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Abstract

In the present work, methods used to microencapsulate Human Serum Albumin (HSA) in a biodegradable polymer were compared for their effect
on the physicochemical characteristics of HSA-loaded microparticles and on the release and integrity of encapsulated HSA. The polymer use
was polyp,L-lactide-co-glycolide) (75:25) (PLGA) (Boehringer Ingelheim, Resomer RG 752, MW 20,900). Microparticles were formulated by (i)
w/o/w emulsification and freeze-drying (EFD) or (ii) w/o/w emulsification and spray-drying (ESD). Particle morphology and size were evaluated
by scanning electron microscopy and by laser diffraction analysis. Loading, encapsulation efficiency and protein release were determined usin
a commercial protein assay kit. Protein integrity was evaluated by sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS—PAGE
analysis. Particles produced by emulsification/spray-drying exhibited greater diversity in shape than those produced by emulsification/freeze
drying. Additionally, protein loading values were significantly higher for particles produced by emulsification/spray-drying rather thas particl
produced by emulsification/freeze-drying. The structural integrity of encapsulated protein was confirmed for particles produced by both processe:
The fraction of HSA released was similar for both formulations. The emulsification/spray-drying technique described appears to be a rapid anc
efficient method for the preparation of PLGA microparticles loaded with a model protein.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (McGee et al., 1997 The choice of polymer is dependent
on several factors including desired degradation rate, poly-
The number of peptide and protein-based drugs approved byer molecular weight, desired microsphere particle size and
regulatory authorities for human use has increased significantlgrystallinity.
in recent years. In general these drugs are more potent and haveThe most commonly employed method to achieve protein
poorer solubility then traditional agents and are generally noencapsulation into the matrix of bioerodible polymers is the so-
effective after oral administration because of their low bioavail-called water-in-oil-in-water (w/o/w) techniqu®©g@awa et al.,
ability. The application of biodegradable and non-biodegradablé988; Boury et al., 1997; Bouissou et al., 2D0dther tech-
polymers for the design of controlled-release delivery systemaigues such as spray-dryinglanco-Preto et al., 199pand
for peptides and proteins is well documented in the literaturgphase inversion nanoencapsulati®@aiidor et al., 20Q1have
(Alonso et al., 1993; Johnson et al., 1996; Yamaguchi et al.also been examined.
2002. The aim of this work was to investigate the influence of
The commonly used polymers in the area of sustained delivpost-emulsification drying processes on the physicochemical
ery systems include poly-lactide/glycolide at ratios of 50:50characteristics of microparticles fabricated from PLGA 75:25
(Capan et al.,, 1999; Chen et al., 2001; Jiang et al., R002encapsulating a model protein, Human Serum Albumin (HSA).
65:35 (Yang et al., 200)) 75:25 Mehta et al., 1996and 85:15 In the current study the protein was formulated in a water-
in-oil-in-water emulsion formulation followed by freeze- or
spray-drying. The effect of the microencapsulation technique
* Corresponding author. on the morphology of HSA-loaded microparticles and on the
E-mail address: majella.lane@ulsop.ac.uk (M.E. Lane). release and structural integrity of the encapsulated protein
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was subsequently evaluated. The PLGA polymer selected wasg rate of 10C per minute with average sample weights
PLGA 75:25 as PLGA polymers of this grade have previouslyof 6 mg.

been shown to sustain protein release over extended periods

(Chenetal., 1997; Cleland et al., 1997 2.4. HSA loading

2. Materials and methods Determination of loading and encapsulation efficiency was
o ] _ carried out after HSA extraction from microparticles. HSA
The PLGA copolymer used in this study comprised of lacticyyas extracted from microparticles using a modified alkaline
and glycolic acids in the ratio 75:25 lactide/glycolide (Resomerhydrolysis extraction method reported previoushiofa et
RG 752, MW 20,900, Boehringer—lngelheim,Germany).HumaraL, 1990; Jeffery et al., 1993; Sharif and O’Hagan, 995
Serum Albumin (HSA) protein and all other chemicals |n prief, 10-15mg of microparticles accurately weighed,
were obtained from Sigma (Poole, UK) unless otherwisgyere shaken overnight with 3ml of 5% (w/v) sodium dode-

indicated. cyl sulphate (SDS) in 0.1M sodium hydroxide solution
_ o . (NaOH/SDS). Following centrifugation at 4080g for 10 min,
2.1. Formulation of protein microparticles 1ml was removed and assayed to determine HSA con-

centration which was measured using a Micro-BCA assay

HSA loaded microparticles were manufactured using (i)(pierce, Rockford, IL). All determinations were conducted in
emulsification/freeze-drying (EFD) and (i) emulsification/ yiplicate.

spray-drying (ESD):

2.5. SDS-polyacrylamide gel electrophoresis (SDS—PAGE)

() EFD particles: a modified w/o/w double emulsion tech- ;
of extracted protein

nigue as described elsewhedeffery et al., 1993; Uchida et

al., 1995, McGee etal., 19pWas used. Briefly, 2 ml of HSA Agqueous samples of protein extracted from microparticles
(2 mg/ml) was dissolved in deionised water and emulsified g P P P

with a 5% (wA) solution of PLGA in dichloromethane, Were analysed using (SDS-PAGE) as described dgmmii
. 4 (1970) using an electrophoresis unit (Atto, Tokyo) with 5%
The resulting mixture was slowly added to 11 of 1% PVA . ; .
. i . : . stacking gels and 10% resolving gels for the detection of the
and further emulsified using a Silverson L4R Mixer (Sil- ; ; .
. . HSA protein. Polyacrylamide gels were run for approximately
verson, Bucks, UK). After solvent evaporation by stir- ; ; . L
: ; - 2hat80Vand protein bands were detected using a silver staining
ring at a controlled temperature for 12 h, microparticles

were recovered by centrifugation and were subsequentlg/EChnlque Pandey etal., 2000

washed three times in deionised water. Microparticles were

then lyophilised by immersion in a Hetofrig cooling bath 2-6- In vitro release of HSA

(Heto) for 15 min, transferred to a Hetosicc CD52 freeze- _ ) ) _

drier (Heto) and left overnightqConnor and Corrigan, In vitro protein release studies were conducted as previously

2001). describedanyam et al., 20Q3Release studies were carried out
(i) ESD particles: wiolw emulsions were prepared in the in a phosphate buffer solution (Sgrensons PBS, pH 7.4, Pharma-

same manner as for the EFD particles. Dispersions werg€utical Handbook). A quantity of protein-loaded microspheres

spray dried in a Buchi mini Spray Dryer Model 191 (50mg)was suspended in 50 ml of PBS buffer in 100 ml conical

(Buchi Laboritorium-Technik, AG, Flawil, Switzerland) flasks Gahetal., 1994; Coombes etal., 1p981e samples were

using an inlet temperature of 78/7@, an outlet temper- incubated at 37C in a shaking water bath. The triplicate release

ature of 50°C, an aspirator rate of 75%, a pump rate of (eSts were sampled at predetermined intervals. An amount of
10% and an airflow rate of 600 NLR (Corrigan et al., 2 ml samples were removed and centrifuged at each sampling

2003. time. An amount of 1 ml of the buffer was removed and assayed
for protein release using a protein assay kit (Pierce) and samples
2.2. Microparticle characterisation analysed with a Genesys 5 spectrophotometer. After each sam-

ple collection, the sample PBS was replaced with fresh buffer.

For morphological examination, the microparticles wereAnalyses were conducted in triplicate.
viewed using a Hitachi S-7000 scanning electron microscope
(Hitachi, Japan). The particle size of the microparticles wag.7. Statistical analysis
determined by laser diffraction using a Malvern 2600 particle

size analyser (Malvern, UK). Differences in particle size, loading and encapsulation effi-
ciency were analysed by the Mann-Whitriéyest. The effects
2.3. Differential scanning calorimetry of incubation time on % recovery were analysed using the

Kruskal-Wallis test followed by Dunn'’s test to determine indi-
Microparticles containing protein and empty microparticlesvidual differences. Differences in cumulative amounts of protein
were characterised by DSC (Differential Scanning Calorimereleased were evaluated by the Mann-Whitbetest. Differ-
ter 82F, Mettler Toledo) in the range of 0-25C at a heat- ences were considered significanpat0.05.
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Fig. 2. (a) Scanning electron micrograph of typical empty microparticles pro-
Fig. 1. (a) Scanning electron micrographs of empty microparticles produceduced by ESD. (b) Scanning electron micrograph of typical protein-loaded
by EFD. (b) Scanning electron micrographs of protein-loaded microparticlesnicroparticles produced by ESD.
produced by EFD.
microparticle batches at least 90% of the microparticles were
less than 1@um in diameter, in line with the findings &aras et
al. (2000)where similar particle dimensions for protein-loaded
PLGA microparticles produced by spray-drying of a w/o emul-
sion were reported.

3. Results and discussion
3.1. Microparticle morphology and particle size

The morphology of empty microparticles formed via EFD ) ) ] )
is illustrated inFig. 1a and b. Empty microparticles manufac- 3-2- Differential scanning calorimetry
tured by EFD were spherical and similar in shape and mor- ) o
phology to protein-loaded microparticles. Micrographs revealed F19- 3 illustrates the thermal characteristics of the polymer
that protein-loaded microparticles produced by EFD were manRCG 752, eémpty microparticles manufactured via EFD, protein-
ufactured with relatively smooth surfaceid. 1b). Unloaded loaded microparticles mgnufactured viaEFD a_nd a physical mix
particles produced by ESD are illustratecFiig. 2a and appear of Human S_erum AIbum_n and polymer blend in the same ratio
fragmented with no characteristic morphology. Micrographs2S the loading of protein in particles.
of protein-loaded spray dried microparticleSig. 2b) show
toroidal shaped microparticles with a greater diversity in shapefadle1 _ _ . _ _
Particle size will influence polymer degradatidbupne et Particle size data, Ip_admg and encap;ulatlon efﬂmenc_:_y for m@opgrﬂcles pro-
. . . duced by (i) emulsification/freeze-drying (EFD) and (ii) emulsification/spray-
al., 2000 as well as the potential for uptake of the microparti- drying (ESD)
cles by phagocytosifhsan et al., 200R The average median
particle size valuesl(v, 0.5)] for EFD particles were deter-
mined as 6.63-0.21um in agreement with the SEM images.
The [D(v, 0.5)] values for the ESD particles were determinedEFD 6.65+£0.20 11.64£1.58 58.20:7.92
as 3.46+ 0.51pum and were significantly different from the ESD 3.46£031 16.89£0.36 84.45:1.85
values for the EFD particlesxE0.05, Table ). In all of the  Data are means S.E.M. for three batches.

Process Particle size, Loading (.g HSA/mg Encapsulation
D(v, 0.5) (wm) microparticles) efficiency (%)
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Fig. 3. (a) DSC scans of: (a) RG 752, (b) empty microspheres, (c) protein-loaded microspheres manufactured by EFD, (d) physical mix of protene&itd)poly
DSC scans of: (a) PLGA 752, (b) empty microspheres, (c) protein-loaded microspheres manufactured by ESD, (d) physical mix of protein and polymer.

Representative DSC traces showed a glass transition terticles manufactured via ESD and a physical blend of polymer and
perature for RG 752 at 52.0€. For empty microparti- protein were further examined by DSC analy$igy( 3). The
cles and protein-loaded microparticles manufactured via EF@lass transition temperatures for PLGA 75:25, empty micropar-
endotherms at 51.19 and 4943 were observed. The blend of ticles, and the protein polymer blend were 51.94, 52.31 and
protein and polymer exhibited an endotherm at52@.Fncap- 51.84°C, respectively. Protein-loaded microparticles manufac-
sulation of protein in polymer resulted in a slight reduction oftured via ESD showed an endotherm of 4825the lower glass
the Ty of the polymer which might be attributed to the disper- transition temperature again possibly reflecting the presence of
sion of the protein in the polymer matrix. This protein Humanthe encapsulated protein in the polymer.
Serum Albumin exhibits a broad endotherm with a glass transi-
tion of 78.6°C (not shown). There was no evidence of a similar3.3. Loading and encapsulation efficiency
broad endotherm in any of the protein polymer blend possibly
because of the relatively low amounts of protein relative to poly-  Analysis of loading and encapsulation efficiendplfle J
mer (<2%, wi/w). indicated that the encapsulation efficiency for particles produced
The thermal characteristics of the polymer RG 752, emptyoy ESD was significantly higher (84.451.85%,« =0.05) as
microparticles manufactured via ESD, protein-loaded micropareompared with particles produced by EFD (5828.92%). The
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lower values for EFD microparticles may reflect a greater loss ofured by EFD (lane 3) and from microparticles manufactured
protein to the external aqueous phase during the longer dryingy ESD (lane 4). Lane 1 contains a range of molecular weight
period relative to the more rapid spray-drying process. markers (6.5-175kDa). HSA is a 66 kDa protein and lanes 3 and
For microparticles manufactured by formation of a double4 contain bands which, when compared with lane 1, correspond
emulsion with solvent evaporation it has been reported that thio the 66 kDa molecular weight marker for HSA. The struc-
progression of phase transition (solidification) will play a majortural integrity of the HSA within microparticles was retained as
role in the resulting microparticle propertielsi et al., 1995; shown by SDS—PAGE of the protein before and after microen-
Mehta et al., 1996 In these studies, a rapid solidification of capsulation. Results for EFD and ESD microparticles indicated
polymer was observed to give rise to a denser skin layer, witlthat the encapsulation processes used did not appreciably affect
consequent increases in loading efficiency. In the present studiy)e integrity of the encapsulated protein when compared with
the rate of solvent removal associated with the different dryinghe HSA standard as smearing was not evident in the protein
processes (12 h for microparticles manufactured via EFD verextracted from microparticles. The lower encapsulation for the
sus the much more rapid process for ESD) might be expectedFD process relative to the ESD process resulted in aless intense
to influence protein encapsulation efficiencies for the differenband in lane 3 than in lane 4.
microparticle types. Microparticles manufactured via EFD are
formed at lower temperatures (20) relative to the tempera- 3 5 pyorein release
tures employed by the ESD process (78/C9nlet temperature,

50°C outlet temperature). Cumulative release profiles of HSA under in vitro sink condi-
At temperatures close to or exceeding the normal boilingjons from different particles are shownfig. 5 The amount of
point of dichloromethane (39:&) the evaporation of the sol- protein released from the ESD particles was significantly greater
vent should be very rapid. For microparticles formed by emulyhan for the EFD particleg& 0.05; = 0.05) with 118.2.g of
sification followed by solvent evaporation and extraction thisprotein per mg of particles being released over 100 days for
results in rapid microparticle formation and low shrinkage rateshe ESp particles and 66ulg protein per mg of particles being
(Yang et al., 2000 Microparticles made at the higher temper- ajeased for EFD particles.
ature of the ESD process should solidify more rapidly than the ¢ the protein was uniformly distributed in an inert matrix
microparticles formed by EFD, rapidly forming a dense coat,anq diffusion was the sole mechanism of release, the amount of
which should promote higher protein encapsulation efficiencyygiein released would be expected to be linear with the square

relative to the lower temperatures of the EFD process. root of time.Fig. 5clearly demonstrates that the release profiles
do not conform to this type of release. While a polymer layer or
3.4. Comparison of processing methods on protein integrity skin may represent a possible barrier or “skin” through which

diffusion will take place, diffusion cannot be the sole mechanism
The structural integrity of extracted protein was investigatedgoverning protein release. For this to take place there would be a
via SDS-PAGE analysi§ig. 4illustrates a polyacrylamide gel lag time followed by pseudo steady state (zero order) release cul-
of protein extracted from spray-dried microparticles manufacminating in a slower release as the driving concentration depletes
(Guy et al., 198p
For the ESD particles the rate of release appears to be close to

kDa zero order over the time course studieay( 5. For this to occur
under the experimental conditions it appears that the protein
175 . . S . .
is being released as a result of slow diffusion and dissolution.

83 Separation of the dissolution and diffusion process would be
62
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Fig. 4. SDS-PAGE of extracted protein. Lane 1: molecular weight markers (MW
range: 6.5-175kDa); lane 2: HSA standard (MW 66 kDa); lane 3: HSA extractedrig. 5. Cumulative release of proteipd HSA/mg microparticles) EFIA,
from EFD microparticles; lane 4: HSA extracted from ESD microparticles.  ESD X; data represent the mean values for three batches.
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complex given the variables that are involved. On the other handapan, Y., Woo, B.H., Gebrekidan, S., Ahmed, S., DeLuca, P.P., 1999. Prepa-
the EFD particles appear to release the protein at a slightly faster ration and characterization of poty(-lactide-co-glycolide) microspheres

rate during the first half of the experiment, thereafter the release o controlled release of polyflysine) complexed DNA. Pharm. Res. 16,
, : - : 509-513.
profiles fall. This may be a result of slower dissolution and the, ., ") “asie RN, Cohen, S., 1997. Characterization of PLGA micro-

drug at the core of the particles having to diffuse further to the  gpheres for the controlied delivery of IL-1 for tumor immunotherapy. J.

outside of the patrticle. Control. Rel. 43, 261-272.

Chen, X.-Q., Yang, Y.-Y., Wang, L., Chung, T.-S., 2001. Effects of inner water
volume on the peculiar surface morphology of microspheres fabricated
by double emulsion technique. J. Microencapsul. 18, 637-649.

Cleland, J.L., Mac, A., Boyd, B., Yang, J., Duenas, E.T., Yeung, D., Brooks,
The manufacture of microparticles by spray-drying of oil- D., Hsu, C., Chu, H., Mukku, V., Jones, AJ.S., 1997. The stability

in-water (O/W) formulations for a wide range of drugs and of recomb_inant human growth hormone in poly(lactic-co-glycolic acid)

bioactive molecules is well documented in the literature. How- . (PLGA) microspheres. Pharm. Res, 14, 420-425.

. . . . Coombes, A.G.A., Yeh, M.-K., Lavelle, E.C., Davis, S.S., 1998. The control
ever, spray-drying of water-in-oil-water (w/o/w) emulsions for of protein release from poly(L-lactide-co-glycolide) microparticles by

microencapsulation of proteins has not been reported. This study variation of the external aqueous phase surfactant in the water-in oil-in
was conducted to compare physicochemical characteristics of water method. J. Control. Rel. 52, 311-320.

microparticles manufactured by freeze- or spray-drying of a dou<origan, D.O., Healy, A.M., Corrigan, O.1., 2003. The effect of spray dry-
ble emulsion formulation of HSA ing solutions of bendroflumethiazide/polyethylene glycol on the physic-

. . . ochemical properties of the resultant materials. Int. J. Pharm. 262, 125-
Particles formed following solvent evaporation and freeze- 37

drying (EFD) were spherical in shape in comparison to thepunne, M., Corrigan, O.I., Ramtoola, Z., 2000. Influence of particle size
folding and indentation observed for microparticles produced and dissolution conditions on the degradation properties of polylactide-

from spray-drying of w/o/w emulsions. The EFD particles exhib-  co-glycolide particles. Biomaterials 21, 1659-1668.

. . Lo . . : Guy, R.H., Hadgraft, J., Kellaway, |.W., Taylor, M.J., 1982. Calculations
ited greater dlver5|ty in size than ESD partlcles, which also of drug release rates from spherical particles. Int. J. Pharm. 11, 199-

exhibited a narrower particle size distribution. For both pro- 557

cesses the dimensions of 90% of the particles were less thafra, M.S., Rana, R.K., Numberg, J.H., Tice, T.R., Gilley, R.M., Hudson,

10pm. M.E., 1990. Release of human serum albumin from poly(lactide-co-
Spray-drying w/o/w emulsion formulations of HSA resulted _ 9lycolide) microspheres. Pharm. Res. 7, 1190-1194.

. . . L . . . . . Jeffery, H., Davis, S.S., O'Hagan, D.T., 1993. The preparation and character-
in particles with significantly higher encapsulation efficiencies ization of poly(lactide-co-glycolide) microparticles. 11. The entrapment

than particles produced by freeze-drying double emulsion for- ¢ 5 nodel protein using a (water-in-oil)-in water emulsion solvent evap-

mulations. Moreover, the structural integrity of the protein does oration technique. Pharm. Res. 10, 362-368.

not appear to be compromised by the spray-drying process dsng, G., Woo, B.H., Kang, F, Singh, J., DeLuca, P.P,, 2002. Assess-
determined by ge| electrophoresis analysis. ment of protein release kinetics, stability and protein polymer interaction

. . . of lysozyme encapsulated poty(-lactide-co-glycolide) microspheres. J.
Relative to the release profile for the EFD particles, the HSA Control. Rel. 79, 137-145.

release kinetics frpm ESD pamdes are _quas!-lmear over 1090hnson, O.L., Cleland, J.L., Lee, H.J., Charnis, M., Duenas, E., Jaworowicz,
days. The generation of a dosage form with uniform, controlled w., Shepard, D., Shahzamani, A., Jones, J.S., Putney, S.D., 1996. A
and sustained drug release characteristics constitutes a desirablenonth-long effect from a single injection of microencapsulated human

element in the design of protein delivery systems. growth hormone. Nat. Med. 2, 795-799.

Laemmli, U.K., 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227, 680-685.
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