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The effects of process and storage conditions of solid-state emul-
sions were studied. Oil-in-water emulsions may be prepared from
solid state emulsions by adding an aqueous phase to the solid. Solid-
state emulsions are prepared by processing an oil phase and an
aqueous solution of matrix material via a solvent removal process.
Sucrose, the carrier material utilized in this report, results in a meta-
stable solid or glass, which can transform upon aging to a more
stable thermodynamic state. Aging was determined by monitoring
the crystallinity as a function of time, temperature, relative humid-
ity, and grinding. The crystallinity of solid-state emulsions was de-
termined with X-ray diffraction and differential scanning calorime-
try. Results indicate that solid-state emulsions should be stored be-
tween 15 and 25% relative humidity at 25°C. Grinding has no
apparent effect on the crystallinity of the sample, as detected by
X-ray diffraction, although the microcrystallinity is increased. The
utilization of silinized glassware enabled the sample-to-sample mi-
crocrystalline variability to be reduced.

KEY WORDS: self-emulsification; glass; solid transformation; self-
emulsifiable solid; emulsifiable glass.

INTRODUCTION

Solid-state solutions or dispersions (more appropriately
termed solid-state suspensions) are metastable solids formed
by dissolving or suspending a compound of interest within a
carrier using solvent removal or fusion techniques (1-3).
The addition of an aqueous vehicle to a solid state solution or
suspension produces a homogeneous aqueous solution. Nu-
merous materials have been utilized to prepare solid disper-
sions or coprecipitates (1). Glass solutions or suspensions
are a form of solid-state dispersions (3). Glasses, by defini-
tion, exhibit glass transition regions and are therefore meta-
stable solids. Those materials reported to form glasses in-
clude sugars such as dextrose, galactose, and sucrose (2).

The utilization of glass systems as drug delivery vehicles
is the subject of several reviews and articles (1,2,4-6). Be-
cause of the ability to increase the dissolution rates of poorly
water soluble compounds (1,4,7), solid-state solutions or
suspensions have been of interest (1). In cases where the
dissolution rate of a drug is proportional to bioavailability,
increased dissolution rates are known to result in increased
gastrointestinal absorption (3,7), reduced presystemic me-
tabolism, and, ultimately, a reduction of the dose adminis-
tered. Other advantages, specific to the glass forming mate-
rial and the drug, have also been claimed (8,9).

The failure of glass systems to be widely utilized relates
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to process limitations such as high temperature, cosolvent
requirements (4) and aging, i.e., the transformation of a
metastable state to a lower energy state (3,10). The physical
characteristics of glasses dramatically change at the glass
transition temperature. The best physical stability of glasses
is achieved by maximizing the difference between the stor-
age temperature and glass transition temperature. Residual
solvent or atmospheric moisture has been shown to plasti-
cize the glass, i.e., lower the glass transition temperature
(11), thus decreasing the difference between the storage tem-
perature and the glass transition. In some instances, the ag-
ing of glasses, especially those that are hygroscopic, may be
accelerated as a result of storage at improper relative humid-
ity (12).

The current system under investigation produces an oil-
in-water (o/w) emulsion upon the addition of an aqueous
phase to a solid (13). To be consistent with the nomenclature
developed for solid-state solutions and suspensions, the sys-
tems discussed in this report are referred to as solid-state
emulsions. The term solid-state emulsion refers to the fine
dispersion of an immiscible oil phase within a solid phase.
Since solid-state emulsions are not prepared by melt fusion
techniques, the medicinal and other various components are
not exposed to high temperatures. Due to the presence of an
oil phase, medicinal agents can be dissolved in the oil phase
and therefore the need for a cosolvent is eliminated. Al-
though the preparation of solid-state emulsions does not re-
quire high temperatures or the use of cosolvents, the obser-
vation of a glass transition region within the sucrose-based
solid-state emulsions (13), necessitates that the aging prop-
erties of this system be evaluated.

We therefore studied the aging of these solid-state emul-
sions under various process and storage conditions as a func-
tion of temperature, relative humidity, and time. Further, the
following process conditions, as they relate to physical sta-
bility, include exposure to mildly elevated temperatures (less
than 50°C), grinding, and the processing vessel surface.

MATERIALS AND METHODS

Sucrose (MCB, reagent grade) and heavy mineral oil
(Fisher Scientific, USP/FCC) were used without further pu-
rification. Double-distilled water was used throughout the
study. Relative humidities in each case were achieved
through the use of various saturated salt solutions. Glass-
ware was silinized using Sigmacote (Sigma Chemical Com-
pany, USA). As controls, physical mixtures of the appropri-
ate composition of sucrose and mineral were prepared.

Production of Solid-State Emulsion. Solid-state emul-
sions were prepared by adding sucrose (2.5-3.5 parts by
weight) and mineral oil (1 part by weight) to a round-bottom
vacuum flask. Sufficient water to dissolve the sucrose was
then added to the flask. The flask was fitted to a rotary
evaporator and vacuum was applied (approximately S mm
Hg). The mixture was slowly rotated until a brittle foam was
produced. Solid-state emulsion systems with the following
sucrose-to-mineral oil ratios were prepared: 2.5:1, 2.75:1,
3:1, and 3.5:1. The solid was stored in a desiccator at room
temperature. The process was continued until the moisture
content of the solid, as determined by Karl-Fisher titration,
was 0.25% (w/w).
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X-Ray Powder Diffraction. Diffraction patterns were
collected using monochromatized Cu radiation (Scintag
USA). Samples were prepared by finely grinding the sample
in an agate mortar and pestle and then packed into a plexi-
glass sample holder. The diffraction patterns were collected
as a function of the angle at a rate of 3° (20) per min. As
controls, physical mixtures of the appropriate composition
of sucrose and mineral were prepared.

Differential Scanning Calorimetry. In all cases, a Per-
kin-Elmer DSC-7 was utilized for the collection of calori-
metric data. The calorimeter was equipped with an intra-
cooler (capable of achieving —60°C) and a glove box. The
sample compartment was purged with a continuous flow of
nitrogen (USP) at 20 psi, while the glove box was purged
with nitrogen at 2 psi. The calorimeter was calibrated daily
with indium. Samples were accurately weighed (3.00 to 10.00
mg), placed, and compressed into aluminum sample pans
(Perkin—Elmer Corporation, USA), prior to being sealed.
Calorimetric data were then collected at a rate of 10° per
min.

RESULTS AND DISCUSSION

Several techniques are available for evaluating crystal-
line properties and recrystallization, e.g., X-ray diffraction
and calorimetry. The recrystallization or aging of solid-state
emulsions was monitored using X-ray diffraction (5,14) and
differential scanning calorimetry (6,11,15) as a function of
storage and handling conditions. The feasibility of utilizing
X-ray diffraction as a technique to monitor the aging of glass
solid emulsions was evaluated by collecting diffractograms
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Fig. 1. X-ray diffractogram of (A) a physical mixture (sucrose:
mineral oil, 3:1) of sucrose and oil and (B) a solid-state emulsion of
mineral oil and sucrose at the same ratio.
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Fig. 2. DSC thermogram of a sucrose solid-state emulsion (su-
crose:mineral oil, 3:1) collected at 10° per min. T, glass transition;
Ty, temperature of recrystallization; T,,, temperature of crystalline
melting.

for the various physical mixtures and corresponding solid-
state emulsions (Figs. 1A and B, respectively). The physical
mixture of sucrose and mineral oil had numerous sharp dif-
fraction peaks that are indicative of long-range molecular
order or crystallinity (Fig. 1A). In comparison, the represen-
tative solid-state emulsion of Fig. 1B, having the same com-
position as in Fig. 1A, lacks the characteristic crystalline
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Fig. 3. X-ray diffractograms of a solid-state emulsion (sucrose:oil,
3:1) stored as a function of relative humidity at 25°C. Lower diffrac-
togram, 1% RH; middle diffractogram, 35% RH; upper diffracto-
gram, 87% RH.
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diffraction peaks. The appearance of crystalline diffraction
peaks within solid-state emulsions positively correlates to
poor emulsification properties, €.g., no dispersion produced
or a noticeably oily solid. X-ray diffraction is therefore an
appropriate technique to monitor the aging of these systems.

A representative thermogram for a solid-state emulsion
is shown in Fig. 2. Analysis of Fig. 2 indicates a glass tran-
sition at approximately 45°C, an exothermic recrystallization
peak at approximately 71°C, and an endothermic crystalline
melting peak at approximately 180°C. Because these samples
appear amorphous to X-ray diffraction, the observed crys-
tallinity by DSC is referred to as microcrystallinity. The mi-
crocrystallinity of the sample can be calculated according to
the method utilized by Peppas and Merrill (16).

AHg + AH',

X%=A_Hm*100

X% = percentage crystallinity of sample
AHg = sample heat of recrystallization (exothermic)
AH' = sample heat of melting (endothermic)
AH,, = pure sucrose heat of melting

i

According to this method, the sum of the heat of recrystal-
lization (AHyR) and the heat of melting (AH' ) is divided by
the heat of melting for a pure sample (AH ), e.g., sucrose.
Although not addressed by Peppas and Merrill (16), an im-
portant assumption of this method is that the heat of recrys-

Percent Microcrystallinity
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tallization is equal in magnitude but opposite in sign to the
heat of melting.

Moisture has been reported to lower the glass transition
or act as a plasticizing agent for amorphous solids having
glass transitions, i.e., glasses (11). The presence of moisture
can therefore accelerate the aging process. Based on this
understanding, the determination of appropriate storage con-
ditions for solid-state emulsions was of interest. After 3
months of storage at 25°C, under known relative humidities,
the X-ray diffraction patterns of solid-state emulsions were
collected (Fig. 3). Based on the relative number of sharp
diffraction peaks, a qualitative description of the fraction
recrystallized may be achieved. Analysis of the results
shown in Fig. 3 suggest that at 1% RH (25°C), there was
essentially no aging after 3 months of storage. In contrast,
the samples stored under 82% RH (25°C) had numerous crys-
talline diffraction peaks, indicating that significant recrystal-
lization had taken place. As a result of utilizing multiple
moisture storage conditions, it was determined that the max-
imal moisture content should be less than 35% (for 3 months’
storage at 25°C).

Since microcrystallinity of an aging sample is likely to
be a precursor to crystallization, detectable by X-ray diffrac-
tion, the microcrystallinity of these solid-state emulsions
was determined. The percentage microcrystallinity was cal-
culated for several storage temperatures (4, 15, 25, 45, and
75°C) and relative humidities (0, 15, and 30%) as a function
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Fig. 4. Percentage microcrystallinity of a solid-state emulsion (sucrose:mineral oil,
3.5:1) as a function of time, relative humidity, and temperature. 0% RH, - — — —; 15%
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of time (Fig. 4). From the analysis of Fig. 4, two distinct
regions became apparent.

According to Fig. 4, the microcrystallinity of samples at
and above 45°C rapidly increased in the first 10 hr and
reached microcrystallinity values ranging from 90 to 100%.
While at temperatures below 45°C the microcrystallinity in-
creased only slightly, if at all, and reached plateau values
that ranged from 35 to 55%. The results shown in Fig. 4
suggest that the temperature of storage is probably more
important than the relative humidity (when at or below 30%
RH). For example, the high microcrystallinity of the samples
stored under conditions of 0% RH and 75°C was very similar
to the samples stored at 30% RH and 45°C. Due to sucrose-
based solid-state emulsions with a glass transition tempera-
ture of 45°C, the abrupt change in aging is in agreement with
established theory (17,18). When stored below the glass tran-
sition temperature, molecular rotation and translation are
hindered, thus slowing or preventing recrystallization (19).
At storage temperatures above the glass transition tempera-
ture, there is sufficient molecular reorientation to propagate
recrystallization within the sample. It is important to note
that the observed glass transition for these solid-state emul-
sion systems is approximately 25°C higher than that previ-
ously reported for amorphous sucrose (17). The incorpora-
tion of mineral oil within the glass appears to increase the
glass transition temperature of sucrose.

The manipulation of glasses has the potential to accel-
erate recrystallization through the introduction of nucleation
foci (19). For sucrose-based solid-state emulsions to be fea-
sible as a drug delivery system, the glass must be able to
withstand manipulations that may be encountered during the
manufacturing process, such as grinding and sieving. X-ray
diffractograms were therefore collected as a function of
grinding procedures and are shown in Fig. 5. Analysis of Fig.
5 suggests that grinding did not significantly alter the crys-
tallinity compared to controls (not shown). A few peaks may
be noted in Fig. 5 but their presence is more likely due to
extended exposure to elevated room humidities (~78-80%
RH). Since Fig. § represents multiple grinding procedures of
the same sample (~35 min per diffractogram), the sample
was exposed to at least 3 hr of high-humidity conditions.
Control samples (no grinding) exposed to the laboratory at-
mosphere had essentially the same small diffraction peaks.
The observed randomness of the peaks is most likely due to
preferential orientation of the sample.

Differential scanning calorimetry was further utilized to
characterize the effect of grinding. The percentage crystal-
linity was determined, as before, for samples before and af-
ter grinding (N = 3) (Table I). Analysis of Table I indicates
that the samples appeared to be about 36% (SD, =7.5%)
microcrystalline prior to any grinding. The microcrystallinity
increased to 87% (*1.6%) after the samples were ground
suggesting that grinding did introduce new nuclei for crys-
tallization at 25°C. No noticeable changes in the self-
emulsifying properties at the higher microcrystalline values
were observed, however. Although microcrystallinity has no
apparent deleterious effect on the observed self-emulsifying
properties, it is anticipated that the growth of microcrystal-
line regions at some time will eventually result in crystalline
regions that are detectable by X-ray diffraction, with a con-
comitant decrease in self-emulsification.
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Fig. 5. X-ray diffractograms of a solid-state emulsion (sucrose:
mineral oil; 3:1) as a function of the number of grinding procedures
at 25°C (relative humidity was approximately 65%). Lower diffrac-
togram, no grinding; upper diffractogram, five grinding procedures).

Based on theories describing the initiation of crystalli-
zation, the rotary evaporation vessel was coated with sili-
cone, i.e., reducing the porosity and polarity of the surface
(20). The microcrystallinity was determined as a function of
the various processing conditions and summarized in Table
I1. Analysis of Table II indicates that after 1 and 3 hr of
processing (without heat), the percentage microcrystallinity
was essentially unchanged at 21-19%, respectively. How-
ever, after 4 hr of processing with heat (40°C), the micro-
crystallinity increased to approximately 50%. These results
may be explained in light of the fact that crystalline sucrose
is anhydrous and therefore the removal of water from a glass
tends to induce a certain degree of crystallinity. Further anal-
ysis of Table II indicates that the sample-to-sample variabil-
ity, based on microcrystallinity, improved as a function of
processing time. A comparison of Tables I and II indicates

Table 1. Microcrystallinity as a Function of Sample Grinding for a
Solid-State Emulsion (Sucrose:Mineral Oil, 3:1) at 25°C

Micro-
crystallinity
(%)

Average

Condition (%) SD (%)

27.688
45.852
34.435
88.723
88.336
85.121

Pregrinding
35.992 7.497
Postgrinding

87.393 1.615
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Table II. Microcrystallinity as a Function of Sample Preparation
Within Silicone-Coated Glassware for a Solid-State Emulsion (Su-
crose:Mineral Oil, 3:1)

Micro-
crystallinity
(%)

Average

Condition (%) SD (%)

After 1 hr (— heat) 8.721
28.798
27.403
10.919
21.461
24.544
46.768
52.222
49.543

21.641 9.153

After 3 hrs (— heat)

18.974 5.834

After 4 hrs (+ heat)

49.543 2.222

that the use of silinized glassware slightly increased the per-
centage of microcrystallinity but dramatically reduced the
sample-to-sample variability.

In summary, sucrose-based solid-state emulsions ap-
pear to age or revert to a more crystalline state as a function
of time but have better properties than neat amorphous su-
crose glasses. Through the control of the appropriate storage
temperature and relative humidity conditions, the aging pro-
cess can be made negligible. The sample-to-sample variance,
as judged by microcrystallinity, can be made quite small
through the utilization of silinized glassware. Studies are
currently in progress to evaluate what effect the incorpora-
tion of a drug within the oil phase has on the physical sta-
bility of the solid and aqueous emulsion.
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