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Abstract

This paper reports how poly(pi-lactide) microspheres of different molecular weight and BSA content were
manufactured in order to evaluate the influence of these two variables on the protein release profile, using a
composite central rotational design. The microspheres were prepared by a double emulsion method using different
w /0 phase ratios. The BSA encapsulated was about 80% of the theoretical amount incorporated. The resulting
microspheres proved porous except for three batches. The release of BSA from microspheres presented two phases,
first a high burst effect ranging from 37.3 to 75% of the protein incorporated, and a second slower one. Analysis of
the release results clearly shows a positive linear dependence of the slope of the slow release phase on the molecular
weight of polymer, due most likely to the formation of hydrogen bridges between the terminal -OH groups of the
polymer chains and the solitary pairs of donor atoms of the protein. Non-porous microspheres with a lesser burst
effect were obtained by decreasing the w/o ratio of the first emulsion during the preparation process.
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1. Introduction

The use of biodegradable polymers to manu-
facture microspheres which release peptides over
extended periods of time has been investigated in
recent years and satisfactory results have been
obtained, principally for LHRH agonists (Ogawa
et al., 1988a—c; Okada et al., 1989) and TRH
(Heya et al., 1991). The potential of proteins as
therapeutic agents is increasingly being recog-
nised, however, these drugs have high molecular
weights and marked solubility in addition to their
special structure so that the experience gained
through peptides does not necessarily apply to
them.

Albumin has been selected as the experimen-
tal protein for the manufacture of poly(lactide-
co-glycolide) microspheres and remains stable
throughout both the preparation facture and re-
lease processes (Hora et al., 1990; Cohen et al.,
1991). The influence on the release kinetics of
sundry variables, such as the effect of the homog-
enization techniques used in manufacture, the
composition and biodegradation of the copoly-
mers, the amount of incorporated drug and the
characteristics of the release medium, have been
evaluated (Sah and Chien, 1993).

The release mechanisms of this type of macro-
molecule have not been elucidated and it is sug-
gested that release from systems manufactured
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with biodegradable poly(lactide-co-glycolide) type
polymers takes place in two or three phases: the
first one, a burst effect, corresponding to the
release of the non-encapsulated product close to
the surface, the second, the formation of pores or
channels in the matrix due to polymer degrada-
tion and the third, bioerosion (Furr and Hutchin-
son, 1992).

This paper reports how poly(pL-lactide) micro-
spheres with different molecular weights and al-
bumin content were manufactured in order to
evaluate the influence of these two variables on
the protein release profile, using a central com-
posite rotable design.

2. Material and methods

DL-PLA of different molecular weights was
obtained according to the ring-opening reaction
described by Kulkarni et al. (1966). The experi-
mental synthesis conditions, time, temperature
and catalyst concentration of tetraphenyl tin
(Merck) were set up according to Munguia et al.
(1992). Molecular weights were determined by gel
permeation chromatography (GPC) using a
Waters® chromatograph. Four columns of differ-
ent pore size (Ultrastyragel) in a row were used
with tetrahydrofuran (Merck) as solvent. To cali-
brate the system, polystyrene monodisperse stan-
dards of various molecular weights were used
(Tokyo Soda Ltd). Polyvinyl alcohol (PVA) of
average molecular weight 30 000-70000 was pur-
chased from Sigma Chemical Co. Bovine serum
albumin (BSA) came from Merck. All the other
chemicals were reagent grade.

2.1. Experimental design

The following quadratic model was used,

y=bo+ X bx;+ Y b,x;x;+e
2 i<j
where i{=1,2 for the variables weight average
molecular weight of polymer (M,,) and drug con-
tent, respectively, Y denotes the response and e
is the error, which is assumed to be N(0,o2).
A central composite rotatable design was used

Table 1

Coded levels corresponding to the central composite rota-
tional design for polymer molecular weight (X)) and initial
percentage of albumin (X,)

Level X X,

-1.414 40000 16.7

-1 55000 21.5
0 90000 333
1 125000 45
1.414 140000 50

which contained nine different combinations of
the variables and the central point was replicated
five times (Cochran and Co, 1980). Table 1 shows
the coded levels and values of design variables.

2.2. Microsphere preparation

PLA microspheres were prepared by a double
emulsion method which is a modification of that
described by Ogawa et al. (1988a—c). BSA was
dissolved in water (1 ml) and poured into a solu-
tion of DL-PLA in MeCl, (Merck). The mixture
was sonicated for 1 min to obtain the first emul-
sion (w/0). The DL-PLA concentrations in the
organic phase were from 66.6 to 111 mg/ml, the
phase ratios (H,0/MeCl,) being from 1:4 to
1:7. The first emulsion was poured into 400 mi of
aqueous 0.1% PVA and the solution was stirred
with a homogenizer (Ultraturrax® T-25) at 8000
rpm at 5°C and stirred for 10 min to make a
(w/0)/w emulsion which was then stirred for 3 h
at room temperature at 250 rpm to remove the
solvent from the microspheres which had formed.
The microspheres were collected by filtration
through an aqueous Millipore® filter (0.45 wm)
and dried in vacuum for 24 h.

The albumin content of the microspheres was
determined by dissolving them in dichlorometh-
ane and extracting the albumin in water. The
concentration of BSA was measured by the spec-
trophotometric method of Lowry et al. 1951).

2.3. In vitro release study
Microspheres (40-50 mg) were suspended in

isotonic PBS (50-100 ml), pH 7.4, containing
0.02% sodium azide as a bacteriostatic agent and
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0.001% Tween® —80 to prevent the micro-
spheres forming clumps. Release studies were
conducted in silanized Erlenmeyer flasks at 37°C
and each assay was replicated three times. At
each time interval 1 ml of the medium was with-
drawn and albumin release was determined by
the analytical method described above, the sus-
pension being refilled with 1 ml of fresh medium.

2.4. Particle size

Microspheres suspended in 0.9% NaCl solu-
tion were measured using a Coulter counter
(Coulter ® Multisizer II) after treatment in a bath
sonicator for 3 min to bring about disaggregation.

2.5. Morphology

The shapes and surface characteristics of the
dried microspheres were examined by scanning

c.l 8 Ao oug 0w WD3E

electron microscopy (SEM). To study their sur-
face structure, the microspheres were coated with
gold /palladium under an argon atmosphere.

3. Results

Morphological characteristics: the prepared
microspheres proved porous except for batches
A, E and G which were virtually non-porous and
smooth-surfaced. Fig. la and b shows micro-
spheres from batches A and F as examples of
non-porous and porous microspheres, respec-
tively.

Table 2 sets out the characteristics of the
manufactured microspheres. Batches I, I1, 12, I3
and I4 correspond to the central point and its
replicates. As can be seen in Table 2, the manu-
facturing method is reproducible, with values for
production of between 89.2 and 90.6%, and from

Fig. 1. Scanning electron micrograph of BSA microspheres prepared by double-emulsion technique: lot A (a.c), lot F (b,d).
Immediately after preparation (a,b) and after release assay (c,d). Bar represents 10 pm.
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Table 2
Experimental results: production yield, BSA entrapping effi-
ciency (E.E.) and mean volume diameter (dvn)

Batch Production BSA? E.E. dvn
(%) (%) (%) (um)
A(-1,-1) 80.1 11.31 52.7 23.9
B(1,-1) 843 15.28 71.0 303
C(-1,1) 79.9 20.94 46.5 327
D (1,1 78.9 33.72 74.9 22.7
E (-1.4,0) 82.4 6.90 20.8 20.9
F(1.4,0) 87.3 30.41 91.3 31.8
G (0,~1.4) 82.5 7.17 43.0 26.8
H(0,1.4) 82.1 21.57 43.1 233
11-15 (0,0) 89.9 26.81 79.9 322
(SD) (0.59) 0.77) (0.76) (2.24)

? Experimental BSA loading.

79.0 to 81.0% for trapping. The mean diameters
ranged from 30.9 to 35.3 wm and all batches were
spherical in form and had porous surfaces.

In the in vitro release assay, the albumin in all
the batches of microspheres was delivered in two
stages: an initial rapid one which corresponds to
the so-called burst effect and a second, slower
phase. Table 3 shows the burst effect and release
rate for each of the lots studied, estimated by
linear regression from the slower phase cumula-
tive profile, the intercept corresponding to the
burst effect (lot B was the maximum with 75%

Table 4

Table 3
Results of BSA release from the microspheres
Batch Burst K(x10%) X ax Time
(%) (h™hH (%) )
A 49.9 3.87 77 720
B 74.1 55.20 92 72
C 61.9 2.57 81 720
D 674 44.10 77 72
E 42.6 5.85 64 360
F 46.6 27.40 80 192
G 57.9 10.30 88 360
H 373 3.19 54 720
11-15 60.1 3.30 89.40 720
(SD) (1.42) (9.59%107%) (2.65)

Burst effect and release rate (K) were obtained by linear
regression. Duration of release assay in vitro and BSA release
percentage are given.

and lot H the minimum with 37% (Fig. 2)) and
the slope to the release rate.

Table 4 summarizes the analytical results of
analysis of variance (ANOVA) of regression for
trapping, microsphere diameter, burst effect and
slope of the slow release phase (release rate). As
can be seen, both the percentage entrapped and
the release rate depend linearly on the molecular
weight and the theoretical amount of BSA incor-
porated; on the other hand, the burst effect does

Analysis of variance of regression for linear quadratic model used for response surface analysis for each parameter

Source of df Mean squares
variation Burst Release E.E. dvn Yield
rate
Total 12
linear 2 113.88 0.098 © 1345 © 0.098 8.96
Quadratic
and cross 3 137.406 0.029 679.11 ¢ 67.87 € 65.72 ¢
terms
Residual 7 118.38 0.013 89.92 10.66 3.19
lack of 3 270.45 ¢ 0.030 © 209.03 © 18.15 7.001 ¢
fit
Pure error 4 432 49.1077 0.58 5.039 0.34
R2® 0.44 0.756 0.883 0.749 0.906
CV.* (%) 3.206 2.906 0.96 6.76 0.65

# Calculated correlation coefficients.

P Coefficients of variation in relation to the mean of the observations to the central point.

¢ Null hypothesis rejected at a = 0.05 level.
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Fig. 2. Cumulative in vitro release of BSA from DL-PLA
microspheres in PBS (37°C): lot B (#) and lot H ().

not depend on any of the variables of the experi-
mental design. For the mean diameter and the
percentage of trapping, the null hypothesis was
rejected for the quadratic and cross terms. Table
5 lists the estimated coefficients of quadratic
model used for response surface analysis.

4. Discussion

In spite of the fact that, except for the mean
diameter, the lack of fit was significant (Table 4),
the coefficients of variation estimated from the
replicated samples of the central point, were low,
and the calculated correlation coefficients R?
were high enough, however, for the burst effect.
These data justify the use of the quadratic model
for the analysis of the response surfaces.

Table 5
Estimated coefficients of quadratic model used for response
surface analysis

Coefficient Burst Release EE. dvn Yield
rate
by 64.85 0.033 79.902 33.16 89.92
b, 442 0152 18.34 2 1.46 1.27
b, —-2.98 —0.028 -0.25 —-047 -0.78
by -581 0.103* -9004* —-3.0132 —-321°2
by, —432 0054 -—-1548°* -361* -—-4.508°?
by, —4.67 —0.024 247 40922 -131

# Null hypothesis rejected at a = 0.05 level.

The production yield presents a maximum on
the point (0.22-0.119), corresponding approxi-
mately to the experimental point of 90 000 for the
molecular weight of polymer and 33% of BSA
were very close to the maximum for the mean
diameter which corresponds to the area of
90 000-125 000 (M) and 33-45% of BSA.

The quadratic equation for the trapping effi-
ciency gives the response surface shown in Fig. 3
and has a maximum on the point (1.03-0.09)
around the experimental point 125000 (M,,) and
33% of BSA.

Analysis of the results clearly shows a positive
linear dependence of the slope of the slow re-
lease phase, release rate, on the molecular weight
of the polymer; the greater the M, the quicker
the release of the drug (Fig. 4), a finding com-
pletely at odds with the results published for

most conventional drugs (Cha and Pitt, 1988;
Bodmeier et al., 1989; Jalil and Nixon, 1990) and
peptides (Wada et al., 1990; Asano et al., 1991;
Yamakawa et al., 1992). This effect may only be
appreciated when studies with polymers are car-
ried out with a wide range of molecular weights,-

-1 0.5 0 05 1

Fig. 3. Response surface of the trapping efficiency as a
function of coded variables molecular weight of polymer (x-
axis) and drug content ( y-axis).
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Fig. 4. Linear dependence of the release rate on the molecu-
lar weight of the polymer.

such as the design used in this paper where
molecular weights ranged from 40000 to 140000
or the study published by Bodmer et al. (1992) in
which the same phenomenon was recorded for
octapeptide (Octrotide) microspheres and cylin-
ders containing albumin manufactured with
poly(pL-lactide-co-glycolide), a more hydrophilic
material than the DL-PLA homopolymer. The
range of molecular weights studied by these re-
searchers was 23000-74000. This effect cannot
be detected in studies made with polymers of
molecular weights close to or under 20000. Pro-
tein release in this second phase, as mentioned
above, has been attributed to the formation of
channels in_ the matrix due to polymer degrada-
tion, but determination of the molecular weight
of the microspheres once the release assay was
over showed it to be unchanged and, as can be
seen from Fig. 1¢c and d the microspheres re-
tained their original structure, indicating that the
polymer does not need to be degraded for albu-
min to be considerably released from these mi-
crospheres. Hence, the most likely mechanism
would be penetration of the medium through the
pores initially present in the microspheres or
those formed by erosion or albumin dissolution
and release. However, if this were the mechanism
at work, it would be expected that lots A, E and
G with very few superficial pores and low dose
uptake (Table 2) would release albumin more
slowly than the others, all of which were very
porous and contained more drug. As can be seen

in Table 3, this is not the case and the lot which
displays the least burst effect is lot H (37.3%)
while lot C is the one with the smallest slope in
the second phase (0.0257 h™'). Nonetheless, it is
noteworthy that lot E, consisting of non-porous
microspheres of low molecular weight (40000),
did not release its full complement, at least not
within the fortnight that the assay lasted.

Another of the factors that may affect albumin
release from poly(pL-lactide-co-glycolide) micro-
spheres is the volume of internal aqueous and
oily phase (Ogawa et al., 1988a—c; Jeffery et al.,
1993). It has been noted that there is less burst
effect when the volume of aqueous phase is de-
creased (Sah and Chien, 1993) and if the concen-
tration of the polymer in the organic phase is
raised at the same time (Cohen et al., 1991), both
burst effect and release rate are reduced. Lots A,
E and G were prepared with high polymer con-
centration (104.6, 97 and 111 mg/ml, respec-
tively), giving non-porous microspheres.

To obtain microspheres with a denser core
which hinders penetration of the medium and
delays release, three lots, A, B’ and G’ were
prepared under the same conditions as lots A, B
and G but reducing the volume of organic solvent
from 6 to 3 ml which supposed double polymer
concentration. An important reduction in the rate
of the second phase and burst effect was ob-
served except in the case of lot B’ where the
burst effect was not greatly affected (Fig. 5). The
three batches were all non-porous. As in the
previous design, the lower the molecular weight,
the smaller the slope and in this instance also the
lesser the burst effect (lot A). It should also be
noted that lot B’ took the whole fortnight that
the assay lasted to complete the release se-
quence. All this suggests that the ratio of aque-
ous /oily phase, and especially the polymer con-
centration in the organic solvent, in the first
emulsion owing to its viscosity makes an impor-
tant contribution to the characteristics of the
internal structure of the microspheres, which also
influence protein release.

From this study it can be gathered that the in
vitro albumin release from microspheres made of
poly(piL-lactic acid) depends on the amount of
trapped drug, the polymer concentration in the
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Fig. 5. Cumulative in vitro release of BSA from DL-PLA
microspheres in PBS (37°C): effects of phase relationship; lot
A(e), lot B(a), lot G (%), lot A (m), lot B' (v) and lot G’
(e).

organic phase and the molecular weight of the
polymer. Polymers with lower molecular weight
show a smaller amount released due, most likely
as has been suggested by Bodmer et al. (1992)
and Sah and Chien (1993), to the presence of
hydrogen bridges between the terminal OH
groups of the polymer chains, which are more
numerous than in high molecular weight poly-
mers, and the isolated pairs of donor atoms of
the protein.

To verify this possible explanation an FT-IR
spectrum by diffuse refractance was recorded, no
type of chemical binding seeming to be produced,
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Fig. 6. Amount of BSA adsorbed by polymer mass unit vs
total BSA concentration in the medium.

since no differences between isolated products
and forming microspheres could be appreciated.

An assay of protein adsorption to empty poly-
mer microspheres was performed. Albumin free
microspheres (10 mg) were suspended in differ-
ent solutions of BSA in the same medium used
for the in vitro release studies. The BSA concen-
tration varied from 100 to 1500 ug/ml and the
assay was carried out at 37°C in silanized tube
under slow stirring. DL-PLA (M, 40000) was
able to adsorb a greater amount of albumin (6-fold
more) than micrsopheres prepared with high
molecular weight DL-PLA (M,, 140000) (Fig. 6),
which could justify the different behaviour in
protein transfer.
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