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Cervical cancer detection based on serum sample surface
enhanced Raman spectroscopy
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In the presence of nanoparticles, the Raman signal is enhanced to the levels sufficient to detect a single molecule, therefore spectroscor
Surface-Enhanced Raman Scattering (SERS) is currently recognized as a detection technique extremely sensitive with high levels of molec
ular specificity. This is the first report in the cervical cancer detection based on serum SERS. The serum samples were obtained from 14
patients who were clinically diagnosed with cancer and 14 healthy volunteer controls. The serum samples were mixed with colloidal silver
nanoparticles of 40 nm in the same proportion, using sonication. About 10 spectra were collected of each serum sample using a Horibg
Jobin-Yvon LabRAM Raman Spectrometer with a laser of 830 nm. The enhanced Raman bands allowed identifying biomolecules present
at low concentration as amide | and lll, carotene, glutathione, tryptophan, tyrosine and phenylalanine. Subsequently, the processed SER!
spectra were analyzed using multivariate statistical analysis including principal component analysis and linear discriminant analysis (LDA).
Preliminary results showed that SERS and PCA-LDA can be used to discriminate between cervical cancer and control samples with high
sensitivity and specificity, forming an excellent support technique for current detection techniques.

Keywords: Cervical cancer; blood serum; surface enhanced Raman scattering; principal component analysis; linear discriminant analysis.

En presencia de nanopiatilas, la sBal Raman se amplifica hasta niveles suficientes como para detectar @ealaoidividual, por tanto la
espectroscopia Surface-Enhanced Raman Scattering (SERS) es actualmente reconocida émmicaida tetecoh extremadamente sen-
sible con altos niveles de especificidad molecular. Este es el primer reporte en lattetietcncer cervicouterino basado en la disp@si
Raman de superficie amplificada de muestras de suero. Las muestras de suero fueron obtenidas de 14 pacientes quiéniesfuents cl
diagnosticadas coraacer y 14 voluntarios saludables. Las muestras de suero y ndnofgartde plata de 40 nm en forma coloidal fueron
mezcladas usando sonicaei Alrededor de 10 espectros SERS por cada paciente fueron recolectados usando unetpedaman
LabRAM Horiba Jobin-Yvon con uraker de 830 nm. Las bandas Raman fuertemente amplificadas permitieron identificaétidasol
presentes en bajas concentraciones como amidas | y lll, carotenospglut@pitofano, tirosina y fenilalanina. Posteriormente, los espectros
SERS procesados fueron analizados utilizandaisis estatstico multivariado incluyendo dfisis de componentes principales (PCA) y
analisis de discriminante lineal (LDA). Resultados preliminares demostraron que SERS y PCA-LDA pueden ser usados para discriminar
entre muestras control yancer cervicouterino con alta sensibilidad y especificidad, conformando una excetanta de apoyo para las
actualesécnicas de detedmi.

Descriptores: Cancer cervicouterino; suero safigeio; espectroscopia Raman de superficie amplificaddisende componentes princi-
pales; aalisis de discriminante lineal.

PACS: 75; 65; 64

1. Introduction show any alteration. Early detection is critical to the patient’s
life so that the implementation of new, more reliable, faster
Cervical cancer is a disease whose cases are increasingand less invasive techniques is critical to address this public
women over 30 years becoming the most common cancer ihealth problem.
mexican women. Cervical cancer is a malignant tumor that In recent years, the health and academic institutions have
starts in the cervix and the Pap test is the easiest way to déeen committed to the challenge of eliminating the suffering
tect it. This test involves inserting a vaginal speculum thatand death by cancer, harnessing the power of nanotechnol-
allows us to look at the cervix and take a sample of cellspgy to radically change the way to diagnose, treat, and pre-
which are analyzed to identify whether they are normal orvent cancer. In the particular, biomedical research has taken
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the lead in integrating nanotechnology through a variety osamples. This is the first report in the cervical cancer detec-
programs. tion based on serum SERS.
In nanotechnology, the nanoparticles have impacted
strongly on biomedical research. In the case of the metal
nanoparticles, the interaction between electromagnetic radi2. Method

tion and particle presents special characteristics due to quan- . )
tum effects that occur in these systems. In particular, metal N Serum samples were obtained from 14 patients who

nanoparticles support localized surface plasmon that detevere clinically diagnosed with cancer and 14 healthy volun-
mine its unique optical properties. The resonant excitatiof€€r controls from Instituto Mexicano del Seguro Social in
of the plasmon produces a huge enhancement of the eleGuadalajara and lém cities. The age of patients at diagnosis
tromagnetic field in the vicinity of the nanoparticle surface.Was between 18 and 50 years. None of the patients were
This phenomenon has interesting applications in optical spedinder chemotherapy cancer treatment. In most cases, the
troscopy, particularly Raman scattering [1]. hospitals provided the serum samples already prepared and
Raman spectroscopy provides a highly specific molecufe‘_"’ blood samples were centrifuged ir_l our laboratory to ob-
lar information and allows analysis of mixtures composed off@n serum. Written consent was obtained from the subjects,
several components. In Raman spectroscopy, a laser besdhd 'Fhe.study was conducted according to the Declaration of
excites molecules in the samples and an inelastic scattefelSinki.
ing effect of the incident photons is observed resulting in ~ For SERS technique, a same amount (1 ml) of serum and
a change in their energies (Raman shift). A spectrometefolloidal silver nanoparticles were mixed in a vial. For a bet-
counts the scattered photons and measures the intensity afff distribution of the nanoparticles in the serum and as an
energy change or Raman shift of the resultant light in unitsttempt to attach them to serum constituent molecules, the
of per centimeter. Nevertheless, this technique has the digial containing the mixture was subjected three times to ul-
advantage of low intensity in the signal. Nanotechnologytrasound for 10 minutes, leaving to stand for 1 hour after each
impacts strong|y on the Raman Spectroscopy due that in th@nication. Fina”y, we performEd the Raman measurements
presence of nanoparticles, the Raman signal is enhanced @ 0btained mixture.
the levels sufficient to detect a single molecule. Therefore, We tried different concentrations of nanoparticles (0.25,
Surface-Enhanced Raman Scattering (SERS) is currently re€-5, 0.75, 1.0, 1.25 and 1.5 ml) in 1 ml of serum sample, re-
ognized as a detection technique extremely sensitive witgulting 1 ml the optimal amount.
high levels of molecular specificity [1,2]. Thus in biomed- In order to measure the Raman spectra of the serum sam-
ical research, SERS technique has been applied to study tie with silver nanoparticles (SERS spectra), a drop of:40
biochemical components inside breast cancer single livingvas placed ontd/ gF; lens and it was placed onto an alu-
cells [3], differentiated intestinal epithelial cells [4] and es- minum substrate located on the X-Y stage of an Olympus
cherichia coli cells [5] by depositing into them gold, silver microscope, which is coupled to the Raman system. All spec-
or ZnO nanoparticles. Our research group already applietta were collected at a Jobin-Yvon LabRAM HR800 Raman
the technique in serum samples with colloidal gold and sil-Spectrometer with a laser of 830 nm wavelength and an ir-
ver nanoparticules [6]. Particularly strong field enhancementadiation power over the samples of 17 mW. The laser beam
can be observed when colloidal nanoparticles form colloidaivas focused on the surface of the sample with axL6Bjec-
clusters. tive. The Raman system was calibrated with a silicon semi-
Conventional Raman spectroscopy technique has showexdnductor using the Raman peak at 520 ¢mAll spectra
to be an excellent technique to detect the breast cancer ugere taken in the region fros00 to 1800 cnt?, with a res-
ing biopsies [7] and serum samples [8], cervical cancer [9]olution of 0.6 cnT!. Raman system management and data
leukemia [10], neuroblastoma and ganglioneuroma [11]capture were performed with LabSpec V5 software.
Similarly, SERS technique has been used for gastric [12] and Different sizes of silver particles (10, 20, 40, 60, and
breast [13] cancer detection based on blood plasma and cor® nm) were analyzed determining that the nanoparticles
bining with membrane electrophoresis, lehal [14] devel- 40 nm were those that showed better SERS spectra of the
oped a method for cancer detection. serum samples. Thus, the silver nanoparticles 40 nm were
In these works, Principal Component Analysis (PCA) isused in this study of cervical cancer detection. The nanopar-
used to classify the Raman and SERS spectra. PCA is a wdigles were purchased from Sigma Aldrich and Ted Pella, Inc.
of identifying patterns in data, and expressing the data in suchompanies. The silver nanoparticles contained sodium citrate
a way as to highlight differences. When the principal compo-as stabilizer.
nent loading are plotted as a function of different variables, About 10 SERS spectra were collected of each serum
they reveal which variable accounts for the greatest differsample focusing the laser at different points of the samples
ence. with an exposure of 20 seconds per spectrum. A total of 287
In this paper we propose the use of nanotechnology IrSERS spectra with 143 spectra from 14 control patients, 144
biomedical research and in particular, metal nanoparticles argpectra from 14 cervical cancer patients. Details of the sam-
used in the detection of degenerative diseases using seryptes used in the study are shown in Table I.
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In Fig. 1, we observed those strongly enhanced bands

TABLE |. Details of serum samples used in the study. as 446 (Glutathione), 526 (Tryptophan), 809 (Tyrosine), 839
(Tyrosine), 897 (EO-C str), 938 (Skeletal stt), 971 (CH2
Spectrum Number Nature Number of cases  rgck), 1035 (Phenylalanine), 1158 ¢arotene), 1167 (Tryp-
1-144 Cervical cancer 14 tophan), 1220 (Tryptophan), 1329 (Tryptophan), 1359 (Tryp-
145-287 Control 14 tophan) and 1456 (Phospholipid) ch Several of these

bands as 446, 938 and 1359 thnclearly stand out by the
impact of SERS technique because such bands were unde-

0155 tectable by conventional Raman spectroscopy due to that the
— intensity of these bands are weaker than the intensity of the
1 . fluorescence signal generated by the sample. In same Fig. 1,
= ] Reaiari another important point of SERS technique is observed be-
8 5104 cause while in the conventional Raman spectrum we ob-
% 1 served a pair of shoulders on the region of the Amides Il
3 0% (1230-1282 cm') and Tryptophan (1300-1345 cr), in
g 0.06 | the SERS spectrum we observed that actually these regions
= 004 ] are composed of several peaks or bands. In SERS, bands of
] several molecules could be shifted a few wave numbers com-
0.02 1 pared with the bands of these molecules in the conventional
0.00.] Raman scattering [19] as 509, 828, 853, 955, 1028, 1160,
1174, and 1208 cm' shifted to 526, 809, 839, 971, 1035,

T ¥ T X T y T ! T ! T ¥ T ¥ T
400 800 80 1000 1200 1400 1600 1800 1155, 1167, 1220 cmt, respectively. Some bands in the
Corrimiento Raman (cm ™) conventional Raman spectrum also appear in the same posi-

FIGURE 1. Comparison of a conventional Raman and SERS spec-tlf)n in the SERS spectrum: 622 (Phenylalanine), 642 (Tyro-

trum, observing enhanced Raman bands. sine), 714 (Polysaccharides), 754 (Protein), 897J€C str),
938 (Skeletal stry), 1002 (Phenylalanine), 1083 (Phospho-
After measuring all SERS spectra in the presence ofiPids), 1523 (J Cartnlteng), 1587 (Protein), 1603 (Tyrosine),
nanoparticles, the mean spectrum of each group was calcg654 (Amide I) cnt . Finally, in addition to observing en-
lated and analyzed to obtain general biochemical informatioft@nced peaks, we have peaks without enhancement as 622,
for each data group and identify the enhanced Raman ban@42, 1002, 1603 and 1654 crh which may be due to the
or regions [15,16]. fact that only those bands corresponding to the biomolecules

Raw SERS spectra were processed by carrying baselifiearest to the clusters of nanoparticles showed amplification.

correction, smoothing, and normalization to remove noise, Once that showed that the SERS technique works, SERS

sample florescence, and shot noise from cosmic rays [17] arspectra of all samples were measured and obtained the mean

then analyzed using PCA y LDA. SERS spectra of the cervical cancer and control samples to
identify the main biomolecules that allow us to discriminate

) ] between control and cancer samples. Figure 2 shows the

3. Results and discussion mean SERS spectra of the control and cervical cancer sam-

ples, observing some differences between them.
SERS study have also been performed on serum samples As in the study of ical , tional R
from cervical cancer and control patients using colloidal sil- S In the study of cervical cancer using conventional ka-

ver nanoparticules of 40 nm. Due to its chemical inactiy-Man spectroscopy [9], the _control serum spectrum (Fig: 2.)
ity, silver should be the more suitable metal for mixing with showeg the pkresence of high amounts Oofl carotﬁzcnowri]s indi-
serum samples. Like Kneipgt al [18] shown, we observed cated by peaks at 1002, 1155, 1167, and 1523 crirhe

that when the laser is focused on the regions where silvgP@0r differences between the cervical cancer and control
colloidal clusters are formed good SERS enhancement fa@Pectra were an increase in the intensity of the bands 695,
tors are obtained. Figure 1 shows the comparison of a con7-14’ 742 (Lipids), 754, 875 (Tryptophan), 897 and 938 ¢m
ventional Raman and SERS spectrum, observing clearly el? the control spectrum and a dec'rease at 1220, 1230-1282,
hanced Raman bands. In order to obtain these spectra fro}lngoo'1345 and 1359 cni. I\_/Imo_r differences occur at 526,
the serum of one patient, we took a certain amount of thé"556 (Tryptophan), 1587 (vibrational modes of backbone and

sample and measured conventional Raman spectrum sho/@"inC acid residues of proteins), 1603, 1620 (Tryptophan)

in Fig. 1 and another quantity of the same serum was taken f(ﬁnd 1654.

being prepared with silver nanoparticles of 40 nm according Table Il shows the main bands observed in the control
to what was described in the methodology section, obtainingind cervical cancer SERS spectra and the corresponding as-
the SERS spectrum shown in Fig. 1. Raman shift range thagignment of biomolecules [15,16]. Also, Table Il shows these
showed strongly enhanced bands was 600-1800'cm bands of the conventional Raman spectrum (Raman bands)
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TABLE |. Main bands observed in control and cervical cancer
serum spectra and corresponding assignment of biomolecules.

Raman Bands  SERS Bands Biomolecules
(em ™) (em ™)
446 Glutathione
509 526 Tryptophan
566 566
579 579 Glucosamine
622 622 Phenylalanine
642 642 Tyrosine
695 695
714 714 Polysaccharides
742 742 Phospholipid
754 754 Protein
828 809 Tyrosine
853 839 Tyrosine
875 875 Tryptophan
897 897 COC str
938 Skeletal sty
955 971 CH2 rock
1002 1002 Phenylalanine
1028 1035 Phenylalanine
1083 1083 Phospholipids
OPO and CC
1103 1103 Phenylalanine
1126 1126 Protein,
Phospholipid CC str
1160 1155 (3 carotene
1174 1167 Tryptophan, Phenylalanine
1208 1220 Tryptophan
1230-1282 1230-1282 Amide I
1300-1345 1300-1345 Tryptophamhelix,
Phospholipids
1359 Tryptophan
1404 1404 Glutathione
1447 1436,1458 Phospholipid,
CH scissor in CH2
1523 1523 (3 carotene
1556 1556 Tryptophan
1587 1587 Protein, Tyrosine
1603 1603 Tyrosine, Phenylalanine
1620 1620 Tyrosine,
Tryptophan C = C str
1654 1654 Proteins, Amide |,

« helix, Phospholipids
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§
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FIGURE 2. Mean SERS spectra of the control and cervical cancer
serum samples.

with their corresponding shifts (SERS bands) due SERS ef-
fect, so as those which remained unchanged (see Figs. 1
and 2).

By applying PCA-LDA to all measured spectra is another
more objective way to check if there are real differences be-
tween the cervical cancer and control samples. Basically,
PCA allows discriminating between control and cancer sam-
ples based on the differences existing between the bands that
constitute each one of the 287 spectra. These differences be-
tween the bands of spectra indicate biochemical differences
between samples. The selected region of 600-1800'cm
gave the best discrimination. Plot of the second, third and
fourth principal component is shown in Fig. 3

In this study, as we know a priori how many groups there
are and which samples correspond to each group, we applied
a multivariate technique, linear discriminant analysis (LDA),
to our PCA result as a technique acting in a supervised man-
ner. LDA identified the two most natural groups separated

[P

Cervical Cancer
") Control 40

0©%g
®

FIGURE 3. Scatter plot of the control and cervical cancer serum
samples.
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second principal component and the principal differences be-
tween groups are represented by peaks with higher intensity.
Nevertheless, several of these high peaks could be represent-
ing natural biochemical differences among only control pa-
tients, thereby, according to Gonzalet al., [9] to know
the real molecular differences between the control samples
and cancer, first it is necessary to know the natural molec-
ular differences between only the control samples and then
discard them from the molecular differences between the
control samples and cancer. In order to know these natu-
ral differences, we plot the second principal component ver-
sus the wave number between the 143 control spectra. Fig-
ure 4 shows control-control plots with the position of rel-
evant differences between the control patients and control-
cancer plots with the position of relevant differences between
the control and cervical cancer patients using the second
FIGURE 4. Plots of the second principal component as a function principal component, PC2. By discarding the most intense
of the wave number. peaks matching between the control-control and control-
) o ) . cancer plotsé.g, peak 692 cm'), we obtain real biochemi-
by the dotted line shown in Fig. 3. By analyzing the official .o gifferences among the control and cervical cancer serum
results reported by hospital pathologists, the point group 0Rgmples.  The main differences are indicated by the peak
the left the line (or blue dots) can link to the group of spectra,, 491, 581 (Glucosamine), 622, 642, 744 (Phospholipid),
from cervi cancer patients and the group on the right of the;54, 839, 875, 938, 1028, 1104 (Phenylalanine), 1126 (Pro-
line (or thg red dots) can link to the group of spectra fromtein), 1160, 1262, 1302, 1446 (Phospholipid), 1523, 1556
control patients. o . and 1620 cm!. As can be observed in Fig. 4, it could be
By observing Fig. 3, the sensitivity and specificity of our 5, 5jternate method for viewing the differences in intensity
test method can be calculated. Sensitivity characterizes thg,seryed by the loading vectors of PC2 and whose results are
ability of the test method to detect the disease in diseasel .ompjete agreement with the results of analysis performed
subjects and specificity characterizes the ability of the Syith control and cervical cancer SERS spectra of the Fig. 2.

method to detect the absence of disease in healthy subjeci§ihe gifferences could be observed by loading vectors of
As 16 of the 144 spectra from the cancer serum samples We{§-3 4nq pPCA4.

misclassified as control ie 16 blue points are in the region of
control spectra (on the right the line) and only 17 of the 143 )
spectra from the control serum samples were misclassified #&  Conclusion

cervical cancer.e. 17 red points are in the region of cervi rtace enhanced Raman Sbectrosco ing silver nanonar
cancer spectra (on the left the line), our control and cervicaT?_‘u SP SCOpy using silv par-

cancer samples were correctly classified with 88 % sensitivt-ICIe of 40 nm was applied to analyze blood serum from cer-

ity and 88 % specificity vical cancer patients and healthy volunteer controls. SERS
In order to demonétrate that SERS and PCA-LDA areallowed short exposures and chemicals present at low con-

suitable and efficient for discriminating cervical cancer fromgzlnér;r:f; ggzalccitigi lIst?r?;If(I:?)%v elaltli(cemfl Ezh;mz[rliosli);;tﬁ)esrggpy
the control group, PCA was applied using cross-validation., ; _ ) '
group PP g he SERS study confirmed that the main molecular differ-

In cross-validation, the data is randomly split into two sets, lutathi h d id
training set and a test set. In this approach, one sample (te&pCes were glutathione, tryptopha carotene, and amide

ing data) at a time was left out and PCA was applied aftell”' Preliminary results showed that SERS and PCA-LDA can

data reduction. Fourteen components for smoothing WithOLllPe used to discriminate between cervical cancer and control

baseline correction spectra and 14 components for smootﬁ—amples with high sensitivity and specificity, forming an ex-

ing with baseline correction spectra were considered for thi§e"ent support technique for current detection techniques.

analysis. In both cases, we were able to observe the two large

groups of spectra as what we have obtained in Fig. 3. Thé\cknowledgments
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