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Abstract. Flow cytometry is a powerful technique for
quantitative characterization of fluorescence in cells.
Quantitation is achieved by ensuring a high degree of uni-
formity in the optical excitation and detection, generally
by using a highly controlled flow. Two-photon excitation
has the advantages that it enables simultaneous excitation
of multiple dyes and achieves a very high SNR through
simplified filtering and fluorescence background reduc-
tion. We demonstrate that two-photon excitation in con-
junction with a targeted multidye labeling strategy enables
quantitative flow cytometry even under conditions of non-
uniform flow, such as may be encountered in simple cap-
illary flow or in vivo. By matching the excitation volume
to the size of a cell, single-cell detection is ensured. La-
beling cells with targeted nanoparticles containing mul-
tiple fluorophores enables normalization of the fluores-
cence signal and thus quantitative measurements under
nonuniform excitation. Flow cytometry using two-photon
excitation is demonstrated for detection and differentiation
of particles and cells both in vitro in a glass capillary and
in vivo in the blood stream of live mice. The technique
also enables us to monitor the fluorescent dye labeling
dynamics in vivo. In addition, we present a unique two-
beam scanning method to conduct cell size measurement

in nonuniform flow. © 2008 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.2931077]
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1 Introduction

Fluorescence sensing/imaging is a well-established technol-
ogy in biological analysis and medical diagnostics. Fluores-
cence microscopy enables imaging of cellular dynamics in
vitro and in vivo by labeling specific subcellular components
with fluorescent dyes (or more recently, quantum dots or fluo-
rescence protein). Flow cytometry does not provide image
information, but instead measures the total fluorescence from
each cell; large populations of cells can be studied, providing
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quantitative information on many important biological pro-
cesses (e.g., receptor expression, analysis of intracellular pro-
teins, etc.). Whereas flow cytometry is the most accurate and
well-defined technology for measuring properties of single
cells, and appears to be mature technology, it has not yet
reached its full capability. Despite a large body of literature on
multiphoton microscopy,"” there are only a few early articles
considering the possibility of multiphoton flow cytometry.™*
We demonstrate here that remarkable quantitative measure-
ments are possible when ratiometric measurements are used in
two-photon flow cytometry. The major advantage of this tech-
nique over modified two-photon irnaging5 is the potential for
high throughput to obtain large sets of data on cells in a short
period of time, as is the case for conventional flow cytometry
when compared to confocal microscopy.

In a conventional flow cytometer, cell samples are injected
into the center of a liquid stream (air can be used alterna-
tively), called the sheath fluid, which hydrodynamically fo-
cuses the cells singly to a point of detection with an accuracy
of £1 um or better.>” As each cell passes through the exci-
tation point, at which one or multiple laser beams are focused,
each cell receives an identical amount of excitation from the
laser(s). Fluorescence intensity of labeled cells corresponds to
the uptake of the probe used,” and fluorescence gating can be
used to differentiate different cell populations. The fluidics
system plays an important role to ensure quantitative fluores-
cent measurement of single cells; however, the strict require-
ment on the fluid flow excludes flow cytometry from applica-
tions with nonuniform flow.

There are basically two reasons to conduct flow cytometry
under nonuniform flow. One is to replace the bulky complex
fluidics system with highly simplified low-cost ones. The re-
cent advancement in microfabrication has made it possible to
miniaturize the fluidic system to reduce the cost and reagent
volume consumption;g"12 however, most of the microchip
flow cytometers still require sheath liquids (or air') for hy-
drodynamic focusing. Consequently, a large volume of sheath
liquid (or high-pressure gas for an air sheath) is required to
process a very small amount of sample suspension. Although
non-sheath-flow-based devices have been demonstrated for
cell counting or sorting,m’15 drawbacks, such as channel clog-
ging by sample particles or slow detection rate, must be re-
solved to produce reliable flow cytometry systems. Therefore,
the ability to conduct flow cytometry without requirements on
the fluidics opens new possibilities for the development of a
miniaturized and versatile system.

The other reason is to adapt cytometry to nonuniform flow
is for in vivo applications in blood vessels. The major limita-
tion of conventional flow cytometry is its invasiveness. To
analyze cells in the circulatory system, blood samples must be
extracted from the living body. The isolation of cells from
their native environment and the subsequent sample-
processing procedures not only introduce potential artifacts,
but make it difficult to examine the same cell population over
continuous time periods as well. Although other techniques,
such as confocal or two-photon microscopy, are able to image
fluorescently labeled cells in vivo, it remains a challenge to
track a specific cell population within the blood stream for
quantitative measurements. 16-20

We recently demonstrated a novel flow cytometer, which
realized single cell detection with two-photon excitation using
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a femtosecond near-IR (NIR) laser.”'* Exploiting the ability

of a single NIR beam to probe multiple fluorophores with
two-photon excitation, we were able to use this system to
simultaneously enumerate two distinct populations of circulat-
ing cells in a mouse and compare their depletion
dynamics.”® We also showed that use of an extended cavity
laser with a reduced repetition rate enables enhancement of
the fluorescence signal.27 In the investigation reported here,
we emphasize the issues associated with performing cytom-
etry under conditions of nonuniform flow, such as is found for
in vivo cytometry, and we demonstrate a novel method for
obtaining quantitative information in spite of the irregular
flow. We take advantage of the nonlinear property of the mul-
tiphoton excitation process generated by a tightly focused
NIR femtosecond laser beam. With the localized excitation
volume that is equal to or smaller than a single cell
(~10 um), one can simply focus a NIR femtosecond laser
beam into a simple fluid system, where a sheath flow is not
required, to selectively detect single cells. As opposed to the
uniform excitation in conventional flow cytometry, cells are
excited nonuniformly as they flow through the excitation re-
gion at random positions and velocities. The nonuniform ex-
citation results in a broad fluorescence intensity distribution
for uniformly stained cells. Thus, the fluorescence signal level
alone cannot be used as a parameter to differentiate single
cells. To compensate for the nonuniform excitation, we pro-
pose a dual-dye staining method: labeling the cells with two
different dyes, one of which is always fluorescent (the “trig-
ger”) on excitation by a laser beam, and the other fluoresces
only when the cell function changes (the “reporter”). As a cell
flows through the excitation region, the fluorescence signal
from the “trigger” dye reflects the amount of excitation the
cell receives, while the fluorescence signal from the ‘“re-
porter” dye informs the changes in cell functions. Fluores-
cence signals from two dyes that emit at distinct wavelengths
can be detected by two spectral channels and the ratio of the
“reporter” over “trigger” can be used to quantitatively mea-
sure cellular parameters. As we demonstrate, quantitative two-
channel ratiometric measurement can be achieved with multi-
functional nanoparticles for targeting.

In addition, we present preliminary experimental results in
the development of a novel two-beam two-photon flow cyto-
metric technique for detection of cell aggregation, with great
potential for real-time noninvasive in vivo detection of cell
aggregation. In general, platelet, leukocyte, and red blood cell
aggregation is involved in pathological processes such as ra-
diation damage.28 Cell aggregation is also found in atheroscle-
rosis, chronic inflammation, and thrombosis, which are com-
mon defects in the circulatory system. In conventional flow
cytomety, cell size is determined by the forward scattering
signals. This method can not be applied to in vivo measure-
ments due to the geometry of the detection system. Here, the
cell size measurement is carried out by observing the time
duration as the cell flows through the excitation focus and
normalizing to the cell velocity. To measure the cell velocity,
we split the excitation beam to have two separate foci aligned
along the capillary flow direction (Fig. 1); the spot size is set
to be smaller than the cell size. The velocity of each cell is
obtained by measuring the time delay between the two exci-
tation spots.
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Fig. 1 Two-beam two-channel two-photon flow cytometry setup (T*TC).

2 Instrumentation

A two-beam, two-channel and two-photon flow cytometer
(T*FC) was constructed (Fig. 1) to perform quantitative flow
cytometry measurement under nonuniform flow both in vitro
and in vivo.

2.1 In Vitro Modeling Fluid System

The in vitro modeling fluid system consisted of a square
quartz capillary (Polymicro Technologies Inc.) and a fluid
pump system. The square capillary (ID/OD: 100/300 wm)
was prepared by burning away a 2-cm patch of the polyimide
coating in the center of a 30-cm-long piece. The square cap-
illary was held perpendicular to the excitation source with its
surface adjusted flat to the source. The capillary was con-
nected to a homemade oscillatory pump and a syringe pump
(Fisher Scientific International, Inc., Hampton, New Hamp-
shire) with plastic tubing. Cell samples were loaded into a
syringe and pushed by the syringe pump through the capillary
at constant flow rate (typically 5 uL/min). Pulsatile flow can
also be superposed with a homemade oscillatory pump, which
was described in detail previously.2l The frequency and oscil-
lation amplitude of the pulsatile flow pattern was obtained by
analyzing sequencial images of a fluorescent microsphere
flowing in the capillary. To model in vivo blood flow in the
blood vessel of a mouse, the oscillation frequency was set to
11 Hz (typical mouse heart rate) and the oscillation amplitude
was set to half of the average flow rate.
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2.2 Optical Setup

The excitation source was a Ti:sapphire laser (Mira-900 Co-
herent Inc., Santa Clara, California), which generates 50-fs
pulses at 800 nm with a 76-MHz repetition rate. For in vitro
measurements, the in vitrro modeling fluid system was used.
The femtosecond laser pulses were focused by a long working
distance Olympus 40X 0.55 numerical aperture (NA)-
microscope objective (Olympus America Inc., Melville, New
York) into the square capillary tube (see the preceding fluid
system). A telescope system was used to expand the laser
beam to overfill the back lens of the objective, which pro-
duced a 2-pm spot in the focal plane. The point spread func-
tion (PSF) spreading has attracted much interest in multipho-
ton microscopy literature.”**" The PSF of the two-photon
excitation system was measured by scanning a fluorescent mi-
crosphere (100 nm in diameter) at the focal plane of the ob-
jective and matched with theoretical calculation. The average
excitation power used for cell measurements was between 10
and 20 mW at the focus. Group velocity dispersion from
glass and mirrors was precompensated by a prism pair in the
laser path. The femtosecond pulse width was adjusted to
maximize the SHG (second-harmonic generated) signal from
a BBO crystal, which was placed at the focal plane of the
objective. The pulse width was further adjusted to maximize
the fluorescence signal from dye solutions flowing in the cap-
illary placed at the focal plane of the objective lens.
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For single-channel or two-channel ratiometric measure-
ment, the fluorescence from the excitation volume was col-
lected back through the same microscope objective and sepa-
rated from the excitation beam by a dichroic mirror. While we
did observe very small, comparable to background scattering,
SHG signals, the filter set in the system was chosen to prevent
SHG and third-harmonic generated (THG) signals entering
the detection channels. A long-pass filter in the excitation la-
ser beam path cuts pump laser light leaking into the detection
path, and a short-pass filter in the collection path further en-
sures collection of two-photon fluorescence only. Beamsplit-
ters and bandpass filters were used to separate the fluores-
cence from different dyes into two channels, which were
detected with two photomultiplier tubes (PMT HC7421-40,
Hamamatsu Photonics, K.K., Hamamatsu City, Japan) and re-
corded with two multichannel photon-counting scalers (MCS
SR430, Stanford Research Systems, Inc., Sunnyvale, Califor-
nia). The temporal bin width of the MCSs was set to corre-
spond to the transit time of a cell through the excitation vol-
ume (typically 1.31 ms for a flow rate of 5 wL./min).

For two-beam scanning cell size measurement, the femto-
second laser pulses were split into two identical beams fo-
cused by the microscope objective into the capillary, with two
distinct localized excitation region lined up along the fluid
flow direction. The fluorescence signals from the two excita-
tion regions were collected back through the same objective
and sent to two identical channels, each detected with a PMT
and recorded with a MCS. The temporal bin width of the
MCSs was set to a much shorter time (typically 92 us), so
that the fluorescence signal from a single cell goes into sev-
eral consecutive bins, which form a peak.

2.3 Setup Modification for In Vivo Measurements

For in vivo measurements, the in vitro modeling fluid system
was replaced by a custom-made stage to hold anesthetized
mice. An 8-mm-diam hole was drilled in the center of the
stage, on top of which a glass slide was placed. The position
of the mouse was adjusted to flatten one of its ears against the
glass slide. The vasculature and blood flow of the mouse ear
was visualized with a CCD camera by the Olympus 40X
objective from transmitted light of a fiber optic illuminator
(EW-41500-50, Cole-Parmer Instrument Company, Vernon
Hills, Illinois). The femtosecond NIR laser beam was focused
into the mouse ear with the objective from below. By switch-
ing off the short-pass filter in the fluorescence collection op-
tical path, the back-scattered light from the femtosecond NIR
laser beam was used to align the excitation beam to the blood
vessel. The long focal length of the objective (5 mm) enabled
the depth of the laser focus to be adjusted throughout the
whole cross section of the mouse ear (less than 1 mm). To
obtain a higher detection rate (probe a larger volume of blood)
and reduce the autofluorescence background, the femtosecond
NIR laser beam was adjusted to focus at the center of the
blood vessel. The laser beam created an excitation region at
the location where the blood flow speed is highest, while not
generating autofluorescence from surrounding tissues. The ab-
erration introduced by the highly scattering skin tissue made
the size of the laser focus larger than 2 um. The laser power
after the objective was adjusted below 20 mW to avoid pho-
todamage to either cells or tissue. The tissue at the focus of
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the femtosecond laser beam was periodically monitored with
the same objective lens transilluminated by visible light. No
obvious physical damage of the tissue was observed for the
laser power we used.

3 Data Processing

A MATLAB (The Mathworks, Inc., Natick, Massachusetts)
program was used to extract fluorescent peaks above the
background noise level from the MCS trace signals. The
background threshold in a detection channel was set at five
standard deviations from the mean count rate of the back-
ground noise signal. The program scanned the trace signals
for fluorescent peaks above the threshold. Once a peak was
located, the peak characteristics, such as height (maximum
fluorescent signal within the peak), width (number of con-
secutive bins above the background threshold) and location
(the index of the maximum bin) were stored. For two-channel
ratiometric measurements, two spectral channel traces were
scanned simultaneously for peaks above their channel thresh-
old level. For cell size measurement, the average and standard
deviation of the transition time between the two excitation
laser foci were first determined by cross-correlation of the two
channel trace signals. The program scanned the two channel
traces and fluorescent peaks above the threshold level were
registered. Any two peaks (from different channels), separated
by less than two standard deviations from the average transi-
tion time, were associated as a peak pair (fluorescent peaks
from the same particle). For each peak pair, the number of
bins above the threshold within the peaks (At¢) and the num-
ber of bins between the two peaks (T) were calculated. As the
instant fluid flow speed is proportional to 1/7, the transition
time of a cell through a single focus (average of the two Af)
was normalized to the instant fluid speed as At/ T, which is
proportional to the cell size. For in vivo two-photon flow cy-
tometry measurements, high frequency noise was removed
from the MCS trace signal by using a triangle average filter.
In the DeepRed dye solution tail vein injection experiment,
the threshold level used to count the fluorescent peaks is de-
termined by a small segment of the trace signal instead of
using the whole trace.

4 Materials and Methods
4.1 Computer Simulation

A Monte Carlo simulation program of the two-photon excited
flow cytomety system was written in MATLAB, which incor-
porated an accurate model of the two-photon excitation vol-
ume generated by a femtosecond NIR laser within a micro-
capillary. This program enables the user to set a wide variety
of experimental parameters, including the laser beam charac-
teristics, the flow rate and spatial distribution of simulated
fluorescent particle within the capillary, the size and fluores-
cent dye distribution within particles, and white-noise levels.

To reveal the difference between one-photon and two-
photon excitation, the axial direction of the laser beams (z
axis) was set perpendicular to the fluid flow direction (x axis)
and the coordinate was centered at the laser focal point. The
program calculated the one-photon and two-photon excited
fluorescence signal for grid points within the excitation vol-
ume (100X 100 X 100 um) at resolution of 20 nm and saved
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the results as a lookup table. By integrating the grid points
along the x axis, the fluorescence intensity distributions in the
flow cross section of the fluid channel (y-z plan) were ob-
tained.

To investigate the wide distribution induced by the inho-
mogeneous spatial distribution of dyes, two models represent-
ing different fluorescent dye distributions were used: (1) a
uniformly distributed fluorescent sphere (10 wm in diameter)
and (2) a fluorescent shell (10 wm in diameter). The fluores-
cent sphere was used as a model for fluorescent dye that
evenly distributed in a cell, such as CFSE; while the fluores-
cent shell was used as the model for dye that only distributed
with the cytoplasm of a cell, such as DeepRed. Using the
two-photon excited fluorescence look-up table already de-
scribed, the fluorescence signal from a 10-um fluorescent
sphere or shell was calculated for grid points within the exci-
tation volume at a 100-nm resolution. Given the low Rey-
nolds number (less than 10) of our flow cytometry system, it
was assumed that the fluid flow was laminar and the fluores-
cent spheres or shells followed the fluid flow (x axis). The
fluorescence intensity distribution of the fluorescent sphere or
shell in the cross section of the fluid channel was determined
by integrating the fluorescence along the fluid flow direction.
By correlating the distribution of the 10-um sphere and shell
models, a two-channel dot plot was generated after normal-
ization of the signal to unity in both channels.

4.2  Fluorescent Microspheres

Fluorescence microspheres with different size and spectral
properties were obtained from Molecular Probes, Inc. (Eu-
gene, Oregon). To calibrate the T3FC system for cell size
measurement, three types of fluorescence microspheres were
used: A7302, AlignFlow flow cytometry alignment beads,
2.5 pm; A7303, AlignFlow Plus flow cytometry alignment
beads, 6 um; and F8836, FluoSpheres polystyrene micro-
spheres, 10 um. All three types of fluorescence microspheres
have the same emission maximum at 515 nm. The diameter
of each type of microspheres is uniform with a cell volume
less than 4%. For sample preparation, all types of fluorescent
microspheres were diluted in distilled water to a concentration
of 3X10°/mL. For in vivo flow cytomety measurements,
F-8827 FluoSpheres® carboxylate-modified microspheres,
2.0 wm, yellow-green fluorescent (Ex505/Em515) was used.

4.3 Cell Culture
4.3.1 Materials for cell labeling

The 5-(and-6)-carboxyfluorescein diacetate, succinimidyl es-
ter (CFSE), and MitoTracker® DeepRed 633 were purchased
from Molecular Probes, Inc. (Eugene, Oregon). Trypsin-
EDTA, Dulbecco’s phosphate-buffered saline (PBS), fetal bo-
vine serum (FBS), cell culture antibiotics, and RPMI media
were obtained from Gibco/BRL (Gaithersburg, Maryland).
The conjugates of PAMAM dendrimer with dyes were de-
signed and synthesized at the Center for Biologic Nanotech-
nology (Ann Arbor, Michigan). The following conjugates
were used: generation 5 dendrimer with DeepRed and folic
acid (G5-DR-FA) and generation 5 dendrimer with FITC and
folic acid (G5-FI-FA).
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4.3.2 CFSE-stained Jurkat and KB Cells

Jurkat, an acute T cell leukemia cell line, clone E6-1 and KB,
a human oral epidermoid carcinoma cell line were purchased
from the ATCC (Manassas, Virginia, USA). Jurkat and KB
cells were cultured in RPMI 1640 medium supplemented with
penicillin (100 units/mL), streptomycin (100 uL/mL), and
10% heat-inactivated FBS. Prior to staining, the Jurkat and
KB cells were washed in PBS and resuspended in PBS at
concentration 10° cells/mL. To stain cells with CFSE,
500 nM (final concentration) of the dye was added to the cell
suspension and cell were stained for 8 min at room tempera-
ture. After staining, the cells were washed three times with
PBS supplemented with 2% FBS, resuspended in PBS and
kept on ice until analyzed.

4.3.3 CFSE- and DeepRed-stained PMBC

Peripheral mononuclear blood cells (PMBCs) were isolated
from the blood collected from 5-week-old, specific-pathogen-
free female C3H/HeNHsd mice (Harlan, Indianapolis, Indi-
ana) using Histopaque®-1077 (Sigma Diagnostics, Inc., St.
Louis, Missouri). PMBC were cultured in RPMI 1640 me-
dium supplemented with penicillin (100 units/mL), strepto-
mycin (100 uL./mL), and 10% heat-inactivated FBS. Prior to
staining, the PMBC were washed in PBS and resuspended in
PBS at concentration 10° cells/mL. To stain cells with Deep-
Red, 500 nM (final concentration) of the dye was directly
added to the cell suspension and cells were stained for 30 min
at 37°C. After staining, cells were washed three times with
PBS. To stain cells with CFSE, 500 nM (final concentration)
of the dye was added to the cell suspension and cell were
stained for 8 min at room temperature. After staining, the
cells were washed three times with PBS supplemented with
2% FBS, resuspended in PBS and kept on ice until analyzed.

4.3.4 G5-FI-FA- and G5-DR-FA-labeled KB cells

KB cells were maintained in folate-free medium containing
10% FBS as described before.”’ The KB cells were rinsed and
incubated in folate- and serum-free medium with different
concentrations of the G5-FI-FA and G5-DR-FA conjugates for
1 h at 37°C. The treated cells were detached from their sub-
strate  with 0.25% trypsin, washed, and fixed with
p-formaldehyde (to enable conventional flow cytometry
follow-up the day after experimentation), then washed again
and resuspended in PBS. A portion of the cells was analyzed
by conventional flow cytometry. A second portion of the
dendrimer-treated cells were analyzed by two-photon flow cy-
tometry. For confocal microscopy, KB cells plated on glass
cover slips were treated with a mixture 200 nM each of G5-
FI-FA and G5-DR-FA for 3 h under conditions already de-
scribed.

4.3.5 Jurkat cell aggregates

The Jurkat cells aggregates were obtained according to modi-
fied scaffolded receptor clusters method.”® Briefly, CFSE-
stained single cell suspension of Jurkat cells were incubated at
4°C or RT with various concentrations (5 to 100 uM) of
Concanavalin A (Sigma-Aldrich Co. St. Louis, Missouri),
which crosslinks mannose glycoproteins on the cell surface,
in HBS-Ca*? buffer. After 30-min to 1-h incubation, cells
were gently centrifuged at 500 rpm, the Concanavalin A so-
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Table 1 Concentration of dye conjugates used to incubate KB cell samples and their mean channel fluorescence measured with a conventional
single photon flow cytometer; for details, see treatment of KB cells with G5-FI-FA and G5-DR-FA in Sec. 4.

Mean Channel

Sample No. G5-FI-FA (nM) G5-DR-FA (nM) G5-FI (nM) G5-DR (nM) Fluorescence
FITC (a.u.) DeepRed (a.u.)

1 200 0 0 0 95.8 53
2 180 20 0 0 77.8 325.2
3 150 50 0 0 60.8 837.8
4 120 80 0 0 44.7 1138.3
5 80 120 0 0 42.7 2518.3
6 50 150 0 0 20.4 2141.3
7 20 180 0 0 9.7 2372.3
8 0 200 0 0 3.5 2365.8
9 0 0 0 0 2.86 5.86
10 0 0 200 0 3.4 5.1
11 0 0 0 200 2.9 12.2

Iution was removed, and cells were resuspended 3 mL of cold
HBS-Ca*?. The induced aggregation was confirmed under a
microscope.

4.3.6 CFSE or DeepRed labeled splenocytes for
in vivo FC

Spleens were collected from euthanized animals and were dis-
rupted in PBS to obtain a single cell suspension after which
the cells were washed in PBS and the red blood cells were
lysed using ammonium chloride. To stain the splenocytes with
CFSE, the cells were resuspended in PBS and stained with
500 nM CFSE for 8 min at room temperature. After staining,
cells were washed with PBS containing 2% FBS. To stain the
splenocytes with DeepRed, the cells were treated with Deep-
Red, incubated for 1 h at 37°C, trypsinized, rinsed, and re-
suspended in PBS, pH 8.

4.4 Confocal Imaging of Cells

Confocal images of PMBC stained with both CFSE and
DeepRed, KB cells stained with both G5-FI-FA and GS5-
DR-FA were acquired using an Olympus Confocal Micro-
scope (Olympus America Inc., Melville, New York). The cells
were rinsed, fixed with paraformaldehyde, and mounted on a
slide and confocal images were taken in an Olympus Confo-
cal Microscope. An argon laser was used to excite CFSE or
FITC and the fluorescent signal was recorded in the green
channel; while a He/Ne laser was used to excite DeepRed
and the signal was recorded in the red channel. The green and
red channel images of the PMBC stained with CFSE and
DeepRed were combined to form a single image [Fig. 5(a) in
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Sec. 5]; while KB cells stained with both G5-FI-FA and G5-
DR-FA images were separately shown in green [Fig. 5(b) in
Sec. 5] and red channel [Fig. 5(c) in Sec. 5].

4.5 Conventional Flow Cytometry Analysis
4.5.1 CFSE and DeepRed labeled PMBC

A portion of the CFSE- and DeepRed-labeled PMBC was
analyzed by conventional flow cytometry in an Aria flow cy-
tometer (Becton Dickinson, Franklin Lakes, New Jersey) us-
ing excitation and emission wavelengths specific for the two
dyes. The viable cells were gated, and the mean FLI-
fluorescence of 10,000 cells was acquired. The result showed
the saturation of the dye uptake in both CFSE and DeepRed
channels.

4.5.2 G5-FI-FA and G5-DR-FA labeled KB cells

A portion of the G5-FI-FA and G5-DR-FA labeled KB cells
was analyzed by conventional flow cytometry in a FACScan
flow cytometer (Becton Dickinson, Franklin Lakes, New Jer-
sey) using excitation and emission wavelengths specific for
the two dyes. The viable cells were gated, and the mean FL1-
fluorescence of 10,000 cells was quantified. Conventional
flow cytometry showed binding of the two dendrimers in pro-
portion to the concentration of the individual dendrimer used
in the mixture (Table 1).

4.5.3 Circulating fluorescent microspheres and
CFSE-labeled splenocytes

The 2-um, yellow-green fluorescent (Ex505/Em515) micro-
spheres were washed, resuspended in 200 wL. of PBS (total
number of beads 2.3 X 10°), and injected via tail vein to CD-1
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mice. Spleens were collected from euthanized animals and
were disrupted in PBS to obtain a single cell suspension after
which the cells were washed in PBS and the red blood cells
were lysed using ammonium chloride. Splenocytes were re-
suspended in PBS and stained with 5 uM CFSE dye for
8 min at room temperature. After staining, cells were washed
with PBS containing 2% FBS and 3.6 X 10° splenocytes in
200 uLL. PBS were injected via tail vein to NU/NU CD-1
mice.

Blood samples were obtained either from the tail vein or
from euthanized premorbid animals by cardiac puncture at
different time intervals during the course of the experiment.
Blood was collected to heparinized tubes and diluted 10 times
with PBS prior to flow cytometry analysis. Samples were ac-
quired on a Coulter EPICS-XL. MCL Beckman-Coulter flow
cytometer and data were analyzed using Expo32 software
(Beckman-Coulter, Miami, Florida).

4.6 Animals

Five- to six-week-old, specific-pathogen-free female NU/NU
CD-1 and CD-1 mice were purchased from Charles River
Laboratories (Portage, Michigan) and housed in a specific
pathogen-free animal facility at the University of Michigan
Medical Center in accordance with the regulations of the Uni-
versity’s Committee on the Use and Care of Animals as well
as with federal guidelines, including the principles of Labora-
tory Animal Care. CD-1 mice were used for the fluorescent
microsphere-circulation in vivo experiments. Immmunodefi-
cient, NU/NU CD-1 mice were used for DeepRed-labeled cell
circulation and free DeepRed dye injection in vivo experi-
ments. All injections were performed via the tail vein.

4.7 In Vivo Two-Photon Flow Cytometry
Measurements

To conduct in vivo two-photon flow cytometry (IVTPFC)
measurements, mice were anesthetized by inhalation of isof-
lurane. The mice were placed on the T3FC stage with one ear
taped to the glass slide window for optical detection. A blood
vessel roughly 50 wm in diameter with ample blood flow was
selected for cytometry measurement. Depending on the anes-
thesia condition, the mice may breathe heavily during the data
acquisition, which induces movement of its ear. This tremble
can be easily seen with the transilluminated microscopy im-
age. The alignment of the laser focus and the blood vessel
within the mouse ear was checked before and after each data
acquisition to be within a few micrometers. Before injection
of the solution of fluorescent-dye-labeled microspheres or
cells, the background signals in both the S channel and the L
channel were recorded as a control. The laser power used was
below 20 mW and no photodamage to the ear of the mice was
observed after the experiments.

To monitor circulating fluorescent microspheres in vivo,
200 L sodium chloride solution containing 2.3 X109
yellow-green fluorescent (Ex505/Em515) 2.0-um micro-
spheres was injected into CD-1 mice through tail vein. Imme-
diately following the injection, the two-channel fluorescence
signals from a blood vessel were recorded. The same amount
of microspheres was injected through the tail vein 11 min
after the initial injection.

To monitor circulating DeepRed-labeled fluorescent cells
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in vivo, 300 uL PBS containing 3.6 X 10® DeepRed-labeled
splenocytes was injected into NU/NU CD-1 mouse initially
with additional injection of the same dose 25 min after. The
two-channel fluorescence signal was recorded immediately af-
ter each injection and repeated at the same vessel location
roughly 2 h and 1 day after the initial injection.

To monitor the fluorescence from free dye in vivo, 300 L
DeepRed dye solution (5 uM) was injected into NU/NU
CD-1 mouse through tail vein. The fluorescence was acquired
in two channels immediately following the injection and re-
peated at the same vessel location roughly one and half hours
after.

5 Results and Discussion
5.1 Single-Cell Detection Using a Femtosecond Laser

Using the flow cytometry simulation program (details in Sec.
4), we ran two simulations of the fluorescence excitation dis-
tribution in the cross section of a fluid channel for one-photon
[Fig. 2(a)] and two-photon excitation [Fig. 2(b)]. For com-
parison, 400- and 800-nm laser beams with a 2-um waist at
the focal plane were used. As shown in Fig. 2(a), in the case
of one-photon excitation, the laser beam excites all the fluo-
rescent dyes along its optical path, creating a broad excitation
region within a fluid stream. Under nonuniform flow condi-
tions, such as in vivo capillary blood flow, multiple cells may
enter the excitation region simultaneously. Thus, single-cell
detection may not be achieved, unless a confocal pinhole is
used to restrict the detection region to the focus.™ In the case
of two-photon excitation, however, the probe volume is con-
fined to the laser beam focus, where the photon flux is high-
est. One can simply focus a femtosecond NIR laser beam into
a fluid stream to create an excitation volume (a 0.5 NA objec-
tive creates an excitation region about 1 um laterally and
5 pm longitudinally) equal to or smaller than a cell, so that
only one cell enters the localized excitation volume to be
selectively detected.

For proof of principle, Jurkat cells labeled with CFSE and
unstained Jurkat cells as a control were tested in our T*FC
system with a single detection channel. A short segment of the
raw data is presented in Fig. 3(a). The horizontal axis denotes
time and the vertical axis denotes fluorescence signal. Sharp
peaks in the raw data correspond to bursts of photons emitted
by single fluorescence-stained cells as they transit through the
excitation beam. With identical excitation power, almost no
fluorescence peak was observed above the background for the
unstained Jurkat cells, while thousands of events were de-
tected from CFSE-labeled Jurkat cells within a few minutes.
Although the cells were uniformly stained (confirmed by flow
cytometry data not shown here), the intensity distribution of
the fluorescent signal from each cell spreads out from just
above the background to the maximum possible signal level
[Fig. 3(b)). This is due to the fact that each cell enters the
excitation region at a random position and speed. Depending
on the amount of excitation received, the fluorescence signal
from each cell peaks at a different intensity level. Due to the
uneven excitation under two-photon excitation, the fluores-
cence intensity in a single channel itself cannot be used as a
parameter to quantify cellular properties as in conventional
flow cytometry. Nevertheless, our data clearly demonstrated
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Fig. 2 Fluorescence intensity distribution of (a) one-photon and (b) two-photon excitation in the cross section of a flow channel. For comparison,
both simulation results are based on a 800-nm laser beam with a 2-um waist. The fluid flow direction is along the X axis, the laser beam propagates

along the Z axis and centers at zero of the coordinates.

single-cell detection in nonuniform flow condition can be
achieved under two-photon excitation.

5.2 Quantitative Two-Channel Ratiometric
Measurement

To understand the condition for signal quantification using
trigger and reporter dyes, mouse PMBCs stained with CFSE
and DeepRed (details in Sec. 4) were investigated using the
T3FC system. The two-photon excited fluorescence signal has
a wide distribution in the two-channel dot plot [Fig. 4(a)]. The
fluorescence was filtered such that the short-wavelength de-
tection channel (S channel) corresponds only to CFSE, and
the long-wavelength channel (L channel) only to DeepRed.
The wide distribution indicates the S channel signal was not
correlated to the L channel signal, although saturation of the
dye uptake (confirmed by conventional flow cytometry result)
should yield such correlation. To examine the lack of correla-
tion between the two channel signals, the dual-dye-stained
PMBC was studied under a confocal microscope. The image
shows that CFSE and DeepRed had different distributions
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within each cell [Fig. 5(a)]. The green nuclei and yellow cy-
toplasm of the cell indicate that CFSE was uniformly distrib-
uted through out the whole cell and DeepRed is located only
in the outer cytoplasm surrounding the nucleus (DeepRed is a
cell-permeating probe that binds to the outer membrane of
mitochondria). To model the staining condition using the
computer simulation program, 10-um fluorescent spheres and
shells were used to represent CFSE and DeepRed, respec-
tively. The computer simulated cross sectional fluorescence
distribution of the sphere [Fig. 4(c)] and the shell [Fig. 4(d)]
do not match, which is due to the inhomogeneous localization
of these two dyes within each bead. The unmatched distribu-
tion in the cross section of the fluid stream produces a wide
distribution in a two-channel dot plot [Fig. 4(b)], which
matches the result of the dual-dye-stained PMBC [Fig. 4(a)].
Thus, we can conclude that the different spatial localization of
the two dyes within each cell leads to the lack of correlation
between two channel signals under uneven excitation gener-
ated by the femtosecond NIR laser beam.
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(b)

Fig. 3 Single-channel signal from T3FC: (a) raw data, where each peak corresponds to a labeled cell passing through the laser focus, and (b)

histogram of the intensity distribution of peaks in a single channel.
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Fig. 4 Computer simulation result matches with experimental data: (a) two-channel dot plot of PMBCs stained with CFSE and DeepRed, where the
two-photon excited fluorescent signals from CFSE and DeepRed go to S channel (green) and L channel (red), respectively; (b) computer simulated
two-channel dot plot of dual-dye-stained microspheres; (c) fluorescence intensity distribution of a green-dye-stained 10-um sphere in the cross
section of the flow channel; and (d) Fluorescence intensity distribution of red-dye-stained 10-um shell model in the cross section of the flow
channel. The fluid flow direction is along the X axis, and the laser beam propagates along the Z axis and centers at zero of the coordinates. The
Y-Z plane represents the cross section of the flow channel. The two-photon fluorescence signal from a sphere or shell is calculated as it centers at
each point in the Y-Z plane. The dye in the sphere model is evenly distributed in the whole volume of a 10-um sphere, while the dye in the shell
model is evenly distributed on the surface of the same 10-um sphere. The computer simulated dual-dye-stained 10-um microspheres are the
overlap of the sphere and shell model. The fluorescent signals from the sphere and shell go to the S and L channels, respectively. (Color online
only).

(b) ()

Fig. 5 Confocal microscopy images of (a) PMBC stained with CFSE (green) and DeepRed (red), (b) green channel of KB cells stained with G5-FI-FA
and G5-DR-FA, and (c) Red channel of KB cells stained with G5-FI-FA and G5-DR-FA. The details are given in Sec. 4. (Color online only.)
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Fig. 6 Two-channel dot plot and angular distribution of KB cell samples stained with G5-FI-FA and G5-DR-FA at different concentrations. (a) and
(b) Two-channel dot plot and angular distribution histogram from sample 1; (c) and (d) from sample 2; (e) and (f) from sample 3; (g) and (h) from
sample 8; (i) and (j) from the mixture of sample 1 and sample 8 at a volume ratio of 1:1; (k) the average angular distribution of cell samples from
1 to 8; and () the average angle of KB cells stained with G5-FI-FA and G5-DR-FA at certain concentration ratio fits linearly to the ideal average
angle of free G5-FI-FA and G5-DR-FA solutions used to incubate the KB cells. The concentration of dye conjugates used to incubate the KB cell

samples are listed in Table 1.

To make quantitative ratiometric measurements, it is essen-
tial that the fluorescence amplitudes of signal and reporter be
correlated (i.e., spatially correlated fluorescent labels must be
used to enable a narrow angular distribution). One solution to
establish the required correlation between the trigger and re-
porter dyes is to use targeted fluorochromes. For example, two
dyes could be conjugated onto a nanoparticle, which is taken
up into the cells via specific receptors. Alternatively, the dye
molecules may be linked separately onto nanoparticles that
have the same targeting agent. By competing for the same
receptors, the dye concentrations in the cell become corre-
lated. Specifically, the KB cell, which is an epidermoid carci-
noma cell line known to express the receptor for folic acid
(FA), was selected as a model for proof of concept. The nano-
particles used to carry the FA-targeting agent and fluorescent
molecules are PAMAM dendrimers. Our previous studies
have shown that KB cells bind and internalize FA-conjugated
dendrimers in a receptor-mediated fashion.” Regardless of
the dye molecules conjugated on the dendrimers, the FA on
each of the dendrimers guides the PAMAM dendrimers to the
FA receptor within the KB cells. This is confirmed with the
identical structure in green [Fig. 5(b)] and red [Fig. 5(c)]
channel confocal microscopy images. KB cells treated with
the GS5-FI-FA and GS5-DR-FA at different concentrations
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(Table 1) were analyzed by the T3FC. The FITC (FI) and
DeepRed (DR) dyes correspond to the S and L channels, re-
spectively. On a two-parameter dot plot (S channel versus L
channel); the KB cells fall into well-separated clusters of nar-
row angular distribution [Fig. 6(a) to 6(h)] according to the
variation on the concentrations of G5-FI-FA and G5-DR-FA.
This enables one to differentiate a single-cell event in a mixed
sample. With a mixture of KB cell samples under different
incubation conditions through our capillary system, signals
from different samples remain in the corresponding angular
distributions [Figs. 6(i) and 6(j)]. Due to the different fluores-
cence quantum yield and two-photon excitation cross section
of FITC and DeepRed, the number of photons detected in the
L channel (sample 8) is roughly 10 times of the number de-
tected in the S channel (sample 1). Taking the intensity dif-
ference into account, the average angular distributions of
samples were normalized accordingly. As shown in Fig. 6(k),
the average angular distribution increases with decreasing
concentration ratio of G5-FI-FA to G5-DR-FA. The ideal an-
gular distributions of different samples, assuming the uptake
load of the nanoparticle is proportional to its incubation con-
centration, shows a linear fit with the experimental results
[Fig. 6(1)]. Thus, the uptake of the dendrimer-dye-FA conju-
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Fig. 7 Conventional flow cytometry of KB cells treated with different concentrations of G5-FI-FA and G5-DR-FA (the respective concentrations used
are indicated), as described in Sec. 4: (a) unstained control in PBS; (b) to (i) correspond to samples 1 to 8 shown in Table 1, with the X and Y axes
respectively representing the FITC and DeepRed fluorescence on a log scale. In the FITC channel, the mean channel fluorescence from sample 1

is set as 100%; in the DeepRed channel, sample 8 is set as 100%.

gates is proportional to the concentration of the dye-
conjugated nanoparticles during cell incubation. This result is
confirmed by conventional flow cytometry (Fig. 7). Conven-
tional flow cytometry results [Fig. 7(a)] showed that the de-
tected fluorescent signals (mainlyautofluorescence) for un-
stained KB cells (sample 9) and KB cells stained with
nontargeted dendrimer-dye conjugates (samples 10 and 11) in
both channels were much lower than those for KB cells
stained with dendrimer-dye-FA conjugates. This was also ob-
served by the T3FC, where the number of cells detected was
three orders of magnitude lower with the same background
threshold.
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The two-channel ratiometric method can be used to quan-
titatively measure the uptake of fluorescence-labeled-
nanoparticles under nonuniform flow condition. If the fluores-
cence signal from one of the dye-conjugated nanoparticles is
associated with cellular function, such as apoptosis, the ratio-
metric method can be used to quantitatively measure the cel-
lular function. Furthermore, the ratiometric method is not lim-
ited to the dual dye staining scheme; the T°FC can detect
spectral shift or change from a single cell. One could envision
further developing the system to perform fluorescence reso-
nance energy transfer (FRET) measurements.
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5.3 Two-Beam Scanning Cell Size Measurement

Light scattering is the standard method for determining cell
size in flow cytometry. However, under nonuniform flow, this
does not work (especially in vivo). Here, we conduct cell size
measurement based on the fluorescence peak width normal-
ized to flow velocity. By setting the temporal bin width of the
MCSs to a much shorter time, a time-resolved fluorescence
peak from 2.5-, 6-, and 10-um fluorescent microspheres,
CFSE-stained KB cells, and CFSE-stained Jurkat cells were
obtained using the T3FC. The fluorescence peak width was
normalized to the flow velocity, inversely proportional to the
transition time between two foci. The average peak width of
each sample is shown in Fig. 8(a). As the average peak width
is a convolution measure of the particle and the laser beam, it
is not directly proportional to the size of the particle. A de-
convolution function, which converts average peak width to
average particle size, was determined using the fluorescent
microspheres as calibration. The deconvoluted size of the
samples is shown in Fig. 8(b). The size information obtained
this way is a measure of the distribution volume of the fluo-
rescent dye within a cell or particle, rather than the actual
physical size of the cell or particle. With partial distribution of
CFSE within cells, the two-beam scanning results may not
reflect the actual size of KB cells or Jurkat cells. Further, cell
clipping, where only a portion of the cell passes through the
laser focus, is another potential source of artifacts not over-
come by the normalization.

In addition to the cell size measurement, the T3FC is also
capable of cell aggregation detection. Time-resolved fluores-
cent peaks from CFSE-stained single Jurkat cell suspension
and Jurkat cell aggregates were obtained in the T3FC. Typical
fluorescence peak profiles from the single-channel raw data
are shown in Fig. 9. The peak width (number of bins above
the background) of an aggregated Jurkat cell (103 bins) is
much wider than that of a single cell (18 bins). The pulsatile
flow generation device was used to further demonstrate the
two-beam method in highly nonuniform flow. Suspensions of
6-um fluorescent microspheres were analyzed using single-
beam and two-beam scanning. Under the two-beam scanning
scheme, the normalized peak width distribution of the flores-
cent microspheres [Fig. 10(b)] is much narrower compared
with the distribution using a single beam [Fig. 10(a)]. Consid-
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ering the small standard deviation of the fluorescent micro-
spheres (less than 4%), the normalized peak width should
have a narrower distribution than what is shown in Fig. 10(b).
The broadened peak width distribution is due to the random of
each fluorescent microsphere in the excitation region (2 um
lateral); resulting different portion of each microsphere is
scanned by the laser beam. We have shown previously that
identical fluorescent microspheres produce different peak
widths if they enter the excitation region at identical speed but
different position relative to the laser beam.”'

Although the two-beam scanning method does not offer
absolute size measurement of single particles or cells, it grants
sufficient accuracy to detect cell aggregation. To demonstrate
the ability to detect cell aggregation in nonuniform flow, sus-
pensions of 6 and 10 um fluorescence microspheres were
flown in the T3FC. With two-beam scanning, the normalized
peak width distribution of 6- and 10-um fluorescence micro-
spheres is shown in Figs. 11(a) and 11(b), respectively. Set-
ting the differential threshold as 21 bins (dashed line), 2.9 and
95% of 6- and 10-um fluorescence microspheres were above
this level, respectively. This clearly demonstrates that the two-
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Fig. 9 Representative single-cell and aggregated Jurkat cell fluores-
cent profiles. The peak from a single Jurkat cell (dashed line) is much
smaller than that of a cell aggregate (solid line). Each bin corresponds
to 92 us.
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Fig. 10 Peak width distribution of 6-um fluorescent microspheres (a) using the single beam setup and (b) using two-beam normalization.

beam scanning method is capable of identifying size differ-
ences under nonuniform flow conditions. For the aggregated
(induced by ConA) Jurkat cells, 12.3% were above the thresh-
old level [Fig. 11(d)], compared to 5.6% for the control cells
[Fig. 11(c)]. As stated, the fluorescence peak width depends
on the relative position of the particle in the excitation region.
Similarly, the fluorescence peak width also relies on the ori-
entation of aggregated cell cluster in the laser beam. Thus, the
percentage difference between the aggregated and control
sample may not reflect the actual difference in these samples.
In spite of this, the results show that aggregation of Jurkat
cells is reflected in the measurements under nonuniform flow
condition.

A limitation of applying the two-beam method to in vivo
measurements is that it can not differentiate events from a
single cell passing sequentially through the two foci from two
different cells passing through each of the focus. This tech-
nique is more suitable for cell size characterization under con-
trolled flow, in which the flow speed is maintained constant
and cell trajectory is limited by a small capillary. For in vivo
blood flow conditions, such as stoppage or backward flow,
this method may not work. For in vivo application under
slower velocities, the cell concentration must be kept low to
ensure that a cell passes through two foci before the next one
arrives.

5.4 Monitoring Circulating Fluorescent Microspheres
and Fluorescence-Labeled Cells In Vivo

To demonstrate the ability to perform multicolor detection of
circulating fluorescent particles in vivo, fluorescent micro-
spheres or fluorescence-labeled cells were injected through
the tail vein of a mouse. Two-photon flow cytometry measure-
ments were performed at a blood vessel in the mouse ear.
Before the injection of the fluorescent microspheres or the
DeepRed-labeled splenocytes, the background signals in both
S channel and L channels were recorded with the femtosecond
NIR laser beam focused in various locations within the mouse
ear. The measured background control traces before each in-
jection are shown to the left of the orange line in Figs. 12(a)
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and 12(d). The thresholds were adjusted so that no peaks exist
in the control traces. The amount of autofluorescence noise,
which accounts for a large portion of the background, comes
from the tissue at the focus of the laser beam. With translo-
cation of the laser focus, a much higher autofluorescence sig-
nal is observed from blood vessel wall than from the blood
itself. The sudden increase of background in Fig. 12(d) toward
the end of the trace can thus be explained by a shift in the
mouse ear. The background in the S channel of the mouse
injected with DeepRed-labeled cells [Fig. 12(e)] was higher
than that injected with fluorescence microspheres [Fig. 12(b)].
This can also be explained by the different site of laser focus
in the mouse ear for the two experiments. In addition, the S
channel background in Fig. 12(d) changed dramatically for
the data taken 2 h and 1 day after the initial injection. This
can be attributed to the tremble of the anesthetized mouse
during data acquisition. In spite of this, the background fluo-
rescence in the L channel remains at a low level throughout
the whole experiments, allowing fluorescent peaks to be se-
lected.

Figure 12(a) shows the S and L channel traces of a mouse
injected with the 2.0-um yellow-green fluorescent micro-
spheres, in which a peak in the S channel corresponds to a
microsphere passing through the excitation region [Fig.
12(b)]. Figure 12(d) shows the two-channel traces of a mouse
injected with DeepRed-labeled splenocytes, in which a peak
in the L channel corresponds to a cell [Fig. 12(e)]. Thus,
circulating 2.0-um yellow-green fluorescent microspheres
and DeepRed-labeled splenocytes were detected in short and
long spectral detection channels, respectively. The two-
channel detection method enables differentiation of different
cell or particles based on the fluorescence wavelength. It is
also possible to conduct two-channel ratiometric measure-
ments in vivo, as demonstrated previously in vitro. In this
particular experiment, however, direct ratiometric measure-
ments would not have been possible, since different individu-
als were used for DeepRed-labeled splenocytes or fluorescent
microspheres, and thus the dissimilar spatial distributions of
the the two fluorescent species is of no consequence.
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Fig. 11 Aggregation measurements made using T*FC with the peak width distribution of (a) 6-um fluorescent microspheres, (b) 10-um fluorescent
microspheres, (c) Jurkat cells stained with CFSE, and (d) aggregated (induced by ConA) Jurkat cells stained with CFSE. Thresholds for differentiating
aggregates or large particles from individual small particles are marked as orange dashed lines. (Color online only.)

The double-peak event in Fig. 12(b) is probably the fluo-
rescent trace of clogged fluorescent microspheres. For the
fluorescent microspheres, about 20% of the detected events
contained double peaks. For DeepRed-labeled splenocytes, al-
most no large peaks were observed. A double-peak event is
treated as a single event if the fluorescent signal between the
two peaks does not fall below the background threshold value.

5.5 The Dynamics of Circulating Fluorescent
Microspheres and Fluorescence-Labeled
Cells

The number of detected fluorescent microspheres and
DeepRed-labeled splenocytes at different time points is shown
in Figs. 12(c) and 12(f), respectively. For both of experiments,
fluorescent microspheres or DeepRed-labeled cells were de-
tected in the ear blood vessel immediately after tail vein in-
jection (less than 30 s delay), which was indicated by the
sudden increases in frequency of events. The frequency
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dropped to less than 10% within the first 10 to 20 min. The
frequency went up again with reinjection of the same amount
of fluorescent microspheres or DeepRed-labeled splenocytes.
Similar depletion dynamics were observed. The experiments
were repeated at the same location in the mouse ear 2 h and 1
day after the initial injection. No fluorescent microspheres
were observed (not show here), while a few circulating
DeepRed-labeled splenocytes were detected.

The depletion dynamics of circulating fluorescent micro-
spheres in CD-1 mice and DeepRed-labeled splenocytes in
NU/NU CD-1 mice using the in vivo two-photon flow cytom-
eter and conventional flow cytometer is shown in Fig. 13. For
the CD-1 mouse injected with fluorescent microspheres, the S
channel traces after the first and second injection were used to
calculate the frequency of detected events [Fig. 13(a)]. For the
NU/NU CD-1 mouse injected with DeepRed-labeled spleno-
cytes, the L channel trace after the first injection was used
[Fig. 13(c)]. The frequency was calculated as the number of
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Fig. 12 (a) S channel (green) and L channel (red) traces from an ear blood vessel of a CD-1 mouse injected with 2.3 X 10° yellow-green fluorescent
(Ex505/Em515) 2.0-um microspheres at time zero and 11 min after. The control traces are shown to the left of the orange dashed line. The orange
and blue dashed lines corresponds to the first and second injection, respectively. Each spike in the S channel corresponds to the fluorescent burst
from microspheres passing through the excitation region. (b) Blow up of the dual-channel raw data showing detail of individual fluorescent peaks.
(c) Number of detected events at different time points before and after injection. Each time point is represented by number of peaks above the
background threshold during a period of 107 s. (d) S channel (green) and L channel (red) traces from an ear blood vessel of a NU/NU CD-1 mouse
injected with 3.6 X 10° DeepRed-labeled splenocytes at time zero and 25 min after. The control traces are shown to the left of the orange dashed
line. The orange, blue, black, and magenta dashed lines correspond to the first injection, the second injection, 2 h after initial injection, and 1 day
after, respectively. Each spike in the L channel corresponds to the fluorescent burst from DeepRed-labeled splenocytes passing through the
excitation region. (e) Magnified dual-channel raw data. (f) Number of detected events at different time points before and after injection. Each time
point is represented by the number of peaks above the background threshold during a period of 214 s. (Color online only.)
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Fig. 13 Depletion dynamics of circulating fluorescent microspheres or cells. (a) The 10-min frequency dynamics in the blood vessel of a CD-1
mouse after the first (square marker) and the second (round marker) injection of 2.3 X 10° yellow-green fluorescent 2.0-um microspheres. The
frequency was calculated as the number of peaks in the S channel within 107 s (red), 71 s (green), or 53 s (blue). Both axes are in log scale. The
coefficient of the linear fit (black dashed line) is the average of the coefficients from all six decay curves. (b) Frequency dynamics obtained by ex
vivo analysis using a conventional flow cytometer. Blood was drawn at different time points from the mouse after injection of the same dose of
microsphere solution. A linear fit is obtained (red dashed line) in the log-log plot. (c) The 20-min frequency dynamics in the blood vessel of a
NU/NU CD-1 mouse after the first injection of 3.6 X 10 DeepRed-labeled splenocytes. The frequency was calculated as the number of peaks in the
L channel within 214 (red) or 107 s (blue). Both axes are on a log scale. The coefficient of the linear fit (black dashed line) is the average of the
coefficients from both of the decay curves. (d) Frequency dynamics obtained by ex vivo analysis using a conventional flow cytometer. Blood was
drawn at different time points from the mouse after injection of the same dose of DeepRed-labeled splenocytes. A linear fit is obtained (red dashed

line) on the log-log plot. (Color online only).

events within a certain time period. The time points beyond
10 or 20 min were not used to generate the fitting, as the
number of detected cells fell below 1 event/min. The number
of fluorescent microspheres [Fig. 13(b)] or CFSE-labeled
splenocytes [Fig. 13(d)] in 10 uL of blood drawn at different
time points after injection was detected ex vivo using a con-
ventional flow cytometer. Blood samples are not able to be
drawn rapidly enough from the mouse for conventional flow
cytometry to follow the depletion dynamics over the course of
a few minutes as accurately as the in vivo flow cytometer
enables.

The in vivo flow cytometry results show that the fluores-

Journal of Biomedical Optics

034008-16

cent microspheres deplete faster in the circulation of a CD-1
mouse than fluorescence-labeled splenocytes in NU/NU CD-1
mouse. The average slope coefficients are —1.94 and —1.16
for circulating fluorescent microspheres and DeepRed-labeled
splenocytes, repectively. This difference in depletion rate was
also observed from the ex vivo flow cytometry results, where
the slope coefficients are —1.46 and —1.06 for circulating
fluorescent microspheres and CFSE-labeled splenocytes,
repectively. The reasons for the frequency drop could be that
the microbeads or splenocytes clogged in the blood stream,
stuck to the blood vessel surfaces, were removed by lysis or
phagocytosis, or were filtered by organs in the circulation.
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Fig. 14 (a) S channel (green) and L channel (red) traces from a blood vessel in the ear of a NU/NU CD-1 mouse injected with 300 uL (5 uM)
DeepRed solution at time zero. The control traces are shown to the left of the orange dashed line. The orange and black dashed lines correspond
to the initial injection and 1.5 h after initial injection, respectively. Each spike in the L channel corresponds to the fluorescent burst from DeepRed
fluorophores in cells passing through the excitation region. (b) Magnified dual-channel raw data at the time of injection showing the background
rise in the L channel after injection of free DeepRed dye solution. Individual fluorescent peaks above the background noise can also be observed
in the L channel after the injection of the free DeepRed dye solution. (c) The background two-photon excited fluorescent signal in the L channel
at different time points after the injection of DeepRed dye solution. The fluorescent peaks above threshold were not counted in the background
signal. The red dashed line is the linear fit of the log value of two-photon fluorescence against time. (d) Number of detected events at different time
points before and after injection. Each time point is represented by the number of peaks above the background threshold during a period of 214
seconds. (€) The 20-min peak frequency dynamics in the blood vessel of a NU/NU CD-1 mouse after the injection of 300 uL of DeepRed solution.
The frequency was calculated as the number of peaks in the L channel within 214 (red) or 107 s (blue) time duration. Both axes are on a log scale.
The coefficient of the linear fit (black dashed line) is the average of the coefficients from both of the decay curves. (Color online only.)
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The different depletion rates indicate the circulation time of
splenocytes in an immmunodeficient NU/NU CD-1 mouse is
longer than that of fluorescent microspheres in a CD-1 mouse.

For both circulating fluorescent microspheres and
fluorescence-labeled splenocytes, the depletion rate in the first
10 min after injection obtained by in vivo flow cytometry is
larger than the rate in the first 1.5 h obtained by ex vivo flow
cytometry analysis. The difference of the depletion rates from
in vivo and ex vivo measurements could be attributed to the
different time scales in the depletion process. It could also be
the systematic error in the ex vivo method introduced by the
significant delay between blood withdrawal and flow cytom-
etry analysis.

According to previous results, one challenge to doing
in vivo cytometry is the small number of labeled cells at the
detection region relative to the number injected into the ani-
mal. To have a statistically significant result, a larger number
of cells must be detected. One solution would be to access
larger blood vessels with higher blood flow rates. A femtosec-
ond NIR laser source has the advantage of being able to pen-
etrate much deeper through biological tissue than a one-
photon cw laser,™ though it is in fact not always the case that
larger vessels are deeper, a notable counterexample being the
brain. In addition, the nonlinear excitation property of a fem-
tosecond NIR laser confines the excitation region to appear
only at the focus without using a confocal pinhole. This re-
duces photodamage to the surrounding biological tissue,
which may extend the monitoring time in live animals.

24,32

5.6 Monitoring Fluorescent Dye Staining Process
In Vivo

The two-channel fluorescence traces from an ear blood vessel
were monitored as free DeepRed dye solution was injected
through the tail vein [Fig. 14(a)]. As shown in [Fig. 14(b)],
the background signal in the long channel rose immediately
after the injection, due to the presence of the DeepRed fluo-
rophores in the mouse blood. After the injection, the back-
ground signal gradually decreased, as the dye molecules per-
meated through the blood vessel walls or were filtered out of
the circulation. The average background signal at different
time points is ploted against time in a log scale [Fig. 14(c)],
and a linear fit of the signal decay reveals a slope coefficient
of —0.56. Compared with the depletion rate of fluorescent
microspheres or fluorescence-labeled splenocytes, the back-
ground decay rate is much slower.

The peaks above the background were also observed in the
L channel trace signal. DeepRed is a cell-permeating probe
that binds to the outer membrane of mitochondria in living
cells and measures their viability. As the DeepRed dye solu-
tion circulates in the vasculature, it labels the circulating lym-
phocytes. Therefore, the peaks should correspond to the in
vivo labeled cells passing through the two-photon excitation
region. The number of peaks above threshold at different time
points was acquired [Fig. 14(d)]. The threshold was adjusted
according to the gradually changing background fluorescence
signal. The frequency of in vivo labeled cells decreases after
the injection, with the exception of the 15-min data point,
which could be accounted for, for example, by an increase in
blood flow with change in mouse temperature. An average
depletion rate of —0.37 was obtained by fitting the number of
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detected events in the first 20 min after injection [Fig. 14(e)].
This rate is much slower than the those of fluorescent micro-
spheres or fluorescence-labeled splenocytes shown previously.
One and half hours after the initial injection of free DeepRed
dye, only one event was observed in a 6-min interval.

6 Conclusion

We have demonstrated a novel technique to do cytometry:
two-photon excitation to selectively detect single cells; two-
dye labeling with two-channel detection to normalize nonuni-
form excitation; two-beam scanning to normalize flow param-
eters for particle size measurements in unregulated flow.
Experiments performed both in vitro in the modeling glass
capillary and in vivo on live mice showed that quantitative
flow cytometric measurement is possible in greatly simplified
flow systems with appropriate trigger and reporter dye label-
ing, such as the receptor-mediated uptake of targeted
fluorescent-labeled nanoparticles to tackle the nonhomog-
enous cellular distribution of two dyes. This novel two-photon
flow cytometer opens up a wide range of new applications,
such as direct in vivo measurements in circulating blood, as
well as in vitro measurements in highly simplified and com-
pact microfluidics systems.M’35

Although enumeration of circulating cells in vivo has been
achieved with confocal detection using one-photon
excitation,”® the two-photon flow cytometry technique offers
potential advantages for in vivo cytometric measurements.
Under nonuniform flow, uneven excitation presents a serious
challenge to quantifying single cell events. Fluorescence in-
tensity alone is not a good measure for cellular properties, as
the intensity is affected by the uneven excitation. The two-
channel ratiometric method provides a solution to quantify the
fluorescence from labeled cells in vivo in spite of the flow
condition. To perform the ratiometric measurement using con-
focal one-photon excitation, multiple lasers are required to
excite different dyes, which have distinct one-photon absorp-
tion spectra. The optical layout can rapidly become complex.
On the other hand, a single femtosecond NIR laser source
may be used to excite a wide variety of fluorophores. The
large separation between the NIR excitation and the visible
fluorescence wavelength makes it easier to attenuate scattered
excitation light while collecting the entire fluorescence spec-
trum with high efficiency.”” Thus, using a NIR femtosecond
laser as the excitation source for cytometry allows ratiometric
measurements through simplified optical filtering and fluores-
cence background reduction.
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