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ABSTRACT

Sugar spheres loaded with melatonin (MT) were coated with Aquacoat® to control the
release rate of MT over 8 hours. A zero-order release pattern over 8 hours was obtained
with 20% coating on 8-10 mesh beads in USP basket dissolution studies. MT in 20% coated
beads was quite stable at room temperature with less than 5% MT degraded during 6 mon-
ths’ storage. Dissolution profiles were also unchanged after 6 months. An oral preparation
containing MT-loaded uncoated beads for immediate release and 20% coated beads with
Aquacoat® for controlled release over 8 hours was evaluated in six human subjects. When
total 0.5 mg MT as low dose (immediate release portion of MT, 0.1 mg) was administered
to four subjects, average peak plasma MT concentration was reached at about 600 pg/mi
and maintained at about 10 pg/m/ over 8 hours. Plasma MT concentration-time profiles
were similar in shape to computer-simulated profiles. However, maximal plasma MT concent-
rations were three times greater compared to computer simulated curve. These results sug-
gest that MT dose, ratio of immediate and controlied release MT, and pharmacokinetic para-
meters selected are adjusted to mimic endogenous MT concentration-time curve. In another
study, 02 mg MT having 10% of immediate release portion and 80% controlled release
portion produced plasma MT concentration-time curve which is more similar to endogenous
profiles. A low bioavailability (<20%) may result from extensive first pass metabolism and
remaining amounts of MT from controlled beads. A good correlation between plasma MT
concentration and urinary excretion rate of 6-sulphatoxymelatonin (6-STMT), a major meta-
bolite of MT was observed. As plasma MT concentration increased, urinary excretion rate
of 6-STMT increased concomitantly. The linear relation between plasma MT and urinary
excretion rate of 6-STMT was statistically significant. This result suggests that urinary 6-
STMT may be used as an index of circadian rhythms of MT in humans.

1. INTRODUCTION pg/ml). MT concentrations start to rise in

) . . . the late evening and are maintained at 25-
Melatonin (MT) is an indole amide neuro- 120 pg/m! during the night (over 8 hours)
hormone (Lerner and Case, 1959). It is pri- | .o M7 levels return to the daytime base-

mar.ily secreted by the pineal gland' in a cir- line. Although the full potential significance
§a<'11211‘n rhythcrinN(Waldh auser andMgletzel, 19 of introducing exogenous MT at physiological
5; Lewy and Newsome, 1983). concent- ,1d pharmacological concentrations is still

ration is very low during the daytime (<10 unknown (Petterborg et al., 1991; Sack et al.,
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entrain circadian rhythm disorders including
sleep disorders (Arendt ¢! al., 1988; Cramer
et al., 1974; Dahlitz ef al,, 1991), jet lag (Pet-
rie et al., 1989), shift work syndrome, and
seasonal affective diseases (Waldhauser et al.,
1986; Rosenthal et al., 1984) in human subje-
cts.

Sustained release dosage forms which pos-
sess a longer biologically effective half life
may be of interest to evaluate clinical poten-
tial of MT by offsetting rapid brain turnover
or mimicking sustained nocturnal secretion
of MT (Le Bars et al, 1991; Strassman et
al., 1987). However, lack of clinically useful
dosage forms may hinder evaluating the full
clinical potential of MT. The usual physiolo-
gical nocturnal secretion of MT over 8 hours
coupled with the short half-life of MT prom-
pted us to develop a controlled release deli-
very system for MT which minics endoge-
nous plasma MT concentration-time profiles.

Application of aqueous polymeric film coa-
tings to drug loaded nonpareils (sugar sphe-
res, NF) has become an increasingly popular
method of developing controlled release do-
sage forms (Jackson ef al., 1990; Rekhi et al.,
1989). Aqueous polymeric ethylcellulose sus-
pension (Aquacoat®) has replaced the conven-
tional organic solvent-based coating methods
because of the potential toxicity and high co-
st associated with organic solvents (Ghebre-
sellassie ef al., 1988). Aquacoat® is an ethyl-
cellulose dispersion stabilized by sodium lau-
ryl sulfate and cetyl alcohol.

The fluid bed process is increasingly po-
pular for coating of drug-loaded particles
such as granules, beads, and sugar spheres
to control drug release rates (Mehta et al.,
1986; Mehta, 1988). The fluidized bed pro-
cess using bottom-spraying with a Wurster
air-suspension column provides the best con-
ditions for coalescence of small polymeric
particles, coating efficiency, homogenous
drug disposition, and reproducible release
characteristics (Rekhi et al, 1989; Mehta,
1988; Hosssain and Ayres, 1990). Polymer
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coating technology has been coupled with
pharmacokinetic simulation to design an oral
controlled release dosage form (Hossain and
Ayres, 1992).

The purpose of this study was to deter-
mine whether or not an oral controlled re-
lease drug delivery system for MT could
produce plasma MT concentration-time pro-
files similar to endogenously produced MT
profiles in human subjects. Release rate of
MT from coated beads were investigated by
varying sugar bead size and amount of coa-
ting to obtain coated beads with zero-order
release over 8 hours. Chemical stability of
MT and release rate of MT from coated
beads during storage condition was also de-
termined. Computer simulation program was
used to determine the dosing regimen of
drug and predict plasma concentration-time
profiles. Correlation between plasma concen-
trations of MT and urinary excretion rate
of 6-sulphatoxymelatonin (6-STMT), a major
metabolite of MT, was also investigated.

2. MATERIALS AND METHODS

2-1. Materials

Melatonin (MT) was purchased from Regis
Chemical Co. (Morton Grove, IL, USA). Core
sugar spheres (USP/NF) as a substrate for
MT loading were from Paulaur Co. (Robbins-
ville, NJ, USA). Polyvinylpyrrolidone (average
molecular wegith 40,000) and hydroxypropyl-
cellulose (average molecular weight 300,000)
were from Aldrich Chemical Co. (Milwaukee,
WI, USA). Aquacoat® (polymeric ethylcellu-
lose suspension: Type ECD-30) containing 30
% solids was from FMC Corp. (Philadelphia,
Pennsylvania, USA). Sebatic acid dibutyl es-
ter was from Sigma Chem. Co. (St. Louis,
MO, USA), and triethyl citrate was from Ald-
rich Chemical Co. (Milwaukee, WI, USA) as
plasticizers, respectively. All other chemicals
were of reagent grade and used without fur-
ther purification.

2-2. Preparation of Coated Beads
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The apparatus for MT-loading on sugar
spheres and applying the polymeric film coa-
ting consists of a laboratory scale spray coa-
ter having a Wurster column (2"Xx7", ST-
REA-1, Aeromatic Inc., Columbia, MD, USA)
inside clear plexiglass column mounted on
a fluid-bed dryer (Lab-Line/P.R.L. Hi-Speed
Fluid Bed Dryer, Lab-Line Instruments Inc.,
Melrose Park, IL, USA). A cross section of
spray coater fully assembled is given in Fig.
1.

In order to produce MT-loaded beads, a
mixture of MT (1.2g), and polyvinylpyrroli-
done (0.24g) and hydroxypropyl cellulose
(0.12g) as binders in 200 m/ of ethanol was
applied to prewarmed 300 grams of sugar
beads (retained on a either 18-20 or a 8-10
mesh screen) in a fluid-bed coating chamber
at 40C with continuous fluidizing air supply.
The solution was delivered at 4 m//min using
a peristaltic pump.

Dibutyl sebacate (4.5g) and triethyl citrate
(4.5g) as plasticizers were combined and ad-
ded at 30% (15% each, based on the solid
content of Aquacoat®) to 100g of Aquacoat®
suspension. Aquacoat® suspension was then
diluted -with deionized water (w/w, 1:1). The
resulting coating solutions were stirred for
at least 2 hours to ensure that plasticizers
were well mixed with the polymeric suspen-
sion prior to coating, and were continuously
stirred throughout the coating process. Coa-
ting solutions were applied to 90g of MT-loa-
ded beads to achieve the desired coatings

with continuous air supply at a rate of 1
mi/min for 10 minutes and then 4 m//min
using a peristaltic pump. 314, 62.7, or 125.4¢g
of coating solutions produces a 5, 10 or 20%
theoretical coating based on solids content
of Aquacoat®. Although some solids of coa-
ting solution are lost during process, coatings
are designated as 5%, 10% or 20% theoreti-
cal coating for convenience. The final coated
beads were dried in the chambers for 30 mi-
nutes and then further air dried in a hood.
Typical processing conditions for MT loading

plexiglass .

Wurster column column

. . . | _spray cap and
pins with win- \ Zle

nut screws noz

. : mesh base screen
tubing to: ¢
air comp- OuSE e ==
ressor fluid

mounting .

Figure 1—A cross section of spray coater fully asse-
mbled.

Table I—Typical Processing Conditions for Coating
of MT-loaded Beads (STREA-1, Aeromatic)

Wurster insert bottom spray

Nozzle size 0.8 mm
Inlet temperature” 50T
Atomization air 12-15 psi

Fluidization air blower 50-70% of full capacity

flow rate’ 1 m//min and 4 m//min

“40C was used for the preparation of MT-loaded
beads.

*Only 4 m!/min was used for the preparation of MT-
loaded beads.

Peristaltic pump was manually switched between
“on” or “off” as necessary to control clumping of
beads during the coating process.

and coating of MT-loaded beads are given
in Table I. MT content from beads were as-
sayed by HPLC.

2-3. In vitro Dissolution

In vitro dissolution of each formulation was
performed in triplicate using the USP disso-
lution apparatus I (Basket method) at 37+ 0.5
€. The stirring rate was 50 rpm except the
effect of the stirring rate on the release rate
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of MT was evaluated. Dissolution medium
for the first 2 hours was 900 m/ of enzyme
free simulated gastric fluid (pH 1.4+ 0.1) fol-
lowed by enzyme free simulated intestinal
fluid (pH 7.4+ 0.1). Dissolution samples were
collected at 0.25, 0.5, 0.75, 1.0, 1.5 and 2 hr
(in gastric fluid), and 3, 4, 5, 6, 8, 12 and
24 hr (in intestinal fluid) with replacement
of equal volume with temperature equilibra-
ted media. Dissolution of MT from 20% coa-
ted beads (8-10 mesh) after 6 months storage
was compared whether the dissolution profile
was the same as that of the initial coated
beads. MT concentration in dissolution sam-
ples were determined by HPLC. The percen-
tage of MT released is the amount of MT
released divided by amount of MT loaded,
multiplied by 100.

2-4. Computer Simulation

Plasma MT concentration-time curve were
estimated using a computer simulation prog-
ram (MAXSIM®, version 3.01, Uppsala, Swe-
den) assuming an one compartment open
model. Pharmacokinetic parameters of MT
for MAXSIM® computer simulation were se-
lected from literatures (Table II).

2-5. In Vivo Study Protocol

Six human volunteers (5 males and 1 fe-
male) participated in the study after giving
informed consent approved by Oregon Hea-
Ith Science University. All subjects were ad-
mitted to the Clinical Research Center, Ore-
gon Health Science University at 10 o'clock,
AM. on the day of the study. Subjects fasted
at least 2 hours before the study began. Each
gelatin capsule contained 0.1 mg of imme-
diate release MT on uncoated beads and 04
mg of controlled release MT on 20% Aqua-
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coat® coated beads designated as low dose
(0.5 mg of total dose of MT). Two subjects
were also given two capsules of this formula-
tion designated as high dose (1.0 mg total
dose of MT).

Blood samples were collected through an
indwelling intravenous catheter at 0 (10:30
AM), 05, 1, 15, 2, 3, 4, 6, and 8 hours and
kept in heparinized test tube in the freezer
until analysis. Urine was also collected every
two hours for the determination of 6-STMT,
a major metabolite of MT. Baseline values
of MT and 6-STMT at 10:30 AM. was chec-
ked before administration of drug. Plasma
MT concentrations were determined by high
sensitivity GC/MS (Lewy and Markey, 1978).
Urinary 6-STMT concentrations were deter-
mined by radioimmunoassay (Aldhous and
Arendt, "1988).

3. RESULTS AND DISCUSSION

Dissolution profiles of MT from 18-20
mesh beads coated with Aquacoat® are
shown in Fig. 2. Most MT was released in
simulated gastric fluid, and the desired cont-
rolled release was not achieved. A possible
interpretation of MT release from the coated
beads is that the coating may be incomplete
and porous so that the drug is readily relea-
sed. The amounts of coating up to 20% theo-
retical coating was not enough to produce
the desired controlled release. On ther other
hand, dissolution profiles of MT from 8-10
mesh beads coated with Aquacoat® are
shown in Fig. 3. A disired controlled release
pattern was observed over 8 hours at 20%
coating. At 20% coating of 8-10 mesh beads,

Table II—-Selected Pharmacokinetic Parameters of MT for Computer Simulation in Human Subjects

Ks (hr™) K, ¢(hr™?) V. (1) Vi (D) F References
0.90 - 13 35.2 - Iguchi et al., (1982)
- 1.74 - - Waldhauser et al., (1984)

0.1 Lane ef al., (1985)

J. Kor. Pharm. Sci., Vol. 23, Supplement (1993)



Development and Eval_uation of an Oral Controlled Release Delivery System for Melatonin S13

o ¢
: D
% Om: st »
.E; | /”’:V
& 40 I [ /
L 40t / .
20 20 1 - 1 M [ 2
: 00 05 1.0 IS5 2.0
0 e by et v bea do s bag bt tssd
0 3 6 _9 12 15 18 21 24
Time (hr)

Figure 2-—Dissolution profiles of MT from 18-20
mesh beads coated with Aquacoat®.

Coatings: Q; 5%, @; 10%, and Vv; 20%. Each point
represents the meant standard deviation except
where the standard deviation is too small to show.
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Figure 3 —Dissolution profiles of MT from 8-10 mesh
beads coated with Aquacoat®.
Coatings: O; 5%, @; 10%, and Vv; 20%. Each point
represents the meant standard deviation except
where the standard deviation is too small to show.
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Figure 4—Time for 50% MT dissolution (Tsq) as a
function of coatings in coated beads. Each point rep-
resents the meanz standard deviation except where
the standard deviation is too small to show.

from 18-20 mesh and 8-10 mesh coated
beads is compared in Fig. 4. As coating
amounts are increased, Tspr of MT is increa-
sed, as expected. Tsos, was about 4 hours for
the 20% coating of 8-10 mesh beads which
provided the controlled release over 8 hours.

MT was degraded relatively slowly during
storage condition (<5%). However, dissolu-
tion of MT from the 20% Aquacoat® coated
beads (8-10 mesh) after 6 months’ storage
produced a release of MT from stored beads
which was similar to the originally coated
beads drug release (Fig. 5). These data sug-
gest that although MT in coated beads was
slowly degraded, the wall coat integrity was
unchanged under the storage conditions.
Beads (8-10 mesh) coated with 20% Aqua-
coat® was utilized for human clinical study.

Before administering the oral controlled
release delivery system to human subjects,
plasma MT concentrations were predicted
from dissolution data of dosage form and po-
pulation pharmacokinetic parameters of MT
(Table 1I) using computer simulation (MAX-

J. Kor. Pharm. Sci, Vol. 23, Supplement (1993)
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Figure 5—Comparison of dissolution profiles of MT
from 8-10 mesh coated beads with 20% coatings after
6 months’ storage at room temperature. Each point
represents the meant standard deviation except
where the standard deviation is too small to show.

900 7] [ Melatonin Simulation ‘
E 200
= 708
&
s 60
=
Q s00
8
QO
2 400
E o
1723
=
a, 200
180
+ : — = 4 .
0 2 3 "6 8 i 12
Time (hr)

Figure 6—Computer-simulated plasma MT concent-
ration-time curve in human subjects. 1. 0.5 mg imme-
diate release MT only, 2. 0.1 mg immediate release
MT and 0.4 mg controlled releast MT in 20% coated
beads with Agquacoat®.

SIM®). An ideal dosage form would deliver
MT to mimic the endogenous circadian pat-
tern of MT. Computer-simulated plasma MT
concentration-time profile in human subjects
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L
;
1000 "'
E
8
a 100 §
—
p=
«
E 1
g 10} o Low Dose (0.5 mg)
A ? e High Dose (1 mg)
111.I:lnlnl-lnl.l1l4]
012 3 456 78910
Postdose (hr)
[l PR | N ) S 1 P |
2 14 16 18 20
Time of the Day

Figure 7—Mean plasma MT concentration-time profi-
les after administration of oral controlled release sys-
tem to six human subjects at two different doses.
Values are expressed as meand standard deviation
(n=4 for low dose, n=2 for high dose).

for the new dosage form is shown in Fig.
6. A conventional (immediate release) MT
capsule (curve 1) dose not produce the desi-
red sustained drug concentration because
MT has a short half life of MT (Iguchi ef
al., 1982; Walhauser et al., 1984). Curve 2
shows that a mixture of uncoated beads con-
taining 0.1 mg MT for immediate release and
beads coated with 20% Aquacoat® containing
0.4 mg MT for controlled release are predic-
ted to produce a plasma MT concentration
versus time profile which mimics the profile
known to be produced by endogenous re-
lease of MT during the night. Observed
mean plasma MT concentration-time profile
after administration of the oral controlled re-
lease delivery system to human subjects is
shown in Fig. 7. When low dose of MT was
administered to four subjects, average peak
plasma MT concentration was reached at
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about 600 pg/m/ and maintained around 100
pg/mi over 8 hors. Peak plasma MT reached
about 600 pg/m/ as a result of immediate
release of MT and extended MT concentra-
tions over 8 hours result from the coated
beads. When high dose of MT was adminis-
tered to two subjects, average peak plasma
MT concentrations were doubled, as expec-
ted and terminal slope was parallel with low
dose. The shape of the plasma MT concent-
ration-time profile was similar for the two
different doses.

For further evaluation of plasma data of
MT, noncompartmental pharmacokinetic pa-
rameters was obtained using RSTRIP II pro-
gram. The new oral dosage form produced
a MRT of 5 times longer compared to the
intravenous injection of MT from a different
study (Iguchi et al., 1982).. Observed MRT
for the new oral dosage form ranges from
2.4 to 5 hours. Estimated bioavailability ob-
tained was about 19% and 18% for low and
high MT dose, respectively. A low bicavaila-
bility may result from extensive first pass
metabolism and remaining amounts of MT
from controlled beads. Extensive first pass
metabolism of MT may be involved in the
apparent low fraction of dose absorbed. This
may suggest that plasma MT profiles are
greatly influenced by the liver function.

Base on these results, observed plasma
MT concentration-time profile was compared
with computer simulated curve obtained pre-
viously (Fig. 8). The delivery system produ-
ces. a plasma MT concentration-time profile
which is in shape similar to that produced
at night as a result of endogenous MT re-
lease (Waldhauser and Dietzel, 1985). Howe-
ver, maximal plasma MT concentrations pro-
duced were three times higher than MT co-
ncentrations predicted by computer simula-
tion. These differences may primarily result
from high MT dosing, improper ratio of im-
mediate release MT and controlled release
MT, and the difference of fraction of bioavai-
lability (F=0.1) selected for computer simu-
lation (Table II) due to intersubject variation
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Figure 8—Comparison of the profiles of observed
plasma MT concentrations (meant standard devia-
tion, n=4) and computer-simulated plasma MT con-
centration at low dose of MT.

of intrinsic metabolic function among subje-
cts. Computer simulation curves with appro-
priate dosing adjustments are regenerated in
Fig. 9. Previously, 10% bioavailability of MT
was assumed for both immediate release MT
and controlled release MT (Table II). Obser-
ved plasma MT concentrations (C) in this
study at low dose MT were fitted when F

0.3 for immediate release MT and F=0.1 for
controlled release MT for computer simula-
tion were utilized (Curve 2). Total dose of
MT administered and ratio of immediate re-
lease MT and controlled release MT were
varied. This simulation suggests that a total
02 mg MT dose (Curve 5) containing 10%
immediate release MT is desirable to appro-
ximate a nighttime endogenous plasma MT
concentration-time profile. Inherent is the

" assumption that F is larger for immediate

release MT than controlled release MT due
to a decreased first pass effect when the
drug is rapidly absorbed. This assumption
certainly needs confirmation prior to accep-

J. Kor. Pharm. Sci, Vol. 23, Supplement (1993)
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Figure 9—Regenération of computer simulated pla-
sma MT concentration-time profiles. Total dose and
percentage of immediate release portion of MT are
as follows: 1, 0.8 mg, 10%; 2, 0.5 mg, 20%; 3, 04
mg, 12.5%; 4, 0.4 mg, 10%; 5, 0.2 mg, 10%. Observed
plasma MT concentrations at low dose MT studied
©). K;=09 hr7!, K,=1.74 hr™!, V,=35.2/, F=03
for immediate release MT, and F=0.1 for controlled
release MT were used for regeneration of curves.

tance. Another evaluation of an oral control-
led release delivery system in both young
and elderly people is under investigation.

. It is interesting to correlate urinary excre-
tion rate of 6-STMT with plasma MT be-
cause MT is extensively metabolized by the
liver and excreted as 6-STMT. Urinary exc-
retion rate of 6-STMT was plotted as a func-
tion of both postdose and time of the day
(Fig. 10). Urinary excretion rates of 6-STMT
during the daytime in subjects not receiving
MT was very low (<200 pg/hr). When the
oral controlled release delivery system of
MT was administered, the urinary excretion
rate of 6-STMT greatly increased compared
to the control urine. The terminal slopes of
urinary excretion rate profiles of 6-STMT
were parallel for the two different doses. A
correlation between plasma MT and urinary
6-STMT has been reported elsewhere

J. Kor. Pharm. Sci, Vol. 23, Supplement (1993)
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Figure 10— Urinary excretion rate (ug/hr) of 6-STMT
determined at the midpoints of each urine collection
interval after administration of the oral controlled re-
lease delivery system to six human subjects. Values
are expressed as meanz standard deviation (n=4 for
low dose, n=2 for high dose).
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Figure 11—Cumulative amount of urinary 6-STMT
(mg) for 6 hours at two different doses of MT. Values
are expressed as meanz standard deviation (n=4 for
low dose, n=2 for high dose).

(Brown et al., 1991; Nowak et al., 1987). The
profiles of plasma MT and urinary excretion
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Figure 12—Relationship between plasma MT concen-
trations and urinary excretion rates of 6-STMT dete-
rmined at the midpoints of each urine collection inte-
rval in six human subjects.

rates of 6-STMT are parallel at each dose.
As expected, as plasma MT concentration in-
creased, urinary excretion rate of 6-STMT
also increased concomitantly. Urinary 6-
STMT appears to reflect behavior of plasma
MT concentration. Cumulative amounts of
urinary 6-STMT for 6 hours were compared
at two different doses of MT (Fig. 11). As
MT dose was doubled, urinary 6-STMT was
also twice increased. The difference was sta-
tistically significant. The relationship between
urinary excretion rate of 6-STMT and plasma
MT concentration in six human subjects is
given in Fig. 12. The linear relationship bet-
ween urinary excretion rate of 6-STMT and
plasma MT concentration was highly signifi-
cant (F15=2.28, r2=0.56, p<0.001). Further-
more, the linear relationship was much grea-
ter when only past peak plasma MT concent-
rations were correlated (r=20.838). These re-
sults suggest that urinary 6-STMT can be
used as an non-invasive method to assess
circadian rhythms of MT in humans.

4. CONCLUSION

A desired controlled release over 8 hours

was achieved with 20% coating of 8-10 mesh
beads with Aquacoat®. Dissolution profile of
20% coated beads was unchanged over 6
months’ periods. An oral preparation desig-
ned to release 0.1 mg MT immediately from
uncoated beads, and 0.4 mg MT from coated
beads in a controlled release fashion over
8 hours produced about 600 pg/mi average
peak plasma MT concentration, and then
maintained MT concentrations at about 100
pg/ml. Pharmacokinetic analysis revealed
that less than 20% of the MT dose adminis-
tered was absorbed. A low bioavailability ob-
served may result from extensive first pass
metabolism and incomplete absorption from
coated beads. Plasma MT concentration-time
profile was very similar in shape to the com-
puter-simulated profile. However, maximal
plasma MT concentrations were about three
times greater than predicted. Base on these
results, computer simulation was performed
after adjusting MT dose, ratio of immediate
and controlled release MT, and fraction of
bioavailability to closely mimic endogenous
MT concentration-time curve. Urinary excre-
tion rate of 6-STMT profile was statistically
correlated with plasma MT concentration.
Urinary 6-STMT may be used as non-inva-
sive method to assess pineal gland activity
of MT in humans.
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