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Abstract. Circulating tumor cells in the bloodstream are
sensitive indicators for metastasis and disease prognosis.
Circulating cells have usually been monitored via extrac-
tion from blood, and more recently in vivo using free-
space optics; however, long-term intravital monitoring of
rare circulating cells remains a major challenge. We dem-
onstrate the application of a two-photon-fluorescence op-
tical fiber probe for the detection of cells in whole blood
and in vivo. A double-clad fiber was used to enhance the
detection sensitivity. Two-channel detection was em-
ployed to enable simultaneous measurement of multiple
fluorescent markers. Because the fiber probe circumvents
scattering and absorption from whole blood, the detected
signal strength from fluorescent cells was found to be simi-
lar in phosphate-buffered saline �PBS� and in whole blood.
The detection efficiency of cells labeled with the
membrane-binding dye 1,1�-dioctadecyl-3,3,3� ,3�-
tetramethylindoldicarbocyanine, 4-chlorobenzenesulfon-
ate �DiD� was demonstrated to be the same in PBS and in
whole blood. A high detection efficiency of green fluores-
cent protein �GFP�–expressing cells in whole blood was
also demonstrated. To characterize in vivo detection, DiD-
labeled untransfected and GFP-transfected cells were in-
jected into live mice, and the cell circulation dynamics
was monitored in real time. The detection efficiency of
GFP-expressing cells in vivo was consistent with that ob-
served ex vivo in whole blood. © 2010 Society of Photo-Optical
Instrumentation Engineers. �DOI: 10.1117/1.3463481�

Keywords: two-photon fluorescence; fiber probe; double-clad fiber;
in vivo flow cytometry; circulating tumor cell; cancer; metastasis;
green fluorescent protein.
Paper 09234PRR received Jun. 9, 2009; revised manuscript received
Mar. 31, 2010; accepted for publication May 14, 2010; published
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1 Introduction
Current research on cancer metastasis is investigating the key
role played by various types of circulating tumor cells
�CTCs�.1,2 It has been reported that the presence of CTCs in
the bloodstream correlates strongly with cancer metastasis
and progression.3 As CTCs are detected even at early stages
of cancer without overt metastasis,4 quantitative detection of
CTCs can help clinicians to assess patients’ responses to
therapy and can aid in prognosis, diagnosis, and detection of

1083-3668/2010/15�4�/047004/9/$25.00 © 2010 SPIE
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isease recurrence.2,5,6 Therefore, there is great interest in de-
eloping techniques to detect the presence of cancer cells in
he bloodstream. As the presence of CTCs in the circulation is
uite rare, several in vitro CTC-enrichment techniques have
een developed for a number of tumor types and disease
tages, incorporating sensitive immunocytochemical and mo-
ecular assays that detect tumor cell–or epithelial cell–specific

arkers.7–9 Recent studies have demonstrated the applicabil-
ty of techniques such as automated enrichment and
mmunodetection,10,11 or microfluidic platform-based “CTC-
hip” immuno-capture system12 for CTC quantification.

The study of CTC dynamics and the potential clinical ap-
lication of real-time CTC monitoring would benefit from a
impler approach not requiring isolation and enrichment of
he CTC population. One approach could be the adaptation of
onventional flow cytometry. Attempts to detect CTCs using
solated blood samples has been reported;13 however, the
ethod is limited by the low detection efficiency primarily

ue to the low volume of blood that can be tested. Moreover,
ecause of the stable hydrodynamic flow stream required to
erform quantitative cell characterization, cytometry must
sually be performed in vitro or ex vivo. Blood samples need
o be extracted from patients or animals, followed by ex vivo
abeling and detection. The removal of cells from their native
nvironment and the additional processing before the mea-
urements can introduce potential artifacts. In addition, the
xtracted blood samples contain different cell populations
ach time, which cannot reflect the evolving situation in the
iving body. Consequently, it is desirable to enumerate cells in
ivo in real time to monitor the progress of the disease.6,14

To detect circulating cells noninvasively in vivo, two major
pproaches have been developed. One is using microscope-
ased one-photon or multiphoton-induced fluorescence
etection.6,14–16 The other is based on photothermal or photoa-
oustic detection techniques.17–19 Although these methods
ave shown promise to detect circulating cells in the vascula-
ure, only peripheral blood vessels can be accessed by free-
pace detection techniques due to the scattering and absorp-
ion of biological tissues. The blood volume sampled by these
echniques is always less than 0.5 �L /min �consider a blood
essel of �50 �m in diameter with an average flow velocity
f 5 mm /s�.20 However, the concentration of CTCs in the
loodstream is less than 1 cell per milliliter in the early stage
f the disease. It is therefore necessary to sample a large vol-
me of blood; hence, long-term monitoring is necessary. For
ree-space monitoring techniques, the focus of the laser beam
ust be maintained in the blood vessel, requiring the subject

o be immobilized or anesthetized, and this severely limits the
cquisition time. The sampled blood volume is thus too small
o practically identify rare CTCs in clinical applications. We
ropose to use a sensitive fiber-optic probe as a minimally
nvasive technique to access large blood vessels deep inside
he body to increase the sampled blood volume.

We have previously developed a two-photon optical fiber
uorescence �TPOFF� probe based on a single-mode fiber and
ave used the probe to quantify fluorescence in solid tumors
n live mice on a real-time basis.21,22 Using a double-clad fiber
DCF� as the probe, we demonstrated more than one order of
agnitude increase in the detected two-photon excited fluo-

escence signals.23–25 Here, we demonstrate the use of this
CF-TPOFF probe to conduct two-wavelength-channel cell
ournal of Biomedical Optics 047004-
detection, first in whole blood in vitro, and subsequently in
vivo. Fiber-based detection has several distinct advantages.
First, we demonstrate that, since the detection of fluorescence
from the tip of a fiber inserted into whole blood circumvents
the usual problems associated with light scattering and ab-
sorption, a substantially higher sensitivity and detection effi-
ciency are obtained relative to free-space techniques. Specifi-
cally, we find significantly higher detection efficiency for
green fluorescent protein �GFP�–expressing cells in whole
blood and in vivo, despite the fact that the fluorescence spec-
trum strongly overlaps the blood absorption. Second, since the
scattering and absorption are essentially eliminated, the fiber
can be inserted into tissue or large blood vessels, so cell moni-
toring is no longer limited to peripheral vessels as with free-
space detection. Hence, long-term monitoring of a much
larger blood volume will be possible. Last, as tumors are very
heterogeneous and there are no single markers that are uni-
versally expressed in all tumors, it is essential to develop
methods to simultaneously detect multiple tumor markers on
CTC’s.8 The TPOFF method described allows the simulta-
neous detection of multiple tumor markers using a single ex-
citation laser beam �unpublished data�. Thus, the TPOFF
probe provides a promising way of conducting long-term,
real-time monitoring of circulating cells in animal models or
in patients to advance the understanding of cancer biology or
post-therapy response surveillance.

2 Materials and Methods
2.1 Two-Channel Two-Photon Optical-Fiber

Fluorescence Probe Setup
The experimental setup is shown in Fig. 1. The Ti:sapphire
oscillator �Coherent, Inc., Mira 900� produced 800-nm pulses
at a repetition rate of 76 MHz. The pulses were dispersion
precompensated with a grating pair to optimize the intensity
at the output of the fiber. The fluorescence signal was col-
lected back by the same fiber and separated from the excita-
tion beam by a dichroic mirror �cutoff at 730 nm�. The fluo-
rescence signal was further separated into two wavelength
channels by another dichroic mirror �cutoff 610 nm�. The
fluorescence signals were filtered by bandpass filters �short-
wavelength channel: 50-nm bandwidth centered at 510 nm;
long-wavelength channel: 30-nm bandwidth centered at
680 nm� before detection by photomultiplier tubes �PMTs,
Hamamatsu, H7422-40�. The PMT signals were labeled in a

TCSPC
module PMT 1

Ti:sapphire

Dispersion
Precompensator

Fiber
Coupler

Dichroic
Mirror 1

Filters

λ = 800nm
50fs pulse, 76MHz

PMT2

Fiber

Router

Dichroic
Mirror 2

Trigger Signal

Fig. 1 Experimental setup. PMT: photomultiplier tube; TCSPC: time-
correlated single-photon counting.
July/August 2010 � Vol. 15�4�2
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outer and then processed in a time-correlated single photon
ounting �TCSPC� module �SPC630, Becker and Hickl,
mbH�. The DCF used in this study had an inner core diam-

ter of 6 �m with an NA of 0.15 and a 123-�m inner clad-
ing diameter with an NA of 0.46 �P6/123DC, Liekki Corp.�.
he length of the fiber was about 1 m. The excitation power at

he sample was 20 mW with pulse duration of 150 fs. The
wo-photon excitation volume was calibrated by fluorescence
orrelation spectroscopy technique to be about 1500 �m3

Ref. 24�.

.2 In Vitro Studies

he cells used in this study were from the mouse sarcoma
CA-207 cell line. Untransfected cells and GFP-transfected

ells were maintained in the facility of the Michigan Nano-
echnology Institute for Medical and Biological Sciences at
he University of Michigan. The stably GFP-transfected cells
ere labeled with the membrane-binding lipophilic dye
,1�-dioctadecyl-3 ,3 ,3� ,3�-tetramethylindoldicarbocyanine,
-chlorobenzenesulfonate �DiD� �Invitrogen, emission maxi-
um: 669 nm� according to manufacturer’s protocol to pro-

uce dual-labeled GFP-DiD cells. The cells were then washed
y phosphate-buffered saline �PBS� and resuspended in either
BS or 50% bovine whole blood and 50% PBS mixture at a
oncentration of 1�106 cells per milliliter. The cells were
owed through transparent plastic microtubes �Tygon, Mi-
robore�. The cells were injected into one end of the tube
hrough a syringe needle, and the flow rate was controlled
ith a syringe pump �KDS-100, KDS Scientific�. The steady
ow with a flow rate of 100 �L /minute was used to simulate

he blood flow in the vein.26 The fiber probe was inserted into
he other �distal� end of the tube with its position controlled
y a translation stage.

.3 Animals for In Vivo Studies

ale specific-pathogen-free CD1 30-32 mice were purchased
rom Charles River Laboratories �F38989, Portage, Michigan�
nd housed in a pathogen-free animal facility at the Univer-
ity of Michigan Medical Center. The handling of the mice
as in accordance with the regulations of the University’s
ommittee on the Use and Care of Animals as well as with

ederal guidelines, including the principles of Laboratory Ani-
al Care. The mice were anesthetized by inhalation of isof-

urane before and during the measurements. DiD-labeled, un-
ransfected MCA-207 cells or DiD-labeled, GFP-transfected

CA-207 cells were injected into the mice to monitor the
irculating and depletion dynamics of the cells. The mice
ere euthanized at the end of the experiments.

.4 In Vivo Fiber-Optic Two-Photon Flow Cytometry
Measurements

o conduct in vivo two-photon flow cytometry studies, we
nserted the fiber probe into the left liver lobe of mice; the
iver was chosen for the proof-of-principle experiments be-
ause of its high density of blood vessels and abundant blood
ow. In order to insert the fiber into the organ, the fiber was

nserted through a 30-gauge syringe needle and fixed with a
omemade holder. The fiber probe was stably controlled by a
ranslation stage. The location of the fiber probe was chosen
y real-time monitoring of the fluorescence intensity of the
ournal of Biomedical Optics 047004-
cell events together with visual inspection. Before the injec-
tion of the labeled cells, the background signals in both the
short and long channels were recorded as control. The laser
power was 20 mW at the fiber probe, and no photodamage to
the tissue was observed after the experiments. For measure-
ments of the dynamics of circulating fluorescent cells,
100 �L or 50 �L of DiD-labeled MCA-207 normal cells
with a concentration of 50�106 /mL were injected into the
tail vein or spleen of the mouse, respectively. The cell suspen-
sions were prepared by the same procedure as mentioned in
Sec. 2.2. Immediately after the injection, the two-photon fluo-
rescence signal of the long �DiD� channel was recorded for at
least 15 min. Each experiment was repeated four times. To
demonstrate the ability of monitoring circulating GFP-
expressing cells in vivo, the GFP-transfected MCA-207 cells
were dual-labeled with DiD and injected into the mice
through multiple locations. When an event was present in
both channels simultaneously, the detection of a GFP-
expressing cell was confirmed. Because of the difference of
injection routes and the sizes of the organs, the injected vol-
umes of the cell suspensions were different: we injected
100 �L into the tail vein, 50 �L into the right lobe of the
liver, 50 �L into the spleen, and 30 �L into the heart. Imme-
diately after the injection, two-photon fluorescence signals in
both channels were recorded for at least 10 min and repeated
at least three times subject to the condition of the mice except
for the heart injection. The heart injection was performed only
before the euthanasia. The recorded time traces were then
analyzed by a MATLAB program using an algorithm similar
to that described in Ref. 27.

3 Results and Discussions
3.1 In Vitro Studies
Representative photon-counting traces of dual-channel detec-
tion on dual-labeled cells flowing in vitro are shown in Figs.
2�a� and 2�b�. The long-wavelength �“long”� channel corre-
sponds to the emission wavelength range of DiD. The short-
wavelength �“short”� channel corresponds to the emission
wavelength of GFP. Each peak in the photon-counting traces
represents an event in the corresponding channel. Figure 2�b�
is the magnified view of the photon-counting traces in Fig.
2�a� to illustrate the individual fluorescence peaks. Temporal
overlap of peaks in the two channels indicates simultaneous
detection of dual-labeled cells in the two wavelength chan-
nels. The ability to count thousands of cells per minute has
been confirmed. In addition, the ability to resolve cells at the
single-cell level is demonstrated. �Single-cell detection is ef-
fectively guaranteed, since the two-photon excitation volume
at the tip of the fiber nearly matches the volume of a single
cell.� For this particular measurement, the cells flowed
through a 250-�m inner diameter plastic tube at a flow rate of
100 �L /minute. The estimated average flow speed in the
tube was 8.4 mm /s. Assuming a cell diameter of 10 �m and
the lateral diameter of the two-photon excitation region at the
fiber tip of 5 �m, we can estimate the detection rate from the
cell concentration and the aspect ratio between the size of the
tube and the fiber core to be about 0.01. ���10+5
+10 �m� /250 �m�2=0.01� The expected number of de-
tected DiD events per minute is therefore 1000
July/August 2010 � Vol. 15�4�3
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�1�106 cells /mL��100 �L /min�0.01=1000 cells /min�,
hich agrees with the measured number of 1126�11. It is

hus reasonable to assume that all of the DiD-labeled cells
assing through the excitation region were detected.

Figure 3 shows the scatter plot of the two-photon fluores-
ence �TPF� photon counts for correlated events in the short
nd long channels. We find that the measured peak energy
istribution has a wider distribution than the conventional
ow cytometry �Fig. 4�. This is because when the cells flow

hrough the core of the fiber, the distance between the cell and
he fiber tip can vary in a large range. However, in conven-
ional flow cytometry, the flow of cells is perfectly controlled,
o the variation factor is only the fluorescence signal intensity
f the cells, and thus smaller. In our random flow condition, as

ig. 2 �a� Representative two-channel detection photon counting trac
epresents photons collected in the “long” channel �680/30 nm, co
hotons collected in the “short” channel �510/50 nm, GFP�. �b� Mag
he peaks detected in the short channel �GFP�, and the lower panel
etected per minute for flowing dual-labeled GFP-DiD cells in PBS an
hannel for flowing nonlabeled untransfected MCA-207 cells. For the
orresponding channel �green bar� is 49.5% of the total detected even
orresponding DiD events within a 10-ms interval �green bar with blu
f GFP events are 33.3% of that of the DiD events, while 90.0% of
hannel. �Color online only.�
es of dual-labeled GFP-DiD cells flowing in a 250-�m tube. The blue line
rresponding to DiD emission wavelength�, and the green line represents

nified view of the dual-channel detection raw data. The upper panel shows
shows the peaks detected in the long channel �DiD�. �c� Number of cells

d �d� in blood. Control �yellow bars�: events detected in the long-wavelength
GFP-DiD cell suspension in PBS, the detected number of events in the GFP

ts in the DiD channel �blue bar�, while 96.2% of the detected GFP cells have
e stripes�. For the cell suspension in 50% whole blood, the detected number
the events in the GFP channel have corresponding DiD events in the long
ournal of Biomedical Optics 047004-
Fig. 3 Scatter plot of the peak energy �number of photons in a peak�
of correlated events in the short and long channels.
July/August 2010 � Vol. 15�4�4
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ong as the number of collected photons is higher than the
etection threshold when the cell passes though the excitation
olume, the cell is “detected” as an event. Therefore, because
iD has relatively higher TPF brightness, the effective probe
olume for DiD is larger, which also results in the wider
nergy distribution and wider peak width.

Figures 2�c� and 2�d� show the average numbers of events
etected when flowing dual-labeled GFP-DiD cells in PBS
nd in 50% whole blood. The cells flowed in a 500-�m inner
iameter plastic tube for this study. The larger inner diameter
ube was used to diminish the chance of blood clogging. The
etected numbers of events in the DiD channel in PBS and in
lood were about the same and agreed with the expected val-
es calculated by the method described earlier. The signal
trengths �photon counts per event� for cell suspensions in
BS and in blood were almost identical, as illustrated in Fig.
�long channel� and Fig. 6 �short channel�. For DiD events,

he numbers of photons per peak �mean fluorescence� were
20.8�46 and 989.5�72, respectively, for cell suspensions

ig. 4 Conventional flow cytometry measurements of DiD-labeled
FP-expressing MCA-207 cells.

ig. 5 Distribution of the total photon counts in each peak detected in
he long channel. �a� Cell suspensions in PBS. �b� Cell suspensions in
0% whole blood.
ournal of Biomedical Optics 047004-
in PBS and in blood. The higher photon counts in blood might
be due to its higher viscosity, which increases the dwell time
of cells in the probe volume at the fiber tip. The detected peak
fluorescence is not affected by the corpuscular nature of
blood, which is in dramatic contrast to the objective-lens-
based free-space detection scheme. In free-space measure-
ments, about one order of magnitude reduction in the detected
event photon counts was observed when flowing cell suspen-
sions in whole blood versus PBS.27,28 This is due to the scat-
tering and absorption by the heterogeneous components in
whole blood, such as red blood cells.

Scattering and absorption cause an even larger reduction in
signal levels when attempting to detect GFP-expressing cells
in blood using free-space optics. Hemoglobin absorbs
strongly at the emission wavelength of GFP, which is centered
at around 510 nm �Ref. 29�. Moreover, the autofluorescence
of human blood also peaks at about 510 nm, which increases
the fluorescence background and makes the detection of GFP-
expressing cell in whole blood more difficult.27 Besides, the
fluorescence from impurities or nonlinear scattering in the fi-
ber also contribute in this wavelength range. Despite the dif-
ficulty of detection in whole blood or in vivo, there is great
interest in detecting GFP-expressing cells in the bloodstream
due to their importance in biomedical science.16,29

Using free-space optical detection, a typical detection rate
for GFP-expressing cells in blood has been observed to be
below 5% �Ref. 27 and 28�, even when the signal-to-noise
ratio in the DiD channel of cell measurements in PBS is simi-
lar to that in Fig. 2�b�. The data in Fig. 2 show, however, that
use of the TPOFF probe enables a significant increase in event
detection efficiency. The combination of two-photon excita-
tion and fiber-optic detection circumvents the scattering and
absorption problems of cell detection in whole blood. Because
all the excitation and collection happen only in close proxim-
ity to the fiber core, the two-photon-excited fluorescence pho-

Fig. 6 Distribution of the total photon counts in each peak detected in
the short channel. �a� Cell suspensions in PBS. �b� Cell suspensions in
50% whole blood.
July/August 2010 � Vol. 15�4�5
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ons can be collected directly before suffering multiple scat-
ering as in free-space detection schemes.

If we assume that all cells passing through the excitation
olume at the fiber tip are detected in the DiD channel, 50%
f the total cells are also detected in the GFP channel for cell
uspensions in PBS �Fig. 2�c��. 96% of the detected GFP
vents in the short channel have a corresponding DiD event in
he long channel within a 10-ms interval �striped green bar in
ig. 2�c��. This result matches the conventional flow measure-
ent, as shown in Fig. 4. For the cell suspensions in 50%
hole blood �Fig. 2�d��, 33.3% of the GFP-DiD cells are de-

ected in the GFP channel, while 90.0% of the GFP events in
he short channel are correlated with DiD events in the long
hannel. The fact that in all cases more than 90% of GFP
vents have corresponding DiD events in the long channel
upports the assumption that all of the cells passing through
he probe volume at the fiber tip are detected in the DiD
hannel.

The average peak photon counts of the detected GFP
vents are 228�33 and 232�31, respectively, for cell sus-
ensions in PBS and in 50% whole blood. The scattering and
bsorption in blood has no apparent effect on the detected
ignal strength, as we have seen in the DiD channel. The
educed number of events detected in the GFP channel com-
ared to the DiD channel for the cell suspensions in PBS can
e simply explained by the smaller two-photon-fluorescence
rightness of the GFP compared to DiD. �This assumes that
ll the DiD-labeled cells express GFP. This was confirmed
sing standard flow cytometry; see Fig. 4.� However, the
umber of GFP events detected in 50% whole blood is only
bout two-thirds of that in PBS. This can be explained by the
arger background photon counts from blood autofluores-
ence. The mean photon count of the background for the
lood in the short-wavelength channel is 14 photons with a
tandard deviation of about 4 photons. The detection threshold
efining a cell detection event is set to be the background
hoton count plus three standard deviations, corresponding to
6 photons for blood. On the other hand, the mean photon
ount of the background for PBS is 2.5 photons, with a stan-
ard deviation of 1.6 photons. Therefore, the peak detection
hreshold for the cell suspension in PBS is 7.3 photons. By
nvestigating the peak maximum distribution of the events, as
hown in Fig. 7, we find that the fraction of total events with
peak maximum lower than 26 photons for cells flowing in
BS is about 30%, which accounts for the reduced detection
ate in whole blood. In summary, although the higher back-
round of blood makes the detection of GFP cells in whole
lood more difficult, the TPOFF probe enables a detection
ensitivity one order of magnitude higher than that with free-
pace techniques due to the elimination of the scattering and
bsorption.

.2 In Vivo Studies
ollowing the demonstration of enhanced in vitro detection of
ells, and particularly GFP-expressing cells, in 50% whole
lood, we demonstrate the applicability of the TPOFF probe
o measure circulating cells in live mice. Although the future
oal is to monitor circulating cells in a large vein, and such
xperiments may require the use of larger animal models, we
an demonstrate the feasibility of in vivo detection by insert-
ournal of Biomedical Optics 047004-
ing the TPOFF probe into appropriate organs. The fiber probe
was inserted in the left lobe of the liver using the method
described in Sec. 2.4. Before the injection of labeled cells, the
background signals in both the short and long channels were
recorded as the control. The control traces are shown in Fig.
8�a�. The background trace in the long-wavelength channel
was flat; no photon counts higher than 20 were recorded dur-
ing an acquisition time of about 3 min. The mean photon
count was 2.7 with a standard deviation of 2 photons. How-
ever, in the short-wavelength channel, we noticed periodic
spiking with a period of about 2 to 3 seconds. The periodicity
was the same as the respiration rate of the mice and was
believed to be due to the breathing movement. The fluctua-
tions in the short channel make the identification of GFP cells
in vivo more difficult. Many kinds of intrinsic fluorophores in
the blood or tissue have high autofluorescence that overlaps
the emission wavelength of GFP. Fortunately, because of the
capability of conducting dual-channel detection under two-
photon excitation, we can use the long channel as a reference
to confirm the arrival of a cell in the probe volume and then
look for a coincident signal in the short channel. Using the
long channel signal as a reference to indicate the existence of
a cell in the probe volume makes it possible for us to perform
quantitative cytometry in vivo, even in the presence of a high
background in the short channel.14

To demonstrate the ability of using the TPOFF probe to
conduct cytometry in vivo, 50 to 100 �L of DiD-labeled
MCA-207 normal cells with a concentration of 50
�106 /mL were injected into the tail vein or spleen of the
mouse. A representative time trace is shown in Fig. 8�b�. The
cells injected through the tail vein entered the circulation sys-
tem immediately. However, because the externally injected
cancer cells were not intrinsic to the mouse, they were quickly
depleted from the circulation, consistent with previous in vivo
observations.30 Figure 8�c� is the observed depletion time

Fig. 7 Peak maximum distribution of GFP events for cells flowing in
�a� blood and �b� PBS. The mean photon count for the background of
blood was 14 photons, with a standard deviation of about 4 counts.
The event detection threshold for the peaks in blood was 26 photons.
The mean photon count for the background of PBS was 2.5 photons,
with a standard deviation of 1.6 photons. The peak detection thresh-
old for the cell suspension in PBS was 9 photons.
July/August 2010 � Vol. 15�4�6
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ourse for tail vein–injected cells. The depletion dynamics
ccur on a similar time scale to the depletion of similar cells,
s has been reported in the literature.14,31

.3 Monitoring GFP-Expressing Cells In Vivo
ual-labeled GFP-DiD cells were injected into the mice

hrough multiple locations. The energy distribution of the cor-
elated events is shown in Fig. 9. The energy distribution
catter plot is similar to what we have seen in the in vitro
easurements. The average numbers of detected events per
inute in the two channels are illustrated in Fig. 8�d�. The red

ars represent the number of cells detected in the long chan-
el, and the green bars are the number of coincident events
etected in both channels. Because of the sizes of the organs,

ig. 8 �a� Control traces of dual-channel two-photon in vivo fiber-op
ithout injecting labeled cells. Each time point represents the total nu

fter injecting DiD-stained untransfected MCA-207 cells into the mo
106 DiD-labeled MCA-207 cells into the tail vein. �d� The number

green bars, GFP-DiD� per minute in the in vivo measurements. The fib
njected through different places: tail vein, right lobe of the liver, sple
tic flow cytometry when inserting the fiber probe into the liver of a mouse
mber of photons detected in 1 ms. �b� Representative photon counting traces
use. �c� Detected event time course in the long channel after injecting 5

of detected events in the long channel �red bars, DiD� and in both channels
er probe was put on the left lobe of the liver, and the dual-labeled cells were
en, and heart. �Color online only.�
ournal of Biomedical Optics 047004-
Fig. 9 Fluorescence energy distribution of correlated GFP-DiD events
in the short and long channels.
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he injected volumes of the cell suspensions were different:
e injected 100 �L into the tail vein, 50 �L into the right

obe of the liver, 50 �L into the spleen, and 30 �L into the
eart. The values plotted in the figure are the numbers nor-
alized to an injection volume of 100 �L. The number of

vents detected for cells injected into the tail vein and heart
re similar, as they both enter the circulation directly. The
umber of events detected for cells injected into the spleen is
he fewest since the cells need to be absorbed into the circu-
ation before they can reach the liver, and they may do so with
ow efficiency. The in vivo experiments show that the overall
etection efficiency for identifiable events that occur simulta-
eously in both channels is 27%�7%. This value is consis-
ent with the in vitro measurements in whole blood and con-
rms the applicability of the TPOFF probe for the efficient
etection of GFP-expressing cells circulating in vivo.

.4 Limitation of In Vivo Long-Term Measurements
he fiber-optic probe provides a minimally invasive way for
onducting in vivo measurements deep inside the native envi-
onment of the body. Our two-photon fluorescence probe con-
guration is based on one single-mode fiber �SMF�. The fiber
robe is thus tiny and virtually weightless. We can insert the
ber into large blood vessel through the help of a syringe
eedle. We have demonstrated the technique by inserting the
ber through a 30-gauge needle and placing the fiber probe

nto experimental tumors or organs. Because of its light
eight, the fiber-needle complex can be easily fixed on the

nimal, as in the intravenous injection. Therefore, this tech-
ique is very suitable for long-term in vivo measurements.
owever, the movement of the animals needs to be limited

ppropriately to avoid dragging or damaging of the fiber
robe due to acute animal actions. Nevertheless, anesthesia,
hich limits the maximum runtime in animal experiments, is
ot needed throughout the course of the experiment. There-
ore, it is feasible to perform long-term monitoring over an
xtended period using the proposed methodology.

Conclusions
n summary, a fiber-optic-based two-photon excitation flow
ytometry system has been developed. A double-clad optical
ber is used as a probe inserted into a flow channel or an
rgan to achieve an intrinsic signal collection efficiency com-
arable to a long working distance objective lens in free
pace. The use of a single inserted fiber to excite and detect
ultiphoton fluorescence, however, circumvents scattering

nd absorption problems and leads to a significantly enhanced
vent detection efficiency in blood relative to free-space op-
ics. The corpuscular nature of whole blood has negligible
ffect on the detected signal strength. A high detection effi-
iency of GFP-expressing cells in 50% whole blood and in
ivo is demonstrated, despite the strong spectral overlap of the
FP emission with blood absorption and autofluorescence.
he ability to conduct multichannel detection with multipho-

on excitation makes it possible to efficiently detect GFP-
xpressing cells in vivo despite the presence of a noisy autof-
uorescence background in the corresponding wavelength
hannel. The ability to efficiently detect GFP-expressing cells
n vivo may advance the understanding of caner metastasis in
reclinical animal models. The capability to access large
ournal of Biomedical Optics 047004-
blood vessels may make this technique a practical solution for
long-term, real-time monitoring of rare circulating cells in
disease diagnosis. For future clinic applications, with the de-
velopments of human CTC-specific fluorescently tagged
markers such as the Herceptin antibody for the detection of
HER2-expressing breast tumor cells,32 or folic acid �FA�–
conjugated fluorescent nanoparticles5,25 for the detection of
FA receptor-expressing CTC such as that originating from an
ovarian tumor, and further engineering of the probe to in-
crease the detection efficiency, this might be possible when
these CTC-specific agents are administered appropriately into
the body.
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