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ABSTRACT
Optical spectroscopy has been extensively studied as a potential in vivo diagnostic tool that can provide
information about both the chemical and morphologic structure of tissue in near real time. Most in vivo
studies have concentrated on elastic scattering and fluorescence spectroscopies since these signals can be
obtained with a good signal-to-noise ratio quickly. However, Raman spectroscopy, an inelastic scattering
process, provides a wealth of spectrally narrow features that can be related to the specific molecular structure
of the sample. Because of these advantages, Raman spectroscopy has been used to study static and dynamic
properties of biologically important molecules in solution, in single living cells, in cell cultures, and more
recently, in tissues. This article reviews recent developments in the attempt to develop diagnostic techniques
for precancers and cancers, based on Raman spectroscopy. The article surveys important transformations that
occur as tissues progress from normal to precancer and cancerous stages. We briefly review the extensive
literature that summarizes the features and interpretation of Raman spectra of these molecules in solution,
and in progressively more complex biological systems. Finally, spectra obtained from intact tissues are com-
prehensively reviewed and discussed in terms of the molecular and microscopic literature to develop a
framework for analyzing Raman signals to yield information about the molecular changes that occur with
neoplasia. The article concludes with our perspective on the potential role of Raman spectroscopy in diag-
nosing precancer and cancerous tissues.
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1 INTRODUCTION

Raman spectroscopy is an inelastic scattering tech-
nique that can be used to probe the vibrational en-
ergy levels of molecules within a sample. A Raman
spectrum is a plot of scattered intensity as a func-
tion of energy difference between the incident and
scattered photons. The loss (or gain) in photon en-
ergies corresponds to the difference in the final and
initial vibrational energy levels of molecules partici-
pating in the interaction. Typically, Raman peaks
are spectrally narrow (a few wavenumbers) and in
many cases can be associated with the vibration of a
particular chemical bond (or normal mode domi-
nated by the vibration of a single functional group)
in a molecule.
Raman spectroscopy has been used extensively in

biology and biochemistry to study the structure and
dynamic function of important molecules (see, for
example Refs. 1 through 3). The positions and rela-
tive intensities of various spectral bands can be
used to probe primary, secondary, tertiary, and qua-
ternary structures of large biological molecules. The
fingerprint spectral region, from approximately 700
to 1900 cm−1, contains a series of sharp bands that
can be used to characterize a particular molecule,
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and in some cases to identify the composition of
complex, multicomponent samples.
Based on the success of Raman spectroscopy in

biology, many groups have recognized its potential
in the study and diagnosis of disease. However,
early attempts to measure Raman spectra of cells
and tissues were hindered by two factors: (1) the
highly fluorescent nature of these samples and (2)
instrument limitations, which necessitated long in-
tegrated times and high power densities to achieve
spectra with good signal-to-noise (S/N) ratios. Im-
provements in instrumentation in the past decade,
particularly in the near-infrared region (NIR) of the
spectrum, where fluorescence is reduced, have en-
gendered a dramatic increase in biomedical appli-
cations of Raman spectroscopy. Several articles
have recently reviewed this field,4–6 and illustrated
the diversity of potential applications, which range
from monitoring cataract formation in vivo4 to the
precise molecular diagnosis of artherosclerotic le-
sions in coronary arteries.7 Most recently, reports
have begun to appear suggesting that Raman spec-
troscopy has the potential for being used to diag-
nose and study the evolution of precancerous and
cancerous lesions in human tissues in vivo. 8–11

In 1994, cancer was responsible for 538,000 deaths
in the United States, second only to cardiovascular

1083-3668/96/$6.00 © 1996 SPIE
31JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1



MAHADEVAN-JANSEN AND RICHARDS-KORTUM
disease.12 A reduction in the mortality of this dis-
ease has been achieved primarily through early de-
tection and treatment. Currently, histopathologic
evaluation of a directed biopsy is used to defini-
tively diagnose and determine appropriate treat-
ment for most precancers and superficial cancers;
this requires tissue removal, which may itself alter
progression of the disease.13 Improved methods of
noninvasive diagnosis that can better target tissue
requiring biopsy or can accurately identify and
monitor disease progression in vivo could dramati-
cally improve detection and aid therapy.14

Unlike conventional diagnostic techniques, spec-
troscopic measurements of human tissue can be
made without removing tissue in near real time and
tissue diagnosis can be easily automated. There is
much evidence to indicate that fluorescence spec-
troscopy of both exogenous (see, for example, Ref.
15) and endogenous chromophores can be used to
identify neoplastic transformations in cells, and
precancers and cancers in the breast,16 lung,17

bronchus,18 oral cavity,19 cervix,20 and gastrointesti-
nal tract.21,22 Several clinical systems, based on fluo-
rescence spectroscopy, have been successfully used
in vivo.21,23 However, fluorescence spectra of pre-
cancerous tissues of the cervix and colon, and be-
nign abnormalities such as inflammation and meta-
plasia, are similar in some patients.22,24 This
suggests that the use of fluorescence diagnosis in a
screening setting, where the incidence of precancer
is expected to be low, may result in an unacceptably
high flash positive rate. Only a limited number of
biological molecules such as flavins, porphyrins,
and structural proteins (collagen and elastin) con-
tribute to tissue fluorescence, most with overlap-
ping, broadband emission. In contrast, most bio-
logical molecules are Raman active, with distinctive
spectra in the fingerprint region; hence, it has been
suggested that vibrational spectroscopy may over-
come some of the potential limitations of fluores-
cence diagnosis of precancers and cancers. This is
supported by direct comparisons of fluorescence
and Raman spectra of normal cervix, cervical pre-
cancer, and cervical tissues with inflammation,
which indicate that Raman spectroscopy may pro-
vide more specific diagnosis of cervical precan-
cers.25

This paper reviews the literature relevant to the
development and use of Raman spectroscopy to di-
agnose and follow the progression of precancerous
and cancerous lesions. The application of visible,
Fourier transform infrared (FT-IR) and near-
infrared Raman techniques is included. Although
ultraviolet resonance Raman (UVRR) spectroscopy
has been used extensively to study biological mol-
ecules (see, for example, Ref. 26), UV radiation may
be mutagenic, potentially, precluding its use
in vivo.27 Therefore, UVRR studies are excluded
from this review. We begin by briefly summarizing
some relevant molecular and structural changes
that accompany neoplastic transformation in tis-
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sues. This is followed by an overview of the exten-
sive literature describing Raman spectra of single
molecules that participate in the neoplastic process.
We briefly summarize Raman spectra reported from
normal and neoplastic single cells and cellular con-
stituents; this work is discussed in the context of
results from single molecules in solution. Finally,
we comprehensively review Raman spectra of nor-
mal and neoplastic intact tissues, with reference to
work at the molecular and microscopic levels. It is
our hope that this review article will provide a
framework to aid interpretation of Raman signals
from neoplastic tissues and will help guide rational
development of clinically useful diagnostic tech-
niques.

2 REVIEW OF CANCER BIOLOGY
The term neoplasia, which literally means ‘‘new
growth,’’ is used clinically to describe pathologic
tissue masses which grow independent of and
faster than normal tissues.13 A neoplasm (tumor)
may be classified as benign or malignant, based on
its potential to harm the host body. These designa-
tions are not rigid, in that over a period of years a
benign tumor may become malignant and vice
versa. Malignant tumors are also called cancers. The
nomenclature of a neoplasm reflects its microscopic
origin as well as the potential to harm the host. For
example, cancers arising from glandular epithelial
tissue are called adenocarcinomas, where the suffix
carcinoma indicates epithelial origin and the prefix
adeno reflects glandular origin. On the other hand,
cancers arising from mesenchymal tissue are called
sarcomas.
It is generally believed that most cancers have a

monoclonal (single cell) origin.13 This single cell can
give rise to a focus of neoplastic cells; in the case of
epithelial tissues, if the neoplastic cells are confined
to the epithelium, the lesion is regarded as a pre-
cancer. These precursor lesions can progress by in-
vading the basement membrane to become full can-
cers; however, because the incidence of precancers
is so much higher than that of cancers, it is widely
believed that many precursor lesions naturally re-
gress. Neoplastic cells are characterized by in-
creased nuclear material, an increased nuclear-to-
cytoplasmic ratio, increased mitotic activity,
abnormal chromatin distribution, and decreased
differentiation. There is a progressive loss of cell
maturation, and proliferation of these undifferenti-
ated cells results in increased metabolic activity.
Histologically, neoplasms are characterized by cel-
lular crowding and disorganization. The increased
metabolic activity induces rapid angiogenesis and
results in the formation of leaky vessels.
These general features of neoplastic cells result in

specific changes in nucleic acid, protein, lipid, and
carbohydrate quantities and/or conformations.13

For example, neoplastic cells are known to produce
more lactate than normal cells. Several oncoproteins
. 1



RAMAN SPECTROSCOPY FOR CANCERS AND PRECANCERS
that mimic the functions of normal cytoplasmic
proteins have been found to be present with can-
cers. The DNA–protein interaction is also disturbed
in malignant transformations, and nuclear proteins
that normally regulate cell division and DNA repli-
cation are altered, resulting in cell proliferation. The
activation of regulatory oncoproteins/oncogenes
results in repeated duplication and amplification of
DNA sequences. Tumor cells secrete or induce host
cells to secrete proteolytic enzymes such as serine,
cysteine, and metalloproteinases. Invasive carcino-
mas, melanomas, and sarcomas contain high levels
of type IV collagenase, a metalloproteinase. Other
proteins present in elevated levels in tumors in-
clude fibronectin, laminin, and protein cores of pro-
teoglycans, which are activated by cathepsin D, a
cysteine proteinase.
The morphologic and biochemical changes that

occur with neoplasia are numerous and in many
cases depend on the specific type and location of
the cancer. Biochemical tumor markers include cell
surface antigens, cytoplasmic proteins, enzymes,
and hormones (Table 1).13 For example, alpha feto-
protein (AFP) is a glycoprotein normally synthe-
sized early in fetal life. Elevated levels of AFP are
observed in patients with cancers arising in the
liver and germ cells of the testis. It is less commonly
present in carcinomas of the colon, lung, and pan-
creas. As another example, in cervical epithelium,
high molecular weight keratins are unique to ma-
ture epithelium. These keratins become abnormal in
mild precancers and are replaced by low molecular
weight keratins in severe precancers and carcino-
mas. Most lung cancer patients with Cushing syn-
drome have elevated levels of adrenocorticotropic
hormone (ACTH) and its precursor molecule, pro-
piomelanocortin (POMC). Another paraneoplastic
syndrome that accompanies cancer is hypercalce-
mia. This is accompanied by a parathyroid
hormone-related protein that is present only in
small amounts in normal cells, but is elevated with
certain cancers. It should be noted that some of
these markers may also be present in certain benign
abnormalities such as cirrhosis or hepatitis.
In summary, there are multiple molecular mark-

ers, located in the membrane, the cytoplasm, the
nucleus, and the extracellular space that may be in-
dicative of neoplasia. Marker molecules include
proteins, lipids, and nucleic acids; changes in either
the marker or its interaction with another molecule
may be expected.

3 RAMAN SPECTRA OF MOLECULES
PARTICIPATING IN NEOPLASIA

Raman spectra have been measured and used to
analyze changes in the structure and environment
of many of the molecules that participate in neo-
plastic transformation. This section provides an
overview of the structure of these molecules and
reviews features and interpretation of Raman spec-
tra from individual molecules in solution.

3.1 PROTEINS

The structural integrity of most epithelial tissues is
provided by fibrous proteins within the stroma.
Collagen and elastin fibers form a network that
supports the basement membrane and epithelial
cells. In addition, globular proteins play important
roles within the epithelial cells; for example, DNA
is bound to small proteins known as histones to
form chromatin within the nucleus.28

Raman spectroscopy can be used to probe protein
structure at several different levels (see, for ex-
ample, Refs. 1 through 3 and 29). Proteins are made
up of amino acids linked together by amide (pep-

Table 1 Potential biological markers and the associated type of
cancers. (Modified from Ref. 13.)

Markers Associated Cancers

Hormones

human chorionic
gonadotropin

trophoblastic tumors,
nonseminomatous testicular
tumors

calcitonin medullary carcinoma of thyroid

catecholamine and
metabolites

pheochromocytoma and related
tumors

Oncofetal Antigens

alpha-fetoprotein liver cell cancers,
nonseminomatous germ cell
tumors of testis,

carcinoembryonic antigen carcinomas of colon, pancreas,
lung, stomach and breast

Isoenzymes

prostatic acid phosphatase prostate cancer

neuron-specific enolase small cell cancer of lung,
neuroblastoma

Specific Proteins

immunoglobulins multiple myeloma and other
gammaopathies

prostate-specific antigen prostate cancer

high/low molecular weight cervical cancer

keratins

Mucins and other
Glycoproteins

CA-125 ovarian cancer

CA-19-9 colon and pancreatic cancer

CA-15-3 breast cancer
33JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1
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tide) bonds [Fig. 1(a)].28 The primary structure of
the protein is determined by the sequence of amino
acids. The arrangement of proteins in three dimen-
sions is termed secondary structure, which essen-
tially describes the arrangement of the polypeptide

Fig. 1 (a) Two amino acids (serine and tyrosine in this example)
are joined via an amide group to form a dipeptide. (b) Proteins can
exist in the a-helix conformation, where the amino acids are ar-
ranged in a helix about the long axis of the protein. (c) Polypeptide
chains can interact to form parallel or anti-parallel b-pleated sheets.
(Modified from Ref. 1.)
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chain along the long axis of the protein. In the
a-helix form, hydrogen bonds between every third
amide residue hold the protein in a helix, with ap-
proximately 3.6 amino acids per turn of the helix
[Fig. 1(b)]. Alternatively, individual polypeptide
chains can form hydrogen bonds with a second
chain, either in a parallel or antiparallel fashion, to
form b-pleated sheets [Fig. 1(c)]. Tertiary structure
describes the tightly folded three-dimensional
structure of globular proteins. These proteins have
domains characterized by predominantly a-helical
or b-pleated structure, but can also contain large
regions that appear to have a random structure.
This three-dimensional structure is stabilized by co-
valent interactions between individual polypeptide
chains. For example, uSuSu crosslinks may form
from two cysteine residues, or individual proteins
may be bound to a prosthetic group such as the
prophyrin moiety in heme proteins. Finally, quar-
ternary structure describes the integration of pro-
tein monomers and/or prosthetic groups to form
functional biological units such as complex en-
zymes, hemoglobin, and collagen fibers.
Raman spectra of proteins in the fingerprint re-

gion contain information about the primary, sec-
ondary, tertiary, and quaternary structure of pro-
teins (see, for example, Refs. 1 and 3). Various
amino acids, which are important in primary struc-
ture, can be characterized by their vibrational spec-
tra, including tyrosine with peaks at 830 and 850
cm−1, tryptophan with peaks at 1014, 1338, 1361,
and 1553 cm−1, and phenylalanine with a peak at
1006 cm−1. Secondary protein structure significantly
influences the Raman spectrum of the peptide back-
bone. The amide linkage between amino acid resi-
dues has four normal modes, two of which are Ra-
man active (Fig. 2): the amide I mode, which is
largely due to CvO stretching, and the amide III
mode, which is due to CuN stretching and NuH

Fig. 2 The calculated amide I and amide III normal modes of
N-methyl acetamide are shown. Note that the amide I mode con-
sists primarily of CvO stretching while the amide III mode is domi-
nated by NuH in plane bending and CuN stretching. (Modified
from Ref. 1.)
. 1
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in plane bending. The position of the amide I and
amide III peaks as well as the skeletal CuC vibra-
tions near 900 to 980 cm−1 can be used to character-
ize the secondary structure of protein.
Table 2 and Figure 3 characterize the positions of

vibrations for protein conformations with various
secondary structures, and indicate characteristic vi-
brational spectra of the a-helix, b-pleated sheet and
random coil configurations. Figure 3 shows that the
amide I and III peaks of proteins in the a-helix con-
formation are distinct from those of other confor-
mations. The overlapping amide I and III bands of
the b-pleated sheet and undefined forms have dis-
tinct line shapes. Various quantitative methods
have been proposed to calculate the proportion of
protein in the a-helix, b-pleated sheet and unde-
fined conformations based on the intensity, posi-
tions and shape of the amide I and III bands.30–34

The CuH deformation vibration of the methylene
group at 1448 to 1459 cm−1 is relatively conforma-
tion insensitive and has been proposed as an inten-
sity standard in some of these methods. Disulfide
bridges, which are important in the tertiary struc-
ture of a protein, contribute to the Raman spectrum
from 500 to 550 cm−1. Finally, individual prosthetic
groups, which are important in the quaternary
structure of a protein, can contribute significantly to

Table 2 Locations of amide I, amide III, and skeletal CuC peaks
in Raman spectra of proteins with various secondary structures.

Proteins Amide I (C=O) Amide III (C-N, N-H) Skeletal (C-C)

a-helix 1654-1662 1258-1304 (weak) 935-945

b-sheet 1665-1680 1227-1247 1002

Unordered 1654-1685 1235-1270 1100-1110
the Raman spectrum, although this contribution is
so dependent on the nature of the prosthetic group
that no general rules can be assigned.
Figure 4 shows the Raman spectra of two impor-

tant structural proteins in tissue: collagen and
elastin.8 Table 3 lists the positions of vibrations for
these proteins.2,8 The spectrum of elastin shows
strong amide III (1250 cm−1) and amide I (1660
cm−1) vibrations and weak skeletal CuC peaks, re-
flecting the disordered structure of this protein.2 In
contrast, the collagen spectrum shows a strong
amide I peak at 1650 cm−1 and two amide III peaks
at 1250 and 1270 cm−1, which are attributed to the
polar and nonpolar regions of the triple helix
conformation.2 Note that the relative intensity of
the amide peak to the CH2uCH3 peak at 1450 cm

−1

is less than one in elastin and greater than one in
collagen.8

3.2 DNA

Nucleic acids, such as DNA, are built from nucle-
otides, which consist of a phosphorylated sugar at-
tached to a purine or pyrimidine base (Fig. 5).28 Pu-
rine bases are adenine and guanine, and pyrimidine
bases are cytosine and thymine in DNA, and cy-
tosine and uracil in RNA. b-D-2-Deoxyribose is the
sugar found in DNA; b-D-ribose is the sugar found
in RNA. Hydrogen bonds between complementary
base pairs (adenine–thymine and guanine–cytosine
in DNA) stabilize the double-stranded helical forms
of DNA. In addition, interactions between bases,
which are stacked up along the long axis of the he-
lix, stabilize the conformation. DNA can exist in
several double helix conformations: A, B, C, and Z
(Fig. 6). The B form of DNA, described by the origi-
nal Watson–Crick model, is the most abundant in
Fig. 3 Range of positions of amide I, amide III, and skeletal CC vibrations for proteins with various secondary conformations. (Modified from
Ref. 3.)
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36
Fig. 4 FT-IR Raman spectra of (a) collagen and (b) elastin (1064 nm excitation, 10 W/cm2, 15 min). (Modified from Ref. 8.)
aqueous solutions and is a right-handed helix.35,36 A
and C forms are also right handed; A form DNA is
observed at lower relative humidities. Z form DNA
is left handed and occurs when the double helix is
unwound for genetic expression. DNA undergoes a
transition from the B to Z form at high ionic
strengths.
The use of Raman spectroscopy in analyzing

DNA conformation has been reviewed recently.37 It
has been shown that Raman spectroscopy can be
used to determine whether DNA is in the A, B, C, or
Z conformation. Most DNA in the cell exists in the
B form; however, the B form of DNA is not one
structure, but rather a family of structures, which
depend on the base sequence, the location and ex-
tent of bound water, the ionic environment, and the
presence of interacting proteins (see, for example,
JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO
Table 3 Locations of various peaks in the Raman spectra of col-
lagen, elastin, and histones. (Assignments from Ref. 2.)

Protein Amide I Amide III Other

Collagen 1670 (s) 1271 (s) 1006 (m) phenylalanine
1642 (sh) 1248 (s) 938 (m) protein backbond

921 (m) proline ring

Elastin 1668 (s) 1254 (s) 938 (w)

Histones 1648-1661 1245-1305 647-654
743-752

825-830 tyrosine
854-856 tyrosine

1006 phenylalanine
1451-1454 CH2 bend
. 1
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Refs. 35 and 36). Raman spectroscopy can be used
to probe subtle changes in B form DNA.
In general, bands in the Raman spectrum of DNA

can be assigned to vibrations predominantly of ei-
ther the sugar phosphate backbone or one of the
four bases (Fig. 7).37,38 The region from 500 to 800

Fig. 5 (a) The components of nucleic acids: adenine and quanine
(purines); cytosine, uracil, and thymine (pyrimidines); b-D-ribose
and b-D-2 deoxyribose (sugars); and phosphoric acid. (b) A frag-
ment of an RNA chain; nucleotides, consisting of a base and a
phophorylated sugar, are linked via the phosphoric acid moiety.
(Modified from Ref. 3.)
cm−1 is full of weak lines due to the vibrations of
heterocyclic rings of the bases: there is a strong line
at 770 cm−1 due to breathing of the aromatic ring of
pyrimidine bases (C,T), and a moderately strong
line at 670 cm−1 due to purine bases (A,G). The re-
gion from 1100 to 1700 cm−1 is also rich in bands
due to base vibrations. Pyrimidine bases (C,T) have
a characteristic vibration at 1240 cm−1, while both
purines (A,G) have vibrations at 1480 and 1570
cm−1. The O-P-O stretching vibration is located near
800 cm−1, although its exact position is conforma-
tion sensitive. The sugars contribute weak bands
from 800 to 1100 cm−1 as well as a pentose vibration
at 1460 cm−1 due to CH2 deformations.
Figure 8(a) shows Raman spectra of DNA in vari-

ous conformations; the marker bands are shaded.37

Table 4 and Fig. 8(b) summarize the positions of
these bands for the various forms of RNA and
DNA. The relative positions and intensities of these
marker bands can be used to differentiate among
the various forms of DNA as well as to understand
the origin of spectral differences among various B
conformations. There are three main backbone vi-
brations which are conformationally sensitive: (1)
The symmetric stretching of the two ionized phos-
phate oxygens in the diphosphate ester is near 1100
cm−1 in the A form and at 1095 cm−1 in the B form.

Fig. 6 Schematic diagram illustrating the four conformation of
DNA and expected Raman spectra from 600 to 900 cm−1 for
each. The O-P-O band is present at ;830 cm−1 in B DNA, at
;805 cm−1 in A DNA, at ;785 cm−1 in C DNA, and at ;748
cm−1 in Z DNA. (Modified from Ref. 3.)
37JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1
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Fig. 7 Typical Raman spectrum of calf thymus B form DNA. Peaks from 600 to 800 cm−1 are due to the bases and are sensitive to DNA
conformation. Peaks from 800 to 1100 cm−1 are sensitive to backbone geometry. The PO2

− group contributes from 1100 to 1150 cm−1. Peaks
from 1150 to 1600 cm−1 are due to bases that are sensitive to base electronic structures and are influenced by base stacking. The carbonyl
region from 1650 to 1750 cm−1 is sensitive to base pairing interactions. (Modified from Ref. 38.)
The intensity of this vibration is independent of
conformation, and thus has been suggested as an
intensity standard. (2) The O-P-O symmetric
stretching between the C38 terminal of one nucle-
otide and the C58 terminal of a second nucleotide is
loosely referred to as the Amarker band. It is found
at 814 cm−1 in RNA (which exists in the A confor-
mation) and at 809 cm−1 in A form DNA. The inten-
sity of this band is weak in B DNA. (3) Finally, the
asymmetric stretching vibration of O-P-O is located
at 835 cm−1 in B DNA.
Because the vibrations of some of the bases are

tightly coupled to the backbone, the vibrational fre-
quencies of these bases are also sensitive to changes
in the DNA conformation.3,37 The intensity of the
ring breathing mode of guanine bases is tightly
coupled to backbone vibrations. The position of this
peak is sensitive to the angle about the glycosidic
bond [characterized as anti or syn; Fig. 9(a)] and the
conformation of the sugar (characterized as C38
endo or C28 endo [Fig. 9(b)]) to which it is attached.
In the C38 endo/anti form, the guanine peak is at
668 cm−1; in the C38 endo/syn form it is at 625 cm−1,
and in the C28 endo/anti form it is at 682 cm−1. Base
38 JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO.
pairing, which involves the formation of hydrogen
bonds between keto groups of bases, can change
the carbonyl portion of the vibrational spectrum
(which occurs approximately at 1668 cm−1). Base
stacking can also both increase and decrease the in-
tensity of vibrational lines due to the bases; for ex-
ample, the guanine peak at 670 cm−1 increases and
the adenine peak at 724 cm−1 decreases with in-
creased base stacking. The extent of ordering in the
DNA molecule can be monitored by the ratio of
these peaks.

3.3 NUCLEAR PROTEIN INTERACTIONS

The winding of DNA about nucleosomes, which are
made up of histone monomers, is the first stage in
packing DNA in the nucleus.28 Other nonhistone
proteins stabilize helical arrays of nucleosomes.
During cell division, or under low salt or acidic
conditions, the protein–DNA interaction is altered
and the packing density of DNA decreases.28
1
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3.4 MEMBRANES

Membranes, which encase cells, are formed from
bilayers of phospholipid molecules; embedded
within these membranes are proteins that perform
various receptor and transport functions.1,3,28 Each
phospholipid molecule contains a hydrophilic head
and a hydrophobic tail; the membrane is made up
of opposing layers of these phospholipids, with the
hydrophobic portions of the molecule in the center
(Fig. 10). The hydrocarbon chains can exist mainly
in the trans form, with a high degree of chain order-
ing, or in the relatively disordered gauche conforma-
tion (Fig. 11). Membranes made up of phospholip-
ids in the trans conformation are referred to as gels,
while those with the gauche conformation, referred
to as liquid crystals, have a greater membrane
thickness. Membrane conformation is temperature
sensitive and can be probed with Raman spectros-
copy.
The Raman spectra of phospholipids contain vi-

brations from both parts of the molecule, although
most peaks are due to the hydrophobic chains.1,3

Fig. 8 (a) Positions of structurally sensitive Raman bands of A, B,
and Z form DNA. (Modified from Ref. 3). (b) Raman spectra of poly
GC nucleotides in the A, B, and Z forms. The marker bands are
shaded. (Modified from Ref. 37.)
J

The polar head of the phospholipid molecule has a
720 cm−1 peak due to CuN vibrations. The hydro-
phobic chains have CuC skeletal vibrations be-
tween 1000 and 1150 cm−1. The intensities of these
skeletal vibrations are sensitive to membrane con-
formation. These vibrational peaks can be used to

Fig. 9 The relative position of base and sugar with respect to the
glycosidic bond. (a) Nucleotides can be characterized by the anti
and syn configurations of the sugar and base positions with respect
to the glycosidic bond. (b) Sugar ring puckering with C28 endo and
C38 endo configurations exhibit distinct spectral features. (Modi-
fied from Ref. 3.)

Table 4 Locations of various peaks in the Raman spectra of
nucleic acids.

Nucleic
Acid
(Form) A C G T OPO PO2

2
Deoxy-
ribose

DNA (A) 727 780 666 642 806–813 1099

1335 1318 777

1239

DNA (B) 727 782 682 665 825–842 1091 917

1339 1250 1333 748 975

1208 1448

1462

DNA (C) 670 785 1090

DNA (Z) 624 625 742–748 1095

729 1316

RNA (A) 727 780 666 642 813 1099

1335 1318 777

1239

RNA (Z) 624
729

640
1316

742–748 1095
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quantitatively probe membrane structure; the ratios
of intensities at 1064/1100 cm−1 and 1133/1100 cm−1

decrease with increasing temperature as the mem-
brane melts (Fig. 11). CuH stretching of methylene
chain groups provides two additional Raman peaks
which are sensitive to both intra- and inter-chain
interactions. The asymmetric CuH stretch occurs at

Fig. 10 (a) Lecithin, a phospholipid molecule, consists of a hydro-
philic head and a hydrophobic tail. (b) biological membranes con-
sist of opposing bilayers of phospholipid molecules. (Modified from
Ref. 3.)
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2880 cm−1, while the peak due to symmetric stretch-
ing is at 2850 cm−1. The ratio of intensities of these
two peaks is sensitive to the density of lateral pack-
ing of hydrophobic chains and is affected by chain
mobility. CH2 chain deformations have a Raman
peak at 1303 cm−1, whilevCuH deformations con-
tribute at 1267 cm−1. The ratio of intensities at these
two peaks is related to the portion of unsaturated
bonds in the fatty acid chains. The vibrational
modes of the cis and trans isomers of CvC groups
in fatty acid chains occur at 1670 to 1680 cm−1 and
1650 to 1666 cm−1, respectively. The contributions of
the various bands in membranes are summarized in
Fig. 12.

Fig. 12 Positions of Raman bands of membranes in the trans and
gauche conformations.
Fig. 11 Typical Raman spectra of phospholipid in the (a) trans and (b) gauche conformations. As the membrane goes from an ordered to a
disordered conformation, the intensity at 1060 and 1140 cm−1 decreases, while that at 1100 cm−1 increases. The density of lateral chain
packing is proportional to the ratio of the intensity at 2880 cm−1 to 2850 cm−1. This ratio decreases as expected in the gauche conformation.
(Modified from Ref. 3.)
1
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4 RAMAN SPECTRA OF CELLS AND
CELLULAR CONSTITUENTS IMPORTANT IN
NEOPLASIA

4.1 PROTEINS

While Raman spectroscopy has been studied exten-
sively to characterize the structure of pure proteins
in solution, recently, it has also been used to study
changes in protein conformation in biological sys-
tems. High levels of protein expression in many mi-
croorganisms can result in the formation of in-
soluble protein aggregates, or inclusion bodies.
Although protein can be easily isolated from inclu-
sion bodies, the yield of active protein can be low.
Przbycien et al. examined the differences in second-
ary structure of b-lactamase, purified from Escheri-
chia coli cytoplasm in solution and powder to that of
wild-type b-lactamase, isolated from E. coli inclu-
sion bodies.39 Amide I Raman spectra were mea-
sured and analyzed using the algorithm of
Williams32 to yield the structure fractions of the
a-helix content, parallel and antiparallel b-pleated
sheet and random coil configuration. Figure 13(a)
shows the amide I peak for each and indicates dra-
matic differences in the protein secondary structure.
Figure 13(b) indicates that the solid pure protein
has a decreased fraction of b-pleated sheet and an
increased fraction of a-helix relative to the pure
protein in solution. Further, the b-pleated sheet
fraction of b-lactamase from inclusion bodes was
increased and the a-helical content was decreased
relative to pure protein, both in solution and in
powder (Fig. 13). The authors conclude that these
differences may reflect increased extent of protein
interactions in the solid phase and in aggregates.
This work shows that important structural differ-
ences may exist between pure proteins and wild-
type proteins that may be sampled by Raman spec-
troscopy.
Zigman et al. studied UV-induced protein alter-

ations in the lens of the gray squirrel.40 Raman
spectra were measured for a group of three controls
and three UV-exposed lenses; the ratio of intensities
at 2578 to 2730 cm−1 was used as a measure of sulf-
hydryl (SH) concentration, and to probe protein
quaternary structure. The Raman spectra indicate
that the relative contribution of sulfhydryl groups
decreases with UV irradiation; this was consistent
with an independent chemical analysis, which also
showed an increase in protein–thiol mixed disul-
fides. Zigman concluded that UV irradiation makes
SuH groups more reactive or oxidative.

4.2 DNA INTERACTIONS

Raman spectroscopy can be used to probe struc-
tural changes expected in the DNA of biological
systems. Divalent metal cations may alter DNA
structure in a number of ways and thus are poten-
tial modulators of DNA function. Raman spectros-
copy has been used to study metal ion binding sites
JO
and the effect of binding on secondary and tertiary
structures of DNA. Duguid and colleagues com-
pared 514.5-nm excited Raman spectra of calf thy-
mus DNA in the B form with that of DNA com-
plexes with both divalent alkaline earth ions and
transition metal ions.38 From spectra of pure B
form, melted DNA, and DNA–metal complexes,
they calculated the percentage of nucleotide resi-
dues in B form backbone in metal–DNA complexes.
Their results show that binding of alkaline earth
divalent metal ions (such as Pd2+) has a dramatic
effect on the secondary structure of DNAmeasured
by Raman spectroscopy, while binding transition
metal ions (such as Mg2+) has a much more subtle
effect (Fig. 14). When calf thymus DNA was exam-
ined and analyzed, it was found to be 100% B form,
with 1.5 times more guanine residues in the C28
endo/anti conformation than in the C38 endo/anti

Fig. 13 (a) Fluorescence background-subtracted amide I Raman
spectra of purified b-lactamase from E. Coli cytoplasm in solution,
purified b-lactamase powder, wild-type b-lactamase powder from
plasmid pKN, and purified D(−20−1) b-lactamase powder from
cytoplasmic inclusions. Note the shift to higher wave numbers as
the protein goes from solution to solid to solid from inclusions. (b)
Total b-sheet content to a-helix content for samples with Raman
spectra shown in (a). (s)-b la solution, j-D(−20-1) b la, d-b la
powder, m-wild-type b la). As the protein goes from solution to
solid to solid from inclusions, the b-sheet content increases while the
a-helix content decreases, reflecting increased intermolecular inter-
actions. (Modified from Ref. 39.)
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Fig. 14 Raman spectra of calf thymus DNA alone (55 mg/ml), and in the presence of Mg and Pd (100 mM). Note that the marker band at
830 cm−1 is conserved in the Mg spectrum but is absent in the Pd spectrum. In the Pd spectrum, the intensities at 1240 to 1260 and 1668
cm−1 are also markedly increased, indicating unstacking and unpairing of bases respectively. (Modified from Ref. 38.)
conformation. Mg2+ DNA complexes were found to
have 9369% B form, with 1.5 times more guanine
residues in the C28 endo/anti conformation than in
the C38 endo/anti conformation. However, Pd2+

DNA complexes had 0617% B form structure, with
only 0.7 times more guanine residues in the C28
endo/anti conformation than in the C38 endo/anti
conformation. The authors suggest that divalent
transition metals bind to purine bases and locally
destabilize the helix. A number of these ions are
present in biological samples and may play roles in
regulating the packaging and expression of nuclear
material.
Raman spectroscopy can also be used to study

the interaction between proteins and DNA in bio-
logical samples. Hud and colleagues investigated
the changes that occur in the secondary structure of
proteins and DNA when packaged in sperm cells.41

Sperm cells of many vertebrates use protamines,
small arginine-rich proteins, to pack DNA into
small volumes, protecting it from enzymatic degra-
dation and suppression genetic activity. These
workers obtained Raman spectra at 488 nm excita-
tion for pure salmon protamine (salmine), pure B
form DNA and a DNA–salmine complex (Fig. 15).
They also obtained DNA spectra at a low salt con-
centration, which they assign a transitional B-C
conformation. The Raman spectrum of the salmine–
DNA complex was dominated by DNA scattering
peaks [Fig. 15(a)]. The complex is less than 40% pro-
tein by weight, and DNA is a more efficient Raman
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scatterer than protein at this frequency. However,
the difference of the complex Raman spectrum [Fig.
15(c)] and the spectrum of pure DNA, scaled to the
conformationally insensitive 1577 cm−1 DNA band,
showed subtle differences in the secondary struc-
ture of both the protein and the DNA. The spec-
trum of the DNA–protamine complex shows a gua-
nine band at 680 cm−1, which is indicative of B form
DNA. The phosphate backbone peak of the com-
plex is located at 830 cm−1, which is consistent with
B DNA; however, this peak is weak. The difference
spectrum obtained when the spectrum of pure B
DNA or B-C DNA is subtracted from the spectrum
of the complex indicates that the conformation of
the DNA in the complex is more similar to that of
pure B-C DNA. This difference spectrum [Fig.
15(e)] contains lines mainly due to the protamine,
and comparing this difference spectrum with that
of the pure protein [Fig. 15(f)] yields information
about the changes that occur to the protein upon
binding. Pure protein has an amide I peak near
1670 cm−1, which indicates a b-pleated sheet confor-
mation. However, the bound protein has an intense
amide I peak at 1683 cm−1. This peak is not consis-
tent with either the a-helix or b-pleated sheet con-
formation, and indicates a regular secondary struc-
ture not yet characterized.
In complex biological systems containing both

proteins and nucleic acids, bond assignments can
be difficult due to overlapping bands. The study of
bacteriophages by Raman spectroscopy provides a
1
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good illustration of this difficulty. Filamentous bac-
teriophages consist of a long, thin protein cylinder
encapsulating a single-stranded DNA (ssDNA)
loop. While the Raman spectra of ssDNA and the
coat protein can be obtained individually in solu-
tion, the Raman spectra of intact bacteriophages
show some important differences in DNA bands
which are indicative of protein–DNA interactions.42

The interpretation of the bacteriophage Raman
spectrum (Fig. 16) is complex because there are a
number of overlapping bands due to DNA and the
coat protein, making unambiguous band assign-
ment difficult. The spectral region from 600 to 900
cm−1 contains many conformation-sensitive bands
of ssDNA. However, the intense Raman bands of
the normal tryptophan residue lie in this region.
Aubrey incorporated protein subunits with deuter-
ated tryptophan to refine band assignments in this
region.42 Figure 16(a) shows the spectra of normal
bacteriophage and bacteriophage with deuterated
tryptophan; the difference spectrum from 600 to 900
cm−1 [Fig. 16(b)] clearly demonstrates the shift in
vibrational frequency of tryptophan from 756 to 817
cm−1 with deuteration. A residual band at 750 cm−1

remains, following incorporation of the deuterated

Fig. 15 Baseline-subtracted Raman spectra of (a) salmine–DNA
complex at 98% relative humidity (rh); (b) Ma-DNA at 98% rh,
mostly in the B form; (c) difference spectrum of (a) and (b); residual
protein and nucleic acid bands are seen; (d) spectrum of low-salt
LiDNA which exists in the B-C form; (e) difference spectrum of (a)
and (d) which contains primarily protein bands and indicates that
the DNA in the complex is similar to the B-C transitional form; and
(f) spectrum of pure salmine. A comparison of (e) and (f) shows
subtle changes in the protein when complexed to DNA. (Modified
from Ref. 41.)
JO
tryptophan; this is assigned to DNA. Further, there
is no change in intensity of the weak band at 806
cm−1 upon deuteration of the tryptophan, indicat-
ing that this band is also due to DNA. This work
has two important implications for the use of Ra-
man spectroscopy for diagnosis of cancer. The first
is that interactions among various Raman-active
constituents can affect the spectrum and this can
potentially be exploited for diagnostic purposes.
The second is that individual band assignments for
complex biological systems can be conformed using
site-directed changes that perturb the vibrational
character in a predictable way without affecting
conformation or assembly characteristics.
The double-stranded DNA in icosahedral viral

capsids is highly condensed, and has been com-
pared to condensed DNA in eukaryotic chromatin.
Aubrey, Casjens, and Thomas used 514.5 nm ex-
cited Raman spectroscopy to contrast the secondary
structure of packaged (condensed) DNA and un-
packaged DNA from viral capsids.43 Spectra were
measured from an intact viral capsid, the empty
protein shell, and pure, unpackaged DNA. The dif-
ference of the intact capsid and the empty shell

Fig. 16 (a) Solvent-corrected Raman spectra of normal filamen-
tous bacteriophage (fd) and fd where the single tryptophan residue
in the coat protein has been deuterated. The arrows in the normal
fd spectrum indicate peaks assigned to tryptophan and the arrows
in the deuterated fd spectrum indicate peaks assigned to deuter-
ated tryptophan. (b) Raman spectra from 600 to 900 cm−1 of nor-
mal fd, fd with deuterated tryptophan, and their difference. Note
that the intense tryptophan peak at 756 cm−1 is eliminated. The
underlying band at 750 cm−1 is assigned to DNA. (Modified from
Ref. 41.)
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Fig. 17 Raman spectra of (a) pure virion and (b) isolated protein from virion; (c) difference spectrum of (a), (b), and (d) isolated DNA
spectrum from virion. The difference spectrum shows that the spectra from packaged and isolated virion DNA are similar, indicating primarily
B form DNA. (Modified from Ref. 43.)
yield the spectrum of packaged DNA, which was
contrasted to that of unpackaged DNA. The Raman
spectrum of an intact capsid (Fig. 17) is dominated
by the peaks of DNA; although the capsid is 44%
protein by weight, DNA is a more intense Raman
scatterer. The spectra of packaged and unpackaged
DNA are very similar (Fig. 17) but are not identical.
Both exist primarily in the B form, but the differ-
ence spectrum reveals an approximately 20% de-
crease in the intensity of the 1092 cm−1 symmetric
stretching mode of the PO2

− band of B DNA when
the DNA is packaged. This is interpreted to reflect
an order of magnitude increase in the local Mg2+

concentration of packaged DNA. Mg2+ electrostati-
cally shields the negatively charged phosphoxy
group, reducing the molecular polarizability and
thus the intensity of Raman scattering.
Puppels and colleagues recorded Raman spectra

of polytene chromosomes at neutral and a series of
increasingly acidic pHs.44 They used features of the
Raman spectrum to monitor DNA protein associa-
tion in the chromosome, and to follow base un-
stacking and base protonation as the DNA takes on
non-B forms. Non-B forms of DNA may play an
important role in the regulation of the cell in vivo.
Fluorescent-labeled monoclonal antibodies for Z
form DNA are available, and have been used to
study chromosomes under physiologic conditions.
Antibody staining increases with acid fixation, indi-
cating either that acidic conditions are favorable for
the formation of Z DNA or that chromatin proteins,
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which dissociate at low pH, block antibody bind-
ing. Puppels showed that using confocal microspec-
troscopy, Raman spectra can be used to monitor the
protein/DNA ratio, and the unstacking and proto-
nation of each base type to yield information about
the form of DNA as a function of pH.
Figure 18 shows Raman spectra of polytene chro-

mosomes at neutral pH and pH 1.8 as well as the
difference spectrum. Lines from 600 to 1100 cm−1

are primarily sensitive to base unstacking, with a
decrease at 681 cm−1 representing guanine unstack-
ing, and increases at 729, 749, and 784 cm−1 repre-
senting base unstacking of adenine, thymine, and
cytosine, respectively. The decrease in protein asso-
ciated with the chromosomal DNA is reflected by
the decrease in the intensity of the CH2uCH3 pro-
tein contribution at 1449 cm−1. Table 5 shows the
ratio of protein to DNA content. The base vibrations
from 1200 to 1700 cm−1 are sensitive to both proto-
nation and unstacking. The peak at 1004 cm−1 is
due to phenylalanine, and the change in intensity of
this band reflects a change in its chemical microen-
vironment, possibly due to ring unstacking. The
peak at 830 cm−1 is consistent with the phosphate
backbone of the B form; the drop in intensity of this
peak reflects the loss of B form structure. Table 6
summarizes the spectral changes observed at acidic
conditions.
Most experiments with DNA in solution have

been conducted with argon ion laser excitation.
. 1
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Fig. 18 Raman spectra of polytene chromosomes at (a) neutral pH and (b) pH of 1.8. (c) Difference spectrum of (a) and (b). Decrease in 681
cm−1 guanine peak and increase in the 725, 749, and 784 cm−1 peaks due to adenine, thymine, and cytosine, respectively, reflect base
destacking with a drop in pH. The peak at 1448 cm−1, which occurs at low pH, reflects protein extraction. (Modified from Ref. 44.)
Typically, 20–30 mW of excitation power is focused
onto a small sample volume. Although no spectral
degradation has been reported for pure DNA in so-
lution under these conditions, dramatically differ-
ent results are obtained when DNA in isolated chro-
mosomes or in cells is examined under similar
conditions.45 Puppels and co-workers explored Ra-
man spectra at 458, 488, 514, 632.8, and 660 nm ex-
citation of calf thymus DNA, histone protein, iso-
lated chromosomes and DNA in single human
lymphocytes using a confocal Raman microspec-
trometer.45 Excitation intensities of 0.5 to 20 mW
were focused to a small spot, yielding a fluence of 5
MW/cm2 for 10 mW irradiation. They observed

Table 5 Changes in chromosomal DNA–protein ratio induced by
pH treatment. (Modified from Ref. 44.)

Treatment

DNA-Protein

absolute (619%) normalized (69%)

no 0.7 1

pH 3.6 0.7 1

pH 2.6 0.8 1.1

pH 2.2 0.9 1.3

pH 1.8 1.3 1.8

45% acetic acid 1.7 2.3
JO
degradation of Raman spectra from isolated chro-
mosomes and single cells at 458, 488, and 514 nm
excitation, but not at 632.8 and 660 nm excitation.
The damage manifests itself as a paling at the laser
focus and a decrease in the Raman intensity, as well
as a change in the relative intensity of some peaks.

Table 6 Structural DNA changes in polytene chromosomes
caused by pH treatment. (Modified from Ref. 44.)

Spectral Change (cm−1) Compositional or structural change

732 ↑ A, unstacking

800 ↑ BDA:BK

875 ↑ DNA:BK denaturation

900-1000↓ protein extraction

1017↑ DNA:BK

1144↑ DNA:BK

1185↑ T, unstacking

1239↑ T, unstacking

1300-1340↓ protein extraction

1450 ↓ protein extraction

1655 ↓ protein extraction

1670 ↑ (sh), T, unstacking
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Figure 19 illustrates the decrease in Raman intensity
shown for successive intervals of irradiation with 5
mW of 514 nm light. In contrast, no changes were
observed for 600 s of irradiation with 10 mW of 660
nm light. Raman spectra of pure DNA and histone

Fig. 19 Raman spectra of a single metaphase chromosome ex-
posed to 5 mW of 514.5 nm laser power focused on a 0.5 mm
spot for (a) 1 min, (b) 3 min, (c) 5 min, and (d) 9 min. As the
exposure times increase, the Raman signal decreases. The shape of
the Raman spectrum changes with increasing exposure. (Modified
from Ref. 45.)
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protein, two of the major components which con-
tribute to the Raman spectra of chromosomes and
cells, were not affected under any of these condi-
tions. Puppels excluded multiphoton processes,
sample heating, and substrate heating as possible
mechanisms which cause these changes. They
speculate that the process is a photochemical reac-
tion mediated by an unidentified sensitizer mol-
ecule that is present in cells and chromosomes, but
not DNA and histone protein, and which absorbs at
514 but not at 660 nm.
Raman spectroscopy has been used to study the

structure of DNA and its interactions with protein
in chromosomes in human cells. Puppels et al. mea-
sured the Raman spectra from the nuclei of human
granulocytes using a confocal Raman microspec-
trofluorimeter.46 Using 6 mW of 660 nm excitation,
spectra with good S/N ratios could be obtained
with 150 s of integration. Spectra from the nuclei of
eosinophils, basophils, and neutrophils showed
little variability; Figure 20 shows a typical spectrum
from the nucleus of a neutrophil. Spectral contribu-
tions from both DNA and proteins are identified;
RNA and phospholipid contributions are absent.
Using the ratio of the B DNA backbone vibration at
1094 cm−1 to the 1449 cm−1 protein vibration, which
is relatively insensitive to secondary structure, they
estimated the ratio of DNA to protein to be 1:2.3. A
comparison of the spectra measured from the
granulocyte nuclei with the sum of spectra from
pure calf thymus DNA and pure calf thymus his-
tone protein indicated that there are major contribu-
Fig. 20 Raman spectrum of the nucleus of intact neutrophilic granulocytes (660 nm, 6 mW, 150 s). (Modified from Ref. 46.)
. 1



RAMAN SPECTROSCOPY FOR CANCERS AND PRECANCERS
tions from nonhistone proteins. The ratio of histone
to nonhistone protein was estimated to be 1:1.3. In-
formation about the secondary structure of nuclear
protein and DNA was derived from the various
peak positions and intensities. The predominant
contributor to the spectrum was B form DNA. The
spectra were complex enough so that other forms,
which are expected to make up 5–10% of the DNA,
were hard to detect. The authors suggest that if
spectra from different regions of the nucleus con-
taining predominantly one form of DNA can be
measured, the difference spectra may enable detec-
tion of these other forms. The intensity from the
DNA bases was lower relative to the backbone vi-
bration at 1094 cm−1 than has been previously mea-
sured for DNA in solution at argon excitation. The
authors attribute this to a wavelength dependence
of the inelastic scattering spectra of DNA bases,
rather than DNA–protein interaction. The proteins
were found to be predominantly in the a-helix and
random coil conformations.

4.3 MEMBRANES

In addition to protein and nucleic acids, Raman
spectroscopy can also be used to study biological
membranes. Verma and Sonwalker have shown
that Raman spectroscopy can be used to study
changes in cell membranes induced by g
irradiation.47 Verma measured 514.5 nm excited Ra-
man spectra of plasma membranes of V79 cells be-
fore and after g irradiation and noted an altered
protein secondary structure, an altered aromatic
amino acid environment and changes in the ther-
mal transitions of the lipid protein bilayer. The ther-
mal transitions of the protein–lipid membrane were
assessed from Raman spectra in the region of 2800
to 2950 cm−1. Lipid peaks at 2850 and 2890 cm−1,
due to the symmetric and antisymmetric CH stretch
in ethylene groups, were used to monitor thermal
changes in lipids. The 2850 cm−1 peak is constant
with temperature, but that at 2890 cm−1 is tempera-
ture sensitive and sensitive to interchain interac-
tions, shifting to 2880 as the lipid matrix becomes a
gel. Protein transitions were assessed by the inten-
sity of Raman scattering at 2935 cm−1, due to the
temperature-sensitive symmetric CuH stretch in
methyl groups. In addition, the protein secondary
structure, as assessed from the amide I peak,
showed a decrease in the total b strand and an in-
crease in the total helix conformation. Verma con-
cluded that changes in protein structure cause the
proteins in irradiated cells to react differently with
the lipids, altering the thermal transition properties
of the membrane.
Thus, while Raman spectroscopy is a powerful

tool for studying single biological molecules in so-
lution, it can also be used to probe these molecules
and their interactions in more complex biological
systems. As a result, there has recently been much
interest in using Raman spectroscopy to character-
ize and study normal, precancerous, and cancerous
tissues.

5 RAMAN SPECTRA OF NORMAL AND
NEOPLASTIC TISSUES
Raman spectra have been measured from intact tis-
sues; however, collection and interpretation of tis-
sue spectra have proven to be more challenging be-
cause of the strong fluorescence of the tissue
chromophores and the complex mixture of biologi-
cal molecules. Because high S/N Raman spectra,
free of fluorescence, are so difficult to obtain, we
first briefly review the instrumentation used to
measure Raman spectra in tissue and then the tools
that have been developed to separate Raman sig-
nals from the background fluorescence.

5.1 INSTRUMENTATION CONSIDERATIONS

Despite the wealth of information provided by Ra-
man spectroscopy about the structure of biological
molecules, early attempts to measure Raman spec-
tra of tissues were limited by two factors: (1) the
highly fluorescent nature of these samples and (2)
instrument limitations, which necessitated long in-
tegration times and high power densities to achieve
spectra with good signal-to-noise ratios. The initial
Raman spectra of tissue were measured with visible
laser excitation, using primarily the argon laser
lines (see, for example, Refs. 48 and 49). With the
development of interferometers, Fourier transform
Raman spectroscopy was used to measure tissue
Raman spectra, typically using 1064 nm (Nd:YAG)
for excitation with germanium detectors.5,6 FT-IR
Raman spectroscopy uses preresonance excitation
to reduce the fluorescence contribution and thus al-
lows the measurement of Raman spectra even on
highly fluorescent samples with little or no fluores-
cence, and yields spectra more detailed than those
obtained using visible excitation (Fig. 21).5 This
technique yielded acceptable S/N with moderately
high power densities, but collection times on the
order of 30 min were required to obtain spectra of
highly fluorescent, scattering tissues such as human
arteries.50 More recently, the development of diode
lasers and cooled silicon CCD cameras sensitive in
the near-IR has enabled the measurement of tissue
Raman spectra with NIR excitation. Diode lasers
can provide excitation typically in the region of
750–850 nm, which allows the use of silicon detec-
tors (sensitive only to 1100 nm). The advantage of
this technique is that fluorescence emission is re-
duced and spectra with acceptable S/N ratios can
be achieved with relatively short integration times
(<1 min).51

5.1.1 Fluorescence Elimination
Even with NIR and IR excitation, some residual
fluorescence is detected, and accurate subtraction of
this signal to yield the vibrational spectrum contin-
ues to present a significant challenge since the fluo-
47JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1
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Fig. 21 Comparison of (a) FT Raman spectrum at 1064 nm excitation (300 scans, 1.0 W) and (b) visible excited Raman spectrum at 647.1
nm excitation (10 mW, 1 s) from a chicken leg bone. # indicates plasma lines. * indicates an artifact. (Modified from Ref. 5.)
rescence and Raman signals lie in the same spectral
range. In biological samples, the fluorescence back-
ground is due to the intrinsic tissue autofluores-
cence, which is difficult to eliminate without alter-
ing sample composition. Even though the quantum
yield of this signal may be as low as 10−4 (for ex-
ample, reduced nicotinamide adenine dinucleotide,
NADH),52 tissue autofluorescence can be substan-
tially more intense than the inelastic scattering of
tissue.50 This led to the development of different
techniques to effectively separate the Raman signal
from a measured tissue spectrum.
Several experimental as well as mathematical

tools have been proposed to separate the contribu-
tion of fluorescence to yield the intrinsic Raman
scattering. A simple approach to prevent fluores-
cence interference could be the addition of a fluo-
rescence quencher;53 however, this requires a
quencher that is itself not Raman active. A more
feasible technique involves gating out the fluores-
cence by selecting a suitable detector gate.54 This
technique takes advantage of the short lifetimes of
Raman scattering events ('10−11 to 10−13 s) com-
pared with fluorescence lifetimes ('10−9 to 10−7 s)
in biological samples to temporally differentiate be-
tween Raman and fluorescence signals.55 Using a
pulsed laser source, a time gate can be used to syn-
chronize the detector with the laser pulse so that all
the Raman signal is collected, while a large fraction
of the fluorescence is rejected. The measured spec-
trum can also be polarization modulated, taking ad-
48 JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO.
vantage of the polarizability of Raman scattering to
eliminate fluorescence that is unpolarized.56

Illuminating samples with frequency-modulated
excitation light can be used in different ways to re-
ject fluorescence. The wavelength of the excitation
light is modulated at low frequencies (a 60-Hz
modulation frequency with 0.5-nm shifts at argon
excitation) to reject fluorescence. Since fluorescence
is independent of the excitation wavelength, modu-
lation yields a time-invariant fluorescence signal.
On the other hand, Raman scattering frequencies
shift with the modulated excitation light. If lock-in
detection is used at the modulation frequency, the
detected signal can be regarded as the derivative of
the Raman signal (with respect to wavelength) free
of fluorescence.57 Although this technique is an ef-
fective one, it requires the use of specialized instru-
mentation for modulation and lock-in detection.
This concept can be simply applied by measuring
the spectra at two slightly shifted excitation wave-
lengths and taking their difference [Figs. 22(a) and
22(b)].50,58 Again, the fluorescence remains un-
changed at both excitation wavelengths whereas
the Raman peaks are shifted. The difference of the
two spectra is comparable to the first derivative of
the Raman spectrum; integrating the difference
spectrum yields the original Raman signal [Fig.
22(c)]. A similar result can be obtained by measur-
ing the spectrum at any excitation wavelength and
taking the first derivative of the spectrum [Fig.
23(c)]. The Raman spectrum can be obtained by in-
1
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Fig. 22 Raman spectra of normal human aorta, intimal side: (a) spectrum measured at 810 nm excitation (20 mW, 5 min), (b) difference
spectrum of Raman spectra excited at 810 and 812 nm, and (c) fluorescence-subtracted Raman spectrum obtained from integrating (b).
(Modified from Ref. 50.)
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tegrating the noise-smoothed derivative spectrum
following baseline correction.55 Another mathemati-
cal tool that can be used for fluorescence subtrac-
tion is the fast Fourier transform (FFT). In this tech-

Fig. 23 Raman spectra of a pain-relief drug: (a) spectrum at 488
nm excitation (50 mW, 10 sec), (b) smoothed difference spectrum
obtained from two Raman spectra shifted by 10 cm−1 with respect
to each other, (c) taking the first derivative of smoothed Raman
spectrum from (a) and (d) spectrum obtain from performing FFT of
(a), multiplying with a highpass linear filter and then performing an
inverse FFT. (Modified from Ref. 55.)
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nique, the measured spectrum is noise-smoothed
and then Fourier transformed to the frequency do-
main by taking the FFT of the signal. The FFT signal
is multiplied with a linear digital filter to eliminate
the fluorescence [Fig. 23(d)]. The inverse FFT then
yields the Raman spectrum, free of fluorescence.55

Figure 23 is a comparison of the shifted excitation,
first derivative, and FFT techniques used to extract
the Raman signal from the same sample.
Another simple and accurate method to subtract

fluorescence is to fit the spectrum containing both
Raman and fluorescence information to a polyno-
mial of a high enough order to describe the fluores-
cence line shape but not the higher frequency Ra-
man line shape.25 A fifth-degree polynomial was
found to be optimal by Mahadevan et al.25 The best
fit polynomial was then subtracted from the spec-
trum to yield the Raman signal alone (Fig. 24).
Each of the different techniques has advantages

and disadvantages and the selection of method
should be based on the specific application and
measurement technique used (Table 7). Mosier-
Boss, Liebermen, and Newberry tested the use of
the shifted excitation, first derivative, and FFT tech-
niques for fluorescence subtraction, and a prefer-
ence for using the FFT was indicated due to its abil-
ity to filter out random noise from the spectrum.55

Mahadevan et al. used some of the above tech-
niques with cervical precancers and found the use
of a polynomial fit to be the simplest technique,
from experimental as well as computational points
of view, which still yielded accurate results.25

5.2 EFFECT OF SAMPLE CONDITIONS

Although many groups have suggested that Raman
spectra could be useful for in vivo tissue analysis,
the instrument limitations described above have
forced most studies to be conducted in vitro to as-
Fig. 24 Raman spectra of rhodamine 6G. Solid thick line indicates spectrum as measured at 789 nm excitation (25 mW, 20 s). Solid thin
line indicates the fifth-order polynomial fit of spectrum. Dashed line indicates the fluorescence-subtracted Raman spectrum. (Modified from Ref.
25.)
. 1
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Table 7 Comparison of different techniques for correction of fluorescence background from measured Raman signal.

Technique lexc Modulation Shifted lexc 1st Derivative FFT Polynomial Fit

Description Raman signals follows
lexc , fluorescence is
invariant

Raman signals shifts
with lexc , fluorescence
is invariant

Edge detection-take
first derivative, shift
baseline, integrate

Signal is Fourier
transformed,
highpass filtered &
inverse transformed

Broadband signal is
fit to a high order
polynomial

Advantages No special instruments
needed, allows use of
multichannel detection

No special
instruments needed,
no change in lexc
needed

Can discard random
noise

Computationally
simple

Disadvantages Need for modulator,
lock-in detector,
baseline, and baseline
drift problems

Baseline and baseline
drift problems

Finding appropriate
baseline for
fluorescence
subtraction, problem
with baseline drifts

Computationally
expensive, choice
of filter critical

Negative errors in fit,
multiple fluorescence
peaks may be difficult
sess the feasibility of clinical application. To biologi-
cally simulate in vivo conditions, most studies have
been conducted with extracted tissues that have
been frozen (with liquid nitrogen or dry ice) at the
time of collection and thawed for study or fixed in
formalin to prevent deterioration. To determine
whether spectra recorded from tissues preserved by
freezing or formalin fixation yield useful informa-
tion for in vivo application, studies have been con-
ducted in vitro to compare spectra of freshly excised
and preserved tissues and later in vivo on animal
tissue.

5.2.1 Fixed Versus Fresh Tissues
Several groups have studied the effect of fixation on
tissue Raman spectra obtained in vitro.59–61 Fixation
preserves the tissue by promptly interrupting its
metabolism as well as stabilizing its structure. For-
malin is one of the most commonly used fixatives
and it accomplishes its goal by promoting the cross-
linkage of amine groups in tissue proteins.62 When
fresh and formalin-fixed rabbit liver tissues were
compared in vitro using FT Raman spectroscopy, the
most significant difference was found to be the
strength of the Raman band at 1593 cm−1, which is
the most prominent band in the spectrum of biliver-
din (Fig. 25).61 Fixed liver kept in formalin for sev-
eral days shows a progressive decrease in the
biliverdin band compared with fresh tissue. This is
consistent with the physiology of liver, in which
abundant bilirubin, an end product of hemoglobin
decomposition, may be found and is oxidized to
biliverdin.28 In another study, fresh and fixed rabbit
eye lenses were compared using Raman micro-
spectroscopy.59 The lenses were fixed using a
cacodylate-buffered paraformaldehyde solution.
Prior to study, the fixative was drained and the
lenses washed. The Raman spectra of fresh and
fixed lenses were found to be similar. No peaks or
shoulders from the Raman spectrum of the fixative
were found. In fact, the water-to-protein ratio was
found to be similar in fresh and fixed tissue, indi-
J

cating minimal influence from fixation. In another
study assessing the use of visibly excited Raman
spectra for detection of breast cancer, fresh and
formalin-fixed breast tissue samples were com-
pared.60 A small increase in the intensity of lipid
bands relative to carotenoid bands was observed in
fresh tissue. Again, no additional peaks or shoul-
ders were observed in the Raman spectra of fixed
breast tissue.
These studies indicate that, although some differ-

ences are observed in the Raman spectra of fresh
and fixed tissues, the variation appears to be small
and does not affect the potential diagnostic capabil-
ity of the spectrum. Thus, until reliable instruments
are available for in vivo studies, it appears that the
study of fixed specimens yields useful results as
long as one is aware of the possible implications.
This is in contrast to fluorescence spectroscopy,
where fixation can induce significant changes in the
tissue fluorescence spectrum (unpublished data
from R. Richards-Kortum, A. Mahadevan, and N.
Ramanujam, 1994).

5.2.2 Animal Versus Human Tissues

Another way to address the difficulty of recording
Raman spectra from human tissue in vivo is to use
animal tissues that resemble human tissues in func-
tion and structure to simulate the behavior of hu-
man tissues. However, Raman spectra of animal tis-
sues can in some cases differ from those of human
tissues, resulting in conclusions not valid for hu-
mans. One example of this is the use of mouse eye
lenses to study the aging of lenses.63 In early stud-
ies, Yu suggested that the intensity of Raman bands
at 2580 cm−1 due to sulfhydryl groups (uSH) and
508 cm−1 due to disulfide groups (uSuS) can be
used to calculate their relative concentrations,
which can then be related to aging and cataract
formation.63 In an extensive study of mouse lenses,
a fall in uSH concentration and a corresponding
51OURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1
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Fig. 25 FT Raman spectra of rabbit liver at 1064 nm excitation (250 mW, 150 min): (a) spectrum of rabbit liver fixed in formalin for 14 days
and (b) spectrum of fresh rabbit liver. (Modified from Ref. 61.)
increase in uSuS concentration was observed
along the visual axis of mouse lens nucleus from 1
to 6 months. A tandem increase in protein develop-
ment with a decrease in sulfhydryl was concluded
to accompany the normal aging process. However,
on repeating these studies on guinea pig and hu-
man lenses, a different phenomenon was observed.
Figure 26(a) compares the spectra of mouse and
guinea pig lenses and shows the differences in the
508 cm−1 band. Although guinea pig lenses also
showed a decrease in sulfhydryl intensity, no corre-
sponding increase in disulfide band was observed.
Human eye lenses were similar to guinea pig
lenses. This study clearly indicates the pitfalls in
improper selection of an animal model and indi-
cates that independent verification of the model is
needed to ensure that results will be applicable to
human conditions.
Other groups have compared the feasibility of us-

ing animal models for different organ sites. For the
study of transdermal drug infusion, the use of
snake or pig skin as an animal model for human
skin was considered.64 The FT Raman spectra from
these three types of skin were compared with re-
spect to differences observed with drug delivery.
Although pig skin resembles that of humans more
closely, the ease of availability of snake skin due to
molting makes it a popular model. The FT Raman
spectra from the three tissues show remarkable
similarities in their characteristics despite signifi-
cant differences in their environment and function
52 JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO.
[Fig. 26(b)]. The spectra indicate that the tissues
contain similar components but differ slightly in
their states and quantities. These differences mani-
fest themselves in slight changes in intensities, loca-
tions, and shapes of the corresponding spectra. For
example, the lipid bands at 2931 and 2883 cm−1 are
similar for human and pig skin, varying primarily
in intensity. However, the presence of an additional
band at 2975 cm−1 in snake skin indicates that its
lipid content and conformation differ from the
mammalian skins. Other spectral differences can
also be observed. The differences between pig and
human skin are negligible compared with snake
skin, making pig skin a more suitable animal
model.

5.2.3 In Vitro versus In Vivo Tissues

Studies indicate that fixation can be a viable
method of preserving extracted tissue for Raman
spectroscopy. A primary concern in devising a clini-
cal diagnostic system based on Raman spectroscopy
is whether the spectra of excised tissue resemble
those of tissue spectra acquired in vivo and whether
the information obtained from these in vitro studies
can be applied to a clinical setting. Spectra from
intact human stratum corneum were compared
with those from excised human stratum corneum.65

Significant differences in the Raman spectral fea-
tures were observed (Fig. 27). Increased intensity of
the CuC stretching vibrational bands at 1030 and
1
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1130 cm−1 were observed in vivo. An additional
spectral band at 3230 cm−1 of unknown origin is
observed only in vivo. Thus, it is important to be
aware of the potential differences that may occur
when moving from in vitro studies in in vivo condi-
tions.
Another important consideration when extrapo-

lating the results obtained in vitro for in vivo condi-
tions is the physical dimension of the sample to be
studied in vitro relative to the excitation wave-
length. In one study, FT Raman spectra collected
from a fingernail in vivo were compared with a cut
nail.6 Intact nail spectra show features from the un-
derlying nail bed in addition to the nail character-
istics, clearly indicating the increase in sample vol-
ume that was probed in vivo. To study the effect of
sample dimension on the propagation of light,
Monte Carlo simulations were performed assuming
a heterogeneous sample to obtain a relation be-
tween sample dimensions and geometry and the
emitted signal.66 Although these simulations were

Fig. 26 Raman spectra from eye lens and skin to indicate the need
for careful selection of animal model, (a) Raman spectra of mouse
and guinea pig lens at 514.5 nm excitation (150 mW, 5 min).
(Modified from Ref. 63.) (b) FT Raman spectra of stratum corneum
from human, pig, and snake skin at 1064 nm excitation (250 mW,
200 scans). (Modified from Ref. 65.)
JO
performed for elastic scattering and fluorescence, a
similar dependence on sample size can be expected
for inelastic scattering as well. The results indicate
that signal reaching the front surface of a tissue
cube is a strong function of the cube volume rela-
tive to the tissue optical properties. Thus if in vitro
measurements from multiple biopsy specimens are
to be compared, each sample should have the same
physical dimensions. A cube with dimensions
greater than about 125 optical depths at the excita-
tion wavelength approaches a semi-infinite tissue
geometry for the optical properties simulated, i.e.,
signal is emitted primarily from the top surface. If
in vitro measurements are to be extrapolated to an
in vivo tissue geometry, the biopsy specimens
should be large enough so that no signal escapes
from the sample bottom and side boundaries.
Figure 28 shows that for the optical properties of

aortic intima (lexc=476 nm, ma=7.5 cm−1, ms=240
cm−1, g=0.85), a 1 cm cube meets these criteria. The
percent of excitation light absorbed and the percent
of generated signal reabsorbed and remitted from
the sides and bottom change rapidly as the cube
dimension increases from 0.4 mm to 4 mm in the
aorta. Figure 28 also suggests that when only small
in vitro samples are available, the sample dimension
should be at least 75 to 100 optical depths (25 to 35
mm for arterial tissue at 800-nm excitation) for re-
sults to more closely resemble those expected from
intact tissue. Below this limit, the amount of signal
remitted, as well as its line shape, will be a strong
function of the tissue dimension.

6 CANCERS AND PRECANCERS IN TISSUES

The preceding sections of this paper have provided
an overview of Raman signals from biological mol-
ecules in solution and in microscopic environments.
Several biological molecules such as nucleic acids,
proteins, and lipids have distinctive Raman features
that yield structural and environmental informa-
tion. The molecular and cellular changes that occur
with cancer may result in distinct Raman spectra
from normal and cancerous tissues. The transitional
changes in precancerous tissues as well as in benign
abnormalities such as inflammation could also
yield characteristic Raman features that allow their
differentiation. For example, one of the more
prominent changes that occurs with cancers and
precancers is increased cellular nucleic acid content;
extensive DNA studies indicate that it may be pos-
sible to sample this change using Raman spec-
troscopy.61,67 In recent years, several groups have
indicated the potential of vibrational spectroscopy
for cancer diagnosis in various organ sites. These
groups have shown that features of the vibrational
spectrum can be related to molecular and structural
changes associated with neoplastic transformation.
Raman spectroscopy has thus far been used to de-
53URNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1
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Fig. 27 FT Raman spectrum of human stratum corneum at 1064 nm excitation (a) in vitro collection (350 mW, 200 scans) and (b) in vivo
collection (300 mW, 500 scans). (Modified from Ref. 65.)

Fig. 28 Percent signal emitted as a function of cube volume using aortic intima as an example. (Modified from Ref. 66.)
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tect cancers of epithelial and mesenchymal origin,
such as breast, brain, colon, bladder, and gyneco-
logic tissues.

6.1 BRAIN AND OTHER SARCOMAS

The brain is one of the most complex organs in the
human body, making it a very difficult target of
study. In broad terms, brain substance is divided
into gray matter consisting of nerve cells and white
matter consisting of primarily myelinated nerve fi-
bers or axons; myelin is a fatty substance that insu-
lates the axons.68 Neurons, glia, and the cells that
form the meninges and blood vessels form the cel-
lular components of the brain. Glia arise from the
bone marrow and support the neurons. Glial cells
include astrocytes, present in gray and white mat-
ter, which have round nuclei with even, pale chro-
matin. Gliomas are tumors that arise from glial cells
and differ in their characteristics based on their ori-
gin cells. Neurinomas are derived from Schwann
cells and are most commonly accompanied by hear-
ing loss; hence they are called acoustic neurinomas.
Neurocytomas are tumors that are characterized by
round uniform nuclei that resemble those of glial
oligodendrocytes but are neuronal in origin.13

Several groups have been responsible for the Ra-
man study of human brain and some of its tumors
(see, for example, Refs. 61 and 69). Mizuno et al.
have extensively studied the FT-IR Raman spectra
of different kinds of brain tumors relative to that of
normal human brain tissue excised from human pa-
tients. In general, the spectra of normal white and
gray matter of the brain show primary peaks due to
lipids and proteins.69 The spectra of white matter
show a greater contribution from lipids, cholesterol,
and proteins than the spectra of gray matter which
show a greater contribution from water, as is con-
sistent with normal brain structure [Figs. 29(a) &
29(b)].61

The spectra of different tumors were studied:
glioma II and III (origin–astrocytes), neurinoma
(origin—Schwann cells), and neurocytoma (ori-
gin—arachnoid choroid plexus).69 FT Raman spec-
tra of grade II gliomas were similar to that of gray
matter. However, grade III gliomas showed several
spectral differences relative to normal brain tissue
[Fig. 30(a)]. A strong band was observed at 1245
cm−1, indicating a change in protein configuration
from a-helix to random coil. The intensity of the
CuC lipid stretching band at 1130 cm−1 is in-
creased. A band at 856 cm−1 due to polysaccharides
is also observed. Neurinomas show spectral charac-
teristics similar to that of gray matter except for
bands at 956, 1006, 1157, and 1524 cm−1, attributed
to carotenoids that are absent in normal tissues [Fig.
30(b)]. Neurocytomas display a sharp band at 960
cm−1, associated with hydroxyapatite [Fig. 30(c)].
These kind of tumors are often accompanied by cal-
cification, as is indicated by the apatite band. Thus,
each tumor type presents specific bands that can be
J

used as potential diagnostic features (Table 8).
Keller et al. also studied normal brain tissues and
several neurogenic sarcomas grown in mice.61 Spec-
tral differences include a protein band at 1247 cm−1,
absence of the bands at 700 and 960 cm−1, and ad-
ditional bands due to nucleic acids in brain sarco-
mas. The protein band at 1247 cm−1 is more intense
in normal brain and is attributed to a larger amount
of protein, probably collagen. The bands at 700 and
960 cm−1, due to cholesterol, are present in both
normal gray and white matter but are absent in
neurogenic sarcomas. Additional bands typical of
nucleotides were also observed in sarcoma spectra,
but were not detected in normal brain. However, in
contrast, Mizuno et al. observed a more intense
band at 1245 cm−1 in gliomas as described above. In
addition, the band at 960 cm−1, attributed to hy-
droxyapatite, was observed only in neurocytoma
samples.
Manoharan et al. studied liposarcomas, a cancer

of adipose tissues usually occurring in the
extremities.51 NIR Raman spectra were obtained
from liposarcomas and normal adipose tissues (Fig.
31). The spectrum of normal tissues shows lipid
bands due to CuH, CuC, CvC, and CuO vibra-
tions. In addition to lipid bands, the spectrum of a

Fig. 29 FT Raman spectra of normal human brain tissue at 1064
nm excitation (200 to 300 mW, 1000 to 3000 scans): (a) normal
gray matter and (b) normal white matter. (Modified from Ref. 69.)
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Fig. 30 FT Raman spectra of human brain tumors at 1064 nm excitation (200 to 300 mW, 1000 to 3000 scans): (a) glioma grade III, (b)
acoustic neurinoma, and (c) central neurocytoma. (Modified from Ref. 69.)
liposarcoma shows cartenoid bands at 1528 and
1156 cm−1. The intensity ratio of the CH2 bending
mode at 1442 cm−1 to the CvC stretching band at
1667 cm−1 is observed to decrease with the grade of
56 JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1
malignancy compared with normal tissue. Thus,
these features can potentially be used as diagnostic
parameters to identify malignant tumors and deter-
mine their grades.
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Table 8 Summary of vibrational bands observed in normal brain and different brain tumors. (Adapted from results in Ref. 69.)

Gray &
White
Matter Glioma III Neurinoma Neurocytoma Bond Assignment

Molecular
Assignment

852 856 polysaccharides

875

883

930

956 carotenoids carotenoids

960 hydroxyapatite hydroxyapatite

1003 1006 1003 1003 ring breathing phenylalanine

1065 1068 1068 CuO, CuOuC stretch phospholipid

1080 CuC, PO2
2 stretch phospholipid

1126 1130 CuC stretch phospholipid

1157 carotenoids carotenoids

1245 amide III proteins (random)

1269 1265 1272 amide III proteins (a-helix)

1300 1304 1296 1315 CH2 twist & wag phospholipid

1439 1446 1439 1446 CH2 deformation lipids & proteins

1524 carotenoids carotenoids

1659 1659 1659 1659 amide I amide proteins

2850 CH2 stretch lipid hydrocarbons

2885 2885 CH2 stretch lipid hydrocarbons

2931 2927 2930 CH3 stretch lipid hydrocarbons
6.2 BREAST CANCER

Perhaps the most extensive work on the use of Ra-
man spectroscopy for cancer detection has been for
breast cancers. This is the most common type of
cancer among women, accounting for 18% of all
cancer deaths among women, second only to lung
cancer.12 The breast consists of mammary glands ar-
ranged in lobes separated by fibrous connective tis-
sue and a considerable amount of fatty tissue.68 Fi-
brocystic changes are benign processes that vary
from the innocuous to those associated with the risk
of carcinomas and are primarily the result of hor-
monal imbalances. They may exist in three forms:
cyst formation and fibrosis, hyperplasia, and ad-
enosis. Breast tumors may arise from the epithe-
lium, glands, or connective tissue and usually con-
sist of fat, connective tissue, epithelium, and a
protective covering. They vary from adenomas and
adenocarcinomas to fibromas and fibrosarcomas.
Infiltrating ductal carcinoma (IDC) is an invasive
form of breast cancer studied using Raman spec-
J

troscopy. IDCs typically show an increase in dense
fibrous stromal tissue and are fairly well defined
masses with a hard consistency.13 Although routine
screening using mammography can aid in early de-
tection of malignancy, lesions identified with this
method must be biopsied and evaluated histo-
pathologically to determine whether treatment is
necessary. In recent years, attempts have been made
to use spectroscopic techniques to diagnose breast
cancer.10,16,70 Although fluorescence spectroscopy
has shown some promise as a diagnostic tool, Ra-
man spectroscopy may provide more definitive
characteristics that allow differentiation of benign
and malignant tumors.8

Several groups have explored the potential of Ra-
man spectroscopy for detecting breast cancer. Al-
fano et al. obtained FT-IR Raman spectra of excised
normal human breast tissues, benign, and malig-
nant breast tumors, and discussed the feasibility of
using FT Raman spectroscopy for differentiating
normal and malignant breast tissues.70 The vibra-
57OURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1
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Fig. 31 NIR Raman spectra of normal human adipose tissue and lipsarcoma at 830 nm excitation (250 mW, 15 to 60 s). (Modified from
Ref. 51.)
tional spectra of benign breast tissues (which in-
clude normal tissues) showed four characteristic
bands at 1078, 1300, 1445, and 1651 cm−1. The spec-
tra of benign tumors showed bands at 1240, 1445,
and 1659 cm−1 and malignant tumors displayed two
Raman bands at 1445 and 1651 cm−1. The intensity
ratio of 1445 to 1651 cm−1 was found to be larger in
benign tissues than in benign tumors and the same
ratio was found to be even lower in malignant tu-
mors. The diagnostic bands at 1445 (CH2uCH3
bend) and 1651 cm−1 (amide I) were assigned to
proteins by Alfano et al.70

Raman spectroscopy using visible excitation was
also used to study excised human breast tissues,
and spectra characteristic of normal, fibrotic benign
and malignant tissues were obtained.60,71 Spectra
were also obtained from pure compounds, and the
features observed in tissue spectra were determined
to be primarily due to carotenoids, myoglobin, and
lipids (Fig. 32). The Raman spectra of normal breast
tissues showed peaks that were assigned to caro-
tenoids at 1005, 1157, and 1523 cm−1 (which were
not observed with IR excitation); peaks that were
assigned to lipids, primarily oleic acid derivatives
at 1302, 1442, and 1653 cm−1; a peak at 1370 cm−1

due to myoglobin; and several other smaller unas-
signed peaks [Fig. 32(a)]. Frank et al. proposed a
different assignment of the bands at 1445 and 1653
cm−1 than Alfano et al. and experimentally verified
their postulate that these peaks were not due to
58 JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO.
proteins but lipids by measuring the spectra of pure
lipids.71 Although the carotenoid and lipid peaks
were also present in the spectra of breast carcino-
mas, the carotenoid peaks were reduced in intensity
and the lipid peaks were small or entirely absent
[Fig. 32(b)]. The weak band at 1370 cm−1 that was
observed in normal tissue was found to be much
more significant in carcinoma samples and shifted
to 1358 cm−1. The lipid and carotenoid bands are
present but show an overall reduction of intensity
in benign breast tissues [Fig. 32(c)].
In a subsequent study by Frank, McCreery, and

Redd, the feasibility of using NIR Raman spectros-
copy for breast cancer detection was assessed.10

Chromophore contributions were found to differ as
excitation was shifted from the visible (which
yielded carotenoid and lipid bands) to the NIR
(which yielded only lipids bands) in normal tissues
(Table 9). NIR Raman spectroscopy yielded signals
with lower fluorescence interference and a higher
S/N ratio. NIR Raman spectra were obtained from
excised normal human breast tissues, tissues with
fibrocystic change, and infiltrating ductal carcinoma
by Frank, McCreery, and Redd.10 NIR Raman spec-
tra were measured at 784 nm excitation and de-
tected using an imaging spectrograph and CCD
camera. Figure 33 shows Raman spectra from nor-
mal, malignant (IDC) and benign (fibrocystic
change) breast tissues. The ratio of the areas under
the peaks at 1654 cm−1 and 1439 cm−1 were com-
1



RAMAN SPECTROSCOPY FOR CANCERS AND PRECANCERS
Fig. 32 Raman spectra of human breast tissue at 406.7 nm excitation: (a) normal breast tissue (50 mW, 1 to 4 s), (b) breast carcinoma (40
mW, 2.5 s), and (c) breast fibrosis (150 mW, 1 s). C-carotenoid; L-lipid, and M-myoglobin. (Modified from Ref. 60.)

Table 9 Comparison of vibrational bands observed in breast tissues at different excitation wavelengths. (Modified from Ref. 71.)

lexc=
406 nm

lexc=
488 nm

lexc=
515 nm

lexc=
647 nm

lexc=
691 nm

lexc=
784 nm

lexc
830 nm

Molecular
Assignment

727 727 lipid

872 870 868 lipid

972 972 972 lipid

1005 1006 1005 carotenoid

1065 1066 1065 lipid

1081 1077 1079 1079 lipid

1119 1119 lipid

1155 1157 1156 carotenoid

1190 1197 carotenoid

1263 1269 1265 1265 1265 lipid

1300 1305 1301 1303 1303 1303 lipid

1442 1443 1438 1439 1440 1439 1439 lipid

1526 1525 1517 carotenoid

1654 1653 1654 1654 1655 1654 1654 lipid

1745 1743 1745 lipid
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pared for normal and malignant breast tissues. The
ratio for normal tissues from patients with different
abnormalities varied by 5%. The area ratio increases
from 0.3 in normal tissues to 1.0 in IDC samples.
This increase is consistent with the changes re-
ported by Alfano et al.71 The intensity of the 1654
cm−1 CvC stretching band varies with the degree
of fatty acid unsaturation and the CH2 scissoring
band at 1439 cm−1 depends on the lipid-to-protein
ratio.
The spectra from IDC tissue showed an overall

decrease in intensity with respect to normal tissue
[Fig. 33(b)]. The peak at 1439 cm−1 was shifted to
1450 cm−1 and is attributed to the different CH2 de-
formation frequencies in lipids and proteins. Sev-
eral differences were also observed when IDC tis-
sues were compared with benign abnormal tissue.
In benign tissue, the intensities of the bands at 1656
cm−1 and 1259 cm−1 were smaller than the band at
1449 cm−1, and this band is further shifted to 1446
cm−1 [Fig. 33(c)]. The region of 850 to 950 cm−1

showed only two bands in benign tissue compared
with four in IDC samples. The peaks observed in
normal tissues were primarily attributed to oleic
acid methyl ester, a lipid, and the peaks observed in
IDC and benign tissues were primarily attributed to
collagen I (Table 10). This is consistent with the his-
topathology where IDC and benign tissues are firm
and rubbery macroscopically and show an increase
in interstitial tissues microscopically. Although
samples from only 12 patients were studied, the
spectral differences were found to be significant
and warrant further pursuit. Similar results were
also obtained by Feld et al. where a comparable
system was used.9

6.3 COLON AND BLADDER CANCER

Colorectal carcinomas are generally adenocarcino-
mas that usually begin as polyps and evolve into
other patterns. They typically secrete mucin, and
invasion leads to strong stromal involvement, form-
ing hard, firm carcinomas.13 Preliminary work was
conducted by Feld et al. using NIR Raman spectros-
copy to identify colon cancer; small differences
were found in the Raman spectra of normal
samples and adenocarcinoma.9 The difference spec-
trum formed by subtracting the spectrum of normal
from carcinoma tissues shows the variations in the
vibrational bands with cancer (Fig. 34). Peaks at
1662, 1576, 1458, and 1340 cm−1 corresponding to
nucleic acid modes (purines—1576, 1458 cm−1) were
found to be more intense in carcinoma samples, in-
dicating an increased nuclear content with carci-
noma. In addition, several peaks corresponding to
lipids were found to be more intense in normal
samples.
Bladder cancers are most commonly of epithelial

origin. NIR Raman spectroscopy was also used to
study bladder cancers.9 The Raman spectra were

dominated by contributions from protein bands;
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however, spectral differences similar to those ob-
served in the colon were also displayed. Increased
intensity of the nuclear bands was accompanied by
decreased lipid bands in bladder cancer samples
relative to normal samples.

6.4 CANCER OF GYNECOLOGIC TISSUES

Liu et al. were the first to report on the feasibility of
using FT-IR Raman spectroscopy for detecting can-
cers originating from various gynecologic tis-
sues.8 Characteristic features of normal tissues and
malignant tumors from the cervix, uterus, en-
dometrium, and ovary were described. The gyneco-
logic tissues studied differ structurally as well as
functionally.13,68 The ectocervix consists of nonkera-
tinizing squamous epithelium with an underlying
collagenous stroma. Cervical cancers are primarily
epithelial in origin and can be detected in their pre-
cancerous stage with routine cytologic screening.
The ecto- and endocervix are separated by the squa-
mocolumnar junction with the endocervix tran-

Fig. 33 Raman spectra of human breast tissue at 784 nm excita-
tion: (a) normal breast tissue (100 mW, 300 s), (b) infiltrating duc-
tal carcinoma (100 mW, 300 s), and (c) tissue with fibrocystic
change (200 mW). Sloping baseline was subtracted from all spec-
tra. (Modified from Ref. 10.)
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Table 10 Summary of vibrational bands observed in normal and malignant breast tissues and the corresponding biological constituents.
(Adapted from results in Ref. 10.)

Normal
Oleic Acid
Methyl Ester Bond Assignment IDC

Collagen
Type I Bond Assignment

727 728 vCuH in plane bend 817 814 CuC stretch

849 856 856 855 CuC stretch

870 868 876 874 CuC stretch

890 887 920 920 CuC stretch

972 973 vCuH off plane deform 937 934 CuC stretch

10051 carotenoid 10043 1002 phenylalanine

1066 1067 CuC stretch 1043 1032 proline

1079 1082 CuC stretch 1125 1127

1119 1118 CuC stretch 11571 carotenoid

11571 carotenoid 1167 1166

11901 carotenoid 11901 carotenoid

1206 1206 hydroxyproline, tyrosine

1247 1247 amide III

1265 1268 vCuH in plane deform 1267 1269 amide III

1303 1304 CH2 twist 1303 1319 CH3, CH2 twist

1343 1343 CH3,CH2 wag

13702 myoglobin 13582 myoglobin

1439 1442 CH2 scissors 1450 1451 CH3, CH2 deform

15231 carotenoid 15251 carotenoid

1554 1554

1654 1655 CvC stretch 1657 1665 amide I

1743 1743 CvO stretch

1 These are carotenoid bands seen only with visible excitation.
2 This band is assigned to myoglobin and seen only with visible excitation.
3 This band is assigned to collagen at NIR excitation and carotenoids at visible excitation.
scending into a mucus-secreting columnar epithe-
lium. Endocervical cancers are typically adeno-
carcinomas and arise within the endocervix, as op-
posed to cervical epithelial lesions, which arise in
the squamocolumnar junction. The uterus is a thick
muscular organ; the muscle is the myometrium and
its mucus lining membrane is the endometrium.
The endometrium changes with menstruation and
its corresponding hormonal cycle; it varies from
proliferative growth of stroma and glands to be-
coming soft and fatty to shedding two-thirds of its
structure. Uterine and endometrial cancers may
arise from the glands, stroma, or smooth muscles.
Most endometrial cancers are adenocarcinomas
characterized by well-defined glandular patterns
lined with columnar epithelial cells. Ovaries are
made up of bilayered cortex, with a layer of fibro-
blasts and a layer of collagenous connective tissue
and medulla consisting of mesenchymal tissue and
steroid-producing cells. Most ovarian cancers arise
from the surface epithelium. The tumors may be
cystic, fibrous, or a mixture of the two. They are
generally nonfunctional and hence hard to detect
until their final stages.
Three significant peaks were noted to differ in the

Raman spectra of normal and benign cervix com-
pared with cancerous lesions. In cancerous tissues,
the intensity of the amide I stretching vibration
band at 1657 cm−1 is less than the intensity of the
61JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1
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Fig. 34 Difference spectra of human adenocarcinoma and normal colon samples from the same patient at 830 nm excitation (60 to 480
mW, 1 min). (Modified from Ref. 9.)
CuH bending vibrational band at 1445 cm−1. The
amide III band at 1262 cm−1 is broadened in cancer-
ous lesions. An additional unidentified peak at 934
cm−1 is observed only in normal and benign cervi-
cal samples. A possible diagnostic algorithm could
be based on the relative intensities of the two peaks
where I1657>I1445 in normal and benign tissues and
I1657<I1445 in cancerous samples. These peaks were
primarily attributed to collagen and elastin by Al-
fano et al.8

The intensity ratio of 1657 cm−1 to 1445 cm−1

could be used to differentiation in other gyneco-
logic tissues as well. The peaks at 1262, 1445, and
1657 cm−1 were consistently observed (see, for ex-
ample, Fig. 35). In uterine samples, the behavior of
the intensity ratio was similar to that in the cervix.
I1657/I1445 was greater than one in normal and can-
cerous endometrial samples. In ovarian tissues,
I1657<I1445 in normal ovary and I1657>I1445 in malig-
nant samples. The bands were shifted to 1651 and
1453 cm−1 in malignant ovarian tissues. These peaks
were primarily assigned to collagen and/or elastin
in the different tissues (Table 11). However, in fatty
tissues such as the endometrium, the previously as-
signed amide bands at 1262 and 1656 cm−1 were
attributed to lipids instead.
Although Raman spectra were obtained from nor-

mal, ‘‘benign,’’ and malignant cervical tissues, Al-
fano et al. did not attempt to differentiate between
normal tissues and precancerous lesions. The po-
tential of NIR Raman spectroscopy to differentiate
cervical precancers from normal tissues, inflamma-
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tion, and metaplasia and to differentially diagnose
low-grade and high-grade precancers has been
studied by our group.11,25 Cervical precancers are
confined to the epithelium; they arise from the
basal layers and progress to the top. Inflammation
and metaplasia are benign processes that are usu-
ally of little clinical consequence. These processes
cause activity in the epithelium as well as the
stroma;72 thus the increased penetration of NIR ex-
citation may allow recognition of inflammation and
metaplasia.
NIR Raman spectra were measured using 789-nm

excitation from normal, benign (inflammation and
metaplasia), and precancerous biopsies.11 Raman
spectra from normal and precancerous tissues, indi-
cating several spectral features with diagnostic po-
tential, are shown in Figure 36. The intensity of the
amide I band at 1656 cm−1 was lower in precancer-
ous tissues than in other tissue categories. The band
at 1325 cm−1 was attributed to nucleic acids and
was found to be more intense in precancerous tis-
sues. A diagnostic algorithm based on the intensity
at 1656 cm−1 could differentiate precancers from
other tissue categories with a false negative rate of
9% and a flash positive rate of 12% in a paired
analysis, which was obtained by normalizing the
peak of an unknown sample to that of a known
normal from the same patient.
The amide I band can further separate previously

classified precancers at high-grade and low-grade
precancers with a false negative rate of 14% and a
false positive rate of 4%. In addition, the ratio of
1
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Fig. 35 FT Raman spectra of human ovarian tissue at 1064 nm excitation (1 W, 800 scans): (a) malignant ovarian tissue and (b) normal
ovarian tissue. (Modified from Ref. 8.)
unnormalized intensities at 1656 to 1325 cm−1

(amide proteins to nucleic acid bands) could sepa-
rate precancers from all other tissue categories with
a false negative and false positive rate of 18% and
20%, and the ratio of unnormalized intensities at
1656 to 1454 cm−1 (amide proteins to protein or
lipid bands) was used to separate high-grade and
low-grade precancers with a false negative and
false positive rate of 0% without the need for spec-
tra from a known normal sample. Multivariate sta-
J

tistical techniques were also used for analysis and
classification to include all the available spectral in-
formation. Intensities at eight frequencies were
identified and used to differentiate precancers from
all other tissue categories under cross validation
with a false negative and false positive rate of 18%
and 4% (Fig. 37). These results suggest the potential
of near-infrared Raman spectroscopy for diagnos-
ing cervical precancer. Inflammation and metapla-
sia samples can be separated from precancerous
63OURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1
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Table 11 Summary of vibrational bands and their assignment observed in gynecologic tissues. (Adapted from results in Ref. 8.)

Cervix Uterus Endo Ovary
Bond

Assignment
Molecular
AssignmentBenign Malign Benign Malign Benign Malign Benign Malign

781

827 819 819 CuH off plane bend blood, tyrosine

850 850 850 850 proline collagen, elastin

934 934 934

1002 1002 1002 1002 1002 1002 1002 CuH off plane bend blood

1056 lipid

1240 1240 elastin

1262 1270 1262 1262 1262 1262 1262 1262 amide III collagen, elastin

1300 1315 1300 1300 1308 CuH bend lipid

1330 1330 1330 tryptophan

1445 1445 1453 1445 1445 1450 1445 1453 CH2uCH3 bend lipid

1659 1657 1659 1659 1656 1655 1659 1651 amide I collagen, elastin

I1659> I1659< I1659> I1659< I1656> I1655> I1659< I1659>

I1445 I1445 I1453 I1445 I1445 I1450 I1445 I1443
samples using any of the algorithms described
above, obviating a potential limitation of fluores-
cence spectroscopy-based algorithms.

6.5 SUMMARY OF RESULTS

Tables 9 to 11 effectively summarize some of the
results obtained from the application of Raman
spectroscopy to cancer detection. The abundance of
diagnostic features in the tissue spectra clearly in-
dicate the potential of this technique for clinical ap-
plication. In comparing the fingerprint features of
the Raman spectra from different tissues and their
cancers, several similarities and differences were
64 JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO.
observed. The ratio of intensities at 1655 cm−1 to
1450 cm−1 has been consistently used to differenti-
ate normal and cancerous tissues at different sites,
including brain, breast, and gynecologic tissues. In
several tissues, the second amide band at 1260 cm−1

contributes toward differentiation as well. In addi-
tion, cancers show a significant nucleic acid contri-
bution compared with normal tissues and can be
used as a diagnostic tool.9,11 On the other hand,
fatty tissues such as breast and endometrium show
identical peaks assigned to lipids.8

The Raman spectra of normal, precancerous, and
cancerous tissues contain contributions from bio-
Fig. 36 Raman spectra of normal and precancerous human cervical tisse at 789 nm excitation (25 mW, 15 min). (Modified from Ref. 11.)
1
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Fig. 37 Multivariate diagnostic algorithm based on PCA and FDA for differentiating human cervical precancers from all other cervical tissues
using intensities at eight frequencies. The decision line separates precancers from all other cervical tissues with a sensitivity and specificity of
82 and 96%. (Modified from Ref. 11.)
logical molecules that depend on the microscopic
environment in tissues and interactions with each
other. Tissue Raman spectra show primary contri-
butions from proteins, lipids, and nucleic acids.
However, identification of specific molecular con-
formations in gross tissue is made difficult by the
very changes that characterize them in their envi-
ronment. The potential to derive more detailed bio-
chemical information is present, but realizing it will
require detailed microscopic and chemical studies
using techniques described in the molecular and
cellular sections of this paper.

7 CLINICAL APPLICATION OF RAMAN
SPECTROSCOPY
In order to fully evaluate the potential of Raman
spectroscopy for clinical detection of precancers
and cancers, in vivo studies are required. Several
groups have initiated this process with varying de-
grees of success. This progression has been made
possible by the development of sensitive instru-
mentation, use of fiber optics, and development of
automated algorithms.

7.1 AUTOMATED DIAGNOSIS

One of the potential advantages of spectroscopic di-
agnosis is automation, which allows objective and
real-time diagnosis of pathologies. Differences in
spectral features can be incorporated in diagnostic
algorithms; several techniques have been identified
and used to enhance the differentiation and classi-
fication of tissues for potential automated, clinical
diagnosis. The simplest algorithms are based on
empirically identified diagnostic features. These
differences may be variations in intensity, intensity
ratios, and number and location of peaks. For ex-
ample, the intensity ratio of the CH2 bending vibra-
tional mode at 1450 cm−1 to the amide I vibrational
mode at 1655 cm−1 has been observed to vary with
disease in several applications, including breast
cancers and gynecologic cancers and precan-
cers.8,11,73 Often, several spectral features contribute
to the differences observed in normal and abnormal
tissues, and more elaborate techniques such as mul-
tivariate statistical methods may improve differen-
tiation. Partial least squares, a regression-based
technique, was used to extract accurate concentra-
tions of dissolved glucose and bicarbonate using
NIR Raman spectra for transcutaneous blood
analysis.74 Mahadevan-Jansen et al. developed a
multivariate algorithm in which principal compo-
nent analysis (PCA) was used for data reduction
and Fischer discriminant analysis (FDA) was used
for the classification.11 Lewis et al. used neural net-
works and a learning algorithm to classify wood
with Raman spectroscopy.75 Several other tech-
niques have also been attempted. These include
building a library of known spectra that was used
to classify the origin of tissue based on its Raman
spectra.61 These and other techniques allow auto-
mated diagnosis that enhances the potential of real-
time clinical detection of disease.

7.2 FIBER OPTIC REMOTE SENSING

With the development and availability of diode la-
sers, imaging spectrographs, and cooled CCD cam-
eras, it became possible to build compact NIR Ra-
man systems that acquire spectra with short
integration times.9,10 Fiber optic probes can be de-
signed to deliver and collect signal efficiently, thus
allowing remote access. However, a significant
65JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1
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problem with this idea has been that of signals gen-
erated by the fibers themselves (luminescence and
Raman).76 The signal generated is proportional to
the fiber length and limits the detection capability
of the technique.77 Figure 38 shows the Raman
spectra of fused silica (Diaguide fiber from Mitsu-
bishi Cable) used to design a probe. A Raman signal
was observed to be generated from the core [Fig.
38(a)] as well as the cladding and buffer [Fig. 38(b)]
of the fiber.76 This signal can have magnitudes
equal to and sometimes greater than that of the
sample under study and thus needs careful
consideration.77 Fiber signal is generated in the de-
livery fiber by the excitation light. In addition,
background signal is also generated in the collec-
tion fibers by the elastically scattered excitation
light returning into the collection fiber(s). A feasible
probe design must prevent unwanted signal gener-
ated in the delivery fiber from illuminating the
sample as well as preventing elastically scattered
excitation light from entering the collection fibers
and generating unwanted signal.
Several different designs have been proposed for

potential clinical acquisition of Raman spectra us-
ing fiber optic probes. Myrick and Angel developed
different dual fiber probes which could be used un-
der different conditions with maximum collection
efficiency but minimum fiber interference (Fig.
39).77 One of these probes, which can potentially be
used in vivo, consists of separate single fibers for
delivery and collection placed at a small angle rela-
tive to each other. Graded index lenses and Winston
cones were used at the distal tip of the fibers for
focusing and collimating the beam. In addition, a
bandpass filter was placed after the excitation fiber
lens and a longpass filter was placed between the
sample and collection fiber lens. Thus the bandpass
filter allows only the transmission of the excitation
light from the delivery fiber, and the longpass filter

Fig. 38 Raman and luminescence spectra at 488 nm excitation of
(a) core in a 200 mm core optical fiber from Diaguide and (b)
cladding and buffer of the same optical fiber. (Modified from Ref.
76.)
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blocks the transmission of the Fresnel reflected ex-
citation light as well as the elastically scattered
light, keeping it from entering the collection fibers.
Multiple fiber bundles have been utilized for

spectroscopic measurements of tissue by several
groups.21,23 Such a bundle commonly consists of a
central excitation fiber surrounded by many collec-
tion fibers linearly aligned in front of the spectrom-
eter. Schwab and McCreery have used this design
and tested it on different samples.78 Although spec-
tra with good S/N ratios could be obtained from
transparent samples, the fiber background was still
a serious problem in samples with high elastic scat-
tering such as tissue. In a subsequent breast tissue
study, the same group used two different fiber optic
bundles; a 631 fiber bundle accessible through a
biopsy needle and an integrated 232-inch noncon-
tact probe (DLT, Laramie, WY), and tested it on
breast tissue in vitro.10 Bandpass and longpass fil-
ters were used in the noncontact probe to account
for fiber background. Breast Raman spectra were
obtained using both probes but required long inte-
gration times for a good S/N ratio (Fig. 40).10 Fiber
interference was found to be more significant for
cancer samples with both probes.
Berger et al. have developed a novel design for

improved signal collection to allow spectral acqui-
sition in a few seconds.74 A hollow compound para-
bolic concentrator (CPC) was used at the distal tip
of the probe to obtain seven times more signals
than could be obtained using a fiber probe without
the CPC. Fiber background was reduced by using a
dichroic mirror and separate excitation and collec-
tion fiber geometries. Excitation light was reflected
by the mirror (placed at 45 degrees to the sample
normal) through the CPC onto the sample. Raman
spectra were collected by the CPC and transmitted
through the mirror into a collection fiber bundle
(with about 100 fibers) to a detector. The dichroic
mirror transmits the fiber signal from the delivery
fiber and reflects the excitation and elastically scat-
tered light, thus preventing their entry into the col-
lection fibers; this reduces the interference of the

Fig. 39 Dual fiber configuration. (Modified from Ref. 77.)
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Fig. 40 Raman spectra of human breast tissue at 784 nm excitation obtained with the noncontact DLT probe: (a) normal breast tissue (50
mW, 300 s) and (b) diseased breast tissue (average of 25 3-min scans). (Modified from Ref. 10.)
fiber signal from sample Raman acquisition. This
probe design was used to acquire Raman spectra
for transcutaneous blood glucose measurements.
Other successful in vivo measurements have been

in the eye,79 nail,6 and skin.66 In vivo applications
thus far have been confined to exposed tissue areas
where fiber background could be circumvented us-
ing a macroscopic arrangement; e.g., a DLT probe
for breast tissues by Frank, McCreery, and Redd10

and a CPC probe for transcutaneous measurements
of blood analytes by Bergen, Itzkan, and Feld.74

However, other applications such as in the colon,
cervix, and oral cavity, require a more compact con-
figuration and probe design. Although several
groups have concentrated their efforts in this direc-
tion, we were unable to find any reports of success
thus far.

7.3 TEMPERATURE CONSIDERATIONS

Application of any technique that uses lasers must
follow certain safety standards to avoid potential
hazards. Safety standards for laser exposure of skin
and eye have been set by the American National
Standards Institute (ANSI). The power densities
used for successful Raman spectral acquisitions can
be quite high and warrant consideration of safety
hazards. The maximum permissible exposures as
set by ANSI are wavelength dependent and can be
calculated for a given exposure time following the
directions laid out in the ANSI laser safety
manual.80 For example, for continuous wave light
at 790 nm excitation, the ANSI safety standard is 0.3
J

W/cm2 (for greater than 10 s exposure) for the skin.
This corresponds to 99 mW of power for a 200 mm
spot size, which we find insufficient to generate de-
tectable Raman signal from the human cervix. Thus
we have explored supplementary methods of
analysis to investigate the potential thermal effects
of laser exposures in excess of those set by the ANSI
standards for skin.
Simulations were performed to calculate the ex-

pected rise in temperature due to laser radiation
exceeding the ANSI threshold in Raman measure-
ments of tissues. Light distribution was simulated
using a Monte Carlo model for specific conditions
and using optical properties from the literature.
This was followed by thermal calculations using an
implicit finite difference thermal model.81 The ther-
mal model assumes no perfusion and an air me-
dium surrounding the tissue during irradiation.
The model does not take into consideration the
cooling effects of evaporation; this can result in an
overestimation of the rise in temperature by this
model.82 For cervical tissue, a 25 mW source with a
spot size of 500 mm at 789 nm corresponds to 40
times the power density safely allowed by ANSI for
skin. The simulation calculated a rise in tempera-
ture of only 5.6 °C/min for the same parameters.
On the other hand, many groups typically use
higher powers for Raman signal collection. In an in
vitro study by Kramer et al., Raman spectra were
collected from coronary arteries using 830 nm exci-
tation, 350 mW power, incident in a 1-mm spot.83

This corresponds to 122 times the minimal permis-
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sible exposure set by ANSI for skin, and the model
yields a temperature rise of 60 °C/min. Although
the model may overestimate the rise in tempera-
ture, the results clearly indicate that the use of high
power must be accompanied by temperature calcu-
lations to ascertain that spectra are not being mea-
sured from thermally damaged tissue.

8 PERSPECTIVES ON THE FUTURE
This paper reviews the use of nonresonance Raman
spectroscopy to detect precancers and cancers. The
success of the technique has led to the development
of feasible clinical systems that can measure Raman
signals from tissue with short collection times.9,10

For example, Frank, McCreery, and Redd describe
the use of two potentially clinical fiber optic probes:
one for noncontact measurements and one acces-
sible through the biopsy channel.10 Although mea-
surements were not performed in vivo, the probes
were tested on a model of breast tissues. Kramer
et al. have developed a clinical Raman system using
a uniquely designed probe incorporating a CPC,
and spectra were measured from coronary arteries
in vitro.83 In vivo studies were stated to be in
progress. These studies clearly indicate that suc-
cessful clinical application of Raman spectroscopy
is imminent and may be expected to change the
face of cancer detection in the near future.
The complexity of tissue structure and environ-

ment make the interpretation of tissue Raman spec-
tra difficult. To achieve the maximum benefit from
Raman-based diagnostic systems, an understanding
of the molecular, microscopic, and macroscopic ori-
gin of observed tissue Raman signals is required. In
vitro results have demonstrated contributions from
proteins, lipids, and nucleic acids which are altered
under neoplastic transformations. However, despite
the ability of Raman spectroscopy to probe molecu-
lar conformations and interactions of samples in so-
lution and in single cells, this degree of information
has not yet been obtained from tissue Raman spec-
tra. Extracting this information will require more
detailed chemical and microscopic studies to con-
firm the molecular basis of tissue signals and the
development of models to relate the macroscopic
signal to its microscopic origins. This process has
been initiated with the analysis of Raman spectra
from arterial tissue by Baraga, Feld, and Rava to
obtain relative contributions from participating
chromophores.84 We believe that using similar tools
to analyze the Raman spectra of neoplastic tissues
will yield results that will maximize the clinical po-
tential of this technique.
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