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Abstract ] In this study, solid dispersion formulations of dicumarol
(3,3'-methylenebis{4-hydroxycoumarin]) and suifamethizole (N'-(5-
methyi-1,3,4-thiadiazol-2-yl)sulfanilamide) in defatted milk were pre-
pared by freeze-drying. X-ray crystallographic data showed that both
drugs were dispersed in the formulations in an amorphous state.
Bioequivalency comparisons between freeze-dried formulations, after
regeneration with water, and control capsules containing the pure drug
substances were studied in four male volunteers. Determination of the
plasma dicumarol levels indicated superiority of the dicumarol-milk
formulation. Statistically significant differences were found between area
under the curve, maximum plasma concentration, and apparent elimina-
tion rates. Analysis of the urine suifamethizole data revealed that the two
formulations exhibit statistically equivalent rates and extents of excretion
of unchanged sulfamethizole. The binding of both drugs to casein and
their solubility in the presence of casein were measured in vitro. The
presence of casein caused an increase in the solubility of dicumarol,
while it had no effect on the solubility of sulfamethizole. Normal protein
binding cannot be responsible for the effects noted. Extrapolation of the
in vitro data to the in vivo situation was attempted. Drug—milk freeze-
dried formulations are promising for the enhancement of the bioavail-
ability of sparingly water soluble drugs.

Although the oral route is most frequently used for intro-
ducing drugs into the body, it should be recognized that this
mode of administration may often result in inefficient and
erratic drug therapy. Several factors are interposed between
administration of the dose and the appearance of drug in the
blood. These factors can be broadly divided in terms of: (a) the
physicochemical properties of the drug and the type of
formulation; and (b) the various interactions between the
drug, the formulation, and the components of the gastrointes-
tinal (GI) tract.

Among the more important aspects associated with the
rate and extent of absorption of an orally administered solid
dosage form are the dissolution characteristics of the drug. Of
all the possible manipulations of the physical properties of
sparingly water soluble drugs to yield better absorption, the
use of finely subdivided or micronized particles,’ and the
preparation of drug-polymer dispersions®? by fusion and
solvent techniques are the most widely exploited.t-14

Apart from the physicochemical properties of the drug and
the type of formulation, the oral absorption of a drug is also
influenced by the endogeneous and exogeneous components
of the GI tract. Provided that gastrointestinal disease is not
encountered, the relatively standard in vivo process of ab-
sorption involves endogeneous factors such as gastrointesti-
nal secretions, intestinal motility, variable pH, and biotrans-
formation. In contrast, exogeneous factors, such as food
intake, vary considerably and can markedly influence the
bioavailability of a drug. In recent years, much emphasis has
been placed on whether or not drugs should be co-adminis-
tered with a meal.!5>-18 Food and other substances present in
the diet can either increase or decrease drug absorption.!®
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The fluid volume taken with a drug can also have a pro-
nounced effect on the bioavailability of the drug.2o-21

The considerable evidence that drug bioavailability is
influenced by food, in conjunction with the poor and erratic
bioavailability of sparingly soluble drugs, serve as stimuli for
examining new formulations that may provide more consist-
ent absorption. The present investigation reports the prepa-
ration and bioavailability of drug-milk freeze-dried formula-
tions. Milk is employed as an “inert vehicle” since: (a) it is a
convenient daily ritual with which to associate the adminis-
tration of drugs; (b) it is a fluid in which drugs may be
distributed within different phases (both the aqueous and the
lipid phases may act as solvents, and adsorption on proteins
is also possible2?); and (¢) it has a strong buffering capacity.
Dicumarol and sulfamethizole were chosen as model drugs
for this study. The former is a very sparingly soluble drug
and its bioavailability is profoundly affected by concomitant
food intake,?® while the latter does not present serious
bioavailability problems.2* It was felt that the diversity of
the solubility properties?5-26 of the two drugs would enable
correlations to be made with the in vivo results.

Experimental Section

Test formulations—Freeze-drying was employed to make the test
formulations. The same method was used for both drugs. A quantity
equal to a single dose, i.e., 300 mg for dicumarol and 500 mg for
sulfamethizole, was dissolved in 0.1 M NaOH. The resulting solution
(~20 mL) was added in a dropwise manner to 200 mL of defatted
milk (Long Life Milk, fat concentration 0.75%, Landgenossenschaft,
Ennstal, Stainach, Steiermark, Austria) with constant magnetic
stirring and continuous pH monitoring. The difference in pH values
between the pure milk and the final drug-milk solution was <0.5 pH
units (pH range: 6.81-7.28) for both solutions. The drug-milk
solution was poured into a disk of the freeze dryer (Secfroid,
Lausanne, Switzerland) and lyophilized. The solid freeze-dried mate-
rial was collected and kept in an air-tight amber glass bottle
(formulation A).

The pure drug substances (dicumarol from Sigma; sulfamethizole
from Cyanamid) were used for preparation of the control capsule
formulations. Size 00 gelatin capsules were used. A quantity equal to
a single dose, i.e., 300 mg for dicumarol and 500 mg for sulfamethi-
zole, was placed in one or two capsules, respectively (formulation B).

Particle Size Analysis—The same batch of each drug was used to
make formulations A and B. The drug powders were checked
(Coulter Counter model TA II with a 400-um aperture) for their
particle size distribution. The geometric mean diameters by weight
for dicumarol and sulfamethizole were 48.67 and 29.22 um, respec-
tively. The surface volume mean diameter by weight of dicumarol
was 42.82 pum, whereas that for sulfamethizole was 28.29 pm.

X-ray Diffraction—Powder X-ray diffractometry was carried out
employing cobalt radiation (Philips, PW-1051). Since the percentage
of drugs in formulation A utilized for the bioavailability studies was
too low, i.e., 1.51% and 2.51% (w/w) for dicumarol and sulfamethi-
zole, respectively, formulations with higher drug content were made
and used for the X-ray diffraction studies. These were made by the
aforementioned method, but the percentage of drugs was 13.4% (w/
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w). Spectra were recorded for the pure drug substances, pure freeze-
dried milk, physical mixtures of drugs with freeze-dried milk, and
the freeze-dried formulations of both drugs. They were prepared by
scanning at a rate of 1 °’min, in terms of a 26 angle, from 2 to 40 °

Protein-Binding and Solubility Studies—The binding of both
drugs with casein (Serva Feinbiochemica; vitamin-free) was studied
at 23 + 0.5°C by equilibrium dialysis using a Dianorm system
(Bioblock Scientific) with 2-mL cells. All experiments were carried
out in 0.067 M pH 7.4 phosphate buffer using a protein concentration
of 0.05 mg/mL. Both drugs were initially dissolved in weakly
alkaline solutions. The initial concentration of drugs ranged from 3
to 30 ug/mL and 5 to 150 ug/mL for dicumarol and sulfamethizole,
respectively.

The solubilities of the two drugs were measured either in the
absence or presence of casein. The study was carried out in 0.067 M
phosphate buffer at pH 7.5 for dicumarol and pH 7.2 for sulfamethi-
zole. An amount in excess of either drug was allowed to equilibrate
while being shaken in an incubator (Julabo SW1). The system was
held at 37 + 0.1 °C after protection of the solutions from light.

Bioavailability Studies—Four healthy male volunteers partici-
pated in both studies. Their age and weight ranges were 23—35 years
and 66-72 kg, respectively. Each subject received extensive informa-
tion about the study and gave written consent. All subjects refrained
from alcohol and any drug for at least 48 h before drug administra-
tion, as well as during the investigation. Before the day of drug
ingestion, the volunteers abstained from all food and liquid for 10 h.
Individual subjects were assigned formulations according to the
standard two period crossover design with a balance of formulations
over periods. Washout periods for sulfamethizole and dicumarol were
2 weeks and one month, respectively. The dicumarol study was
initiated three months after the completion of the sulfamethizole
study.

Dicumarol—Before administration, the liquid drug—milk solution
was regenerated by adding 200 mL of water to the freeze-dried
dicumarol-milk formulation. Each volunteer received either the
regenerated dicumarol-milk solution (formulation A) or a capsule of
300-mg dicumarol (formulation B) with 200 mL of defatted milk. Due
to the bitter taste of dicumarol 25.0 mg of saccharin sodium (Serva
Feinbiochem. GMBH and Co.) were dissolved in both fluids before
ingestion. All subjects continued to fast for an additional 4 h after
the administration of the formulations. Twenty-four hours after
taking dicumarol, each subject received 20-mg vitamin K (Konakion,
Hoffmann-La Roche, Basle, Switzerland) orally to counteract the
anticoagulant effect of dicumarol. Blood samples (4 mL) were ob-
tained by means of a butterfly needle (21 INT, Abbott Lab.) during
the first 8 h. Blood samples were collected at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
4.0, 6.0, 8.0, 12.0, 24.0, 48.0, and 72.0 h after taking the formula-
tions. Plasma samples were stored for <2 d at —30 °C before they
were measured. The exact time of blood sampling was noted and used
in calculations and graphs.

Sulfamethizole—Before administration, the liquid drug—milk so-
lution was regenerated by adding 200 mL of water to the freeze-dried
sulfamethizole-milk formulation. Each volunteer received either the
regenerated sulfamethizole-milk solution (formulation A) or two
capsules, each containing 250 mg of sulfamethizole (formulation B),
with 200 mL of defatted milk. To counteract bitterness 25.0 mg of
saccharin sodium was dissolved in both fluids prior to ingestion. All
subjects continued to fast for an additional 4 h following administra-
tion of the drug. Urine samples were collected at 1.0, 2.0, 3.0, 4.0, 6.0,
8.0, 12.0, and 24 h after taking the medication, and were stored in
the refrigerator for not more than one day before assay.

Assay—The plasma concentration of dicumarol was determined
by the method of Nagashima et al.2” Unchanged and total sulfameth-
izole in urine were estimated by the Bratton—Marshall method.28
The same methods were used for the assay of drugs in the in vitro
studies. All estimations for both drugs were made in duplicate.

Data Processing—Apparent half-lives of dicumarol elimination
were calculated by least-squares regression analysis of the terminal
linear phase of the log concentration—time curves. Apparent excre-
tion rate constants of unchanged sulfamethizole were calculated by
linear regression analysis of the terminal linear phase of log cumula-
tive amount excreted-time curves.?® Areas under the plasma dicu-
marol concentration-time curves were calculated by the trapezoidal
rule. Areas under the plasma dicumarol concentration—time curves,
peak dicumarol plasma concentrations and times of occurrence,
percent of unchanged sulfamethizole excreted in urine, peak sulfa-
methizole excretion rates and times of occurrence, apparent half-

lives of dicumarol elimination, and the unchanged excretion rate
constants of sulfamethizole were analyzed by an analysis of variance
for crossover designs. Total variance was separated into that due to
subjects, day of administration, formulation, and residual.

Results and Discussion

Preparation of Formulations and X-ray Studies—De-
fatted milk was used since freeze-drying of whole milk could
be problematic due to the presence of large amounts of free
fat in the dried product, implying a rather poor “keeping
quality” of the freeze-dried milk.3® The preparation of the
milk—drug solutions carried out at room temperature did not
necessitate special conditions. The slight change in pH of the
drug-milk solution during the preparation and the short stay
of the resulting solution under the slightly alkaline condi-
tions cannot be considered harmful. Consequently, any de-
struction of milk components can be completely ruled out.
The homogeneity of the solutions was not considered since
each solution contained a single dose and was lyophilized
immediately after preparation. However, visually clear, ho-
mogeneous liquids were obtained with both drugs. Difficul-
ties were not encountered in regenerating the milk—drug
solutions just prior to administration. Mechanical agitation
with a spoon for 1-2 min was found to be adequate to obtain
homogenous liquids.

X-ray spectra of freeze-dried milk, pure drug substances,
physical mixtures, and drug-milk freeze-dried formulations
are shown in Fig. 1. The dicumarol and sulfamethizole
diffraction peaks (14.0, 17.7, 29.0, and 32.4 °, and 9.7, 14.0,
23.6, and 32.4 °, respectively) are identified in the pure drug
substances and the physical mixtures samples. None of these
peaks can be identified in the freeze-dried milk—drug sam-
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Figure 1—Powder X-ray diffraction patterns for: (A) treeze-dried milk;
(B) sulfamethizole; (C) dicumarol; (D) sulfamethizole-milk physical mix-
ture; (E) dicumarol-milk physical mixture; (F) sulfamethizole-milk freeze-
dried system, and (G) dicumarol-milk freeze-dried system. The values in
parentheses correspond to the correction factors of different relative
intensities of the reflections in each spectrum.
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ples. These findings, combined with the observation of a
rising base line (Fig. 1, F and G), indicate a complete loss of
the initial crystalline form of the two drugs during the
lyophilization process. It can be concluded, therefore, that
both drugs are dispersed in the formulations in an amor-
phous state.

Protein-Binding and Solubility Studies—Since casein is
the main protein in cow’s milk,3! protein-binding and solubil-
ity studies were performed to evaluate the extent of the
interaction of two drugs with casein. The results of the
binding experiments, in percentage of drug bound to casein,
are given in Fig. 2. For both drugs, the degree of casein
binding decreased with increasing drug concentration. As
seen in Fig. 2, both drugs are minimally bound (<13%) to
casein over the ranges of drug concentrations utilized (sol-
ubility limitations for dicumarol did not allow a wider range
of concentrations).

Since casein forms micelles in milk, solubility experiments
were carried out at 37 °C to allow for the formation of
micelles in the aqueous solution.3! The effect of casein on the
saturation solubility of dicumarol is shown in Fig. 3. Higher
casein concentrations were not used due to solubility limita-
tions. The presence of casein caused a significant increase in
the solubility of dicumarol. The main characteristic is that
solubility increases, with an increase in added protein, until
a plateau level is reached. The maximum enhancement was
~110% and occurred when casein was at a level of 0.05 mg/
mL; a value which is above the concentration for critical
micelle formation.32 Since the effect has a nonlinear charac-
ter, the increase of dicumarol solubility with protein concen-
tration cannot be attributed to normal protein binding.
Moreover, the binding of dicumarol to casein was shown to be
much too small (Fig. 2) to account for the observed increase
in solubility.

The sulfamethizole solubility in the absence of casein was
equal to 10.36 = 0.10 mg/mL. At pH 7.2, for casein concentra-
tions ranging from 0.01-0.1 mg/mL, no effect on sulfamethi-
zole solubility was observed.

It is highly probable that the formation of aggregates in
casein solution at 37 °C is the predominant factor for the
solubility effects noted.?! The dissimilarity of the influence of
casein on the solubility of two drugs is probably linked with
the vast difference in lipophilicity of the two drugs: i.e., the
log P for dicumarol in an octanol:water system is equal to
2.07,33 while log P values for sulfamethizole vary from —1.82
to 0.54.34+-3¢ Being hydrophobic, the dicumarol molecules can
be dissolved inside casein micelles: i.e, they are brought into
solution in an overall aqueous medium. Obviously, this is not
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Figure 2—Percentage of dicumarol (A) and sulfamethizole (®) bound
to casein versus total drug concentration. Each point is the mean + SD
of three determinations.
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applicable to the more hydrophilic sulfamethizole.
Comparison of Dicumarol Treatments—Figure 4 graphi-
cally depicts dicumarol plasma concentration-time data in
four subjects following the two oral treatments. In each of the
four subjects, the formulation A curve differed dramatically
from the formulation B curve. Calculations on paired obser-
vations revealed statistically significant differences between
formulation A and formulation B peak concentrations, area
under plasma concentration curve (AUC) values, and appar-
ent elimination half-lives (Table I). As the absorption of
dicumarol is prolonged, the absorption and elimination
phases cannot be safely discriminated, and the conventional
calculation of absorption rates was not done. Nevertheless,
estimation of partial AUC values indicated that, from 0-4 h,
the mean extent of absorption was 495% greater for the
formulation A curve than for the control capsule curve. It is
most likely that no precipitation of dicumarol took place in
the GI tract after the ingestion of formulation A, and hence
dissolution was bypassed. Apparently, formulation A deliv-
ers the drug in solution to the absorption sites. Thus, factors
associated with the dissolution characteristics of dicumarol,
causing limited and erratic absorption,3” did not operate. In
light of the in vitro solubility results, it is likely that the milk
components increase the saturation solubility of dicumarol
and hence, the concentration gradient which controls the
rate of transfer. In addition to that, the dicumarol molecules
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Figure 3~—Solubility of dicumarol as a function of casein concentration.
Each point is the mean + SD of four determinations.
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Figure 4—The individual plasma concentrations of dicumarol in sub-
jects 1-4. Key: (—) formulation A; (- —-) formulation B.



Table I—In Vivo Results for Two Dicumarol Formulations Administered to Four Subjects

. Cinaxr fmaxs AUCq 4, AUC, 72, th,
Subject pglml h pg-h-mL-" ug-h-mb-" h
Formulation A 1 330 3.0 102.0 1055.8 949
2 30.1 4.7 80.3 881.9 120.9
3 37.5 4.0 101.4 1044.7 96.7
4 31.5 3.0 88.3 981.5 114.7
(33.0)° 3.7) (93.0) (991.0) (106.8)
Formulation B 1 6.3 8.0 9.1 234.3 32.1
2 38 8.0 20 65.2 18.2
3 58 6.0 33 153.0 27.0
4 3.6 4.0 44 103.7 248
(4.9) (6.5) 4.7 (139.0) (25.5)
Levels of
significance © p < 0.01 NS p < 0.01 p < 0.01 p < 0.01

“Calculated by linearization of the elimination phase using the last three data points. Values of correlation coefficients ranged from —0.963 to
—0.996. © Averages in parentheses. ©Probability of equivalence as determined by ANOVA. NS at p = 0.05 level.

in solution have the characteristics required for crossing the
lipid membranes, as is exemplified by their high log P values.
It is conceivable that dicumarol absorption cannot be retard-
ed as a result of protein binding since milk digestion causes a
progressive release of the free form of the drug in the GI
fluids. Similar conclusions have been derived from in vitro
studies focusing on the effect of protein on the dissolution and
absorption of phenytoin,38-29

Interindividual variation in AUC values was reduced from
almost 3.6-fold for formulation B to <1.2-fold for formulation
A. It is worth mentioning that the greatest enhancing
influence on dicumarol absorption was noted with subjects 2
and 4 who had the most incomplete absorption of the drug
following administration of formulation B. This observation
is in agreement with previous results.?? Overall, though,
contrary to previous findings,2337 the absorption of dicu-
marol from formulation A was found to be consistent, as is
demonstrated by the low interindividual variation of AUC
values.

The control capsule formulation exhibited dramatically
low bioavailability accompanied by high lag times (Fig. 4).
These results are probably attributable to the limited disso-
lution of dicumarol and not to that of the gelatin capsule
itself. The latter alternative should be completely ruled out
in view of the results obtained with the sulfamethizole
capsule formulation (Fig. 5). Differences observed between
the elimination half-lives are in accordance with the well
known fact that the apparent first-order rate constant for
dicumarol elimination decreases when the amount of drug
reaching the general circulation increases.+°

Comparison of Sulfamethizole Treatments—The aver-
age cumulative amount of unchanged and “total” sulfamethi-
zole excreted versus time is shown in Fig. 5. The ranges of
the percentage of sulfamethizole excreted as acetylated me-
tabolite were 7.0~-16.6% and 9.0-15.9% for formulations A
and B, respectively. These values are within the ranges
reported previously.2* Mean excretion rate profiles of free
sulfamethizole are shown in Fig. 6. Differences in the extent
of bioavailability, as measured by the percent of unchanged
sulfamethizole excreted following administration of the two
sulfamethizole formulations, were not statistically signifi-
cant at the p = 0.05 level. Differences in bioavailability rate
parameters were also not significant for the peak excretion
times and peak excretion rates of free sulfamethizole.

These results substantiate the view that the absorption of
the relatively water soluble sulfamethizole is not dissolution-

1004

i

a - I’“v—

|

2"

w ,

; 4 /

2= f ,

s | fy ‘

& f l

Q 5) !

(C 40 ,

w ; |

o ; K

L |t !

5 g0f | ! /

2 I a § b
1234 6 8 12 24 ‘1234 6 8 T2 o

TIME, hours

Filgure 5—Mean cumulative percent of unchanged sulfamethizole (a)
and “lotal” sulfamethizole (b) excreted following the administration of
formulations A or B. Each data point is the mean + SD of the cumulative
percent excreted for all four subjects. Key: (—) formulation A; (- — =)
formulation B.

150
<
=)
E
Z oo
9 4 \\
- / \
m / \
g # l \
w / \
w ! \
O soq [y N
AY

= ! .
= / T~

/ \l\\

i/ T~ e

TIME, hours

Figure 6—Mean excretion profiles of free sulfamethizole. Key:
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rate limited and, therefore, the two formulations are bioequi-
valent in terms of the amount of sulfamethizole excreted.

The results of this study demonstrate the usefulness of the
proposed formulations as drug delivery systems of the spar-
ingly water soluble dicumarol and the relatively water
soluble sulfamethizole. General conclusions which can be
drawn from the present study, however, require consider-
ation of each drug separately.

Previous studies have documented the dissolution rate
limited character of dicumarol and, thereby, the formulation
sensitivity.3”+! The present study shows that the problemat-
ic dissolution characteristics of dicumarol can be bypassed by
the preparation of the freeze-dried product with milk. Unlike
other dicumarol formulations, this offers the following ad-
vantages: (a) consistent absorption; (b) because the product is
dissolved before ingestion, dissolution studies as part of a
bioavailability profile are not necessary; however, in vivo
biocequivalence studies will always remain necessary; (c)
ingesting milk is a daily ritual and eliminates the need for
considering food related factors (e.g., type of food, time of
interval between eating and drug administration, dietary
components). The data for sulfamethizole indicate that the
sulfamethizole-milk formulations is bioequivalent to the
control capsule with respect to the amount excreted. There-
fore, the proposed formulation does not offer any serious
advantages over the conventional ones for freely soluble
drugs.

In view of all the above, the following general concluding
comments can be made: (a) the freeze-dried drug-milk for-
mulations are promising as drug delivery systems of sparing-
ly soluble drugs; if, indeed, this is a valid consideration, then
definite conclusions should be based on the bioavailability
data of the drug under examination; (b) further investiga-
tions on content uniformity, stability, excipients improving
taste, volume, and type of milk, need to be performed to
elucidate this novel and attractive formulation technique; (c)
literature data concerning lipid solubility, protein binding,
dissolution and absorption of drugs in presence of milk
components,’®%? and distribution of drugs within milk
phases,*Z can be useful for future development of this novel
dosage form. -

Investigations are currently being conducted to evaluate
the importance of these factors and their influence on the
bioavailability of drugs.
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