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Abstract Prostate cancer is one of the most common types
of cancer in men, and unfortunately many prostate tumours
remain asymptomatic until they reach advanced stages.
Diagnosis is typically performed through Prostate-Specific
Antigen (PSA) quantification, Digital Rectal Examination
(DRE) and Transrectal Ultrasonography (TU). The antigen
(PSA) is secreted by all prostatic epithelial cells and not
exclusively by cancerous ones, so its concentration also
increases in the presence of other prostatic diseases. DRE
and TU are not reliable for early detection, when
histological analysis of prostate tissue obtained from a
biopsy is necessary. In this context, fluorescence techniques
are very important for the diagnosis of cancer. In this paper
we explore the potential of using endogenous phorphyrin
blood fluorescence as tumour marker for prostate cancer.
Substances such as porphyrin derivatives accumulate
substantially more in tumours than in normal tissues; thus,
measuring blood porphyrin concentration by autofluores-
cence intensity may provide a good parameter for deter-
mining tumour stage. In this study, the autofluorescence of
blood porphyrin was analyzed using fluorescence and
excitation spectroscopy on healthy male NUDE mice and

in those with prostate cancer induced by inoculation of
DU145 cells. A significant contrast between the blood of
normal and cancer subjects could be established. Blood
porphyrin fluorophore showed an enhancement on the
fluorescence band around 632 nm following tumour
growth. Fluorescence detection has advantages over other
light-based investigation methods: high sensitivity, high
speed and safety. However it does carry the drawback of
low specificity of detection. The extraction of blood
porphyrin using acetone can solve this problem, since
optical excitation of further molecular species can be
excluded, and light scattering from blood samples is
negligible.
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Introduction

Prostate cancer is the most frequently diagnosed neoplasm
in men; it can present as a localized disease within the
prostate or may become highly invasive and metastasize to
regional lymph nodes and bone. When prostate tumour
cells metastasize beyond the confines of the gland, the
associated morbidity and mortality of prostate cancer are
significant. Curative therapeutic options are limited to
localized disease detected early, which is initially done
through digital rectal examination and measurement of
serum prostate-specific antigen (PSA) [1, 2]. PSA is
produced and secreted by glandular cells in the epithelial
layer, and the quantity present in the prostate gland
increases with the occurrence of prostatic disease. Although
regarded as the best conventional serum tumour marker
currently available, PSA measurement is not specific
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enough for a definite diagnosis of prostate cancer to be
established because it also increases in the case of benign
growth of the prostate (BPH) or prostate inflammation [3].
The diagnosis of prostate cancer has a high rate false-
positive results because of normal cell growth in the
prostate. BPH can be histologically observed in approxi-
mately 20% of men aged 40 years and older, and this
percentage increases to 70% in men aged 60 and older and
to as much as 90% in men aged 70 and older. Only 25% of
them develop clinical symptoms.

A commonly used method to classify the stage of
prostate cancer is the Gleason grade [4], which is based
on the patterns of prostatic glands. Lower grades indicate
more differentiated carcinomas and therefore less severe
tumours. Another method used for diagnosing prostate
cancer is Transrectal Ultrasonography [2]. Nevertheless,
histological analysis of prostate tissue is necessary for early
detection. These traditional techniques rely on tissue being
removed and then examined away from the patient.

Fluorescence techniques are very important for the
diagnosis of cancer. Fluorescence detection has advantages
over other light-based investigation methods: high sensitiv-
ity, high speed, and safety [5, 6]. Non-invasive autofluor-
escence of blood components has the potential to provide in
vivo diagnosis of tumour stage, because cancerous tissues
show enhanced fluorescence [7–10] of endogenous por-
phyrins as a consequence of tumour-specific metabolic
alterations, with a high concentration of porphyrins synthe-
sized and tumour hypervascularity.

Protoporphyrin IX is a porphyrin derivative that com-
bines with ferrous iron to form the heme group [10]. Most
iron in mammalian systems is routed to mitochondria to
serve as a substrate for ferrochelatase. Ferrochelatase inserts
iron into protoporphyrin IX to form heme, which is
incorporated into hemoglobin (involved in the transport of
oxygen). A number of non-heme iron-containing proteins
are also known, such as the iron-sulphur proteins of
oxidative phosphorylation and the iron transport and
storage proteins transferrin and ferritin, respectively.

Tissue-specific regulatory features characterize the bio-
synthetic pathway of heme. In erythroid cells, regulation is
mediated by erythroid-specific transcription factors and by
the availability of iron in the form of Fe/S clusters. In non-
erythroid cells, the pathway is regulated by heme-mediated
feedback inhibition [10]. Heme biosynthesis starts in the
mitochondria with the formation of δ-aminolevulinic acid
(ALA), which involves the enzymatic condensation of
glycine with succinyl-Coa. In the cytosol, two molecules
of ALA form monopyrrole porphobilinogen through a
condensation reaction catalyzed by aminolevulinate dehy-
dratase (ALAD). The following step consists of the
condensation of porphobilinogen into uroporphyrinogen
III by the action of two enzymes, uroporohyrinogen I

synthase and uroporphyrinogen III cosynthase. Uroporphyri-
nogen III is decarboxylated into coproporphyrinogen by the
enzyme uroporphyrinogen decarboxylase. Coproporphyrino-
gen III is then transported to the interior of the mitochondria,
where coproporphyrinogen III oxidase catalises the oxidative
decarboxylation step from coproporphyrinogen III to proto-
porphyrinogen IX. Protoporphyrinogen IX oxidase converts
protoporphyrinogen IX to protoporphyrin IX, which is
responsible for the characteristic red color of heme. The final
reaction in heme synthesis involves the insertion of the iron
atom into PpIX, generating heme. The enzyme that catalyses
this reaction is known as ferrochelatase [11].

While in nonerythroid cells the rate of heme synthesis
depends on the rate of ALA production by the first and
rate-limiting porphyrin biosynthetic enzyme, ALA-S, in
erythroid cells it is determined by the availability of iron for
ferrochelatase [12].

Protoporphyrin IX is the predominant porphyrin in blood
[13]. Abnormal metabolism of protoporphyrin IX has been
observed in total blood, plasma, serum and tissues of
cancerous patients, which indicates that protoporphyrin IX
accumulates substantially more in cancer cells than in
normal cells and tissues [14–20].

Through the analysis of PpIX spectroscopic properties it
is possible to monitor its concentration in tissues and
biological fluids. The absorption spectra of porphyrin
exhibit five bands: the Soret Band at around 400 nm and
four bands, known as Q bands, in the region between 450
and 700 nm [6, 21].

Several studies can be found in the literature on the use
of endogenous fluorescence for disease diagnosis [7–9, 14–
20]. In this work we propose that the analysis of the
intrinsic fluorescence of protoporphyrin IX from blood
samples can yield information on the progression of
prostate tumours. The aim of the current study is to search
for a possible method to distinguish between normal
specimens and those associated with prostate cancer in
order to estimate the stages of induced tumour development
in male NUDE mice, by examination with ultraviolet
405 nm irradiation.

Materials and methods

Cell line and cell culture conditions

“DU145 (DU-145) is a “classical” cell lines of prostatic
cancer. The DU-145 is a prostatic human tumor cell line,
established from the removed metastatic central nervous
system tumour of an old man with prostate carcinoma in
1975 [22]. Du-145 cells were cultured in DMEM contain-
ing high glucose concentration (4.5 g/liter at 25 mM) and
supplemented with 100 units/ml of penicillin, 50 mg/ml of
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streptomycin, and 10% of FBS. The cells were maintained
in a humid chamber at 37 °C in an atmosphere of 5% CO2”

Animals and tumour induction

A total of five male NUDE mice, ∼6 weeks old on arrival,
were obtained from IPEN/CNEN-SP, housed in laminar
airflow cabinets under pathogen-free conditions with a
12-h light/12-h dark schedule, and fed autoclaved standard
chow and water ad libitum. The orthotopic tumour model of
prostate cancer was used, in which 1×105 cells were
inoculated into the prostate gland in a volume of 0,1 mL of
sterile phosphate buffered saline (PBS).

Blood sampling upon tumour growth

The animals were monitored and blood samples were
collected before cells implantation (control animals) and

at 7, 14, 21, 28 and 35 days after cells inoculation.
Approximately 400 µL of blood was collected from the
retro-orbital plexus of each animal with a glass capillary,
using heparin as an anticoagulant. All experiments were
performed in accordance with international guidelines for
animal care.

Protoporphyrin IX calibration curve

Protoporphyrin Standard (Sigma Porphyrin. Products,
Logan, Utah, USA) was dissolved in acetone (analytical
purity) and solutions containing concentrations of 0.01,
0.25, 0.5, 1.0, 2.0, 4.0, 5.0, 6.0, 8.0, and 10 µg/mL were
prepared in triplicate. Emission spectra were obtained
exciting samples at 402 nm. Average curves for each
concentration were obtained and emissions between 580
and 780 nm were plotted as a function of protoporphyrin IX
concentration to generate a calibration curve.

a)

c)

b)

Fig. 1 a Excitation and emission spectra obtained for a 5 μg/mL
PpIX acetone solution. b Protoporphyrin IX calibration curve. c
Normalized emission spectra obtained exciting a 0.25 μg/mL

protoporphyrin IX acetone solution and porphyrin extracted from the
blood of normal mice at 402 nm
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Porphyrin extraction

According to the standardized procedure used in reference
[7], blood samples collected from the mice were centri-
fuged at 4,000 rpm for 15 min. The supernatant plasma was
removed completely and three volumes of analytical grade
acetone were added to the formed elements and mixed well.
The mixture was centrifuged using the conditions described
above. The clear supernatant of each mixture was collected
in a clean tube and maintained at 4 °C before undergoing
spectrofluorometer analysis.

Fluorescent spectral analysis

The emission spectra were obtained by exciting the samples
inside a 1 mm optical path cuvette, using a modular
homemade spectrometer with two arms arranged at 90°: an
excitation arm and an emission arm. The excitation arm
consisted of an excitation source, a 150 W Xenon lamp, a
0.25 m Jarrel Ash excitation monochrometer, a light
mechanical modulator and a lens system that focused
excitation light inside the cuvette. The emissions of the
samples were analyzed by an emission arm containing a
0.5 m Spex monochromator and a S-20 PMT detector. The
signal was amplified with an EG&G 7220 lock-in and

processed by a computer. For emission measurements,
excitation light was fixed at 405 nm and the emission
monochrometor was turned up from 580 to 700 nm. In this
case, spectral resolution was 0.5 nm. For excitation
measurements, emission was fixed at 630 nm and the
excitation monochromator was turned up from 200 to
500 nm. Spectral resolution for excitation measurements
was 1 nm. No photobleaching was observed.

Tumour excision and histological analysis

On the 35th day, the five animals used in the experiment
were sacrificed following the guidelines for euthanasia of
the American Veterinarian Medical Association. Their
prostates were excised and washed in PBS, fixed in 10%
PBS-buffered formalin for 24 h, and then routinely
processed for paraffin-embedding. Histological analyses
were performed in 4 µm sections stained with hematoxylin
and eosin.

Results and discussion

The starting point of this experiment was to verify the
correlation between the increase in the fluorescence

a)

b)

Fig. 2 a Average excitation spectra (emission at 630 nm) of porphyrin
samples extracted from control and inoculated mice, indicating the
Soret and Q bands. b Emission spectra obtained exciting samples of
mice blood at 405 nm. Each curve corresponds to the average
emission spectra of 5 animals, collected 7, 14, 21, 28, and 35 days
after inoculation, and the control curve is an average of 3 animals.
Using Student’s t Test for comparison of difference in porphyrin

fluorescence intensity between mice with and without tumor, the
critical value of t for 8 degrees of freedom is 3.355 at a 99.5%
confidence level. The calculated t value of 4.15 is higher than the
critical value of 3.355. Therefore, at >99.5% confidence level we can
conclude the results from control and tumor signals are significantly
different
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intensity signal of porphyrin extracted from the mice’s
blood using acetone and the progression of the prostate
tumour. In order to quantify the porphyrin concentration we
compared the emission spectra of normal animal blood
protoporphyrin IX (PpIX) with PpIX acetone solution.

The excitation and emission spectra for a Sigma PpIX
5 μg/mL acetone solution are shown in Fig. 1. In the
excitation spectrum, the Soret band around 402 nm can be
clearly seen along with the three weaker Q bands at longer
wavelengths (450 to 700 nm). The fluorescence spectrum
with excitation at 402 nm is approximately mirror symmet-
ric to the two long-wave absorption bands, and therefore it
is natural to consider that the third band (at 574 nm) is a Q
band while the 537 and 503 nm bands are its vibrational
satellites.

In Fig. 1b we compare the emission spectra of a 0.25 μg/
mL PpIX acetone solution, normalized by the intensity of
the 631 nm band, with the one obtained from PpIX
extracted from normal animal blood with acetone. A very
similar emission profile can be observed, indicating that
PpIX is the main factor responsible for the emission signal
obtained in the blood. This fact is due to the extraction of
blood porphyrin using acetone, which eliminates the signal
of other molecular species. Consequently, light scattering
from blood samples is negligible. This fact allows for the
construction and use of a PpIX calibration curve, shown in
Fig. 1c. To obtain this figure, the area measured below the
porphyrin emission spectrum in the range of 580–780 nm is
shown as a function of PpIX concentration, ranging from
0.01 to 10 μg/mL, and it can be seen that it increases
linearly. A linear function was fitted to the experimental
data do determine a calibration curve. Using the calibration
curve presented in Fig. 1b, a normal blood porphyrin
(control) concentration of 0.14 μg/mL could be obtained. Is
important to mention that according to literature [23], there
is no significant difference in the intensities or spectrum
shape of PpIX fluorescence for variations in the pH of
solutions.

The aim of the current study was to examine the
correlation between porphyrin autofluorescence and tumour
growth in order to search for a possible method to
distinguish between normal and cancerous specimens.
Therefore, blood porphyrin was extracted from the male
NUDE mice in which the tumour was inoculated and
excitation and emission spectra were obtained. The results
are shown in Fig. 2. The excitation spectra of samples,
obtained by fixing the emission at 630 nm for control and
35 days after tumour inoculation, are shown in Fig. 2a,
which shows that emission intensity increases almost four
times in sick mice. The estimated PpIX concentration in
blood extracted 35 days after inoculation is 0.49 μg/mL.

Exciting the blood samples at 405 nm, the emission
spectra of protoporphyrin IX, shown in Fig. 2b, were

obtained. Each curve corresponds to an average of the 5
inoculated animals, and the control curve corresponds to 3
animals. In these spectra we observe the two characteristic
bands of PpIX, centered on 635 nm and 700 nm. It can be
clearly seen that the average spectrum increases in intensity
as the tumour grows inside the animals, indicating that
porphyrin is accumulating in their blood. The pPIX
fluorescence signal remains constant for the uninfected
NUDE mice.

To explain the progressive enhancement in the porphyrin
spectra of inoculated mice we propose to correlate the
abnormal action of hemoglobin in tumour tissues with
alterations in tumour pH. Hemoglobin (Hb) in erythroid
cells, as well as other proteins in other parts of the
organism, acts as an important buffer that rapidly links to
the excess of free hydrogen ions (H+): H+ + Hb ⇔ HHb.
When the concentration of H+ changes, the buffer systems
of body fluids react to minimize these changes, not adding
H+ to nor removing it from the body, but holding it until
balance can be re-established. Tumour tissues exhibit a

Fig. 3 Histological slide of the prostates of inoculated mice,
compared with Gleason grade. Grade 3 tumour with individual glands
arranged randomly (invasive), seen at low magnification
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lower extracellular pH than normal tissues [24–26]; the
production of lactic acid under anaerobic conditions and the
hydrolysis of ATP in an energy-deficient environment is
probably a major cause of this acidic microenvironment
[27–29]. pH in healthy tissues is 7.4, and in tumours it is
generally close to 6.9 [30].

Excessive production of hydrogen ions changes the
ionization of molecules resulting from protonation or
deprotonation. pH influences the rate of metabolic reac-
tions, the behavior of biological membranes and membrane
transport systems, the binding of molecules, and the actions
and distribution of drugs, affecting the charge on proteins
and other critical reactive groups.

Tumour hypervascularity enhances porphyrin fluores-
cence. As tumour tissues present hypervascularity, they
contain more blood vessels then normal tissues; conse-
quently, more hemoglobin reaches the tumour tissue, in an
attempt at neutralization. In the cancer site, porphyrin is
subjected to an acidic environment that may lead to
protonation. This could be a decisive factor for the cellular
retention of porphyrin in tissues and cells, associated with
intracellular proteins, as a single molecule or agglomerate.

This enhancement of PpIX fluorescence proportional
to the progression of cancer demonstrates that this
technique can be used to determine tumour stage. A
detailed experiment must be performed with the collected
blood and the prostate gland, comparing the intensity of
PpIX and the tumour site (pathology) to establish a link
with Gleason score.

PpIX blood autofluorescence measurement can be
performed to determine the effect of therapy and to monitor
the treatment. The patient’s blood autofluorescence, after
successful cancer therapy, will show a level of PpIX similar
to control blood.

In the third week, the concentration of PpIX decreased.
This may have happened because erythrocytes have a life
span of 43 days in healthy mice, and erythrocyte viability is
affected by a large number of biochemical alterations, such
as increased pH, increased lactate acid, decreased con-
sumption of glucose, reduced ATP levels and loss of
erythrocyte function.

On the 35th day the animals were sacrificed and their
prostate glands were excised. Figure 3 shows the histolog-
ical analysis. This picture shows, in the central region, an
agglomerate of disorganized cells (purple color, related to
cell nucleus), indicating the tumour. Figure 3 shows that the
tissue still has recognizable glands, but the cells are darker,
which is compatible with grade 3 tumours. Large and well-
designed studies are under way to elaborate more on this
matter.

It is important to mention that no inflammation was
observed in animals and there are no other sources of PpIX
elevation that are independent of the prostate cancer.

In the case of using porphyin testing in humans is
important to observe that the blood is a very complex tissue
and factors like effect of drugs, other diseases, as diabetes,
gastric cancer, breast cancer, Hodgkin’s lymphoma etc.,
would have important contribution to the enhancement of
porphyrin concentration in the blood.

Conclusions

This study describes the autofluorescence of blood porphy-
rin as a marker for prostate tumors. We have used acetone
extract of blood samples of NUDE mice and those infected
with DU145 prostate cancer cell lines, to demonstrate that
there was increase in porphyrin concentration in the blood
samples of the infected mice. Exciting the blood samples at
405 nm we observed the two characteristic bands of PpIX,
centered at 635 nm and 700 nm. It was evident that the
intensities increased as the tumour grew inside the animals,
indicating an accumulation of porphyrin in the blood. A
normal blood porphyrin (control) concentration of a
0.14 μg/mL was obtained. The estimated PpIX concentration
in blood extracted 35 days after inoculation is 0.49 μg/mL. To
explain the progressive enhancement in the porphyrin spectra
of inoculated mice, we propose to correlate the abnormal
action of hemoglobin in tumour tissues with alterations in
tumour pH. Fluorescence and excitation techniques appear to
be useful for the diagnosis of tumour progression from its
early stages. The study shows considerable evidence that these
techniques could be used for the diagnosis of cancer at
different stages, thus being a promising technique for mass
screening at primary clinics. This type of “mass screening”
could aid the early diagnosis of prostate tumours as a
complementary testing for digital rectal examination, or PSA
testing in the case of patients with inflammation of the
prostate.
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