Controlled Crystallization of Hydrocortisone

by Ultrasonic Irradiation

By ROBERT M. COHN and DONALD M. SKAUEN*

A procedure has been developed to prepare low micron particles of hydrocortisone
by direct crystallization of suitably pretpared supersaturated solutions in an ultrasonic
field. The solvent system employed for the preparation of the saturated solutions
was observed to be a factor in controlling particle size distribution, while the effects
of tenure of ultrasonic treatment and the extent of cooling the saturated solution
were not as significant, A concurrent study was undertaken to determine the varia-
bles concerned with affecting crystal yields. The degree of crystallization was in-
creased with ultrasonic treatment and with lower coolant bath temperatures. A
method was developed to evaluate :ihe e%ect' of decreased cavitation on particle size
istribution.

A RESULT of a series of investigations by electrical and mechanical systems.

several authors (1-16) it has been es-

The treatment
vessel, a 20-ml. beaker, was placed into the coolant

tablished that ultrasonic treatment increases the
rate and extent of nucleation occurring from
supersaturated solutions. Furthermore, it has
been shown that increased nucleation results in
the formation of smaller crystals.

The primary objective of this investigation was
to determine the factors involved in the prepara-
tion of low micron particles of hydrocortisone! by
direct crystallization of suitably prepared super-
saturated solutions in an ultrasonic field.

EXPERIMENTAL

Since part of this study was an evaluation of the
effects of solvents on crystallization induced by ultra-
sonics, one of the first problems was to select several
solvents with satisfactory, yet slightly different
solubility characteristics. The solubility of hydro-
cortisone in a series of solvents over a wide tempera-
ture range was studied. Isopropyl alcohol, ethyl
alcohol, and a 509, blend of isopropyl alcohol and
ethyl alcohol possessed all of the desired characteris-
tics for this study and were selected as solvents to be
used throughout. Representative solubility curves
are shown in Fig. 1.

For the preparation of the saturated solutions of
hydrocortisone in the blended solvents a standard
taper three-holed flask was used. This was fitted
with a water-cooled reflux condenser, a stirrer, and re-
movable glass stopper to allow the withdrawal of
samples. This procedure insured maintenance of
the specific concentration of the mixed solvents in
the blend.

Ultrasonic treatment of various saturated solu-
tions of hydrocortisone in the three solvents de-
scribed above was accomplished in the following
manner with a schematic representation shown in
Fig. 2. The Sonifier® was activated 10 minutes prior
to beginning a run to allow sufficient warm up of its
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bath approximately 30 seconds prior to the addition
of the saturated solution. The tip of the Sonifier
was positioned relative to the base of the treatment
vessel with the aid of a 2.3-mm. deep template. Ten
milliliters of saturated solution were poured into the
treatment vessel while, simultaneously, the stop-
watch and Sonifier were activated. Samples were
treated for 1, 2, 4, or 16-minute periods of time.
Following treatment, portions of the samples were
withdrawn for particle size and weight distribution
analyses.

In all the test runs that were performed to evaluate
the selected variables, three coolant temperatures
were employed. These three temperatures, 25,
0, and —65° were chosen to allow analysis of the ef-
fect of reducing the temperature of the saturated
solutions over an extremely wide range.

The effect of solute concentration on particle size
distribution was studied to determine the relative
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Fig. 1.—Solubility curves of hydrocortisone in the
selected solvents. Key: @, isopropyl alcohol; O,
ethyl alcohol; ©, blend.
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importance of this factor in sonic-induced crystal-
lization. Two saturated solutions at different tem-
peratures were prepared (hence different amounts of
solute per milliliter of solution), crystallized, and
evaluated.

One of the most important phases of this work
dealt with determining the effect that ultrasonics has
upon the crystallization procedure. Supersaturated
solutions are extremely metastable and, thus, are
very sensitive to mechanical shock or vibrations.

Vigorous sonic agitation is one of the most promi-
nent manifestations of ultrasonic treatment of
liquids. This is caused by the rarefaction and com-
pression of ultrasonic waves passing into the solution.
Consequently, it can be assumed that improvements
in the crystallization procedures were not caused by
cavitation, which is the primary effector in ultra-
sonic systems, but simply by the vibrational effects
(stirring) produced by ultrasonics.

It was thought necessary to establish a suitable
modification in the original system to reduce or, if
possible, eliminate cavitation. Then, a comparison
of the size frequency and weight distributions of the
crystals prepared in this manner with those pre-
pared by the normal procedures would serve to de-
fine the effect that cavitation produces in these sys-
tems. That is, if particle size and weight distribu-
tion data obtained in these modified systems were
substantially inferior to the data obtained in the
basic systems, this would indicate that it is sonics
(cavitation) and not simple stirring that is the pri-
mary effector.

Investigators (17-19) have reported that cavita-
tion can be substantially decreased by treating
samples under pressures which have been reduced to
less than 100 mm. Hg. They have observed that the
ability of an ultrasonic field to induce emulsion
formation, increase the rate of sonochemical reac-
tion, destroy microorganisms, and denature proteins
is suppressed by subjecting the systems to either
high or low pressures.

This phenomenon can be explained in the follow-
ing manner. Liquids when exposed to ultrasonics
are slowly degassed; however, if this treatment is
initiated while the system is being exposed to re-
duced pressure, degassing occurs quickly and almost
completely.

Cavitation is initiated by the expansion and con-
traction of gas-filled nuclei within a liquid (20);
therefore, since the concentration of these nuclei is
significantly reduced in degassed liquids, the com-
mencement of the catastrophic phase of cavitation
is substantially hindered.

In addition, it has been observed that the cata-
strophic phaseof cavitation occurs when the total pres-
sures within the cavities exceed the cohesive forces
of the liquid and the ambient pressure above the
liquid. In reduced-pressure systems, the cavities
collapse, but, because the ambient pressures have
been reduced, much less energy is imparted to the
system, and thus characteristic effects of sonics do
not occur.

Samples of saturated solutions in isopropanol at
70° were evaluated in the usual manner regarding
treatment times and coolant bath temperatures.
The samples were evaluated at 114-120 mm. Hg and
at 15~20 mm. Hg. Thus, data were obtained at these
pressure levels for the evaluation of the effect of re-
duced pressure on sonic efficacy.
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Fig. 3.—Comparison of particle size data of inso-
nated and uninsonated samples of hydrocortisone in
a 70° satourated solution in isopropyl aleohol at 0
and —65°.
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Fig. 4.—Comparison of particle size data of inso-
nated and uninsonated samples of hydrocortisone in a
73° saturated solution in ethyl alcohol at 0 and 25°.

The Sonifier model $-75, was the ultrasonic instru-
ment utilized in this study. This instrument is of
the low-frequency (20 kc. per second) piezoelectric
type and is capable of yielding high-intensity power
outputs. Throughout the entire investigation,
maximum power was employed because it was noted
that at peak power levels the operating efficiency
of the instrument was at a maximum.

For the collection of crystalline cake used in par-
ticle size and weight distribution analysis a Milli-
pore? filter apparatus containing Whatman No, 42
filter paper was used. Volumetric portions of the
treated samples were poured into the funnel,
vacuum was applied, and the dried cake was ob-
tained. However, filtration rates were dependent
upon the particle size of the crystals formed. To
prevent any change in the particle size distribution,
a maximum filtration time was established. This
maximum time, during which no significant particle
size changes occurred, was approximately 6-8
minutes. To obtain a significant safety factor, a
2-minute filtration limit was established. Thus,
depending on the estimated particle size of crystals,
various sized volumetric portions (15 ml.) of the
treated samples were placed into the Millipore
funnel. The cakes of hydrocortisone after separa-
tion of solvent were weighed on an analytical bal-
ance,

The term ‘‘mean particle size” which is used
throughout the paper, refers to an arithmetic mean
obtained by measuring the longest diameter of the
observed crystals in a manner similar to that de-
scribed by Singiser (21). The following is a short
synopsis of the procedures employed by this earlier
worker. Photographs were taken through the
barrel of a microscope fitted with a camera adapter.

# Millipore Filter Corp., Bedford, Mass.



1042

A 35-mim. black and white film was utilized for re-
cording the observations. The film was developed
and projected onto a cardboard grid so prepared
that the dimensions of each square of the grid were
exactly the same. The projector was then placed
at a specific distance from the cardboard grid. This
distance was selected so that the calibrated index,
when projected onto the board, aligned itself with
the grid in such a manner as to be exactly super-
imposed upon it. This calibrated index was pre-
pared in such a fashion that the distance between
each line would represent a length of 5. Thus, since
this index was superimposed on the grid, each grid
represented a square of 5 u.

A single exposure was taken of each slide prepared
in the following manner. A small sample of the
crystalline cake was taken and placed onto the slide.
The crystals were distributed uniformly with the aid
of a few drops of a 29, methylcellulose 400 solution.
The slide was then examined, and a picture was
taken of what appeared to bea representative sample
of the crystal population on that slide. Following
this, a second slide of the same material was pre-
pared, examined, and photographed in the exact
manner. Thus, for each sample two different ex-
posures were obtained. This method was employed
to reduce the hazards in measuring only a small per
cent of the total population.

Approximately 150 particles were counted from
each exposure to give a total of 300 measured par-
ticles per satnple. With this many particles and with
the usual standard deviations (2—4 ) and the usual
means (2-7 u), a 95%, confidence level could be ob-
tained between means of 0.5 u. For example, 957,
of the time observed, means of 4.5 and 5.0 u will be
significantly different.

DISCUSSION
The evaluation of the factors involved in the

crystallization of hydrocortisone in an wultrasonic
field established a number of extremely important
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Fig. 5—Relationship of particle size data to insona-
tion times of samples of hydrocortisone in a 70°
saturated solution in isopropy! alcohol at 0 and 25°.
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ant bath temperatures of 0 and —65° for insonated
samples of hydrocortisone in 70 and 58° saturated
solutions in isopropy! alcohol.

facts. The results indicated that ultrasonic treat-
ment played an extremely important part in the
crystallization of hydrocortisone. It was observed
that ultrasonics affected not only the particle size
distributions, but also the amount of hydrocorti-
sone which was induced to crystallize.

The discussion of the effects of ultrasonic treat-
ment on the crystallization of hydrocortisone has
been divided into three broad areas. Particle size ef-
fects are discussed first, followed by a presentation
of the weight distribution analyses and, finally, a
discussion of the effects of reduced pressure on sonic
efficacy.

Before entering into a discussion of the specific ef-
fects of ultrasonics on the crystallization process, it
was necessary to substantiate the effects of ultra-
sonic treatment by comparing data of treated and
untreated samples.

Throughout this experiment, controls were run
under the exact conditions as the treated samples.
Data were thus obtained which could be used to
evaluate the effectiveness of ultrasonic treatment
during crystallization. The data indicate two signifi-
cant facts; first, that under almost all treatment
conditions, the rate of the crystallization of the con-
trols was substantially lower than the treated
samples. Occasionally, in the controls in which
crystals did form, the amount of crystallate approxi-
mated that of the treated samples. In the 72 con-
trols that were processed, 23 exhibited some crystal-
lization and, of these 23 samples, only 10 yielded
approximately the same amount of crystallization
as treated samples. Thus, it is reasonably safe to
say that sonics does play a significant part in en-
hancing the rate of crystallization.

The particle size distributions of the controls were
usually larger by a factor of 2 or 3. Figures 3 and 4
illustrate these particle size effects. Hence, with re-
gard to the two most significant factors that were
investigated in this problem, reduction in particle
size distribution and increased yield of crystals,
ultrasonics definitely played a significant role.

Particle size effects elicited by ultrasonic treat-
ment of saturated solutions of hydrocortisone can
themselves be subdivided. Since this problem has
been investigated from many different facets, the re-
sults obtained are more illustrative by analyzing
each section separately.

The effects which the length of ultrasonic treat-
ment had on the particle size distributions of the
crystallates were almost negligible. Particle size
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data, obtained throughout the study, indicated that
there were very few cases of actual modifications in
the particle size distribution of samples which had
Leen treated for varying periods of time. A perusal
of Figs. 5 and 6 clearly indicates this occurrence.

This effect can probably be explained by considera-
tion of the treated system. In the treatment vessel
there is, in addition to the crystals, a supersaturated
solution containing excess molecules of solute.
Normally, if the system is not disturbed, these
crystals grow until they reach a finite size. This
can be observed in the control experiments. How-
ever, because sonics itself has the ability to cause
attrition of crystals, the growth effect is hampered.
In addition, since sonics has been shown to increase
the extent of nucleation, the degree of supersatura-
tion of solution is markedly reduced and, thus, there
is less of a tendency for the growth of crystals to
oceur.

The effect of the different coolant temperatures
on particle size distribution can be observed in Figs.
7 and 8. There is very little difference in the particle
size distributions obtained at the different tempera-
tures. Except for a few samples prepared with iso-
propanol, particle size distributions were relatively
unaffected by the differential in temperature of the
saturated solutions.

‘These data serve to enhance further the impor-
tance of ultrasonic treatment of saturated solutions
in invoking fine particle crystallizations. Usually,
as a supersaturated solution is cooled, the crystals
become smaller. Hence, when the —65° coolant
bath was employed, smaller crystals should have
been formed. Since this was not observed, this
indicated that sonics was the primary influence in
the preparation of these low micron crystals and not
the extent of cooling.

Three solvent systems were employed in this
study to determine what effect, if any, the solveat
might have on the formation of low micron crystals.

A comparison of Figs. 5, 6, and 9 graphically
illustrates this effect. It can be seen readily from
an analysis of these data that a relationship exists
between the three solvent systems. The lowest
particle size distributions are obtained when ethyl
alcohol is used as a solvent. Crystals obtained from
isopropyl alcohol are generally the largest, while the
blend yields crystals intermediate in size between
the two pure solvents.

This relationship can be explained on the basis
of solubility data. Hydrocortisone is most soluble
in ethyl alcohol, least soluble in isopropyl alcohol,
and intermediately soluble in the blend. This is the
exact relationship of the particle size data of the
solvents. Hence, the particle size distribution of
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Fig. 8.—Relationship of particle size data to cool-
ant bath temperatures of 0 and —65° for insonated
samples of hydrocortisone in 73 and 61° saturated
solutions in the blend.
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hydrocortisone can be described as being a function
of the extent of its solubility in each of the solvents.

This effect is further substantiated by an analysis
of Figs. 7 and 8, which graphically illustrate particle
size data as a function of the temperature at which
the saturated solutions were prepared. It can be
observed that smaller crystals occurred when the
higher temperature saturated solution was treated.

This relationship can be explained best on the
basis of known solubility and supersolubility theories.
Since hydrocortisone is most soluble in ethyl alcohol,
it is obvious that when these saturated solutions
are cooled to approximately the same degree as the
other solvents, they will exist in a higher unstable
state. Thus, saturated solutions prepared from
ethyl alcohol would be most prone to nucleate and to
form smaller crystals.

There appears to be a disagreement in the data
derived from this series of experiments when com-
pared to the data obtained from the effects of dif-
ferent coolant temperatures on particle size distribu-
tions. As previously reported, the different coolant
temperatures did not seem to affect the particle
size data significantly; but a careful analysis of the
problem indicates that this is probably not nor-
mally the case.

This occurrence can possibly be explained in the
following manner. If one considers that a saturated
solution is prepared with X molecules of solute, then
there are X number of molecules which, under suita-
ble conditions, can be caused to nucleate and form
crystals. However, no matter how low the tem-
perature is reduced, there are still only X number of
molecules in the solution to invoke nucleation. Ifa
saturated solution is prepared composed of X + V
molecules, then, under the same conditions, X + Y
molecules are available to nucleate,

It has been observed by the authors that nuclei
formation is strongly enhanced by ultrasonic treat-
ment. In addition, it has been reported (22) that
maximum nuclei formation has been demonstrated
to be advantageous for the crystallization of low
micron particles. Thus, the solution that nucleates
to a greater extent most probably would yield smalier
crystals. If we assume, as is reasonable in the light
of the established data, that sonics is the primary
factor in inducing nucleation, then, even though the
saturated solutions are exposed to different coolant
temperatures, a stimulation effect on crystallization
would occur. Since the systems are induced to
nucleate by sonics to the same degree, the saturated
solutions, prepared with more solute (a higher-
temperature saturated solution}—for example, the
X + Y saturated solutions—would be more prone
to nucleate and, therefore, form smaller crystals.

Ultrasonics has been shown to increase the rate of
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crystallization of hydrocortisone from saturated
solutions.

Since ultrasonic treatment imparts energy to the
system in the form of heat, this effect is even more
significant. It is well known that yields from the
usual crystallization procedure are primarily de-
pendent upon the extent of reduction in tempera-
ture. The larger the temperature differential, the
more pronounced are the yield differentials. How-
ever, in almost all of the treated samples, the yields
were greater than in the untreated samples, even
though the differential in the temperature of the
treated samples was less.

The effect of the length of ultrasonic treatment on
the amount of the crystallates formed is illustrated
in Figs. 10 and 11. These data indicate that for
ethyl alcohol and the blended solvent, increased
treatment times somewhat increased the amounts of
the crystallate. For isopropanol, increased yield
occurred only for the —65° run. It is interesting to
note the agreement of these data with the known
solubility data of the three solvents. Hydrocorti-
sone is most soluble in ethyl alcohol, least soluble in
isopropyl alcohol, and intermediately soluble in the
blend. A review of the data indicates that this is
the same relationship as the yields of the crystallate.

The various coolant temperatures employed in
this study markedly affected the yields of the crystal-
late. In almost every treated sample, the yields of
the crystallate were directly related to the coolant
temperature. That is, when —65° was utilized as
the coolant temperature, maximum yields occurred,
and when 25° was employed, minimum yields were
obtained. This effect was expected because once
sufficient nuclei are formed, the yields of crystals ob-
tained in a crystallization procedure are primarily
dependent upon the temperature effects.

The amount of crystallate formed was a function
of the solvent system employed for the crystalliza-
tion. Hydrocortisone is soluble to its maximum ex-
tent in ethyl alcohol. Hence, when the tempera-
ture of this saturated solution is reduced to the same
extent as for example isopropanol (lower solubility)
more crystals would be expected to form. This oc-
currence was observed throughout this series of ex-
periments, The same effect was noted when a com-
parison of data obtained from the high and low
saturated solutions of the same solvents was
evaluated. This series of experiments, dealing with
the yields of crystals obtained from saturated solu-
tions which had been treated with sonics, agrees
quite well with established crystallization principles.

The final area investigated dealt with the deter-
mination of the effects produced by reducing the ex-
ternal pressure of the system. As previously noted
(17-19), a reduction in external pressure brings
about a reduction in sonic efficacy. Employment
of this procedure should offer information relative
to the actual effect of ultrasonics on the crystalliza-
tion procedures. That is, if the particle size data
and the yields of crystallates obtained in this series
of experiments are inferior to the data obtained in
the normal treated samples, this would indicate that
sonics effects (cavitation) are primarily responsible
for the superior results obtained in the treated
samples.

A series of experiments clearly defined the effect
of reduced pressure on particle size distributions.
The data indicate that, as the external pressure is

Journal of Pharmaceutical Sciences

E 55 | / 0-0eC.

< O-25°C.

. o

E45 | 65° C. J
(525 L o —
T A —

2 4 6 8 10 12 14 16
INSONATION TIME, MINUTES

Fig. 10.—Relationships of crystal yields to insona-
tion times at 0, —65, and 25° of samples of hydro-
cortisone in a 70° saturated solution in isopropyl
alcohol.

65

-85

g

\'45

b0 b

a —

2]

535 &%

E O-2%°C.

525 -
15 2 . . — . .

2 4 6 8 10 12 14 16
INSONATION TIME, MINUTES

Fig. 11.—Relationship of crystal yields to insona-
tion times at 0, —65, and 25° of samples of hydro-
cortisone in a 73° saturated solution in the blend.

reduced, the particle size distributions increase.
Figures 12 and 13 denote this increase in particle
size distribution as a function of the reduced ex-
ternal pressure.

The application of a vacuum to the system to ef-
fect a reduction in pressure caused an increase in
the yield of the crystallate. This effect occurred
even though cavitation was substantially reduced.

An explanation of this occurrence is based upon
the fact that the solvent is removed from the system
because of the reduced pressure, and because of the
temperature of the treatment vessel. Vacuum
crystallizations have been successfully employed for
the preparation of numerous crystalline materials.
However, as the data indicate, to achieve increased
yields of crystallizatiouns, the particle size frequency
of the crystallate must be sacrificed to some extent.

SUMMARY AND CONCLUSIONS

The purpose of this investigation was to evaluate
the factors involved in the preparation of low micron
particulates of hydrocortisone by the application of
ultra sound. A concurrent study was carried forth
to determine the variables coucerned with increasing
crystal yields,

(a) Ultrasonic treatment of saturated solutions of
hydrocortisone in isopropyl alcohol, ethyl alcohol,
and a 50%, v/v blend of these two solvents indicated
that, under suitable conditions, low micron crystals
can be obtained.

(b) The length of ultrasonic treatment of the
samples has been observed not to be a factor in af-
fecting the particle size distributions of the crystals.

(¢) The particle size distributions of samples, sub-
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hydrocortisone in a 78° saturated solution in ethyl
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jected to ultrasonic treatment at the various coolant
temperatures, were quite similar. Except for a few
samples prepared with isopropanol, particle size dis-
tributions were relatively unaffected by the dif-
ferential in temperature of the saturated solutions.

(d) The solvent system employed for the prepara-
tion of the saturated solutions was observed to be
a factor in controlling particle size distributions.
Crystals obtained from treated saturated solutions
utilizing ethyl alcohol as the solvent were con-
sistently smaller in size than those obtained from
saturated solutions in either the blend or isopro-
panol.

(e) The degree of saturation of the solvents was
observed to affect particle size distribution; the
higher the level of saturation, generally, the smaller
the crystals.

(f) The yields of crystals obtained from samples
treated with sonics were in almost all cases larger
than untreated samples.

(g) The length of ultrasonic treatment was ob-
served to affect slightly the yields of crystals from
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saturated solutions in isopropanol. However, the
amount of crystallate obtained from saturated solu-
tions in both ethyl alcohol and the blend was en-
hanced with increased treatment time.

(k) The amount of hydrocortisone, which crystal-
ized from the solvents when subjected to ultrasonic
treatment was shown to be directly related to the
temperature of the coolant bath employed. The
lower the temperature of the coolant bath, the
greater the extent of crystallization.

(4) The degree of saturation of the solvents was
observed to affect the amount of hydrocortisone ob-
tained from treated samples. Greater yields of
crystals were obtained from more saturated solu-
tions in the same solvent than from lower ones.

(7) Decreased cavitation, caused by a reduction
in the external pressure of the system, was observed
to yield crystals of larger particle size distribution
than those obtained from the usual sonic procedures.

(k) Enhanced yields of crystals were obtained
from samples treated under reduced pressure. The
increased amounts of the crystallate were due to the
removal of the solvents by the applied vacuum.
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