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R
eactive oxygen species (ROS) are the
byproducts of cellular metabolism,
which may lead to DNA damage and

eventually to cancer.1 They are generally
produced during cellular metabolism as
well as from sources like drugs, radiation,
and pollutants. Autoxidation of lipids leads
to the formation of ROS such as H2O2,

2,3

which can easily diffuse through membranes
and can induce DNA damage. Recent reports
have demonstrated that certain nanoparticles
can act as potent free radical scavengers and
antioxidants.4�6 These nanoparticle antioxi-
dants are capable of reducing the concentra-
tion of reactive oxygen and nitrogen species.
Being a stable inorganic catalyst for ROS
scavenging, noble metal nanoparticles are
unlikely to produce any secondary ROS com-
pared to other conventional antioxidant

molecules;7 hence, they may become novel
protective agents against ROS.
Identification of the structural modifica-

tions in genomicDNA is extremely important
inmedical diagnostics, as slight alterations in
the DNA sequence may result in many dis-
eases including cancer.8 It is equally impor-
tant to develop new free radical scavenging
materials along with sensible methods to
monitor various stages of DNA damages. In
recent years, the sensitivity of detection of
free radical-induced DNA damage has in-
creased considerably.9�11 A sensitive and
reliable method capable of providing a bet-
ter understanding of the detailed structural
consequences at a molecular level during
early events in DNA damage can give new
insight into the early stagedetectionofmany
diseases. Though a variety of biological and

* Address correspondence to
melsayed@gatech.edu.

Received for review March 8, 2013
and accepted August 17, 2013.

Published online
10.1021/nn403722x

ABSTRACT We have successfully demonstrated the potential of surface-

enhanced Raman spectroscopy (SERS) in monitoring the real time damage to

genomic DNA. To reveal the capabilities of this technique, we exposed DNA to

reactive oxygen species (ROS), an agent that has been implicated in causing DNA

double-strand breaks, and the various stages of free radical-induced DNA damage

have been monitored by using SERS. Besides this, we showed that prompt DNA

aggregation followed by DNA double-strand scission and residual damage to the

DNA bases caused by the ROS could be substantially reduced by the protective effect

of Pt nanocages and nearly cubical Pt nanopartcles. The antioxidant activity of Pt

nanoparticles was further confirmed by the cell viability studies. On the basis of SERS results, we identified various stages involved in the mechanism of

action of ROS toward DNA damage, which involves the DNA double-strand scission and its aggregation followed by the oxidation of DNA bases. We found

that Pt nanoparticles inhibit the DNA double-strand scission to a significant extent by the degradation of ROS. Our method illustrates the capability of SERS

technique in giving vital information about the DNA degradation reactions at molecular level, which may provide insight into the effectiveness and

mechanism of action of many drugs in cancer therapy.
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chemical methods exist to detect and characterize
DNA damage, unfortunately many of these common
biological techniques and chemical methods have
limited sensitivity and are generally unable to monitor
DNA damage in real time.12,13

As a noninvasive technique, Raman spectroscopy
can be used to identify DNA marker bands that can be
used to assign large-scale conformational states
directly.14�16 Surface enhanced Raman spectroscopy
(SERS) is emerging as an important analytical tool for
the ultrasensitive detection of various analytes.17�21

More recently, the molecular fingerprinting capability
of thismethod has been used for identifyingmutations
in DNA without the aid of any Raman labels.22,23 The
label-free DNA detection method gives direct informa-
tion of DNA structure in comparison with methods
utilizing SERS labels where the spectral features of the
DNA itself are unimportant. Here, we report the cap-
ability of our SERS-based label-free DNA characteriza-
tion technique for real-time monitoring of various
molecular events during the ROS-induced damage
within the genomic DNA. Further, the effectiveness of
Pt nanoparticles in preventing the free radical-induced
DNA damage was also probed using SERS.

RESULTS AND DISCUSSION

In our recent study, we had demonstrated the
remarkable potential of SERS in revealing molecular
fingerprints of genomic DNA using Ag NPs.24 The
method was capable of measuring reproducible SERS
spectra of genomic DNA with high signal/noise ratio.
Inspired from these results, in the current study, we
investigated the chemical modifications involved dur-
ing various stages of ROS-induced genomic DNA da-
mage using SERS. Structural changes and chemical
modifications in DNA during their interaction with
ROS is important, as it helps to understand the me-
chanism of action and physiological role of ROS on
DNA damage. In DNA, nucleobases and the deoxyri-
bose sugar�phosphate backbone are susceptible for
chemical modification by the interaction of hydroxyl
radicals generated via UV (254 nm) photolysis of
H2O2.

25,26 In this study, for monitoring the molecular
events associated with ROS attack, a series of SERS
spectra were collected in every 5 min from the DNA
extracted fromhuman karatinocyte (HaCaT) cells, while
it was being exposed to H2O2/UV. The SERS spectra
were collected by using a 5 nM solution of AgNPs. High
concentration of the nanoparticles virtually acts as
aggregated nanoparticles, without touching each
other, wherein a larger number of nanoparticles in
the 3D volume would facilitate the excitation of a larger
number ofNPs by the laser, leading to significant enhance-
ment of the Raman signals of DNA.24

Wegave special attention toprevent thedryingofDNA/
Ag NPs solution throughout the SERS measurements,
as DNA can undergo various conformational changes

upon drying, which may interfere with the SERS results.
Variations in the characteristic SERS bands revealing the
DNA damage have been given in Figure 1 and Table 1.
Because of the high reactivity, hydroxyl radicals are

expected to abstract the hydrogen atoms from the
sugar�phosphate backbone, especially C50-H and
C40-H, as these are themost solvent-exposed hydrogen
atoms in the DNA backbone.27 This may lead to the β-
cleavage and strand breakage followed by release of
an altered sugar and an intact base.28,29 Raman bands
in the region 800�1100 cm�1 are generally sensitive to
backbone geometry and secondary structure of DNA.30

The phosphate backbone confirmation marker found
at 1085 cm�1 was drastically increased in its intensity
and was shifted to 1075 cm�1 just after 5 min of
exposure to H2O2/UV, which can be attributed to the
scissions of double- or single-stranded DNA followed

TABLE 1. Assignment of Bands in SERS Spectra of HaCaT

Cell DNA before and after ROS Attacka

before ROS attack

(cm�1)

after ROS attack

(cm�1)

tentative assignments of SERS

bands

660 640 dG
740 715^738 RB dA and dT
800 800 v(O�P�O)
1085 1075V PO2� sym. stretch, bk
1159 1159V dA
1179 1179v dT
1334 1334V dA
1387 1387v dA, dT, and dG
1438 1438V dT
1502 1502V dG and dA

a dA, deoxyadenosine; dG, deoxyguanosine; dT, deoxythymidine; bk, backbone;
sym, symmetric. ^ = Splitting of SERS bands. v = Increase in SERS intensity. V =
Decrease in SERS intensity.

Figure 1. SERS spectra recorded during the exposure of the
HaCaT cell DNA with H2O2/UV. Various regions showing
characteristic SERS bands of DNA are shown in panels A�C.
From top to bottom: SERS spectra recorded at 0, 5, 10, 15,
and 20 min.
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by the aggregation of DNA as a result of hydrogen
atom abstraction by the ROS. This was supported by
the data obtained from the detailed analysis of the
regions corresponding to the Raman marker bands of
nucleobases. In fact, the adenine ring breathing (RB)
band and thymidine marker band in native DNA were
merged together and appeared as a single band at
740 cm�1 (Figure 1A). It is known that an increase in
Raman intensities often occurs when DNA bases be-
come unstacked.30 As a remarkable consequence of
ROS-induced backbone damage and base unstacking,
the band observed at 740 cm�1 split into two distinct
bands and was found at 715 and 738 cm�1 after 10 min,
which can be attributed to unpaired adenosine and
thymidine residues, respectively. The intensity of thy-
midine residue was further reduced after 20 min of
exposure, possibly because of the formation of various
photoproducts of dT, as exposure of UV light can result
in the formation of lesions such as cyclobutane pyr-
imidine dimers (CPD), (6�4) photoproducts, etc.31

The abstraction of hydrogen atoms from the sugar�
phosphate backbone by the ROS and subsequent
damage to the native DNA backbone can induce the
destabilization of DNA duplex and can lead to the
rupturing of hydrogen bonds and the base pairs to
swing open.30 This may lead to the formation of many
unpaired base residues. These base residues can get
chemically modified by the attack of free radicals and
may form many lesions. Among them 8-oxoguanosine
is the most common lesion, as guanine is more prone
to oxidation compared to other DNA bases.32,33 Nor-
mally, the RB band of guanine may vary from 600 to
700 cm�1, which is dependent on the sugar-base
conformation.15,34 The band observed at ∼660 cm�1

(mainly constitutes to the RB vibration of guanine)
shifted toward the lower wavenumber side with time
upon exposure to H2O2/UV. This shift has been pre-
viously assigned to presence of oxidized base lesions
and their ability to make sharp bends or kinks, which in
turnsmakes themodification in the DNA conformation
and leads to deformation around the lesion sites by
disruption of base-stacking in DNA duplex at the lesion
sites. This can reduce the force constant for their
bending that can ultimately reflect in the frequency of
Raman vibrations.24 The RB vibration of guanine is sensi-
tive to its orientation relative to the ribose ring structure
andmay be a useful reporter for the presence of chemical
modifications.34 Itwasalsonoticed that thevibrationofdA
at 1159 cm�1 showed a decrease in its intensity with a
simultaneous emergence of a new band at 1179 cm�1

after 5 min of exposure. This new band has been attrib-
uted to the vibration and corresponds to unpaired dT. It
has been reported that the intensity of this vibration
diminishes when unpaired dT becomes paired with
dA.35 However, the intensity of this Raman band further
diminishedwith time,possiblybecauseof the formationof
various photoproducts of dT.31

Interestingly, we noted that the ratio between the
intensities of vibration observed at 1387 cm�1 (from
dA, dT, and dG) and 1334 cm�1 (from dA), (I1387/I1334),
increased with respect to time, which is directly related
to the extent of aggregation of DNA.30 The aggregation
can lead to a perturbation of the local environment
around thepurinebases,whichmayhelp the free radicals
to attack the newly exposed base sites. Since the base
oxidation is relatively more time-consuming than the
backbone degradation, it reflected as a suddenmodifica-
tion in the SERS band of phosphate backbone stretching
vibration within 5 min, whereas modification in the RB
vibration of guanosine due to its oxidation happened
over a period of 20 min. Apart from this, an obvious
modification in the conformation of the DNA was sug-
gested by the reduction in the intensity of the band
assigned to the phosphate diester symmetric stretching
found in between 790 and 830 cm�1.
We noticed a sharp decrease in the intensity of C50-

H2 deformation band of thymine found at 1438 cm�1

during the course of free radical attack, which shows
the perturbations of the deoxyribonucleoside confor-
mation of A�T base pairs due to the deformation in
thymidinemoiety36 (note that a similar reduction in the
intensity was found in the combination band of adenine
and thymineat 740 cm�1). Adecrease in theRamanband
(at 1458 cm�1) of deoxyribose moieties (with a small
contribution from adenine vibrations)37 was also appar-
ent in the spectrum. The reduction in the intensity also
suggests themodification in the backbone and chemical
modifications in adenine. Apart from this, as a conse-
quence of oxidation of guanosine by the attack of free
radicals, the SERS band corresponds to guanine and
adeninewithmore contribution fromguanine,38,39 found
at 1502 cm�1, and also decreased in its intensity.
In order to get more detailed information on ROS-

induced modifications in the Raman features of DNA,
SERS experiments for small chain length DNA have
been conducted. For this study, dsDNA-AAG was used.
The sequence of AAG is given in Figure 2. As in the case
of genomic DNA, the RB vibration band of guanine

Figure 2. SERS spectra recorded during the reaction of
synthetic DNA (AAG) with H2O2/UV. The sequence of AAG
is also given. Various regions showing characteristic SERS
bands of DNA are shown in panels A�C. From top to
bottom: SERS spectra recorded at 0, 5, 10, 15, and 20 min.
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observed at ∼679 cm�1 shifted gradually toward the
lower wavenumber (∼660 cm�1) with time upon
treatment with Fenton's reagent (Figure 2), and the
adenine RB vibration (726 cm�1) split into two bands
(725 and 718 cm�1). Apart from this, a sudden increase
in the phosphate backbone vibration was also ob-
served after 5 min. SERS bands correspond to aggrega-
tion of DNA, which was obvious in the spectra
(Figure 2C). Full SERS spectra for these events have
been given in Figure S1 (Supporting Information).
These results were also in concordance with the results
obtained for genomic DNA.
Even though several nanoparticles are well-known

for their free radical scavenging activity, platinum
nanoparticles have been considered as excellent anti-
oxidants because of their good biocompatibility and
unique catalytic activity.4,5 Here, we monitored the
effectiveness of various Pt nanoparticles in preventing
the DNA damage caused by the ROS with the help of

SERS. For this study, we used Pt nanocages (Pt NCs) and
nearly cubical Pt nanoparticles (Pt NCBs). To investi-
gate antioxidant activity of Pt nanoparticles, 1 nM
solution of Pt NCs (45�50 nm) was incubated with
H2O2 for about 5 min prior to UV light exposure, which
was then mixed with HaCaT cell DNA and Ag NPs
(5 nM). SERS spectra from thismixturewere collected in
a time-dependent manner while it was being exposed
to UV light. From the SERS spectra of DNA treated with
H2O2/UV in presence of Pt NCs, we indeed observed a
reduction in the DNA damage (Figure 3). Even after
30min, though the band observed at 740 cm�1 shifted
to∼723 cm�1, no splittingwas observed, suggesting the
absence of any severe hydrogen bond rupturing be-
tween the A�T base pairs. Apart from that, no drastic
shift was observed in the guanine RB band at 658 cm�1

band as a function of time, probably because of the
absence of any severe oxidative damage to guanine in
presence of Pt NCs. The above facts indicate that
scissions of double- or single-strandedDNA or oxidation
of nucleobases have been reduced to a large extent in
presence of Pt NCs. The SERS band corresponding to the

Figure 3. (A) Schematic showing the fate of HaCaT DNA
during the UV photolysis of H2O2 in presence and absence
of Pt nanoparticles. (B) and (C) are the large area and single
particle TEM images of Pt NCs, respectively. (D�F) SERS
spectra recordedduring the reactionof HaCaT cell DNAwith
H2O2/UV in presence of Pt NCs. Various regions showing
characteristic SERS bands of DNA are shown in panels D�F.
From top to bottom: SERS spectra recorded at 0, 5, 10, 15,
and 20 min.

Figure 4. SERS spectra recorded during the reaction of
HaCaT cell DNA with Fenton's reagent in absence (A�C)
and presence (D�F) of Pt NCs. From top to bottom: SERS
spectra recorded at 0, 5, 10, 15, and 20 min.
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phosphate backbone confirmation marker found at
1085 cm�1 remained almost unchanged, despite being
the most susceptible bond for free radical attack
(Figure 3). This is pointing toward the fact that Pt NCs
retard the process of possible hydrogen abstraction
from the sugar�phosphate backbone by the ROS. We
also noted that the ratio between the bands found at
1394 and 1334 cm�1 (I1394/I1334) did not show any
drastic changes even after 20 min, which indicates an
obvious absence of free radical-induced backbone da-
mage and subsequent aggregation. The ROS degrada-
tion capability of Pt NCs can be attributed to the
following reasons. Pt nanoparticles are known for their
catalase-like activity in converting hydrogenperoxide to
water andoxygenby the two-electronoxidation/reduction
reaction (Figure 3A).4,40 We believe that the cage-effect
may also play an important role in the efficiency of free
radical scavenging activity of Pt NCs.41,42 Trace
amounts of Ag present in Pt NCs (since Pt NCs are
prepared fromAgNCBs as template) may also enhance
the degradation reaction of H2O2, as bimetallic nano-
particles of Pt are known for their enhanced and
tunable catalytic activity.43

Although H2O2 is not a strong reactive species, the
traces of copper and iron present inside the cells are
capable of catalyzing the free-radical reactions to
generate highly reactive hydroxyl radicals through a
Fenton's reaction.44,45 In order to further investigate
the free radical scavenging ability of Pt NCs toward the
free radicals generated via Fenton's reaction, the Ha-
CaT cell DNA was treated with Fe2þ/H2O2 as explained
in the Experimental Methods.

The SERS spectra were collected in a time-dependent
manner in presence and absence of Pt NCs, while the
DNA was treated with Fenton's reagent. As in the case
of DNA damage caused by the exposure to H2O2/UV,
considerable modifications were found in the SERS
spectra of the DNA after treating them with Fenton's
reagent (Figure 4A�C), whereas addition of Pt NCs
protected the DNA from the attack of hydroxyl radicals
generated by the Fenton's reaction to a large extent,
which resulted in the retention of its native form
(Figure 4D�F). However, the SERS spectra of DNA
exposed to Fenton's reagent in presence of Pt NCs
also showed features of aggregation even after 5 min.
Specifically, the ratio between the intensities of the
Raman bands at I1393 and I1335 (I1393/I1335) showed a
value greater than 1. This was absent in the SERS
spectra of DNA exposed to H2O2/UV after 5 min. The
graph plotted between the ratio of intensities bet-
ween band at 1394 and 1334 cm�1 clearly depicts this
(Figure 5A). This can be due to the metal ion-induced
aggregation usually found in DNA as a result of Fe2þ

ions in Fenton's reagent.30 The hydroxyl radical gener-
ated by Fenton's reagent can attack DNA and cause
single- or double-stranded breaks. This was evident
from the SERS spectra of the DNA exposed to the ROS
in the absence of Pt NCs (Figure 4A�C). Absence of
any drastic modification in the characteristic Raman
bands corresponding to the sugar phosphate back-
bone and nucleobase ring vibrations even after 15 min
(Figure 4D�F) of ROS exposure, in presence of Pt
NCs, indicates that the decomposition of H2O2 pro-
ceeds via a two-electron redox reaction, ruling out the

Figure 5. Plots showing extent of DNA aggregation (A and B) and chemical modifications in the guanine RB band (C and D) during
ROS-inducedDNAdamagewhenDNAwasexposed toH2O2/UV(AandC) andwhenDNAwas treatedwithFenton's reagent (BandD).
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possibility of formation of any hydroxyl radical.40 Apart
from this a significant amount of Fe2þ in the Fenton's
reagent could alsobe converted into Fe3þ by the catalytic
oxidation of Fe2þ on Pt nanoparticle surfaces, whichmay
further reduce the possibility of formation of hydroxyl
radicals by one electron redox reaction pathway.5

The phosphate backbone confirmation marker
found at 1082 cm�1 and the band corresponding to
the RB vibration of guanosine (658 cm�1) showed an
immediate change in its peak position revealing that
Fenton's reagent can induce phosphate backbone rup-
ture andnucleobaseoxidation instantaneously (Figure 4).
As in the case of H2O2/UV induced damage, the band

at 739 cm�1 also showed almost the same trend after
treatment with Fenton's reagent. This suggests the
possible rupturing of the hydrogen bond between
the base pair dA�dT. On the contrary to the DNA
damage caused by H2O2/UV exposure, the guanine RB
band showed a sudden and noticeable shift that was
evident from Figure 4A and the graph shown in
Figure 5C,D. This indicates that Fenton's reagent is
more powerful toward the quick oxidation of the nucleo-
bases compared to the H2O2/UV exposure. The vibration
of adenosine at 1158 cm�1 also showed a similar trend as
in the case of damage caused by H2O2/UV. The intensity
of this vibration decreased with a simultaneous emer-
gence of a new band due to dT at 1178 cm�1 after 5 min
of exposure. However, the intensity of this band did not
diminish even after 20 min since there is no possibility of
formation of any photoproducts.
Shape of the nanoparticles is known to play a vital

role in its catalytic activity.46 To study the shape effects
on H2O2 decomposition by Pt nanoparticles, we ex-
tended our study to nearly cubical Pt nanoparticles (Pt
NCBs). The TEM analysis shows that these nanoparti-
cles are nearly cubical in shape (with spheres and
truncated particles), with an average size of 10 nm
(Figure 6A). The effectiveness of Pt NCBs in preventing
ROS-induced DNA damage was monitored in real time
by using SERS (Figure 7). As in the case of Pt NCs,
substantial reduction in the DNA damage was also
shown by 1 nMof Pt NCBs against the ROS generated via
UVphotolysis of H2O2. The vibration band corresponding
to the phosphate backbone (1078 cm�1) remained

almost unaltered, ruling out the possibility of any severe
single or double strand break. The Ramanmarkers bands
corresponding to the nucleobase vibrations remained
unchanged without any drastic modification. Because of
the small size of Pt NCBs, we could not remove the PVP
ligand completely from the samples. Hence, vibrations
corresponding to PVP appeared in the SERS spectra (see
Figure S2, Supporting Information). Apparently, these
vibrations were easily distinguishable and are marked
in the spectra (Figure 7).
In order to study the effectiveness of H2O2 degrada-

tion by various Pt nanoparticles, a kinetic investigation of
Pt-catalyzed degradation of methylene blue (MB) by the
Fenton's reagent was performed by measuring the ab-
sorbance at 663.8 nm as a function of time after adding
different Pt nanoparticles. Here, H2O2 was mixed with Pt
nanoparticles for 5 min prior to the addition of MB and
Fe2þ. The UV�vis absorption spectra collected at differ-
ent time intervals of the degradation reactions are shown
in Figure S3 (Supporting Information). From the plot of
absorbance versus time at 663.8 nm, a distinct reduction

Figure 6. (A) TEM image of Pt NCBs. (B) Kinetic curves of Fenton's reagent-induced decoloration of MB in presence of Pt NCs
and Pt NCBs.

Figure 7. SERS spectra recorded during the reaction of
HaCaT cell DNA with H2O2/UV in presence of Pt NCBs.
Various regions showing characteristic SERS bands of DNA
are shown in panels A�C. From top to bottom: SERS spectra
recorded at 5, 10, 15, 20, and 30 min. The Raman bands
marked by stars are indicating the possible contribution
from the PVP ligand present on the Pt NCBs.
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in the rate of MB degradation in presence of both Pt NCs
and Pt NCBs are observed (Figure 6B). However, calcula-
tion of themagnitude of ROS degrading capability of the
former was severely hampered because of the limitation
in calculating the exact number of Pt atoms in the Pt NCs.
We extended our study to understand the cell

viability and ROS degradation activity of various Pt
nanoparticles in HaCaT cells. HaCaT cells were grown
overnight in a 96-well tissue culture plate, after which
theywere treatedwith Pt nanoparticles (0.05 and 0.1 nM)
in the presence of 100 μMFeSO4/250 μMH2O2 and 350
μMFeSO4/500 μMH2O2 for 24 h. The cell viability assay
was carried out using XTT. Among the Pt nanoparticles,
Pt NCBs did not show any toxic effect on the HaCaT cells
(∼90% cell viability at 0.05 and 0.1 nM) and also showed
significant antioxidant activity (Figure 8), especially in the
case of 0.05 nM Pt NCBs with 100 μM FeSO4/250 μM
H2O2. As bare Pt NCs (at 0.05 and 0.1 nm) itself showed
toxic effect to the HaCaT cells (Figure S4, Supporting
Information), we could not compare the efficiency in this
context. As we used bare Pt NCs for this study, the
observed toxicity at these concentrations could be attrib-
uted to the presence of residual amount of Ag present in
it, as the Pt NCs were synthesized from Ag nanocube
throughgalvanic replacement reaction. At the same time,
ICP analysis did not show the presence of any Ag in the
cleaned Pt NCB samples.
Furthermore, the ROS-degrading activity of Pt nano-

particles was confirmed by 20,70-dichlorofluorescein
(DCF) assay. For the DCF assay, we used 20,70-dichloro-
fluorescein diacetate (DCFDA), a fluorogenic dye that
measures amount of ROS. Here, DCFDA is deacetylated

to a nonfluorescent compound (in alkaline medium).
Further, this compound was allowed to react with
Fenton's reagent to convert it into highly fluorescent
20,70-dichlorofluorescin. The resultant compound was
detected by fluorescence spectroscopy, which showed
an excitation maximum at ∼493 nm and emission
at ∼523 nm (spectra given in Figure S5, Supporting
Information). We found that the rate of conversion of
nonfluorescent DCFDA to fluorecent DCF is very low in
the presence of the Pt nanoparticle (Figure 8B and
Figure S6, Supporting Information), because of the
degradation of H2O2 in the Fenton's reagent by the Pt
nanoparticles.

CONCLUSION

The potential of SERS in direct observation of ROS-
induced damages in the HaCaT cell DNA was demon-
strated. A multitude of chemical and physical changes
within DNA caused by ROS generated via Fenton's
reaction and UV photolysis of H2O2 were monitored
using SERS in real time. In addition to this, the ability of Pt
nanoparticles to prevent ROS-induced oxidative damage
to cellular DNAwas assessed using SERS,which showed a
reduction in prompt DNA aggregation, backbone da-
mage, and residual damage to the DNA bases. Such
materials would possibly find application in developing
chemopreventive drugs against many ROS-induced de-
ceases. The antioxidant activity of the Pt nanoparticles
was further confirmed by using DCF assay and cell
viability studies. Our findings open up the immense
possibilities of SERS in diagnosing various stages of a
multitude of diseases, especially cancer.

EXPERIMENTAL METHODS
Preparation of Citrate Capped Ag Nanoparticles (Ag NPs). Ag NPs

were prepared according to Turkevich method.47 Briefly, 75 mg
sodium citrate dissolved in 1 mL of deionized (DI) water was
added dropwise to a boiling solution of 5mMAgNO3 in 50mL of
DI water. Heating was continued for a few more minutes, and

then the suspension was cooled rapidly in an ice bath. Later,
10 mL of the as prepared Ag NPs solution was centrifuged, and
the residue after washingwith distilledwater was redispersed in
500 μL of DI water. These Ag NPs solution showed surface
plasmon resonance peak at 420 nm, which is characteristic of
silver nanoparticles.

Figure 8. (A) Cell viability results for the HaCaT cells treated with Pt NCBs (0.05 and 0.1 nM) in presence of 100 μMFeSO4/250 μM
H2O2 and 350 μM FeSO4/500 μM H2O2. Statistically significant data (comparing Pt NCB treatments to no Pt NCB treatment) is
indicated by * (p-value < 0.05). (B) Plot showing the fluorescence intensity of the compound formed by the interaction of DCF and
ROS as a function of time. The data were collected in presence and absence of Pt nanoparticles.
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Synthesis of Pt Nanocages. Pt nanocages (Pt NCs) were pre-
pared from silver nanocubes (AgNCBs) by galvanic replacement
of silver atoms by platinum following our earlier procedure.41 In
a typical synthesis of AgNCBs, 35mL of ethylene glycol (EG) was
heated at 150 �C for 1 h. To this solution, 0.25 g of poly(vinyl
pyrrolidone) (PVP, MW ∼ 55 000) dissolved in 5 mL of EG was
added followed by 0.4 mL of sodium sulfide (3 mM) in EG.
Addition of ethylene glycol solution of AgNO3 (0.12 g in 5mL) to
the above solution resulted in the formation of Ag NCBs after
15 min. These Ag NCBs were cleaned by washing them with
water�acetone mixture followed by centrifugation at
14000 rpm for 10 min. The residue containing Ag NCBs was
redispersed in 20 mL of DI water and used for further experi-
ments. Two milliliters of this Ag NCBs solution was then
transferred to a 30 mL vial, which was further diluted with
20 mL of DI water. An aqueous solution of potassium tetra-
chloroplatinate(II) (K2 PtCl4) of a concentration of 0.05 g/10 mL
was added to the above solution (0.5 mL/5 min) with constant
shaking. Afterward, a dilute solution of K2PtCl4 (0.005 g/10mL of
DI water) was added (0.5mL/5min) to the reactionmixture until
the solution turned black. Pt NCs thus obtained were cleaned
using a similar procedure as Au NCBs.

Synthesis of Nearly Cubical Pt Nanoparticles. In a typical synthesis
of nearly cubical Pt nanoparticles (Pt NCBs), 30 mL of EG was
heated under stirring in a 50 mL round-bottom flask at 140 �C
for 30min in an oil bath. An amount of 1 g of PVP (MW∼ 55 000)
was added, and the temperature was raised to 155 �C. Then,
1 mL of AgNO3 solution (0.017 g AgNO3 dissolved in 10 mL of
EG) was added followed by 0.2mL of chloroplatinic acid hydrate
solution from 5 mL of stock solution (0.3 g/5 mL of EG). After-
ward, the temperature was raised to 180 �C, and the rest of the
platinum solution was added drop by drop. The resultant
solution was stirred and heated for 20 min. The platinum
nanoparticles were cleaned by mixing 1 mL of the as prepared
solution with 1 mL of acetone and then centrifuged at
15000 rpm for 30 min. The residue was redispersed in 1 mL of
DI water and was used for further studies.

An axial inductively coupled plasma (ICP) atomic emission
spectrometer machine was used to determine the concentra-
tion of all the nanoparticles solutions. A minimum of three ICP
measurements was taken for each sample.

Cell Culture. Human keratinocytes (HaCaT) were maintained
in Dulbecco's modified Eagles' medium (DMEM, Mediatech)
supplemented with 10% v/v fetal bovine serum (FBS,
Mediatech) and 1% antimycotic solution (Mediatech) in a 37 �C,
5% CO2 humidified incubator.

Cell Viability Assay. HaCaT cells were plated in a 96-well tissue
culture plate and allowed to grow for 24 h. The culture medium
was then removed and replaced with culture medium contain-
ing the Fenton's reagent and/or Pt nanoparticles at varying
concentrations. Cells were incubated with treatment for 24 h.
After that the cells were washed with PBS and the XTT cell
viability assay kit (Biotium, Inc.) according to themanufacturer's
protocol. The cell viabilities of the treated cells were normalized
to the control (HaCaT cells treated with culture medium only).
The error bar is expressed as ( the percent relative standard
deviation (% rsd). Statistical significance (p-value) was calcu-
lated by a t test calculator (GraphPad Software, Inc.). Data is
considered statistically significant when p < 0.05.

DNA Isolation. Genomic DNA was isolated by using an extrac-
tion procedure described earlier.48 Briefly, the cells were lysed
with 4 mL of lysis buffer containing 0.5 M Tris-HCl (pH 8.0),
20mMEDTA, 10mMNaCl, 1% SDS, and 0.5mg/mL proteinase K.
This was incubated overnight at 55 �C. Subsequently, 2 mL of
saturated NaCl (∼6 M) was added, and the samples were
incubated at 55 �C for 10 min. After centrifugation at 5000 rpm
for 30 min, the supernatant containing DNA was mixed with
2 volumes of prechilled ethanol (100%), and the DNA was
spooled by gently inverting the mix. The tubes were incubated
at room temperature for 15 min, and the DNA was recovered by
centrifuging at 10000 rpm for 10 min at room temperature. The
DNAwaswashed several times thoroughlywith 70%ethanol. The
tubeswereplaced invertedonbenchtopand allowed to air-dry at
ambient conditions. Required amount of DNAwas dissolved in DI
water and was used for the SERS analysis.

Assay for Reactive Oxygen Species Using 20,70-Dichlorofluorescein
(DCF). DCF was prepared from 20 ,70-dichlorofluorescein diace-
tate (DCFDA) by mixing 0.5 mL of 1.0 mM DCFDA in methanol
with 2.0 mL of 0.01 N NaOH. This de-esterification process of
DCFDA has been continued at 27 �C for 30 min. The resultant
mixture was then neutralizedwith 10mL of 25mMNaH2PO4 and
kept on ice bath in the dark until use. The assay was carried out at
27 �C by adding 100 μL of DCF (1 mM) to the Fenton's reagent
(H2O2 (100 μM) þ Fe2þ (100 μM)). The experiments were also
performed in presence of 25 μL of 1 nM Pt nanoparicles.

SERS Measurements. For the SERS investigation of ROS-
induced modification in the genomic DNA, 8.824 � 103 μM of
H2O2 was added to a mixture of solution containing DNA
(0.1mg/1mL) andAgnanoparticle solution (5nM). TheSERS spectra
were collected in a time-dependent manner in presence and
absence of Pt NCs, while the DNAwas being exposed to UV light
(254 nm). To investigate the free radical scavenging ability of Pt
nanoparticles toward the free radicals generated via Fenton's
reaction, oxidation of DNA was carried out by treating them
with Fenton's reagent.49 Briefly, a solution of DNA (0.1 mg/1mL)
was mixed with Fenton's reagent (50 μM of Fe2þ and 14.706 �
103 μM of H2O2), and time-dependent SERS spectra were
collected directly from the suspension in presence and absence
of Pt nanoparticles. For all the experiments, Pt nanoparticles of
concentration 1 nM have been used. Throughout the SERS
measurements we gave special attention to prevent dehydration-
induced conformational modifications to the DNA. A similar
experiment was conducted with double stranded (ds) DNA of
sequence 50-AAGCGCGCGCGCGCTT-30 (this sample is named as
“AAG”). The synthetic DNA samples were purchased from
Sigma-Aldrich, USA. For all the measurements, the DNA-Ag
colloid solution was placed on a Si wafer, and the SERS spectra
were measured with a 1800 lines/mm grating using a Renishaw
InVia Raman spectrometer (with a spectral resolution of∼1 cm�1)
coupled to a Leicamicroscope. The laser (532 nm)was directed
into a microscope via a series of reflecting lenses and aper-
tures, where it was focused onto the sample by a 50�
objective. The backscattered signals from the samples were
collected by a CCD detector in the range of 400 to 2000 cm�1.
The spectra were processed by removal of the spectral back-
ground. Here, cubic spline interpolation is used for the base-
line fit by manually selecting the points representative of the
background.
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