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ABSTRACT: The extent and the location of nystatin solubilization bynonionic surfactant
micelles were determined. The critical aggregation concentrations (CAC) of nystatin in
4� 10�3 M surfactant were determined by dynamic light scattering. The resulting CAC
values for nystatin in Cremophor EL (CrEL), Tween 80 (T80), and Nofable ESO-9920
(NOF) were 150, 150, and 300 mM compared to 10 mM for the phosphate-buffered saline
(PBS) control. The surfactantswereable to solubilize anddeaggregatenystatin from50 to
75 times more than the PBS control. The core polarity of CrEL micelles, determined by
pyrene fluorescence, was significantly lower than T80 and NOF micelles. The micelle–
water partition coefficients (P) of nystatin and pyrene were determined by fluorescence
spectroscopy. The partition coefficient values of 7.5 mM nystatin in CrEL and NOF
micelles were 1100� 60 and 1000� 110, an insignificant difference (p> 0.1). However,
there was a significant increase in pyrene partitioning in micelles with lower core
polarity. Additionally, the P of nystatin decreased when the nystatin concentration was
increased, whereas the pyrene P did not. The unusual partitioning behavior of nystatin
revealed a good fit with the Langmuir adsorption isotherm, indicating solubilization at
the micellar core–corona interface. � 2005 Wiley-Liss, Inc. and the American Pharmacists

Association J Pharm Sci 94:2345–2354, 2005
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INTRODUCTION

In the formulation of poorly soluble drugs for
parenteral administration, surfactants are often
relied upon for enhanced solubilization to achieve
sufficiently high blood levels within a practical
volume of administration. Although amphoteric
and ionic surfactants have been used for formula-
tion purposes, the nonionics generally offer the
most advantages. Nonionic surfactants are typi-
cally less toxic, less hemolytic, less irritating to
the skin, and tend to maintain near physiological

pH values when in solution.1 The two nonionic
surfactants that are most widely used and studied
in the pharmaceutical industry for their solubili-
zation abilities are Cremophor EL (CrEL) and
Tween 80 (T80). Cremophor EL is polyoxyethyle-
neglycerol 35 triricinoleate or polyoxyl 35 castor
oil, the structure of which is shown in Figure 1a.
The second surfactant, T80, is generically refer-
red to as polysorbate 80, also known as poly-
oxyethylenesorbitan 20 monooleate (Fig. 1b). A
highly purified version of polysorbate 80, called
Nofable ESO-9920 (NOF) and produced by NOF
Corporation (Tokyo, Japan), exists where low
molecular weight contaminants such as alde-
hydes and peroxides have been minimized. It is
argued that removal of these contaminants may
decrease in vivo toxicities and drug degrada-
tion by oxidation. Both surfactants are generally

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 94, NO. 11, NOVEMBER 2005 2345

Correspondence to: Glen S. Kwon (Telephone: 608-265-
5183; Fax: 608-262-5345;
E-mail: gskwon@pharmacy.wisc.edu)

Journal of Pharmaceutical Sciences, Vol. 94, 2345–2354 (2005)
� 2005 Wiley-Liss, Inc. and the American Pharmacists Association



recognized as safe, and are approved by the FDA
for intravenous administration, with polysorbate
80 approved up to a concentration of 10% w/v and
CrEL up to 65%.2

An increase in drug solubilization is achieved by
the abilities of these surfactants to form micelles,
which exhibit a typical core-shell architecture.
Upon reaching a sufficient concentrationknownas
the critical micellization concentration (CMC), the
surfactants undergo a phase separation owing to
the selective solubility of one of the segments. In
aqueousmedia, themicellar cores are hydrophobic
and relatively nonpolar, providing amore suitable
environment for the solubilization of drugs over
the surrounding media. Upon administration, the
micelles will eventually fall apart through biode-
gradation or through simple dilution into unimers
that are then below the renal molecular weight
threshold (40–50 kDa), and that can be cleared
through the kidneys or by other means of excre-
tion. This opens the potential for micelles that are
stable in plasma and that, by either preventing the
drug from rapid renal clearance or protection from

metabolic enzymes, are able to alter the blood
disposition and pharmacokinetics of biologically
active compounds.3 CrEL has been shown to re-
duce the systemic clearance of multiple drugs,
including doxorubicin and paclitaxel in humans.
Furthermore, blood concentrations of CrEL that
are above the CMC can be achieved in humans. It
has therefore been argued specifically for pacli-
taxel that intact CrEL micelles in the blood are
responsible for altering paclitaxel pharmaco-
kinetics. Conversely, the majority of clinical in-
vestigations have shown little alteration in the
pharmacokinetic profiles of agents when adminis-
teredwith polysorbate 80. It is argued that this is a
result of the rapid degradation of polysorbate 80 by
plasma esterases.4

The class of molecules known as polyenemacro-
lide antifungals has been particularly difficult to
formulate, owing to both the ease with which the
molecules self-aggregate and the consequences
of that aggregation. Nystatin is a member of this
class of molecules, and delivers potent antifungal
activity.5 The chemical structure of nystatin re-
veals a molecule that is both amphoteric and
amphiphilic, and these physical properties lead to
poor solubility in aqueous media and incompat-
ibility with a number of other drugs (Fig. 1c).
Nystatin’s mechanism of action exploits the differ-
ences between fungal cell membranes and mam-
malian cell membranes. It has been shown that
monomers of nystatin bind, with great selectivity,
to the ergosterol found only in fungal cells, causing
significant perturbation of the membrane that
leads to cell death. However, aggregates of nysta-
tin that form due to poor aqueous solubility are
nonselective and able to disrupt the integrity of
both fungal and mammalian cell membranes,
which leads to host cell death and toxicity.6,7

Nystatin is currently FDAapproved only for the
treatment of susceptible cutaneous and mucocu-
taneous fungal infections caused by the Candida
species. However, nystatin exhibits a broad spec-
trum of activity against other fungi such as
Aspergillus and Cryptococcus. Of particular inter-
est, nystatin has shown action against some
Candida species, where other antifungals, in-
cluding its sister drug amphotericin B, have
encountered resistance.8–10 The incidence of dis-
seminated fungal infectionshas risen over the past
decade, leading to Candida becoming the fourth
most commonly encountered nosocomial blood-
stream pathogen.10 For these reasons, it is desir-
able to obtain a safe and efficacious parenteral
formulation of nystatin.

Figure 1. (a) Chemical structure of polyoxyethyle-
neglycerol 35 triricinoleate (Cremophor EL) where
xþ yþ z¼ 35. MW¼ 2560 g/mol as determined by time
of flight mass spectrometry. (b) Chemical structure of
polyoxyethylenesorbitan 20 monooleate (Tween 80 or
Nofable ESO-9920) where wþ xþ yþ z¼ 20. MW¼
1310 g/mol. (c) Chemical structure of nystatin A1.
MW¼ 926.11 g/mol.
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It is proposed that the delivery of unaggregated
nystatin may improve its therapeutic index by
preventing aggregation related toxicities. The aim
of this article was to determine the extent to which
CrEL and polysorbate 80 are able to deaggregate
and solubilize nystatin, and to explore the means
by which the solubilization occurs. The effects of
surfactant composition, concentration, and micel-
lar core polarity on nystatin aggregation were
studied. Additionally, the nystatin micelle–water
partition coefficient was determined and com-
pared to that of a model hydrophobic compound
so that the effect of the chemical properties of
nystatin on partitioning could be studied. The data
were subjected to the Langmuir adsorption model
so that the identification of molecular solubiliza-
tion sites could be facilitated.

EXPERIMENTAL

Critical Aggregation Concentration (CAC)/Particle
Size Determination

Nystatin (Sigma, St. Louis, MO), Lot 033K0815,
had a potency of 5957 units/mg and had a
99.4% tetraene content as determined by absor-
bance spectroscopy. Nystatin was first dissolved
at a high concentration in N,N-dimethylaceta-
mide spectrophotometric grade (DMAC, Sigma,
St. Louis, MO). Cremophor EL (BASF, Mount
Olive, NJ), Tween 80 (Aldrich, St. Louis, MO),
and Nofable ESO-9920 (NOF, Tokyo, Japan) solu-
tions were prepared by directly dissolving the
surfactants in 10 mM phosphate-buffered normal
saline (PBS, pH 7.4). These solutions were filter-
ed through a 0.22-mm nylon filter (GeneMate,
Kaysville, UT) to remove dust particles. The
nystatin/DMAC solution was then added to the
surfactant solutions and mixed at appropriate
volumes with the pure surfactant solutions to give
the desired nystatin concentrations. The final
concentration of DMAC was always <0.5% v/v.
Samples were then briefly vortexed and equili-
brated with shaking at 55 strokes per minute in
a water bath away from light at 258C for 30–
90 min. The CACs and particle size characteriza-
tion of nystatin in surfactant solutions or controls
were determined by dynamic light scattering
(DLS) on a thermostatted NICOMP 380ZLS
Particle Sizer (Particle Sizing Systems, Santa
Barbara, CA) equipped in a right-angle geometry.
A constant concentration of surfactant was used
in the presence of increasing concentrations of

nystatin for each experiment. Samplesweremain-
tained at 258C throughout the experiment. Data
was interpreted using either Gaussian analysis
for single populations or NICOMP analysis (a
proprietary algorithm based on nonlinear least-
squares analysis) for multimodal populations.
Data were fixed at an intermediate smoothing
factor of 3, and are reported as volume weighted.
The apparent CAC of nystatin is quantified by
defining it as the concentration at which popula-
tions of particles are detected at sizes greater than
can be attributed to surfactant micelles, namely
100 nm, while following an upward trend in size
as the nystatin concentration is increased.

Micelle Core Polarity

Surfactant solutions were prepared in PBS, as
described above, and diluted with PBS so that
the desired surfactant concentrations could be
obtained. A stock solution of pyrene (Aldrich,
St. Louis, MO) in acetone was prepared at a
concentration of 7.2 mM. A volume of 0.25 mL of
the pyrene solution was placed in sample tubes
with screw top caps. The tubes were then placed
in a water bath at approximately 508C to allow the
acetone to completely evaporate. Solutions were
placed in the pyrene-coated vials to give a final
concentration of 6� 10�7 M pyrene. Samples were
incubated at 708C for 2 h and then allowed to cool
away from light for 16–24 h to 258C. The fluor-
escence emission spectrum was obtained on a
thermostatted Hitachi F3010 Fluorimeter with an
excitation wavelength of 339 nm. The emission
spectrum was collected at 10 nm/min from 350–
530 nm with excitation and emission bandpasses
of 3 nm. Polarity values were obtained by taking
the ratio of pyrene fluorescence peak I (lffi 373
nm) over peak III (lffi 384 nm).

Micelle–Water Partition Coefficient

Nystatin at a concentration of 7.5–30 mM or
pyrene at a concentration of 0.09–1.1 mM was
dissolved in surfactant solutions in PBS. The
amount of DMAC in the nystatin samples was
fixed at 0.5%, while no DMAC was present in the
pyrene samples. For each experiment, the solute
concentrations were held constant in the pre-
sence of surfactants at concentrations ranging
from well below their CMCs to well above. The
samples were equilibrated at 258C with shaking
at 55 strokes per minute for 30–90 min. The
fluorescence emission spectrums of the samples
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were obtained on a thermostatted Hitachi F3010
Fluorimeter with an excitation wavelength of
320 nm for nystatin and 339 nm for pyrene.
Spectra were then integrated using Spectra Calc
software (Galactic Ind., Salem, NH) to obtain the
area under the curve.

RESULTS AND DISCUSSION

As previously explained, the aggregation state of
nystatin is believed to play a significant role in the
toxicities observed with systemic administration.
It is therefore necessary to carefully monitor the
presence of aggregates in polyene antibiotics in
formulations intended for systemic administra-
tion. When amphotericin B (AmB) aggregates
form they induce exciton formation that results in
significant changes in AmB’s absorbance spec-
trum, allowing for easy detection of aggregate
formation.11 However, the chemical structure of
nystatin is such that no changes in the absor-
bance spectrum occur with the formation of aggre-
gates. The saturated bond on the polyene side of
the macrolide ring breaks the chromophores into
tetraene and diene species, thereby preventing
coupling and exciton formation. Additionally, the
presence of micelles in the tested formulations
prevents the use of nystatin’s fluorescence in the
detection of aggregation, as the heterogeneity of
polarity and viscosity in the formulations con-
founds the results. For these reasons, dynamic
light scattering was used to determine the ap-
parent CAC of nystatin through the detection of
the aggregate particle sizes. This laboratory’s
previous work with nystatin and poloxamer
formulations showed that the critical aggregation
concentration of nystatin could be reproducibly
determined with good sensitivity.12

An example of the typical size trends of particle
size populations obtained by dynamic light scat-
tering is shown in Figure 2a. Figure 2a shows the
nystatin concentration versus the particle size
population diameters detected in the presence of
1.59� 10�3 M Cremophor EL. The concentration
of nystatin was increased, in this case, from 0 to
270 mMin the presence of a constant concentration
of CrEL. Up to a concentration of 120 mM, the only
populations observed were those attributed to
CrEL micelles in the range of 10–30 nm. Cremo-
phor EL micelles in PBS without nystatin were
12.6� 1.2 nm in diameter, whereas T80 and NOF
micelles were 9.1� 2.1 nm and 9.1� 2.2 nm,
respectively. At a nystatin concentration of

160 mM a particle size population appears at a
mean size of approximately 200 nm. The size of the
population increases as thenystatin concentration
increases, eventually reaching into the order of
microns. The highly reproducible appearances of
large particle size populations that increase with
the nystatin concentration were seen consistently
across the DLS studies. For reference, the critical
micellization concentrations of CrEL, T80, and
NOF alone in PBS at 258Cwere determined in this
laboratory to be 2.9� 10�6, 3.6� 10�6 and 2.1�
10�6 M, respectively, by the pyrene solubilization
method.13

The CAC of nystatin in PBSwas determined, on
the basis of the DLS method, to be 10 mM. This

Figure 2. (a) Effect of nystatin concentration on the
particle size populations observed in the presence of
1.59� 10�3 M Cremophor EL as detected by dynamic
light scattering. The points represent the mean particle
size diameters with error bars representing the stan-
dard deviations of the populations. Multiple points at a
single nystatin concentration indicate a multimodal
particle size distribution. (b) Effect of surfactant con-
centration on the observed critical aggregation concen-
tration of nystatin compared to the control of nystatin in
phosphate-buffered normal saline, pH 7.4.
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value is in reasonable agreement with a concen-
tration of 3mMobtained, throughfluorescence, in a
Tris-HCl buffer, pH 7.4 at 258C.7 The nystatin
CAC values obtained in the presence of CrEL,
NOF, T80, or the control PBS are shown in
Figure 2b. This plot shows the effect of surfactant
type and concentration on the CAC of nystatin
where the values were interpreted from the indi-
vidual DLS plots. For all three surfactants the
CAC of nystatin increased as surfactant concen-
tration increased. Notable is that the CACs of
nystatin in the presence of T80 and NOF are
identical, a finding that was not unexpected. The
surfactants were able to increase the CAC of
nystatin up to 500–750 mM at the concentrations
studied, a 50- to 75-fold increase in deaggregation
over the control of nystatin in PBS. From these
data, CrEL appears to have a greater solubiliza-
tion capacity on a molar basis for nystatin than
T80 andNOFas judged by the clearly greater CAC
values seen in Figure 2b.

Because theCMCsof all three surfactants are so
similar, one of the most probable explanations for
the differences in the abilities of CrEL and the
polysorbates to deaggregate nystatin concerns the
polarity of the core. It is argued that the micellar
core polarity ofCrELmaybe such that it provides a
more suitable environment for nystatin solubiliza-
tion and deaggregation. To test this theory, the
probe molecule pyrene was used to identify the
effect that surfactant composition and surfactant
concentration have on micellar core polarity.
Pyrene has been extensively studied for its ability
to probe and report (in a predictable fashion)
changes in its polar environment.14 The relative
intensity ratio of the first peak to the third peak
within the vibrational bands of the pyrene emis-
sion spectrum has been shown to change greatly
with local polarity. A reference scale generated
from these ratios, knownas thePy scale, correlates
well with other scales of polarity such as the p*
scale ofKamlet andTaft.15High peak ratios reflect
relatively polar environments, whereas lower
ratios reflect lower polarity. As previously men-
tioned, the cores ofmicelles in aqueous systemsare
relatively nonpolar. These nonpolar cores prefer-
entially solubilize pyrene to a high degree, allow-
ing for detection of the polar environment of
micellar cores. The peak ratio values are highly
reproducible, but vary in relation to the wave-
length of pyrene excitation. Solvent standards
have been previously run and have shown good
agreement with previous work at the same
wavelength.13 The effect of surfactant concentra-

tion on the pyrene peak I/III ratios is shown in
Figure 3. For each surfactant, the polar environ-
ment detected by pyrene remains relatively high
and then drops before again plateauing. The
relatively stable values at low surfactant concen-
trations represent pyrene in the aqueous solution
below the surfactant CMCs. The drop in polarity
reflects the partitioning of pyrene into the forming
micelles, and the final plateau value ratios at high
surfactant concentrations are indicative of the
micelle core polarities. The micelle core polarity
values obtained with standard deviations for T80
and NOF were 1.127� 0.005 and 1.132� 0.009,
respectively. Differences between these values
are statistically insignificant (p> 0.10, two-tailed
Student’s t test). The polarity value obtained for
CrEL was 1.077� 0.010, a significantly lower core
polarity than the cores of T80 and NOF micelles
(p< 0.002). These polarity values fall between
previously obtained reference solvent polarity
values of 1.18� 0.01 for methanol and 1.05� 0.01
for benzene, and are lower than the values of 1.20–
1.22 for poly(ethylene oxide)-b-poly(propylene
oxide)-b-poly(ethylene oxide) (poloxamers) micel-
les at 258C.12

Previous studies of nystatin deaggregation by
poloxamer micelles have shown no clear relation-
ship between core polarity and solubilization
capacity.12 Therefore, studies were next under-
taken to understand the effect of surfactant com-
position and core polarity on the nystatinmicelle–
water partition coefficient (P) as an alternative
method by which to follow solubilization behavior.
The coefficientP is defined as the ratio of the solute
concentration in the micellar phase divided by the
concentration of solute in the aqueous bulk phase.

Figure 3. Effect of surfactant concentration onmicel-
lar core polarity as detected by pyrene fluorescence peak
ratios.
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This coefficient serves to estimate the amount of
solute incorporated into the cores of micelles, and
may give information on the location of the solute
in the micelle structure. The P of pyrene was
also analyzed in an effort to contrast the effect of
nystatin’s chemical properties on partitioning
behavior. Whereas nystatin is a relatively large,
zwitterionic, and amphiphilic molecule, pyrene is
a smaller, nonionizable, and hydrophobic mole-
cule. The P values of nystatin and pyrene were
determined using the fluorescence properties of
the molecules. Fluorescence methods have been
used previously to determine the partitioning of
solutes into micelles12,13,16,17 and model mem-
branes.7 These models rely on a change in the
fluorescence intensity of the solute upon transfer
of that solute to the cores of micelles, a property
that both pyrene and nystatin exhibit.7,16 Com-
plete descriptions of the calculations for the de-
termination of P are presented in the appendix.
Briefly, the total fluorescence emission of a con-
stant concentration of solute is first plotted as a
function of surfactant concentration from below
the CMC to well above it. Figure 4a shows the
effect of theNOFconcentration on thefluorescence
intensity of 22.5 mM nystatin, where the bars
reflect standard deviations. At low concentrations
of surfactant below the CMC, the fluorescence of
nystatin is low and constant, reflecting nystatin
mainly in the bulk aqueous phase. As micelles
form, nystatin partitions into the core resulting in
an increase in fluorescence. At sufficiently high
surfactant concentrations, all available nystatin
molecules have partitioned into their desired loca-
tions, and no additional surfactant will increase
the fluorescence further. This same trend occurs
when pyrene is solubilized by surfactant micelles.
Baseline aqueous and micellar saturated solute
fluorescence values are determined from the plot
and labeled Io and Imax, respectively. As shown in
Figure 4b, the concentration of surfactant present
as micelles is then plotted against nystatin fluor-
escence relative to Io and Imax in double reciprocal
coordinates. The result is a straight line with a
slope equal to 1/(0.01Pv) where P is the micelle–
water partition coefficient and v is the partial
specific volume of the surfactant in solution. The
partial specific volume is a thermodynamic para-
meter that can be calculated from density mea-
surements using a pycnometer.18 The partial
specific volumes of 1% (w/v) CrEL and NOF
surfactants in solution were calculated at 258C,
and were determined to be 0.920 and 0.923 mL/g,
respectively.

InFigure 5a, theP of nystatin inCrELandNOF
micelles is shown as a function of the nystatin
concentration. With both of the surfactants the
partition coefficient of nystatin decreases signifi-
cantly as the nystatin concentration increases, a
two- to threefold drop over the concentration range
of nystatin studied. Additionally, there is no signi-
ficant difference between the nystatin P in CrEL
and inNOFat all concentrations tested (two-tailed
Student’s t test, p> 0.1). Nystatin concentrations
above 30 mM were not tested, as aggregates are
more likely to form in the bulk aqueous phase
during partition coefficient determination at low
surfactant concentrations. It is expected that ag-
gregates of nystatin will partition differently and

Figure 4. (a) Effect of Nofable ESO-9920 concentra-
tion on the fluorescence intensity of 22.5 mMnystatin. Io
and Imax are the determined baseline fluorescence
intensity and themaximum saturable intensity, respec-
tively. (b) Double reciprocal plot of 22.5 mM nystatin
fluorescence intensity (relative to Io and Imax from
Fig. 4a) with respect to fraction of Nofable ESO-9920
present as micelles in solution. The resulting slope
yields the micelle–water partition coefficient (P).
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can potentially confound results. The insignificant
differences in nystatin partitioning between CrEL
and NOF may be explained by the fact that many
properties of these surfactants are quite similar,
such as micellar sizes in solution, core-forming
block components (ricinoleic acid versus oleic
acid), and most importantly, the CMCs. However,
the effects of architecture of the micelles, micellar
association numbers, and corona-forming blocks
have not been studied, andmay be playing a role in
other differences seen with the surfactants.

The results for the study of the effect that solute
concentration has on the P of pyrene are shown
in Figure 5b. First, the pyrene P is significantly
higher than that of nystatin at all concentrations
studied. Second, thepartition coefficient intoCrEL
micelles is significantly higher than the partition
coefficient into NOF micelles at all concentrations
tested (p< 0.002). There also does not appear to be
any upward or downward trend in the pyrene P as

a function of the pyrene concentration in either of
the surfactant formulations. These results reveal
the great differences between the partitioning
characteristics of nystatin and pyrene. Pyrene
molecules partition to a significantly greater ex-
tent into the CrEL micelles because they have a
lower core polarity andare thusmorehydrophobic.
This type of behavior for the highly hydrophobic
pyrene was expected. The fact that nystatin is an
amphiphilic molecule, combined with the signifi-
cantly lowerP values compared to pyrene strongly
suggest that nystatin may not be solubilized in the
core of themicelles. Additionally, the fact that core
polarity has no impact on the nystatin P lends
further credence to the conclusion that nystatin is
being solubilized at the core–corona interface of
themicelles. However, the strongest evidencemay
be the differences in the effect that solute concen-
tration has on partitioning. For theP of nystatin to
decrease in relation to an increase in its concen-
tration may indicate a competitive solubilization
process. As the quantity of nystatin solubilized in
the micelles increases the finite amount of space
available for solubilization decreases, making it
progressively more difficult for further nystatin
solubilization to occur. This phenomenon can be
characterized as adsorption-like, where the nys-
tatin molecules are localizing at the core–corona
interface of the micelles. Studies have been per-
formed with surfactant micelles where results
indicate that the solubilization of solutes is driven
by interfacial adsorption.19,20 There are specific
examples in which authors have described the
interaction of small molecules with surfactant
micelles as a binding phenomenon and have fit the
data to a Langmuir isotherm.21–24 Choucair and
Eisenberg describe the binding of 2-nitrodipheny-
lamine at the core–corona interface of polystyr-
ene-b-poly(acrylic acid) micelles, and find that the
best fit is through the Langmuir binding iso-
therm.25 The binding of the preservative parahy-
droxybenzoic acid esters to polysorbate 80micelles
has been described as Langmuir-like.21

Langmuir-like adsorption can be generally
expressed in the following manner:

x

xm
¼ KadC

1þ KadC

where x and xm are the solute mole fraction in
the micellar phase and the maximum of the solute
mole fraction adsorbed, and where Kad and C are
the Langmuir adsorption constant and the molar
concentration of unbound solute molecules.25,26

Figure 5. (a) Effect of nystatin concentration on the
nystatin micelle–water partition coefficient (P) in sur-
factant micelles. (b) Effect of pyrene concentration on
the pyrene micelle–water partition coefficient (P) in
surfactant micelles.
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Linearization of the isotherm is achieved by a
rearrangement of the above equation:

C

x
¼ 1

Kadxm
þ C

xm

such that a plot of C/x versus C will give a
straight line where the constant of interest, Kad,
can be determined from the resulting slope and
intercept. The value C can be calculated by
working back from the partition coefficient equa-
tions from a, the fraction of solute solubilized by
the micelles:

a ¼ yP
½1þ yðP� 1Þ�

where y is the volume fraction of the surfactant
micellar phase and can be described as

y ¼ 0:01vð½Cs� � cmcÞ

where v is again the partial specific volume of
the surfactant in solution, Cs is the surfactant
concentration, and cmc is the critical micellization
concentration of the surfactant. The value C
is therefore calculated from 1 � a multiplied
by the molar concentration of nystatin in the
formulation.

The Langmuir adsorption isotherms for nysta-
tin in 4� 10�3 M CrEL and NOF are shown in
Figure 6. The two plots of nystatin in CrEL and
NOF show good linearity and reveal Kad values of
3.91� 105 and 2.52� 105 L/mol, respectively. The
differences in these values appear to reflect the
differences in the deaggregation of nystatin.
The reported Kad value for 2-nitrodiphenylamine
adsorbed onto polystyrene-b-poly(acrylic acid)
micelles was 5.7� 105 L/mol, whereas values of 7
to 34 L/mol were obtained with salicylic acid and

benzoic acid adsorbing ontopolyoxyethyleneglycol
monoalkyl ether micelles.24,25 As expected, great
variability in adsorption constants can be found
depending on the properties of the substrate and
adsorbate. Pyrene in CrEL andNOF did not fit the
Langmuir adsorption isotherm model with corre-
lation coefficients of 0.30 and 0.07, respectively
(data not shown). Both the partitioning behavior
of pyrene and the correlation with core polarity
suggest that interfacial solubilization was not
occurring, or that it was not the principal mode
of solubilization. Accordingly, pyrene’s lack of
fit with the Langmuir adsorption isotherm was
expected, and supports the nystatin data. These
results suggest that micellar solubilization and
deaggregation of the amphiphilic nystatin is
driven by interfacial adsorption between the sur-
factant core and corona. The micelle core sur-
face area that is accessible, determined by
surfactant CMC and concentration, would there-
fore primarily determine the extent of nystatin
deaggregation.

CONCLUSIONS

CrEL and polysorbate 80 micelles increased the
CAC of nystatin by deaggregating nystatin at
levels up to 75 times its CAC in phosphate-
buffered saline. Research-grade Tween 80 and
the highly purified Nofable ESO-9920, both of
which are also known as polysorbate 80, showed
no significant differences in all experimental re-
sults. Cremophor EL micelles had a significantly
lower core polarity than the polysorbate 80 micel-
les. However, nystatin did not partition to any
greater extent into CrEL micelles than into NOF
micelles, whereas pyrene partitioned into CrEL
micelles to a significantly greater extent. The P of
nystatin decreased as the nystatin concentration
increased, whereas the pyrene P did not. The
nystatin micelle–water partition coefficient data
for both CrEL and NOF fit well to the Langmuir
adsorption isotherm, whereas the pyrene data did
not. This information, combined with the fact that
nystatin is an amphiphilic molecule, leads to the
conclusion that nystatin is mainly being solubi-
lized and deaggregated at the core–corona inter-
face of CrEL and NOF micelles.
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APPENDIX

Micelle–Water Partition Coefficient (P)
Determination by Fluorescence Spectroscopy

The micelle–water partition coefficient (P) is a
dimensionless number reflecting a ratio of values:

P ¼ ½Sm�
½Sa�

ð1Þ

where Sm and Sa are the concentrations of solute
contained in the micellar and aqueous phases,
respectively. The bulk concentrations of micellar
(Sm) and aqueous (Sa) phase solute can be ex-
pressed as:

Sm ¼ yPCo

Pyþ 1� y
ð2Þ

and as

Sa ¼ Soð1� yÞ
Pyþ 1� y

ð3Þ

where So is the total concentration of probe and y
is the volume fraction of surfactant present as
micelles at a given surfactant concentration. The
term y is expressed as

y ¼ 0:01vðCs � cmcÞ ð4Þ

where Cs is the given concentration of surfactant
and cmc is the critical micellization concentration
expressed in % w/v. The term v is the partial
specific volume of the surfactant in solution, and
is a thermodynamic parameter that can be cal-
culated from density measurements. When eqs. 2
and 3 are rearranged, the fraction of solute incor-
porated into the micelles (a) can be written

a ¼ Sm

So
¼ Py

Pyþ 1� y
ð5Þ

The fraction of solute incorporated into the
micelles (a) is also a function of fluorescence inten-
sity, and is governed by the following expressions:
Io¼ faSo and Imax¼ fmSo, where fa and fm are the
molar coefficients of emission that correspond
to the solute in the bulk aqueous phase and in
the micellar phase, respectively. The emission in

surfactant solutions consists of the emissions of
the aqueous and micellar solute as shown:

I ¼ So½ð1� aÞfa þ afm� ð6Þ

where I is the total fluorescence intensity of the
solute at a given surfactant concentration. There-
fore, a can also be expressed as:

a ¼ I � Io
Imax � Io

ð7Þ

Equations 4, 5, and 7 are combined, resulting in
Imax � Io
I � Io

¼ 1

0:01PvðCs � cmcÞ þ 1� 1

P
ð8Þ

where a plot of (Imax� Io)/(I� Io) versus the in-
verse ofCs� cmc yields a linear plot with the slope
equal to 1/(0.01Pv), which can be solved to obtain
the partition coefficient.
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