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Abstract

The solvent extraction/evaporation process has been used to form poly(D,L-lactide-co-glycolide) (PLAGA) BCNU-loaded
microspheres designed for use as intracranial controlled-release implants. Their actual payload could reach 25% with a 20-50 xm
size distribution. Scanning electron microscopy showed that such carriers had a smooth surface and a spherical geometry.
Differential scanning calorimetry analyses carried out on drug-loaded microspheres established that the PLAGA T, was markedly
shifted towards the low temperatures along with the disappearance of the BCNU melting endotherm. Annealing experiments
performed at room temperature did not induce any change of the loaded microsphere DSC profiles. These features indicated that
the BCNU acted as a plasticizer for the coating material and formed with it a solid solution. Similarly, stability of encapsulated
BCNU was assessed in different conditions of storage. It appeared that drug degradation increased with temperature increase: 5.4,
8.8, 32.4 and 51.2% of decomposition after 3 month storage at — 18, 4, room temperature (RT) and 37°C respectively. Since the
free drug was stable at 4°C and experienced only 10.6% decomposition at RT during the same storage time, the state of solid
solution involving the intimate mixing of the drug and the polyester in the matrix favors a progressive decomposition of BCNU.
However, keeping the microspheres 6 months at — 18°C or 3 months at 4°C prevents a loss of drug superior to 10%. © 1998
Elsevier Science B.V.
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1. Introduction meric devices has been achieved in man for the treat-
ment of malignant cerebral tumors [3]. We have

A major obstacle in the treatment of many neurolog- demonstrated in a previous study the biocompatibility
ical disorders is the inability to deliver drugs into the and biodegradability of blank poly(D,L-lactide-co-gly-
brain, particularly within discrete regions, at a con- colide) 50:50 (PLAGA) microspheres implanted in the
trolled rate. Recent reports have shown that polymeric brain tissue [4]. Consequently, these microspheres could
devices implanted into the brain can release locally be of interest to carry BCNU (1,3-bis(-2-chloroethyl)-1-
neuroactive substances for extended periods of time nitrosourea), one of the most effective antineoplastic
[1,2]. In this manner, the brain implantation of poly- agents for chemotherapy of malignant glial tumor, but

displaying a short half-life and important adverse ef-

—_— ) o fects such as bone marrow suppression and pulmonary
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known that a variety of physicochemical interactions
between the polymeric carrier and drug can occur [5—
7]. These interactions likely influence the therapeutic
performance and stability of the final pharmaceutical
form, especially when the drug is unstable like BCNU
[8—10]. Accordingly, the objective of this paper was (i)
to prepare BCNU-loaded microspheres with the
smallest possible amount of organic solvent in order to
avoid any interference of solvent traces on the micro-
spheres morphology, (ii) to evaluate the thermal prop-
erties of BCNU-loaded microspheres stored in different
conditions, in order to define their internal morphology
and (ii1) to follow drug stability in microspheres, that
might be affected by the nature of the drug dispersion
in the matrix.

2. Materials and methods

2.1. Chemicals

The poly (D,L-lactide-co-glycolide) 50:50 (PLAGA)
copolymer was obtained from BI Chimie (Resomer®
RG 506, Paris, France). Its M, and M, were respec-
tively 75320 and 22470 with a polydispersity index of
3.3. 1,3-bis(-2-chloroethyl)-1-nitrosourea (BCNU) was
supplied as a lyophilized powder by Laboratoires Bris-
tol (Paris, France). Polyvinyl alcohol (PVA)
(Rhodoviol® 4/125, 88% hydrolyzed) was used as the
emulsifying agent. The methylene chloride (CH,Cl,)
was used without further purification (Rectapur®, Pro-
labo, Paris, France).

2.2. Microsphere preparation

A previously described formulation based on the
solvent extraction/evaporation method [11] was used to
encapsulate BCNU. Microspheres were formed accord-
ing to the following procedure: PLAGA (0.25 g) was
dissolved at room temperature in a known volume of
CH,Cl, and cooled at 4°C. A definite amount of
BCNU (5-300 mg) was then dissolved (completely
shielded from light) in the resulting solution. This ob-
tained organic phase was added under an agitation of
1600 rpm for 5 min, to 100 ml of a cooled aqueous
phase (4°C) containing 2% (w/v) PVA. The extraction
was carried out under agitation (1000 rpm) in water
(500 ml) for 10 min and the formed microspheres were
washed twice with 100 ml of deionized water, recovered
by filtration and then freeze-dried.

Two main process parameters were investigated: the
polymer/solvent ratio (w/v %) (4.16, 5, 6.25, 6.94, 7.14,
8.33, 12.5) and the stirring rate of the primary emulsion
(1000, 1400, 1600, 2000 rpm).

2.3. Microsphere characterization

2.3.1. Size distribution analysis

Microsphere size distribution was determined using a
Coulter® counter (Multisizer, Coultronics, Margency,
France). Twenty milligrams of the sample were sus-
pended in an aqueous solution of Tween 80, diluted in
saline (Isoton II®, Coultronics, Margency, France) and
analyzed.

2.3.2. Morphology studies

Microsphere morphology was determined by optical
microscopy (Olympus® BH-2, OSI, Paris, France) and
scanning electron microscopy (Jeol JSMR 3 JC, Jeol,
Paris, France). In the latter case, a layer of gold was
deposited by evaporation on the sample (Ion Sputter
JFC 1100, Jeol, Paris, France).

2.3.3. Determination of BCNU content and stability
study

According to a procedure previously described [12], a
weighed amount of BCNU-loaded microspheres (10
mg) was dissolved in 0.8 ml methylene chloride. The
sample volume was adjusted to 10 ml with ethanol to
precipitate the polymer. The resulting suspension was
centrifuged at 18 000 rpm for 20 min (4°C). The super-
natant was assayed according to the Bratton—Marshall
colorimetric method, adapted by LOO and DION for
BCNU determination [13].

A 10 pl aliquot of the clear supernatant was added to
0.5 ml of 0.5% sulfanilamide in 2 N HCI (Prolabo,
Paris, France) and 0.99 ml of deionized water. After
agitation, the sample was heated at 50°C for 45 min.
Afterwards, the medium was rapidly chilled in an ice
bath and 0.1 ml of N-(l1-naphthyl) ethylenediamine
dihydrochloride (Bratton—Marshall reagent) in deion-
ized water (3 mg/ml) was added (Aldrich, Saint-
Quentin Fallavier, France). The color was allowed to
develop for 10 min and the optical density was read at
540 nm by spectrophotometry (Uvikon 940®, Kontron,
St Quentin-en-Yvelines, France). The assays were per-
formed in triplicate on freshly made microspheres and
on particles stored in containers at different tempera-
tures: — 18, 4, RT and 37°C.

The theoretical (T.E.R) and actual (A.E.R) encapsu-
lation ratios were respectively defined by the following
expressions:

Drug weight

T.E.R (%) = - -
) Drug weight 4 polymer weight

Drug weight

AER (%)=
%) Microsphere weight

The encapsulation yield (%) was given by the A.E.R/
T.E.R ratio.
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2.3.4. Thermal analysis

Thermal gravimetric (TGA) and differential scanning
calorimetry (DSC) analyses were achieved on free
BCNU, blank and BCNU-loaded microspheres. Analy-
ses were carried out with a differential scanning
calorimeter (DSC TC II, Mettler Toledo, Viroflay,
France). DSC analysis was made by heating samples at
10°C/min, in a sealed pan, over a temperature range
— 100-200°C. Reported glass transition temperatures
(T,) are midpoint values. Studies were performed on
freshly-prepared and aged microspheres stored under
previously described conditions. TGA analysis was car-
ried out on free BCNU, blank and BCNU-loaded
microsphere samples heated at 10°C/min, in an opened
pan, over a temperature range 30—300°C.

3. Results and discussion
3.1. Microsphere preparation

A previous study was performed in our group to
determine the process variables allowing the formation
of BCNU-loaded PLAGA microspheres [11]. However,
by initially setting the theoretical drug content at
16.67%, the actual BCNU content barely went above
10%.

The objective of the present study was to obtain more
highly loaded-BCNU microspheres using the lowest
volume of organic solvent as the dispersed phase. This
approach should minimize the amount of entrapped
methylene chloride in the microspheres and, thus, avoid
plasticization of the polymer. This condition must be
met to have a clear interpretation of the drug polymer
interactions, without interferences due to entrapped
solvent.

The solvent extraction/evaporation process was se-
lected versus the classical evaporation procedure because
it was believed that the extraction step improved the
elimination of methylene chloride without altering the
BCNU content. The smallest volume of dispersed phase
investigated in the study of Torres et al. [11] was 6 ml.
Fig. 1 shows the effect of methylene chloride volume on
the microsphere size, for amounts below 6 ml, the
stirring rate being set at 1000 rpm. It was noticeable that
the size of the microspheres was influenced by the
polymer concentration in the dispersed phase during
preparation. An increase in the polymer concentration
resulted in a larger particle diameter. This might be
explained by a greater probability of fusion of semi-
formed particles when they ran into each other in the
medium. In addition, increasing the concentration of
dissolved polymer also increased the viscosity of the
organic phase, which might prevent an optimal shearing
of the emulsion when agitated. Similar results have been
previously reported [14,15].

70

Size (um)
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CH2 C12 volume (ml)

Fig. 1. Influence of the methylene chloride volume on blank micro-
spheres size (stirring rate 1000 rpm).

However, below a 3 ml volume, the formation of
microspheres did not occur and between 3 and 3.6 ml,
the microscopic observation revealed the presence of
polymeric fibers along with microspheres. The smallest
volume of methylene chloride leading to regular micro-
spheres without any debris, in these conditions, was 3.6
ml. But their mean size was 62 um, incompatible with
the planned surgical application. A stereotaxic injection
on rats required a size distribution in between 20 and
50 pm.

Taking into account the adjustment of the methylene
chloride volume to 3.6 ml, the effect of the stirring rate
of the emulsion on the microsphere size was evaluated
by electronic count (Table 1). A stirring speed of 1600
rpm allowed the formation of 34 xum microspheres. The
adjustment of the previous process conditions was done
without the presence of BCNU.

In a last series of experiments, BCNU was introduced
in increasing amounts in the organic phase.Table 2
reports the encapsulation data obtained along with the
mean sizes of the particles. The microsphere size was not
affected by the presence of the drug.

In terms of A.E.R, the best results were obtained for
T.E.R (28.6%) since the drug content reached the value
of 22.2% equivalent to an encapsulation yield of 77.8%.
Interestingly, the encapsulation yield dropped to 52.1
and 45.5% for higher T.E.R (44.4 and 54.5%), the A.E.R
leveling off at 23-25%. Since BCNU is a very fragile
molecule, the validity of the analytical method used in
the study could be questioned. It must be noted that the
drug content was determined by a colorimetric assay
that allowed the quantification of the intact nitro-

Table 1
Influence of stirring rate of the emulsion on the particle size

Stirring rate (rpm) Microsphere size (um)

1000 62.3 +22.6
1400 43.5+18.4
1600 342+ 14.1
2000 3274128
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Table 2
Influence of the initial BCNU amount introduced in CH,Cl, (3.6 ml) on drug content, encapsulation yield and microsphere size (stirring rate: 1600
rpm)
BCNU (mg) BCNU encapsulation ratio (%) Encapsulation yield (%) Particle size (um) + S.D.
Theoretical Actual
5 1.96 1.35+0.24 68.8 29.2+10.9

20 7.41 5.47 4045 73.8 342+ 143

50 16.66 11.64 + 0.74 69.9 312+ 127
100 28.57 22.24 +0.89 77.8 30.2 +13.5
200 44.44 23.14+0.51 52.1 34.1+12.8
300 54.54 24.82 45.5 35.8+14.6

sourea molecule [13]. The first step involves the sponta-
neous decomposition of BCNU. The subsequent denitro-
sation generated nitrous acid that was the chemical entity
assayed. Therefore, none of the decomposition products
of BCNU interfered with the reaction.

SEM observations showed that microspheres were
spherical and exhibited a very smooth surface (Fig. 2).
There was no evidence of pore formation. Unlike CCNU-
loaded PLA microspheres [12], free BCNU crystals were
never observed on the microsphere surface, or in the
aqueous phase. That could be explained by the fact that
BCNU is 80 times more soluble in water (4 mg/ml) than
CCNU (< 0.05 mg/ml) [16]. This difference in behavior
could also explain why the maximal BCNU encapsulation
yield in PLAGA microspheres (78%) was lower than that
concerning CCNU in PLA particles (90—100%), although
prepared according to very similar conditions.

3.2. Internal microsphere morphology
Fig. 3 contains five DSC scans that illustrate the thermic

behavior of free BCNU, PLAGA, a physical mixture of
these compounds, blank microspheres and BCNU-loaded

Fig. 2. Scanning electron micrograph of 22.2% BCNU-loaded
PLAGA microspheres.

microspheres. Curve A shows a narrow melting en-
dotherm at 30.4°C (123 J/g) and an exotherm starting at
90°C supporting a degradation phenomenon of the drug.
Indeed, when free BCN'U samples were heated at a rate of
10°C/min using an oil bath, an important degradation
occurred after 80°C. In this temperature range, Loo et al
described a cyclization of BCNU [8]. Moreover at this
temperature range, the TGA weight losses that the BCNU
sample experienced were close to 100%. They could be
attributed to volatilization of BCNU degradation prod-
ucts.

Curve Bisthe DSC profile of the starting PLAGA with a
glass transition at 49.4°C.

Curve C corresponds to the DSC chart obtained from a
physical mixture of BCNU and PLAGA (20% w/w). It
shows all the thermal events previously described: the
PLAGA glass transition at48.3°C, the melting endotherm
at 33°C and the degradation exotherm both typical of
BCNU. Curve D is a DSC profile given by blank
microspheres with a polymer glass transition located at
48.3°C. Curve Eillustrates the thermic behavior of freshly
made BCNU loaded-microspheres with a 22.2% actual
drug content. Three characteristic features could be
brought about. First, the PLAGA T, fell at 12.9°C.
Secondly, no BCNU melting endotherm was detectable.
Thirdly, the exothermic event remained located at the
same temperatures. The absence of detectable crystalline
domains in the PLAGA microspheres along with the
presence of BCNU degradation signal, demonstrated that
intact drugis molecularly dispersed in the matrix. The type
of molecular dispersions, stable or metastable, could be
defined by examining how the drug affects the 7, of the
coating material [5—7]. By comparing the DSC charts of
the starting PLAGA (curve B), the physical mixture (curve
C) and the blank microspheres (curve D), it must be noted
that the 7, values do not vary significantly (48.3-49.4°C).
Interestingly, methylene chloride was known to have a
high affinity for PLAGA and to plasticize it [5]. However,
in this case, the residual traces entrapped were too low to
affect the PLAGA T, partly because the microspheres
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Fig. 3. DSC scans obtained with (a) BCNU, (b) PLAGA, (c) 20%
BCNU-PLAGA mixture, (d) blank microspheres and (e) 22.2%
BCNU-loaded microspheres.

were processed with the lowest amount of CH,CI,
allowing their formation. This was supported by the
absence of weight loss during the TGA scan per-
formed on blank and drug-loaded microspheres, be-
tween 30 and 80°C. Therefore, the T, shift recorded
on curve E was solely due to the presence of BCNU
and supported the fact that the drug acted as a
strong plasticizer for the polymer. In other words,
the drug had strong miscibility with PLAGA.
Another way to make the distinction between the

two types of molecular dispersions was to determine
what happened to drug-loaded PLAGA microspheres
stored for prolonged periods at temperatures above
the T, of PLAGA, but below the melting tempera-
ture of the drug [5-7]. In this situation, drug
trapped as a metastable molecular dispersion in the
PLAGA glass will have its diffusivity greatly in-
creased due to the large increase in PLAGA chain
mobility that occurs above T,. Under such condi-
tions, molecularly dispersed drug molecules immis-
cible with PLAGA could diffuse together to nucleate
and grow finite crystal domains. If the drug was
miscible with PLAGA, it would remain molecularly
dispersed during and after heat treatment. Room
temperature was selected because it was above the
polymer T, of the loaded microspheres and below
the drug melting point. No drug melting event was
observed over 6 months. This feature strongly sup-
ported the fact that BCNU formed a stable solid so-
lution with the polymer. Another point strengthened
the proposed structure of the matrix. When BCNU
alone was in its amorphous state (obtained by
quench-cooling its liquid form), its conversion to
crystalline domains occurred after 7 months of stor-
age at +4°C. No such transformations took place
in the microspheres kept at room temperature indi-
cating that the matrix internal structure was thermo-
dynamically stable. This particular interaction
between a drug and its homing polymer was already
suspected for PLA microspheres carrying another ni-
trosourea, CCNU [6]. Finally, it was previously
shown that the encapsulated drug content leveled off
at approximately 22-25%, irrespective of the initial
amount introduced in the organic phase. Fig. 4
shows how the actual encapsulation ratio affects the
PLAGA T,. It fell from 48.3 down to 29.2°C when
small amounts of drug (5 mg) were introduced to
the medium. When the A.E.R increased from 1.4 to
22.2%, the PLAGA T, decreased linearily. It was
clear that the extent of polymer plasticization de-
pended on the amount of entrapped drug until a
certain limit was reached. When microspheres were
made with initial amounts of BCNU ranging from
100 to 300 mg, the PLAGA T, did not significantly
change (from 12.9 to 10.4°C). This must be related
to the fact that the optimal encapsulation ratio was
almost obtained with only 100 mg of BCNU. The
use of higher initial amounts of drug did not bring
about improvement. The value of 24.8% leading to a
T, of 10.4°C was believed to be close to the solubil-
ity limit of the drug in the polymer. Beyond this
limit, the drug was not able to stay entrapped in the
matrix, even under the state of crystalline dispersion.
The encapsulation of BCNU in PLAGA (50:50) via
the solvent extraction/evaporation process (according
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Fig. 4. Effect of BCNU content in the microspheres on the PLAGA T,.

to the process variables previously described) oc-
curred through the establishment of a solid solution.
When the solubility limit was attained in the poly-
mer, the remaining fraction of drug was rejected in
the aqueous phase.

3.3. Stability studies

Identification of the matrix structure might have
some important implications in terms of drug stabil-
ity. The necessity of such an investigation was rein-
forced by the peculiar instability of BCNU. Several
microsphere samples were stored for 13 months un-
der different conditions, — 18, 4, RT, 37°C, and as-
sayed for their drug content parallel to the
determination of their thermal behavior (Table 3). It
appeared that some degradation occurred irrespective
of the experimental conditions and its extent was
more marked when the storage temperature in-
creased: 5.4, 8.8, 32.4 and 51.2% of decomposition
after a 3 month storage at — 18, 4, RT and 37°C
respectively. Since free BCNU was stable at 4°C and
experienced only 10.6% decomposition at RT after a
3 month storage, it was believed that the intimate
mixing of the drug and the polyester under the form
of a solid solution favored the slow but progressive
decomposition of the encapsulated nitrosourea. No
stabilization effect was obtained through encapsula-
tion in PLAGA except at 37°C where encapsulated
BCNU degraded much more slowly than the free
form (Fig. 5). In this case, the matrix system partly
protected BCNU against heat decomposition. Simi-
larly, it is worth noting that the degradation kinetics
of BCNU in the microspheres follow a first order
law (Fig. 5). This kinetic pattern was previously re-
ported when the drug was dissolved in petroleum

ether [8]. This feature is consistent with the forma-
tion of a solid solution when BCNU is encapsulated
in PLAGA. Last but not least, it must be noted that
a rather good correlation exists between the BCNU
contents assessed either by the Bratton—Marshall
method or by DSC through the energy emitted dur-
ing the BCNU degradation process (Fig. 6). In this
case, the thermal analysis could supply a reliable fol-
low-up of the BCNU stability in the microspheres.
In addition, it was noted that the remaining amount
of intact encapsulated BCNU did not crystallize at
room temperature, irrespective of the storage time.
Interestingly, the PLAGA T, value slightly increased
by a few degrees during storage, especially at 37°C,
confirming loss of pure BCNU although impossible
to quantify. Both observations were consistent with
the existence of a solid solution between the drug
and its homing polymer.

4. Conclusion

The encapsulation of BCNU in PLAGA (50:50) by
the solvent extraction/evaporation process proceeds
through the formation of a solid solution. The pecu-
liar structure of the matrix involving an intimate
mixing of the drug and the polyester, was shown to
favor a progressive decomposition of the encapsu-
lated nitrosourea during storage at a temperature
equal to or below RT. A thorough study of stability
allowed the selection of conditions where less than
10% of drug were degraded in the microspheres:
6 months at —18°C or 3 months at +4°C.
These storage conditions were particularly important
to define in order to start biological studies
and to make sure that BCNU doses used would
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Fig. 5. Degradation kinetics of BCNU (free and encapsulated, actual content: 22.2%) during storage (MS, microsphere; RT, room temperature).
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not be overestimated. The release kinetics from the
microspheres and the toxicological studies of drug-
loaded microspheres intracranially implanted in rats are
now ongoing.
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