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Abstract In this paper, the oxygen dependent phosphores-
cence quenching method is proposed to study the correla-
tion between the phosphorescence lifetime and microvessel
density in tumors. In the implementation, the S180 trans-
planted tumor in the mouse is used for the collection of the
time-resolved phosphorescence, the tumor microvessel
density is measured by immunohistochemical examination
of FVIII, the correlation between microvessel density and
phosphorescence lifetime is analyzed by multiple regres-
sion method. The results show the phosphorescence decay
constant measured in tumors is enlarged in the tumor
progression. Furthermore, the relative total microvessel area
is positively correlative with the phosphorescence lifetime,
which is estimated by a two dimension regression equation.
It is concluded phosphorescence lifetime is a valuable
indicator of angiogenesis during the tumor development.
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Introduction

Angiogenesis is essential for solid tumor growth [1, 2]. It
has been suggested that angiogenesis is an early event in
tumorigenesis [2, 3] and may facilitate tumor progression
and metastasis [4]. As it has been indicated in many studies
the mechanisms for promotion of angiogenesis are activated
in the early stages of tumor development, investigating its
promotion in tumor tissue provide a possibility to report
tumor progression at the early stage.

Research in this field has been very active in recent
years, Weidner et al. reported that tumor angiogenesis can
be measured by determining the microvessel density by
immunohistochemical methods [4, 5]. Furthermore, com-
puterized image analysis was introduced as a tool for a
more objective histological assessment of neovasculature
[6-8].

Different from histological assessment, optical methods
have their advantage of non-invasive and simple to
implement, they are also favored because of their precision
and reliability. Among the optical methods, the frequency-
domain fluorescence spectrum has been studied and applied
most intensively, i.e., in the fields of expanded skin [9, 10],
lung [11], mamma gland [12], gastrointestinal tract [13],
gullet [14], brain [15], etc. Fluorescence spectroscopy (FS)
and diffuse reflectance spectroscopy (DRS) are the two
main frequency-domain fluorescence spectrum methods.
Although the FS and DRS methods are relatively simple to
implement clinically and are successful at various levels,
they are steady-state spectral measurement methods and
thus share the intrinsic limitations of this kind of method-
intensity dependent. The intensity of the detected fluorescent
light is contaminated by light emitted by nonfluorescent light
absorbers and scatterers in unpredictable and unquantifiable

@ Springer



438

J Fluoresc (2007) 17:437-443

ways. [16, 17] As a result, the difference obtained using
steady-state measurement methods is less reliable.

The oxygen dependent quenching of phosphorescence is
a direct non-invasive optical method for measuring oxygen
pressure in tissues [18, 19]. This technique makes use of the
ability of oxygen molecules to return from the excited
triplet state to the ground state by absorbing energy which
would otherwise present as phosphorescence. This quench-
ing process requires collision between oxygen and the
excited state molecule. The oxygen pressure can be
determined by measuring phosphorescence intensity or
phosphorescence lifetime [20].

In this paper, we preferred the latter method, which
detect the phosphorescence lifetime parameter by capturing
the transient decay of the phosphorescence intensity over
time, phosphorescence lifetime is regarded as a reliable and
important parameter due to the fact that it does not change
with either variation in excitation intensity or optical losses
from hemoglobin absorption. In other words, it is intensity
independent.

The phosphorescence lifetime is a very useful and
reliable parameter for determining the properties of the
biological molecules from which the corresponding phos-
phorescence is emitted. It is also known to be extremely
sensitive to the local biochemical environment [16]. It is
indicated in some studies that the phosphorescence lifetime
is strongly dependent on the surrounding oxygen environ-
ment [21, 22]. The oxygen dependence of the phosphores-
cence lifetime can be described by the Stern-Volmer
relationship:

’—: = 1 + ky7o[O2)] (1)
where 7o and 7 are phosphorescence lifetimes in the
absence and in the presence of oxygen concentration [O,],
respectively; &, is the phosphorescence quenching constant.

Using oxygen-dependent phosphorescence quenching of
Pd-meso-tetra(4-carboxyphenyl) porphyrin (PdTCPP),
there are already some studies on measurements of oxygen
pressure in tumors [23, 24]. However, no one is concerning
the investigation of the correlation between phosphores-
cence lifetime and tumor angiogenesis, which is explored
with an in vivo experimental method in this paper. The
following describes the rationale behind this work.

In tumor progression, solid tumors are typically charac-
terized by hypoxia [25-27]. Despite continuous angiogen-
esis, oxygen pressure decreases with increasing tumor size.
The hypoxic tumor microenvironment is a stimulus for
angiogenesis, up-regulating expression of angiogenic fac-
tors such as vascular endothelial growth factor (VEGF) by
tumor [28] and stromal [29] cells. So, the oxygen-
dependent quenching of phosphorescence proven as a
powerful method for measuring oxygen concentrations
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might give possibility to estimate tumor angiogenesis
pending an accurate relationship between phosphorescence
lifetime and tumor angiogenesis is determined.

Goal of this study is to validate the phosphorescence
quenching method in reporting the tumor angiogenesis
promotion, which will be very essential to the diagnoses
and cure of tumors. In the implementation, the S180
transplanted tumor in the mouse was used to detect the
tumor angiogenesis by immunohistochemical examination
and the phosphorescence quenching method is applied to
collect phosphorescence lifetime in vivo.

Materials and methods
Experimental setup

Forty KM mice (weight: 20~30 g) from the Experimental
Animal Center of Southern Medical University, Guangzhou,
China, were tested in the experiment. Animals were
housed in cages with free access to food and water.
Sarcoma tumor cell suspension (1-2)x10'" cells/l was
transplanted into the subcutaneous space of the dorsoscap-
ular region of each mouse. A preliminary experiment
suggested the lifetime of S180 transplanted mouse is from
16 to 19 days, thus bearing tumor for 5, 10, 15 days were
respectively defined as the early, intermediate and late
stages of sarcoma. Accordingly, the mice were randomly
divided into five groups: bearing tumor for 5, 7, 10, 12 and
15 days. Each group was used for the experiment under
following procedures on the 5th, 7th, 10th, 12th, 15th day,
respectively.

Pd-meso-tetra (4-carboxyphenyl) porphyrin (Pd-TCPP),
purchased from Porphyrin Products (Logan, UT), was used
as a 10 uM solution. The compound is dissolved in 0.5%
bovine serum albumin (BSA) as a stock solution. The mice
were injected with a 10 mg/ml Pd-TCPP solution directly
into the whole tumor area at a dose of 2.5 mgkg™. About
3 hafterinjection, the mice were anaesthetized with 50 mgkg™
sodium pentobarbital. The time-resolved spectra of the
tumor area were collected using a homemade instrument
described in the following subsection. After the time-
resolved detection, the tumors were excised and weighed,
and portions of the tumor were fixed in 10% formalde-
hyde, followed with immunohistochemical staining.

Phosphorescence in vivo measurement

The homemade instrument is designed to excite and detect
time-resolved phosphorescence. A kind of bifurcated
optical fiber assemblies is applied in the design that have
two fibers of the same diameter side-by-side in the common
end and a divergence into two separate legs from the
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breakout of the assembly, a schematic of the apparatus is
shown in Fig. 1. A frequency doubling semiconductor laser,
produced by the Biomedical Engineering Department of
Tianjin Medical University, Tianjin, China, is used as a
532 nm excitation source. The exported laser has pulse
width of 400 pus and pulse energy of 1 mJ.

The output laser is coupled into one leg of the Y-shaped
optical fiber assemblies (ThorLabs, Newton, NJ). The
assemblies couple the laser light into a single 200 mm
optical fiber probe, which is used to excite and detect the
phosphorescence in tumor tissue. The phosphorescence
collected by the probe is transmitted along the other leg of
the assemblies and coupled to a photomultiplier tube
(R2228, Hamamatsu, Japan). The phosphorescence is
filtered with 630~ 650 nm band-pass filters (Oriel, Stratford,
CT) to subdue scattered excitation light and to limit the
spectral width of the detected phosphorescence. The pulse
from the photomultiplier tube is then amplified, time
delayed, and used as a “start” input to a time-correlated
single photon counting card (SPC-630, Becker&Hickl,
Germany) operated in reversed “start-stop” mode. The
“stop” input is fed from an electronic synchronization pulse
of the laser driver.

Phosphorescence measurements were performed at the
tumor areas on the mice during the morning of each day.
Phosphorescence decay was measured using the single
optical fiber. An 18-gauge needle, which was disinfected,
was used to guide the optical fiber into the tumor tissue.
The background for the time-resolved system is the average
of the signal measured with the fiber tip in water and in air.
Time-resolved data is fit to a single exponential equation of
the form:

I(t) = 1(0) exp /T +B (2)
where I(f) is the phosphorescence intensity at time ¢, and T
is the decay constant of the time-resolved spectrum.

Immunohistochemical staining

Immunohistochemical staining was performed by the
SABC method. The primary antibody was rabbit anti-
human and mouse factor VIII at a dilution of 1:150, routine
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Fig. 1 Experimental apparatus used for phosphorescence lifetime
measurements

paraffin-embedded sections from each specimen were
incubated in this primary antibody solution overnight at
4°C, rinsed three times in 0.1 mol/l PBS, Biotinylated goat
anti-rabbit IgG was added and the sections were incubated
at 37°C for 20 min, rinsed three times in 0.1 mol/l PBS,
then incubated with streptavidin biotin complex-peroxidase
(SABC) at 37°C for 20 min and rinsed three times in
0.1 mol/l PBS. This was followed by chromogenic reaction
with 0.05% DAB plus 0.03% H,0,, and counterstaining
with hematoxylin.

Digital image analysis

The vascularity was determined from immunohistochemi-
cally stained slides of each biopsy specimen using
computer image analysis. Slides were examined first under
low power (x40 to x100) to identify the region of highest
vessel density (hot spot), The three most vascular areas
within the tumor for each slide were selected for the
following computer image analysis, in which quantification
consisted of the microvessel (MV) counts per image, the
average area of MV per image, the average perimeter of
MYV per image, and the relative area of all MV per image
field (%). [30]

Images were captured digitally at a resolution of 512x
768x12 pixels using a VarioCam monochrome charge-
coupled device (CCD) cooling video camera (JVC Ky-F 30
B 3-CCD, Japan), which was connected to an automatic
image analyzer (Kontron IBAS, Germany), working with
IBAS software release 2.5. The CCD camera was attached
to a Carl Zeiss Axiotro bright-field, high-resolution
microscope (Zeiss Co, Germany), utilizing a 40x0.75
numerical aperture objective. Thus, each image field is
0.027322 mm”.

Manual outlining of microvessels was performed; these
processed images were then developed with mathematical
morphometry that reduced the full 256-gray-level images to
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Fig. 2 Representative time-resolved phosphorescence spectra
detected in S180 tissue
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Table 1 Transplanted S180

tumor weights in different de- Course (day) n Weight of the mice (g) Tumor weight (g)
velopment courses (x:s) Beginning End Beginning End

5 8 8 20.38+1.64 22.52+1.45 0.1301+0.0305

7 8 8 20.23+1.72 23.85+2.65 0.3014+0.0405

10 8 8 20.08+1.51 25.33+3.34 0.5566+0.0885
Beginning: the day S180 was 12 8 8 20.22+1.69 27.74+1.75 1.3033+0.2005
transplanted; end: the day 15 8 7 20.01+1.40 30.90+3.08 2.1938+0.3286

samples were collected.

binary images, isolated the individual microvessels, and
calculated the parameters.

Statistical analysis

Data are reported as mean+SD. Statistical analysis was
performed using SPSS 13.0. Stepwise multiple regression
analyses were performed to evaluate the correlation
between MV parameters and phosphorescence lifetime.

Results
Phosphorescence lifetime in cortical sarcoma

The time-resolved phosphorescence spectra excited by the
laser with pulse width of 400 us show a sharp rise to the
peak followed with a slow return to baseline (see Fig. 2),
the two lines in Fig. 2 show representative spectra
respectively with the shortest lifetime and the longest
lifetime. Analyzing the phosphorescence decay traces
shown in Fig. 2 using Eq. 2, the decay constants in tumors
representing phosphorescence lifetime are respectively 503
and 735 ps. Decay constants from other mice were obtained
in a similar way and the decay constants 7, are listed in
Table 2.

It can be observed that tumor growth enlarged T,
starting at an average decay constant of 548 us, average
T, changes to be 654 us after 10 days of tumor growth. The
decay constants significantly increase with the development
of tumors (comparison between the groups, P<0.05).

Transplanted tumor growth and angiogenesis

As showed in Table 1, difference of tumor weight between
all the animal groups are significant (P<0.05). It further
indicates tumor weight significantly increases with tumor
growth. The digital image analysis reveals MV counts per
image and the relative area of all MV per image field (%)
also increase with the duration of bearing tumor (P<0.05),
while no significant different results of the average area of
MYV per image and the average perimeter of MV per image
are detected between the animal groups (P>0.05). Pearson
correlation analysis indicates MV counts per image, the
average area of MV and the relative area of all MV per
image field (%) are positively correlative with tumor weight
(r=0.841, P<0.01; »=0.515, P<0.05; »=0.893, P<0.01).
The tumor microvessel stainings are presented in Fig. 3.

Correlation between angiogenesis and phosphorescence
lifetime in tumor progression

Pearson correlation analysis indicates tumor weight, MV
counts per image, the average area of MV and the relative
area of all MV per image field (%) are positively correlative
with the phosphorescence lifetime (»=0.880, P<0.01; r=
0.935, P<0.01; r=0.615, P<0.05; r=0.932, P<0.01).

For the stepwise multiple regression, the tumor weight,
MYV counts per image, the average area of MV per image,
the average perimeter of MV per image, and the relative
area of all MV per image field are defined as the
independent variables, the phosphorescence decay constant
is defined as the dependent variable. Comparing the partial

Table 2 Phosphorescence lifetime and parameters of tumor angiogenesis in the different development courses of transplanted S180 (x+s)

Course (day) Phosphorescence decay

constant (ps)

MVC (per image)

Related area
of vessels (%)

Average area
of vessels (um?)

Average perimeter
of vessels (nm)

5 548+12 4.83+£2.04

571£16 7.16+£2.36
10 606+£23 10.44+3.35
12 63117 11.97+43.16
15 654+15 15.83+4.26

109.59+29.96 37.25+14.47 1.16+£0.41
113.37+£23.57 36.11+11.28 1.71+0.18
107.61+28.34 38.50+28.34 2.51+0.72
111.34+19.96 40.25+£24.13 3.28+0.27
124.42+40.50 36.32+15.03 4.40+0.14

MVC: microvessel count.
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Fig. 3 Microvessels in transplanted S180 respectively at 5th, 10th,

15th day by immunohistochemical staining of FVIII (x200). a 5th day,
b 10th day, ¢ 15th day

regression coefficients, the results reveal only the relative
area of all MV per image field is included in the regression.
Multiple regression procedures estimated a linear equation
of the form:

Decay Constant = 521.619 4 30.558 - (%) (3)

The results indicate the relative area of all MV per image
field is positively correlative with the phosphorescence
decay constant (P<0.01; see Fig. 4).

Discussion

Angiogenesis is an early event in tumor progression,
investigation of the promotion of angiogenesis is funda-
mental in the field of tumor prognose. As an indirect
measure of angiogenesis, microvessel density has been
reported to be a valuable prognostic indicator. Microvessel
density is always measured by image analyses of immuno-
histological sections. As a new attempt to estimate micro-
vessel density, a time-resolved phosphorescence method is
proposed in this paper, then, a correlation analysis of the
data from the optical method and immunohistochemical
examination is conducted to investigate the validity of
phosphorescence lifetime in estimating tumor angiogenesis.

In many studies the photosensitizer Pd-TCPP is often
used as a reporter of oxygen concentration in tissue. As the
oxygen concentration of tumor tissue is higher than that of
the adjacent normal tissue [31]. Furthermore, the tumor
oxygen decreases with the tumor growing [32, 33].
According to oxygen dependence of the phosphorescence
lifetime, the phosphorescence lifetime will presumably
increase with the tumor growth. This can explain the
experimental result showed in Table 2.

As described in former subsection, substantial increases
in tumor mass require an increase of oxygen for energy
production and tissue function, lack of an adequate blood
supply and increasing distances from existing blood vessels
means tumor cells are starved of oxygen, this leads to areas
of hypoxia or even anoxia in the tumor. In response to
hypoxia, tumors secrete angiogenic growth factors to
stimulate vessel growth and oxygen delivery. This is
mediated by a hypoxia inducible factor (HIF-1) [34], which
modulates the expression of a number of hypoxia inducible
genes and angiogenic factors such as VEGF. However, the
oxygen pressure continuously decreases with increasing
tumor size despite increases in microvessel density. So,
there is presumably a negative correlation between oxygen
pressure and angiogenesis in tumor progression. This
becomes the foundation for our work.

For an ideal optical method, excitation pulse is essential
for reliable and precise phosphorescence measurement in
tumor tissue. As phosphorescence spectra shown in Fig. 2
are consistent with previous time-resolved phosphorescence
spectra measurements, [35, 36] semiconductor laser of
400 us pulse width is used as excitation source.

By the application of computer-assisted, quantitative
image analyses of immunohistochemical sections, the
present study has demonstrated three parameters of vascu-
larity (specially, MV counts per image and the relative area
of all MV per image) significantly increase with the
development of the tumor.

Before we conducted correlation analysis, a scatter plot
was created. Through scatter plot, we can determine
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whether a linear relationship exists between tumor angio-
genesis and phosphorescence lifetime. After the correlation
analysis in tumor progression, the tumor weight, MV
counts per image, the average area of MV and the relative
area of all MV per image field are found positively
correlative with the phosphorescence lifetime. Furthermore,
a linear equation is estimated to describe the correlation
between microvessel density and phosphorescence lifetime,
in which the relative area of all MV per image is included
as independent variable, while MV counts per image are
excluded because of the positive correlation between MV
counts and the relative area of all MV. In addition, no
significant increase of the average perimeter and the
average area of MV per image with increasing tumor size
explained the exclusion of these vascularity parameters in
the equation. The linear equation gives a possibility to
estimate tumor angiogenesis by the oxygen dependent
phosphorescence quenching method.

Conclusion

In this paper, we proposed a time-resolved phosphorescence
quenching method and immunohistochemical examination
to investigate the correlation between tumor angiogenesis
and phosphorescence lifetime in its progression. Results
reveal that the decay constant in tumor tissue is enlarged with
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increasing of tumor size, furthermore, the phosphorescence
lifetime is found positively correlative with microvessel
density in tumors. It is concluded the phosphorescence
lifetime is a valuable indicator of tumor angiogenesis during
the tumor development.
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