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Abstract Purpose: Carboplatin has shown promise ex-
perimentally as an antineoplastic agent against both
primary central nervous system (CNS) tumors and sev-
eral solid tumors that frequently metastasize to the
brain. Unfortunately, carboplatin is limited in its clini-
cal use for tumors in the CNS by systemic toxicity and
poor penetration through the blood—brain barrier. Re-
cent advances in polymer technology have made feas-
ible the intracranial implantation of a biodegradable
polymer capable of local sustained delivery of chemo-
therapy for brain neoplasms. This study assessed the
toxicity and efficacy of carboplatin delivered from in-
tracranial sustained release polymers in the treatment
of experimental gliomas in rodents. Methods: Two bio-
degradable anhydride polymer systems were tested:
a copolymer of 1,3-bis-(p-carboxyphenoxy propane)
and sebacic acid, and a copolymer of fatty acid dimer
and sebacic acid. The polymers were loaded with carbo-
platin and dose escalation studies evaluating toxicity
were performed by implanting carboplatin-loaded
polymers into the brains of rats. Next, efficacy was
tested. F-98 glioma cells were injected intracranially
into rats, and 5 days later polymers containing the
highest tolerated doses were implanted at the site of
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tumor growth. The survival of animals receiving carbo-
platin-loaded polymer was compared with that of ani-
mals receiving intraperitoneal doses of the same agent.
Results: Carboplatin-polymer was well tolerated at
doses up to 5% loading in both polymer systems.
Locally delivered carboplatin effectively prolonged sur-
vival of rats with F98 gliomas. Maximal treatment
effect was seen with 5% loading of either polymer, with
median survival increased threefold over control
(P < 0.004). Systemic carboplatin also significantly
prolonged survival, but the best intracranial polymer
dose was significantly more effective than the best sys-
temic dose tested. Conclusions: Carboplatin can be
safely delivered intracranially by biodegradable sus-
tained- release polymers. This treatment improves
survival in rodents with experimental gliomas, with
locally delivered carboplatin being more effective than
systemic carboplatin.
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Introduction

Platinum drugs, which exert antitumor effects by bind-
ing to DNA and producing interstrand crosslinks, have
shown promise in the treatment of central nervous
system (CNS) tumors including malignant glioma,
medulloblastoma, optic pathway glioma, brainstem
glioma and ependymoma [6, 14, 33, 41, 42]. These
drugs are also active against a variety of solid tumors
that frequently metastasize to brain, including breast
and non-small-cell lung cancer [8, 16, 19, 28, 30, 34].
Unfortunately, the use of platinum-based drugs is limited
by systemic toxicity. Cisplatin (cis-diamminedichloro-
platinum) has significant neurotoxicity, nephrotoxicity,
ototoxicity, and gastrointestinal toxicity [ 17]. To mini-
mize these toxic effects, analogs of cisplatin including



carboplatin [cis-diammine-1, 1-cyclobutane-dicarboxy-
late platinum(II)] were synthesized. While less toxic
than cisplatin, systemic carboplatin therapy is limited
by bone marrow suppression [16].

Strategies have been devised to increase the thera-
peutic index of platinum drugs, either by treating side
effects or by reducing their occurrence. For carbo-
platin, hematopoietic toxicity has been treated with the
use of bone marrow-stimulating growth factors or bone
marrow rescue [ 32]. Efforts to decrease the occurrence
of side effects have focused on targeted delivery. For
CNS malignancies, intracarotid delivery of carboplatin
and cisplatin has been attempted in order to increase
the amount of drug entering the blood supply near the
site of the tumor [11, 26, 37, 41]. Efficacy, however, is
relatively small, and dose-limiting retinal toxicity,
ototoxicity, and bone-marrow suppression are seen.
Such lack of efficacy is attributed to the blood—brain
barrier, which inhibits passage of the agent through the
capillary wall into the brain. Since platinum-containing
drugs are water-soluble, they have difficulty crossing
the blood—brain barrier.

To overcome the restrictions imposed by the blood-
brain barrier, local delivery of chemotherapy to brain
tumors has been achieved by incorporating these
agents into biodegradable polymers and implanting the
polymers directly into the tumor cavity after resection
[1, 5]. Carboplatin is an ideal candidate for local deliv-
ery into the brain via polymers for several reasons. The
drug is effective in vitro against CNS tumors, but doses
are limited clinically by hematologic toxicity. More-
over, there is a clear relationship between increasing
both concentration and duration of exposure to carbo-
platin and likelihood of response, at least in chemosen-
sitive tumors [ 18]. Carboplatin is less neurotoxic than
other platinum-based compounds when delivered dir-
ectly to the CNS [31]. Finally, the drug can be released
in a sustained fashion from polymers [9]. We reasoned
that local delivery of carboplatin directly to the CNS
by either poly(carboxyphenoxy)propane and sebacic
acid (CPP:SA) polymer or fatty acid dimer and sebacic
acid (FAD:SA) polymer might allow treatment with
high doses at the site of the tumor, yet minimize sys-
temic toxicity. To test this hypothesis, we examined the
toxicity and efficacy of polymer-delivered carboplatin
against gliomas in a rat model system.

Materials and methods

Preparation of polymer implants

The FAD:SA copolymer was synthesized from dimer erucic acid
and sebacic acid at a molar ratio of 18:78 [9]. The CPP:SA
copolymer was synthesized from 1,3-bis-(p-carboxyphenoxy pro-
pane) (CPP) and sebacic acid (SA) at a molar ratio of as 20:80 as
previously described [7]. Disk-shaped polymer implants (3 mm dia-
meter, 1 mm height, 10 mg each) were prepared by melt mixing
carboplatin powder (Bristol Myers Pharmaceutical Company,
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Syracuse, N.Y.) into the melted polymer at 70 °C for 30 s and casting
the uniform mixture into a 1-mm thick film. The film was cut into
disks by means of a 3-mm bore. In vitro release was measured in
0.1 M phosphate buffer, pH 7.4, at 37 °C as previously described [9].

Animals

Male Fischer 344 rats weighing 200-250 g were obtained from
Harlan Sprague-Dawley (Indianapolis, Ind.) and kept in accord-
ance with the policies and principles of laboratory animal care of
the Johns Hopkins School of Medicine Animal Care and Use
Committee.

F98 glioma inoculations

The F98 glioma has been previously characterized [15, 22, 23].
Stereotactic injection of 10000 F98 glioma cells into the left parietal
lobe of the rats was carried out as previously described [20]. Injec-
tion of cells in this manner results in the formation of intracranial
tumors which, if untreated, are uniformly fatal in 16-24 days.

Toxicity of carboplatin delivered by FAD:SA polymer

To measure toxicity of carboplatin delivered intracranially from
FAD:SA polymers, five animals per group received intracranial
polymers containing 0%, 3%, 5%, 7% and 10% loading doses of
carboplatin. The method of implantation is detailed elsewhere [20].
The animals were observed daily for signs of neurologic toxicity, for
systemic toxicity as evidenced by hematologic complications such as
bleeding or infection, and for survival.

Efficacy of carboplatin delivered by FAD:SA polymer
and by systemic administration

The efficacy of nontoxic doses of carboplatin delivered intracranially
by FAD:SA polymer was compared with the efficacy following
systemic delivery, which is the current method of clinical administra-
tion. There were three arms in the study: control animals did not
receive carboplatin; animals in the polymer arm received one of
three escalating doses of locally delivered carboplatin; animals in the
systemic dosing arm received one of three escalating doses of in-
traperitoneal carboplatin. The number of animals in each group is
given in Table 1. All animals first received intracranial F98 glioma.
On the 5th day after tumor implantation, animals in the polymer
arm received a FAD:SA polymer loaded with 1%, 2%, or 5%
carboplatin. Animals in the systemic chemotherapy arm received
blank polymer intracranially and were subdivided into three groups
for intraperitoneal injections of carboplatin once per week for
3 weeks at doses of 10 mg/kg per week (approximating human doses
of 360 mg/m?), 30 mg/kg per week, and 50 mg/kg per week. Injec-
tions began 5 days after tumor inoculation and were given as single
injections weekly for 3 weeks. Animals were observed for signs of
toxicity and survival was recorded. Autopsies were performed when-
ever possible to determine the cause of death.

Efficacy of carboplatin delivered by CPP:SA polymer

Toxicity testing defined doses higher than 10% loading of carbo-
platin in CPP:SA polymer as toxic; therefore efficacy testing analog-
ous to that with FAD:SA-loaded polymer was performed with the
CPP:SA polymer with carboplatin at loadings equal to and below
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Table 1 Survival in rats with intracranial F98 glioma after treatment with carboplatin administered by FAD : SA polymer directly into the

tumor bed or by systemic injection

Model of Dose of Number of survival Median Statistical analysis of sur-
carboplatin carboplatin animals > 40 days survival vival (P-value)
delivery in group (%) (days)
Control None 28 0 16
Intracranial 1% loaded 38 5 32 < 0.001vs control
delivery by polymer polymer
2% loaded 12 33 35.5 < 0.001 vs control
polymer
5% loaded 15 60 53 < 0.001 vs control
polymer 0.0069 vs 2% polymer
< 0.001 vs 10 mg/kg systemic
0.027 vs 30 mg/kg systemic
< 0.001 vs 50 mg/kg systemic
Systemic delivery 10 mg/kg/week 13 0 23 < 0.001 vs control
by intraperitoneal
injection
30 mg/kg/week 4 25 36.5 0.001 vs control
0.0001 vs 10 mg/kg systemic
50 mg/kg/week 12 0 19 < 0.001 vs control

100%-

75%-

50%

Composition of Polymer

Carboplatin in polymer released

25%- -—o0— FAD
~--@--  CPP
0%{" T T T T T T 1
0 2 4 6 8 1012 14
Time (days)

Fig. 1 Release kinetics in vitro of two separate anhydride polymers,
poly(carboxyphenoxy) propane and sebacic acid (CPP:SA)
polymer and fatty acid dimer and sebacic acid (FAD:SA) polymer.
Each polymer weighed 10 mg and was loaded with 5% carboplatin
by weight

10%. For this experiment, 32 animals underwent intracranial injec-
tion of F98 tumor and 5 days later were randomized into four
treatment groups. Group 1 received intracranial implantation of
blank CPP:SA polymer, and groups 2, 3 and 4 received intracranial
placement of CPP:SA polymer loaded with 2%, 5% and 10%
carboplatin, respectively. Toxicity and survival were again assessed.
When animals died or after sacrifice if they were moribund, standard
coronal sections of brain were taken. Routine hematoxylin and eosin
(H&E) staining was performed. Two sections per animals were
analyzed in a blinded fashion by a pathologist (DJB). Toxicity was
systematically assessed in terms of neuronal injury, white matter
damage, gliosis, and acute inflammation. For each category, a grade
of 0, 1, 2, or 3 was assigned based on the severity. Neuronal injury
was graded in the CA1, CA2, and CA3 regions of the hippocampus
on the side most affected. Criteria evaluated included cytoplasmic
eosinophilia, nuclear pyknosis, and neuronal dropout. White matter
damage was assessed in the corpus callosum by grading edema,
myelin vacuolization, and gliosis. Cerebral cortical gliosis was
graded in the parietal cortex ipsilateral to the most affected hippo-
campus. Acute inflammation was described and graded when pres-
ent at any location within the histological section. After unblinding

the sections, experimental groups were analyzed for average grade of
pathologic involvement.

Statistical analysis

Statistical analysis was performed using EGRET and SAS software.
The primary statistical outcome variable for this study was survival
time following treatment. Cumulative failure time distributions were
estimated using the product limit method [21]. Because the failure
times could depend on covariates such as type of polymer and drug
loading, we tested the effects of covariates on failure times using
proportional hazards regression models [27]. All P-values reported
are two-sided.

Results
Drug release

Both the polymer and the drug remained stable and did
not decompose during heating and mixing. The in vitro
release from disks loaded with 5% by weight carbo-
platin is shown in Fig. 1. Carboplatin was released at
a constant rate from both polymers following first
order kinetics (r* > 0.98). The release from CPP:SA
was faster with most of the drug being released within
7 days, while about 65% of the drug was released from
the FAD:SA polymer during this period.

Toxicity

The toxicity of locally released carboplatin from
FAD:SA polymer was assessed as described in Mater-
ials and methods (Table 2). The empty FAD:SA poly-
mer showed no clinical toxicity. One animal of the five



Table 2 Toxicity of intracranial carboplatin locally delivered by
FAD:SA polymers

Loading dose  Deaths in the Survival Death days
of carboplatin first 10 days  more than (number of animals
in FAD:SA (%) 120 days dying on that day)
polymer? (%) (%)

0 0 100 No deaths

3 20 80 Day 4 (1 animal)

S 20 80 Day 4 (1 animal)

7 80 20 Day 3 (2 animals)

Day 4 (2 animals)

10 100 0 Day 5 (5 animals)

*Five animals per group

that received 3% and one of five that received 5%
loaded polymer died 4 days after polymer placement.
Surviving animals were neurologically normal. Four of
five animals receiving 7%, and all five of the animals
receiving 10% loaded polymer died in the first 5 days
after polymer placement. Thus, 5% loading of carbo-
platin in FAD:SA was the highest tolerated loading
dose (80% long-term survival) and was chosen as the
highest dose for the efficacy studies.

Efficacy of carboplatin released from FAD:SA poly-
mer versus systemic treatment

The intracranial F98 glioma was uniformly fatal to
untreated animals at a median of 16 days, and all
control animals died by the 19th day. Treatment with
polymers loaded with 1%, 2% and 5% carboplatin
prolonged survival, with 5% loading the most effective
(median survival 53 days, P < 0.001 vs control, Table 1).
Polymer containing 5% carboplatin was significantly
more effective than 1% or 2% loading doses in
prolonging survival (P = 0.007). There were, however,
two early deaths in the 5% group, one on day 9 and the
other on day 10. Loadings of 1% and 2% also signifi-
cantly prolonged survival over control (P < 0.001 for
each) without early deaths.

Of the three systemic doses tested, the intermediate
dose (30 mg/kg) was the most effective (median survival
36.5 days, P < 0.001 vs control). At higher systemic
doses, animals died early in the experiment. The 5%
loaded polymer was significantly more effective
than the best systemic dose, 30 mg/kg per week, in
prolonging survival in rats with F98 glioma (P = 0.027;
Fig. 2).

Representative autopsies of these animals revealed
large intracranial tumors with two exceptions. Two
animals in the 5% polymer group had no evidence
of tumor at the polymer site but died from distal
spread of tumor along the neuroaxis. Animals in the
50 mg/kg per week systemic group did not have large
intracranial tumors and are presumed to have died of
toxicity.
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Dose and Method of
Delivery of Carboplatin:

100% ¢ —o— Control
—>— Systemic Delivery by Intra-
peritoneal injection (30 mg/kg/week)

75% -
— —am— Local Delivery from 5% loaded
] FAD-SA Polymer
>
s 50%-
9
=
7]

25% 4

0% 1 T
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Days After Tumor Implantation

Fig 2 Efficacy of maximal local therapy (5% loaded FAD polymer)
versus maximal systemic therapy (30 mg/kg/week x 3 weeks). Local
therapy was significantly more effective than systemic therapy
(P = 0.027). Both local and systemic therapy were significantly bet-
ter than control (P = 0.001). The final death in the local therapy
group (black squares) occurred on day 1933

Table 3 Survival in rats with intracranial F98 glioma after treatment
with carboplatin locally administered by intracranial CPP:SA
polymer

Treatment Median  Survival Statistical
group” survival 40 days analysis

(days) or more (%) (P-values)
Control 23 0
(blank polymer)
2% loaded polymer 46.5 75 0.01 vs control
5% loaded polymer  86.5 75 0.004 vs control

10% loaded polymer 8 12.5

“Eight animals per group

Toxicity and efficacy of carboplatin released
from CPP:SA polymer

Animals receiving 2% or 5% carboplatin-loaded
CPP:SA polymer (Table 3) had a significantly pro-
longed median survival of 46.5 (P < 0.01) and 86.5
(P < 0.004) days when compared with controls (median
survival 23 days). Animals receiving 10% loaded poly-
mer had a median survival of 8 days. Two of eight
animals receiving 5% loaded polymer died early (one
each on day 9 and day 10). There were no early deaths
in the 2% polymer group. Except for the early deaths
(< 10 days) in the 5% and 10% groups, autopsies
revealed that animals died of large intracranial tumors
at the site of injection of F98.

Histological examination of brains from animals re-
ceiving CPP:SA polymer loaded with carboplatin re-
vealed dose-related toxicity (Table 4). Neuronal injury
in the hippocampus was increased above control levels
at all concentrations used and was most significant at
the 5% and 10% loadings. White matter (corpus cal-
losum) damage was greater in animals receiving carbo-
platin than in controls. However, the changes were not
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Table 4 Histologic findings in

the rat brain after treatment Treatment Neuronal White matter Cerebral cortical ~ Acute
with carboplatin locally group® injury in the damage in the gliosis inflammation
administered by intracranial hippocampus corpus callosum
CPP:SA polymer. Each category
was graded blindly on a 0-3 Control (blank polymer) 0.5 0.6 0.8 0
scale 2% loaded polymer 1.6 2.1 1.6 0
5% loaded polymer 23 2.1 1.7 0.7
10% loaded polymer 2.8 22 2.5 13

*Eight animals per group, two H&E sections per animal

dose-dependent within the range of doses tested. Cer-
ebral cortical gliosis increased with increasing carbo-
platin dose. Acute inflammation was not seen in ani-
mals receiving blank or 2% loaded polymer, but was
a significant histopathologic finding in both the 5%
and 10% loaded groups. Acute inflammation was
found focally in regions of most severe toxicity, as well
as diffusely throughout the brain parenchyma in affec-
ted rat brains.

Discussion

These results establish that in our rat model, carbo-
platin could be delivered safely into the brain by use of
anhydride polymers. Furthermore, delivery of carbo-
platin from polymers, termed interstitial chemo-
therapy, was effective in treating an experimental
intracranial glioma. Locally delivered carboplatin was
more effective than systemic therapy, without apparent
systemic toxicity in this model.

To date, the effect of systemic chemotherapy on the
prognosis of patients with malignant gliomas has
been modest. The most commonly used agent, BCNU,
appears to have only a small antitumor effect when
given in conjunction with radiation therapy [12, 39].
Carboplatin is highly effective against several glioma
lines in vitro [10], but in clinical studies, relatively few
patients with gliomas have responded to systemic carbo-
platin therapy [13, 14]. Potential explanations for
this difference in efficacy between in vitro and in
vivo observations include: failure of the drug to cross
the blood—brain barrier into the tumor; systemic toxic-
ity limiting the dose below the therapeutic level; and
tumor cell resistance in vivo [35]. Interstitial chemo-
therapy via biodegradable polymers can increase
efficacy by addressing all three of these confounding
factors.

First, local delivery of drugs circumvents the
blood-brain barrier by delivering the chemotherapy
directly into the tumor bed. This is particularly perti-
nent for water-soluble compounds such as the platinum
drugs, which have relatively poor penetration into the
CNS. Consequently, their efficacy can be severely lim-
ited when they are delivered systemically or even via
intracarotid injection.

Second, local delivery can lead to decreased systemic
toxicity by minimizing the amount of drug in the circu-
lation. In experimental animal studies of head and neck
cancer, the maximal tolerable dose (LDs) of platinum-
based chemotherapy increased fourfold with local de-
livery via polymers as compared with systemic delivery.
Moreover, drug levels in the tumor were high while
systemic levels remained low when the drug was de-
livered locally with polymer [36]. For locally delivered
carboplatin in the brain, the blood—brain barrier may
help in preventing dissemination of the drug, which is
poorly lipid-soluble, outside the CNS.

Third, local delivery via polymer may be beneficial
when tumor cell resistance prevents effective therapy.
Tumor cell resistance can sometimes be overcome by
increasing exposure to the drug [24]. Prolonged sus-
tained release from biodegradable polymers increases
the duration and the concentration of the drug exposed
to the tumor. In experimental studies, local delivery has
been shown to maintain a high concentration of plati-
num compound in the surrounding tissue [25, 36]. In
addition, platinum drugs have been shown to penetrate
at least 1 cm into tumors after local delivery [36].

Local delivery of chemotherapy to brain tumors
from polymers has been tested clinically in five trials,
with a total of 268 patients receiving interstitial BCNU.
BCNU released from polyanhydride polymer is safe
and effective for the treatment of patients with recur-
rent malignant glioma [1, 5, 40] and safe for patients
with newly diagnosed malignant glioma [4]. In these
trials, there was no evidence of systemic BCNU toxicity.

The systemic toxicity of chemotherapy can be dimin-
ished by local drug delivery to the CNS [4, 5, 40].
However, high concentrations of drug within the CNS
raise concerns about direct neurotoxicity. For example,
neurotoxicity of carboplatin such as transient blindness
after systemic dosing or high-frequency hearing loss
after intracarotid injection has been reported [29, 38].
We have previously shown that direct injection of car-
boplatin into the CNS of animals is well tolerated at
cytotoxic concentrations, and that carboplatin is less
neurotoxic than cisplatin [31]. For this reason, carbo-
platin was selected as the first platinum-containing
agent to be developed for polymer delivery.

In the present study, we examined two biodegrad-
able polymer systems. CPP:SA has several character-
istics that make it useful for delivery of carboplatin:



CPP: SA can release carboplatin in a sustained fashion
in vitro; it has been shown to be nontoxic and safe for
implantation both in animals and in humans [3-5];
and finally, it has been used in clinical trials to deliver
BCNU to patients with malignant gliomas safely and
effectively [1, 4, 5]. For these reasons, it may be very
useful clinically for local delivery of carboplatin.

The FAD:SA polymer was chosen for study because
it has been shown to be particularly suitable for the
release of water-soluble agents, including cisplatin [36],
carboplatin [9], and other hydrolytically unstable
compounds [20]. In addition, it has been shown to be
biocompatible with the brain of rodents [2]. FAD:SA
polymer is currently being tested (under FDA super-
vision) in clinical trials for its efficacy in releasing genta-
micin to treat osteomyelitis. It has not been used intra-
cranially in clinical trials.

The two polymer systems appeared to be equivalent
in these experiments. Their release profiles in vitro were
similar although not identical. Comparisons of the 5%
loading showed that both polymers increased the me-
dian survival versus control by a factor of three
(CPP:SA 23.5 days control vs 86 days for 5% carbo-
platin; FAD:SA 16 days control vs 53.5 days for 5%
carboplatin), indicating that either polymer could be
used to deliver carboplatin in clinical trials.

With both polymer systems, neurotoxicity was evi-
dent in animals receiving high doses of intracranial
carboplatin. The response was clearly dose-related,
with an increasing number of early deaths with escala-
ting doses of local chemotherapy. Histologic examina-
tion revealed increased neuronal toxicity in both the
cortex and hippocampus with escalating doses. With
both polymer systems, animals receiving 10% loaded
polymer died soon after implantation, while 5% loaded
polymer resulted in some early toxicity, but this load-
ing dose appeared to be near the maximum tolerated
dose. Lower doses showed no early toxicity, but were
less efficacious. Possible additive toxicity between lo-
cally delivered carboplatin and concurrent radiation
therapy was not explored in this model. Future studies
will be needed to define either additive toxicity or
beneficial radiosensitization effects of combining these
two therapies.

We have demonstrated in our rat model that carbo-
platin is effective when delivered via polymers. Given
the heterogeneity of malignant gliomas and the evid-
ence that multiple-drug regimens are often more effec-
tive than single agents, it is important to develop mul-
tiple agents for local therapy intracranially. In the fu-
ture, patients with high-grade gliomas may receive ra-
tionally designed combination local chemotherapy
with agents that have different and potentially synergis-
tic mechanisms of antitumor effect. In addition, based
upon in vitro drug sensitivity testing, the most effective
agent(s) for a particular patient’s tumor could be se-
lected. The selected drug or drugs loaded in polymer
could either be placed at the time of craniotomy for
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tumor resection or placed subsequently via stereotactic
techniques following careful analysis of the resected
tumor specimen. Finally, polymer delivery may be used
to deliver radiosensitizing agents directly into the tu-
mor bed prior to external beam radiotherapy.

In conclusion, carboplatin delivered from polymer was
effective against intracranial F98 glioma in rats. This
delivery method was superior to systemic administra-
tion in this model. The delivery of carboplatin directly
to the brain tumor bed by sustained release polymers
may decrease systemic toxicity. Furthermore, polymer
delivery can increase the duration of exposure of tumor
cells to this cytotoxic agent and therefore may improve
its efficacy.
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