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Abstract

Diagnosing cancer with high specificity, sensitivity and trauma-
free procedure is a major challenge. Development of spectroscopic
methods for the detection of cancer has met this challenge with
reasonably remarkable success. Raman spectroscopy stands out
in comparison to other spectroscopic methods due to its flexibility
in collection volumes, non-destructiveness and its ability to
differentiate between chemical structures, even with extremely small
changes in the atomic arrangements. Raman spectroscopy produces
a unique fingerprint of a particular biomolecule. This property helps
in qualitative and quantitative analysis of the molecules in a cancer
tissue, thereby distinguishing a normal cell from that of the one that
is cancerous. Different types of Raman spectroscopic techniques such
as SERS (Surface-Enhanced Raman Spectroscopy), CARS (Coherent
Anti-stokes Raman Spectroscopy), FTRS (Fourier Transform Raman
Spectroscopy) and RRS (Resonance Raman Spectroscopy) have been
used to intensify Raman signal, and have shown promising results in
cancer diagnosis. The availability of a variety of spectroscopes has
also broadened the scope for Raman imaging and in-vivo diagnosis
of cancer lesions. This research paper reviews a number of Raman
spectroscopic methods for the detection of breast cancer.
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Breast cancer is a disease that presents a major threat to
women today [1], with nearly half a million deaths attributed
mainly to the lack of early diagnosis [2,3]. Common types of breast
cancer include Invasive Ductal Carcinoma (IDC), Invasive Lobular
Carcinoma (ILC), Ductal Carcinoma in-situ (DCIS), Atypical Ductal
Hyperplasia (ADH), Fibroadenoma (FD), and Inflammatory Breast
Cancer (IBC) [4-6]. Although the exact reason for the cause of
cancer is still not clear, scientists have found hormones, proteins,
lipids and genes involved in signaling pathways as a cause.
Therefore, identification and monitoring of abnormal activity of
these biological molecules can significantly reduce the number
of deaths [7-12]. Currently, standard techniques employed
for breast cancer diagnosis include X-ray Mammography,
Ultrasonography, Positron Emission Tomography and Magnetic
Resonance Imaging [9,13,14]. However, these techniques reflect
poor resolution, sensitivity and specificity, especially in scanning
younger women having higher breast density [13]. These tests
are expensive and time consuming. Identification of tumor

markers also has a place in cancer diagnosis, but these are rarely
used in clinical practice [15]. Histopathologists carry out surgical
procedures on cancer lesions for their characterization, and this
procedure is known to induce trauma in patients [16].

The demand for highly accurate, sensitive and non-invasive
techniques necessitated the scientists to introduce optical
methods for cancer diagnosis [16]. The techniques are a)
Fluorescence Mediated Tomography, b) Photo Acoustic Imaging,
and c) Optical Acoustic Imaging. These are accurate, non-
destructive, rapid and affordable [13,17]. These techniques help
in early diagnosis of most cancers and also mediate response
to cancer treatment. However, one of the widely used optical
methods is Fluorescence spectroscopy. This method helps in
analyzing gene amplification and expression, and other protein
mechanisms [15]. However, Fluorescence spectroscopy tends
to poorly identify breast cancer due to photo-bleaching effects.
This limitation is due to presence of endogenous fluorophores in
a breast tissue [18].

Raman spectroscopy on the other hand is an optical method
that is more advantageous over fluorescence spectroscopy [11].
Firstly, it does not require external labeling agents, because
contrast is dependent on optical property of the biological tissue
obtained due to polarizability in the tissue under irradiation [13].
Secondly, Raman spectroscopy works on the principle of Raman
scattering, i.e, a vibrational phenomenon involving inelastic
scattering [7,19]. Therefore, it provides better biochemical
information of the tissue in comparison to fluorescence
microscopy, thus helping us with better understanding of
chemical changes that occur in abnormal breasts [15]. Raman
spectroscopy can also identify both normal and cancerous tissues
based on morphological changes [11], and distinguish them by
detecting structural changes in amino acids and concentration
level changes in biomolecules [20]. In recent years, Raman
spectroscopy has shown better sensitivity, spatial resolution and
real-time information making its availability in various fields
such as risk assessment of drugs on skin [21], gas masks [22], and
paper industries [23]. These properties allow coupling of Raman
spectroscope with optical fibers for in-vivo cancer detection,
replacing conventional biopsy in vogue [13].
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Raman Spectroscopy

Raman spectroscopy uses confocal micro-spectroscope for
acquisition of spectrum [15]. The system consists of an inverted
research microscope which allows efficient back-scattering
of incident radiation and an integrated Raman spectrometer
[7]. The Raman spectrometer (see Figure 1) is provided with a
Near-IR laser as an excitation source focused onto the sample by
collimation of radiation through a 50x objective [24]. The back-
scattered radiation passes through a notch filter to eliminate
Rayleigh scattering and Raman signal is then dispersed by
grating onto a Detector i.e., CCD chip for data acquisition [25]. A
50um pin-hole slit is used after the notch filter to remove stray
light from the surroundings. The power of excitation source used
is about 20mW and the integration time for spectra acquisition is
set to 45s [24].

Raman spectroscopic methods

Raman bands for breast cancer biomarkers (see Figure 2)
can be obtained from 300-1800cm™ known as the fingerprint
region. This is a region, where a particular peak is a fingerprint
of a specific molecule [9]. Apart from DNA and proteins, the
above frequencies provide information about lipids [4]. Raman
peaks for biological molecules depicting abnormal concentration
in a cancer cell is sharper and stronger, whereas a normal
cell concentration would result in a broader spectrum [26].
Therefore, Raman signal is directly proportional to the ‘product’
concentration [7]. However, there are reports of high intensity
peaks for lipids in normal tissue compared to those found in
cancer tissue [17], and the readers should be wary of this.

Conventional Raman spectroscopy has low efficiency
considering that only a tiny portion of radiation is in-elastically
scattered [27], which are in magnitudes ~14 times smaller
in magnitudes in the order 14 times smaller than that of the
fluorescent techniques. However, the magnitudes can be
increased up to 10%to 10! times to obtain higher sensitivity
[13]. Section-3 discusses three Raman Spectroscopic techniques
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(Surface-Enhanced Spectroscopy (SERS), Coherent Anti-Stokes
Raman Scattering (CARS) and Fourier Transform Raman
spectroscopy (FTRS) & Resonance Raman Spectroscopy (RRS))
used in breast cancer detection, and further evaluates their
performance in obtaining a Raman signal.

Surface-Enhanced Raman Spectroscopy (SERS)

Nanoparticles of noble metals such as Au, Ag and Cu are
introduced into cell to be analyzed in order to increase the
sensitivity [28]. These metals are known to display intense
band upon absorption in UV-VIS which is not characteristic of
its corresponding bulk metal [29]. The intense band formation
is due to incident photon frequency being in resonance with
the collective oscillation of conducting electrons [28]. This
phenomenon is utilized in creating a strong electromagnetic field
along the nanoparticle surface, thus amplifying Raman signal
of the molecule along the surface (see Figure 3) [25,30]. AuNP,
(Silver nanoparticles) have also been used to monitor anti-cancer
drug delivery [31].

Colloidal silver nanoparticles which were infused into the
breast cancer cells [30], showed enhancement of peaks at 800-
900 cm?, 950-1100 cm™ and 1151-1400 cm™ which are Raman
fingerprints of a cancerous cell. They revealed clarity in the
region of 1150-1400 cm™ corresponding to amide 3, a protein
band closely linked to breast cancer which was not possible
using conventional Raman spectroscopy [28]. SERS spectrum at
the wave number 1619 cm also provided for detailed studies
of this protein [2]. Results have suggested SERS as a strong tool
for identifying chemicals constituents such as phenylalanine,
tryptophan, tyrosine and detecting changes in DNA structure
[25]. These were possible due to enhancement of intensities
of respective constituent peaks by this technique [28]. The
interaction between Gold Nanoparticles (GNP) and protein
through binding site at phenylalanine was identified through
peak at 1030 cm™ in the SERS spectra [25,29]. GNP based SERS
could carry out live cell targeting of Epidermal Growth Factor
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Figure 1: Raman Spectrometer setup [This figure was prepared in-house by the authors].
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Figure 2: Cancer Biomarkers identified using Raman Spectroscopy.

enabling conjugation of proper targeting ligands unlike anti-HER2
antibody has also been developed [30]. SERS displays significant

Receptor (EGFR), a biomarker of cancer cell and also perform

imaging of EGFR. Research on using SERS to detect EGFR using
knock-out cells at cellular level is also being carried out [32]. A

novel method to target HER2-positive breast cancer cells (Human

enhancement in the spectra allowing easy interpretation of data,
and this is crucial in diagnosing living tissue where the electron

density is minimal and conventional Raman spectroscopy can

Epidermal Growth factor Receptor) with the help of a SERS probe
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Figure 3: This figure illustrates the initial enhancement of electric field near the vicinity of the metallic nanoparticle (E, ) induced by excitation of
Plasmon resonance followed by the Enhancement of Raman Scattering (Esm], thus providing Enhanced Raman Signal(E,,./) allowing detection of
lower concentration molecules through SERS technique.[Reproduced with written permission from Boujday, et al. [38]; Licensee Sensors, 2015].
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Figure 4: Experimental setup of CARS depicting usage of pump and stokes beam lasers (i.e., Ti: sapphire laser source) for simultaneous excitation and
therefore, detection of several coherent vibrations providing highly specific and stronger magnitude Raman signal at anti-stokes frequency. [Repro-
duced with written permission from Li B, et al. [39]; Licensee SPIE 2011).

in cancer cell was stronger and sharper [33]. Raman spectra of
a noncancerous tissue reveal evident peaks ranging from 877 -

produce only a very weak signal. Furthermore, the ability of
SERS to detect cancer phenotypes and proteins expressed on the

surface simultaneously enables early diagnosis of breast cancer.
Coherent Anti-Stokes Raman Spectroscopy (CARS)

Coherent Anti-Stokes Raman Scattering (CARS) (see Figure 4)
is a technique based on introduction of Raman active molecular
vibrations, which results in enhanced anti-stokes signal [7]. It can
be noted that each of the spectra obtained from same point of
both the cancer and normal cell were the same (see Figure 5).
However, the only difference was that the intensity of the peaks

3009 cm™. The vibration of C-C and C = C of the polyene chain at
1158 and 1518 cm denote presence of carotenoids in normal
breast tissue, which are devoid of in a IDC Raman spectra [13].
CARS images depict large number of bright spots representing
lipid droplets in the cell. Based on the fact that lipids are building
blocks of membrane provide nutrition and store energy, this
imaging technique could distinguish between normal cell and
cancer cell considering abnormal lipid content [18].

The hormone mediated malignant growth of breast cancer
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cells used Medroxyprogesterone Acetate (MPA) and synthetic
androgen R1881 to study hormone-mediated lipogenesis. The
study indicated increase in size and number of intracellular lipid
droplets based on CARS images (see Figure 6) obtained from
hormone treated & control breast cancer cells, and also to develop
a better method of quantifying lipids [7]. CARS make it possible
to differentiate a cancer cell from a normal cell, at a cellular level
without the necessity of identifying a biomarker and also use of a
fluorescent dye. Furthermore, CARS images help in studying how
hormones and lipids play a role in cancer progression.

Fourier Transform Raman Spectroscopy (FTRS) &
Raman Resonance Spectroscopy (RRS)

In-vivo and ex-vivo studies on the mammary glands of rats have
used high frequency Fourier Transform Raman spectroscopy (see
Figure 7) to distinguish between normal and cancerous tissues
[26]. Optical fibers were used to carry out in-vivo experiments
[18]. Unlike normal spectrometers which use lower frequencies
called as “fingerprint regions” i.e.,, 500-1800 cm™ (see Figure 8a)
[24], FT-Raman spectrometer uses higher frequency i.e., 2400-

=004\
1158

5000 -

Raman intensity (arbitrary units)
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3800 cm™ (see Figure 8b) to obtain information for characterizing
and differentiating normal and cancer tissues. The study also
demonstrated the use of FT-Raman spectrometer to collect
information on secondary & tertiary structures and also level of
hydration in cancer tissues [26]. Research has shown that bands
around 2854 cm?, 2895 cm™, and 3010 cm ! associated with lipids
are stronger in normal tissues, than for cancer tissues [19]. Also,
the higher frequency region allows the calculation of TUFA/ TFA
(i.e., ratio of total unsaturated fatty acids and total amount of fatty
acids), whose value can be used as a molecular marker to identify
normal from cancerous cells. A cancerous cell usually indicates
low ratio value depicting presence of high amount saturated fatty
acids i.e., higher concentrations of palmitic and stearic fatty acids.
Hormones play a major role in converting these unsaturated fatty
acids into saturated fatty acids provoking cancer induction [7].

Confocal Micro RR Spectroscope (see Figure 9) detect better
vibrations in biological tissues, provide higher resolution for
biological changes at molecular level, and detect more vibrational
modes because the excitation wavelength is close to molecular

2854
/2874
;2888
' 2926
<2940
3009

500 1000 1500 2000 2500 3000 3500

Wavenumber (cm™)

Figure 5: Typical Raman spectra obtained from the various colored points in non-cancerous tissue, necessary in identifying biochemical composi-
tion and studying Raman vibrational pattern behavior. [Reproduced with written permission from Surmacki, et al. [13]; licensee BioMed Central

Ltd. 2013].
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(c)

Figure 6: Autoflourescence and CARS images of treated versus vehicle control breast cancer cells. (a)T47D-MPA autoflourescence image, (b) T47D-
MPA CARS image, (C) T47D-V autoflourescence image, and (d) T47D-V CARS image [Reproduced with written permission from Potcova, et al. [7];

Licensee SPIE 2014].
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Figure 7: Experimental setup of FTRS [This figure has been prepared in-house by the authors].

absorption wavelength [34]. Since a Fourier Transform Raman
spectroscopy produces Raman bands in the higher frequency
region, it differentiates a normal and an abnormal breast tissue
based on peak intensity. The spectrum is devoid of noise from
optical fiber signal, thus it can be used for obtaining accurate
results for different altered states of a biomolecule. This paves
way for the usage of FTRS as a diagnostic tool for in-vivo cancer
studies. Raman Resonance Microscope (RRM) reveals high
sensitivity in detecting carotenoids and lipids as Raman bio-
markers of breast cancer, thereby clearly distinguishing a normal,
benign and cancerous breast tissue. Therefore, both FTRS and
RRM hold good possibilities in future to carry out real-time in-
vivo and ex-vivo detection of breast cancer.

Raman Spectra Data Processing and Data Analysis

The spectra obtained cannot be directly used to extract
required signal, the acquired spectrum contain signals from the
glass, PBS solution and cosmic rays, MATLAB is used to nullify
this unwanted data [7]. Spectrum processing is also done to
simplify computation and to ensure high performance in cancer

detection. Microcal Origin pro 7.0 software is used to remove
fluorescence in the background by fitting spectra to a quadratic
equation [34]. GRAMS/ Al spectroscopy software removes the
background signal of the quartz slide used to hold the sample
[15]. Ocean optics QE65Pro Raman spectrometer yields noise
and fluorescence in the spectra background, resulting in smaller
peaks (see Figure 10). MATLAB software is used to reduce noise
by Symmlet-5 wavelet filter and fitting spectra to third-order
polynomial to remove fluorescence background to yield evident
peaks. Data processing thus allows us to confirm changes that
occur during tumor formation i.e., configurationally, qualitative
and quantitative changes in proteins, lipids and nucleic acids
through revealing evident peaks at 1078, 1305, 1447 cm™ etc,,
indicating dominance of lipids levels in normal tissue and peaks
at 1083, 1278, 1453 cm™ indicating presence of proteins in
cancerous tissue. (see Figure 11) [35].

Data analysis involves normalizing the spectra i.e. vector
normalization, division by standard deviation and mean
subtraction [33]. Principal Component Analysis (PCA) allows
unsupervised technique to classify noncancerous and cancerous
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Figure 8: Raman spectra of pure substances at (a) Fingerprint region (b) Higher frequency (used in FTRS) [Reproduced with written permission from

Potcova, et al. [7]; Licensee SPIE 2014].
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Figure 9: Experimental setup of Con-focal RRS [Reproduced with written permission from Casabella, et al. [40]; Licensee RSC 2016].

tissue. The dimensionality of the dataset is reduced by PCA
resulting in set called Principal Components (PC ) [4].

Classification using lipid phenotypes have been done using
PCA analysis for spectral region from 2820-3030 cm™. Raman
bands 3014, 2890 and 2848 cm associated with lipids and
band at 2940 cm™ associated with lipid and protein accounted
for PC1 score. Raman bands at 2846 cm™ (i.e., TFA) and 2935
cm associated with chain end CH, accounted for PC2. This

allowed grouping and interpretation of lipid content in different
cancer phenotypes. Also the researchers hypothesized presence
of cholesterol corresponding to band at 2940 cm’, due its
large number of terminal -CH, groups. They associated role
of cholesterol in proliferation and metastatic ability of breast
cancer cells (see Figure 12) [11]. This is required because a
single spectrum contains large number of information, and
PCA helps to extract important components. PCA is followed by
K-means algorithm which helps in grouping the data sets [4].
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Figure 10: Raman spectra of breast tissue before processing [Reproduced with written permission from Li Q, et al. [41]; licensee Biomedical Optical

Express, 2014].
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Figure 11: Raman spectra of breast tissues after preprocessing [Reproduced with written permission from Li Q, et al. [41]; licensee Biomedical Opti-

cal Express, 2014].

Principal components are then used as inputs for a discriminant
analysis called Linear Discriminant analysis (LDA), which is a
prediction method to differentiate groups involved (see Figure
13). LDA provides information on sensitivity and specificity
of the experiment carried out [36]. Therefore, the multivariate
analysis and classification models help in using these datasets
for objective diagnosis and quantitative measurements of large
number of new patient samples without supervision [37]. Data
processing makes optical classification of non-cancerous and
cancerous tissue simple, and also prevents the corruption of
data from external signals, which play important role during in-
vivo application. Data analysis method also helps in diminishing

background interference and other noise signals. This method
further increases the sensitivity and spatial resolution of different
Raman spectroscopic techniques, thus promoting screening of
large number of samples for classification especially in clinical
studies.

Conclusion

Detection of breast cancer with high specificity and sensitivity
has been a major challenge in cancer diagnostics. As has been
presented in this review, breast cancer can be diagnosed with
Raman spectroscopic methods such as SERS, CARS, FTRS and
RRS. These techniques have shown promising results due to their
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Figure 13: Discriminant analysis model of non-metastatic and metastatic cell lines. [Reproduced with written permission from Nieva, et al. [11];

licensee, Plos One, 2012].

versatility and sensitivity. However, there has been considerable
research on other Raman spectroscopic methods in breast
cancer detection such as Tip-Enhanced Raman Spectroscopy
(TERS), Optical Tweezers Raman Spectroscopy (OTRS), and
Laser Tweezers Raman Spectroscopy (LTRS). Several Variations
of Raman spectroscopy have also been attempted in order to
enhance sensitivity and spatial resolution. The property of
Raman spectroscopy that a particular biological molecule forms a
peak at a particular wave number irrespective of the wavelength
of the excitation source makes these techniques more reliable
and accurate. Raman Spectroscopy is also being exploited to
study hormones, proteins, lipids and genes involved in signaling
pathways in cancer formation.

Acknowledgement

Authors acknowledge Department of Science & Technology
(DST, Govt. of India) - Nanomission Infrastructure Project #SR/

NM/PG-05/2008/for grant.

References

1. Dietze EC, Sistrunk C, Miranda-Carboni G, O'Regan R, Seewaldt VL,
et al. Triple-negative breast cancer in African-American women:
disparities versus biology. Nat Rev Cancer. 2015;15(4):248-54. doi:
10.1038/nrc3896.

2. LeeS, Chon H, Lee ], Ko ], Chung BH, Lim DW, et al. Rapid and sensitive
phenotypic marker detection on breast cancer cells using surface-
enhanced Raman scattering (SERS) imaging. Biosens Bioelectron.
2014;51:238-43. doi: 10.1016/j.bios.2013.07.063.

3. Anwar S, Firdous S, Rehman A, Nawaz, Muhammed A. Optical
diagnostic of breast cancer using Raman, polarimetricand fluorescence
spectroscopy. Laser Phys Lett. 12:0456011-0456016.

4. Rosas FJL, Romo JCM, Gonzalez RM, Ricardo MG, Valentin Léopez Rivas.
A Neuro-Fuzzy Approach for automatic detection of breast cancer
based on Raman spectroscopy. ] Commun Comput. 11:158-167

Citation: Geen, Geetha Kathiresan, Durairaj Kumar Sreenath Subrahmanyam, Kumaran Shanmugam (2016) Raman Fingerprints in Page 9 of 11 IIII

Detection of Breast Cancer. ] of Biosens Biomark Diagn 1(1): 1-11.


http://www.ncbi.nlm.nih.gov/pubmed/25673085
http://www.ncbi.nlm.nih.gov/pubmed/25673085
http://www.ncbi.nlm.nih.gov/pubmed/25673085
http://www.ncbi.nlm.nih.gov/pubmed/25673085
http://www.ncbi.nlm.nih.gov/pubmed/23973735
http://www.ncbi.nlm.nih.gov/pubmed/23973735
http://www.ncbi.nlm.nih.gov/pubmed/23973735
http://www.ncbi.nlm.nih.gov/pubmed/23973735
http://adsabs.harvard.edu/abs/2015LaPhL..12d5601A
http://adsabs.harvard.edu/abs/2015LaPhL..12d5601A
http://adsabs.harvard.edu/abs/2015LaPhL..12d5601A
http://search.proquest.com/openview/66d9d61009d469660f0e21528d0d410d/1?pq-origsite=gscholar&cbl=1976360
http://search.proquest.com/openview/66d9d61009d469660f0e21528d0d410d/1?pq-origsite=gscholar&cbl=1976360
http://search.proquest.com/openview/66d9d61009d469660f0e21528d0d410d/1?pq-origsite=gscholar&cbl=1976360

Raman Fingerprints in Detection of Breast Cancer

5. Ding H, Nyman JS, Sterling JA, Perrien DS, Mahadevan-Jansen A, et al.
Development of Raman spectral markers to assess metastatic bone
in breast cancer. ] Biomed Opt. 2014;19(11):111606. do0i:10.1117/1.
JB0.19.11.111606.

6. ZhengC,LiangL,XuS,ZhangH,HuC,BiL,FanZ,etal. Theuse of Au@SiO2
shell-isolated nanoparticle-enhanced Raman spectroscopy for human
breast cancer detection. Anal Bioanal Chem. 2014;406(22):5425-32.
doi: 10.1007/s00216-014-7967-5.

7. Potcoava MC, Futia GL, Aughenbaugh ], Schlaepfer IR, Gibson EA.
Raman and coherent anti-stokes Raman scattering microscopy studies
of changes in Lipid content and composition in hormone-treated
breast and prostate cancer cells. ] Biomed Opt. 2014;19(11):111605.
doi: 10.1117/1.JB0.19.11.111605

8. Abramczyk H, Surmacki], Kope¢ M, Olejnik AK, Lubecka-Pietruszewska
K, Fabianowska-Majewska K, et al. The role of lipid droplets and
adipocytes in cancer Raman imaging of cell cultures: MCF10a, MCF7
and MDA-MB-231 compared to adipocytes in cancerous human breast
tissue. @Analyst. 2015;140(7):2224-35. doi: 10.1039/c4an01875c.

9. Talari ACS, Evans CA, Coleman RE. Raman spectroscopic analysis
differentiates between breast cancer cell lines. ] Raman Spectrosc.
2015;46:421-427.

10.Marro M, Nieva C, Sanz-Pamplona R, Sierra A. Molecular monitoring of
epithelial-to-mesenchymal transition in breast cancer cells by means
of Raman spectroscopy. Biochim Biophys Acta. 2014;1843(9):1785-
95. doi: 10.1016/j.bbamcr.2014.04.012.

11.Nieva C, Marro M, Santana-Codina N, Rao S, Petrov D, Sierra A, et al.
The Lipid Phenotype of Breast Cancer Cells Characterized by Raman
Microspectroscopy: Towards a Stratification of Malignancy. PLoS One.
2012;7(10):e46456. doi: 10.1371/journal.pone.0046456.

12.Ranc V, Srovnal ], Kvitek L, Hajduch M. Discrimination of circulating
tumor cells of breast cancer and colorectal cancer from normal
human mononuclear cells using Raman spectroscopy. Analyst. 2013
21;138(20):5983-8. doi: 10.1039/c3an00855;.

13.Surmacki ], Musial ], Kordek R, Abramczyk H. Raman imaging at
biological interfaces: applications in breast cancer diagnosis. Mol
Cancer. 2013;24;12:48. doi: 10.1186/1476-4598-12-48.

14.Nima ZA, Mahmood MW, Karmakar A, Mustafa T, Bourdo S, Xu Y,
Biris AS, et al. Single -walled carbon nanotubes as specific targeting
and Raman spectroscopic agents for detection and discrimination of
single human breast cancer cells. ] Biomed Opt. 2013;18(5):55003.
doi: 10.1117/1.JB0.18.5.055003.

15.BiX, Rexer B, Arteaga CL, Guo M, Mahadevan-Jansen A. Evaluating HER2
amplification status and acquired drug resistance in breast cancer
cells using Raman spectroscopy. ] Biomed Opt. 2014;19(2):025001.
doi: 10.1117/1.JB0.19.2.025001.

16.Brozek-Pluska B, Musial ], Kordek R, Bailo E, Dieing T, Abramczyk H,
et al. Raman spectroscopy and imaging: applications in human breast
cancer diagnosis. Analyst. 2012 21;137(16):3773-80. doi: 10.1039/
c2an16179f.

17.Abramczyk H, Brozek-Pluska B, Jakub Surmachi, Joanna Jablonska,
Radzislaw Kordek,Halina Abramczyk, et al. The Ilabel-free
Raman imaging of human breast cancer. 2011. doi:10.1016/j.
molliq.2011.04.021.

18.LeeJH, Cho EH, Shin S. Comparative Study of Breast Normal and cancer
Cells Using Coherent Anti-Stokes Raman scattering Microspectroscopy
imaging. Appl Phys Express. 5:0824011-0824013.

19.Abramczyk H, Brozek-Pluska B, Surmacki ], Jablonska-Gajewicz

Copyright:
© 2016 Shanmugam et al.

J, Kordek R. Raman ‘optical biopsy’ of human breast cancer.
Prog Biophys Mol Biol. 2012;108(1-2):74-81. doi: 10.1016/j.
pbiomolbio.2011.10.004

20.Depciuch ], Kaznowska E, Zawlik I, Wojnarowska R, Cholewa M,
Heraud P, et al. Application of Raman Spectroscopy and Infrared
Spectroscopy in the Identification of Breast Cancer. Appl Spectrosc.
2016;70(2):251-63. doi: 10.1177/0003702815620127.

21.Franzen L, Windbergs M. Applications of Raman spectroscopy in skin
research-From skin physiology and diagnosis up to risk assessment
and dermal drug delivery. Adv Drug Deliv Rev. 2015;89:91-104. doi:
10.1016/j.addr.2015.04.002.

22.Bogozi T, Popp ], Frosch T. Fiber-enhanced Raman multi-gas
spectroscopy: what is the potential of its application to breath
analysis? Bioanalysis. 2015;7(3):281-4. doi: 10.4155/bi0.14.299.

23.Kalimuthu J, Rajiv S, Aruna A.P. Optimization of additives for recycling
evaluated answer scripts - Microscopic view with Raman fingerprints.
] Chem Pharma Res. 6:178-185.

24.Damayanti NP, Fang Y, Parikh MR, Craig AP, Kirshner ], Irudayaraj J,
et al. Differentiation of cancer cells in two-dimensional and three-
dimensional breast cancer models by Raman spectroscopy. ] Biomed
Opt. 2013;18(11):117008. doi: 10.1117/1.JB0.18.11.117008.

25.Zhu ], Zhou ], Guo ], Cai W, Liu B, Wang Z, et al. Surface-enhanced
Raman spectroscopy investigation on human breast cancer cells.
Chem Cent].2013;7(1):37. doi: 10.1186/1752-153X-7-37.

26.Garcia Flores AF, Raniero L, Canevari RA. High Wavenuber FT- Raman
Spectroscopy for in and ex vivo Measurements of breast cancer. Impact
Factor: 2.23. DOI: 10.1007/s00214-011-0925-9.

27.Hossain Md K, Cho HY, Kim K. Silver Nanostar Patterned Substrate for
Label-free Characterization of Breast cancer cells based on Surface
enhanced Raman spectroscopy. Sci Adv Mater. 6:2491-2495.

28.Gonzalez-solis JL, Luevano-Colmenero GH, Vargas-Mancilla J. Surface-
enhanced Raman spectroscopy in breast cancer cells. Laser Ther.
2013;2:37-42.

29.Wu P, Gao Y, Zhang H, Cai C. Aptamer-Guided Silver-Gold Bimetallic
Nanostructure with highly Active surface-Enhanced Raman scattering
for Specific Detection and Near-infrared Photothermal Therapy for
Human Breast Cancer Cells. Anal Chem. 2012 18;84(18):7692-9.doi:
10.1021/ac3015164.

30.Yang J, Wang Z, Zong S, Song C, Zhang R, Cui Y. Distinguishing breast
cancer cells using Surface-enhanced Raman scattering. Anal Bioanal
Chem. 2012;402(3):1093-100. doi: 10.1007/s00216-011-5577-z.

31.Hossain MK, Cho HY, Kim K], Choi JW. In situ monitoring of doxorubicin
release from biohybrid nanoparticles modified with antibody
and cell-penetrating peptides in breast cancer cells using surface-
ehanced Raman spectroscopy. Biosens Bioelectron. 2015;71:300-5.
doi:10.1016/j.bios.2015.04.053.

32.Xiao L, Harihar S, Welch DR, Zhou A. Imaging of epidermal growth
factor receptor on single breast cancer cells using surface-enhanced
Raman spectroscopy. Anal Chim Acta. 2014;843:73-82.D0i:10.1016/j.
aca.2014.06.036.

33.Garcia-Flores AF, Raniero L, Canevari RA. High Wavenuber FT- Raman
Spectroscopy for in and ex vivo Measurements of breast cancer. Theor
Chem Acc. 130:1231-1238.

34.LiuCH, ZhouY, SunY, LiJY, Zhou LX, Boydston-White S, et al. Resonance
Raman and Raman Spectroscopy for Breast Cancer Detection. Technol
Cancer Res Treat. 2013;12(4):371-82.doi: 10.7785 /tcrt.2012.500325.

Citation: Geen, Geetha Kathiresan, Durairaj Kumar Sreenath Subrahmanyam, Kumaran Shanmugam (2016) Raman Fingerprints in  [BEECRIROEE IIII

Detection of Breast Cancer. ] of Biosens Biomark Diagn 1(1): 1-11.


http://www.ncbi.nlm.nih.gov/pubmed/24933683
http://www.ncbi.nlm.nih.gov/pubmed/24933683
http://www.ncbi.nlm.nih.gov/pubmed/24933683
http://www.ncbi.nlm.nih.gov/pubmed/24933683
http://www.ncbi.nlm.nih.gov/pubmed/24958347
http://www.ncbi.nlm.nih.gov/pubmed/24958347
http://www.ncbi.nlm.nih.gov/pubmed/24958347
http://www.ncbi.nlm.nih.gov/pubmed/24958347
http://www.ncbi.nlm.nih.gov/pubmed/24933682
http://www.ncbi.nlm.nih.gov/pubmed/24933682
http://www.ncbi.nlm.nih.gov/pubmed/24933682
http://www.ncbi.nlm.nih.gov/pubmed/24933682
http://www.ncbi.nlm.nih.gov/pubmed/24933682
http://www.ncbi.nlm.nih.gov/pubmed/25730442
http://www.ncbi.nlm.nih.gov/pubmed/25730442
http://www.ncbi.nlm.nih.gov/pubmed/25730442
http://www.ncbi.nlm.nih.gov/pubmed/25730442
http://www.ncbi.nlm.nih.gov/pubmed/25730442
http://onlinelibrary.wiley.com/doi/10.1002/jrs.4676/abstract
http://onlinelibrary.wiley.com/doi/10.1002/jrs.4676/abstract
http://onlinelibrary.wiley.com/doi/10.1002/jrs.4676/abstract
http://www.ncbi.nlm.nih.gov/pubmed/24747691
http://www.ncbi.nlm.nih.gov/pubmed/24747691
http://www.ncbi.nlm.nih.gov/pubmed/24747691
http://www.ncbi.nlm.nih.gov/pubmed/24747691
http://www.ncbi.nlm.nih.gov/pubmed/23082122
http://www.ncbi.nlm.nih.gov/pubmed/23082122
http://www.ncbi.nlm.nih.gov/pubmed/23082122
http://www.ncbi.nlm.nih.gov/pubmed/23082122
http://www.ncbi.nlm.nih.gov/pubmed/23945652'
http://www.ncbi.nlm.nih.gov/pubmed/23945652'
http://www.ncbi.nlm.nih.gov/pubmed/23945652'
http://www.ncbi.nlm.nih.gov/pubmed/23945652'
http://www.ncbi.nlm.nih.gov/pubmed/23705882
http://www.ncbi.nlm.nih.gov/pubmed/23705882
http://www.ncbi.nlm.nih.gov/pubmed/23705882
http://www.ncbi.nlm.nih.gov/pubmed/23694992
http://www.ncbi.nlm.nih.gov/pubmed/23694992
http://www.ncbi.nlm.nih.gov/pubmed/23694992
http://www.ncbi.nlm.nih.gov/pubmed/23694992
http://www.ncbi.nlm.nih.gov/pubmed/23694992
http://www.ncbi.nlm.nih.gov/pubmed/24496495
http://www.ncbi.nlm.nih.gov/pubmed/24496495
http://www.ncbi.nlm.nih.gov/pubmed/24496495
http://www.ncbi.nlm.nih.gov/pubmed/24496495
http://www.ncbi.nlm.nih.gov/pubmed/22754917
http://www.ncbi.nlm.nih.gov/pubmed/22754917
http://www.ncbi.nlm.nih.gov/pubmed/22754917
http://www.ncbi.nlm.nih.gov/pubmed/22754917
http://www.sciencedirect.com/science/article/pii/S0167732211001620
http://www.sciencedirect.com/science/article/pii/S0167732211001620
http://www.sciencedirect.com/science/article/pii/S0167732211001620
http://www.sciencedirect.com/science/article/pii/S0167732211001620
http://iopscience.iop.org/article/10.1143/APEX.5.082401/meta
http://iopscience.iop.org/article/10.1143/APEX.5.082401/meta
http://iopscience.iop.org/article/10.1143/APEX.5.082401/meta
http://www.ncbi.nlm.nih.gov/pubmed/22122914
http://www.ncbi.nlm.nih.gov/pubmed/22122914
http://www.ncbi.nlm.nih.gov/pubmed/22122914
http://www.ncbi.nlm.nih.gov/pubmed/22122914
http://www.ncbi.nlm.nih.gov/pubmed/26903561
http://www.ncbi.nlm.nih.gov/pubmed/26903561
http://www.ncbi.nlm.nih.gov/pubmed/26903561
http://www.ncbi.nlm.nih.gov/pubmed/26903561
http://www.ncbi.nlm.nih.gov/pubmed/25868454
http://www.ncbi.nlm.nih.gov/pubmed/25868454
http://www.ncbi.nlm.nih.gov/pubmed/25868454
http://www.ncbi.nlm.nih.gov/pubmed/25868454
http://www.ncbi.nlm.nih.gov/pubmed/25697186
http://www.ncbi.nlm.nih.gov/pubmed/25697186
http://www.ncbi.nlm.nih.gov/pubmed/25697186
http://connection.ebscohost.com/c/articles/100244346/optimization-additives-recycling-evaluated-answer-scripts-microscopic-view-raman-fingerprints
http://connection.ebscohost.com/c/articles/100244346/optimization-additives-recycling-evaluated-answer-scripts-microscopic-view-raman-fingerprints
http://connection.ebscohost.com/c/articles/100244346/optimization-additives-recycling-evaluated-answer-scripts-microscopic-view-raman-fingerprints
http://www.ncbi.nlm.nih.gov/pubmed/24247810
http://www.ncbi.nlm.nih.gov/pubmed/24247810
http://www.ncbi.nlm.nih.gov/pubmed/24247810
http://www.ncbi.nlm.nih.gov/pubmed/24247810
http://www.ncbi.nlm.nih.gov/pubmed/23442313
http://www.ncbi.nlm.nih.gov/pubmed/23442313
http://www.ncbi.nlm.nih.gov/pubmed/23442313
https://www.researchgate.net/publication/226376520_High-wavenumber_FT-Raman_spectroscopy_for_in_vivo_and_ex_vivo_measurements_of_breast_cancer
https://www.researchgate.net/publication/226376520_High-wavenumber_FT-Raman_spectroscopy_for_in_vivo_and_ex_vivo_measurements_of_breast_cancer
https://www.researchgate.net/publication/226376520_High-wavenumber_FT-Raman_spectroscopy_for_in_vivo_and_ex_vivo_measurements_of_breast_cancer
http://www.ingentaconnect.com/content/asp/sam/2014/00000006/00000011/art00037?token=004c1800e620431f6e586546243125423520675d583f3f702e5e4e2663433b393f6a333f2566
http://www.ingentaconnect.com/content/asp/sam/2014/00000006/00000011/art00037?token=004c1800e620431f6e586546243125423520675d583f3f702e5e4e2663433b393f6a333f2566
http://www.ingentaconnect.com/content/asp/sam/2014/00000006/00000011/art00037?token=004c1800e620431f6e586546243125423520675d583f3f702e5e4e2663433b393f6a333f2566
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3799050/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3799050/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3799050/
http://www.ncbi.nlm.nih.gov/pubmed/22925013
http://www.ncbi.nlm.nih.gov/pubmed/22925013
http://www.ncbi.nlm.nih.gov/pubmed/22925013
http://www.ncbi.nlm.nih.gov/pubmed/22925013
http://www.ncbi.nlm.nih.gov/pubmed/22925013
http://www.ncbi.nlm.nih.gov/pubmed/22124755
http://www.ncbi.nlm.nih.gov/pubmed/22124755
http://www.ncbi.nlm.nih.gov/pubmed/22124755
http://www.ncbi.nlm.nih.gov/pubmed/25919810
http://www.ncbi.nlm.nih.gov/pubmed/25919810
http://www.ncbi.nlm.nih.gov/pubmed/25919810
http://www.ncbi.nlm.nih.gov/pubmed/25919810
http://www.ncbi.nlm.nih.gov/pubmed/25919810
http://www.ncbi.nlm.nih.gov/pubmed/25150698
http://www.ncbi.nlm.nih.gov/pubmed/25150698
http://www.ncbi.nlm.nih.gov/pubmed/25150698
http://www.ncbi.nlm.nih.gov/pubmed/25150698
file:///C:\Users\swetha1\Desktop\High Wavenuber FT- Raman Spectroscopy for in and ex vivo Measurements of breast cancer
file:///C:\Users\swetha1\Desktop\High Wavenuber FT- Raman Spectroscopy for in and ex vivo Measurements of breast cancer
file:///C:\Users\swetha1\Desktop\High Wavenuber FT- Raman Spectroscopy for in and ex vivo Measurements of breast cancer
http://www.ncbi.nlm.nih.gov/pubmed/23448574
http://www.ncbi.nlm.nih.gov/pubmed/23448574
http://www.ncbi.nlm.nih.gov/pubmed/23448574

Raman Fingerprints in Detection of Breast Cancer

35.Li QB, Wang W, Liu Ch H. Discrimination of breast cancer from normal

tissue with Raman spectroscopy and chemometrics. ] [Appl Spectrosc.
82:441-446.

36.Bhattacharjee T, Kumar P, Maru G, Ingle A, Krishna CM. Swiss bare
mice: a suitable model for transcutaneous in vivo Raman spectroscopic
studies for breast cancer. Lasers Med Sci. 2014;29(1):325-33.
doi:10.1007/s10103-013-1347-9.

37.Kong K, Kendall C, Stone N, Notingher 1. Raman spectroscopy for
medical diagnostics- From in-vitro bio-fluid assays to in-vivo cancer
detection. Adv Drug Deliv Rev. 2015;89:121-34. Do0i:10.1016/j.
addr.2015.03.00.9.

38.Boujday S, de la Chapelle ML, Srajer ], Knoll W. Enhanced Vibrational

Copyright:
© 2016 Shanmugam et al.

Spectroscopies as Tools for Small Molecule Biosensing. Sensors
(Basel). 2015;15(9):21239-64. doi:10.3390/5s150921239.

39.Li B, Borri P, Langbein W. Dual/differential coherent anti-Stokes
Raman scattering module for multiphoton microscopes with a
femtosecond Ti:sapphire oscillator.] Biomed Opt. 2013;18(6):066004.
doi: 10.1117/1.JB0.18.6.066004.

40.Casabella S, Scully P, Goddard N, Gardner P. Automated analysis

of single cells using Laser Tweezers Raman Spectroscopy. Analyst.
141:689-696.

41.Li Q, Gao Q, Zhang G. Classification for breast cancer diagnosis with
Raman spectroscopy. Biomed Opt Express. 2014 27;5(7):2435-45.
D0i:10.1364/BOE.5.002435.

Citation: Geen, Geetha Kathiresan, Durairaj Kumar Sreenath Subrahmanyam, Kumaran Shanmugam (2016) Raman Fingerprints in [BEECNSROEEL IIII

Detection of Breast Cancer. ] of Biosens Biomark Diagn 1(1): 1-11.


https://www.researchgate.net/publication/282546966_Discrimination_of_Breast_Cancer_from_Normal_Tissue_with_Raman_Spectroscopy_and_Chemometrics
https://www.researchgate.net/publication/282546966_Discrimination_of_Breast_Cancer_from_Normal_Tissue_with_Raman_Spectroscopy_and_Chemometrics
https://www.researchgate.net/publication/282546966_Discrimination_of_Breast_Cancer_from_Normal_Tissue_with_Raman_Spectroscopy_and_Chemometrics
http://www.ncbi.nlm.nih.gov/pubmed/23708992
http://www.ncbi.nlm.nih.gov/pubmed/23708992
http://www.ncbi.nlm.nih.gov/pubmed/23708992
http://www.ncbi.nlm.nih.gov/pubmed/23708992
http://www.ncbi.nlm.nih.gov/pubmed/25809988
http://www.ncbi.nlm.nih.gov/pubmed/25809988
http://www.ncbi.nlm.nih.gov/pubmed/25809988
http://www.ncbi.nlm.nih.gov/pubmed/25809988
http://www.ncbi.nlm.nih.gov/pubmed/26343666
http://www.ncbi.nlm.nih.gov/pubmed/26343666
http://www.ncbi.nlm.nih.gov/pubmed/26343666
http://www.ncbi.nlm.nih.gov/pubmed/23733020
http://www.ncbi.nlm.nih.gov/pubmed/23733020
http://www.ncbi.nlm.nih.gov/pubmed/23733020
http://www.ncbi.nlm.nih.gov/pubmed/23733020
http://www.ncbi.nlm.nih.gov/pubmed/26587766
http://www.ncbi.nlm.nih.gov/pubmed/26587766
http://www.ncbi.nlm.nih.gov/pubmed/26587766
http://www.ncbi.nlm.nih.gov/pubmed/25071976
http://www.ncbi.nlm.nih.gov/pubmed/25071976
http://www.ncbi.nlm.nih.gov/pubmed/25071976

	Title
	Abstract
	Raman Spectroscopy
	Raman spectroscopic methods
	Surface-Enhanced Raman Spectroscopy (SERS)
	Coherent Anti-Stokes Raman Spectroscopy (CARS)
	Fourier Transform Raman Spectroscopy (FTRS) & Raman Resonance Spectroscopy (RRS)
	Raman Spectra Data Processing and Data Analysis
	Conclusion
	Acknowledgement
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13

