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ABSTRACr

Flow cytometry as a tmhnology has matured to the point that it is now used routinely in clinical
settings. The primary clinical applications of flow cytometry are immunophenotyping and cellular
DNA content analysis, lmmunophenotyping is used to determine the fraction of specific white
blood cell types labeled with tlmxescently labeled antibodies to specific cell surface antigens.
DNA content measurements are used for determil~ation of normality in turnor diagnosis and for cell
cycle distmbution analyses.

New techniques and approaches to cellular analysis are beirlg developed w the Los AIWYIOS
National Flow Cytometry Resource. These developments can be divided into those that improve
sensitivity through the implementation of new measurement techniques and those that move the
*echnoIogy into new areas by refining existing approaches. An example of the first category is a
fiow cytometric systcm capable of measuring the phase shift of fluorescence emitted by
flumophors bound to cells is being asscrnbltxi, This ,Ihase sensitive cytometer is be capub~c of
quantifying fluorescence Iifc time or-ra cell-by-cell basis as WC]]as using the phase sensitive
detection to separate fluorescence emissions that overlap spectrally but have different lifctimrs.

A FoIuricr transform flow cytomctcr capable of mcasurirlg the fluorescence crnission spectrum of’
individual IAcled CCIISat rates approuchin~ severitl hundrc.d per second is also in the new
technology category. Thr current irllplcrl~cht;~ti[~[~is capable of resolving the visible region of the
spectrum into 8 bands, With this instrument, it is possihlc to resolve the contributions of
ffuorophors with overlapping crnission spertr;l and to dctcrrninc the emission spectra of dyes such
as calcium conccntrtitiorl in(jicators thtit arc sensitive to the physiolo~icfi] c.nvir(]nnwn[.

Ra~iioimrT~uno;iss:iy (R IA) is a well established and very scnsiti”~e assay that has been applied to
quantification of the nurnbcr of soluhlc molcculcs ir] clinic:lt s:lnq)lcs. A ~low cytor]wtril: bawd
solu[ion imrnunowsay ;]iis kct~ dcvclopcd tl)iit h;ls the srnsifivity of ;i RIA, The tlow iissii~ uws
f’luorcsccnt and nonfluorcsc’crl( rnicrosphcrc’; couplcci to :Intilxxiics or :~llligCrl$irl s;indw’ich {M
coml. ●fitivc binding modes to ~i w ii d~’tcctio[l lin]il of 10 ‘4 rnol:ir for dctm’ti(~rlt)!’s{)lublc
itntij:cns.



Icineti cmeasurements,an dopticalsorting. Acytometry-based assay that extends the sensitivity
1 of conventional cytometers to size DNA fragment has been demonstrated . l%elimina~ results

have shown well resolved, linear measurements of fragment lengths in the range of 10 to 50
kilobases.

Many important biolcgica.1 processes take place on subsecond time scales. Cumently, flow
cytomernc measurements of kinetic processes can be made with an initial time resolution of a few
seconds. By using stopped flow mixing technology, a system is being developed that will achieve
1~ millistwnd time resolution, This technology will enable the examination of early steps in
signal transduction pathways at physiological concentrations of ligands.

One of the ongins of the Human Genome Initiative was the ability to sep~ate physically sufficient
quantifies of individual human chromosomes 10 construct DNA libraries using recombiniin[ DNA
techniques. Sorting technology Coiltinucs to evolve with the current development at Los Alamos
of an optical sorter that will be capable of sorting chromosomes at rates not attainable previously.

ScAn!S

The National Flow Cytometry and Sorting Resource (NFCR), funded by the National Institutes of
Health National Center for Rese&-ch Resources and the Department of Energy, was estitblishcd at
LOSAlamos to advance the state-of-the-art in flow cytometry as well as to provide f:’cilities for
collaborative research anti services to the biomedical community. The developmental projcc[s of
the NFCR have led the way for advances in numerous areas of flow cytometry. NFCR
developments in instrumentation capubilitics and in biologictil applications have found [heir w;Iy
into clinical applications and comrncwcial instrumenttition. I’his p:lpcr high) igh[s sc-wml
NFCRin\trumcn[a[ ion dcvcloprncnts thut poini the w;Iy Iowords ncw ultr:wcnsitivc clinic;]]
assays.

The developments con be cntcgm-izcd into those thiit imiwovc scnsi[ivity through the
impicrnentation of ncw lTICiJSUrClllL’n[ techniques 1111(1those tllil[ move the tcchnolt)gy in:o ncu’
arcns by refining cxisling :l]lproilch~s, l’hc first Ciltl’g(NJ’ inclucics the Usc of ph;lsc-sctlsitivc
f!uorcsccncc detection, the applic:ltion of iiwricr t~ilnsfo~]) intcrfcromc[ry to s~~’[rill w];llysis, the
USCof rnultiplc sized rnicrosphcrcs in f]fluorcsc’cncc h,lscd solut)lc imulytc illllll[lllo;lSsllV, fllld the
extension of sillgic mole.culc detection to riipid IINA sequencing. llcvclopnlcnts in the sw-om!
ciit~g~]my nrc re.prcscntcc! hy hinctic cylomctry using s[opiwd flow kmchni(iucs, Dh’A frilgi])~[]t
sizing. and sorting by ()~l[ic;~llyinduced diit~]ill<~ I() bi(dt~gic:il p;irti~.l~s, Ml~i]y t)I [ht.sr
devciopmcn[s have twcn, or wili k, dcscrihwl in d~~tilili]t 31’11!sponsored ~xm!crcnrrh ;Il](i ;Irc
rcfcrcnccd bclt~w.



in the presence of high levels of cellular autofluorescence. In cases like this, it may be necesswy
to employ another approach which takes advantage of differences in fluorescence lifetimes to
resolve the fluorescence emissions.

Performing such separations k one goal of the phase-sensitive flow cytomeier development. Tc
achieve the separation, the excitation laser beam is modulated at a high frequency (5 to 33 MHz),
and phase sensitive detection electronics are used to separate the components of the mixed
fluorescent emissions. The frequency of the modulation used depends upon the lifetimes of the
fluorescence stains being detectcxi. Steinkamp and Crissmm (1,2) have reported on the
development of a phase-sensitive flow cytometer that employs this approach to separate
overlapping fluorescence emissions. In addition, the system can measure fluorescence lifetimes
directly.

Another approach to separating highly overlapping fluorescence emissions in a flow cytometer is
to make high resoh]tion spectral measurements, This has beem accomplished by the dcvelopmcm
of a Fourier transform interferometer system by Buicm (3). In this system, the fluorescence
emissions arc collected by a single microscope objcc[ive, passed through a laser light-blocking
filter, and tmnsmit[ed to an inte~”eromcter, The interferometer is constructed using three
photoelastic modulators driven resonantly at 85 kHz mounted between two polarizing beam
splitters. The dwell time of particles in [he laser bean) is incrcascd IOabout I(W pscc as compimd
[o transit times of from 2 to 5 ~sec in typical flow cytomcters, In this transit tirw the
interferometer rmkcs more [hiin six complc[r cycles [hmugh the region of spec[r;d sensitivity
which is typically 500 to 700 nm. The output of the interferometer detector is continuously
digitized at 8.5 MIIz with 8 bi[ resolution. The ADC’ outpu[ is piIsscd to a custom built processor
thiI[ averages the multiple p;isscs of the interferometer during the tinw th;~t ii CCIIis present [()
pr(tiucc a single p;m intcrfcrogrnm, The tivcrage intcrfcr(}grarn is then trtinsformd by h:lrdw:irc
to yield an unccrreckxi emission spectrum m dcconvolwx.i in rCill tinw to yicki Ihc intcnsi[: of Itlc
emission duc to a specific dye. The cocfficicnls used in IIICAxwnvolu[ion arc (ictcrminc(i Iy
training lhc processor using stimplcs of cells staincxi with unly onc fiuorochromc at il time.



labeled small spheres arc bound to the large spheres at locations where the soluble antigen hasf
bound the the large spheres. This is a direct reading homogeneous assay in that the number Gf
small spheres bound is directly proportiomd to the concentration of antigen molecules in the fluid
being assayed. In the competitive binding assay, the antigen-lakhxl small microsphere bind to
the large microsphere only at sites not occupied by the free soluble antigen. This competition
produces an assay in which the numlxr of small fluorescent spheres bound to the large spheres is
inversely proportional to the amount of soluble antigen in the assayed fluid.

In either case, after incubation, the assay fluid containing the mixture of large and small spheres is
analyzed on a flow cytometer. Data collection is triggered by the presence of a large microsphere
in the laser beam. The presence of a 10pm sphere is easily determined by forward angle light
scatter. The fluorescence is collected in the usual manner along with the light scatter signal.
Although there is a sea of unbound small fluorescent particles present, they do not interfere with
the measurement for two reasons, First, the detec[ion electronics are AC coupled to remove the
DC component of the fluorescence signal due to the unbound small spheres, In addition, [hc lCVCI
of the DC fluorescence detected is reduced by limiting the probe volume thal is seen by the
detector. The resulting asszys have the sensitivities s[ated above and can be used in a wide
variety of applications.

A long term collaboration between the Chemistry and Lilscr Scicnccs Division, the Physics
Division, and the Life Scicnccs Division at Los ,41amos hm rcsultccl in improved s~.,si[ivi[y for
detection of fluorcsccn! molecules in n flow cytoll~ctric-l};isc(i appw;ilus; [his improvcxi scnsi[ivity
allows individual molcculc.s to be dctcctcd as they piJss through the l:~scr beam. Rrccntly, IWO
species of nmlccules with differcnl excit:i[ion and emission ch:mc[cris[ics hiiv~ bwn dcIcc ILd ;’~ {I
single appmu[us (7). The mcusurcnwnl of [hc Ii!ctimcs of in~iividu:ll nmlcculcs hil!i ill\() IR’L’11
accomplished in a flowing sys[cm (8,9). Succussrs in dc[ccting [!w prcscncc of individu;ll
molecules hilvc rcsul[cd in ii progr:lm [o scqucncc long slrilr]ds ()! DNA ;~thigh rtitcs.



The seccnct category of developments in flow cytometry includes those that refine or extend
existing techniques. An outgrowth of our ability to detect single molecules is the application of
sensitive fluorescence detection to the sizing of individual DNA fragments. This flow cytometric
approach is capable of providing quantitative information on the size populations present in a
mixture of DNA fragments in less than four minutes and with an accuracy that equals or exceeds
that attainable with gel elearophoresis. In addition, the calibration curve for the system has been
demonstrated to be linear (R=l .fMO)out to 48 kilobases. We expect that this linearity will extend
to even larger fragments of DNA. The sizing information is obtained by slaining the DNA
stoichiometrically with a fluorescent intercalating dye. The solution of stained fragments is passed
through a flow cytometer designed for high sensitivity measurements. The intensity of the
fluorescence measured for each fragment is ciirmtly proportional to the fragment length. Rcsul[s
are being presented al this conference by M. Johnson, et al. (12) and are being published
elsewhere (13).

Fastk‘inetic me ~rcments

There are a multitude of kinetic processes in biological systems that htive rate constants th:lt range
from picoseeonds to hours. Flow cytomcwrs offer a unique captibility to perform assays of
cellular Iigiind binding kinetics that are otherwise very difficult or impossible to perform. The
small probe volume of d cytometer makes it possible [o ima!yz,c [hc of binding of fluorescent
ligands to cells in the presence of free lipi~nd in solu[ion [14), ScvcriIl approuchcs to making
kinetic mc;~surcnlen[s in flow have been dcvclopcd ( 15). Watson timi Dive hfivc dcscrilxxi (16) iI
continuous mixing system tl)iit is cqwhlc of rcccmiing diltii within onc sccomi of mixing CCIISwili~
reactants. Single shot mixing systems in which d;lta recording comrncnccs witilin one second
after mixing hiis :ilso b(hcn dcveloi-cd ( 17). Appro~ui~cs using s[oppt’~i flow tcch~:iqucs iirlm
currcntiy underway 10 ruiucc tiw lime hc[wccn mixing ;Ind rc~’or~iing (iillii to I(NI milliscc(lmis
(1 8). This mctimd wiil allt’w ii whok ncw ~li~st of expcrimcnls to I-wPcrftmmxi i[] sign;ll
trxnwiuc[ion systems,



. . SUMMARY

Several of these new flow cytometric techniques being developed at the NFCR may ultimately
have clinical applications. Chromosome-specific libraries are already finding application in tumor
diagnosis. The microsphere based fluoroimmunoassay can be easily adapted to quantification of
analytes of clinical interest such as the levels of creatine k.inase that are increased after heart
attacks. DNA fragment sizing provides the basis for the development of a flow cytomemic RFLP
assay. High speed DNA sequencing will become more routine which will make it more availtible in
the future.
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