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Abstract

The aim of this study is to prepare poly(lactie-glycolic acid) (PLGA) microspheres containing a staphylokinase variant K35R (DGR)
with purpose of preserving the protein stability during both encapsulation and drug release. DGR-loaded microspheres are fabricated usit
double-emulsion solvent extraction technique. Prior to encapsulation, the effect of ultrasonication emulsification of DGR solutions witiemethyle
chloride on protein recovery was investigated. Moderate ultrasonic treatment of aqueous DGR/dichloromethane mixtures caused approxime
84% DGR aggregation. Polyvinyl alcohol (PVA) added into aqueous DGR solutions significantly improved DGR recovery to >90%. The effec
of co-encapsulated PVA and NacCl in the external aqueous phase on the characteristics of the microspheres were investigated. When 2%
was co-encapsulated and 2.5% NaCl was added to the external water phase, DGR encapsulation efficiency was significantly increased from
to 78.1% and DGR was distributed uniformly throughout the microspheres. In vitro release test showed that DGR was released from PL(
microspheres in a sustained manner over 15 days. A large amount of released DGR was inactive in the absence of co-encapsulated PVA. C
contrary, when 2% PVA was co-encapsulated, the released DGR was almost completely intact within 9 days. In conclusion, PLGA microsphe
can be an effective carrier for DGR and form a promising depot system.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and low oral bioavailabilities. As a result, most of these pro-
teins are therapeutically useful only by following a therapeutic
Over the last 20 years, a large number of recombinant proregimen that requires infusion or frequent injections. This ther-
teins have been investigated to find their therapeutic applicatiorapeutic regimen process is both tedious and expensive. On the
and many of them have been formulated as drugs, forming ather hand, the development of biodegradable polymeric micro-
new class of therapeutic agents. Ailments that can be treatespheres as carriers for proteins is becoming a promising way to
effectively by this new class of therapeutic agents include canevercome the administrating problems of those protesiish@a
cers, autoimmune diseases, memory impairments, mental diand Trehan, 2003; Raymond et al., 199Bome products have
orders, hypertension and certain cardiovascular and metabolaready been approved by the United States Food and Drug
diseasesRanga and Chien, 1988; Sinha and Trehan, 2003 Administration Sinha and Trehan, 20p3However, the preser-
While proteins have many attractive properties and advantagestion of full biological activity of incorporated proteins during
compared to other kind of therapeutic agents such as smahrocesses of encapsulation and the drug release from polymeric
organic molecule drugs, they also have disadvantages, includaatrices remains as a major challengathey and Burke, 1998;
ing short half-lives in vivo, physical and chemical instabilities, Perez et al., 2002
The water-in-oil-in-water (W/O/W>) double-emulsion sol-
vent extraction technique has been widely utilized for the encap-
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water—organic solvent interface have been suggested as tBe Materials and methods
major cause for protein denaturation and aggregattangz et
al., 2002; Morlock et al., 1997; Kang et al., 2002; Rosa et al.2.1. Materials
2000. Therapeutic proteins after denaturation and/or aggrega-
tion are often inactive and potentially promote immune reac- Preparation and purification of DGR were carried out by
tions, and thus, denaturation and aggregation processes shoaldmethod described previoushBy et al.,, 200 Poly(pL-
be avoided. lacticco-glycolic acid) (PLGA, a copolymer with a ratio of
It is obvious that developing good formulation strategies t075:25 and with an MW of about 13kDa) was purchased from
preserve protein stability is of greatimportance. Addition of sta-Chengdu Hangli Fine Chemicals Company, Ltd. (Sichuan,
bilizing agents to therapeutic proteins is one of the approach&shina). Mg(OH) nanoparticles and PVA with an MW range
often used to stabilize the proteins. Stabilizing additives used inf 30 000—70 000 were obtained from Aldrich. All other chem-
the formulation of protein drugs include proteins, sugars, polyicals used were of analytical grade.
ols, amino acids, chelating agents and inorganic saitsh@ and
Trehan, 2003; Perez etal., 2002; Lu and Park, 1995; Cleland ar2. Microsphere preparation
Jones, 1996 Moreover, in the drug release processes, there are
several potential factors that can cause the protein drug inactiva- DGR-loaded microspheres were prepared by aQMV,
tion. These factors include the hydration of protein, the reductiotechnique. Briefly, a desired amount of DGR was dissolved in
of environmental pH around the drug produced by polymer0.25 ml of 20 mM phosphate buffer (pH 7.4) and poured into
degradation, and the presence of hydrophobic surfaces. The u& ml methylene chloride containing 200 mg PLGA. DGR sta-
of stabilizers has been proved to be a useful method for eliminabilizer, PVA and Mg(OH) nanoparticles, were added to the
ing these unfavorable factorSigha and Trehan, 2003; Perez et internal aqueous phase when needed. The water-in-Qil@yV
al., 2002; Zhu et al., 2000; Putney and Burke, 19%ihce each emulsion was emulsified by ultrasonication (80 W, 30 s). After-
excipient can preserve only a few protein drugs during encapswards, the primary emulsion was added into 75ml of 2%
lation, a particular excipient must be found for a specific protein(w/v) aqueous PVA and homogenized at 600 rpm for 1 min to
drug. form the multiple emulsion (WO/W,). For solvent extrac-
Staphylokinase (Sak), a 136-amino acid profibrinolytic bac+tion, W1/O/W, emulsion was subsequently diluted with 225 ml
teria protein, has been shown to be a promising thrombolytiof 20 mM phosphate buffer (pH 7.4) and stirred with a mag-
agent Collen, 1998. Pilot-randomized trial displayed that netic stirrer at 300 rpm for 6 h. 2.5% NaCl solution was used as
the recombinant Sak was equipotent to recombinant tissug¢he external aqueous phase when needed. The resulting DGR-
type plasminogen activator (rt-PA or alteplase) for coronarycontaining microspheres were collected by filtration and were
artery recanalization and significantly more fibrin-selectivewashed three times with water. The microspheres were then
(Vanderschueren et al., 1996ak variant K35R (i.e., Lys[K] vacuum-dried over night and stored-a20°C for use.
in position 35 substituted with Arg[R]) (code DGR) is a bifunc-
tional protein that possess fibrinolytic and antiplatelet aggrega2.3. Stability of DGR during ultrasonication
tion activities Su etal., 2001 Moreover, DGR possesses greatly
reduced immunogenecity in guinea pigs compared to wild type The effect of ultrasonication on DGR stability was studied in
staphylokinaseSu et al., 2001 Thus, DGR is a promising drug aqueous DGR solution andWD-systems consisting of 0.20 ml
to prevent and treat thromboembolic diseases. aqueous DGR solution and 2.0 ml methylene chloride. The fol-
From a common perspective, frequent injections of proteifowing excipients were added to the aqueous phase: Tween 80,
drugs appear inconvenient; therefore, long-term formulation foPEG 400, sucrose, mannitol, and PVA. Ultrasonication was
the DGR would be desirable. The aim of this study is to pre-carried out for 30s at 80 W. After emulsification, DGR was
pare DGR-loaded microspheres, which are able to preserve tlextracted into the aqueous phase by adding 2.5 ml of 0.02 M PB
protein stability during both encapsulation processes and dru@H 7.4) and then centrifuged at 308Q; for 20 min to acceler-
release. A strategy is developed, in the present work, to ameli@te phase separation. Residual methylene chloride partitioned in
rate the aggregation of DGR at the water/methylene chloridéhe aqueous solution was removed by vacuum for 10 min. The
interface by employing various excipients. These excipientaqueous phase was subjected to the protein quantification and
were also demonstrated to be effective on the reduction of othdibrinolytic activity assay (described in the latter section).
protein aggregations at the water/methylene chloride interface
(Perez et al., 2002DGR recovery was significantly improved 2.4. Particle size distribution and morphology of
by the addition of polyvinyl alcohol (PVA) whereas no stabi- microspheres
lizing effects were observed with other excipients during ultra-
sonication emulsification. We have also examined the effects The morphology of microspheres was observed by scan-
of co-encapsulated PVA and NaCl in external water phase oning electron microscopy (SEM, Hitachi S-520). Freeze-dried
PLGA microsphere properties such as morphology, encapsulanicrospheres were re-dispersed in distilled water and the size of
tion efficiency, actual loading, and DRG release. The reason fanicrospheres was measured by a particle size analyzer (Model
denaturation of DGR in microspheres during the late stage of80 AccuSizer, Particle Sizing Systems, Inc., CA, USA). The
drug release is also analyzed. results are reported as a volume size distribution.
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2.5. DGR loading and encapsulation efficiency in polymer solution, the remaining DGR pellet was dispersed in

microspheres 0.1 ml of 20 mM phosphate buffer (pH 7.4). Then SDS-PAGE
was performed using 15% gels and the gel was then stained with

DGR content in the microspheres was determined by am solution of Coomassie brilliant blue.

extraction methodZhu et al., 200D A certain amount of dried

microspheres was dissolved in methylene chloride. After ceny peacults and discussion

trifugation and removal of the polymer solution, the remaining

DGR pellet was dISSOIVGq in 0.2 ml of _20 mM phosphate buffer; ; Stability of DGR during ultrasonication emulsification

(pH 7.4). The concentration of DGR in supernatant was meay, ... ubsence of PLGA

sured; and the aggregates were incubated in phosphate buffered

saline (PBS) containing 6 M urea at 32 for 30 min for denat- During the primary emulsion process, a large interface

uration from which the insoluble DGR percentage was theryarveen the aqueous and organic phase is often formed and

determined. The DGR concentration was determined by Bradz regarded as the major cause for protein denaturaftenet

ford protein assayRradford, 197§. The amount of protein from al., 2002; Morlock et al., 1997; Kang et al., 200Plow-

both water-soluble and insoluble parts was taken into account i@ver, denaturation of protein can also occur during sonication

the calculation of the actual protein loading (mg of encapsulated, e, in the absence of methylene chloriéigighnamurthy et

DGR per 100 mg of microspheres). The encapsulation efficiency; 200, Thus, the effect of ultrasonication on DGR stabil-

of DGR in the microspheres was calculated as the ratio of actu% in the presence and in the absence of methylene chloride

and theoretical DGR loadings. is examined in the present work. In the absence of methylene
o chloride, the activity of DGR remains a level of above 90%
2.6. Protein distribution in microsphere even if ultrasonicated for 40's at 80 VFi¢. 1). On the other

. ) . hand, in the presence of methylene chloride, the loss of activ-
_A confocal image system (CIS, Zeiss LSM510) equippedy, of pGR is very serious even if emulsification is processed
with & 720 nm filter for 2-photon excitation was employed ¢, on1y 205 at the same energy input. Moreover, a lot of white
observe DGR distribution in microspheres. Dry microsphereg o initates were observed at the interface between the aque-
were dispersed on a glass slide; fluorescence images of crogs;s and organic phase. SDS-PAGE analysis indicates that the
sections were taken by an optical sectioning.AIItheimageswerﬁrecipitates are of the denatured DGRg( 2 Lane 3). Inter-
obtained using a single resolution. estingly, the residual DGR retains its full specific activity after
] ] emulsification Table 1. These observations reveal that the large
2.7. Invitro release studies water—methylene chloride interface is the major destabilizing

i , ) factor for DGR in the process of water—methylene chloride
A certain amount of dried microspheres was suspended i ision.

1 ml of PBS (pH 7.4) containing 0.05% (w/v) sodium azide and  the protective effect of various excipients on DGR activity
was then incubated at 3T. At each sampling time, the super- ig examined during the emulsification process in the absence of
natant was withdrawn and replaced with the same volume 0b| A= As shown inTable 1 the additions of sucrose, mannitol,

fresh PBS solution. The DGR content and activity in the superpeg 400 and Tween 80 do not improve DGR recovery in the
natant was determined by Bradford protein assBsadford,  omysions. In fact, the protein recovery is slightly decreased.

1979 and by fibr.inolytic activity assay (described in the_ NeXt|n contrast, with PVA as a stabilizer, no protein precipitates are
section), respectively. The amount of DGR released within 24 ly,sered at the interface between water and methylene chloride.
was defined as the initial DGR burst. Moreover, the DGR recovery is significantly increased and its

2.8. Fibrinolytic activity assay
The fibrinolytic activity was measured by aradial caseinolytic 1.2 o e
assay Hauptmann et al., 1995In brief, casein plates were pre- —e—with
paredin dishes containing 1.0% agarose, 2.7% skim milk powder diehloromethane
and 15.g/ml plasminogen. Equal-diameter wells were cut for
the test samples. After 3 of standard Sak or DGR solution
was added into each well, the plates were keptin a moister cham-
ber at 37C for 10-12 h. The diameter of the halo around the

ot
o

ivity recovery
o
(o2}

S04t
well was measured and used to calculate the fibrinolytic activity. 2

0.2
2.9. Sodium dodecyl sulfate-polyacrylamide gel 0 . e
electrophoresis (SDS-PAGE) 6 5 10 15 20 25 30 35 40

Time(s)

A suitable amount of dried microspheres was dissolved ifxig. 1. Activity recovery of DGR after emusification of protein solution with or
methylene chloride. After centrifugation and removal of thewithout methylene chloride.
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KD PEG behaves anomalously in a water/methylene chloride sys-
974 ' i ' tem, preferentially distributing into the organic phase. Tween
66.2 : is composed of hydrophilic poly(ethylene glycol) (PEG) chains
430 and a hydrophobic fatty acid chain grafted onto a sorbitan. As
31.0 | — —tee a result, both PEG and Tween have only an affinity for organic
phase and cannot block denaturations of DGR at the interface
20.1 — (van de Weert et al., 200RaPVA is a nonionic surfactant and

has an affinity to the interface. Thus, PVA is an effective agent
— for preventing the protein from aggregations at the interfaame (
de Weert et al., 2000a

3.2. Microsphere size, morphology and drug distribution
within microspheres

11.4

1 2 3 4 5

Fig. 2. The stabilization effect of Mg(OHRjor DGR within microspheres during

izr‘o"il”ifflfge- tanelz, molgfguéaggigtt mag‘e(;pmttems(; 9D7¢4,§f,6'2-‘43'9‘ 310, As reported inTable 2andFig. 3, PVA in the internal water
1, . a, Lane Z, puritie: , Lane 5, aenature urin rmar . .
emusification; Lane 4, IIE)GR within microspheres after released ovegr] go day}s;[;)hase or_/and NaCl In, the e_Xte,ma,l water phase affect the micro-
Lane 5, DGR within microspheres with 3% Mg(Of#s excipient after released  SPhere size and particle distribution. Under the conditions that
over 20 days. the external water phase contains no NaCl, co-encapsulated
PVA resulted in formation of slightly bigger microspheres, with
specific activity is completely maintained. It was suggested thaan average size of 104u3n in diameter, compared to that of
the proteins adsorbed to the water—methylene chloride inte®5.1um in the control experiments. It has been suggested that
face displace the water molecules surrounding the interfacBVA in the internal water phase could increase the viscosity of
and the hydrophobic patches of the proteial{, 1999 The the primary emulsion. Since itis difficult to break up the solution
adsorbed protein molecules are denatured and inactive at tfreto smaller droplets at the same mixing power, the formation of
water—methylene chloride interface. Sucrose and mannitol argightly bigger microspheres is not surprisinfg et al., 2001
not a surfactant and ineffective in blocking protein adsorptionWhether the external agueous phase contains 2% PVA or not, the

Table 1

Protein recovery and enzymatic activity recovery after emulsification of protein solutions with excipients in methylene chloride

DGR (mg/ml) Excipients Excipients concentration (%) DGR recové¥y) Specific activity (%)
10 - - 177+ 1.2 109+ 5.1
10 Tween 80 0.1 8.% 0.7 83.9+ 0.9
10 Tween 80 1.0 9.% 0.6 94.4+ 5.0
10 PEG 400 2.5 8.3 0.8 82.0+ 4.6
10 PEG 400 25 7.2 0.6 78.6+ 3.4
10 Sucrose 0.5 8.6 0.4 89.4+ 5.3
10 Sucrose 4 7.2 0.7 92.2+ 9.1
10 Manitol 0.5 9.0+ 0.3 95.9+ 5.0
10 Manitol 4 7.6+ 0.2 100+ 9.5
10 PVA 2 98.24+ 2.8 92.8+ 4.9
10 PVA 10 93.2+ 2.3 106+ 2.7
45 - - 18.7+ 1.2 98+ 3.4
45 PVA 5 96.8+ 4.0 113+ 5.9
45 PVA 10 94.3+ 7.8 108+ 10.3

a8 Mean+S.D.,n=3.

Table 2

Effect of excipients on the properties of DGR microspheres

Batch Initial DGR PVA concentration in NaCl concentration in Microsphere Actual loading (%) Encapsulation
concentration W1 (%, wiv) W3 (%) diameter um) efficiency? (%)
(mg/ml)

A 10 - - 95.1 0.068 7204

B 10 - 25 93.7 0.46-0.02 45.4+1.6

C 10 2 - 104.3 0.120.01 12.5+0.8

D 10 2 25 75.4 0.740.02 78.1+2.2

E 45 - 25 98.7 3.80.2 83.9+4.3

F 45 5 25 86.1 3.403 85.5+-3.4

2 Mean+S.D.,n=3.
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Fig. 3. Size distribution of DGR-loaded PLGA microspheres. The conditions
for A—F corresponded tdable 2

addition of 2.5% NacCl to the external aqueous phase produces
smaller microspheresTéble 2 Fig. 3). It has been suggested
that salt in the external water phase affect the size and parti-
cle distribution by changing the osmotic pressure between the
internal and external water phastah et al., 200) In the prepa-
ration of DGR-loaded microspheres, phosphate concentration in
the internal water phase is higher than the salt concentration of
the external water phase, leading to the influx of water from
external water phase and resulting in porous and larger micro-
spheres. But when NaCl is added to the external water phase,
the osmotic pressure between inner water phase and outer water
phaseis balanced, giving rise to denser and smaller microspheres
(Fig. 3.

NaCl in the outer water phase also plays a critical role
in determining microsphere morphology. Microspheres pre-
pared without balancing osmotic pressure have rough sur-
faces; many large pores exist on their surface, as shown in DI D2
Fig. 4, panels A and C. These large pores may form chan- A
nels through which outer water influxes into the microspheres.
When osmotic pressure is balanced, the large pores disappear
and the surfaces of microspheres are relatively smooth and
compact Fig. 4, panels B and D). The addition of PVA to
the internal water phase could enhance the primary emulsion
stability and then yields microspheres with smoother surface
(Fig. 4D).

The distribution of DGR in the microsphreres was shown
by confocal light microscopyHig. 5). With co-encapsulated
PVA and NaCl in the outer water phase, DGR was diStribUtechg. 4. SEM pictures of microspheres surface fabricated at the different con-
uniformly throughout the polymer matrix within microspheres gition: (A) without PVA and without NaCl in W: (B) without PVA and 2.5%
(Fig. 5). The internal structure of most microspheres is a honNaCl in W,; (C) 2% PVA and without NaCl in W, (D) 2.0% PVA and 2.5%
eycomb style Rosca et al., 2004 Thus, the DGR molecules NaCl in W,. A1, B1, (?1, D1 was tak_gn vx_lith 15600r 2000x magnification
are uniformly distributed within the particle&ig. 5D). The 2042, B2, €2, D2 with 5000 magnification.
similar effect of PVA on the BSA distribution within PCL micro-

spheres was also observed by Yang and coworkensg et al.,  water phaseTable 9. When 2.5% NaCl is added to the exter-

2001). nal water phase, DGR encapsulation efficiency is significantly
increased, independent of if PVA in the internal water phase.
3.3. DGR loading and encapsulation efficiency NaCl in the outer water phase influences the osmotic pressure,

thus, affecting the drug loading and encapsulation efficiency

Our results show that the encapsulation efficiency is stronglyHan et al., 200L PVA in the internal water phase can also
affected by the osmotic pressure between the inner and outéphance the encapsulation efficien@glfle 9.
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Table 3 » _ of active DGR was dramatically increased compared to that in

Stability of DGR within PLGA microspheres the primary emulsification process without PLGA. When PVA

Batch Solubl@ (%) Specific activit§ (%) Insolublé (%) is co-encapsulated, the recovery of DGR from the lyophilized

5 T50L54 99.0+ 5.6 5.0+ 74 mlcrospheres is similar to that in the primary emulsification pro-

D 914+ 5.4 108+ 2.6 8.6+ 3.1 cess without PLGA.

E 67.6+ 1.7 97.0+ 4.7 32.4+ 4.0

F 96.0+ 6.3 102+ 9.8 4.0+ 0.3 3.5 Invitro release

The conditions for all batches correspondedable 2

& Mean+S.D.,n=3. In vitro release of DGR from PLGA microspheres is illus-

trated inFig. 6. Both the total amount and active amount of

3.4. Stability of DGR within PLGA microspheres DGR released from the various fabrications are determined in

the present work. When PVA is not co-encapsulated, a large

The study of emulsification with methylene chloride in the amount of released DGR is inactive and the release profiles of
absence of PLGA can provide a valuable insight into the proteithe total DGR amount and the active DGR amount are signifi-
stability at the water/methylene chloride interface. However, theantly different Fig. 6A and B). When PVA is co-encapsulated,
presence of PLGA cannot be neglected when protein stabilitthe activity of DGR is almost completely preserved and the DGR
is studied during microsphere preparatidtalfig et al., 2002; release profiles of the total amount and the active amount are
Sah, 1999 When PLGA was dissolved in the organic phase,similar (Fig. 6C and D). The release profile exhibits a biphasic
any interaction between the protein and PLGA, as well as thgattern: (1) an initial burst release: a large amount of DGR is
increased viscosity of the organic phase, may cause a differelease within 1 day; (2) after the initial burst, DGR release pro-
ent protein behavior during emulsification. Thus, the stability offile displays a sustained release. The total amount of released
DGR within lyophilized microspheres is examined in the presenDGR over a period of 15 days is more than 60%.
work and the results are showriliable 3 Without PVA, the con- The addition of PVA to the internal water phase does not sig-
tent of soluble DGR amounted to 75% and 67.6%. The recoveryificantly affect the initial burst and the release rate of DGR, but

—
20um

20um

(A)

[
20U m

Lo
20 m

(©) (D)

Fig. 5. CIS images of microspheres fabricated at different conditions: (A) without PVA and without NaGt iBYWvithout PVA and 2.5 NaCl in W, (C) 2.0%
PVA and without NaCl in W; (D) 2.0% PVA and 2.5% NacCl in W
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Fig. 6. Invitro release from different microspheres formulations. Headline describes used preparation condition for DGR microsphere: (Ry#vidmoutvithout
NaCl in Ws; (B) without PVA and 2.5% NacCl in W, (C) 2.0% PVA and without NaCl in \W/ (D) 2.0% PVA and 2.5% NacCl in \) (l) DGR amount; @) DGR
activity.

the addition of NaCl to the outer water phase slightly decreasesnd polymersKig. 2). The formation of dimers and polymers
the initial burst and the release rateig. 6). The connect- seems not reversible. The dimers and the polymers of the DGR
ing channels between pores on the surfaces and those insitlave no biological activity. Dimeric and polymeric DGR cannot
microspheres were observed previouslahg et al., 2002  be derived from the encapsulation process because the denatured
The permeability of microspheres with porous surfaces wa®GR at the water—methylene chloride interface contained only
high and fluorescent probe molecules (MW: 467 and 3000 Da little amount of dimeric DGR. They might be resulted from
could easily diffuse into the microspheréddng et al.,, 2002  deleterious microclimate within microspheres. There might have
Proteins within microspheres could be easily leached out fronseveral potential factors, which can result in irreversible denatu-
the large pores~1000 nm) Huang and Brazel, 2001; van de ration of proteins: elevated moisture, acidic pH, and the polymer
Weert et al., 2000b When NacCl is added to the outer water surfaces $inha and Trehan, 2003; Perez et al., 20@2elimi-
phase, the osmotic pressure is balanced and the microspheresy results show that acidic pH and the polymer surface might
had only small pores on their surfaces. Obviously, the rate obe the major causes for denaturation and aggregation of DGR.
drug release from these microspheres is slower than that frofh is observed that DGR is sensitive to an acidic circumstance
porous microspheres. Yang and coworkers reported that PVA iand is not stable at pH 4.0. About 60% DGR is denatured in
the internal aqueous phase decreased the BSAreleas¥aate ( 2 days in a pH 4.0 buffer. The degradation products of PLGA
et al., 200). Their results are not consistent with ours. Thisare acidic in nature, which can lead to a decrease in pH within
discrepancy is probably due to the different conditions for samthe microspheres. It was reported that Mg(@EBuld maintain
ple preparations, and to different microsphere sizes, copolymehe microclimate at neutral pHs within microspherglsy et al.,
compositions and properties of the incorporated dritisag ~ 2000. When 3% Mg(OH) nanopatrticles is co-encapsulated, the
and Brazel, 2001 polymeric DGR is not detected by SDS-PAGH(. 2). Another
DGR release from the microspheres is not complete (abouactor leading to potential deterioration of DGR upon release
60-90%) and the denatured DGR increases gradually durinijom microspheres is non-specific adsorptions of proteins on the
releasefig. 6). The residual DGR within microspheres is ana- polymer by hydrophobic and ionic interactions. To test DGR
lyzed by SDS-PAGE after releasing for 20 days. A large amounadsorptions, DGR solutions in phosphate buffered saline (pH
of DGR within microspheres is not soluble and forms dimers7.4) containing different NaCl concentrations is incubated with
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blank PLGA microspheres for 12 days at 7. The results  Hauptmann, J., Guhrs, K.H., Hartmann, M., Schlott, B., 1995. The fibrinolytic
show that about 30% DGR activity is lost when NaCl concen- activity of staphylokinase mutants in the fibrin plate assay. Haemostasis
tration is lower than 0.5 M. When NaCl concentration is higher 25, 272-276.

Lo uang, X., Brazel, C.S., 2001. On the importance and mechanisms of burst
0
than 0.5 M, only about 10% activity is lost. The results SqueSF release in matrix-controlled drug delivery systems. J. Control. Release

that the ionic interactions between DGR and free carboxyl end 73 121-136.
groups of PLGA chains are another important cause for denakang, F., Jiang, G., Hinderliter, A., DeLuca, P.P., Singh, J., 2002. Lysozyme
uration of DGR during release. stability in primary emulsion for PLGA microsphere preparation: effect
of recovery methods and stabilizing excipients. Pharm. Res. 19, 629-633.
Krishnamurthy, R., Lumpkin, J.A., Sridhar, R., 2000. Inactivation of lysozyme
by sonication under conditions relevant to microencapsulation. Int. J.
Pharm. 205, 23-34.
This study has shown that the co-encapsulation of PVA irLu, W., Park, T.G., 1995. Protein release from poly(lactieglycolic acid)
PLGA microspheres processing by the emulsification-solvent microspheres: protein stability problems. PDA J. Pharm. Sci. Technol. 49,

evaporation method is a useful method for preventing DGR 13-19. _ _ , _

from aggregation at the water/methylene chloride interfaceMmIOCk’ M., Koll, H., Winter, G., Kissel, T., 1997. Microencapsulation
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