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Abstract 

Copolymers of polylactic acid (PLA) and polyglycolic acid (PGA) spontaneously form solid depots when a solution of the 
copolymer in a pharmaceutically acceptable solvent is injected into water. Key formulation variables which affect the performance 
of these systems were evaluated in the present study. The solubilities of various co-polymer ratios of PLGA were investigated 
as a function of the solvent solubility parameter, and it was found that the ideal range was 9-11 (cal/cm 3) 1/2. The in vitro release 
into phosphate buffered saline of fluorescein-labeled bovine serum albumin was evaluated from systems dissolved in either 
dimethyl sulfoxide (DMSO) or N-methyl-2-pyrrolidone (NMP). For high molecular weight PLGA in NMP, the initial burst 
(which was found to be inversely proportional to polymer percent) is followed by zero-order release for up to 2 weeks. A 
significantly different release pattern is observed with DMSO. With low molecular weight PLGA in DMSO or NMP, it was 
possible to totally eliminate the initial burst, and have zero-order delivery for at least 1 week. 
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1. Introduction 

Biodegradable drug delivery systems made of  hydro- 
lyzable polymers have received considerable attention 
in the literature [ 1-4] .  A major advantage of  these 
systems is that an invasive technique such as surgery 
is not required for their removal. I f  the system is fab- 
ricated as microspheres, they can be injected with a 
syringe and therefore avoid surgical implantation. 
However, microspheres have several inherent disad- 
vantages including I ) the need for reconstitution before 
injection, 2) the inability to remove the dose once 
injected, and 3) relatively complicated manufacturing 
procedures to produce a sterile, stable, and reproducible 
product. Tipton and Fujita [ 5 ] and Shah et al. [ 6] have 
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proposed an alternative approach in which the biode- 
gradable system forms in situ upon injection. In this 
case, a biodegradable polymer is dissolved in a phar- 
maceutically acceptable water-miscible solvent, the 
solution is injected, and the polymer solidifies as the 
solvent dissipates from the site. The objective of  the 
present study was to identify key formulation variables 
which affect the performance of  these systems using 
poly-lactide-co-glycolide (PLGA).  

2. Materials and methods 

2.1. M a t e r i a l s  

The polymers were obtained from Medisorb Tech- 
nologies International L.P. in the following grades: 
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100% D,L-lactide ( 100 DL), 85:15 D,L-Lactide/Gly- 
colide (85:15 DL), 50:50 D,L-Lactide/Glycolide 
(50:50 DL), and 100% Glycolide ( 100 PGA). PLGA 
was also obtained from Henley Chemicals Inc. with the 
ratio of 50:50 D,L-lactide/glycolide (Resomer ® RG 
502). The manufacturer reported molecular weight 
range of the polymers was 75,000-115,000 and 
10,000-15,000 for the Medisorb (weight average 
molecular weight; referred to as high molecular 
weight) and Henley (based on gel permeation chro- 
matography with polystyrene standards; referred to as 
low molecular weight) polymers, respectively. Fluo- 
rescein isothiocyanate-labeled bovine serum albumin 
(FITC-BSA) was obtained from Sigma Chemical Co. 
The particle size of the FITC-BSA utilized in the 
release studies was reduced by mild trituration with a 
mortar and pestle, and fractioned ( < 90/z) with a Sonic 
Sifter (Allen-Bradley). Before trituration only 19% of 
the solid passed through the 90/z screen, whereas 89% 
passed through after trituration. A reverse-phase high 
performance liquid chromatographic assay of the 
FITC-BSA before and after reducing the particle size 
showed no evidence of degradation due to the process. 
This assay utilized a Vydac C4 column (25 cm ×4.6 
mm), 214 nm detection, and a 25 to 50% acetonitrile 
gradient over 25 minutes (0.1% trifluoroacetic acid in 
the aqueous and acetonitrile solutions). All other chem- 
icals were reagent grade. 

2.2. Solubility studies 

The solubilities of each grade of the high molecular 
weight polymers were determined in the solvents listed 
in Table 1. This was accomplished by adding excess 
polymer to each solvent of interest and allowing the 

Table 1 
Solubility parameters I of solvents studied 

Solvent 8 (cal /cm 3) 1/2 

Hexane 7.3 
Cyclohexane 8.2 
Ethylacetate 9.1 
Acetone 9.9 
N-methyl-2-pyrrolidone (NMP) 11.3 
Dimethyl-sulfoxide (DMSO) 12.0 
Ethanol 12.7 

~From reference [ 81. 

mixtures to shake for 24 hours (Eppendorf Thermo- 
mixer at 700 min-~ and 25°C). All of the mixtures 
were then centrifuged (Eppendorf Centrifuge, 6000 
rpm for 20 min), and a known volume of supernatant 
was removed from each mixture. The solubilities were 
determined gravimetrically by removing the solvent 
and weighing the dry polymer. All of the solvents, 
except NMP and DMSO, were removed by evaporation 
under a stream of nitrogen. NMP and DMSO, being 
less volatile, were heated to 100-150°(2 and. kept under 
vacuum until they reached a constant weight ( 12-24 
hours). The PLGA samples from the solubility studies 
were redissolved in chloroform and assayed by gel- 
permeation chromatography to determine if lower 
molecular weight polymer had been dissolved prefer- 
entially from bulk polymer during the solubility exper- 
iments. 

2.3. Release studies 

The release studies were conducted in 20 ml glass 
vials containing 10 ml of a 0.15 M ionic strength 0.02 
M phosphate buffered saline (PBS) at pH 7.4. The 
vials were kept at 37°C (VWR 1165 circulating water 
bath). Preliminary studies using 20% of the high 
molecular weight 50:50 PLGA in NMP indicated that 
the effect of stirring was negligible. This is consistent 
with the concept that FITC-BSA diffusion in the system 
and/or polymer hydrolysis is controlling the release 
(rather than surface diffusion layer control). There- 
fore, the release media was not stirred. The formula- 
tions were prepared by dissolving the appropriate mass 
of polymer (reported on a weight percent basis) in the 
solvent. The protein ( 1% w/w) was suspended in this 
solution. The release experiments were begun by drop- 
ping ten 20/xl aliquots (Microman ® positive displace- 
ment pipette) of the formulation into the release media. 
This resulted in spherical matrices being formed as the 
polymer solidified. The spheres were approximately 
0.3 cm in diameter, with good reproducibility for a 
given formulation (standard deviation of the mean 
diameter was less than 0.01 cm for a given formula- 
tion). The release media was then sampled (2 ml) 
periodically and FITC-BSA release was quantitated by 
absorbance at 494 nm using a Hewlett-Packard 8451A 
spectrophotometer. The release media sample volume 
was replaced with fresh buffer after each sample. 



2.4. Gel-permeation chromatography ( GPC) 

GPC was used to analyze the molecular weight of 
the PLGA in all stages of the release experiments to 
gain insight into the degradation properties of the pol- 
ymer. The HPLC system was equipped with an LDC 
Vacuum Membrane Degasser, LDC 4100 Constame- 
tric pump, AS-100 Biorad autosampler, Waters Ultras- 
tyragel ® Linear Column, Waters 410 Differential 
Refractometer and a Spectra-Physics Chromjet integra- 
tor. PLGA spheres from release studies were dried 
under vacuum, dissolved in chloroform and filtered 
through a 0.45/zm filter (Acrodisc, Gelman Sciences 
Inc.). The samples were eluted in chloroform with a 
flow rate of 1 ml/min., and an injection volume of 50 
/xl. Molecular weight determinations were made rela- 
tive to polystyrene standards (Aldrich Chemical Com- 
pany, Inc.). 

2.5. Protein extraction from PLGA spheres 

8 9 10 11 12 13 

Upon termination of the release experiments, the 
protein remaining in the PLGA spheres was extracted 
by the following procedure. The spheres were dried 
under vacuum and then dissolved in 2 ml of NMP. The 
FITC-BSA was extracted into 10 ml PBS and quanti- 
tated by absorbance at 494 rim. This method resulted 
in 50-75% recovery of the FITC-BSA in control stud- 
ies utilizing a known quantity of FITC-BSA and the 
high molecular weight polymer. Extraction procedures 
were also tested using chloroform and DMSO and 
found to be less efficient. 

2.6. Scanning electron microscopy (SEM) 

Spheres were withdrawn periodically from release 
media and analyzed by SEM. The spheres were coated 
with platinum and analyzed with a Joel JSM-840 scan- 
ning microscope. 

3. Results 

3.1. Solubility studies 

The solubilities of the various PLGA polymers are 
known to be dependent on their crystallinity, molecular 
weight, extent of block or random structure, and overall 
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SOLUBILITY PARAMETER (cal/cm3) 1/2 

Fig. 1. Solubilities of  the various homo- and copolymers as a function 
of solvent solubility parameter. The arrows indicate samples for 
which no excess solid was present. Key: 100 PGA ( • ), 50:50 DL 
(©) ,  85:15 DL (Q) ,  and 100 DL (11). 

hydrophilicity [ 1,7]. The measured solubilities of the 
polymers are shown in Fig. 1 as a function of solvent 
solubility parameter. Analysis by GPC suggests that 
the molecular weight distribution of the solubilized pol- 
ymer remained unchanged from the original polymer. 
The glycolide homopolymer was completely insoluble 
over the range of solvents tested. This is consistent with 
other reports that this crystalline polymer can only be 
solubilized in exotic solvents such as hexafluoroisopro- 
panol [ 1,7]. In general, the lactide containing systems 
appear to have maximal solubility in the 9-11 (cal/ 
cm 3) ]/z range. This range of values is somewhat higher 
than that previously reported by Siemann [9] using 
densitometry, whose values ranged from 7.9 to 8.2 
(cal/cm 3) 1/2. 

3.2. Release studies 

High molecular weight PLGA 
Since the performance of the low and high molecular 

weight 50:50 PLGA systems were significantly differ- 
ent, they are described separately. The initial burst of 
the high molecular weight 50:50 PLGA in NMP was 
found to be inversely proportional to polymer percent, 
and was followed by close to zero-order release for up 
to 2 weeks (Fig. 2). The release profile for the DMSO 
formulation is noticeably different than those for the 



192 W.J. Lambert, K.D. Peck~Journal of Controlled Release 33 (1995) 189-195 

100 ~ p 

w 

z 
w 

~ 20 

0 | ~ i i 

0 5 10 15 20 

mates based on the total amount of FITC-BSA released 
during the course of the experiment and the amount 
extracted when the release experiment was terminated. 
The two estimates agree quite well with the exception 
of the 17.5% NMP formulation, where the extraction 
experiment suggested that 30% more FITC-BSA was 
present than expected. 

GPC analysis of the spheres at various times during 
the release study indicated a slight shift in the molecular 
weight distribution over a 22 day period for both the 
NMP and DMSO formulations (Fig. 3). However, the 
extent of polymer degradation is small when compared 
to the extent of release (nearly 100%) over this same 
time period. 

TIME (days) 

Fig. 2. Release of FITC-BSA from the high molecular weight 50:50 
PLGA system in PBS. Error bars indicate standard deviation (n = 3). 
Key: 10% polymer in NMP (O) ,  15% polymer in NMP ( l l ) ,  17.5% 
polymer in NMP ( • ) ,  20% polymer in NMP (I-3), and 16.5% 
polymer in DMSO (©).  
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Fig. 4. Scanning electron micrograph of sphere prepared from 17.5% 
PLGA in NMP (after 24 hou~ in PBS). 

Fig. 3. Change in the molecular weight distribution of the high molec- 
ular weight 50:50 PLGA system in PBS at 37°C. Key: initial (Q) ,  
NMP at 14 days (O) ,  DMSO at 14 days ( + ), NMP at 22 days (I-I), 
and DMSO at 22 days ( • ). 

NMP formulations. The values of the percent released 
were calculated on the amount of FITC-BSA estimated 
to be in the ten drops of formulation. This estimate 
relies upon the volumetric delivery of ten 20/~1 ali- 
quots, the density of the formulation, and the percent 
protein loading. These values were compared to esti- 

Fig. 5. Cross section of sphere prepared from 17.5% PLGA in NMP 
after 24 hours in PBS. 
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release rate appears to be approximately zero-order for 
up to one week. In this case the DMSO formulation 
yielded a release pattern more typical of the NMP for- 
mulations than was the case for the high molecular 
weight PLGA. However, the rate of release for the 
33.5% PLGA DMSO system was actually slower than 
the NMP systems with a significantly higher polymer 
concentration. 

Fig. 6. Cross section of sphere prepared from 16.5% PLGA in DMSO 
after 24 hours in PBS. 
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Fig. 8. Release of FITC-BSA from the low molecular weight 50:50 
PLGA system in PBS. Error bars indicate standard deviation (n = 3). 
Key: 25% polymer in NMP (B) ,  30% polymer in NMP ( • ), 35% 
polymer in NMP (O) ,  40% polymer in NMP (O) ,  and 33.5% 
polymer in DMSO (I-1). 

Fig. 7. Cross section of sphere prepared from 16.5% PLGA in DMSO 
after 14 days in PBS. 

The SEM data indicates that the outer surface of the 
beads is quite dense when the beads are initially formed 
(Figs. 4-7).  This layer seems to erode and become 
thinner with time. This process is seen both for the 
NMP and DMSO formulations, but is more apparent 
for the DMSO formulation. 

Low molecular weight PLGA 
Fig. 8 contains the release profiles for the low molec- 

ular weight 50:50 DL formulation. The extent of release 
was based upon the amount of FITC-BSA estimated to 
be in the formulation, as the extraction method for the 
low molecular weight polymers was very inefficient 
(less than 50%). At greater then 30% polymer, the 

Fig. 9. Scanning electron micrograph of low molecular weight pol- 
ymer 'sphere' (40% PLGA in NMP) used in release studies follow- 
ing 7 days in PBS. 
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Following 13 days in PBS at 37°C, the polymer 
showed no evidence of degradation by GPC analysis. 
The GPC data also suggested that the spheres still con- 
tained NMP. Further evidence that the spheres con- 
tained NMP was the observation that handling of the 
spheres was not possible in the first week of PBS expo- 
sure due to their poor physical integrity. It appeared 
that at least 7 days of exposure were required before 
the systems were capable of handling. The morphology 
of the 'spheres' made from the low molecular weight 
polymer was significantly different than the high 
molecular weight systems (Fig. 9). They were irregu- 
larly shaped, and the surfaces appeared to be quite 
porous. It is not clear if the surface of these systems 
would have appeared as porous if it were possible to 
sample them at an earlier time. 

4. Discussion 

To develop an in situ forming system, it is necessary 
to have a fairly concentrated ( > 100 mg/ml)  polymer 
solution capable of entrapping drug on solidification. 
Thus, Figure 1 provides a clear indication of solvents 
which may be acceptable from a solubilization stand- 
point. NMP and DMSO were chosen for study since 
they achieved acceptable solubilities for the polymers, 
have an intravenous LDso of greater than 2 ml/kg, and 
have pharmaceutical precedence. For the present inves- 
tigation, the release of FITC-BSA was studied from the 
50:50 copolymer systems, which are known to have 
the shortest degradation half-life of the series [ 10]. 

Release from these systems is presumably complex, 
particularly when compared to prefabricated devices. 
When the formulation is initially placed in an aqueous 
medium, FITC-BSA, polymer, and solvent diffuse into 
the medium as the system begins to solidify. It appears 
that a high polymer concentration limits this diffusion, 
as evidenced by the decrease in burst as polymer con- 
centration rises (Figs. 2 and 8). Solidification of the 
system begins to occur, forming a skin on the outside 
of the sphere. In the case of the low molecular weight 
PLGA systems, where polymer concentrations of 
greater than 25% were utilized, the resulting barrier to 
diffusion appears to be relatively significant for water 
and solvent, as well as FITC-BSA. Thus, a significant 
level of solvent appears to remain in the spheres. The 
decrease in dielectric constant of the interior of the 

sphere due to the presence of NMP may account for 
the lack of ester hydrolysis which was observed by GPC 
analysis for the low molecular weight system. 

Following solidification, the release of FITC-BSA is 
presumably due to diffusion of the FITC-BSA as well 
as erosion of the solid surface. The interior section of 
the spheres appeared to be relatively porous, suggesting 
that the interior is a poor barrier to diffusion. Since the 
spheres remained relatively intact and had only a min- 
imal shift in molecular weight distribution in the time 
frame required for 100% release (at least for the high 
molecular weight PLGA systems), it appears that dif- 
fusion may be the primary release mechanism. The 
apparent zero-order release may be due to the simul- 
taneous decrease in the skin thickness and the decrease 
in interior FITC-BSA concentration. However, this 
explanation may be over simplistic in view of the high 
molecular weight DMSO system which appeared to 
have a significantly different release mechanism. Thus, 
additional studies will be necessary to better understand 
the nature of the release. Nonetheless, the present study 
provides significant insight into formulation variables 
which can be adjusted to achieve a variety of release 
rates and burst effects. The lack of burst and the appar- 
ent low flux for even small solutes such as NMP for the 
low molecular weight polymer systems appears quite 
promising for drug delivery purposes. 

Acknowledgements 

KP participated in this project as a Pfizer Pharma- 
ceutical R and D summer intern. The authors with to 
thank Kevin Ramey and Mike Fergione (both of Phar- 
maceutical R and D, Pfizer) for their assistance with 
the SEM. 

References 

[11 D.H. Lewis, Controlled release of bioactive agents from 
lactide/glycolide polymers, in M. Chasin and R. Langer 
(Eds.), Biodegradable Polymers as Drug Delivery Systems, 
Marcel Dekker, Inc., New York. 1990, pp. 1-41. 

[21 R. Jalil and J.R. Nixon, Biodegradable poly(lactic acid) and 
poly (lactide-co-glycolide) microcapsules: Problems 
associated with preparative techniques and release properties, 
J. Microencapsulation 7 (1990) 297-325. 



W.Z Lambert, K.D. Peck/Journal of Controlled Release 33 (1995) 189-195 195 

[ 31 K.L. Smith, M.E. Martin, and K.E. Thompson, Biodegradable 
polymers for delivery of macromolecules, Adv. Drug Del. Rev. 
4 (1990) 343-357. 

[41 F.G. Hutchinson and B.J.A. Furr, Biodegradable polymers for 
controlled release of peptides and proteins, in F.H.D. Roerdink 
and A.M. Kroon (eds.), Drug Carrier Systems, Wiley, 1989, 
pp. 111-129. 

15] A.J. Tipton and S.M. Fujita, A biodegradable, injectable 
delivery system for nonsteroidal anti-inflammatory drugs, 
Pharm. Res. 9 ( 1991 ) S-196. 

[6] N.H. Shah, A.S. Railkar, F.C. Chen, R. Tarantino, S. Kumar, 
M. Murjani, D. Palmer, M.H. Infeld, and A.W. Malick, A 
biodegradable injectable implant for delivering micro and 

macromolecules using poly ( lactic-co-glycolic ) acid (PLGA) 
copolymers, J. Controlled Release 27 (1993) 139-147. 

171 K. Juni and M. Nakano, Poly(hydroxy acids) in drug delivery, 
CRC Crit. Rev. Therap. Drug Carrier Systems, 3 (1987) 209- 
232. 

18] A.F.M. Barton, Solubility Parameters, Chem. Rev. 75 (1975) 
731-753. 

19] U. Siemann, Densiotometric determination of the solubility 
parameters of biodegradable polyesters, Proc. Int. Symp. 
Control. Rel. Bioact. Mater. 12 (1985) 53. 

[ 10] R.A. Miller, J.M. Brady, and D.E. Cutright, Degradation rates 
of oral resorbable implants ( polylactates and polyglycolates): 
rate modification with changes in PLA/PGA copolymer ratios, 
J. Biomed. Mater. Res. 11 (1977) 711. 


