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Abstract

Cytosine plays a preeminent role in DNA

methylation, an epigenetic mechanism

that regulates gene expression, the

misregulation of which can lead to severe

diseases. Several methods are nowadays

employed for assessing the global DNA

methylation levels, but none of them com-

bines simplicity, high sensitivity, and low

operating costs to be translated into clini-

cal applications. Ultraviolet (UV) resonant Raman measurements at excitation

wavelengths of 272 nm, 260 nm, 250 nm, and 228 nm have been carried out

on isolated deoxynucleoside triphosphates (dNTPs), on a dNTP mixture as well

as on genomic DNA (gDNA) samples, commercial from salmon sperm and

non-commercial from B16 murine melanoma cell line. The 228 nm excitation

wavelength was identified as the most suitable energy for enhancing cytosine

signals over the other DNA bases. The UV Raman measurements performed at

this excitation wavelength on hyper-methylated and hypo-methylated DNA

from Jurkat leukemic T-cell line have revealed significant spectral differences

with respect to gDNA isolated from salmon sperm and mouse melanoma B16

cells. This demonstrates how the proper choice of the excitation wavelength,

combined with optimized extraction protocols, makes UV Raman spectroscopy

a suitable technique for highlighting the chemical modifications undergone by

cytosine nucleotides in gDNA upon hyper- and hypo-methylation events.
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1 | INTRODUCTION

In the last decades, a new research field has emerged to
explain mechanisms involved in a large variety of

Abbreviations: 5-Aza-dc, 5-aza-2-deoxycytidine; DNMT, DNA-methyl
transferases; dNTP, deoxynucleoside triphosphate; gDNA, isolated
genomic DNA; PCR, polymerase chain reaction; UVRR, UV Resonant
Raman.
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phenomena, from embryogenesis to environmental adap-
tation, as well as regulation of metabolic functions in var-
ious disease states including cancer: this is epigenetics,
which comprises the reversible and hereditable modifica-
tions of the DNA, without irreversible variations of the
genome.1, 2

The epigenetic modification of the genomic sequences
is a lifelong process that begins at the level of the devel-
oping germ cells in the embryo, influenced by maternal
nutrition during pregnancy, and which continues after
that influenced by environmental factors: errors in the
epigenetic processes of cells, such as those produced by
exposure to environmental chemicals, may cause patho-
logies and cancer as well.2–4

DNA cytosine methylation is one of the most relevant
epigenetic mechanisms, which consists of the addition of
a methyl group from S-adenosyl-methionine to the fifth
position of the cytosine ring (5meC) in the CpG islands
by DNA-methyl transferases (DNMT) with the conse-
quent gene silencing.5 Many clinical studies evidenced
that there are substantial alterations in the global level of
cytosine methylation in several cancer-cell-models.2–4 In
other contests, DNA is suggested to be highly methylated
in functional gametes,6 and thus global methylation
could reflect the fertility potential of a patient. Therefore,
where obtained with a fast, economic and simple proto-
col, the information on global methylation of DNA could
be a useful diagnostic aid in clinical medicine as well as
in basic research.7 Many techniques, such as liquid chro-
matography, immune-quantifications, bisulfite conver-
sion, polymerase chain reaction (PCR), and optical-based
methods are currently adopted to quantify DNA methyla-
tion, mainly for research purposes.3, 8

However, there is still an urgent need for new proto-
cols that may combine simplicity, high sensitivity, and
low operating costs to be translated into clinical applica-
tions.3, 7

Recently, many vibrational spectroscopic techniques
have been used to infer DNA methylation.9–11 In this
regard, techniques based on surface-enhanced Raman
scattering (SERS) have been among the most used to
investigate DNA in biological systems,12, 13 and to infer
DNA damage14 and cytosine methylations mecha-
nisms.13, 15, 16 The goal is achieved thanks to the
enhanced sensitivity of SERS, which allows detecting
Raman signal even from a minute amount of sample.
Although SERS provides excellent results in terms of sen-
sitivity, it is frequently affected by poor reproducibility,
thus foreseeing lower diagnostic reliability.17, 18

Another vibrational spectroscopy technique that is
potentially able to infer DNA methylation is ultraviolet
resonant Raman (UVRR) spectroscopy, which has been
extensively used for the investigation of nitrogenous

bases,19–23 nucleosides,24–27 nucleotides,28 calf thymus,
salmon sperm DNA and nucleic acid-based systems.29–34

UVRR gives the possibility of working in an aqueous
solution, thus keeping the DNA in its physiological con-
ditions and it is label-free, preventing DNA chemical
modifications.35–37

Despite the clear-cut proof of principle regarding the
potential of UVRR in getting essential insights on the
chemical modifications of nitrogenous bases, the possibil-
ity of transition to clinical applications is still faint. The
first limit resides in the assessment of proper sample
preparation protocols. DNA isolation is usually per-
formed using commercially available kits, or by automa-
tized extractors. The DNA, obtained following standard
approaches, is adequate for molecular applications, but
the presence of contaminants, such as proteins and resid-
uals of the extraction chemicals, limits its exploitation for
any vibrational spectroscopy analysis.35 However, we pre-
viously demonstrated that introducing minimal modifica-
tions to the standard extraction protocols reduces the
occurrence of the most frequent contaminants of the iso-
lated DNA, as verified by FTIR and UVRR analysis at
266 nm.35

Interestingly, it has been widely reported that it is
possible to selectively emphasize the vibrational bands
associated to any single nitrogenous base by appropri-
ately changing the UVRR excitation energy.28, 31–34 Stated
that it is possible to distinguish the spectral response of
the cytosine from the signals coming from the other
nitrogenous bases, in the present paper we verify the
hypothesis that, properly exciting the sample, it is possi-
ble to reveal the spectral variations induced by the meth-
ylation on cytosine islands of DNA, thus opening to the
applicability for epigenetic evaluations. Specifically, in
the present work we found the right UVRR excitation
wavelengths to investigate the relative abundance of sin-
gle nitrogenous bases in isolated genomic DNA (gDNA)
and, more importantly, to reveal and compare the spec-
tral variations induced by cytosine methylation in differ-
ent types of DNA samples.

We initially performed UVRR measurements on
nucleotides aqueous solutions, commercial gDNA from
salmon sperm (example of germ cell) and gDNA
extracted from murine melanoma B16 cells (example of
cancer cell), comparing the spectra at 272 nm, 260 nm,
250 nm and 228 nm of excitation wavelength. Finally,
the excitation wavelength of 228 nm was selected to
enhance cytosine signals in gDNA from human Jurkat
cells (acute T-cell leukemia) treated with 5-aza-2-
deoxycytidine (5-Aza-dc), as a negative control for CpG
methylation genome, and enzymatically methylated by
CpG Methyltransferase, as cytidine hyper-methylated
standard.
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2 | EXPERIMENTAL SECTION

For the Raman measurements, commercial PCR grade
standards (100 mM in aqueous solution) of
deoxynucleoside triphosphates (dNTPs) dATP, dCTP,
dGTP, and dTTP (Sigma Aldrich) were diluted in Na2SO4

1.0 M up to 2 mM concentrations. Additionally, by
mixing all the four solutions in equal parts, we prepared
a further nucleotide mixture, at a concentration of
0.5 mM for each nucleotide.

Salmon sperm gDNA (Sigma Aldrich) is supplied
highly purified and its guanine/cytosine percent con-
tent (%CG) is 41.2% accordingly to the technical note
of the supplier.38 Salmon sperm gDNA was diluted in
50 μL of MilliQ water with a final concentration of
1.0 mg/mL (namely 3.3 mM of nucleotides concentra-
tion) and 0.1 mg/mL (namely 0.33 mM of nucleotides
concentration).

For DNA extraction from the B16 cells, we applied
the protocol described in35 and 36 in order to remove eth-
anol residues and to minimize the presence of the other
contaminants. The isolated gDNA was diluted in MilliQ
water to a final concentration of 0.33 mM (0.1 mg/mL).

gDNA from human male Jurkat cells treated with 5-
aza-2 deoxycytidine was obtained commercially (Biolabs)
and was diluted in MilliQ water up to a final concentra-
tion of 0.33 mM (0.1 mg/mL). A sample with identical
concentration was prepared from gDNA isolated from
human male Jurkat cells enzymatically treated with CpG
methylase (Biolabs).

The purity of Jurkat and B16 gDNA was routinely
verified by UV–visible absorption spectroscopy: the DNA
samples used had a A260nm/280nm absorption intensity
ratio larger than 1.8, confirming the absence of protein
and DNA contamination. In addition, the samples were
tested by attenuated total reflection -Fourier transformed
infrared spectroscopy, as in35 to verify the absence of con-
taminants from extraction protocol reagents. More details
can be found in the Section 1 of the Supporting Informa-
tion (SI).

UV–visible absorption measurements on nucleotides
and gDNA have been carried out using a Perkin Elmer
Lambda25 spectrophotometer. The final concentrations
of the solutions in MilliQ water was 0.1 mM.

UVRR measurements have been performed at the
IUVS beamline at Elettra Sincrotrone Trieste. A complete
description of the experimental apparatus and measure
protocol is reported elsewhere.39 Briefly, synchrotron-
based wavelengths at 272 nm, 260 nm, 250 nm, and
228 nm have been employed to excite 100 μL of the sam-
ple placed in a Suprasil quartz cell. Raman measure-
ments were performed in a backscattering configuration,
and the beam-power measured on the sample was

approximately 2 μW. A Czerny-Turner spectrometer with
a focal length of 750 mm equipped with a holographic
dispersive element of 1800 lines/mm, coupled with a
Peltier-cooled back-thinned CCD has been employed to
get the Raman signal. The spectral bandwidth was set to
25 cm−1 for all the employed excitation wavelengths in
order to get a sufficient count rate. The obtained resolv-
ing power (λ /Δλ) was 1460, 1527, 1588, and 1741 at
272 nm, 260 nm, 250 nm and 228 nm respectively. The
samples were continuously oscillated during the mea-
surement in order to avoid photo-damaging. Raman fre-
quencies were calibrated to ±1 cm−1 of accuracy by using
cyclohexane spectra. For the correct wavenumbers of the
cyclohexane we refer to peak positions of 40

The nucleotides spectral intensity has been normal-
ized to the SO4

2− stretching peak area at 981 cm−1 as well
as to the solvent spectral intensity, as done by Wen and
coworkers.33 The solvent contribution has been then
removed from nucleotides solutions spectra (see Section 2
of SI for further details).

Water spectral contribution has been subtracted from
the UVRR DNA spectra, after normalizing them to the
OH-stretching band of water at 3300 cm−1. This proce-
dure has been applied to the excitation wavelengths
272 nm, 260 nm, and 266 nm. Differently, the water con-
tribution in the DNA spectra collected with 228 nm of
excitation wavelength has been subtracted by normaliz-
ing the spectral intensities to the water overtone band at
2200 cm−1. Details can be found in SI.

3 | RESULTS AND DISCUSSION

3.1 | UV–vis absorption measurements

UV-absorption spectroscopy is a crucial preliminary step
for UVRR spectroscopy. Indeed, with this technique, it is
possible to tentatively define the excitation wave-
lengths more suitable for enhancing specific reso-
nances over other signals and, therefore, for fully
exploiting the potential of UVRR spectroscopy. To this
aim, the molar extinction coefficients of dATP, dCTP,
dGTP, and dTTP, as derived by UV–visible absorption
measurements, are plotted in Figure 1. Figure 1 also
shows the UV–visible absorption spectrum of the
salmon sperm gDNA (pink curve). In order to estimate
to which extent DNA bases contribute to the total
absorption of gDNA, the Asum curve is depicted, which
represent the estimated DNA absorption curve
obtained summing the contributions of the four
nucleobases. Since it is known that the %GC content in
salmon gDNA is 41.2%, Asum curve has been calculated
as follows:
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Asum = 2*½0:412* AdCTP +AdGTPð Þ
+ 1−0:412ð Þ* AdATP +AdTTPð Þ�:

where AdCTP, AdGTP, AdATP e AdTTP are the dCTP, dGTP,
dATP e dTTP molar extinction coefficients[41], while
0.412 is the CG molar ratio.

Asum and salmon sperm gDNA curves match pretty well
below 260 nm while they are slightly deviating above
260 nm. These minimal transpositions can be addressed to
the different structural conformation of the nitrogenous
bases in double-stranded DNA compared to dNTPs. Indeed,
in the case of salmon sperm gDNA, the nitrogenous bases
are involved in hydrogen bonds not present in the isolated
nucleotides solutions. The H-bonding network can induce
small modifications in the nucleotide absorption cross-sec-
tions, leading to changes in the absorption curve profile.41

Nevertheless, despite the minimal discrepancy, it can be
safely assumed that the gDNA UV-absorption spectrum is
well represented by the linear combination of all the single
nitrogenous bases UV-absorption spectra.

3.2 | UVRR at 272 nm, 260 nm, 250 nm,
and 228 nm

By analyzing the individual contribution of nucleotides,
it is possible to state that in the 220 nm – 300 nm spectral
region, dATP and dGTP absorptions are characterized by
a maximum at 260 nm and 250 nm, respectively, while
dTTP and dCTP absorption maxima are located near
265 nm and 272 nm, respectively. However, the best con-
dition to study dCTP is preferably 228 nm, where the
dCTP absorption contribution is more intense than the
ones of the other nucleotides.

The choice of the excitation wavelength should also
be guided by additional considerations concerning the
spectral fluorescence background. At excitation wave-
lengths higher than 250 nm, a fluorescence background
moderately affects the UVRR spectrum of commercial
salmon sperm gDNA (see Section 3 in SI), due to the
intrinsic fluorescence of the nitrogenous basis. Besides,
the UVRR spectrum of gDNA extracted from B16 cells
acquired at 272 nm is strongly influenced by fluorescence
(see Figure S3 in SI), due to retention in the analyzed
solution of residuals of the DNA isolation chemicals
despite the optimized extraction protocol.35

Nevertheless, even for this extreme condition, we
could efficiently remove fluorescence background by sub-
tracting a proper polynomial curve, without inducing
modifications of the Raman spectral profile (see Figure S4
in SI). Indeed, the authors have already proven that the
fluorescence background, induced by the residual pres-
ence of extraction chemical, does not modify the vibra-
tional Raman spectral line-shape.35

Figure 2 shows the UVRR spectra at 272 nm of the
gDNA isolated from B16 cells (spectrum a, blue dotted
line) and the UVRR spectra of salmon sperm gDNA
(spectrum c, red dotted line), both in aqueous solution
(0.33 mM). The spectra are characterized by specific
vibrational bands at 1655 cm−1, 1578 cm−1, 1484 cm−1

and 1337 cm−1.28, 31–34 The lower part of the same
Figure (spectra d) reports the UVRR spectra derived from
the aqueous solutions of dATP, dCTP, dGTP, and dTTP,
as well as the spectrum obtained from the dNTP mixture
in aqueous solution (spectrum d, black dotted line).

In order to carry out an accurate peak attribution
and, in particular, to estimate the contribution of each
nitrogenous base to the total intensity of the Raman spec-
trum, we calculated the sumN curve as:

sumN =dATP+dTTP+dCTP+dGTP:

and the sumS curve as:

sumS = 1−0:412ð Þ* dATP+dTTPð Þ+0:412* dCTP+dGTPð Þ:

where 0.412 is the %CG content in the salmon sperm
DNA. sumN and sumS spectral intensities were then nor-
malized to the 1484 cm−1 peak maximum of dNTPs and
of salmon sperm gDNA spectra, respectively.

It is interesting to note how the sumN curve strongly
matches the dNTPs spectrum, within 10% in intensity in
the worst case, and that the sumS curve satisfactorily
matches with the salmon sperm gDNA spectrum.

Therefore, with a good degree of confidence, it is rea-
sonable to assume that the relative intensity contribution

220 240 260 280 300 320

0

1x104

2x104

3x104

4x104

5x104

dATP

dGTP

dCTP

dTTP

nucleotides

sum

salmon

DNA

wavelength (nm)

m
o
la
r
e
x
ti
n
c
ti
o
n
c
o
e
ff
ic
ie
n
t
(L

M
−
1
c
m

−
1
)

0.0

0.5

1.0

1.5

2.0

2.5

A
b
s
o
rb
a
n
c
e
(A
U
)

228 nm 250 nm 260 nm 272 nm

FIGURE 1 UV–vis absorption spectra of salmon sperm DNA

(0.10 mg/mL,) dATP (blue), dGTP (green), dCTP (yellow) and dTTP

(red) aqueous solutions. UV, ultraviolet

4



of each dNTP to the total DNA spectrum, at a specific
wavenumber ν*, is given by

IRel−base ν*
� �

=
Ibase υ*ð Þ

P4
j=1 Ij υ

*ð Þ :

IJ(υ
*) is the spectral intensity at the wavenumber υ* of

each dNTP spectrum. The relative intensities obtained in
this way are affected by an error of about 5%, calculated
on the base of the S/N ratio at each excitation
wavelength.

Applying this formula to the salmon gDNA, we found
that the 65% of the 1655 cm−1 peak intensity is due to the
thymidine C=O stretching, in total accordance with the
current scientific UVRR literature on nucleotides (dTMP-
dCMP), calf thymus and salmon sperm gDNA.28, 31–34 The
peak at 1578 cm−1 is the convolution of adenosine 6NH2

scissoring vibrational mode at 1580 cm−1 (56% of the peak
intensity) and guanosine 2NH2 scissoring and ring vibra-
tions at 1575 cm−1 (33% of the peak intensity). The peak at
1484 cm−1 arises from adenosine (60% of the peak inten-
sity) and guanosine (30% of the peak intensity) internal
ring vibrations. Interestingly, the peak at 1337 cm−1 can
be almost exclusively assigned to adenosine internal rings
vibrations (83% on relative intensity), thus becoming a
valid fingerprint to investigate the adenosine behavior in
DNA complex systems. Lastly, the small component at
~1250 cm−1 is assigned to adenine, guanine, and thymi-
dine internal ring vibrations combined with N-H bending.

The comparison between B16 and salmon sperm
gDNA evidences a decrease of the 1655 cm−1 peak com-
pared to the 1484 cm−1 one (see a dotted vertical line on
Figure 2), that can be explained by a lower thymine con-
tribution or to a different hydrogen-bonding environment
behavior of the thymine C=O group between salmon
sperm and B16 gDNA.

The same spectral features found at 272 nm in salmon
sperm and B16 gDNA UVRR spectra are present also at
260 nm (see Figure 3). The main features of the gDNA
spectra are still at 1655 cm−1, 1578 cm−1, 1484 cm−1 and
1337 cm−1, but the relative intensity contribution of each
dNTP differs among the two experimental conditions. In
Figure 3, the UVRR spectra of dATP, dCTP, dGTP, and
dTTP, as well as the spectrum obtained from the dNTP
mixture at 260 nm are also reported (c).

Applying the same formula employed at 272 nm, we
calculated the curves sumN and sumS, relative to the
dNTP mixture solution and the salmon sperm gDNA,
respectively. Thanks to the agreement between acquired
and calculated spectra, we estimated the contribution of
the single dNTP to the gDNA spectra.

The peak at 1578 cm−1 derives from adenosine (61%)
and guanosine (35%), while the remaining 4% comes
from the cytidine and thymidine. The peak at 1484 cm−1

is still addressed to guanosine (48%) and adenine (45%)
internal ring vibrations. The peak at 1337 cm−1 is mainly
assigned to adenosine internal ring vibrations. Neverthe-
less, lowering the excitation wavelength from 272 to
260 nm, the relative contribution to the peak intensity of
adenosine decreases from 83% to 70%, in favor of the gua-
nosine internal ring vibration, which rises from
10% to 23%.

Although the adenosine contribution at 1337 cm−1

and the one of thymidine at 1655 cm−1 are less dominant
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for spectra collected at 272 nm, DNA spectra gathered at
260 nm suffer less from the fluorescence background,
and should be preferred when fluorescence background
subtraction cannot be accurately performed.

As at 260 nm excitation wavelength, there is a
decrease in the intensity of the 1655 cm−1 peak of B16
gDNA, not detected for the salmon sperm. In this case,
the decreasing effect is less intense than at 272 nm, and
can be explained by the minor contribution of the thy-
mine C=O stretching band to the overall peak intensity.

The UVRR spectra of B16 cells gDNA (a) and
salmon sperm gDNA (b), together with dNTP spectra

(0.1 mg/mL), collected at the excitation wavelength of
250 nm are shown in Figure 4. The peak at
1655 cm−1 is significantly suppressed compared to the
same peak detected at 272 nm and 260 nm, both in
dNTPs and gDNA spectra. Indeed, it becomes a small
bump in the gDNA vibrational spectra, reflecting the
relative intensities of the specific nitrogenous base
vibrations for salmon sperm gDNA: 40% for guanine,
35% for thymine, 15% for cytosine, and 10% for
adenine.

The peak at 1578 cm−1 evidences a clear predomi-
nance (75%) of the guanosine contribution. The
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adenosine abundance is slightly above 20%, while that of
cytosine and thymine are less than 5%.

The peak at 1484 cm−1 derives from the overlap of
guanine (66% relative intensity), adenine (25% relative
intensity), cytosine and thymine (less than 3% relative
intensity each) contributions. The 1337 cm−1 peak is
dominated by adenine contribution (63% relative inten-
sity), while guanine (33% relative intensity) and cytosine
and thymine (2% relative intensity each) contribute less.

In accordance with the UV–Vis absorption spectra of
the dNTPs shown in Figure 1, the 250 nm excitation
wavelength is the most favorable to investigate the gua-
nosine behavior, at the specific vibrations of the
1578 cm−1 and 1484 cm−1.

Indeed, the excitation at 250 nm represents the best
compromise between the spectral intensity of the DNA
and the fluorescence background, the latter being negligi-
ble, thus favoring the accuracy required for a correct
spectral analysis and interpretation.

Both in salmon sperm and B16 gDNA, guanosine and
adenosine nitrogenous bases signals are the dominant
contributions to the overall spectral intensity.

A common characteristic of the DNA spectra collected
at 272 nm, 260 nm, and 250 nm is the absence of clear dis-
tinctive vibrational features for cytosine. This event is
somewhat expected: as seen in Figure 1, the excitation
wavelengths mentioned above favor the adenosine and
guanosine resonance conditions. Consequently, cytosine
bands in the UVRR gDNA spectra at 272 nm, 260 nm, and
250 nm are present, but always with a relative intensity
negligible compared to the other nucleotides.

The situation completely reverses at 228 nm. As pre-
viously noticed, the UV-absorption spectra of Figure 1
shows a relative increase of the dCTP absorption con-
cerning the other nitrogenous bases at this wavelength.
This reaction implies that the UV resonant conditions
also favor the enhancements of the cytosine vibrations in
the UVRR spectrum.

Notably, by selecting excitation wavelengths lower
than 228 nm, the spectral contribution from proteins
amide bands residues could affect the UVRR spectra.31

This observation is particularly relevant for non-commer-
cial DNA isolated from cells, where the standard proto-
cols are not able to completely eradicate the nuclear
proteins. Therefore 228 nm can be considered the lowest
excitation wavelength to adopt for accurately investigat-
ing extracted DNA by UVRR.

Figure 5 reports the UVRR spectrum of salmon sperm
gDNA (a) (0.1 mg/mL), at an excitation source of
228 nm, as well as the mixture of those of dATP, dCTP,
dGTP, dTTP (b) and the dNTPs.

Unlike what was done at 272 nm, 260 nm, and
250 nm, the subtraction of the spectral contribution of

water has been performed by normalizing the spectra to
the water overtone band located at 2200 cm−1 (for more
details, see Section 5 in SI). As shown in the top panel of
Figure 5, this choice permits a more accurate acquisition
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and a less noisy spectrum, also in the diluted sample. As
expected, the DNA spectra at this energy are greatly dif-
ferent from those at higher wavelengths. The salmon
sperm gDNA spectrum shows four important features
centred at 1650 cm−1, 1583 cm−1, 1527 cm−1 and
1483 cm−1. A broad vibrational feature is also visible
between 1200 cm−1 and 1450 cm−1.

The feature at 1650 cm−1 is mainly an overlap
between the cytosine peak at 1650 cm−1 (C2 = O and C2-
N3 stretching, according to 28, 31–34), which contributes to
50% of the total intensity, and the thymidine peak at
1659 cm−1 (C4 = O and C4-C5 stretching, 23–25), contrib-
uting to 30% of total intensity.

The peak at 1583 cm−1 in the gDNA spectra derives
mainly from adenosine (58% of total intensity) and gua-
nosine (24% of total intensity) internal ring vibrations. It
is the analogue of the DNA peak found at 1578 cm−1,
employing 250 nm of excitation (Figure 4).

The spectral feature at 1527 cm−1 is constituted by
more than 70% in the intensity of cytidine internal ring
vibrations (more specifically, the N3-C4 and N1-C2
stretching) centred at 1527 cm−128, 31–34 (229 nm). This
feature is the most important we found since it represents
the unique vibrational feature which can be addressed
almost entirely to cytidine vibrational normal mode. The
small tail at 1483 cm−1 is the equivalent of the one
centred at 1484 cm−1 at 250 nm wavelength. Its intensity
can be addressed to all the nucleotides with a small pre-
dominance of thymidine (35%). The broad feature
between 1200 and 1450 cm−1 does not contain well-
defined peaks. The only two features that we identified
are two discontinuities at 1358 cm−1 and 1300 cm−1: the
first one characterized by the contributions of guanosine
(50%), adenosine (30%) and thymidine (15%), while the
second is mainly due to adenosine (40%) and cyti-
dine (30%).

3.3 | UVRR of gDNA methylation
standards

Stated that 228 nm is the most appropriate excitation
wavelength to investigate the cytidine nucleotide
behavior, UVRR at this wavelength can potentially
reveal the chemical modifications occurring in cyti-
dine, such as it hypo- and hyper- methylation due to
epigenetic processes.

In order to prove such sensitivity, Figure 6 shows the
UVRR spectra of CpG Jurkat hyper-methylated gDNA
(blue curve) and the 5-azdact treated Jurkat hypo-methyl-
ated gDNA, both in aqueous solutions. The spectra of
gDNA isolated from B16 cells (black curve) and that of
dCTP (yellow) are also reported. At first glance, Figure 6

reveals the significant difference between hyper-methyl-
ated and hypo-methylated gDNA.

Specifically, in the hypo-methylated DNA spectrum, it
is possible to appreciate an evident rise in the peak
centred at 1527 cm−1. It strongly resembles the cytidine
peak, slightly shifted to lower wavenumber. Such a
strong peak is damped in the hyper-methylated DNA
spectrum and shifted to higher wavenumber. At the same
time, a shift of the 1650 cm−1 cytidine peak to higher
wavenumbers occurs. These spectral changes are
addressed to the different chemical conformation of the
cytidine nucleotides, which are constituted to 5-aza-2-
deoxycytidine in the hypo-methylated standard DNA and
5-methylcytidine in the case of hyper-methylated stan-
dard DNA.42

It is interesting that the B16 gDNA spectrum mainly
resembles the CpG methylated Jurkat gDNA, while the
salmon sperm gDNA spectrum appears to be an interme-
diate condition. Since this different spectral behavior
between B16 and salmon gDNA sperm occurs only at
228 nm, it is conceivable that the modifications are
induced by changes in the chemical and structural con-
formation of cytidine, and in particular that B16 cells
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FIGURE 6 UVRR spectra of 5-azdact treated Jurkat genomic

hypo-methylated gDNA, 0.10 mg/mL (green), CpG Jurkat genomic

hyper-methylated gDNA 0.10 mg/mL (blue), B16 cell extracted

DNA 0.10 mg/mL (black), dCTP (yellow) aqueous solutions;

collected by using an excitation wavelength of 228 nm. Vertical

dotted lines are guide for the eyes. gDNA, genomic DNA; UVRR,

ultraviolet resonant Raman
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have a higher level of methylation compared to salmon
sperm. This issue is in agreement with the fact that the
development of germ cells, such as spermatozoa, has a
lower level of methylation than somatic cells.43

This result opens up to the use of an analytical UVRR
method of measurements at 228 nm on properly isolated
gDNA to identify the changes in cytidine chemical con-
formation, related to epigenetic methylation processes.

4 | CONCLUSIONS

The present work aims at investigating the most advanta-
geous experimental conditions for employing UVRR to
reveal nitrogenous bases chemical changes in DNA iso-
lated from cellular samples and in particular we showed
how UVRR can provide distinct information on DNA
cytidine modifications. To this purpose, we measured
UVRR of standard hyper- and hypo-methylated DNA
samples, also comparing them with other gDNAs. In
accord with and extending previous reports,19–34 our
measurements show that any nucleotide has an optimal
excitation wavelength: thymidine is well investigated at
272 nm, while 260 nm and 250 nm are more suitable for
adenosine and guanosine. The precise investigation of
cytidine can be performed only at 228 nm, where cytidine
vibrations are predominant in the overall UVRR spec-
trum, and the methylation signal is sufficiently high to be
monitored in extracted gDNA samples. Our measure-
ments carried out at 228 nm on hyper- and hypo-methyl-
ated standard DNA samples evidence the high sensitivity
of UVRR in detecting cytidine chemical modifications
induced by hyper- and hypo-methylation of gDNA, also
comparing gDNA from different species. It is relevant, in
fact, that higher methylation level of B16 cells with
respect to salmon sperm ones was revealed, as expected
from somatic compared to germ cells.

Although further settings will be required, these
observations open to the developments of UVRR proto-
cols for detecting and quantifying DNA cytidine chemical
modifications to be employed both in basic epigenetic
studies and clinical diagnosis as well. It is well recog-
nized, for instance, that DNA methylation plays a role in
tumor development and therapy resistance: some
demethylating agents, in fact, can be effective chemother-
apeutics for solid tumors.44 Analogously, evaluating
methylation can be used to height male fertility potential,
which becomes particularly relevant in assisted reproduc-
tive technology laboratories.5, 45 Consequently, we could
expect that the described UV Raman protocol could find
a role in such clinical settings. It is clear that for clinical
analysis the samples should consist in cell or tissue
extracted DNA of high purity, as already described.35
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