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Abstract: Recognition of chemical modifications in canonical
nucleobases of nucleic acids is of key importance since such
modified variants act as different genetic encoders, introducing
variability in the biological information contained in DNA.
Herein, we demonstrate the feasibility of direct SERS in
combination with chemometrics and microfluidics for the
identification and relative quantification of 4 different cytosine
modifications in both single- and double-stranded DNA. The
minute amount of DNA required per measurement, in the sub-
nanogram regime, removes the necessity of pre-amplification
or enrichment steps (which are also potential sources of
artificial DNA damages). These findings show great potentials
for the development of fast, low-cost and high-throughput
screening analytical devices capable of detecting known and
unknown modifications in nucleic acids (DNA and RNA)
opening new windows of activity in several fields such as
biology, medicine and forensic sciences.

Chemical modifications of the canonical nucleobases of
nucleic acids (especially cytosine variants for DNA) play
a major role in the increasing of the genetic diversity and thus
the codification of biological information.[1] In fact, the vastly
different function and properties of cells inside higher
organisms demand the specific silencing and activation of
cell-type-specific genes which is achieved through an addi-
tional layer of epigenetic information beyond simple genomic
sequence.[2] Recently, this chemical diversity in DNA has
been demonstrated to be greater than initially predicted.
These discoveries suggest that there may be additional
underestimated modifications that contribute to the gene
regulation.[3] In addition to epigenetic modifications, an
ample variety of nucleobase lesions (such as alkylation,

oxidation, deamination, and cross-linking) can take place as
a result of carcinogen attacks to DNA.[4] Accumulation of
such mutations in genes controlling cell growth, proliferation,
programmed cell death, and cell differentiation is likely to
cause cancer.[5]

Recent discoveries of new nucleotide variants with
epigenetic functions have directed an intense research
toward the development of novel methods to detect, profile,
and sequence these base modifications in the genome and
transcriptome.[2] These strategies span from pure detection
and quantification methods (such as immunological detec-
tion,[6] 32P-postlabelling[4a] and liquid chromatography–mass
spectrometry (LC-MS)[7]) to genome-wide profiling methods
and single-base-resolution sequencing methods.[8] A relatively
new field in this exciting area is the screening of DNA
samples for unknown or unanticipated lesions, which is
referred to as “adductomics”.[9] Nowadays, this sort of
analysis is primarily performed with high-resolution LC-
MS.[4a, 9] This technique relies on the fragmentation of
protonated modified nucleobases which are then differenti-
ated according to their molecular masses.[4a, 9] However, DNA
adduct analysis by mass spectrometry is costly and time-
consuming as it requires prior sample preparation which
normally involves several standard steps: DNA denaturaliza-
tion, hydrolysis into the corresponding monomers, enrich-
ment of the adducts, removal of unmodified nucleobases and
addition of the appropriate internal standard.[9] In addition,
extreme caution must be paid to avoid artificial generation of
DNA lesions during these processing steps.

Surface-enhanced Raman scattering (SERS) spectrosco-
py has emerged as a rapid and effective method for identify-
ing unknown species, finding direct application in biomedical
analysis, forensics, art and cultural heritage and homeland
security.[10] In the very recent years, we have witnessed an
upsurge of interests in the direct SERS analysis of DNA
boosted by the efforts from several groups addressing the
reproducibility issues associated with the DNA interaction
with plasmonic metal colloids.[11]

Herein, we exploit positively charged silver nanoparticles
coated with spermine (AgNP@Sp) as an effective plasmonic
substrate for DNA analysis. The electrostatic adhesion of the
phosphate groups of the DNA backbone with the spermine
bound to the silver surface promotes the nanoparticle
aggregation into stable clusters in solution. This aggregation
traps the nucleic acids into highly efficient electromagnetic
hot spots at the interparticle junctions (Figure 1 A). As
a result, highly intense and reproducible SERS signals are
obtained and can be then applied to the challenging task of
quantifying structurally analogous nucleobase variants
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through direct SERS analysis. Demonstration of the direct
SERS recognition and relative quantification of different
cytosine modifications in both single- and double-stranded
sequences (ss and ds, respectively) is carried out for: 5-
methylcytosine (mC) and 5-hydroxymethylcytosine (hmC) as
the most important epigenetic modifications in mammalian
DNA;[12] 5-bromocytosine (brC) as the representative inflam-
mation-induced DNA damage;[13] and 5-hydroxycytosine (hC)
as the example of oxidative DNA lesion[14] (Figure 1C). Each
of these cytosine variations imposes a characteristic alteration
of the SERS spectral profiles of ss and dsDNA, as also
revealed by partial least-squares discriminant analysis (PLS-
DA). Notably, the spectral changes can be quantitatively
correlated with the relative content of modified nucleobases.
Finally, the combination of direct SERS detection and
microfluidics (Figure 1B) allows us to perform a reliable
ultrasensitive analysis of DNA samples at the picogram
regime (therefore removing the need of pre-amplification/
enrichment steps) while offering the possibility to develop
simple low-cost devices for real time automated DNA
screening analysis.

The single-strands selected for this study are listed in
Table S1. ssC is an oligonucleotide composed by the canonical
four nucleobases (base sequence: CAT CGC AGG TAC CTG
TAA GAG), whereas its modified counterparts ssmodCn
(where mod = m, hm, h and br) contain one, three or all
five cytosine variants (n = 1, 3, 5). AgNP@Sp were synthe-
sized via a wet chemical method in which borohydride
reduction of silver nitrate was performed in the presence of
spermine tetrahydrochloride.[15] The original averaged SERS
spectra of all ssDNA sequences are reported in Figure S1
whereas in Figure 2A we illustrate the baseline corrected
spectra of ssC, ssmC5, sshmC5 and ssbrC5 in the most
informative spectral regions: 1) the ring breathing range,
from 550 to 850 cm¢1, which mainly contains the relatively
well-separated ring stretching features of purine and pyrimi-

dine residues; 2) the 950–1150 cm¢1 spec-
tral range, dominated by the intense
symmetric stretching vibration of the
phosphodioxy moiety at 1089 cm¢1; and,
3) the highly overlapped nucleobase
bands located between 1150 and
1600 cm¢1, containing a complicated pat-
tern of features mainly ascribed to the in-
plane vibrations of base residues and
carbonyl group stretching vibrations. A
general vibrational assignment is also
reported in the same figure.[11d, 16] Simple
visual analysis of the superimposed SERS
spectra reveals pronounced alteration of
the vibrational patterns, which are mainly
circumscribed to the C related bands. For
instance, we observe a relative intensity
decrease of the C ring breathing band at
790 cm¢1 (with minor T contribution),
and the vibration centered at 595 cm¢1

which is ascribed to a C ring bending
mode.[17] A similar reduction in the mag-
nitude of the C ring breathing mode was

also observed in the normal Raman study of 5-chlorocytosi-
ne.[17b] Similarly, the C ring bending band centered at
1026 cm¢1 suffers a marked downshift of 7 cm¢1 and a drastic
variation of intensity, as does the peak height of both the C
ring stretching feature at 1246 cm¢1[18] and the broad carbonyl
stretching band at 1647 cm¢1.[18a] Importantly, the extension of
these changes differs from nucleobase modification to
modification. The ss oligonucleotides were also hybridized
to their complementary sequence to yield the corresponding
double-stranded structures dsC, dsmC5, dshmC5, dshC5 and
dsbrC5. All investigated 5-modified cytosine nucleobases have
the same base-pairing chemistry as cytosine and, thus, the
corresponding double-stranded helixes are expected to struc-
turally differ only for the specific cytosine modification. As
for ss, the nucleobase modifications mostly alter the vibra-
tional bands with larger C contributions (Figure 2B and
Figure S2). The C/T ring breathing mode undergoes a marked
intensity decrease and a 3 nm blue-shift (for dsmC5 and
dsbrC5). Simultaneously, the C band at 598 cm¢1 disappears
from the spectra of the modified duplexes which also reveal
marked perturbations of the C ring features at 1020 cm¢1 and
1242 cm¢1.

Noteworthy, in the case of ssbrC new intense features arise
at 1060 cm¢1 and, as a shoulder, at 1622 cm¢1. These bands
were tentatively assigned to bending modes of the NH2

group[17b, 19] which adopts a co-planar geometry as a result of
the Br substitution.[19] However, these bands almost disappear
from the SERS of dsbrC5. It has been shown that the C5-
bromination has little effect on the atomic charge distribution
of cytosine[19] as well as on the overall duplex stability.[19–20]

Thus, we deduce that in the duplex conformation the NH2

group geometry is largely determined by the strong Watson–
Crick base pairing which significantly reduces the influence of
the Br group on the amino conformation (see Supporting
Information, Figure S10, for a more detailed discussion).

Figure 1. A) Outline of DNA-driven aggregation of AgNP@Sp into stable clusters in suspen-
sion. The yellowish colloids immediately turn to deep orange upon DNA addition. B) Repre-
sentation of the on-line detection of DNA via SERS-microfluidic system. C) Molecular
structures of the cytosine modifications: 5-methylcytosine (mC), 5-hydroxymethylcytosine (hmC),
5-bromocytosine (brC) and 5-hydroxycytosine (hC).
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Partial least squares discriminant analysis (PLS-DA) was
applied to differentiate between sequences containing the
different investigated variations of cytosine bases. The PLS-
DA model is based on a supervised classification method for
the discrimination of different groups. From the established
model, the 5 sample groups are distinguishable from each
other with 100 % sensitivity and specificity, in the cases of
both single and double strands (Figure 2C and Figure 2D,
respectively). Next, we investigated the correlation between
the extent of the spectral changes, qualitatively discussed in
Figure 2A,B, with the number of modified cytosines (1, 3 and
5) in ss and ds (the corresponding SERS spectra are
illustrated in Figure S3–S6 and Figure S7–S10, respectively).
Most of the relevant spectral changes are localized on the
vibrational bands dominated by C contributions. Thus, we
monitored the SERS intensities of three of these C-related
features (at 784/790, 1026/1020 and 1246/1242 cm¢1) as
a function of the relative abundance of modified cytosines
in each sequence. Additionally, we also included in such

comparison the spectral intensity registered at
1060 cm¢1, where is centered the new bromo-related
band appearing in the ssbrC5 SERS spectra (Fig-
ure 2A). Each peak height was normalized to the
phosphodioxy band at 1089 cm¢1, which was used as
an internal standard since the content of PO2

¢ groups
is constant for each sequence. Furthermore, this
specific vibrational feature has shown to be scarcely
sensitive to structural rearrangements such as the
DNA hybridization.[21] The corresponding plots for
ssDNA are represented in Figure 3 A. The C ring
breathing mode undergoes a linear drop in intensity as
the variant population increases, even though with
a different extent depending on the modification type
(i.e. different slopes in Figure 3 A). On the other hand,
the bromo-related feature at 1060 cm¢1 only displays
a relative increase when brC nucleotide are included in
the strand. Moreover, bromo- and hydroxyl-modifi-
cations also promote a progressive decrease of both
1026 and 1246 cm¢1 bands, whereas the introduction of
the methyl and hydroxymethyl groups poorly affects
the C ring vibration at 1246 cm¢1. In contrast, an
increment of hmC content imposes a linear drop of the
1026 cm¢1 intensity while an opposite trend is
observed for mC. These results combined are
extremely important since they do not only highlight
the existence of a quantitative correlation between the
detected spectral changes and the relative content of
modified cytosine nucleobases but plainly show that,
even with the simple analysis of just four of the many
vibrational features forming the overall spectrum,
each modification perturbs the SERS profile in
a unique fashion. Such conclusion was further corro-
borated by the PLS discriminant analysis of each set of
SERS spectra of ssDNA with a different cytosine
modification content (Figure S3–S6, that is, statistical
analysis was separately performed on ssC, ssmC1,
ssmC3 and ssmC5 data, then the classification was
repeated in the same fashion for the remaining
nucleobase variations as well as for the ds structures).

The plots show that each single strand with an increasing
number of modified cytosine can be successfully differenti-
ated into a separate group with 100 % specificity. Figure 3B
illustrates the outcome of the same identical study performed
on the corresponding dsC, dsmC5, dshmC5, dshC5 and dsbrC5
duplexes. The general response of the intensity of the C ring
breathing mode to the change in variant contents is fairly
close to what observed for the single strands. Similarly, the
relative intensity measured at 1060 cm¢1 exclusively registers
an increase in the case of brominated cytosines. Nevertheless,
the monitoring of the two remaining C-associated bands at
1020 and 1242 cm¢1 against the variant content provides the
most intriguing results. Once more, their corresponding plots
in Figure 3 B show a concentration dependent correlation of
their intensities but their overall patterns strikingly diverge
from those observed for ss (for instance, the change in relative
intensity trend of the � 1020 cm¢1 band for hC, hmC and brC
and the � 1242 cm¢1 band for mC and hmC). This is consistent
with the remarkable structural rearrangement and electronic

Figure 2. A) Baseline corrected SERS spectra of single-stranded sequences ssC,
ssmC5, sshmC5, sshC5 and ssbrC5 (final concentration in the sample 50 nm).
B) Baseline corrected SERS spectra of double-stranded sequences dsC, dsmC5,
dshmC5, dshC5 and dsbrC5, (final concentration in the sample 25 nm). AgNP@Sp
concentration was kept constant to �0.3 nm for both ss and dsDNA analysis.
For comparison, the spectra were normalized, in each of the three spectral
range, to: 1) the A ring breathing band at 729-734 cm¢1, 2) the n(PO2) band at
1089 cm¢1, and 3) the A + G band at 1321 cm¢1, respectively. C,D) Partial least
squares discriminant analysis (PLS-DA) of the ss/ds SERS spectra. They are
latent number score plot of the obtained SERS spectra. The mean spectra
demonstrated here are from averaging more than 30 measurements (6
independent repeats) per sample.
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redistribution imposed by the strong Watson–Crick hydrogen
bonding and nucleobase stacking within the double helix.
These results show that introduction of nucleobase variants
leads to different sets of spectral perturbations depending if
such modifications are included either in a single strand or in
the duplex. Beyond these considerations, the data illustrated
in Figure 3A,B demonstrate the capability of our direct
method to identify and quantify down to one cytosine variant
in ssDNA oligonucleotides (21 bases, five of them cytosines),
as well as in dsDNA (21 base pairs, 42 bases, 11 of them
cytosines). Similarly, PLS discriminant analysis of each set of
SERS spectra of dsDNA with different cytosine modification
content (Figure S7–S10) was capable to differentiate them
into separate groups with 100 % specificity.

The reported SERS measurements were performed in
a static configuration on colloidal particles in suspension
using a long working distance objective. However, under
these conditions, the illuminated volume is many orders of
magnitude smaller than the actual prepared sample.[11d] Thus,
we combined our direct SERS method with a microfluidic
device able to manipulate and analyse microscopic volumes of
sample in a rapid way (Figure 1B). Remarkably, the use of
microfluidic devices also offers the possibility of automating

the whole procedure, being feasible to perform real time
analyses in a continuous way at a relatively low cost.[22] To
demonstrate the reliability of such approach in differ-
entiating and recognizing nucleobase modifications, we
collected SERS spectra of the individual samples ssC,
ssmC5, sshmC5 and ssbrC5, together with a binary mixture of
two of them, which was used as a blind experiment for our
data classification. We set the acquisition time to 3 min for
each measurement but well-defined SERS spectra can be
obtained even for shorter exposures. Samples were ana-
lyzed under a continuous flow rate of 10 mL h¢1, which in
the described conditions entailed a sample volume of less
than 1 mL (corresponding to less than 300 picograms of
DNA content). The obtained mixture spectra were com-
pared with the pure spectra of the individual samples and
the prediction was made through the non-negative least
squares algorithm.[23] The prediction result reveals the
composition of the mixture with the precise percentages of
each component (39.2% ssC and 60.8% sshmC), perfectly
overlapping with the actual constitution (Figure S11).

In summary, we demonstrated the ability of direct
SERS analysis of DNA to accurately identify and quantify
structurally analogous nucleobase variants in both single-
stranded and duplex structures. This study represents
a significant step forward in the ultrasensitive detection,
vibrational characterization and quantification of cytosine
modifications in DNA by direct SERS, which was limited
so far to the qualitative differentiation of methyl- and
hydroxymethyl-cytosine variants in short single-stranded
sequences at high DNA concentrations (0.1 mm).[24] Clas-
sification of the SERS spectra was achieved via PLS-DA.
Implementation of the sensing strategy into a microfluidic
device further reduced the required amount of DNA per
measurement to the picogram level (i.e. no more necessity
of pre-amplification or enrichment steps) while enabling
fundamentally new applications, such as an increase in

automation and parallelization, which paves the way to
screening and systematic testing analysis. These findings offer
the opportunity for the future development of a fast, low-cost
and high-throughput analytical tool capable of detecting
known and unknown modifications in nucleic acids (DNA
and RNA) and, thus, opening new windows in biology and
beyond.[3] For instance, we may foresee a method based on,
first, restricted digestion of long genomic DNA into shorter
fragments that, secondly, will be analyzed by SERS combined
with microfluidics for rapid and ultrasensitive analyte screen-
ing. Finally, the acquired spectra will be compared with
a previously constructed SERS library comprising the finger-
print vibrational spectra of an ample set of synthetically
modified DNA.
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Figure 3. Comparison of the relative SERS intensity of the C spectral
marker bands as a function of the nucleobase variant content. A) ssDNA:
SERS intensities of the band at 790 cm¢1, 1026 cm¢1, 1060 cm¢1 and
1246 cm¢1 as a function of the content of modified cytosine bases.
B) dsDNA: SERS intensities of the band at 784 cm¢1, 1020 cm¢1,
1060 cm¢1 and 1242 cm¢1 as a function of the content of modified
cytosine bases. The PO2

¢ band at 1089 cm¢1 was used in both cases as
the internal standard.
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