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Blood contamination, such as bloody ascites or hemorrhages during surgery, is a

potential hazard for clinical application of fluorescence imaging. In order to over-

come this problem, we investigate if fluorescence-lifetime imaging helps to over-

come this problem. Samples were prepared at concentrations ranging 0.3–2.4 lM
and mixed with 0–10% of blood. Fluorescence intensities and lifetimes of samples

were measured using a time-domain fluorescence imager. Ovarian cancer SHIN3

cells overexpressing the D-galactose receptor were injected into the peritoneal

cavity 2.5 weeks before the experiments. Galactosyl serum albumin-rhodamine

green (GSA-RhodG), which bound to the D-galactose receptor and was internal-

ized thereafter, was administered intraperitoneally to peritoneal ovarian cancer-

bearing mice with various degrees of bloody ascites. In vitro study showed a lin-

ear correlation between fluorescence intensity and probe concentration

(r2 > 0.99), whereas the fluorescence lifetime was consistent (range, 3.33 � 0.15–

3.75 � 0.04 ns). By adding 10% of blood to samples, fluorescence intensities

decreased to <1%, while fluorescence lifetimes were consistent. In vivo fluores-

cence lifetime of GSA-RhodG stained tumors was longer than the autofluores-

cence lifetime (threshold, 2.87 ns). Tumor lesions under hemorrhagic peritonitis

were not depicted using fluorescence intensity imaging; however, fluorescence-

lifetime imaging clearly detected tumor lesions by prolonged lifetimes. In conclu-

sion, fluorescence-lifetime imaging with GSA-RhodG depicted ovarian cancer

lesions, which were invisible in intensity images, in hemorrhagic ascites.

F luorescence imaging is increasingly being used as an aid
to surgery for such indications as detection of sentinel

lymph nodes in cancer patients,(1–3) determining tissue perfu-
sion of skin flaps (4–8) and demonstrating lymphatic stasis and
leakage.(9,10) One particularly promising application is the use
of fluorescence imaging for detecting tiny cancers that might
be concealed by complex anatomy, such as that found in the
peritoneum where the bowel and omentum create multiple
creases in which micrometastases can hide. Using fluorescent
conjugates that bind to the tumors with high affinity but wash
off normal peritoneal surfaces, dramatically more lesions can
be identified and removed by the surgeon, decreasing the like-
lihood of recurrence. Unlike probes elsewhere in the body,
where depth of light penetration is important and therefore
near infrared emitters are preferred, detection of peritoneal
lesions can be accomplished with green light emitters, which
have the advantages that they can be easily seen with the
naked eye, which is optimized for green light, and are chemi-
cally smaller than near-infrared emitting probes and therefore
possess superior pharmacokinetics.
Intraoperative fluorescence imaging has, to date, focused on

simply detecting a fluorescence signal from the tumor. Unfor-
tunately, in the case of peritoneal metastases, it is difficult to
completely eliminate pools of fluid, particularly bloody ascites,
which can dramatically reduce the detectable fluorescence.
However, another property of fluorescence, fluorescence

lifetime (FLT), is potentially less susceptible to such
effects.(11–14) For instance, fluorescence-lifetime imaging
microscopy (FLIM) has recently been used to refine the imag-
ing of intracellular microstructure wherein only very small
amounts of fluorescence intensity can be detected.(15–17) The
FLIM can detect changes within microenvironments indepen-
dent of fluorescence intensities and power of excitation lights
with excellent signal-to-noise characteristics because back-
ground lifetimes are considerably different than lifetimes asso-
ciated with internalized fluorophores. Fluorescence lifetimes
are altered by the chemical environments, in which the fluoro-
phores are found and have relatively better signal-to-noise
ratios than fluorescence alone, which must compete against
background autofluorescence that often overlaps with the target
fluorophore’s emission spectrum.
Because green light is well absorbed and scattered by red

blood cells containing hemoglobin, even small amounts of
blood severely compromise the fluorescence intensity of
green fluorescent probes. During surgical or endoscopic pro-
cedures, it is not uncommon for blood to contaminate the
imaging field of view. Therefore, hemorrhage is an important
obstacle for fluorescence imaging. Because FLT is indepen-
dent of fluorescence intensity, it has the potential to address
this issue.
In the present study, we use a green fluorescent probe,

galactosyl serum albumin-rhodamine green (GSA-RhodG), in
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an animal model of ovarian cancer with peritoneal metastases
to define the advantages of FLT imaging (FLTI) over fluores-
cence intensity imaging (FII) when overcoming the problem of
blood contamination within the peritoneum during surgery.

Materials and Methods

Reagents. Galactosyl serum albumin was purchased from
Sigma Chemical (St. Louis, MO, USA) and amino-reactive
Rhodamine Green (RhodG-NHS) was purchased from Invitro-
gen Corporation (Carlsbad, CA, USA).

Cells. A D-galactose receptor-positive ovarian cancer cell
line, SHIN3, was used in the present study. Cells were grown
in RPMI1640 supplemented with 10% fetal bovine serum and
1% penicillin ⁄ streptomycin in tissue culture flasks in a humidi-
fied incubator at 37°C in an atmosphere of 95% air and 5%
carbon dioxide.

Synthesis of RhodG-conjugated GSA. At room temperature,
1 mg (14 nmol) of GSA in 0.1 M Na2HPO4 was incubated
with 70.1 nmol of RhodG-NHS at pH 8.5 for 30 min. The
mixture was purified with a gel filtration column (Sephadex
G50 column, PD-10; GE Healthcare, Piscataway, NJ, USA)
and the GSA binding fraction (2.6–3.8 mL) was eluted by
0.066 M PBS at pH 7.4 and collected in a test tube. GSA-
RhodG was kept at 4°C in the refrigerator as a stock solu-
tion.(18) The protein concentrations of GSA-RhodG samples
were determined using the Coomassie Plus protein assay kit
(Pierce Biotechnology, Rockford, IL, USA) by measuring the
absorption at 595 nm with a UV-Vis system (8453 Value
UV-Visible Value System; Agilent Technologies, Santa Clara,
CA, USA) using standard solutions of known concentrations of
GSA (100 lg ⁄mL). The concentration of RhodG was then
measured by absorption at 503 nm with the UV-Vis system to
confirm the number of fluorophore molecules conjugated to
each GSA molecule. The number of fluorophore molecules per
GSA was adjusted to approximately two.

Animal model of ovarian cancer peritoneal metastases. All
procedures were carried out in compliance with the Guide for

the Care and Use of Laboratory Animal Resources (1996),
National Research Council, and approved by the local Animal
Care and Use Committee.
Intraperitoneal tumor xenografts were established by intra-

peritoneal injection of 2 9 106 SHIN3 cells suspended in
300 lL of PBS in female nude mice (National Cancer Institute
Animal Production Facility, Frederick, MD, USA). Imaging of
tumor-bearing mice was performed at 14–21 days after injec-
tion of the cells.

Fluorescence-lifetime measurements. All FLT experiments
were conducted with the eXplore Optix-MX2 system (ART
Advanced Research Technologies, Inc., Montreal, Canada). A
fixed pulsed laser diode (70 ps) was used as an excitation
source at a wavelength of 470 nm. Fluorescence data were
acquired using a bandpass filter from 500 to 550 nm for emis-
sion light. Region of interest (ROI) measurements with a spot
size of 1.5 mm were selected at the image plane. The laser
power and duration were automatically chosen as the highest
power that does not saturate the photon detector. Lifetime
analysis was performed with commercial software (ART Opti-
View; ART Advanced Research Technologies, Inc.). Lifetime
values and lifetime mapping were calculated to fit fluorescence
temporal point-spread functions (TPSF) as single-exponential
models with the Fit TPSF tool. Briefly, using the automatic
mode of the Fit TPSF tool, the program automatically selected
the second (slower) part of the decay curve and then fitted a
single exponential model and calculated the fluorescence life-
time, as shown in Figure 1. The software also provides a curve
fitting range and error rate when calculating FLT (Fig. 1c). If
the curve-fitting range was appropriate and the error stayed
within the threshold, we accepted the FLT value. In cases
where the error was greater than the threshold due to mixed
FLT values, we used dual- or multiple-exponential modes with
manual selection of curve ranges, although this rarely hap-
pened in the present study. In general, the FLT of autofluores-
cence was shorter than 1.8 ns (Fig. 1b), which was much
shorter than RhodG FLT (longer than 3.3 ns). Therefore, this
large difference of FLT allowed the automatic mode to detect

(a) (b) (c)

Fig. 1. Autofluorescence fluorescence intensity (a) and fluorescence-lifetime (b) images of a mouse abdomen are shown with graphs of fluores-
cence decay, curve fitting and model error (c) using the Fit TPSF tool. Autofluorescence fluorescence lifetime in the mouse abdomen was consis-
tently shorter than 1.8 ns, which was much shorter than rhodamine green (3.3 ns).
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RhodG FLT without fail, provided that the RhodG signal was
sufficient for detection.

In vitro FLTI studies. The GSA-RhodG solutions were pre-
pared at concentrations of 20.8, 41.7, 83.3 and 166.7 lg ⁄mL
(0.3, 0.6, 1.2 and 2.4 lM) and plated in 1.7 mL centrifuge
tubes. The fluorescence intensities and lifetimes of each
sample were obtained using the Optix-MX2 system.
SHIN3 cells were plated on 75 mm2 cell culture flasks and

incubated until confluent. Then, GSA-RhodG conjugate was
added to the media at a final concentration of 1 lg ⁄mL and
cells were incubated for 1 and 6 h at 37°C. On completion of
incubation, cells were removed from the flasks and centrifuged
to obtain pellets. The resulting cell pellets were washed twice
with PBS and placed in 1.7 mL centrifuge tubes. The fluores-
cence intensities and lifetimes of each sample were obtained.
To investigate the effect of blood contamination with GSA-

RhodG solution, murine blood collected from a mouse by
direct puncture of the heart was added to the GSA-RhodG
solutions at concentrations of 2.5%, 5% and 10%. Then, FLT
and fluorescence intensity measurements of each sample were
acquired and the data were compared with the control GSA-
RhodG solution without blood.

In vivo FLTI compared with FII. Twenty-five micrograms
GSA-RhodG were diluted in 300 lL PBS (83.3 lg ⁄mL) and
injected into the peritoneal cavities of mice with peritoneally
disseminated cancer implants. One hour after intraperitoneal
injection, mice were killed using carbon dioxide inhalation.
Immediately after euthanasia, the abdominal cavity was
exposed and the mice were placed on a non-fluorescent plate
to compare the fluorescence intensity of the tumors. Spectral
fluorescence images were obtained using the Maestro In-Vivo
Imaging System (CRi Inc., Woburn, MA, USA). A bandpass
blue filter from 445 to 490 nm and a long pass filter over
515 nm were used for excitation and emission light, respec-
tively. The tunable filter was automatically stepped in 10-nm
increments from 500 to 800 nm while the camera captured

images at each wavelength interval with constant exposure. To
compare with the FLTI acquired using the Optix-MX2 system,
non-stepped images were obtained using a filter between 540
and 550 nm. The FLTI and FII of the same mice were then
acquired using the Optix-MX2 system under the following
conditions: pulse excitation wavelength, 470 nm; and emission
filter, 500–550 nm. The ROI measurements with a diameter of
1.5 mm were selected at the image plane. A single session of
FLTI and FII took approximately 7 min. Maestro images were
used to identify the implantation sites of tumor within the peri-
toneal cavity. According to this definition, the tumors and
normal tissue were distinguished on both FLTI and FII. Addi-
tionally, a “dot by dot” comparison between FLT values and
fluorescence intensities were recorded using the Optix-MX2
system.

Fluorescence-lifetime images with bloody ascites. Peritoneal
ovarian cancer implants were harvested with various degrees
of hemorrhagic ascites 14 days after intraperitoneal injection
of SHIN3 cells. Mice were imaged with ascites (~0%, ~2.5%,
~5.0% and ~10% blood) partly covering the peritoneal tumors.
The fluorescence intensity measurements were acquired using
both Maestro and Optix-MX2 and the FLTI were obtained
with the Optix-MX2. All tumors detected using FLTI were
confirmed by histological analysis.

Fig. 2. Relationship between the fluorescence intensity and the fluo-
rescence lifetimes (FLT) of galactosyl serum albumin-rhodamine green
(GSA-RhodG) at various concentrations. The values of relative fluores-
cence intensities of GSA-RhodG solution (blue line) were measured
and plotted on the y-axis against the concentration of GSA-RhodG on
the x-axis. At the same time, the FLT (red line) was calculated and
plotted on the same graph. Fluorescence intensities were proportional
to the concentration of solutions whereas FLT values were completely
independent of the concentration.

(a)

(b)

Fig. 3. Comparison of fluorescence lifetime for galactosyl serum
albumin-rhodamine green (GSA-RhodG) solution and SHIN3 pellets
incubated with GSA-RhodG. (a) The fluorescence lifetime of GSA-
RhodG solution (25 lg ⁄ 300 lL) was compared with the pellets of
SHIN3 cells incubated with GSA-RhodG at a concentration of 10 lg
⁄mL for 1 h or 6 h. (b) The relationship between the fluorescence
intensity and the lifetime of SHIN3 pellets incubated for 1 h and 6 h.
While there was no difference in fluorescence lifetime of cell pellets
incubated for 1 h and 6 h (P = 0.12), the fluorescence intensities dem-
onstrated significant differences between 1 h and 6 h (P < 0.05).
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Statistical analysis. Data are expressed as mean � SEM.
Statistical analyses were carried out using the Student’s t-test
(Prism6; GraphPad Software Inc., La Jolla, CA, USA).

Results

Fluorescence lifetime of GSA-RhodG is consistent regardless of

the concentration. The fluorescence intensities of GSA-RhodG
solutions showed a positive linear correlation with concentra-
tion in the range 0.3–2.4 lM (r2 > 0.99). In contrast, the FLT
in the same concentration range was approximately constant
(range, 3.33 � 0.15–3.75 � 0.04 ns; Fig. 2).
SHIN3 pellets incubated with GSA-RhodG (10 lg ⁄mL) also

showed that FLT after 1 h incubation were identical to those
after 6 h incubation (1 h, 3.34 � 0.05 ns; 6 h, 3.36 � 0.03 ns);
however, fluorescence intensities increased with incubation time
(1 h, 831 � 180 a.u.; 6 h, 1966 � 569 a.u.; Fig. 3b). The GSA-
RhodG solution by itself (concentration 25 lg ⁄ 300 lL or
1.2 lM) had a similar but slightly longer FLT than SHIN3 pellets
incubated with GSA-RhodG (3.64 � 0.24 ns vs 3.34 �
0.05 ns; Fig. 3a).

Mixture with whole blood decreases fluorescence intensity but

does not affect FLT. When adding 2.5% of whole mouse blood
to the GSA-RhodG solution, fluorescence intensities of GSA-
RhodG solutions at various concentrations (20.8, 41.7 and
83.3 lg ⁄mL) decreased to 3.45 � 0.75%, 4.86 � 0.25% and
11.46 � 1.53%, respectively (Fig. 4). When adding 10% of
blood to the GSA-RhodG solution, fluorescence intensities
decreased to <1% (Fig. 4a). However, FLT of GSA-RhodG
solutions at all concentrations examined were consistent before
and after adding various concentrations (2.5%, 5% and 10%)
of whole blood (Fig. 4b).

Fluorescence lifetime of tumor containing GSA-RhodG is longer

than autofluorescence lifetime in vivo. The tissue harboring
SHIN3 tumors (Fig. 5a, blue rectangle) showed a significantly

higher fluorescence intensity and longer FLT than the normal
peritoneum (Fig. 5a, red rectangle) (P = 0.0002 and
P < 0.0001, respectively; Fig. 5a,b). The FLT of voxels con-
taining SHIN3 tumors were mostly longer than 2.87 ns; how-
ever, autofluorescence lifetimes in non-tumor areas were
<2.87 ns (Fig. 5c).

Fluorescence-lifetime imaging depicts ovarian cancer implants

with hemorrhagic ascites. Mild hemorrhagic ascites compro-
mised tumor-to-background contrast on fluorescence intensity
images. In mice with moderate and severe hemorrhagic ascites,
tumors were undetectable on fluorescence intensity images.
However, FLTI depicted tumors by their prolonged FLT
despite the presence of bloody ascites insofar as some fluores-
cence signal was detectable up to a limit of approximately
10% blood (Fig. 6). All tumor lesions were confirmed using
histological analysis.

Discussion

GSA-RhodG is a promising molecular imaging agent for
detecting tiny ovarian cancer implants in the peritoneal cavity
due to its bright emission and relatively rapid clearance from
the peritoneal space within 3 h.(19,20) We have developed a
similar but activatable and sprayable fluorescent probe based
on the RhodG platform as well.(21) However, we found that
these RhodG-based probes did not work as well in mice with
bloody ascites due to diminished fluorescence. The results of
the present study demonstrate that FLTI is superior to fluores-
cence imaging in detecting tumors partly covered with bloody
ascites. The FLTI allowed detection of tumors on the perito-
neal surface, even when conventional fluorescence imaging
was markedly constrained by the presence of bloody ascites.
However, full-field FLTI is probably not practical at this time
as it would take several minutes to acquire and would be
degraded by bowel and organ motion. However, a single-pixel

(a)

(b)
(c)

Fig. 4. Effect of blood on the fluorescence intensity
and fluorescence lifetime for galactosyl serum
albumin-rhodamine green (GSA-RhodG) solution.
Mouse blood was added to the GSA-RhodG solution
at a concentration of 21, 41 and 83 lg ⁄mL. The final
blood ratios were adjusted to 2.5%, 5% and 10%.
(a) Comparison between the fluorescence intensities
and lifetimes for GSA-RhodG solution with or
without blood. The fluorescence intensities were
decreased in an inverse proportion to the addition of
blood. The fluorescence lifetime values were almost
the same at all blood ratios. (b) The ratio of the
fluorescence intensities and lifetimes of blood +
GSA-RhodG compared with the baseline GSA-RhodG
solution. Fluorescence intensities were dramatically
decreased to <10% after adding only 2.5% blood,
whereas the fluorescence lifetime values were
almost the same at any blood ratio. (c) White light
image for samples of GSA-RhodG with and without
added blood at concentrations of 0, 2.5%, 5% and
10%.
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FLT measurement could be acquired in approximately 10 ms
and therefore a long FLT in a single region of interest might
alert a clinician that a tumor implant might lay hidden under
bloody fluid during a procedure.
The FLT of GSA-RhodG is much longer (3.3–3.5 ns) than

the FLT of autofluorescence in the green range, which is typi-
cally <1.8 ns, mostly dependent on the presence of collagen.
Because of this marked difference between FLT of the target
and that of the background, FLTI can overcome some of the
limitations with attenuation of detectable fluorescence due to
ascites.
The FLTI remains independent of the concentration of dye

as long as the fluorescence signal can be detected. In our
GSA-RhodG solution study with blood, the addition of only
2.5% blood to the fluid markedly decreased fluorescence inten-
sities below 10% of baseline. The addition of 10% blood

decreased the fluorescence signal to <1%, demonstrating a
strong susceptibility of fluorescence intensity to the presence
of blood in the surrounding fluid. This finding can be traced to
the fact that RhodG has an absorption peak at 503 nm and a
emission peak at 527 nm. Red blood cells have a broad
absorption band at visible light (approximately 300–650 nm).
Therefore, both the excitation and emission light for GSA-
RhodG are dramatically reduced in the presence of bloody
ascites.
A potential alternative to FLTI is the use of fluorescent

proteins including green and red fluorescent proteins, which
are excellent endogenous fluorescence emitters to be used for
depicting various biological processes both in vitro and in vivo.
(22,23) A recently reported alternative technology to this method
is tumor-specific imaging using telomerase promoter-regulated
expression of fluorescent proteins, which are induced with

(a)
(b)

(c)

Fig. 5. In vivo fluorescence intensities and fluorescence-lifetime images of tumor-bearing mice without ascites. (a) Fluorescence images on Mae-
stro (upper) and OPTIX-MX2 (middle) and a fluorescence-lifetime image (lower). The blue and red rectangles on in vivo images were selected as
an objective area for voxel by voxel comparison between the fluorescence intensities and lifetimes. The blue rectangles on these images define
regions containing SHIN3 tumors, whereas the red rectangles encompass normal tissue only. (b) Box plots comparing fluorescence lifetime values
and fluorescence intensities between normal tissue and tissue containing tumors. (c) Every pixel in each rectangle was plotted to allow a “dot by
dot” comparison of fluorescence intensities and fluorescence lifetime values.
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adenovirus-mediated gene transfection in vivo.(24,25) Green
fluorescent protein (GFP) and red fluorescent protein (RFP)
reportedly show FLT of approximately 2.8 and 2.4 ns, respec-
tively,(26) which is sufficiently longer than FLT of autofluores-
cence, but shorter than RhodG used in the present study.
Therefore, the method of FLTI described here can be used
with GFP and RFP; however, the difference of FLT between
GFP and autofluorescence would be smaller and therefore
more difficult to discern. However, endogenous proteins such
as GFP are limited because they require virus-mediated in vivo
gene transfection, which is unlikely to be permitted in humans,
at least in the near term.
In the present study we used a model of ovarian cancer peri-

toneal implants with hemorrhagic ascites. In clinical practice,
such ascites might be easily washed away. However, during
surgical removal of lesions it is common for bleeding to occur
and mix with fluids used to wash the peritoneum leading to
pooling of fluid in recesses that could harbor tumors. As sur-
geons adopt laparoscopic procedures to reduce the invasiveness
of surgery, the problem of identifying tumors with areas of
pooled hemorrhagic fluid becomes even greater. Recently, the
FDA approved intraoperative surgical cameras for fluores-
cence-guided navigation surgery but, to date, these have

depended on conventional fluorescence imaging. Our work
shows that the next generation of such cameras might benefit
from including FLTI or even single-pixel FLT measurements
to allow surgeons to scan regions that are concealed by pooled
ascites. This could reduce the number of false-negative tumors
and improve the overall outcomes from debulking surgery.
In conclusion, FLTI with GSA-RhodG depicted ovarian can-

cer lesions that were invisible on conventional fluorescence
imaging due to the presence of hemorrhagic ascites. This work
indicates that adding FLTI to conventional intraoperative fluo-
rescence cameras might extend the value of such devices for
detecting small tumors during surgeries in which pooled hem-
orrhagic fluid ⁄ ascites are likely to occur.
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