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Abstract

The objective of this work was to characterize a polymeric paste formulation of the anticancer drug paclitaxel that was injectable
through a narrow gauge needle at room temperature and set to a solid implant in vivo for the intratumoral treatment of localized
cancer. Pastes were manufactured from a triblock copolymer composed of, pdddtide-co-caprolactone)-block—polyethylene
glycol-block—poly6,L-lactide-co-caprolactone) (PLC-PEG-PLC) or triblock blended with a low molecular weight polymer
methoxypolyethylene glycol (MePEG). Characterization of pastes was performed using differential scanning calorimetry (DSC),
gel permeation chromatography (GPC) and drug release studies. Paste integrity in water was measured by determining the degree
of fragmentation under initial agitation. MePEG was found to be miscible with the triblock polymer and paclitaxel dissolved in
various blends of these polymers up to 15% drug loading. Pastes composed of 40:60 triblock:MePEG blends and 10% paclitaxel
were found to inject through a 23-gauge needle and set to a solid pellet in phosphate-buffered salitz &u8F pellets
released paclitaxel in a controlled manner over 7 weeks. Pastes composed of 40:60 triblock:MePEG blends containing 10%
paclitaxel are proposed as suitable injectable formulations of the drug for intratumoral therapy.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction the drug at proliferating cell boundaries which may
be located far from the abnormal capillary networks
The unique physiology of tumors, which comprises in the tumor Brown and Giaccia, 1998; Jain, 1994
a highly disordered vasculature and zones of rapidly Many common solid tumors, including breast, brain
proliferating cells, offers an appropriate site for the use and prostate tumors do not respond well to conven-
of controlled release formulations of anticancer drugs. tional systemic chemotherapy. If the tumor is opera-
Systemic delivery of drugs to tumors has the disad- ble, surgical removal is the preferred therapy, but local
vantage of providing relatively low concentrations of recurrence of the malignancy, usually within a 2cm
margin of the excision site, poses a significant clin-
"+ Corresponding author. Tel 1-604-822-2440: ical problem Winternitz et al., 1996; Hunter et a!.,
fax: +1-604-822-3035. 1997; Fung and Saltzman, 199Polymer-based anti-
E-mail addressburt@interchange.ubc.ca (H.M. Burt). cancer drug loaded implants, pastes and microparticu-

0378-5173/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2003.10.010



186 J.K. Jackson et al./International Journal of Pharmaceutics 270 (2004) 185-198

lates provide an opportunity to deliver high, localized able implant delivery systems utilize a miscible blend
doses of drug for a prolonged period directly into a of a water insoluble polymer (such as PLGA) and
tumor or at the site of tumor resection. a water miscible biocompatible solvent (such as
Solid implantable, polymeric discs or pellets com- N-methyl-2-pyrrolidone or glycofurol)Shively et al.,
posed of polyanhydrides and loaded with anticancer 1995; Eliaz and Kost, 20Q0Upon injection into an
drugs have been evaluated for interstitial chemother- aqueous tissue environment, the water soluble solvent
apy of brain tumorsHErem et al., 1991; Walter et al.,  diffuses out of the polymer, which then precipitates,
1994; Fung and Saltzman, 199Paclitaxel loaded  resulting in a solid implant in vivoChenite et al.
polymeric pastes, termed “surgical pastes”, based on (2000) developed an injectable, thermally sensitive,
either low melting point blends of poly(caprolactone) pH-dependent hydrogel of chitosan with polyol salts.
(PCL) with methoxypolyethylene glycol (MePEG) These formulations are liquid at room temperature
or triblock copolymers of poly{,L-lactic acid) and and form gels at body temperature.
polyethylene glycol (PEG) were developed for local We have been exploring the development of in-
application during tumor resection surgery to prevent jectable pastes based on blends of a triblock copolymer
recurrencefhang et al., 1996; Dordunoo et al., 1997; with low molecular weight MePEG, which are viscous
Winternitz et al., 1995 liquids at room temperature, can be injected through a
For tumors that are not resectable, there is a great22-gauge needle and solidify to a semisolid implant in
deal of interest in the development of injectable poly- vivo (Jackson et al., 2000A biodegradable ABA-type
meric delivery systems for relatively non-invasive, triblock copolymer, where A is a random copolymer of
direct intratumoral delivery of high concentrations of b,L-lactide and caprolactone (PLC) and B is PEG (ab-
chemotherapeutics. Anticancer drugs and cytokines breviated as PLC-PEG-PLC) was blended in a 40:60
have been formulated as microspheres and injectedratio with MePEG (molecular weight 350). Intratu-
intratumorally into various tumor models, including moral injection of the viscous liquid, polyblend for-
sarcoma, hepatic, breast, brain and non-small cell mulation loaded with paclitaxel was effective in treat-
lung tumors Fung and Saltzman, 1997; Hanes et al., ing a human prostate cancer cell line tumor model
2001; Egilmez et al., 2000; Harper et al., 1998n in mice Jackson et al., 20001t was hypothesized
alternative approach is the development of injectable that, following injection into an aqueous tissue envi-
formulations that form a semisolid implant in the tu- ronment, MePEG would diffuse out of the formula-
mor tissues. There are numerous reports of injectable tion and the residual PLC-PEG—PLC/paclitaxel com-
polymer hydrogel-based delivery systems that have ponents would solidify due to increased melting point
been developed for a variety of drugs, based on the of the residual polymer and precipitation of the pa-
polymeric materials possessing thermosensitivity and clitaxel (Jackson et al., 2000In this work, we have
biodegradability. The polymers exhibiting properties characterized the novel paste formulation loaded with
of reversible thermal gelation are triblock copolymers paclitaxel and other drugs and provided evidence to
consisting of A-blocks and B-blocks, arranged as support the mechanism of solidification of the poly-
BAB or ABA, where A is polyp,L-lactic-co-glycolic blend matrix implant.
acid) (PLGA) and B is PEG. Aqueous solutions of
these polymers undergo a reversible gel-sol transition
and form a free-flowing sol at room temperature, be- 2. Materials and methods
coming a transparent gel at body temperatJdentig
et al., 1997, 2000; Kim et al., 2001; Zentner et al., 2.1. Materials
2007). Paclitaxel has been dissolved at high concen-
trations in aqueous solutions of ABA-type copolymers  Phosphate-buffered saline (PBS) pH 7.4 was manu-
and following intratumoral injection into mice bearing factured using sodium chloride and sodium phosphate
human breast carcinoma xenografts, there was a slowsalts obtained from Fisher Scientific. The molarity
clearance of paclitaxel from the injection site (about of the phosphate component was 10 mM. Methoxy-
6 weeks) with minimal distribution into any organ polyethylene glycol (MePEG 350) molecular weight
(Zentner et al., 2001 Other injectable, biodegrad- 350, was obtained from Union Carbide, New York,
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NY. Paclitaxel was obtained from Hauser Chemi- and the total weights of all tubes were recorded. After
cal Company, Boulder, CO. Amphotericin, nystatin cooling, 15 ml of distilled water were added, the tubes
and tretinoin were a kind gift from Dr. K. Wasan were capped and placed in an orbital shaker at 90 rpm
(University of British Columbia, Vancouver, BC, at 37°C (Innova 4000 incubator, New Brunswick Sci-
Canada). All other drugs were obtained from Sigma. entific). At designated times, each set of tubes=(3)
Triblock copolymer with the following composition  were taken from the incubator, the water was removed
was obtained from Angiotech Pharmaceuticals Inc.: and the polymer blends were dried in a vacuum oven
poly(p,L-lactide-co-caprolactone)-block—polyethylene set at a negative pressure of 25 mmHg and a temper-
glycol-block—polyf,L-lactide-co-caprolactone) (PLC— ature of 50°C. After 2 days, the tubes were removed
PEG-PLC). The molecular weight of PEG was from the oven and reweighed. The weight loss was
4600 and the weight percentages bofi-lactide, then determined by subtracting the final weight from
-caprolactone, and PEG, respectively, used in prepar-the original weight of each tube.
ing the triblock copolymer (TB) were 35, 35 and
30%. The TB copolymer was synthesized through 2.5. Gel permeation chromatography (GPC)
ring opening polymerization as previously described
(Burt et al., 1999; Liggins and Burt, 20p2 Quantitative GPC was performed on the paste sam-
Some TB samples were sterilized using gamma ples used in the weight loss experiments at ambi-
radiation from a cobalt-60 source and exposed to ent temperature using a Shimadzu LC-10 AD HPLC

2.5Mrad (over 8h) of radiation. pump, a Shimadzu RID-6A refractive index detec-
tor coupled to a 50 A Hewlett Packard Plgel column.
2.2. Manufacture of pastes The mobile phase was chloroform with a flow rate of

1 ml/min. The injection volume of the polymer sam-
Pastes were manufactured using triblock copolymer ple was 5Qul at a polymer concentration of approxi-
(TB), MePEG and drug by warming the three compo- mately 0.25% (w/v).
nents to 50C in the specified ratios in a 20 ml glass For degradation studies a calibration graph of log
scintillation vial (Fisher Scientific) and levigating the molecular weight versus retention time was estab-
mixture for 5min to form a solution or suspension of lished for the 50 A Plgel column using polystyrene
drug in polymer. Pastes were sealed in 20 ml scintil- standards (Polymer Laboratories, Church Stret-
lation vials, stored at 4C and used within 2 months  ton, Salop, England) in the 1000-50,000 molecular

of manufacture. weight range. To fifty-milligram samples of a 40:60
(TB:MePEG) paste blendt{paclitaxel at 10% load-
2.3. Differential scanning calorimetry (DSC) ing, w/w) in 16 ml glass tubes, were added 15ml

of PBS (pH 7.4) and capped. The tubes were incu-
DSC was performed using a Perkin-Elmer Pyris bated at in an oven at 3T. In all tubes, the buffer

1 calorimeter. Approximately 10mg of paste was was changed every few days to remove any drug
placed in crimped aluminum DSC pans and quench or polymer that had been released from the pellet.
cooled by heating to 80C followed by rapid cooling At designated times, tubes were removed from the
at 500°C/min. Samples were initially heated to 8D oven, the supernatant was discarded, the pellets were
to ensure all components were melted. This proce- washed once in water and dried under nitrogen. The
dure removed any thermal history from the sample dried pellets were then dissolved in chloroform for
and allowed for uniform surface contact of the paste GPC analysis of the molecular weight of the TB.
with the pan. Quenched samples were heated at a rate
of 10 or 40°C/min. 2.6. Paste solidification

2.4. Weight loss determinations In order to assess whether the paste formula-
tions solidified in aqueous media to form an intact

Quantities (300 mg) of molten paste (8D) were solid/semi solid, the various formulations were in-
pipetted onto the base of 16 ml glass tubes with caps cubated in water for 1 h and then the paste pellets
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were vigorously but reproducibly disturbed. This ex-
periment was performed by allowing 15 mg pellets to
form in the base of a 20 ml flat bottomed glass vial
set on a 45 angle containing 5 ml of PBS. After one
hour, a small magnetic stir bar (8 mm2 mm) was
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was performed by determining the absorbance at the
specified wavelength using a photo-diode array spec-
trometer (Hewlett Packard, Richmond, BC, Canada).
Calibration graphs of the drugs in octanol were es-
tablished by measuring the absorbance of a set of

added and the mixture was stirred at a constant speedstandards of each drug in octanol in the OpS0m|

By measuring the time for the pellets to break up un-
der such conditions, a qualitative determination of the

concentration range. HPLC analysis of paclitaxel was
performed using a Waters HPLC system (Mobile

“intactness” of the matrix was possible. Pastes con- phase 58:37:5. Acetonitrile:water:methanol, 1 ml/min,

taining 10% (w/w) drugs (methotrexate, colchicine,
curcumin, genistein, tretinoin, nystatin, amphoterecin,
camptothecin or paclitaxel) were manufactured using
a 40:60 (TB:MePEG) composition. Fifteen milligram
weights of each composition (molten at 80) were
pipetted into 20 ml glass scintillation vials held &t@

(on ice) to form uniform solid pellets. Five milliliters
of ice-cold PBS pH 7.4 containing 0.2% bovine serum
albumin (Fraction 4 Boehringer Mannheim) was
placed on top of the pellet and the vial was placed in
a stationary position in a 3T oven for 1 h. At this
time a 5mmx 1 mm stir bar was placed in the vial
and stirring was continued at 300 rpm and the time
for the paste pellet to break up into more than three
pieces was recorded.

2.7. Drug release profiles

Pastes containing 10% (w/w) drugs (methotrexate,
colchicine, curcumin, genistein, tretinoin, nystatin,
amphotericin, camptothecin or paclitaxel) were man-
ufactured using a 40:60 (TB:MePEG) composition.

20l injection, C18 Novapak Waters column with
detection at 232 nm) as previously describdaickson

et al., 2000. The solubility of paclitaxel in PBS was
approximately 1-2.g/ml, whereas im-octanol was
greater than 10 mg/ml. This substantial difference in
solubility ensured rapid and complete partitioning
of released drug intm-octanol. This was confirmed
by drying amounts of paclitaxel equivalent to those
used in these studies onto the base of glass vials and
adding 5ml of PBS and 5ml afi-octanol. All drug
partitioned into then-octanol within 3 h. For other
hydrophobic drugs, similar studies showed very small
amounts of drug in the aqueous phase, compared to
the octanol phase.

3. Results

3.1. Paste manufacture and general characteristics

All concentrations of paclitaxel (2.5, 5, 10 and 15%)
in all blends of TB:MePEG (30:70 to 90:10) were

Pastes containing 2.5, 5, 10 and 15% paclitaxel were completely miscible in the molten polymer matrix dur-

manufactured in ratios of TB:MePEG ranging from
30:70 to 90:10. Fifteen milligram weights of each
composition were placed in 20 ml glass scintillation
vials and cooled to 4C to form uniform solid pellets.
Five milliliters of ice-cold PBS pH 7.4 containing
0.2% bovine serum albumin (Fraction 4 Boehringer
Mannheim) was placed on top of the pellet followed
by 5ml of n-octanol (Fisher Scientific). The octanol
formed an upper immiscible phase on top of the PBS
so that any drug released into the PBS would partition

ing blending at 50C. Also, when the blends were al-
lowed to cool to room temperature, there was no ev-
idence of paclitaxel crystallization using optical mi-
croscopy. The presence of increasing concentrations of
MePEG in paclitaxel loaded pastes led to increasingly
less viscous formulations. Pastes containing 30% (or
greater) MePEG could be injected through a 23-gauge
needle at room temperature. Pastes containing either
20 or 10% MePEG were more viscous but could be in-
jected through 22- and 20-gauge needles, respectively.

into the octanol phase. The vials were capped and At 10% drug loading all other drugs formed homo-

incubated at 37C.
The concentration of the drug in the octanol phase

geneous dispersions or solutions of the drugs in the
molten polymer at 50C. All the compositions were

was analyzed by either UV-Vis absorbance methods free flowing molten fluids during blending at 5Q us-

or HPLC methods (for paclitaxel only). This octanol
phase was replaced back into the vial. UV-Vis analysis

ing the 40:60 (TB:MePEG) polymer blend and could
readily be injected through a 23-gauge needle at room
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Fig. 1. DSC thermograms of TB:MePEG blends showing glass
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following heating at 40C/min. All blends had been heated to
80°C and quenched cooled prior to heating.
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Fig. 2. The effect of increasing concentrations of MePEG in
10% paclitaxel loaded TB:MePEG pastes on the melting transition
temperature ) using a heating rate of T&/min. Values are the
mean of Ty, values determined from three separate paste samples
at each MePEG concentration.

the blend between 60 and 90%, two melting transi-

temperature. There was no evidence of drug particle tions were evident. Recrystallization peaRg)(were

aggregation in the polymer blends.

3.2. Differential scanning calorimetry

DSC thermograms for 100% TB, MePEG and

present in paste blends in which 50% or more of the
composition was TB. The TB crystallized at G

and increasing MePEG concentrations (up to 50%)
reducedT,. Sterilizing doses of gamma radiation had
no effect on the thermal properties of the triblock

pastes composed of different blend ratios of TB:MePEGCOPOlymer (data not shown).

are shown inFig. 1 The TB showed three thermal
events corresponding to a glass transitidiy) (at
—44°C, a recrystallization exothernT{) at 2°C and
a melting transition Try) at 40.5°C. Thermograms
of MePEG showed 3y at —98°C and a broad melt-
ing transition between-50 and 5C with a double
endothermic peak at-24 and—-4°C. As the con-

3.3. Weight loss determinations

Following incubation in water at 37C, all blends
showed rapid weight loss. The weight loss was as-
sumed to be almost exclusively the loss of MePEG
from the blend into the water. Weight loss was there-

centration of MePEG in the blend was increased to fore expressed as the percent weight loss of the total
70%, the thermograms of the blends showed a single MePEG in the blend and the results are shown in
Tg intermediate between thgys of the pure TB and  Fig. 3 The 100% TB was used as a control and did not
MePEG as shown in the summary of the thermal data lose any weight during the experiment. The weight
given inTable 1 changes for all blends were characterized by a rapid
As the concentration of MePEG in the blend was weight loss in the initial 5h followed by a slower
increased to 50%, the thermograms of the blends more sustained phase. Between 80 and 100% of the
showed a singl€ely, intermediate between th€ys MePEG had dissolved out of all of the blends by 48 h.
of the pure TB and the MePEG. The dependence of To determine the effect of including paclitaxel in a
melting point depression on the blend composition polymer blend on the weight loss in water the exper-
is shown inFig. 2 At MePEG concentrations in  iment was repeated for a 40:60 (TB:MePEG) com-
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Table 1

Summary of the thermal data obtained from the DSC thermograms of quenched PLC-PEG-PLC triblock copolymer (TB) with MePEG
blends using a heating rate of 40/min, as shown irFig. 1

TB: MePEG Ty (°C) T (°C) Tm (°C)

100:0 —445 1.3 405

90:10 -51.7 -12.9 38.2

80:20 —60.4 322 375

70:30 —-67.1 —42.7 34.8

60:40 -71.0 ~51.9 34.2

50:50 —745 -57.9 315

40:60 —74.9 ND -1.0 30.2
30:70 ~75.6 ND 1.0 28.9
20:80 ND ND 2.3 27.7
10:90 ND ND 0.3 ND
0:100 —98 -70 —24.3 47

ND: Not detected.
a Broad endothermic peak betweer24 and—4.7°C. Largest peak at-4.7°C.

position containing different amounts of paclitaxel and MePEG gave characteristic peaks with retention
using triplicate samples. The inclusion of paclitaxel times of 7.5 and 9.3 min, respectively. It was deter-
had little effect on the rate of MePEG loss from the mined that these peaks could be used for the quanti-
40:60 blend during the first 24 h. However, after 24 h, tative determination of each polymer remaining in the
the MePEG dissolved out of the 5 and 10% paclitaxel blend. Using standard weights of TB or MePEG, it
loaded pastes at a slower rate than pastes containingvas found that plots of peak areas against weight gave

2.5% or no paclitaxel. linear calibration curves with correlation coefficients
of 0.98 or higher. These calibration graphs were used

3.4. Weight loss determinations: gel permeation to determine the relative amounts of TB and MePEG

chromatography in a blend following incubation in water. The relative

peaks areas of MePEG would decrease and the rela-
Dried samples from the weight loss determination tive peak areas of TB would increase following incu-
experiments were used for GPC analysis. Both TB bation in water. A representative set of data for a 30:70

% Wt.Loss of Total MePEG

100

Time (hours)

Fig. 3. The time course of the loss of MePEG from various TB:MePEG blends (no paclitaxel). The weight loss of MePEG from 300 mg
pellets of polymer blends into distilled water at 37 is expressed as percent weight loss of the total original amount of MePEG in the
blend ¢ = 3, meant S.D.). The ratio of TB:MePEG in each blend wag)(100:0, @) 90:10, @A) 70:30, (A) 50:50 and {) 30:70.
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TB peak MePEG peak TB Peak MePEG peak
Incubation time Incubation time
[% MePEG remaining] [% MePEG remaining]
OHr 12.5Hr
[70%}) [41.5%)
1.5Hr 18.5Hr
(68.5%] [32.8%]
3Hr M\ 24 Hr
[62.1%)]) [32.85)
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[56.5%] \ [31.5%])
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[41.6%] [22.5%)
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Fig. 4. Gel permeation chromatograms (GPC) of a 30:70 (TB:MePEG) blend showing the TB and MePEG peaks at 7.5 and 9.3 min,
respectively. GPC runs of the blend following incubation in water for 0, 1.5, 3, 5, 8, 12.5, 18.5, 24, 32 and 48h are shown. The values
in brackets show the percent of MePEG in the blend at each time point calculated from the peak area using a standard curve.

(TB:MePEG) blend are shown Irig. 4. Fig. 5shows 3.5. Degradation studies: gel permeation

the percent MePEG remaining in the paste blends fol- chromatography

lowing incubation in water for specified times as de-

termined using GPC. All blends lost MePEG inarapid  Using GPC and a calibration graph of log molec-
manner over the first 12—-20 h in water followed by a ular weight versus retention time for polystyrene,
slower loss of the polymer from the blend over the next the molecular weight of the TB copolymer was de-
30-38h. termined to be 16,700. The calculated molecular
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Fig. 5. The time course of MePEG loss from various TB:MePEG blends using quantitative GPC. The initial concentrations of MePEG in
the blends were®) 70%, @) 50%, (A) 30% and &) 10%.

weight of the TB was determined to be 15,333. The days. The inclusion of paclitaxel or MePEG in the
time-dependent changes in the molecular weight of composition had no significant effect on the degra-
small TB pellets placed in water are shownHig. 6. dation rate of the TB. After 30 days there was no
The polymer degraded from a molecular weight of measurable change in the molecular weight of the
16,700 to approximately 12,000 over a period of 30 polymer. However, the sizes of the polymer pellets

20000
18000
16000 -
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]
8000 —+— Triblock/MePEG }

Molecular we

6000 - —= Triblock/MePEG/Paclitaxel J

4000 -

2000

0 5 10 15 20 25 30
Time (days)

Fig. 6. Time course of the degradation of the triblock copolymer in water as determined by the change in the molecular weight of TB in
40:60 (TB:MePEG) paste blends containing either no paclitaxel or 10% (w/w) paclitaxel. Molecular weight determined by SBC (

meant S.D.).
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were observed to diminish rapidly in the sample tubes. tions of TB (90%) within one hour in PBS. How-
Similarly, the size of the peaks on the chromatograms ever, when paste blends (no drug) were subsequently
reduced rapidly so that accurate determinations of the stirred, they broke up into small pieces within 30s,
retention time were not possible (data not shown). In indicating that the paste had failed to solidify to a
a separate experiment, 200 mg samples of TB blendedform with good structural integrity in water at 3T
with 10% MePEG were incubated in PBS at°&7for (Fig. 7). Including the hydrophobic drug paclitaxel
periods up to 41 days and then dried and reweighed in a 40:60 (TB:MePEG) blend had a pronounced
to determine the mass loss. The mass loss at 7, 14,effect on the structural integrity of the polymer
22, 28 and 41 days was 40%:8), 57% (1), 75% blend in PBS so that the pellet remained intact un-
(£2) 87% 2) and 96% £1) (n = 3), respectively. der vigorous stirring for 25 min. Furthermore, paste
The GPC molecular weight of the TB in these sam- compositions containing the highly hydrophobic and
ples decreased from 16,981 to 11,945 over the 41-daywater insoluble drugs curcumin, genistein, tretinoin,
period at a rate similar to those shownFHig. 6 for nystatin, amphotericin or camptothecin stayed intact
the 60% MePEG blends. for over 4min under conditions of rapid stirring,
Gamma radiation had no effect on the molecular indicating that these compositions had solidified to
weight of the TB copolymer determined by GPC. Pa- pellets with structural integrity in agueous media. The
clitaxel was included in some irradiated TB samples paste compositions containing the more water solu-
at concentrations up to 10%. In all cases there was ble drugs colchicine and methotrexate disintegrated
no degradation of paclitaxel as determined by HPLC rapidly when stirred (2.5min and 30s, respectively;

analysis of drug recovered from the irradiated TB. Fig. 7) and the pellets possessed little to no structural
integrity.
3.6. Solidification determinations In separate experiments paste pellets containing pa-

clitaxel and more than 60% TB did not disintegrate

When placed in quiescent aqueous media &tG37  significantly over 30 days when left stationary in PBS

all blends showed evidence of solidification, be- at 37°C. Increased paclitaxel loading into pastes with

coming a semi-solid paste at high concentrations of less than 60% TB led to a reduction in the rate of dis-
MePEG (70%) or a waxy solid at high concentra- integration of the pellets.
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Fig. 7. Disintegration of paste pellets of 40:60 (TB:MePEG) blends containing 10% (w/w) loadings of drug as determined by the time
for a paste pellet to break up under conditions of rapid stirring. Paste pellets were allowed to solidify in water for It atiBibut
agitation. Pellets were then stirred at 300 rpm and the time for fragmentation into three or more pieces was measured.
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Fig. 8. The time course of paclitaxel release from various blends of TB:MePEG for (A) 2.5% paclitaxel; (B) 5% paclitaxel; (C) 10%
paclitaxel; and (D) 15% paclitaxel loaded pastes. The ratio of TB to MePEG in each blend®ya9170, (A) 40:60, @) 50:50, (x)

60:40, () 40:30, O) 80:20 and A) 90:10 @ = 4, meant S.D.).

3.7. Drug release experiments

Fig. 8A-D show the release profiles for 2.5%
(Fig. 8A), 5% (Fig. 8B), 10% (ig. 80 and 15%
(Fig. 8D) paclitaxel loaded pastes composed of
TB:MePEG blends in the range 30:70 to 90:10. All
formulations released paclitaxel with a short burst in
the first 3 days followed by a slower phase of release
over the following 40 days. In general, blends contain-
ing higher concentrations of MePEG released drug
more quickly than blends with lower concentrations
of MePEG. Blends that contained higher concentra-
tions of paclitaxel released drug more slowly than

sulated drug had been released. The 5, 10 and 15%
paclitaxel loaded pastes had a wide range of drug
release profiles which depended on the TB:MePEG
ratios as shown iifrig. 8B—D.

Fig. 9 shows the drug release profiles for 10% drug
loaded TB:MePEG (40:60) paste. Pastes containing
the moderately water soluble drugs methotrexate and
colchicine released almost all the encapsulated drug in
the first 24 h of the drug release experiment. However,
pastes containing all the hydrophobic, water insolu-
ble, drugs released the encapsulated drug much more
slowly. Consistent with the solidification experiments
described in this studyH{g. 7), which used stir bar

blends that contained lower concentrations. The 2.5% agitation, the paste pellets containing the hydrophobic
paclitaxel loaded pastes released the largest percent-drugs formed distinct solid pellets in PBS which did
age of encapsulated drug of all the drug loadings, so not disintegrate in the drug release vials. On the other

that after 30 days between 50 and 100% of encap-

hand, the pellets containing the water soluble drugs
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Fig. 9. The time course of drug release from 10% drug loaded pastes composed of a 40:60 blend of TB:MeP£Gngant S.D.).

colchicine and methotrexate disintegrated extensively ing of metastable crystallites at a temperature below

after 2 days of drug release in quiescent media.

4, Discussion

The triblock copolymer of PLC-PEG-PLC is com-
posed of PEG with a molecular weight of 4600 and
a random copolymer ab,L-lactic acid and caprolac-
tone with a calculated molecular weight of 15,333. It
is a waxy solid at ambient temperature. The addition
of increasing amounts of the low molecular weight
(350) MePEG component to the TB did not lead to

the melting point of more stable crystallites. The melt
from the metastable crystallites then underwent re-
crystallization to more stable crystallites which subse-
quently meltedNlichols and Richardson, 1992\fter
guench cooling, there was a very small recrystalliza-
tion peak at-70°C just prior to the melting endotherm
of MePEG. MePEG (350 g/mol molecular weight) is
made up of small molecules, which gives them greater
mobility by reducing the likelihood of chain entangle-
ments. As a result, MePEG crystallization likely oc-
curred following quench cooling. Quench cooled sam-
ples of TB showed a recrystallization event &tCl

any observable phase separation and a miscible blendand melting at 40C. The melting of TB and MePEG

resulted. As the proportion of MePEG in the blend in-

blends occurred at temperatures that were dependent

creased, the viscosity decreased and the blend becam®n blend composition. There was a single melting tran-

free-flowing.

The melting transition for MePEGF(g. 1) was a
broad double endothermic event between abebb
and 5°C, with the peak temperature of the second
endotherm occurring at5°C. The double melting

endotherm can be explained to be due to the melt-

sition for TB:MePEG blends containing MePEG up
to a concentration of about 50%. ValuesTof were
highest for 100% TB and decreased as the propor-
tion of MePEG in the blend increased (Table 1). Melt-
ing point depression data also confirmed that TB and
MePEG were completely miscible up to 50% MePEG
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content Nishi and Wang, 1975At a TB:MePEG ratio from the matrix in the presence of water probably
of 40:60, a very small additional melting endotherm reduced the solubility of paclitaxel in the remaining
appeared at approximatelyl °C and this endotherm  TB-rich phase and also caused greater water uptake
gradually increased in size for blends with greater pro- into the matrix leading to precipitation of paclitaxel.
portions of MePEG (TB:MePEG of 30:70, 20:80 and The greater structural integrity of the paclitaxel loaded
90:10). This endotherm appeared to correspond to thematrix was likely due to the presence of solid drug
second (higher temperature) melting peak observed for dispersed throughout the waxy TB-rich phase. To de-
100% MePEG samples. At all proportions of TB and termine whether precipitation of a drug dispersed in
MePEG, DSC scans showed that the blends possessedhe TB-rich matrix was an important component of
only oneTy with a value intermediate between tig improving the mechanical strength of the mass in wa-
values of the individual polymers—{44 and—98°C ter, different drugs with a range of hydrophobicities
for TB and MePEG, respectively). This would indicate were dispersed in 40:60 TB:MePEG blends. Similar
that the polymers were miscible at the concentrations to paclitaxel, camptothecin and amphotericin B are
present in the amorphous phas®oéen, 1998 Both highly hydrophobic compounds with a very low wa-
the Tg and T, decreased as the MePEG concentration ter solubility and these drugs also precipitated within
increased in the blends (Table 1). As thgis low- the TB-rich phase giving greater mechanical strength
ered, the mobility of the polymer chains is increased to the massed{g. 7). More water soluble drugs, such
at any given temperature abo¥g and recrystalliza-  as colchicine or methotrexate did not solidify exten-
tion becomes possible at lower temperatures. sively in TB-rich matrices in water and correspond-
The addition of MePEG to TB resulted in blends ingly showed less structural integritiig. 7).
possessing decreased viscosity, making it possible to GPC analysis showed the molecular weight of the
inject the compositions through a needle and syringe. TB copolymer to be 16,700 which was close to the
Following the addition of water or PBS to TB:MePEG calculated value of 15,333. The MePEG component
blends, the materials became increasingly viscous andwas lost from the TB:MePEG blends rapidly and ex-
eventually semi-solid or solid at 3€. The studies  tensively in water within 100 h (about 4 day§)dgs. 3
involving weight loss and MePEG loss were all car- and 5. There may also have been a small contribu-
ried out by the addition of water to paste samples tion of hydrolytic degradation of TB and erosion to
of constant volume and geometry. The weight loss the total weight loss shown iRig. 3. The molecular
and GPC studies demonstrated that in the presence ofweight of the TB decreased to about 13,000-14,000
aqueous media, the MePEG component diffused and over the first 2 weeks and then degradation was slower
partitioned out of the blends rapidl¥igs. 3-3 lead- over the next 2 weeks. After about 1 month, there ap-
ing to an increase in the melting temperature, so that peared to be negligible further changes in molecular
the material began to solidify and eventually formed weight of the TB in the residual paste. However, after
a semi-solid mass at 3T. However, these semi-solid 4 weeks, the size and mass of paste samples contin-
masses were very fragile and did not retain struc- ued to decrease rapidly and a substantial weight loss
tural integrity on stirring of the aqueous incubation of 96% after 41 days was found, for paste samples of
medium (sedrig. 7 for pastes with no drug loading). TB blended with 10% MePEG. We speculate that the
When paclitaxel was added to the TB:MePEG blends, degradation products of TB with a molecular weight
the drug dispersed as a homogeneous solution in theof around 12,000 were water soluble leading to disso-
matrix. The addition of water or PBS to these pacli- lution, erosion and weight loss. It is possible that the
taxel loaded blends resulted in the formation of solid end blocks of PLC on the TB degraded preferentially
masses with significantly greater structural integrity, over this time period, leaving a more water soluble
as measured by the simple, yet reproducible method copolymer which dissolved in the agueous medium.
of determining the time taken to break the masses Blends of TB:MePEG containing MePEG at con-
into more than 3 pieces upon vigorous stirrirgo centrations ranging from 10 to 70% and paclitaxel
7). It was observed that incubation of the TB:MePEG at concentrations from 2.5 to 15% formed semisolid
blends in aqueous media led to precipitation of the masses or “pellets” in PBS at 3. These pellets
paclitaxel in the matrix. Hence, the loss of MePEG all released paclitaxel in a controlled manné&ig(
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8). Compositions of pastes containing lower paclitaxel Burt, HM., Zhang, X., Toleikis, P., Embree, L., Hunter, W.L.,
loadings or higher MePEG concentrations released 1999 Development of copolymers of payy(-lactide) and
drug faster than other paste compositions This effect methoxypolyethylene glycol as micellar carriers of paclitaxel.
. . ’ Coll. Surfaces B: Interfaces 16, 161-171.
may be related, at Ieas_t in part, to different rates of Chenite, A., Chaput, C., Wang, D., Combes, C., Buschmann,
break-up of the pellets into smaller fragments. Paste  M.D., Hoemann, C.D., Leroux, J.C., Atkinson, B.L., Binette,
pellets containing low paclitaxel concentrations and F., Selmani, A., 2000. Novel injectable neutral solutions of
high MePEG concentrations were observed to break chitosan form biodegradable gels in situ. Biomaterials 21,
o 2155-2161.

up rapidly into small fragments over 7 days. Hence )
hp pf Y f hg y d ' Dordunoo, S.K., Oktaba, A.M.C., Hunter, W., Min, W., Cruz, T.,
the Su_r ace areas O_ these masses exposed to water Burt, H.M., 1997. Release of taxol from poty¢aprolactone)
would increase, leading to greater water uptake, more
rapid loss of MePEG, faster degradation of the TB and
increased rates of drug release.

We determined that paste blends containing 60%

0, () I -

MePE_G’ 40_/? TB and 10_& _paC|Itaxe| possessed OPt' tumor regression and potent antitumor immunity. Cancer Res.
mal injectability characteristics. The paste could be in- 60, 3832-3837.
jected through a 23-gauge needle at room temperaturegliaz, R.E., Kost, J., 2000. Characterization of a polymeric PLGA
and formed a semisolid implant in water at°%7. This injectable implant delivery system for the controlled release of
was also the case for 40:60 TB:MePEG blends con- . pVOtLe;?S-SJ-ItB'Omedw'\:Aatelrégfsb 5|°* 383‘_398|- o

. . . _ Fung, LK, Saltzman, W.M., . Polymeric implants for cancer
ta|n|ng_ the hydrophobic drugs camptothecin f'ind am chemotherapy. Adv, Drug Deliv. Rev. 26, 209-230.
photerlc_mBand these peI_Iets released drug W|th_aS|m- Hanes, J., Sills, A., Zhao, Z., Suh, K.W., Tyler, B., DiMeco,
ilar profile to paclitaxel Fig. 9). Structural integrity F., Brat, D.J., Choti M.A., Leong, K.W. Pardoll, D.M.,
of the pellet formed in vivo is considered desirable, Brem, H., 2001. Controlled local delivery of interleukin-2 by
since drug release would Iikely be more predictable biodegradable polymers protects animals from experimental

. . brain tumors and liver tumors. Pharm. Res. 18, 899-906.
an(:] (i(())l;trolle(il.. Thle 40'6.0.TB'|\36.PEG pastelllo_aded Harper, E., Dang, W., Lapidus, R.G., Garver Jr., R.l., 1999.
W'_t 0 Pac ltaxel was Injected intratumorally into Enhanced efficacy of a novel controlled release paclitaxel
mice bearing human prostate LNCaP tumors grown  formulation (Paclimer delivery system) for local-regional
subcutaneouslyJéckson et al., 2000The paste so- therapy of lung cancer tumor nodules in mice. Clin. Cancer
lidified in vivo within 3h and the tumors regressed Res. 12, 4242-4248. _
dramatically by 8 weeks. There was evidence of some Hunter, W.L., Burt, H.M., Machan, L.,. 1997. Local delivery of
idual paste at week 8 in the mice. On-aoing studies chemotherapy: a supplement to existing cancer treatments. A

residual p - e ) going . case for surgical pastes and coated stents. Adv. Drug Deliv.
are evaluating combination therapy of the paste with
radiation in the treatment of localized prostate tumors. Jackson, J.K., Gleave, M.E., Yago, V., Beraldi, E., Hunter, W.L.,

pastes: effect of water-soluble additives. J. Controlled Rel. 44,
87-94.

Egilmez, N.K., Jong, Y.S., Sabel, M.S., Jacob, J.S., Mathiowitz, E.,
Bankert, R.B., 2000. In situ tumor vaccination with interleukin-
12 encapsulated biodegradable microspheres: induction of

Rev. 26, 199-207.
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