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Background: The application of molecules that fluor-
esce in the infrared (IR) region to measure cell products
would be enhanced by a flow cytometer capable of mea-
suring them. To our knowledge, none exist at this time.
Accordingly, we have developed such an instrument.
Methods: A Becton Dickinson LSR flow cytometer was
modified to include a small 785-nm IR diode laser the size
of a C cell battery with 44-mW output power. The instru-
ment was modified further to accommodate this laser in
addition to a 405-nm solid-state laser, a 488-nm air-cooled
argon laser, and a 658-nm solid-state laser. Because the IR
laser is dangerous to the eye, the laser beams were viewed
for optical alignment using a CCD camera and video moni-
tor. An avalanche photodiode was used in place of a
photomultiplier tube because its detection sensitivity in
the IR region is superior.
Results: To assess performance, scatter and florescence
measurements were made using microspheres that fluor-
esce in the IR region, and human leukocytes were stained

with CD45 biotin followed by a streptavidin conjugated
with an IR dye. An avalanche photodiode was 2.3 to 2.8
times more sensitive than a photomultiplier tube for
detecting IR fluorescence. Cells stained with CD45 biotin
and avidin conjugated with an IR dye could easily be
resolved and their fluorescence quantified; there was vir-
tually no autofluorescence. In addition, a lipophilic mem-
brane dye that emits in the IR region was studied. HL60
cells were stained with this dye and they exhibited bright
fluorescence intensity.
Conclusion: A commercial instrument could be modi-
fied to accommodate an IR laser for exciting dyes that
fluoresce in the IR region. This new capability will extend
the range of fluorescence that can be measured by flow
cytometry. q 2005 International Society for Analytical Cytology
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From the time in the early 1960s, when Mack Fulwy-
ler first described the electrostatic method for cell sort-
ing by flow cytometry (1), the instrumentation has
become compact with increased capabilities. Flow cyto-
metry is the only technology in which rapid single cell
multiparameter analysis and sorting can be accom-
plished (2–8). In keeping with Mack’s great contribu-
tions to flow cytometry, we present an extension of its
capabilities into the infrared (IR). The increasing num-
bers of fluorochromes that can be excited by different
wavelengths allow specific detection based on their
excitation or emission characteristics. Because the data
collected is correlated, the increased number of para-
meters can be explicitly associated with each cell pre-
sent. Currently, the fluorochromes most often used are
excited in the ultraviolet (UV) or visible spectrum and
emit at visible or near IR wavelengths. We have added a
laser operating in the infrared (785 nm) to an LSR flow
cytometer to excite infrared dyes.
One advantage of IR excitation is the decreased back-

ground or biological noise that provides for increased

detection sensitivity and dynamic range. Another advan-
tage is to extend the number of probes that can be
simultaneously detected. This would be helpful in multi-
ple laser systems in which the detected IR wavelengths
would not cross over into other shorter wavelength mar-
ker excitation and emission spectra. Yet another advan-
tage is that coaxial laser interrogation can simplify align-
ment and electronics by eliminating pulse delay circuitry.
Further, the laser featured in this report costs less than
$600.
In addition to the modifications to the optical path, an

evaluation of photomultiplier tube (PMT) detectors and
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FIG. 1. Laser layout modifications to an LSR-I. A: The IR laser was positioned behind the 408-nM Vioflame solid-state laser (Coherent), both of which were
put in place of the HeCd UV laser. A 658-nM solid-state laser (Power Technologies) was positioned where the 635-nM laser had been and the 488-nM air-
cooled argon laser was not changed (for an LSR-II, no changes to the solid-state lasers supplied would be necessary). The 785-nm beam (white line) passes
under and next to the 408-nm beam to a half mirror to allow it to pass directly into the excitation focus optic. The laser mounts can be obtained from Del-
Tron Precision, Inc. (Bethel, CT, USA). B: A schematic of the optical path from the flow cell to the detectors with associated filters and mirrors is shown.
No change in the physical PMT arrangement was made. The FL6 PMTwas replaced with the APD after mounting on a Delrin insert machined to fit the PMT
holder.
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avalanche photodiode detectors (APDs) was performed.
The latter device was selected because of its high quan-
tum efficiency in the IR region. Commercially available
reagents and some new IR emitting membrane dyes being
developed for cell tracking were used to evaluate the IR
flow cytometer. Because the laser source used for this
modification is beyond detection by the human eye but
can produce irreversible damage to it, a method was
developed for laser alignment using a CCD camera.

MATERIALS AND METHODS

In modifying the LSR-I (Becton Dickinson Biosciences
[BDB], San Jose, CA, USA), we replaced the UV laser with
a 405-nm Vioflame laser (Coherent Inc., Auburn, CA), the
635-nm laser was replaced with a 658-nm laser (Power
Technology Inc., Little Rock, AR), and we added a new
inexpensive 44-mW IR solid-state laser operating at a nom-
inal wavelength of 785 nm (model 780-50, LaserMax,
Rochester, NY, USA). The layout of these changes is shown
in Figure 1A. The 785-nm laser has a beam dimension of

1.8 3 0.8 mm, a median time before failure of 52,000 h,
and requires 8 to 10 V DC at 156 mA to operate.
The optical layout for the detectors and associated opti-

cal filters is shown in Figure 1B. Except for P8 (FL6),
which is currently used for detection using an APD, IR
fluorescence excited by the IR laser, or fluorescence using
a PMT that is excited by the 658-nm laser, the arrangement
is essentially unchanged from the original BDB configura-
tion. The laser intercept was adjusted into the third laser
position for conventional signal processing of the IR signal
by P8. A fourth laser window circuit needs to be built a
means to obtain three-detector fluorescence from the
90SP dichroic optic. The three detectors would be 650-nm
longpass (FL3, 488-nm excitation), 682/20 nm (FL4, 658-nm
excitation), and 820-nm longpass (APD, 785-nm excitation).
We operated the IR laser instead of the 658-nm laser, but it
can be operated coaxially with one of the other lasers for
four-laser capability.
For optimal detection of IR fluorescence, Radiation

Monitoring Devices (Watertown, MA, USA) provided an

FIG. 2. APD in a PMT holder. A: This view shows a close up of the 5- 3 5-mm APD wafer mounted on the black Delrin housing. B: This view shows the
APD assembly inserted into the PMT holder next to the Hamamatsu PMT it replaced. C: The IR laser intercept is not properly aligned and the 2.02-mm blank
beads are seen on the left side of the detector slit. D: When aligned, the poorly seen beads (because of backlighting) are centered within the detector slit.
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APD. The APD was mounted on a cylinder of high-density
polyethylene (HDPE) plastic (Delrin, DuPont, Wilmington,
DE, USA). Delrin was chosen for its good machining and
isolative properties and is shown in Figure 2A. Two small
holes were drilled through the HDPE cylinder and the
APD signal and power leads were fed through the holes.
On the backside of the HDPE plug, the wires were sepa-
rately soldered to a high-voltage/signal and ground coaxial
cable interconnection. The coaxial cable was fed through
the housing. The white material behind and around the
APD, as shown in Figure 2A, was press-fit into the housing
and the coaxial cable was secured using black silicone
adhesive at the top of the housing. This provided an easy
adaptation into the LSR optical bench, as shown in Figure
2B, where an APD had been inserted into the standard
PMT housing next to the Hamamatsu PMT model R3896 it
replaced. The actual sizes of an APD and a PMT can also
be compared in Figure 2B.
Because the IR wavelengths will severely damage the

human eye, it was necessary to modify the engineer’s ser-
vice scope to allow electronic visualization of the laser
beam intercepts and the detectors for alignment. Two types
of miniature cameras were evaluated to replace the viewing
eyepiece in the service scope: a CMOS color camera (Star-
tek Video, Ft. Lauderdale, FL, USA) and a black-and-white
CCD camera (Ramsey Electronics, Victor, NY, USA) that was
slightly more sensitive. Thus, one can choose between
color and black-and-white viewing. A video monitor (Startek
Video) was used to display the microspheres from the cam-
era output for optical alignment.
The 5.1-mm IR-sensitive beads (Spherotech, Libertyville,

IL, USA) were used to evaluate the modified LSR. A 488nm

excitation was used for forward and side scatter measure-

ments and 785-nm excitation was used for exciting the IR

dyes. Images from the video monitor are shown in Figures

2C and 2D and were obtained using the black-and-white

CCD camera to view and hydrodynamically focus the sam-

ple core stream. Once microsphere signals were detected,

conventional methods of system optimization were per-

formed through the use of an oscilloscope and real-time

computer data display.
Normal blood was stained with CD45 biotin (BDB) and

Rockland S000-32 IR dye 800 conjugated to streptavidin

(Rockland Inc., Boyertown, PA, USA), as previously de-

scribed (9). Briefly, blood from a healthy donor was

obtained in a 10-ml heparinized Vacutainer. After centrifu-

FIG. 3. Comparison of sensitivity between an APD detector and a standard PMT (Hamamatsu R-3896). Data were acquired from the same sample tube
containing 5.5-mm blank beads (BCP-50-5) and 5.1-mm Jade Green IR beads (Spherotech CFP-5078-S Lot 082902-B). A: R2 shows the fluorescence intensity
of the beads detected by the APD and R3 shows the fluorescence intensity of the beads detected by the PMT. The blank beads detected by the APD (solid
histogram) and by the PMT (solid line) are also shown in R4. B: The forward scatter (FSC) versus side scatter (SSC) plot is shown; R1 is the region used to
gate on the singlets. An 820-nm longpass filter was used.

Table 1
Comparison of IR Detection Sensitivity Between an

APD and a PMT
*

Marker
Geometric

mean CV
Normalized

value Sensitivity

R2 APD 1677 6.58 407 2.31
R3 PMT 650 8.2 176
R4 APD 4.12 54.11
R4 PMT 3.68 49.22

*Data are from the analysis of the histograms shown in Figure 3. To
get a quantitative comparison of detector sensitivities, the geo-
metric means of the fluorescence intensities were used. For each
detector, the mean fluorescence for each microsphere population
(R2 or R3) was divided by the mean fluorescence of negative beads
(R4) to normalize the values. The sensitivity was then calculated as
a ratio of the normalized value for the APD to the PMT. The coeffi-
cient of variation (CV) for each population is also shown.
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ging at 1,500g, plasma was removed and cells were washed

with 10 ml of phosphate buffered saline. Cells (50 ml) were

placed in 10- 3 75-mm plastic tubes in addition to 20 ml of
CD45 biotin and were incubated 15 min on ice. After wash-

ing the cells in 3 ml of lysing buffer (1.652 g ammonium

chloride, 0.2 g potassium bicarbonate, .0074 g ethylenedia-

minetetraacetic acid [tetra sodium] made up to 200 ml with

distilled water), they were incubated 15 min with 20 ml of
S000-32 IR dye 800 conjugated to streptavidin. Cells were

washed in 3 ml of phosphate buffered saline and fixed in

0.5 ml of 2% ultrapure paraformaldehyde (PolySciences,

Malvern, PA, USA). Controls consisted of unstained cells

only and cells stained with a biotinylated isotype control.
HL-60 cells were stained with various concentrations of

PTIR 273, a probe that excites optimally at 785 nm and
emits at 814 nm, as previously described (10). The general
cell membrane labeling procedure for PKH26 (stock
PKH26-GL, Sigma Chemical Co, St. Louis, MO, USA) was
used. Briefly, HL-60 cells were grown in RPMI-1640 med-
ium containing 10% fetal calf serum in 75-cm2 culture
flasks at 37�C in a 5% humidified CO2 incubator. Cells were
shaken off the flask, centrifuged at 400g for 5 min, and
resuspended by gentle agitation in 1 ml of Diluent C
(Sigma Chemical Co.) at 2 3 107 cells/ml. Immediately
before staining, PTIR 273 was prepared at 23 final con-
centrations with Diluent C. Then 1 ml of cells was mixed
with 1 ml of the appropriate concentration of dye, resus-
pended by gentle pipetting, and incubated 5 min at 25�C.
After incubation, 2 ml of fetal calf serum was added to stop
the staining reaction. Cells were centrifuged at 400g for 5
min and washed three times with holding medium consist-
ing of Hank’s Balanced Salt Solution containing 2 g glucose
per liter and buffered with 20 mM HEPES at pH 7.2.

RESULTS

A comparison of detection sensitivities between the
APD used in this modification and the PMT is shown in
Figure 3. The events detected by the PMT focused on

the 488-nm laser intercept to measure forward and side
scatter is shown in Figure 3B. Region R1 was used to
gate the singlets. The fluorescence emission histograms
from microsphere fluorescence detected by an APD (R2)
and the emission detected by the PMT (R3) are shown
in Figure 3A. The voltage on the two detectors
was adjusted so the blank beads (R4) were in the first
decade on the histogram plot. A comparison of the
geometric mean fluorescence intensity and the co-
efficient of variation for each detector is shown in Table
1. The APD was 2.3 times more sensitive than the
PMT.
We evaluated two potential applications using IR dyes

to evaluate the instrument’s capability: immunopheno-
typing and staining cells with a lipophilic membrane
dye. Blood from a healthy donor was processed using
standard methodology (9) by staining cells with CD45
biotin and IR dye 800 conjugated to streptavidin. A com-
parison of fluorescence intensities detected by a PMT
with an APD is shown in Figure 4. The PMT fluores-
cence signal shown in Figure 4B is about 2.8 times less
intense than the APD signal shown in Figure 4C. Cells
stained with an isotype control are shown in the first
quadrant.
Lipophilic membrane dyes can be used to measure the

homing patterns of cells in vivo (11) and the number of
divisions they undergo in vitro (10–19). We tested PTIR
273, a lipophilic dye recently developed by PTI Research
Inc. (Exton, PA, USA) that fluoresces in the IR region. PTIR
273 is a carbocyanine derivative that has the excitation/
emission spectrum shown in Figure 5 (20). The presence
of two long saturated alkyl tails gives PTIR 273 stable
membrane intercalating properties similar to those of the
PKH dyes (10,21) and its far red emitting sister com-
pound, PTIR 271 (13,22). The data are shown in Table 2
and Figure 6. At concentrations above 15 mM, increased
toxicity was found. Concentrations above 7.5 mM can be
used to stain cells bright enough for tracking and measur-
ing cell divisions with good viability.

FIG. 4. Immununophenotyping with IR streptavidin. The fluorescence was evaluated at 785-nm excitation. A: The FSC versus SSC plot shows the location
of R1 used to gate on predominantly lymphocytes and R2 to gate on predominantly granulocytes. B: The fluorescence emission was measured with a PMT
detector (820-nm longpass) operating at 520 V DC. C: Data were acquired using an APD operating at 1,735 V DC. In B and C, isotype control (IC) cells,
granulocytes (G), and lymphocytes (L) in regions for analysis of fluorescence intensity are shown. An 820-nm longpass filter was used.
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DISCUSSION

The flow cytometer we modified was an LSR-I from
BDB. Although there are features that make each model of
flow cytometer unique, the general outline described in
this report should be applicable to most models. For
example, although not described, we have also modified a
FACScan (BDB) to a single IR laser instrument by replacing
the 488-nM air-cooled laser with the LaserMax IR laser and
one PMT with the APD. The LSR-II is supplied with solid-
state lasers, and, although the PMT arrangement is differ-
ent, replacing one of the PMTs with an APD as described
here should not be difficult.
Although the APD is more sensitive for detecting IR

emission, the standard PMTs supplied with the instrument
can still be used. It was our intent to make the comparison
to see just how much more sensitive an APD might be.
For the dyes used in this report, either detector is suitable;
for longer wavelengths, e.g., longer than 850 nM, the sen-
sitivity of the APD is likely to make it the device of choice.
Without question, it is mandatory that the viewing of

the IR laser beam be performed electronically. For this
purpose, a CMOS or a CCD camera replaced the eyepiece
of the engineer’s service scope. Although the CCD camera
was slightly more sensitive, it provided only a black-and-
white image. If a color image is desired, a CMOS camera
can be used because it had adequate sensitivity in our
experience.
For immunophenotyping, avidin conjugated with an IR

excitable dye gave good results in our proof-of-principle
experiment using CD45 conjugated with biotin. It would
be expected that any biotinylated antibody could be used
instead of CD45. Because we are not aware of any com-
mercial antibodies directly conjugated with an IR excita-

ble dye, Alexa 750 (Molecular Probes, Eugene, OR, USA)
could be directly conjugated to any antibody as a ‘‘home-
brew.’’ The reagent can be purchased as a kit and the
instructions are clear and simple. One advantage of using
fluorochromes that excite in the longer wavelength excita-
tion region is decreased autofluorescence. This produces
an increased signal-to-noise ratio and has been appreciated
with the apparent increase in brightness of allophycocya-
nin, CY7, and allophycocyanin/CY7 fluorochromes
excited at 635 to 658 nM. The increased brightness is
actually the result of decreased noise from autofluores-
cence.
There is extensive literature on the use of lipophilic

membrane dyes as cellular tracking probes (10,11,13,17–
19) and in the measurement of proliferation precursor fre-
quencies (10–16,22). The dye PTIR 273 was evaluated as a
prototype IR excitable lipophilic membrane dye to illus-

FIG. 5. Fluorescence spectra of PTIR273.
The excitation and emission spectra (in 0.25
mM ethanol) is shown. The excitation maxi-
mum is 786 nm (solid line) and the emission
maximum is 814 nm (dashed line).

Table 2
HL-60 Cell Line Stained With Membrane Dye PTIR-273

*

Dye concentration %Recovery %Viability Geometric mean

20.0 mM 7 7 732
15.0 mM 68 97 377
10.0 mM 76 97 315
7.5 mM 80 94 240
5.0 mM 70 95 68
0.0 mM 100 99 3.4

*Data are from the analysis of histograms shown in Figure 6. The
percentage of recovery is the number of cells per-milliliter after
staining multiplied by 100 and divided by the number of cells per
milliliter before staining. The percentage of viability is the num-
ber of propidium iodide negative cells multiplied by 100 and
divided by the total cells. The geometric mean is the fluorescence
intensity of the cells.
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trate the measurement of viable cells as an example of the
instrument’s capability. These new lipophilic IR dyes are
in development by PTI Research Inc., and new analogs
may be brighter and less toxic than the prototype used in
these experiments. A detailed report on the optimization
and biology of these new IR dyes is forthcoming.
With the capability of measuring probes in the IR

region, a new dimension in multicolor fluorescence
becomes practical. Other cellular features of interest can
be simultaneously measured using fluorochromes excited
and measured in the UV and visible regions combined
with the IR dye in a multicolor paradigm. The capability of
a commercial flow cytometer can be enhanced by modifi-
cation to provide excitation and fluorescence measure-
ments in the IR region. This new capability will provide
for a whole new series of dyes for multicolor interrogation
of cellular properties.
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