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Abstract

We have previously developed poly(L-lactic acid) (PLA) microspheres containing nedocromil sodium and be-
clomethasone dipropionate (BDP) for aerosolisation to the respiratory tract (El-Baseir, M.M.. Phipps. M.A.,
Kellaway, I.W., Preparation and subsequent degradation of poly(L-lactic acid) microspheres suitable for aerosolisa-
tion: a physico-chemical study. Int. J. Pharm. 131 (1997} 145-153). In this study we have investigated the in vitro
release kinetics of these two drugs from PLA microspheres and the deposition of the microsphercs in an in vitro lung
madel {Andersen cascade impactor) following aerosolisation from a dry powder inhaler (Spinhaler®). The in vitro
kinetics of drug release revealed a controlled release of nedocromil sodium over 8 days with & burst effect (27-60%,
w/w) which varied with the particle size of the microspheres. For BDP entrapped in PLA microspheres, controlled
release of BDP occurred over 6 days. BDP release was determined by measuring the shift in the phase transition
temperature of dimyristoylphosphatidylcholine (DMPC) liposomes induced by partitioning of the steroid into the
lipid bilayers. The residual poly(vinyl alecohol) used us an emulsifier in the production of the microspheres was < 7%
(wiw). The in vitro deposition of the microspheres (1.00 4+ 0.21 &m) containing BDP from a Spinhaler™ to a cascade
impactor at a flow rate of 60 I/'min. resulted in 207 of the emitted dose deposited on stages corresponding to particles
<3 gm and approximately 42% <5 um. & 1998 Elsevier Science B.V. All rights reserved.

Kepwords: Poly(1-lactic acid); Microspheres: Nedocramil sodium: Beclomethasone dipropionate; Acrosolization:
Respiratory Lract

1. Introduction

Biodegradable microsphere drug delivery sys-
tems have shown application for oral and par-

* Corresponding author. Tel.;fax: — 44 1222 874159; ¢-mail: enteral administration (e.g. Okada and TOgUChi*
Kellawayi@cardiff.ac.uk 1995). The controlled release of drug has heen the

0378-5173:98/% - see front matter 0 [998 Elsevier Science B.V. All rights reserved.
PIHSO378-5173(98)00246-4



136 M.M. El-Buseir, L.W. Kellaway / International Journal of Pharmaceutics 175 (1998) 135-145

objective of such studies. As drug delivery sys-
tems, biodegradable microspheres have offered
several advantages over conventionally adminis-
tered medicaments. First, patient compliance with
the dose regimen is assured for parenteral depot
therapies and the blood levels are controlled by
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in the peroral route is eliminated. In addition, the
new biosynthetic proteins and peptides can be
administered and operations to remove the im-
planted dosage form after drug release would be
avoided. The use of such a system for administra-
tion of a contraceptive steroid has been reported
by Gresscr et al. (1978) and Beck ¢t al. (1979).
Biodegradable microspheres were a successful sys-
tem for controlling the release of adriamycin (lke
et al., 1991).

Biodegradability and biocompatibility of
polyesters such as poly(lactic acid), poly(glycolic
acid) and their copolymers was established from
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work undertaken on bl,ilgu,zu Elaus and illlplalllb
(Chu, 1982; Fredericks and Melveger, 1984; Hay
et al., 1988). The degradation products are mainly
carbon dioxide and water excreted via the kidney
(Wood, 1980; Yolles and Sarton, 1980).

Biodegradable polymer microspheres are cur-
rently of interest as controlled-release pulmonary
drug carriers.
solized microspheres may provide the opportunity
for the prolonged delivery of a systematically
active agent with the drug protected from enzy-
matic hydrolysis. Microspheres can be produced
to meet certain morphological requirements such
as size, shape and porosity by varying the process
parameters. 1vuuospneres are less suscepuuw to
the effect of hygroscopic growth within the air-
ways. However, the morphology of the lung is
such that to achieve effective drug deposition it is
necessary to control the particle size to approxi-
mately 2-3 um.

The objectives of this paper were to study the
release kinetics of nedocromil sodium and be-
clomethasone dipropionate (BDP) from PLA mi-
crospheres and to study the deposition of these
microspheres generated from a Spinhaler™ using
an Andersen cascade impactor {eight stages) oper-
ating at flow rates of 28.3 and 60 l/min.

-

dmm i a A T4 e

< P AR
ruuuuualy acposition vr dero-

2. Experimental

2.1. Materials

Poly(L-lactic acid), molecular weight 2000 Da,
was obtained from Polyscience (Warrington PA).
Poly(vinyl alcohol) (PVA), 87-89% hydrolysed
85-140 kDa, was supplied by Aldrich (Gilling-
ham UK). Nedocromii sodium was a gifi from
Fisons (Loughborough, UK). Beclomethasone
dipropionate was supplied by Sigma (Poole, UK).
dimyristoylphosphatidylcholine (DMPC) from
Nippon Oil and Fats (Amagasaki, Japan), and
dichloromethane, methanol, acetonitrile and chlo-
roform all of HPLC grade, were supplied by
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2.2, In vitro release study of nedocromil sodium

Twenty milligrams of freeze dried microspheres
prepared using the w/o/w double emulsion solvent
evaporation method (El-Baseir et al.. 1997), were
suspended in 20 ml 0.2 M phosphate buffer, pH
7.4, and incubated in a water bath maintained at
37 +£0.5°C with 30 rpm agitation. Samples were
removed at various times and centrifuged at 3000
rpm for 5 min. The supernatants were subjected
to fluorometric measurement at 376 nm (excita-
tion) and 590 nm (emission) before the samples
were returned to the original flasks. The cumula-
tive percentage drug release was calculated from a
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2.2.1. In vitro release study of BDP using 507
(v/v) isopropanol in water uas dissolution media

In a series of test tubes, 5-mg samples of PLA
microspheres containing entrapped BDP were dis-
persed in 10 ml of 50% (v/v) isopropanol. The test
tubes were incubated in a water bath maintained
at 37 £ 0.5°C. After an interval of 0, 2, 24, 50 and
120 h, one test tube was taken, centrifuged at
3000 rpm for 5 min and 20 gl of the supernatant
injected onto an HPLC column as previously
described (El-Baseir et al., 1997), but with 50%
(v/v) isopropanol as solvent. The BDP release was

calculated with reference to a calibration curve.
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Table 1

The size of (a) microspheres containing nedocromil sodium used in acrosolization studies as determined by laser diffraction and (b)
microspheres containing BDP used in aerosolization studies as determined by photon correlation spectroscopy

Batch no. 10%0 £ S.D. (pm)

30% = S.D. (pem)

90" + S.D. (em)

(a)

| 2.88 (0.02) 6.14 (0.06) 10.02 (0.03)

2 2,13 ¢0.01) 3.39 (0.0 6.18 (0.13)

3 1.67 (0.03) 2,65 (0.01) 5.08 (0.07)

(b) S0% £+ 8.D. (um) 95% hmits + S.D. (yem)

4 1,00 (0.21) 0.89 {0.14) to 1.12 (0.27)

2.2.2. In vitro release studyv of BDP using a potassium iodide in water) were added to the

calorimetric procedure

Multilamellar DMPC liposomes were prepared
at a temperature above that of the gel-liquid
crystalline phase transition (7,,) of the lipid
(Castelli et al., 1994). Hydrated liposome sam-
ples were divided into three aliquots and the
transition temperature (T) of each determined
by DSC (Perkin-Elmer DSC7). A known
amount of PLA microspheres with a predeter-
mined BDP content was added to each sample
and incubated at 37°C. After intervals ot 0. 2. 4
and 6 days samples were taken, sealed in DSC
pans and subjected to DSC analysis at a scan-
ning rate of 5°C/min to determine the 7,,. The
shift in the DMPC transition peak (AT, was
calculated by subtracting the original value
(Ty,)- The fraction of BDP released for all sam-
ples was calculated with reference to the calibra-
tion curve equation.

2.3, Residual polyeinyl alcohol (PVA)

A 5-mg microsphere sample was dispersed in
25 ml chloroform and sonicated for 5 min. The
formed suspension was filtered through 0.05-xm
pore size cellulose filter. The residual PVA re-
tained on the filter was washed with 25 ml of
chloroform. The filter paper was dried in air
and immersed in 25 ml of water in a fiask. The
flask was heated to about 90°C to dissolve the
PVA. Ten mulliliters of this solution were taken
and made up to 25 ml with deionized water, 5
ml of 4% (w/v) boric acid and 3 ml of iodine
solution (1.27% (w/v) iodine and 2.5% (w/v)

flask followed by final dilution to 50 ml with
deionized water. The assay of this sample was
carried out at 690 nm. In order to maximise the
absorbance of PVA (Finley, 1961) all measure-
ments were carried out at 25°C by placing the
flasks 1 a water bath maintained at 25°C dur-
ing the time of sampling. The residual PVA was
calculated with reference to a calibration curve.

24. In vitro deposition studies

The microsphere formulation was prepared by
the solvent evaporation method previously de-
scribed (El-Baseir et al., 1997). The median size
of the microspheres studied was obtained using
laser diffraction (Malvern 2600) and photon cor-
relation spectroscopy (NAMD Coulter sizer) and
ranged from 1 to 6.14 um (Table 1). Hard
gelatine capsules were filled with 20 mg of mi-
crospheres and introduced into a Spinhaler®.
The deposition profiles were evaluated using an
Andersen cascade impactor (eight-stage). One
capsule was discharged into the apparatus per
determination (7= 2-6) and a standardised flow
rate of 28.3 or 60 I'min was used throughout.
Microsphere materials deposited in the throat
and on cascade impactor stages after each actu-
ation were collected and dispersed into 2 ml
dichloromethane prior to extraction of the drug
cither with phosphate buffer or methanol. The
assay of the drug was carried out fluorimetri-
cally for nedocromil sodium and by HPLC for
BDP. The data were analysed and presented as
percentage of the total sample recovered.
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Fig. 1. The effect of microsphere size on the release profile of nedocromil sodium (r = 2). Entrapment efficiencies for 4.88 + 0.07-,
3.524+0.02- and 2.79 + 0.02-xm microspheres were 11.22 +0.72, 9.92 + 1.42 and 5.42 + 0.19% (w/w) and data range maxima were

4.59, 4.67 and 9.24%, respectively.
3. Results and discussion

For in vitro investigations of the rates of release
of drug from a carrier, the goal is to mimic the
expected in vivo conditions as close as possible.
The pH should therefore be adjusted to 7-7.4 to
allow physiological comparability. High pH can
enhance the drug release rate (Jalil and Nixon,
1990) and the rate of hydrolytic degradation of
the polymer is also affected by changes in pH
(Makino et al., 1985). In vitro release kinetics of
nedocromil sodium exhibited a biphasic pattern,
characterised by an initial variable and rapid re-
lease phase followed by a period of continuous
slow release. The initial phase was due to release
of drug adsorbed or located near the surface of
the microspheres and was found to be affected by

the size of the microspheres. For 2.79-um micro-
spheres, 27% of the drug was immediately re-
leased (Fig. 1) and an even greater release of drug
(42-60%) was observed within the first 5 min for
microspheres of larger size (3.52 and 4.88 um
diameter). The initial rapid release of a bioactive
agent from a polymeric system such as micro-
spheres has always been a problem with con-
trolled release delivery systems (Kwong et al,
1986). For all the tested batches, 80—100% of the
drug was released over the 8-day test period.
The cumulative amount of drug released in-
creased with decreasing mean particle diameter as
a result of increased surface area in contact with
the dissolution media. Therefore, it may be possi-
ble to control the rate of drug release within the
airways by using microsphere preparations of a
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Fig. 2. Cumulative’s BDP released versus time using iso-
propano! (50%) as a dissolution medium at 37°C (n=2),
showing data range for each time point. The entrapment
efficiency of BDP was 88.9 + 10.8% (w/w).

selected particle size distribution. The mean parti-
cle size of the microspheres can be regulated
during the manufacturing process by controlling
the stirring rate (El-Baseir et al., 1997).

The release profile of nedocromil sodium was
found to follow a square root of time dependent

31.23
31.03

30.83

Heat Flow (mw)

mechanism as defined by the Higuchi equation
(Q =kt1/2) were Q is the cumulative release of
drug, k the release rate constant and ¢ the time
period. The regression coefficient (r) was >0.93
for all batches tested. One factor which was not
examined was the effect of drug-loading concen-
trations on the release kinetics of the nedocromil
sodium. It has been shown by others that high
loading effects the release mechanism. Micro-
spheres containing high drug concentrations re-
lease drug faster than those with a low
entrapment (Benoit et al., 1984; Erden and Celebi,
1996). The low percentage of nedocromil sodium
entrapped, made it difficult to investigate the rela-
tionship between release rate and drug content.
The preceding results have shown, however, that a
long-acting delivery system may be achieved by
applying PLA microsphere technology.

Microspheres showed much higher entrapment
levels of the lipophilic drug BDP compared with
the more hydrophilic nedocromil sodium (El-Ba-
seir et al.,, 1997) The dissolution study is an
essential part in the development of microsphere
dosage forms. The low aqueous solubility of BDP
makes it difficult to create sink conditions in an
aqueous release medium. Initial experiments were
therefore conducted using 50% isopropanol as the
dissolution medium.

24,983
49.983

74.983
99.983
124.983
149.983

Temperature (C)

Fig. 3. DSC thermograms of microsphere after (a) 0.5, (b) 5 and (c) 120 h incubation in 50% (v/v) isopropanol at 37°C.



140 M .M. El-Baseir, I.W. Kellaway / International Journal of Pharmaceutics 175 (1998) 135- 145

Fig. 4. Scanning electron micrographs of PLA microspheres
containing BDP. (a) Prior to incubation in 50% (viv) iso-
propanol (scale bar, 2 xm). (b) After 120-h incubation in 50%
(v/v) isopropanol {scale bar 1, gm).

Fig. 2 shows the in vitro release profile of BDP
from PLA microspheres conducted over 120 h in
50% isopropanol at 37°C. Seventy-five percent
(w/w) of BDP was released during this time. The
physicochemical (DSC, Fig. 3) and morphological
(SEM, Fig. 4) studies of the microspheres during
dissolution indicated dramatic changes in the mi-
crosphere’s structure due to the plasticization ef-
fect caused by isopropanol on the polymer,
leading to loss in mechanical strength and micro-
sphere deformation.

DSC traces of the microspheres during incuba-
tion in 50% isopropanol (Fig. 3), show a gradual

decline in the exothermic peak due to crystallisa-
tion of the PLA. This was not the case when
PLA-microspheres were incubated over 8 days in
phosphate buffer (El-Baseir et al., 1997). Never-
theless, sustained release of BDP over 120 h was
possible.

Steroids are among the agents shown to disor-
der lipid bilayers (Lawrence and Gill, 1975). Inter-
action between a variety of lipophilic drugs and
liposomes indicated depression of the phase tran-
sition temperature (7,,) of the phospholipid (Bon-
ina et al, 1994). An alternative method was
therefore developed based on determining induced
changes in 7, in order to study the release kinet-
ics of BDP in a phosphate-buffered saline solution
(PBS, pH 7.4) which did not result in any solvent-
induced morphological changes in the micro-
spheres. Using DMPC liposomes as a sink for
released BDP permitted release rates to be deter-
mined by reference to changes induced in the
liposome suspensions and recorded on DSC
traces. The selection of DMPC as a model mem-
brane was due to its phase transition temperature
of 23°C being below the temperature of the drug
release studies (37°C) and the glass transition
temperature of PLA (~ 55°C). No untoward
changes in the physical properties of the micro-
spheres was therefore expected during the drug
release studies.

The calorimetric heating curves of DMPC lipo-
somes (0.5%, w/v) in the presence of different
mole fractions of BDP is shown in Fig. 5. Increas-
ing BDP in the DMPC bilayer led to a marked
effect on the phase transition behaviour (broaden-
ing of the transition peak and a shift in T, to a
lower value). This effect is similar to that shown
for the interaction between tolmetin and DMPC
liposomes (Castelli et al., 1994) and may be ex-
plained in terms of the fluidifying effect of intro-
ducing the lipophilic drug molecule into the
ordered structure of the lipid bilayer. Such effects
are manifested by a reduction in T, (Jorgensen et
al., 1991). A linear relationship was obtained be-
tween the concentration of BDP and the percent
change in the transition temperature of the
DMPC liposomes (Fig. 6). This suggests that at
the concentrations of steroid examined, the drug
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Fig. 5. DSC traces of 0.53% (w v} DMPC liposomes containing different mole fractions of BDP: (a3 8.0019; (b 0.0031 (o) 0.009%: (d)

0.013; and {e) 0.026 mole fraction.

was well solubilized within the lipid bilayer and
saturation levels had not been achieved.

Fig. 7 shows the DSC traces for DMPC lipo-
somes after various contact times with PLA mi-
crospheres containing BDP. This demonstrates
that BIDP release from the microspheres can be
followed by the DSC procedure. The phase transi-
tion peak of DMPC is successively shifted to
lower temperatures as increasing concentrations
of BDP are solubilized within the bilayers. Using
this assay, it was possible to examine BDP release
rates from microspheres containing different BDP
mole fractions. Such data would indicate the pos-
sibifity of sustained release of BDP for over 6
days (Table 2). Experiments were terminated after
6 days due to the expected instability of DMPC
liposomes when incubated at 37°C for longer
periods. However, not all the loaded BDP could
be accounted for in these release studies with only

35-55% (wiw) of the drug content being released.
None of the samples released a major fraction of
their drug content immediately upon immersion
in phosphate-buffered saline, This is in contrast to
the results obtained for nedocromil sodium-
loaded microspheres (Fig. 1). where a consider-
able burst effect was observed. Because no release
data were available within the first 5 min of
testing, the presence of a slight burst effect for
BDP loaded microspheres can not be discounted.

PVA is an emulsifier frequently used in the
fabrication of microspheres. The presence of PVA
has resulted in drug crystals attached to the sur-
face of the particles (Kwong et al., 1986). The
PVA hydrophilic surface layer, however, has the
advantage of allowing an almost instantaneous
re-dispersion of the microspheres in water {(Alle-
mann et al., 1993}, Data in Table 3 showed 7%
(w/w) or less of PYA was left in the batches of



142 M .M. El-Baseir, I.W. Kellaway / International Journal of Pharmaceutics 175 (1998) 135-145

2
y = -107.443x + 0.007 r%=0.953
1 —
04 T ‘[ -[
:
X a4 J_
=)
<
-3 - l
-4 T T T T T
0 0.005 0.01 0.015 0.02 0.025 0.03
BDP molar fraction

Fig. 6. Calibration curve relating the depression of DMPC lipid bilayer transition temperature (7,,) to the concentration of BDP.

microspheres examined. Less PVA was associated
with the batches of microspheres with a mean
diameter > 1 gm compared with batches of lower
mean size. These results confirm that PVA forms
a stable layer at the surface of the particles that is
not eliminated during the isolation procedure.
The deposition of the emitted dose from DPIs
in the oral cavity can cause discomfort to the
patient such as an unpleasant taste, coughing,
candidiasis and gastrointestinal tract side effects
when swallowed (Johansson et al., 1982). In vitro
assessment of deposition is often undertaken us-
ing an inertial particle deposition apparatus. For
example, several formulations of cromylin sodium
and beclomethasone dipropionate have been stud-
ied using such equipment (Holzner and Muller,
1995). The Andersen Cascade Impactor (ACI) is
an official USP method proposed for aerosol par-
ticle size determination (Pharmacopeial Forum,
1992). It provides the greatest resolution in parti-
cle size distribution; however, its operation is
more resource intensive than some other im-
pactors. At an air flow rate of 28.3 I/min, the ACI
permits particles larger than 10 ym to be retained

in the throat and fractionation of the residual
particles onto eight stages with 50% cut-off di-
ameters of 9.0, 5.8, 4.7, 3.3, 2.1, 1.1, 0.7 and 0.4
um, together with a terminal filter (Molina and
Rowland, 1974). Application of the Hinds equa-
tion (Hinds, 1982), enables the ACI to be oper-
ated at a flow rate of 60 l/min when the eight
stages have 50% cut-off diameters of 6.18, 3.98,
3.23, 2.27, 1.44, 0.76, 0.48 and 0.27 ym.

The influence of mean microsphere size on in
vitro deposition in an ACI operating at 28.3 I/min
was examined for nedocromil sodium loaded PLA
microspheres (Table 4). The actuated sample (%
of capsule contents leaving the device) increased
as the mean microsphere size decreased. This
trend was also evident for the fractions depositing
in the ACI of <4.7 and < 3.3 gum. The polydis-
persity of the microspheres (Table 1) resulted in
deposition on stages corresponding to particles
with diameters much less than the mean micro-
sphere size. As the plates in the ACI were not
precoated with an adhesive material, it is possible
that some re-entrainment of microspheres oc-
curred. The appearance of almost one-third of the
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Fig. 7. DSC traces of DMPC transition temperature changes after {a) 0 h. (b) 4 h, (¢) 24 h and (d) 147 h liposome contact at 37°C
with BDP-loaded microspheres containing 0.049 mole fraction of BDP.

Table 2
The influence of BDP loading concentration on % BDP re-
leased after 6 days at 37°C

Drug loading (mole
fraction BDP)

% BDP released after 6 days (mean
and range)

0.033 55.0 (54.7-55.2)
0.049 43.0 (42.0-43.9)
0.070 359 (34.8-36.9)

actuated sample of the small microspheres (2.65
um mass median diameter) in the throat, would
indicate considerable particle aggregation. How-
ever, for this sample, approximately 26% of the
capsule contents were collected on stages corre-
sponding to particles < 3.3 gm and which may be

Table 3

considered as available for peripheral lung deposi-
tion and hence provide the depot for controlled
drug release.

BDP-PLA microspheres not only resulted in
higher drug entrapment than for nedocromil
sodium, but were also of a smaller microsphere
size when produced under identical conditions.
Flow rate has an influence on both capsule emp-
tying and the deposition profile of the aerosolized
particles. An air flow rate of 60 1/min is claimed as
ideal for the Spinhaler® (Sumby et al., 1992). For
a 1.0-um Mmd batch of BDP-PLA microspheres,
60% of the capsule contents were aerosolized of
which 42 and 20% were deposited on stages corre-
sponding to particles <323 and <227 um,
respectively.

The residual PVA in microspheres from batches of different particle size (+S.D.. n=3)

Batch no. Particle mean size (nm) Residual PVA (mg /5-mg microspheres) Residual PVAY (wiw)
1 843 (34.7) 0.35 (0.04) 7.04 (0.88)
2 847 (61.7) 0.33 (0.01) 6.65 (0.16)
3 559 (16.8) 0.36 (0.02) 7.23 (0.32)
4 1133 (31D 0.27 (0.01) 5.31 (0.17)
5 1121 (517) 0.27 (0.01) 531 (017
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