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Local Delivery of Doxorubicin for Malignant Glioma
by a Biodegradable PLGA Polymer Sheet
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Abstract. Implantable, biocompatible and biodegradable
devices bearing an anticancer drug can provide promising local
therapy to patients with malignant disorders. With the aim of
treating brain tumors, especially gliomas, @ membranous sheet
containing doxorubicin was produced by co-polymerization to
poly(D,L-lactide-co-glycolide) (PLGA). When release of the
drug from the sheet was measured, sustained release continued
until day 34. The data contrasted with the burst release from
material containing a higher proportion of the drug. In terms of
biodegradability, a subcutaneous 3 x 3-mm tetragonal sheet
was almost completely absorbed by day 80. When a glioma was
implanted subcuteneously and the tumor nodule exposed to the
sheet, the device inhibited tumor growth significantly. The sheet
consisted of an amorphous structure with cavities estimated to
have a diameter of 0.5 — 3 um by electron microscopic
observation. Since the sheet is implantable, biodegradable and
has a sustained-drug release property, the device may play a
role in the local therapy of brain tumors.

Malignant brain tumor, such as infiltrating glioma and
glioblastoma, is one of the most intractable diseases in the
human body. The invasive character and rapid proliferation
of the cells often brings recurrence of the disease even after
radical treatment and an increase in intracramial
hypertension eventually causes herniation due to limited
intracranial space. The median survival time is 0.4 years for
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glioblastoma and is 5.6 years even for more benign low-grade
astrocytoma (1). Most patients die within 2 to 5 years after
their diagnosis. In spite of recent advances in radiotherapy,
immunotherapy, chemotherapy and other adjuvant
therapies, the prognosis has not been dramatically improved
and more effective therapies are required. Although the
prognosis is poor, the tumors seldom metastasize to regions
outside of the central nervous system. In addition, the main
etiology of death is local recurrence. Therefore, if local
recurrence can be prevented, long-term survival or even a
complete cure of the patient can be expected.

The main problem of administering chemotherapy for
malignancy in the central nervous system is the low efficiency
of drug delivery to the residual tumor in brain parenchyma.
‘When anti-malignant drugs are systemically administered,
most drugs may not reach the lesion due mainly to the
existence of the blood-brain barrier. From the aspect of
chemotherapy, alkylating agents such as temozolomide and
nitrosourea represented by ACNU or BCNU are the first
choice of drugs in combination with radiation (2, 3). These
drugs are potent against malignant gliomas since they can
cross the blood-brain barrier and enter the tumor cells. They
confer toxicity even to not-actively dividing cells, which
account for approximately 70% of the brain tumor (4).
Moreover, alkylating agents can synchronize cells in the
G2M phase and, thus, function as radiosensitizers when
combined with therapeutic irradiation. Regardless of such a
promising efficacy of the drug, the prognosis of patients has
not improved sufficiently. The reason is partly attributable
to the low local drug concentration, because the drug
delivery is not adequate in spite of penetrability of the drug
through the blood-brain barrier (5, 6). When these facts are
considered, it is obvious that the development of more
potent local treatment is required.
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Recent advances in material engineering have provided a
new material for such local treatment. One representative
example is the BCNU-loaded PLGA wafer (7). PLGA is a
biodegradable and biocompatible material, and the BCNU-
loaded PLGA wafer is an implantable polymeric device that
releases BCNU directly into the tumor tissue, Implanting the
device after surgery can eliminate the residual umor tissue in
the operative field and delay recurrence. The antitumor activity
of the wafer has been demonstrated (8, %) and the device might
be usefu] because most patients with glioma undergo surgical
removal and chemotherapy as well as radiotherapy.

However, there is a concern about alkylating agent-based
local chemotherapy, because tumor cells scon acquire
resistance after the systemic administration of drugs. The
mechanism of resistance is mainly via the recruitment of Q-
methylguanin merthyltransferase, a DNA repair enzyme into
tumor cells (10-13). MGMT facilitates stoichiometric transfer
of the Og-alkyl groups from the alkylated DNA molecules to
its own cysteine residues and by so doing, is itself deactivated
after acceptance of the alkyl groups. Overexpression of
MGMT repairs the DNA damage caused by the alkylating
agents. Chemotherapeutic agents, such as temozolomide and
nitrosourea, induce MGMT expression in the tumor cells and
resistance may influence the effect of focal treatment with the
BCNU wafer. In such cases, treatment with another anti-
malignant drug with a different mechanism of action might
be useful. Based on this concept doxorubicin was selected.

The mechanism of doxorubicin resistance is expression
of the multiple drug resistant gene (MDR); moreover, it
does not show cross-resistance to atkylating agents. In
addition, doxorubicin has been used commonly in patients
with disseminated Iymphoma or Ileukemia in the
cerebrospinal fluid by intrathecal injection and its safety
has been well recognized. Thus, doxorubicin was co-
polymerized to biodegradable PLGA and a membrane
containing the drug was developed. Ultimately, the
possibility of modulating the glioma after surgery using the
membrane could be explored.

Materials and Methods

Doxorubicin sheet. Doxorubicin hydrochloride ((25,45)-4-(3-amino-
2,3,6-trideoxy-a-L-lyxo-hexopyranosyloxy)-1,2,3,4-tetrahydro-2,5,12-
trihydroxy-2-hydroxyacetyl-7-methoxynaphthacene-6,11-dione
monohydrochloride; DOX or Adriamycin) was provided by Kyowa
Hakko Kogyo Co. Ltd. (Tokyo, Japan). One square centimeter of
the sheet contained 1 mg of doxorubicin, To prepare an 8.4 cm?
surface of the sheet, 8.4 mg of doxorubicin were mixed with 318 mg
of PLGA (50:50 molar ratio, Mw53114) dissolved in chloroform.
The mixture was co-polymerized by the solvent-evaporation
method and used after further desiceation.

Release of doxorubicin in vitro. Measurement of the drug
concentration in the solvent was determined by the UV-22004A
spectrophotometer (Shimadzu, Kyoto, Japan). The doxerubicin
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sheet was set under physiological conditions for days (pH7.4, 37°C
in phosphate-buffered saline) and the total amount of the eluted
doxorubicin was quantified.

Animal experiments. To investigate the biodegradation of the
doxorubicin sheet, closed colony Jel:¥CR mice were purchased
from Clea Japan, Tokyo and bred in & standard animal facility. For
the tumor implantation and treatment study, five-week old Fischer
344 rats were purchased from Sankyo Laboratory, Tokyo, Japan.
These animals were maintained under conditions of 28°C and 55-
60% humidity and given free access to food and tap water. All the
animal procedures were performed under the guidance of the
committee in the animal care facility. In the first set of animal
experiments, the 3 x 3 mm tetragon sheet was subcutaneously
implanted into the left flank of an ICR mouse. After implantation,
absorption of the sheet was determined by weighing the
unabsorbed residuals after removal. Degradability was expressed
as a percentile of the original sheet weight on the day of
observation (n=35 in each group). In the second set of the
experiment, the RT2 glioma cell line, syngeneic to the Fischer 344
rat, was used, The RT2 glioma cells were cultured in Dulbecco’s
minimum essential medivm supplemented with 10% bovine serum
(GIBCO Laboratories, Grand Island, NY, USA). Three x 105 of
the trypsinized and dispersed cells in 100 pl of PBS were
subcutaneously injected into the rat’s right flank and four days
later, after confirmation of establishment of the tumor nodule, the
rats were treated with 2.1125 cm? of doxorubicin sheet containing
2.1 mg of doxoru_bi'cin by covering the tumor. For some animals,
8.4 mg/100 pl of doxorubicin were directly injected into the center
of the tumor. Tumor volumes were measured and growth was
directly accessed. Statistical' dnalysis was performed by the two-
tailed Student’s t-test.

Marphological examination of the doxorubicin sheet by electron
nticroscopy. For the scanning electron microscopy, the doxorubicin
sheet was lightly washed in water then fixed with 1.2%
glutaraldehyde in 0.1 M phospate-buffered saline then adjusted to
pH 7.4. The specimen was dehydrated by ascending concentrations
of ethanol and the critical point drying method using liquid CO,.
After the dehydration, the sample was coated with ion-sputtered
gold and palladium and observed by a JSM-5800LV Scanning
Electron Microscope (JEOL Lid., Tokyo, Japan) at the
accelerating voltage of 15 KV. For tramsmission electron
microscopy, the sheet was fixed with 2% glutaraldehyde in
phosphate-buffer and the specimens were subjected to examination
by an H-7500 Electron Microscope (Hitachi, Tokyo, Japan) at the
accelerating voltage of 100 KV.

Results

Release of doxorubicin from the doxorubicin sheet. The
release of doxorubicin from the PLGA membrane was first
determined in vitro. The concentration of doxorubicin was
measured by absorption spectrophotometric analysis. The
absorbance of light by doxorubicin in continuous wavelength
was measured by a spectrophotometer (Figure 1A} and the
correlation of both 232 nm and 480 nm peaks for
determination of the doxorubicin concentration was
confirmed. The amount of drug in the solvent was
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Figure 1. Release of doxorubicin from the sheet in vitro. A) Spectrophotometric properties of doxorubicin. The light absorbance of doxorubicin was
meastired by continizous change in the wave length. Based on the figure, the absorbances at 232 nm and 480 nm were used for further determination of
the drug concentration. Values measured at both peaks correlated well with drug concentrations, B) Total amount of doxorubicin released from 1 mg of
the sheet. Release gradually started from immediately after the exposure and 10% of the drug was released by day 10. The sheet steadily discharged the
drug and sustained release continued uniil day 28, After the burst release around day 30 to 34, further release was not detected. The result is expressed
as the mean of two experiments; bars, 5.D. C) Release from the drug-overloaded sheet. When the drug concentration was increased 3-fold when co-
polymerized to PLGA, the sheet released the drug much faster than the ordinary sheet. Most of the drug was released by day 8 and further release was
not prominent after day 10. The result is expressed as the mean of two experiments; bars, S.D.

quantified at the 480-nm wavelength, The PLGA sheet
containing doxorubicin was left under physioclogical
conditions and the total amounts of doxorubicin released
were measured (Figure 1B). Release started from day 1 and
gradually increased until day 24. Subsequently, the release
was abrupily increased and continued until day 34. Thirty-
four days after the experiment, the release reached a peak.

170

-

The released amount was followed up until day 178,
however further release was not detected in the experiment
(data not shown). The pattern of slow release from the
sheet might derive from the proportions of doxorubicin and
PLGA. When the load of doxorubicin was increased in the
sheet, a three-fold higher drug discharge oceurred at an
earlier stage of the experiment (Figure 1C). The drug burst
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Figure 2. Biodegradability of the sheet in vivo. A} The dry-weight of the implanted sheet was measured and biodegradability was expressed as a percentage

started from the day of the experiment and most of the
doxorubicin was released by day 8. Unlike the previous
result, sustained release was not detected in this drug-
enriched sheet. The sheet did not retain doxorubicin after
12 days of experiments.

Biodegradation of the sheet in mice. Since deliberate release
of the drug from the sheet was demonstrated in vitro, the
biodegradability of the sheet was examined next. Afier
implantation of the sheet into the left flank of the mice,
changes in the dry-weight of the sheet were measured and
recerded chronologically. The sheet degraded according to
the passage of time. Degradation rapidly progressed in the
initial stage and continued until day 78. The sheet was
ultimately absorbed. It took more than 80 days to disappear
and further changes in weight could not be determined,
During the process, the doxorubicin sheet was assimilated
and other than pigmentation in the adjacent area, caused

of the original weight. The sheet degraded according to the passage of time. There was a rapid decrease in volurme from the start of the experiment, followed-
by gradual degradation. More than 78 days were required for complete absorption. The result is expressed as the mean of five animals at each time point;
bars, §.D. B} Biodegradability of the subcutaneously implanted sheet. The picture shows the sheets at 52 days after implantation. The sheet was degraded,

but still visible with a change in the color of the surrounding subcutaneous tissue. Pigmentation of tissue occurred in the contact area of the sheet.
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A neither inflammation nor substantial necrosis in the
@ - surrounding tissue (Figure 2A, B).

0 : Effect of the released doxorubicin on the established tumor.
The slow-release character and biodegradability of the sheet
enables potential application of the sheet for tumor

L treatment in vivo. In the final examination, the sheet was

E used for the treatment of subcutaneously implanted RT2

g syngeneic malignant glioma tumor cells. After growth, the

E - . . s

s tumor was covered with a doxorubicin sheet and the

g subsequent growth was measured. Tumors treated with a
16 _ mock sheet increased in size exponentially (Figure 3). In

contrast, growth of the tumor was inhibited in rats treated
with the doxorubicin sheet. On the 17th day of the
experiment, the tumor volume reached more than 30 cm?

P —@ and the rats started to die in the control group, whereas the

' g QP/MO/ group treated with the doxorubicin sheet exhibited a smaller

871 % & & 1o 2 14 18 18 tumor size. There were inter-group differences in volumes
day

Figure 3. Tumor growth inhibition by the sheet. A} After glioma cells were implanted, the tumor nodule was treated o the sheet. While numors in control
animals grew prosperously, treatment inhibited the expansion of the tumor. Mock sheet treatment (O); doxorubicin sheet treatment (®). There were
differences on day 14 (p=0.064} and day 17 (p=0.019). The result was demonstrated as a mean of five animals in each group; bars, S.0. B} Histology
of tumor cells with the sheet {on day 17, hematoxylin-eosin staining). Tumor tissuie or cells (left) adjoining the sheet (right} were necrotic with erythrocytes.
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Figure 4. Ultrastructure of doxorubicin sheet by electron microscopy. A-C) Pictures taken by scanning electron microscope, D) By transmission electron
microscope. A) Overview: the sheet had a flexible texture with a thickness of 10 um. B) Surface: the surface consisted of amorphous material with small
holes. Grains of the drug resided in these small holes with a diameter of 0.5 to 3 pm. C) Vertical section (ethanol-cracked surface): after fixation, the
sample was ethanol-cracked in lquid nitrogen. Cross-section disclosed the porous structure of the membrane sheet. D) Cross-section of the sheet: the drug
was encircled by an amorphous electro-density substrate. Direct magnification, x15000.
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Figure 4. continued
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on days 14 and 17 (p=0.064 and 0.019, respectively). The
sizes of tumors treated with the doxorubicin sheet were
comparable to those of animals treated by direct injection
with a 4-times higher total dose (on day 14: injection
4.88+2.33 cm® vs. sheet 5.50x1.81 cm® on day 17:
14.806.62 cmS vs. 12.56+2.65 cm®).

Morphological studies of the sheet. The sheet’s ability to
confer toxicity to the tarpet tumor by releasing the drug was
confirmed. To further investigate the material, the sheet was
examined by electronmicroscopy. The sheet had a thickness
of 10 um and was flexible (Figure 4A). The surface of the
sheet consisted of an amorphous structure with small
cavities having a diameter of 0.5 to 3 pm. A grain,
presumably of drug, was held in each cavity and some of
these protruded to the surface. Some of the cavities were
empty, but this may have been due to elution of the drug
during preparation of the specimen (Figure 4B). An
ethanol-cracked, vertical section revealed the spongy,
cheese-like structure of the sheet. Most of the cavity was
hollow due to the same reason as above, but the drug is
visible in the cavities through a small exit (Figure 4C). This
finding was confirmed by transmission electronmicroscopy
(Figure 4D}. The structure of the sheet may be responsible
for sustained release of the drug.

Discussion

In this study, a doxorubicin-loaded poly (D, L-lactide-co-
glycolide) membrane was developed and drug release from
the membrane, biodegradation and efficacy on implanted
glioma cells were examined.

As a scaffold for dfug polymerization, PLGA was chosen.
Similar to other polymers (14), PLGA has been used, not only
as biodegradable polyester elastomers in tissue engineering
(15), but also as a carrier of drugs, antigens, or genes either by
itself or in combination with other appropriate materials.
Owing to its safety, performance, cost and ease-of-use, this
material was especially useful as & drug delivery tool for
anticancer drugs. Micro- or nano-particles of PLGA conjugates
include paclitaxel (16-20), doxorubicin (21-23), floxuridine
(24), cystatins (25), camptothetin (26), S-fluorouracil (27, 28),
oxaliplatin (29), methotrexate (30} and cisplatin (31), In
addition to the anticancer agents, tumor antigen (32, 33),
photodynamic (34-37) or radiosensitizer (38, 39), genes (40-42)
or DNA decoys (43), anti-angiogenic agents (44, 45), usnic acid
(46), interferons (47), immunotoxin (48), all-trans retinoic acid
(49), hormones (42, 50) and other compounds have been
conjugated to PLGA for the treatment of malignant diseases.

Nano- or micro-particles of PLGA have drug delivery
advantages, such as achievement of a higher concentration in
the target tissue, sustained release and a longer circulation
time in plasma as well as lower toxicity, However, from the
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stand-point of brain tumor therapy, especially considering the
prevention of recurrence, there is an advantage of local
therapy with an implantable drug-conjugated device, even
though diffusion of nanoparticles is relatively limited to the
vicinify of the implantation site (27). Accordingly, a wafer with
BCNU was successfully developed (7, 8, 51). In other solid
tumors, local treatment with PLGA. polymers with paclitaxe]
and vinca alkaloid were developed and tested in clinical pilot
trials (52, 53).

We chose dozorubicin for co-polymerization to PLGA.
This drug has a long history and has been used widely for the
treatment of malignancies, including leukemias, lymphomas
and many solid tumors, including brain tumors. Accordingly,
its pharmacokinetics are well known. From the aspect of
safety, the drug can be administrated intrathecally with few
serious adverse effects (54, 35). This might compromise
safety if leakage of the drug occurs into the cerebrospinal
fluid, Moreover, resistance to alkylating agent due mainly to
overexpression of MGMT generally does not demonstrate
cross-resistance to doxorubicin, which blocks DNA and RNA
synthesis by inhibiting topoisomerase II. The sheet might be
especially useful for patients with recurrent drug-resistant
gliomas initially treated by alkylating agents.

Local therapies are key options for the treatment of brain
tumors. BCNU-loaded wafers and other implantable nano-
and micro-particles are the materials of first choice. It is
preferable to increase the number of effective devices or drugs
for local treatment. Since our PLGA-based sheet is
implantable, easy to prepare, wholly degradable and displays a
sustained-release property, it may play a role in the treatment
for malignant brain tumors as a local therapy device.
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Abstract

Preoperative characterizetion of brain anatorny by magnetic resonance imaging and intraoperative
functional characterization of the nervous system is essentis! in patients undergoing radical resection
of brain tumors, A novel Integratod system was developed combining conventional bipolar forceps with
an electric stimulator and an osciiloscope. The system consists of a meachanical switching circuit
allowing a wide range of electric characteristics and was designed to perform iniraoperative
electrophysiological studies, including functional mapping and measurements of mator evoked poten-
tizls (MEPs) and somatosensory evoked potentials (SEPa). Thia system achieved a significant reduction
in exchange tme (from 3,83 + 1.00 sec to 1.12 X 0.42 sec) between coagulation and stimulation, and
repreducible measurament of MEPs from porcine limbs by cortical stimnlation using the bipolar
forceps. Functional mapping under awake craniotomy was carried out by cortical stimulation in
patients with glieblastoma, and medicn nerve SEPs with high signal-fo-neise ratio were elicited from
the bipolar forceps on the gensory cortex of patients under general anesthesia. This integrated systom ia
tachnically easy to operate and allows functional menitoring of an area that would otherwise be
difficult to access wsing convenfionel methods, This three-way bipolar forceps system may raduce
postoperative complications in patients undergoing neurosurgical procedures.

Key words: bipelar forceps, intraoperative monitoring,
somatosensory evoked poiential, motor evoked potential

functional mapping.

Introduction

Functional monitoring of neurological activity using
electrophysiological techniques is essential to
reduce functional compromise during resection or
coagulation of tumors involving the central nervous
system. Such techniques include functional
mapping by intracperative electrical stimmulation
during awake surgery to identify the speech and
mator areas,’ rootor evoked potential (MEP)
monitoring under general enesthesia to assess
efferent corticospinal motor iract integrity,¥ and
somatosensory evoked potential (SEP} monitoring
through the skull or brain surface to assess ths
activity of afferent peripheral nerves in the
somatosensory tract.®
Electrophysiological techniques can establish
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neurological integrity, but are less useful for localiz-
ing eloquent areas within the surgical field that may
be compromised during manipulation and result in
postoperative functional impairments. Recently,
techniques ‘were described that allow the use of
conventional bipolar forceps to function as stimula-
tion electrodes.®1t However, this bipolar forceps is
a dedicated probe for stimulation and must be
exchanged for the coagunlation forceps once the
stimulation is complete.

Here we describe a novel surgical system (three-
way bipolar forceps system) that integrates the
functions of slectraphysiclogical assessment (nerve
stimulation and elicitation of potentials) with the
conventional bipolar forceps used for resection and
coagulation.






