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ABSTRACT

The utility of 2’,7'-bis-(carboxyethyl)-5-(6")-carboxyfluorescein (BCECF) for the execution of the structured-
ness of the cytoplasmic matrix (SCM) measurement for lymphocyte activation is investigated. Cells were
incubated with BCECF/AM [2’,7'-bis-(carboxyethyl)-5(6")-carboxyfluorescein acetoxymethylester], a nonfluo-
rescent lipophilic acetoxymethylester that readily enters cells and is enzymatically hydrolyzed to fluorescent
BCECEF once inside. Leakage of BCECF out of cells is negligible in comparison to that observed with fluores-
cein, greatly reducing one source of background fluorescence. However, spontaneous hydrolysis of
BCECF/AM in aqueous solution does contribute significant background fluorescence, which can be mini-
mized by staining at relatively high concentrations of cells and subsequent dilution. As is the case with
fluorescein, the polarization spectrum of intracellular BCECF shows a wavelength dependence not seen in the
spectrum of the dye in homogeneous media of various viscosities. The more pronounced wavelength depen-
dence of the polarization observed with BCECF compared with fluorescein suggests that BCECF might be
preferable to fluorescein as a marker for the SCM test. © 1996 Society of Photo-Optical Instrumentation Engineers.
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1 INTRODUCTION

The structuredness of the cytoplasmic matrix
(SCM) test for cancer was devised by Cercek, Cer-
cek and Franklin in 1974." The test detects differ-
ences between individuals with and without cancer
by patterns of early lymphocyte activation follow-
ing stimulation with polyclonal mitogens such as
phytohemagglutinin (PHA) and tumor antigen ex-
tracts (TAE). The measure of activation is a change
in the polarization of the fluorescence of fluorescein
produced intracellularly by enzymatic hydrolysis of
fluorescein diacetate (FDA).> While the test has
yielded variable results in the hands of different
investigators,®” there have been enough published
confirmations of the Cerceks’ original work to sug-
gest that the effect is real®'” and might reflect
malignancy-associated changes.'® The validity of
the SCM method has been confirmed in our labora-
tory for about a thousand cases.'® 2

In addition to the diagnostic aspect of the SCM
phenomenon, one striking fact is that the intracel-
lular fluorescein fluorescence polarization (IFFP)
depends on the emission wavelength.” Such wave-

length dependence is uncommon for fluorescent
molecules in homogeneous solutions. Fluorescence
emission normally takes place from the lowest ex-
cited electronic level. Therefore, it is not clear why
the direction of the emission dipole varies with the
emission wavelength, which is determined by the
particular vibronic transition associated with the re-
turn of the molecule to its electronic ground state.
After examining the Cercek phenomenon, four ma-
jor findings were reported:'>*

1. The intracellular fluorescence polarization of
fluorescein is indeed dependent on the emission
wavelength.

2. This wavelength dependence is not found in ev-
ery lymphocyte population.

3. The wavelength dependence can be changed or
eliminated by an adequate biological stimulation
of the lymphocyte population.

4. In many cases, it has been found that the SCM
test distinguishes between lymphocytes from
healthy donors and those from patients with a
malignant disease.
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Assuming that the wavelength dependence of
the polarization would not be confined to a single
compound, and in order not to deviate excessively
from the original compound (FDA), closely related
compounds like carboxyfluorescein diacetate
(CFDA) and 2',7'-bis-(carboxyethyl)-5-(6')-
carboxyfluorescein acetoxymethylester (BCECF/
AM) were chosen to study the phenomenon. As is
the case with FDA, these nonfluorescent, lipophilic
esters readily enter cells and are enzymatically hy-
drolyzed to fluorescent materials. BCECF is a well-
known and widel ly used fluorescent marker for in-
tracellular pH,* and for determining  cell
membrane characteristics.”’ Absorption and emis-
sion spectra of BCECF have also been studied un-
der various conditions® and were used in Ca**
transport studies.”’

BCECF/AM and CFDA have a potential technical
advantage over FDA, since their leakage is much
less pronounced than that of fluorescein. This may
be due to differences in their charge. At physiologic
pH, BCECF holds 4 to 5 negative surplus charges
and fluorescein only 1.

The fluorescence polarization properties of intra-
cellular BCECF and the implications for their use in
SCM measurements are reported. Clinical results
obtained from SCM tests using this probe will be
published in a later paper.

2 MATERIALS AND METHODS
2.1 PREPARATION OF SOLUTIONS

The preparation of the FDA staining solution,
stimulants [PHA and encephalitogenic factor (EF)
solutions], modified phosphate buffer saline (PBS),
and modified Ficoll-metrozoate gradient cell sepa-
ration solution; the procedures of cell separation,
cell stimulation, and cell suspension filtration were
all carried out as described previously.*!

Ten micromolar stock BCECF/AM (Molecular
Probes Inc., USA) solution was prepared as follows:
1 mg BCECF/AM was dissolved in 1.1 ml ethanol
(99.5%). This solution was stored at —20 °C. Ten mi-
croliters of this solution were then added to 1 ml of
PBS to give a concentration of 10 uM BCECF/AM.
BCECF/AM in PBS solution is unstable and is hy-
drolyzed readily at room temperature; therefore, it
is stored on ice when not in use. In order to obtain
a 1-uM BCECF/AM solution for staining, the stock
solution was diluted in PBS at a volume ratio of
1:10.

2.2 CELL STAINING

With BCECF/AM, two staining methods were used
for two different purposes: Method a: For studying
the staining process itself, by measuring the devel-
opment in time of the ﬂuorescence intensity in the
cells, aliquots of 0.1 ml of 10” lymphocytes/ml were
added to 3.5 ml of 1 uM of the staining solution.
Method b: For studying the excitation and emission
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polarization spectra, where staining must be dis-
continued before the measurement, and minimum
background fluorescence of BCECF (in the sus-
pending solvent) is required, a 10-uM BCECF/AM
solution was added to a cell suspension containing
2.0x10” cells/ml at a ratio of 1:5. After 15 min of
staining at room temperature, the suspension of
stained cells was diluted 24 times by adding modi-
fied PBS to eliminate further cell staining. In this
way, background fluorescence due to spontaneous
hydrolysis was reduced to a negligible level.

2.3 FLUORESCENCE MEASUREMENTS

Three spectrofluorimeters were used for the fluori-
metric measurements:

1. A Perkin-Elmer MPF-44 with a polar1zat10n mea-
surement setup as described previously.?!

2. An SLM-4800 spectrofluorimeter. This apparatus
permits the simultaneous measurement of the p-
and s-polarized fluorescence. The G-factor of the
SLM detection grating was electronically set to 1
(explained later).

3. A Perkin-Elmer MPF-66 with a polarization ac-
cessory. This is used for polarization excitation
and polarization emission spectra measure-
ments.

All measurements were carried out at 23 °C. For
the determination of the background fluorescence,
cells were removed from the solution by filtration
with a 0.45-um Millipore filter made from a mix-
ture of cellulose acetate and nitrate (TAMAR,
Jerusalem, Israel). The fluorescence intensity of the
filtrate was measured using the same meticulously
washed (under a strong flow of hot tap water, fol-
lowed by three saline rinsings) cuvette placed in the
same position as that used for the cell suspension
measurements.

2.4 CELL DISRUPTION

Cells and their organelles were disrupted by soni-
cation with a Soniprep 150 (MSE, England) appara-
tus for 90 s in a 3.5-ml volume cuvette. After soni-
cation, no whole cells or their fractions could be
observed using light microscopy. In order to pre-
vent the rise in temperature caused by sonication,
the cuvette containing the cells was maintained in
cold water during the sonication procedure.

3 RESULTS AND DISCUSSION

3.1 ESTABLISHMENT OF THE STAINING
PROCEDURE

The kinetics of the hydrolysis of BCECF/AM in
cells and the spontaneous hydrolysis of
BCECF/AM in PBS were examined and the results
are shown in Figure 1. Two optically identical 1-cm
quartz cuvettes were filled with 3.5 ml of a 1 uM
BCECF/AM solution in PBS and kept at a tempera-
ture of 23 °C for 180 s. This time period is indicated
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Fig. 1 Spontaneous and intracellular hydrolysis of BCECF/AM.
Broken lines: Parallel (I*) and perpendicular (I*,) components of
the fluorescence polarization of spontaneously hydrolyzed (SH)
BCECF/AM in PBS. Full lines: Parallel (I5) and perpendicular (I°))
components of the fluorescence polarization of BCECF in cell sus-
pension(s). If, and I, are the intensities of the parallel and perpen-
dicular polarized components of the BCECF fluorescence in the
filtrate. Measurements were carried out on the PE-MPF-44 spectro-
fluorimeter.

by the D.C. (dark current) signal in Fig. 1. One of
the cuvettes was then transferred into the thermo-
statted cuvette holder of the SLM 4800 and the in-
tensities I°, and I°"!, of the spontaneously hydro-
lyzed (SH) BCECF fluorescence polarization were
measured.

The two cuvettes were then alternately measured
at intervals of 30 s between time points of 180 and
360 s. Their intensities were identical.

At 360 s, 0.1 ml of 107 cells/ml were rapidly in-
jected into one of the cuvettes. From this point on,
the fluorescence intensity of the cell suspension(s)
(first cuvette) steeply increased due to the staining
of the cells (lines I and I°)), while the intensity of
the spontaneously hydrolyzed BCECF (second cu-
\g&;}te) continued to increase slowly (lines I, and
PH).

For the evaluation of the fluorescence back-
ground due to possible leakage of BCECF from the
cells (or any background radiation due to BCECF in
solution), the cells were quickly filtered out of the
suspension (at 720 s) and the filtrate (F) fluores-
cence components I', and I', were measured in the
same meticulously cleaned cuvette.

It was also found that the filter is impermeable to
BCECF/AM and almost totally permeable to
BCECF, leaving only a minute residue, which is ad-
sorbed by it. This finding is illustrated by the fact
that the If, and IF, lines are horizontal, and imme-
diately after filtration these lines are a bit lower
than the I and I*"', lines, respectively (right side
of Figure 1).

The intracellular BCECF fluorescence polariza-
tion P, is then calculated from the relationship
P.=(I%—=GI)/(I°+GI‘), where the fluores-
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cence intensities I, and I, emitted from the cells
are obtained by subtracting the filtrate intensities
from those of the cell suspension and extrapolating
to the half-time point of the filtration process. G is
the correction factor of the emission monochro-
mator (the reflection of unpolarized light from a
grating is stronger for the normally polarized com-
ponent than for the parallel polarized one). The
value of G(\) for each wavelength is calculated
from the parallel [ij(\)] and perpendicular [i, (\)]
polarized intensities of the unpolarized fluores-
cence emitted from the cell suspension, excited
with horizontally polarized light, ie.,
GOV =i,(\) /i, (\).

It was noted that immediately after filtration
(t=720 s), the filtrate fluorescence intensity is mi-
nutely less than the original solution (the small dif-
ference is due to dye dilution caused by the intro-
duction of the cell suspension aliquot, and to
BCECEF adsorption by the filter). This indicates that
the background fluorescence is due to the sponta-
neous hydrolysis of BCECF/AM to BCECF in the
suspending solution, rather than to BCECF leakage
out of the cells. For the sake of clarity, the intermis-
sions in the measurements, due to the alternations
between the cuvettes, are not indicated in the fig-
ure. Figure 1, therefore, represents a schematic pre-
sentation of the real results obtained from the two
cuvettes.

The fluorescence polarization of BCECF in PBS at
room temperature was found to be unexpectedly
high (0.1) compared with that of fluorescein (about
0.02). This is likely to be the result of two properties
of the BCECF molecule. The much greater length
and mass of the BCECF molecule, compared with
those of fluorescein, give rise to a considerably
greater moment of inertia and hence to a longer
rotational relaxation time. In addition, BCECF has 4
to 5 negative charges, while fluorescein has only 1.
This may create a larger cage of water molecules
around the BCECF molecule, impeding its rotation.

Therefore, when measuring the cell suspension
fluorescence polarization P(\.,), the contribution of
the substrate fluorescence polarization cannot be
neglected. The overall cell suspension fluorescence
polarization is given by:*

(L)
S_(IC+IF)

(IFPF)
(I+1p)" )

where I, and I are the sum of the measured cell
fluorescence intensities I, and I, , and of the sub-
strate background in the absence of leakage, respec-
tively, and P, and P are their respective polariza-
tions. Pr is smaller than P, so the term on the right-
hand side of Eq. (1) may be neglected for
fluorescein. This term cannot be neglected for
BCECF because of the particularly high spontane-
ously hydrolyzed BCECF fluorescence polarization.
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Fig. 2 Stability of fluorescence intensity and polarization of intra-
cellular BCECF over 30 min. Three samples of cell suspension
(a,b,c, parts of the same suspension stained according to method
b) were sequentially measured for 9 min, filtered, and the back-
ground filtrate fluorescence (lgr) measured again. Measurements
were carried out on the SLM-4800 spectrofluorimeter.

In order to overcome this problem for polarization
spectra measurements, method b was used for
staining (see section on cell staining).

Figure 2 shows the results of the dilution proce-
dure for method b. These experiments were carried
out to explore the possibility of performing fluores-
cence spectrum and polarization spectrum mea-
surements undisturbed by background radiation,
which did not vary with time. After the dilution
procedure, the polarization of a 3-ml sample from a
10-ml stock suspension was measured (at 515 nm;
excitation at 470 nm) for 9 min. The cells were then
filtered out; the background (Igr) measured and
found to be negligible (Fig. 2). This same procedure
was repeated for a second and third sample (3 ml)
of the stock suspension. The polarization was un-
changed for 30 min, which is ample time in which
to carry out polarization spectrum measurements
without the use of filtration.

All this does not work with fluorescein. Several
investigators in the past have tried to measure the
fluorescein Eolarization spectrum, albeit with great
difficulty.”’*! Some of them did not observe the
peak behavior of the polarization as a function of
the emission wavelength.?**

3.2 MEASUREMENT OF THE POLARIZATION
SPECTRUM OF BCECF IN LYMPHOCYTES

In Figure 3, curve a shows the spectrum of a solu-
tion of 5 uM BCECF in PBS; curve b shows the
fluorescence spectrum of BCECF in lymphocytes;
and curve ¢ shows the spectrum of the spontane-
ously hydrolyzed BCECF in PBS (originally con-
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Fig. 3 Fluorescence spectrum of BCECF as measured by the PE-
MPF-66 spectrofluorimeter. Curve a (full line): 5 uM BCECF in PBS
solution. Curve b (dashed line): cell suspension stained according
to method b with BCECF/AM. Curve c (full line): spontaneously
hydrolyzed BCECF background (both duration of hydrolysis and
concentration of BCECF/AM molecules were the same as those
used in cell staining of curve a).

taining the same concentration of BCECF/AM and
hydrolyzed spontaneously under the same condi-
tions as for the cell staining).

Figure 3(b) shows an approximate 7-nm red shift
of the fluorescence peak upon introducing BCECF
into cells. It also shows that spontaneous hydrolysis
is slow, giving an insignificant background interfer-
ence with the spectrum measurement.

Figure 4 shows BCECF fluorescence polarization
spectra (in cells stained according to method b) ob-
tained by a Perkin-Elmer MPF-66 spectrofluorim-
eter. The degree of polarization was calculated ac-
cording to the relationship

:[IH()\)_G()\)IL()\)] )
[LM+GM)IL(N)]

Figure 4 shows the results for lymphocytes from
three different samples (1, 3, 5) of normal individu-
als. Curve a (the upper curve in each figure in the
left column) shows the polarization spectrum of the
untreated lymphocytes (i.e., the control values P,);
curve b shows the polarization spectrum after
stimulation of the lymphocytes with PHA (Ppy,).
The curves on the right side of the figures show the
ratios Po/Ppya of the respective figures of the left
column as a function of wavelength. From these
curves it appears that intracellular BCECF exhibits
its own unique pattern of polarization dependence
on the emission wavelength.

In order to show, at least qualitatively, that the
observed effect of the wavelength dependence of
the polarization is independent of the measuring
apparatus, the measurements shown in Figures
4(G) and 4(H) were carried out by the SLM spec-
trofluorimeter (sample 6). The measurements per-
formed on BCECF in homogeneous glycerin solu-
tions (Figure 5) should be enough proof for the
initiation of the observed effect. The polarization

P()
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Fig. 4 Left column: Polarization spectra of BCECF in lymphocytes from healthy individuals. The a curves describe P, i.e., polarization before
stimulation. The b curves show spectra after stimulation with PHA. The ¢ curves in the right column show the respective ratios of P./Ppya .

(A to F measured by PE MPF-66, G and H by SLM).

spectra of BCECF in three solvents of different vis-
cosities (two water-glycerine mixtures and PBS)
are, within the limits of the measurement accuracy,
absolutely flat. No dependence of the degree of po-
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larization on the emission wavelength was ob-
served.

In order to examine the possibility that the de-
pendence of the fluorescence polarization on emis-
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Table 1 Llifetime measurements: 7, lifetime as measured by the phase shift method; 7, lifetime as mea-

sured by the demodulation ratio method.

Tm Polarization T4/ Ty
Fluorescein in PBS 3.99+x0.050 3.93=0.03 0.015 1.015
BCECF in PBS 3.72x0.090  3.70=0.10 0.080 1.005
BCECF in cells (0.320 osmol/kg) 3.52x0.062  4.09=0.11 0.230 0.86
BCECF in cells (0.254 osmol/kg) 3.43x0.050 4.04=0.08 0.170 0.85
BCECF in cells after stimulation with PHA 3.33£0.070  4.49+0.19 0.164 0.74

sion wavelength is due to turbidity effects pro-
duced by light scattering by the cells,” hydrolyzed
BCECF was added to a suspension of unstained
lymphocytes and the fluorescence polarization of
the suspension was measured. The cell concentra-
tion and the fluorescence intensity were the same as
in the experiments presented in Figure 4. The po-
larization was found to be independent of the emis-
sion wavelength, as seen in Figure 5 (dashed line).
The ease of obtaining the above polarization spectra
should be compared with the heroic efforts of the
Cerceks to obtain the polarization spectrum of fluo-
rescein in lymphocytes.*

A comparison of the polarization spectrum of
BCECF in cells (Figure 4) and that of fluorescein
shown by the Cerceks” with both dyes excited at
470 nm shows large differences between the two.
While the polarization peak of BCECF lies at 560
nm, that of fluorescein lies at 510 nm. Polarization
values of BCECF are 50% greater than those of fluo-
rescein (0.3 versus 0.2) for the same osmolality and
temperature.

In addition to stimulation experiments with PHA,
stimulation with EF was tried. As expected, EF did
not stimulate lymphocytes of healthy donors, and
hence the polarization spectrum was not affected.

oal glycerin 80%
e I e . S

glycerin 65%

Polarization
e}
N
o
T

o L 1 I L 1 L I
510 520 530 540 550 560 570 580 590

A-Em, nm

Fig. 5 Polarization spectrum of BCECF in glycerin-water mixtures
(80 and 65%), in PBS (solid line), and in unstained cell suspensions
(dashed line). The polarization does not depend on the emission
wavelength. The measurements were carried out on the PE-MPF-66
spectrofluorimeter.

3.3 INTERACTION BETWEEN BCECF AND THE
SURROUNDING MEDIUM IN THE CELLS

The rather high degree of fluorescence polarization
of BCECF in cells indicates a somewhat strong in-
teraction between the probe and its intracellular en-
vironment. The absence of significant leakage out of
the cells is also suggestive of such an interaction.
Different mechanisms that might explain this be-
havior were considered; namely, caging or attach-
ment of dye molecules to macromolecules. If
BCECF is tightly trapped in a cage of the surround-
ing molecules, its motions will be limited although
not bound to them. In this case, the embedding of
BCECEF is assumed to be strongly dependent on the
structure of the surrounding medium. On the other
hand, if some kind of binding of BCECF to the
surrounding macromolecules” (e.g.,, H-bonding,
charge attraction, or even covalent bonding) pre-
vails, the motion of each macromolecule is more
relevant to the degree of fluorescence polarization
than to the viscosity effect of the fluid domains
formed by the structure of the cytoplasmic matrix.

In order to check which of the two mechanisms is
dominant, or possibly their cooperation, cells were
disrupted ultrasonically after staining with BCECF.
The fluorescence polarization of the cell fragment
suspension was then measured. Figures 6(A) and
6(B) show results illustrating the same phenom-
enon for two different blood donors (samples 1 and
2). Curve a in each figure shows the polarization
spectrum of BCECF in the intact cells, while curve b
in each figure shows the polarization spectrum af-
ter disruption of the cells by sonication.

The high polarization values observed after cell
disruption suggest that at least part of the BCECF
molecules are bound to sites on macromolecules,
rather than trapped within the cytosol. The size of
these macromolecules, as well as their interaction
with the liquid phase, causes a slow rotational dif-
fusion that could produce a polarization value on
the order of 0.3 in PBS after cell disruption, a value
similar to that found in the intact cell. On the other
hand, BCECF molecules that are free within the cell
or that break loose from their binding sites upon
disruption should yield a polarization value of 0.1,
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Fig. 6 Polarization spectrum (P,) of BCECF in cells of two healthy
donors (1 and 2) (a) before and (b) after sonication as measured
by the PE-MPF-66 spectrofluorimeter.

which is similar to that observed for the dye in PBS.
Figures 6(A) and 6(B) both show an increase in
the polarization values at the longest wavelengths
after cell disruption. Two tentative explanations are
suggested for this effect. (1) The number of sites for
the binding of the marker could increase with the
unfolding of the macromolecules after cell disrup-
tion. The contribution of the newly bound marker
molecules would be seen particularly in the long
wavelength part of the spectrum because of the red
shift in the emission spectrum upon binding. (2)
Also, upon disruption of the cells, the transfer of
excitation energy between marker molecules might
be reduced due to the unfolding of the macromol-
ecules to which the marker molecules are bound,
thus augmenting the polarization in this region.

3.4 DEPENDENCE OF THE DEGREE OF
POLARIZATION ON THE EMISSION
WAVELENGTH

The dependence of the degree of polarization on
the emission wavelength in fluorescein® and
BCECF introduced into the cells via FDA and
BCECF/AM, respectively, is not a trivial phenom-
enon. Several mechanisms that might explain this
dependence are discussed:
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1. Local environmental properties such as pH, po-
larity, and polarizability may influence the spectro-
scopic characteristics of fluorescent probes. There-
fore, fluorescent molecules may differ from each
other in their excitation and emission spectra as
well as in their lifetime and polarization. This might
be due to their location at different cellular or-
ganelles or microdomains having different proper-
ties. The average polarization measured at a given
wavelength will therefore be the result of a sum of
the polarizations of all domains weighted by their
fluorescence intensities, yielding a polarization
spectrum that peaks at a given emission wave-
length. Such an explanation was suggested by the
Cerceks™ for fluorescein. This explanation is not be-
lieved to hold, at least for BCECF. It has previously
been shown (Fig. 6) that the polarization spectra of
disrupted cells still show a strong dependence of
the polarization on wavelength. Under the reason-
able assumption that the disrupted cell suspension
is homogeneous in its environmental properties,
the explanation of the wavelength dependence by
additive environmental properties seems unlikely
in the case of BCECF.

2. There may be additive phenomena based on
the BCECF-macromolecule bond. The high polar-
ization values observed after cell disruption (Fig. 6)
suggest that at least part of the BCECF molecules
are bound to macromolecules. This bond is also as-
sociated with a red shift of the BCECF emission
spectrum (Fig. 3). Now, let us assume that only free
and bound BCECF molecules exist and that the
binding interaction uniformly influences the emis-
sion spectra and polarization of all bound mol-
ecules. For a given ratio of free to bound molecules,
one should expect a polarization emission spectrum
consisting of a relatively low polarization section at
the shorter wavelengths that continuously and
moderately increases toward the longer wavelength
section, which is mainly determined by the bound
molecules. In the intermediate region, the slope will
be determined by the ratio of free to bound mol-
ecules and by the magnitude of the red shift due to
binding. Indeed, such behavior has EJreViously been
observed;*>?* while other work, 2?3 including
that described in this article, showed a peak behav-
ior of P(Aey), which cannot be explained by this
model.

Still, in order to explain the peak behavior by the
bound/unbound mechanism, the prevalence of a
variety of BCECF bonds to a variety of sites on the
same macromolecule (or on other macromolecules)
is suggested. This will result in different emission
properties for each type of bond, as well as in dif-
ferent degrees of rotational freedom of BCECEF,
which will lead to different degrees of polarization
of the bound BCECF molecules. The average polar-
ization may therefore depend on the emission
wavelength in a “peaklike” behavior determined
by the fluorescence intensity and polarization of



each fraction of the differently bound and unbound
BCECF molecules.

3. There may be an intrinsic dependence of the
polarization of a bound molecule on its emission
wavelength. The emission spectrum is composed of
different vibronic (vibrational-electronic) transi-
tions from the first excited electronic state to the
ground state. Generally, it is assumed that the elec-
tronic transition does not depend on the vibrational
transition (Born-Oppenheimer approximation). As-
sume, however, that the binding of a marker mol-
ecule to a macromolecule destroys the symmetry
restrictions of the electronic transition so that differ-
ent vibrational transitions (hence different emission
wavelengths) will be affected differently by the
binding forces. It is then possible that different vi-
brational transitions will be enhanced, depending
on the site of binding, which will also influence the
rotational freedom of the fluorescent molecule at
the site and thus yield a relation between the emit-
ted wavelength and the degree of polarization.

The proper solution to this problem is still unre-
solved. It seems however, that a sensible theoretical
solution might require abandoning the Born-
Oppenheimer approximation, while considering
the implications of the binding of the marker mol-
ecule to the macromolecules of the cell and the in-
fluence of such binding on the electronic transitions
via the vibrational system of the marker.

3.5 FLUORESCENT LIFETIME
MEASUREMENTS

After the spectroscopic investigation of BCECF, we
deemed it advisable to see whether some meaning-
ful information on the behavior of the system could
be obtained by lifetime measurements of the fluo-
rescent marker. For this purpose we used the SLM-
4800 lifetime measuring accessory. These measure-
ments are based on the modulation of the exciting
beam (SLM 4800 Operators Manual, Sept. 1980).
There are two ways of extracting lifetime. The first
is by the phase shift between the modulated excit-
ing beam scattered from a scattering solution (e.g.,
glycogen solution) and the radiation emitted by the
fluorescent marker (excited by the same excitation
beam). This decay time is denoted by 7,:

7'¢,=$ tan 6,

where w is the angular frequency of excitation and
0 the phase shift in degrees. The other way is based
on measuring the demodulation ratio:

1 1 1/2

el (]
where D is the ratio M/ M, and My and M, repre-
sent the relative modulation of the fluorescent and
scattering solution, respectively. This lifetime is de-
noted by 7, . It can easily be shown that if 7,=7,,,

BCECF FOR FLUORESCENCE POLARIZATION MEASUREMENTS

there is only one fluorescent decay time for the
marker. If, however, 7,#7,,, the marker has two (or
more) components with different lifetimes (in the
case of two components, the ratio of their values
can be found). Although we performed a multitude
of measurements, we consider the results still pre-
liminary; however we believe that they show an
interesting trend which we will elaborate on after
discussing the results shown in Table 1.

From the table it can be seen that for the solution
of the marker (fluorescein and BCECF) in PBC,
74=T,, within the limits of error (lines 1 and 2 of the
table). This means that in this case only one decay
component is present. The situation is very differ-
ent for the marker in the lymphocytes. The two life-
time components are now quite different. We can
hypothesize that this difference is due to the fact
that the marker is embedded in two or more envi-
ronments within the cell, or that one part of the
marker is more tightly bound to one cellular com-
ponent while the other is in a more aqueouslike
environment. Each component will then contribute
differently to the overall measured polarization of
the marker fluorescence. Measured polarization
values are given in the third column of the table.
Indeed, decreasing the osmolality from 0.320 to
0.254 osmol/kg, which causes a reduction in the
overall cell viscosity (lines 3 and 4), is accompanied
by a decrease in the overall polarization. We see,
however, that this change is not followed by a
change in the 7,/ 7, value. Line 5 of the table shows
the influence of cell stimulation (by PHA) on the
74/ T, ratio. The overall polarization value is de-
creased by stimulation, as expected for cells from
healthy donors, but the longer lifetime component
(7,,) is enlarged and the shorter (7,) shortened.

This finding may indicate that the mechanism in-
volved in intracellular BCECF fluorescence depolar-
ization induced by decreasing osmolality and mito-
genic stimulation might be different. It is suggested
that the latter can be caused by a change in the
distribution of the marker molecules so that more
of them are transferred from the bound to the free
phase, while the former is caused by overall intra-
cellular viscosity.

In the many experiments we performed, we ob-
served differences between the absolute values of
7, and 74; the general pattern was, however, al-
ways the same, so that the results of Table 1 should
be considered as a true representation of the essen-
tial features.
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