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Spectrofluorometric measurements of the dispersion state of pyrenedodecanoic
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Pyrene dodecanoic acid (P12), a medium-chain fatty acid to which the fluorescent probe pyrene is covalently
linked, showed a considerable increase in flucrescence when the probe was introduced into a hydrophotic
environment. Also, when clesely packed in an aggregate, an erergy transfer between two adjacent molecules
of pyrene occinred, resulting in a shift of the peak of the emission spectrum from 378 nm (‘monomeric’) to
475 nm (‘excimeric’). These two respective properties were utilized for the following: (a) A spectrofluoro-
metric measurement of the critical micellar concentration (CMC) of the pyrene fatty acid, defined as the
concentration at which the 475 nm emission peak appeared as a consequence of the agpregation of P12
molecules in aqueous solution to form micelles; the CMC of P12 was found to be in the range of 1to 2 pM.
(b) The penetration of P12, from an aqueous solution or dispersion, into unilamellar phospholipid vesicles
was determined by meonitoring the increase of the fluorescence at 378 nii. The fluorescence increase was
time-dependent and proportional to the respective concentrations of P12 or phospholipid vesicles. Substitut-
ing the neutral phospaatidylcholine with the negatively-charged phosphatidylserine vesicles resulted in a
slower rate as well as lesser total uptake oi P12, (¢) The uptake of P12 by cells was accompanied by an
increase in the monomeric fluorescence emission intensity. Using cells in suspension, this could be followed
continuously in a spectrofluorometer equipped with a recorder. The uptake was found to be time-dependent
and proportional to P12 concentration.

Introduction studies radioactively-labelled fatty acids were
complexed to albumin and incubated with the
respective cells [1]. This mimicked physiological
conditions where the fatty acids are mostly linked
to proteins; e.g., in serum, over 99% of the un-

esterified acids (‘free fatty acids’) are complexed

Uptake of medium and long chain fatty acids
by cells has been studied extensively. In most

Abbreviations: P-12, 12-(1-pyrene)dodecanoic acid; MEL,
murine erythroleukaemia cells; PBS, phosphate-buffered saline;
CMC, critical micellar concentrations; SUV, small unilamellar
vesicles; PS, phosphatidylserine; PC, phosphatidylcholine;
E/M, emission of excimers/emission of monomers.
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with albumin [2,3]. In some studics, fatty acids
were dispersed in medium devoid of albumin, and
the uptake of molecules which dissociated from
the micellar dispersion was followed [4].

Using radioactively-labelled fatty acids (e.g.,
Ref. 5) required extensive washing of the cells,
extraction of their lipids and counting. In previous
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studies we followed uptake by cell suspension of
fatty acids to which a flucrescent probe had been
linked covalently. The latter provided a sensitive
label for measuring uptake of the respective fatty
acid [6]. The analytical approach using fluorescent
derivatives of fatty acids was, however, similar to
that employed with the radioactive acids. Thus,
following incubation, the cells were washed, their
lipids extracted with organic solvents and chro-
matographed on columns or thin-layer plates of
silica or alumina and the fluorescence of the total
extract or respective lipid fractions measured.

In this paper we show that uptake of a fluo-
rescent fatty acid derivative pyrenedodecanoic acid
(P12), by liposomes and cells, can be measured
directly and followed continuously in a spectrofiu-
orometer, obviating the need for separatirg, wash-
ing and extracting the cells, For this purpose the
following properties of the pyrene fatty acid were
utilized: (a) Below the critical micellar concentra-
tion (CMC) only monomers exist [7] and these are
strongly quenched in aqueous media. Transfer of
these molecules to a hydrophobic environment
(e.g., liposome or cell membrane, as shown in this
paper) or even attached to the surface of albumin,
as demonstrated in a previous publication (8],
causes a considerable increase in their fluores-
cence. (b) Above the CMC, aggregation of mole-
cules in solution occurs. An energy transfer be-
tween adjacent molecules of the pyrene fatty acid
causes a shift in the fluorescence-emission from
the monomeric (378 nm) to an eximeric, longer
wavelength (peak at 475 nm) [9-12]. Upon ad-
dition of liposomes or cells, a considerable in-
crease in the monomeric emission occurred as a
consequence of incorporation of P12 molecules
into their bilayered membranes,

Materials and Methods

Dispersion of P12. The required quantity of
12-(1-pyrene)dodecanoic acid (P12) (Molecular
Probes, Junction City, OR) in chloroform/
methanol (2:1, v/v), was evaporated to dryness
under nitrogen, 2-4 mole excess. of KOH was
added, the tube was heated 10 min at 60°C and
phosphate-buffered saliue (PBS) was added to the
required volume.

Preparation of phospholipid vesicles. Solutions of
phospholipids, in mixtures of chloroform and
methanol were evaporated under nitrogen and fur-
ther dried in a high vacuum for about 2 h. PBS
was added and the dispersion stirred on a
cyclomixer and sonicated, under nitrogen for 3
min at 4°C using a Heat System Sonicator 350
equipped with a microprobe. The dispersion was
then centrifuged in an Eppendorf tube for 2 min
at about 10 X g at 4°C and the clear supernatant
collected.

Cells. The HL-60 cell line, originally established
from the peripheral blood of a patient with acute
promyelocytic lenkaemia [13} and the murine
erythroleukaemia (MEL) cells established by
Friend et al. [14] were maintained in alpha-minimal
essential medium supplemented with 10% fetal
bovine serum (Gibeo, Grand Island. NY). Cells
were cultured every 3-4 days and incubated at
37°C in a humidified atmosphere of 5% CO, in
air.

Measurement of fluorescence of P12. Fluores-
cence of aqueous solutions or dispersions of P12
in the absence or presence of small unilamellar
vesicles (SUV) and cells, was measured in Perkin-
Elmer LS-5 spectrofluorometer and a R 100-A
recorder. The excitation was at 343 nm and emis-
sion at 378 nm (‘monomeric’) or 475 nm (‘ex-
cimeric’). Scans between 370 nm and 550 nm were
recorded.

Results

Flucrometric measurements of the dispersion state of
P12

Irradiation of an aqueous solution of monomeric
P12 (<1 pM) at 343 nm resulted in an emission
peak at 378 nm and a second peak of lesser
intensity at 405 nm (Fig. 1A). When the con-
centration of P12 was increased another peak, at
475 nm, appeared. The latter peak reflects the
formation of micellar aggregates and is the conse-
quence of an ‘energy transfer’ between adjacent
pyrene molecules in the aggrcgate. This excimeric
peak was already evident at 1 to 2 uM. Further
increase in the concentration of P12 caused only a
small increase in the mouomeric peak, while the
excimeric peak increased considerably; the ratio
between the peak heights (E/M ratio) is demon-
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Fig. 1. Flyorescence of P12 in aqueous solution. (A) P12 was

dispersed in PBS at the indicated concentrations, excited at

343 nm and the emission spectra, between 370 and 500 nm,

were scanned. (B) The ratios of emission at 475 nm over

emission at 378 nm (E/M) were calculated and ploited as a
function of P12 concentration.

strated in Fig. 1B. The ‘critical micellar concentra-
tion’ (CMC) of P12, defined as the concentration
at which micellar aggregates start to form, was
between 1 to 2 pM.

Spectroftuorometric monitoring of uptake of P12 by
unilamellar liposomes

We have previously shown that the fluorescence
of P12 which is highly quenched in water in-
creased considerably when the fatty acid was link-
ed to albumin, probably because association of the
pyrene nucleus with the hydrophobic environment
of the protein [8]. It was expected that a similar
increase would occur upon incorporating P12
molecules into the hydrophobic environment of
the membrane of a liposome or cell. Fig. 2 shows a
continuous recording, by the spectrofluorometer,
of the time-dependent increase in the fluorescence
emission at 378 nm upon mixing P12 with SUV of
phospholipids, indicating the incorporation of
molecules of P12 into the bilayer vesicle. In Fig.
2A,0.5 and 1 pM of P12 and 5 gM PC-SUV were
used. The fluorescence increased in a hyperbola-
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like fashion and its intensity was related to the
respective P12 concentration. In Fig, 2B, 1 pM
P12 was administered to 5 or 20 uM PC-SUV.
Although the latter concentration exceeded the
former 4-fold, the fluorescence increased only
2.5-fold. Fig. 2C compares uptake of 1 pM P12
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Fig, 2. Kinetics of influx of P12 into unilamellar phospholipid

veiscles as measured by increase of its fluorescence. (A) P12,

0.5 or 1 uM, was added to sonicated vesicles of PC (10 xM)

and the fluorescence at 378 nm recorded. (B) P12 (1 pM) was

added to vesicles contained § or 20 gM of PC, (C) P12 (1 xM)
was added to PC or PS vesicles (5 gM each).
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Fig. 3. Kinetics of uptake of P12 by cells as measured by the

increase of its fluorescence. P12, at the concentrations shown

on the respective curves, was dispersed in PBS containing 5

mM glucose, 16% Hi.-60 cells were added and the fiuorescence
at 378 nm was measured after various incubation times.

into PC or PS vesicles (5 pM each). While the
former vesicles are neutral due to the zwittcrionic
form of the PC, the latter have a net negative

charge. Incorporation of P12 into the PS vesicles
was slower and the quantity incorporated less
than that observed with the corresponding PC
vesicles,

Spectrofluorometric monitoring of P12-uptake by
cells

Fig. 3 shows the time-dependent increase in the
fluorescence emission at 378 nm as a consequence
of uptake of P12 by cells. The concentrations used
(from 1.3 to 13.3 pM) were all in the micellar
regicn and the increasing fluorescence intensities
at 378 nm suggests & menomeric distribution of
the P12 molecules following uptake by and incor-
poration into the cells. This is further analysed in
Fig. 4.

Fig. 4A suniinarizes the variations in the E/M
ratios, as a function of the concentration of the
P12. At all P12 concentrations, uptake by the cells
increased considerably the fluorescence intensity
of the monomeric emission (378 nm) while the
fluorescence of the excimers (475 nm) was in-
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Fig. 4. Ch.anges i 2mission spectra as a result of uptake of P12 by cells. HL-60 cells (10%/ml) were exposed to the indicated
concentrations of P12 in PBS. (A) The emission at 475 nm (excimers) and 378 nm (monomers) were measured at various intervals and
the E/M ratio calculated. (B) Scan of emission spectra of 6.7 uM P12 in PBS following the indicated periods of incubation.



creased to a much smaller extent. This is il-
lustrated in Fig. 4B which shows the time-reiated
scans of emission spectra due to uptake of one
concentration of P12 (6.7 uM) by the cells. With
increasing incubation time, the flucrescence at 378
nm increased over 10-fold, while that at 475 nm
increased only by 35% abcve its base value, at
zero time, Thus, the E/M ratio, which was close
to 3 at zero time, (see Fig. 4A) decreased to about
0.4 after 8 min. This again emphasized the mono-
molecular distribution of P12 and its n:etabolic
products (e.g., neutral- and phosphoacylglycerols)
within the cell.

The uptake of P12 at concentrations below its
CMC could similarly be continuously measured
and recorded spectrofluorometrically. Fig. 5 de-
picts the recordings of the time-related changes in
the fluorescence at 378 nm of solutions of 0.2 and
0.4 uM P12 following addition of cells. After 25
min the increase in the fluorescence was 2-fold
greater in cells incuhated with 0.4 pM relative to
those containing 0.2 pM P12. The rate of P12-up-
take could be calculated by determining the change
in the fluorescence per minute. The results (inset)
indicate that the initial rate of uptake of P12 at 0.4
pM was twice the rate of 0.2 pM; at either con-
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Fig. 5. Spectrofluorometric recording of the uptake of P12 by

HL-60 cells. P12, 0.2 or 0.4 M, was dispersed in PBS contain-

ing 5 mM glucose, HL-60 cells were added and the emission at

378 nm was recorded continuously. In the inset the rate of
uptake was calculated as the change in fluorescence per min.
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Fig. 6. Spectrofiuorometric recording of uptake by P12 by

HL-60 and MEL cells. P12, 0.4 aM, was dispersed in PBS

containing 5 mM glucose, 0.4-10° cells per mi, HL-60 or MEL

ceils, were added and the emission at 378 nm recorded. The

inset shows the rate of uptake of P12 (fluorescence change per
min) by the two respective cell lines.

centration, the rate decreased with time and
saturation was reached after about 30 min. The
saturation was a result of depletion of P12 from
the incubation medium; following addition of fresh
P12 the uptake was resumed (data not show).

We have previously shown, using other tech-
niques, that various cell types differ in their rate
of Pl2-uptake; thus, HL-60 cells took up more
P12 and at a faster rate than MEL cells [14]. In
the experiment depicted in Fig. 6, the uptake of
P12 by these two respective cell lines was mea-
sured by continuously recording the fluorescence
increase. Strikingly, even at very short time inter-
vals (less than one minute) the rate of the uptake
by HL-60 ceils was 2-fold higher as compared to
MEL cells.

Discussion

In this paper the dispersion state as well as its
up%ke by liposomes and cells of a pyrene fatty
acid (P12) were determined spectrofluorometri-
cally. Evaluation of the dispersion state is based
on the fact that a molecular solution of P12 emits
photons at 378 (‘monomers’) but not at 475 rm,
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while in an aggregated dispersion photons are
emitted at 475 nm (‘excimers’) due to the energy-
transfer between two adjacent pyrene molecules.
That concentration which resulted in appearance
of excimers was defined as the critical micellar
concentration (CMC) for P12. It should be noted
that while the aliphatic residue of P12 is only 12
carbon atoms Jong, the fused aromatic 4-ring
structure of pyrene adds another eight carbon
atoms to the total length, making its length be-
tween stearic (C18:0) and cosanoic (¢20: 0) acids.
This, and the added molecular mass of 200 dal-
tons (ie., 50% of the total mass) are probably
responsible for the rather low CMC (about 1-2
pM) defined for this acid, on the basis of ap-
pearance of the excimers,

Water has a strong quenching effect on the
fluorescence emission of P12 at 378 nm and intro-
duction of P12 into a hydrophobic environment
increased considerably its fluorescence at this
wavelength. Thus, complexing of P12 to serum
albumin resulted in very considerable increase of
the fluorescence at 378 nm [14]. The increased
fluorescence intensity upon incorporating P12-
molecules into a hydrophobic enviionineni was
utilized for monitoring the penetration of P12 into
unilamellar phospholipid vasicles or its uptake by
suspensions of cultured cells. The high fluores-
cence at 3786 nm and its absence at 475 nm follow-
ing incubating cells with P12-micelles suggested
that upon penetration into the cellular mem-
branes, molecules of P12 are diluted to an extent
which decreases the chance of two molecules to
become close enough for energy transfer to oceur.
It is most plausible that the first eveni which
follows the association of P12 with the surface of
the SUYV or cell, is its insertion into the outer layer
of the bilayered membrane. But th> rapid rate of
flipping over, suggested by Doody et al. (15] for
unilameliar vesicles raises the possibility that this
might also occur in the systems described in this
paper.

Uptake of fatty acids by cells has been investi-
gated extensively using radioactiveiy-labelled
molecules. This required separating and extensive
washing of the cells prior to counting the cell-as-
sociated radioactivity. In contrast, uptake of a
fluorescent fatty acid (i.e. P12) by cell suspensions

or even liposomes could be monitored continu-
ously, starting about 15 s after mixing the two
respective components. The time-dependent in-
crease in fluorescence, presented in relative fluo-
rescence units, permitted following kinetics of up-
take by a cell suspension as well as comparing
uptake by different cell types. For determining the
precise quantity of P12 which has been incorpo-
rated into the cells, their lipids could be extracted
and the fluorescence emitted by their solution in
an organic solvent translated to mole-quantities
using a suitable standard solution of P12 in the
same solvent.

In many of the experiments described in this
papei, uptake of P12 by cells was measured in an
albumin-free medium, while in serum fatty acids
are bound to albumin. Direct measurements of
uptake, by liposomes or cells, of P12 from its
complex with albumin is impossible since the latter
exhibits a high fluorescence {8]. We have recently
shown that such direct measurements could be
done using albumin which had been interacted
with trinitrobenzene sulfonic acid. When P12 was
complexed to this derivatized albumin, the yellow
color of the trinitrophenyl residues quenched the
fluorescence emitted by the pyrene ring. When the
complex was incubated with cells release of P12
molecules from the trinitrophenyl-albumin P12
complex and their subsequent uptake by the cells
was accompanied by an increase in fluorescence
which could be monitored continuously [8].

The procedures described in this paper per-
mitted studying effects, on P12 uptake by lipo-
somes or cells, of numerous factors such as con-
centration, charge, pH, temperature, absence or
presence of glucose and metabolic inhibitors, by
direct monitoring of the fluorescence, obviating
the need for separating between the fatty acid and
the SUV or cells (data not shown). Potentially, it
could also be adapted for studying numerous
problems related to liposomes or cells, such as
uptake, release and transfer of lipids {12,16-17).
Use of quench-dequench and energy transfer could
also be utilized for studying fusion procusses
[18-201. This technique could also be useful for
studying differences in uptake of P12 by different
cell types and changes that occur following induc-
tion of cell maturation {21].
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