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When cancer metastasizes to bone, the resulting pain and functional disorders due to bone destruction
adversely affect the patient's quality of life. We have developed a new cancer metastasis control system
consisting of anticancer agents conjugated to carbon fibers (CFs), which are nonbiodegradable, carriers
of a wide variety of molecules with extremely high affinity for bone. In the evaluation of cancer
suppression effects on Walker 256 cancer cells, cisplatin (CDDP)-conjugated CFs (CF-CDDP) were found
to be as effective in cancer suppression as CDDP. In the evaluation of the cancer suppression effects of
local injection in the rat model of tibial cancer bone metastasis, similar cancer suppression was noted in
the CF-CDDP group and CDDP group; however, blood Pt concentrations were significantly lower in the
CF-CDDP group. Experiments with CDDP and CF-CDDP injected into bone actually destroyed by cancer
metastases revealed the presence of significantly more newly formed bone tissue with the administration
of CF-CDDP. Local administration of CF-CDDP is expected to become the first therapy to suppress
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Introduction

Cancer is one of the leading causes of death worldwide; the
number of new patients is expected to reach 19 million in 2025.
More than two-thirds of patients with advanced breast cancer,
prostate cancer, and lung cancer, in particular, will experience
bone metastases.>® When cancer metastasizes to bone, the
patient’s quality of life is largely affected mainly by severe pain
and functional disorders due to bone destruction.* However,
the molecular mechanism of pain in metastatic bone tumors
remains incompletely elucidated, and clinically available non-
steroidal anti-inflammatory drugs (NSAIDs) and opioid thera-
pies are unable to control pain in about 45% of patients with
metastatic bone tumors.® In addition, NSAIDs can cause
gastrointestinal disorders and renal impairments, and opioids
can cause drug resistance, constipation, and respiratory
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cancer growth with low prevalence of adverse reactions, and to repair bone damaged by metastasis.

depression, making it difficult to control pain associated with
their long-term use.*” In spinal metastases of cancer, vertebral
fractures and tumor infiltration in the spinal cord cause
neurologic symptoms in the upper and lower extremities, and in
serious cases, lead to muscle weakness and sensory disorders
that are a major hindrance to daily activity.® Currently available
therapeutic approaches for primary cancer loci consist of
chemotherapy, radiotherapy, immunotherapy, and surgery.>*
Metastatic bone tumors are likely to develop in patients at the
end stage of their illness where the primary locus of pain is
uncontrollable even with such treatments. Although radiation is
often used, adverse reactions are prevalent, making it extremely
difficult to control the bone metastatic environment.*>*?

We have developed a new system for treatment of cancer
metastasized to bone comprising a conjugate of an anticancer
agent and carbon fibers (CFs), designed for direct adminis-
tration into lesions to kill cancer cells and promote repair of
cancer-destroyed bone tissue. Traditionally, cancer treatment
drug delivery systems (DDSs) and bone repair scaffolds have
commonly been made of biodegradable materials; however,
the environment of the bone metastatic site lacks orderliness
so that the timing of sustained drug release and bone repair
cannot be controlled satisfactorily with conventional mate-
rials." CFs are only slightly degraded in living organisms, are
likely to carry a wide variety of molecules with extremely high
affinity for bone. Some studies have examined the anticancer
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therapeutic effects of anticancer agent-bound carbon mate-
rials.”**® However, no study has attempted to examine the
effects of a carbon material-based cancer treatment in the
environment of a bone metastatic site. We have prepared a CF
that is unlikely to enter small blood vessels, is likely to remain
in the environment of a bone metastatic niche, and has the
appropriate size for a bone regeneration scaffold. As such, CFs
are surface-processed to make them suitable for conjugation
with an anticancer agent (CDDP) (CF-CDDP). Having high
bone affinity in addition, CFs are expected to serve as a scaf-
fold for the repair of bone destroyed by cancer metastases.'” In
this paper, we evaluate the cancer suppression effect and
systemic effect of CF-CDDP in the environment of a bone
metastatic site, and the capacity of CFs to stimulate bone
formation.

Results
CF-CDDP

CFs were prepared using an electrospinning method in which
a high voltage is applied to polyacrylonitrile polymer in its
molten state. We found that the average diameter of our
nanofibers was ca. 400 nm and the average length was in the
range of 20-100 um. The real density of our sample was 1.7 mg
mm * and the purity of carbon was above 99.1%. A large
number of pores having a mean diameter of 2.79 nm were
formed on the surface of the CFs. The CFs and CDDP (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan), along with
a dispersant, were stirred and then centrifuged at 4000 rpm.
The precipitated CF-CDDP was again dissolved in PBS and
finally freeze-dried. The specific surface area was determined to
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be 3253 mm? g~ ; the pore volume, to be 2.27 cm?® g~ *; and the
CF-CDDP mass ratio, to be 3 : 10 (Fig. 1).

Sustained release capacity of CDDP

The amount of CDDP released from CF-CDDP was measured
using an inductively coupled plasma (ICP) analysis system and
a dialysis cassette (Slide-A-Lyzer, 20K MWCO, Filter size: 3 nm).
About 50% of CDDP was released in 12 hours; and about 70%,
in 24 hours. CDDP concentrations in the beaker tended to rise
more slowly with CF-CDDP than with CDDP alone (Fig. 2).

Cell viability assay

The cell proliferation capacities of Walker 256 breast cancer
cells in the presence of CFs, CDDP, and CF-CDDP were evalu-
ated using an alamarBlue assay. On day 1, there was no
significant difference in cell proliferation among the groups
(day 1: 1.0000 £ 0.0668 in the control group, 0.8548 + 0.0651 in
the CF group, 0.8338 + 0.0590 in the CDDP group, 0.8958 +
0.0971 in the CF-CDDP group). On day 4, cell proliferation was
suppressed in the CDDP group and CF-CDDP group, and
similar cell proliferation was noted in the CF group compared
with the control group (day 4: 1.0000 £+ 0.0490 in the control
group, 0.8299 + 0.1052 in the CF group, 0.1169 £ 0.0459 in the
CDDP group, 0.2709 + 0.0564 in the CF-CDDP group). On day 8,
the CF group showed cell proliferation similar to that found in
the control group. In the CDDP group and CF-CDDP group,
nearly all cancer cells died, with no significant difference noted
(day 8: 1.0000 + 0.1439 in the control group, 1.1519 + 0.0413 in
the CF group, 0.0211 + 0.0073 in the CDDP group, 0.0322 +
0.0160 in the CF-CDDP group). However, the number of viable

NF-Cisplatin
HAADF MAG: 57.0kx HV: B0kV.

Fig.1 Structure of CF-CDDP and Pt atom distribution. (a) CF-CDDP was structurally examined using a scanning electron microscope (SEM). CF-
CDDP was found to have a fiber-entangled columnar structure with a diameter of 400 nm and a length of 20 to 100 um. (b) Surface distribution
of Pt atoms. Samples were examined by transmission electron microscope — energy dispersive X-ray spectroscopy (TEM-EDX). Pt atoms were
evenly distributed on the CF surface. (c) The surface of CF-CDDP had a large number of pores having a mean diameter of 2.79 nm, with cisplatin

found on the surface and inside.
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Fig. 2 Sustained release capacity of CDDP. The amount of CDDP
released from CF-CDDP was measured over time up to 70 hours using
an inductively coupled plasma (ICP) analysis system and a dialysis
cassette (Slide-A-Lyzer, 20K MWCO, Filter size 3 nm) (n = 3). The
dialysis cassette contained 6.0 mg of CDDP or 7.8 mg of CF-CDDP,
and the beaker contained 100 mL of PBS. About 50% of CDDP was
released in 12 hours; and about 70%, in 24 hours. Cisplatin concen-
trations in the beaker tended to rise more slowly with CF-CDDP than
with CDDP alone.

cancer cells decreased more slowly in the CF-CDDP group than
in the CDDP group (Fig. 3).

Cancer suppression effect

Walker 256 breast cancer cells were injected into the rat right
tibia to develop a model of cancer bone metastasis. Two days
later, CDDP at 10 mg kg ' was injected into the same site
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(CDDP l.i. group). In addition, CF-CDDP with the same dose of
CDDP was injected into the right tibial pulp chamber in the
same manner (CF-CDDP l.i. group). The same dose of CDDP was
injected via the right external jugular vein (CDDP i.v. group).
Each group consisted of 5 animals (n = 5), and pCT imaging was
performed at weeks 2 and 4. Four weeks later, the animals were
sacrificed, and tissue sections were cut through the tibia at the
median sagittal plane and evaluated. Cancer was not sup-
pressed in the CDDP i.v. group. In both the CDDP l.i. group and
the CF-CDDP Li. group, on the other hand, cancer was sup-
pressed (Fig. 4a). Tumor area in the median sagittal plane of the
proximal tibia was minimized in the CF-CDDP li. group
(Fig. 4b). Likewise, in the evaluation in the median sagittal
plane of the tibia by pCT, bone destruction had progressed in
the CDDP i.v. group, whereas none was noted in the CDDP l.i.
group or CF-CDDP Li. group (Fig. 4c).

Histological evaluation

Fig. 4a shows hematoxylin—eosin-stained tissue that has been
sectioned through the median sagittal plane of a rat's tibia. In
the control group and CDDP i.v. group, tumor tissue filled the
pulp chamber. No evident difference was found between the two
groups (tumor area: 11.3688 + 2.3323 mm?” in the control group,
9.4260 + 3.0579 mm?” in the CDDP i.v. group, p = 0.1337). Less
tumor tissue and more fatty marrow were noted in the CDDP L.i.
group than in the control group (tumor area: 11.3688 + 2.3323
mm? in the control group, 1.0640 =+ 1.2658 mm? in the CDDP L.i.
group, p = 0.0021). In the CF-CDDP l.i. group, on the other
hand, little tumor tissue or fatty marrow was noted, with much
bone woven around the CFs (tumor area: 11.3688 + 2.3323 mm?

Cell viability
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Fig. 3 Cell viability. The cell proliferation capacity of Walker 256 rat breast cancer cells was evaluated using an alamarBlue assay (n = 5). The CF
group showed cancer cell proliferation similar to that found in the control group. The number of viable cancer cells decreased more slowly in the
CF-CDDP group than in the CDDP group. Eventually, nearly all cancer cells died in both the CDDP group and the CF-CDDP group.
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RSC Adv, 2020, 10, 33071-33079 | 33073


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05992g

Open Access Article. Published on 07 September 2020. Downloaded on 2/10/2026 6:57:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

RSC Advances

Control

CDDP i.v.

CDDP L.i.

CF-CDDP l.i.

View Article Online

Paper
Tumor area (mm2)
16.0000 xx
*%k
14.0000 *
*
12.0000 [
10.0000 control
8.0000 m CDDP i.v
50000 mCDDP L
m CF-CDDP Li
4.0000
2.0000 *P<0.05
ﬁ **P<0.01
0.0000 ==
control CDDP i.v CDDP l.i CF-CDDP i
2 weeks 4 weeks

Fig. 4 Cancer suppression effect. (a) Tissue sections through the median sagittal plane of rat tibias with cancer metastasis, the rat model of
cancer bone metastasis developed by injecting Walker 256 breast cancer cells into the rat tibia, were examined using a light microscope.
Hematoxylin—eosin stained sections from the control group and CDDP i.v. group showed that tumor tissue occupied a large space in the pulp
chamber. In the CDDP Li. group, less tumor tissue and much fatty marrow was noted. In the CF-CDDP L.i. group, on the other hand, few tumor
cells or little fatty marrow was noted, with much woven bone found around the CF. (b) The areas of the regions affected by cancer cells in the rat
tibia were measured in the median sagittal plane (n = 5). Cancer was suppressed in the CDDP Li. group and CF-CDDP Li. group, but not in the
CDDRP i.v. group. (c) Cancer suppression was evaluated using median sagittal nCT images of the tibia. In the CDDP i.v. group, cancer was not
suppressed, whereas in the CDDP Li. group and CF-CDDP Li. group, it was.

in the control group, 0.3802 =+ 0.6147 mm? in the CF-CDDP L.i.
group, p = 0.0006).

Blood concentration of anti-cancer agent

CDDP or CF-CDDP was locally injected into the right tibia of
a rat model of cancer metastasis to the tibial bone, and blood
was collected via the caudal vein 30 and 120 minutes later. In
the group receiving CDDP injected via the right external jugular
vein as well, blood was collected 30 and 120 minutes later (n =
5). At 30 minutes postdose, the blood platinum (Pt)

33074 | RSC Adv, 2020, 10, 33071-33079

concentration toughed at 1.0320 + 0.4147 pug mL ™" in the CF-
CDDP L.i. group, and was 1.6666 £ 0.6960 g mL™! in the
CDDP L.i. group and 2.6380 & 1.3187 ug mL ™' in the CDDP i.v.
group. At 120 minutes postdose, the blood Pt concentration was
0.7040 £ 0.6160 ug mL~" in the CF-CDDP Li. group, 0.5040 +
0.1280 ug mL™" in the CDDP Li. group, and 0.6700 & 0.1513 ug
mL ™" in the CDDP i.v. group. Compared with other groups, the
CF-CDDP l.i. group had significantly lower blood Pt concen-
tration at 30 minutes postdose, showing the least change over
time. At 120 minutes postdose, the blood Pt concentration was
similar among the groups (Fig. 5).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Blood Pt concentrations. Two days after Walker 256 breast
cancer cells were injected into the rat tibia, CF-CDDP or CDDP was
locally injected and CDDP was injected intravenously (n = 5). At 30 and
120 minutes postdose, blood was collected via the rat caudal vein and
assayed for Pt, a component of CDDP by atomic spectrophotometry.
In the CF-CDDP Li. group, the blood Pt concentration was significantly
lower postdose, showing the least change over time. At 120 minutes
postdose, the blood Pt concentration did not differ significantly among
the groups.

Bone repair ability

In healthy female Wistar rats at 12 weeks of age, bone holes
were made at the proximal ends of both tibias, using an 18-G
needle. CFs, in a mixture with 50 uL of PBS, were injected into
the right tibia at 3.0 mg kg~ ". Injected into the left tibia was 50
uL of PBS alone. Bone hole areas were evaluated on a horizontal
sectional plane 5 mm distal to the rat knee joint plane, using
UCT (Fig. 6a and b). Bone hole areas began to decrease in the CF

2 weeks 4 weeks 6 weeks

. -
control

CF

S
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group at week 6 (CF group: 0.99 + 0.11 mm? at week 2, 0.71 +
0.14 mm?* at week 6, p = 0.0423), however, they were not
significantly different from control group values (week 6: 0.85
0.16 mm?” in the control group, 0.71 + 0.14 mm” in the CF
group, p = 0.1778). At week 8, bone hole areas had decreased
significantly in the CF group compared with the control group
(week 8; 0.87 + 0.08 mm? in the control group, 0.48 & 0.16 mm?
in the CF group, p = 0.0164).

Bone density

Results of pCT measurements showed that bone density up to
5 mm distal to the tibial knee joint plane was significantly
higher at week 10 in the CF group than in the control group
(week 0; 735.86 + 40.49 mg cm " in the control group, 738.84 +
33.87 mg cm > in the CF group: week 4; 848.20 & 40.70 mg cm >
in the control group, 833.10 + 41.29 mg cm* in the CF group:
week 10; 842.30 4 60.46 mg cm * in the control group, 994.70 +
12.41 mg cm* in the CF group, p = 0.0309) (Fig. 6c).

Bone neoplasticity in the bone metastatic environment

In the rat model of cancer bone metastasis, CDDP or CF-CDDP
was locally injected into the right tibia, and CDDP was injected
into the right external jugular vein. Four weeks later, tissue
sections through the median sagittal plane of the tibia were
subjected to Masson trichrome staining to stain woven bone
light blue. Newly formed woven bone was evaluated in the
control group, CDDP i.v. group, CDDP Li. group, and CF-CDDP
Li. group. Woven bone area was significantly larger in the CF-
CDDP Li. group (0.0998 + 0.1728 mm?® in the control group,
0.0774 + 0.1075 mm” in the CDDP i.v. group, 0.5344 + 0.7233
mm? in the CDDP 1.i. group, 3.5766 + 0.6918 mm? in CF-CDDP

Li. group) (Fig. 7).
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Fig. 6 Bone repair ability. (a) Bone repair ability was evaluated using pCT axial images 5 mm distal to the knee joint plane (n = 5). For the bone
holes made in the rat tibia, bone hole area decreased earlier in the CF group than in the control group. (b) The areas of bone holes made in the rat
tibia were measured at a level 5 mm distal to the knee joint (n = 5). Bone hole area decreased earlier in the CF group than in the control group. (c)
Bone density at the rat proximal tibia was measured up to 5 mm distal to the knee joint (n = 5). At week 10, bone density was significantly higher in

the CF group than in the control group.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Bone neoplasticity in the bone metastatic environment. (a) In the rat model of cancer bone metastasis (week 4), the tibia was dissected
along the median sagittal plane, and Masson trichrome staining was performed to stain woven bone light blue. No evident woven bone was
noted in the control group, CDDP i.v. group, or CDDP Li. group, whereas in the CF-CDDP Li. group, much woven bone was found around the CF
(arrowhead). (b) The woven bone area at the median sagittal plane of the tibia (n = 5). Woven bone area was significantly larger in the CF-CDDP L.i.

group.

Discussion

In recent years, a number of studies have been reported on the
use of drug delivery systems (DDSs) of carbon material-
conjugated anticancer agents in cancer treatment.'®*?*
However, no available study has evaluated a carbon material-
based DDS for treatment of bone metastasis. Carbon mate-
rials are useful in DDSs because their structural stability makes
the surface easy to modify.”* In addition, carbon materials are
highly biocompatible, no stimulants of strong inflammatory
responses in tissues around them.”® In the present study, to
sustain the release of an anticancer agent cisplatin (CPPD), we
have succeeded in conjugating it with CFs of a size that makes
them unlikely to enter small blood vessels, likely to remain in
metastasis in bone, and likely to function as a bone regenera-
tion scaffold. Sustained release is attributed to the fact that the
drug is immobilized on fiber surfaces by a process (heating the
CFs using an electrospinning method) that has no effect on
fiber characteristics or drug bioactivity.”® Fig. 2 shows the sus-
tained release profile of the anticancer agent. The CFs released
about 50% of the bound anticancer agent in 12 hours; and
about 70%, in 24 hours. As such, the sustained release speed
has been reported to vary depending on carbon material surface
structure or ambient pH.>"*° Although anticancer agent release
can be slowed by regulating carbon nanofiber surface structure
and ambient pH, this approach remains to be investigated in
the future.

33076 | RSC Adv, 2020, 10, 33071-33079

In the in vitro experiment, however, the suppression of cancer
cell proliferation was delayed in the CF-CDDP group compared
with the CDDP group. This is attributable to the fact that the
amount of anticancer agent coming in contact with cancer cells
increased slowly in the CF-CDDP group, as shown in the anti-
cancer agent sustained-release test. Similarly, other results in the
literature have shown the suppression of cancer cell proliferation
by anti-cancer agent-conjugated carbon materials.**

In the in vivo experiments showed that cell proliferation was
not suppressed in bone metastasis in the CDDP i.v. group. Many
anticancer agents are of low solubility; when administered
systemically, an extremely low proportion of anticancer agents
reach metastatic lesions.** In the CDDP l.i. group and CF-CDDP
Li. group, on the other hand, cancer growth was evidently
suppressed. This is attributable to the fact that the high anti-
cancer agent concentration at the bone metastatic site was
maintained by the direct sustained release of the anticancer
agent into the site. In the present study, however, no significant
difference was noted between the CDDP l.i. group and CF-CDDP
Li. group. In carbon-based DDSs, the release of anticancer
agents is quicker in acidic environments such as around tumor
cells, and slower at physiological pH.*® In the present study, the
anticancer agent release test was performed under neutral
conditions for the following reason: although the tumor
microenvironment is acidic, its pH varies depending on tumor
nature and location. No specific pH levels are available for
anticancer agent release tests, and many such tests reported in

This journal is © The Royal Society of Chemistry 2020
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the past were performed under neutral conditions.*** While
the absence of a significant difference in the present study
remains unexplainable at present, it is necessary to elucidate
the biochemical characteristics of the bone metastatic envi-
ronment, and to optimize the use of CF-CDDP.

However, CFs were shown to be effective in maintaining
blood concentrations of anticancer agents when used as DDSs.
The blood concentration of anticancer agent was lowest 30
minutes postdose in the CF-CDDP Li. group, and did not
change substantially 120 minutes postdose. Hence, local
injections of CF-CDDP into the bone metastatic site allowed the
anticancer agent to remain localized and prevent rapid release
and thereby elevation of the anticancer agent concentration in
the blood.*® Elevated blood levels of anticancer agents are
known to lead to disorders of the heart, kidney, nervous system,
and other organs.*”*® Suppression of rapid elevations in blood
levels of anticancer agent would reduce systemic adverse reac-
tions to allow safer use of anticancer agents. The present study
has proposed a useful system that is unlikely to cause adverse
reactions even with the use of an anticancer agent in amounts
sufficient to suppress tumors.

On the other hand, the bone formation capacity evaluation
revealed bone sclerosis around the bone holes in the CF group at
week 6, demonstrating reductions in bone hole cross-sectional
area. At week 8, a significant difference was noted compared
with the control group. Bone density at week 10 was significantly
higher in the CF group than in the control group. Hence, early
bone repair can be expected for bone defects with CF serving as
a scaffold, at weeks 8 to 10. Furthermore, in experiments with
CDDP and CF-CDDP injected into bone actually destroyed by
cancer metastases, Masson trichrome staining, which stains
woven bone light blue, revealed the presence of significantly
more woven bone and newly formed bone tissue with the
administration of CF-CDDP. Hence, CFs, serving as a scaffold for
newly formed bone, were shown to promote bone repair even in
cancer metastasis bone. CF-CDDP represents the first system to
be capable of both suppressing cancer growth in the bone
metastatic environment and repairing destroyed bone. We
previously reported that carbon nanofibers caused very weak but
observable inflammatory responses just after implantation in
vivo; however, the inflammatory responses resolved quickly and
did not occur again during the long period that followed."” In the
present study, no inflammatory cells were found in tibial tissue
sections collected 4 weeks after administration of CF-CDDP. For
these reasons, we conjectured that inflammatory responses did
not have a major influence on the efficacy of the anticancer agent
CDDP or bone repair.

In the present study, the sustained release capacity and
cancer suppression effect of the anticancer agent-CF conjugate,
postdose blood levels of anticancer agent, and bone formation
capacity were evaluated. The conjugate was shown to be
unlikely to release the anticancer agent into the blood, thus
reducing adverse reactions, even when the anticancer agent is
used at doses sufficient to suppress cancer in the bone meta-
static environment. Furthermore, CFs were shown to stay in
bone destroyed by cancer metastases, and to serve as a bone
repair scaffold. Having the binary effects of cancer suppression

This journal is © The Royal Society of Chemistry 2020
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with decreased adverse reactions and repair of destroyed bone,
this new cancer metastasis bone treatment system is expected to
improve the prognosis for an ever-increasing number of cancer
patients with bone metastases and their quality of life.

Experimental methods
Carbon fiber (CF)

The electrospinning dope was prepared by dissolving 15 wt% of
the PAN polymer (reagent grade, 98%, Sigma-Aldrich, USA) in
N,N'-dimethylformamide (DMF, extra pure grade, Duksan Pure
Chemicals Co., Ltd, Korea). The organic nanofiber web was
obtained using the electrospinning apparatus (NT-ESS_300,
NTSEE Co., Korea) under the following conditions: tip-to-
collector distance, 18 cm; applied voltage, 25 kV; feeding rate,
4mLh™". The organic nanofiber web was air stabilized at 280 °C
for 1 h. Then, the air-stabilized nanofiber web was chemically
activated at 800 °C in order to improve the porosity on the
carbon nanofiber surface. The average diameter of our nano-
fibers was ca. 400 nm and the average length was in the range of
20-100 pum. The real density of our sample was 1.7 mg mm °
and the purity of carbon was above 99.1%.

Cisplatin (CDDP)

The CDDP used in the present study was a pharmacological-
grade product of FUJIFILM Wako Pure Chemical Corporation
(Osaka, Japan), 033-20 091, Lot WDF6849.

CF-CDDP

CF was obtained using an electrospinning method in which
a high voltage is applied to polyacrylonitrile polymer in its
molten state. CF, along with KOH, was heated at 800-900 °C to
increase its surface area. A large number of pores having a mean
diameter of 2.79 nm were formed on the CF surface. CF or
CDDP, along with the dispersant DMF, was stirred and then
centrifuged at 4000 rpm. The precipitated CF-CDDP was again
dissolved in PBS and finally freeze-dried (Fig. 1). The specific
surface area was determined to be 3253 mm” g~ and the pore
volume, to be 2.27 ¢cm® g~'. The CF-CDDP mass ratio was
determined to be 3 : 10. CF-CDDP consisting of 0.46 mg of CF
and 1.54 mg of CDDP per well was used in the in vitro experi-
ment, whereas CF-CDDP consisting of 0.6 mg of CF and 2.0 mg
of CDDP was used in the in vivo (tibial injection) experiment.
CDDP is considered to be physically bound in the multiple
pores on the CF surface when blended with a dispersant and
freeze-dried.

Cell viability assay

Walker 256 rat breast cancer cells (Riken Cell Bank, Tokyo,
Japan. RBRC-RCB2909) were seeded to a 24-well plate at
a density of 2 x 10* cells per well and allowed to adhere to the
plate in a medium (RPMI 1640) over 24 hours. Thereafter,
a Millicell insert (Merck Millipore Ltd, Germany) with CF,
CDDP, or CF-CDDP set thereon was placed in each well (n = 5).
CF was used at a concentration of 3.75 pg/200 pL per well;
CDDP, at 6.25 pg/200 pL per well; and CF-CDDP, at 10.0 ug/200
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pL per well. The Millicell insert is a cell culture insert having
a diameter of 12 mm and a membrane on the bottom that is
penetrable by CDDP but not by CF. The proliferation capacity of
Walker 256 cells was evaluated using an alamarBlue assay 1, 4,
and 8 days after placement of the Millicell. Fluorescence
intensity values were compared with those from the control
group on the various evaluation days. To discard the CDDP
remaining in the medium, RPMI 1640 medium was replaced
with a fresh supply on every measuring day. Thereafter, the
Millicell in use was replaced.

In vitro drug release

The amount of CDDP released from CF-CDDP was measured
over time up to 70 hours using an inductively coupled plasma
(ICP) analysis system and a dialysis cassette (Slide-A-Lyzer, 20K
MWCO, Filter size: 3 nm) (n = 3). The dialysis cassette con-
tained 6.0 mg of CDDP or 7.8 mg of CF-CDDP, and the beaker
contained 100 mL of PBS.

Rat model of cancer bone metastasis

Female Wistar rats at 12 weeks of age (SLC, Shizuoka, Japan)
were sedated by inhalation anesthesia with 3% isoflurane
(Abbott Japan, Tokyo, Japan). Bone holes were made at the
proximal ends of the right tibia using an 18-G needle, Walker
256 breast cancer cells were injected with 1 x 105 cells, and the
bone holes were closed with bone wax using a microsyringe and
27-G needle. Two weeks later, uCT revealed a bone metastasis in
the tibial pulp chamber (Fig. 4c). Four weeks later, the rats were
euthanized by high-dose inhalation of isoflurane. In the tissue
section through the tibial median sagittal plane (H.E. staining),
cancer cell proliferation and occupancy in the pulp chamber
were noted (Fig. 4a).

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of
Shinshu University and approved by the Animal Ethics
Committee of Shinshu University.

Local injection of CDDP and CF-CDDP into the tibia

Walker 256 breast cancer cells were injected into the proximal
end of the right tibia. Two days later, CDDP at 10 mg kg™ " was
injected into the same site. In addition, CF-CDDP with the same
absolute dose of CDDP was injected into the right tibial pulp
chamber in the same manner (n = 5). The bone holes were
closed with bone wax to prevent the drug from leaking. Two and
four weeks later, tibial bone metastases in the pulp chamber
were examined under operating conditions of 80 kV, 80 nA, and
18-second exposure time, using the pCT (R_mCT, manufactured
by Rigaku Corporation, Tokyo, Japan). Four weeks later, tissue
sections were cut from the right tibia through the median
sagittal plane and stained with hematoxylin-eosin (H.E.).
Tumor tissues were present mainly in the proximal tibia, and
tumor areas were measured up to 5 mm distal to the knee joint
plane using Image] software.* To evaluate newly formed bone,
Masson trichrome staining was performed. The area of woven
bone was measured using the Image] software in the same
manner.
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Intravenous injection of CDDP

Walker 256 breast cancer cells were injected into the rat tibia,
and CDDP was injected via the external jugular vein 2 days later.
About a 1 cm incision was made in the skin on the right side of
the neck in each rat sedated by isoflurane inhalation anes-
thesia, and CDDP at 10 mg kg~ ' was injected via the right
external jugular vein using a 27-G needle (n = 5). Two and four
weeks later, tibial bone metastases in the pulp chamber were
examined using pCT. Four weeks later, the rats were euthanized
by high-dose inhalation of isoflurane, and tissue sections were
cut through the right tibia at the median sagittal plane and
stained with H.E. Tumor areas were measured up to 5 mm distal
to the knee joint plane using the Image] software.

Blood concentration of anti-cancer agent

CDDP or CF-CDDP was locally injected into the right tibia of
a rat model of tibial bone cancer metastasis, and blood was
collected via the caudal vein 30 and 120 minutes later. In the
group receiving CDDP injected via the right external jugular
vein as well, blood was collected 30 and 120 minutes later (n =
5). As a blood sample parameter, concentration of platinum
(Pt), a component of CDDP, was measured by atomic spectro-
photometry (SRL, Nagano, Japan).

Bone repair ability

In healthy female Wistar rats at 12 weeks of age, bone holes
were made at the proximal ends of both tibias, using an 18-G
needle. CF mixed with PBS was injected into the right tibia at
a dose of 3.0 mg kg " in a total volume of 50 pL. PBS alone, 50
uL, was injected into the left tibia. The tibial bone holes were
closed with bone wax. Cross-sectional views of the bone holes
were evaluated using uCT (n = 5) 2, 4, 6, and 8 weeks later. The
cross-sectional area of each bone hole was measured on a hori-
zontal section 5 mm distal to the knee joint plane, using ImageJ
software. In the same model, rat tibial bone density up to 5 mm
distal to the knee joint was measured using nCT at weeks 0, 4,
and 10 (n = 5).

Statistical analysis

Data are expressed as the mean and standard deviation.
Statistical analyses were carried out using the statistical
package R, version 3.5.2 (available at: https://www.r-project.org).
The level of significance was set at p < 0.05.
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