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Purpose: Here, the authors explore the feasibility of discriminating cancer patients from healthy
controls by serum RNA detection based on surface-enhanced Raman spectroscopy (SERS) and mul-
tivariate analysis.
Methods: MgSO4-aggregated silver nanoparticles (Ag NP) as the SERS-active substrate presented
strong SERS signals to RNA. SERS measurements were performed on two groups of serum RNA
samples: one group from patients (n = 31) with gastric cancer and the other group from healthy
volunteers (n = 34).
Results: Tentative assignments of the Raman bands in the normalized SERS spectra demonstrated
that there are differential expressions of circulating RNA between the gastric cancer group and
the control group. Principal component analysis (PCA) combined with linear discriminate analysis
(LDA) was introduced to differentiate gastric cancer from normal and achieved sensitivity of 100%
and specificity of 94.1%.
Conclusions: This exploratory study demonstrated potential for developing serum RNA SERS anal-
ysis into a useful clinical tool for noninvasive screening and detection of cancer. © 2012 American
Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4747269]
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I. INTRODUCTION

Currently gastric cancer is the second leading cause of cancer-
associated death; accounting for approximately 600 000 an-
nual deaths worldwide.1 The patients with gastric cancer have
poor survival rates mainly due to the advanced stages upon
the initial time of diagnosis when cancer cells have metasta-
sized into other parts of the body. Early diagnosis and local-
ization of malignant lesions together with appropriate cura-
tive treatment is critical to reduce the mortality rates of the
patients.2 However, at present conventional methods such as
gastroscope, barium meal, fecal occult blood testing, and con-
ventional tumor markers cannot meet all of the desired criteria
of an ideal screening tool which is highly sensitive and spe-
cific, fast, and widely accessible.3

Since the discovery of circulating nucleic acids in 1948,
many researchers speculated that circulating RNA markers

not only provide new targets for cancer detection but also
open up the possibility of noninvasive gene expression pro-
filing for cancers.4, 5 Development of rapid and sensitive cir-
culating nucleic acids profiling methods is essential for eval-
uating the pattern of circulating nucleic acids expression that
varies across normal and diseased states. Recently, surface-
enhanced Raman scattering (SERS) has emerged as such a
technology with great promise for ultrasensitive detection of
RNA/DNA.6, 7

Here, we report a new methodology based on SERS tech-
nology to analyze RNA in the circulation obtained from gas-
tric cancer patients and healthy volunteers for the purpose
of noninvasive detection and diagnosis of cancer. MgSO4-
aggregated Ag colloids as an excellent SERS-active substrate
were used for detection of serum RNA. PCA-LDA multivari-
ate analysis of the SERS spectra was applied for differentia-
tion of gastric cancer patients from healthy subjects.
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II. EXPERIMENTS AND METHODS

II.A. Samples collection and preparation

In this study, a set of 65 blood samples, including 34 nor-
mal and 31 gastric cancers (diagnosed according to the 2010
World Health Organization (WHO) histological criteria and
classification) were collected from Fujian Provincial Tumor
Hospital and had similar ethnic and socioeconomic back-
grounds. The mean age for the gastric cancer group was 60
years and the control group was 41 years. There are 17 cases
of stage I-II, 14 cases of stage III-IV in gastric cancer group,
respectively. Thirty four normal controls were H. pylori neg-
ative and 28 in 31 gastric cancers were H. pylori positive.

Serum sample was separated from the whole blood within
2 h after blood was derived and was immediately stored at
−80 ◦C.8 Total RNA was extracted from 250 μl of serum us-
ing Trizol Reagent (Invitrogen, Carlsbad, CA) according to
the manufacturer’s protocol.8 The concentration of total RNA
extracted from serum ranged from 18.0 to 55.2 ng/μl.

II.B. SERS-active substrate preparation

Briefly, silver colloid solutions were prepared by the aque-
ous reduction of silver nitrate with sodium citrate according
to Lee and Meisel.9 The resulting particles diameter ranged
from 70 to 80 nm with an average diameter of 75 nm. Then
the silver colloidal solution was concentrated at 10 000 rpm
for 10 min. A certain amount of 0.1 M MgSO4 solution was
added to the concentrated Ag colloids on the surface of a rect-
angle aluminum plate. Finally, 5μl of RNA sample was added
to the dry aggregated Ag colloids and incubated for 3 min at
room temperature before SERS measurements.

II.C. SERS measurements

A Renishaw InVia micro-Raman spectroscopy system with
a ∼2λ spatial resolution, a 20 mW, 785 nm semiconductor
laser as excitation source, was used for the collection of SERS
spectra. The detection of Raman signal was carried out with
a Peltier cooled charge-coupled device (CCD) camera. Ex-
tended scan spectra with a spectral range of 500–1500 cm−1

were acquired using an integration time of 10 s. Three spectra
were collected from different locations for each RNA sample
to ensure representative sampling and incorporate spot-to-
spot variability in signal. DEPC-treated water was used
as a control. An automated algorithm for autofluorescence
background removal was applied to the measured raw data
to extract pure Raman spectra.10 Then all of the pure SERS
spectra were normalized to the integrated area under the
curve. This reduces the spectral intensity variations between
different spectra and facilitates more accurate spectral shape
analysis.

II.D. Data analysis

The SPSS software package (SPSS Inc., Chicago) was
used for data analysis. To test the capability of RNA SERS
spectra for differentiating cancer from normal, principal com-

ponent analysis (PCA) combined with linear discriminate
analysis (LDA) was performed on the normalized RNA SERS
spectra. The samples are randomly divided into a training set
containing 2/3 of gastric cancer samples and 2/3 of normal
control samples with the remaining forming the validation
set. And then the division into training and validation set is
repeated 20 times using a different random selection of sam-
ples each time. The classification ability is obtained by tak-
ing the average diagnostic accuracy for the 20 divisions. To
further assess the performance of the PCA-LDA-based diag-
nostic algorithm for gastric cancer diagnosis, the receiver op-
erating characteristic (ROC) curve was generated by varying
the discrimination threshold levels with leave-one-out, cross
validation method.11 One of the most popular measures of the
accuracy of a diagnostic test is the area under the ROC curve.

III. RESULTS AND DISCUSSIONS

III.A. Characterization of the SERS-active substrate

SEM image of MgSO4-aggregated Ag colloids on the sur-
face of aluminum substrate is exhibited in the inserted picture
of Fig. 1. Close examination of the SEM image reveals that
there are ample nanocavities and nanogaps formed by repet-
itive stacking of closely adjacent nanoparticles, which can
produce great enhancement effects to the Raman signals of
RNA samples. From UV- visible spectra (as shown in Fig. 1),
we can see the strong absorption band of RNA is at about
269 nm (a) and the intense absorption band of pure silver col-
loids is at 417 nm (d). When a certain amount of MgSO4 so-
lution was added to the mixture of Ag colloid and RNA, a
coupled localized surfaced plasma (LSP) peak emerged in the
wavelength region from 700 nm to 900 nm (b), while RNA
with the addition of Ag sol did not (c). This phenomenon is
usually believed to originate from the surface plasma reso-
nance of aggregated silver nanoparticles.

FIG. 1. The UV-visible absorption spectra of RNA (curve a), pure Ag sol
(curve d), the mixture of Ag colloidal and RNA (curve c), and the mixture
of Ag colloidal, MgSO4, and RNA solution (curve b). The inserted picture
shows SEM images of MgSO4-aggregated Ag colloids on the surface of
aluminum substrate.
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III.B. Spectral assignments and analysis

As shown on top of Fig. 2(a) are the mean SERS spectra
of serum RNA obtained from 34 healthy subjects and 31 gas-
tric cancer patients with the standard deviations overlying as
different shaded area. The stripe shadow represents the stan-
dard deviations of the gastric cancer mean spectra, while the
other shaded area indicates the standard deviations of the nor-
mal mean spectra. From the mean spectra, we can see that
the SERS spectra of serum RNA from gastric cancer and nor-
mal groups are very similar to each other. The major spectral
difference between gastric cancer and normal groups are in
the relative intensities of the bands 541, 714, 725, 766, 813,
974, 1008, 1033, 1240, and 1393 cm−1 which can be viewed
more clearly in the difference SERS spectrum [as shown at
the bottom of Fig. 2(a)]. Figure 2(b) is a scatter plot of the
intensity value of selected peaks from normal and gastric can-
cer spectra and their average peak value with associated stan-
dard deviations. All indicated peaks have significantly differ-
ent mean intensities as determined by student’s t-test analysis
(p < 0.01). As can be seen clearly, the intensities of SERS

FIG. 2. (a) Comparison of the normalized mean spectra of serum RNA sam-
ples obtained from 31 gastric cancer patients versus 34 healthy volunteers.
The shaded areas represent the standard deviations (SD) of the means spec-
tra. The stripe shadow represents the standard deviations of the gastric cancer
mean spectra, while the gray shaded area indicates the standard deviations of
the normal mean spectra. Also shown at the bottom is the difference spec-
trum. (b) Comparison of the mean intensities and standard deviations of se-
lected peaks with the most distinguishable differences between gastric cancer
and normal serum RNA.

peaks at 714, 813, 1008, 1033, 1240, and 1393 cm−1 are ob-
viously greater for normal than for tumor, while SERS bands
at 541, 725, 766, and 974 cm−1 are more intense in cancer
group.

In general, Raman bands can be associated with the vi-
bration of a particular chemical bond or a single functional
group in the molecule, therefore distinctive SERS spectral
features and intensity differences could discriminate normal
from cancer.12, 13 Moreover, in recent years, tumor-associated
changes have been observed in the circulating nucleic acids
of cancer patients and have been proposed to be useful for
the detection and monitoring of cancers.14 Herein, we analyze
and characterize the spectral differences of sera RNA between
normal and gastric cancer groups.

The SERS spectra that we obtained from normal and gas-
tric cancer groups are very similar to each other except for
some peaks’ height. To better understand the molecular com-
ponents and relative content of serum RNA samples, Table I
lists tentative assignments for the observed SERS bands
(cm−1), according to the literature.15–17 The major signifi-
cant SERS spectral differences between the serum RNA of
normal and gastric cancer groups were in the relative in-
tensities of the bands such as the modes at 714, 725, and
766 cm−1 that are due to ring breathing modes in the RNA
bases, 813, 1240 cm−1 which attribute to the stretch of
PO2, and 974 cm−1 which assigns to ribose vibration. These
changes might reflect aberrations on malignant transforma-
tion associated circulating RNA relative contents. Recently, a
number of researches have shown that many tumor-associated
microRNAs are upregulated or downregulated in plasma/sera
of gastric cancer patients as compared with control sam-
ples through high throughput methods, indicating that tumor-
associated microRNA in plasma/sera can be used as novel
noninvasive biomarkers for gastric cancer early detection.18

In addition, circulating RNA alterations might be detectable
ahead of cancer diagnosis, and increasing tumor-relative RNA
content might correlate with higher histological grade and
worse prognosis (as shown in Figs. S3 and S4 in the sup-
plementary material19). This put forward the possibility of
exploiting SERS spectra of circulating RNA as noninvasive
biomarkers for diagnosis of cancers and monitoring the re-
currence and progression of cancers.

TABLE I. SERS peak positions and vibrational mode assignments.

Peak
(cm−1) Assignment

541 ν(S-S) trans-gauche-trans
714 Ring breathing modes of Adenine
725 Ring breathing modes of Adenine
766 Pyrimidine ring breathing mode
813 C′ 5–O–P–O–C′ 3 phosphodiester bands in RNA
974 Ribose vibration
1008 Stretching of C–O and C–C
1033 Stretching of C–O and C–C
1240 Stretching of asymmetric phosphate [PO2- (asym.)]
1393 CH rocking
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III.C. Multivariate analysis

Multivariate analysis based on PCA and LDA was per-
formed on all of the normalized SERS spectra. In this
analysis, 31 serum RNA SERS spectra of gastric cancer
were compared with 34 normal serum RNA SERS spectra.
Independent-sample T-test on all the PC scores comparing
normal and gastric cancer groups displayed that PC1, PC2,
and PC3 were the most diagnostically significant (p < 0.01)
for discriminating normal and gastric cancer groups. From
the three-dimensional scatter plot of PC scores [Fig. 3(a)], we
can clearly see that normal and gastric cancer groups are dis-
tributed in separate clusters, namely, the healthy control group
forms one cluster and the gastric cancer group forms the other.
Also as can be seen in the figure of LDA scores [Fig. 3(b)],
a clear distinction can be made between normal and gastric
cancer with few overlaps, except two outlier values from the
normal group mixed with the cancer group, suggesting that
the SERS spectra of the gastric cancer group can be differenti-
ated from the healthy group via multivariate analysis method.
The sensitivity of this technique for identifying gastric can-
cer from normal is calculated to be 100%, with specificity of
94.1%. The ROC curve was generated by varying the discrim-

FIG. 3. (a) Principal component analysis of all serum RNA samples: a 3D
mapping of the PCA result for gastric caner and healthy volunteer group. (b)
LDA scores: gastric cancer versus healthy subject. The solid line represents
the classification cut-value (y = 0.3130).

FIG. 4. The ROC curve of the discrimination result for using PCA-
LDA-based SERS spectral classification with leave-one-out, cross validation
method. The integrated area under the ROC curve was 0.989.

ination threshold levels. The ROC curve area can take on val-
ues between 0.0 and 1.0. And the closer the ROC curve area
is to 1.0, the better the diagnostic test.20 The area under the
ROC curve is 0.989 for normal versus gastric cancer groups
(as shown in Fig. 4). These results demonstrate the potential
of serum RNA SERS spectra for cancer detection and diagno-
sis with good sensitivity and specificity.

Independent-sample T-test on all the PC scores comparing
stage I-II and stage III-IV showed that there were diagnos-
tically significant PCs (p < 0.05) for discriminating the two
groups (as shown in Fig. S3). Figure S4 in the supplementary
material19 shows the ROC curve of the discrimination result.
The integrated area under the ROC curve is 0.744. The re-
sults show that there were differences in samples derived from
the different stages of cancer, indicating the potential correla-
tion with cancer staging. Meanwhile, we compared the spec-
tral differences between different ages in the cancerous group
and normal group. The result showed no significant difference
of RNA spectra between different age groups with the same
pathology type (as shown in Figs. S5–S8 in the supplementary
material19). However, the sample size is not big enough to an-
alyze the correlation with every single cancer stages and age.
We need to collect sufficient samples to validate the reliability
of the correlations with cancer stages and age.

According to Forman et al., H. pylori infection may be
an important cause of gastric cancer; between 35% and 55%
of all cases may be associated with such an infection.21 Re-
cently, Li et al.22 found that microRNA-222 (miR-222) was
up-regulated in H. pylori-infected gastric mucosa and gastric
cancer. Ectopic expression of miR-222 promoted cell prolifer-
ation and colony formation in vitro. Therefore, H. pylori may
function as an initiator in the process of carcinogenesis by
up-regulating miR-222, which further participates in the pro-
gression of cancer. In this study, the SERS spectra of the gas-
tric cancer group can be differentiated from the healthy group,
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which may be partially attributed to the H. pylori infection of
the cancer patients.

Gastric malignancies in gastrointestinal tract are the major
causes of cancer-associated death in human.23 The patients
with gastrointestinal cancers have poor survival rates mainly
due to the advanced stages upon the initial time of diagnosis
when cancer cells have metastasized into other parts of the
body. So early diagnosis and localization of malignant lesions
together with appropriate curative treatment is critical to
reduce the mortality rates of the patients.2 Unfortunately, the
existing conventional tumor markers, e.g., CEA and CA19-9
are not sensitive for early diagnosis of cancer. In this regard,
SERS based serum RNA analysis combined with PCA and
LDA nearly meet the desired criteria of an ideal screening
tool such as sensitive and specific, fast and noninvasive,
which can both prevent cancer progression and reduce cancer
related mortality and healthcare cost.

IV. CONCLUSIONS

To the best of our knowledge, this is the first report on em-
ploying serum RNA SERS for discriminating gastric cancer
from normal. Here, we use MgSO4-aggregated Ag colloid as
a SERS-active substrate for detection of serum RNA. PCA-
LDA multivariate analysis of the SERS spectra revealed that
gastric cancer can be differentiated from normal with good di-
agnostic sensitivity and specificity. The results of this prelim-
inary study demonstrated the potential for developing SERS
based serum RNA analysis into a clinical tool for noninva-
sive screening and diagnosis of cancer. Further work needs to
be carried out for large-scale validation of the reliability of
this new cancer detection method including other systematic
cancers and precancer lesions, as well as H. pylori-infected
gastritis and gastric cancer related analysis.
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