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Abstract: DNA double strand breaks (DSBs) are deadly
lesions that can lead to genetic defects and cell apoptosis.
Techniques that directly detect DNA DSBs include scanning
electron microscopy, atomic force microscopy (AFM), and
fluorescence based approaches. While these techniques can be
used to identify DSBs they provide no information on the
molecular events occurring at the break. Tip-enhanced Raman
scattering (TERS) can provide molecular information from
DNA at the nanoscale and in combination with AFM provides
a new way to visualize and characterize the molecular structure
of DSBs. DSBs result from cleavage at the 3’- and 5’-bonds of
deoxyribose upon exposure to UVC radiation based on the
observation of P—O—H and methyl/methylene deformation
modes enhanced in the TERS spectra. It is hypothesized that
strand fragments are hydrogen-terminated at the lesion,
indicating the action of free radicals during photon exposure.

DNA double strand breaks (DSBs) are deadly lesions that
can lead to genetic defects and cell apoptosis!! There are
several molecular pathways that can cause DSBs following
ultraviolet C (UVC) exposure.”) Theoretically, 4.85 eV pho-
tons (the energy applied in this study) can damage DNA
directly or indirectly, by the generation of delta electrons and
free radicals, which react with the DNA molecule. The
radiolysis products: free radicals (‘OH, "H) can cause many
kinds of DNA damage including single strand breaks (SSBs),
DSBs, and cross-links.! Recently it has been demonstrated
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that even low-energy electrons of 0.1 to 2 €V can interact with
double-stranded DNA and cause SSBs and DSBs.”! A study
on isolated DNA in water, demonstrated that 99.5% of the
energy from ionizing radiation is absorbed directly by water
and just 0.5% by DNA.©

Techniques that directly detect DNA DSBs include
scanning electron microscopy,”! atomic force microscopy
(AFM),®1% and fluorescence-based approaches.''**) While
these techniques can be used to identify DSBs they provide
no information on the molecular events occurring at the
break. Tip-enhanced Raman scattering (TERS) can provide
molecular information from DNA at the nanoscale!'*'® and
in combination with AFM provides a new way to visualize and
characterize the molecular structure of DSBs. The primary
use of AFM in this study is to identify potential sites of DSBs,
which can then be targeted with TERS. TERS exploits the
near-field enhancement generated by laser excitation of
surface plasmons resulting in a strong electromagnetic field
generated at the laser-irradiated apex of a metal or metalized
scanning probe microscopy (SPM) tip.l*?!I In this study, DNA
dissolved in buffer was irradiated, then mixed with an
untreated sample, and the DNA was then deposited onto
a mica surface. By mixing irradiated and treated samples one
could perform AFM and TERS measurements using the same
tip and under the same conditions. AFM imaging was
performed to locate target spots (control and broken DNA)
based on the DNA molecule conformation determined by
AFM topographical maps and AFM phase images. TERS
spectra were collected from these target spots and the spectra
(control and irradiated DNA) were analyzed with multi-
variate methods and compared with micro-Raman, SERS,
and calculated spectra. The hypothesis is that a combination
of AFM and TERS can be used to determine the chemical
structure of individual DSB following UVC radiation expo-
sure. It was found that DNA exposed to UVC resulted in
three main types of chemical breaks the most important being
cleavage at the 3’- and 5'- bonds of the deoxyribose unit
resulting in terminal hydrogen bonding.

In this study pUCI18 circular plasmid DNA was irradiated
as a thin film in aqueous solution by a UVC lamp. The TERS
methodology is described in sections S1 and S2 in the
Supporting Information and includes an optical response
image of the TERS tip (section S2) and a TERS image of
DNA used to determine the absolute spatial resolution
(section S3). A schematic diagram of the TERS upright
configuration used to investigate irradiated DNA is shown in
Figure 1a. Mg”*" counterions are used to fix and orientate the
DNA (Figure 1b). To improve the enhancement and increase
the percentage of functional TERS tips we coated one of the
mica surfaces with a reflective silver coating and placed this
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Figure 1. TERS configuration. a) AFM image of the pUC 18 DNA
plasmid fixed onto a mica surface in the upright configuration showing
the AFM tip and the direction of the green laser. b) Method of DNA
fixation and substrate configuration. c,d) Scanning electron micro-
scopic images of the silver-coated TERS tip. The scale bars are

500 nm.

underneath a second mica substrate (Figure 1b). This
increases the amount of laser light in the tip area through
reflection from the silver surface increasing the number of
scattered photons interacting with the molecule and tip. The
additional reflective surface leads to better enhancement and
an increase in the percentage of TERS active tips (about
90 % ). This is because in the top-down configuration without
a mirrored substrate the tip could cast a shadow on the sample
at the measurement point and then the signal would not be
enhanced. The mirrored surface illuminates more of the
nanostructure at the tip apex, which is crucial in obtaining
a higher percentage of active tips.”” Figure 1c and 1d shows
scanning electron microscopic (SEM) images from different
orientations of the nanodroplet of silver deposited on the
AFM tip.

Figure 2 shows the AFM topography of control and
irradiated samples. Untreated plasmid forms are dissolved in
the solution and are supercoiled with some six to ten nodes
observed™ When the plasmid is damaged and providing
there is at least one SSB it loses its supercoiled quaternary
structure and goes into a relaxed state or a linear shape if
there is a DSB."'222 The corresponding histograms show the
averaged number of supercoiled, relaxed, and linear forms for
control and irradiated DNA. For the actual TERS measure-
ments, the control and irradiated solutions were mixed,
enabling the collection of spectra from supercoiled control
DNA and at the end points of linear DNA where the DSBs
occur based on height and phase AFM images.

At the nanoscale the DNA is not homogenous, so each
spectrum is recorded from a different set of base combina-
tions (ca. 54 base pairs including the terminal groups are
located in the near field of the tip; see section S3) and so
variation is expected. The spatial resolution of our system
(measured by mapping) was about 18.2 nm and the distance
between two neighboring DNA base pairs (including one base
pair) is 0.34 nm. The averaged number of base pairs located in
the area of interest (in the near field of the tip) is calculated
based on these approximations.

To assess the intrinsic variability associated with TERS
measurements both the intra-sample and inter-sample varia-
bility were analyzed by both visual inspection and principal
component analysis (PCA). Section S4 shows the variability
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Figure 2. AFM topographies of plasmid DNA. a) Control plasmid DNA
and b) pUC18 circular plasmid DNA exposed to 85 kjm 2 UVC

(256 nm) radiation. The histograms summarize the averaged number
of supercoiled, relaxed, and linear plasmid forms corresponding to all
control and irradiated samples. Three detectable plasmid forms were
marked by arrows: supercoiled (blue), relaxed (cyan), and linear

(pink).

observed from one tip for control and DSBs. TERS spectra
from 350 different positions of control and DSBs in plasmid
DNA were collected using seven different tips and analyzed
with PCA. The results are presented in the section S5. By
visualizing the data using a 3-dimensional PCA scores plot
(PC1 vs. PC2 vs. PC3) it became apparent that different tips
yield different spectral profiles although general clustering of
the control and DSBs could be observed.

Figure 3a—c show schematics of the potential cleavage
sites and terminal hydrogen-bonding sites based on detailed
analysis of the TERS spectra. Figure 3 (right) shows three
general types of representative TERS spectra designated
type 1, 2, and 3 that were identified by a combination of PCA
and visual inspection. Figure 3 (left) shows the three corre-
sponding mechanisms that are hypothesized to lead to DSB
formation based on the spectral interpretation. Broken bonds
are marked with yellow and blue arrows. Type 1 spectra
(Figure 3a) show strong bands corresponding to the CHj
functional group. The schematic above the spectrum shows
the position of the bond cleavage where the CH; group is
bound. The appearance of CH,/CH; (1368 cm™) scissoring
modes along with the CH, (1439 cm™) deformation mode
confirms that cleavage occurred at the 5-bond position in
a single DNA strand. Type 1 spectra do not exhibit the
characteristic phosphodiester vibrations. This could be
explained if the phosphodiester functional groups were
removed upon the exposure to UVC radiation. If the absence
of phosphodiester motions are indeed indicative of phosphate
removal then this, suggests 3'-bond cleavage on the second
DNA strand. Type2 (Figure 3c) spectra, collected from
regions of DSBs, show the phosphodiester vibrations and
a strong signal from P—O—H in-plane bending mode at
1160 cm™', which is coupled to the P-OH stretching mode at
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Figure 3. Potential cleavage sites and corresponding assigned TERS spectra. a) Type 1, b) type 3 (mixture of type 1 and type 2) and c) type 2
spectra. The blue highlight shows bands common to type 1 and type 3 spectra [1350 cm™" §(CH,CHs) out of plane, 1440 cm™' §(CH,) in plane],
whereas the pink shadow highlights bands common to type 2 and type 3 spectra [980 cm ™' v(C—O) ribose T, 1035 cm ™' ¥(C—0), 1083 cm "
Vym(O—P—0), 1110 em ™" v,,,(O—P—C), 1160 cm™' »(P—(OH)), 1193 cm™' ¢(P—O—H) in plane, 1237 cm™' v,,,,(O—P—0)]. The arrows indicate the
potential cleavage sites that become hydrogen terminated. c) Second derivative of the type 3 spectrum zoomed in the spectral range of 1250-
1050 cm™". d) The number of type 1, type 2, and type 3 spectra collected in this experiment.

1190 cm ™' *** confirming that the phosphodiester fragment  the present case, there also exists a second possible cleavage
is hydrogen-terminated at the lesion site. The appearance of  site (yellow arrows).

these bands indicates 3’-bond cleavage occurred in one strand Close inspection of the asymmetric and symmetric
and 5'-bond cleavage on the second strand (blue arrows). In  phosphodiester bands (1240-1225 cm™! and 1090-1070 cm™")
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of DNA reveals distinct shoulder features not observed in
spectra recorded with the micro-Raman system. By applying
a second derivative to the type 3 spectrum two sets of doublet
bands are clearly resolved (Figure 3d). The appearance of
these doublets is consistent with the phosphodiester groups
being in slightly different molecular environments following
the breakage and demonstrates the extremely high sensitivity
that can be achieved with TERS. Type 3 spectra (Figure 3b)
appear to be the sum of type 1 and type 2 spectra. Bands from
the phosphodiester vibrations and the CH; group are
observed, along with the bands at 1160 and 1190 cm™,
indicating that radicals resulting from UVC irradiation
preferentially attack O—C bonds. In Figure 3e a histogram
showing the percentage of the three described types of TERS
spectra is presented. The histogram shows that Type 3 spectra
were collected more often than Type 1 or Type 2 spectra
indicating that O—C (5'-) cleavage is the most common form
of cleavage. This result suggests that the O—C bond in the
DNA backbone is the most sensitive to UVC radiation and its
cleavage causes DSBs the majority of the time. The spectro-
scopic evidence for cleavage at the O—C band includes the
identification of intense bands associated with the CH,/CHj,4
and P-O—H bending modes. To correlate the TERS measure-
ments we compared the results with those obtained with
surface-enhanced Raman (SERS) and conventional Raman
spectroscopy. UVC-exposed DNA showed higher intensity
bands in both SERS and micro-Raman compared to the
controls. The SERS spectra resemble the TERS type 3 spectra
showing enhanced phosphodiester and CH, deformation
modes. These results are presented and explained in detail
in section S6.

Additionally computations of Raman activity for control
(undamaged) and damaged (type 3: 5 C—O cleavage) DNA
structures have been carried out in the framework of hybrid
QM/MM (quantum mechanics/molecular mechanics) method
(ONIOM model). The technical details including a compar-
ison of experimental and calculated spectra are described in
section S7. The calculated spectra show good agreement for
the band positions of the hydrogen terminated functional
groups following 5" C—O bond cleavage including the P-O—H
bending, P-OH stretching along with methyl/methylene
deformation modes and the DNA phosphodiester modes.

We have shown that the combination of AFM-TERS
provides a new way to visualize DNA and investigate the
molecular structure of terminal groups at high spatial
resolution and with extreme sensitivity. Moreover, we have
demonstrated the potential of TERS to investigate the
susceptibility of bonds to radiation damage and in particular
have shown that O—C cleavage is the most likely form of
DNA damage as this accounted for more than half of the
cleavages detected.
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