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ABSTRACT: Many DNA-based technologies involve the immobilization of
DNA and therefore require a fundamental understanding of the DNA
structure−function relationship at interfaces. We present three immobiliza-
tion methods compatible with chiral sum frequency generation (SFG)
spectroscopy at interfaces. They are the “anchor” method for covalently
attaching DNA on a glass surface, the “island” method for dropcasting DNA
on solid substrates, and the “buoy” method using a hydrocarbon moiety for
localizing DNA at the air−water interface. Although SFG was previously used
to probe DNA, the chiral and achiral SFG responses of single-stranded and
double-stranded DNA have not been compared systemically. Using the three
immobilization methods, we obtain the achiral and chiral C−H stretching
spectra. The results introduce four potential applications of chiral SFG. First,
chiral SFG gives null response from single-stranded DNA but prominent
signals from double-stranded DNA, providing a simple binary readout for label-free detection of DNA hybridization. Second, with
heterodyne detection, chiral SFG gives an opposite-signed spectral response useful for distinguishing native (D-) right-handed
double helix from non-native (L-) left-handed double helix. Third, chiral SFG captures the aromatic C−H stretching modes of
nucleobases that emerge upon hybridization, revealing the power of chiral SFG to probe highly localized molecular structures within
DNA. Finally, chiral SFG is sensitive to macroscopic chirality but not local chiral centers and thus can detect not only canonical
antiparallel double helix but also other DNA secondary structures, such as a poly-adenine parallel double helix. Our work
benchmarks the SFG responses of DNA immobilized by the three distinct methods, building a basis for new chiral SFG applications
to solve fundamental and biotechnological problems.

■ INTRODUCTION
Watson and Crick’s discovery of the right-handed B-DNA
double helix forever changed scientific understanding of DNA
structure.1 DNA was later shown to access a diversity of
structures,2,3 including left-handed Z-DNA,4 G-quadru-
plexes,5,6 and i-motifs.7 Such DNA secondary structures have
been implicated in genetic regulation8,9 and cancer.10,11 What
are the chemical determinants of DNA structure? How does
DNA structure regulate genomic activity? Answering these
questions requires the development of analytical tools with
high sensitivity to DNA structural diversity.
Over the last decade, chiral sum frequency generation (SFG)

spectroscopy has emerged as a vibrational method that is
sensitive to the macroscopic chirality of macromolecular and
supramolecular structures at interfaces.12−18 Chiral SFG can
distinguish secondary structures of proteins12,13,19,20 and other
biomolecules.21,22 Unlike X-ray crystallography23−30 or
NMR,31−36 chiral SFG is real-time and in situ. Chiral SFG
can probe a wide variety of physical states, including aqueous
solutions and gels, under various experimental conditions, such
as temperature, pH, and ionic strength. Chiral SFG probes the
vibrational structures of molecules and therefore does not
require molecular labels. Its chiral optical response predom-

inantly arises from the electric dipole and polarizability of
chiral molecules and does not rely on the relatively weak
response from magnetic dipole like vibrational circular
dichroism37−42 or electric quadrupole like Raman optical
activity.43−46 Hence, relative to these linear chiral optical
methods, chiral SFG can achieve high sensitivity. Chiral SFG
also utilizes ultrafast lasers for time-resolved studies of the
structural dynamics of biomacromolecules,47 potentially
applicable to probe ultrafast dynamics of solvation48 and
vibrational energy-transfer relaxation pathways.49 Furthermore,
under the dipole approximation, chiral SFG is allowed from
chiral interfaces with macroscopic uniaxial (C∞) symmetry but
suppressed from isotropic bulk and thus is interface specific.50

These advantages make chiral SFG an attractive method for
probing the macroscopic chiral secondary structures of DNA at
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interfaces, with the potential for combining with vibrational
microscopies51 and other imaging technologies52 for in vitro
and live cell studies.
To realize these advantages, the robustness of the SFG

response must first be benchmarked against a variety of
interfacial preparatory platforms for a well-defined DNA
secondary structure. The same DNA sequence and structure
are not guaranteed to give the same SFG response when
prepared at different interfaces or even at the same interface
but under different methods for immobilizing DNA at the
interface.53,54 This is because SFG response is sensitive not
only to the structures of biomacromolecules but also to the
orientations of molecules at interfaces.55−63

In this report, we examine the achiral and chiral SFG
responses of double-stranded DNA (dsDNA) and single-
stranded DNA (ssDNA) using various immobilization
methodologies at the air−glass, air−quartz, and air−water
interfaces (Figure 1). Understanding DNA chemical behaviors
at air interfaces is critical to the development of materials
science applications and biotechnologies. DNA positioning at
air−solid interfaces is useful for nanofabrication of DNA-based
nanostructures on solid substrates,64,65 quantitative physical
mapping of genes,66−68 and transmission electron microscopy
DNA sequencing.69 Despite being a strongly polar, hydrophilic

biomacromolecule, DNA significantly adsorbs at the hydro-
phobic air−water interface in millimolar salt buffer70 or upon
DNA condensation from picomolar DNA concentrations in a
bulk aqueous solution.71 Accumulation of DNA at the air−
water interface can enable various chemical processes relevant
to the prebiotic origins of cellular life. For instance, the
presence of a temperature gradient of 20 °C across the air−
water interface was shown to concentrate DNA at the interface
and to encourage encapsulation of DNA in vesicles, two
conditions necessary to the emergence of biological cells.72

We study model systems of (dA)12·(dT)12 dsDNA and its
constituent (dA)12 and (dT)12 ssDNA (Figure 1). In general,
poly(dA)·poly(dT) sequences have been characterized exten-
sively by spectroscopic and structural methods, including
infrared,73−79 Raman,80,81 circular dichroism,82−86 X-ray
crystallography,23,25−28,87 NMR,31 and several prior SFG
studies (see also the Results and Discussion section).88−90

Hybridized poly(dA)·poly(dT) sequences adopt the α-H-DNA
(also called B′) double-helix structure.25 The B′ structure is
similar to canonical B-DNA but features a narrower minor
groove and a periodic helical turn of 10 base pairs compared to
10.5 for B-DNA.87 Moreover, the poly(dA)·poly(dT) duplex is
relatively insensitive to hydration content, as it does not
undergo the usual B-DNA to A-DNA transition upon

Figure 1. Methodologies for preparing DNA samples for SFG studies. (a) Anchor method: immobilization of DNA at the air−glass interface using
covalent linkage. (b) Island method: immobilization of DNA at the air−glass or crystalline quartz interface by dropcasting. (c) Buoy method:
immobilization of DNA at the air−water interface using a 5′ stearyl (C18) hydrocarbon moiety. (d) Molecular structure of an adenine−thymine
base pair and the ssDNA and dsDNA oligomers used in this study.
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dehydration.91,92 These unique structural and dynamical
characteristics allow poly(dA)·poly(dT) dsDNA to function
in vivo, where these sequences are prevalent in promoter
regions in yeast.26,93

Here, we compare achiral and chiral SFG vibrational
responses of DNA oligomers in the C−H stretching region
when DNA is covalently attached at the air−glass interface
(the “anchor” method, Figure 1a), dropcast at the air−glass
and the air−quartz interfaces (the “island” method, Figure 1b),
and localized at the air−water interface using a hydrocarbon
moiety (the “buoy” method, Figure 1c). In all cases, we
observe achiral SFG response for both ssDNA and dsDNA. In
contrast, chiral SFG is muted to unhybridized ssDNA but
provides prominent signals for hybridized dsDNA. These
results support that the three sample preparatory platforms can
be combined with chiral SFG to provide straightforward,
background-free, and label-free readouts to detect DNA double
helices. When using the buoy method, we do not observe any
chiral SFG signals from (dT)12 ssDNA. However, we
unexpectedly observe chiral signals from (dA)12 ssDNA. We
attribute this signal to a parallel double-helix structure formed
by two molecules of (dA)12 ssDNA. This noncanonical base
pairing with homo-adenine base pairs was first reported for
RNA by Watson and Crick94,95 and was later observed for
DNA oligomers.96−103 The result indicates the promise of
chiral SFG in detecting DNA secondary structures besides the
quintessential antiparallel double helix. We also use heterodyne
detection and observe native (D-) right-handed double helix,
and non-native (L-) left-handed double helix give chiral SFG
response in opposite signs, revealing the application of
distinguishing enantiomeric DNA structures. The heterodyne
spectra also resolve aromatic C−H stretching bands from
nucleobases, revealing the capacity of chiral SFG in probing
highly specific chemical structures within double-helix
structures. Altogether, our study provides the groundwork for
applying the anchor, island, and buoy interfacial preparatory
platforms in developing SFG methods for sensing DNA
hybridization and characterizing DNA structures at interfaces
for diverse scientific and technological applications.

■ EXPERIMENTAL SECTION
Covalent Attachment of DNA Oligomers on Glass. Glass

slides (Thermo Scientific, Cat. No. 420-004T, 101616-3) were
cleaned in a plastic slide holder with 1:1 (v/v) HPLC-grade methanol
and hydrochloric acid and then rinsed with deionized water and dried
under nitrogen. The glass slides were then submerged in 30 mL of
methanol containing 1.2 mL of (3-aminopropyl)triethoxysilane
(APTES, 99%, Aldrich, Cat. No. 440140). The slide holder with
the solution and glass slides was inverted to mix. The solution with
glass slides was sonicated in the slide holder in cycles of 15 min ON,
followed by 15 min OFF, for a total ON time of 2 h. Following
sonication, the glass slides were washed in the slide holder five times,
with 30 mL of HPLC-grade methanol each time, and then dried
under nitrogen.
The APTES-functionalized glass slides were then transferred to

custom slide holders made of glass (Scientific Glassblowing
Laboratory, Yale University, New Haven, CT). Distilled, dry
dimethylformamide containing 0.3% triethylamine (≥99%, Aldrich,
Cat. No. T0886) was combined with HATU (97%, Aldrich, Cat. No.
445460) to a final concentration of HATU of 10 mM and mixed well,
whereupon the solution became a deep yellow. The para-4-
azidobenzoic acid (0.2 M in tert-butyl methyl ether, ≥95%, Aldrich,
Cat. No. 778877) was then added to a final concentration of 5.5 mM,
and the solution was directly transferred to the slide holder. With
shaking, the reaction proceeded overnight. The azide-functionalized

glass slides were then washed three times with methanol, followed by
washing three times with deionized water, and then dried under
nitrogen.

Finally, ssDNA or dsDNA was immobilized on the glass slides. The
(dA)12 ssDNA was synthesized (Oligo Synthesis Resource, Yale
University) with a 5′ DBCO-TEG functionality (Glen Research,
Sterling, VA, Cat. No. 10-1941). To prepare dsDNA, the 5′ DBCO-
TEG-functionalized (dA)12 ssDNA (180 μM in ddH2O) was mixed in
equal volume with the complimentary (dT)12 ssDNA (200 μM in
ddH2O), lacking the 5′ functionality. The solution was heated in a
water bath to 80 °C for 10 min and cooled slowly at room
temperature. For ssDNA, the 5′-functionalized (dA)12 was diluted in
ddH2O to a final concentration of 90 μM and subjected to the same
heating/cooling process. Either dsDNA or ssDNA was adsorbed (100
μL) to one face of the azide-functionalized glass slide. The reaction
proceeded overnight. To remove excess DNA, the glass slides were
vigorously washed with deionized water and dried under nitrogen.
Hybridization of dsDNA anchored at the air−glass interface is
supported by monitoring the increase of achiral SFG intensity of the
vibrational feature ∼2880 cm−1, as previously reported90 (see the
Results and Discussion section).

Dropcast DNA Oligomers on Glass and Quartz. Glass slides or
a right-handed Z-cut α-quartz crystal were cleaned in a plasma cleaner
(Harrick Plasma, PDC-32G) prior to use. To prepare dsDNA, 200
μM of (D-) or (L-) (dA)12 and (dT)12 ssDNA with hydroxylated 5′
and 3′ termini (Oligo Synthesis Resource, Yale University) in ddH2O
were mixed in equal volumes, heated in a water bath to 80 °C for 10
min and cooled slowly at room temperature. The (dA)12 and (dT)12
ssDNA samples were prepared at the same final concentration (100
μM) and subjected to the same heating−cooling process described
above. Ten microliters of the solution were applied to the glass or
quartz surface. The samples were dried in a desiccator (relative
humidity <10%) and immediately measured. Hybridization of
dropcast dsDNA is confirmed by attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectroscopy (Figure S1).

Immobilization of DNA Oligomers at the Air−Water
Interface. The (dA)12 and (dT)12 oligomers were purchased
(Oligo Synthesis Resource, Yale University), featuring a 5′ stearyl
functionality (Glen Research, Sterling, VA, Cat. No. 10-1979). To
prepare dsDNA, the stearyl-(dA)12 ssDNA (200 μM) was mixed in
equal volume with the complimentary (dT)12 ssDNA (200 μM),
lacking the 5′ stearyl functionality. Both solutions were prepared in
buffer containing 50 mM NaCl, 5 mM KCl, 5 mM MgCl2, 1 mM
EDTA, and 10 mM sodium phosphate buffer (pH = 7.2, 4 mM
NaH2PO4, 6 mM Na2HPO4). The solution was heated in a water bath
to 80 °C for 10 min and cooled slowly to room temperature. The
stearyl-(dA)12·(dT)12 dsDNA duplex is formed at a final concen-
tration of 100 μM. Hybridization of stearyl-(dA)12·(dT)12 dsDNA was
confirmed by circular dichroism (Figure S2). The dsDNA solution
was applied to the air−buffer interface using a Hamilton glass syringe
to a final concentration of 50 μM stearyl-(dA)12·(dT)12 dsDNA.

The obtained stearyl-(dT)12 resin did not readily dissolve in 1×
buffer and so was dissolved in ddH2O to a stock concentration of 200
μM. The solution first appeared cloudy but clarified after following
the heating protocol detailed above. The stearyl-(dT)12 solution (1
mL) in ddH2O was applied to the air−buffer interface (1.33× salt
buffer, 3 mL) to a final concentration of 50 μM.

Stearic acid (>98.5%, Fluka, Cat. No. 85679) was probed by SFG
at the air−water interface as a control experiment. Stearic acid visibly
precipitates at 50 μM in the buffer (Figure S3). Therefore, the
minimal concentration of stearic acid that saturates the air−water
interface was determined by the surface adsorption isotherm (Figure
S4). Based on the isotherm data, a final stearic acid concentration of
1.75 μM was used to obtain the SFG spectrum of stearic acid at the
air−water interface.

Achiral and Chiral Sum Frequency Generation. Achiral SFG
spectra were collected using the ssp polarization configuration (s-
polarized sum frequency, s-polarized visible, and p-polarized IR), and
chiral SFG spectra were collected using the psp polarization
configuration (p-polarized sum frequency, s-polarized visible, and p-
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polarized IR). The polarization configurations are defined with
respect to the laboratory frame (Figure 2).

The SFG electric field is related to the incident visible and infrared
electric fields, EVIS and EIR, and the second-order susceptibility χ(2)

∑ χ∝E E ESFG
I

JK
IJK
(2)

VIS
J

IR
K

(1)

where I, J, and K designates the direction of the respective optical
fields (x, y, or z) with respect to the laboratory coordinates and χ(2) is
a 3 × 3 × 3 tensor containing the 27 complex-valued elements, χIJK

(2).
Under the dipole approximation and in the absence of electronic
resonance, the achiral and chiral polarization configurations (Figure
2) selectively probe single elements

χ ω ω ω α χ= L L L( ) ( ) ( )sinyy yy zz yyzssp
(2)

SFG vis IR IR
(2)

(2)

χ ω ω ω α α χ= L L L( ) ( ) ( )sin coszz yy xx zyxpsp
(2)

SFG vis IR SFG IR
(2)

(3)

where χssp
(2) and χpsp

(2) are the effective second-order susceptibilities,
L(ωn) is the Fresnel factor at frequency ωn, and αn is the angle of the
incident and reflected nth laser beam.13

Homodyne Sum Frequency Generation. The SFG spectra
were collected with a home-built setup previously described.104 All
SFG spectra are collected at 23 ± 0.5 °C and relative humidity <30%.
The reported IR frequencies are calibrated using a polystyrene
standard (Buck Scientific, East Norwalk, CT, 0.05 mm film).
Background spectra were collected by shuttering the IR beam. The
background spectra were then subtracted from the SFG intensity
spectra. The background-subtracted spectra were normalized to the
IR power envelope obtained using a GaAs crystal. The SFG spectra
were manually cleaned of cosmic ray intensities.
The intensity spectra were fit to a Lorentzian function that

describes the resonant vibrational mode being probed and a
contributing nonresonant term

∑χ
ω ω

∝ +
− − Γ

I
A

iq

q

q q
SFG NR

(2)

IR

2

(4)

where ISFG is the intensity of the sum frequency generation, χNR
(2) is the

nonresonant second-order susceptibility, ωIR is the frequency of the
IR beam, Aq is the amplitude of the qth resonant vibrational mode, ωq
is the frequency, and Γq is the half-width half-maximum.
Heterodyne Sum Frequency Generation. The heterodyne

spectra were collected by dropcasting 10 μL of a DNA solution (100
μM in ddH2O) on the surface of a right-handed Z-cut α-quartz
crystal. For every sample, five spectra with an acquisition of 2 min
each were collected along both the +y and −y axes of the crystalline
quartz. The spectra along each axis were averaged and normalized by
the clean quartz surface, as previously described.17 The imaginary
component of the vibrational SFG response was obtained by
subtracting the two intensity spectra collected along the +y and −y
axes105

χ[ ] =
−+ −I I

Im
( )

4
y y(2)

(5)

The heterodyne spectra were fit to the following Lorentzian
function

∑χ
ω ω

[ ] ∝
− − Γ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑ

A
Im Im

iq

q

q q

(2)

IR (6)

■ RESULTS AND DISCUSSION
Anchor Method: Covalent Attachment of DNA

Oligomers on Glass. Scheme 1 presents the methodology
for covalent attachment of DNA oligomers to glass (details can
be found in the Experimental section).106 Briefly, a glass slide
was washed with hydrochloric acid and then functionalized
with APTES ((3-aminopropyl)triethoxysilane) (Step 1,
Scheme 1). The amine was then reacted with para-
azidobenzoic acid through a condensation reaction (Step 2,
Scheme 1). The resulting linker azide (Step 3, species I,
Scheme 1) was reacted using click chemistry to connect a
ssDNA oligo via a DBCO-TEG (dibenzocyclooctyne-triethy-
leneglycol) functionalization at the ssDNA 5′ end (Step 3,
Scheme 1). The DNA-functionalized air−glass interface was
washed with water to remove unreacted ssDNA oligo. Using
SFG as described in the Experimental section, the glass slides
at various steps of the sample preparation were characterized.
Figure 3 shows the achiral SFG (top) and chiral SFG

(bottom) spectra obtained using the ssp and psp polarizations,
respectively. The spectral window between 2800 and 3000
cm−1 is sensitive to C−H vibrational stretching response
(excluding double- or triple-bonded or aromatic C−H groups,
which appear above 3000 cm−1).77,107 Figure 3a shows that the
surface linker (Step 3, species I, Scheme 1) gives achiral SFG
response, but no chiral SFG response. This linker features
three methylene (−CH2−) groups (species I, Scheme 1).
Some of these methylene groups are likely oriented on the
glass surface and therefore give achiral SFG vibrational signals
(Figure 3a, top). However, these methylene groups are achiral
and thus are muted in the chiral SFG spectrum (Figure 3a,
bottom).
We also obtained the SFG spectra of DBCO-TEG-

functionalized (dA)12 ssDNA (species II, Scheme 1) at the
air−glass interface with (Figure 3b) and without (Figure 3c)
vigorous washing with water to remove unreacted ssDNA after
Step 3 (Scheme 1). Thus, the achiral spectrum (Figure 3b,
top) exhibits spectral features different from just the linker
group (Figure 3a, top), suggesting a contribution from the
DBCO-TEG-functionalized (dA)12 ssDNA, including both
bound and unbound ssDNA. The corresponding chiral
spectrum exhibits no response (Figure 3b, bottom). Figure
3c presents the achiral and chiral SFG response of DBCO-
TEG-functionalized (dA)12 ssDNA at the air−glass interface
after washing (species II, Scheme 1). Unbound ssDNA has
been removed from the sample, and only covalently attached
ssDNA remains. As a result, the achiral response changes
significantly. However, the sample still yields no chiral SFG
response (Figure 3c, bottom).
We also prepared dsDNA samples on the glass surface

following the anchor method (Scheme 1) using prehybridized
(dA)12·(dT)12 dsDNA via the DBCO-TEG functional group
on the 5′-end of the (dA)12 ssDNA, as shown in Figure 1a.
Figure 3d shows the achiral and chiral SFG response of

Figure 2. Achiral ssp and chiral psp polarization configurations used in
this study.
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DBCO-TEG-functionalized (dA)12·(dT)12 dsDNA at the air−
glass interface after washing (species II, Scheme 1). Hybrid-
ization of dsDNA is supported by the increase in intensity of
the vibrational feature ∼2880 cm−1 relative to the spectrum of
(dA)12 ssDNA (Figure 3d). Gibbs-Davis and co-workers
observed this same achiral SFG intensity increase upon
hybridization of (dA)15·(dT)15 dsDNA anchored at the
silica−buffer interface.90 Among all of the samples, only the
(dA)12·(dT)12 dsDNA gives chiral SFG response (Figure 3).

The results demonstrate that the anchor method when
combined with achiral and chiral SFG to probe C−H
stretching modes can be used for characterization and quality
control during sample preparation. Importantly, the results
support that the anchor method combined with chiral SFG can
be used for background-free, facile detection of DNA
hybridization on glass surfaces.

Island Method: Dropcast DNA Oligomers on Glass
and Quartz. We used the island method to prepare hydrated

Scheme 1. Anchor Methoda

aDNA molecules are covalently linked to glass for SFG investigations of ssDNA and dsDNA. Step 1: Functionalization of the glass surface with
APTES: (3-aminopropyl)triethoxysilane. Step 2: The amine reacts with para-azidobenzoic acid providing surface functionalization with reactive
azide for subsequent click chemistry. Step 3: The linker azide was reacted using click chemistry to attach a ssDNA oligo via a DBCO-TEG
(dibenzocyclooctyne-triethyleneglycol) group at the ssDNA 5′ end. R specifies the chemical structure of the DBCO-TEG connection to the ssDNA
5′ end. DMF: dimethylformamide; TEA: triethylamine; HATU: hexafluorophosphate azabenzotriazole tetramethyl uronium; and DBCO-TEG-
oligo: dibenzocyclooctyne-triethyleneglycol-oligo.
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thin films of ssDNA and dsDNA samples on glass slides and
obtained the SFG spectra (Figure 4). The dsDNA sample was
prepared by combining (dA)12 and (dT)12 ssDNA in a 1:1
mixture in ddH2O, followed by heating at 80 °C for 10 min,
and slowly cooling the solution to room temperature (see
Methods). The solution was dried on glass in the presence of
desiccant. Hybridization of dsDNA in films was confirmed by
ATR-FTIR spectroscopy (Figure S1).73,74,77,108 Figure 4a
shows the achiral SFG spectra in the C−H stretching region
(2700−3100 cm−1) for single-stranded (dA)12 in blue, single-
stranded (dT)12 in red, and double-stranded (dA)12·(dT)12 in

purple. The achiral spectra show only subtle differences
between the SFG responses of ssDNA and dsDNA, consistent
with prior reports by Geiger and co-workers.89 Figure 4b
shows the chiral SFG spectra in the same spectral window. The
two single-stranded (dA)12 and (dT)12 samples give no chiral
SFG response (Figure 4b, red and blue). Only the double-
stranded (dA)12·(dT)12 shows a strong chiral SFG signal
(Figure 4b, purple). The results again illustrate that chiral SFG
is muted to the local chiral centers along the DNA backbone
but highly sensitive to the macroscopic chirality exhibited by
double-helix dsDNA. Thus, the preparation of DNA on glass

Figure 3. Achiral (ssp) and chiral (psp) SFG spectra in the C−H stretch region of the glass surface during various steps of sample preparation using
the “anchor” method (Scheme 1). (a) Covalent linker molecule before conjugation with DBCO-TEG-functionalized DNA (species I, Scheme 1).
(b) After conjugation of (dA)12 ssDNA, but without washing with water to remove unreacted ssDNA (species II, Scheme 1). (c) After washing
away unreacted (dA)12 ssDNA (species II, Scheme 1). (d) After conjugation of dsDNA and after washing of unbound (dA)12·(dT)12 dsDNA
(species II, Scheme 1). Acquisition time is 15 min (ssp) and 25 min (psp) for each spectrum. Within (a−d), ssp and psp spectra are normalized to
the highest intensity ssp feature, so that ssp (top) and psp (bottom) intensities can be directly compared; however, intensities are not comparable
across figures.

Figure 4. (a) Achiral (ssp) and (b) chiral (psp) SFG spectra of 100 μM (dA)12 and (dT)12 ssDNA, and (dA)12·(dT)12 dsDNA dropcast at the air−
glass interface in the C−H stretching region. Acquisition time is 15 min for all spectra. The spectra are shown with offsets. a.u.: arbitrary units.
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using the island method for chiral SFG characterization also
provides a straightforward method for background-free, label-
free detection of DNA double-helix structures.
Figure 4 includes the spectral region of 3000−3100 cm−1.

This high-frequency spectral window encompasses the
aromatic C−H stretching modes associated with the adenine
and thymine nucleobases (see structures in Figure
1d).74,108−114 The achiral SFG spectra (Figure 4a) show
negligible response above 3000 cm−1 regardless of the
hybridization state of the DNA molecules. However, the chiral
spectrum of dsDNA (Figure 4b, purple) exhibits strong C−H
stretching signals above 3000 cm−1. Upon hybridization, the
base-paired nucleobases are expected to follow the double-
helix structure, stacking into a macroscopic chiral architecture,
thereby becoming chiral SFG active. These aromatic C−H
stretching bands from the nucleobases are analyzed together
with the heterodyne SFG results (see below). The observation
of these bands reveals a promising application of chiral SFG for
probing highly specific vibrational structures of the aromatic
rings in the nucleobases of dsDNA.
Dropcasting DNA on glass allows only for the collection of

the homodyne SFG response, which is proportional to the
square of the second-order susceptibility tensor χ(2) (see the
Experimental section).13 However, χ(2) is a complex-valued
tensor containing real and imaginary parts.105 To isolate the
imaginary component of χ(2) (i.e., Im[χ(2)]) and resolve the
phase of individual vibrational resonances, a heterodyne
approach is needed. This can be accomplished by dropcasting
DNA on the surface of a quartz crystal that produces a strong

SFG response and provides a phase reference (see the
Experimental section).17,115,116

Figure 5a presents the heterodyne chiral SFG spectrum
(blue) from 2840 to 3120 cm−1 of (dA)12·(dT)12 dsDNA
dropcast at the air−quartz interface. The homodyne chiral SFG
spectrum (purple) is also included for comparison (Figure 5a,
purple). While the homodyne response is positive-valued, the
heterodyne response contains phase information and appears
as positive or negative peaks in the spectrum (Figure 5a). The
phase information allows for resolving vibrational features in
the heterodyne spectrum that are hidden in the homodyne
spectrum. Of importance are the aromatic C−H stretching
bands at 3000−3100 cm−1 that have been identified in the
homodyne spectra (Figure 4b and also Figure 5a, purple). The
homodyne response (Figure 5a, purple) appears as a broad
shoulder band, whereas the heterodyne spectrum (Figure 5a,
blue) shows two vibrational bands with a positive band at 3009
± 1 and a negative peak at 3072 ± 2 cm−1 (see Figure 5a, blue
and Table S1). There are only three aromatic C−H moieties in
a (dA)·(dT) dsDNA base pair. They include C6-H of thymine
and C2-H and C8-H of adenine (see Figure 1d for atom
numbering). Based on previous Raman and infrared stud-
ies,109−114 the higher-frequency peak (3072 cm−1) can be due
to C6-H of thymine and the lower-frequency peak (3009
cm−1) is likely due to C8-H and/or C2-H of adenine. Although
these spectral features are not crucial in sensing DNA double
helices, they could be extremely useful in probing highly
specific local structures. This capability shows the promise of
further developing the chiral SFG approach to study
conformational and dynamical changes of DNA in response

Figure 5. Chiral (psp) SFG spectra in the C−H stretching region of 100 μM (dA)12·(dT)12 dsDNA dropcast at the air−glass and air−quartz
interfaces. (a) Homodyne (purple) versus heterodyne (blue) chiral SFG spectra of (D-) (dA)12·(dT)12 dsDNA on glass (purple) versus quartz
(blue), respectively. Component peaks are shown as gray lines. Fitting parameters are given in Table S1. (b) Heterodyne phase-resolved chiral SFG
spectra of (L-) and (D-) (dA)12·(dT)12 dsDNA on quartz. Homodyne acquisition time is 15 min. Heterodyne acquisition time is 20 min. a.u.:
arbitrary units. (c) Chemical structures of the sugar-phosphate backbone of native (D-) DNA versus non-native (L-) DNA.
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to perturbations, such as photoexcitation, or molecular
interactions with bioactive molecules, including proteins and
drugs.
Another application of the heterodyne chiral SFG approach

for DNA sensing is that enantiomeric native (D-) dsDNA and
non-native (L-) dsDNA are expected to give chiral SFG
response with opposite phases, as in our previous observation
for enantiomeric protein secondary structures formed by native
(L-) and non-native (D-) proteins.17 However, the vibrational
SFG responses of DNA enantiomers have never been
compared. Figure 5b compares the heterodyne chiral SFG
spectra of (D-) dsDNA and (L-) dsDNA. The spectra show
mirror-image chiral SFG responses in opposite phases. Because
ssDNA molecules give no chiral SFG signals (Figure 4b), the
opposite signs of the chiral SFG response must arise from the
macroscopic right-handed double helix formed by native (D-)
dsDNA versus the macroscopic left-handed double helix
formed by the non-native enantiomer (L-) dsDNA. This
finding again demonstrates chiral SFG is not sensitive to the
local chiral centers along the DNA backbone (Figure 5c), but
the macroscopic chirality of the dsDNA double helix, as
predicted by chiral SFG theory.50 The chiral SFG results of this

enantiomeric dsDNA pair illustrate the remarkable sensitivity
and utility of heterodyne chiral SFG to differentiate the
absolute macroscopic chirality of dsDNA double-helix
structures.

Buoy Method: Immobilization of DNA Oligomers at
the Air−Water Interface. We employ a hydrophobic alkyl
chain as a molecular “buoy” to localize DNA at the air−water
interface for SFG studies (Figure 1c). Figure 6 presents the
results for dsDNA and ssDNA together with control
experiments. A stearyl moiety is linked to the two ssDNAs at
the 5′ end and to dsDNA at the 5′ end of the (dA)12 strand
(Figure 1c). The 5′ stearyl functionalization does not inhibit
hybridization in forming a double-helix structure, as confirmed
by circular dichroism spectroscopy (Figure S2).117 A control
experiment with stearic acid alone produces an achiral SFG
response as previously reported (Figure 6a, gray).118 However,
stearic acid alone does not produce chiral SFG response
(Figure 6b, gray). Stearyl-(dT)12 (Figure 6, red) produces an
achiral response, but not a chiral response, consistent with our
observations of ssDNA immobilized at the air−glass interface
(Figures 3 and 4). Stearyl-(dA)12·(dT)12 dsDNA gives not only

Figure 6. Achiral (ssp) and chiral (psp) SFG spectra in the C−H stretching region of 50 μM stearyl-(dA)12·(dT)12 dsDNA, stearyl-(dA)12, stearyl-
(dT)12, and 1.75 μM stearic acid at the air−water interface. All DNA constructs were measured in buffer (see the Experimental section). Stearic
acid was measured in water. (a) All constructs show an achiral SFG response. (b) Chiral SFG response from stearyl-(dA)12·(dT)12 dsDNA, stearyl-
(dA)12, stearyl-(dT)12, and stearic acid. Acquisition time is 25 min for all spectra; stearyl-(dA)12·(dT)12 dsDNA chiral (psp) SFG spectrum is an
average of four spectra. All spectra are normalized to the feature ∼2870 cm−1 in the achiral (ssp) spectrum of stearyl-(dA)12·(dT)12 dsDNA, so that
all spectral intensities can be directly compared.
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achiral response but also chiral SFG response as expected for
formation of the double helix (Figure 6, purple).
To our surprise, stearyl-(dA)12 at the air−water interface

generates not only achiral but also chiral SFG response (Figure
6, blue). This was unexpected given that ssDNA that lacks
macroscopic chirality and therefore should not produce a chiral
SFG response (Figures 3 and 4). Looking into the literature,
we found that poly(dA) can form parallel double-helix dsDNA
(see the Results and Discussion section).97,101−103 Indeed, this
type of parallel poly(dA)·poly(dA) duplex formation has been
observed for simple RNA94,95 as well as DNA oligomers,96−103

where the adenine−adenine base pairing (Figure 7) adopts the

type I hydrogen-bonding configuration, as shown in Figure 7.
To further validate the formation of the parallel duplex, we
examined the effect of salt. We found that the chiral SFG
response of stearyl-(dA)12 at the air−water interface (Figure
6b, blue) was not observed in the absence of salt in the buffer
(Figure S5). Because salt is needed to stabilize the parallel
duplex,94,95 removing salt from the buffer should destabilize
the duplex at the air−water interface and lead to null chiral
SFG response.
Intriguingly, the (dA)12 ssDNA sample only gives a chiral

SFG response when prepared using the buoy method (Figure
6b), but not the anchor and island methods (Figures 3 and 4).
The buoy method is different from the other two methods
because the buoy stearyl groups not only localize but also
orient the (dA)12 ssDNA strands at the air−water interface.
Unlike the anchor method, the buoy method allows the ssDNA
strands to freely diffuse in the surface region. Because the buoy
stearyl group is attached to the 5′ end of the ssDNA, each
(dA)12 ssDNA molecule is oriented with the 5′ end near the
surface and the 3′ end extending to the bulk. We expect that
this parallel alignment of (dA)12 at the interface, together with
strong base stacking interactions of adenine compared to
thymine,99 as well as interfacial crowding,119 can facilitate the
interstrand type I hydrogen-bonding configuration for the
adenine−adenine base pairing (Figure 7). Hence, parallel
(dA)12·(dA)12 double helix is favored at the air−water
interface, thereby giving the chiral SFG signals (Figure 6b,
blue).
In general, the results presented in Figure 6 demonstrate

that the “buoy” method can be successfully used to localize
DNA at the air−water interface. With this approach, chiral

SFG detects the macroscopic chirality of the dsDNA double
helix in aqueous environments.

Implications. Immobilization of ssDNA and dsDNA at
interfaces is relevant to fundamental biophysical questions and
crucial to a diverse range of biotechnological applications.
However, an understanding of the influence of the interface on
the structure of immobilized DNA is required. Few techniques
offer the capability to study the structures of biomacromole-
cules at interfaces. Achiral vibrational SFG is nonlinear
vibrational spectroscopy that is interface selective, in situ, and
sensitive to the orientations of molecules at interfaces. In
addition, chiral vibrational SFG is sensitive to macroscopic
chirality of biomacromolecules, such as the handedness of the
dsDNA double helix, and can readily distinguish enantiomers.
These properties make SFG a powerful technology for
understanding how the interface impacts the structures of
biomacromolecules. Vibrational resonances offer a direct
readout of the chemical environment and molecular structure.
Chiral SFG combined with the various interfacial preparatory
platforms presented here (the “anchor”, “island”, and “buoy”
methods, Figure 1) represents a versatile and highly sensitive
approach for detecting chiral DNA secondary structures at
interfaces.
Use of a molecular “anchor” to covalently attach ssDNA and

dsDNA on glass will offer SFG researchers the versatility to
study DNA at both the air−glass and water−glass interfaces
(Figures 1a and 3). Indeed, anchoring methodologies were
fruitfully utilized in prior SFG studies by several
groups.53,54,88−90,120−122 Covalent attachment of DNA to a
glass substrate has found application in the construction of
DNA biosensors.123,124 However, different linker chemistry
could make variable contributions to the achiral SFG
vibrational response, since SFG is sensitive to the identities
of functional groups as well as molecular orientation at the
interface. Therefore, the use of novel linkers for anchoring
DNA on a solid substrate will require benchmarking the SFG
vibrational response. Nonetheless, chiral SFG is silent to the
linker structures so long as the structures are achiral,
simplifying the interpretation of vibrational spectra.
Dropcasting DNA “islands” on glass (or quartz) substrates

(Figures 1b, 4, and 5) is straightforward and less labor
intensive than covalent attachment to glass. In the absence of
any molecular anchor, researchers can trust that DNA alone
contributes to the SFG signal. One drawback is that
dropcasting DNA does not offer the option for in situ studies
at aqueous interfaces. A quartz crystal substrate can be utilized
for heterodyne studies of dropcast DNA (Figure 5). This
approach resolves the phase of the SFG absorbance, revealing
additional details about the vibrational response of the DNA
compared to homodyne approaches (Figure 5a). For example,
we clearly observe at least two C−H stretching vibrations with
opposite phase in the region 3000−3100 cm−1 specific to the
adenine and thymine nucleobases (Figure 5a, blue), which may
provide sensitive markers for nucleobase structure and
chemical environment. Therefore, dropcasting DNA can
potentially provide fingerprints for rapid qualitative screening
of DNA secondary structures and the chirality of molecular
enantiomers (Figure 5b).
This work has also introduced the use of a molecular “buoy”

for characterizing DNA at the air−water interface (Figures 1c
and 6). This buoy method was previously applied for SFG
studies of protein125 but has not been used to study DNA with
SFG. Our molecular constructs utilize a stearyl (C18) moiety

Figure 7. Homo (dA)·(dA) base pairing in parallel dsDNA featuring
N6-H···N7 hydrogen bonds.
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attached at the 5′ end of one DNA strand to “buoy” DNA at
the air−water interface. Chiral SFG detects the double-helix
structure of not only the canonical antiparallel (dA)12·(dT)12
double helix but also the noncanonical parallel (dA)12·(dA)12
double helix at the air−water interface (Figure 6b). This
platform offers researchers the capability to use SFG to probe
DNA confirmation in aqueous solutions, where researchers can
easily control temperature, electrolyte concentrations, pH, or
DNA binding partners. Therefore, the buoy technique should
be amenable to in situ studies including biochemical kinetics
and DNA conformational changes. The buoy method when
combined with advanced SFG approaches (e.g., external
heterodyne SFG, two-dimensional SFG, and time-resolved
pump-probe SFG) could be useful in attacking fundamental
problems related to the structures and dynamics of DNA at
interfaces, including solvation dynamics and vibrational
energy-transfer relaxation upon photoexcitation.
Despite the promise of SFG for the study of DNA at

interfaces, only a few major reports have emerged in the past
15 years.53,54,88−90,120−122,126,127 For example, Geiger and co-
workers monitored the asymmetric stretching of thymine
−CH3 (Figure 1d) in (dA)15·(dT)15 oligos anchored on glass
and demonstrated that chiral SFG can distinguish the
directionality of the thymine strand relative to the air−glass
interface.88 The Bonn and Tahara groups applied homodyne
and heterodyne achiral SFG to monitor how interactions
between DNA and lipids restructure and reorient water at the
air−water interface.126,127 Petersen and co-workers used chiral
SFG at the water−glass interface to report the first all-optical
observation of the O−H stretching of water molecules in the
“spine of hydration” in the minor groove of anchored DNA.122

Koelsch and co-workers examined the achiral SFG response in
the C−H and CO stretching regions of ssDNA immobilized
on gold using a thiol anchor54 and observed strong
dependences of the achiral SFG response on factors, such as
ssDNA orientation, the presence of an air or liquid interface, or
even the identity of the liquid (e.g., PBS buffer or D2O).
Recently, Gibbs-Davis and co-workers identified achiral SFG
vibrational signatures of temperature-induced melting of
(dA)15·(dT)15 dsDNA oligos anchored at the glass−buffer
interface,90 demonstrating that achiral SFG can distinguish
ssDNA from dsDNA at an interface by studying various C−H
stretching modes through detailed analysis of the relative
intensities of various vibrational bands.
While achiral SFG has been used to distinguish ssDNA from

dsDNA,88−90 systematic comparisons of chiral and achiral SFG
spectra of ssDNA versus dsDNA were not previously reported.
Our analyses using three different sample preparatory plat-
forms (Figures 3, 4, and 6) show that chiral SFG is muted to
ssDNA but provide strong signals in the C−H stretching
regions for double-helix DNA structures. Thus, chiral SFG
offers a background-free, label-free, and straightforward
method to distinguish dsDNA from ssDNA. Achiral SFG,
like infrared spectroscopy (Figure S1), requires researchers to
compare differences between relative vibrational intensities to
distinguish dsDNA from ssDNA. The simplicity of the chiral
SFG response (0 = ssDNA, 1 = dsDNA) is key and can
potentially support the development of high-throughput
technologies for label-free detection of dsDNA hybridization.
The capability of chiral SFG to distinguish dsDNA from

ssDNA (Figures 3, 4, and 6) and of phase-resolved chiral SFG
to distinguish right-handed (D-) versus left-handed (L-)
dsDNA (Figure 5) illustrates that chiral SFG is sensitive to

the macroscopic chirality128 of the dsDNA double-helix
secondary structure but not local chiral chemical centers in
ssDNA. Our group previously demonstrated that chiral SFG
distinguishes well-defined secondary structures of proteins
(e.g., β-sheet and α-helix) from disordered structures that give
no SFG response.13,19,125 Similar to disordered protein,
interfacial ssDNA lacks a stable secondary structure resulting
in null chiral SFG response in all cases (Figures 3, 4, and 6).
Our detection of poly-adenine parallel double-helix formation
(Figure 6b, blue) is the first observation with chiral SFG of a
noncanonical antiparallel double-helix DNA secondary struc-
ture. The capability of chiral SFG to detect both canonical and
noncanonical helicity of dsDNA illustrates the promise of
chiral SFG in characterizing DNA secondary structures.

■ CONCLUSIONS

The three immobilization methodologies presented here set
the stage for a wide range of future SFG investigations. Our
work has demonstrated that the three immobilization method-
ologies (Figure 1) can be broadly useful in revealing new
applications of chiral SFG. These potential new applications
include (1) background-free, label-free detection of DNA
hybridization, (2) differentiation of DNA double helices in
opposite handedness, (3) observation of noncanonical DNA
secondary structures, and (4) characterization of specific local
vibrational structures of nucleobases. The immobilization
methodologies will also be useful for other researchers to
explore numerous variables that can impact the structure of
DNA at solid−air, solid−liquid, and air−liquid interfaces.
These variables may include electrolyte concentrations,
binding, and interactions of DNA with proteins or small
molecules, as well as crowding effects on DNA folding.
Further development of the SFG methods for probing DNA

demands not only experimental exploration but also advances
in theoretical and computational approaches. On the one hand,
the SFG field has witnessed fast-moving developments of
computational methods in modeling achiral SFG responses
from plain air−water interfaces and charged water interfaces,
for example, using ab initio129 or electric field mapping
methods.17,18,130−134 The parallel development of DNA
systems is challenging due to the increasing complexity of
biomacromolecular structures. Hence, experimental bench-
marks will be critical to validate novel computational
approaches. The platforms developed here will be useful for
providing the necessary benchmarks for direct comparison
with computation when probing the structural dynamics,
solvation, and photochemistry of DNA. Experiments can also
validate SFG response as a function of DNA concentration,
length, sequence, orientation, and chirality at various interfaces
using different polarization settings.89 These experimental
results will aid the implementation of theoretical approaches
for modeling the SFG response of DNA,121 toward the
fundamental understanding of molecular behaviors of DNA at
interfaces. The three preparatory platforms presented here will
be useful for future experimental and computational
investigations of SFG vibrational response of DNA molecules
at interfaces.
Our work demonstrates the sensitivity of chiral SFG to

double-helix formation at interfaces, which is expected to
enable numerous technological applications, including the
development of novel DNA nanosensors, as well as new means
for detecting DNA structure and hybridization in vivo.
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