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Abstract

The fluorescence characteristics of daunomycin (DNM), doxorubicin (DXR), and other anthracycline drugs are
often used to monitor localization of the drug within lipid bilayers and liposomal delivery systems and to assess
interaction of the drug with DNA and other macromolecules. However, the binding of DNM and DXR to proteins
and membrane systems has been observed to exhibit variable effects on the anthracycline’s fluorescence. We have
delineated the spectroscopic response of DXR and DNM to their surroundings in several systems, including solvents
of differing dielectric constant, aqueous solutions of varying pH or fluorophore concentration, and the reverse
micellar system of AOT /heptane /water with a range of doxorubicin concentrations. We have observed that the ratio
of fluorescence intensities at the two principal A, values shows a parabolic dependence on solvent dielectric
constant, i.e. inverted solvatochromism. This behavior has been overlooked by previous investigators and, together
with the appearance of a long-wavelength band near 630 nm in solvents of low dielectric strength (also previously not
reported), is key to understanding the partitioning of anthracyclines in membrane systems as well as resolving the
conflicting interpretation of data in the literature. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The anthracycline anti-tumor drugs daunomycin
(DNM) and doxorubicin (DXR) are potent anti-

* Corresponding author. Tel.: +1 909 6073225; fax: +1 909
6077577; e-mail: Kerry_Karukstis@hmc.edu

cancer drugs employed in chemotherapy. These
amphiphilic molecules possess a fluorescent hy-
droxy-substituted anthraquinone chromophore
and a hydrophilic aminoglycosidic side chain (see
Fig. 1). The fluorescence characteristics of
daunomycin and doxorubicin are often used to
monitor their localization within lipid bilayers and
liposomal delivery systems and their interaction
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Fig. 1. Chemical structure of (a) daunomycin (R =H) and
doxorubicin (R = OH), and (b) 1,4-dihydroxyanthraquinone.

with DNA and other macromolecules. Most of-
ten, the fluorescence intensity at the emission
Amax [1-5] and /or the ratio of fluorescence inten-
sities at two characteristic wavelengths [5,6] are
the parameters used to study and quantify these
associations. However, the binding of daunomycin
and doxorubicin to proteins and membrane sys-
tems has been observed to exhibit variable effects
on DNM and DXR fluorescence. In some investi-
gations fluorescence intensity increases upon
binding [5,7,8], in other instances a quenching of
fluorescence levels is observed [1-3,9-11]. In-
deed, interaction of daunomycin with lipid sys-
tems can both diminish as well as enhance DNM
fluorescence intensity depending on the
drug/lipid ratio [12]. Incorporation of doxoru-
bicin into the lipid matrix of model membranes
has been observed to lead to both an increase and
a decrease in the ratio of fluorescence intensities
at the characteristic A, [5].

Despite the lack of regularity in response of
DNM and DXR fluorescence, these fluorescence
variations have each been attributed to an associ-
ation of the drug with a less polar environment.
In addition to the inconsistency in fluorescence
intensity and ratio effects upon membrane parti-
tioning, no uniformity exists in terms of the emis-

sion wavelength used to assess these interactions:
emission has been monitored over the spectral
range between 500 and 650-750 nm [4-6], only in
the 558-570 nm region [1,9,10], only at 590 or 595
nm [2,3], or simply above 530-550 nm using long-
wavepass or cutoff filters [7,8,13]. Such assess-
ments ignore the extreme wavelength dependence
of the spectral signature of daunomycin and dox-
orubicin. Assessment of the site of drug localiza-
tion with membranes and bilayers is often made
assuming that the ratio of fluorescence intensities
in the 560- and 590-nm regions is linearly depen-
dent on the solvent dielectric constant e, but this
linearity has been tested only over a limited range
of € values [4—6]. As an additional consideration,
investigators have made the incorrect assumption
that the fluorescence spectrum of daunomycin is
not affected by pH [1].

We have used various solvents, aqueous solu-
tions of differing pH or drug concentration, and
the reverse micellar system of surfactant Aerosol
OT (AOT)/heptane /water to delineate the spec-
troscopic response of daunomycin and doxoru-
bicin to their surroundings. For comparison, we
examined the spectral response of the parent
fluorophore 1,4-dihydroxyanthraquinone (1,4-
diOH-AQ) to a range of solvents (see Fig. 1). Our
spectroscopic investigations suggest that the dis-
tinctive fluorescence behavior of anthracyclines is
a complex interplay of several factors. As a conse-
quence, the intricate fluorescence signatures of
these drugs are extremely sensitive and effective
probes of their environment and their interaction
with surfactants, lipids, and membranes.

In particular, we establish the importance of
monitoring the overall fluorescence spectrum as
well as the ratio of intensities at two A, values,
near 560 nm and 590 nm, in order to assess
daunomycin and doxorubicin microenvironment.
Specifically, we demonstrate that the ratio of flu-
orescence intensities at the two A, values shows
a parabolic dependence on solvent dielectric con-
stant. We further note the appearance of a
shoulder in the fluorescence spectrum of
daunomycin and doxorubicin near 630 nm with
decreasing solvent dielectric constant. These be-
haviors have been overlooked by previous investi-
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gators and are key to understanding the partition-
ing of anthracyclines in reverse micelles as well as
resolving the conflicting data in the literature.

2. Materials and methods
2.1. Materials

Daunomycin (DNM) and doxorubicin (DXR)
were obtained as the hydrochlorides (Sigma) and
were used without further purification. Solvents
of the highest available purity were obtained
commercially from Aldrich and J.T. Baker and
were used without further purification. Aqueous
stock solutions of DNM and DXR were prepared
using 18.2 M ultrapure water obtained from a
Milli-Q Plus Millipore water filtration system. For
reverse micelles, spectrophotometric grade n-
heptane (Aldrich) and sodium bis(2-ethylhexyl)
sulfosuccinate (AOT) (Sigma, > 99% purity) were
used without further purification. Selected com-
parison studies were conducted with 1,4-dihy-
droxyanthraquinone (quinizarin, Aldrich, 96%)
that was recrystallized twice from ethanol.

2.2. AOT reverse micelle preparation

We have previously characterized the reverse
micellar aggregates formed by the double-chain
surfactant Aerosol OT (sodium bis(2-ethylhexyl)
sulfosuccinate, AOT) in the non-polar solvent
heptane [14]. For the ternary system AOT/
heptane /water, four distinct micellar regions are
possible: the AOT interface, the surrounding hy-
drocarbon solvent phase, a 3—5 A-thick ‘bound
water’ layer immobilized via the hydration of the
AOT headgroups and sodium counterions, and a
‘free’ water pool at the micellar core. We chose a
surfactant concentration of [AOT] = 0.25 M and
a molar ratio R of water to AOT (ie. R=
[water] /[AOT] of 20 and 30 to insure the pres-
ence of all four micellar domains [14]. Samples
were prepared by dissolving appropriate amounts
of AOT in heptane and adding specific volumes
of Millipore-filtered water to achieve the desired
R value. Volume additivity was assumed in calcu-
lating AOT concentration and water /AOT molar

ratios. Reverse micelle samples were allowed to
stand overnight to establish phase equilibrium.

2.3. Fluorescence measurements

Fluorescence emission spectra were obtained
using a Perkin-Elmer LS-50B fluorescence spec-
trophotometer. For solvents studies, fluorescence
was induced by varying the excitation wavelength
in 10-nm increments between 400 and 490 nm,
and emission was monitored from 500 to 750 nm.
For investigations involving reverse micelles, flu-
orescence was induced by excitation at 479 nm for
DNM and DXR and at 474 nm for 1,4-diOH-AQ,
and emission was monitored from 500 to 750 nm.
Excitation and emission slit widths were set at 3
nm. Fluorescence measurements were made at
25 +2°C.

2.4. Fluorescence spectral analyses

A non-linear least-squares fitting routine
(PeakFit, Jandel Scientific) was used to deconvo-
lute individual emission spectra into a sum of
overlapping Gaussian functions with frequency as
the independent variable [15,16]. All spectra were
fit using an iterative Marquardt-Levenberg fitting
algorithm to obtain the minimum number of flu-
orescing components that yield an r* coefficient
of at least 0.999 with a random scattering of
residuals. The center, amplitude, width, and area
of each Gaussian function were characterized.

3. Results

3.1. Resolution of DNM, DXR, and 1,4-diOH-AQ
fluorescence in several solvents

We examined the emission of DNM and DXR
in several solvents of varying polarity: water, deu-
terium oxide, ethylene glycol, methanol, ethanol,
1-propanol, isopentanol, 1-pentanol, 1-hexanol,
1-heptanol, 1-octanol, 1-decanol, ethyl acetate,
p-dioxane, and heptane. As representative exam-
ples, Figs. 2 and 3 illustrate the dependence of
the overall fluorescence emission spectrum of
daunomycin on excitation wavelength in the sol-
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vents water and 1-propanol at fixed [DNM]. For
DNM and DXR in all solvents, two major emis-
sion maxima (denoted A, and A, with intensities
I, and I,) are observed at ~ 555-560 nm and 590
nm with a third emission maximum (A; with in-
tensity 1) resolved near 630 nm in solvents of
lower dielectric constant. While overall fluores-
cence intensity varies with excitation wavelength,
we observe little variation in spectral shape (i.e.
constant values of A, A,, A;, I,/I,, and I,/I,)
for all solvents examined. Tables 1 and 2 summa-
rize the characteristics of the major emission
bands observed in all solvents with an excitation
A =479 nm (selected for inducing maximal fluo-
rescence intensities). As solubility of DNM and
DXR varied with the particular solvent used, only
the ratios of fluorescence intensities are reported.
In general, the emission maxima at A, and A,
exhibit a blue shift as solvent dielectric constant
decreases. The data reveal a parabolic depen-
dence of the ratio of intensities at 560 nm to 590
nm, decreasing from near 0.80 for water to 0.475
(DNM) at e=6 and to 0.51 (DXR) at e=12.
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Representative doxorubicin emission spectra (no-
tably DXR in water, methanol, 1-pentanol, and
heptane) are presented in Fig. 4 to illustrate
further the spectral dependence on solvent.

Table 3 summarizes the characteristics of the
parent fluorophore 1,4-dihydroxyanthraquinone
(1,4-diOH-AQ) in several solvents. Two distinct
emission A, values are observed: A, exhibits a
blue shift from 542 nm to 533 nm with decreasing
dielectric constant (exception: p-dioxane), while
A, varies slightly but averages 566 +2 nm. The
ratio of the fluorescence intensities at the A,
near 540 nm and 565 nm is constant (average +
average deviation of 0.98 &+ 0.01) over the range
of solvents investigated except for heptane (ratio
= 1.05 + 0.02). A shoulder near 610 nm is present
for all solvents. Normalized emission spectra in
representative solvents, namely, water, methanol,
1-pentanol, and heptane, appear in Fig. 5. Fig. 6
illustrates the dependence of I,/I, on solvent
dielectric constant for doxorubicin, daunomycin,
and 1,4-dihydroxyanthraquinone.

The individual emission spectra of DXR in

Table 1

Emission characteristics of doxorubicin fluorescence in solvents of varying dielectric constant

Solvent € A,/nm° A,/nm’ A;/nm° L/L° L/L'
Water 78.38 559 593 d 0.799 —
Deuterium oxide 78.25 563 595 d 0.734 —
Ethylene glycol 37.7 558 593 d 0.647 —
Methanol 32.66 554 588 d 0.624 —
Ethanol 243 555 588 d 0.575 —
1-Propanol 20.1 554 588 628 0.557 0.461
Isopentanol 14.7 556 590 631 0.530 0.456
1-Pentanol 13.9 554 590 629 0.533 0.452
1-Hexanol 13.3 554 590 631 0.541 0.446
1-Heptanol 12.1 554 590 633 0.514 0.450
1-Octanol 10.34 553 589 632 0.558 0.449
1-Decanol 8.1 553 589 633 0.562 0.455
Ethyl acetate 6.02 553 588 630 0.603 0.460
p-Dioxane 2.209 562 592 d 0.600 —
Heptane 1.924 551 589 628 1.08 0.506

Emission A,
intensities at the observed A, are also reported.
“Dielectric constants taken from [35].

bUncertainty in emission wavelength maximum + 1 nm.
CUncertainty in emission wavelength maximum + 2 nm.
9No additional distinct emission maxima observed.

are reported for spectra obtained using an excitation wavelength of 479 nm. The ratios of the fluorescence

“Maximum uncertainty in ratio of fluorescence intensities at A, and A, + 0.007.
"Maximum uncertainty in ratio of fluorescence intensities at A; and A, + 0.007.
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Table 2

Emission characteristics of daunomycin fluorescence in solvents of varying dielectric constant

Solvent e A, /nm° A,/nm" Ay/nm° I,/L,° L/L'
Water 78.54 560 592 ¢ 0.800 —
Deuterium oxide 78.25 560 596 d 0.778 —
Ethylene glycol 38.66 561 592 d 0.641 —
Methanol 32.63 554 586 d 0.641 —
Ethanol 24.30 556 588 d 0.600 —
1-Propanol 20.1 552 588 631.5 0.569 0.45
Isopentanol 147 555 590 d 0.548 —
1-Pentanol 13.9 556 590 d 0.551 —
1-Hexanol 13.3 555 590 632 0.512 0.45
1-Heptanol 12.1 554 590 633 0.499 0.46
1-Octanol 10.3 554 589 634 0.514 0.43
1-Decanol 8.1 554 588 634 0.502 0.44
Ethyl acetate 6.02 555 588 628 0.475 0.52
p-Dioxane 2.209 562 592 d 0.620 —
Heptane 1.924 558 588 d 1.265 —

Emission A,,, are reported for spectra obtained using an excitation wavelength of 479 nm. The ratios of the fluorescence
intensities at the observed A, are also reported.

“Dielectric constants taken from [35].

bUnce:rtainty in emission wavelength maximum + 1 nm.

“Uncertainty in emission wavelength maximum + 2 nm.

“No additional distinct emission maxima observed.

“Maximum uncertainty in ratio of fluorescence intensities at A; and A, + 0.007.

"Maximum uncertainty in ratio of fluorescence intensities at A; and A, & 0.01.

nine selected solvents were analyzed using the and % area of overall spectrum contributed by
non-linear least-squares fitting routine in PeakFit, individual Gaussian curve) of the overlapping
and Table 4 summarizes the characteristics (A, Gaussian functions resolved. Three principal

0 510152025

Fig. 2. The dependence of the fluorescence intensity of 10.0 uM daunomycin in water as a function of excitation and emission
wavelengths.
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Fig. 3. The dependence of the fluorescence intensity of 5.0 uM daunomycin in 1-propanol as a function of excitation and emission

wavelengths.

Gaussian curves are resolved, centered near 555
nm, 590 nm, and 635 nm, with a minor broad
Gaussian peak at ~ 670 nm. Fig. 7 illustrates the
resolution of the doxorubicin fluorescence spec-
trum in isopentanol. As the dielectric constant of
the solvent decreases, the most notable trends
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are: (1) general shifts in A, values to shorter
wavelengths; (2) a steady increase in the percent-
age area of peak 3 at 630-635 nm from 14% to
21%; (3) a general decline in the percentage area
of peak 1 at 550-555 nm as € decreases to 14.7
(isopentanol), followed by an increase for solvents
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Fig. 4. Representative normalized emission spectra of doxorubicin in (a) water, (b) methanol, (¢) 1-pentanol, and (d) heptane with

excitation A =479 nm.
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Table 3
Emission characteristics of 1,4-dihydroxyanthraquinone fluo-
rescence in solvents of varying dielectric constant

Solvent € A/nme Ay/nm I /L°
Water 78.54 542 568 0.96
Deuterium oxide  78.25 544 567 0.98
Ethylene glycol 38.66 542 569 0.97
Methanol 32.63 535 563 0.97
Ethanol 24.30 534 565 0.98
Isopentanol 14.7 533 566 0.98
1-Pentanol 13.9 533 564 0.99
Ethyl acetate 6.02 534 568 0.97
p-Dioxane 2209 542 567 0.99
Heptane® 1.924 532 562 1.05

Emission A,,, are reported for spectra obtained using an
excitation wavelength of 474 nm. The ratios of the fluores-
cence intensities at the observed A,,, are also reported.
*Two additional peaks resolved at A; = 522 nm (I3 /I, = 0.89)
and A, =544 nm (I, /I, = 0.83).

" Dielectric constants taken from [35].

“Uncertainty in emission wavelength maximum + 1 nm.
4Maximum uncertainty in ratio of fluorescence intensities at
Ay and A, is £+ 0.02.

of lower dielectric strength; and (4) the opposite
trend for the % area of peak 2 at = 590 nm with
a general increase as e decreases to 20-24
(ethanol and isopentanol), followed by a steady
decrease for solvents of lower dielectric constant.
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The observed trend in the ratios of fluorescence
intensities at 555 nm and 590 nm arises princi-
pally from the opposite variations in the contribu-
tions of peaks 1 and 2. Similar PeakFit analyses
are obtained for daunomycin fluorescence as a
function of solvent dielectric constant (results not
shown).

PeakFit analyses of the fluorescence spectra of
1,4-dihydroxyanthraquinone also yield three prin-
cipal Gaussian curves and a minor broad Gauss-
ian peak at 658 +3 nm. Peak 1 shows a slight
shift in A, ,, from 535+ 1 nm to 531 +2 nm as
solvent € decreases. Peaks 2 and 3 exhibit con-
stant A, values of 566 + 2 nm and 607 + 2 nm.
Area contributions of the four Gaussians remain
constant as dielectric constant varies, at 32%,
44%, 20%, and 4% (all + 1%) for peaks 1-4,
respectively. The only exception is observed for
heptane, where an additional Gaussian is resolved
at 520 nm with 13% of the overall area, changing
the contributions of peaks 1-4 to 18%, 47%,
17%, and 5%, respectively.

3.2. Dependence of DNM and DXR fluorescence on
concentration

We examined the spectral dependence of DNM
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Fig. 5. Representative normalized emission spectra of 1,4-dihydroxyanthraquinone in (a) water, (b) methanol, (c) 1-pentanol, and

(d) heptane with excitation A =474 nm.
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Fig. 6. The dependence on solvent dielectric constant of the
ratio of the fluorescence intensities at the two principal emis-
sion A,,, values for doxorubicin (e), daunomycin (O), and
1,4-dihydroxyanthraquinone ( a ). Corresponding data are tab-
ulated in Tables 1, 2 and 3, respectively. The curve through
the doxorubicin data is drawn to emphasize the occurrence of
a minimum value for /;/I,. The line drawn through the
1,4-dihydroxyanthraquinone data is the average I;/I, value
(0.98) for all solvents except heptane.

fluorescence on [DNM] in water and in 1-pro-
panol. The latter solvent was selected as an exam-
ple of a non-polar solvent in which a third emis-
sion band (A;) is detected and in which DNM is
soluble over a range of concentrations. In both
solvent studies we also varied excitation wave-
length over the range of 400-490 nm. Figs. 8 and

Table 4

9 present the effect of [DNM] on (a) DNM absor-
bance, (b) the DNM fluorescence emission spec-
trum at an excitation A of 480 nm, and (c) the
maximal DNM fluorescence intensity at A, iation
=480 nm. In water, we observe the previously
reported self-quenching of DNM fluorescence as
a consequence of DNM self-association at con-
centrations greater than 10 uM [17]. In water
over the [DNM] range of 3.35 to 16.75 uM, values
of A, A,, and I, /I, are independent of excitation
wavelength. The emission maxima at A; =559 + 1
nm and A, =593 + 1 nm are also independent of
[DNM]. The ratio of the emission intensities at A,
and A,, I,/I,, decreases with increasing [DNM],
from a value of 0.799 + 0.006 at [DNM] = 3.35
uM to 0.775 £ 0.002 at [DNM] = 16.75 uM (aver-
aged over all excitation wavelengths).

The concentration studies in 1-propanol also
reveal a self-quenching of DNM fluorescence at
higher [DNM], although the effect over the con-
centration range examined is not as pronounced
as in water. In 1-propanol over the [DNM] range
of 250 uM to 15.00 uM, values of A;, A,, A5,
L,/I,, and I;/I, are independent of excitation
wavelength. The emission maxima at A, =554 + 1
nm, A, =588 +1 nm, and A; =628 £ 1 nm and
the ratio of the emission intensities at A, and A,,
I, /I, =0.557 £ 0.002, are also independent of

PeakFit analysis of doxorubicin fluorescence emission spectra obtained in selected solvents

Solvent Peak 1 Peak 2 Peak 3 Peak 4
A/nm* % Area® A/nm % Area A/nm % Area A/nm % Area

Water 555 32.0 594 44.8 636 13.7 664 9.4
Deuterium oxide 555 32.1 596 44.5 640 14.6 671 8.8
Ethylene glycol 555 28.3 594 46.9 636 15.1 666 9.7
Methanol 550 26.1 588 45.8 630 13.7 652 14.5
Ethanol 550 26.0 589 474 631 17.6 668 9.0
Isopentanol 551 25.9 591 472 633 19.4 676 7.6
1-Pentanol 552 27.0 591 45.8 633 20.4 678 6.9
p-Dioxane 555 27.1 592 43.8 632 19.8 670 9.3
Heptane 549 34.6 586 39.2 629 21.0 674 52

Tabulated for each Gaussian curve resolved are (1) the center of the Gaussian peak and (2) the percentage area of the overall

fluorescence spectrum that the peak contributes.

A

max

values of resolved Gaussian curves reported to nearest nm.
PArea of each Gaussian curve reported as a percentage of the total emission spectrum. The sum of the % areas of the four
Gaussian curves resolved may not add to 100% due to rounding.
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Fig. 7. Resolution of the doxorubicin fluorescence emission
spectrum in isopentanol with excitation A =479 nm. Four
overlapping Gaussian curves with centers at 551.5, 590.6,
633.3, and 675.7 nm and amplitudes of 45.78, 87.07, 34.93, and
8.97, respectively, contribute to the overall spectrum. The
experimental emission spectrum and the theoretical fit to the
experimental curve from the sum of the contributing Gaussian
components are superimposed.

[DNM]. The ratio of the emission intensities at A,
and A,, I;/1I,, decreases slightly with increasing
[DNM], from a value of 0.469 + 0.004 at [DNM]
=250 uM to 0.460 +0.001 at [DNM]= 15.00
uM (averaged over all excitation wavelengths).
The dependence of the DXR fluorescence

emission spectrum on DXR concentration at a
representative excitation wavelength of 479 nm is
illustrated in Fig. 10. The emission A, values
remain constant, with averages of 561 + 1 nm and
593 + 1 nm. The quenching of DXR fluorescence
anticipated from the previously reported self-as-
sociation of DNM at concentrations greater than
10 uM [17] is observed, giving rise to a small
decline in the ratio of the peak intensities at 560
and 590 nm. (I, /I, equals 0.804, 0.802, 0.787, and
0.775 £ 0.005 at [DXR] = 1.0, 5.0, 10.0, and 20.0
uM.) PeakFit analysis of the emission spectra
reveal constant A,  values averaging at A, =
5552403 nm, A, =593.8+0.2nm, A;=6373+
0.6 nm, and A, =669+ 2 nm. The % areas of
both peaks 1 and 2 decrease slightly as [DXR]
increases (from 31.1% to 29.8% for peak 1 and
from 48.9% to 47.7% for peak 2, with uncertain-
ties of +0.4%), while the % area of peak 3
remains essentially constant at 13.8 + 0.8%. Peak
4 is a minor component of constant contribution
(% area = 7.4 + 0.4%).

3.3. Dependence of DXR fluorescence on pH

Fig. 11 portrays the emission characteristics of
5 uM doxorubicin in aqueous samples of varying
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Fig. 8. The effect of [DNM] in water on (a) DNM absorbance, (b) the DNM fluorescence emission spectrum at an excitation A of
480 nm, and (c) the maximal DNM fluorescence intensity at A.yipation = 480 nm.
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Fig. 10. The dependence of the doxorubicin fluorescence
emission spectrum on the concentration of DXR in aqueous
solution. As spectra increase in intensity, the doxorubicin
concentration corresponds to 1.0, 5.0, 10.0, and 20.0 uM.

pH. The range of pH values investigated was
selected to span the pK, of the glycosidic amine,
with reported values varying from 7.4 to 8.2
[18-21]. However, a simultaneous dissociation of
a phenolic group on the anthraquinone ring is
possible, as the phenolic group is known to ionize
over the pH range 8 to 13 [18]. A marked de-
crease in fluorescence intensity at both emission
Ay Values is observed, with no shift in the loca-
tion of A_,, at 560 £ 1 nm and 593 + 1 nm. The
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Fig. 11. Fluorescence of 10 uM doxorubicin as a function of
pH with excitation A =479 nm. The peak emission intensities
occur at A; =560 £ 1 nm and A, =593 + 1 nm. The ratio of
fluorescence intensities at A; and A, (I,/I,) increases with
increasing pH: I, /I, = 0.790 at pH 5.52; 0.790, pH 6.37; 0.796,
pH 6.55; 0.799, pH 6.92; 0.812, pH 8.51; 0.818, pH 9.01; 0.823,
pH 9.33; 0.821, pH 9.61; 0.827, pH 10.10; 0.840, pH 10.40.
Maximum uncertainty in I, /I, is +0.005, except for pH
values > 10, +0.010.

ratio of intensities (1, /I,) shows a slight increase
with more basic solution, from I, /I, =0.790 at
pH5.52to I, /I, = 0.840 at pH 10.40. Daunomycin
fluorescence exhibits a similar dependence on
pH, with decreasing intensity as pH rises, con-
stant emission A,,, values at A, =564 +2 nm
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and A,=594+1 nm, and a small increase in
1, /I, from 0.80 at pH 5.0 to 0.83 at pH 9.0.

PeakFit analysis of the DXR pH data reveals
four Gaussian curves that decrease in amplitude
with increasing pH while maintaining a constant
percentage area and constant A, values. The
average A, values (and average % areas) of the
resolved Gaussians occur at A; =554.8 + 0.3 nm
(30.5 +0.2%), A, =1593.5+ 0.1 nm (48.5 + 0.6%),
Ay =637.3+£0.5 nm (14.34+0.7%), and A, = 672
+3 nm (6.7 +0.6%). The two major Gaussian
bands exhibit a constant ratio of peak amplitudes
(amplitude,:amplitude, = 0.740 + 0.007). The in-
tensity of the peak at 593.5 nm exhibits a more
sizable pH dependence (decreasing more signifi-
cantly with increasing pH than the intensity of the
554.8-nm peak), giving rise to the observed in-
crease in the ratio of fluorescence intensities at
A, and A,.

3.4. Resolution of DXR fluorescence in AOT /n-
heptane / water reverse micelles as a function of
DXR concentration

The experimentally-determined fluorescence
parameters of DXR in AOT /heptane /water re-
verse micelles (R =20 and 30) are presented in
Table 5. Little variation is observed in the emis-
sion A, values, but a significant decrease in the
magnitude of the ratio of the fluorescence inten-
sities at 557 nm and 590 nm (I, /I,) is revealed.
The value of I, /I, is close to or above 1 at low
concentrations of DXR, falling to near 0.74 at the
highest DXR concentrations investigated. Nor-
malized fluorescence emission spectra at 0.10 uM
and 20.0 uM DXR (R =30) are presented for
comparison in Fig. 12.

PeakFit analysis of the fluorescence spectra at
R =30 are summarized in Table 6. As expected,
three principal Gaussian curves are resolved with
a minor long-wavelength component. The 555-nm
and 590-nm components show little variation in
emission wavelength, while the third Gaussian
displays an increase in emission wavelength as
[DXR] increases. The more dramatic variations
with [DXR] are observed for the % areas of the
Gaussian peaks, decreasing for the 555-nm and

Table 5

Emission characteristics of doxorubicin fluorescence in
AOT /heptane /water reverse micelles as a function of DXR
concentration

[DXR]/uM A, /nm* I, Ay/nm* I, 1,/L,"
R=20

0.05 557 110 589 0942 1.17
0.10 558 1.93 586 183 1.05
0.20 558 281 590 322 0.87
0.30 556 348 591 410 085
0.40 558 504 590 620 081
0.50 559 588 590 730 0.80
1.0 556 11.8 590 153 077
5.0 556 493 591 653 075
10.0 558 86.0 590 1153 0.75
R=30

0.10 557 1.90 590 200 0.95
0.25 556 524 590 6.19 085
0.50 556 6.77 590 839  0.81
0.75 556 9.90 592 124 080
1.0 557 123 590 158 078
5.0 556 483 590 631  0.77
10.0 558 90.0 592 1186  0.76
20.0 560 150.9 591 2042 0.74

Emission A, are reported for spectra obtained using an
excitation wavelength of 479 nm. Doxorubicin concentration is
varied in reverse micelles with fixed [AOT]=0.25 M and
molar ratios of water to surfactant of 20 and 30. The ratios of
the fluorescence intensities at the observed A are also
reported.

*Uncertainty in emission wavelength maximum + 1 nm.

" Maximum uncertainty in ratio of fluorescence intensities at
A, and A, £+ 0.01.

max

630-nm peaks and increasing for the 590-nm
Gaussian. The ratio of both amplitudes and %
areas for the 555-nm and 590-nm peaks shows a
gradual decrease with increasing [DXR].

The neutral, non-polar character of 1,4-diOH-
AQ dictates a preferential partitioning of the
fluorophore into only the heptane bulk solvent of
the AOT /heptane /water reverse micellar sys-
tem. A fluorescence spectrum that matched iden-
tically to that of 1,4-diOH-AQ in heptane solvent
was observed for AOT reverse micelles with added
1,4-diOH-AQ despite variations in [AOT] over
the range from 0.10 M to 0.25 M, changes in
water content from R = 20 to 35, and [1,4-diOH-
AQ] values ranging from 2 to 10 uM.
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Fig. 12. Normalized fluorescence emission spectra at (a) 0.10 uM and (b) 20.0 uM DXR in the reverse micellar system
AOT /heptane /water at [AOT] = 0.25 M, R = 30, and excitation A,, =479 nm.

4. Discussion

Several key fluorescence spectral characteris-
tics of daunomycin and doxorubicin emerge from
this study. (1) Two principal emission A, values
are observed, occurring at ~ A, =560 nm and
A, =593 nm in aqueous solution and exhibiting
blue shifts of ~ 5 nm in solvents of low dielectric
constant. (The parent fluorophore 1,4-dihydroxy-
anthraquinone also exhibits two emission A,
values, with A, exhibiting a similar blue shift of
up to 10 nm with decreasing solvent dielectric
constant.) In aqueous solution, no variations in
DXR and DNM emission A,,, are observed for
changes in pH or fluorophore concentration. (2)
A long-wavelength shoulder near 630 nm is more
pronounced in solvents of lower dielectric strength
and shows no variation with solution pH or fluo-
rophore concentration. (The parent fluorophore
1,4-diOH-AQ exhibits a long-wavelength shoulder
in the emission spectrum in all solvents.) (3) The
peak ratio of fluorescence intensity at short A,

(560 nm) to long A,,, (593 nm) can be signifi-
cantly varied by a change in the solvent dielectric
constant and slightly altered by a change in the
pH of the environment or in the local concentra-
tion of DXR or DNM.

In particular, the DXR and DXR fluorescence
peak ratio is decreased by (a) increased effective
DXR concentration and (b) decreased pH of the
surroundings. In contrast, by an investigation of
solvents with an extensive range of dielectric con-
stants, we have demonstrated that the ratio of
fluorescence intensities at the two A, values
shows a parabolic dependence on solvent dielec-
tric constant. As dielectric constant decreases
from the value for water, the ratio of fluorescence
intensity at 560 nm to that at 593 nm decreases to
a minimum value at a dielectric constant in the
vicinity of € = 6 (for the more hydrophobic DNM)
and 12 (for DXR with an additional hydroxyl
group) and then increases with continually de-
creasing dielectric constant to a ratio above the
value observed for water. This unusual inverted
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Table 6

261

PeakFit analysis of doxorubicin fluorescence spectra obtained for AOT /heptane /water reverse micelles at R = 30 with varying

DXR concentration

[DXR] Peak1 Peak 2 Ampl;:  Peak 3 Peak 4
A/nm  Ampl % Area A/nm Ampl % Area Ampl, A/nm Ampl % Area A/nm Ampl % Area
010 555 1.60 36.4 590 1.60 349 1.00 628 0.79 267 692 0.08 1.98
025 554 4.68 333 590 549 413 0.852 632 239 238 690 027 156
050 554 6.10 323 590 753 426 0.810 629 323 231 690 040 1.92
075 554 8.93 31.0 591 11.64 456 0.767 634 472 20.6 687 472 272
1.0 554 11.04 30.6 591 14.89 47.0 0.741 634 583 198 686 093 272
5.0 554 43.71 29.8 591 60.48 47.8 0.723 634 2222 169 676 551 547
10.0 554 80.91 294 591 1141 476 0.709 634 4204 174 676 10.52  5.66
20.0 555 1346 288 591 1944  46.7 0.692 633 76.02  19.1 678 17.42  5.45

The center® and amplitude® of each Gaussian curve resolved are tabulated as well as the percentage area® of the overall
fluorescence spectrum that the peak contributes. The ratio of the amplitudes of the Gaussians at A, and A, is also tabulated?.
Amayx Values of resolved Gaussian curves reported to nearest 0.1 nm.

Amplitudes of resolved Gaussian curves reported to nearest 0.01.

‘Area of each Gaussian curve reported as a percentage of the total emission spectrum. The sum of the % areas of the four

Gaussian curves resolved may not add to 100% due to rounding.

4 Maximum uncertainty in ratio of amplitudes at A; and A, + 0.004.

solvatochromism — that is, a reversal of solva-
tochromic shifts in media of low polarity — has
been previously observed for several merocyanine
dyes [22-24] and a class of bischromophoric cya-
nine dyes [25]. Observing this behavior is key to
understanding the partitioning of anthracyclines
in reverse micelles as well as resolving the con-
flicting data in the literature.

Several stabilizing factors are likely to influence
the localization of doxorubicin within the mi-
croregions of reverse micelles. In the partitioning
process the fluorophore could attempt to enhance
the solvation and hydrogen bonding of the hy-
drophilic aminoglycosidic side chain, optimize the
electrostatic interactions of the protonated amine,
and/or maximize the hydrophobic and cation-
interactions of the anthraquinone ring system with
the surfactant interface. These driving forces can
modulate both the orientation of the anthracy-
cline drug with respect to the surfactant (parallel
vs. tangential) and the depth of penetration of the
aromatic moiety into the surfactant layer for par-
allel orientations.

Our reverse micelle investigations suggest that
the partitioning of DXR in AOT reverse micelles
of fixed composition is dependent on the concen-
tration of doxorubicin. Two critical trends used to

support this proposal are (1) the varying intensity
ratio I, /I, of the emission peaks at 555 and 590
nm as the concentration of DXR increases and
(2) the shift in wavelength and the change in %
area of peak 3 (near 630 nm) in the PeakFit
analysis of the emission spectra as [DXR] in-
creases. Using the data in Tables 1 and 4 to assist
in interpretation, a possible partitioning scenario
may be constructed.

At low drug concentrations, the chromophore
of doxorubicin appears to reside in an hy-
drophobic environment (presumably the surfac-
tant interface). The high I, /I, ratio coupled with
the relatively short emission wavelength of peak 3
and its large % contribution are consistent with a
hydrophobic site for the chromophore. At higher
concentrations, doxorubicin partitions into a more
hydrophilic environment such as either the free
water pool or the bound water layer. A decrease
in the depth of partitioning into the surfactant
layer would also be consistent with a more hy-
drophilic site. The lower I,/I, value and the
longer wavelength for peak 3 and its smaller area
contribution to the overall spectrum suggest this
more hydrophilic region. A similar concen-
tration-dependent partitioning of doxorubicin into
anionic unilamellar vesicles has been suggested
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[26]. In this earlier study, the chromophore of
DXR at low concentrations is proposed to inter-
calate between the lipid molecules, while at high
concentrations drug—drug interactions cause the
protrusion of additional DXR chromophores at
least partly into the aqueous phase.

Our observation of the parabolic dependence
of the daunomycin and doxorubicin 560-nm:593-
nm fluorescence ratios may offer an explanation
for the apparent paradoxical assignment of a more
aqueous partitioning site in large unilamellar
vesicles for the more hydrophobic idarubicin (and
its derivatives 3’-hydroxyidarubicin and idarubici-
nol) than for daunomycin or doxorubicin [5]. This
assignment (which the authors noted was not
consistent with the hydrophobicity of idarubicin)
was made on the basis of relative fluorescence
intensity ratios (I;/I,) and the assumption that
I, /I, decreases with decreasing solvent dielectric
constant. (The data presented [5] to support the
latter point showed considerable deviation from a
linear dependence.) In light of our findings, the
observed [5] fluorescence ratios in the range of
0.91-1.02 should be ascribed to a more hy-
drophobic location for the chromophore of idaru-
bicin and its derivatives, consistent with an em-
bedding of the anthraquinone moiety within the
surfactant region. This example emphasizes the
necessity, as revealed by our investigations, of
using both overall spectral shape (particularly the
contribution of a Gaussian emission band cen-
tered near 630 nm) and the intensity ratios at the
principal A, values (560 and 590 nm) to assess
the location of DXR and DNM in lipid and
surfactant systems.

A full characterization of the fluorescence sig-
nature of daunomycin and doxorubicin is critical
for the assessment of anthracycline distribution in
cell membranes. While interference of nucleic
acid function is the classical model to explain the
therapeutic activity of these anthracyclines [27,28],
the interactions of the drugs with cell membranes
are also critical to their overall function. Drug-
membrane interactions govern cytotoxic selectiv-
ity between normal and tumor tissue, dictate cell
access, and are implicated in the development of
multiple drug resistance by tumor cells. Partition-

ing of the drugs between membrane and cystolic
fractions of cells significantly favors the mem-
brane, yet higher quantities of lipid-bound an-
thracyclines are observed in drug-sensitive cells
than in resistant cells [29-32]. The detection of
different distributions of these anthracyclines in
membranes from drug-sensitive and drug-re-
sistant cells suggest differential partitioning of the
drug between ‘deep’ (membrane-incorporated)
and ‘surface’ domains as a consequence of varia-
tions in the concentrations of certain lipids [33,34].
Clearly, a greater understanding of anthracy-
cline—-membrane interactions is fundamental to
optimizing anthracycline activity. We are continu-
ing to use fluorescence spectroscopy to investi-
gate the partitioning of DNM and DXR in surfac-
tant-based reverse micellar systems to provide
further understanding of the binding heterogene-
ity of these anthracyclines in biological mem-
branes and liposomal delivery systems.
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