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FOREWORD

This report summarlzes research activities of
the Los Alamos Scientific Laboratory's Bicmedical
Research Group for calendar year 1971. Because
soveral years have elapsed since the last annual
report was published, we have included information
on organlzation of the group, rcsearch interests
of the staff, and supperting facilities available
at the Los Alamos Sclentifie Laboratery. Although
for administrative purposes the group Is comprised
of seven sections, the technical porcion of this
report (s based upon zajor areas of research and

reflects the multidisciplinary approach to problem

solving, which Is a baslc {npredient of our research
philosophy.

The format is akin to that of Science with the
goal of transmitting a maximum of information in a
conclse manner with a minimum of technical detail.
Work which has been published or submitted for pub-
lication has not been duplicated in this report.
A list of publicaticns for 1971, which follows as
an appendix, allows the recader to consulc the pub-
lished literature for additional specific technical

detail.
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INTRODUCTION

A significant historical event which altered
the course of mankind cccurred on February 23, 1941,
when Dr. G. T. Seaborg and colleagues diacovered
the element plutonium in rocm 301 of Gilman Hall at
Berkeley. The isotope of mass-238 and not the more
familiar maas-239 was firat discovered at that time;
the plutonium i8otope of mass-239 wags not isolated
until the spring of 1941, and element %4 remained
unnamed until March of the following yeasr. On
March 28, 1941, 0.5 pg of plutonium-239 was fia-
sioned by thermal neutrons, and the encrmous effort
to produce plutonium-239 in quantity for military
purpeses was begun. The potentisl toxicity of
plutonium was reccgnized soon after its discovery
and avallability in quantities for blomedical re-
search.

It 18 worth recalling that only extremely small
quantities of this preclious material were available
for experimentation during the early 1940's. 4s an
example, the feollowing memorandum written to the
Director of the Health Division of the Merallurgical
Laboratory 18 indicative of the early concern about
the potential toxicity of plutonium, The memorandum
atstes in part: "lt has occurred to me that the
physiolegical hazards of working with plutonium and
its compounds may be very great., Due to its alpha
radiation and long life it may be that the permanent
locarion in the body of even very small amounts, say
1l milligram or less, may be very harmful. The
ingestion of such extraordinarily small amounts as
some few tens of micrograms might be unpleasant, if
it locates itself in a permanent position. Im the
handling of the relatively large amounts soon to
begin here and at site Y (Los Alamos), there are
many conceivable methods by which amounts of this
order might be taken in unless the greatest care is
exercised. In addirion to helping set up measures
in handling sc as to prevent the occurrence of such
accidents, I would like rc suggest that a program
to trace the course of plutonium in the body be
initiated as soon as poasible, In my opinion, such
a progran should have the very highest priority."
The writer of thiszs memorandum was Dr. Glenn T. Sea-
borg, and the date was January 1944.

The biomedical resesrch program at Loa Alamos

has evolved from ita conception in 1943 as a small

Health Group established to protect the health of
the workers, to develop aafe working procedures,
and to eatablish tolerance levela for expoaure to
radicactivity, plutonium, and other radionuclides.
In 1944, once significant amounts of plutenium
began tc accumulate at Los Alamos, the Laboratory
Director, Dr. J. Robert Oppenheimer, at the request
of the Health Group, asuthorized the temporary
eatablishment of a group of four pecple to initiate
& research program designed to develop tests for
serting exposure limits for plutonium. Several
months later, this small group was abscrbed by the
Health Group as & Bilochemiastry Section, and the
Laboratery's bilomedical research program was born.
In 1945, the Section moved intc a small building

of its own, and its members established the urine
assay procedure for diagnosing exposure of Lab-
oratory personnel to plutenium., ExXperiments were
conducred which led te the first successful label-
ing of a bilclogically-important compound {nicotinic
acid) with reactor-produced carben-l4, The first
messurement of carbon-14 by scintillation counting
procedures was accomplished here and formed the
bagis for the present generation of commercially-
avaeilable liquid scintillaticn counting aystems,

By 1948, the Health Group was a Division in
the Leboratory, and the Biochemlstry Section became
Group H-4, the Bicmedical Research Group., In Octo-
ber 1952, the group moved from temporary woocden
atructures (Fig, 1) into irs present buillding and
by the end of that decade had established itself in
both national and international circles as an
autherity on the effects of radiation from nuclear
weapons, worldwide fallout, and the physloleogy and

toxicology of tririum and plutonium.

Fig. 1.

Makeshift building used for biomedical
research activities during the war ‘years (phoro-

graphed in 1946 showing three additions to the orig-
inal structure).



The Biomedical Resecarch Group piloneered in
and became a recognized authorircy on liquid scin-
tillation counting, synthesis of isotoplcally-
labeled organic compounds, use of radloactive
tracers in blology and medicine, and whole-body
counting techniques and applications to blomedical
regsearch. By utilizing the development of large-
volume liquid scintillation detectors, the group
contributed significantly to the field of anthro-
pometry through its capabllity to measure total-
body potassium by quantitating the natural level of
potassium~40 within the human body., By expleiting
the whole~body counting systems designed for both
regsearch animals and man and making use of the Lab-
oratory's significant cozputer capabilities, rhe
Bicmedical Research Group contributed significantly
to the field of radiation protection by condueting
studies on the uptake, distribution, and excretion
of radiolsotopes by animals and man. The Iinterest
in metabeclic kinetics was also applied to the
emerging fleld of nuclear medicine during the late
1950"s.,

Shartly after the discovery in 1955 of the
presence of cesium-137 in man from werldwide nu-
clear fallout, oeasurements were begun on a con-
traolled population of subjects residing in the Los
Alamos area. These gstudles have continueﬂ'to the
present time and represent perhaps the most mean—
ingful decumentation of the temporal changes in man
of a radicactive material released to the envirecn-
ment.

Beginning in the early 1960's, more emphasis
was placed on the fundamental research aspects of
Although invea-
tigations continued in the Mampalian Metabolism
and e{amnalian Radlobiology Secticns related to the

the blomedical research program,

regponse of higher organisme to ifonlzing radiations
and radicactive materials, a major emphasis was
directed toward research in the flelds of molecular
and cellular biology.

The late 1960's also marked the atart of a
research program related to the question of the
probable biclogical effects resultiog from non-
uniform doae distribution of alpha-emitting partic-
ulates in the lung. Interestingl&, thig very dif-
ficult problem has recelved considerable attention
but little resolution since the wmid-1940'a, Thia

particular problem ie now cne of the highest

16
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priority because of the vast potential applicatlons
of the element plutonlun as regards breeder rcac-
tors, space nuclear power systems (radiclsotopic
thermoelectric generators), medical applications
such as the heart pacer and artificilal hearc, as
well as production, transpertation, and deploymentc
of this material for natlonal defengse. It is inter-
esting in a sense that part of the group is now
actively working on the problem which relates to
plutonfum efforts conducted some 20 years previous-
ly at LASL.

The 1970's have witnessed the emergence of
an interest {n the stable isotope program designed
to explolc the use of stable elements in the general
field of blomedical research. 1ln 1971, an Isotope
Applications Section was forned within the group to
concentrate on the blomedical aspects of the ICONS
{Isotopes of Carbon, Cxygen, Witrogen, and Sulfur)
progran which involves several groups within the
Los Alames Scientific Labeoratory.

The Meolecular Radiobiclegy Scction 1s engaged
in a varlery of organic synthesis procedures to
asgerble polynucleatides having known base se-
quences. Certaln enzymes that catalyze polynuclea-
tide synthesis are not only being isolated and pu-
rified but are also being studied as blofunctional
proteins participating in information transfer reac-
tions. The structure, function, and metabalism of
beoth acidic and basic nuclear proteins, believed to
be involved in readout of genetlc specifications
and thus differentiation, are being invescigated.

Blologlsts and blochemists in the Cellular
Radioblology Section are investigating the temporal
sequence of a variety of cellular processes in rela-
tion to speclific phases of the cell life cycle using
aynchronized cultures of marmaliasn cells. A method
has been develaped in this Laboratory for producing
relatively large quantities of cultured mammalian
cells synchrenized with respect to peried in the
life cycle. Using these cultures mechanisme con-
trolling synthetlc processcs, energy metaboliem,
recovery from lonizing radiation, cell-surface phe-
nomena, and mathematical methods of cell growth are
being investigated. Several members of the Molec-
ular Radloblolegy Secticn are using synchronized
cultures to examine the syntheais, turpover, and
gtructural alterations of nuclear and cytoplasmic

basic¢ proteins. In addition to studies on animal
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cells, investigations are in progress on survival

of microorganisms exposed to ultraviclet and ioniz-

ing radiaticns and the bilochemistry of bacterlal

genetic transfocrmation,

The Bicphysics Section is mainly concerned with

A develcopment and improvement of instrumentation fer
cell blolegy research. In ceollaberation with the
Cellular Radiobloleogy Sectipn, electronic instru-
ments have been developed for high-apeed electronic
cell counting and cell sizing. A high-speed sorter
has been invented which can physically separate
living cells in suspension according to cell volume.
& fluorescent cell spectrometer has been developed
which utilizes a laser to provide the high intensity
and collimation of the light of excitation required
to decermine rapidly and quantitatively the DNA con-
tent of the individual cells of a cell population.
Borth cell sensing and scrting efforts are currently
being extended to other oprical and tmltiparameter
methods. The Biophysics Section alse provides gen-
eral electronics, mechanical engineering, radiclog-
ical physics, and computer scilence support for the

group.
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THE HOT PARTICLE PROJECT

INTRODUCTION

The objective of the Hot Particle Project is
to study possible carcinogenesis and other hazards
resulting from localized irradiation of tissue by
highly radicactive, insoluble microparticles with

emphasis on PuQ, in the lung. We will attempt Co

relate experimeital tumor incidence teo two func-
tions: (1) the number of cells recelving a given
dose, and (2) the probabilicy that a cell receiving
a dose gives rise to a tumor, The quanticactive
prediction of tumor incidence per sphere is then
the product of the two functions integrated over
all cells in the radiation fleld of the sphere.

The first function, the digtribution of doge, can
be established by Monte Carlo averaging over rep-
resentative sections of the lung. The aecond, the
doge-regponse function, 13 acceasible in principle
by direct measurement of the effecta of uniform
doges, but accurate extrapclation to other organs
and/or animals requires a mathematical model based
o fundamental mechanisms taking into account the
pertinent dynamics of malignant transformaticn,
stem cell progression, immunological reactions, and
such cooperative effects as influence development
of the tumor, Therefore, cur program is two-fold:
(1) measurement of tumor incidence in experimental
animals, and (2) development of mathematical
models,

The animal chosen for the p}incipal exper-
iment 1s the golden (or Syriam) hamster. Primary
reasons for the cholce were freedom from general
respiratory problems and the extensive use of this
animal in experiments with other tumorigenic agents.
To facilitate the calculations of dese distribution
ana measurement of the effect of particle specific
activity, maximum uniformity has been required of
the particles, and {mmchbility is desirable, To
achieve these ends, the requisite amount of alpha
radloactivicy is incorperated into ceramic micro-

spherea of Zr0, of such diameter (10 pm) that they

2

18

will lodge in the capillary bed of lung alveoll
following jugular [njection. Serial sacriflce of
the hamsters over their normal 1li{fe span will pro-
vide marerial for histolegical and pathelegical
evaluation of blological damage and for the meas-
urement of distribution and retention of the micro-
spheres, The biologlcal results will be correlated
with the predictions of mathematical models to be
further developed along lines already indicated
(1-3) but with increasing bilological sophiatica-
tion and inclusion of more detailcd mechanisms.

The project began early in 1970, and the
first year was spent largely in preparing animal
quarters, developing care and quarantine proce-
dures, and in exploring methods of microsphere prep-
aration and assay. During the past year, we have
made four primary accomplishments: (1) preparation
and characterization of the ZrOZ-PuO2 nicrospheres
used as experimental sources; (2) injection of ham-
aters at all dose levels of the preliminary exper-
iment, (3) determination of the distributicn of
spherea within the lungs; and {4) obseryation of

the first biclogical response tc the spheres.

PREPARATION AND PROPERTIES OF MICROSPHERES

Preparation of Zircomia Sola (J, D, Perrings)

The properties of the ZrO2 sol are very

important for proper sphere formation, gelacion,

and sintering to an insoluble ceramic. Low irom
content, absence of chloride, and proper acidity

are crucial. The starting material used was zir-
conyl chloride {(Fisher's certified grade). This was
converted to nitrate by displacement with concen-
trated HNO3 by boiling nearly to dryness three times
in a three-necked, round-bottomed flask heated with
a Glascol mantle. AgN03 (0.1 molar) was used as an
indicator for the presence of chleride. The zir-
conyl nitrate so prepared was dissolved in dis-

tilled water and dried in a rotary evsperator,



heating the solution in a water bath, and chilling
the receiving flask with Dry lce and alcohol. The
purpose of this step 15 to remove excess HNOJ.
The resulting Zr0N03 (50 g) 1s then heated
for 1 hour at 200°C for further denitrification.
The preduct is dissclved in 200 ml water and poly=-
oerized at 28 PS1G in a steam—heated sterilizing
autoclave. This material is dialyzed against dis-
tilled water in a Visking casing until the pH
reaches 2.0, The resultant sol shows & very slight
Tyndal effect.
83.4 g/l,

tion, extraction with 0.l-m Amberlite LA in dode-

The concentration as ZrO2 is

An alternate method of sol denitrifica-

cane, resulted in a seol with a Zr0
28.8 g/l.
Just prior to sphere generation, the requisite

in 2 ¥

2 concentration of

anount of plutonium in the form of Pu(NOJ)&

HXNO, is added to the sol., Either plutonium-238 or

3
plutonium-239 is used, and the total amount is small

enough {less than 0.2 ml in 40 nl sol; less than

1 percent Pu0 —ZrOZ) to be without effect on the

2

gelation and sintering of the Zr0 Low levels of

5
cobalt-57 are added to some batches to provide s

garma-ray Lag.

Preparation of Microspheres (E. C. Anderson and

J. D. Perrings)

Micrespheres are prepared by a medification
of the scl-gel process developed by the Qak Ridge
National Laboratery and cthers for fuel elemencs
(4). Very upiform partieles are obtained by using
cquipzent described in detail by Fulwyler (5,6),
sol 1is

2
injected inteo a l-mm stream of 2-ethyl hexanol in

A 40-um diazeter stream of aguecus Zr0
coaxlal laminar flew. The 2Z-ethyl hexanol contains

0.1 percent NH,OH and 0.05 percent Triton X-100,

a surfactant, AThc sphere size is determined by

s0l concentration, pressure differential between

sheath and core streams, and fregquency of the sonic

oscillator controlling the rate of droplet forma-

tiomn. Typleally, to prepare l0-uym ceramic spheres,

the following conditions were used: sol concentra-

tion 5.34 g/1., sheath pressure 34 PSIG, core pres-

sure 55 PSIG, oscillater frequency 22 kH.
Approximately 8 x 10? droplets are produced

in about 1 hour running time from 40 ml of sol.

They are collected in & L. of 2-cthyl hexancl and,
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after 2 hours dehydration time with conmstant,
gentle stirring, the gelled microspheres are col-
lected on 8 47-mm diameter, lé-pym pore nylon Milli-
pore filter. They are then washed repeatedly with
heptane to remove 2-ethyl hexancl and, after brief
drying, are transferred to a 50-ml centrifuge cone
and suspended three times in absolute methanol.
The product is transferred to an alpha=-alumina
crucible and dried overnight at 200°C. Firing is
started at 200°C and increased to l000°C by 200°-
increments at hourly intervals, Final temperature
is maintained for 2 to 3 hours. The spheres under-
go the following size transformations in the pro-
cess: freshly gelled 29- to 30-um diameter;
hepane—washed 21- to 22-ym diemeter; methanol-
waghed 18- to 19-pm dismeter; fired 10-ym diam-

eter,

Properties of the Ceramic Microspheres (E, C.

Anderson, P, N, Dean, and J, D, Perrings with
assistance from §, G. Carpenter, J. Langham, and

P. C. Sanders)

The physical properties of the aspheres were
measured in some detail, beth to provide input data
for dosimetric calculations and in order to under-
stand the spheres themselves and to improve qual-
ity control. The parameters of importance for the
biological experiment are the sphcre diameter,
which determines the trapping in the lung capillary
bed, and the alpha specific activity and energy
gpectrum, which determine the dosimetry. The addi-
tional parameters which have been determined are
sphere mass and density and the radial distribution

of plutonium within the sphere.

Diameter and Volume.--Sphere diameter (nom-—

inally 10 ym) can be determined directly by optical
microscopy of individual spheres to a precision of
a few percent, Somewhat better results are obtained
from measurement of the lattices which the spheres
often form when a suspending solvent evaporates

from a monolayer {Fig. 1). The spheres are then
hexagonally closc-packed to a high degree of ac-
curacy, and measurements can be made over as many

as 20 sphere diametcrs with attendant reduction in

optical errors of boundary identification., Re-

peated measurements under these conditions show
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Fig. 1.

Photomicrograph of hexagonal lattices
formed by mlcrosphere monolayer plated on a slide.

coetfficients of variation of less than 1 percent on
measurement of average spherc diameter, cerrespond-
ing te a 3 percent error in calculated volume. The
average diamerers of the spheres range from 9.90
to 10.87 ym over the 11 batches produced. The
mean is 10.28 with a cocfficicnt of varfation

(C. v.) of 3,2 percent among batches and cor-
responds tc a mean volume of 571 umz.

The precision of the determination of diameter
of individual spheres is not good enough to define
the volume variability among spheres of the same
preduction batch., Measurements of the discribucion
of gphere volumes with a Coulter spectrometer give
a G, V., of & percent (1.3 percent con diameter), of
which a significant fraction is thought to be due
to instrumental resolution. Volume variability is
presumably less than variability of plutcnium con-
tent, which was measured as less than 2.6 percent
(see section on Plutonium Content of Microspheres,

below) .

Mags of Individual Spheres.~-In principle,

the average mass per sphere can be calculated from
the total mass (volume x conceptration) of ZrO2
rassed through the droplet generator and the
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number of drops generated (frequency of oscillator
X running time). Because of the stability of the
system and the observed uniformity of sphere vol-
While a

direct independent verification of the mass has not

umesg, the calculation should be reliable,

been made (the mass of a single sphere 1s about 2.8
x 10-9 g}, the principle of the calculatien can be
checked by comparing a similarly calculated pluto-
nium content with the measured value. These
results (see section on Plutonium Content of Micro-
spheres, below) suggest that the mass calculation
is accurate. The calculated average mass Tanges
from 2,62 te 2,98 ng for the 1l batches, with a mean

of 2.80 ng and a €. V, of 4.} percent among batches,

Densities of Spheres,--From the velumes and

masges arrived at above, one can calculate the av-
erage density for the spheres of each batch. The
rather surprising results are summarized in Fig. 2,
which is a plot of mass versus volume with the solid
lines representing loci of equal densities, The
densities range from 4.25 to 5.60, but only three
discrete densities are found: 5.55 + 0,06, 5.00 +
0.06, and 4,29 + 0.05. The highest density cor-
responds to that expected for crystalline Zroz;
the lower ones presumably represent material which

has failed to sinter completely and which still

34 T T —r— T T
3.2 —
30 A =
A
» (3
2 28| ' y Y .
)
a
3 o8 0 .
22555
24l 4+5.00 _
4:4.29 A Py-238
& Py-219
2.2r —
2 ) - I | L
400 500 600 T
voLUME- 3
Fig. 2. Maas, vclume, and dengitles of ZrOz—-Pu()2

microspheres.
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contalne voids. No reason is known for the dis-

crete grouping. 1t does not eorrelate with PuQ

pd
content nor with the use of plutenium-238 rather
than plutonium-239. There i8 s partial correlation

of density with age of the Zr0Q, sol; the last

2
three batches are all of the lcwest density,

Homr—
ever, the highest density spheres were preparation
Nos. 3, 4, 5, and 7. Thus, aging of the sol {in-
crease in micelle gfze?) might account for the low-
est density but not for the other two groups. Ome
of the groups of lowest density was refired an
additional 20 hours at 1000°C (normal firing time

2 hours}, but the density increase (about 4 per-
cent) was small coopared with the geparation be-
tween density groups.

It i{s possible to demonstrate by an inde-
pendent measurexent that the density differences
are real. The energy lost by an alpha particle
traversing matter is proportional to the mass per
unit area along its track. This quantity 1is the
product of path-length x density. The measured
energy distribution spectrum of alpha particles
from a monclayer of spheres in well collimated
geometry has a sharp cutoff at a minimum encrgy
corresponding to the waximum path-length through
the sphere (i.e., the dismecter), In Fig. 3 we
plot pd, the product of sphere density x diameter
in pg/um2 against the observed maximun energy loss
in MeV., An excellent linear correlation is ob-
tained, confirming the reality of density variation.
The product pd (which is proportional to pass *
dianeterz) has a C. V, of 7.3 percent (duec to mass
variability of C., V. = 4 percent combined with an
essentlally uncorrelated d2 variability of 6 per=-
cent). The encrgy loss also has a C. V. of 7.3

percent, The calculated absorption coefficient
{’E/pd), on the other hand, has a C. V. of only
1 percent. (For a more rigorous analysis of the
stopping power of the spheres, see the secction on
Radiation Distribution of Plutonium within Spheres,

below).

Plutonium Content of Microspheres,--Total alpha

counting rate is determined by an internal-saople,
gas proportional counter using a few thousand

spheres per sample. The sphercs are plated on a
specially made graticle about 8 mm square, ruled

with a 250-um grid, which permits very accurate

&
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Fig. 3. Relation between mass/area and maximum

alpha energy loss for the microspheres (10 pg/um
- 1 mg/cmz).

visual scoring of sphere number, The results of
this direct determination of average specific activ-
ity can be compared with the value calculated from
the known amount of plutcnium added to the Zr0, sol

2
Such a compar=-

and the number of spheres generated.
ison ias made in Fig. 4 for the 1000-fold range of
concentration covered (gee following page), The
solid line is drawn with 8 45° slope and corresponds
to a congstant counter efficiency of 48.3 percent,
the average ratiu of measured rate to calculated,
The C. V. of the ratio found/taken is 4 percent with
the two lowest points omitted. These resulls con-
firm the quantitative retention of plutonium in the
gpheres and also confirm the reliability of the
calculation of total number of spheres produced per
run and, hence, of the mass calculated in the sec-
tion on Mass of Individusl Spheres (above). A sim-
ilar mechod 15 used to determine the ccbalt-57
specific activity by counting the graticle of
spheres in 47 geometry between two 3 x 3-in. Nal
(T1l) crystals, The average level of cobalt-57 is
0.5 pCi per sphere.

from 0.07 to 59 pCi per sphere (10 to 7500 alphas

The plutonium activity ranges

per hour per sphere), corresponding in activity to
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Fig. 4. Comparison of measured specific activity
of microspheres with that expected.

pure 238PuO2 spheres with diameters from 0.09 to
0.86 um. The lower levels were prepared with
plutonium-239 and the upper with plutonium-238 so
that the weight fraction of PuO2 in the Zro2 varied
only from 3 x 10_5 to 1 x 10—2.

Measurement of the variability of plurtonium
concentration among spheres of a given batch was
possible only at the highest concentrations.

(Alpha autography, the only counting method with
enough sensitivity for measuring individual spheres
at the lower levels, 18 not gufficlently precise.)
By placing single, high~level spheres in a sand-
wich between ZnS-coated plastic circles, it was
possible to obtain good statistical counting pre-~
cisicn in reasonable counting times. For siogle
spheres of Batch 2r33 {Level 6), a C. V, of 3.3 per-
cent was measured of which 2.1 percent was ascrib-
able to counting statistics, leaving an excess of
2.6 percent from variability in plutonium concen-
tration plus varilability due to other random meas-
ment errors {such as varilation in countlng geom—
etry). This C, V. is less than the 4 percent vari-
ability of sphere volume estlmared as am upper
limit by Coulter volume spectrometry.

No biclogical effects are expected from the

temperature of spheres of this low a specific
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activity, From the rate of encrgy release and a
coefflclent of thermal conductivity, a temperature
gradient of 8 x 10_9u/pm is calculated for a sphere
immersed in an organic liquid and 4 x lo_so/pm in
alr. Convective trangport of heat, of course, will
make the gradlent even lower. Therefore, the
spheres must be within a very small fracticn of a

degree of cthe temperature of tissue,

Radial Distribution of Plutonium within

Spheres.~-For the purposes of dosimetry, it 1s not
usually necessary to know the plutonium radial
digtribution, the emergent alpha-energy spectrum
is adequate. However, for an exact calculation
the radial distribution is relevant as it deter-
nines the angular distribution of the alpha flux
with respect to sphere gsurface. This factor may
be significant for precide doslmetry close Lo
the sphere, The plutonium distribution is also
of interest in connection with quality control
and for a better underatanding of the mechanisms
of aol gelation and sphere sintering.

Because of the uniform i{nitial energy of
the plutonium alpha particles (within the resolu-
tion of these measurements) and the unique cor-
respondence between energy loss and path-length
in an absorber, the energy spectrum of alphas
emerging from a sphere is sioply related to the
distribution of path~lengths traversed within the
sphere. The latter distribution is related, al~
though lesa simply, to the radial distribution of
plutonium. The follewing solution is due to G. I.
Bell, LASL Theoretical Division.

A typical energy spectrum is shown in Fig. 5
{gee following page). (The low=-energy tail,
amplification X 10, ts the result of poor response
at the edge of the stlicon surface-barrier layer
detector.) Measurements are made in a vacuum spec—
trometer with the 20-amm diameter detector at a
digtance of 240 mm from a monolayer of spheres to
¢ollimate the counting geometry. The relation be-
tween energy and path~length is obtatned by assum-
ing that the rate of energy loss (the stopping-
power, dE/dx} is a power function of E:

=t

dg/dx = -k E (Eq. 1)

Integrating over a path~length x « %, corresponding
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Fig. 5. Typical alpha energy spectrum of miero-
spheres Deasured in vacuun spectrometer with a
silicon surface-barrier detecter.

to an enevgy loss from E_ to E(%), and solving for

E gives

1 a+ 1 ot 1
b=+ D [Eo - B ]

(Eq. 2)
Determination of the values of k and @ are discussed
below., Equation 2 is used for the numerical con-
version of rceasured energy spectrum (a histogram)
to the corresponding distribution of path-lengths.

The physical basis of the calculation of radial
plutoniur distribution is illustrated in Fig. 6.
Consider those alphas having path-lengths in the
sphere ranging from O to €, Assuming the detector
to be at a distance large compared with its diam-
eter, all paths in the sphere which reach the
detector are necarly parallel to the sphere-detector
axis, Therefore, the locus of all points in the
sphere giving paths of length O te © is the space
bounded by the upper gurface of the sphere and
another surface of the same radius R whose center
is shifted downwards a distance € along the sphere-
detector axls. The upper shaded area rcpresents
the secrion of this volume in the plane of the
figure. The volume is a sample of the spherical
shell between R and R = £, but it is a non-

representative gample. However, if £ is taken small
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T0
DETE?TOR

Fig. 6. Cross section of microaphere to illugtrate
geometrical factors in the relation between volume
elements and path-lengths in the aphere.

enough so that the plutonium concentration does not
vary significantly over this distance, then an
average value of that concentration for the shell
can be calculated from the path-length spectrum
area between # = 0 and £ = ¢, In practice, this
requires very preclse data with high energy resolu-
tion and/or smeothing the data with a high-order
polynerdial.

This outerrost shell of the sphere will also
make contributions to the rest of the path-length
gpectrum, Thus, for any path-length 0 £ X < 2R,
there i1s a corresponding volume in the outer shell,
Thig volume is bounded by the shell and by two
spheres of radius R wvhose centers are displaced
downwards by distances X and X + £, respectively,
as indicated in the figure., Calculation of the
volume in the shell associated with path-length X
15 purely geometric., Thus, one can calculate the
entire path-length spectrum due to the outermost
shell of the sphere and subtract it from the meas-
ured spectrum, The residual spectrum will be due
to a smaller sphere of radius R - €. The ealcula-

tion can be iterated, stripplng avay guccessive
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shells and generacing the complete radial distribu—
ticn of plutonium,

In practice, seyeral difficulries have been
encountered. Clearly, as the stripping proceeds,
errors will accumulate and the calculated concen-
tration will become less accurate. This problem
is mitigated by the fact that the center of the
gphere corresponds to path-length R, whereas the
Only

the upper half of the spectrum ls required ro give

entire spectrum extends to path-length 2ZR.

the complete radial discribution, and the lower
half can be uged for an independent calculation or
for a check of the appropriatencss of the assumed
values of ¥ and g in the dE/dx law.

A more gericus and fundamental difficulty is
the numerical instability of the solution, which
results from the inherent "i1ll-posed" nature of the
problem. W. L. Hendry (LASL Theoretical Division)
has shown that the problem (7) 1is equivalent to the
solution of a Yolterra integral equation of the
firsec kind and has developed least-squares methods
of solution which stabilize the calculation. The
stripping and Volterra methods give identical
results for Lhe outer portions of tLhe sphere; un-
less physically reasonable constraints are placed
on the solutions, both diverge for the central
regions of the sphere, which contain only a neg-
ligible (less than 1 percent) fraction of the total
spherc volume,

The value of a in Equations 1 and 2 15 ex-~
pected to be 0,4 on the basis of the slope of North-
cliffe’'s summary graph {(page 88 of Ref. 8) over the
range 2 to 6 MeV for alphaea. Proof of this value
is provided by Fig. 7, which is a plot of the frac-
tional residual error in calculation of the lower
half of the plutonium alpha gpectrum from the
radial concentration determined by the upper half
of the same spectrum. The calculation was per-
formed assuming values of a of 0,2, 0.4, and 0.6.
The fir for 0,4 iz very good, tbe residual error
being less than 5 percent everywhere. In addition
to confirming the cholce ¢of a, thia result also
addg confidence to the overall method of calcula-
tion.

The other constant, k, 1s determined by solv-
ing Equation 2 using the known diameter of the
aphere and obaerved maximum energy losa. (The cal-

culation is actually made for k as a mass absorptiom
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Flg. 7., Effcet of cholce of a on the quality of
fic {see cext).

coefficlent rather than as a linear coefficient in
order to allow for varying densities in different
batches. Uniform density 1s assumed throughout the
aphere.) Values of k calculated for the 10 batches
have a C, V. of 1.6 percent, and the mean value for
plutonium-238 is within 0.4 percent of that for
plutoniun-239, a significant teat in view of dif-

ferent alpha energles. The absolute value calcu-

lated for the stopplng-power of ZrO2 at 4 MeV using
kK = 0.865 and a = 0.4 15 497 keV/mg/cmz, compared
with 521 calculated from the two-variable stopplng-
power table {page 127, Ref. 9) using values of Iad]
from Turner's graph {(page 100, Ref. 9). The agree-
ment to within 5 percent corresponds to a 2.5 per-
cent absolute error in sphere diameter and is within
our estimated experimental errvors.

The results for plutonium conceantration as a
functicn of sphere radius are shown in Figs. 8 and
9 (see following page). (Concentration at the gur-
face of the sphere is taken as unity,) With the
exception of Level 1 (cf. Table 2), the batch with
the lowest plutonium activity (but not the lowest
chemical concentration), the results are all com—
parahle, showing & concentration maximal at or near

the surface and declining to 50 to 70 perceant
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towards the center. (We have no explanation for

the larger variation of Level 1.) MNeither method
Lo+ of mathematical analysis of the data gives a unique
anawer for the central concentration,; physical

reasoning auggests that d[Pu]/dr may be zero at the

center, therefore, all the curves probably level out

=3
&
T

at something like thelr minimal values in the fig-
ures. (Note that less than 1 percent of the sphere

volume lies within 1 um of the center.) The repro-

o
o
I

ducibility of repeated analyses of a given batch of

apheres suggests a precision of several percent.

The differences between batches, therefore, are

£
I
1

probably real, but the possibility of systematric

- - errors of 5 percent or more cannot be eliminated at

RELATIVE Pu CONCENTRATION

present. The fine structure of the conmcentrationa

aQ

[
1
1

curve i8 not necessarily real, since it is influ-

L 238 enced by the 10th-degree polyncmial smoothing used
Py SPHERES i
in both methods of calculation. However, it ashould

o 1 ] J |
4] ! 2 3 4 3

SPHERE RADIUS-xm statistical precisieon (C. V. about C.3 percent in

be noted that the input data have a very high

the majority of the channels) and resolution

{30 keV equivalent to 0.1 um) and that they have
Fig. 8. Radial distribution of plutenium in the
plutonium-239 microspheres (for identification of
the levels, gee Table 2). cation of the overall rellabilicty of the method is

statistically significant structure. The best indi-

the very small vslues of the residuals shown pre-

viously in Fig. 7.

A plutonium concentration declining inward is
perhaps not unreasonable in view of the mechanism
of the sol-gel-ceramic transformation which occurs
o8k during sphere production, drying, and firing. The
initial diameter of the droplets gencrated is about
30 um, shrinking to 20 um during gelation and to
10 ym on firing. The relative volumes are of the
order of 27:8:1, therefore, there is a large flux
of water out of the spheres. The concentration of
water will thus be reduced near the droplet surface,
o4

and the concentration of plutoniur and ZrO2 will

rise. Unless inward diffusion down their concen-

RELATIVE Pu CONCENTRATION

tration gradlents 1s rapld enough to compete with
oz —_ water flux, both may be concentrated near the sur-
face. One might cxpect the ionic plutonium to be

23%p5, SPHERES = more mobile than the colloidal Zr0,, but this would

2)
lead to an increased plutonium concentration rel-

¢] | | | ] ]
¢ ' 2 3 4 5 ative to Zr0, at the center, contrary to observa-

2
SPHERE  RADIUS - um tion, A more important factor may be the precip-

itation of plutonium as the pH of the droplet is
Fig, 9. Radial distribution of plutonium in the
plutonium-238 microspheres (for identification of
the levels, see Table 2), the droplet is both dehydrated and neutralized by

reduced near the surface, Initially, 2 X in HNO3.

25



From the Annual Report of the Biological and Medical Research Group (H—4) of the LASL Health Division, January through December 1971. Contributed by Bob Auer.

the 2-cthyl hexanol-ammonia. Under these condi- the 122-keV gamma are of low abundance (4 percent).

tiona, greater mobility of the dissolved plutonium The lé-keV level is highly converted, but thuose

could lead to an enrichoent of the Pu/Zrd, ratio

2
in the outer regions of the dropletr where plutonium

soft electrons will not escape from the z:oz.
Thus, for dosimetric putposes, ome need consider

is being pretipitated onto the Zro2 micelles. An

important question suggested by this reasconing is

only the energetic gammas. Only 3 percent of their

energy will be absorbed within the body of the hao-

the concentration of Zro2 within the sphere. Com-

plete recrystallization in the firing process should

ster, The specific activity of cobalc-57 in the

spheres 1s 60 gammas/hour/sphere and corresponds

lead to uniform density as assumed in the analysis to a whole-body radiation dose of about 1.3 mR/yr,

of plutonium distribution. If this is not so, then which is of the order of L percent of natural back-

there is an error {probably small) in calculated ground. So small a dose can probably be considered

plutonium concentrations due to an erronecus completely negligible in this experiment, However,

energy-path length conversion. (The path-length is

control animals with cobalt-57 spheres are heing

2
in pg/um”, but the gecmetric volume elements in catried along with non-active Zr02 controls,

) 3
Fig. 6 are in 1m" and a constant density was asgumed Tables 1 and 2 summarize the properties of

in the conversion.) To shed more light on this the microspheres used in these experiments. Ta-

question, attempts have becn inltiated to study ble 1 gives the physical properties of diameter,

the micrestructure of the ZrO2 by scanning electron

microscopy. The results may {]lluminate the pro-

volume, mass, and density, while Tahle 2 glves

their plutonium comtent,
cesses of sphere formation but should not signif-

. TASLE 1. PHYSICAL PROPENTLES (F MICROSPHERES
icantly affect the dosimetry.

Ran ge Coeffizlent of Variacion
aseng  Inits-batch Infer-bacch

Cobalt-57 Tag.-—-In order to facilitate meaa- faramster Average Batches _(percent) [parcont)
urement of injected dose and retention, a low-level Dismeter  10.18 o= 9.9- P 1.2
tag of cobalt=-57 has been added to all batches of 10,5 2=

3
Yioluze 571 um $G2~ % 1o
spheres. Cobalr-57 decays by pure electron capture Bl Sl £
to a 136-keV excited state. Almost all the energy o 2.5 nx  Z.62- ) $ua
is emitted as 122 keV {B5 percent) and 136 keV 1.38:rs
{1l percent) gamma rays. Conversion electrons from Pensily ;3; ;'ig' * '1"‘
4,29 1.05
TABLE 2. PLUTONLUM CONTENT OF MICROSPHERES
Batch Specific Activity Equivalent Diameter Pu0y Weight

Isptope Level No. pCi/sphere  a/min/sphere Pure PuC, (m) Fraction

235, 1 Zr24 0.07 0.16 0.09 4.3 x 107°
2 zr25 0.22 0.49 0.13 1.6 x 1077
24 zr27 0.62 0.92 0.16 2.9 x 107°
3 ze22 0.91 2.0 0.21 5.8 x 107°
JA 2128 1.6 1.6 0.26 1.1x 1072

238, 34 zr29 2.1 4.7 0.28 4.8 x 107
4 Zril 4.3 9.5 0.36 1.0 x 107%
44 Zrlo 8.9 19.5 0.46 2.0x 107°
5  Zr32 13.3 29.3 0.52 3.3 x 167°
6  Zrd3 59.4 131,0 0.86 1.3 x 1073
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Fig. 16.

Four-month exposure at Level 6 ahowing
foreign-bedy granuloma.

microspheres are found in the same lung with lictle
apparent blological response. In Level 5, which
has a 4-fold lower radicactivity, the group with

4 months exposure shows a response similar to that
at 1 =onth in Level 6 {(Fig. 17}.

Because the only blologlcal response chserved
thus far is found in the high-activiecy groups, the
indication is that the ZrO2 microspheres are chem-
ically inert and that the phagocytic and granulo-
matous responses result from a reaction to dead or
dying cells around the microspheres propertional te
the cumulated radiation dose, Animals sacrificed
from the contrcl group injected with nonradioactive
ZrO2 spheres have yet to exhibit any biological

recognition of the presence of the spheres,
PROSPECT

During the coming year, the primary objectives

are:

(1) To continue the injection program with
hamsters to increase the number of animals com-
mitted, especially at the more significant dose

levels. Details of activity level, sphere number,

Fig. 17. Four-month exposure at Level 5.

and number of animals will depend in part on forth-
cowlng experimental results indicating the areas

of interest, such as evidence of over- and under-
exposure and of the magnitude of tumor probability.

(2) To obtain more detailed information on
the developing tesponses of the lung to the par-
ticles, including histological and pathologleal
characterization, quantitative mcasures of rela-
tions to particle number and positicn, to dose rate
and accumulated dose, and to portion of the lung
irradiated,

{(3) Tc develop additiocnal experimental proto-
cols to obtain meore information about the mechanisms
of the genesis and development of tumers (e.g., the
role of the imunological system).

(4) To study structural parameters of hamster
lung and thelr effect on alpha range and dose dis-
triburion, including experimental measurements on

lung sections and computer modeling.
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BIOPHYSICS SECTION

INTRODUCTION

The work of the Blophysics Section falls into
four interrelated categories: (1) cell analysis
and sorting instrumentation development; (2) biolog-
ical applications of cell analysis and sorting;

(3) physical radiobiology; and (4) compucter applica-
ticns and engilneering support. This annual report
will describe some of the work in the first three
categoriea. The support in electronics and mech-
anical engineering, which coomprises the fourth cat-
egory, Is crucial to many projects throughout the
Biomedical Research Group. It involves four pecple
{(Carr, Butler, Perrings, and Larkims) but will not
be discussed further for the purpeses of this
report.

The Biophysics Section of Group H-4 has
plonecred in the development and invention of high-
gpeed, flow-system methods of cell analysis and
sorting. The wotivation has been the belief that
modern experimental physics could supply new and
useful ways of obtalning tmportant bicloglcal
information on cell populations and thelr responsge
to radiation. These efforts have resulted in
(1) i{mproved Coulter volume spectrometry; (2) inven-
tion of electronic eell sorting; (3) development
of flow microfluorometry; (4) deeper understanding
of light scattering by cells; (5) development of
two-parameter cell analysis; and (6) inventiom of
Tn 1971, work has

concentrated on the last four categoriea. Flow

raltiparameter cell sorting.

mlcrofluorometry haa been in routine biclogical uae
during the year and, in addition, factore limiting
instrumental resolution and contributing to arti-
facts in cellular DHA distributions have been
determined. The instrumentation introduces a total
coefficient of variation of less tham 2 percent for
bright dyes like acriflavine-Feulgen, where photon
statiastical effects are minimal. Light-acattering
theory has been investigated thoroughly by computer

calculations based on Mie theory and a model which
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considers the cell as a sphere with a concentric
nucleus, Experimental verification is in progress,
Applica-

tions to flow-system analysis have been initiated

and results to date support the theory.

in the form of a two-parameter cell analyzer based
on fluorescence and light scacter. Development of
multiparameter cell sorting has progressed to the
point where the system includes a bicolor (red and
green) fluorescence sensor unit and a Coulter
sensor, A scatter sensor can be added later. Tests
of technical performance and experiments with a
variety of cell populations have begun and will
continue for several months. A second, simplified
gorter dedicated exclusively to bioclogical use and
taking advantage of accumulated cxperience will be
degigned and built in the last half of this year.
Biclegical applications of cell analysis and
sorting have included conperative experiments with
many scientists in Group H-4, mutual interest
projects with the National Institutes of Health and
U. 5. Department of Agriculture, and cooperative
experiments with a substantial number of scientists
from other laboratories who have expressed interest
in our unique factlities, Cooperative experiments
with Group H-4 sclentists have included DNA con-
stancy in heteroploid cell lines, investigaticn of
cell=-gurface binding sites with fluorescein-
conjugated concanavalin A, Iife-cycle analysis by
flow microfluorometry compared with the labeled
DA precursor method, cell survival and life-cycle
analysis following gamma irradiatiom, effect of
chemotherapeutic agenta on DNA condensation and
1ife cycle, exploraticn of histochemical techniques
for histones, total protelin and BNA, and inveatiga-
tion of the perturbation index (or drag fraction)
in CHO cell populations. Mutual interest projects
with other agencies involve ploidy monitoring im
cell-culture systems, cancer screening, and ani-
mal disease dlagnosis by {mmuncfluorescence. An
in¢reasing list of scientists from other institu-

tiona have initiated interactions with us on
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problems of common interest; these include the
University of Colorado; Colorado State University;
Max-Planck Institute for Bilophysical Chemistry in
G;ttingen, Germany; Salk Institute for Biological
Studies; University of New Mexico; Stanford Univer-
gity; University of Florida; and University of
Wisconsin.

In the area of physical radiobiology, efforts
include plutonium lung counting, tumorigenicicy
of highly radicactive particles, meson radiobiol-
ogy, and computer applications to a wide variety
of problems in Group H-4. The first of these
projects will be described in this report. A lung
counter has been developed at Los Alamos which has
the capabllity of detecting about one-third of a
maximum permissible lung burden (16 nCi) of pluto-
nium-239., This counter has been used alse to meas—

ure lead-210 in the skull of uranium miners,
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CELL ANALYSIS AND SORTING INSTRUMENTATION DEVELQP-
MENT (A. Brunsting, J. R. Coulter, L. 5. Cram, D. M.

Hola, J. L. Hormey, P. F. Mullaney, A. Romero, J. A.

Steinkamp, T. T. Trujillo, M. A. Van Dilla, and W. T.

Heat)

An Improved Instrument for Quantitative Cellular

Flucrescence Measurements on Single Cells

The advent of flow systems for making high-
speed measurements on single cells (1-7) has re-
gulted in considerable interest in such quantities
as DNA content per cell as a function of chromcscme
number {8,9), volume of the cell, or presence of
fluorescent antibodies. As a result of bilological
experiments already performed with the use of this
type of equipment, many experimenters are now con-
sidering using this valuable technique for perform=-
ing a wide variety of bicleogical experiments,

It i3 possible to quantitate a large number of
physical-cellular parameters for which there i3 a
known relationship between the dye and quanticy
being measured. We have found the system to be use-
ful for basic research and potentially useful for
disease diagnosis., For example, it has consider-
able potential in the whole area of the fluorescent
antibody technique. The inatrument considered here
is an improvement of that deacribed by Van Dilla et
al. (1) and has been used for nearly Cwo years in
routine biclogical experiments. Single-cell suspen-
slons are stained with a dye which i3 specific for
a given cellular moiety. Cells are caused to pass
through a laser beam which excites the fluorescent
dye and causes a flash of flucrescent light propor=
tional to the amount of dye present in the cell,
This flash of light is converted into an electric
voltage pulse whoae amplitude is proportional te
the amount of light from the cell and, hence, to the
amount of material-binding dye. A histegram show-
ing the number of c¢ells with a given fluorescence
is accumulated on a pulse-height analyzer, and the
analysis of this pulse-height distribution enables
the experimenter to determine the quantitative dis-
tribution of the dye within the cells. From this
distribution and the relationship between the dye
and quantity being measured, the experimenter can
deduce thae quantitiea of interest.

A schematic diagram of flow microfluorometer
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Model IT (FMF I1) is shown in Fig. 1. The cell
sugpension is pulled through a 0.5-mm inside diam-
eter hypodermic tube at the bottom of the flow
cell, A distilled water sheath flow surrounds this
hypodermic tubing. The combined flows at this point
are 3.2 mm in diameter. While maintaining laminar
flow conditions, the combined flows are reduced in
disgmeter to 250 im, where it exits into a quiescent
water volume and there intersects the laser beam.
The combined flow exits through a nozzle and is
collected into a water trap on a 360-mm mercu;y
vacuum gystem.

Model 54, normally set on the 476-nm line for

A Coherent Radiation argon-ion laser

Auramine-0 dye, is used as the source of blue exclt-
ing light. The laser beam is focused to an ellip-
tical cross gection at the cell stream; beam power
ig monitored with a Jodon Model 450A. The flucres-
cent aignel is collected with a projector lens
having £/1.6 optics and, following the first pro-
jector lems where the light 1s parallel, a Corning
glass filter (catalog No. 3-70) 43 used to block
scattered light. A similar second projection lens
focuses the fluorescent light to a pin hole whose
diameter 15 200 um. After passing through the pin
hole, the light is again made parallel by a amall

collimating lens, A prism is used to reflect the

SCHEMATIC FMF II

PHOTOMULTIPLIER \

Fig. 1.
ater.

Schematic diagram of the flow microfluorom-
The argon-ion lager beam comes from the lower
right-hand corner and is focused by 20- and 2-cm
focal length cylindrical lenses to an elliptical
cross section 7 X 100 pm (width or height of the
laser beam at half maximum intensity) at the inter-
gection with the sample stream.




light into the photocathode of the RCA 4526 photo-
mltiplier. This optical system utilizes darkfleld
illumination end has s magnification of 1, Thus,
only light generated in the region of the intersec-
tion of the laser beam and cell stream is effi-
clently collected by the photomultiplier. A view-
ing window with a blocking filter to cut out the
blue laser light is located opposite the photo-
multiplier and is used for alignment of the system,
For normal alignment the only adjustments necessary
are a horizontal sweeping of the laser beam across
a flucrescent dye stream by moving the 20-cm focal
length cylindrical lens and monitoring the direct
current light level in the photomultiplier. This
is optimized so that the experimenter can be assured
that the cell stream is intersecting the maximum of
the laser beam., Because the laser beam normally
has an approximately Gaussian intensity disctribu-
tion, it is necessary to make certain that inter-
section of the laser beam and cell stream is at the
peak of the Gaussian distribution.

Attempts have been made to understand thor-
oughly and to minimize any errors or artifacrs
introduced by the instrumentation, Considerable
pProgress has been made in understanding scurces of
error or perturbations in the signals caused by the
instrument. Figure 2 shows a pulse-height distribu-
tien from expeonentially-prowing Chinese hamster
ovary {CH0O) cells. These cells were stained with
Auramine-0 using the Feulgen procedure to stain the

DNA (10). The abscissa is propoertional to the
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Fig. 2. Feulgen-DNA distribution of Chinese hamster

ovary cells growing asynchronously in suspension
culture.,
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amount of fluorescence in the cells, and the or-
dinate is the number of cells having that amowmt of
fluorescence. The largest peak to the left corre-
sponds to cells in the Gl state of their life cycle;
the coefficient of variation of this peak i3 5 per-
cent, At present it is not known what percentage

of this variacion is due to actual variability in
DNA content in the cells and what part 1s caused by
the imstrumentation, but it is expected, based upon
the analysis of results so far obtaimed, that
approximately half of the coefficlent of variation
in this figure is caused by instrumentation effects.
To better understand these effects, a series of
experiments have been done to localize the causes.

The coefficient of variaticen of this G, peak can bhe

a good measure of the quality of the 1istrument if
there is reason to believe that the cclls do not
have significant varlatiens in their DNA content.
This is the case of CHO cells and, for this reason,
they have been used along with plastic microspheres
(11) containing dye toc menitor instrumentation
effects, Each component of the entire system has
been tested and optimized for the instrumentation
configuration shown in Fig. 1.

Cne of the first considerations was to measure
the amount of light coming from the cells as a func-
tion of laser power. The purpose of this experimant
was te look for any evidence of the dye being sat-
urated by the intense blue laser light., Curve A of
Fig. 3 shows a plot of the amount of light coming
from the cells as a function of laser power (sce
foellowing page). These experiments were done with
a Model 52G Coherent Radiation laser, which has
10 times the power of the Model 54. It i3 obvious
that no dye saturation effects arc evident as the
data fall on a 45° slope on log-log paper. Hecause
saturation effects were not observed, the next step
was to measure the coefficlent of variation of the
cells as a function of laser power. To assist ip
these measurements, a light flasher was {ntroduced
in the oprical path so that pulses of an amplitude
equal teo that of the cells could be generated. 1In
these experiments cells were run through the flow
system, and the pulse-height distribution was ob-
tained, The flasher was then adjusted to produce
a peak {n the same channel as that for the cells,
and the coefficient of variation of this peak was

determined. The plot of these two sets of data is
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Fig. 3. Brightness of cells as a function of laser
beam power (A), indicating no dye saturation
effects, Coefficlent of varlation of the G} peak
of CHQ cells as a function of laser beam power (B},
indicaring that statistical effects for Auramine-0
stained cells are significant at lower power and
that laser beam instability is significant at higher
power. Coefflcient of varlation of a photodicde
flasher of brightness equal to stained cells as a
function of laser beam power (C), indicating light
expected from statistical effects. 1t indicates
that photon statistical effects are important with
this stain.

also shown in Fig. 3 (curves B and C). The most
significant feature of this plot is that of the
flasher slope. The straight line drawn through
thoge polnts has the proper slope for purely statis-
tical effects, which are caused by varlaticn in
number of photoelectrons emitted at the photocathode
Thug, for Auramine-0
stained cells the light signal reaching the photo-

of the photomultiplier tube.

multiplier is weak enough so that this statistical
fluctuation is a significant factor in the coeffi-
clent of variation. Cells also follow this same

slope at low power; however, at higher power they
deviate significantly from this slope. The sbsolute
difference between the flasher curve and cell curve

One of them is the

Another is the

i8 caused by a oumber of things.
intrinsic variation in DNA per cell.
variation i{ntroduced by the stalning procedure.
Another is the variation {n laser beam intensity as
a function of position and as a functionm of time.
The electronic effects are insignificant at this

time. The increase in ccefficlent of variation at

the highest power is very likely caused by increased
nolse in the laser beam. Monitoring of the laser
beam during these experiments was not done; however,
subsequent experiments showed that the laser beam
intensity fluctuates with time, and corrective meas-
ures are being taken to minimize this effect, The
coefficient of variation for the flasher curve shows
that statiscical effects arc significant with
Auramine-0 dye. Recent use of acriflavine, which is
a much brighter dye, considerably improves the sta-
tigtical effects.

The laser beam waa shaped into an ellipse so
that cells could be uniformly illuminated and that
toral fluorescent light signal would be short. For
this instrument, the major axis of the ellipse has
a full width at half the maximum light intensity
of about 100 pm, while the minor axis of the el-
lipse has a full width at half maximum intensity of
about 7.5 um. These dimensions are cbtained for
the major and minor axes, respectively, by placing
a 20-cm foecsl length cylindrical lens 28 cm from
the cell stream and a 2-cm focal length cylindrical
lens at its focal point. With this arrangement a
complete scan of a cell takes place in 2 to } micro-
seconds so that standard nuclear electronics equip-
ment can he used.

It is pessible to discriminate between two
cells stuck together from one cell having twice as
much DNA. This is quite important in making ac-
curate analyses of the DNA distribution in cells
where the number of tetraploid cells 1s desired
with high accuracy. By making the laser beam small
or on the order of a cell dimension, pulse-shape
digscrimination can be used to distinguish single
cells from double cells. A fortunate feature of the
laminar flow system is that alignment of two cells
takes place in the flow system; therefore, two peaks
separated by a saddle are observed when two attached
cella pass the laser beam. For cells that come in
time greater than 4 microseconds, a complete dis-
crimination is made, However, when the laser beam
18 on the order of a cell dimensicn, it 13 necessary
to use a pulse integrator to integrate the complete
light from the passage of the cell. This integrated
output is then analyzed by the pulse-helight analyzer.
Without this integrator anm erronecus answer would

be obtained,

Some investigations were made as to the effect




of cell stream diameter and nonuniformity of laser
beam illumination. For these experiments cella were
examined under normal conditioms {(i.e,, 21 ml/min
flow rate for the sheath water that surrounds the
This

corresponda to & cell stream diameter of 15 pum at

sample and 0.15 ml/min sample flow volume).
the laser beaz intersection. Since this dimension
is very nearly equal to actual cell diameter, there
was very little uncertainty as to cell position in
the laser beam, While the sheath flow was main-
tained at its normal laminar flow, the sample flow

was increased up to 10 times normal, and the coeffi-
clent of variation was measured of cells in the G
peak.
enough to eliminate accidental coineldences in the

Cells with small coefficient of

1
The concentration of cells was maintained low

high flow rates.
variation were used so that any changes from non-
uniform i{llumination were obvious. Results of these
experiments showed that & percent coefficlent of
variation was obtained for normal sample flow condi-
tions and only 4.6 percent coefficlent of varfation
for 10 times that flow. The higher flow corresponds
to a 45-ym cell stream diameter. This shows rather
convincingly that, under normal conditions, the
laser beam illumination of the cell stream is very
uni form.

Counting rates of the order of 1000 cells/sec
are quite reasonable with this unit, and higher
counting rates can be obtalned since total tramsit
time of a cell is 3} microreconds and base-line re-
covery is within 20 oicroseconds. The quality of
the instrument is demonstrated further by measuring
the fluorescence distribution of very uniform 12-im
fluorescent plastic mlcrospheres. Figure 4 1llus-
trates the capabilities of the instrument to resolve
two flucrescence distributions resulting from mixing
two populations of microspheres differing in inten-
sity by 10 percent. The two Gaussian distributions
add mathewmatically, as expected, This demonstrates
the importance of minimizing the inatrumental con-
rribution to the width of the distribution., Similar
experiments indicate that two subpopulations can be
reduced {f modal fluorescence differs by at least
5 percent and if the fraction of one population is
at least 10 percent of the total.

This inmstrument has been in routine use for
biclogical experiments for about two years and has

shown itself to be quite reliable, Ir cam be
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Fig. 4. Fluorescence distributions of uniform

fluorescent plastic microsphere populations as
individual populations (A) and (B}, as 50:50 mix-~

tures of {(A) and (B), and as 80:20 mixtures of {A)
and (B).

operated by a technician and has a wide variety of
applicatiome. It appears at this time that the
major room for improvement is in obtaining a laser
beam that is of uniform intemsity as & function of
time, Corrective action is being undertaken to
eliminate this source of error. It appears that
instrumental effects will be reduced to the neighbor-
hood of 2 percent or leas if brighter dyes are used

and the laser can be improved further.
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Cifferential Light Scattering: A Possible Method of

Mammalian Cell Idencification

We have been interested in the light-scattering
properties of nearly spnerically-symmetric mammalian
cells as a possible means of ldentificarion, as sug-
gested by Wyatt in the case of bacrteria (1). Cal-
culatlions based ¢a the thecry of Lorenz (2), com~
monly called Mie theory (3), for a homogenegus
sphere indicate that small-angle scattering can
vield information on whole~cell size (4). For
these calculations, a mammalian cell was imagined
to be a homogeneous sphere immersed in a water-like
medium so that the relative refractive index of the
cell was slightly greater than unity. A more real-
istic model for some mammalian cells is a homo-
geneous sphere (nucleus) of one refractive index
surrouynded by a concentric, homogeneous coating
(cytoplasm) of a slightly lower refractive index.

An ecxample of this type of cell is the Chinese ham-
ster ovary cell (5), line CHO. CHO cells are about
12 ym in diameter with nuclei whose diameters are
about 8 ym.

The c¢ytoplasm of normal mammalian suspensicon
cells is surrvounded by a distinct, definite membrane
as is its nucleus. For thia reason, a coated sphere
with its sharp, diatimct optical boundaries was
selected as a model. So that the poasible effects
of internal structure on scattering patterns of
suspension cells could be predicted and understood,
calculations were performed for this coated sphere
model. 1In Fig. L some representative stained (6)
CHO cells {in varlous parts of their life cycle,
stained with pinacyanol to bring ocut chromosome

detsll, are presented. The photograph of stained
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Fig. 1. Stained Chinese hamster ovary cells at var-
ious portions of their life cycle (see text for
definitions of Gy, S, Gp, and M), HNote that cells
in M {micosis} are not only larger than the young
daughter cells in G; but have considerably more
complex nuclear structure.

cells does not reflect accurately elther the nuclear
and plasma membranes or the exact optical properties
of unstalned cells; racther, the stain shows the
gross volume morphology of the cell and its nucleus
around its life cycle.

In the Cl part of its life cycle, just afcer
division, the cell is about 12 um in diameter {on
the bottom, Fig. 1). As the cell moves through §,
when DNA synthedls occurs {on the left side, see

Fig. 1), and into G, and M, just before division

{(on the top and rigﬁt side, Flg. 1}, lts volume in-
creases to about twice the volume of the Gl cell or
a diameter of about 15 pym. The generation time, or
one eomplete ctraversal of the circle in Fig. 1,
takes about 17 + 2 houra. The lengths of these
labeled gectlons of arc are proportional to thelir
respective life-cycle parts. The availability of
CHO cells, thelr spherical structure, and similarity
to other interesting mammalian cells make this cell
line a worthwhile model syatem. A cell line such
as the CHO will certainly have much greater complex-
ity than the coated sphere assumed here, but the
anticipation i that certain trends in scatter pat-
terma of real ¢ells can be predicted and understoed
with this model.

Calculations used here, based on the model of
Aden and Kerker (7), are described in detail else-

vhere (8) and will not be repeated here. Following
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the notation of Kerker (9), the parameters of
interest are described below, Let the inner sphere
have a radius a, a size parameter a = 2ma/A where

A 1s the wavelength of the light in the surrounding
medium, and a refractive index m,, relative to the
homogeneous isotropic and non-absorbing medium.

Let the concentric coating have an outside radius
b, a size parameter v = E;E, and a relative refrac-
tive index 34 in general, o, and M, can be com-
plex to account for absorption. Both the aphere
and coating are homogeneous and isotropic. The

intensity function of the scattered light, i., has

)
its electric fleld vector polarized perpenditular
to the scattering plane. The experimental measured
intensity with this polarization is proporticnal to
;1. The scattering angle &, defined sc that 0 =
0°, corresponds to forward scattering and 6 = 130°
to back-scattering. The m' is volume average of
the refractive indices m and m,.

Kattawar and Plass (10) have investigated the
width of the forward scatter lobe as a function of
size parameter, x, and refractive index (x = 7d/A,
where d = particle diameter, A = incident wave-
length), for nconabzorbing homogeneous apheres.

They plotted the angle, 9, at which 1, (8) = 4,
(0°)/2 as a function of x, where 1, 1s proportional
to the measured scattered intensity with 1ts E
vector polarized parallel to the scattering plane.
They found that, for refractive indices as low as
1.01, the half-width of i, was proportional to

1/% for »x £ 3, which agrees with the Fraunhofer
diffraction model.

We have donc an equivalent computation for the
coated sphere, and the results are shown in Fig. 2.
The vertical axis is log 0, and the horizontal axis
is log vV, the whole-cell size parameter. The dif-
fraction medel result is indicated by the straight
line; the various symbols refer to different refrac-
tive indices equal to the range of live and fixed
CHO refractive indices: EIIEZ = 1.04/1.02 to
1.10/1.07, where subscripts 1 and 2 refer to the
nucleus and cytoplasm, respectively. The nuclear
slze parameter, @, is 2¥/3, For ¥ L3 the polnts
deviate from the diffraction line and approach 9 =
45°, as Xattawar and Plass cbserved. Im this reglon
the diareter of the whole-cell 1s less than wave-
length, and diffraction should not apply, whereas

for v > 3 the points cluster about the diffraction
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HALF-WIOTH ( DEGREES )

Fig. 2. Log-log plot of the half-width of the
intensity function iy versus v, the whole particle
size parameter. For this case, the core size param-
eter o = 2v/3. The various core (m1) and coating
(mp) refractive indices are: my/mpy = 1.04/1.02 (W;
oy /my = 1.05/1.03 (¥); my/mp = 1.07/1.05 (0); and
m/my = 1.10/1.07 (4). The straight line is the
diffraction result.

line. Similar results were obtained for m/v = 0.2,
++. 0.8. These repults indicate that diffraction
is the main ecattering mechaniem in the forward
lobe, even in the case of a coated sphere. Thus,
forward scattering measurements should reflect gross
size and be insensitive to internal atructure.
Small-angle light-scattering measurements have
been made on CHO cells after mitotic synchronization
(11,12) with the photometer deacribed elgewhere (13).
It has been gshown that, although there are profound
internal astructure differences between Gl and M
cells (cf., Fig. 1), the small-angle light-scattering
signal is responsive to gross size a8 expected on
the basis of Fig. 2.
In Fig. 3 we see a semi-log plot of Ll versus
¢ for both the homogeneous sphere (HS) and coated
sphere (CS), see followlng page. The coated sphere
(bottom curve, Fig. 2) has typical CHO parameters
(= 2v/3, v= 86, X = 0.47 um, oy = 1.05, my =
1.03), and the homogeneous aphere (top curve, Fig. 4)
has a size paramcter of 86 and a refrsctive index
equal to the volume average of the refractive indices
of the coated sphere, equal to 1.036. The shape and
magnitude of the two curves within the forward lobe
(8 £ 1.5%) are essentially the same, which is in

agreement with the above discussion concerning
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“Flg. 3. Semi-log plot of the intensity function i
versus 6 for a coated sphere with a = 2v/3, v = 86,
my = 1.05, mp = 1.03 (bottom curve), and a homo-
geneous sphere with g = v = 86, m' = 1,036. The
coated sphere (Icg) scale 13 on the left and the
homogeneous sphere (Iyg) scale on the right. The
scales have been displaced for clarity.

diffraction. However, these features ghould alao

be noted: (a) the first minimum of both curves is
an order of magnitude deeper for CS and HS; (b) a
pericdicity of the fine atructure of about 12°
exists for €S, whereas the HS has no such perlod-
Lelty for 1.5° £ 8 £ 80°; (e) the structure of the
two curvea is quite different for 80 2 e % 180°,
although the average value of both curves 1s about
the seme; and (d) the pronounced minima outside the
general area of the forward lobe in the CS caae sug-
gest this angular region as an interesting one to
study in more detail.

Detalls of this angular region are exsmined -
in Fige. 4 and 5.
1. iotegrated from & = 1° to & = 20° for the case

1
of HS, CS, and the perfectly absorbing aphere (dif-

In Fig. 4 the intensity function

fraction theory) versus the whole-cell size param-

eter (V in the case of 0JS) is plotted. The CS has

parameters which are typlical of an interphase CHO
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cell: v = B6, o = /3, o = 1.05, m, = 1.03; the
HS has o = v = B6 and m' = 1.036. Thus, diffrac-
tion theory, which takes no account of either the
internal detaiis or the refractive index of the
acatterer, does not compare well with the HS or CS
models in this situation. This is not the case in
the forward lobe, as we saw in the discussion above
(L.e.,, the three models produce very similar re-
sults, cf. Fig. 2). Note that there is a substan-
tial difference between the coated and homogeneous
spheres in the outgide size parameter reglon of
about 40 to 90, CHO cells illuminated by 0.47 Um
light fall in this whole-cell gize parameter re-
glon. This implies that coated spheres with param-
eters similar to CHQ cells can be differentiated
from homcgenecus spheres with a volume average
refractive index and size parameters similar to CHO
cells in their il patterns between 1° and 20°,
Hence, in this case, these two models with the same
gross volume but different internal detalls produce
significantly different intensity patterns.

Suppose the whole-cell size is constant with
only a varfation of nuclear size. This is the case
considered in Fig. 5, where L are the same

as in Fig. 3.

and EZ
In the case of C5, a varies from 40
to 86 and v = 86 -- parameters which are again
close to the CHO situation. This graph shows the
integrated intensity from 1° to 20° and Qsca (equsal
tc the extinction efficlency factor in this case

of no absorption) versus nuclear size, both normal-

ized at a = 40, Q is proportional to the total

amount of energy rgzzved from the incident light
bean due to scattering and absorpticn (since absorp-
tion in this case 13 zero, only scattering need be
considered). The normalizing factor is 1/2.55 for
the Qsca curve and 1/8.61 x 106 for the integration
curye. Qsca
extracted from the main bean from all causes, since

is proportional to the total energy
there {s zero absorption. Qsca follows the inte-
grated {ntensity quite closely in the parameter range
of interest, indicaring the 1° te 20° range contains
a large percentage of total scattered light which,

in turn, reflects core size.

Van de Hulst (l4) has studied extensively and
explained the behavior of Qext as a function of size
parameter and refractive index. Basically, a min=-
fmum exists at a = 75 in Flg. 5 because of Huygen's

construction of the imcident plane wave in the shadow

of the scatterer produces destructive interference
with the radiation passing through the scatterer.
From the discusaion on scattering in the for-
ward lcbe, the coated aphere model predicts that in
this region diffraction is the major acattering
mechanism for y < 3 (the reglon where the whole par-
ticle diameter is5 less than incident wavelength},
even for coated spheres of low relative refractive
indices. Hence, scattering inteneity measurements
made in the forward lobe should be insemsitive to
cellular internal structure and should reflect gross
aize, Data on CHO cells support this result (13).
The interesting prediction of these calcula-
tions is that light-scattering measurements from
concentrically-spherical types of cells which are
made cutside the forward lobe may reflect inmternal
structure and permit an estimation of nuclear size
to be made, Two properties of cells may then be
approachable by light-scattering techniques which
may permit fdentification of cell types, assuming
that m. and m, are not broadly distributed for a

glven iell poiulation: gross size (forward lobe)
and nuclear size (beyond the forward lobe).

In order to test these thecretical predicticns,
several experiments on suspensions of mammalian cells
are planned., 4 film photometer has been designed
and constructed and is currently undergoing tests.
1o this device, a standard light-scattering cuvette
containing a gample suspension is placed at the
center of a light-tight drum 2.5 feet in diameter.
Film is wrapped arcund the inside circumference of
the drum, The cuvette is illuminated by light from
a 5-oW helium-neon laser, and the light scattered
between 3° and 177° is recorded on the film, which
is read with a microdensitcometer after development,
Preliminary runs have been made with 10-pm poly-
styrene spheres with a volume ecefficient of varia-
ticn of 3 percent, Results on these gpheres are
being compared with experiments made with a commer-
cial light-scattering difference (Differential I,
Science Spectrum, Santa Barbara, California). The
film photometer cffers greater sensitivity and
resoluticn in that more scattering structure is
chbservable with the film photometer. Experiments
with cells will commence when cur present film

calibrations are complete.
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Multiparameter Cell Analvysis and Sorting

During the past several years, the Blophysics
Section has been developing new instrumentaticn
techniques for application to high-speed analysis
and sorting of biclegical cells in suspension. Past
and current efforts in this area have resulted in
(a) an improved cell volume spectrometer; (b} a flow
microflucrometer for measurement of cellular DNA and
other properties characterized by fluorescent stalnos;
(c) a light-scatter photometer for optical cell
sizing; and (d) ao electronic technique for sorting
cells based on cell volume. We are develeping cur-
rently a multisensor cell analysis and sorting sys-
tem for use in cell biclogy research and medical
applications, such as cancer cell identification.
This gystem is expected to be of increased useful-
ness as it will not only allow one to measure sev-
eral physical and chemical properties of cells but
also to physically isolate particular cells for
subgsequent examination., Mulcriparameter analysis
greatly enhances the ability to discriminate or
select a particular cell subpopulation from a her-
erogenecus mixture.

Cells stained using fluorescent compounds in
aqueous suspension are introduced into a new dual-
sheath flow chamber wherein electronic and optical
sensors meagure cell volume, flucrescence, and
light acartter as illustrated in Fig. 1 (gee follow-
ing page).
the flow chamber through a platinum sample inlet

The cell suspension is introduced into

tube, which also serves as the volume-sensing elec-
trode, Flowing around the sample inlet tube and

enveloping the cell stream i{s a particle-free shearh
liquid (Sheath No, 1).

gtreams d¢ not mix but move as one through a Coulter

Because flow {s laminar, the

volume-senaing orifice, wherein cell volume is
electrically measured. Since cells are confined

centrally as they pass through the volume-sensing
Cells

next enter a viewing reglon via a gecond sheath

orifice, volume resolution is improved (l}.

fluid, vhere they intersect an argon-ion laser beam
causing light scatter and fluorescence., Scattered
light provides quantitative infermation on cell size
and posaibly morphelegy (2,3); fluorescence is a
quantitative measure of cell constituents to which
the fluoreacent dye is bound [e.g., Feulgen-DNA (4)].

Light scatter and fluorescence are, in turn, measured




GLASS TUBE —.

LIGHT SCATTER

Fig. 1.

Cut-away view of the flow chamber.

by electro-optical sensors, the fluoreacence sensor
being a dual-photemultiplier array which measures
fluorescence in two distinct wavelength bands.

The second sheath fluid serves tc reduce the effect
of pressure drop created by the Coulter volume-
sensing orifice (75 ym diameter), facilitating drop-
let formation. After passing the laser beam, the
cell suspension jets out inte ailr from a coaxially-
aligned exit nozzle. A plezoelectric crystal trans-
ducer mechanically coupled to the flow chamber,
driven electrically at a frequency of 4Q to 60 kHz,
is used to produce uniforn liquid droplets by reg-
ularly disturbing the emerging jet, as shown in

Fig. 2, The droplet-charging and deflection schemes
are gimilar to the original cell sorter invented at
this Laboratory (5).

Signals from the volume, fluorescence, and
light scatter sensors are fed directly to the multi-
parameter signal-processing unit for analysis and
routing (Fig. 3), Presently the multiparameter

signal-processing unit serves as the central elec-

tronle processing unit for cell analysis and sorting.
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Signals recelved by the proceasing unit can be pro-
cessed in a varlety of ways. For example, single-
parameter analygis frequency diatribution histo-
grams of cell volume, fluorescence, and light
scatter can be performed by individually procesaing
these slgnals, whieh are routed to the miltichannel
pulgse-height analyzer. Alternatively, signals from
several sensors c¢an be combined to form ratios
(e.g,, DNA-to-cell volume and frequency distribu-
tion histograma are recorded). Gated analysis of
two or more parametera canm also be performed. For
example, the fluoreacence distribution histogram

of all cells of a certain volume can be obtained,
Cutputs not shown in Fig. 3 are also provided by

the multiparameter signal-processing unit for a two-
parameter multichannel pulse-height analyzer for
two-dimensional pulse-height amalysis. The signal-
processing unit also routes processed cell signals
(e.g., single parsmeters, ratios, etc.) to the
single-channel pulse-height analyzer to trigger
cell sorting.

The first multiparameter flow chamber designed
for high-speed cell analysis and sorting was com-
pleted in mid~-1970. This unit was designed to
demonstrace proof-of-principle [L.e., that sorting
could be triggered by more than one sensor (optical,
electrical)]. The experiment was successful; it was
established that the multisensor analysis and sort-
ing principle was valid., A complete prototype multi-
sensor cell sorter was first operated in the latter
part of 1971. A hard-wired multiparameter signal-
processing unit was designed comcurrently and first
operated in mid-1971. As might be expected, this
prototype exparimental system has required consider-
able debugging, and at the same time many improve-
oents of flow chamber, sample delivery method, elec=-
tronics, and sorting mechanism have been made. A
bicolor {green and red) fluorescence sensor-optical
system has recently replaced the present single
~color flucrescence gensor. The dual fluorescence
sensor has the added capability for either aingle or
bicolor flucrescence using the metachromatic dye
acridine orange. New cell separator contrel logics
are being designed and constructed curremtly to per-
mit more efficient cell separation. Design of a
second miltiparameter cell sorter system will begin
toward the middle of 1972, Thia unit will be dedi-

cated to biologlcal experimentation, while the
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present sortcr system will continue to be used for
inscrument developrment

The status of multisensor sorter development
in early 1972 is as follows. Experipenta to CLest
capability for simultancous analysis of cell volume
and fluorescence (Feulgen-DNA) have been accomplish-
ed on cultured Chinese hamster cells (CHO) and ex-
follated squamous cells., Sorting of aquamous cells
on the basia of cell veolume has been demonstrated.
Cocfficlents of variation of 4 to 6 percent for the
Gl peak of CHO cells stained by the acriflavine-
Feulgen procedure have been obtained.

Evaluation of system resolutionm, individual
sensor perforgance, and multiparameter aignal-
procesaing techniques i{s presently underway using
nonbiological test particles (fluorescent micro-
spheres) and well understood cell populaticns. More
interesting cell populationms will soon be atudied.
These will include experiments with cell populations
containing fluorescein-conjugated concanavalin—A
bound to membrane surface sites, cells stained meta-
chromatically with acridine orange {e.g., leuko-
cytes), and cells from solid tumors and exfoliative
cytology material. Oune aspect of the latter wvork
will be determination of optimal detection param-
eters., Cell volume, DNA and RNA content, and
nuclear-to-cytoplasmic ratios are to be investigated.

Experience to date in developing the present
gyatem has Iindicated areas for improvement and
simplification of the next system, Wwhich will be
dedicated to blological applications, Imitial de-
aign work has started on the new sorter unit, with
a completion date near the end of this year. At
that time we will have two operating sorters: one

for blology and cne for instrumentation development.
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Life-Cycle Analysis of Cells by Flow Microflucrom—

etry and labeled DNA Precursors

Many investigaticns dealing with periodic bio-
chemical events or regulatory mechanisms centrelling
macromolecular blosynthesis are dependemt upon pre=-
cise tcmporal markers in the life cycle of mammallan
cells, The cell cycle, first recognized by Howard
and Pelc {l), consists of prc- and post-synthetic
gaps (Gl and GZ)‘ the DNA-synthetic period (S), and
the mitotic peried {M). This tcrminology forms the
basis for modern cell-cycle analysis and provides
the temporal framework upon which blochemical events
can be arranged,

A number of published technigues (Z-4), bascd
on unique biochemlcal or physical properties of
cells in specific phases of the cell cycle, have
been cmployed for life-cycle analysis. These meth-
ods are based either on the appearance of mitotic
figures or on the occurrence of cell division;
elither parameter provides a measure of the progress
of cells arcund the cell cycle. For example, if a
random culture is pulsed with labeled thymidine,
only § cells will be labeled so that, after an
elasped time equal to duration of GZ’ the first
labeled cells will reach mitosis (2). Stacistical
precision of seasurement can be improved by accuru-
lating the mitotic flgures with a colcemid block,
Scoring, which is tedicus, must be performed vis-
ually under the mlcroscope; as a compensation, the
cells are evaluated individually in terms of thelr
uptake of a specific precursor.

Development of flow microfluorometry (FMF) at

the Los Alamos Scientifiec Laboratory has provided
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a new approach te life-cycle analysis. The operu-
tional features and instrumentation inveclved in
this high-speed flow system bave been described in
detall elsewhere (5-8). Feulgen-DNA distributicons
of marmalian cells obtained by FMF analysis reveal
distinctive distributiens which depend upon cell
distributions around the cell life ¢ycle., A typ-
ical Feulgen-DNA distribution of exponentially-
growing Chinese hamster ovary cells 1s shown in
Fig. 1, together with the computer-fit data ob-
taincd from the cellular distributicn. The data-
processing program makes a least-squares best-fit

pf a normal distribution function to the G, peak, a

1
second-degree polynomlial to the S-distributicn, and
another normal distributlion function teo the G2 + M

peak. This computer code 1s a modified version of
a generalized least-squares best—fir code written

-—at LASL; the modificarion for the present purpose

B T 1 T T T ]
A
L _
20000 -
| |AREA(% | cv%) | MODE |
6, PEAK] s2.8 | 33 | 362
g S DISTRB| 319 —_— —
] L GyM PEAK] 83 32 | 706 -
| |
@
3
=
F 4
100001 n
3 * EXPERIMENTAL DATA POINTSH
—— COMPUTER FIT
-—- COMPUTER FIT,
- S DISTRIBUTION ~
L
500% 30 %0
DNA CONTENT 7 CELL
Fig. 1. Acriflavine-Feulgen-DNA distribution of

Suspenslon-cultured CHO cells, showing computer fit
to the data and computer-generated output profile.
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was made by P, N. Dean. Comparison of the areas

under the G,, S, and G2 + M portions of the PMF

»
distribu:iuis, determined by computer—-fitting
methods, Is in approximate agreement with results
obtaiped by biochemical cell-cycle analysis. This
observation prompted the present study {namely, to
compare quantitatively life-cycle analysis deter-
mined by FMF nethodology with biochemfcal methods
routinely used for life-cycle analysis). The FMF
method offera the advantage of rapidly measuring
very large numbers of cella, thus affording statis-
tical precisicn hitherto unobtainable, Typically,
105 cells can be measured in a few minutes so that,
in additiocun to precision, the experimenter has the
combined advantage of a quantitative measure of
each cell, short measuring time, and convenlence.

A suspension culture of CHBO cells seeded at

low density and a set of monolayer culture flasks

seeded gimultanecusly at low and equal cell density
were sampled periodically as cells grew through

the exponential to the staticnary phase. A small
aliquot of these cells was pulse-labeled with 3H—
thynidine (1 LCi/ml; Schwarz-Mann, 6 Ci/mM) for

15 minutes and precessed for autoradiography. The
remainder of cells in the sample were dispersed,
fixed in formalin, and stored; all gamples were
stalned by the acriflavine-Feulgen procedure as
previously described (7) and measured by FMF on the
game day. Feulgen-DNA distributions were analyzed
by computer to obtain est;mates of the Gl' 5, and

G, + M populaticns. The "H-labeled mitoses and

tital mitoses were scored from autoradiographic

material to obtain the collection functions.
Results obtained from computer-fit analysis of

Feulgen-DNA distributlons obtalned by FMF are shown

in Table 1. Values of modal channel number and

TABLE 1. SEQUENTIAL CELL-CYCLE ANALYSES OF CHO CULTURES CRONING AS A SUSPENSION (5) OR AS REPLICATE

MOROLAYERS®
G). Peak GZ + K Paask
Sample Hodal Hodal Cl * H Modal Channel Percent Perceat Percant
Na, Channel o Channel & G1 Modal Channal in Gl fn § in G2 + M
Sl 14.3 1.67 68.0 .83 1.98 hb.4 49.46 6.5
52 3.7 1.358 §%.0 3.37 1.99 58.1 37.9 4.0
81 5.0 3,58 4%.0 3. 78 1.97 58,2 37.1 4,71
Hl 3. 3.7 10.3 3.1 1.95 50.6 39.% 9.5
Ml 4.8 3. 19 8.3 3.38 1.96 45.2 45,4 9.4
<} 6.4 1.26 .l 3.27 1.95% 50.3 39.8 1o.0
54 31.3 3.94 §2.] 3.83 1.9% 61.5 33.1 5.4
55 14.5 3.5 63.0 3.84 1.97 §1.1 J2.1 5.7
56 5.6 .64 1%.0 3.95 1.97 66.1 31.0 .9
ST 316.1 3.8% r%.0 4.21 1.99 42.6 35.4 2.1
B 5.1 3.4 68.6 3.49 1.95 52.7 5.5 lo.8
e 5.7 3.66 69.5 1,86 1.95 3.3 3.5 .4
w7 3.2 3.26 ¥o.6 3.860 1.95 60,2 6.1 1.6
All Dacs
Maan 15.1 1.54 59,0 1.67 1.97
so° 1.27 0.221 2.2 0.273
se© 0,352 0,0618  0.627 0.0763
All § Data
Hsan %5 3.69 68.3 1.83
5D 1.43 Q.147 .77 0.1
st 0.540 0,0856 1.0% 04,0871
All H Data
Mean 5.7 3.8 69.? J.49
5D 0.580 0.156 l.03 0,138
1.4 4.2 0.0417 0.420 0.0808

'S-rplu at (ntarvela of 2 to 4 houra varae harvested and fixed. Dats vare computad by s least-squares beet-

fic coda. 3
set & hours

b

Standard deviation.

°S:Andlrd [14{} 8
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coefficient of variation of the Gaussian functicns
which best fit the experimental peaks are showm.

Channel number, as provided by the multichannel

pulse-height analyzer, is proportional to cellular
DNA content, These data cover changes in cell-cycle
conpositicn and also show a high degree of reproduc-
ibility:
number to G

1
2,00, which is expected from gencome duplication;

2 to M modal channel

modal channel number is very close to

{a) the ratio of G

(b) there 1s no statistically sipgnificant difference

between modal channel number of the G1

pension or monolayer cells, as expected; (c) because

peak for aus-

the mean channel number of the Gl peak is 35.1, wicth
a standard error of 0.352 channel (or 1 percent),
the minimum detectable difference in cellular DMA
content between two such populations mcasured with
the same precision is 2‘J0.3522 + 0.3522 or 1.00
channel (or 2.9 percent), suggesting the posaibil-
ity of sex determination especially with haploid
cells of favorable speeles such as humans; (d) the
G1 peak of the monolayer culture cells is slightly
narrower than that for suspengion culture cells,
possibly duc to a slight staining difference;

(e} there is neo statistically significant differeuce
between the mean coefficients of variations of the
Gl and G2 + M peaks, indicating certain instrumental
dispersive effects (photon statistics, Raman scatter,
and fluorescence) are negligible; and (f) standard
error of the mean cocfficient of variatien of the

G, + M peak is only slightly larger than the cor-

2

responding value for the G, peak. The fact that

1 .
this difference is so small speaks well for the
statistical precision of the data and validicy of

the computer analysis, as the G, + M peak not only

is smaller than rthe G1 peak butzmore obscured by the
S-distribution.

The percentage of cells in § for monolayer and
spinner cultures of CHO cells, as obtained from FMF
data or 3H—thymid1nc—labeled cell scoring, 1s pre-
sented in Table 2. Comparison of S values obtained
by the two methods reveals, in most imstances, that
FMF data are in good agreement and are quite compar-
able te that obtained biochemically through pulse-
labeling.

This atudy is atill in the prelicinary stages;
however, these initial results have bcen quite
promising, and it is felt that certain minor med-

ificaticns in experimencal design will minimize
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TABLE 2, COMPARISON OF PERCENTAGE OF CELLS IN THE
DNA-SYNTHETIC PERIOD (S} FOR MONOLAYER
AND SPINNER CULTURES OBTAINED BY FMF AND
RADIOACTIVE 3H-THYH'IDINE LABELING
Pluocrescent 3H-—Thymidine
Humber HMicrofluorometry Labeling
Spioner Culture
1 48.6 40.6
2 37.9 34.8
3 37.1 35.4
4 33.1 33.2
5 32.1 29.4
6 3l.0 26.6
7 35.4 25.0
8 28.4 20.6
9 25.3 31.4
10 27.6 25,0
11 25.6 21.0
Monclaver Culture
1 39.9 37.0
2 45,4 40.2
3 35.8 36.0
4 a 37.0
3 36.5 29.6
6 36.1 41.6
7 32.3 3o.8
8 24,7 27.2
9 9.5 9.2

aSample tube broke during centrifugation, and FMF
sample was lost.

diserepancles that presently exist between results
obtalned by FMF and those obtained through biochem-

ical mechods.
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Monitoring Ploidy of Cell Culture Systems by Flow
Microfluorometry

Although cultured cell strains have many advan-
tages over primary cell cultures for human virus
vaccine production, several major questions relating
to safety arise when one considers the use of such
cells. One of these quostions concerns chromosome
constitution. Because cancer is usually accompanied
by chromesomal changes, it appears prudent te re-
quire that such cell strains have the same karyology
4as normal primary diploid cells, TPleidy is gen-
erally considered as being an important parameter;
therefore, ploidy moniteoring of cell strains under
development for vaccime production as a function of
passage history is considered important by the
Division of Biologlcs Standards of the National
Inscitutes of Health, the agency responsible for
promulgation of stendards, licensing, and control
of biclogic preducts for human use. The possibility
of using flow microflucromectry (FMF) for ploidy
monitoring has been investigated threough a mutual-
interest conjoint AEC-NIH project. We have con-
cluded that terraploidy and heteropleidy can be
detected with good sensitivity and accuracy. The

question of aneuploidy (defined as near-diploid
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chromosome number} is scill open because of the
difficuley of cbtalaing such populations for combined
cytogeneric and FMF study. Additional interest in
aneuploidy has been generated by the finding of DNA
constancy within heteroploid cell lines, which raises
the question of whether aneuploid cell populations
do, in fact, contain a eellular DNA content that
differs from diploid ¢ells and reflects chromecsome
number differences. This question is worth contipnued
investigation.

The instrumentation and cell-dispersal and
staining method for FMF has becn described pre-
viously (1-5). Briefly, cells stained by a fluores-
cent Feulgen procedure flow at high speed, one-at-
a-time, through a beam of intense blue light from
an argon-ion laser. Resulting flucrescent light
flashes are converted by a photomultiplier inco
analogous electrical pulses, which are analyzed
and stored by a mulcichannel pulse-height analyzer.
The resulting histogram reflects the DNA distribu-
ction of the cell population. Advantages of this
are statistical precision, resolution, short measur-
Typlcally, 105
measured in a few minutes; Gl and G2 + M peak coeffi-

cients of varilatlion of 3.2 percenr are obtained for

ing time, and convenience. cells are

some cell lines (HelLa, CHO) and 4 to 6 percent for a
wide varlety of other cell populations., Validation
of the method to detect tetraploid, heceropleid, and
gmall subpopulatiens wich cellular DNA contents
differing slightly (5 to 10 percent) from normal has
been accomplished. Several fetal monkey cell strains
currently under development by DBS (FRhL-2,3,4; FCL-
1; FCK-3) have beeno monitored at a wide variety of
stages in thelr passage history, and a small amount
of tetraploidy seems to come and go intermictently
and at random., A sudden rise, followed by a return
to normal values, was cbserved occasionally. Data
showing this type of behavior are shown in Tables 1
and 2 (see following page). Meteroploidy in these
cell strains was not observed but could have been
detected Lf present, as shown by experiments with
the heteroploid rhesus linpe LLC-HKZ. Figure 1 shows
the cellular DNA distributions for the heteroploid-—
diploid set for this speclies (see following page),
and Table 3 lists quantitacive DNA distribution and
karyological dats (see following page). As expected,
the hetercplcold population has considerable more DNA

and chromosomes per cell than does the diploid
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TABLE 1. SLICHT, INTERMITTENT TETRAPLOIDY NORMALLY
PRESENT IN STRAIN FRhi-3

Passage
No.
16
18
19
22
23
24
25
26
30
32

L]
ND = none detected,

TABLL 1.,

ToE-1

TARLE ¥,

Species

Eheaus

Tetraploidy

(percent, approximate}

ND*
XD
6
ND
ND
1-2
ND
ND
KD
1-2

W=7 —— T ]

AHESUS, DIAMLOID
PROEE-

|
N

uxo(— L S S : T |

[<]

RHLSUS, raGH HETEARDPLOO
lI.LC-IIKa}

NUMBER OF CELLS

0 K 20 N 4 0 & TO 8 XN o

CHANNEL NUMBER
(PROPORTIONAL TO CELLULAR DNA CONTENT)

Fig. 1. Acriflavine-Feulgen-DNA distributions of
rnesus monkey dipleid (®h) and high-heteroploid cul-
tures.

HOBRLY QULL STRAISS RECEIVED THROM |EGLRLE LARORATORIES (JUNC 1971)

Paniage

Chromoncms Daty
—

3
el
50

Tetraplaldy

(parcent)

Faavags Tetraploldy Gy Peaw CV

FHY Data
¥o. iparcent)
(3] a few
b3 35
b o teu
12 & lew
&8 a few
] -—
iz -
16 —
23 a few

ipercenc) Commantu

9.4

8.9

12.4 Conuiderable size varlation, cylo-
plazmic [luorescepca, cella looa
"eruddy”

9.0

9.6

- Vary slow growing; contaminaced
{rot M2} or aneuplofd

- $low yroving; contaminated with Rh
a3

COMPUTER-FROCIHSED THMT ANALYSES OF CROWIRL CELLS AxD CHRDDIONE HCMBLR COUNTS OF HETAPMASE CLLLS
OF VARIOUS MaMMallay CFLL CULTURES

Call Type
Earvotype Chanrel Paah® Peax

Line

XY

LLC-HMF

Diplaid  Kole

Arta
o
High Hode
Wetavaplold
ATes
(=]

C) Gz ¢+ M Emtiex: G) hHede® Chromqsooe Numbey
Co . Hml Acre. husbwr of Calls
22.8 &3.% .01 1.0
IB 19 40 41 42 & 4 A4S 44 .2
7.7 Y
11 1100 1 1 1 2 2
4,91 &.5) .92
5.1 1.2 1.02 .57
. 36— T1- 1312-
3B 39 60 61 62 AD &L 43 56 &7 63 69 70 12 136
JE.3 910
121 ko4 812 4 4311 4
5,79 3.14 Q.91

‘Dlplold cells were conviderzd to have a G1 wode of 1.00; Gl paak chanoal swodes of ather cells of the saza
apicics vare nor=alired to this value.

b,

TXF galn wss the saaa for all pets,
Mode rafarm Lo channel ousber, while aces sod cof(iclanl of varistion

standardization variwd slighely.
(OV) arr im pavcant,

Members of & Epacies ser vere run withio the same day. Day-to-day
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population. Also as expected, the heteroploid
population shows considerable chromosome number
variability relative to the diploid population.

However, dispersion of the G1 and G, + M peaks is

similar for both populations, as iszthe cage for a
wide variety of other heteroploid-diploid sets rep-
resenting several specles, This paradox of DNA
constancy in heteroploldy is discussed elasewhere in
this annual report; we merely polnt out here that
heteroploid cell populations are distinctive by
virtue of their cellular DNA content.

The problem of detection of aneupleidy (chro-
mosome number = 2N + i, where 1 = a few) has been
investigated, yet an important question remains.
Experiments with unifornm fluorescent polystyrene
microspheres as a nonblological model gystem for a
diploid cell population with an emerging subpopula-
tion of cellg of slightly different cellular DNA
content have shown that such gubpopulations are
detectable if their abundance is 5 to 10 percent
and cellular DNA content deviates from normal by
5 to 10 percent. Additional supporting data come
from recent experiments using the colcemld reversal
method (6) for inducing nondisfunctive errors in
CHO cells. Because these mitotic errors produce a
subpopulation with cellular DNA contents distri-
buted about the normal value, the G1 peak shape
should be non-Gaussian., This was found to be the
cage, as shown in Fig, 2, where the base of the Gl
peak 13 broadened noticeably after 2 hours exposure
to colcemid; the effect increases with exposure
time. Taken together, these experiments show that
aneuploidy, if reflected by a real deviation of
cellular DNA content from nmormal, can be detected
by FMF wmethods. The question of whether aneuploidy
does, in fact, represent a real DNA deviatiom is
still open and worthy of further investigationm.

He shall contimue to be fntereated in making FMF
peasurements of aneuploid cell populations docu-
mented by standard cytogenetic methoda; the larger
the aneuploid subpopulation and its deviation from
the diploid numher, the hetrer.

These observations on tetraploidy, hetero-
ploidy, and aneuploidy are relevant to the ques-
tion of the course of development of heteroploidy
from a diploid atrain as a function of passage
histery. There ia evidence that thias tramsition

can take place by an increase in the tetraploid
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Fig. 2. Acriflavine-Feulgen-D¥A distributions of
THO suspension cultures at various times after addi-
tion of 0.06 ug/ml colcemid. The regidual G; peak
at day 1 is at channel 20,7.

pepulation, which is accompanied by a decrease and
finally a dfsappearance of the dipleid population
and followed by some chromosomal loss resulting

i{n a near-triploid population (7). Another poa-
sibility {s that tranaition i3 related to small,
gradual increases in chromcseme number (i.e.,
aneuploidy). However, this mechanism requires

sccompanying increases in cellular DNA content;
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thercfore, investigarion of this point seems worth-
while for the future if cell populaticns suitable
for jeint cytogenetic and flow microflucromectric

study become avallable.
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Immuncflucrescent Measurements with Flow Micro-

fluorometry

A cell-antigen system has been selected, char-
acterized, and used successfully in experiments
designed to demonstrate the value of flow micro-
fluorometry (FMF) for quantitating lmmuncfluorescent
reactions. At the present time only the diffieulr
and tedious techniques of microspectrophotometry are

avallable as an alternative method., The result has

been a serious lack of good, quantitative data on
statistically-significant numbers of cells. Among
the problems of microspectrophctometry as applied
to immuncflucrescence are fading of the fluoreacein
isothiocyanate tag used to label the antigen or
antibody, slow data accumulation, and insufficlent
illumination at the desired wavelengths of excita-
tion. PMF was designed with these problems in mind,
but its usefulness for measuring the weak fluores-
cence commenly assoclated with immupofluorescence
had not been demonstrated. FMF offers the following
advantages fer quantitating imminofluorescence;

(a} the fading problem is eliminated as each cell

is in the exciting beam for only 3 yseconds;

(b) the fluorescence of about 105 cells per minute
can be measured; and (c) the exciting light is an
argon=ion laser which has a very bright line at
488 nm te match the abscrptien maximum (490 nm) of
fluoresceiln conjugates. Thus, high-speed FMF offers
considerable portential valuc in identifying and
characterizing immunofluorescent reactions. The
purpese of this preject was te investigate the feas-
ibiiity of using FMF to detect virus-infected tissue
culture cells treated with flucrescent antibodies.
To accoaplish this purpose, a routinely-used lab-
oratory system was selected for which a fluorescent
antibody serum neutralization test, as well as a
direct virus assay, had been developed. Because
Carbrey et al. (1) have completed extensive tech-
nique developuent for the routinpe diagnosis of hog
cholera virus, It was sclected as a model system,
Hog chelera, an RNA virus, replicates in the cyto-
plasm of PK-15 cells. Infected cells reacted with
hog cholera antibodies that have been tagged with a
fluorescent molecule have a bright-green cytoplasm
and a dark nucleus and can be detected by FMF.

The fleow wicroflucrometer has been described
in detail clsewhere {(2}. Minor optimizing modifi-
cations were made by changing the excilting wave-
length to 488 nm, and a new Corning Medel 3-69
barrier filter was installed for more efficlent
collection of emitted fluorescence. In additien,
cell cencentraticns of infected and noninfected
saaples were monitored closely to ensure that equal
numbers of cells were measured.

A characterlzation of the PK-15 cells was made,
Primary swine kidney cells, well centrolled PK-15

cell lines obtailped from private investigators, and
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PR-15 cell lines used routinely for virus assay were
completed to determine which would be most sult-
able for virus assay by FMF. The DNA distributicn
of PE-15 cells used routinely for virus assay was
measured with the FMF after stalning the celiular
DNA via the flucrescent-Feulgen reaction (3), as
shown in Fig. 1. The DNA distribution was unique
in that three peaks were found. The modal channel
of eacn peak was separated in DNA content by a fac-
tor of two. Ruddle (4) nhas reported that PK-15 cell
popnlations display the presence of more than one
ehrozosome number (mixoploid); therefore, the DNA

distributicn was interpreted as consisting of a

L T T o T T T

P¥ -15, MIXOPLOID

1000 b

PK-15, CLONE ¢13

g
T
1

NUMBER OF CELLS
:
T
I

PK-13, CLONE 1

400

200

[+] 0 40 60
CHANNEL NUMBER
{ PROPORTIONAL TO CELLULAR DNA CONTENT)

Fig. 1. TFluorescent-Feulgen-DNA distributions of
PK-15 cella before and after cloning aingle cells,

114

)m the Annual Report of the Biological and Medical Research Group (H—4) of the LASL Health Division, January through December 1971. Contributed by Bob AL

mixture of two cell populations, cne of which con=
tained exactly twice as much DNA as the other.

This conclusion was confirmed by producing clones
from single cells and measuring the resulting DNA
distribution of the clones. Two clones are coo-
pared with the original cuell population in Fig. 1.
They are believed to be pure populations, as both
clones have been through many passages to provide

a sufficlent number of cells (107) for FMF measure-—
ments,

Chrompsome spreads from each clone were pre-
pared by the squash technique. Initial chromoscme
counts indicated that the modal value of chromosome
number distributions did not differ by a factor of
two, as do the DNA distributions. Therefore, the
PX-15 cell Iine is an ideal system for showing that
DNA content 13 not necessarily proportional to
chromosome number. This point is discussed in
derall elsewhere in this annual report. Another
interesting feature of this cell system that should
make 1t a useful model system for studying cell
differentfation is the fact that the cell popula-
tions are symblotic. The fact that the two cell
populations exist together without overtaking one
another implies that thelr doubling times are
equal or, more likely, that thefr generation times
are not equal but that Intercellular metabolic
factors are being produced that differentially reg-
ulate cell doubling.

Using the clones {llustrated in Fig. 1, we
compared the rate of virus replication on dipleid
versus tetraplold PX-15 cells. Separate Lelighton
tubes were Inoculated with the PK=-15 cell clones
and used in the assay for hog cholera virus. After
treating the fixed monolayers with conjugate, the
fluorescent plaques were compared for size and num-
ber. No significant differences were cbserved,
This experiment will be repeated using FMF to quan-

titate the cellular fluorescence (l.e,, oumber of

intracellular antigens).

Techniques have been deveioped for preparing
suitable cell suspensions and conjugate treatment
of PK-15 cells that are compatible with requirementg
of FMF, Mechanical means of sawmple preparation
which we i(nvestigated were found to damage the cells.
The higheat yield of intact cells in suspension was
obtained by diaperaing cell menolayera with trypsin

and EDTA, Particular actention was given to the



development of a procedure cthat would allow single-
cell suspensions to be fixed 1in cold acetone, as
acetone is the fixative of choice for a large number
of cell-antigen systems. To prevent cell clumping,
extreme care must be exercised in handling the
suspensions {done ar 37°C). As a final step, cells
are rinsed in phosphate-buffered saline to help
remove nonspecific fluorescence,

The fluorescence distribution of maximally
infected PK-15 cells reacted with conjugate and sim
ilarly treated but noninfected cells is illustrated
in Fig. 2, This illustration demonstrates that FMF
can distinguish the difference in fluorescence be-
tween populations of infected and noninfected cells,
The technique also gives a means of estimating the
amount of antigen in cells, The variation imn cell
fluorescence, much greater in infected cells as
compared with control cells, was taken to indicate
a great variation in viral antigen content between
individual cells.

Preliminary scrum-neutralization experiments
have demonstrated that serum titers can also be
measured by FMF techniques. Multiple antibody
specificities in sera should also be measurable by
FYF.

A few light-scatter studies have been made
using a Science Spectrum Differential 1 light-

scatter photometer that was available for a short

time. The intensity of light scattered in the
T T T T 1 T T 1
PK-13 CELLS INFECTED WITH HCV
6000 . .
-0
; B . ' ]
B -/,CONTROL
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& . "
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z 2000 ' attans, INFECTED
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{ PROPORTIONAL TO CELL FLUORESCENCE)
Fig. 2. Fluorescence distributicn of PK-15 cells

infected with hog cholera virug and noninfected PK-
15 cells. Both samples were reacted with fluores-
cein labeled hog cholera antibodies.
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forward direction from viable, untreated suspen-
sions of infected and nmoninfected PK-15 cella was
compared. Maximally infected cells scattered
approximately twice as much light at about 20° from
the forward direction of the incident beam. The
difference in scattering is most likely due to
differences in internal structure of the cells, as
has been predicted in theoretical calculations by
Latimer (5). This 1s the first demonstration of
such an effect for mammalian cells infected with
viral antigens.

We have demonstrsted that flow microfluorom-
etry can be used to distinguish the difference in
fluorescence between infected and noninfected tis-
sue culture cells. Techniques for preparing
adequate samples of PK-15 cells infected with hog
cholera virug have been developed. The general
nature of the study should apply to other cellular
immunofluorescent systema, Further optimization
of preparative techniques and imstrumentation, such
as two-parameter analysis now under development,

should produce even more clear-cut results.
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