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Abstract
Saliva could be an optimal sample for non-invasive cancer detection, as it contains plenty of proteins and metabolites which can
reflect the health status of an individual. Moreover, pairing it with high-sensitivity, label-free detection techniques could prove
successful for early cancer diagnosis. In this study, we explore the enhancement of salivary characteristic Raman bands by using
label-free, ultrasensitive surface-enhanced Raman scattering (SERS) based on gold nanoparticles. SERS maps were acquired
from dry samples of saliva supernatant mixed with Au colloidal nanoparticles, which was then pipetted on clean glass slides. The
SERS spectra presented a high variability of signal intensities and frequency shifts. However, several reproducible SERS spectra
showing well-resolved bands were obtained at certain locations on the maps, where Au nanoparticles clustered together during
the air-drying. The healthy and oral cancer saliva could be differentiated using principal components analysis based on several
SERS bands assigned mainly to amino acids and proteins. Moreover, thiocyanate Raman modes were detected in saliva samples
of both smoking and non-smoking volunteers and cancer patients. The analysis indicated that the cancer group displayed an
overall higher level of the 2126 cm−1 band area assigned to C–N stretching vibrations of thiocyanate.
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Introduction

Oral cancer involving the lip and oral cavity is the sixth most
common type of cancer worldwide [1]. Current diagnosis re-
lies on clinical investigation and histopathological examina-
tions, with a high risk of undetected cancerous lesions in hid-
den areas. Moreover, early detection is crucial for improving
survival of patients. Therefore, there is a high need for non-

invasive, high-specificity, and high-sensitivity detection
methods [2].

The demands for ultra-sensitive detection methods may be
met by Raman spectroscopy techniques. Normal Raman spec-
troscopy has several unique advantages, such as minimal or
no sample preparation, high spatial resolution, no labels re-
quired, and molecular-level information [3]. Raman spectros-
copy is based on the inelastic scattering of photons following
the interaction with the vibrating atoms in the molecules [4].
The individual Raman bands observed in the spectrum are
characteristic to specific molecular motions, offering thus an
extraordinary chemical specificity of the sample. The use of
Raman spectroscopy for the development of diagnostic
methods is based on the fact that the molecular changes in-
duced by diseases are reflected in the Raman spectra, leading
to the possibility of highly specific fingerprinting of the bio-
chemical composition of cells and tissues, which can then be
used for cancer diagnosis applications [5, 6]. However, the
Raman scattering from biological samples is usually weak
and often overlapped with the background signal resulted
from the intracellular biocomponents. To overcome these in-
conveniences, surface-enhanced Raman scattering (SERS)
has been developed to enhance the Raman signal by
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exploiting the interaction between the investigated molecules
and the surface of metal nanoparticles [7, 8]. SERS has been
lately used for a multitude of medical applications ranging
from probing and imaging live cells [9], to ex vivo diagnosis
[10, 11] and in vivo tumor targeting in live animals [12, 13].

Saliva provides several advantages which could make it an
optimal sample for non-invasive cancer detection [14].
Proteins, nucleic acids, and enzymes found in saliva could
be potential biomarkers for cancer detection, as they have
been shown to have distinct levels in cancerous compared
with healthy individuals [15]. Various cancers have been iden-
tified and diagnosed using saliva and methods such as liquid
chromatography [16], mass spectrometry, and enzyme-linked
immunosorbent assay (ELISA) [17]. Saliva can be easily and
continuously collected during the treatment; it contains plenty
of proteins and metabolites [18], which change accordingly
with the disease transformations [19], and these modifications
can be correlated with the SERS spectral features of saliva.
SERS saliva has been investigated for the non-invasive detec-
tion and diagnosis of nasopharyngeal carcinoma [20], oral
squamous cell carcinoma [21], lung cancer [22], Sjörgren’s
syndrome diagnosis [23], and benign and malignant breast
tumor differentiation based on saliva proteins [24, 25].
Breast cancer was diagnosed based on the quantitative analy-
sis of sialic acid concentration found in saliva; among 100
breast cancer patients, the concentration of sialic acid was
around 6 times higher than that in healthy controls [26].
Lung cancer investigations based on saliva revealed the de-
crease of SERS peaks assigned to proteins and nucleic acids in
lung cancer group compared with control [22]. Oral squamous
cell carcinoma was diagnosed with 89% sensitivity and 73%
accuracy using SERS on saliva samples and linear discrimi-
nant analysis [21].

The aim of the present study was to investigate the saliva
signal using metal nanoparticles and SERS spectroscopy. We
applied a simple method involving saliva supernatant mixed
with gold (Au) nanoparticles and acquired SERS spectra from
a drop of the mixture dried on glass slides. Additionally, we
aimed to differentiate between the SERS signal of saliva col-
lected from healthy volunteers and oral cancer–confirmed pa-
tients. Multivariate statistical techniques were employed to
analyze and discriminate the SERS spectra from both groups.

Materials and methods

Saliva samples

Saliva samples were collected from five healthy individuals (2
females and 3 males) and six patients (2 females and 4 males)
with a pathologically confirmed squamous cell carcinoma
(SCC) of oral cavity. There were a similar number of smokers
(2 healthy subjects and 3 patients with oral cancer) and non-

smokers (3 healthy volunteers and 3 patients) included in the
study. Themean age of the volunteers was 40, while that of the
cancer patients was 60 years old. The samples were collected
before breakfast using Salimetrics passive drool collection kit,
following rinsing of the mouth with water. The saliva was kept
at – 80 °C until the day of analysis. After thawing at room
temperature, it was centrifuged for 20min at 9000 g and 10 °C
to remove epithelial cells and other debris and obtain pure
saliva. The supernatant was mixed in a 1:1 volume ratio with
colloidal Au nanoparticles of 50-nm diameter acquired from
Sigma. The Au nanoparticles were selected following several
tests based on the highest enhancement of the Raman signal
acquired from saliva samples. The nanoparticles were charac-
terized by UV-Vis absorption spectroscopy (Jasco V550
Spectrophotometer) using 1-mm-long quartz cells
(Supplementary Material, Fig. S1). The absorption maximum
of the colloidal nanoparticles is observed at 540 nm.

The saliva–nanoparticles mixture was dropped on clean
glass slides and allowed to dry at room temperature. Optical
microscopy images revealed that the samples presented a ring
at the edge of the dried drops, next to an unevenly coated
region.

Surface-enhanced Raman spectroscopy
measurements

The SERS experiments were carried out using a Renishaw
inVia Raman microscope (Renishaw, PLC, New Mills
Wotton-under-Edge, Gloucestershire, UK) equipped with a
785-nm diode laser with a maximum power of 300 mW and
a grating of 1200 lines/mm. A neutral density filter was used
to avoid sample photodegradation and only 10% of the laser
power reached the sample. The instrument was wavelength
calibrated using a silicon wafer. The spectra were acquired
in the 600–1720 cm−1 wavenumber range using a 50X objec-
tive, 3s integration time, and 3 accumulations. SERS maps
were collected from the edges of the mixture drops. A small
area of a few tens of micrometers was selected from each
sample for the acquisition of SERS maps. The maps consisted
of approximately 30 to 80 spectra collected with a step size of
2 μm from healthy subjects and patients with oral cancer.

Additionally, extended SERS spectra were collected from 5
healthy saliva samples and 3 oral cancer ones in the 100–
3200 cm−1 spectral range by using the same measurement
system, in order to identify the thiocyanate band above
2000 cm−1. The extended spectra were collected as time series
of 5 spectra from the same location. At least two separate
positions were selected from the dried spots on each sample.
Each extended spectrum was obtained following 10s integra-
tion time and one accumulation. The mean profiles and stan-
dard deviations were calculated from 49 healthy SERS spectra
and 30 oral cancer ones.
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Data pre-processing and analysis

The pre-processing of the data sets was performed in Matlab
and consisted of cosmic ray removal, background subtraction,
and baseline correction. The lowest intensity spectrum found
in the Raman map was subtracted from the entire data set to
remove the background. The baseline correction was applied
by fitting and subtracting a fifth-order polynomial from the
data set. Mean intensity profiles were obtained for each group
and the difference spectrum was calculated by subtracting the
mean spectrum of the healthy group from the mean spectrum
of the cancer group. Peak assignment was carried out based on
the current literature in the field [22, 27, 28].

Principal components analysis (PCA) was employed for
the data analysis. SERS maps were reproduced by plotting
the scores of various principal components (PCs) at each po-
sition in the map where a SERS spectrum was acquired. The
area of the 2126 cm−1 band was calculated for each acquired
spectrum by delimiting the position of the peak and applying a
baseline correction for that region.

Results and discussion

SERS analysis of saliva

An 18 × 12 μm area was selected from a sample collected
from an oral cancer patient and SERS spectra in the 600–
1720 cm−1 wavenumber range were collected with a 2-μm
step size. A total of 54 spectra were acquired. The spectra
presented an on and off blinking behavior, showing some
SERS bands at one acquisition position and disappearing at
the next, making it difficult to characterize the sample. The
SERS variability was thus evidently displayed, as the intensity
and band position of the spectra varied from one point of
acquisition to another. Principal components analysis was ap-
plied to reduce the dimensionality of the data set. The first
three PCs accounted for 97% of the variance in the data set
and are displayed in Fig. 1a. Some common bands were ob-
served: 620, 657, 740, 851, 947, 1044, 1075–1080, 1152,
1196, 1282, 1403, 1453–1462, and 1614 cm−1. Based on the
literature in the field, most of these peaks are assigned to
proteins and amino acids; however, phospholipids and nucleic
acids are also observed [20, 22, 27, 28].

We reproduced a SERSmap (Fig. 1b) by plotting the scores
of PC1 at each position in the map where a SERS spectrum
was acquired. Figure 1c presents several SERS spectra col-
lected from various locations on the map as indicated by the
(x, y) positions in the figure’s legend. As it can be observed
from the color distribution associated to the SERS spectral
intensity plotted in Fig. 1c, the highest intensity spectra were
grouped around an area of the map. The SERS spectra col-
lected from these points (e.g., positions (3,1) and (3,2))

showed high-intensity reproducible SERS spectra with well-
resolved bands. Moving away from this area to a spot where
the intensity in the SERS map is lower, a decreased intensity
SERS spectrum was acquired, and the observed peaks shifted
in frequency compared with the previous ones. Moving even
further away from the initial location at position (7,4), a low
signal-to-noise ratio spectrum was acquired, showing unre-
solved SERS bands. Considering this distribution of the
SERS signal, we can presume that the Au nanoparticles clus-
tered during the air-drying of the drop, which lead to fluctua-
tions in signal intensities and frequencies. Therefore, the en-
hancement of the biomolecules present in the saliva superna-
tant is observed mainly at the locations where the Au nano-
particles accumulate forming “hot spots,”which lead to strong
enhancements of the Raman scattering. SERS spectra present-
ed variability even at these locations, which could indicate that
the enhancement of the Raman modes depends on the number
of nanoparticles and the biomolecules present at the focal
point of the laser, the interaction mode of the biomolecules
with the nanoparticles (e.g., chemisorption, physisorption),
and the various orientations of the species in respect to the
nanoparticle surface [29].

A SERS map of 10 × 14 μm was acquired from a saliva
sample collected from a healthy donor, as well (Fig. 2b). A
similar blinking behavior of the SERS spectra was observed
when analyzing each of them individually, as in the case of the
previously analyzed SERS map. Following PCA, we
reproduced a SERS map by plotting the first PC, which
accounted for 90% of the total variance. High-intensity,
well-resolved SERS peaks were observed in the spectra ac-
quired from several positions that grouped together across the
map, similarly to the previous case. The SERS spectra
displayed in Fig. 2c clearly show that moving away from the
place where the Au nanoparticles accumulated, the SERS in-
tensity decreased. Different vibrational modes were enhanced
in these SERS spectra, such as the 757 cm−1 assigned to tryp-
tophan, 940 cm−1 assigned to amino acids and polysaccha-
rides, 1067 cm−1 attributed to glucose and triglycerides,
1276 cm−1 where the amide III is observed or unsaturated fatty
acids, and several bands in the 1430–1490 cm−1 spectral range
where CH2 bending mode of lipids and proteins, as well as
amide II vibrational modes are present.

Thiocyanate detection

Based on the molecular vibrational assignment of the acquired
SERS signal, we identified the 736 cm−1 band which may
indicate the presence of thiocyanate in saliva. Thiocyanate
(SCN−) enters the human body through the intake of
Brassica vegetables, milk, and cheese, and can be found in
human serum, saliva, and urine. On the other hand, the level
of thiocyanate ion can be used as an indicator of tobacco
smoke exposure, as a product of cyanide and has been long
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used for the discrimination between smokers and non-
smokers [30]. This ion has been detected using SERS in milk
[31], human serum and saliva samples [32], and human urine
[35], and its adsorption modes on silver nanoparticles have
been characterized [33]. Thiocyanate has three Raman active
vibrations around 450, 747, and 2120 cm−1. In order to exam-
ine if thiocyanate can truly be detected in our saliva samples,
we acquired time series extended SERS spectra in the 100–
3200 cm−1 wavenumber range, hoping to observe other vibra-
tional modes of thiocyanate, as well. A total of 49 SERS
spectra were collected from healthy saliva samples and 30
spectra from oral cancer samples. An example of the extended
SERS spectra acquired at 10s intervals from each other is
shown in Fig. 3a. Several bands were observed in all spectra,
such as the 289, 450, 835, 1001, 1216, 1512, 1587, and
2126 cm−1. These bands are assigned mainly to amino acids
and proteins [27, 28], while the 2126 cm−1 band might be
indicative of thiocyanate, based on the current literature in

the field [33]. This peak is assigned to C–N stretching vibra-
tions of thiocyanate [34] and was identified in all of the ex-
tended SERS spectra acquired from both saliva groups.
Thiocyanate can play the role of an important biomarker in
human health and there is a real need for its rapid and repro-
ducible analysis. Higher concentrations of thiocyanate in urine
were associated with emphysema, cancer, and chronic bron-
chitis, indicating thus a significant risk effect of this ion’s
concentration on cancer and lung problems [35]. The intensity
of the SERS peak around 2100 cm−1 was previously used to
indicate the concentration of SCN− ions [32]. Therefore, we
calculated the area under the 2126 cm−1 band for both healthy
and cancer groups to assess which saliva group presented the
highest thiocyanate concentration. The results for 30 SERS
spectra from each group are presented in Fig. 3b. The analysis
indicated that the cancer group displayed an overall higher
level of the 2126 cm−1 band area. A simple calculus showed
that the mean value of the healthy group was 20.03, with a

a b

c

Fig. 1 a The loadings of the first three principal components
characteristic to an oral cancer patient (PC1 91.5%, PC 4%, PC3 1.5%).
PC1 and PC3 were vertically shifted for better visualization. b SERSmap

reproduced by plotting the score of PC1. The highest intensity is colored
in yellow and the lowest intensity in dark blue. c SERS spectra collected
from the positions with (x,y) coordinates indicated on the map
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Fig. 2 a The loadings of the first three principal components
characteristic to a healthy volunteer (PC1 90.5%, PC 5%, PC3 2%).
PC1 and PC3 were vertically shifted for better visualization. b The
SERS map reproduced by plotting the score of PC1. The highest

intensity is colored in yellow and the lowest intensity in dark blue. c
SERS spectra collected from random points on the map as indicated in
the legend with (x,y) coordinates

Fig. 3 a Time series SERS spectra acquired at 10s intervals from each other. Excitation 785 nm. bCalculated values of the 2126 cm−1 band area assigned
to thiocyanate, for both healthy and cancer groups
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standard deviation of 8.07, while the mean value for the can-
cer group was 30.41, with a standard deviation of 16.7. It is
important to mention that several SERS spectra collected from
healthy saliva presented high levels of this band, as well.
These spectra (for e.g. the ones numbered 16–25 in Fig. 3b)
were collected from smoking volunteers and only part of them
showed high values for the 2126 cm−1 band area. On the other
hand, similar values were obtained from healthy non-smoking
volunteers as well (values numbered 11–20 characteristic to
non-smoking individuals). Moreover, only some cancerous
SERS spectra presented a much higher level of the
2126 cm−1 band area (spectra numbered 21–25 in Fig. 3b)
compared with the healthy ones, which influences the mean
value obtained for the cancer group. Therefore, further studies
need to be performed to assess the concentration of this bio-
marker in the saliva samples and a higher number of volun-
teers need to be employed for a proper evaluation.

Saliva diagnosis and differentiation

Another aim of this study was to differentiate the saliva col-
lected from healthy individuals from the saliva corresponding
to oral cancer patients based on its spectral characteristics.
Mean SERS spectra characteristic to each group were calcu-
lated based on the extended SERS spectra acquired from both
groups and are displayed in Fig. 4a. The shaded region repre-
sents the standard deviations from the mean spectra. The
thickness of this area suggested the low reproducibility of
the SERS spectra, previously observed in the acquired SERS
maps, as well. This result indicated that based on the spectral
differences between the healthy and oral cancer saliva, diag-
nosis using SERS is possible. The difference spectrum obtain-
ed by subtracting the mean SERS spectrum of the healthy
saliva from the one of cancer group further confirmed the

discrepancy of saliva composition between oral cancer and
healthy samples (see Fig. 4b). The differences in the SERS
data between the oral cancer and healthy groups are given by
several main bands located at 2126, 1659, 1585, 1510, 1469,
1390, 1274, 1189, 1093, 820, 631, 483, and 284 cm−1. Qiu
et al. previously identified several of these SERS peaks while
studying the non-invasive detection of nasopharyngeal cancer
and assigned them based on the literature in the field to gly-
cogen at 496 cm−1, tyrosine and lactose at 635 cm−1, phenyl-
alanine at 1003 cm−1, unsaturated fatty acids at 1270 cm−1,
collagen and phospholipids at 1448 cm−1, and nucleic acids at
1662 cm−1 [20]. Li et al. identified among other bands the
620 cm−1 and assigned it to proteins or adenine, the
820 cm−1 and the 1280 cm−1 peak and assigned them to phos-
pholipids, amide III, proteins, and/or lipids, and the 1390 cm−1

band [22]. Furthermore, the appearance of 2126 cm−1 band of
thiocyanate in the difference spectrum indicated that thiocya-
nate might play a role as a biomarker in differentiation be-
tween healthy and cancerous saliva.

With the aim of differentiating and diagnosing saliva sam-
ples in mind, we grouped the two SERS maps presented in
Figs. 1 and 2 into one data set and applied PCA to obtain new
variables and principal component scores that best explain the
differences in the spectra. PCA can classify or organize
Raman and SERS data which cannot be visually examined
and has contributed significantly to cancer detection, proving
to be an invaluable tool for comparing complex biological
samples [36].

To illustrate the use of PC scores for diagnosis classifica-
tion, a comparison between the normal and cancer groups is
presented in Fig. 5, as a 3D scatter plot of PC1, PC6, and PC7
on the three axes. For this analysis, the entire spectral range of
600–1720 cm−1 was involved from 35 normal saliva SERS
spectra and 54 oral cancer saliva SERS spectra. The PCA

Fig. 4 aMean SERS spectra characteristic to the oral cancer and healthy saliva, respectively. The shaded areas represent the standard deviations of the
means. b The difference spectrum obtained by subtracting the mean healthy from the mean oral cancer saliva group
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loadings are included in Fig. 5, as well. The PC features
corresponded to SERS spectra, showing peaks and troughs
at similar positions to those of the spectra. The total variance
summed up by the first seven PCs was 82%. PC6 and 7 were
used in the 3D scatter plot, together with PC1, as these PCs
showed the best separation between the SERS spectra ac-
quired from the two groups. In some cases, a clear distinction
between groups is not observed using only the first PCs, as it
is possible that these contain no discriminating ability. This
does not necessarily mean that there is no distinction between
the groups, however, but only that the largest source of vari-
ation is similar in both groups. Therefore, looking at higher
PCs may result in the expected discrimination. Figure 5a
shows that the scores of PC1, PC6, and PC7 for the normal
and oral cancer groups, respectively, were distributed in sep-
arate axes, forming separate clusters. This demonstrates that
we were able to differentiate between the SERS spectra of oral
cancer and healthy saliva. The separation of the spectra was
due mainly to the 1463 cm−1 band assigned to CH2 bending
mode of lipids and proteins, or to sucrose. The other SERS
marker bands that contributed to the discrimination of the
spectra are indicated in Fig. 5b and are located at 1612,
1414, 1403, 1336, 1259, 1072, and 738 cm−1. These bands
are assigned to lipids, fatty acids, nucleic acids, and amino
acids such as tyrosine, tryptophan, and proteins, as well as
thiocyanate (738 cm−1) [27].

Conclusions

A rapid and easy method for acquiring SERS signal from
saliva samples was presented. The method implied simply
mixing the saliva supernatant obtained following

centrifugation of the sample with Au nanoparticles. The mix-
ture was then dropped onto a clean glass slide and allowed to
dry. SERS maps were acquired from both healthy and oral
cancer samples. The SERS spectra presented variability of
the signal, with fluctuations of the intensity and frequency
shifts. However, several reproducible SERS spectra showing
well-resolved bands were obtained from regions grouped
around an area of the map. We concluded that at these loca-
tions the Au nanoparticles cluster together forming hot spots
which lead to strong enhancements of the Raman scattering
from the biomolecules contained in saliva. The observed
SERS bands were mainly assigned to proteins and amino
acids. Additionally, thiocyanate, which is known to be a bio-
marker for human health and smoking status of individuals
found in saliva, was distinguished in the SERS spectra and
presented an overall higher concentration in the oral cancer
samples. The differentiation of the oral cancer saliva samples
from the healthy ones was based on PCA, which was able to
discriminate between the SERS spectra acquired from the two
groups. These investigations prove that the SERS technique
can be successfully implemented for the non-invasive, label-
free oral cancer detection.
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