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Abstract:

Attention has been paid to phase separation oflactide-co-glycolide) solutions in GBI, induced by the
addition of a silicone oil in order to promote piot microencapsulation. Since the process is \ast the
system is anytime out of equilibrium. The effectiod main processing parameters on the microentzjasu
process has been analyzed and has highlighteditieics of the main encapsulation steps has & gféect on
the characteristics of the final microspheres. €hesults have been discussed on the basis ofsicphy
chemical study of coacervation reported in previoagers of this series.
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1. Introduction

Poly (lactic acid) (PLA) and copolymers of lactiedaglycolic acids (PLGA) are well-known biodegratiadnd
histocompatible aliphatic polyesters. They are comiynused as biodegradable sutures [1-3] and theg h
more recently contributed to reconstruction of defit or injured organs and to improved galenicrfalations
[4—6]. In this respect, they have been found slétalb many instances, for the sustained releaskeugfs 'in
vivo', for days or months.

Ring-opening polymerization of lactides and glydelprovides a direct access to the aforementionbegters
[7,8]. In contrast to the traditional step-growttiymerization of lactic and glycolic acids, thislyaddition
mechanism allows for the perfect control of the eaalar characteristics of the final polymer, sushreolecular
weight, polydispersity and end-functionality.

During the last few years, several techniques fag@ncapsulation have been developed, that clynese the
aliphatic polyesters. A large variety of organiclennles have accordingly been encapsulated, thgeriitom
low molecular weight synthetic drugs to biologipabteins [9]. Proteins are efficiently encapsuldigd
modified solvent evaporation method based on doetielsions [10-12] and by a phase separation or
coacervation process.

This paper focuses on the coacervation technid®e15], which relies upon a decrease of the satytf the
coating polymer by addition of a third compoundte polymer solution in an organic solvent. Thenpbis to
be reached where two liquid phases are formedit¢han polymer coacervate and the supernatantdighase
depleted in polymer. If a drug is initially dispedsin the polymer solution, it can be coated bydb&cervate.
As discussed in previous papers [16-18], microesgigion by coacervation proceeds along three stais:
(1) phase separation of the coating polymer salyti®], (2) adsorption of the coacervate arounddituey
particles [17], (3) solidification of the micropites [ 18]. The main characteristic features efsththree steps
have been analyzed elsewhere under standard corgditir the preparation of poly(lactide-co-glycelid
microspheres. A special attention has been paigetght, volume, composition and viscosity of thacervate
and supernatant phases in connection with thedstgbution, surface morphology and internal pdsosf the
final microparticles [18]. Since the phase equilibr is never reached, the system is anytime oagaflibrium.
Therefore, the processing parameters are expeztaave a significant effect on the course of thise-step
process and ultimately on the characteristics efital microspheres.
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The encapsulation technique has been implementet tine following conditions. Dissolution of a ramal
equimolar lactide (LA)-glycolide (GA) copolyestd?l(GA 50/50) in CHCI,. Addition of this coating polymer
solution with an incompatible polymer: a silicoriead several viscosities (1000,500 and 200 cStuéous
solutions ofa-thrombin or BSA, have been dispersed in the potysoéution prior to the addition of the silicone
oil, in view of the encapsulation of these proteidiugs. Compared to these conditions, the effefctus main
processing parameters has been considered inapés:p(1) volume of the dispersed aqueous phageainory
the drug to be encapsulated, (2) addition ratb@fricompatible polymer to the coating polymer 8oty (3)
stirring rate of the dispersion, (4) drug to beapsulated. Each of the experimental parameterbées
modified independently, and its effect on the patymoacervation and the characteristics of thd fina
microspheres (size distribution, external morphg)dtas been analyzed.

2. Materialsand methods
2.1. Materials

The coating polyester was supplied by Boehringegdlheim, Germany), i.e. PLGA 50/50 Resomer®

(RG 505). The 50 mol% composition was confirmed\byR analysis. Inherent viscosity was provided by th
supplier as 0.7 dl/g (PLGA 50/50), although solvemd temperature were undisclosed. Molecular welght
and polydispersity were measured by size exclusimamatography (Hewlett-Packard 1090), in THF,GC3
and found to be 20 000 and 2.2, respectively, fgreace to a polystyrene calibration.

Silicone oils of several viscosity grades (200, 50000 cSt) were purchased from Dow Corning (Seneff
Belgium). Methylene chloride (p.a.) was used asesttl for PLGA 50/50, and indigo carmine (p.a.) ayea
selectively soluble in the dispersed aqueous pfdsey were purchased from Merck (Darmstadt, Germany
Bovine Serum Albumin (A-7906), or BSA, anethrombin (T4648) were supplied by Sigma Chemier(iam,
Belgium) as powdery lyophilisates.

2.2. Methods
Phase diagrams and microscopic observations [16]

2 g of PLGA 50/50 were dissolved in 25 g of methglehloride at 25°C in a flask fitted with a rublseptum.
Various volumes of a saturated solution of indigongine in water (150 uB0Oul, 600ul, 1.5 ml and 3 ml)
were dispersed in the organic solution under magsttring. Phase separation of the polymer sotutvas
induced by the stepwise addition of the 1000 diosie oil (1 ml increments) and followed by obs#ion by
optical microscopy (Leitz-Orthoplan). The encapsataefficiency was estimated from the extent & toating
of the dispersed aqueous phase by the coacervate.

Weight and volume of the separated phases

This method was reported elsewhere [16]. Brieflwt2 solution of the PLGA 50/50 in GB1, (1 g PLGA
50/50) was added into a glass vessel covered ibywéth two holes [12]. The central hole allowedtaring
screw to be connected to a driving motor (IKA tywe (200 rpm) and the four-pitched blade impellersw
located a few millimetres above the bottom of thesel.

The 1000 cSt silicone oil was added to the polysadution throughout the second hole at differeteg418;
5.7; 1.4; 0.65 ml/min). Coacervate and supernatene separated by centrifugation at 3000 rpm iibcated
polypropylene (Falcon) tubes; weight and volumeaxth phase were measured [18].

Preparation of microspheres

This method was detailed elsewhere [18]. PLGA 5@b®05 g) was dissolved in methylene chloride (3)).5

an Erlenmeyer flask fitted with a rubber septumis®olution was poured into a high beaker covesed b
plastic sheet, thermostated at 20°C and stirr@&@@trpm. The aqueous solution containing BSA (7¢) ana-
thrombin (7.5 mg) (20Ql) was then added. After a few seconds, the stjrrade was decreased at 200 rpm and
the (1000 cSt) silicone oil was added to the disiparwith a polypropylene syringe. Finally, the pbaeparated
system was transferred into a high beaker cont@gis® ml of heptane, thermostated at 20°C. Thargirate
was set at 300 rpm. After half an hour, the microgias were washed with 500 ml of heptane andddoig
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lyophilisation. These 'standard' conditions wergtemyatically used in this study, excepted for the f
aforementioned processing parameters that weregeldandependently.

Shape and surface of the microparticles were obddry scanning electron microscopy ( Jeol JSM-840 A
Technics Co, Ltd, Tokyo). Dry microcapsules werevpsusly coated with a ca. 30 nm Au-Pd film under
reduced pressure (Balzer, SCP-20).

Mean diameter and size distribution of the micréipks previously suspended in a saline buffer vearalyzed
with a Malvern Instrument (Mastersizer, S3:01; Wastershire, U.K.).

3. Results and discussion
3.1. Effect of volume of the dispersed aqueouseghas

The observation by optical microscopy of the miemicles prepared according to the standard coatierv
technique [16,17] shows that a large part of themfhiled to encapsulate the dispersed aqueous fdizsled
with a dye. This observation may be the resultroéxcess of coacervate with respect to the dispergaeous
phase or to a mismatching of the water-coacervater-supernatant and coacervate-supernatantaoiaif
tensions, as discussed by Torza and Mason [19].

Table 1: Stability window for the PLGA 50:50/silicone @¢lI000 cSt)/CHC1, system in relation to the relative
volume of the aqueous phase

Aqueous phase/organic phase Stability

(Wt%%o) window?

0.02 27.9-32.4
0.04 29.3-32.9
0.12 26.1-29.8

Awt% of silicone oil with respect to the organic pb@il + polymer+ CkHC1,).

Since we have shown elsewhere that the interplalyeointerfacial tensions in the standard systedeun
investigation was favourable to the coating ofdiepersed aqueous phase by the coacervate [18], it
worthwhile to consider the possible effect of acr@asing volume of the aqueous phase at a convstégiit of
the coating polymer. In this respect, microsphéige been prepared in the presence of increasingres of
dispersed aqueous phase. However, it has beerasedrin a preliminary step, that the phase diagrad
particularly the 'stability window' of the ternasystem is not modified by this parameter. It mustdxralled that
the stability window is a domain in the phase diagmwhere the dispersed aqueous phase is efficiendlied by
the coacervate [13,16]. With respect to this windadven a defect or an excess of silicone oil islutiee coated
aqueous droplets are unstable or aggregated, tashec

The phase diagram for PLGA 50/50 (2 wt% inLH,) and the 1000 cSt silicone oil has been estallishe
reported elsewhere [16], while changing the werglib of the dispersed aqueous phase and the orghase
(0.02; 0.04 and 0.12).

Table 1 shows that the desolvation process isigotficantly affected by the relative volume of tagueous
phase, since the relative amount of the silicohécompared to the organic solution) required teeslie the
'stability window' remains essentially unmodififthis merely indicates that the aqueous phase andrganic
phase are immiscible, otherwise composition ofdtganic phase should be modified and the 'stabilibdow'
as well. Nevertheless, Table 1 shows that theilyalindow' gets narrower when the volume of #igueous
phase is increased, all the other conditions bleépg constant.
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Table 2: Mean size (um) of final microparticles in relatitmstirring rate on dispersion of an aqueous siolut
of BSA in the PLGA solution in GBI, prior to phase demixing

Stirring rate (rpm )  Mean size (Um)

800 40.0+1.5

600 40.2 2.2

500 47.2+1.7

400 51.5+1.9

300 No microparticle

There is accordingly an increased instability & toated aqueous droplets when their volume ig@sed. This
experimental parameter thus affects the seconceptfabe microencapsulation, i.e. the coating mec&his
conclusion is confirmed by the morphology of theafimicrospheres as observed by scanning electron
microscopy. Fig. 1 shows that spherical micropbesi@re observed at the lower aqueous phase cowtegiteas
the particles tend to be deformed when the relaimeunt of the dispersed aqueous phase is increased
Independently of this detrimental effect, it isoejed that the proportion of microparticles loadéth an
aqueous solution of indigo carmine increases wighaqueous phase content. At a 0.12 aqueous plgesgo
phase weight ratio, the microparticles are homogesly stained. At water contents exceeding 0.12,
microparticles become brittle and they spontangoedéase the encapsulated dye solution durimgfiith. This
observation is not surprising, since an increaaimgunt of aqueous phase with respect to the coateemust
result in a thinner polymer coating around the peatated aqueous droplets. As a rough piece ofrirdtion, it
may be calculated that the surface area of aquiropdets of an average size of 20 um changes freo99
dn¥ when the water volume is increased from 0.3 tond.0From previous data about the size distributibthe
coacervate droplets formed in our standard conuit[@8], the surface area of these droplets i8@ain{.
Therefore, the coacervation phase which is ingelaxcess for 0.3 ml of aqueous phase to be catexd
longer enough to encapsulate 3 ml of aqueous dsople

3.2. Effect of the stirring rate

The size distribution of micropatrticles is currgrdependent on the stirring rate of the dispersiahe
emulsion-evaporation technique [20,21]. Stirringudd also affect the issue of the coacervation ggecsince
the phase separated system consists of three ifbiaitiquid phases that tend to decrease rapidyiriterfacial
area by coalescence. Undoubtedly, the encapsuletiicrency and size of the final microspheres withnge
with the size distribution of the aqueous phasethadil droplets, respectively. In order to distnate the
possible effect of these two populations of draptat the encapsulation process, the stirring rateblen
modified either just after the addition of the ague phase to the polymer solution (dispersion stepluring
coacervation of the polymer solution (encapsulasi@p). In the first case, stirring rate shouldtoarthe size
distribution of the water-in-oil dispersion priar the coating process. In the second case, avsizgef the
coacervate droplets should also be controlled bystiiring rate.

Actually, when an aqueous solution of BSA (10 wtdthwespect to PLGA) is dispersed in the polyméutson
at decreasing stirring rates (800-300 rpm), the sfzhe aqueous droplets is qualitatively sedndrease, and
Table 2 confirms that the size of the final micndjodes changes in the same direction. Although #verage
size is not very sensitive to the stirring ratéhia range from 800-600 rpm, it increases signifiyanhen the
rate falls down to 400 rpm. Surprisingly enougha atill lower speed, i.e. 300 rpm, no microsplene be
collected and the coacervate droplets precipifdies lower critical stirring speed might indicatat kinetics of
coating of the aqueous droplets by the coacersgatmoi slow or that bigger coated droplets beconstalnte.

In a second series of experiments, the stirring Inas been kept constant during the aqueous plspsasion
(800 rpm), although it was changed during the #altivf the silicone all, i.e. the coacervation amating steps.
It is then observed that the stability of the coaate droplets rapidly decreases, while their Bizecases as the
stirring rate is decreased. At a stirring rate @ tpm or smaller, the coacervate tends to coakmsdeo settle
down. Table 3 shows that, in a parallel way, thamgize of the final microparticles changes inghme
direction, which supports the assumption that treecervate droplets are the main precursor for the
microparticles and that one coacervate dropletsém@ngulf one aqueous droplet [18].

As a result, the control of the average size ofii@ospheres in a range larger than 1Q160is not
straightforward.
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Fig. 1. Observation by scanning electron microscopy afospheres prepared with an aqueous phase/organic
phase wt ratio of 0.02 (a) and 0.12 (b).

160m W14

Table 3: Mean size ( um) of final microparticles in relatito stirring rate on addition of silicone oil ( @0 cSt)
to promote PLGA coacervation

Stirring rate (rpm) Mean size |(m)

200 40.0+1.5

180 43.1+1.2

150 482+2.1

130 58 +3.1

100 No microparticle

3.3. Effect of the addition rate of the siliconk oi

Kinetics of the phase separation step is an additiparameter that might influence the whole
microencapsulation process that occurs under nailif@ium conditions. Indeed, the instantaneous
concentration of the coating polymer in the supemmizand coacervate phases might be at varianpendiag
on time. Furthermore, the molecular weight distiitnu of the coating polymer in each phase shoufzbdd on
the rate of polymer precipitation, as stated bydsal. [22], and analyzed later by Heinrich andIiM&s8]. At
sufficiently high precipitation rates, polymer cdhrink so quickly that chains are not properstriiuted
between the two phases and a non-equilibrium Higidn may persist until the microsphere solidifica
occurs. These potential effects have prompted ahaok whether the addition rate of the silicorgi@. the
demixing agent, may have an effect on the demigiogess.

Fig. 2 shows that the relative weight and voluméhefcoacervate with respect to the original polyszdution
increase from 6.5 to 7.9% and from 5.35 to 6.6%peetively, when the silicone oil, i.e. the phasgasation
promoter, is added at an increasing rate: 0.6541®im respectively. These figures strongly supploet
conclusion by Heinrich and Wolf [23] that polymeracervation is a non-equilibrated process whatdheway
the phase separation is induced: cooling of thgrpet solution in the study by Heinrich and Wolf Pand
addition of an immiscible polymer in this study.
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In contrast to the two former processing paramethespolymer precipitation rate has an effectlandize
distribution of the coacervate droplets. Fig. 3vehthat this distribution is more uniform at a stwwhase
separation rate. This observation is actuallyrie livith conclusions by Heinrich and Wolf [23] abthe phase
separation mechanism under non-equilibrium conastidJnder conditions close to the equilibrium, ghas
separation would occur by a nucleation and growglchmnism, prone to give dispersed phases of a
homogeneous size. In contrast, a spinodal mechasisntombination of these two mechanisms wouldate
under fast coacervation conditions, accountingafoompletely different size distribution of thepbkssed phase.

Fig. 2. Relative weight (%) and volume (%) of the coactruarelation to the addition rate of the silicoai
(ml/min).
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Fig. 3. Size distribution of the coacervate droplets obsdrat two different addition rates of the silicaik (a)
18ml/min and (b) 5.7 ml/ min.
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Table 4: Mean size of PLGA50:50microparticles (um) in riglatto addition rate of silicone oil and
encapsulated proteins

Addition rate of silicone oi BSA Thrombin
(ml/min)

18 40.0+1.5 38.3+1.1

5.70 39.1+1.1 38.0+£2.0

1.40 50.9 + aggregates No micropatrticles

0.65 53.1 + aggregates No micropatrticles
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The critical addition rate of the silicone oil belevhich no microparticle is formed actually dependsthe
proteinic drug dissolved in the dispersed aquebase: 0.65 ml/min for a BSA solution and 5.7 mlhrfar the
a-thrombin solution (Table 4). This observation Hights the effect of the interplay of the inter-fadensions
between the three phases: aqueous droplets, cateand supernatant phase on the encapsulaticierty.
Indeed BSA is known for a surface activity [24],that the interfacial tension of a BSA aqueoustsmhuagainst
the coacervate and the organic supernatant ptesgeeatively, must be different compared taxghrombin
aqueous solution, all the other conditions beirgslime. Unfortunately, as reported elsewhere {h@&}e
interfacial tensions cannot be measured due teytsiematic formation of a thin film at the interdaas a result
of the interfacial coprecipitation of the proteimdathe coating polyester.

The surface characteristic features of the mictiglas also depend on the polymer precipitatior.ras shown
in Fig. 4 and in agreement with previous data shiglil by Donbrow et al. [25], the particle surfescsmoother
when the silicone oil is added more slowly. Comsifliy with Fig. 3 for the coacervate droplets, Fg.onfirms

a much narrower size distribution of the final rojearticles centered around 40 um when the polymer
precipitation is slow. Furthermore, when the additdf the silicone oil is fast, very small partglagre observed
in the range of 1-2 uFig. 5a), the adsorption of which on the surfatthe large particles is responsible for
the micrographs reported in Fig. 4a. The paraheinge in the size distribution of the coacervatpldits and the
final microparticles when the rate of polymer caaetion is changed gives an additional credit ®dhgin of
the microparticles that has to be found in the epaate droplets.

From all these observations, it appears that mimagsulation by coacervation is a complex prodess t
depends on the interplay of several kinetic paramsetf polymer precipitation is too fast compategolymer
deposition on the surface of the dispersed aquaxaysets, the encapsulation efficiency will inebitgbe poor.
Nevertheless, there is a lower critical coacervataie below which the encapsulation does not oatall. It
must be pointed out that coating of the disperspetaus phase by the coacervate will be as diffasithe
coacervate viscosity will be high. However, in dutahi to this kinetic effect, a high coacervate oisity leads to
a broad size distribution of the coacervate drepetd to microparticles covered with buds. Therfatéal
tension between the coexisting phases may notrimeed as a thermodynamic control of the encapsulali is
worth noting that the silicone oil content of tliead microparticles is far from being negligible 34vt%) as
measured by NMR.

Fig. 4. Observation by SEM of BSA containing microparfigleepared at a silicone oil addition rate of (& 1
mi/min, (b) 5.7 ml/ min.
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Fig. 5. Size distribution of BSA containing microparticigepared with a silicone oil added at (a) 18 mHmi
and (b) 5.7 ml/min.
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4. Conclusions

This study has highlighted the effect that sevmahulation parameters can have on microencapsuldy
coacervation of a coating polymer solution. Thisgaess proceeds along three steps, i.e. phase sepafahe
coating polymer, adsorption of the coacervate erdispersed phase and hardening of the coatingpt¢hbar so
quickly that they are far from equilibrium and theensitive to kinetic influences. So, the additiate of

silicone oil, i.e. the coacervation promoter, hasgaificant effect on the final microspheres amdhe extreme,
it can prevent encapsulation from occurring. Th®raf the dispersed aqueous phase to the oil plyadé¢he
stirring rate when dispersion is carried out alsmlify the fate of the coacervate droplets and thas
encapsulation efficiency. The protein drug to bea@sulated also affects the coating step, becaabarnges the
interfacial tension of the dispersed solution agiaimganic phases. Furthermore, it has been shizsewleere
that the protein can interact with the coating psdy and promote an interfacial complexation [10].

Several experimental observations point out thaicttacervate droplets are the precursor for tla fin
microspheres. Efficiency of microencapsulation bgaervation thus appears to be limited to rathécar
conditions in terms of the system composition ainétics of formulation and implementation. As auleshe
main micropatrticle characteristics can only be rfiediin a limited range, compared to other avadabl
techniques, such as double emulsion (W/O/W) evaioor,avhich is a more versatile technique.
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