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real-time integration of both techniques with positive
and negative contrast modes using only pulsed lasers.
Various applications of this new tool are summarized, in- _
cluding detection of liposomes loaded with Alexa-660 ik
dye, red blood cells labeled with Indocyanine Green, _
B16F10 melanoma cells co-expressing melanin and green Erh s
fluorescent protein (GFP), C8161-GFP melanoma cells el
targeted by magnetic nanoparticles, MTLn3 adenocarci-
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noma cells expressing novel near-infrared iRFP protein,
and quantum dot-carbon nanotube conjugates. Negative
contrast flow cytometry provided label-free detection of
low absorbing or weakly fluorescent cells in blood ab-
sorption and autofluorescence background, respectively.
The use of pulsed laser for time-resolved discrimination
of objects with long fluorescence lifetime (e.g., quantum
dots) from shorter autofluorescence background (e.g.,
blood plasma) is also highlighted in this paper. The sup-
plementary nature of PA and fluorescence detection in-
creased the versatility of the integrated method for si-

The principles of integrated photoacoustic and fluores-
cence flow cytometry using positive contrast for detec-
tion of strongly absorbing and fluorescent cells and ne-
gative contrast for detection of weakly absorbing and
fluorescent cells in blood absorption and autofluores-
cence background, respectively.

multaneous detection of probes and cells having various
absorbing and fluorescent properties, and provided veri-
fication of PA data using a more established fluorescence
based technique.
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1. Introduction

Conventional flow cytometry is a well-established
analytical tool that provides quantification of multi-
ple biological parameters of cells at molecular levels,
including their functional states, morphology, compo-
sition, proliferation, and protein expression [1]. Re-
cent trends in flow cytometry dictated the increase
in the number of molecular tags from two to three,
to a maximum of 20. In addition, invasive extraction
of cells from the blood or lymph circulatory system
for magnetic isolation [2, 3] or for conventional flow
cytometry analysis may alter cell properties (e.g.,
morphology or marker expression) and may prevent
the long-term study of cells in their native complex
biological environment [4, 5]. Ex vivo blood analysis
is possible only at discrete time points, and dramati-
cally limits the study of rapid changes in circulating
objects. Blood collection may also hinder prolifera-
tion studies, and cause undesired responses from the
immune system, thus, hindering blood cells studies,
and may even require sacrificing the animal to assess
a large volume of blood.

In vivo flow cytometry is a novel research tool
which can provide noninvasive real-time monitoring
of: circulating nanoparticles (NPs), normal and ab-
normal cells (e.g., tumor or bacteria) or drug deliv-
ery vehicles (e.g. liposomes) directly within the
blood and lymph flow [4]. This tool utilizes various
detection platforms including photothermal (PT),
fluorescent, photoacoustic (PA), or Raman techni-
ques [4-11]. However, the use of only one technique
limits the range of objects to those with either non-
radiative or radiative relaxation of the absorbed la-
ser energy. This also restricts the number of tags
available for multiplex targeting due to the overlap-
ping of broad absorption or emission spectra. At the
current stage, in vivo cytometry uses either two
fluorescence [4, 5, 12] or PA [13] channels in differ-
ent spectral ranges.

The number of spectral bands (colors) and the
corresponding tags may be increased by the use of
ultrasharp nonlinear PT and PA resonances having
spectral widths of a few nanometers [14]. Alterna-
tively, multicolor capabilities of in vivo flow cytome-
try may be improved by the use of multimodal sche-
matics in which signals are acquired from different
types of contrast agents (e.g., light absorbing and
fluorescent tags) and can be detected independently.
In 2005, we suggested an integration of PT, PA,
fluorescence and scattering methods in in vivo flow
cytometry [15, 16]. The combination of fluorescence
and PA methods has also been demonstrated in mi-
croscopy and tomography [17, 18]. However, the in-
tegration of PA and fluorescence in in vivo cytome-
try has not been reported yet.

In this paper, we will fill this gap by combining
PA flow cytometry (PAFC) and fluorescence flow

cytometry (FFC) into a multimodal PA-fluorescence
flow cytometry (PAFFC) system with a focus on its
novel schematics and modes.

2. Materials and methods
2.1 In vivo PA-fluorescence cytometry

The principles of in vivo multimodal flow cytometry
integrating PA and fluorescence techniques and op-
erating both in positive and in negative contrasts
modes [19] are illustrated in Figure 1. In PAFC (Fig-
ure 1A), strongly absorbing targets (e.g., gold NPs or
red blood cell (RBC) aggregates [red clots]) provide
positive PA contrast. Such objects under the laser
beam in the vessel produce a transient increase in
local absorption, which results in a sharp positive PA
peak (Figure 1C) exceeding the level of background
signal. Higher absorbance of labeled objects en-
hances its PA contrast, thus, increasing the chances
of detection. The PA background is associated with
absorption of randomly distributed RBCs in the irra-
diated volume. On the contrary, negative PA con-
trast is produced by a low-absorbing target (e.g.,
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Figure 1 Principles of in vivo PAFCC with positive and
negative contrasts. (A) In vivo PA flow cytometry (PAFC).
(B) In vivo fluorescence flow cytometry. (C). Example of
positive and negative contrast signals.
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non-pigmented CTCs, white blood cells (WBCs) or a
platelet-rich [white] clot), leading to transient de-
crease in local absorption and resulting in a sharp ne-
gative PA peak (Figure 1C). In our previous studies
[19], we proposed that a similar approach can be
used in in vivo FFC (Figure 1B), when strongly (e.g.,
labeled cell) and weakly fluorescent objects (e.g., un-
labeled RBCs, or fluorescence quenchers) will in-
crease or reduce fluorescence intensity, respectively
(Figure 1C). Background fluorescence is associated
with auto-fluorescence of blood plasma components,
or may be enhanced by intravenous injection of a
fluorescence dye (e.g., fluorescein isothiocyanate
[FITC]).

Sensitivity of in vivo flow cytometry can be ex-
pressed as a minimal number of detected abnormal
cells in the individual’s blood pool and was demon-
strated to be as low as 1CTC/mL [13]. Further in-
creases in the sensitivity may be achieved with the
analysis of larger blood volumes, as the volume of
tested blood is only limited by the experiment dura-
tion and blood vessel size.

2.2 Multimodal flow cytometer

The integrated multimodal PAFFC system (Fig-
ure 2A) was built on the platform of an Olympus
IX81 inverted microscope (Olympus America, Inc.,
USA), which was equipped with the following high-
pulse-repetition-rate lasers: 1) wavelength, 532 nm;
maximum pulse energy, 25 uJ; pulse width, 5.3 ns;
pulse rate, 10-50 kHz (LUCE 532, Bright Solutions,
Italy); 2) 671 nm, 30 uJ, 25 ns, 10-30 kHz (QL671-
500, CrystalLaser, Reno, NV); 3) 820 nm, 35 uJ, 8 ns,
10kHz (LUCE 820, Bright Solutions, Italy); and
continuous wave (CW) diode laser with a wavelength
of 488 nm and power of 50 mW (IQ1C45(488-60)
G26, Power Tech., Alexander, AR). One of the
pulsed lasers was either used alone for both PA and
FFC systems or it was supplemented by a CW laser
for separate generation of PA and fluorescence sig-
nals, respectively. Laser beams were focused into the
blood vessel by a 40x microobjective (NA 0.65;
Olympus), which simultaneously collected fluores-
cence. Cylindrical lenses (f=250 mm) provided the
linear shape of the laser beams in the sample (10 x
80 um) (Figure 2D).

The simultaneous use of both pulsed and CW la-
ser sources required two dichroic mirrors to separate
laser light and fluorescence emission (Figure 2A). A
single dichroic mirror was sufficient in PAFFC with
the same pulsed laser simultaneously exciting PA
and fluorescence from the same object (Figure 2B).
The fluorescence was detected by a photomultiplier
tube (PMT, R928, Hamamatsu, Co., Bridgewater,
NJ) after a bandpass filter having central wavelength
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Figure 2 Multimodal cytometry. (A) Schematics of the in-
tegrated in vivo cytometer with pulsed and CW laser
sources. Ultrasound transducer and photomultiplier tubes
(PMT) detect PA and fluorescence signals, respectively.
(B) Optical scheme for simultaneous excitation of both PA
and fluorescence by the same pulsed laser. (C) Ultrasound
transducer on a mouse ear. (D) An image of two laser
beams (488 nm and 671 nm) passed through a blood vessel
(dotted line) and ear tissues.

of 520 £ 15 nm for CW 488 nm laser, 580 £ 20 nm
for pulsed 532 nm laser; or 720 &+ 30 nm for pulsed
671 nm laser (Semrock, Inc., Rochester, NY). A
200 um x 3 mm slit in the front of the PMT was con-
focal with the image plane, and provided spatial filtra-
tion of the out-of-plane fluorescence. Laser-induced
acoustic waves were acquired by an ultrasound
transducer (XMS-310, Panametrics NTD Inc., Wal-
tham, MA) directly attached to the skin (Figure 2C),
and amplified (50 kHz-5 MHz bandwidth, 54 dB
gain, model 5662, Panametrics NDT Inc.). In vitro
calibration of PAFFC was performed in 96 um
square-shaped quartz capillaries (Polymicro Tech.,
Phoenix, AZ).

2.3 Data treatment

In the FFC module, signals from the PMT were con-
tinuously sampled at 4 MHz rate by a high-speed di-
gitizer (PCI-5124, National Instruments, Austin, TX)
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and downsampled to 10 kHz rate with an average of
400 points. In the PAFC module, PA signals from
the ultrasound transducer were acquired at a rate of
125 MS/s for 6 us after each laser pulse and pro-
cessed by a custom digitizer (AD484; 4DSP Inc.,
Reno, NV). PA and fluorescence signal traces were
displayed on-line and recorded for off-line proces-
sing. Trace analysis was made by custom software
(LabView, 8.5, National Instruments) and included
identification of peaks with the amplitude exceeding
the selected threshold, counting the events, and cal-
culating location, amplitude and width for each
peak. Bland-Altman statistical analysis was used to
compare the results of PA and fluorescence detec-
tion. Statistica 5.11 software (StatSoft, Inc., USA)
and MATLAB 7.0.1 (MathWorks) were used for the
statistical calculations.

2.4 Animal models

In vivo studies were performed using the nude
mouse ear model. The animal protocols were ap-
proved by the University of Arkansas for Medical
Sciences Institutional Animal Care and Use Com-
mittee. Animals were anesthetized using Isoflurane
(inhalation, 1.1%), and placed on a temperature-
controlled stage (37 °C). Cells, NPs, or fluorescent
dyes were introduced via intravenous injection into
the mouse tail vein. Subcutaneous inoculations of 10°
C8161 cells expressing green fluorescent protein
(GFP) into 50 uLL suspension were used to establish
primary melanoma xenograft tumors on the backs of
the mice.

2.5 Reagents and cells

Fluorescent carboxyl 8.34 um magnetic particles
(FCM-8056-2, Spherotech, Lake Forest, IL) loaded
with Red Nail fluorophore (excitation/emission:
480 nm/505 nm) were used simultaneously as both
PA and fluorescent contrast agents. Two antibody
samples to target melanoma-associated chondroitin
sulfate proteoglycan (MCSP), a cell-surface antigen
specific for human melanoma [20], were purchased
from Miltenyi Biotec Inc. (Auburn, CA) with a con-
jugation either to magnetic 50 nm NPs or phycoery-
thrin (PE) fluorescent dye. Dual-contrast quantum
dot-carbon nanotube (QD-CNT) conjugates were
synthesized as described previously [21]. Alexa-660
modified 250 nm liposomes (2 mol% of Alexa-660-
PEG2000-PE, absorption/emission wavelength maxi-
ma, 663/690 nm) have been prepared from a mixture
of hydrogenated phosphatidylcholine, cholesterol
and PEG2000-PE (65:30:3 mol%) by the lipid film

hydration method with subsequent sizing extrusion
in Torchilin’s laboratory.

The RBCs extracted from the blood of the mice
were labeled with Indocyanine Green (ICG) by in-
cubation of 2.5 x 10¥ RBCs with 85 ug of 0.2 um-fil-
tered ICG for 60 min at 37 °C followed by washing
via centrifugation (1,000 x g for 10 min, twice).
Mouse melanoma B16F10 cells were purchased from
ATCC (Manassas, VA). Prior to the injection, cells
were labeled with fluorescein isothiocyanate (FITC,
0.7 mg/mL, 20 min incubation, 37 °C). The trans-
genic B16F10-GFP melanoma cell line was created
by inserting a pEGFP-NI1 vector (Clontech) with Li-
pofectamine 2000 transfection agent (Invitrogen).
Transgenic C8161-GFP human melanoma cells were
prepared as described previously [22]. MTLn3 rat
adenocarcinoma cells expressed a near-infrared
(NIR) bacteriophytochrome-derived fluorescent pro-
tein, called iRFP, with absorption/emission maxima
at 690/713 nm [23]. All the cells were cultured ac-
cording to the ATCC recommendations. Fluores-
cence imaging was used to calculate the percentage
of fluorescent cells in the sample. The viability of
cells was tested by Trypan Blue staining before injec-
tion. Injection of 50 uL. of FITC-dextran (Sigma-Al-
drich, Inc. St. Louis, MO) was used for enhancing
blood plasma autofluorescence.

3. Results

3.1 Multimodal detection of objects with
dual photoacoustic-fluorescence contrast

Fluorescent carboxyl 8.34 um magnetic microbeads
were used to calibrate PAFFC in vitro in a quartz
flow unit. These microbeads were loaded with Nail
Red fluorophore and provided dual fluorescence
and PA contrast (Figure 3A). Natural absorbance of
magnetic material which gradually decreased from
visible to the NIR range provided high PA contrast.
The influence of the pulsed lasers at 671 nm and
820 nm on fluorescence detection was minimal, while
the CW laser did not produce measurable PA sig-
nals. Bland-Altman statistical analysis (Figure 3B) of
PA and fluorescence signal counts revealed a match
for >90% of all beads (Figure 3A). PAFC and FFC
modes provided accurate results for counting indivi-
dual beads at flow velocities ranging from 0.1 to
30 mm/s.

Next, we analyzed the performance of PAFFC in
vivo. B16F10 melanoma cells (Figure 3C) were de-
tected in vivo directly in blood flow after tail vein
injection of 10° cells. Melanin produced by melano-
ma cells is an intrinsic PA contrast agent. Contrast
for fluorescence detection of nonfluorescent B16F10
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Figure 3 Multimodal PA and fluorescence detection in
vitro and in vivo. (A) Detection of fluorescent magnetic
microbeads by PAFFC in vitro at flow velocity of 10 mm/s.
(B) Bland-Altman statistics for in vitro counting of mag-
netic microbeads by PA and fluorescence techniques. (C)
Dual contrast pigmented B16F10-GFP melanoma cells,
transmission (left) and fluorescence (right) images. (D) In
vivo detection of FITC labeled B16F10 cells. Wavelength
and energy fluence or intensity for PAFC and FFC, respec-
tively: 820 nm, 200 mJ/cm? and 488 nm, 80 W/cm?. Fluores-
cence imaging exposure: 0.1 s.

cells was provided by labeling cells in vitro by FITC
with 99.5% efficiency at 96% final cell viability.
Significant variation in B16F10 cell’s pigmentation
(melanin content) ranged from the presence of a few
highly pigmented cells to a significant number (15—
25%) of cells with weak pigmentation, i.e. with low
PA contrast. As a result, the efficiency of label-free
PA detection of B16F10 cells was lower than that of
fluorescence detection of FITC labeled cells (Figure
3D). Our findings included PA signals which ex-
ceeded the detection threshold for about 73 4+ 10%

(mean =+ standard deviation for 3 injections) of the
B16F10 cells detected by FFC in the blood vessel,
which correlated well with our previous data [24].
Next, we used B16F10 cells expressing GFP. In this
case, lower efficacy of both PAFC and FFC was ob-
served. In total, GFP was expressed in 89% of
B16F10 cells which was lower than the efficacy of in
vitro FITC labeling. Many cells expressing high lev-
els of GFP had low pigmentation and vice versa. As
a result, PA signal exceeded the detection threshold
for 57% of the B16F10-GFP cells detected by in vivo
fluorescent flow cytometry. Thus, the integrated sys-
tem provided direct verification of label-free PA de-
tection of melanoma cells through the use of FITC
labeling and fluorescent detection of every cell in
the blood flow.

3.2 In vivo monitoring of cell —
nanoparticle interaction

Next, we used a dual detection to study the interac-
tion between CTCs expressing fluorescent protein
and absorbing NPs. Previously, we have reported the
tumorigenic potential of melanoma CTCs through
the isolation of cells from blood and their character-
ization in vitro [22]. Here, we used PAFFC for in
vivo characterization of CTCs by targeting them in
the blood flow using light-absorbing NPs acting as
PA positive contrast agents. To this end, we selected
the C8161 melanoma cell line with GFP which pro-
vided positive fluorescence contrast. Fifty nm mag-
netic NPs conjugated to anti-MCSP antibody were
used as PA contrast agents and provided molecular-
specific interaction with MCSP receptors at the mel-
anoma cell surface. Hence, only those melanoma
cells that expressed MCSP to be targeted by these
NPs, and non-labeled cells were expected to produce
only GFP signals.

MCSP expression of the C8161-GFP cell line was
assessed by conventional in vitro flow cytometry
with fluorescent PE-anti-MCSP antibodies. Fifty-one
percent of the C8161-GFP cells expressed MCSP.
Accumulation of magnetic NPs in cells during incu-
bation was revealed by PA detection at 820 nm. PA
signals for approximately 60% of cells increased 10—
20 fold after incubation with NPs, as compared to
the level of signals from the non-incubated cells;
thus, increasing PA contrast of these cells and the
probability of detecting them in blood flow.

In the control mice (i.e., with no tumor) PA de-
tection at 820 nm after the injection of 50 nm mag-
netic anti-MCSP NPs (10'! particles/mL; 10 uL of
solution) revealed a few PA signals exceeding the
blood background during first 3—5 min after injec-
tion. These signals were likely associated with small
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NP clusters rapidly cleared from blood circulation or
with the nonspecific binding of these nanoparticles
to Fc receptor positive cells [5]. Next, PAFFC was
used to monitor the interaction of NPs and CTCs in
the blood of a tumor-bearing mouse on Day 20 after
subcutaneous inoculation of C8161-GFP cells. FFC
with 488 nm CW laser revealed the presence of
CTGCs in circulation at a rate of ~10 CTCs/h in the
50 um ear artery (Figure 4, top). After the injection
of NPs, we immediately observed several PA signals
associated with small NP clusters (Figure 4, bottom),
having no matches in the fluorescence trace. PA sig-
nals appeared again 30-40 minutes after injection
and matched the fluorescent data. In total, 7 fluores-
cent events were detected by FFC, and for only 3 of
those, the amplitude of PA signal exceeded detection
threshold.

Thus, both the appearance of signals in time and
the matching of PA and fluorescence data can be
used to confirm molecular targeting of CTCs by the
functionalized anti-MSCP NPs. The majority of
false-positive PA signals were associated with NP ag-
gregates rapidly cleared from circulation. The label-
ing time for the cells was estimated to be approxi-
mately 20—40 minutes, as this was the time that the
first labeled CTCs appeared in the circulation.
Matching of PA and fluorescence signals decreased
the probability of detecting false-positive signals due
to nonspecific binding [5]. The obtained in vivo data
matched the MCSP expression levels for the used
C8161-GFP cell line. PAFFC provided both the total
cell count and enumeration of the cells expressing
MCSP. The analogous ex vivo study with magnetic
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Figure 4 In vivo multimodal PA (red) and fluorescence
(green) detection of CTCs (C8161-GFP) in tumor-bearing
mouse using functionalized magnetic NPs and GFP as PA
and fluorescent contrast agents, respectively. Black arrow
marks the moment of NP injection. Wavelength and en-
ergy fluence/intensity for PAFC and FFC: 820 nm, 50 mJ/
cm? and 488 nm, 80 W/cm?, respectively.

extraction of NP-labeled CTCs from blood resulted
in counting only MCSP expressing cells [2, 3]. Future
studies will focus on analysis of a larger CTC num-
ber to confirm our current data on MSCP expression
in metastatic melanoma cells.

3.3 Multimodal photoacoustic-fluorescence
cytometry with a pulsed laser source

We developed an in vivo flow cytometer with a sim-
plified scheme using the same pulsed laser for simul-
taneous generation of both PA and fluorescence sig-
nals from the same circulating objects. Specifically, a
pulsed laser operating at 532 nm was used to detect
circulating QD-CNT conjugates having a relatively
large quantum yield associated with QDs and high
PA contrast of CNTs [21]. Simultaneous PA and
fluorescence signals (Figure 5A) were detected after
injection of these NPs, proving the feasibility of in
vivo PAFFC using pulsed nanosecond lasers. Circu-
lation dynamics data for QD-CNTs demonstrated a
clearance rate typical for NPs (Figure 5B). High-
speed signal recording (1.0 GHz digitations) re-
vealed that fluorescence signals from QD-CNTs
lasted longer (45-70 ns) than the duration of auto-
fluorescence from blood (Figure 5C). This correlated
with data from the literature [25] for pure QDs.
Thus, time-resolved selection of signals having differ-
ent fluorescence lifetime may reduce the influence
of the autofluorescence background on the detection
threshold of QDs, which is difficult to achieve using

A B
QD-CNTs £ Clearance rate
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™ QD-CNTs
P
FFC =
()
o
3IO 60
Time, min
PAFC c
Q
3
g
10 ms 8>
T (]

Time, ns

Figure 5 PAFFC with pulsed laser. (A) Typical fluores-
cence (top) and PA (bottom) signals from QD-CNT conju-
gates in the mouse circulation. (B) Clearance rate for QD-
CNT conjugates. (C) Time-resolved detection of long-last-
ing fluorescence from QDs in the presence of short-lasting
fluorescence from blood. Laser parameters: wavelength,
532 nm; pulse duration, 5 ns; fluence, 50 mJ/cm?.
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traditional CW lasers for the excitation of fluores-
cence.

We also integrated both PA and fluorescence de-
tection using a pulsed 671 nm laser. The most con-
ventional fluorophores in the NIR tissue transpar-
ency window usually are hindered either by their
low absorption or low quantum yield. However, low
quantum yields of fluorophores are frequently as-
sociated with fast, non-radiative relaxation, which
increases PA contrast [18]. Thus, integrated PA and
fluorescence technique may provide detection of
fluorophores having various quantum yields. Speci-
fically, PAFFC with pulsed 671 nm excitation de-
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Figure 6 In vivo detection of circulating objects labeled by
NIR fluorophores: Alexa-660, ICG, and iRFP. (A) PA and
fluorescence detection of liposomes loaded with Alexa-
660. (B) Histogram analysis of signal amplitudes from lipo-
somes on 2" and 15™ days after injection (total of 12500
and 192 peaks, respectively). (C) Long-term circulation ki-
netics for liposomes, cancer cells and RBCs obtained by
PAFFC. Laser parameters: wavelength 671 nm, energy flu-
ence 200 mJ/cm?.

monstrated successful PA and fluorescence monitor-
ing of intravenously injected liposomes loaded with
Alexa660 dye, RBCs labeled with ICG, and MTLn3-
1IRFP adenocarcinoma cells.

All these objects had absorption and fluorescence
contrast in the NIR range sufficient for their detec-
tion (Figure 6A—E). The clearance rate after intrave-
nous injection varied from 23 days for highly stable
liposomes and 6 days for ICG labeled RBCs to just
a few hours for MTLn3-iRFP cells. Circulation ki-
netics studies by the integrated PAFFC revealed the
re-appearance of MTLn3-iRFP cells in circulation,
obviously due to the establishment distant metas-
tases [13] and an increased number of clustered lipo-
somes on 15" day of monitoring.

3.4 Multimodal photoacoustic and
fluorescence flow cytometry using negative
and positive contrast

Recently we introduced a negative contrast PAFC
[19] in which low absorbing circulating objects (e.g.,
white platelet-rich clots) produced negative peaks in
the blood absorption background (Figure 1C). The
potential of negative contrast to identify strongly
absorbing RBCs in the presence of a strong fluo-
rescence background was also demonstrated [19].
Integration of positive and negative contrasts in
multimodal PAFFC may significantly enhance its sy-
nergistic capability for label-free detection of cells
using absorption and fluorescence properties (Fig-
ure 7).

At the first stage, the integrated PAFFC was used
to monitor fluorescent cells having low pigmenta-
tion. Relatively transparent melanoma C8161-GFP
cells with low melanin-associated pigmentation [22,
24] simultaneously provided positive fluorescence
and negative PA signals for both single cells and cell
aggregates (Figure 8A). These data demonstrated
that negative contrast PA cytometry is capable of de-
tecting single, low absorbing cells with sizes as small
as 20 um identified in 30-50 um blood vessels. We
believe that further enhancement in the spatial reso-
lution of PAFC through improved optical and acous-
tic focusing may allow counting of various non-pig-
mented CTCs and WBCs in blood flow.

On the second stage, we estimated the diagnostic
value of fluorescence imaging cytometry using nega-
tive contrast of RBCs. In this case, the fluorescence
background was created by autofluorescence of
plasma and tissues (Figure 7A). Negative contrast of
RBCs in plasma (Figure 7B) allowed label-free fluo-
rescence imaging cytometry of single RBCs in tiny
ear capillaries (Figure 8B) and of clots in mouse me-
sentery vein (Figure 8C). Mesentery imaging also re-
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Figure 7 Fluorescence of blood components. (A) Fluores-
cence spectra of purified blood plasma and RBCs. (B, C)
Transmission and fluorescence images (left and right, re-
spectively) of a single RBC in blood plasma (B) and of a
single WBC among RBCs (C).

vealed negative fluorescence contrast of adypocytes
that may be used for their detection and identifica-
tion. Plasma fluorescence may be enhanced by in-
jecting fluorescent dye. In vivo fluorescence image
flow cytometry in a 40 um ear vein after injection of
FITC-Dextran revealed individual and aggregated
RBCs (Figure 8B) having negative fluorescence con-
trast.

Finally, we performed in vivo flow cytometry to
detect circulating clots using intrinsic fluorescence
contrast of blood plasma components (Figure 7). A
photothrombotic clot was created in the mouse vein
by exposing it to 488 nm laser at an intensity of
10°* W/em? for 60s. The adhered clot (Figure S8E)
had a negative contrast in transmission and positive
contrast in fluorescence modes, respectively. Flow
cytometry data demonstrated a transient increase in
fluorescence intensity (Figure 8F, top) that coincided
with the passage of the clot, which was observed by
transmission microscopy (data is not presented
here). Thus, a clot, having few RBCs and many pla-
telets (Figure 7C) significantly increased fluores-
cence intensity. On the other hand, aggregated
RBCs strongly reduced the autofluorescence back-
ground as compared to non-aggregated RBCs and,
thus, produced a transient negative peak (Figure SF,
bottom). We have observed such negative peaks
after inflicting laser damage to the mice’s tail vein.
No negative peaks were observed in these mice be-
fore the damage. Still, this is preliminary data and
requires an additional verification to be addressed in
future papers.
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Figure 8 Positive and negative contrasts in fluorescence
cytometry. A, Typical negative PA and positive fluores-
cence contrast signals from circulating C8161-GFP cells in
40 um artery. PAFC and FFC parameters: 820 nm, 50 mJ/
cm? and 488 nm, 80 W/cm?, respectively. (B) Fluorescence
imaging cytometry of single RBCs (negative contrast) in
mouse ear capillary. (C) Transmission (left) and fluores-
cence (right) imaging of blood and lymph vessels in mouse
mesentery. Clots in the blood vessel appears brighter than
the blood. (D) Fluorescence imaging cytometry of single
and aggregated RBCs in 40 um mouse ear vein. Back-
ground plasma fluorescence was enhanced by FITC-Dex-
tran. (E) In vivo imaging of an adhered white clot. Nega-
tive contrast in transmission (left) and positive in
fluorescence (right) imaging modes. (F) In vivo FFC mon-
itoring of the clots in circulation. White photothrombotic
clot had positive contrast (top), while negative fluores-
cence contrast was associated with red clots (bottom). La-
ser wavelength, intensity: 488 nm, 80 W/cm?.
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4. Discussion

We demonstrated that integrated PA-fluorescence
cytometry is capable of simultaneously monitoring
various agents having dominant PA, fluorescent or
both contrasts in vivo in blood flow. Combination of
fluorescence and PA tags eliminates spectral over-
lapping between them and makes it possible for
these two tags to co-exist in the same spectral re-
gion.

Potential applications of integrated techniques in-
clude characterization and enumeration of circulat-
ing blood and tumor cells, viruses, NPs and drug de-
livery vehicles (liposomes) using fluorescent and PA
tags. Fluorescent detection of genetically encoded
fluorescent proteins and PA detection of light ab-
sorbing NPs reveals the fate of nanomaterials in the
blood system, including the interaction of NPs with
the cells of the immune system or with tumor cells in
blood flow, study of infections and etc. For example,
we have previously demonstrated WBC labeling by
gold nanorods conjugated to anti-CD45-antibody
[26]. On the other hand, the fluorescence flow cyto-
metry has also been used for T-cells studies [5, 27,
28]; thus, the integrated cytometry method would
benefit from the increased number of possible labels
and would allow direct studies of immune system re-
sponses and of T-cells, in particular. Currently, var-
ious nanomaterials are considered for the use in hu-
mans, such as gold-based NPs [29]. PAFFC may
reveal new aspects of their interaction with blood,
and T-cells, and may guide therapy of circulating ab-
normal cells (e.g., bacteria or tumor cells) [13].

The application of the integrated cytometer to-
ward studies of cells interaction with NPs was de-
monstrated in vivo for C8161-GFP melanoma CTCs
and 50 nm magnetic NPs conjugated with antibodies
specific to melanoma MCSP receptors. Fluorescent
and PA peaks distinguished CTCs expressing MCSP
from the melanoma cells not-expressing it and mini-
mized the rate of false positive signals from unbound
single and aggregated NPs. Total CTCs and MCSP-
CTCs counts were obtained in vivo without the need
of bleeding mice for ex vivo blood analysis. This ap-
proach can be applied toward a wide range of cancer
types using multicolor cytometry and multi-marker
labeling [30]. Common receptors like EpCAM or fo-
late may be used to target CTC in the blood or
lymph flow [4, 5], and a second label, such as the
anti-MCSP-beads reported here, may be used to
count cells expressing a particular protein. In this
case, the integrated PAFFC would eliminate cross-
talk between the signals, thus further increasing de-
tection specificity and accuracy.

Multimodal techniques provide a method to com-
pare the detection of the individual objects in differ-
ent modes and performing cross-verification of the
data (i.e. PA vs. fluorescence). This has high impor-

tance in vivo, where few independent controls or
standard calibration procedures may be implemen-
ted. Fluorescent or light absorbing microbeads
widely used in vitro for system calibration may be
affected in vivo by biocompatibility issues or cause
an acute immune system response. With fluorescence
monitoring of B16F10 melanoma cells labeled with
FITC, we demonstrated a direct verification of label-
free PA detection. This verification confirmed our
previous relevant data [13, 24]. The integrated sys-
tem implemented all the calibration procedures in a
single experiment, and avoided time-consuming in
vitro verification tests.

For the first time, we have presented the results
of simultaneous PA and fluorescence detection in
flow cytometry mode using only nanosecond pulsed
laser sources. Specifically, 671 nm pulsed laser pro-
vided multimodal detection for ICG (approved for
the use in humans) and near-infrared iRFP protein.
The bacteriophytochrome-derived iRFP protein pro-
vides genetically encoded detection in NIR tissue
transparency window [23]. For superficial microves-
sels the sensitivity of PA detection of NIR fluoro-
phores was lower compared to that of fluorescence
detection. However, the sensitivity of the PA techni-
que is much more promising in deeper vessels that
are not reachable using fluorescence method.

We also demonstrated the supplementary nature
of PA and fluorescence contrasts of blood which
may dramatically improve label-free identification of
clots and even of individual cells by PAFFC. Red
and white clots [19] may be enumerated in blood
using their positive and negative PA contrasts, re-
spectively. However, in fluorescence mode, the same
objects would have negative and positive contrasts
(Figures 7 and 8), respectively. In this case, auto-
fluorescence background, as a problem in conven-
tional positive contrast FFC, becomes an advantage
in the integrated method, potentially providing a
dramatic increase in detection accuracy and in the
elimination of false-positive signals.

From our point of view, further development of
an integrated in vivo flow cytometer should further
increase the multicolor capability in both fluorescent
and PA modes. In this case, fluorescence cytometry
may be oriented on multicolor detection in 500—
650 nm wavelength range suitable for the majority of
existing fluorophores. PA detection [13] would have
the highest sensitivity in the NIR tissue transparency
window (650-1100 nm) and may rely on light ab-
sorbing NPs like gold nanorods exhibiting widely
tunable absorbances [14].

We determined that PAFFC has the highest sen-
sitivity in noninvasive monitoring of superficial 40—
80 wum mouse ear arteries and veins. However, PA
detection alone was shown to operate even in 1 mm
thick veins [13]. The particularities of fluorescence
detection limit the use of larger blood vessels. Thus,
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PA and fluorescent cytometry methods may provide
both detection of rare events (PA mode only) and
multicolor-multimode characterization of the cells in
superficial blood vessels in the integrated mode for
research purposes.

5. Conclusion

Our data have shown that the PA and fluorescence
detection beneficially complement each other and
have a broad spectrum of potential applications in-
cluding detection of CTCs, bacteria, viruses, and cap-
sulated drugs with various fluorescent and absorp-
tion properties. Pulsed excitation decreases the
exposure of tissues to laser light by generating two
independent signals and provides an opportunity to
double or even triple a number of the labeling tags
in the same spectral range.
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