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Abstract

In this label-free surface-enhanced Raman scattering (SERS) study of genomic DNA, we demonstrate that the cancer-specific
DNA methylation pattern translates into specific spectral differences. Thus, DNA extracted from an acute myeloid leukemia
(AML) cell line presented a decreased intensity of the 1005 cm ™' band of 5-methylcytosine compared to normal DNA, in line
with the well-described hypomethylation of cancer DNA. The unique methylation pattern of cancer DNA also influences the
DNA adsorption geometry, resulting in higher adenine SERS intensities for cancer DNA. The possibility of detecting cancer
DNA based on its SERS spectrum was validated on peripheral blood genomic DNA samples from » = 17 AML patients and n =
17 control samples, yielding an overall classification of 82% based on the 1005 cm™ ' band of 5-methylcytosine. By demonstrat-
ing the potential of SERS in assessing the methylation status in the case of real-life DNA samples, the study paves the way for

novel methods of diagnosing cancer.
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Introduction

Cancer DNA displays a unique pattern of methylation that
differs both quantitatively and qualitatively from normal
DNA. Compared to normal DNA, cancer DNA exhibits an
overall decrease in the percentage of methylated cytosines [1].
Moreover, the methylated cytosine residues of cancer DNA
are clustered in the so-called CpG islands that precede the
genes, whereas other areas of the cancer DNA are almost
devoid of methyl cytosines [2].

The unique methylation pattern of cancer DNA has been
exploited for improving the diagnostic accuracy of detection
methods such as next-generation sequencing (NGS) of
circulating tumor DNA [3]. Recently, Sina et al. brought
compelling evidence showing that the cancer-associated
DNA methylation pattern is also responsible for an in-
crease in the affinity of cancer DNA to gold surfaces, a
feature which enabled its sensitive detection by electro-
chemical methods [4].

We started this study with the assumption that the increased
affinity of cancer DNA to metal surfaces could also be
exploited for detecting malignant DNA based on
surface-enhanced Raman scattering (SERS), an analytic
method which requires the adsorption of the analytes
onto metal nanosubstrates [5, 6]. Raman spectroscopy
is a type of vibrational spectroscopy which is based
on the inelastic scattering of laser photons, providing
information regarding the molecular structure of the
sample. The inherently low sensitivity of Raman scatter-
ing can be improved significantly by SERS, a method
which uses metal nanostructures for amplifying the
Raman signal of molecules [7].

In this study, we developed an optimized protocol for pro-
moting the chemisorption of DNA onto Ag nanoparticles and
assess by SERS the methylation status of genomic DNA ex-
tracted from peripheral blood cells, as well as from cultured
cell lines. The SERS substrate was represented by a chloride
containing Ag nanoparticle colloidal solution, synthesized by
reduction with hydroxylamine hydrochloride (hya-AgNPs).
The hya-AgNPs were additionally activated with Ca** 5 x
10 M in order to promote the chemisorption of CI” onto
the silver surface, which in turn forms DNA-specific SERS
active sites [5, 6].

Given that changes in the cytosine methylation status of
DNA are known to be an essential part of cancer progression,
we focused our study on detecting by SERS the spectral dif-
ferences that arise because of the unique pattern of methyla-
tion seen in cancer DNA. For this, we screened the SERS
spectrum of cytosine and 5-methylcytosine for bands that
are specific to the methylated cytosine. Next, we analyzed
DNA samples extracted from normal cell line and a human
acute myeloid leukemia (AML) cell line, with the aim of dem-
onstrating that the cancer-associated hypomethylation can be
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evidenced by SERS even in genomic DNA samples. Finally,
we validated the SERS-based cancer DNA detection strategy
on real-life peripheral blood genomic DNA samples from
healthy volunteers (n = 17) and patients diagnosed with
AML (n = 17). Leukemia is a convenient disease for validat-
ing DNA-based liquid-biopsy tools, blood is the underlying
tissue affected by the malignancy and because there is an
extensive knowledge about the molecular biology mechanism
behind cancer onset and progression. To the best of our
knowledge, this study represents the first report concerning
the detection of cancer-associated DNA methylation pattern
in real-life samples.

Materials and methods

Silver nanoparticle synthesis The Ag nanoparticles obtained
by reduction with hydroxylamine hydrochloride (hya-AgNPs)
were prepared using the method introduced by Leopold and
Lendl [7]. The synthesis protocol and the UV-vis spectrum of
the colloidal hya-AgNPs are presented in the Electronic
Supplementary Material (ESM Fig. S1). For all SERS exper-
iments on DNA, the hya-AgNPs were activated with
Ca(NOs), 5 x 10 M [5, 6]. The hya-AgNPs also contain
CI' 2.4 mM, released during the synthesis reaction, which
play a crucial role in mediating the adsorption of DNA onto
the metal surface [5, 6].

Extraction of DNA from cells The cancer genomic DNA was
extracted from a human immortalized AML cell line (THP-1)
(American Type Culture Collection), while the normal DNA
was extracted from immortalized human keratinocytes
(HaCaT) (Thermo Fisher Scientific) using a solid phase ex-
traction system (PureLink Genomic DNA mini kit, Thermo
Fischer). THP-1 is an immortalized human monocytic cell line
derived from a patient diagnosed with acute monocytic leuke-
mia while HaCaT is an immortalized human keratinocyte cell
line derived from human skin. Approximately 5 x 10° cells
grown in standard cell culture conditions were detached using
trypsin, centrifuged and then resuspended in 200 pl PBS. The
cells were then incubated for 2 min at room temperature with
20 ul of Proteinase K and 20 nl RNase A. Next, the cells were
incubated with 200 pl of PureLink™ Genomic Lysis/Binding
Buffer for 10 min at 55 °C in order to promote protein
digestion. The resulting solution was mixed with 200 pl
ethanol, added to a PureLink™ Spin Column and then
centrifuged at 10,000xg for 1 min at room temperature.
The column was then washed by centrifugation at
10,000xg for 1 min at room temperature with two wash
buffers (500 pl) provided in the kit. Finally, the DNA
was eluted with 50 ul of PureLink™ Genomic Elution
Buffer by centrifuging the column at 10,000xg for
1 min at room temperature.
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Collection of peripheral blood genomic DNA Peripheral blood
genomic DNA samples were collected from n = 17 controls
and n = 17 AML patients undergoing hematopoietic stem cell
transplantation at the Clinical Institute of Urology and Kidney
Transplant, Cluj-Napoca. The average age of the AML pa-
tients was 47 = 12 years while the average age of the control
subjects was 40 + 15 years. In both groups, the age had a
parametric distribution (D’Agostino and Pearson omnibus
normality test, p > 0.05) and the difference between the age
of the two groups was not statistically different (two-tailed
unpaired ¢ test, p > 0.05). Five patients in the AML group
and 7 subjects in the control group were females. The DNA
samples were remnants from the HLA matching assay, and
they represented medical waste. All samples were
anonymized. The study was approved by the Ethics
Committee of the Clinical Institute of Urology and Kidney
Transplant, Cluj-Napoca and the experiments were conducted
according to the principles of the Declaration of Helsinki.

The genomic DNA was extracted automatically from
whole blood on EDTA 5% using the InnuPure C16 system
(Analytik Jena) per manufacturer’s protocol. The concentra-
tion and purity of DNA was determined automatically using
NanoDrop 2000 (Thermo Scientific). The purity of the DNA
was calculated based on the ratio between the absorbance at
260 and 280 nm (A260/A280). Concentration and purity of
the DNA samples are presented in Table 1.

Acquisition of SERS spectra For the acquisition of SERS spec-
tra of DNA, an InVia Raman (Renishaw) spectrometer was
used, equipped with a doubled frequency Nd:YAG laser emit-
ting at 532 nm, which was focused on the sample through a x
5 objective (Leica, NA 0.12).

For the SERS measurements of DNA extracted from pe-
ripheral blood and from cultured cell lines, 5 pl hya-AgNPs
was mixed with 5 pl DNA. Afterwards, 0.5 pl Ca(NOs),
(final concentration 5 x 10~* M) was added. Five microliters
from this mixture was placed on an Al foil covered micro-
scope slide and investigated by SERS in liquid drop form.
For each sample, 3 measurements were averaged. An integra-
tion time of 40 s was used for each spectrum, the laser power
on the sample being approximately 50 mW.

All SERS spectra from the peripheral blood genomic DNA
were acquired using the same batch of nanoparticles in order
to prevent any bias because of differences between the SERS
substrate.

Spectra processing and statistical analysis The SERS spectra
were preprocessed by linear background subtraction and unit
area normalization, using The Unscrambler (Camo Software,
10.1). The subsequent statistical analysis was performed in
MATLAB (Mathworks), using the Statistics and Machine
Learning toolbox.

For the univariate statistical analysis, we took the normal-
ized intensity of the 1005 cm™' band assigned to the methyl
rocking vibration band of 5-methylcytosine, for which we
calculated the receiver operating characteristic (ROC) curve.
The cutoff point was calculated based on Youden’s J statistics.

For analyzing the SERS spectra from genomic DNA, we
employed support vector machine (SVM) and principal com-
ponent analysis-linear discriminant analysis (PCA-LDA). For
the PCA-LDA, we used the first 7 PCs as input, which were
inspected visually and contain meaningful SERS bands. Thus,
the discrimination of the two groups is made strictly based on
the SERS signal contained in the 7 PCs. For each test, we used
a 5-fold per patient cross-validation. Thus, 80% of the spectra
were used to train the classification model while the remaining
spectra were used for validation. The 5-fold partition was re-
peated 1000 times.

Results

In this study, the SERS substrate was represented by colloidal
hya-AgNPs, which contain a concentration of 2.4 mM Cl*
released from the synthesis process. The hya-AgNPs were
SERS activated with Ca2* 5 x 10™* M, since in our previous
studies we showed that when ions such as Ca®* and C1~ adsorb
onto the metal nanoparticle surface, they generate specific
SERS active sites [5, 6]. In particular, the activation of the
metal surface with Ca* ions promotes the chemisorption of
the Cl onto the metal surface. Further, CI mediates the
chemisorption of DNA onto the metal surface, thus playing
a crucial role in recording the SERS spectra of DNA [5, 6].
The role of CI” ions can be understood by noticing that the
SERS spectra of genomic DNA are dominated by bands spe-
cific to positively charged nucleotides [8]. Specifically, the
bands at 730 and 1330 cm ' can be assigned to adenine nu-
cleotides, while the SERS bands at 680 and 1005 cm ' are
assigned to cytosine. Therefore, since CI ions are negatively
charged, they facilitate the chemisorption of positive analytes
[5, 9].

Table 1 The concentration and
purity of the DNA samples from
acute myelogenous leukemia

Nr. of samples

Average DNA concentration (range)
ng/pl

Average
260/280 ratio (range)

(AML) patients and control

(CTRL) subjects AML 17

CTRL 17

43.20 (4.25-91)
47.73 (21.5-132)

1.78 (0.88-2.05)
1.82 (1.74-193)
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In order to show that the cancer-specific cytosine
methylation pattern of DNA can be evidenced by
SERS, we first compared the SERS spectra of cytosine
and 5-methylcytosine (Fig. 1).

The comparative SERS spectrum of cytosine and 5-
methylcytosine shows that the latter displays a distinct band
at 1002 cm ', attributed to the rocking vibration of -CHj;
group in methylated cytosine nucleotides [10]. The band is
absent from the SERS spectrum of cytosine. Thus, the 1002
cm ! band represents a characteristic spectral pattern of meth-
ylated cytosine.

In order to highlight the spectral differences between can-
cer and normal genomic DNA in regard to the methylation
status, we recorded the SERS spectra of genomic DNA sam-
ples extracted from a normal cell line (HaCaT) and an AML
cell line (THP-1), as shown in Fig. 2.

Figure 2 presents characteristic SERS spectra of normal
DNA and cancer DNA, showing that the SERS intensity of
the 1005 cm ' band attributed to the rocking vibration of -CHj
group in methylated cytosine nucleotides has a weaker inten-
sity in the case of cancer DNA, compared to normal DNA.
This result is in accordance with the well-known global hypo-
methylation of cancer DNA which occurs during the malig-
nant transformation of the cells [1].

—— 5-methylcytosine
——cytosine

1002

)

SERS intensity / a.u.

T T T T T T T T T 1
400 600 800 1000 1200 1400 1600
Raman shift / cm™'

Fig. 1 SERS spectra of cytosine and 5-methylcytosine (100 ng/ul) ac-
quired with hya-AgNPs (532 nm excitation wavelength, 10 s integration
time, and 20 mW laser power). The rocking vibration of -CH; group of 5-
methylcytosine at 1002 cm ™' is highlighted as a distinctive SERS band,
which is missing in the case of unmethylated cytosine [10]
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Fig. 2 SERS spectra of normal DNA and cancer DNA (10 ng/ul)
extracted from cultured cell lines. The SERS bands attributed to 5-
methylcytosine (1005 cm ') and adenine (730 and 1328 cm™!) are
highlighted

Moreover, another distinctive spectral feature, highlighted
in Fig. 2, is represented by the different intensities of the SERS
bands at 730 and 1328 cm " attributed to adenine [11]. Thus,
the SERS intensities of the bands at 730 and 1328 cm™' were
higher in the case of cancer DNA compared to normal DNA.
The differences in the SERS intensities of the adenine bands
stem also from the cancer-specific DNA methylation pattern,
which influences the adsorption geometry onto the metal sur-
face. These results are in line with findings reported by Sin
et al., which demonstrated that the methylation landscape of
cancer DNA drives the preferential self-assembly of cancer
DNA onto metal nanoparticles [4].

Next, we analyzed by SERS peripheral blood genomic
DNA from n = 17 patients with acute myeloid leukemia that
were in hematological remission and » = 17 healthy volun-
teers, with the aim of highlighting the spectral differences
between the two groups. The marker SERS bands attributed
to 5-methylcytosine (1005 cm ') and adenine (730 and 1328
cmﬁl) are clearly evident (Fig. 3a) and the differences in the
SERS intensity of these bands between the AML and control
groups perfectly mirror the behavior seen in the case of the
DNA extracted from cultured cell lines (Fig. 2).

Thus, the SERS spectra of the DNA from AML patients
display a lower intensity of the 5-methylcytosine band at 1005
cm ' and a higher intensity for the adenine bands at 730 and
1328 cm™' compared to controls (Fig. 3a). The individual
SERS spectra of DNA extracted from peripheral blood are
presented in ESM (Fig. S2).



SERS assessment of the cancer-specific methylation pattern of genomic DNA: towards the detection of acute... 7911

a
—CTRL 9
— AML P>
——DIFF Al
1]
c
=} 0
. o
Qo o
m A
3 8
= ~
7]
C
2z
R
n
v
[11]
n
°
0]
N
©
£
—
o
P
T T T T 1
600 800 1000 1200 1400 1600

Raman shift / cm”

Fig. 3 a The average SERS spectra of peripheral blood genomic DNA
from the acute myeloid leukemia (AML) group, control (CTRL) group,
and the difference spectrum (DIFF). The spectra were preprocessed by
linear baseline subtraction and unit area normalization. The shaded area
represents the standard deviation. b The score plot for the first 2 PCs

To better visualize the spectral differences between the
SERS signal of the AML and control groups, we performed
PCA, which is a well-known multivariate statistical analysis
method used for dimensionality reduction and for highlighting
the SERS bands that feature a significant variation across the
data set. The score plot and loadings spectra are presented Fig.
3b and ¢ and show the negative correlation between the 1005
cm ! band of 5-methylcytosine and the adenine bands at 730
and 1328 cm ™' SERS bands.

Based on their SERS spectral shape, the DNA samples
extracted from AML patients could be discriminated from
control samples using both, univariate and multivariate data
analysis techniques. In the case of the univariate analysis, we
used the normalized intensity of the 1005 cm ' band, which
yielded an area under the curve (AUC) of 0.837 (Fig. 4).

Based on Youden’s index, the optimal cutoff value for the
normalized intensity of the 1005 cm ! band was 0.028, which
corresponded to a sensitivity of 82.35%, a specificity of
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yielded by principal component analysis (PCA). ¢ Loadings plots of the

first 2 PCs yielded by PCA. The loadings plots confirm the negative

correlation between the 1005 cm™ ' bands (positive) and the 1330 and
733 cm”' SERS bands (negative)
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Fig. 4 The receiver operating characteristic (ROC) curve corresponding
to the normalized SERS intensity of the 1005 cm ™' band attributed to 5-
methylcytosine. The area under the curve is 0.837. The optimal cutoff
value was chosen based on Youden’s index (red line)
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82.35%, and an overall accuracy of 82.35% (red line in
Fig. 4). The Spearman rank correlation coefficient be-
tween the concentration of DNA samples and the nor-
malized intensity of 1005 cm ' was 0.038, which ex-
cludes the DNA concentration as a confounding factor
for the discrimination between cancer and normal DNA.

The classification accuracy yielded by univariate analysis
(82.35%) was similar to that obtained by PCA-LDA and SVM
multivariate analysis (Table 2).

PCA-LDA and SVM yielded an overall accuracy of 82.2%
and 75.3%, respectively. The sensibility yielded by PCA-
LDA and SVM was 75% and 82%, respectively, while the
specificity was 89% and 68%, respectively.

Discussion

This study demonstrates that SERS spectroscopy is able to
sense the unique methylation pattern of cancer DNA, a strat-
egy which could be used for the diagnosis and follow-up of
AML patients. The results obtained on real-life peripheral
blood genomic DNA samples showed that AML patients
and controls can be discriminated with a sensitivity of 82%,
specificity of 82%, and an overall accuracy of 82%. This result
is remarkable, since it suggests that cancer DNA can be de-
tected even in the milieu of normal DNA, as it is the case with
the DNA extracted from the peripheral blood of AML patients
in hematological remission. The similitude between sensitiv-
ity and specificity also suggests that the probability of AML
patients to display abnormal DNA methylation levels is sim-
ilar to the probability of control subjects to display normal
DNA methylation levels. This result is in line with the study
reported by Sin et al., which demonstrated that the methyla-
tion landscape of cancer DNA drives the preferential self-
assembly of cancer DNA onto metal nanoparticles compared
to normal DNA [4].

The here presented data is of great potential use in the clinic
for AML patients that undergo allogeneic stem cell

Table 2 The confusion matrix corresponding to the principal
component analysis-linear discriminant analysis (PCA-LDA) and support
vector machine (SVM) models in the case of the SERS spectra of DNA
from acute myeloid leukemia (AML) patients and control subjects (con-
trol). The analysis was performed using a 5-fold cross-validation scheme
repeated 1000 times

PCA-LDA SVM

Predicted

AML (%) Control (%) AML (%) Control (%)

Reference AML  75.3 24.7 82.4 17.6
Control 10.4 89.6 31.8 68.2
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transplantation. Currently, the tumor burden of leukemia pa-
tients is monitored through NGS or flow cytometry [12, 13].
However, the enormous genomic and phenotypic complexity
of AML makes monitoring particularly challenging [14]. Thus,
should the SERS-based assay be validated, it would provide
clinicians a valuable tool for the follow-up of AML patients
that undergo allogeneic stem cell transplantation. The detection
of circulating cancer DNA based on its specific methylation
pattern was recently demonstrated using immunoprecipitation
with antibodies against 5-methylcytosine, followed by NGS of
circulating tumor DNA [3]. However, the detection of cancer
DNA by NGS requires the amplification of the DNA, which
limits its use in the clinical and research settings.

As opposed to the majority of previous SERS studies per-
formed on DNA, which have focused on short, chemically
synthesized single-stranded and double-stranded DNA [15,
16], our study on genomic DNA samples successfully identi-
fied linked the band at 1005 cm ' with the methylation status
of cytosine residues, one of the most well understood form of
epigenetic regulation. Epigenetic modifications, including cy-
tosine methylation, are also absent in the case of complemen-
tary DNA [17], which results from RNA by reverse transcrip-
tion. Besides the SERS band at 1005 cm™ ', epigenetic modi-
fications also perturb the adsorption of DNA onto metal sur-
faces DNA [4], which translates into modified spectral shapes,
such as the increase in the adenine bands described in this
study. Thus, our study raises awareness regarding the impor-
tance of cytosine methylation and possibly other epigenetic
modifications when analyzing DNA by SERS.

Although SERS analysis of genomic DNA from cancer cell
lines has been reported before [16], the analysis of genomic
DNA from AML patients is much more difficult since it con-
tains both malignant DNA and non-malignant DNA from nor-
mal hematopoiesis. One study by Trau et al. described direct
SERS detection of complementary DNA from prostate cancer
patients [17]. However, complementary DNA differs from
genomic DNA since it lacks any epigenetic modification.
Moreover, the authors amplified their samples prior to SERS
analysis using multiplex reverse transcription-recombinase
polymerase amplification (RT-RPA), whereas our protocol
did not involve any DNA amplification step.

Our study represents one of the first insights regarding the
analysis of the epigenetic modifications by SERS in the case
of real-life genomic DNA samples, opening new avenues for
the diagnosis and follow-up of cancer patients.

Conclusions

In this preliminary study, we demonstrated the use of SERS
for detecting cancer DNA based on its characteristic methyl-
ation pattern, without prior amplification of DNA. Similar
distinctive SERS spectral features in the intensity of 5-



SERS assessment of the cancer-specific methylation pattern of genomic DNA: towards the detection of acute... 7913

methylcytosine (1005 cm ') and adenine (730 and 1328 cm™ ')
marker bands of the AML and control groups were observed
in the case of DNA extracted from cultured cell lines and
peripheral blood genomic DNA. Thus, cancer DNA presented
a decreased intensity of the 1005 ¢cm™' band of 5-
methylcytosine compared to normal DNA, in line with the
well-described hypomethylation of cancer DNA, whereas
the SERS intensities of the adenine bands at 730 and 1328
cm ' were higher in the case of cancer DNA compared to
normal DNA. The differences in the SERS intensities of the
adenine bands stem also from the cancer-specific DNA meth-
ylation pattern, which influences the DNA adsorption geom-
etry onto the metal surface. Blood genomic DNA from AML
patients was discriminated from that of controls with an over-
all accuracy of 82.35% (AUC = 0.837), based on the 1005
cm ! band of methylated cytosine. PCA-LDA and SVM
yielded an overall classification accuracy of 82.2% and
75.3%, respectively. The label-free SERS detection of cancer
DNA without requiring any DNA amplification step repre-
sents a promising strategy that could be translated in the clin-
ical setting for the screening and follow-up of cancer patients.
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