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This paper investigates how solution conditions, especially solvent polarity and hydrogen bonding, affect the
fluorescence of ellipticine, a natural plant alkaloid with anticancer activity. A total of 16 solvents that cover
a wide range of polarities were tested. The ultraviolet (UV) absorption and fluorescence emission of ellipticine
were found to be solvent dependent. The absorption and emission maximum shifted to higher wavelengths
(red shift) with increased solvent polarity. The difference in absorption and emission maximum (Stokes’
shift) was large,∼10 000-11 000 cm-1, in polar solvents (with orientation polarizability∆f > 0.2) but
unusually small,∼8900 cm-1, in nonpolar solvents (hexane and cyclohexane). Large Stokes’ shifts were due
to an intramolecular charge transfer (ICT), which was enabled by large solvent polarity and hydrogen bonding
of ellipticine with the solvents. Two transitions were found in the Lippert-Mataga plot between (1) nonpolar
and semipolar solvents and between (2) semipolar and polar solvents. The first transition reflected the formation
of hydrogen bonds between ellipticine and the solvents whereas the second transition indicated that ellipticine
underwent an ICT. In addition, the larger extinction coefficients and the longer lifetime of ellipticine obtained
in protic solvents were attributed to the formation of stronger hydrogen bonds. The photophysical response
of ellipticine to changes in solvent polarity and hydrogen bond formation could be used to infer the location
of ellipticine in a heterogeneous medium, namely liposomes in aqueous solution. A relatively large red shift
of emission in liposomes indicated that ellipticine may be in a more polar environment with respect to the
lipid bilayer, possibly close to the hydrophilic interface.

Introduction

Many anticancer agents have been discovered and developed
from natural sources,1-4 as well as from the understanding of
molecular genetics and cancer biology.5-8 Among them, ellip-
ticine, a natural plant alkaloid, and its derivatives have been
found to have anticancer activity since the 1960s.9-12 They are
able to intercalate with DNA and inhibit topoisomerase II,
leading to the inhibition of replication of DNA and transcription
of RNA. While these compounds exhibit high cytotoxicity
against tumor cells,10,11,13-15 only a few clinical trials of
ellipticine and its derivatives were attempted in the 1980s.11,16-19

This is mainly due to the very low solubility of ellipticine and
most of its derivatives in aqueous media and in many organic
solvents.11,20,21 In addition, severe side effects have been
observed during clinical trials, including intravascular hemolysis,
xerostomia, and the decrease of heart beat.9,11,16

Recently, ellipticine and its derivatives have drawn renewed
attention as new drug delivery technologies have emerged.
Ellipticine could be covalently linked with polymers or peptides
to form conjugates with significantly improved solubility.20,22-25

Such conjugates have the potential to target specific cancer cells,
thereby reducing side effects.23-25 Micelles made of copolymers
were also used to deliver ellipticine in vitro, and some promising
results were reported.21,26More recently, a special class of self-
assembling peptides has been found to be a good candidate for
carrying and delivering hydrophobic compounds.27,28 These

peptides were found to bind to ellipticine, showing great
potential as a carrier of ellipticine.

To characterize how ellipticine is transported to its target, it
is useful to establish a relationship between the environment
and photophysical properties of ellipticine. This will enable one
to monitor the uptake of ellipticine by a given carrier and its
release from the carrier to a target site by monitoring the change
in absorption and emission spectra, as ellipticine migrates from
the microenvironment of the carrier to that of the target site.
Unfortunately, only a few scattered studies in the literature have
reported the photophysical properties of ellipticine and its
derivatives.9,29-32 Some studies focused on the binding of
ellipticine to DNA;33-35 others monitored the ellipticine fluo-
rescence inside cultured cells.36-38 These studies provided a
limited understanding of the photophysical properties of ellip-
ticine. They are summarized hereafter: Ellipticine exhibits
several UV absorption bands between 220 and 400 nm, with
an extinction coefficient ranging from 3000 to 79 000 M-1

cm-1.29 The UV absorption and fluorescence emission were
found to be highly dependent on solution pH.29,31,32Ellipticine
exhibits a maximum of fluorescence at 520 nm in water
(excitation at 304 nm) but an emission maximum at∼430 nm
in ethanol (excitation at 294 nm). This dramatic spectral shift
is attributed to the different structures adopted by ellipticine in
different solvents. The protonation of the pyridine-like nitrogen
(pKa 6-7.4)9,31,33results in an emission maximum at 520 nm,
while the neutral form of ellipticine emits fluorescence at∼430
nm (Scheme 1).31 The observation of the neutral form of
ellipticine in ethanol and its protonated form in a more polar
solvent (water) suggests that one may use the solvatochromic
effects exhibited by ellipticine to determine its local environ-
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ment, a powerful investigation tool to describe the polarity of
a medium in which ellipticine is located. Such a result would
be expected to have immediate application to characterize the
transfer mechanism of ellipticine in a given delivery system.

In this study, the photophysical properties of ellipticine were
determined in a series of organic solvents with different
polarities. The UV absorption and fluorescence emission spectra
were obtained in each solvent and analyzed in terms of the
position of their peak maxima. The position of the peak maxima
was correlated to the solvent polarity using the Lippert-Mataga
equation.39,40 The extinction coefficient of ellipticine in each
solvent was obtained by applying Beer-Lambert’s law. Time-
resolved fluorescence experiments were conducted to determine
the lifetime of ellipticine. The trends obtained for the absorption
and emission of ellipticine as a function of the solvent polarity
enable one to use the photophysical properties of ellipticine as
a tool to determine its location in a heterogeneous medium. For
instance, ellipticine was found to reside close to the surface of
the lipid membrane of egg phophatidylcholine (EPC) liposomes.

Experimental Methods

Materials. The solvents (Table 1) were obtained from Sigma-
Aldrich (Oakville, Canada), Caledon Laboratories Ltd. (Geor-
getown, Canada), or EM Science (Gibbstown, NJ) with a purity
of 99+%. Dielectric constants (ε) and refractive indices (n) of
the pure solvents were obtained from the literature.41 Those of
the mixed solvents (εmix andnmix) were estimated from eqs 1
and 2,42-44

where the subscripts a and b represent the two different pure
solvents andfa,b is the volume fraction of each solvent. The
polarities of the pure and mixed solvents could be estimated
using the definition of the orientation polarizability (∆f) from
the Lippert-Mataga equation:39,40

The anticancer agent ellipticine (99.8% pure) was purchased
from Sigma-Aldrich (Oakville, Canada) and used without further
purification. Egg phosphatidylcholine (EPC) and sodium dode-
cyl sulfate (SDS) were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL) and EM Science (Gibbstown, NJ), respec-
tively. Ethylenediaminetetraacetic acid (EDTA) was supplied
by Bio-Rad Laboratories. Tris(hydroxymethyl)methylamine
(Tris) and acetic acid were obtained from BDH Inc. (Toronto,
Canada).

Sample Preparation.The ellipticine solutions were prepared
from ellipticine stock solutions (100 and 400µM) in tetrahy-
drofuran (THF). Aliquots of the ellipticine stock solution (100
µM) in THF were transferred to a 20 mL vial. The vial was
then dried under a gentle flow of N2. Solvents (5 mL) were
added to the vial to obtain a solution with a final ellipticine
concentration of 2µM for all fluorescence studies. The same
procedure was used to prepare higher ellipticine concentrations
(4, 8, 10, and 20µM) from the 400µM stock solution for UV
absorption experiments. All solutions were degassed prior to
performing a steady-state or time-resolved fluorescence experi-
ment.

A 25 mM Tris/acetic acid buffer at pH 7 with 0.2 mM EDTA
was used in the dispersions of EPC liposomes. The lipid
concentration was determined by taking the difference between
the solid content of the vesicle solution and that of the buffer
solution. The preparation procedure was described in a previous
publication, and the prepared liposomes were characterized as
large unilamellar vesicles (LUVs) in terms of their sizes (70-
130 nm in diameter).27 The EPC concentration used in this study
equaled 1.1 mM. A 20 mM SDS solution was prepared in ultra
pure water (Milli-Q Synthesis, 18.2 MΩ). Liposome dispersions
and SDS micelle solutions (5 mL) were added to the sample
vial containing a dry film of ellipticine to reach the set 2µM
ellipticine concentration.

UV Absorption. The extinction coefficient of ellipticine at
the wavelength corresponding to the absorption maximum in
each solvent was determined from the absorption of five
ellipticine solutions (2, 4, 8, 10, and 20µM). The absorption
spectra were acquired on a UV-vis spectrophotometer (Bio-
chrom Ultraspec 4300 Pro, Cambridge, England) using a 1 cm
path length quartz cell. The molar extinction coefficient (e) was
obtained from Beer-Lambert’s law where the expression is

SCHEME 1: Different Forms of Ellipticine
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given as40

wherec is the molar concentration of ellipticine andd is the
optical path length (cm). A plot of absorbance versus ellipticine
concentration yields a straight line (R2 > 0.995) whose slope
equalse, for a 1 cmlight path length.

Steady-State and Time-Resolved Fluorescence.All steady-
state fluorescence emission spectra were acquired on a Photon
Technology International QM-4 spectrofluorometer (London,
ON, Canada) with a continuous xenon lamp as the light source.
For each sample, approximately 3 mL of solution was trans-
ferred from the sample vial into a square quartz cell (1 cm×
1 cm) through a Pasteur glass pipet. The sample was then excited

at the wavelength corresponding to the position of the absorption
maximum in different solvents (289-305 nm). The emission
fluorescence spectra were collected at wavelengths ranging from
300 to 650 nm. Each spectrum was normalized according to its
peak maximum. In the case of solutions exhibiting multiple
fluorescence peaks, the position of the far left fluorescence peak
was used in the Lippert-Mataga equation.

The time-resolved fluorescence decays were acquired on an
IBH 5000U time-resolved fluorometer using the time-correlated
single photon counting (TCSPC) technique. For each solvent,
the excitation was set at the wavelength corresponding to the
absorption maximum and the fluorescence was collected at the
wavelength corresponding to the fluorescence maximum deter-
mined from the steady-state fluorescence spectra. All decay
profiles were acquired over 1024 channels, and the data

TABLE 1: Photophysical Properties of Ellipticine in Different Solventsa

solvents ∆f ε n λa (nm) νa (cm-1) λf νf (cm-1) νa - νf (cm-1) e (M-1 cm -1)

MeOH 0.308 32.70 1.3288 294 34 014 434 23 041 10 972 62 300
ACN 0.305 36.64 1.3442 291.5 34 305 420 23 810 10 495 43 500
EtOH 0.289 24.55 1.3611 294 34 014 429 23 310 10 704 69 900
Hex15EtOH85 0.281 21.15 1.3703 294.5 33 956 426 23 474 10 482
iPrOH 0.277 20.18 1.3776 294.5 33 956 424 23 585 10 371 71 300
DMF 0.274 36.70 1.4305 293.5 34 072 425 23 529 10 543 53 600
Hex35EtOH65 0.271 16.62 1.3708 294.8 33 921 425 23 529 10 392
BuOH 0.264 17.50 1.3988 295 33 898 427 23 419 10 479 71 500
DMSO 0.263 46.68 1.4793 295 33 898 428 23 364 10 534 60 000
Hex50EtOH50 0.260 13.225 1.3712 295 33 898 423 23 641 10 257
Hex65EtOH35 0.242 9.819 1.3716 295 33 898 422 23 697 10 201
tBuOH 0.238 12.47 1.4255 294.5 33 956 420 23 810 10 146 70 400
Hex75EtOH25 0.222 7.552 1.3718 295 33 898 421 23 753 10 145
THF 0.210 7.520 1.4050 293.3 34 095 413 24 213 9 882 49 600
Hex1THF99 0.209 7.464 1.4047 293 34 130 412 24 272 9 858
Hex5THF95 0.207 7.238 1.4034 293 34 130 412 24 272 9 858
Hex80EtOH20 0.206 6.420 1.3720 294.8 33 921 420 23 810 10 111
Hex10THF90 0.204 6.957 1.4018 293 34 130 411 24 331 9 799
EAce 0.201 6.081 1.3723 291.5 34 305 410 24 390 9 915 47 400
Hex20THF80 0.197 6.393 1.3986 293 34 130 410 24 390 9 740
Hex30THF70 0.188 5.830 1.3954 293 34 130 410 24 390 9 740
Hex85EtOH15 0.185 5.286 1.3721 294.8 33 921 420 23 810 10 111
tAmOH 0.184 5.780 1.4052 294.5 33 956 419 23 867 10 089 70 000
Hex40THF60 0.178 5.267 1.3922 293 34 130 409 24 450 9 680
Hex50THF50 0.165 4.703 1.3889 293 34 130 409 24 450 9 680
ether 0.165 4.267 1.3526 291.5 34 305 405 24 691 9 614 52 100
Hex90EtOH10 0.154 4.153 1.3722 294.5 33 956 419 23 866 10 090
Hex60THF40 0.148 4.140 1.3857 292.5 34 188 407 24 570 9 618
Hex70THF30 0.127 3.577 1.3825 292.5 34 188 406 24 631 9 557
Hex93EtOH7 0.126 3.473 1.3723 294.5 33 956 419 23 866 10 090
Hex95EtOH5 0.102 3.020 1.3724 294.5 33 956 418 23 923 10 033
Hex80THF20 0.099 3.013 1.3792 292.5 34 188 405 24 691 9 497
Hex97EtOH3 0.070 2.566 1.3724 294 34 014 418 23 923 10 091
Hex90THF10 0.059 2.450 1.3760 292.5 34 188 403 24 814 9 374
Hex98EtOH2 0.051 2.340 1.3724 293.3 34 095 416 24 038 10 057
Hex95THF5 0.033 2.168 1.3743 292 34 247 402 24 876 9 371
Hex99EtOH1 0.028 2.113 1.3725 291 34 364 407 24 570 9 794
Diox 0.021 2.219 1.4224 292.5 34 188 410 24 390 9 798 51 800
Hex98THF2 0.014 1.999 1.3734 291.5 34 305 401 24 938 9 367
Tol 0.013 2.379 1.4961 293 34 130 403 24 814 9 316 47 400
Hex99.6EtOH0. 4 0.012 1.977 1.3725 290.5 34 423 403 24 814 9 609
Hex99THF1 0.007 1.943 1.3730 291 34 364 401 24 938 9 426
Hex99.8EtOH0. 2 0.006 1.932 1.3725 290.3 34 447 402 24 876 9 571
CHex 0 2.024 1.4235 290 34 483 392 25 510 8 973 37 700
Hex 0 1.887 1.3727 289.5 34 542 390 25 641 8 901 32 100
EPC 295 33 898 436 22 936 10 962
SDS 307 32 573 520 19 231 13 342

a Notations: orientation polarizability,∆f; dielectric constant,ε; refractive index,n; absorption wavelength,λa; absorption wavenumber,νa;
emission wavelength,λf; emission wavenumber,νf; extinction coefficient,e. Solvent abbreviation: methanol, MeOH; acetonitrile, ACN; ethanol,
EtOH; 2-propanol,iPrOH; dimethylforamide, DMF; butanol, BuOH; dimethyl sulfoxide, DMSO;tert-butyl alcohol,tBuOH; tetrahydrofuran, THF;
ethyl acetate, EAce;tert-amyl alcohol,tAmOH; diethyl ether, ether; 1,4-dioxane, Diox; toluene, Tol; cyclohexane, CHex; hexane, Hex; egg
phosphatidylcholine, EPC; sodium dodecyl sulfate, SDS; subscripts for the mixture represent the volume percentage of the two solvents in the
mixture (i.e., Hex99THF1: mixture contains 99% hexane and 1% THF). The error for all absorption and emission data is within 0.2%, and that for
extinction coefficients is less than 2.0%.

absorbance (abs)) ecd (4)
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collection was stopped when the peak maximum reached 20 000
counts. A filter was applied with a cutoff of 370 nm to minimize
potential light scattering leaking through the detection system.
The decays were then fitted with a mono- or biexponential
function, and the fitting parameters were optimized using the
Marquardt-Levenberg algorithm.45 The quality of all fits was
determined by theø2 parameter, the random distribution of the
residuals, and the autocorrelation function of the residuals.

Results and Discussion

Effect of Solvent on the Absorption Spectra.Typical
absorption spectra of ellipticine are shown in Figure 1. Ellip-
ticine absorbs over a wide range of wavelengths from 220 to
400 nm. In methanol, three major absorption peaks are found
at 294, 285, and 276 nm. The peak locations are very close to
the reported values.29 When ellipticine is in a nonpolar solvent,
such as hexane, the absorption spectrum shifts toward the
ultraviolet region (blue shift). The 294 nm peak (peak III) in
methanol shifts to 289.5 nm in hexane, but it does not change
much in the solvents with medium polarity such as THF
(absorption spectra for other solvents are not shown). The
position of the absorption peak III in all tested solvents is listed
in Table 1.

The shift of the absorption spectrum with solvent polarity
observed for a solvatochromic compound is a well-known
phenomenon. The shift can be described as being hypsochromic
or bathochromic depending on whether the absorption maximum
occurs at a lower or higher wavelength, respectively. In the case
of ellipticine, the absorption spectrum shifts to higher wave-
lengths with increasing solvent polarity, indicating a bathochro-
mic shift. Normally, the bathochromic shift happens when the
dipole moment of the probe (ellipticine in the present case)
increases during the electronic transition (i.e., the ground-state
dipole momentµg < excited-state dipole momentµe), and the
excited state is formed in a solvent cage of already partly
oriented solvent molecules.46 Thus, more polar solvents favor
the stabilization of the excited state of the probe. By examination
of the structure of ellipticine (Scheme 1), the electrons are
expected to be delocalized between the nitrogen atoms of the
pyridine-like ring (ring 4) and of the pyrrole-like ring (ring 2).
In addition, hydrogen bonding between the solvent and both
nitrogen atoms of ellipticine may induce electron redistribution.
This might be the reason, in all protic solvents with strong
hydrogen-bonding ability, peak III shifts to higher wavelengths
but it remains fixed at low wavelengths in hexane and

cyclohexane where the formation of hydrogen bonds is pre-
vented. The effect of specific solvent interactions will be
discussed later.

The extinction coefficients (e) at peak III in pure solvents
are listed in Table 1 and plotted against the solvent polarity
(∆f) in Figure 2. It seems that there is no trend for the extinction
coefficients as a function of solvent polarity. The values vary
from 32 000 in nonpolar solvents up to∼70 000 in protic
solvents (alcohols). Interestingly, ellipticine has the highest
extinction coefficients in all protic solvents (solid triangles)
except methanol, intermediate ones in aprotic polar solvents,
and the lowest ones in nonpolar solvents. This trend seems to
follow the hydrogen-bonding ability of the solvents, where the
alcohols exhibiting a hydroxyl group (OH) have the strongest
hydrogen-bonding ability but the nonpolar solvents cannot form
hydrogen bonds with ellipticine. The aprotic polar solvents
exhibit either an ether group or an ester group, which can act
as hydrogen acceptors for hydrogen bonding, resulting in an
intermediate hydrogen-bonding ability. These observations
suggest that hydrogen bonding between the solvent and ellip-
ticine affects its extinction coefficient.

Effect of Solvent on the Fluorescence Emission Spectra.
Following the absorption experiments, steady-state fluorescence
spectra of ellipticine were acquired in the different solvents. A
total of 16 organic solvents were tested, and some representative
emission spectra are shown in Figure 3. The spectra were
normalized with respect to their peak maxima. The peak
maximum shifts to the right (red shift) as the solvent polarity
increases (from hexane to methanol). Meanwhile, the spectra
obtained in apolar solvents such as hexane exhibited several
peaks which merged into a single broad peak with increasing
solvent polarity. It is worth noting that the emission spectrum
in methanol exhibits a red-shifted peak at∼510 nm. This peak
is close to the one observed at 520 nm in SDS micelles and
aqueous solutions, which has been identified as the protonated
form of ellipticine (protonation of the nitrogen on the pyridine-
like ring).31,33,37This might be due to the fact that methanol,
having a smaller pKa, is more acidic than other alcohols.
However, the real mechanisms behind it are still unclear.

Further experiments were conducted to investigate whether
the 510 nm peak in methanol could be attributed to the formation
of an ellipticine excimer. The fluorescence spectra of a series
of ellipticine solutions in methanol with concentrations ranging
from 2 to 100µM were acquired. The ratio of the fluorescence

Figure 1. Absorption spectra of ellipticine in hexane (open square),
THF (open triangle), and methanol (cross). The ellipticine concentration
is 2 µM. The position of peak III was chosen as the excitation
wavelength of ellipticine in each solvent.

Figure 2. Extinction coefficients of ellipticine as a function of solvent
polarity (∆f) (alcohols, triangles). The ellipticine concentrations in
hexane and cyclohexane varied from 1 to 5µM (due to its low solubility
in these two solvents), while those in other solvents varied from 2 to
20 µM. The data for each solvent followed a straight line, and the
extinction coefficient was obtained through a linear fit of the data using
eq 4.
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intensity at the 436 nm peak to that at the 510 nm peak was
found to remain constant and equal to 2.16( 0.02 for all
ellipticine concentrations. This result suggests that the 510 nm
peak is not due to the formation of an excimer since increasing
the ellipticine concentration should have resulted in an increase
of the ratio.47

To confirm the protonation resulting in the 510 nm peak, a
5 mL methanol solution containing 2µM ellipticine was titrated
by adding 1-194 µL of 1.0 M NaOH solution. As shown in
Figure 4, the 510 nm peak decreased with the addition of NaOH
due to the deprotonation of ellipticine. Thus, it was concluded
that the protonated ellipticine causes the emission peak at∼510
nm in methanol. This result is consistent with the earlier finding
that ellipticine is protonated in SDS micelles giving a peak
maximum at∼520 nm.31

General Solvent Effect and the Lippert-Mataga Relation.
The position of the peak maximum (λf) for each fluorescence
spectrum was plotted against the solvent dielectric constant (ε)
in Figure 5a and was listed in Table 1. A trend exists where the
peak maximum shifts from 390 nm to∼430 nm with increasing
solvent dielectric constant. It seems that the profile reaches a
plateau when the dielectric constant is larger than 20. Since the
dielectric constant is a parameter often taken to represent the
solvent polarity, Figure 5a confirms that the solvent polarity
affects the fluorescence of ellipticine.

To better understand the solvent polarity effect, the Lippert-
Mataga relation was applied. This relation has been widely used
to correlate the energy difference between absorption (hνa) and

emission (hνf), also known as Stokes’ shift, with solvent polarity
represented by∆f. This relation is given in eq 5. It involves
both the dielectric constant and the refractive index (n) of the
solvents:39,40

In eq 5,νa andνf are the wavenumbers (cm-1) corresponding
to the absorption and the emission, respectively,h is Planck’s
constant,c is the speed of light, anda is the radius of the solvent
cavity in which the fluorophore resides. The term involvingε

andn is called the orientation polarizability (∆f), which only

Figure 3. Fluorescence emission spectra of ellipticine (2µM) in
different solvents. All spectra were normalized with respect to the peak
maximum.

Figure 4. Fluorescence emission spectra of ellipticine (2µM) in
methanol upon addition of 1 M NaOH (top, pure methanol; bottom,
194 µL of 1 M NaOH solution). All spectra were normalized with
respect to their peak maxima.

Figure 5. (a) Position of ellipticine fluorescence maximum as a
function of solvent dielectric constants. (b) Lippert-Mataga plot of
ellipticine in 16 pure solvents. The data are fitted to a straight line
(slope) 9700( 990,R2 > 0.92) for solvent polarity larger than 0.15.
(c) Lippert-Mataga plot of ellipticine in mixtures of hexane-THF
(open circles) and hexane-ethanol (open triangles). The ellipticine
concentration in each solvent and solvent mixture was set at 2µM.

νa - νf ) 2
hc( ε - 1

2ε + 1
- n2 - 1

2n2 + 1)(µE - µG)2

a3
+ const (5)
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accounts for the spectral shifts due to the reorientation of the
solvent molecules. Therefore, the Lippert-Mataga relation is
based on the assumption that the energy difference is only
proportional to the solvent orientation polarizability (known as
the general solvent effect). Inability of Stokes’ shift to increase
linearly with ∆f usually implies that specific solvent effects are
involved.

Figure 5b shows the Lippert-Mataga plot of ellipticine in
16 organic solvents. Stokes’ shift increases with increasing
solvent polarity. When the solvent polarity (∆f) is larger than
0.15, the data seemed to fall on a straight line. From the
Lippert-Mataga equation, the slope of this line yields the dipole
moment difference between the ground and excited states,∆µ
according to39,40

The estimated dipole moment difference is 12.2 D (debye)
(slope 9700( 990,R2 > 0.92), based on the assumption that
the Onsager cavity radiusa equals 5.35 Å, which is half of the
optimized distance between the two farthest atoms of the
molecule in the direction of charge separation (10.7 Å).48

Although this ∆µ value was obtained with an approximated
cavity radius, it is quite comparable with those reported for other
solvatochromic compounds (3-20 D).48-55 This estimation from
the Lippert-Mataga equation is based on the assumption that
the photophysical properties of ellipticine can be described by
the theory of general solvent effect; hence, it may not hold if
specific solvent effects are involved. Actually, Stokes’ shifts
observed for solvents with a polarity smaller than 0.03 did not
follow the trend (Figure 5b). This suggests that the solvent
polarity might not be the only factor affecting the spectral shifts.
Specific solvent effects including hydrogen bonding, acid-base
chemistry, and charge-transfer interactions can also result in
nonlinear Lippert-Mataga plots.40 As mentioned before, ellip-
ticine can form hydrogen bonds with the solvent, and it can
shuffle electrons between its two nitrogen atoms (Scheme 1).
This complicates the interpretation of how the solvent affects
the absorption and emission spectra of ellipticine.

To better understand the factors that affect Stokes’ shifts of
ellipticine, the data points in Figure 5b can be roughly divided
into two groups corresponding to∆f values smaller than 0.03
and larger than 0.15. In the more polar region (∆f > 0.15), a
linear trend was found and the corresponding dipole moment
difference was estimated to be 12.2 D. Such a large dipole
moment difference usually indicates the occurrence of intramo-
lecular charge transfer (ICT) induced by the solvent after
excitation.48,51-55 Scheme 1 describes the mechanism by which
the ICT occurs. In most cases, solvent polarity is believed to
be the effect driving an ICT, but for ellipticine, another important
factorshydrogen bondingsshould be considered as well. Most
solvents used in this study can form hydrogen bonds with
ellipticine except hexane and cyclohexane. Alcohols with a
hydroxyl group (OH) together with solvents such as DMF and
DMSO are expected to form strong hydrogen bonds with
ellipticine, which, in addition to their large solvent polarity, may
favor the occurrence of an ICT and result in the large 12.2 D
dipole moment difference. Although hydrogen bond formation
may occur even in less polar solvents such as diethyl ether,
THF, and ethyl acetate, the strength of such hydrogen bonds is
expected to be weaker;46 as a result, these solvents will be much
less effective at inducing an ICT (see below). In the less polar
region (∆f < 0.03), the data fell on a second, steeper straight

line. However, this steeper straight line is probably a coincidence
because an ICT should not occur in the nonpolar hexane and
cyclohexane where no hydrogen bonds can be formed with
ellipticine. In addition, the relatively larger Stokes’ shift
observed in toluene may be related to the presence ofπ-π
staking, and that observed in 1,4-dioxane can be due to
hydrogen-bonding interactions (see below).

To bridge the gap between the nonpolar (∆f < 0.03) and
semipolar (0.15< ∆f < 0.2) solvents in the Lippert-Mataga
plot, ellipticine solutions were prepared with solvent mixtures
of hexane and THF. Such binary mixtures provide a simpler
means of studying solvent effects because they reduces the
possibilities of specific solvent effects generated by different
solvents. The results are listed in Table 1 and plotted in Figure
5c (open circles). Stokes’ shifts increase linearly with the solvent
polarity, but the mixture containing the lowest volume fraction
of THF (1 v/v %) exhibits a Stokes’ shift substantially larger
than that of hexane. The dramatic increase in Stokes’ shift
observed for 1 v/v % of THF in hexane cannot be due to an
increase of the solvent polarity alone but to specific interactions
between THF and ellipticine. This statement is further illustrated
in Figure 6a, where the position of the absorption and emission
maxima is plotted as a function of solvent composition. Small
addition of THF results in a substantial shift of the position of
both the absorption and emission maxima.

One possible reason for this effect could be the formation of
hydrogen bonds between THF and ellipticine. THF contains an
ether function (C-O-C), which can serve as a hydrogen
acceptor, so hydrogen bonds can be formed between the NH
group on the pyrrole-like ring of ellipticine and the oxygen of

Figure 6. Position of the absorption peak III and emission maximum
of ellipticine (2 µM) in (a) hexane-THF mixtures and (b) hexane-
ethanol mixtures.

slope)
2(∆µ)2

hca3
(6)
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THF. This interaction only requires minute amounts of THF
since the ellipticine concentration is very low (2µM) and that
of THF in a 1 v/v % mixture is comparatively high (0.125 M).
The presence of minute amounts of THF also affects the
absorption of ellipticine (Figure 6a), suggesting that hydrogen
bonding between THF and ellipticine must be happening in the
ground state.40,46 When the amount of THF is greater than 5
v/v %, both absorption and emission shift gradually to lower
wavenumbers due to the increase of solvent polarity.

In a combination of the data generated from the hexane-
THF mixtures with that from 16 pure solvents, a transition is
clearly seen at a solvent polarity around 0.2 (Figure 5c). This
transition is thought to be an indication that an ICT happens
when ∆f is above 0.2. However, it is worth noting that the
position of this transition is not fixed and depends on different
systems of solvent mixtures (see below). Furthermore, solvents
with ∆f values close to 0.2 (THF, ethyl acetate, and diethyl
ether) may be less effective at inducing an ICT as they are very
close to the transition region.

The results obtained so far suggest that Stokes’ shift of
ellipticine in solvents is governed by three factors: solvent
polarity; hydrogen bonding; ICT. In the case of solvent mixtures
between an alkane and a H-bond-forming solvent, hydrogen
bonding is expected to cause a sudden increase of Stokes’ shift
in nonpolar mixtures followed by a slight increase mainly due
to the increase of the mixture polarity (0.01< ∆f < 0.2); an
ICT induced by both hydrogen bonding and solvent polarity
occurs when∆f is greater than∼0.2. To validate the transition
described above, a series of binary mixtures of hexane and
ethanol was prepared, covering a wider range of polarities from
0 to ∼0.3. The resulting profile is shown as open triangles in
Figure 5c. The previously described transitions are also apparent
in this profile. Comparing this profile to that generated with
the series of mixtures of hexane and THF, one observes that
both display a sudden increase of Stokes’ shift upon small
addition of the polar cosolvent due to hydrogen bonding,
followed by a slight increase for intermediate solvent polarities
(0.05< ∆f < 0.2). When the solvent polarity of the hexane-
ethanol mixtures is higher than 0.25, a steeper increase is
observed due to an ICT. Overall, the profile obtained from the
hexane-ethanol mixtures exhibits a much larger Stokes’ shift
in the apolar solvent region (∆f < 0.05) and reflects the
occurrence of an ICT in the more polar solvent region (∆f >
0.25).

The relatively larger Stokes’ shift observed with the hexane-
ethanol mixtures comparatively to the hexane-THF mixtures
is probably due to stronger hydrogen bond formation between
ellipticine and ethanol than between ellipticine and THF. This
can also be seen by comparing Figure 6a,b. As for THF, the
hydrogen bonds were formed in the ground state with the
presence of minute amounts of ethanol (less than 5 v/v % in
Figure 6b). For∆f values between 0.05 and 0.25, Stokes’ shifts
remains almost constant regardless of increasing solvent polarity.
This result suggests that, in the moderate polarity range, Stokes’
shift of ellipticine in the hexane-ethanol mixtures is predomi-
nantly determined by hydrogen bonding rather than by solvent
polarity. When the polarity is larger than 0.25, ellipticine
undergoes an ICT resulting in a large increase of Stokes’ shift.

The above discussion rationalizes why some of the data points
in Figure 5b (i.e., hexane, cyclohexane, 1,4-dioxane,tert-amyl
alcohol, and acetonitrile) are scattered and away from the master
line obtained for solvents with polarity between 0.15 and 0.32.
The nonpolar solvents, hexane and cyclohexane, do not have
specific interactions with ellipticine; hence Stokes’ shift in these

nonpolar solvents is small. A similar observation was reported
from Pal and his group when studying coumarin and its
derivatives.56-58 They found that the unusual behavior of
coumarin and its derivatives in nonpolar solvents is due to the
absence of ICT (i.e., locally excited (LE) state). A much larger
Stokes’ shift observed in 1,4-dioxane, which is comparable to
that obtained with THF and diethyl ether, is probably due to a
similar ability of forming hydrogen bonds between ellipticine
and the ether oxygen of 1,4-dioxane, THF, or diethyl ether.
Similarly, the OH group oftert-amyl alcohol may induce
stronger hydrogen bonding with ellipticine, so that a larger
Stokes’ shift than expected from the∆f value is observed. In
fact, both 1,4-dioxane andtert-amyl alcohol yield Stokes’ shifts
that fall on the profile generated by the hexane-ethanol
mixtures, suggesting the presence of stronger hydrogen bonds
between ellipticine and these two solvents. In the region of polar
solvents, Stoke’s shift of acetonitrile is somewhat lower than
its value expected from the linear trend line shown in Figure
5b. This effect may be a result of the weaker hydrogen bonds
formed between ellipticine and the CN group than the hydroxyl
group (OH) of alcohols, even though acetonitrile is the second
most polar solvent in this study.

Solvent Effect on Fluorescence Lifetime.The lifetimes of
ellipticine in pure solvents are listed in Table 2. Most decay
curves can be well fitted with a single exponential with aø2

smaller than 1.3. The others are fitted with a sum of two
exponentials. The solvents in which ellipticine has two lifetimes
are methanol, toluene, cyclohexane, and hexane. These “ab-
normal” solvents are either very polar (methanol) or nonpolar
(toluene, cyclohexane, and hexane). The data in Table 2 indicate
that the lifetime of ellipticine falls in two categories: the longer
lifetime ranges from 15 to 29 ns depending on the solvent
polarity; the shorter one is around 5 ns. In very polar methanol,
ellipticine exhibits a decay time around 3 ns. The reason for
the biexponential decay of ellipticine is still unclear. One may
speculate that there exist two different forms of ellipticine in
methanol, i.e., the protonated and neutral forms as mentioned
before; however, such speculation does not hold in nonpolar
solvents where two lifetimes are observed because ellipticine
cannot be protonated in nonpolar solvents.

The effect of solvent on the lifetimes is illustrated in Figure
7, where the lifetimes are plotted as a function of solvent

TABLE 2: Lifetime of Ellipticine in Different Solvents a

solvents ∆f τ1 (ns) a1 τ2 (ns) a2 τavg (ns) ø2

DMSO 0.263 24.4 1.00 1.23
DMF 0.274 25.7 1.00 1.22
MeOH(434) 0.308 3.4 0.70 5.3 0.30 4.0 1.10
EtOH 0.289 29.8 1.00 1.21
BuOH 0.264 28.3 1.00 1.10
tBuOH 0.238 27.4 1.00 1.16
THF 0.210 21.7 1.00 1.25
EAce 0.201 23.5 1.00 1.19
tAmOH 0.184 26.2 1.00 1.22
ether 0.165 15.4 1.00 1.17
Diox 0.021 21.2 1.00 1.15
Tol 0.013 18.3 0.83 13.2 0.17 17.4 1.24
CHex 0 15.1 0.92 4.6 0.08 14.2 1.00
Hex 0 16.5 0.87 4.4 0.13 14.9 1.16
EPC 28.5 0.84 5.8 0.16 24.9 1.19
MeOH(510) 9.2 0.89 2.0 -0.11 1.24
SDS 8.5 1.00 1.20

a Note: the average lifetime is calculated from eq 7. The subscripts
for MeOH represent the wavelengths at which the fluorescence decay
was collected.
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polarity. When two lifetimes were needed to fit the fluorescence
decays, the number average lifetime was calculated with

wherea1 anda2 are the contributions of the two decay times
obtained from the curve fitting. The average lifetime of
ellipticine shown in Figure 7 is scattered between 15 and 30
ns. Interestingly, ellipticine has the longest lifetime in all
alcohols (triangles) except in methanol (∆f ) 0.308).

It was shown in Figure 3 that ellipticine exhibits two
fluorescence peaks in methanol. To further confirm whether the
emission of ellipticine at the 434 and 510 nm peaks came from
two different ellipticine species, a fluorescence decay experiment
was carried out at 510 nm in addition to 434 nm. The decay
time of ellipticine at 510 nm was found to be∼9.2 ns, which
is much longer than that at 434 nm (∼4.0 ns) (Table 2).
Furthermore, the decay acquired at 510 nm displayed a rise time,
suggesting that the formation of the species that emitted with a
9.2 ns decay time was delayed. These results clearly show that
the fluorescence emission at 434 and 510 nm comes from two
different species of ellipticine in methanol. In addition, the
species (species II) having a 9.2 ns decay time were formed
after those (species I) with a shorter decay time (∼4.0 ns) were
excited. In fact, the excitation spectra acquired at both emission
maxima of 434 and 510 nm overlapped after normalization,
which supports the statement that species I of ellipticine is
generated prior to species II. The decay time of the protonated
form of ellipticine at 520 nm was found to equal∼8.5 ns in
SDS micelles, which is comparable to that of ellipticine at 510
nm in methanol. Therefore, these results suggest that the 510
nm fluorescence maximum of ellipticine in methanol is due to
the protonated form of ellipticine.

Ellipticine in Lipid Bilayers. The photophysical behavior
of ellipticine was investigated in aqueous dispersions of EPC
liposomes. Since ellipticine can be qualified as being extremely
hydrophobic when considering its very low water solubility (6.2
× 10-7 M),21 it was expected to reside in the hydrophobic
regions of the EPC liposomes. The location of ellipticine in the
lipid bilayers might be inferred by comparing the spectral shift
of ellipticine in the liposome dispersions with those obtained
in organic solvents of known polarity.

The emission spectra of ellipticine in different solvents and
in the EPC liposomes were normalized to 1.0 and plotted in
Figure 8. The emission band of ellipticine in the liposomes is
located at 436 nm (λex ) 295 nm), a wavelength very close to

that obtained in methanol. The spectrum shows a relatively large
red shift, suggesting that a more polar microenvironment is
surrounding the ellipticine molecules. For comparison, the
fluorescence spectrum of ellipticine in pH 7 Tris/acetic acid
buffer solution was acquired. The intensity of this emission
spectrum was normalized according to that of ellipticine in EPC
liposomes. It is clearly seen that ellipticine in the buffer solution
exhibits an emission band at∼520 nm corresponding to its
protonated form (Figure 8 inset) and does not dissolve well in
aqueous solution resulting in a very low fluorescence signal.
These results indicate that the EPC liposomes can efficiently
dissolve ellipticine and that the local environment experienced
by ellipticine in the liposomes is rather polar and not that
expected from ellipticine located inside the hydrophobic lipid
bilayer. Consequently, ellipticine dissolved in the liposomes
must be located at or close to the interface between the lipid
membrane and water. This could be due to the fact that the
dipole and quadrupole moments of the indole ring (a combina-
tion of rings 1 and 2 in Scheme 1) of ellipticine are more optimal
for interacting with charged and polar groups in the phospho-
lipids than with the hydrophobic acyl chains; in addition, the
flat rigid shape of ellipticine may limit its access to the
hydrocarbon core. Such phenomena have also been found with
the amino acid tryptophan (Trp), which consists of an indole
ring and has a preference for membrane interfaces.59 The
location of ellipticine at or close to the membrane surface
combined with its sensitivity to the local environment suggests
that ellipticine might also serve as a surface probe for studying
biological phenomena occurring at a membrane interface.

Conclusions

The photophysical properties of the anticancer agent ellipti-
cine were systematically studied in 16 organic solvents and some
of their mixtures. The UV absorption and fluorescence emission
of ellipticine were found to be solvent dependent. As the solvent
polarity increased, ellipticine exhibited a spectral shift to the
red for both absorption and emission. The spectral shifts could
be correlated with the solvent dielectric constants and the solvent
polarity using the Lippert-Mataga equation. The presence of a
nonlinear trend in the Lippert-Mataga plot indicated the
existence of specific solvent effects. Such effects were thought
to result in an intramolecular charge transfer (ICT) due to the
large dipole moment difference between the ground state and
the excited state. Hydrogen bonding between the solvent and
ellipticine can also be related to the specific solvent effects.
The formation of stronger hydrogen bonds in alcohols led to

Figure 7. Ellipticine lifetime as a function of solvent polarity. The
lifetime increases with increasing solvent polarity. Ellipticine in
methanol is an exception with a very short lifetime. Triangles represent
alcohols. The ellipticine concentration was set at 2µM.

τavg )
a1

a1 + a2
τ1 +

a2

a1 + a2
τ2 (7)

Figure 8. Fluorescence emission spectra of ellipticine (2µM) in
different solvents and EPC liposomes. The spectrum of ellipticine in
pH 7 buffer was normalized with respect to the peak maximum in EPC
liposomes. The spectrum of ellipticine in buffer is enlarged in the inset.
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larger extinction coefficients and longer lifetimes, although
methanol was an exception. Ellipticine had an emission band
at 436 nm in EPC liposomes. The emission band of ellipticine
at 436 nm in the liposomes indicated that ellipticine is located
in a rather polar environment, certainly close to the hydrophilic
surface of the liposomes rather than buried in the hydrophobic
interior of the liposome membrane. This study not only provides
detailed information on the photophysical properties of ellip-
ticine in many solvents but also suggests that the dependence
of the spectral shift of ellipticine with solvent can be a good
indicator of where ellipticine is located in a heterogeneous
medium like the one offered by EPC liposomes.
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