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This paper proposes a shape-memory balloon (SMB) to improve bone cement injection efficiency and
postoperative thermo/chemotherapy for bone tumors. The SMB consists of biodegradable poly(e-capro-
lactone) (PCL), an anticancer drug (doxorubicin, DOX), and heat-generating magnetic nanoparticles
(MNPs). The balloon shape is fabricated in a mold by crosslinking PCL macromonomers with DOX and
MNPs. The mechanical properties and shape-transition temperature (approximately 40 °C) of the SMB are
modulated by adjusting the molecular weight of PCL and the crosslinking density. This allows safe
inflation at the affected site with a 400% expansion rate by simple blow molding. The expanded shape is
temporarily memorized at 37 °C, and the computed tomography image shows that the bone cement is
successfully injected without extra pressure or leakage. The SMB releases DOX for over 4 weeks, allowing
a prolonged effect at the local site. The local dosing is constant as the medication is continuously
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released, demonstrating an ON-OFF switchable heating/cooling response to alternating magnetic field
irradiation. In vitro cytotoxic studies have demonstrated that heat generation/drug release and only drug
release from the balloon kill approximately 99% and 60% of human osteosarcoma cells, respectively. The
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Introduction

Malignant bone tumors are divided into primary and meta-
static tumors. The former is a rare type of cancer, which
includes osteosarcoma, Ewing sarcoma, and chondrosarcoma,
with an estimated 4.8 per million patients in all age groups
annually." For the latter, tumor cells originating in other
organs are distantly metastasized; approximately 70% of
patients with metastatic breast or prostate cancer develop
bone metastases, and approximately 350 000 patients die each
year in the United States.>® Bone tumors themselves are not
life-threatening; however, aggressive treatments such as pre-
venting bone pain and fractures are required to maintain the
quality of life (QOL) and to recover the locomotor apparatus,
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proposed SMB is promising in postoperative local thermo/chemotherapy for bone tumors.

followed by postoperative therapy to prevent recurrence and
metastasis.

Intramedullary nail fixation has been used to treat meta-
static femoral and impending fractures, and en-bloc resection
was demonstrated for primary tumors with a prosthetic re-
placement of the involved bone.*” Conventional postoperative
therapy causes serious problems such as side effects due to
the systemic administration of anticancer drugs, shallow pene-
tration of radiation, and drug and radiation resistances of
tumor cells.® A new drug delivery system was developed using
anticancer drug-incorporated bone cement to maintain high
concentrations at local sites, and new hyperthermic strategies
were demonstrated by generating heat using magnetic
material-incorporated bone cement under an alternating mag-
netic field (AMF).”® However, these studies did not achieve all
the goals of bone tumor treatment and many required invasive
surgery.

Balloon kyphoplasty (BKP) is sometimes performed as a
minimally invasive treatment for the early recovery of QOL,
and is a treatment method that repairs a compression-frac-
tured vertebral body.” This is achieved by treating the bone
tumor and osteoporosis with an inflated polyurethane balloon,
followed by filling the gap with a bone cement composed of
poly(methyl methacrylate). However, the disadvantages of BKP
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include tissue damage, neuropathy, secondary fracture, and
reduced QOL due to the hardening of the leaked bone cement
into the spinal canal and out of the vertebral body through
blood vessels.'®*? Furthermore, iodinated contrast has been
used to inflate the balloon via a locking syringe with a man-
ometer for careful injection. At times, this led to bursting of
the balloon and allergenic side effects due to iodine
leakage.">'* Whereas conventional balloons for BKP are
removed after expansion, under a newly developed strategy, the
balloon comprising a biodegradable copolymer of p,i-lactide
and e-caprolactone was inserted in place for the injection of
the bone cement.'® Although the material could prevent bone
cement leakage from the balloon, sufficient pumping pressure
was required to inflate the balloon during bone cement injec-
tion. This could cause additional leakage of the bone cement,
surgical difficulties, and lack of control in postoperative bone
tumor therapy.

We have established a design technology for biodegradable
poly(e-caprolactone) (PCL), a Food and Drug Administration-
approved biocompatible material, using shape-memory pro-
perties by introducing a crosslinked structure in the synthesis
stage.'®™'® Shape-memory polymers are soft, non-invasive, and
biodegradable indwelling devices as compared to metals and
ceramic materials, and have been remarkably applied and
commercialized in recent years. For example, a thrombectomy
stent is a polyurethane-based shape-memory device that is acti-
vated by infrared laser irradiation and expands from a helical
to an umbrella structure at a target site to remove thrombus in
blood vessels."® The technique has also been applied to
cranial nerve probes and ureteral stents, allowing tissue
damage reduction and drug release.’”*’ PCL has also been
applied to shape-memory sutures for the rapid suturing of
wounds due to the shape recovery of the polymer.>* Therefore,
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the development of a novel balloon for BKP using our shape-
memory PCL will allow bone cement injection without extra
pressure because the balloon temporarily remembers its
expanded configuration. We had previously demonstrated that
PCL could be easily electrospun into nanofibers incorporating
magnetic nanoparticles (MNPs) and various anticancer drugs,
such as doxorubicin (DOX), paclitaxel, and imiquimod, and
their release properties and activities were verified.>*>® This
enabled the design of a temperature-responsive shape-memory
PCL material in the presence of drugs and MNPs, which can
deliver a combination of localized hyperthermia and chemo-
therapy by a simple ON-OFF switch for AMF. This is a promis-
ing leap for effective cancer therapeutics.****

Here we describe the design of a shape-memory balloon
(SMB) for BKP, which consists of biodegradable PCL, DOX,
and heat-generating MNPs, allowing a postoperative local
hyperthermic chemotherapy for the treatment of bone tumors

(Fig. 1).

Experimental
Materials

e-Caprolactone, 1,4-butanediol, acryloyl chloride, and DOX
were purchased from Tokyo Chemical Industry (Tokyo, Japan).
Other chemicals were purchased from Tokyo Chemical
Industry, Fujifilm Wako Pure Chemical (Osaka, Japan), Kanto
Chemical (Tokyo, Japan), Nacalai Tesque (Kyoto, Japan), and
Sigma-Aldrich (Tokyo, Japan). MNPs (y-Fe,O;, <50 nm) were
purchased from Sigma-Aldrich. The human osteosarcoma
(HOS) cell line (RCB0992) was provided by the Riken
BioResource Research Center (Ibaraki, Japan).
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Fig. 1 Schematic illustration of the SMB as a new BKP device for bone tumor treatment. (A) Bone tumors are surgically removed. (B) The SMB is
inserted. (C) Heating the SMB above its melting point causes melting of the crystalline region and phase transition to amorphous. (D) Applying
expansion stress with an air blow deforms the SMB into a temporary expanded shape. (E) Cooling to body temperature re-forms the crystalline
region and memorizes the temporary shape. (F) The bone cement is successfully injected without extra pressure or leakage from the SMB.
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Synthesis and characterization of PCL

Fig. S1AT shows a series of synthetic reaction schemes and
equations. PCL was synthesized by ring-opening polymeriz-
ation from the terminal hydroxyl groups of tetramethylene
glycol using tin octoate as a catalyst, by a previously reported
method.”® Briefly, 95 mL of e-caprolactone and 1.9 mL of 1,4-
butanediol were added to a round-bottomed flask under N, gas.
Then, 30 drops of tin(u) 2-ethylhexanoate were added to the
reaction flask using a micropipette. The mixed solution was
allowed to react under stirring at 120 °C for 24 h. The product
was completely dissolved in 300 mL of tetrahydrofuran (THF).
The obtained PCL was purified by reprecipitation using 3.5 L of
an equivalent mixture of hexane and diethyl ether in a yield of
96.1%. Approximately 50 g of the dried PCL was completely dis-
solved in 300 mL of dehydrated THF. Next, 10 mL of triethyl-
amine and 4.7 mL of acryloyl chloride were added to the solu-
tion while stirring and ice-cooling to introduce a vinyl group at
the terminal. The obtained PCL macromonomer was purified
by reprecipitation by 1.5 L of methanol. The chemical structure
of the obtained PCL macromonomer, including the degree of
polymerization and introduction rate of the vinyl group, and the
molecular weights were estimated by 'H NMR (JNM-AL300,
JEOL, Tokyo, Japan) and gel permeation chromatography (GPC)
(JASCO International, Tokyo, Japan), respectively.

Fabrication and characteristics of SMB

The PCL macromonomer, benzoyl peroxide (BPO), DOX,
MNPs, and N,N-dimethylformamide (DMF) were mixed in the
following ratios: 2 wt% against PCL macromonomer for BPO; 1
or 2 wt% against solute for DOX; 0, 23.1, 33.3, and 50.0 wt%
against solute for MNPs; and an equivalent amount against
PCL macromonomer for DMF. The mixture was cast into a
polytetrafluoroethylene (PTFE)-based mold composed of a
cavity (¢ 4.2 mm x k& 20 mm) and a core adjusted to post-
molding thicknesses of 0.3, 0.5, and 0.7 mm (Fig. S1BY). The
mixture in the mold was then crosslinked and polymerized at
80 °C for 3 h (Fig. S1Ct), and the volume of the resulting
material was compared to that of the mold as a shrinkage rate.
The resulting material was formed into a balloon shape by
blow molding (N, flow, 0.25 MPa, 25 °C) after heating and soft-
ening above the shape-transition temperature with a hot air
blower. The sizes of the obtained PCL balloon before and after
expansion were measured with a caliper, and the expansion
volume and expansion rate were calculated.

Bone cement injection test

For the bone cement injection test, the distal end of the
porcine cadaveric femur obtained from Tokyo Shibaura Zouki
(Tokyo, Japan) was drilled with a circular hole (¢ 10 mm x &
20 mm), and calcium phosphate cement (Biopex-R, HOYA
Technosurgical, Tokyo, Japan) was injected through an
attached needle with an inner diameter of 3.7 mm into the
SMB that had been blow-molded in the bone cavity. This was
observed by X-ray micro-computed tomography (CT) (SKYSCAN
1272, Bruker, Kanagawa, Japan).

This journal is © The Royal Society of Chemistry 2021
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Characterization of SMB

To evaluate the thermal properties of the SMB, including
mechanical properties, drug release, and cytotoxic activities
under temperature control, the shape-memory PCL film was
fabricated in the same manner as the balloon, except that a
glass plate was used instead of the PTFE-based mold. The PCL
film was cut into approximately 5 mg test pieces, and the
amount of MNPs loaded into the PCL film was determined
using a thermogravimetry-differential thermal analyzer
(TG-DTA) (TG/DTA6200, Hitachi High-Tech Science, Tokyo,
Japan) for a temperature range from 25 °C to 500 °C at a
heating rate of 10 °C min™". The phase transition behavior,
melting point, and crystallinity of the PCL film were measured
by differential scanning calorimetry (DSC) (Thermo plus EVO2
DSC8231, Rigaku, Tokyo, Japan) for a temperature range from
0 °C to 100 °C at a heating rate of 5 °C min~". The crystallinity
was calculated as the ratio of the melting enthalpy (AH,,) of
the PCL film and that of a perfect PCL crystal (142 J g~ *):"°

AHp,

Crystallinity(%) = 112 < 100.

(1)

Mechanical properties

The mechanical properties of the PCL film under temperature
control were evaluated using a table-top material tester (EZ-S,
Shimadzu, Kyoto, Japan) installed in an incubation box
(M-600FN, TAITEC, Saitama, Japan). PCL films (¢ 16 mm x ¢
0.3 mm) were preincubated at 25, 31, 37, 43, and 49 °C for
60 min, and then underwent tensile testing under a crosshead
speed of 5.0 mm min~", to generate a stress—strain curve for
each temperature. The elastic modulus of the PCL film was cal-
culated from the initial slope of the stress-strain curve as
shown:

. oi
Elastic modulus(MPa) = —* (2)
Eis.
where o; ¢ and ¢; ¢ are the stress and strain on the initial slope,
respectively; the elastic modulus was plotted for each
temperature.>®

Magnetizing and heating properties

The magnetizing properties of the PCL films (¢ 16 mm x ¢
0.3 mm) containing 0, 19.5, 31.6, and 46.1 wt% MNP deter-
mined by TG-DTA were measured using a vibrating sample
magnetometer (Riken Denshi, Tokyo, Japan) to generate a
magnetization curve. The heating properties of the MNP-
loaded PCL films were investigated by placing the PCL films (¢
16 mm x ¢ 0.3 mm) containing 0, 19.5, 31.6, and 46.1 wt%
MNPs at the center of a customized copper coil with a dia-
meter of 35 mm and applying an AMF (HOTSHOT2, Ambrell,
Rochester, NY, USA). The heat was generated by the ON and
OFF switching of the AMF (281 kHz, 4.0 V) for 360 s and 240 s,
respectively, and the heating profiles were measured using a
thermal imaging camera (CPA-E6, CHINO, Tokyo, Japan) every
20 s.
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Drug release

To verify the drug release behavior, PCL films (¢ 10 mm x ¢t
0.3 mm) were placed one by one in a 24-well plate. Next, 2 mL
of phosphate-buffered saline (PBS) was added into each well,
and the plates were incubated at 37 °C for 28 days. Every 1 mL
of PBS was collected on days 1, 3, 7, 14, and 28, and the equi-
valent volume of fresh solution was then refilled after each col-
lection. The released DOX was detected using a fluorescence
plate reader at 470 nm excitation and 550 nm emission
(Infinite 200 Pro M Nano', Tecan Japan, Kanagawa, Japan).
The cumulative amount of the released DOX was calculated as
follows:

Wy = Wp_q + (cn X zfc”%”) (3)

where w, (pg) and C, (ug mL™") are the cumulative release
amount and concentration of DOX at the n™ (n=1, 3,7, 14,
and 28) collection day, respectively, and [ is the volume of PBS
(2 mL).

Cell preparation

HOS cells were used in this study. The growth medium was the
minimum essential medium of Earle’s salt, which was sup-
plemented with 0.1 mM non-essential amino acid, 10% (v/v)
fetal bovine serum, and 1% (v/v) penicillin-streptomycin. HOS
cells were prepared by subcultures in tissue culture dishes
(100 mm) after two days of incubation at 37 °C in 5% CO,
(MCO-170AICUVH, PHC Holdings, Tokyo, Japan). The cells
were collected with 0.25% (w/v) trypsin-1 mM ethylenediami-
netetraacetic acid from the confluent monolayer in the dish
and then resuspended in 12 mL of the growth medium for
subsequent experiments.

Thermal and drug sensitivity of HOS cells

A volume of 0.2 mL of each cell suspension prepared in
advance at 2.45 x 10° cells mL™" was seeded on a 96-well plate
and cultured for 48 h, before the addition of the DOX and
adjusted to concentrations of 0, 0.2, 0.4, 0.6, 0.8, 2, 6, 8, 10, 20,
and 40 pg mL™" in the growth medium. They were prepared in
two groups, and one was preincubated at 45 °C in 5% CO, for
60 min. Then, all test specimens were cultured for another
24 h at 37 °C in 5% CO,. The Alamar blue assay reagent (10%
against medium) was then added to each well and the plates
were incubated for 2.5 h at 37 °C, according to the protocol.>”
The cell number was calculated from the fluorescence inten-
sity measured using a fluorescence plate reader at 570 nm exci-
tation and 600 nm emission (Tecan, Japan). The cell viability
and ICs, were calculated based on the cell number in the
control group (0 pg mL™" DOX) at a viability of 100%.

AMF-responsive cytotoxic activity in vitro

Avolume of 2 mL of each cell suspension prepared in advance
at 2.45 x 10* cells mL™" was seeded on a 6-well plate and cul-
tured for 48 h, before co-culturing with PCL films (¢ 10 mm x ¢
0.3 mm), and labeled as MNPs_Film (PCL film with 31.6 wt%
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MNPs without DOX) and MNPs/DOX_Film (PCL film with
31.6 wt% MNPs and 2.0 wt% DOX). Additionally, both groups
were exposed to AMF irradiation (281 kHz, 4.0 V) for 60 min
and were labeled as MNPs_Film (AMF) and MNPs/DOX_Film
(AMF), respectively. All test specimens were cultured for
another 24 h at 37 °C in 5% CO,. The cell number and viability
were calculated in the same manner as described above and
were based on the cell number in the control group (growth
medium only) at a viability of 100%.

Statistical analysis

All data were expressed as a mean and standard deviation
(mean + SD) in triplicate. Statistical analyses were performed
using the Microsoft Excel 2019 software (Microsoft, Redmond,
WA, USA). The cell viability was statistically compared using an
unpaired ¢-test, and differences were considered significant if
p-values were less than 0.05.

Results
Characterization of PCL

The structure of the obtained PCL macromonomer was con-
firmed by 'H NMR spectroscopy (Fig. S2 and S37). The chemi-
cal shifts were: '"H NMR, § (CDCl;, ppm); 1.40 (m, 2H,
-COCH,CH,CH,CH,CH,0-), 1.65 (m, 4H, -COCH,CH,CH,
CH,CH,0-), 2.31 (t, 2H, -COCH,CH,CH,CH,CH,0-), 4.06 (t,
2H, -COCH,CH,CH,CH,CH,0-), and 5.85, 6.12, and 6.40 (m,
3H, -CH=CH,). The average degree of polymerization and the
percentage of introduction of a vinyl group were estimated to
be 19.8 and 91.3%, respectively. The molecular weight of the
obtained PCL macromonomer was determined by GPC and
estimated to be approximately 4900.

Shape-memory properties

The shape-memory PCL film, as a simple alternative, was used
to verify the characteristics of the SMB. Fig. 2A shows the
melting (shape transition) temperature of each test specimen
compared vig DSC analysis, indicating that the melting points
of the crosslinked PCL films with and without MNP loading
were 42.1 °C and 39.4 °C, respectively, while those of the PCL
and PCL macromonomer before crosslinking were 53.9 °C and
53.4 °C, respectively. This demonstrated the successful fabrica-
tion of a crosslinked PCL film with a shape-transition tempera-
ture of approximately 40 °C, which is close to the human body
temperature.

Fig. 2B depicts the shape-memory properties using the PCL
film. The left side of Fig. 2B shows the original piece of PCL
film (¢ = 0.3 mm) at room temperature. Subsequently, as
shown on the right side of Fig. 2B, applying tensile stress
above the shape-transition temperature caused deformation of
the PCL film, followed by crystallization, and fixation of the
shape by cooling below 37 °C. This shape-memory property
can be applied to balloon-shaped materials such as those fab-
ricated in this study. Blow molding could easily expand the
SMB above its shape-transition temperature, and the inflated

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Shape-memory properties of the SMB at approximately the
shape-transition temperature. (A) Melting (shape transition) temperature
of each test specimen by DSC. (B) Shape-memory property of an original
piece of shape-memory PCL film. Applying tensile stress above the
shape-transition temperature deformed the material and memorized its
shape by cooling to room temperature, as shown in the left to right. (C)
Shape-memory property of the fabricated SMB. Blow molding above the
shape-transition temperature expanded the SMB and memorized its
shape by cooling below 37 °C, as shown in the left to right. (D) Injection
process and (E) CT image in bone cement injection test. (C)—(E) show
the result of SMB with a thickness of 0.3 mm.

shape was memorized by cooling below 37 °C (Fig. 2C). Three
types of SMB with different thicknesses were designed by mod-
ifying the diameter of the mold core, and all the SMBs were
successfully fabricated with a 74.8% shrinkage, regardless of
the MNP loading (Fig. S4t). Table 1 shows the expansion
pressure, expansion volume, and expansion rate for each
balloon thickness, especially accomplishing around 400%
expansion. Table 2 shows the melting enthalpy and the crystal-
linity of each test specimen. The melting enthalpy was calcu-
lated as the integral of the DSC curve, shown in Fig. 2A, from

Table 1 Geometry characteristics of SMB before and after blow
molding

Thickness of the ~ Expansion Expansion Expansion
balloon [mm] pressure [MPa]  volume [mL] rate [%]
t=0.30 0.20 3.88 392
t=0.50 0.30 4.02 402
t=0.70 0.30 4.32 412

Table 2 Characteristics of each test specimen, including melting point
(Tm), melting enthalpy (AH,,), and crystallinity

Tm [°C] AH, [Jg™'] Crystallinity [%]
PCL 53.9 74.1 52.2
PCL macromonomer 53.4 77.3 54.4
Cross-linked PCL 39.4 52.6 37.0
Cross-linked PCL with MNPs ~ 42.1 55.3 38.9

This journal is © The Royal Society of Chemistry 2021
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20 °C to 80 °C. The introduction of a crosslinking structure
into the PCL chain lowered the crystallinity of the PCL film
and allowed free control of the shape-transition temperature.

Fig. 2D and E show the injection process and CT image in
the bone cement injection test, respectively. The bone cement
was successfully injected without extra pressure or balloon
leakage.

Characterization and mechanical properties of SMB

PCL films prepared with 0, 23.1, 33.3, and 50.0 wt% MNP
loading contained 0, 19.5, 31.6, and 46.1 wt% MNPs, respect-
ively, which were identified by TG-DTA analysis as the weight
of residual materials at 500 °C (Fig. S51). The result indicated
that there was no significant loss in the MNPs during the fabri-
cation process, which will allow the achievement of the
expected material design.

Fig. 3A shows the stress—strain curve of the PCL film under
controlled temperature. Yield stresses were observed at 25, 31,
and 37 °C, whereas no yield points were found at 43 °C and
49 °C. Fig. 3B shows the elastic modulus of the PCL film at
each temperature, indicating a gradual decrease with increas-
ing temperature. However, the modulus decreased markedly
from 37 °C to 43 °C, which was similar to the shape-transition
temperature range of the crosslinked PCL film shown in
Fig. 2A.

Magnetizing properties and heat generation

Fig. 4A shows the magnetization curve of the PCL films con-
taining 0, 19.5, 31.6, and 46.1 wt% MNP. The loading amount
of MNPs increased the saturation flux density but did not
affect the material-dependent coercivity, which resulted in
heat generation during AMF irradiation. Fig. 4B and C show
the infrared thermal images of the PCL film containing
31.6 wt% MNP after AMF irradiation for 360 s. This indicates a
uniform exotherm within the film, compared to that of the
PCL film without MNP loading (Fig. S67). Fig. 4D shows the
time-dependent temperature changes in PCL films for
different MNP loading rates under AMF irradiation for 360 s.
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Fig. 3 Mechanical properties of the PCL film, as a simple alternative to
the SMB, under temperature control. (A) Stress—strain curve and (B)
elastic modulus of the PCL film at each temperature, which was calcu-
lated from the initial slope of the stress—strain curve shown in A.
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Fig. 4 Magnetizing properties and heat generation by ON-OFF switching of AMF irradiation. (A) Magnetization curve of PCL films containing O,
19.5, 31.6, and 46.1 wt% MNP measured using a vibrating sample magnetometer; infrared thermal images of the PCL film containing 31.6 wt% MNP
at (B) 0 s and (C) 360 s after AMF irradiation; (D) time-dependent temperature changes of PCL films at different MNP contents: 0, 19.5, 31.6, and
46.1 wt%, under AMF irradiation for 360 s; (E) heating profiles of the PCL film containing 31.6 wt% MNP by ON-OFF switching of the AMF irradiation

(ON for 360 s and OFF for 240 s).

The temperature of each test specimen sharply increased
immediately after AMF irradiation and reached a plateau
within a few minutes at 38.9, 47.8, and 57.0 °C in the PCL
films containing 19.5, 31.6, and 46.1 wt% MNP, respectively.
The results indicated that the heating profiles are dependent
on the AMF power, coil diameter, and the concentration of
MNP loading, which allow better control over the heat gene-
ration of SMB. Fig. 4E shows the heating profiles of the PCL
film containing 31.6 wt% MNP and a 600 s ON-OFF switching
AMF cycle (ON for 360 s and OFF for 240 s). The temperature
of the PCL film rose above 43 °C within a few minutes upon
irradiation of 281 kHz AMF and dropped sharply to 25 °C once
the irradiation was turned off. Furthermore, heat generation
was reproduced upon repeated ON-OFF switching of the AMF.

Drug release

In this study, PCL films containing DOX (1.0 or 2.0 wt%) and
MNPs (0 or 31.6 wt%) were used to verify the drug release be-
havior of SMB. Fig. 5 shows the cumulative amount of DOX
released by the PCL films. Each test specimen released DOX
gradually after an initial burst and showed a sustained release
over 28 days. The release of DOX increased depending on the

6962 | Biomater. Sci, 2021, 9, 6957-6965
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Fig. 5 Cumulative amount of DOX released from PCL films containing
DOX (1.0 and 2.0 wt%) and MNPs (0 wt% and 31.6 wt%). The experiment
was performed at 37 °C for a period of 28 days.

additive DOX amount, whereas that of the group with MNP
loading was markedly suppressed. The drug release efficien-
cies until the 28th day were 75.8%, 64.0%, 4.89%, and 2.45%
for the samples with 2.0 wt% DOX, 1.0 wt% DOX, 2.0 wt%
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DOX/MNPs, and 1.0 wt% DOX/MNPs, respectively. The initial
feed amount of DOX in the film was considered to be the total
loading content (100%) in this study because we did not
conduct a washing process.

Cytotoxic effect

Fig. 6A shows the viability of HOS cells after DOX treatment
with and without pre-incubation at 45 °C for 60 min. The ICs,
values of DOX with and without pre-incubation were 0.40-0.80
and 2.0-8.0 pg mL™", respectively, indicating that the viabil-
ities of HOS cells decreased depending on the concentration
of DOX and were sensitive to temperature.

In contrast, HOS cells and PCL films were co-cultured for
24 h with and without AMF irradiation. There was a significant
reduction in the cell viability between MNPs/DOX_Film (PCL
film with 31.6 wt% MNPs and 2.0 wt% DOX) and MNPs/
DOX_Film (AMF) (PCL film with 31.6 wt% MNPs and 2.0 wt%
DOX irradiated with AMF), to 40.3% and 1.02%, respectively
(Fig. 6B). Furthermore, MNPs_Film (AMF) (PCL film with
31.6 wt% MNPs without DOX irradiated with AMF) showed a
significant reduction of 1.32% in the cell viability. The result
indicated that DOX released from the PCL film showed a
killing effect of approximately 60% on the HOS cells, which
might be increased to approximately 99% upon heating of the
MNPs by AMF irradiation. However, there was no significant
difference between MNP_Film (AMF) and MNPs/DOX_Film
(AMF), suggestive of the high heat sensitivity property of the
HOS cells used in this study.

Discussion

In this study, we designed a strategy of a new BKP system for
bone tumor treatment using the SMB with the following fea-
tures: heating the SMB above its melting point causes melting
of the crystalline region and phase transition to amorphous,
applying expansion stress with an air blower deforms the SMB

@ Without pre-incubation
@ With pre-incubation

4
Cell viability [%]

Cell viability [%]

J e > Control  MNP</DOX_Film  MNPs_Film  MNPs/DOX_Film
o L4 (AMF) (AMF)
0 10 20 30 40
DOX = o = (o]
DOX conc. [pg mL1] MNPs _ o) o o
AMF - = O o

Fig. 6 Cytotoxic effects of DOX release and heat generation on HOS
cells. (A) Viability of HOS cells by DOX treatment with and without pre-
incubation at 45 °C and (B) viability of HOS cells by DOX release from
the PCL film and/or heating generation by AMF irradiation (n = 3; *, p <
0.05; n.s., not significant).
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into a temporary expanded shape, cooling to body temperature
re-forms the crystalline region and memorizes the temporary
shape, and the bone cement is successfully injected without
extra pressure or leakage from the SMB. Furthermore, the SMB
consists of biodegradable PCL, an anticancer drug DOX, and
heat-generating MNPs, promising postoperative thermo/
chemotherapy without removing it from the affected site. Next,
we developed an SMB with a shape-transition temperature of
approximately 40 °C (near body temperature), which contrib-
utes to the shape change and primary shape-memory of the
balloon at biosafety temperatures, allowing safe balloon expan-
sion and bone cement injection at the affected site (Fig. 2A
and C, and Table 2). The obtained balloon achieved an expan-
sion rate of approximately 400% by simple blow molding
under an expansion pressure of 0.2-0.3 MPa, depending on
the balloon thickness (Table 1). The expanded shape was tem-
porarily memorized, regardless of the MNP loading and film
thickness; therefore, the bone cement was successfully
injected without extra pressure or leakage from the balloon
(Fig. 2D and E). A conventional polyurethane balloon for BKP
required a maximum expansion pressure of 2.7 MPa to obtain
an expansion volume of 4 mL due to its high elasticity, indicat-
ing an expansion rate of approximately 100% and a 10-fold
expansion pressure for the same expansion volume as the
SMB.”® This leads to a high risk of balloon burst. Furthermore,
the SMB would gradually lead to osteogenesis of the bone
cement with the biodegradation of PCL, which depends on the
crosslinking and molecular weight of PCL. This area of
research requires further examination.

To overcome recurrence, metastasis, and fracture reduction
in the treatment of bone tumors, the SMB was designed to
simultaneously offer thermal properties with drug release.
Hyperthermia is a traditional method of cancer therapy as
cancer cells are more sensitive to heat than normal cells.”
Currently, local hyperthermia with an AMF has been developed
using MNPs as a heating element, which rapidly heats due to
hysteresis loss caused by the AMF that can reach the depths of
the human body.®° Therefore, the heat generation behavior of
the PCL film with MNP loading was verified to be an alterna-
tive to that of the SMB. The MNPs used in this study were iron
oxide (y-Fe,O3) nanoparticles with a diameter <50 nm. The sat-
uration flux density increased with the increasing loading of
MNPs (Fig. 4A). The temperature of the PCL film containing
31.6 wt% MNP increased above 43 °C, an effective hyperther-
mic temperature, within a few minutes after AMF irradiation,
showing a uniform exotherm within the film (Fig. 4B-D). Heat
generation was reproduced by repeated ON-OFF switching of
the AMF. The AMF power, coil diameter, and concentration of
MNP loading also affected the heat generation (Fig. 4D and E).
This made the heat generation of the SMB more controllable.
For radiofrequency treatment, general hyperthermia, it is
difficult to heat the target site without damaging normal
tissue until the intended temperature has been achieved upon
adjusting to a narrow temperature range of 42-45 °C.>**! The
treatments last for 40-60 min and the intratumor temperature
reaches its maximum in 10-15 min.>*** Prolonged heating of
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the intratumor causes dehydration, sweating, and skin pain in
patients. The SMB locally heats the target site and reaches the
maximum temperature within 5 min after AMF irradiation
(Fig. 4D and E), which could reduce the burden of hyperthermia.
Hyperthermia by near-infrared light irradiation was demon-
strated using gold and magnetite nanoparticles; however, near-
infrared light does not reach deep inside the bone due to its low
penetrability and penetrates only a few millimeters from the body
surface, as compared to the AMF irradiation used in this
study.>*” Near-infrared rays that reached deep inside the body
were detected using an endoscope.’” This method is a burden
for the patient during each hyperthermia treatment. Unlike the
previously mentioned method, using the SMB with MNP loading
is a minimally invasive approach, and the SMB can be placed
directly at the surgical site, resulting in good thermal accumu-
lation on the tumor.**

To verify the drug release behavior of SMB, DOX was used
in this study, which is a common chemotherapeutic drug with
a wide anti-tumor spectrum that is not limited to bone
tumors.*®*® Each PCL film continued to gradually release DOX
after the initial burst, showing a sustained release over 28 days
(Fig. 5). This drug release phenomenon is based on the per-
meation of DOX in the PCL film. Moreover, a larger amount of
DOX could permeate and release through the PCL film above
the shape-transition temperature.'® The temperature-responsive
drug release is triggered by the self-heating of MNPs by AMF
irradiation in our method. The release of DOX increased
depending on the additive amount, whereas that of the group
with MNP loading was markedly suppressed (Fig. 5). This result
was considered to be a drug-material interaction between the
-NH,, and -OH groups of DOX with the ~OH groups present on
the hydrated surface of iron oxide through hydrogen bonding.*®
DOX and MNPs are key materials in the described strategy.
Therefore, it is important to verify whether DOX shows cytotoxic
effects with a suppressed release in the presence of MNPs. This
was verified by screening with HOS cells as discussed below.

Fig. 6A shows the cytotoxic effect of DOX and heat treat-
ment on the HOS cells. The cell viability decreased depending
on the concentration of DOX, and the ICs, values of DOX with
and without pre-incubation at 45 °C for 60 min were 0.40-0.80
and 2.0-8.0 pg mL™", respectively. The results indicated that
HOS cells are heat-sensitive, and that heat treatment may have
a synergistic effect with DOX.

HOS cells and PCL films were then co-cultured for 24 h,
and the cytotoxic effect on HOS cells was verified using the
method mentioned above. However, the heat generation was
induced by self-heating of MNPs by AMF irradiation for
60 min (Fig. 6B). The cell viabilities by DOX release and heat
generation were 40.3 and 1.32%, respectively, indicating that
each treatment had a significant cytotoxic effect on HOS cells.
Although the release of DOX, as shown in Fig. 5, was markedly
suppressed in the presence of MNPs, this in vitro test using
HOS cells and the PCL film revealed that even a low amount of
DOX release could exhibit sufficient cytotoxic effect on HOS
cells. The combination of DOX release and heat generation
showed a superior cytotoxic effect (1.02% viability), indicating
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that DOX release from the PCL film had a killing effect of
approximately 60% on HOS cells, which could be enhanced to
approximately 99% with heat generation of MNPs by AMF
irradiation. However, the combined treatment showed no sig-
nificant difference when compared to the heat generation treat-
ment (1.32% viability). The results indicated that the HOS cells
used in this study were more sensitive to heat than DOX. AMF
irradiation for 60 min or less would be extremely effective for
postoperative bone tumor treatment using the SMB. Current
hyperthermia requires more time to warm bone tumors deep
inside the body, due to the low thermal conductivity and thick-
ness of the cortical bone.*** Therefore, the development and
optimization of an in vivo model will be needed to observe the
synergistic thermo/chemo effects in the future.

Conclusions

We described the design of an SMB with a shape-transition
temperature of approximately 40 °C (near body temperature),
fabricated by crosslinking PCL macromonomers in the pres-
ence of DOX and MNPs. It allowed safe balloon inflation at the
affected site with a 400% expansion rate by simple blow
molding. The expanded shape was temporarily memorized at
37 °C, and the bone cement was successfully injected without
extra pressure and leakage from the balloon. The PCL film, as
a simple alternative to the SMB, could be locally heated by
ON-OFF switching of the AMF irradiation. It reached an
effective hyperthermia temperature (42-45 °C) within 5 min,
and released DOX for over four weeks, allowing a prolonged
effect at the local site as the continuous release of medication
kept the local drug concentration constant. In vitro cytotoxic
studies demonstrated that a combined heat generation and
drug release and another experiment with only drug release
killed approximately 99 and 60% of HOS cells, respectively.
The proposed SMB is promising in postoperative local
hyperthermic chemotherapy for the treatment of bone tumors.
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