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Abstract

Microspheres were prepared from paclitaxel and binary polymer blends incorporating 1, 3, 40k and 100k g/mol PLLA. Thermal
analysis was performed by DSC and in vitro paclitaxel release profiles were determineCah3yosphate buffer using an
HPLC assay. In microspheres made with 3k/40k PLLA blends, the glass trandilprerfystallinity and melting temperature
(Tm) all decreased with an increasing proportion of low molecular weight polymer in the blend. Similar trends were observed for
1k/100k blendsTy, values ranged from 175 to 11Q andTy values between 66 and 3C. However, for 1k/100k blends, melting
point depression was linearly dependent on blend composition when plotte@,as 1.000109x (%1k in blend)+ 0.0223,
R? = 0.97. A similar plot with data from the 3k/40k system yielded a non-linear relationship. Furthermore, the decfigase in
for both 1k/100k and 3k/40k blends followed the Fox equation, although experimental values were consistetlalioz
predicted values. Paclitaxel release from microspheres made with a 1k/100k blend occurred in four distinct phases: a burst phase
(day 0), a slower phase, a second burst (day 35) and a second slower phase (until day 70). The second burst coincided with
visible degradation of the microspheres. Blends of low and high molecular weight PLLA display thermal properties indicating
that 1k g/mol PLLA behaves as a diluent when blended with 100k g/mol PLLA, being excluded from the crystalline domains
in the polymer matrix. In contrast, 3k g/mol PLLA is incorporated in both amorphous and crystalline regions of the polymer
blend. Paclitaxel release profiles from 1k/100k PLLA microspheres demonstrate a multiphase profile due to the effects of both
diffusion and degradation controlled release mechanisms.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction cluding polymer molecular weightBgrton et al.,
2000. For paclitaxel-loaded PLLA in particular, we
Release profiles of drugs from microsphere sys- have characterized this effect from microspheres with
tems are controlled by a number of parameters in- polymer molecular weights ranging between 2k and
100k g/mol. The release characteristics of paclitaxel
"+ Corresponding author, Tel 1-604-822-2440: deviated from cIa§S|caI dlffu_5|on klr_1et|cs, becz_au_se
fax: 41-604-822-3035. of the heterogeneity of paclitaxel dispersed within
E-mail address; burt@interchange.ubc.ca (H.M. Burt). the matrix (iggins and Burt, 2001l Based on these
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release profiles, a two-compartment kinetic model erated at an intraperitoneal dose of 100 mg of 30%
was proposed for microspheres with PLLA molecular paclitaxel-loaded microspheres. However, paclitaxel
weight up to 50k g/mol. At 100k g/mol, paclitaxel- release was incomplete meaning a higher total dose
loaded microspheres exhibited deposition of paclitaxel than was required for efficacy was administered.
near the surface of the microspheres, resulting in an
apparent zero-order release profile after an initial burst
phasel(iggins and Burt, 2004 Low molecular weight 2. Methods
(2k g/mol) PLLA microspheres were found to release
drug rapidly over several days while 100k g/mol mi- Paclitaxel was obtained from Hauser (Boulder, CO).
crospheres gave slower, incomplete release even aftefPLLA was obtained from Birmingham Polymers, Inc.
several weeks. Neither formulation provided pro- (Birmingham, AB) and Polysciences, Inc. (Warring-
longed release of the total dose over several weeks. ton, PA).L-Lactic acid was from Sigma-Aldrich. (St.
The strategy of blending multiple polymersin afor- Louis, MO). All solvents were HPLC grade (Fisher
mulation may be employed to alter drug release and Scientific, Fairlawn, NJ) and all other reagents were
improve efficacy.Burton et al. (2000demonstrated  of analytical grade (Sigma-Aldrich, St. Louis, MO).
improved efficacy and release characteristics of le- A polycondensation reaction using a method reported
uprolide by combining microspheres each made using earlier Liggins and Burt, 200Llwas used to synthe-
different PLGA polymers, while others have proposed size 1k g/mol PLLA fromc-lactic acid. The molecu-
blending multiple polymers within a single matrix lar weights of all polymers were measured by GPC
to modulate properties. Polyesters in particular have with universal calibration according to a previously
been blended with each oth&dvivarapu et al., 2000;  reported methodLiggins and Burt, 200)L
Cao and Schoichet, 1999r with more hydrophilic Control, 10, 20 and 30% (w/w) paclitaxel-loaded
polymers such as polyethylene glycoNifenhuis microspheres were prepared using a previously de-
et al., 1996; Jiang and Schwendenman, 200brder scribed solvent evaporation methadggins and Burt,
to achieve properties intermediate between those of 2001). By altering the stirring speed and PVA con-
the two polymers. To increase hydrophilicity, amor- centration in the aqueous (internal) phase of the dis-
phous polyfpL-lactic acid) (PDLLA) matrices have persion Table 1), microspheres in two distinct size
been modified by the addition of a lower molecular ranges were produced.
weight PDLLA fraction Bodmeier et al., 1989; Bain Particle size distributions of microspheres were
et al., 1999, resulting in enhanced drug release and determined using a Coulter LS-130 laser diffraction
polymer degradation rates relative to higher molecular particle size analyzer. Immediately prior to analysis,
weight PDLLA alone. microsphere samples were suspended in water with
Despite the research interest in polymer blending, 0.01% polysorbate 80 and sonicated for 5min to
the effects of blending two molecular weights of a sin- prevent aggregation.
gle semicrystalline polyester, such as PLLA, on drug  The extent to which microspheres could be resus-
release have not been well characterized for micro- pended in water after drying was determined as fol-
sphere systems. We propose that the addition of very lows. Fifty milligrams of microspheres were placed
low molecular weight (1 or 3k g/mol) to high molec- in a 1.5 ml Eppendorf tube and 1 ml of distilled water
ular weight (40 or 100k g/mol) PLLA can be used to was added. The mixture was vortexed for 1 min and
modify the thermal and crystalline properties of the allowed to stand for 1 min to allow any aggregates to
semicrystalline matrix, and therefore modulate and en- settle to the bottom. The supernatant was transferred
hance drug release from the matrix. This approach to a glass vial and this process repeated twice more.
should provide an improvement over the previously The remaining aggregates in the Eppendorf tube were
reported formulation of paclitaxel-loaded 100k g/mol transferred to another glass vial. Both vials were cen-
PLLA microspheres@emetrick et al., 1997; Liggins  trifuged at 1500 rpm for 10 min and the supernatant
et al., 2000. This latter formulation was effective removed. The vials were dried for 24 h and weighed
in preventing tumor growth following intraperitoneal to determine the masses of the resuspended and ag-
injection after a tumor cell spill and was well tol- gregated fractions.
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Table 1

Total content of paclitaxel in 1-15, 10-35, 35-30% microspheres made with a blend of 60:40 1k:100k g/mol PLLA

PVA concentration Stir speed Microsphere Paclitaxel encapsulation efficiency

(%, wiv) (rpm) size (@m) (% of theoretical paclitaxel loading)
10% loading 30% loading

25 2100 1-15 128 79

25 900 10-35 115 109

1.0 900 35-105 112 109

Values are averages of three measurements from a single batch of microspheres. The precision in measurement was greater than 91% for
all samples.

Microspheres were observed by scanning electron into dichloromethane. The organic extract was dried
microscopy (SEM) at a magnification of 1000Sam- at 45°C under nitrogen prior to reconstitution in 1 ml
ples were mounted onto carbon disks, coated with of 60:40 acetonitrile in water and analysis by reverse
100 A gold—palladium and analyzed using an electron phase HPLC with UV detection at 232 nm.
voltage of 10 kV with a S-2300 scanning electron mi-
croscope (Hitachi, Japan).

Thermal properties of microspheres were observed 3, Results
by differential scanning calorimetry (DSC). Samples
weighing 3-5 mg were analyzed with a Dupont model GPC analysis gave the molecular weightcec)
910S DSC (New Castle, DL) in unsealed pans (Perkin of the PLLA polymers (labeled as 1, 2, 50k and
Elmer, Norwalk, CT). The degree of crystallinitd) 100k g/mol) as 1, 3, 40 and 100k g/mol, respectively.

of PLLA was calculated using the equation: Henceforth, polymers are referred to by th®gpc
AHi — AH, values.
c= TJ/QC x 100% (1) Two series of blends were selected for study, one

series being a combination of commercially obtained
whereAH; and AH¢ are the enthalpies of fusion and 40k and 3kg/mol PLLA and the other series be-
recrystallization, respectively, calculated from the area ing commercially obtained 100k g/mol PLLA and
under the curve for both recrystallization and melt- in-house synthesized 1k g/mol PLLA.

ing peaks and 93.7J/g is the enthalpy of fusion for  For 3k/40k g/mol PLLA blends, an aqueous phase
100% crystalline polymerGelli and Scandola, 1992 composition of 10% PVA and a stirring rate of 900 rpm
To control for thermal history, thermograms were ob- were used to prepare microspheres in a size range
tained for samples stored at room temperature without of 1-30um at all polymer blend ratios. Blend ra-

any previous heating or cooling. tios were 100:0, 80:20, 60:40, 40:60, 20:80 and 0:100
The total content of paclitaxel in microspheres was (3k:40k g/mol PLLA). Five batches of microspheres
determined in a manner previously reportéeygins were made from each of the 3k and 40k g/mol PLLA

and Burt, 200). Five milligrams of microsphereswere alone and three batches were made from each blend
dissolved in 1 ml of dichloromethane and diluted with composition. Scanning electron microscopy confirmed
20ml of 60:40 acetonitrile:water. Two clear phases that the microspheres were spherical with smooth sur-
were allowed to separate with PLLA precipitating at faces.
the interface. The paclitaxel contents of each phase Representative DSC thermograms (scanned at
were determined by HPLC. 10°C/min) of microspheres made with blends of 3k
The procedure for measuring in vitro paclitaxel and 40k g/mol PLLA are shown ifrig. 1 and the
release from microspheres has been previously re- effects of blend composition on thermal properties of
ported (iggins and Burt, 2001l Briefly, 3mg of the polymers are illustrated iRig. 2 A single glass
microspheres were suspended in 50 ml of phosphatetransition was observed for all blends, indicating that
buffered saline with 0.4% albumin (PBS) and at given the amorphous components of the two polymers are
time intervals, paclitaxel was extracted from the PBS miscible.
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Fig. 1. Representative DSC thermograms of microspheres with size range ofit+pfepared from blends of 3k and 40k g/mol PLLA
with compositions of (A) 100:0, (B) 80:20, (C) 60:40, (D) 20:80 and (E) 0:100 3k:40k g/mol PLLA aCifin.

Microspheres prepared from all blend ratios showed was most prominent in the 80:20 3k/40k blend

recrystallization around 9@ upon heating above the
glass transitionKig. 1). For PLLA blends, the degree
of crystallinity decreased as the proportion of 3k g/mol
PLLA increased.T, was lower for 3k g/mol PLLA
(145°C) than 40k g/mol PLLA (173C) microspheres
and Ty, values for blends were between the two ex-
tremes Fig. 2B). All microspheres, including 100%
3k and 40k g/mol PLLA, respectively, showed asym-
metry in the melting transition due to the presence of a
small shoulder peak (with slight exothermic deflection
in the thermogram) prior to the main melting event.
This phenomenon (a double melting endotherm)

(Fig. 1B).

PLLA with a molecular weight of 1k g/mol was
blended in several ratios with 100k g/mol PLLA to
make microspheres. A PVA concentration of 1% and
stirring rate of 900 rpm were used for the prepara-
tion of these microspheres. Microspheres with a blend
composition of up to 60% 1k g/mol PLLA were spher-
ical and could be freely resuspended in water follow-
ing the drying step in the manufacturing process. Mi-
crospheres with greater than 60% of the low molecular
weight component were irregularly shaped and tended
to aggregate at 90-100% 1k g/mol PLLA content.
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Fig. 2. The effects of polymer blend composition in microspheres
made from 3k and 40kg/mol PLLA on (A) the glass transition
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The thermal properties of the 1k/100k g/mol poly-
mer blends are shown ifig. 3. The trends were
very similar to those for the 3k and 40k g/mol PLLA
blends Fig. 2. The glass transition and melting
temperatures and the degree of polymer crystallinity
were all lowered by the addition of 1k g/mol PLLA to
the 100k g/mol PLLA. A double melting endotherm
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Fig. 3. The effects of polymer blend composition in microspheres
made from 1k and 100k g/mol PLLA on (A) the glass transition
and (B) the melting transition and degree of crystallinity=£ 3).

1 1 R 1

m_TTmz:Em_l(l_d)Z) 2

whereg,, Ah, Tmz and T, are the weight fraction,

heat of fusion of the polymer repeating unit, and de-
pressed and equilibrium melting points of a semicrys-
talline component in a polymer blend, respectively,
andm; the molar volume of the other component of the

was observed for blends containing 70% or greater blend. InFig. 4, blend composition data were adjusted
of the 1k g/mol polymer. The double endotherm was assuming incomplete incorporation of the 1k g/mol

observed as a shoulder prior Tg,, between 100 and

130°C.
The dependence of melting point depression on the mers and the assumption that 34% of the 1k g/mol

blend composition for both 1k/100k and 3k/40k g/mol

PLLA systems are shown iRig. 4 The inverseTy,

relationship Eqg. (2) was previously described by

Martinez-Salazar et al. (1996)

polymer. Blend compositions were calculated based
on the starting proportions of 1k and 100k g/mol poly-

polymer was not incorporated. The is assumption is
based on a 34% weight fraction of the 1k g/mol PLLA
being water soluble, as previously determinieidgins
and Burt, 200). Melting point data for 1k/100k g/mol
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Fig. 4. Change in the observed melting temperatiizg) {vith the
addition of 1-100 and 3k—40k g/mol PLLA.

blends gave a linear ploRf = 0.97) according to
Eqg. (2) whereas data for 3k/40k blends did not.

The blend ratio of 60% 1kg/mol PLLA to 40%
100k g/mol PLLA was selected for further study
because it was the highest ratio of low/high molec-
ular weight polymer which could form spherical
microspheres and be resuspended in water. Micro-
spheres made from this blend composition were called
polyblend-60 or “PB60” microspheres.

PB60 microspheres were made using the stirring
speeds and PVA concentrations listed@ble 1to pro-
duce size ranges of 1-15 and 35-108. Particle size
analysis yielded particle size distributions in which
>90% (w/w) of the particles were within the defined
ranges. Scanning electron micrographs showed that
microspheres in all sizes and paclitaxel loadings (con-
trol, 10, 20 and 30%) were spherical with a smooth
surface.Fig. 5A shows a representative micrograph
for 20% paclitaxel-loaded 35-1@8n microspheres.
All other sizes and loadings had a similar appearance.

PB60 microspheres exhibited generally good effi-
ciency of incorporating paclitaxelTable 7). Greater
than 100% encapsulation efficiency was observed in
the majority of formulations due to incomplete incor-
poration of the low molecular weight polymeric com-
ponent. However, microspheres in the size range of
1-15pm with theoretical loading of 30% had only
79% of the theoretical amount of paclitaxel in the mi-
crospheres.

Representative thermograms of control and 20%
paclitaxel-loaded PB60 microspheres in the 35—
105um size range are shown kig. 6 and the transi-
tions are summarized ifable 2along with those in
the 1-15um size range. Similar data were obtained

©

Fig. 5. The surface morphology of 20% paclitaxel-loaded micro-
spheres in the size range of 35-30% made from a 60:40 blend
of 1k and 100k g/mol PLLA after (A) day 0, (B) day 15 and (C)
day 70 of an in vitro release study. (Magnification of micrographs
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Fig. 6. DSC thermograms of (A) control or (B) 20%
paclitaxel-loaded 35-105m microspheres made with a 60:40
blend of 1k and 100k g/mol PLLA containing.

for 10 and 30% paclitaxel-loaded PB60 microspheres.
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The addition of paclitaxel also resulted in a change
in the shape of the melting endotherm. A small shoul-
der peak preceded the major polymer melting peak
in paclitaxel-loaded microspheres when thermograms
were obtained with a 10C/min heating rateKig. 6B).

The peak temperature was 40 less than the ma-
jor Ty for microspheres containing 20-30% paclitaxel
and 15°C lower for 10% loaded microspheres. The
AH of the shoulder peak varied from approximately 5
to 30% of the totalAH; of the polymer as the pacli-
taxel loading level increased from 10 to 30%. How-
ever, at a scanning rate of 4G/min, the shoulder
peak was not observed, a behavior typical of double
melting endotherms.

In vitro paclitaxel release profiles for 10 and 30%
loaded microspheres in the size ranges of 1-15 and
35-105um (formulations exhibiting the extremes in
loading level and particle size) are shownHiyg. 7,
expressed as a percentage of total loading. The features

Control microspheres possessed a greater degree othat were common to all the release profiles were an

crystallinity than did paclitaxel-loaded microspheres.
A melting point depression of 2<€ was observed

in the 20% loaded microspheres compared to control.
This effect was drug loading dependent, with 30%
paclitaxel-loaded 35-105m microspheres having a
6°C depression imMy,. The addition of paclitaxel to
PB60 microspheres was accompanied by a 7€10
increase irlg (seeFig. 6 andTable 3. The elevation

of Ty was observed in both size ranges and at all
loadings. The recrystallization temperatufg)(of the
polymer was also higher in microspheres that con-
tained paclitaxel. Control and 20% paclitaxel-loaded
microspheres had values ©f around 90 and 11%C,
respectively.

initial rapid release of 5-35% of total loading over
approximately 3 days, a slower phase that lasted until
around day 21 at which point the rate then increased,
followed by continued slow release over the remaining
4-5 weeks of the study. By day 50 of the study, release
rates had slowed to 0.1-0.3%/day. These values were
similar to rates observed in the initial linear phase after
day 21 (0.15-0.5%/day). Over the course of the study,
only 30-60% of total paclitaxel was released. This
partial release is similar to the amount released over
30 days for 100k g/mol PLLA microsphereisiggins

and Burt, 200%however, the profile is much different.
High molecular weight PLLA released paclitaxel with
a larger initial burst and release slowed to almost no

Table 2
Thermal properties of control and 20% loaded paclitaxel 60:40 1k:100k g/mol PLLA microspheres with size ranges of 1-15, 10-35 and
35-105um
Theoretical loading Tg® (°C) (AH?, J/g) Tc2 (°C) (AHGP, Jig) Tmd (°C) (AH:P, J/g) Xc (%)
1-15um microspheres
Control 55 (5.5) 83 (13) 166 (46) 18
20% 62 (7.4) 111 (18) 164 (41) 2
35-105.m microspheres
Control 53 (6.8) 92 (17) 167 (46) 8
20% 61 (7.6) 116 (22) 163 (41) 5

2 Peak transition temperature data are averages of three measurements made from a single batch of microspheres for each size and

loading. Peak temperature values varied<4®°C for all transitions.

b peak area data variedl1 J/g for AH, and <5J/g for AH; and AH;s.
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I (Celli and Scandola, 1992The magnitude ofAH,
o 30%, 1-10 um was greater for 3k g/mol than for 40k g/mol PLLA and
——10%, 1-10 um was intermediate for the blendSrandfils et al. (1996)
—¢— 10%, 35-105 um o at—tped also observed that enthalpy relaxation was a molecular
weight dependent phenomenon for PDLLA. Enthalpy
relaxation was observed in 3.5k g/mol PDLLA micro-
spheres that was not observed in 65k g/mol PDLLA
microspheres reflecting the so-called microstructure in
the amorphous phase that can arise in polymers as they
are precipitated from solutio®pdmeier et al., 1989
such as in solvent evaporation microsphere formation.
Recrystallization was observed when 3k/40k g/mol
0 10 20 30 40 >0 60 PLLA blend microspheres were heated abdyeThe
Time (days) T. decreased as the proportion of 3k g/mol polymer
. . ) ) increased in the blend. Both tfig and Ty decreased
Fig. 7. In vitro release profiles of paclitaxel from (A) 10% and . :
(B) 30% paclitaxel-loaded microspheres made with a 60:40 blend apprpxmately 7Casthe proportion of 3k g/mOI p0|y'
of 1k and 100k g/mol PLLA. mer increased from 0 to 100% so that the valud of
was approximately 35C above theTy for all blend

release after 21 days, whereas for PB60 microspheres cOmpositionsNijenhuis et al. (1996also noted that
the burst was less pronounced and release continued©’ Polymer blends of PLLA with PEG, th&. of
for the duration of the study. Since no final plateau was PLLA decreased with a decrease in figso thatTc
reached, presumably release would have continued forVas always approximately 4& above theTq. As the
some time after the 60 days studied. Tg is lowered, the mobility of the polymer chains is in-
The morphologies of PB60 microspheres at days 15 creased at any given temperature abbyand recrys-
and 70 of an in vitro release study are showFig. 6. tallization becomes possible at lower temperatures.
By day 15 Fig. 7B) the microspheres had begun to Melting of 3k and 40k g/mol PLLA blends oc-
show signs of surface erosion. By day 70, PB60 micro- curred at temperatures that were dependent on the

spheres had disintegrated leaving irregularly shaped Plend composition. Melting point depression data also
particles with diameters of up to 48m (Fig. 70. confirmed that 3k and 40k g/mol PLLA were miscible

(Figs. 2B and % However, the relationship between
blend composition and melting point depression was
4. Discussion non-linear when the data were plotted usiag. (2)
(Fig. 4). This non-linear relationship between melt-
Two blend systems have been compared, one con-ing point depression and blend composition means
taining 3k and 40k g/mol PLLA and the other 1k and that Ah, the enthalpy of fusion per repeating unit,
100k g/mol PLLA. The properties of the two high varies with blend composition. A change ixh with
molecular weight polymers (40k and 100k g/mol) used an increase in the proportion of 3kg/mol PLLA is
in this work were similar with respect to thermal prop- likely due to an increasing number of chain ends in
erties and their ability to form microspheres. However, the blend YWunderlich, 1973 The presence of an
the 1k and 3k g/mol polymers were different from each increased number of chain ends with the addition of
other, with 1k g/mol PLLA having values dfy and 3kg/mol PLLA resulted in more chain ends being
Tm, 18 and 30C lower, respectively, than values for included in crystallites, altering their surface free en-
3kg/mol PLLA. ergy and thereby affecting their melting temperature.
The composition of the 3k/40k g/mol blends af- A non-linear relationship between melting point de-
fected the area of the endothermic peak that coin- pression and blend composition for data plotted using
cided with theTg in the microspheresgs. land 2A Eqg. (2) has also been noted for 8k and 83k g/mol
This peak was attributed to enthalpy relaxatiogt PLLA blends gon Recum et al., 1995 although
which has been reported for other PLLA polymers these were not in microspheres. Optical microscopy

~
(=3
!

Release of paclitaxel (% of loading)




RT. Liggins, H.M. Burt/International Journal of Pharmaceutics 282 (2004) 61-71

of these blends showed that two different types of

69

comprising the 3kg/mol polymer. Conversely, the

crystallites were present. The crystallites were termed amorphous phase of the 1k/100k blend will be more

“small” and “large” and were attributed to crystallites
that were rich in 8k and 83k g/mol PLLA chains,
respectively. It is therefore possible that the chains
in the 3k/40k g/mol PLLA blends do not completely
mix in the crystallites formed in microspheres. The
formation of crystallites rich in 3k and 40k g/mol
PLLA could be responsible for the double melting
endotherm observed most clearly for the blend in
Fig. 1B. Crystallites with more 3k than 40k g/mol
PLLA would have a lowefT, than those containing
proportionately more 40k g/mol PLLA.

greatly affected on a per mass basis by the addition
of the 1k g/mol polymer. This is consistent with the
30°C drop inTg for the 1k/100k blends in contrast to
only a 8°C drop inTg in the 3k/40k blends.
Microspheres prepared with blends containing ei-
ther 1k or 3kg/mol PLLA as the low molecular
weight component also had different resuspension
properties. Whereas the 3k/40k g/mol polymer blend
microspheres were all freely resuspendable in wa-
ter after drying, the proportion of 1kg/mol PLLA
in the blend affected the resuspension index of the

The second polymer blend system studied was of 1k 1k/100k g/mol blend microspheres, despite the fact

and 100k g/mol PLLA. In this blend system, thermal

that Tq of both systems was above room temperature

properties were similar in many respects to those of the at which all microspheres were stored. The differences

3k/40k g/mol PLLA blends. As with the 3k/40k g/mol
polymer blends, a singldy was observed for the
1k/100k g/mol PLLA blends, indicating polymer mis-
cibility in the amorphous phase.

Similar to the 3k/40k blends, an increase AH,
and a decrease in polymer crystallinity for 1k/100k

in resuspension properties coincided with changes in
the surface morphologyF{g. 3) of the microspheres
and with a sudden increase in polymer crystallinity
in compositions having less than 60% low molecular
weight componentHig. 4B).

The 1k/100k g/mol polymer blend with 60% low

blends were observed with an increase in the propor- molecular weight component (PB60) was chosen for

tion of the low molecular weight componeriig. 3A

and B respectively), that were similar to those ob-
served for the 3k/40k g/mol polymer blends. However,
in contrast to the 3k/40k g/mol polymer blends, the re-

further characterization since it represented the max-
imum amount of low molecular weight material that
could be used to formulate spherical, resuspendable
microspheres. A similar “critical” ratio was reported

lationship between the melting point depression data for a blend of 3k and 120k g/mol PDLLA used to make

and blend composition was linear when plotted using
Eq. (2)(Fig. 4. ThusAh, which is proportional to the
slope of the linear melting point depression—molecular
weight relationship, was not affected by the addition
of 1kg/mol PLLA to the higher molecular weight
100k g/mol polymer. The short 1k g/mol chains of
PLLA were too small to be incorporated into the
polymer crystallites and did not affegth. We have
identified an important dependence of blend proper-
ties on molecular weight for PLLA polymers. High
molecular weight PLLA will incorporate 3k/g/mol
PLLA into its crystallites, resulting in decreased per-
fection of these crystallites and the possibility for two
types of crystallites to exist in the matrix. In con-
trast, 1kg/mol PLLA will not be incorporated into
the 100k g/mol crystallites, being instead excluded
into the amorphous phase. Thus while both blends
exhibit melting point depression, the crystallites in
the 1k/100k blends are structurally less affected by
the low molecular weight component than are blends

microspheres. A blend containing up to 75% of the
3k g/mol PDDLA could be used to manufacture in-
tact microspheresBodmeier et al., 1989 The same
limit was observed when blending 3.5k and 65k g/mol
PDLLA (Grandfils et al., 1996 In using a semicrys-
talline polymer however, an even lower molecular
weight component could be effectively used in the
blend. By maximizing the amount of low molecu-
lar weight component and minimizing its molecular
weight, it was expected that paclitaxel microspheres
could be manufactured which would have maximally
different properties compared to 100k g/mol PLLA
microspheres, reported earlietiggins and Burt,
2009.

Paclitaxel loading did not affect the surface proper-
ties of PB60 microspheres, and all PB60 microspheres
had smooth surfaces. The smooth surfaces were sim-
ilar to those observed for microspheres made from
PLLA with molecular weights of less than 10k g/mol
(Liggins and Burt, 200}, whereas paclitaxel-loaded



70 R.T. Liggins, H.M. Burt/International Journal of Pharmaceutics 282 (2004) 61-71

100k g/mol microspheres had a dimpled appearancein a depression ofy,, providing further evidence for
(Liggins and Burt, 2004 which was attributed to sur-  miscibility of paclitaxel in the PB60 matrix. A dou-
face deposition of the drug. Providing the observed ble melting endotherm was observed when paclitaxel
smooth surfaces indicate less extensive surface depo-was incorporated into the PB60 matrix that was not
sition of paclitaxel, and hence a slower rate of micro- observed for control microspheres. It is possible that
sphere formationl(ggins and Burt, 200%the work of paclitaxel is in the amorphous phase, which resulted
Li et al. (1995)would support a more homogeneous in a higherT. and a broadening of the recrystalliza-
distribution of drug in the matrix. This morphology is tion exotherm, may also have altered the mechanism
consistent with a less extensive burst phase observedof crystallization so as to produce less perfect poly-

for PB60 microspheres in contrast with the previously
reported 100k g/mol PLLA microspheres, which gave
up to 50% release in the burst phase.

In contrast to the effect of paclitaxel loading on the
thermal properties of 100k g/mol PLLA microspheres
(Liggins and Burt, 200% the addition of paclitaxel to
PB60 microspheres resulted in an increaségimdi-
cating that paclitaxel is miscible with the amorphous
phase and acts to stiffen the matrix, likely through
interactions with the polymer. Increased ability for
paclitaxel-polymer interactions may also contribute to

mer crystallites with a lowered, (Mandelkern,
1964). This hypothesis was supported by observing
only a single melting endotherm by DSC at a fast
heating rate of 40C/min. Furthermore, no melting
of crystalline paclitaxel was observed at 20T, as
has been previously reportediggins et al., 199Y.

At faster heating rates, the imperfect crystallites melt
but do not have time to recrystallize to form more
perfect crystallites before the temperature rises above
the equilibrium melting temperature of the polymer.
This explanation is more likely than the presence of

less drug segregation that could be manifested as sur-two different types of crystalline regions containing
face drug deposition. Enhanced interactions between 1k and 100k g/mol PLLA, respectively. According to

paclitaxel and the polymer chains may occur through
hydrogen bonding due to the 50-60-fold increase in
the number of hydroxyl and carboxyl groups con-
tributed by the chain ends of the 1k g/mol PLLA com-
pared to 100k g/mol PLLA alone.
An increase in thel. of PLLA was observed af-

ter the addition of paclitaxel to the microspheres
(Fig. 6). This is consistent with paclitaxel being dis-

Fig. 3B, the degree of crystallinity for the 1k g/mol

PLLA alone was almost zero. Thus, the 1kg/mol
PLLA chains excluded from the crystallizing polymer
in the PB60 blends are not believed to recrystallize
on their own to form a second type of crystallite. In
this behavior the 1k/100k g/mol blend system again
differs from the 3k/40k g/mol blend system, which
exhibits crystallinity in the low molecular weight

persed throughout the amorphous phase and actingcomponent, providing for an alternative mechanism

as a diluent molecule in the polymer matrix, which is
known to slow polymer recrystallizatioiandelkern,
1964). Interactions between paclitaxel and the 1k and
100k g/mol PLLA, such as hydrogen bonding with
polymer chain ends, could also have contributed to
the greater than 2@C increase inT. of the blend
(Fig. 6). It is likely that paclitaxel interacts predom-
inately with low molecular weight PLLA since only
a 2—6°C increase inl; was observed for 100k g/mol
PLLA microspheres l(iggins and Burt, 2004 Hy-

by which recrystallization may occur. Double melting
endotherms were also observed in the non-drug loaded
3k/40k g/mol blends and in the 3k and 40k g/mol poly-
mers alone. This phenomenon may also be due to the
formation of less perfect crystallites, which melt, and
may partly recrystallize, resulting in a slight exother-
mic event prior to the main melting peak. This was
particularly evident in the 80:20 blend of 3k/40k g/mol
polymers, for which less perfect crystallites are ex-
pected to form as a result of the incorporation of both

drogen bonding between paclitaxel molecules and molecular weight chains into the crystallites.

polymer chains would be expected to reduce the rate

of polymer chain diffusion through the amorphous
regions of the polymer matrix as they migrate towards
growing crystallites in the matrix.

As observed for 100k g/mol PLLA microspheres,
addition of paclitaxel to PB60 microspheres resulted

In vitro paclitaxel release from microspheres was
modulated by the addition of 1k g/mol PLLA to the
polymer matrix when compared to release profiles for
paclitaxel-loaded microspheres made from 100k g/mol
PLLA alone Liggins and Burt, 2001l The initial rate
of release of paclitaxel was greater from microspheres
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manufactured from 100k g/mol PLLA alone than from Bodmeier, R., Oh, K.H., Chen, R., 1989. The effect of the addition
PB60 microspheres, when Comparing microspheres of o_f low molecular weight p_olwiL-Iactide) on drug release from
similar sizes and loadings. The period of prolonged gﬁ:ﬁgrasdlabie_gpow"acude) drug delivery systems. Int. J
relegse was extended by SeV_eraI weeks, with ?—n a-Ccel‘Burton, K.-W., ’Shak‘leem, M., Thanoo, B.C., DelLuca, P.P., 2000.
eration of release after the third week. In studies over  Extended release peptide selivery systems through the use of
a similar time range using 100k g/mol PLLA micro- PLGA microsphere combinations. J. Biomater. Sci. Polym.
spheres, no second burst was observed, thus blending._Edn- 11, 715-729. o .
| P d hiah | | iaht PLLA afford gCao, X., Schochet, M.S., 1999. Delivering neuroactive molecules
Owa_m '9 r_no ecularweilg . afror S_more ex- from biodegradable microspheres for application in central
tensive or rapid release of paclitaxel than microspheres  nervous system disorders. Biomaterials 20, 329-339.
made from a single high molecular weight fraction.  Celli, A,, Scandola, M., 1992. Thermal properties and physical
In this report, we have demonstrated that as ex- _ ageing of poly(-lactic acid). Polymer 33, 2699-2704.

. . Demetrick, J.S., Liggins, R.T., Machan L, N.L., Burt, H.M., Hunter,
pected paclltaxel release frqm PLLA mlcrospheres W.L., 1997. The development of a novel intraperitoneal tumor
may be modulated by the addition of a low molecular seeding prophylactic. Am. J. Surg. 173, 403-406.
weight component. However, the effects were not all Grandfils, C., Flandroy, P., Bme, R., 1996. Control of the
as anticipated. The maximum burst effect was reduced,  biodegradation rate of poly(-lactide) microparticles intended
rather than accelerated, compared with high molecu- as chemoembolization materials. J. Contr. Rel. 38, 109-122.

| ight mi h Thi b lained by i Jiang, W., Schwendeman, S.P., 2001. Stabilization and
ar weight microspheres. IS may be explained by In- controlled release of bovine serum albumin encapsulated in

creased drug polymer interaction, which is supported  poly(,1-lactide) and poly(ethylene glycol) microsphere blends.
by the calorimetric data, and by empirical evidence  Pharm. Res. 18, 878-885.
of less surface drug deposition, resulting in a smooth L. W.l., Anderson, K.W., Mehta, R.C., Deluca, P.P., 1995.

. L Prediction of solvent removal profile and effect on properties
microsphere surface. In addition, the Iov@rfor the for peptide-loaded PLGA microspheres prepared by solvent

blend may prolqng 'the time for solidification during extraction/evaporation method. J. Contr. Rel. 37, 199-214.
formation, resulting in a more homogeneous matrix as Liggins, R.T., Burt, H.M., 2001. Paclitaxel loaded paltactic
described byLi et al. (1995) Most importantly, two acid) microspheres: properties of microspheres made with low

unique properties of the blend system were described. Lig;‘:s'ecg'f "‘éeligthtﬁ?\'ﬂymggc-”'t’;ie{ lzgggg-pzfij(vaigge’:a 9
Firstly, the degreg of interaction of p_aclltaxel and the microspheres. 2. The effect of processing parameters on
low molecular weight polymer was different than that microsphere morphology and drug release kinetics. Int. J.
previously described for the high molecular weight Pharm., 2004, in press.
polymer_ Secondly' the thermal propertles Of two ap_ ngglns, R.T., D’AmOIUrS, S, Demetrlck, JS, Machén, L.S., Burt,
parently similar blends were defined demonstrating H.M., 2000. Paclitaxel loaded pollactic acid) microspheres

. . . ’ .. for the prevention of intraperitoneal carcinomatosis after a
a d.ramatlc dlﬁerence. in polymer crystallization be- surgical repair and tumor cell spill. Biomaterials 21, 959-969.
haviors for PLLA having 1k and 3k g/mol molecular Liggins, R.T., Hunter, W.L., Burt, H.M., 1997. Solid state
Weights_ Whereas 3k g/mol PLLA can crystallize and characterization of paclitaxgl. J Pharm. Sci. 86, 1458—1463.
become incorporated into crystallites with high molec- Mandelkern, L., 1964. Crystallization of polymers. McGraw-Hill,

. New York, pp. 273-288
ular Welght PLLA, 1kg/m0| cannot. Thus, the lower Martinez-Salazar, J., Alizadeh, A., Jiménez, J.J., Plans, J., 1996.

molecular weight polymer results in more profound ef- On the melting behavior of polymer single crystals in a mixture
fects on the amorphous region. These effects together with a compatible oligomer. 2. Polyethylene/paraffin. Polymer
explain the release kinetics of paclitaxel from the mi- 37, 12.
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