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substitution in different pH media at 1 hour, 2 hours, 3 hours, 4 hours, 5 hours and 24 hours, and show results of Example 1.
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CONTROLLED RELEASE OF DOXORUBICIN

Cross-Reference to Related Application
This application claims the benefit of U.S. Provisional Application No. 60/160,211,

filed 19 October 1999, the whole of which is incorporated herein by reference.

Technical Field

This invention is directed at a composition for the controlled release of doxorubicin.

Background of the Invention

Doxorubicin is a commonly used antineoplastic drug. Commonly responsive tumors
include acute leukemia, Hodgkin’s disease, other lymphomas, breast and lung cancer.
Doxorubicin has been reported to give a high response rate in the treatment of advanced
breast cancer and to give favorable results for the treatment of gastric carcinoma (a tumor for
which only four drugs are known to be active). However, doxorubicin has a narrow
therapeutic index and causes cardiac toxicity at a cumulative dose of 450 to 550 mg/m*. The
usual dosage is 40-75 mg/m’ rapidly intravenous or 30 mg/m’ for three days by continuous IV.
Alternative methods of administration have been sought which accommodate the narrow
therapeutic index and cumulative dose toxicity. In particular, a controlled release form of
doxorubicin has been sought, and glutaraldehyde treated erythrocytes and glutaraldehyde
treated albumin have been suggested as carriers for this purpose. However, the
glutaraldehyde can react with the doxorubicin causing the doxorubicin to become less active
and is potentially toxic, and heat is used in glutaraldehyde treatment of albumin which can
inactivate doxorubicin. Accordingly, a carrier for controlled release of doxorubicin has been
sought where no chemical cross-linker is necessary and where heat is not involved in the

preparation of the carrier.
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Summary of the Invention

The invention herein provides a composition for the controlled release of doxorubicin
where the carrier is a dextran-methacrylate biodegradable hydrogel and where no chemical
cross-linker or heat are necessary for the preparation of the carrier. The composition for the
controlled release of doxorubicin comprises doxorubicin physically entrapped in a dextran-
methacrylate biodegradable hydrogel. The composition is formed, for example, by
photocrosslinking dextran methacrylate monoester in solution in a medium containing
doxorubicin and drying, the dextran methacrylate monoester having an average degree of
substitution of each o-D-glucopyranosyl of dextran by methacrylic acid ranging from 0.05 to
0.75 and a weight average molecular weight ranging from 40,000 to 80,000 on a dextran
basis, e.g., 50,000 to 75,000 on a dextran basis, said medium being buffered to a pH ranging
from 2 to 8, the weight ratio of doxorubicin to dextran methacrylate monoester ranging from
1:200 to 1:2000, e.g., from 1:500 to 1:1500.

In one subset of the invention, the dextran methacrylate monoester which is
photocrosslinked has an average degree of substitution ranging from 0.05 to 0.15.

In another subset of the invention, the dextran methacrylate monoester which is
photocrosslinked has an average degree of substitution ranging from 0.15 to 0.40.

In still another subset of the invention, the dextran methacrylate monoester which is
photocrosslinked has an average degree of substitution ranging from 0.40 to 0.75.

The term “physically entrapped” is used herein to mean physically impregnated, i.e.,
the drug is within the hydrogel network but there has been no chemical reaction between the
drug and the hydrogel network.

The term “hydrogel” is used herein to mean a polymeric material which exhibits the
ability to swell in water and to retain a significant portion of water within its structure without
dissolution.

The term “biodegradable hydrogel” is used herein mean hydrogel formed by cross-
linking a polymer which is degraded by water and/or by enzymes found in the body.

The term “photocrosslinking” is used herein to mean causing vinyl bonds in the
methacryloyl moieties to break and form cross-links by the application of radiant energy.

The term “degree of substitution” is used herein to mean the number of hydroxyl

groups in a glucose unit of o-D-glucopyranosyl moiety of dextran that form ester group with
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methacrylic acid. Since each said glucose unit contains three hydroxyl groups, the maximum
degree of substitution is 3.0. The average degree of substitution connotes the average degree
of substitution based on all the glucose units in the molecules of dextran methacrylate
monoester.

The term “on a dextran basis” is used herein to mean that the weight average
molecular weight referred to is that of the dextran starting material for preparing the dextran
methacrylate monoester which provides the dextran moiety of the dextran methacrylate
monoester. The weight average molecular weights referred to herein are those determined on
dextran by light scattering or gel permeation chromatography. In the working example herein,
the dextran used to prepare the dextran methacrylate monoester was obtained from Sigma
Chemicals, and had a weight average molecular weight of 70,000 determined by gel
permeation chromatography; therefore, the dextran methacrylate monoester used in the
working example herein had a weight average molecular weight of 70,000 on a dextran basis,

determined by gel permeation chromatography.

Brief Description of the Drawings

Fig. 1 is a graph depicting cumulative amount of doxorubicin released from dextran-
methacrylate hydrogels having different degrees of substitution in different pH media at 1
hour, 2 hours, 3 hours, 4 hours, 5 hours and 24 hours, and shows results of Example 1.

Fig. 2 depicts graphs of cumulative amount of doxorubicin released from dextran-
methacrylate hydrogels having different degrees of substitution in different pH media over a
240 hour period, and shows results of Example L

Fig. 3 depicts graphs of cumulative release of doxorubicin (M/M,) as a function of
square root of time (t'?) from dextran-methacrylate hydrogels with degrees of substitution of
0.09, 0.24, and 0.60 in pH 3.0 and 7.4 media, where M, is the total amount of drug released in

time t and M, is the total mass of the drug in the sample.
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Detailed Description

As indicated above, composition of the invention is formed, for example, by
photocrosslinking dextran methacrylate monoester in solution in a medium containing
doxorubicin and drying, the dextran methacrylate monoester having an average degree of
substitution of each a-D-glucopyranosyl of dextran by methacrylic acid ranging from 0.05 to
0.75 and a weight average molecular weight ranging from 40,000 to 80,000 on a dextran
basis, said medium being buffered to a pH ranging from 2 to 8, the weight ratio of the
doxorubicin to dextran methacrylate monoester ranging from 1:200 to 1:2000, e.g., from
1:500 to 1:1500.

We turn now to the dextran methacrylate monoester starting material for preparing
composition herein.

These compounds are exemplified by the formula

where 1 has a range providing the above-described molecular weight range, for a degree of
substitution of 1.

The dextran methacrylate monoester is readily prepared by reaction of dextran with
methacrylic anhydride in the presence of a Lewis-base catalyst.

The starting material dextran has a weight average molecular weight ranging from
40,000 to 80,000 and is commercially available. For example, the dextran having a weight
average molecular weight of 70,000 used to prepare the dextran methacrylate monoesters for
the working example was obtained from Sigma Chemical Co. (St. Louis, Missouri, USA).
Dextran is (1 - 6) linked o-D-glucopyranosyl residues and carries three hydroxyl groups per

glucose unit.
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The reaction of dextran with methacrylic anhydride is preferably carried out in a
dipolar aprotic solvent, e.g., N,N-dimethylformamide (DMF). LiCl is preferably included in
the DMF reaction solvent to increase the solubility of dextran in DMF, e.g., at level of 10
weight percent LiCl based on the weight of the DMF. The LiCl does this by forming a salt
with DMF and thereby increasing the polarity of the DMF.

The Lewis-base catalyst is preferably triethylamine (TEA).

The reaction can be carried out, for example, at a mole ratio of methacrylic anhydride
to hydroxyl groups of dextran ranging from 0.5:1 to 2.0:1, using a mole ratio of triethylamine
(TEA) to methacrylic anhydride ranging from 0.01:1 to 0.1:1, reaction temperatures ranging
from 40 to 80°C and reaction times ranging from 5 to 30 hours or more. Various degrees of
substitution are obtained by varying reaction temperature, reaction time, reactant ratios and
mole ratio of catalyst to methacrylic anhydride. In general, increasing reaction temperature,
increasing reaction time, increasing mole ratio of methacrylic anhydride to hydroxyl groups of
dextran, and increasing mole ratio of triethylamine to methacrylic anhydride causes an increase
in degree of substitution.

For example, for the working example herein, dextran methacrylate monoester of
degree of substitution of 0.09 was synthesized by reacting dextran with methacrylic anhydride
in a 0.5:1 mole ratio of methacrylic anhydride to hydroxyl groups of dextran, at 60°C for 10
hours, in the presence of 0.01:1 mole ratio of triethylamine to methacrylic anhydride; dextran
methacrylate monoester of degree of substitution of 0.24 was synthesized by reacting dextran
with methacrylic anhydride in a 1:1 mole ratio (1 mole of methacrylic anhydride to one
hydroxyl group of dextran), at 60°C for 10 hours in the presence of 1% by weight of
triethylamine based on methacrylic anhydride (0.01:1 mole ratio of triethylamine to
methacrylic anhydride); and dextran methacrylate monoester of degree of substitution of 0.60
was synthesized by reacting dextran with methacrylic anhydride in a 1:1 mole ratio of
methacrylic anhydride to hydroxyl groups of dextran, at 60°C for 10 hours, in the presence of
0.05:1 mole ratio of triethylamine to methacrylic anhydride.

The degree of substitution obtained is readily calculated from 'H-NMR data by
integration and normalization of the double bond in the methacrylic acid segment and the

hydroxyl hydrogen peaks of the dextran segment and dividing the peak area of the double
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bond region of the methacrylic acid segment by the peak area of the hydroxyl hydrogen of the
dextran segment.

The synthesis of dextran methacrylic acid esters is described in a manuscript cited as
Kim, S., et al., “Synthesis and Characterization of Dextran-methacrylate Hydrogel and its
Structural Study by SEM” which forms part of U.S. Provisional Application No. 60/160,211,
filed 19 October 1999, the whole of which is incorporated herein by reference.

We turn now to the photocrosslinking of the dextran methacrylate monoester
(prepared as described above) in solution in a medium containing doxorubicin and drying, the
medium being buffered to a pH ranging from 2 to 8.

The medium is preferably an aqueous medium, e.g., phosphate buffer solution (pH 7.4)
made by dissolving sodium chloride (120 mmol), potassium chloride (2.7 mmol) and
potassium phosphate (10 mmol) in double distilled water (1 liter). A suitable standard buffer
solution (pH 3) can be obtained from VWR Scientific Products (West Chester, Pennsylvania,
USA) under Catalog Number 34170-103.

Preferably the doxorubicin is added to the medium and then dextran methacrylate
monoester is dissolved in the medium. The solution is preferably stirred for 2 to 4 minutes to
achieve homogeneous distribution of the doxorubicin; the doxorubicin dissolves completely.

The weight ratio of doxorubicin to dextran methacrylate monoester ranges, for
example, from 1:200 to 1:2000, in one embodiment from 1:500 to 1:1500. In the working
example herein, the weight ratio of doxorubicin to dextran methacrylate monoester used was
1:1000.

Preferably, photoinitiator, e.g., 2,2'-dimethoxy-2-phenyl-acetophenone (dissolved in
N-methyl pyrrolidone) is added in an amount of 0.5% to 5% by weight of the dextran
methacrylate monoester.

The photocrosslinking is readily carried out by UV irradiation, e.g., using a long wave
UV lamp. Gelation occurs within 5 minutes; however, the irradiation is preferably carried out
on a film of the admixture being irradiated, for example, for 1 to 6 hours.

Drying is preferably so that the formed composition is dry to the touch. Drying can be
carried out at room temperature, for example, in air and/or in a vacuum oven, e.g., for one day

in air at room temperature followed for another day in a vacuum oven at room temperature.
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An example of hydrogel without entrapped doxorubicin is schematically shown below.

where n has a range providing the above described molecular weight range, for a degree of
substitution of 1.0,

The composition is administered in a dosage of 40 to 90 mg /m* by oral i‘oute of
administration or on an implant.

The composition provides a rapid initial release of doxorubicin over a period of 3 to 6
hours followed by slow release. The cumulative release over the initial period is proportional
to the square root of time. Increased degree of substitution in the dextran methacrylate
monoester decreases cumulative doxorubicin release. The composition provides higher
cumulative release in acid pH (e.g., the stomach) than at physiological pH at degrees of
substitution less than about 0.4. For dextran methacrylate with a degree of substitution of
0.09 with weight average molecular weight of 70,000 on a dextran basis, the cumulative
release rate of doxorubicin at physiological pH was proportional to the square root of time for
an initial 5 hour period with a cumulative release of about 92% with very little release
thereafter, and at pH of 3 the cumulative release rate of doxorubicin was proportional to the

square root of time for an initial 5 hour period with cumulative release of about 87%,
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increasing to 99% at 240 hours. For dextran methacrylate with a degree of substitution of
0.24 with weight average molecular weight of 70,000 on a dextran basis, the cumulative
release rate of doxorubicin at physiological pH was proportional to the square root of time for
the first 5 hours, with cumulative release of about 34%, increasing to 47% and reaching
equilibrium at 24 hours and at pH 3 the cumulative release rate was proportional to the square
root of time for an initial 5 hour period with cumulative release of about 48%, increasing to
about 57% at 24 hours and 67% at 240 hours. For dextran methacrylate with degree of
substitution of 0.60, with weight average molecular weight of 70,000 on a dextran basis at
physiological pH and at pH 3, the cumulative release rate of doxorubicin was proportional to
the square root of time for an initial 5 hour period with cumulative release of about 11% at 5
hours, about 27-29% at 24 hours and about 40% at 240 hours with continuing release beyond
240 hours. Thus, lower degrees of substitution provided the least delay and the highest
cumulative release so the subset with degree of substitution ranging from 0.05 to 0.15
provides a regimen closest to what is available now.

A description of compositions within the scope of the invention and of testing thereon
is included in a manuscript cited as Kim, S., et al., “/n Vitro Release Behavior of Dextran-
methacrylate hydrogels Using Doxorubicin and Other Model Compounds” which forms part
of U.S. Provisional Application No. 60/160,211, filed 19 October 1999, the whole of which is
incorporated herein by reference.

The invention is illustrated in the following working example.

Example |

Dextran methacrylate monoester with a degree of substitution of 0.09 was synthesized
by reacting dextran with methacrylic anhydride in a mole ratio of methacrylic anhydride to
hydroxyl groups of dextran of 0.5, at 60°C for 10 hours, in the presence of 0.01:1 mole ratio
of triethylamine to the methacrylic anhydride. Dextran methacrylate monoester with a degree
of substitution of 0.24 was synthesized by reacting dextran with methacrylic anhydride in a 1:1
mole ratio of methacrylic anhydride to hydroxyl groups of dextran at 60°C for 10 hours in the
presence of 1% by weight of triethylamine based on methacrylic anhydride. Dextran
methacrylate monoester with a degree of substitution of 0.60 was synthesized by reacting
dextran with methacrylic anhydride in a mole ratio of methacrylic anhydride to hydroxyl
groups of dextran of 1:1, at 60°C for 10 hours in the presence of 0.05:1 mole ratio of
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triethylamine to the methacrylic anhydride. In each case, the dextran had a weight average
molecular weight of 70,000 and was obtained from Sigma Chemical Company (St. Louis,
Missouri, USA). In each case, the reaction was carried out in N,N-dimethyl formamide
containing 10% by weight LiCl.

In each case, dextran-methacrylate hydrogel with doxorubicin physically entrapped
therein was obtained as follows. Dextran methacrylate monoester (1 gram) was dissolved in
2.5 ml pH 7.4 buffer solution (40 w/v%) containing mg of doxorubicin. The buffer solution
was phosphate buffer solution made by dissolving sodium chloride (120 mmaol), potassium
chloride (2.7 mmol), and potassium phosphate (10 mmol) in double distilled water (1 liter).
The solution was stirred for a few minutes. Photoinitiator, 2,2-dimethoxy-2-phenyl
acetophenone dissolved in N-methyl pyrrolidone), was then added in amount of 1% by weight
of dextran methacrylate monoester and the resulting admixture was stirred rapidly for a few
seconds. Resulting solutions were poured onto glass plates, and the films on the plates were
irradiated with a 365 nm long wave lamp (8 watts, UVL-18, UVP, Upland, California, USA)
for 2 hours. The resulting drug-loaded hydrogel compositions (3 mm thick slab geometry)
were dried in air at room temperature for one day and in a vacuum oven at room temperature
for another day. The formed compositions had an orange color.

Samples (1 g) consisting of dextran-methacrylate hydrogel (1 gm) with 1 mg
doxorubicin entrapped therein were placed in test tubes containing 20 ml of fresh buffer
medium (pH 7.4 buffer medium or pH 3 buffer medium). The pH 7.4 buffer medium was the
phosphate buffer medium described above and represented physiological pH. The pH 3 buffer
medium was obtained from VWR Scientific (West Chester, Pennsylvania, USA) under Catalog
Number 34170-103. The test tubes were kept at 37°C in an incubator, and they were gently
shaken before an aliquot (1 ml) was removed at each predetermined time. Samples were taken
at 1 hour, 2 hours, 3 hours, 4 hours, 5 hours, 24 hours, 48 hours, 72 hours, 144 hours and 240
hours. The visible absorption intensity was measured and the release amount was calculated
using an established calibration curve for doxorubicin. For each degree of substitution and
pH, there were four measurements from four test tubes for proper statistical average.

Results are shown in Figs. 1 through 3.

Fig. 1 is a graph depicting cumulative amount of doxorubicin released from 0.09

degree of substitution hydrogel, from 0.24 degree of substitution hydrogel, and from 0.60
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degree of substitution hydrogel into pH 3 buffer medium and into pH 7.4 buffer medium at 1
hour, 2 hours, 3 hours, 4 hours, 5 hours and 24 hours.

Fig. 2 is a graph depicting cumulative amount of doxorubicin released from 0.09
degree of substitution hydrogel, from 0.24 degree of substitution hydrogel and from 0.60
degree of substitution hydrogel into pH 3 buffer medium and into pH 7.4 buffer medium at 1
hour, 2 hours, 3 hours, 4 hours, 5 hours, 24 hours, 48 hours, 72 hours, 144 hours and 240
hours.

The graphs of Figs 1 and 2 show in all cases cumulative release rate of doxorubicin
linearly proportioned to the square root of time over an initial 5 hour period.

Fig. 3 depicts graphs of cumulative release of doxorubicin as a function of the time
over the initial 5 hours. As shown in Fig. 3, the 0.24 degree of substitution hydrogel showed
the closest fit to a linear relationship for both pH 3 and pH 7.4 (in both cases R*> 0.98)
followed by degree of substitution 0.09 hydrogel (R* = 0.89 for pH 3 and R* = 0.65 for pH
7.4) and degree of substitution 0.60 hydrogel (R* = 0.85 for pH 3 and R* = 0.69 for pH 7.4).

As shown in Figs. 1 and 2, cumulative amount of doxorubicin released from 0.09
degree of substitution hydrogel in physiological pH medium was about 92% at 4 hours and
there was very little release thereafter.

As shown in Figs. 1 and 2, cumulative amount of doxorubicin released from 0.09
degree of substitution hydrogel in pH 3 medium was about 87% at 5 hours, increasing to
about 89% at 24 hours and 99% at 240 hours.

As shown in Figs. 1 and 2, cumulative amount of doxorubicin released from 0.24
degree of substitution hydrogel in physiological pH medium was about 34% at 5 hours,
increasing to about 47% and reaching equilibrium at 24 hours.

As shown in Figs. 1 and 2, cumulative amount of doxorubicin released from 0.24
degree of substitution hydrogel in pH 3 medium was about 47% at 5 hours, increasing to
about 57% at 24 hours and 67% at 240 hours.

As shown in Figs. 1 and 2, cumulative amount of doxorubicin released from 0.60
degree of substitution hydrogel in physiological pH medium was about 11% at 5 hours,

increasing to about 27% at 24 hours and about 40% at 240 hours.
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As shown in Figs. 1 and 2, cumulative amount of doxorubicin released from 0.60
degree of substitution hydrogel in pH 3 medium was about 11% at 5 hours, increasing to
about 29% at 24 hours and about 40% at 240 hours.

The 0.60 degree of substitution hydrogels continued to release doxorubicin beyond
240 hours.

Diffusion coefficients for the compositions in pH 3.0 and pH 7.4 medium were
calculated using Fick’s law, that is,

M,/M, = 4(Dt/ h2)*
where M, is the amount of drug released in time t, M, is the total mass of drug in the sample,
D is the diffusion coefficient, 7 is 3.14, and h is the thickness of the prepared slab. For degree
of substitution 0.09 hydrogel, D was 0.293 in pH 3.0 medium and 0.224 in pH 7.4 medium.
For degree of substitution 0.24 hydrogel, D was 0.0710 in pH 3.0 medium and 0.0377 in pH
7.4 medium. For degree of substitution 0.60 hydrogel, D was 0.0041 in pH 3.0 medium and
0.0024 in pH 7.4 medium.

Variations
Many variations of the above will be obvious to those skilled in the art. Thus, the

invention is defined by the claims.
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WHAT IS CLAIMED IS:

1. A composition for the controlled release of doxorubicin which comprises
doxorubicin physically entrapped in a dextran-methacrylate biodegradable hydrogel.

2. The composition for the controlled release of doxorubicin as claimed in Claim
1 which is formed by photocrosslinking dextran methacrylate monoester in solution in a
medium containing doxorubicin and drying, the dextran methacrylate monoester having an
average degree of substitution of each a-D-glucopyranosyl of dextran by methacrylic acid
ranging from 0.05 to 0.75 and a weight average molecular weight ranging from 40,000 to
80,000 on a dextran basis, said medium being buffered to a pH ranging from 2 to 8, the weight
ratio of doxorubicin to dextran methacrylate monoester ranging from 1:200 to 1:2000.

3. The composition for the controlled release of doxorubicin as claimed in Claim
2, wherein the weight ratio of doxorubicin to dextran methacrylate monoester ranges from
1:500 to 1:1500.

4. The composition for the controlled release of doxorubicin as claimed in Claim
3, wherein the dextran methacrylate monoester which is photocrosslinked has an average
degree of substitution ranging from 0.05 to 0.15.

5. The composition for the controlled release of doxorubicin as claimed in
Claim 4, wherein the dextran methacrylate monoester which is photocrosslinked has a weight
average molecular weight of 70,000 on a dextran basis.

6. The composition for the controlled release of doxorubicin as claimed in Claim
3, wherein the dextran methacrylate monoester which is photocrosslinked has an average
degree of substitution ranging from 0.15 to 0.40.

7. The composition for the controlled release of doxorubicin as claimed in Claim
6, wherein the dextran methacrylate monoester which is photocrosslinked has a weight
average molecular weight of 70,000 on a dextran basis.

8. The composition for the controlled release of doxorubicin as claimed in Claim
3, wherein the dextran methacrylate monoester which is photocrosslinked has an average

degree of substitution ranging from 0.40 to 0.75.
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9. The composition for the controlled release of doxorubicin as claimed in Claim
8, wherein the dextran methacrylate monoester which is photocrosslinked has a weight
average molecular weight of 70,000 on a dextran basis.

10.  The composition for the controlled release of doxorubicin as claimed in Claim
3, wherein the dextran methacrylate monoester which is photocrosslinked has a weight

average molecular weight of 70,000 on a dextran basis.
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