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Abstract
Time-resolved polarization-dependent ﬂuorescence of Cybesin in solution and in cancerous and normal prostate tissues were measured. The polarization preservation property of Cybesin in tissue was observed. The ﬂuorescence intensity emitted from a Cybesinstained cancerous tissue area was found to be much stronger than that from a Cybesin-stained normal tissue area indicating that cancerous prostate tissue takes-up more Cybesin than normal tissue. The polarization anisotropy of Cybesin contained in cancerous prostate
tissue was found to be larger than that of Cybesin in normal prostate tissue indicating that a larger degree of polarization was preserved
in the Cybesin-stained cancerous tissue due to structures. A static anisotropy component from the emission of cell-bonded Cybesin molecules in tissue and a time-dependent anisotropy component from the emission of un-bonded Cybesin molecules were determined and
discussed. The static anisotropy value of Cybesin in stained cancerous tissue was found to be much larger than that in stained normal
tissue. The ﬂuorescence polarization diﬀerence imaging technique based on the polarization preservation of Cybesin was used to enhance
the image contrast between cancerous and normal prostate tissue areas.
 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Prostate cancer has a high incidence and mortality
rate in men. Every year, nearly 180,000 new prostate
cancer cases are diagnosed, and about 37,000 deaths
are caused by prostate cancer in the US [1]. Common
methods for prostate cancer diagnosis are the prostate
speciﬁc antigen (PSA) test, digital rectal examination
(DRE), trans-rectal ultrasound (TRUS) imaging and
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biopsy [2]. Among these conventional techniques, PSA
and DRE have limited accuracy, ultrasound imaging
has limited contrast and resolution, and biopsy is invasive. In the last two decades, optical spectroscopy [3]
and imaging [4] have been rapidly gaining acceptance
as important diagnostic tools in the imaging of cancerous
tissue due to their high sensitivity and resolution [4]. As
newer optical methods, ﬂuorescent spectroscopy and
imaging have received lots of attention. These methods
can apply intrinsic or extrinsic ﬂuorophore. The use of
intrinsic ﬂuorescent chromophores to diﬀerentiate the
optical properties of diseased and healthy human
tissues is mostly limited by their ultraviolet pumping
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wavelengths [5], which are not in the ‘‘optical window’’
of tissue [6]. Fluorescing optical contrast agents were
introduced to increase sensitivity and speciﬁcity using
extrinsic ﬂuorescence for tumor detection to enhance differentiating cancer from normal tissue [7,8].
Previous works has shown that cancer cells will overexpress certain receptors, and increase the uptake of the
corresponding ligands. Conjugation of a ﬂuorophore to
those ligands can give high ﬂuorescent contrast for tumor
cells versus the normal cells. Achilefu et al. [9] have developed a small indocyanine green (ICG)-derivative dye-peptide, cypate-bombesin peptide analogue conjugate
(Cybesin), to target the over-expressed bombesin receptors
on pancreas tumors in an animal model [9]. The study of
receptor speciﬁcity on tumor has indicated that bombesin
belongs to a family of brain-gut peptides that play an
important role in cancer development [10]. It was also
observed several years ago that human primary tumors
can synthesize bombesin [10], and the bombesin receptor
can also be over-expressed on the membranes of human
prostate cancer cells [10]. These results motivated us to
apply Cybesin to human prostate cancer detection. Cybesin
was successfully applied in detecting human prostate cancer in vitro by using an optical ﬂuorescence imaging technique [11].
The time-resolved polarization properties of ﬂuorescence from ICG and their application for polarization
imaging have been investigated [12]. The results show that
the temporal intensity proﬁles of light emitted at polarized
directions parallel (k) and perpendicular (?) to the polarization direction of a linearly polarized excitation are diﬀerent [12]. The polarization preservation property of ICG
ﬂuorescence makes it possible for it to be used as a polarization contrast agent to enhance the image quality [12,13].
In this study, the time-resolved ﬂuorescence polarization
proﬁles of Cybesin in solution and in Cybesin-stained cancerous and normal prostate tissues were obtained. The
measured ﬂuorescence intensities and the resultant ﬂuorescence polarization anisotropies can be explained by the
preferential uptake of Cybesin in human cancerous prostate tissue, and show the polarization preservation property of Cybesin in tissue.
The experimental data obtained from a Cybesin solution
was ﬁtted using a time-dependent ﬂuorescence depolarization model [14,15]. The resultant parameters for Cybesin
solution compared to those for Cybesin-stained tissue are
useful in understanding the eﬀect of the rotational degree
of freedom of Cybesin in tissue. An empirical model was
developed to describe the time-resolved ﬂuorescence kinetics and polarization anisotropy of Cybesin in human prostate tissue. Prostate samples consisting of a small piece of
normal prostate tissue and a small piece of prostate cancer
tissue stained with Cybesin were imaged. The image contrast between cancerous and normal areas, and the spatial
resolution of ﬂuorescence polarization diﬀerence imaging
were an improvement over the conventional optical imaging approach.
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2. Model of ﬂuorescence depolarization
The ﬂuorescence depolarization technique is widely used
as a probe for rotational motion of molecules in solution.
A ﬂuorescent molecule, absorbing light at time t, can
undergo a rotation before emitting light at some later time.
This rotation aﬀects the angle between the polarization vectors of absorption and emission, and is most sensitively
investigated when linearly polarized light is used to excite
the molecule and a particular polarization component of
emission is detected [15]. The ﬂuorescence depolarization
property is usually described by the time-resolved ﬂuorescence polarization anisotropy which is deﬁned as [14,15]:
rðtÞ ¼

I k ðtÞ  I ? ðtÞ
I k ðtÞ þ 2I ? ðtÞ

ð1Þ

where Ik(t) and I?(t) are the emission intensities of the ﬂuorescent polarization components which are parallel and
perpendicular to that of the excited light, respectively
[14,15]. The reorientation of a ﬂuorescent dye in solvent
will result in the decay behavior of r(t). In a simple possible
case where the Cybesin molecule undergoes Brownian rotation as an Einstein sphere, the time-resolved ﬂuorescence
kinetics and polarization anisotropy of a Cybesin solution
can be modeled using the equation [14,15]:


t
rðtÞ ¼ rð0Þ exp 
ð2Þ
srot
where the rotation time srot can be expressed in terms of the
diﬀusion coeﬃcient (D), or the solvent viscosity (g) and the
molecular radius (a) by:
srot ¼ ð6DÞ1 ¼

4pga3
3kT

ð3Þ

where k is the Boltzmann constant and T is the absolute
temperature of the solvent [15]. The emission anisotropy
at t = 0 is given by:


2hP 22 i þ hP 2 i
rð0Þ ¼
ð4Þ
P 2 ðcos dÞ
1 þ 2hP 2 i
where d is the angle between the absorption and emission
dipoles, and hP2i is the expectation value of the second order Legendre polynomial for the distribution function f(h)
of dipoles [16,17], which is given by:
Z p
hP 2 i  hP 2 ðcos hÞi ¼
sin h dhf ðhÞP 2 ðcos hÞ
ð5Þ
0

where h is the angle between the long axis of the molecule
and the major symmetry axis of the system [15,16]. For the
case of a Cybesin solution in which the viscosity is low, the
random distribution function f(h) = 1/2 is taken. Using this
function and the above equations, the theoretical value of
r(0) for a Cybesin solution was calculated to be 0.4.
The value of r(0) for the ﬂuorescence anisotropy of a dye
depends on the viscosity of the solvent [17,18]. Above a
critical value of the viscosity of 3000 P, a normalized orientational distribution function f(h) = 3/2cos2 h was used
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as a model for ﬂuorescent molecules [17,18]. By taking this
distribution function and using Eqs. (4) and (5), a calculated value of r(0) = 0.1039 was obtained. The ﬂuorescence
anisotropies of Malachite green in glycerol in the viscosity
range of 1–60,000 P have been measured [17]. Results indicate that for viscosities greater than 3000 P, the experimental value r(0) of Malachite green in glycerol was found to
be 0.11 ± 0.01 [17,18], which was in fair agreement with
the calculated value obtained by the normalized orientational distribution.
Biological living tissues may mimic the behavior of viscous liquids [19,20]. It is expected to have ordered structure. The viscosities of biological tissues were reported to
be much higher than 3000 P [20,21]. If the case of Cybesin
in prostate tissue is considered as a ﬂuorescent dye in a
‘‘very high viscosity liquid’’, the anisotropy r(0) is expected
to be in the range between 0.10 and 0.12.
3. Experimental method
The experimental arrangement of the time-resolved ﬂuorescence measurements for the Cybesin solution and for
Cybesin-stained cancerous and normal prostate tissues is
schematically shown in Fig. 1. Optical pulses of 130 fs at
800 nm with a repetition rate of 82 MHz from a Coherent
Mira 900 Mode-locked Ti:Sapphire laser were used to
pump the samples. The ﬂuorescence was collected by a
large diameter lens (L2) with a focal length of 5 cm and
directed onto a synchroscan streak camera with temporal
resolution of 10 ps. A long pass ﬁlter (LP) was used to
block the illuminating light so that only the emission from
the samples was detected. Polarizer P1 was used to ensure
the linear polarization of the input laser pulses and P2
was used as an analyzer. The polarization of P1 was rotated
between 0 and 90 with respect to that of P2 to record the
intensity proﬁles of the parallel and perpendicular polarization components of the ﬂuorescence. The temporal proﬁles
of ﬂuorescence recorded by a silicon intensiﬁed target (SIT)
Ti:Sapphire
Laser

BS

Photo diode

M

M
P1

M
L1

PC

SIT

P2 LP
Streak camera

L2

Sample

Fig. 1. Schematic diagram of the experimental set up used for timeresolved ﬂuorescence measurements, where P1, P2: polarizers; M: mirrors;
BS: beam splitter; LP: long pass ﬁlter; L: lenses; SIT: silicon intensiﬁed
target.

vidicon camera were analyzed to obtain the temporal proﬁles and polarization dynamics of the ﬂuorescence.
The Cybesin used for the time-resolved ﬂuorescence
study was solvated in 20% aqueous dimethyl sulfoxide
(DMSO). Cybesin was prepared by Achilefu’s group at
the Washington University School of Medicine. The molecular structure, synthesis and the absorption and ﬂuorescence spectra of the Cybesin agent have been reported
elsewhere [9,11]. The Cybesin agent is mainly composed
of ICG and the bombesin receptor ligand, which delivers
the contrast agent to the corresponding receptor presented
in the tumor [9]. The absorption band of Cybesin ranges
from 680 nm to 830 nm with a strong peak at 792 nm
and a shoulder peak at 720 nm. The ﬂuorescence spectrum
of Cybesin appears between 800 nm and 950 nm with a
main peak at 825 nm and a weak peak at 925 nm [11].
Six (6) in vitro prostate cancer-and-normal tissue samples obtained from the National Disease Research Interchange (NDRI), the Cooperation Human Tissue
Network (CHTN) and the Hackensack University Medical
Center (HUMC) were used for the time-resolved ﬂuorescence and optical imaging measurements under IRB
approvals at the City College of New York. Samples were
not chemically treated and they were not frozen prior to
our measurements. The cancerous and normal prostate tissues used for the temporal ﬂuorescence measurements were
cut into 2 · 1 · 0.5 cm (length · width · thickness)
pieces, and were soaked in the same Cybesin–DMSO
(20% aqueous Dimethyl Sulfoxide) solution with a Cybesin
concentration of 3.2 · 106 M for the same period of
time. Then the samples were put into sodium phosphate
buﬀer (Sigma–Aldrich) to wash oﬀ and consequently
reduce the amount of unbound Cybesin. All the measurements and processes were performed at room temperature.
The spectral polarization imaging set up used for imaging
Cybesin-stained cancerous and normal prostate tissue has
been described elsewhere [11]. Light from a white light source
is used to illuminate the prostate tissue samples with average
power of about 50 lW/cm2. The wavelengths of the pump
and detection are selected by wide band pass ﬁlters with central wavelengths varying from 550 nm to 900 nm with
FWHM = 40 nm. A CCD camera records images formed
by light emitted from the samples. The spatial resolution of
the spectral polarization imaging system is 20 lm. Polarizers
were used to obtain parallel and perpendicular images relative to the polarization direction of the illuminating light.
A typical cancerous-normal prostate tissue sample used
for the imaging measurements consists of a small piece of
prostate cancer tissue and a small piece of normal prostate
tissue. They were treated with the Cybesin agent in the same
way as described above for the temporal ﬂuorescence measurements. The stained normal and cancer tissues were then
sandwiched between large pieces of normal prostate tissue.
Histopathological measurements were performed on the
cancerous and normal prostate tissue samples to conﬁrm
the presence of the tumor cells in the cancerous prostate tissue samples. The prostate tissues from which the stained
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Time-resolved fluorescence intensity of Cybesin in 20% aqueous DMSO
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4.2. Time-resolved ﬂuorescence kinetics and polarization
anisotropy of Cybesin contained in stained cancerous and
normal prostate tissues
For the time-resolved ﬂuorescence measurements of
Cybesin-stained cancerous and normal tissues, six (6) cancerous tissue and six (6) normal tissue samples were used.
The average time-resolved ﬂuorescence intensity proﬁles
for these six (6) samples of the cancerous and normal prostate tissues stained with Cybesin are displayed in Fig. 3a.
The thick-solid- and thick-dash-line proﬁles are the parallel
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The measured temporal proﬁles of the ﬂuorescence emitted from Cybesin for polarizations parallel and perpendicular to the polarization direction of the excitation at
800 nm are shown in Fig. 2a. The thick- and thin-line proﬁles are the parallel and the perpendicular components Ik(t)
and I?(t), respectively. The main diﬀerence between these
two components is that Ik is greater than I? for all of the
decay times. In particular, at the peak position (t = 0),
the parallel component Ik(0) is almost three (3) times stronger than that of the perpendicular one I?(0). This indicates
the polarization preservation nature of Cybesin.
Using Eq. (1), the calculated temporal proﬁle of the
polarization anisotropy r(t) of Cybesin in solution is shown
as a thin line in Fig. 2b. The r(0) obtained from Fig. 2b is
0.39, which is very close to the theoretical value of 0.4. This
indicates that the transition dipole moments of Cybesin
molecules in solution are randomly oriented and that the
depolarization eﬀects of Cybesin in 20% DMSO solvent
can be conﬁned to molecular rotations and to the trivial
eﬀect of initial randomness [14]. The polarization anisotropy peak value r(0) and the rotation time srot of Cybesin
in solution can be obtained using Eq. (2) to ﬁt the experimental data of r(t) in Fig. 2b. The ﬁtting curve calculated
using the experimental data of r(t) and Eq. (2) is shown
by the thick line in Fig. 2b. The ﬁtting results show
r(0) = 0.389 ± 0.028 and srot = 359 ± 19 ps.
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normal and cancerous tissue pieces were taken for the
imaging measurements were cut into a number of thin
slides with a thickness of 250 lm for microscopy tissue section study. The microscope images of the histological slices
were taken using a digital electro-microscope (Mel Sobel
Microscopes Ltd.). The diﬀerent microstructures of the
normal and cancerous prostate tissues corresponding to
the typical normal and cancerous microstructures were
observed from their microscope images (·40), and the presence of the tumor cells in the cancerous tissue pieces was
identiﬁed [11]. The histopathological results were compared with the results obtained from the optical imaging
using the contrast agent Cybesin.
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Fig. 2. Temporal polarization proﬁles and polarization anisotropy of light
emitted from Cybesin in 20% aqueous DMSO with linear polarized
800 nm laser illumination. (a) Proﬁles of the time-resolved emission
components having a polarization direction parallel (thick line) and
perpendicular (thin line) to the polarization direction of the exciting light.
(b) Time-dependent polarization anisotropy (thin line) calculated using the
measured data shown in (a) and Eq. (1) in the text, and the ﬁtting curve
(thick line) calculated using Eq. (2) and the data of r(t) in (b).

and perpendicular components emitted from stained cancerous tissue, respectively. The thin-solid- and thin-dashline proﬁles display the parallel and perpendicular components emitted from stained normal tissue, respectively.
The most obvious feature of Fig. 3a is that the emission
intensities from stained cancerous tissue are larger than
those of stained normal tissue for the life time of Cybesin
emission. The emission peak of Cybesin-stained cancerous
tissue is much greater than that of stained normal tissue.
For example, for the parallel polarization conﬁguration,
the ratio of peak ﬂuorescence intensity of Cybesin-stained
cancerous tissue to that of the normal is found to be
3.63, while for the perpendicular conﬁguration, the ratio
is 3.23. These indicate that cancerous prostate tissue
takes-up more Cybesin than normal tissue does.
Another important feature from Fig. 3a is that Ik is
greater than I? for both cancerous and normal tissue for
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rescence emitted from Cybesin-stained cancerous and normal prostate tissue still show the polarization preservation
property, although the ratio of Ik to I? dropped compared
to Cybesin solution. Using the measured values of Ik(t) and
I?(t) shown in Fig. 3a, the temporal proﬁles of the polarization anisotropy r(t) of the ﬂuorescence emitted from
Cybesin in stained cancerous (thin-solid line) and normal
(thin-dash line) prostate tissue are calculated using Eq.
(1) and displayed in Fig. 3b. This shows the valuable fea-
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Fig. 3. (a) The time-resolved ﬂuorescence intensity of light emitted from
Cybesin-stained cancerous and normal prostate tissues for linearly
polarized 800 nm laser illumination. The thick-solid- and thick-dash-line
proﬁles are the parallel and perpendicular components emitted from
stained cancerous tissue, respectively. The thin-solid- and thin-dash-line
proﬁles display the parallel and perpendicular components emitted from
stained normal tissue, respectively. (b) Time-dependent polarization
anisotropy calculated using Eq. (1) shown in the text and the measured
data shown in (a). The thin-solid and thin-dash line proﬁles indicate the
r(t) for stained cancerous and normal prostate tissues, respectively. The
ﬁtting curves for Cybesin in cancer tissue (thick solid line) and Cybesin in
normal tissue (thin solid line) were calculated using Eq. (6) and the
corresponding polarization anisotropy shown in (b).
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ture that the polarization anisotropy of stained cancerous
tissue is always larger than that of normal tissue within
the emission life-time of Cybesin.
The interesting features of the r(t) curves shown in
Fig. 3b are: (1) the proﬁles of Cybesin-stained tissue show
a ﬂatter decay in comparison with Cybesin solution; and
(2) the values of the polarization anisotropy of Cybesin
in the stained cancerous tissue are always larger than that
of the stained normal tissue for all the decay times. The
peak intensity values of r(0) for cancerous and normal
tissues were found as: r(0)cancer = 0.163 ± 0.014 and
r(0)normal = 0.120 ± 0.012. These results indicate that the
Cybesin-stained cancerous tissue shows a better polarization preservation property than the Cybesin-stained normal prostate tissue.
The experimental values of r(0) for Cybesin in tissue
are larger than that we would have expected since r(0)
should be around 0.11 ± 0.01 for solutions of viscosity
greater than 3000 P using the normalized orientational
distribution function [17,18]. To understand this, a model
describing two types of Cybesin molecules in Cybesinstained prostate tissue and their contributions to ﬂuorescence polarization anisotropy is developed. Fig. 4 shows
a schematic diagram of the model illustrating the cellbonding mechanism and reorientation of Cybesin molecules in prostate tissue. The time-resolved ﬂuorescence
polarization anisotropy r(t) of Cybesin in stained human
prostate tissue can be considered having two components:

rro
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Fig. 4. The schematic diagrams of a physical model of the cell-bonding
mechanism and reorientation of Cybesin in stained (a) cancerous tissue
which has a higher cell density and more cell-bonded Cybesin, and
(b) normal tissue which has a lower cell density and less cell-bonded
Cybesin. Cybesin molecules with their absorption transition vectors
(arrows) aligned parallel to linearly polarized pump light (for example:
vertical), and those having a parallel component of other-orientated
transition vectors are excited. For free Cybesin molecules, the rapid
rotations contribute ﬂuorescence depolarization. In contrast, Cybesin
conjugated to prostate cells shows a static anisotropy component.

Y. Pu et al. / Optics Communications 274 (2007) 260–267

(1) a static anisotropy component formed by the emission
of the cell-bonded Cybesin molecules without rotation;
and (2) a time-dependent anisotropy component formed
by the emission of the un-bonded Cybesin molecules (with
rotation) in the body liquid of prostate tissue. Under
these assumptions, the temporal ﬂuorescence polarization
anisotropy r(t) of Cybesin in stained human prostate tissues can be expressed as:


t
rðtÞ ¼ r1 þ r0 exp 
ð6Þ
srot


t
where r0 exp  srot
is the time-dependent portion of the
polarization anisotropy induced by the ‘‘rotation-free’’
Cybesin molecules in the liquid of prostate tissue, srot is
the rotation time of the ‘‘free’’ Cybesin in prostate tissue,
r0 is the peak value of the polarization anisotropy of the
‘‘free’’ Cybesin molecules, and r1 is the static portion of
the polarization anisotropy induced by the cell-bonded
Cybesin molecules in prostate tissue.
These assumptions can be understood because the
weight of tissue cells is much larger than that of Cybesin
molecules, and consequently the tissue cells are too huge
to rotate. The emission from the cell-bonded Cybesin molecules without rotation will contribute to the static component r1. The rotation of the free Cybesin molecules will
contribute to r0 and the decay rate of r(t).
The three parameters of srot, r0 and r1 can be obtained
by ﬁtting the experimental data of r(t) shown in Fig. 3b
using Eq. (6).
The ﬁtting curves for Cybesin-stained cancer (thick-solid
line) and normal (thin-solid line) prostate tissues are shown
in Fig. 3b. The results indicate r0 = 0.105 ± 0.010,
srot = 700 ± 150 ps and r1 = 0.056 ± 0.010 for Cybesinstained cancerous prostate tissue; and r0 = 0.103 ± 0.010,
srot = 450 ± 120 ps and r1 = 0.011 ± 0.003 for Cybesinstained normal tissue.
The ﬁtting results indicate rcancer
> rnormal
. This can be
1
1
understood because the perpendicular component of the
ﬂuorescence emitted from the cell-bonded Cybesin molecules is mainly contributed by the photons undergoing
multiple scattering [12]. Since the excitation wavelength
of 800 nm is close to the strong absorption peak of Cybesin [11], and cancerous prostate tissue takes up more
Cybesin than the normal, the stained cancerous tissue
areas will absorb much more photons than the stained
normal tissue areas [11]. Thus photons from same excitation source should go through deeper in normal prostate
tissue than cancerous tissue. As a result, the ﬂuorescence
from normal prostate tissue area comes from the Cybesin
molecules embedded in deeper tissue layer than that in the
cancerous prostate tissue area. The light emitted from
stained cancerous tissue areas undergoes less multiple
scattering than that from the stained normal tissue, thus
the polarization degree and r1 value of the stained cancerous tissue area is much larger than that of the stained
normal tissue area.
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> snormal
. The larger
The ﬁtting results also show scancer
rot
rot
decay time of free Cybesin molecules in cancerous prostate
tissue indicate the higher local viscosity of cancerous prostate tissue. This can be explained because cancerous prostate tissue has a higher cell density [22], so the rotating
molecules have less ‘‘free’’ space.
4.3. Optical imaging
The polarization preservation property of Cybesin in
prostate tissues can be used to enhance the imaging contrast between cancerous and normal tissue areas. In the
imaging measurements, a small piece of cancerous prostate
tissue and a small piece of normal prostate tissue stained
with Cybesin and sandwiched between large pieces of normal prostate tissue were investigated. The polarized ﬂuorescence images of a Cybesin-stained cancerous-andnormal prostate tissue sample recorded at kpump = 750 nm
and kdetection = 850 nm are shown in Fig. 5. Fig. 5a displays
the image recorded when the polarization direction of
detection is parallel (k) to that of the illuminating beam.
Fig. 5b displays the image recorded when the polarization
direction of detection is perpendicular (?) to that of the
illuminating beam. Fig. 5c displays the diﬀerence image
obtained by subtracting the perpendicular image (Fig. 5b)
from the parallel image (Fig. 5a). Fig. 5d–f shows the digital spatial cross-section intensity distributions of the
images shown in Fig. 5a–c, respectively.
It can be seen from the images that the cancerous tissue
area is much brighter than that of the normal tissue area.
Using the digital data shown in Fig. 5d and e, the ratio
of imaging intensity of cancerous to normal areas is found
to be 3.05 under parallel polarization, and 2.96 for the
perpendicular conﬁguration. These are in good agreement
with that obtained from the time-resolved ﬂuorescence
measurements. In comparison with the histopathological
microscope imaging results, the correspondence of the
brighter area in optical images and the cancerous microstructures in the histopathological images indicates that
cancerous prostate tissue takes-up more Cybesin than the
normal prostate tissue does.
The other salient feature is that the relative contrast of
cancerous to normal areas in the polarization diﬀerence
image shown in Fig. 5c is obviously higher than those in
the individual polarization images shown in Fig. 5a and
b. The contrasts (C) of the cancerous area to the normal
area for all of the images shown in Fig. 5 were calculated
using
C¼

Ic  In
Ic þ In

ð7Þ

where Ic and In are the local maximum intensities of the
dyed cancerous and normal tissue areas, respectively.
Using the digital data shown in Fig. 5d–f, the contrasts
for these parallel, perpendicular and polarization diﬀerence
images are calculated to be 0.28, 0.26 and 0.45,
respectively.
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Fig. 5. Polarization dependence of the contrast agent emission images of a cancerous-and-normal prostate tissue sample (a Cybesin-stained tiny cancerous
prostate tissue piece and a Cybesin-stained tiny normal prostate tissue piece sandwiched by large pieces of normal prostate tissue) recorded at
kpump = 750 nm and kdetection = 850 nm when the polarization direction of P2 is parallel (a) and perpendicular (b) to that of the illuminating light. Panel (c)
is the polarization diﬀerence image obtained by subtracting (b) from (a). Panels (d)–(f) are the digital spatial cross-section intensity distributions of the
images shown in (a)–(c) at a row crossing the areas of the stained cancer (C) and normal (N) tissues, respectively.

In addition, the improvement of the spatial resolution
of the diﬀerence image in comparison with the individual
polarization images can be seen from Fig. 5d–f. The fullwidth at half-maximum (FWHM) for the cancerous tissue
area shown in Fig. 5f is improved by a factor of 1.36 with
respect to that of the conventional image. The improvement of the spatial resolution of the diﬀerence image
can be understood because the ﬂuorescence polarization
diﬀerence image cancelled out the strong diﬀusive compo-

nent of the emission and only kept the contribution from
ballistic photons and partial snake photons [12]. The
enhancement of contrast between the cancerous and the
normal areas is due to the higher polarization anisotropy
of Cybesin contained in cancerous tissue. Since the diﬀerence of Ik  I? for the Cybesin-stained cancerous tissue is
larger than that in the Cybsein-stained normal tissue, the
contrast between cancerous and normal tissue areas is
improved.
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5. Conclusion
Time-resolved ﬂuorescence kinetics and polarization
anisotropy of a receptor-targeted contrast agent, Cybesin,
in solution and in stained human cancerous and normal
prostate tissues were measured. The experimental results
indicate that Cybesin solutions and Cybesin-stained prostate tissue have the polarization preservation property.
The ﬂuorescence intensity emitted from a Cybesin-stained
cancerous tissue area was found to be much stronger than
that from a Cybesin-stained normal tissue area indicating
that cancerous prostate tissue takes-up more Cybesin than
normal tissue. This property makes Cybesin a potential
marker for prostate cancer. The experimental data
obtained from a Cybesin solution was ﬁtted using a timedependent ﬂuorescence depolarization model. An empirical
model was developed to describe the time-resolved ﬂuorescence kinetics and polarization anisotropy of Cybesin in
stained prostate tissue. A static anisotropy component
formed by the emission of prostate cell-bonded Cybesin
molecules (without rotation), and a time-dependent anisotropy component formed by the emission of unbonded
Cybesin molecules (with rotation) were determined. The
anisotropy value of Cybesin in stained cancerous tissue
was found to be much higher than that in stained normal
tissue indicating a larger polarization preservation property
of Cybesin in stained cancerous tissue than in stained normal tissue. Optical imaging of cancerous and normal prostate tissue stained with Cybesin was investigated. The
ﬂuorescent image of Cybesin-stained cancerous prostate
tissue was found to be much brighter than that of Cybesin-stained normal tissue. The ﬂuorescence-polarizationdiﬀerence-imaging technique was used to enhance the
contrast between cancerous and normal tissue areas.
For application of this research, both time-resolved
polarization-dependent ﬂuorescence of Cybesin in prostate
tissue and ﬂuorescence polarization diﬀerence imaging may
be used to enhance the contrast between cancerous and
normal prostate tissues, and distinguish prostate cancerous
tissue from the normal in biopsy sample analysis in addition to histological results. The imaging experiments indicate that the NIR imaging of prostate tissue enhanced by
Cybesin is a potential approach for screening, monitoring
and identifying the cancerous prostate tissue from the surrounding normal tissue. This work may introduce a new
criteria/indicator for prostate cancer screening in addition
to the conventional PSA blood test, a DRE and TRUS
examination.
6. Future work
The immunochemical analysis is needed to conﬁrm and
study the bombesin receptors in collaboration with immunochemistry experts. The optical imaging and immunochemistry measurements need to be performed and
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compared for various cancerous prostate tissue samples
with diﬀerent types and Gleason grades of cancers [22] as
well as control normal prostate tissue samples to investigate the presence of the bombesin receptor and the uptaking of the Cybesin as a function of types and Gleason
grades of prostate cancers.
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