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Abstract

The objectives of the studies presented herein was to investigate the mechanisms of emulsion instability under thermal
stress (121C) by evaluating the effects of a lipophilic drug dissolved in the internal phase of an oil-in-water (o/w) emulsion
on growth rate suppression and the apparent microviscosity. Model drugs used were methyl, propyl and heptyl paraben. The
o/w emulsions were prepared using medium chain triglycerides as an internal phase in aqueous glycerol solutions emulsified
with phospholipids. Concentrations of paraben in the internal phase varied from 0.2-0.8 M. Microfluidization was used to
reduce the droplet size to the submicron range. Microviscosity was calculated from the measured anisotropy of a fluorophore
probe (1,6-phenyl-1,3,5-hexatriene) using a modified Perrin’s equation. Emulsion aliquots were subjected to thermal stressed
at 121°C the droplet growth rate was determined from periodic measurements of the mean droplet diameter using photon
correlation spectroscopy. The growth rate decreased in the presence of parabens. Maximal growth suppression occurred at parabe
concentrations of 0.4 M. However in deference to theoretical predictions of the effects of increasing co-solute concentrations
based on Ostwalt ripening, the droplet growth rates increased at concentrations greater than 0.4 M. The logarithm of the growth
rate was linearly correlated to the interfacial rigidity (inverse microviscosity) of the emulsion which suggests that coalescence
rather than molecular diffusion was primarily responsible for emulsion instability under the conditions studied.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tial as drug delivery systemsSimamora et al., 1998;
Prankerd et al., 1988; Stella et al., 1988; Levy and
Phospholipid-based emulsions have been the sub-Benita, 1989, 1991 Oil-in-water (o/w) emulsions can
ject of a number of studies evaluating their poten- be used for the delivery of hydrophobic and lipophilic
drugs. The latter partition into the internal oil phase
when incorporated into the emulsions. It has been re-
* Corresponding author. Tekr1-319-335-8824; ported that the inclusion of drugs at relatively low
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emulsion. Other investigator¥gmamura et al., 1991
found that forskolin-loaded emulsion at concentration
of 2.44 x 1074 M is stable up to at least 30 days at
room temperature.

Irreversible emulsion instability involves droplet
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following equation Lawrence and Mills, 1954
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dv
dr

growth and phase separation. Two mechanisms arewhereV is the mean volume of the droplets,is the

primarily associated with droplet growth: coalescence
and molecular diffusion (Oswald ripening).

phase volume ratik is Bolzmam constant, angy is
viscosity of external phase. The pre-exponential term

Coalescence is the process by which the interfa- reflects the frequency of collision between droplets

cial liquid film between two droplets ruptures caus-

ing the droplets to merge. The process begins by ad-

and is proportional to the concentration (i.e. volume
fraction) of the internal phase and inversely propor-

hesive contact between the two droplets. The inter- tional to the viscosity of the external phase. The

facial film drains, ruptures and the droplets fuse and
merge.

exponential term denotes the fraction of interacting
droplets that have sufficient energy for coalescence.

Film rupture can be viewed as a process induced The exponential coefficieng, is the interfacial en-

by the self-propagation of a disturbancedros and
Vincent, 1983; Walstra, 1996Gxternally induced or

ergy barrier to coalescence. Besides the phase volume
ratio and the external phase viscosity, the energy bar-

induced by surface waves. Film rupture usually starts rier determines the rate of coalescence of droplets,

at a specific turbulent location. The stability of the
film is also kinetically associated with thermal or
mechanical fluctuations. The influence of emulsifier
concentration and properties on film thinning and the

duration of droplet encounters have attracted theo-

retical studies lganov et al., 1979; Ivanov, 1930

and hence, the stability of the emulsion. The energy
barriers include the electric double layer and steric
repulsion attributed to adsorbed surfactants when
droplets approach each other. The barrier ofKI0
can result in a half-life of 4 years of an emulsion,
which is sufficient for pharmaceutical applications

Several researchers have attempted to correlate emul{Fridberg et al., 1996 Yamaguchi et al. (1995a,b)

sion stability to interfacial tension and interfacial
viscosity (microviscosity).Dickinson et al. (1988)

studied the coalescence of parenteral phospholipid
emulsions in the temperature range of 100-4B80

studied the coalescence of oil droplets at a planar The activation energy of phospholipid-based emul-

n-hexadecane/water interface by measuring their co-

sions estimated from an Arrhenius treatment of

alescence time as function of the surfactant used andisothermal coalescence rate constants was in the range

interfacial tension. No direct correlation existed be-
tween interfacial tension and emulsion stability. A

90-195 kJ/mol.
Ostwald ripening is a diffusional process in which

similar conclusion was also made by other researchersmolecules of the dispersed phase diffuse from small

(Lee and Tadros, 19823,b
There is strong evidence that interfacial viscosity

droplets to large droplets causing the large droplets
to grow while smaller droplets shrink. The chemical

plays a significant role in determining the coalescence potential of the internal phase material is inversely

rate of emulsion droplet®fckinson et al., 1988; Jones
and Wilson, 1978 The higher the interfacial viscos-

ity, the lower the coalescence rate and the more sta-

related to the radius of droplet curvature so small
droplets tend to dissolve more readily into the external
phase and diffuse and re-deposit onto a larger droplet

ble the emulsion. This observation can be explained causing in an overall increase in the mean diameter of

by the effect of interfacial viscosity in determining
the drainage and stability of the thin liquid films.
High interfacial viscosity lowers the rate of drainage
of the film, which results in increased stability of the
droplets.

The rate of coalescence is proportional to the num-
ber of oil droplets collisions. The coalescence rade (
of the oil droplets in o/w emulsion is expressed by the

the emulsion Kabalnov and Shchukin, 19921t has
been experimentally demonstrated that Ostwald ripen-
ing occurs in fluorocarbon and hydrocarbon emul-
sions Pavis et al., 1981 Kabalnov et al., 1987a,b,
1990.

Equations which describe the rate of Ostwald ripen-
ing in dilute systems have been developed_bighitz
and Slyozov (1961and byWagner (1961)According
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to LSW theory
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wherew is the Ostwald ripening rate; is the inter-
facial tension at the o/w interfac®, C, andVy, are
the diffusion coefficient, the bulk solubility, and the
molar volume of the dispersed phase, respectirly,
is the gas constant andis the absolute temperature.
This model was first proposed for saturated solid so-
lutions and then was verified for emulsio&palnov
and Shchukin, 1992; Kabalnov et al., 1987a; Higuchi
and Misra, 196

For an emulsion in which the dispersed phase is
composed a single component, the chemical potential
is greater in small droplets. According to Raoult’s law,
the vapor (capillary) pressure in the small droplet de-
creases. Consequently, the pressure differend®) (
across the emulsifier film increases and the smaller
droplet dissolves. Raoult’s law can be expressed as:

A = pa + RTInxa

whereua anduQ are chemical potential of component
A in mixture and pure component A, respectivly, and
Xa is molar fraction of component in mixture.

Ostwald ripening can be slowed by adding a sec-
ond component which has a low solubility in the ex-
ternal phaseHiguchi and Misra (1962jhave shown
that if one of the components in the dispersed phase is
very insoluble in the external phase, then even a small
amount of this component tends to decrease the Ost-
wald ripening rate. Mass transfer from smaller droplets
to large ones changes their composition. It increases
the molar fraction of the poorly soluble component
in small droplets and decreases the molar fraction of
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whereD», Cy, andg» are the diffusion coefficient, the

bulk solubility, and molar fraction of the second com-
ponent.Vp1 is molar volume of the first component.
If the solubility of the two components is significantly
different, then the total ripening rate is given by

o= . @
(p1/w1) + (P2/w2)
wherews, wp andf; andf; refer to the ripening rate
and molar fraction of components 1 and 2, respec-
tively and the presence of the second component slows
the overall Ostwald ripening rate. Several experiments
have confirmed the decrease in the ripening rate on
addition of a second component to the dispersed phase
(Kabalnov et al., 1987a; Buscall et al., 1979

1.1. Sudy objectives

The volume-based mean droplet size as determined
using photon correlation spectroscopy (PCS) linearly
increases in phospholipid-based emulsions subjected
to thermal stressv@amaguchi et al., 1995a; Zhang and
Kirsch, 2003. The droplet growth rate correlates to
microviscosity as measured by fluorescence polariza-
tion (Zhang and Kirsch, 20Q3which suggests that
the predominant instability mechanism under extreme
thermal stress (>12@) is coalescence rather than
molecular diffusion.

The effects of the addition of a second component
(such as a lipophilic drug) to the internal phase may
be useful in distinguishing between coalescence- or
molecular diffusion-mediated emulsion instability.
According to the molecular diffusion models de-
scribed byHiguchi and Misra (1962)he second com-
ponent in the internal phase may decrease the droplet

this component in large droplets. Thus, the chemical growth rate in accordance with the effec_ts of Raoult’s
potential drop of the second component in the small law whereby the mass transfer of the majorco_mponent
droplets is less than that in large droplets. This ef- from smal! to large droplgts caused by the difference
fect compensates for the chemical potential drop of N the capillary pressure increases the second compo-
the first component in the droplets. When the concen- nent concentration in the small droplet and decreases

tration effect completely compensates for the chemi- it in the Igrge ones. _This results in a compensation of
cal potential, the mass transfer terminates and the rateth® chemical potential drop between the droplets.

of the Ostwald ripening becomes equal to zero. The The objectives Of, the studies presentgd hereir_l are
following equation can be used to calculate Ostwald to test the hypothesis that droplet growth in emulsions

fipening rate in a two-composition system: contgmmg model dr'u'gs occurs primarily py a molegu—
lar diffusion. In addition, the apparent microviscosity

of these emulsions were determined to investigate the

_ dr3 _ 8yD2C2Vm2
effects of incorporating drugs on the interface rigid-

w_a_ 99oRT
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ity. Model drugs used were methyl, propyl and heptyl
paraben.

2. Methods and materials
2.1. Materials

p-Hydroxybenzoic acid methyl ester (methyl
paraben), 1,6-phenyl 1,3,5-hexatriene (DPH) and
p-hydroxybenzoic acid propyl ester (propyl paraben)
were purchased from Sigma Chemical Co. (St. Louis,
MO). p-Hydroxybenzoic acid heptyl ester (heptyl
paraben) was obtained from Pfaltz & Bauer, Inc.,
Waterbury, CT. Acetonitrile (HPLC grade), tetrahy-
drofuran (THF), hydrochloric acid (0.10 N, certified),
sodium hydroxide (0.10N, certified), sodium phos-
phate dibasic, 85% phosphoric acid, and glycerin (cer-
tified, ACS.) were purchased from Fisher Scientific,
Pittsburgh, PA. Medium chain triglycerides (MCT)
were donated by Croda Inc., Parsippany, NJ. The
phospholipid (Ovothin 160) was donated by Lucas
Meyer Inc., Decatur, IL. Water for injection (WFI) was
purchased from Abbott Laboratories, North Chicago.

2.2. Emulsion preparation

O/W emulsions were prepared using 20% (w/w)
MCT as oil phase in 2.21% (w/w) glycerin solutions

Table 1
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emulsified with 1.2% (w/w) phospholipid. Parabens
and phospholipids were dissolved in MCT oil at con-
centrations of 0.2, 0.4, 0.6, or 0.8 M by warming at
70°C and stirred using a laboratory hot plate/stirrer.
Glycerin was dissolved in water for injection (WFI).
Both solutions were filtered and then a coarse emul-
sion was formed using a homogenizer at 3000 rpm for
3 min. Microfluidization (Model MT 100, Microflu-
idics, Newton, MA) was used to reduce the droplet size
to the submicron range. Twelve microfluidization cy-
cles were used at 7000 psi. The initial pH of the emul-
sions was adjusted with 0.1 N NaOH or HCl to pH 7.4
or 4.0. The emulsions were sealed in 1-ml glass am-
poules. The compositions of the emulsions are listed
in Table 1

2.3. Analytical methods

The droplet growth rate was measured by plac-
ing emulsion aliquots in 1-ml glass ampoules which
were immersed in a thermally equilibrated oil bath
at 121°C. Ampoules were removed periodically and
rapidly cooled to room temperature with ice. The
volume-based mean diameter of emulsion oil droplets
was measured by PCS (Nicomp Model 380/ZLS) de-
tecting scattered light at 9@ relative to an incident
HeNe laser sourcer(= 6328 nm). The instrument
was calibrated with polystyrene microspheres. The
emulsion sample was briefly mixed and diluted 500

Summary of emulsion composition, microviscosity measurements and the effects of thermal stré€y @Pihe emulsion droplet growth

rate for a series of emulsion composed of 20% (w/w) MCT dispersed in 2.21% (w/w) glycerin solutions emulsified with 1.2% (w/w)

phospholipid
Paraben Paraben concentration (M) pH Droplet growth rate®(min) Microviscosity+ S.D. (cP)
None 0 4.0 2.33x 10°° 43.98+ 0.89
7.4 2.29x 1076 45,63+ 1.22
Methyl 0.4 4.0 6.03x 1076 46.51+ 0.50
7.4 1.38x 10°° 45,64+ 0.20
Propyl 0.2 4.0 6.44x 1076 43.90+ 0.28
0.4 4.0 3.4x 1078 47.14+ 0.25
7.4 6.75x 1077 43.90+ 0.28
0.6 4.0 9.15x 1075 39.62+ 0.59
Heptyl 0.2 4.0 3.63x 107 43.43+ 0.56
0.4 4.0 1.36x 1076 47.40+ 0.95
7.4 6.03x 1077 47.14+ 0.25
0.6 4.0 1.05x 104 39.93+ 0.78
0.8 4.0 5.76x 10°4 35.36+ 0.50
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times with the filtered de-ionized and double-distilled ified Perrin’s equation

water before each measurement. The oil droplet 2 4r

growth rate was estimated from the slope of the linear 7= 365",

regression of the mean volume-based radius versus

time.

Microviscosity was determined by mixing pd
of emulsion and 1@l of 1mM DPH solution with
10ml of double distilled filtered water and agitat-
ing for 10 min. Fluorescence intensities of DPH in
the diluted emulsions were measured in triplicate at
the excitation and emission wavelengths of 354 and
427 nm using a spectrofluorometer (Kontron SFM 25,
Kontron Instruments Spa, Milano, Italy). Tempera-
ture of the sample holder in the spectrofluorometer
was controlled at 25C with a water bath. Anisotropy
(r) was calculated from the fluorescence intensities
using

oo = (Ihv/IHRH) IvH
v + 2(Iny /TiH) Iv

wherelyy is represented as vertically polarized exci-
tation and vertically polarized emissiohyy as ver-
tically polarized excitation and horizontally polarized
emission)y as horizontally polarized excitation and
vertically polarized emission, arlgy as horizontally
polarized excitation and horizontally polarized emis-
sion. Microviscosity §) was calculated with the mod-

0.001 E

0.0001

=
o
&

Droplet growth rate
(cubic micron/minute)

which has been shown to be applicable to phospho-
lipid-based emulsionsZzhang and Kirsch, 2003

3. Results
3.1. Kinetics of droplet growth

The mean droplet diameter for each emulsion was
determined by triplicate PCS measurements and used
to calculate volume-based mean radius. Under thermal
stress (121C), the volume-based mean radius linearly
increased as function of time with the squared cor-
relation coefficient value greater than 0.9@&lfle J).

The droplet growth rates for pH 4.0 emulsions were
typically two- to five-fold greater than correspond-
ing emulsions prepared at pH 7.4. The rate of droplet
growth decreased in the presence of parab&aisi¢ )
although the magnitude of the effect in pH 7.4 emul-
sions was much less pronounced than in pH 4.0 emul-
sions.

The effect of paraben concentration on growth rate
suppression was similar for both propyl and heptyl
pararben. The maximum droplet growth rate suppres-

0 0.05 0.1

0.15 0.2 0.25 0.3

mole fraction heptyl paraben in internal phase

Fig. 1. Droplet growth rate as a function of the mole fraction of heptyl paraben in internal phase. Curve was generateq. ffbm
whereinw; was determined using an emulsion prepared without heptyl parabenawds assigned a value equaldg/155 to allow the
predicted growth rate values to be in reasonable agreement with the observed growth rates at the lowest molar fractions of paraben.
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0.0001

droplet growth rate
(cubic micron/minute)

10°

10°
0.021 0.022 0.023 0.024 0.025 0.026 0.027 0.028 0.029

interfacial rigidity (1/microviscosity [cP])

Fig. 2. Correlation between the droplet growth rate atk2land the inverse microviscosity (or rigidity) of various PL-based emulsions
prepared using 20% (w/w) MCT dispersed in 2.21% (w/w) glycerin solutions emulsified with 1.2% (w/w) phospholipids and pH adjusted
to 4.0. A correlation coefficient of 0.992 was obtained by linear regression.

sion occurred at 0.4 M. The growth rate was greater at containing model drugs occurs primarily by a molecu-
lower and higher concentrations for both propyl and lar diffusion. In addition, the apparent microviscosity
heptyl parabenKig. 1). of these emulsions were determined to investigate the
The microviscosities of pH 4.0 and 7.4 emulsions effects of incorporating drugs on the interface rigid-
were measured by fluorescence polarization. All of ity. Model drugs used were methyl, propyl and heptyl
the measured values fell within the range of 48-36 cP paraben.
and the relative standard deviations for triplicate mea-  The central hypothesis of the studies reported herein
surements were<3% in all cases. The highest vis- is that the addition of lipophilic drugs to the internal
cosity values were obtained from emulsions contain- phase of the model emulsion should stabilize its phys-
ing 0.4 M parabensTable ). The logarithm of the ical stability in a manner consistent with a molecular
droplet growth rate was linearly correlated to the in- diffusion mechanism. As described Iiguchi and
terfacial rigidity (inverse viscosity) for all emulsions Misra (1962) the second component in the internal
(Fig. 2. phase will decrease the droplet growth as predicted by
Raoult's law whereby the mass transfer of the major
component from small to large droplets caused by the
4. Discussion difference in the capillary pressure increases the sec-
ond component concentration in the small droplet and
The objectives of the studies presented herein are decreases it in the large ones. This results in a com-
to test the hypothesis that droplet growth in emulsions pensation of the chemical potential drop between the
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droplets which according t&q. (1) predicts that the  systems, which is concentration-dependent. It was
effect of adding a second component is to decrease thefound that the microviscosity of the lipid bilayer of
droplet growth rate as a function of increasing second dipalmitoylphosphatidylcholine (DPPC) decreased
component concentration until a minimum which is from 129 cP for pure DPPC liposomes to 119 cP for
associated with the growth rate of droplets composed liposomes with 0.5mM of lidocaine HCI at 2&.
solely of the second component. The microviscosity further diminished to 110, 101,
The relationship obtained in our studi€sd. 1) did 93, and 88cP as the concentration of lidocaine HCI
decrease with increasing paraben concentrations upincreased from 0.7 to 1.0, 2.0, and 3.0 mMaf et
to 0.4 M. However at paraben concentrations above al., 1990Q. In this case, the drug molecules may be
0.4 M growth rates increased in contradiction to theo- located in the region close to the hydrophilic head of
retical predictions suggesting that additional effects of the phospholipids because the unshared pair of elec-
the second component on the properties of the emul- trons of the nitrogen on the alkylamine of lidocaine
sion may be important. HCI can form a hydrogen bond with water. The highly
Another possibility is that the primary effect of concentrated drug influences the lateral distance and
drugs added to the internal phase is to modify the in- fluid property of the phospholipid layer, resulting in
terfacial properties of the phospholipids. We observed a decrease in the microviscosity of the phospholipid
that emulsions loaded with 0.4 M parabensinthe MCT layer. It was also observed thatalkanols have flu-
oil phase were more stable than paraben-free emul-idizing effects on the lipid bilayer of liposome made
sions at both initial pH values of 4.0 and 7.4. The low of DPPC due to formation of hydrogen bondaf et
droplet growth rate of the paraben-loaded emulsions al., 1990. Consequently, the microviscosity decreased
may be due to the effects of added drugs on the rigidity from 129 cP for pure DPPC liposome to 112 cP for
of the phospholipid layer as reflected in the correlation the mixture of liposome—methanol at 300 mM. The
depicted inFig. 2 Drug interactions with biomem-  microviscosity was also lowered to 106 cP for a mix-
branes are well known. For example, the presence of ture of liposomen-propanol at 200 mM and to 91 cP
methyl or propyl paraben in dipalmitoyl phosphatidyl- for the mixture of liposomen-heptanol at 3.0 mM
choline (DPPC) bilayers (0.1 M ratio of drug to lipid) (25°C). Parabens in certain concentration ranges
broadened the chain-melting transition and inhibits the may have similar effects on the microviscosity of the
pretransition as measured using DSQefiz et al., emulsions.
1996. This observation indicated that paraben inter-
acted with the phospholipid bilayers, changing their
gel phase structure. The phenolic hydroxyl group in References
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