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A 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-
100 & enriched sheet. The sheet did not retain doxorubicin after
N 12 days of experiments.

80 . . N .
\ Biodegradation of the sheet in mice. Since deliberate release

- N of the drug from the sheet was demonstrated irn vitro, the
60 \ biodegradability of the sheet was examined next. After

N\ implantation of the sheet into the left flank of the mice,
changes in the dry-weight of the sheet were measured and

% of original weight

40 Ny

- N recorded chronologically. The sheet degraded according to
1 ’ \* the passage of time. Degradation rapidly progressed in the
AN Ll . .
20 N initial stage and continued until day 78. The sheet was
\.z\ i 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

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
of the original weight. The sheet degraded according to the passage of time. There was a rapid decrease in volume from the start of the experiment, Sfollowed
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, S.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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32

24

tumor volume (cm3)

16

neither inflammation nor substantial necrosis in the
surrounding tissue (Figure 2A, B).

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
treatment in vivo. In the final examination, the sheet was
used for the treatment of subcutaneously implanted RT2
syngeneic malignant glioma tumor cells. After growth, the
tumor was covered with a doxzorubicin sheet and the
subsequent growth was measured. Tumors treated with a
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?
and the rats started to die in the control group, whereas the
group treated with the doxorubicin sheet exhibited a smaller
tumor size. There were inter-group differences in volumes

Figure 3. Tumor growth inhibition by the sheet. A) After glioma cells were implanted, the tumor nodule was treated to the sheet. While tumors in control
animals grew prosperously, treatment inhibited the expansion of the tumor. Mock sheet treatment ({J); 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.D. B) Histology
of tumor cells with the sheet (on day 17, hematoxylin-eosin staining). Tumor tissue 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 um. C} Vertical section (ethanol-cracked surface): after fixation, the
sample was ethanol-cracked in liguid 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:
14.80+6.62 cm® vs. 12.56+2.65 cm).

Morphological studies of the sheet. The sheet’s ability to
confer toxicity to the target 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 pm 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 drug 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 a 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), 5-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
vicinity of the implantation site (27). Accordingly, a wafer with
BCNU was successfully developed (7, 8, 51). In other solid
tumors, local treatment with PLGA polymess with paclitaxel
and vinca alkaloid were developed and tested in clinical pilot
trials (52, 53).

We chose doxorubicin 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, 55). 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 piay a role in the treatment
for malignant brain tumors as a local therapy device.
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Fabrication and Individual Control of Magnetic Micro-Machine Moving in a Gel

EHE - GIlifnE -
{UBTHEERKTE 2-1-1 (T980-8577)

RILRFEBRBEFERN.

FHE—

M. Sendoh, K. Ishiyama, and K. I. Arai
Research Institute of Electrical Communication, Tohoku University, 2-1-1 Katahira, Aoba-ku, sendai 980-8577

Magnetic micro-machines capable of boring into gel
were fabricated. The micro-machines are composed of
rod-shape NdFeB magnets and screw-shaped tips. The
magnet is magnetized in the direction of the diameter.
The diameters of all machines are 0.8 mm. A medical
injector can insert this size machine. When a rotational
magnetic field is applied, the machine rotates and
moves in agar. When the frequency of the external
rotational field exceeds the step-out frequency, the
machine cannot synchronize to the field and thus stops.
The velocity varies greatly Wlth changes in the machine
shape. A test using two machmes that have different
velocities and step-out ﬁequenmes we. demonstrated
that multiple machines can work Vind;ividually.

Key words: magnetic micromachine, rotational
magnetic field, screw shape, step-out frequency,
individual control, gel
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Fig. 1 Magnetic micro-machine.
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Fig. 3 Fabricated magnetic micro-machine.
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Fig. 4 Five kinds of screw tip.
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Starting Characteristics of Spiral-Type Magnetic Micro-Machine

ETEE - AILFS - (IOEE - FHE—
FALKFBLBEFAM, WETERRATE 2-1-1 (TI80-8577)

M. Sendoh, K. Ishiyama, M. Yamaguchi, and K. I. Arai
Research Institute of Electrical Communication, Tohoku University, 2-1-1 Katahira, Aoba -ku, sendai 980-8577

Magnetic micro-machines composed of cylindrical
bodies with magnets and spiral blades, can be made to
swim in liquid when a rotational magnetic field is
applied. In this study, starting characteristics of a
micro-machine were examined theoretically and
experimentally. The starting characteristics depended
on the kinematic viscosity of the liquid and the
machine’s moment of inertia. We demonstrated that the
micro-machine could start'in a liquid having a kinematic
viscosity of 5 mm?/s despite sudden application of an
external rotational field of 125 Hz, because the
* machine’s moment of inertia was very small.

Key words: magnetic micro-machine, rotational
magnetic  field, magnetic moment, starting
characteristic, step-out frequency, kinematic viscosity
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Table 1 Kinematic viscosity dependence of step-out
frequency.

Kinematic viscosity Step-out frequency

5 mm?/s 120 Hz
100 mm?%/s 55 Hz
G}gss pipe
Silicoﬁe oil Thin wire
Fig. 2 Experimental System.
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The basic equa’mons of incompressible viscous fluid flow
were 1ntegrated .using the three- d.lmensmnal finite
volume met .’«IWe calculated the ﬂow ﬁeld around the
micro- machme was to estimate the swimming velocity,
thrust, drag, and load torque of a spiral- type magnetic
micro-machine. The swimming properties of the
micro-machine were analyzed theoretiéa‘lly. We
obtained good agreement was between the experimental
and theoretical results, on which basis we judged a
technique for three-dimensional analysis to be
established.

Key words® micro-machine, spiral blade, rotating

magnetic field, finite volume method
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Fig. 1 Schematic view of spiral-type of micro-machine.
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