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Abstract

The mean aggregate number (MAN) of the antipsychotic drug chlorpromazine hydrochloride (CPZ) nanostructure
was investigated by fluorescence quenching using 9-methylanthracene (9-MA) as the quencher. The method was
designed to take advantage of the intrinsic fluorescent properties of CPZ. The validity of this method was supported
by the results obtained for the MAN which was determined to be approximately 37 for a solution of 10 mM CPZ in
0.1 M pH 6.5 phosphate buffer. An increase in the aggregate size with increasing drug concentration confirmed the
stepwise aggregation theory of CPZ micelle formation. Differential scanning calorimetry was used to examine the
effects of concentration on the thermodynamics of micellization. The enthalpy of demicellization increased with
increasing CPZ concentration (5-12 mM), suggesting a greater stability of the aggregates at higher concentrations.
At amphiphile concentrations higher than 12 mM, a plateau of approximately 10 kJ/mol was observed as the
enthalpy of demicellization. Fluorescence lifetime results revealed a two-component system at low CPZ concentra-
tion, while data at amphiphile concentrations higher than 12 mM could not be fitted to either single or multi-compo-
nent lifetime values, suggesting an increase in dispersity in these nanostructures at higher CPZ concentrations.
Temperatures higher than 40°C tend to destabilize the larger micelles, and demicellization was observed after
approximately 45°C. Changes in osmotic pressure in the presence of dextrose up to 0.3 M had no significant effect on
the size of these micellar nanostructures. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Chlorpromazine; Nanostructures; Micellization; Thermodynamics; Fluorescence; DSC

Abbreviations: CPZ, chlorpromazine hydrochloride; 9-MA, 9-methylanthracene; MAN, mean aggregate number; DSC, differential
scanning calorimetry

* Corresponding author. Tel.: +1-323-259-2625; fax: + 1-323-341-4912.

E-mail address: dea@oxy.edu (P. Dea).

0301-4622 /01 /$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
PII: S0301-4622(01)00226-5



88 S. Tehrani et al. / Biophysical Chemistry 94 (2001) 87-96

1. Introduction

The importance and widespread use of the
phenothiazine tranquilizers in the treatment of
psychotic disorders is well known [1]. Yet, despite
numerous studies [2—6], the precise mechanism of
biological interaction is unknown. The pharmaco-
logical activity of phenothiazines is in general
concentration-dependent, and the effects on the
physical properties of membranes differ at low
and high concentrations [7]. The heterocyclic,
lipophilic portion of chlorpromazine hydrochlor-
ide (CPZ) is characteristic of all members of the
phenothiazine group. Chlorpromazine forms mi-
cellar systems of nanostructures that undergo
concentration, temperature, and pH-dependent
phase transitions [8—10]. Binding results for the
interaction of CPZ with brain tubulin reveal pref-
erential binding of the micellar state of the drug
[11-13]. The understanding of CPZ monomer and
micelle behaviors as a function of concentration
and temperature is therefore critical for the eluci-
dation of the drug’s pharmacological and
biochemical mechanism of action.

The structure of the CPZ monomer reveals a
protonated tertiary amine moiety, which results in
the amphiphilic character of the drug. Aggrega-
tion of the monomers at and above the critical
micelle concentration (cmc) is governed by the
hydrophobic effect [14], and stabilized by the 7
stacking of the aromatic rings [15,16]. The self-
association of CPZ results in a thermodynami-
cally stabilized supramolecular nanostructure, in
which the interaction between lipophilic aromatic
rings and polar solvent molecules are reduced [9].
The CPZ aggregate size depends on a number of
parameters, as discovered by previous methods
including gel filtration chromatography [8], light
scattering [17,18], small-angle neutron scattering
[19], and sedimentation equilibrium [20].

The method of fluorescence quenching has
been widely used to study the aggregation behav-
ior of non-fluorescent amphiphilic molecules
[21-23], following the work carried out by Turro
and Yekta on sodium dodecyl sulfate [21]. The
approach involves the measurement of steady-
state fluorescence of a hydrophobic probe
molecule as a function of a non-polar quencher

concentration. Here we report results obtained
using a modified version of the quenching method,
in which the intrinsic fluorescent properties of the
analyte eliminates the need for a fluorescent
probe. The wunderlying assumptions in the
quenching method are closely approximated. In
addition, the thermodynamics of demicellization
were studied using differential scanning calorime-
try and measurements of fluorescence lifetimes
added to our understanding of the polydispersity
of these micellar nanostructures.

2. Materials and methods
2.1. Chemicals and instrumentation

Chlorpromazine hydrochloride (ICN Biomedi-
cals, Aurora, OH, 98 + %) and 9-methylanthra-
cene (Aldrich, Milwaukee, WI 98%) were used
without further purification. Analytical grade
sodium chloride, dextrose, and monobasic and
dibasic sodium phosphate were purchased from
J.T. Baker. All stock solutions were prepared
using water purified with the Millipore Milli-Q
Plus water purifier (Bedford, MA), and reagent
grade ethanol. Steady-state fluorescence and
lifetimes were measured with an ISS K2 multifre-
quency cross-correlation phase and modulation
fluorometer with a xenon arc lamp (Champaign,
IL), and thermally equilibrated by a Neslab RTE
111 bath (Portsmouth, NH). A 1-cm quartz cu-
vette was used in fluorescence acquisition. Dif-
ferential scanning calorimeter scans were made
using a Calorimetry Sciences, Inc. multi-cell DSC
H-T model 4100.

2.2. Sample preparation

Nitrogen-saturated 0.1 M phosphate buffer (pH
6.3) was used to prepare 0.1 M stock solutions of
CPZ. The solutions were prepared under minimal
light, and stored in the dark under nitrogen to
prevent photo-oxidation. 9-Methylanthracene (9-
MA) stock solutions, 0.02 M, were prepared using
ethanol and also stored in the dark. Aliquots of
9-MA, 80 wl or less, were introduced to the CPZ
samples contained in a 10-ml volumetric flask.
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Care was taken to ensure all solutions contained
the same volume of ethanol (0.8%). The dextrose
stock solutions were prepared in buffer and added
directly to the CPZ samples. All samples were
stored in the dark and thermally equilibrated at
the desired temperatures for 5 min before fluor-
escence experiments.

2.3. Fluorescence measurements

The fluorescence quencher molecule, 9-MA,
was added incrementally to the CPZ solution and
is assumed to reside exclusively within the mi-
celle. Each MAN determination was carried out
on seven solutions containing identical compo-
nents except for increasing 9-MA concentrations,
which range from 0.0 to 1.6 X 10~* M. Samples
were excited at 368 nm and emission intensities at
458 nm were used in all calculations. Fluores-
cence lifetime measurements were made using a
scattering solution of glycogen as a reference with
a 0.0-ns lifetime value. A 435-nm high-pass filter
was used to block out the scattered excitation
light. Cross-correlation frequency was set at 80
Hz, and scans were run at frequencies between 1
and 230 MHz. Data points were evaluated using a
least-squares analysis on the phase and modula-
tion data. All reported lifetime values were fitted
to a x? value of less than 7.5.

2.4. Differential scanning calorimetry

All DSC samples were prepared in a similar
manner to those used in the fluorescence experi-
ments. Samples were equilibrated at 20°C for 30
min before the first heating scan to 85°C and
were subsequently cooled to 20°C. All tempera-
ture scans were carried out at a rate of 10°C/h.
Consecutive duplicate heating and cooling scans
were made on each sample. The reference solu-
tion contained phosphate buffer at the same con-
centration and pH as the samples. The thermo-
grams were analyzed and the peak areas inte-
grated using software provided by Calorimetry
Sciences, Inc.

3. Results and discussion

3.1. Size of CPZ nanostructures as determined by
fluorescence quenching

Using Poisson statistics to describe the dis-
tribution of 9-MA within the non-polar regions of
the system, i.e. the interior of the CPZ nanostruc-
tures, and assuming that the CPZ micellar
nanostructures will fluoresce fully only when un-
occupied by a 9-MA molecule, the measured ratio
of fluorescence intensities in the presence of
9-MA (I), to that in the absence of 9-MA (I°), is
obtained using Eq. (1)

(I°/I) = exp {-[9-MAl/[M ]} (»

where [M] is the micellar nanostructure concen-
tration. For [CPZ] > cmc, Eq. (2) relates [M] to
the measurable concentration of CPZ, the cmc,
and the MAN.

(] - (P2 eme @

The free monomer concentration in equilib-
rium with the micelles corresponds to the cmc. By
combining Egs. (1) and (2), the resulting Eq. (3)
shown below provides the means to obtain the
MAN value by plotting the values of In (1° /1) vs.
[9-MAL:

[9-MA](MAN)

[CPZ] — cmc 3)

In(1°/1) =

All the cmc values used in this study were
obtained by isothermal titration calorimetry in
this laboratory [24], under similar experimental
conditions.

The system used in our study fulfills the re-
quirements set forth in Eq. (1). First, the quencher
molecule is non-polar and associates exclusively
with the lipophilic interior of the CPZ. Thus,
quencher migration to the exterior of the micellar
nanostructures effectively does not occur. The
requirement of a Poissonian distribution of the
quencher molecule in the system is also plausible
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for systems involving relatively small organic
molecules solubilized by micelles [25]. Second, the
requirement for effective quenching is closely ap-
proximated by using excitation and emission
wavelengths at 368 and 458 nm, respectively. This
excitation wavelength is within the nanostruc-
tures’ excitation range [8] and thus excitation of
the monomer form of CPZ (\,,,, = 254.5 nm [7])
is minimized. Next, monitoring the fluorescence
intensity values at 458 nm allows for the greatest
degree of quenching (see Fig. 1). Effective
quenching of the occupied nanostructures is fur-
ther supported by the observation that the fluor-
escence intensities at quencher concentrations
higher than 1.6 X 10™* M remained relatively
constant. This may be due to saturation of the
CPZ micellar nanostructures by quencher
molecules in the system. Multiple 9-MA molecules
may be present inside each micellar nanostruc-
ture resulting in a quenching saturation. Com-
plete quenching of the system is not experimen-
tally observed, probably due to the residual mi-
celle fluorescence as well as emission from the
monomers.

The steady-state fluorescence experiments
yielded a MAN value of 37 + 5 for a 10 mM CPZ
in 0.1 M phosphate buffer (pH 6.5) at 25°C. Table
1 includes a list of previously reported aggregate
sizes for CPZ under similar conditions. Only MAN
values obtained using a specified concentration of
ionic components were included for comparison.
The agreement between our results and those of
previous experiments indicates that the applica-
tion of analyte fluorescence quenching without
the use of an extrinsic probe molecule is ap-
propriate for CPZ.

Table 1
Reference MAN values of CPZ in aqueous solution
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Fig. 1. A typical CPZ fluorescence quenching pattern with
increasing 9-methylanthracene concentrations.

3.2. Effects of CPZ concentration

Although the cmc remains relatively constant
as a function of CPZ concentration [8], the size of
the micellar nanostructure does not. Fig. 2 illus-
trates the growth in MAN with increasing CPZ
concentration. These results suggest an increase
in the size of the nanostructures, supporting the
step-wise aggregation theory of CPZ micelles [8].
Although the graph does not deconvolute the
distribution of micelle sizes within the polydis-
perse system, it clearly shows that the average
size of the nanostructures grows with the addition
of CPZ monomers. Thus, while the free monomer
concentration remains equal to the cmc, the CPZ
nanostructures incorporate any additional
monomers above the cmc to form larger aggre-
gates.

The stabilization of CPZ micelles through w—
stacking has been described by Attwood et al.

[NaCl] mM [CPZ] mM MAN Method Reference

154 53 38 Gel filtration Funasaki et al. [8]
chromatography

154 4.6 35 Sedimentation Nichol et al. [20]
equilibrium

100 7.0 35 Light scattering Attwood et al. [18]
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Fig. 2. Plot of the mean aggregate number vs. CPZ concentra-
tion in 0.1 M pH 6.5 phosphate buffer, 25°C.

[15]. These interactions lead to a stacking confor-
mation, which supports the staircase model of the
CPZ micelle [16]. The MAN is not a constant unit
in equilibrium with monomers, but a dynamic
quantity, which is highly dependent on the con-
centration of the drug above the cmc. Measure-
ment of the aggregation values near the cmc
(approx. 3 mM) was not possible using the fluor-
escence quenching technique. Furthermore, the
MAN values at amphiphile concentrations higher
than 13 mM were not measured due to the effects
of CPZ fluorescence self-quenching at these con-
centrations.

3.3. Effects of osmolarity

Previous studies have reported an increase in
the CPZ micelle size with increasing ionic strength
of the system. This may be due to an increase in
the hydrophobic effect [17]. A polar environment
promotes unfavorable interactions between the
aromatic moieties of CPZ and the solvent. An-
other reason for the increase in MAN with in-
creasing NaCl concentration may be due to charge
shielding by the chloride ions [19]. With increas-
ing salt concentrations, a larger chloride ionic
shell surrounds the positively charged, protonated
amine groups, shielding their repulsive
charge—charge interactions. We have extended
these studies to include the effect of osmotic

pressure on the size of the nanostructures by the
addition of dextrose. Interactions of dextrose with
CPZ are unlikely since CPZ favors ionic [26] and
aromatic [13] interactions, neither of which is
offered by dextrose. Protonation or deprotonation
of the hydroxyl moieties of dextrose may be ruled
out at the neutral pH of the system. The addition
of dextrose is expected therefore to affect only
the osmotic pressure of the system under the
experimental conditions employed. We have de-
termined the MAN values in CPZ solutions con-
taining up to 0.3 M dextrose and found the MAN
to remain relatively constant with increasing dex-
trose concentrations. Thus, increasing the os-
motic pressure of the system has little effect on
the micelle size. This leads to our conclusion that
micellization of CPZ is affected by a change in
the electrostatic conditions of the environment,
and is not affected by osmotic pressure.

3.4. Effects of temperature

The thermodynamics of formation of micellar
nanostructures are expected to be temperature
dependent and should play a critical role in the
aggregation process. With increasing tempera-
tures (15-37°C), there may be a slight increase in
the size of the nanostructures (see Fig. 3). This
phenomenon is largely entropic in nature. The
system’s gain in entropy is achieved upon forma-
tion of the nanostructures and the subsequent
release of water molecules from the hydration
shells surrounding the monomers [9]. Yet, at ele-
vated temperatures, the system shifts from an
‘entropy-driven’ one, to an ‘enthalpy-driven’ one.
The size of the nanostructures decreases dramati-
cally at temperatures higher than 37°C, and demi-
cellization is achieved when 45°C is reached. This
is marked by the precipitation of the quencher
molecules, consistent with the general trend pre-
viously reported in other systems [27-29]. At
higher temperatures the energy gain in the en-
thalpy of demicellization outweighs the effects of
hydration shell entropy, to the point where the
formation of the micellar nanostructures becomes
unfavorable. With increasing temperature, there
is a decrease in the unique ordered properties of
water, which results in a more ‘normal’ polar fluid
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Fig. 3. Temperature dependence of the mean aggregate num-
ber for a 10 mM CPZ solution in phosphate buffer.

[30]. Thus the effects of hydrogen bonding
between the solvent and the nanostructures be-
come less significant, as do the unfavorable inter-
actions between water molecules and the non-
polar moieties of the monomer. In addition, at
higher temperatures, the positive entropy effect
offered by the breakup of the micelles into
monomers becomes significant. The strength of
the counterion/monomer interactions also de-
creases [22]. The decrease in counterion binding
will effectively lead to an increase in repulsive
charge—charge interactions between adjacent
monomers within the nanostructures. This will
result in the increase of the repulsive forces and
may contribute to a decrease in the size of the
nanostructures and, ultimately, demicellization.
Thus, changes in temperature have a profound
effect on the MAN values.

3.5. The thermodynamics of micellization and
demicellization

Direct measurements of the temperature and
enthalpy of micellization and demicellization of
nanostructures were recently reported by this
laboratory [24] using differential scanning
calorimetry. A linear increase in the temperature
at which demicellization occurs was observed with
increasing CPZ concentration (see Fig. 4). These
results suggest a stabilization of the system at

higher CPZ concentrations, in agreement with
the stepwise increase in the mean aggregate num-
ber, supporting the fluorescence quenching re-
sults.

Interestingly, a similar trend was not observed
for the enthalpy of demicellization (A Hy,;.) with
increasing CPZ concentration. Fig. 5 illustrates
the effect of CPZ concentration on the values of
AH,. ... An initial increase in enthalpy with in-
creasing CPZ concentration is indicative of a
more stable system, which may be interpreted as
an increase in the average micelle size. Yet, at
higher CPZ concentrations, the A H,, ;. reaches
a plateau of approximately 10 kJ /mol. This result
seems to be an anomaly at first, given that the
temperature at which demicellization occurs cont-
inues to increase. The explanation may lie in the
polydispersity of the system. Although the aver-
age size of the micellar nanostructures may have
increased at higher CPZ concentrations, the size
distributions of aggregates may have changed re-
sulting in certain shifts in dispersity. This may not
be reflected in changes in the enthalpy values
resulting in relatively constant AH,, ;. values at
higher CPZ concentrations.

3.6. Fluorescence lifetime measurements

The CPZ fluorescence lifetimes were de-

52 4
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2 48
2
5
=

44 4

40 ) ] L)

5 10 15 20 25

CPZ Concentration, mM

Fig. 4. Plot of the temperatures at which demicellization
occurred as a function of increasing CPZ concentrations in 0.1
M pH 6.5 phosphate buffer.
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Fig. 5. Plot of the enthalpy change of demicellization with
increasing CPZ concentration.

termined to provide additional insight into the
polydispersity of the system. The results of the
least-squares analysis for 10, 25 and 37°C are
summarized in Tables 2-4, respectively, and
showed that the lifetime values obtained at the
different modulation frequencies were not consis-

Table 2

Results of the least-squares analysis on the CPZ decay at 10°C

93

tent with a single component decay. The best fits
to data obtained for CPZ concentrations below 4
mM were obtained by a two-component analysis,
with two prevalent lifetime components. A shorter
lifetime of no longer than 0.8 ns is present in all
solutions of CPZ at pre- as well as post-cmc
concentrations. This may be associated with those
of lower order aggregates, i.e. monomers, dimers,
and oligomers. These aggregates are less elec-
tronically stable relative to micelles, due to less
w—m stacking interactions. A second component
with longer lifetimes ranging up to 6 ns becomes
important at 3 mM and its contribution increases
with higher CPZ concentrations. This may be
assigned to the higher numbered CPZ aggregates,
including micellar nanostructures. The CPZ mi-
celles allow for more important wm—m interactions
resulting in more delocalized and stable elec-
tronic interactions. Fig. 6 represents the average
lifetime values of CPZ at 10°C taking into con-
sideration the contributions of each lifetime to
the entire system. The abrupt increase in the

[CPZ] mM T, ns fi T,, ns fo T;, ns f3
1 0.6 0.91 5.9 0.09
2 0.7 0.91 6.1 0.09
3 0.7 0.83 4.6 0.17
4 0.6 0.62 3.8 0.38
5 0.8 0.29 3.8 0.61 1.4 0.11
6 0.8 0.26 3.7 0.61 13 0.13
10 0.8 0.23 3.7 0.57 1.4 0.20
T, lifetime; f, fractional intensity.
Table 3
Results of the least-squares analysis on the CPZ decay at 25°C
[CPZ] mM T, ns fi T,,ns f> T3, ns f3
1 0.4 0.87 5.5 0.13
2 0.5 0.89 5.8 0.11
3 0.6 0.84 59 0.16
4 0.5 0.40 3.7 0.52 1.7 0.08
5 0.8 0.32 4.1 0.48 1.7 0.20
6 0.7 0.26 32 0.51 1.6 0.23
10 0.7 0.18 3.1 0.56 1.5 0.26

T, lifetime; f, fractional intensity.
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Table 4

Results of the least-squares analysis on the CPZ decay at 37°C
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[CPZ] mM Ty, ns fi T,,ns 1 T;, ns fs

1 0.5 0.83 2.6 0.27

2 0.5 0.81 2.9 0.29

3 0.5 0.92 43 0.38

4 0.6 0.41 3.8 0.51 1.7 0.08

5 0.6 0.30 3.0 0.50 1.7 0.20

6 0.6 0.16 27 0.54 1.6 0.30

10 0.6 0.12 24 0.56 1.5 0.32
T, lifetime; f, fractional intensity.

average lifetime values between 3 and 5 mM CPZ 3

is an indication of the cmc. This is in excellent

agreement with cmc values obtained in this 2 257

laboratory using isothermal titration calorimetry g 2+

[24]. Similar lifetime trends were observed at 25 2§

and 37°C. The contribution from the shorter ?ﬂ 1.5 9

lifetime of not longer than 0.8 ns is dominant £ 14

(>80%) in pre-cmc concentrations of the am- <

phiphile. This is compatible with the theory and 0.5 1

experiments on CPZ micellization, which point 0 — T T T T T T T T

toward a constant concentration of CPZ 001 2 3 4 5 6 7 8 9 10 11

molecules not in micelle form above the cmc [8].
The contribution of the longer lifetime values is
relatively small before the cmec, yet increases sig-
nificantly to 60% upon formation of the
nanostructure. This is consistent with micelle for-
mation after the cme. At concentrations above 12
mM CPZ, the data could not be fit accurately to
single or multi-component lifetime values. This
may be due to an additional increase in the
dispersity of the system, which would support our
constant enthalpy of demicellization results
observed at higher concentrations of CPZ.

The CPZ fluorescence lifetimes were also de-
termined with the addition of 9-MA up to 1.6 X
107* M to the CPZ solution. This caused no
measurable change in the fluorescence lifetime
decay of CPZ, confirming a static quenching
mechanism by the incorporation of 9-MA into the
micellar nanostructures.

4. Conclusion

The mean aggregate number of CPZ

CPZ Concentration, mM

Fig. 6. The average fluorescence lifetimes for different CPZ
concentrations in phosphate buffer at 10°C.

nanostructures in solution was obtained using a
modified version of the fluorescence quenching
method by taking advantage of the native fluor-
escence of CPZ. The size of the CPZ micellar
nanostructures is dependant on a number of
parameters. With increasing CPZ concentration,
the average size of the nanostructures increased
in accordance to the step-wise aggregation theory.
An increase in osmotic pressure, however, had no
significant effect on the size of the nanostruc-
tures. The effects of temperature were significant
at elevated temperatures, with demicellization oc-
curring at approximately 45°C. The temperature
at which demicellization occurs is concentration
dependant, while the enthalpy of demicellization
reaches a plateau at higher CPZ concentrations.
This may be due to additional increases in the
dispersity of the system, as evidenced by fluores-
cence lifetime measurements.
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