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LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the United
States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accu-
racy, completeness, or usefulness of the information contained in this report, or that the use
of any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the
use of any information, apparatus, method, or process disclosed in this report.

As used in the above, ‘‘person acting on behalf of the Commission’ includes any em-
ployee or contractor of the Commission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee of such contractor prepares,
disseminates, or provides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.

This LA...MS report presents the status of biological and
medical research in Group H-4 at LASL, Previous Annual Re-
ports in this series, all unclassified, are:

LAMS-2780 LA-3432-MS
LAMS-3034 LA-3610-MS
LA-3132-MS

This report, like other special-purpose documents in the
A,..MS series, has not been reviewed or verified for accuracy
in the interest of prompt distribution.

Printed in the United States of America. Available from
Clearinghouse for Federal Scientific and Technical Information
National Bureau of Standards, U. S. Department of Commerce
Springfield, Virginia 22151
Price: Printed Copy $3.00; Microfiche $0.65
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CHAPTER 1

INTRODUCTION

This report summarizes the past year's
activities of the Biclogical and Medical
Research Group at the Los Alamos Scientific
Labeoratory. The arrangement is by sections;
however, there is considerable overlap in
many instances. Work which has been pub-
lished or submitted for publication has not
been rewritten. Abstracts of these journal
articles and manuscripts are given at the
end cf each section's chapter and consti-
tute most important parts of this report.

The Biclogy and Medicine program in=-
cludes those types of investigations which
take advantage of the Laboratory's unigue -
facilities and talents and which are of
fundamental scientific significance in ra-
diation biology. The staff and facilities
are sufficiently flexible to assume with-
out delay programmatic problems as they may
arise within the Laboratory or elsewhere.
Over the past few years increased emphasis
has been placed on studies at the meolecular
and cellular levels, and interesting re-
sults from these new projects are appearing
at an increasing rate.

During the next year most of these
projects will continue with the total group
effort remaining at about the present level.
Consideration will be given to initial spe-
cific planning of facilities and experiments
for the proposed biomedical research addi-
tion to the Los Alamos Meson Physics Facil-
ity.

The previous annual report of the Bi-
ological and Medical Research Group for the
period July 1965 through June 1966 appeared
as Los Alamos Scientific Laboratory Report
LA-3610-MS (1966).

The current group organization and
personnel are shown in the following table.
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THE FLUORESCENT CELL PHOTOMETER: A NEW METHOD FOR

THE RAPID MEASUREMENT OF BIOLOGICAL CELLS STAINED WITH FLUORESCENT DYES

*
(M. A. Van Dilla, P, F. Mullaney, and J. R. Coulter )

Introduction

Fluorescent staining is a widely used
technigue in many types of investigation of
both normal and pathological cells and sub-
cellular components. The usual visual de-
tection method with the fluorescence micro-
scope is slow and often gquite subjective.

A fluorescent cell photometer is being de-
veloped which guantitatively measures the
fluorescent light emission of individual
dyed éells at high speed, typically 104 to
10° per minute. It is expected also to
provide cell size information via small
angle light scattering and, in addition,

act as a new sensor for cell sorting. Pre-
liminary results have been obtained with
inert particles and mammalian cells treated
with the fluorescent dyes fluorescein and
acridine orange. Fluorescence intensity
distributions have been compared with volume
distributions taken with a Coulter spectrom-
eter. Cell counts on the same sample ob-
tained by both methods agree within a few
percent, indicating that every fluorescent
particle is being sensed.

Methods

The fluorescent cell photometer is, in
principle, similar to a conventional photo-
electric fluorometer with the exception
that instead of a d.c. measurement of a
fluorescent sclution we line up cells stain-
ed with a fluorescent dye, flow them one at
a time at high speed across the exciting

*LASL Shops Department.
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light beam, and measure the amount of fluor-
escent light emitted by each cell. The
arrangement is shown in Fig. 1.

The light source is a PEK-110 compact
arc mercury vapor lamp mounted in a Tech/Ops
Model 580-12 lamphouse. Two Bausch and Lomb
microscope objectives (f/1, 32 mm, f/3) form
a condenser of unity magnification; a second
pair of similar Gaertner cbjectives form a
projector, again of unity magnification.
Light from the mercury arc is imaged on a
slit 125 p wide by the condenser. The slit
image in turn is projected on the cell
stream in the flow chamber. A Zeiss BG-12
blue filter transmits light in the 3500- to
SOOO—E band only; this is the exciting
light. Fluorescent emission at longer wave-
lengths from a cell is collected by a pair
of Simpson £/1.6 projecticn lenses at unity
magnification and transmitted by a yellow
filter (Corning 3-69) to the photocathode
of an ITT multiplier phototube (type FW-

130). The light pulse thus generated is

LH  LAMPHOUSE AND MERGURY
VAPOR LAMP
Ly .La.Ls.Ly - /3 MICROSGOPE
OBJECTIVES
L F,  BGI2 FILTER,BLUE
S 125p SLIT

c FLOW CHAMBER
Lg,Lg-f/16 PROJECTION LENSES

F2  3/69 FILTER,YELLOW
P 200x PINHOLE
MPT FW |30 MULTIPLIER PHOTOTUBE

]

Q

Bl
E):

- =)

Fig. 1. Block diagram of fluorescent cell

photometer.
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amplified and analyzed for pulse height by
a Victoreen SCIPP multichannel analyzer,
the result being the distribution of fluéé-
escent light intensity for the cell popula-
tion examined (i.e., distribution of dye
content).

Cne of the crucial parts of this sys-
tem is the flow chamber (Fig. 2), which
follows the design used in the Vickers
Instruments J12 cell counter which, in turn,
follows the earlier design of Crosland-
Taylor (l); the basic idea is found in a
paper on laminar and turbulent fluid flow
by Reynolds (2) published in 1883. A lam-
inar flow of any convenient liquid (i.e.,
water, saline, sucrose solution) is estab-
lished in the cylindrical bore section of
the flow chamber [labeled (1) in Fig. 2,
diameter 3.2 mm]. The flow then enters a
smooth transition region to a short cylin-
drical section of smaller bore [labeled (3)
in Fig. 2, diameter 0.5 mm]. The fine hy-
podermic tubing (internal diameter 0.5 mm)
on the axis of the large cylindrical bore
serves to introduce the cell suspensicn
smoothly into the faster flowing fluid.

In this way, the sample stream flows along
the axis of the chamber without mixing with
the main or "sheath" flow. The Reynolds
number in section (1) of the flow chamber

is typically 200 and well below the critical
value of about 2000 which is the "boundary"

w
F-

e Ko |

Fig. 2. The flow chamber (scale 4 times
actual). W = window; F = flushing system
for bubble removal; 1 = sheath flow; 2 =
sample injection; 3 = nozzle; 4 = quies-
cent (viewing) region; and 5 = exit tube.

In Reynolds' classic work, he introduced
colored water into clear water to visual-
ize the onset of turbulence.

between laminar and turbulent flow. In the
small bore region of section (3), the Rey-
nolds number is typically 1000 and is thus
closer to the value at which turbulence can
develop. The effect of the constriction is
to decrease the diameter of the cell sus-
pension stream to about 75 u. At a typical
cell concentration of 30,000/ml, the aver-
age separation of cells is 1 cm, and the
chance of two cells paséing a given point
simultaneously is very small. Thus, the
cells have been lined up for exposure to
the exciting light one at a time.

The flow jets out of the nozzle (3)
across a relatively quiescent region (4)
and exits via the tube (5), of the same in-
ternal diameter as the nozzle outlet, Lam-
inar flow is maintained across the guies-
cent region., The flow chamber is of square
cross section with 4 windows, allowing a
perpendicular view of the fluid flow. Ex-
citing blue light enters through one window,
and the fluorescent emission at 90° is
viewed through another window; the cone
angles allow use of £/1 optics.

In this way a cell stream of very small
diameter can be generated with much larger
tubes, virtually eliminating plugging prob-
lems. With the windows far from the cell
stream, light scattered by dirt on windows
cannot enter the detector, and the effect
of multiple reflections and window fluor-
escence is minimized.

A pressure differential of 5 in. of
mercury is maintained across the chamber,
producing a sheath flow of 30 ml/min. The
sample rate of 0.5 to 1 ml/min is produced
by gravity flow. The cell suspension is
replaced with ink for alignment purposes.

The image of the arc produced by the
illumination system is focused on the sam-
ple stream as it crosses the quiescent re-
gion., The illuminated and sensed volume
(sensitive volume) is then a cylinder of
diameter 75 u and height 125 u., Cells pass
through this sensitive volume one at a time
at a rate of 104 to lOS cells/min with a
transit time of 30 usec. Typical cells

101
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have diameters of 10 to 20 p and, there-
fore, an individual cell occupies less than
1l percent of the sensitive volume. Other
fluorescent materials contained within the
sensitive volume, in addition to the cell
of interest, can give rise to a noise sig-
nal. It is, therefore, advantageous to re-
duce the sample stream diameter and to nar-
row the optical slit used in the illuminat-
ing system, cellular dimensions being the
lower limit. Part of the present effort is
in this direction.

The multiplier phototube must be sen-
sitive to long wavelength light ( > 5000 5),
suggesting the S-20 type photocathode. 1In
addition, low noise is crucial because of
the low light levels being sensed. Tests
of several multiplier phototubes indicated
that the ITT Model FW-130 was best. The
very small effective diameter of the photo-
cathode (2.5 mm) greatly reduces thermionic
and sidewall noise. the effec-
tive photocathode can be moved about on the

actual (and larger) photocathode by magnet=

In addition,

ic deflecting coils, greatly aiding line-
up of the system. Fluorescent light from
the sample stream is focused by unity mag-
nification optics on a 200-y pinhole Jjust
in front of the photocathode. In this way
the field of view of the FW-130 is limited
so that stray light from outside the 75 x
125-p sensitive volume is minimized.

The dyes used (acridine orange and
fluorescein) absorb strongly between 4000
and 5000 i with an absorption maximum near
4900 A.
tained in a wide band extending from 5000
to 6000 ;. The brightest conventional
sources of 4000 to 5000 i light available
are the short arc mercury vapor lamps such

The fluorescence emission is con-

as the PEK-110 with an electrode separation
of 300 u and a brightness of 140,000 can-

dles/cmz.
exceed object brightness

Since image brightness cannot
(3), this rep-
resents an upper limit on cell stream il-
lumination with conventional sources. If
£/1 optics are used to collect the light
fgpm a point source placed at the focus,
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1/16 of the emitted light will be collected,
and this represents a practical upper limit

on aperture.
Results

The first positive results were obtain-
ed with ragweed pollen stzined with acridine
orange. These particles zre relatively uni-
form in size and pick up the dye gquite ef-
fectively. They are abou: 20 times as
bright as CHO cells treated with fluores-
With this rel-

atively crude first experimental arrange-

cein diacetate (see below;.

ment, fluorescent particle signals were

With the im-
proved current apparatus, the same fluores-
cent particles give signals about 1000 times
above instrumental noise.

barely 2 times noise level.

The pulse height
distribution of the fluorescent ragweed pol-
len is shown in Fig., 3, aleng with the light

‘scatter distribution (BG-12 and 3/69 fil-

ters out) and the volume Gistribution (meas-
ured with a Coulter spectrometer). The
amount of light scattered per particle is
much greater than the flucrescent emission
All three
distributions are similar in shape -- approx-

per cell under these conditions.
imately Gaussian. The widzhs of these dis-
tributions halfway down from the peak ex-
pressed as percent of the mode are given in
Fig. 3. Note that the scazter and the

T T I T T i T T
* FLUORESCENT (34%)
|- @ SCATTER (26 %)
+ VOLUME (23%)

COUNTS / CHANNEL

[ 20 30 40 % & 10750180 190" 00
CHANNEL NUMBER

Fig. 3. Fluorescent, scatter, and volume
spectra of acridine orange-stained ragweed
pollen. Values in parentheses are width

halfway down from peak as percent of mode.

From Los Alamos Scientific Laboratory Annual Report of the Biological and Medical Research Group (H—4) of the Health Division,
July 1966 through June 1967, Written September 1967. Contributed by Bob Auer.



fluorescent distribution are broader han
the volume distribution:; they are expggted
to be narrower by close to 33 percent if
scatter and fluorescent light intensities
are proportional to particle surface area
and if the particles are spherical. The
broadening may be due in part to instzu-
mental factors (like non-uniform illumina-
tion of the particle stream) and in part
to the knobby surface of the ragweed -ol-
len. Microscopic examination of sections
shows that the acridine orange remains near
the pollen surface.

From sample flow rates and areas under
the curves of Fig. 3, particle concentra-
tions have been calculated and are listed
in Table 1. All these values are witZin a
range of + 3 percent, showing that all meth-
ods agree and all particles pick up t=e dye
and fluoresce.

In addition to these results on zollen,
we have measured fluorescence distribations
of Chinese hamster ovary (CHO) cells show-
ing fluorochreomasia (4). CHO cells were
added to saline sclutions of 1073 M2
1078 M, and 5 x 10~7 M fluorescein diacetate
(FDA) and remained in these solutions dur-
ing the course of an experiment. The FDA,
whiech is not fluorescent, is quickly zb-
sorbed into the cells where it is hyczolyzed
to fluorescein by enzyme activity. Fluor-
escein, the fluorescent product of txis re-
action, accumulates within the cells. Cells
treated in this manner appear green zgainst

TABLE 1. CONCENTRATION OF A SUSPENSIZN OF
RAGWEED POLLEN STAINED WITH ACRI-
DINE ORANGE AND MEASURED BY FLU-
ORESCENCE, SCATTER, AND VOLIME

SENSORS
Method Particles/ml
Fluorescent cell spectrometer 10,29
Light scatter 10, 7C0
Coulter volume spectrometer 10,050
Coulter counter 10,3C0

a dark background in the fluorescent micro-
scope. Their fluorescence is weaker than
the ragweed pollen stained with acridine
orange by a factor of 15 to 50, but is suf-
ficient to yield the distributions shown in
Figs. 4 and 5. These fluorescent intensity
distributions were taken under different
electronic gain, and hence the three modal
channels do not fall as closely together as
indicated in the figures. If the modal
channel of the 10_5 M FDA sample is taken
as 28, then the modal channels for the
other two samples at the same gain are 16

(2 x 107% M FDA) and 11 (5 x 1077 M FDA).

i T i T 0
= FLUORESCENT SPECTRUM
- a VOLUME SPECTRUM =1

COUNTS /CHANNEL

R PSR VA TR 90 100
CHANNEL NUMBER

Fig. 4. Fluorescent and Coulter spectra of

CHO cells treated with 10-35 M fluorescein

diacetate.

T I 1 1 i H i 1
+5x10°TM FDA
- = 2x1076M FOA -
» CONTROLS (VERTICAL SCALE
g EXAGGERATED & TIMES )
Z -
g
T
o
oL
[
-
=
: |-
<3
o
LM . ;

0 20 0 40 %0 8w 0w
CHANNEL NUMBER

Fig. 5. Fluorescent spectra of CHO_cells

treated with 2 x 107® M and 5 x 1077 M

fluorescein diacetate and controls (see

text for explanation of electronic gain

used) .
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Thus, the fluorescent signal strength is
not proportional to FDA concentration but
If no FDA is added to
the cells, there is virtually no fluores-
At all three FDA con-
centrations, there was low channel fluores-

tends to saturate.

cent signal present.

cent noise present which increased with

time and which was more prominent relative
to cell fluorescence at the lower FDA con-
If the fluorescent CHO cell

suspensions are centrifuged at 3 x 103 RPM

centrations.

for 5 minutes in a clinical centrifuge and
the supernatant liquid examined with the
fluorescent cell photometer, the low chan-
nel noise persists and the cell signal is
absent. Thus, the noise appears to be a
fluorescence of approximately constant in-
tensity, possibly from debris saturated
with fluorescein or fluorescein in solu-
tion.

A typical volume distribution is shown
in Fig. 4. Both veolume and fluorescence
distributions show 1little or no change in
shape or modal value over a 50-minute pe-
riod, but both show a similar drop in area
(i.e., cell concentration) with a half-life
of about 2 hours. This indicates no loss
in fluorescence, rather a louss of cells by
sticking to glass, disruption, or some
other mechanism. The similarity in shape
of the volume and fluorescence spectra in-
dicates that cell fluorescein content is

proportional to cell volume.
Discussion

The ragweed pollen results show that
the fluorescent light distribution and
fluorescent particle count can be measured
at high speed (about 104/min} for brightly
fluorescing particles with good accuracy.
The fluorescent distribution may be some-
what too wide due to instrumental broaden-
ing effect, but this can be investigated
The CHO cells
containing fluorescein are probably as

and may actually be real.

bright as most biological cells treated
with fluorochromes; they yield signals
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which are well above instrumental noise,
although background fluorescence (probably
from fluorescein in solution or fragments)
is a problem. CHO cells stained with ac-
ridine orange show a similar background
fluorescence. Two approaches to this prob-
lem are being tried: better staining meth-
ods and improvement in instrumental design.
The latter approach includes reduction in
sensitive volume and pulsing the fluores-
cence sensor,

As the sensitive volume is reduced,
solution fluorescence noise riding on a cell
signal is reduced., Cell stream diameter
can be reduced by increasing sheath flow at
constant sample flow while maintaining lam-
inar flow. These factors are being inves-
tigated. Light beam diameter can be reduced
by reducing slit width with no change in
light intensity. This represents an advan-
tage but an increasing waste of light, some-
thing inherent in conventional light sources
and optical elements (i.e., lenses and mir-
rors). A better sclution would be use of
a laser beam, because the entire light out-
put of a laser can be focused down to image
dimensions equal to (and even below) minimum
useful cell stream diameter. Fortunately,
argon ion lasers with large outputs (1 to
2 watts) in the 4000- to SOOO—S band have
recently become available. This power is
actually comparable to the output of the
PEK-110 mercury vapor lamp in the same band;
the difference lies in the ability to con-
centrate it. We plan to use such a laser
(Spectra-Physics Mcdel 140) as the light
source. Two to three orders of magnitude
more cell stream illumination is expected.
The output beam (diameter about 1.2 mm) can
be focused to a "slit" image with a pair of
cylindrical lenses. Although the light in-
tensity on a cell is veryv large under these
conditions, it can be shown equivalent to
a 30-second exposure in a 2eiss fluores-
cence microscope using 200-watt mercury
vapor lamp illumination. Theoretical and
experimental evidence indicates no dye sat-

uration.
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Since cells are present in the sensi-
tive volume about 1 percent of the time,
only noise pulses are counted during the
remaining 99 percent of the time. These
can be eliminated and two additional advan-
tages gained by converting to pulsed opera-
tion in which the system is turned on only
when a cell is in the slit. We plan to use
light scattered at small angles as a trig-
ger signal to open a normally closed gate
to the analyzer, thus collecting fluores-
cence pulses only when a cell is present.
In this way we hope tc reduce noise pulse
accumulation in early channels, generate a
time-coincident scatter signal which should
yield information on cell size, and use
this signal to permit fluorescent signal
retrieval from noise by averaging.

It is also possible that the present
rather inefficient fluorescent light collec-
tion may be improved by use of reflecting
chambers and appropriate optics in place of
the present £/1.6 optics. Several designs,
including parabolig, elliptical, and spher-
ical reflectors, have been investigated with
the aid of lens-design computer codes., Im—
age gquality is very poor for the first twa,
fair for the spherical case. Due to un-
certainty at present as to allowable image:
deterioration and also to fabrication dif-
ficulties, this approach is postponed until
it is clear that more efficient light col-
lection is necessary.

Crude spectral analysis is also con-
templated for the future. A second FW-130
multiplier phototube at the other 90° win-
dow would sense the same fluorescence sig-
nal as the present FW-130. With appropriate
filters one could sense part of the emis-
sion band, and the other could sense the
rest of the emission band.
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Fig., 1. Block diagram of fluorescent cell

photomater._
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"Pig. 2. The flow chamber (scale 4 times
actual). W = window; F = flushing system

" for bubble removal; 1 = sheath flow; 2 =
sample injection; 3 = nozzle; 4 = quies-

" cent (viewing) region; and 5 = exit tube.

'In Reynolds' classic work, he introduced
colored water into clear water to visual-
ize the onset of turbulence. |
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Fig. 3. Fluorescent, scatter, and volume
spectra of acridine orange-stained ragweed
pollen., Values in parentheses are width
halfway down from peak as percent of mode.
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Fig. 4. Fluorescent and Coulter spectra of CHANNEL NUMBER
CHO cells treated with 10-5 M fluorescein Fig. 5. Fluorescent spectra of CHO_cells

diacetate. treated with 2 x 1076 M and 5 x 10=7 M
: fluorescein diacetate and controls (see
text for explanation of electronic gain

used).,

From Los Alamos Scientific Laboratory Annual Report of the Biological and Medical Research Group (H—4) of the Health Division,
July 1966 through June 1967, Written September 1967. Contributed by Bob Auer.



	LASL7.jpg
	LASL8.jpg
	LASL9.jpg
	LASL10.jpg
	LASL11.jpg
	LASL12.jpg
	LASL13.jpg
	LASL14.jpg
	LASL15.jpg
	LASL16.jpg
	LASL6667.ppt

