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The water-in-oil solvent evaporation method with premix membrane homogenization was investigated
to improve productivity of the preparation of narrowly size-distributed poly(lactide-co-glycolide) (PLGA)
microspheres for rifampicin lung delivery as dry aerosols. Using ethyl acetate as organic solvent, a coarse
oil-in-water emulsion (or premix) was prepared under magnetic stirring and homogenized by extru-
sion through a Shirasu porous glass (SPG) membrane (5.9 wm porosity). Microspheres were obtained
after dilution and solvent evaporation. Formulation parameters investigated were: PLGA concentration,

{)(EéVAvordS: transmembrane pressure and oil:water volume ratio. The optimal formulation parameters were then
Microspheres applied to prepare rifampicin-loaded microspheres. Loaded microspheres were 1.72 +0.16 pm in diam-

eter with a span of 0.86 +0.04 and a rifampicin content of 52 + 6 ug/mg microspheres. Release studies
in phosphate-buffered saline showed a linear release profile with 40% rifampicin release over 4.5 days.
The MMAD of 2.63 pm of freeze-dried microspheres should be suitable for aerosol administration and
delivery into the rat lungs by intratracheal insufflation.
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1. Introduction

Over the past decade aerosol antibiotics have gained clinicians’
interest for the treatment of pulmonary infections by providing
high drug concentrations at the lung target site while reducing sys-
temic exposure and toxicity. Aerosol antibiotic dosage forms that
are used in clinical practice or that are currently under investiga-
tions are aqueous solutions or dry powders (Dudley et al., 2008).
As they provide transient effect, these dosage forms require multi-
ple daily dosing. In addition, the direct contact of the drug particles
or of concentrated drug solutions with the lung mucosa may lead
to adverse effects such as cough, bronchostriction, irritation, etc.
(Westerman et al., 2004; Le Brun et al., 2002). Innovative micro-
sphere aerosols may improve treatment efficiency and tolerance
by providing sustained release and mucosal protection. In addi-
tion they may facilitate the dispersion of therapeutic agents in the
airways, reduce loss by deposition in the oropharynx, and target
specific stages of the respiratory tract (Sakagami and Byron, 2005).
For lower airway deposition microspheres need to be in the 1-5 um
aerodynamic diameter range. Furthermore for a well-controlled
lung deposition and predictable release rates of entrapped drug,
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microsphere diameter should be narrowly distributed (Telko and
Hickey, 2005). The conventional emulsification/solvent evapora-
tion methods commonly used to prepare biodegradable polylactide
(PLA) microspheres generally result in polydisperse microspheres,
due to heterogeneity of emulsion droplet sizes inherent to the
homogenization processes. The direct (or conventional) membrane
emulsification (ME) which consists of the permeation of a dis-
persed phase through a microporous membrane into a stirred or
cross-flowing continuous phase permitted to produce monodis-
perse emulsions and in turn to generate narrowly size-distributed
microspheres (Vladisavljevi¢ and Williams, 2005; Ma et al., 1999).
This method was successfully applied to the preparation of highly
monodisperse rifampicin-loaded PLA microspheres (Ito et al., 2009;
Makino et al., 2004). However, due to a low dispersed phase trans-
membrane flux (typically 0.01-0.1m3 m~2h-1) the direct ME is a
low-productivity process (Vladisavljevi¢ and Williams, 2005). The
premix ME, or membrane homogenization, method which consists
of the size reduction and homogenization of a coarse emulsion,
the so-called premix, by extruding it through a porous mem-
brane allowed for higher transmembrane flux (generally above
1m3m~2h-1). However, higher productivity was obtained at the
expense of droplet monodispersity, which was corrected by repeat-
ing homogenization cycles (Vladisavljevic et al., 2004). This method
was recently used for the preparation of relatively narrowly size-
distributed PLA microspheres by applying 1 (Wei et al., 2008)
or 11 (Sawalha et al., 2008) homogenization cycles. The aim of
the present work was to produce rapidly, using the premix ME
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method, monodisperse rifampicin-loaded microspheres to be used
ultimately as dry aerosol for the treatment of lung infection.

2. Materials and methods
2.1. Materials

Resomer® RG 502 H (poly(p,L-lactide-co-glycolide) 50:50
(PLGA), inherent viscosity of 0.19dl/g (25°C, 0.1% in chloroform))
was supplied by Boehringer Ingelheim (Ingelheim, Germany). Ethyl
acetate (EA) and dimethyl sulfoxide (DMSO) were obtained from
Sigma. Polyvinylalcohol (PVA) 72000 (degree of hydrolysis >98%)
was provided by Merck Schuchardt. Purified water was produced
using a MilliQ gradient® Plus Millipore system.

2.2. Methods

2.2.1. SPG porous membrane cleaning and conditioning

SPG membranes were cleaned under sonication as follows:
30min in detergent solution, 2 h in ethyl acetate, then 2h in 2M
hydrochloric acid. They were finally rinsed with purified water.
For conditioning before emulsion homogenization SPG membranes
were water-bath sonicated for 30 min in the continuous phase used
to prepare microspheres.

2.2.2. PLGA microsphere preparation

A coarse emulsion or premix (total volume=10mL) was first
prepared by mixing under magnetic stirring (200 rpm for 5 min)
the dispersed phase, a PLGA solution in EA (3-30wt.%, 1.5-5mL),
with the continuous phase and a 3% (m/v) PVA solution (8.5-5 mL)
saturated with EA (8.5vol.%). Then the premix was subjected to
homogenization cycles (up to 6) in an open system under posi-
tive transmembrane pressure APy, (10-500 kPa) using an external
pressure-type micro-kit emulsification device (SPG Technology,
Sadowara, Japan) equipped with a Shirasu porous glass (SPG) mem-
brane (5.9 wm pore size, MCTech, Korea). The obtained emulsion
was poured quickly into 100 mL 0.4% (w/v) PVA solution and left
under magnetic stirring (500 rpm) for 4 h to allow EA evaporation.
Microspheres were collected by centrifugation (280 x g for 15 min),
washed three times with purified water, and freeze-dried.

Formulation parameters that were investigated as their effects
on microsphere size and span were: PLGA concentration, volume
percent ¢ of dispersed phase, homogenization cycle number, and
transmembrane pressure APgy.

2.2.3. Rifampicin-loaded PLGA microsphere preparation

To prepare rifampicin-loaded PLGA microspheres the proce-
dure was similar as in Section 2.2.2, except that rifampicin was
dissolved in the organic phase at the concentration of 1wt.% and
that the pH of the continuous aqueous phase was adjusted to
4 using 2M hydrochloric acid. For rifampicin content determi-
nation, freeze-dried rifampicin-loaded PLGA microspheres were
dissolved in DMSO. The rifampicin content was determined at
485 nm using a Varian Cary 50 UV-Visible spectrophotometer, with
a rifampicin calibration curve (0.004-0.050 mg/mL concentration
range in DMSO). Entrapment efficiency (%) was calculated as the
percent ratio of the determined content to the theoretical content
calculated considering a 100% entrapment efficiency. Yield (%) was
calculated from the recovered mass of freeze-dried microspheres
versus the initial weight of rifampicin plus PLGA.

2.2.4. Microsphere sizing

Microspheres were dispersed in purified water and analyzed
using laser light diffraction (Microtrac® X100 particle size ana-
lyzer). Particle size was expressed as the mean diameter of the

volume distribution (Dy) calculated by the PSA software (version
9.0g) according to Eq. (1):

Z Vidi
Dy = 1
17 (1)
where V; is the volume percent in channel size and d; the channel
diameter.
The width of microsphere size distribution, or span, was calcu-
lated according to Eq. (2) (Vladisavljevi¢ and Schubert, 2003).

dgo — dio )
dso
where dqg, dso and dgg are the diameters corresponding to 10, 50
and 90 vol.% on a relative cumulative microsphere size distribution
curve.
Microsphere size distribution was considered as satisfactory
(i.e., narrow size distribution) for span values below or equal to
1.

span =

2.2.5. Aerodynamic property evaluation

Freeze-dried microsphere powder was aerosolized using a
Model DP-4 dry powder insufflator™ for rat (PennCentury Inc.,
USA) with 2.5mL of air contained in a syringe connected to the
device. The resulting aerosol was analyzed at room temperature
using a 7-stage NGI cascade impactor (Copley Scientific) fitted
with a preseparator and connected to a Copley HCPS pump. Col-
lection cups were coated with silicon oil and airflow rate was
set at 30 L/min. Several insufflations were carried out in order to
deliver approximately 20 mg freeze-dried microspheres into the
NGI. Microspheres collected on each cup were dissolved with 1 mL
DMSO for rifampicin determination as in Section 2.2.3. The cumula-
tive mass fractions versus log aerodynamic diameters plot allowed
the calculation of the mass median aerodynamic diameter (MMAD)
and of the respirable fraction (i.e., 1-5 wm aerodynamic diameter
cumulated fractions in percentile).

2.2.6. Microscopy

Microspheres were observed with an optical microscope (Zeiss
Axioscope A1). The microsphere surface was examined by scanning
electron microscopy (SEM) using a JSM-840A JEOL electron micro-
scope at 15kV, after gold-sputtering the microspheres in argon
atmosphere.

2.2.7. Invitro drug release study

Rifampicin-loaded microspheres (amount corresponding to
100 pg/mL rifampicin concentration) were incubated at 37 °C and
under magnetic stirring in 8 mL phosphate buffer saline (PBS), pH
7.4, containing 1% (m/v) ascorbic acid as antioxidant. For rifampicin
release determination the microsphere suspension was centrifuged
(10 min, 160 x g) and 100 L of supernatant was collected for
rifampicin quantification by HPLC as previously described (Tewes
etal., 2008).

3. Results

3.1. PLGA microsphere preparation and effects of formulation
parameters on microsphere size distribution

3.1.1. Effect of homogenization cycle number

Fig. 1 is a representative observation of emulsions and resulting
microspheres. The premix coarse emulsion was heterogeneous in
size (Fig. 1A) resulting in large polydisperse microspheres (Fig. 1D).
From homogenization cycle number 1 to cycle number 6 emulsions
and microspheres were gradually homogenized and reduced in size
(Fig. 1B-F). The sizing of microspheres derived from these emulsion
(Fig. 1G-I) confirmed the microscope observations, with broad size
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Fig. 1. Optical micrographs of a representative premix emulsion (A), of membrane-homogenized emulsions after 1 homogenization cycle (B) and after 6 homogenization
cycles (C), and of the deriving microspheres (D-F) with their respective size distributions (G-I). Experimental conditions: 3% wt.% PLGA concentration in EA, ¢ =30vol.%,
200 rpm magnetic stirring for 5 min for premix preparation, and homogenization cycles performed at critical transmembrane pressure P.. For further details see text.

distribution centred on Dy = 104 wm (span = 1.60) for microspheres
derived from premix emulsion, multimodal size distributions for
microspheres derived from emulsion obtained after 1 homoge-
nization cycle (Dy =4.54 pm, span = 1.88) and narrowly distributed
diameters for microspheres derived from emulsions obtained after
6 homogenization cycles (Dy = 1.20, span = 0.50).

3.1.2. Effect of PLGA concentration and of the cycle number on
critical pressure P.

Except at the 1st homogenization cycle, higher PLGA concen-
tration resulted in higher transmembrane pressures P¢ (Fig. 2). Pc
increased almost linearly with homogenization cycle number. At
a 30 wt.% PLGA concentration, a 6th cycle could not be performed
due to PLGA precipitation within the SPG membrane. Microsphere
diameter decreased significantly after the 1st cycle and apparently
stabilized from the 3rd homogenization cycle (Fig. 3). The span
values also stabilized from the 3rd cycle, with a targeted span
value of 1 or below obtained only with a 3 wt.% PLGA concentra-
tion.

3.1.3. Effect of constant transmembrane pressure

At a 3wt.% PLGA concentration, transmembrane pressure of 50
or 75 kPa resulted in similar particle sizes (final Dy around 2 um)
and span values (around 1 from the 4th cycle) (Fig. 4). However,
a transmembrane pressure of 150 kPa led to higher microsphere

250+

200

150

100

Critical pressure Pc (kPa)

50 4

0 T T T T T
0 1 2 3 4 5

Homogenization cycle number

o -

Fig. 2. Effect of PLGA concentration and of the cycle number on critical transmem-
brane pressure P.. Experimental conditions: 3 () or 30 (a) wt.% PLGA concentration
in EA and ¢ =30vol.%. For further details see text.



64 T.V.P. Doan, J.C. Olivier / International Journal of Pharmaceutics 382 (2009) 61-66

Span

D, (um)

& &
b

¢
*

0 T T T T T 1
0 1 2 3 4 5 6

Homogenization cycle number

Fig. 3. Effect of PLGA concentration on mean volume diameter (Dy) and span of
microspheres. Experimental conditions: 3 (4), 15 (W) or 30 (a)wt.% PLGA concen-
tration in EA and ¢ =30vol.%. For further details see text.

diameters (final Dy around 4 pwm) and unacceptable span values
(around 2).

3.1.4. Effect of volume percent ¢ of dispersed phase

At a constant pressure of 75kPa and a 3 wt.% PLGA concentra-
tion, increasing ¢ from 15 to 50vol.% resulted in an increasing
Dy and span values (Fig. 5). With ¢ of 15 or 30vol.% Dy were
1.73+£0.31 and 2.18 £ 0.22 m, respectively, with satisfactory span
values (0.76 +0.10 and 0.96 +0.05).

6 1
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~ o o =)
1 1 1 1 1 1 1

Homogenizationcycle number

Fig. 4. Effect of constant transmembrane pressure AP, on mean volume diameter
(Dy) and span of microspheres. Experimental conditions: APy, =50 (¢), 75 (W), 100
(a) or 150 (@)kPa, 3wt.% PLGA concentration in EA and ¢ =30vol.%. For further
details see text.
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Fig. 5. Effect of ¢ on mean volume diameter D, (a) and span (O) of microspheres
(means +SD, n=3). Experimental conditions: 3wt.% PLGA concentration in EA,
APy, =75kPa and 6 homogenization cycles. For further details see text.

3.2. Rifampicin-loaded PLGA microspheres

Rifampicin-loaded PLGA microspheres were prepared under a
transmembrane pressure of 75kPa, with ¢=15 or 30vol.% and
with 3 and 1wt.% PLGA and rifampicin respective concentrations
in EA. With ¢ =15 vol.% rifampicin-loaded PLGA microspheres had
size distribution profiles similar to those of unloaded PLGA micro-
spheres (1.72 £0.16 m Dy, 0.86 + 0.04 span value). However with
@=30vol.% larger microspheres (4.29+0.76 wm Dy) and broader
size distribution (2.34 & 0.69 span value) were obtained. Further-
more, nanospheres of around 300 nm, cumulating a volume fraction
of around 5%, were found in the preparations. Electron micrograph
(Fig. 6) of rifampicin-loaded microspheres prepared at ¢ =15 vol.%
confirmed the presence of narrowly size-distributed microspheres
and of a small fraction of nanospheres. Drug loading and entrap-
ment efficiency were 52 + 6 pug/mg microsphere and 20.8 +2.4%,
respectively, with a yield of 48.8 + 3.6%.

Aerodynamic assessment with NGI gave a MMAD of 2.63 wm
and a respirable fraction of 54% (i.e., aerodynamic diameter
between 1 and 5 pm). Release profile was roughly linear over 4.5
days with about 40% of the rifampicin content released (Fig. 7).

Fig. 6. Scanning electron micrograph of rifampicin-loaded PLGA microspheres.
Experimental conditions: 3 wt.% PLGA and 1 wt.% rifampicin concentrations in EA,
@=30vol.%, APy, =75kPa and 6 homogenization cycles. For further details see text.
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Fig. 7. In vitro release of rifampicin in PBS, pH 7.4, from 2.2 mg rifampicin-
loaded microspheres/mL corresponding to 100 wg/mL rifampicin (means+SD,
n=3). Experimental conditions for microsphere preparation: 3 wt.% PLGA and 1 wt.%
rifampicin concentrations in EA, ¢ =30vol.%, AP, =75kPa and 6 homogenization
cycles. For further details see text.

4. Discussion

Formulation parameters were first investigated preparing
unloaded PLGA microspheres. The premix membrane homogeniza-
tion process was studied at critical pressure P, i.e., the minimal
transmembrane pressure APy, at which the inner phase droplets
flow through the membrane into the continuous aqueous phase,
irrespective of their size (Vladisavljevic et al., 2004). For toxic-
ity and environmental concerns, the class-3 ethyl acetate (EA)
solvent was used as organic solvent in place of the more toxic
class-2 dichloromethane (Sah, 1997). As shown in Fig. 1 emul-
sion was gradually reduced in size and homogenized with an
SPG membrane of 5.9 pm pore size, resulting in narrowly size-
distributed microspheres. Six homogenization cycles and 10 mL
emulsion (containing 3-5 mL dispersed phase) could be prepared
within 1h and the resulting microspheres were about 1-2 um
diameter. Except at the 1st homogenization cycle, critical trans-
membrane pressures P. were shown to be higher with a higher
PLGA concentration (Fig. 2). In addition P, gradually increased as
cycle number increased. Vladisavljevic et al. (2004) hypothesized
that transmembrane pressure APy, has to overcome the resistance
to flow within the membrane pores and the droplet interfacial ten-
sion forces, which can be described by Eq. (3):

Aptm = APﬂow + APdisruption (3)

These authors showed that, at constant APy, as the homog-
enization cycle number increased and the emulsion droplet
size decreased, the energy needed for disrupting droplets, i.e.,
APyisruption, decreased down to zero (i.e., when droplet size reached
a steady-state minimum), whereas APq,,, increased up to reach-
ing the whole pressure drop APy, resulting in a parallel increase
in the transmembrane flux. In the present work however, a gradual
increase in critical pressure P, was observed over the 6 homog-
enization cycles (Fig. 2). The evaporation of ethyl acetate during
the process carried out in an open system, resulting in an increase
in PLGA concentration, may account for an increase in viscos-
ity of the inner phase which impacted (increased) both APqgw
and APg;sruption- The impossibility of performing 6 homogenization
cycles with a PLGA concentration of 30 wt.% due to polymer pre-
cipitation within the SPG membrane corroborated this hypothesis.
Whatever the PLGA concentrations, 3 or 4 homogenization cycles

resulted in minimal span values (Fig. 3), in agreement with pre-
vious studies on emulsion preparation (Vladisavljevic et al., 2004,
2006). Satisfactory span values (i.e., equal to or below 1) were only
obtained for a 3 wt.% PLGA concentration.

As operating at P required a tedious setting of pressure (to
be repeated at each homogenization cycle) and resulted in a
slow transmembrane flux permitting ethyl acetate evaporation,
the homogenization process was studied at constant APy, over
a 50-150kPa range (i.e., beyond the critical pressure determined
at the 1st cycle, see Fig. 2), and was evaluated regarding micro-
sphere Dy and spans. In all pressure conditions 6 homogenization
cycles could be performed within 30 min. Higher APy, resulted in
higher Dy and span. Span values were satisfactory at APy up to
75KkPa (Fig. 4). Further studies showed that at a APy, of 75KkPa,
Dy and span increased as the volume percent ¢ of dispersed phase
increased (Fig. 5) and that satisfactory span values were obtained
with ¢ values up to 30 vol.%. Beyond APy, of 75 kPa or ¢ of 30 vol.%,
an increase of shear stress forces may induce droplet collision and
fusion (Jafari et al., 2008), resulting in larger microspheres with
unsatisfactory span.

Based on these studies, rifampicin-loaded micropheres were
prepared applying the optimal conditions found for unloaded
microspheres. Microspheres of a Dy of 1.72 +0.16 pm with a sat-
isfactory span of 0.86 + 0.04 were obtained with ¢ of 15vol.%. Size
analysis indicated the presence of a small fraction (less than 5% in
volume) of 300 nm-diameter nanospheres, which was confirmed
by SEM observation of freeze-dried preparation (Fig. 6). SEM further
showed that microspheres were spherical and non-aggregated.
The rifampicin content was 52 + 6 g rifampicin/mg microspheres
which corresponded to an entrapment efficiency of 20.8 +2.4%. It
was in agreement with previous works carried out applying the
conventional solvent evaporation method (i.e., emulsification by
high shear homogenizer) and dichloromethane as organic solvent
(O’Hara and Hickey, 2000) though using a higher rifampicin-to-
PLGA initial weight ratio (0.50) than in the present work (0.33).
Preparing microspheres with the conventional ME method and
dichloromethane as organic solvent, Ito et al. (2009) obtained a
similar rifampicin content with a rifampicin-to-PLGA initial weight
ratio of 0.10 (therefore with a higher entrapment efficiency) and
Makino et al. (2004) obtained up to 150 pg/mg rifampicin loading
with a ratio of 0.20. Therefore, in addition to a lower rifampicin
ethyl acetate/water partition coefficient (log Pgaj =0.9) compared
to dichloromethane/water partition (logPpcvyw 1.9) (Ito et al.,
2009), the premix emulsification process itself, by prolonging
mixing before solvent extraction and microsphere solidification
may have facilitated drug diffusion into the aqueous phase. The
rifampicin content should be adequate for lung administration as
microsphere aerosol. Considering a dosing of 1-2 mg rifampicin/kg
for therapeutic activity (Suarez et al., 2001), the amount of micro-
spheres to be administered into the lungs of a 250-g rat would be
4.8-9.6 mg, which is acceptable. Using a PennCentury™ insufflator
as aerosolizer, the MMAD was determined to be 2.63 pm, a value
suitable for delivery in the rat lungs by intratracheal insufflation
(Bosquillon et al., 2004). Release profiles in phosphate-buffered
saline showed a steady release over 4.5 days. with a 40% release
of entrapped rifampicin which should permit a sustained release
of rifampicin after delivery into the lungs (Fig. 7). Release profile
optimization will be conducted, based on in vivo pharmacokinetic
and pharmacodynamic evaluations.

5. Conclusion
Premix membrane homogenization permitted to prepare

monodisperse rifampicin-loaded microspheres with sustained-
release profiles and adequate aerodynamic properties for lung
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delivery by intratracheal insufflation in rats. The homogenization
process (with up to 6 cycles) could be carried out within less than
30 min, which greatly improved productivity compared to conven-
tional membrane emulsification.
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