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ABSTRACT

The aim of the present work is to demonstrate teabilities of the continuous
supercritical emulsion extraction technology (SEE#@ the production opoly-lactic-co-
glycolic acid (PLGA) microspheres with an engineered size antfiloligion charged with
different active principles. Indeed, varying the usion formulation and the droplet
dimensions, microspheres charged with differenivagbrinciples and with different mean
diameters can be produced in few minutes by SEPp&ating in a pressure range of 80-120
bar at 38°C with a liquid/gas flow-rate ratio ofLQ/ For all the systems studied, a detailed
characterization of the produced microspheresrmgef morphology and size distribution is
proposed together with a study of the release Ipsoiif the entrapped active principles.

INTRODUCTION

Several products based on active principle-loadeddgradable microspheres have
reached the pharmaceutical market place. Injec@dgpet formulations can provide sustained
and controlled delivery of the active over a peraddveeks or months and thus significantly
increase patients’ comfort and compliance. Althougicrosphere-based active delivery is
attractive from both the market and patient permspec developers of microsphere
formulations face many challenges in achievingdésired product performance and process
efficiency. An important parameter for robust aetiformulation is the microsphere size.
Indeed, many of the challenges in achieving thereproduct performance and process
efficiency are related to the lack of control oyarticle size and uniformity of conventional
microsphere manufacturing methods. There are a aurob techniques in development
designed to overcome issues regarding size andromitly [1]. A novel manufacturing
process called Supercritical Emulsion ExtractioBEp was proposed for the production of
active principle/polymer microspheres with contdllparticle size distribution, starting from
single oil-in-water (o-w)and doublewater-oil-water (w-o-w)emulsions. Particles formation
in emulsion is achieved by removal of the interoeganic oil phase from the emulsion



droplets by extraction using SC-g@2-3]. This technology was first proposed in batch
configuration. The major limitation of SEE batchopess layout, shared with traditional
evaporation processes, is the intrinsically disomuius operation such as problems of batch-
to-batch variability and reduction of the processldy[4-5]. Recently, the Supercritical
Emulsion Extraction process was described in ai@oaotis operating mode (SEE-C) as much
faster and selective than the conventional solegaporation/extraction due to the enhanced
mass transfer, and capable of the production ofarémd sub-microspheres with different
size and distribution in a robust and reproducibtade. The innovative process arrangement
is obtained by using a high-pressure packed towerating in countercurrent, in which mass
transfer between the liquid and the gaseous phageproved by the internal packing
elementg6].

The aim of the present work is to demonstrate #pabilities and the performances of
the continuous SEE-C process for the productiorpalf-lactic-co-glycolic acid(PLGA)
microparticles with an engineered size and distidouand charged with different active
principles. Poly-lactic-co-glycolic acid (PLGA) isa well-know biodegradable and
biocompatible polymer used for controlled releasd BDA approved for injectable devices
production. The extraction experiments have beefopeed using both single-w andw-o-w
emulsions; different PLGA/active principle systemwgere tested. Particularly, anti-
inflammatories drugs (such as Piroxicam and Diclate Sodium), corticosteroids (such as
Hydrocortisone acetate) and peptides and protsimsh(as Samyr and Insulin) were selected
as active principles to be entrapped. For all yfetesns studied, a detailed characterization of
the produced microspheres in terms of morpholog) sipe distribution is proposed on the
different produced devices. Active principles relegrofiles of the microspheres produced
are also proposed to obtain further informationualtloe particles structure.

EXPERIMENTAL METHODS

Materials and Methods

CO; (99.9%, SON, ltaly), polyvinyl alcohol (PVA, Mol tw30000-55000, Aldrich
Chemical Co. ltaly), ethyl acetate (EA, 99.9%, Adtr Chemical Co., Italy), poly-
(lactic/glycolic) acid (PLGA 50:50, RESOMERRG 504H, Mol wt: 38000-54000,
Boehringerngelheim, Germany; PLGA 75:25, Mol wt: 60000-12008drich Chemical Co.,
Italy), Piroxicam (PX, purity 99.9%, Sigma-AldridBo., Milan, Italy), Diclofenac Sodium
(DS, purity 99.9%, Sigma-Aldrich Co., Italy), Sam{@AM, purity 99.9%, Abbott, Italy),
Hydrocortisone Acetate (HA, purity 99.9%, Sigma-Adth Co., Italy), Insulin (INS, purity
99.9%, Sigma-Aldrich Co., Italy) were used as reeei

Emulsion preparation

Singleo-w emulsions (composition ratio: 20:80 w/w) were el dissolving a fixed
amount of active principle-polymer mixture into BAd then, emulsifying it with water/PVA
solutions (0.8% w/w of PVA) using a high-speedrstirfilmod. L4RT, Silverson Machines
Ltd., Waterside, Chesham Bucks, United Kingdomyafpeg at 2.800 rpm for 3 min.
Doublew-o0-w emulsiongcomposition ratio: 1:19:80 w/w/w or 2:18:80, dagdag on the test
performed) were prepared pre-suspending a know ammfuactive principle in 1-2 mL of
water/PVA solution (in the case of Diclofenac SadjiBamyr and Insulin) ar-ethanol/PVA
(in the case of Hydrocortisone acetate) (0.04-0.088& of PVA), that was added into
polymer/EA fixed solutions and sonicated (mod. V@GR4 ibra Cell, Sonics and Materials,
Newtown, Connecticut, USA) at 50% of amplitude 2amin. The primary-o emulsiorwas,



then, added into water/PVA solutions (0.6-0.8%w in water) to form the secondary
emulsion using a high-speed stirrer operated ad 2861 for 3 min (in the case of Insulin) or
6 min (in the case of Diclofenac Sodium, Samyr Hiydrocortisone acetateyJhe extraction
experiments have been performed varying the polyeoacentration from 5% to 10% w/w,
depending on the test performed.

SEE-CM apparatus

The SEE-C process scheme is reportedigure 1. Process equipment consisted of a
packed column where gaseous and liquid phases (&Ca@d emulsion) were contacted
counter currently. The column consisted of thre&raexion stages formed by AISI 316
stainless steel cylindrical sections of 30 cm heiglonnected by four cross-unions. The
column was packed with stainless steel packing8q18* specific surface and 0.94 of
voidage; Pro-Pak, Scientific Development ComparngieSCollege, Pennsylvania, USA) and
thermally insulated by ceramic cloths. Temperapnafile was controlled by six controllers
inserted at different heights of the column by tbmss-unions. A separator located
downstream the column was used for recovering titeaged solvent. A high-pressure
diaphragm pump (mod. Milroyal B, Milton Roy, Pordift-Pierre, France) was used for £O
delivering at a constant flow raté 1.4 Kg/h and a high pressure piston pump (ma®, 3
Gilson, France) was used for feeding the emulstam @onstant flow rate of 2.5 mL/min. A
rotameter and a dry test meter located at theodxtte separator measure the Ow rate
and the total quantity of CQlelivered, respectively. The emulsion was introduaethe top
of the column and the CQvas fed from the bottom of the column. MicrospBesaspension
was continuously collected at the bottom of theaetion column. Then, microspheres were
washed by centrifugation with distilled water, reeced by membrane filtration and dried at
air for further processing. At the end of each ihie, column was washed with distilled water
to eliminate any processing residue from the pagkurface.

Droplets and microspheres morphology and size ibistion

The droplets contained in the emulsions were olesensing an optical microscope
(mod. BX 50 Olympus, Tokyo, Japan) equipped witlplease contrast condenser. The
morphology of the produced microspheres was obdenging a Field Emission-Scanning
Electron Microscope (FE-SEM mod. LEO 1525, Carl s8eiSMT AG, Oberkochen,
Germany). Droplet size distributions (DSDs) andtipkr size distributions (PSDs) were
measured by dynamic light scattering (DLS, mod. telsizer S, Malvern Instruments Ltd.,
Worcherstershire, United Kingdom). Analyses werafqmemed immediately after the
preparation of the emulsion and of the microsplseigpension, using several milligrams of
each sample (corresponding to more than one mitifairoplets or particlespLS tests were
repeated ten times for each sample. Mean droptétigasize and polidispersity index were
calculated for each sample.

Solvent Residue Analysis

The EA content in the suspensions was analyzedeégokcthe efficiency of solvent
removal from the emulsion. The EA residue was measusing a head space sampheod.
50 Scan; Hewlett—Packard, Palo Alto, Californiajgied to a gas chromatograph interfaced
with a flame ionization detector (GC—FID, mod. 68®8@ilent Series; Agilent Technologies
Inc., Wilmington, Delaware). EA was separated usngjlica capillary column 30 m length,
0.25 mm internal diameter, 0.25 pum film thicknes®d. DB-1; J&W, Folsom, California).
The oven temperature in the GC was set to 40°@ fanin. The injector was maintained at



180°C (split mode, ratio 1:1) and Helium was usedh& carrier gas (7 mL/min). Head space
conditions were: equilibration time 60 min at 1@) pressurization time 2 min, loop fill time
1 min. Head space samples were prepared in 10 @ik filled with 3 mL of suspension.
Analyses were performed on each sample in thrdeaégs.
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Figure 1: Schematic representation of the Supercritical Bronl Extraction operating in
Continuous mode (SEE-C) apparatus layout.

Active principle loading and release

Active principle loading refers to the amount otaeered active principle in the
microspheres with respect to the amount initiallyedt Active principle loading was
determined by dissolving a known mass (2.5-10 nfghimgrospheres in 1 mL of a given
solvent. Samples were stirred for minutes or hatrsl0O0 rpm to ensure the complete
dissolution of the polymer. Pure active principlesre also dissolved to verify their stability
in the solvent and no degradation was observed.cbheentration of active principle in the
resulting solution was determined by HPLC (moddd@ 2eries, Agilent Technologies Inc.,
Italy) or by an UV-Vis spectrophotometer (mod. Ca@y Varian, Palo Alto, California).

PX, DS, HA release rates were determined usingUkeVis spectrophotometer.
Aliquots (100 mg) of drug-loaded microspheres wpre-suspended in 2 mL of release
medium and charged into a dialysis sack. Drug selgmofiles were determined in 200 mL of
phosphate-buffered saline (PBS 0.2 M, pH 7.4) omatusly stirred at 100 rpm in a 37°C
incubator to maintain adequate sink conditions. SAMd INS release profiles were



monitored by HPLC. Similarly, dissolution profiles the reference samples of pure active
principle were also monitored for comparison pugoEach analysis was performed in
triplicate and the proposed curves are the mediiggobtained.

RESULTS AND DISCUSSION

SEE-C Process Parameters

In SEE-C processes, processing pressure and tetmgecanditions were selected to
enhance the extraction of the oily dispersed plodigbe emulsion, but also to avoid active
principle or polymer losses by dissolution in SC-.C&hd to avoid the emulsion loss by
washing out in the SC-CGstream. Optimized operating conditions were fotmde in a
pressure range of 80-120 bar at 38°C, accordinttpechigh pressure phase diagram of the
system EA/SC-CQ[7-9]. The liquid and the gas come in contact inside tteran by means
of the packing material; in this case, good sep@aratwere obtained fixing the ratio between
the emulsion and SC-GJL/G) at 0.1. Particularly, the SC-G@nd liquid flow rates used
were 1.4 kg/h and 0.14 kg/h (2.3 mL/min of emul¥jonespectively[6;10]. As a
consequence, in this work, all the emulsions weoegssed using these process conditions.

Examples of Droplets and Microspheres Produced

Single and double emulsions were produced varjiegPLGA % in the oily phase to
obtain droplets (i.e., particles) of different sizdifferent active principle/PLGA systems
were testedA single o-w emulsion was used to encapsulate PX in PLGA, duiké good
solubility of both PX and PLGA in EA. A double-o-w emulsion was used to encapsulate
DF, HA, SAM and INS in PLGA, due to their insolubyl in EA. In the case of double
emulsions, more correctly microcapsules are obthtf@n microspheres, since a shell of
polymer covers the microparticle. Double emulsiarns more difficult to be processed since
the emulsion can be less stable and the particddas be porous; therefore, coalescence
phenomena can happen and a large part of the gmtiveiple can be lost in the aqueous
phase. DSDs and related PSDs parameters of thegsext emulsions are reported in details
in Tables 1.In the same table, the experimental active priecipading, the solvent residue
value of all discussed microspheres and the pgbgdssty index (CV, defined as the ratio
between the standard deviation and the mean sizéheofsame distribution) are also
summarized. PLGA amount in the oily phase was darem 5% w/w (in the case of PX, DF
and HA) to 10% w/w (in the case of SAM and INS).oplets size largely depends on the
PLGA content in the oily phase: an increase of PLkcentage produced larger droplets
and the formation of wider DSDs, when using the esaiispersion shear force and surfactant
concentration; whereas, droplet size is relativelyydependent on the kind of active principle
and emulsion (single or double). The presence @&&R5% w/w produced droplets ranging
approximately between 1.0 um and @r8; in the case of PLGA 10% wi/w the distribution
ranged between 1.5 um and Q. Particularly, mean droplet sizes of 2.1 pm (S® and
4.7 um (SD 2.4) were obtained with PLGA amount$%f and 10% w/w, respectively. The
experimental evidence is that the SEE-C technolpgduced always microspheres with
smaller mean sizes and narrower PSDs than thealropdan sizes and the DSDs of the
starting emulsion, due to a very short processintge.tAs expectedthe increase of the
emulsion droplets size with PLGA concentration et a significant increase in PSDs of
the obtained microspheres. Microspheres obtainech femulsions containing 5% w/w of
PLGA cover approximately a range between 0.5 abduth; microspheres produced from
emulsions containing 10% w/w of PLGA cover a rahgéveen 1.0 and 7/m. The mean



particle size varied from 1.7 uym (SD +0.8) to 4.in (SD *2.1) when the PLGA
concentration was varied from 5% to 10% w/w, reipely. The CV of the microspheres
containing PLGA in concentration of 5% w/w had ay@a higher values of the CV of the
corresponding emulsion; whereas, the CV of the osjgheres containing 10% w/w of PLGA
had a smaller value with respect to the one ofr¢eted emulsion. Shrinking factor values
(SF, defined as the ratio between the mean sizbeoMmicrospheres in suspension and the
mean size of the corresponding droplets in the sion)l were measured in the range 0.5-0.9,
indicating that the particles produced are almdstags smaller than the original droplets.
These results confirm the efficiency of the conbmsi SEE-C process, since all the
phenomena of growing of the particles and theirlesz@ence that can affect the solvent
evaporation process have been avoided. The rea$dhe success of this process are in the
very short processing time of the emulsion. Theesdl residue value (also reportedTiable

1) ranged between 300 and 1000 pphhis value is considerable lower than the ones
(between 2000-3000 ppm) measured in the conventsmieent evaporation process. Indeed,
the continuous process enhances the mass transfeioda better contact between emulsion
and SC-CQ and, therefore, best performances are obtainegl.cbhtinuous processing also
allowed encapsulation efficiencies between 30-9@%the recovery of maximum 85% of the
charged material.

Table 1: Size distribution data of microspheres producedSEE-C usingo-w and w-0-w
emulsions. Encapsulation efficiency and solventitesvalues are also reported. Legend: MS
= mean size; SD = standard deviation; CV = coedfitof variation.

Active principle PX DS HA SA INS
PLC?FA,(;X/”F‘,‘E"ASS'“O“ 75:25 | 75225 | s0:50|  75:25|  50:5¢
Emulsion 0-W W-0-W W-0-W W-0-W W-0-W
% Active principle charged 14 9 1.4 3 0.35
% PLGA 5 5 5 10 10
MS [um] 1.7 1.9 1.8 4.1 3.1
SD [um] 0.8 0.8 0.8 2.1 15
CV [%] 47 42 44 51 48
D1o [um] 0.6 0.7 0.7 1.3 0.9
Dso[Hm] 1.0 1.3 1.1 2.7 1.8
Dgo [um] 1.6 2.3 1.9 4.7 3.3
Solvent residue [ppm] 533 644 938 711 340
Encapsulation efficiency (%) 91 85 50 30 63

The variation of PLGA concentration in the oil ppdsom 5% to 10% w/w produced
emulsions with stable and non-coalescing droplketsillustrated in the optical microscope
image reported inFigures 2a. The correspondent microspheres obtained after SEE-C
treatment ofo-w andw-o-w emulsions prepared with PLGA concentrations of &9d 10%
w/w are reported in the FE-SEM images showrdrigure 2b. Very well-defined spherical,
not agglomerated and uniform in size microsphereeyproduced in the range 80-120 bar at



38°C.
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Figures 2: (a) Optical Microscope (MO) images ©-w and w-o-w emulsiots produced
varying the PLGAconcentration from 5% to 10% w; (b) FE-SEM images of the relate
microsphees produced by SE-C process.



Anti-inflammatory, corticosteroid, protein releageofiles

PX, HA and INS release tests were performed onaspiteres with different mean
sizes (sedable 1) to monitor the efficiency in active principle ealse of the microcomposite
particles produced by SEE-C process. It is knovamnfiiterature[11] that active principle
release from PLGA can be described in two stedfugion through the polymer and bulk
erosion of the polymer itself. These two mechanisas overlap or operate in sequence,
depending on the polymer molecular weight and ngaom the polymer composition, that is
the ratio poly-lactic to poly-glycolic acid (PLA/FG3. PLGA microspheres with a mean size
of 1.7 um (SD = 0.8 um) and with PX effective laagliof 14% w/w were tested for drug
release studies in a release medium of phosphé#ferduli solution (PBS 0.2 M, pH 7.4) with
0.5% Tween-80 at 37°C. The release profile dataegperted inFigure 3, in the same figure
the dissolution rate of pure PX is also reportedcbmparison. Pure PX was dissolved in 350
min. A slower drug release was obtained from loaaéxospheres: i.ethe 85% of PX was
released in 8 days when 14% w/w of PX was chardée. release profile illustrated in
Figure 3a also shows the evidence of two distinct aliquatsout the 50% of the drug seems
available for diffusion; whereas, the remainingtmems to be blocked inside the polymer
and cannot be reached by diffusion alone.

To test the HA release from the SEE-C producedcdsyiPLGA microspheres with a MS of
about 1.8 mm (SD 0.8) and with HA loading of 1.4%wwere studied. The results obtained
are reported ifrigure 3b; in the same figure the dissolution rate of pufeiblalso reported,
for comparison. Pure HA was dissolved in 160 mime Total drug release from microspheres
was obtained in about 6 days when 1.4% w/w of tiheviths charged. In this case all the
charged drug was released prevalently by diffustmtause PLGA with a PGA/PLA
copolymer ratio of 50:50 was used. The overall drelgase times measured for HA were
about half of those measured for PX. This behawiaybe is due to the fact that probably HA
is not blocked into the polymer forming the micrbspes, since these microspheres are
produced using a double emulsion instead of a esiegiulsion. Indeed, it is well know that
microspheres produced starting from double emutsitan be porous due to the presence,
during their formation, of a water internal phakattwill induce the formation of partially
empty structures with micropores distributed inside microsphergl2]. In such porous
PLGA structures, the diffusion of water from thé¢ezral medium is expected to be facilitated
and, consequently, the resulted diffusion timesshceter.
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Figure 3a-c: In vitro release profiles from PLGA microsphereaded with different active
principles:(a) PX 15% w/w,(b) HA 1.4 % w/w andc) INS 0.35% w/w. The release profile
of pure active principles are also proposed in edafram, for comparison.

The Insulin release profile is reportedRmgure 3¢ in the same figure the dissolution rate of
pure Insulin is also reported, for comparison. AM® was completely dissolved in 2 hours.
A slower drug release from microspheres is obtained the 45% of the Insulin was released
in 14 days when the active principle charged was0tB5% w/w. In the first 2 hours the 32%
of the encapsulated Insulin from microspheres. Tigh initial burst release of Insulin is due

to the rapid diffusion of the Insulin moleculesdted on the surface. Further, since Insulin is
a small protein, molecules located even at the abtbe microspheres can diffuse out fast as
soon as the pores are formed due to the water naéinat after incubation. The high initial

burst release was followed by a slow release aribesjuent incomplete release. The
incomplete release observed for Insulin can be tduthe formation of covalent or non-

covalent aggregates during microsphere fabricatratior adsorption of proteins to the PLGA



matrix, as suggested by Manoharan ef{®3]. In general, interactions between PLGA and
encapsulated proteins can be hydrophobic or ekdetio. It has been reported that Insulin
adsorbs to some hydrophobic surfaces resulting rotem unfolding and aggregation.

Interactions between PLGA and the encapsulatedlitngasults in the formation water

insoluble non-covalent aggregates. Thus they are datected during protein content
estimation and do not yield cumulative release.data
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