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inucleotide in human cancerous and normal prostate
issues studied using native fluorescence
pectroscopy with selective excitation wavelength
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Abstract. The fluorescence spectra of human cancerous and normal
prostate tissues obtained by the selective excitation wavelength of
340 nm were measured. The contributions of principle biochemical
components to tissue fluorescence spectra were investigated using the
method of multivariate curve resolution with alternating least squares.
The results show that there is a reduced contribution from the emis-
sion of collagen and increased contribution from nicotinamide ad-
enine dinucleotide �NADH� in cancerous tissues as compared with
normal tissue. This difference is attributed to the changes of relative
contents of NADH and collagen during cancer development. This
research may present a potential native biomarker for prostate cancer
detection. © 2010 Society of Photo-Optical Instrumentation Engineers.
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Introduction

rostate cancer is the most common cancer in American men.1

ince the first report on the laser-induced fluorescence from
iological tissues in the 1980s by Alfano’s group,2,3 fluores-
ence spectroscopy has been widely used for the diagnostic
urpose of cancer, which has been called an optical biopsy.
uring the development from benign prostatic hyperplasia to
remalignant �dysplastic� and malignant stages, prostate cells
ndergo proliferations and death, which modify biochemical
ontents.4 Additionally, the connective tissue frameworks of
rostate tissue can be impaired during cancer evolution.5 Such
lterations of tissue biochemistry4 and morphology5 may be
evealed in the tissue fluorescence.6 Although there is signifi-
ant experimental evidence suggesting the differences of na-
ive fluorescence spectra between cancerous and normal tis-
ues of various organs, few works disclose differences
etween native fluorescence spectra of the cancerous and nor-
al prostate tissues and study the biological basis of these

ifferences. The well-known five Gleason Grades7 describe
he evolution of malignant prostate tumor and reveal the
hange of prostate tissue. The pattern of Gleason Grade 1
corresponding to early stage� consists of evenly placed uni-
orm gland cells supported by a high, structured network of
ollagen fiber.5,7 With grade advances, the cancer cells prolif-

ddress all Correspondence to: Robert R. Alfano, Institute for Ultrafast Spectros-
opy and Lasers Department of Physics, The City College of the City University
f New York, 160 Convent Avenue, New York, New York 10031. Tel: 212-650-
533; Fax: 212-650-5530; E-mail: ralfano@sci.ccny.cuny.edu
ournal of Biomedical Optics 047008-
erate, the cell density increases, the cellular nuclei become
non-uniform7 and content of collagen decreases.5,7 Under-
standing the changes during cancer evolution is critical to
reveal the contributions of the key biochemical components in
tissue to their fluorescence spectra.

In this study, fluorescence spectra of cancerous and normal
prostate tissues with the selective excitation of 340 nm were
measured to reveal changes of relative contents of key bio-
chemical components in tissue. The intrinsic fluorescence
spectra of key principle biochemical components and their
contribution to entire tissue fluorescence were investigated us-
ing the method of multivariate curve resolution with alternat-
ing least squares �MCR-ALS�.4,8 The changes of relative con-
tents of collagen and Nicotinamide Adenine Dinucleotide
�NADH� in cancerous and normal prostate tissues were ob-
served.

2 Material and Method
Eight pairs of cancerous and normal prostate tissue samples
obtained from eight different patients were provided by the
Co-operation Human Tissue Network �CHTN� and National
Disease Research Interchange �NDRI� under Institutional Re-
view Board �IRB� approvals at the City College of New York.
Each pair of cancerous and normal prostate tissue samples
was taken from the same patient and diagnosed by a pathol-
ogy medical doctor. Samples were neither chemically treated

1083-3668/2010/15�4�/047008/5/$25.00 © 2010 SPIE
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or frozen prior to the experiments. The time elapsed between
issue resection and measurements may have varied for differ-
nt sample sources. The elapsed times were �30 h. Fluores-
ence measurements were performed on eight pairs of cancer-
us and normal prostate tissue samples using a Perkin-Elmer
S-50 spectrometer. The prostate tissue samples used for fluo-

escence measurements were cut into �1.5� �1�
0.3 cm �length�width� thickness� pieces. In order to

tudy changes of the relative contents of collagen, elastin and
ADH due to cancer formation, the fluorescence spectra of

ancerous and normal prostate tissues were measured with the
elective excitation wavelength of 340 nm, which is close to
he absorption peaks of these three biochemicals. The fluores-
ence of other biochemicals in tissue obtained with the exci-
ation wavelength of 340 nm is expected to have much lower
ntensity because their absorption peaks are far from 340 nm.

The principle method of MCR-ALS was described in de-
ail by Tauler and de Juan.8 It was developed to intend the
ecovery of the response profile �spectra, PH profiles, time-
esolved profiles, etc.� of the corresponding components in an
nresolved and/or unknown mixture when no prior or little
nformation is known about this mixture. In this study,

ACR-ALS was used to extract the undistorted fluorescence
pectrum of each principle biochemical component from the
pectra of the prostate tissue samples and the relative contents
f the principle biochemical components.

The MCR-ALS analysis is briefly described as D=CST

E, where D is the data matrix containing experimental spec-
ra in rows; C is the matrix of calculated content profiles; ST

s the matrix of calculated spectra of components contributed
o D; and E is the residual error matrix between D and model
ST. In order to obtain a physical and/or biological meaning,
CR-ALS will be achieved to approach diverse constraints

nonnegativity, unimodality, selectivity, closure, etc.� using a
roup of methods �such as by evolving factor analysis, least-
quares calculation, or principle component �PC� analysis� ap-
lied during the iterations.

Experimental Results and Discussions
ifferences of the emission spectra between the cancerous

nd normal tissue samples were reproducibly observed in the
pectral range from �360 to �580 nm. The average fluores-
ence spectral profiles of the cancerous �solid line� and nor-
al �dashed line� prostate tissues obtained with the selected

xcitation at 340 nm are shown in Fig. 1. Each spectral pro-
le was normalized to unit value of 1 �i.e., the sum of squares
f the data elements in each emission spectra was set as 1�
efore taken averaging. The main emission peak of the can-
erous tissue is found at 389 nm while the emission peak for
he normal tissue is at 394 nm. The major difference of the
uorescence spectral profiles of the cancerous and normal tis-
ues is the existence of a shoulder peak at �440 nm for the
ancerous tissue while emission intensity of normal tissue de-
ays monotonously with the wavelength after the main peak,
nd there are no shoulder peaks. This difference indicates the
hange of fluorophore compositions in tissue during the tumor
evelopment.

To investigate which biochemical components mainly con-
ribute to the tissue fluorescence, the absorption spectra of
ollagen, elastin and NADH, and the emission spectra of col-
ournal of Biomedical Optics 047008-
lagen, elastin NADH, and other key fluorophores �such as
NAD+, NAD, tryptophan, and tyrosine� with the excitation at
340 nm were measured individually. The results are shown in
Fig. 2. Each fluorophore was made into an aqueous solution in
a quartz cell with the same concentration of �0.75 mg /cm3.
The fluorophore that was not soluble in water �such as col-
lagen and elastin� was made into an aqueous suspension and
shaken evenly before the measurements. The data acquisition
time of each run for the fluorescence measurements is �30 s.
The absorption peaks of collagen, NADH, and elastin were
observed at 339, 345, and 351 nm, respectively. The pro-
nounced emission peaks of collagen, elastin and NADH were
observed at 393, 410, and 462 nm, respectively. The emission
intensities obtained with 340-nm excitation for other fluoro-
phores are much weaker than collagen, elastin and NADH
because of the absorption peaks of other fluorophores are far
from 340 nm. Among these fluorophores other than collagen,
elastin and NADH, tryptophan has strongest fluorescence in-
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Fig. 1 Average fluorescence spectra of cancerous �solid line� and nor-
mal �dashed line� prostate tissues obtained with the selective excita-
tion wavelength of 340 nm.
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Fig. 2 Absorption spectra of three PCs of collagen, elastin and NADH,
and fluorescence spectra of seven key tissue fluorophores in aqueous
solution �collagen, elastin, NADH, NAD+, NAD, tryptophan, and ty-
rosine�. The fluorescence spectrum of each individual fluorophore in
solution was obtained using the excitation wavelength of 340 nm.
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ensity, but its fluorescence intensity obtained with the
40-nm excitation is �50 times smaller than that for col-
agen. Another fluorophore, flavin adenine dinucleotide
FAD�, is also reported as important biomarker in tissue.9

owever, the contribution of FAD to tissue fluorescence ex-
ited with 340 nm is much weaker than NADH because its
bsorption peak locates at �450 nm �far from 340 nm� and
mission peak is �520 nm.9 Therefore, it is reasonable to
onclude that the fluorescence profiles of cancerous and nor-
al prostate tissues excited with 340 nm are mainly contrib-

ted from collagen, elastin and NADH, which can be re-
arded as three principle fluorophores. The MCR-ALS
nalysis can be used to extract both individual spectra and the
elative contents of these three key principle components
fluorophores� from the entire fluorescence spectra of tissue
btained with the 340-nm excitation.

In the MCR-ALS analysis, eigenvalues and eigenspectra
or cancerous and normal prostate tissues were calculated.
he leading three PCs of collagen, elastin and NADH were
ccounted as 99.8% of the total variance, and coefficient of
etermination is found to be 99.6%. This means using one
ore extra component �the fourth PC� does not change much

n the variance than using these three PCs.
To understand the changes of relative contents of principle

iochemical components in the cancerous and normal prostate
issues, the spectrum of each component and its weighted con-
ribution to the entire tissue fluorescence spectra were ex-
racted from the measured fluorescence spectra of the cancer-
us and normal prostate tissues as shown in Fig. 1 using the
CR-ALS method. The spectra of the principle fluorophores

f collagen, elastin and NADH obtained using the MCR-ALS
ethods are shown as dashed lines in Fig. 3�a�. For compari-

on, the individual spectra of collagen, elastin and NADH in
olution were also plotted as solid lines in Fig. 3�a�. These
wo groups of spectra show reasonable agreement with each

400 450 500 550 600 6
0

1000

2000

3000

4000

In
te
ns
ity
(a
.u
.)

wavelength(nm)

collagen_measurement
collagen_MCR-ALS
elastin_measurement
elastin_MCR-ALS
NADH_measurement
NADH_MCR-ALS

Comparison between emission spectra of principle componen
obtained by measurement and MCR-ALS

(a)
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f collagen, elastin and NADH; and �b� fractional content of the first
ith the MCR-ALS method.
ournal of Biomedical Optics 047008-
corresponding counterpart, which demonstrates that MCR-
ALS model accounts for the major spectroscopic feature as
observed. The differentiation between the extracted spectra in
tissue and measured individual spectra in solution of each
component was observed and mainly resulted from distortions
caused by tissue scattering and absorption.4,6 In the case of
NADH, the emission peak of “free” NADH in solution was
observed at 462 nm, while the emission peak of the MCR-
ALS extracted fluorescence spectrum of NADH in tissue was
found at �440 nm. This spectral shift was studied and attrib-
uted to different environment status: the former is NADH in
solution and the latter is NADH in tissue, which includes a
large contribution of protein-bound NADH. The extracted
emission spectrum of NADH in tissue was obtained using the
measured entire tissue fluorescence spectra as shown in Fig. 1
and the MCR-ALS analysis method. The emission spectrum
of free NADH in solution was not used in MCR-ALS extrac-
tion. Therefore, the spectral shift between tissue and solution
does not affect the evaluation of MCR-ALS. The relative con-
tents of collagen, NADH, and elastin, in the cancerous and
normal prostate tissues were extracted using the MCR-ALS
method by treating collagen, elastin and NADH as PCs. Fig-
ure 3�b� shows the fractional content of the first component
�collagen� versus the third component �NADH� of the cancer-
ous �square� and normal �circle� tissues. The salient feature of
Fig. 3�b� is that most cancerous data points locate in the upper
side than the normal data �comparing them in each vertical
direction with a same content of collagen�, indicating that the
ratio of relative contents of NADH over collagen is higher in
cancerous tissue compared to normal tissue. This is in good
agreement with changes of biochemical contents in tissue dur-
ing evolution of prostate malignant tumor.5,7 It is well known
that NADH mainly exists inside cells and collagen fiber is the
structure network supporting the prostate tissue.5 In the evo-
lution of a typical malignant tumor, it first grows in volume
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ntil it reaches some limitation of confining volume; then, the
echanical pressure increases its cell density. For prostate
alignant tumors, the cancer cells proliferate, begin to merge

nto an “island,” and increase the cell density with nonuni-
orm swelling cellular nuclear with grade advances.7 These
hanges of tissue structure are illustrated in Fig. 4 by the
icroscope images of cancerous and normal areas of one of

he studied prostate tissue samples. In normal prostate tissue,
he collagen network is dense with a larger number of fibers
ompared to nonuniform, loss, and disintegration of collagen
ber in prostatic adenocarcinoma.5 Because the fluorescent

ntensity is proportional to the fluorophores content in tissue,
he reduced content of collagen and increased content of
ADH exposed from their contribution to entire tissue emis-

ion may present a potential criterion for prostate cancer de-
ection.

Another important feature shown in Fig. 3�b� is that data
or normal tissue were correlated, but data for cancerous tis-
ue is uncorrelated �i.e., the changes of relative contents of
ollagen and NADH are somehow related to each other for
ormal tissue while these changes are not related to each other
or cancerous tissue�. The linear dependence of data for nor-
al tissue can be explained by the even structure of normal

rostate tissue7 because it consists of evenly placed uniform
land cells supported by a high, structured network of col-
agen fiber.5,7 Linear regression analysis was applied for the
ormal tissue data to illustrate even structure of normal tissue.
inear correlation of NADH and collagen was fitted using the
quation of CNADH=b�Ccollagen+m. The goodness of fit of
inear correlation between NADH and collagen is schemati-
ally shown as the dashed line in Fig. 3�b�, which can be
haracterized by correlation coefficient R2=0.976. Relative to
he linear fitting line applied with error bar for normal tissue
ata, the cancerous and normal regions are defined. There is
ne cancerous datum falling below the line of normal tissue
ata and one normal datum out of the linearly normal region.

In a diagnosis test for cancer, the test outcome can be
ositive �cancer� or negative �healthy�. To evaluate the poten-
ial of a diagnosis method, the following statistic terms are
sually used: �1� true positive, defining as cancerous sample
orrectly diagnosed as malignant; �2� false positive, defining
s healthy sample incorrectly identified as malignant; �3� true
egative, defining as healthy sample correctly identified as
ealthy; and �4� false negative, defining as cancerous sample
ncorrectly identified as healthy. In our study, the changes of
he relative contents of collagen and NADH obtained from the

(a) (b)

(a) (b)

ig. 4 �a� 40�magnified microscope image of a cancerous prostate
issue sample and �b� 40� magnified microscope image of a normal
rostate tissue sample. The cancer is estimated as Gleason grade
+4.
ournal of Biomedical Optics 047008-
measured tissue fluorescence spectra and the MCR-ALS
analysis as shown in Fig. 3�b� can be used for prostate cancer
detection. If we consider a higher ratio of NADH/collagen
contents is related to the cancerous tissue and smaller ratio of
NADH/collagen contents is related to normal tissue, the sta-
tistic terms for our data shown in Fig. 3�b� were calculated as
true positive, 7; false positive, 0; true negative, 8; and false
negative, 1 for the total samples of 8. The good statistic diag-
nosis results demonstrate that the changes of relative contents
of NADH and collagen analyzed using MCR-ALS, and the
fluorescence spectra obtained with selective excitation wave-
length of 340 nm may be used as a biomarker for detection of
prostate cancer.

The changes of relative contents of NADH and collagen
may also be directly exposed from fluorescence spectra of the
cancerous and normal prostate tissues using the fluorescence
intensities at their fingerprint spectral peaks. The peak emis-
sion intensities of collagen and NADH were obtained from
fluorescence spectra of each pair of the cancerous and normal
tissues. Figure 5�a� shows the intensity at characteristic fluo-
rescence peak of NADH versus that of collagen obtained from
normalized fluorescence spectra of the cancerous �square� and
normal �circle� tissues. It can be seen that five cancerous tis-
sue data points locate in the upper side than normal tissue
data. It is expected and caused by the increased cell density7

and loss of collagen fiber in prostatic adenocarcinoma.5 Lin-
ear regression was applied for the normal tissue data to evalu-
ate the correlation of NADH and collagen contents in normal
tissue and the fitting results plotted as a dashed line in Fig.
5�a�. The correlation coefficient is obtained as R2=0.70. It is
clear that one datum point for normal tissue is outlier from
others �the ratio of Ipeak

NADH / Ipeak
collagen is smaller than others�, and

the remaining points are inside the error bar range of the
normal region. Three cancerous data points fall in the normal
area and can be regarded as false positive.

Because each pair of the cancerous and normal samples
was taken from same patient, comparing the ratio of NADH
over collagen for each pair of the cancerous and normal tissue
samples may also present an extra diagnosis parameter. The
ratios of intensities at the characteristic peak of NADH over
that of collagen were calculated using data shown in Fig. 5�a�.
The ratios obtained using measured characteristic peak inten-
sities were shown in Fig. 5�b�. It can be seen from Fig. 5�b�
that just two ratios for cancerous tissues are less than normal
tissues.

Prostate cancer is classified as an adenocarcinoma, or glan-
dular cancer. Because of the mean mucosa thickness of
830�60 �m and the mean rectal wall thickness of
2.57�0.15 mm,10 the excitation light at 340 nm cannot pen-
etrate the rectal wall to reach prostate if irradiating from rec-
tum. However, helped by the advancement of microendoscope
�ductoscope� and fiber technology,11 minimally invasive de-
tection of prostate cancer using a tiny microendoscope di-
rectly touching the prostate gland and fluorescence difference
between cancerous and normal prostate tissues may be
achieved through transrectal approach with the excitation
wavelength of 340 nm. Usually, the prostate biopsy needles
are �1.2 mm diam.12 In contrast, researchers have provided
valuable experiences in measuring fluorescence through an
optical fiber of �200 �m diam.11 By employing the tiny mi-
July/August 2010 � Vol. 15�4�4
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roendoscope technique, this research may have positive im-
act in clinic applications to reduce significant pain and
mount of bleeding blood for patients in prostate cancer
etection.12

Conclusion
hanges of fluorescence spectra were observed in the cancer-
us prostate tissue compared to normal tissue. The analysis of
issue fluorescence spectra using MCR-ALS shows that the
uorescence spectra of prostate tissue obtained with the selec-

ive excitation wavelength of 340 nm are mainly contributed
y three key principle biochemical components of collagen,
lastin and NADH. The results indicate that the changes of
uorescence spectra of cancerous tissue compared to normal

issue are caused by reduced contribution of collagen and in-
reased contribution of NADH. This work shows the changes
f relative contents of NADH and collagen studied using fluo-
escence spectroscopy with the selective excitation of 340 nm
ay present potential criteria for prostate cancer detection.
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