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N
eutron capture therapy (NCT) is a
binary therapeutic modality for
tumor treatment, demonstrating

high clinical performance with extended
survival periods.1,2 The damage of NCT to
cancer cells is mediated by radiations
emitted from nonradioactive NCT agents
upon capturing thermal neutrons, while
the low energy of the thermal neutron
irradiation does not cause damage to nor-
mal organs without NCT agents.3,4 Thus,
providing sufficient cell-killing irradia-
tion in the tumor regions while avoiding
normal tissues is quite critical for NCT. One

requirement is that only the regions of
tumor tissues would be irradiated by ther-
mal neutrons, which requires precise loca-
tion of the neoplastic regions. The imaging-
guided thermal neutron irradiation would
facilitate the NCT of tumors, as some clinical
imaging modalities such as MRI can pre-
cisely detect tumors with high resolution at
micrometer scale.5,6 Another requirement is
that the NCT agents should specifically ac-
cumulate in tumor tissues while avoiding
normal tissues or organs.
Chemical agents containing 6Li, 10B,

157Gd, or 235U nuclides have exhibited the
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ABSTRACT Gadolinium (Gd) chelates-loaded nanocarriers have

high potential for achieving magnetic resonance imaging (MRI)-

guided Gd neutron capture therapy (GdNCT) of tumors. Herein, we

developed calcium phosphate micelles hybridized with PEG-poly-

anion block copolymers, and incorporated with the clinical MRI

contrast agent Gd-diethylenetriaminepentaacetic acid (Gd-DTPA/

CaP). The Gd-DTPA/CaP were nontoxic to cancer cells at the

concentration of 100 μM based on Gd-DTPA, while over 50% of

the cancer cells were killed by thermal neutron irradiation at this

concentration. Moreover, the Gd-DTPA/CaP showed a dramatically

increased accumulation of Gd-DTPA in tumors, leading to the selective contrast enhancement of tumor tissues for precise tumor location by MRI. The

enhanced tumor-to-blood distribution ratio of Gd-DTPA/CaP resulted in the effective suppression of tumor growth without loss of body weight, indicating

the potential of Gd-DTPA/CaP for safe cancer treatment.
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ability for NCT, and several 10B-based agents have been
approved for clinical application.7 Among those
agents, the gadolinium (157Gd) nuclide has the largest
capture cross-section of 255 000 barns for thermal
neutron absorption (over 66 times larger than that of
10B) and emits γ-rays with a high energy of 7.8 MeV in
the neutron capture reaction associated with electrons
of low energy.8 The high-energy γ-rays from 157Gd
have a long radiation range that can damage tumor
cells across whole tumor tissues to suppress the tumor
growth, which is beyond the range of the secondary
particles, short-range disintegration products emitted
from the 10B nuclides in boron neutron capture therapy
(BNCT).9 Meanwhile, the Auger electrons may further
enhance the therapeutic effects, as some reports in-
dicated that partially chelated Gd(III) could access the
nuclei of cancer cells and break the double-strand of
DNA by thermal neutron irradiation.10,11 Moreover, the
paramagnetic Gd(III) chelates, such as Gd-DTPA and
Gd-tetraazacyclododecane tetraacetic acid (Gd-DOTA),
can enhance the T1-weighted contrast for MRI because
the unpaired electrons of the Gd ions (Gd3þ) exhibit
strong water proton spin�lattice relaxation effect,12

which could be exploited to delineate the outline and
location of tumors for MR imaging-guided GdNCT,
while other types of NCT agents lack such diagnostic
function. However, the fast clearance and systemic
distribution of low-molecular-weight Gd(III) chelates
hinder the targeting of tumor tissues with effective
doses for diagnosis and NCT. Moreover, the systemic
distribution of the Gd(III) chelates may induce unne-
cessary exposure of healthy tissues to γ-rays or ionizing
irradiation. Thus, Gd-based NCT agents should be
delivered specifically to tumor tissues, and nanocar-
riers have been studied for their application in tumor-
specific drug delivery.6,13�19

Several nanocarriers have demonstrated their
utility in neutron capture therapy,7,20�25 though most
of them do not present the imaging-guided NCT
function that can facilitate the precise irradiation of
entire tumor tissues while avoiding normal regions.
Thus, there is a demand for rationally designed
nanocarriers for delivering Gd-based NCT agents to
tumor tissues with high tumor-to-blood ratio to
achieve effective tumor treatment based on precise
imaging-guided thermal neutron irradiation. Herein,
we applied biocompatible calcium phosphate (CaP)
micelles incorporating Gd-DTPA (Gd-DTPA/CaP) for
dual MR cancer imaging and tumor ablation by GdNCT.
After intravenous administration, the sub-100 nm
Gd-DTPA/CaP accumulated in the tumor tissues as
a result of the enhanced permeability and retention
(EPR) effect,26 while avoiding systemic distribution
in normal tissues (Figure 1a). After thermal neutron
irradiation, the Gd atoms in the tumors captured the
thermal neutrons and emitted γ-rays of high energy,
thus suppressing tumor growthwhile avoiding damage
to healthy tissues that without distribution of NCT
agents (Figure 1b,c).

RESULTS AND DISCUSSION

Characterization of Gd-DTPA/CaP. Monodispersed Gd-
DTPA/CaP, with number-average diameter of ap-
proximately 55 nm and polydispersity index (PDI) of
approximately 0.1 (Figure 2a), were obtained by hy-
bridizing PEG-poly(aspartic acid) (PEG�PAsp) block
copolymers because the carboxylic groups of PAsp
could interact with Ca2þ for size control. In this for-
mulation, the PAsp segments can avoid the formation
of big hydroxyapatite (HA) crystals inside the core,
while the PEG segments could prevent further growth
of the CaP core,27�29 leading to controllable particle

Figure 1. Schemeof Gd-DTPA/CaP hybridmicelles targeting tumors for gadoliniumneutron capture therapy (GdNCT). (a) The
accumulation of Gd-DTPA delivered by Gd-DTPA/CaP in tumors through the EPR effect. (b) Low energy thermal neutron
irradiationdoes not kill normal cellswithoutNCT agents. (c) Thermal neutron irradiation could kill or causehazardous damage
to cancer cells by the γ-rays emitted from the Gd nuclides after nuclear reaction with captured thermal neutrons.

A
RTIC

LE



MI ET AL. VOL. 9 ’ NO. 6 ’ 5913–5921 ’ 2015

www.acsnano.org

5915

size in the sub-100 nm range. Atomic force microscopy
(AFM) also revealed the formation of monodispersed
Gd-DTPA/CaP without agglomeration (Figure 2b).
Then, the release rates of Gd-DTPA from the Gd-
DTPA/CaP micelles were evaluated in Dulbecco's mod-
ified Eagle medium (DMEM) at pH 6.7 and 37 �C with
shaking to simulate the pH conditions of tumor
tissues.30 Accordingly, 42% of Gd-DTPA was released
from the Gd-DTPA/CaP micelles at pH 6.7 because of
the partial dissolution of the CaP materials in acidic
buffers,31 whereas only 5% was released at pH 7.4
within 72 h (Figure 2c). These values indicate that
Gd-DTPA/CaP is stable in the normal pH environment
of blood circulation (pH 7.4), which appropriately
correlates with the previously reported dissociation
kinetics and stability conformation of polymeric CaP
micelles.32,33 The longitudinal relaxation rate r1, which
reflects the enhancement of the water proton relaxa-
tion rate (T1

�1), was also measured after incubation at
pH 7.4 or 6.7 for 4 h. The Gd-DTPA/CaP exhibited
a much higher molecular relaxivity (18.4 mM�1 s�1)
than Gd-DTPA (3.1 mM�1 s�1) at both pH 7.4 and 6.7
(p < 0.001) (Figure 2d). Such an increase in the molec-
ular relaxivity may be due to the confinement of

Gd-DTPA inside the core of the CaP micelles, which
may decrease the water exchange rate between bulk
water and inner-sphere water,34 and slow down the
tumblingmotion (τR) of Gd-DTPA.

35 Thus, the relaxivity
of Gd-DTPA/CaP was slightly lower after incubation
at pH 6.7 for 4 h, probably due to the partial release of
Gd-DTPA (9%) at this pH.

Cell Viability after Neutron Irradiation with Gd-DTPA/CaP.
The cellular viability was evaluated to test the potential
of Gd-DTPA/CaP as an effective NCT agent. Thus,
murine colon adenocarcinoma (C26) cells were ex-
posed to Gd-DTPA/CaP for 24 h and then exposed to
thermal neutron irradiation at a dose of 1.6�2.2� 1012

neutron/cm2 for 1 h at the Gd-DTPA-based concentra-
tion of 100 μM, which is nontoxic to C26 cancer cells
without thermal neutron irradiation. Thereafter, the
cell viability was measured 24 h after irradiation. The
results demonstrated that the survival rate of the C26
cancer cells significantly decreased after thermal neu-
tron irradiation, and fewer than 50% of the cancer cells
survived in both the Gd-DTPA/CaP and Gd-DTPA
groups; however, therewas no cytotoxicity at the same
dose without irradiation (Figure 3). Thus, Gd-DTPA/
CaP could successfully attack cancer cells by emitting

Figure 2. Characterization of Gd-DTPA/CaP hybridmicelles. (a) Number-average diameter of Gd-DTPA/CaPmeasuredbyDLS.
(b) Morphology of Gd-DTPA/CaP characterized by AFM, scale bar 50 nm. (c) Release profile of Gd-DTPA/CaP in DMEM
containing 10% FBS at pH 7.4 and pH 6.7 at 37 �C tomimic the conditions of the bloodstream and tumor tissues, respectively.
(d) The r1 relaxivity of Gd-DTPA/CaP in 10 mM PBS buffer containing 150 mMNaCl at pH 7.4 and pH 6.7 at 37 �C. The data are
expressed as the mean ( SD, ***p < 0.001 compared to Gd-DTPA.
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γ-rays and could be used as an effective NCT agent.
Moreover, the Auger electrons could also attack the
cancer cells by inducing double-strand breaks during
the NCT,10 as Gd-DTPA/CaP were found inside the cells
in a comparable level to that of Gd-DTPA (Supporting
Information Figure S1), corresponding to the levels of
Gd-DTPA uptake reported in the literature.11 It was
reported that approximately 80% of the nuclei of glio-
blastoma multiforme (GBM) cancer cells contained Gd
after exposure toGd-DTPA for 24 h,36which could inhibit
the further proliferation of cancer cells during NCT.

In Vivo Plasma Clearance and Tumor Accumulation of Gd-
DTPA/CaP. Gd-DTPA/CaP at the dose of 0.02 mmol/kg
was intravenously administrated to mice bearing sub-
cutaneous C26 tumors to evaluate their plasma clear-
ance and tumor accumulation. Gd-DTPA/CaP exhibited
a much longer retention time in plasma and organs
than the low-molecular-weight Gd-DTPA chelates,
which were rapidly cleared from circulation (Figure 4a
and Supporting Information Figure S2�S4). Meanwhile,

the amount of Gd-DTPA delivered to the tumor tissues
gradually increased from 2.2% in 3 h to 3.9% in 10 h and
remained constant until 24 h (Figure 4b), which can be
attributed to the EPR effect-mediated accumulation of
Gd-DTPA/CaP.26 Conversely, the low-molecular-weight
Gd-DTPA failed to accumulate in solid tumors. Impor-
tantly, Gd-DTPA/CaP were gradually cleared from the
blood circulation within 24 h, and the associated tumor-
to-blood distribution ratio indicated the preferential
availability in tumor tissues than in blood 24 h after
intravenous administration (Figure 4c), which could
provide low Gd-DTPA/CaP levels in the blood back-
ground for thermal neutron irradiation.

In Vivo MR Cancer Imaging with Gd-DTPA/CaP. The con-
trast ability of Gd-DTPA/CaP was directly compared
with the clinically used contrast agent Gd-DTPA. The
Gd-DTPA/CaP was intravenously injected to subcuta-
neous C26 tumor-bearing mice, and the images
were obtained with 1T MRI. After administration of
Gd-DTPA/CaP, the tumor regions in mice exhibited
enhanced contrast, whereas there was no contrast
enhancement in mice injected with free Gd-DTPA
(Figure 5a,b). After calculating the tumor-to-normal tis-
sue (T/N) contrast intensity in both groups, the contrast
in the tumor tissues was increased over 40% by
Gd-DTPA/CaP with a T/N contrast ratio of 1.41, which
washigher than that ofGd-DTPA,which failed to increase
the contrast intensity of tumors (Figure 5c). Gd-DTPA/
CaP enhanced the contrast of tumors due to their high
relaxivity and the high accumulation of Gd-DTPA in the
tumors through the EPR effect. The imaging results could
provide accurate anatomical position of solid tumors for
imaging-guided thermal neutron irradiation, especially
for local thermal neutron irradiation, thereby avoiding
unnecessary irradiation of normal tissues.

Gd-DTPA/CaP for Gadolinium Neutron Capture Therapy
(GdNCT) of Tumors. Gd-DTPA/CaP and Gd-DTPA at
8.25 mg/kg based on Gd-compound were tested for
GdNCT in subcutaneous C26 tumor-bearing mice.
Twenty-four hours after intravenous injection of
Gd-DTPA/CaP or Gd-DTPA, we irradiated the C26

Figure 3. In vitro cell viability after thermal neutron irradia-
tion of Gd-DTPA/CaP. C26 cells were exposed toGd-DTPAor
Gd-DTPA/CaP in a Gd-DTPA basis of 100 μM for 24 h, then
irradiated with thermal neutrons for 1 h, and finally, the cell
viability was measured after incubation for 24 h. Nonirra-
diated cells exposed to Gd-DTPA/CaP at the same dose for
48 hwere used as control. Gd-DTPA/CaP(þ) and Gd-DTPA(þ)
represent the cellswith thermal neutron irradiation. Thedata
are expressed as the mean ( SD, ***p < 0.001 compared to
the groups without thermal neutron irradiation.

Figure 4. Plasma clearance and tumor accumulation of Gd-DTPA/CaP in mice bearing subcutaneous C26 tumors. (a) Plasma
clearance of Gd-DTPA/CaP and Gd-DTPA (n = 3). (b) Tumor accumulation of Gd-DTPA/CaP (n = 3). (c) The tumor-to-blood
distribution ratio at different time points after administration of Gd-DTPA/CaP. The data are expressed as the mean ( SD.
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tumors with a thermal neutron beam at the dose of
1.6�2.2 � 1012 neutron/cm2 for 1 h. Without thermal
neutron irradiation, Gd-DTPA/CaP and Gd-DTPA did
not affect the tumor growth rates, and the tumor
volumes increased by over 40-fold at day 27
(Figure 5d). With thermal neutron irradiation, the
growth rate of the tumor volume in mice injected with
Gd-DTPA showed a moderate increase until day 12,
but finally, the tumor reached a comparable size to that
present in the mice injected with Gd-DTPA but that
were not irradiated. On the other hand, when the mice
injected with Gd-DTPA/CaP were exposed to thermal
neutron irradiation, the C26 tumors did not grow until
day 12 (p < 0.01) and then grew at a much slower rate
than in the other control groups (p < 0.05). As shown in
the pictures of tumors at day 27 (Figure 5e), the tumor
volume with Gd-DTPA/CaP injection and neutron
irradiation was much smaller than that of other
groups, demonstrating that the Gd-DTPA/CaP could
significantly enhance the therapeutic effects of GdNCT.
The effective tumor ablation by Gd-DTPA/CaP could be
associated with the high accumulation of Gd-DTPA in
tumor tissues, which may capture sufficient thermal

neutrons to emit γ-rays to kill a large fraction of cancer
cells in tumor tissues. Besides the long-range high-
energy γ-rays, and the electrons that are produced in
NCT could also effectively attack tumor cells. Indeed, it
has been reported that Gd compounds could access
the nuclei of tumor cells11 and enter 12% of the tumor
cell nuclei in human GBM tumor tissues after a single
injection of low-molecular-weight Gd-DTPA.36 Com-
pared to Gd-DTPA, the Gd-DTPA/CaP could deliver
more Gd-DTPA to tumor tissues, which may result in
more cellular uptake for a more efficient attack of
tumor cells. It is also worth noting that the bodyweight
of the mice barely changed after GdNCT (Figure 5f),
suggesting the safety of Gd-DTPA/CaP for NCT.

After thermal neutron irradiation for 27 days, the
tumor tissues were collected for pathological
study with hematoxylin and eosin (H&E) staining. The
pathological information confirmed the therapeutic
effect of Gd-DTPA/CaP in GdNCT. Most cancer cells
were damaged in tumor tissues treated with Gd-DTPA/
CaP and thermal neutron irradiation (Figure 6b), while
other samples did not show this extensive cellular
damage (Figure 6a,c,d), even for tumors treated with

Figure 5. In vivo MR imaging-guided neutron capture therapy with Gd-DTPA/CaP. (a,b) In vivo images of mice bearing
subcutaneous C26 tumors after intravenous injection of Gd-DTPA/CaP (a) and Gd-DTPA (b), respectively. (c) A comparison of the
tumor-to-normal tissue (T/N) contrast intensity calculated from (a) and (b) by comparing the signal intensity of the regions of
interest (ROI) between tumors and normal tissues. The data are expressed as the mean ( SD (n = 3), **p < 0.01 compared to
Gd-DTPA. (d) The growth curve of the subcutaneous C26 tumors after administration of Gd-DTPA/CaP and treatment with thermal
neutron irradiation for 1 h. The tumors were irradiated 24 h after the intravenous injection of Gd-DTPA/CaP (day 0). Data are
expressed as the mean ( SD (n = 4 or 5), **p < 0.01 and *p < 0.05 compared to other groups. (e) Images of mice bearing
subcutaneousC26 tumors27daysafterGdNCT. (f) Relative changes in thebodyweightof themiceafter thermalneutron irradiation.

A
RTIC

LE



MI ET AL. VOL. 9 ’ NO. 6 ’ 5913–5921 ’ 2015

www.acsnano.org

5918

Gd-DTPA and thermal neutron irradiation (Figure 6d).
Althoughmost cancer cells died in the tumors injected
with Gd-DTPA/CaP and submitted to thermal neutron
irradiation (Figure 6b), some cancer cells still survived
probably because of the presence of hypoxic tumor
cells that were resistant to radiotherapy.37

The results obtained in this study showed that the
administration of Gd-DTPA/CaP to C26 tumor-bearing
mice followed by thermal neutron irradiation resulted
in the effective suppression of tumor growth (Figure 5),
which was not the case with the administration of low-
molecular-weight Gd-DTPA because of its poor cancer
tropism and difficulty to reach effective doses in tumor
tissues (Figure 4). Several benefits have been achieved
by incorporating Gd-DTPA in hybrid CaP nanocarriers
in this study. First, it has dramatically optimized the
pharmacokinetics of Gd-DTPA resulting in high accu-
mulation in solid tumors, which could further highly
selectively enhance the contrast of cancerous tissues
due to their increased molecular relaxivity and provide a
much higher dose of Gd-chelates for operational cancer
NCT. Moreover, the targeted delivery of Gd-DTPA to
tumors with high tumor-to-blood ratio decreased the risk
of damage to normal tissues. Moreover, the precise size
control of Gd-DTPA/CaP is important for broad delivery
into tumor tissues, as nanocarriers of sub-100 nm size
were demonstrated to deeply penetrate the tumor
tissues.38 Consequently, through Gd-DTPA/CaP, we rea-
lized our concept of nanocarriers incorporating Gd-
chelates for MR imaging-guided local thermal neutron
irradiation directed to effective cancer treatment.

The safety of Gd-DTPA/CaP is also an important
factor for further biological applications and clinical
translation. Gd-DTPA/CaP appear to be well tolerated,
as no significant decrease in cell viability was observed
after exposure for 24 h (Figure 3), and the in vivo

experiments did not show any severe side effects. In
the clinical stage, Gd-DTPA has demonstrated low
toxicity and good renal tolerance in healthy indivi-
duals39 as well as in patients with moderate levels of
underlying kidney disease,40 only rare cases of nephro-
genic systemic fibrosis (NSF) have been reported in
patients with advanced kidney diseases, such as end-
stage renal disease (ESRD).41,42 Nevertheless, as NSF
could be avoided by administrating low doses of Gd-
based agents,43 the incorporation of such compounds
in nanocarriers could provide safe strategies for GdNCT
in clinical applications by allowing for the injection of
much lower doses due to their tumor targeting ability.

For instance, the dose of Gd-DTPA/CaP used in this
study is much lower than that used for Gd-DTPA-based
MRI contrast enhancement in clinical uses.

CONCLUSION

In summary, we have presented a strategy for
incorporating low-molecular-weight Gd(III) chelates
inside CaP micelles for dual noninvasive MR cancer
diagnosis and NCT, without the necessity of loading
individual contrast and therapeutic drugs, which is
usually required in theranostics. The PEGylated Gd-
DTPA/CaP micelles featured with high r1 relaxivity
could sensitively enhance contrast of neoplastic tissues
for MR imaging-guided tumor positioning. The mi-
celles also had high therapeutic efficacy for GdNCT
against solid tumors, as the high accumulation of the
micelle-delivered Gd-DTPA in tumor tissues could
effectively damage cancer cells by γ-rays or electron
emission from the Gd nuclides. Gd-DTPA/CaP signifi-
cantly improved the pharmacological properties of Gd-
DTPA, such as plasma clearance, tumor accumulation,
contrast specificity, and antitumor effects in GdNCT,
demonstrating a potential for further biomedical ap-
plications. This study broadened the applications
of CaP micelles to radiotherapy and provided a strat-
egy for designing and developing nanocarriers for
imaging-guided NCT of tumors.

MATERIALS AND METHODS

Materials and Animals. R-Methoxy-ω-aminopoly(ethylene
glycol) (PEG-NH2; MW = 12 000) was bought from NOF Co., Inc.

(Tokyo, Japan). β-Benzyl-L-aspartate N-carboxy-anhydride (BLA-

NCA) was bought from Chuo Kaseihin Co., Inc. (Tokyo, Japan).

CaCl2, NaCl, NaHPO4, NaOH,N,N-dimethylformamide (DMF) and
dichloromethane (CH2Cl2) were bought fromWako Pure Chem-
ical Industries, Ltd. (Osaka, Japan). DMF and CH2Cl2 were purified
by distillation under reduced pressure. 2-(4-(2-Hydroxyethyl)-1-
piperazinyl)ethanesulfonic acid (HEPES) was bought fromDojindo
Molecular Technologies, Inc. (Kumamoto, Japan). Tris base,

Figure 6. H&E staining of subcutaneous C26 tumors after
neutron capture therapy. (a) Tumor treated with Gd-DTPA/
CaP but without thermal neutron irradiation. (b) Tumor
treated with Gd-DTPA/CaP and thermal neutron irradiation
for 1 h. TheGdNCT damagedmost cancer cells, and only a few
of them remained. (c) Tumor treated with Gd-DTPA but with-
out thermal neutron irradiation. (d) Tumor treated with Gd-
DTPA and thermal neutron irradiation for 1 h. Scale bar 50 μm.

A
RTIC

LE



MI ET AL. VOL. 9 ’ NO. 6 ’ 5913–5921 ’ 2015

www.acsnano.org

5919

fetal bovine serum (FBS), Gd-DTPA, and Dulbecco's modified
Eagle medium (DMEM) were obtained from Sigma-Aldrich
(St. Louis, Missouri), including the Gd-DTPA was converted to its
sodium salt by adjusting to pH 7with NaOH andwas lyophilized
before use. Murine colon adenocarcinoma 26 (C26) cells were
kindly supplied by the National Cancer Center (Tokyo, Japan)
and cultured with DMEM containing 10% FBS in a humidified
atmosphere containing 5% CO2 at 37 �C. BALB/c mice (female,
6 weeks, 18�20 g) were purchased from Charles River Labora-
tories, Inc. (Tokyo, Japan), and all animal experiments were
carried out following the policies of the Animal Ethics Commit-
tee of the University of Tokyo.

Synthesis of PEG�PAsp Block Copolymer. First, PEG-poly(β-benzyl-
L-aspartate) (PEG�PBLA) was synthesized through the ring-
opening polymerization of BLA-NCA, as previously described.44

Briefly, BLA-NCA (0.98 g, 4 mmol) was dissolved in a mixture of
DMF (2 mL) and CH2Cl2 (18 mL) and initiated for polymerization
by the addition of PEG-NH2 (1.2 g, 0.1 mmol) dissolved in DMF
and CH2Cl2. The polymerization reactionwas carried out at 35 �C
for 72 h under the protection of argon gas. The PEG�PBLA was
obtained after precipitating the reaction solution in diethyl
ether and drying under a vacuum. The degree of polymerization
(DP) of PBLA was determined to be 40 by 1H NMR after
comparing the proton peak ratio of the methylene units of
PEG ((�CH2CH2O�): δ = 3.7 ppm) with the phenyl groups of
PBLA (�C6H5: δ = 7.3 ppm) in the 1H NMR spectrum. Then,
PEG�PBLA (1 g) was dissolved in acetonitrile (20 mL), followed
by the addition of 0.5 M NaOH (20 mL) and stirring at room
temperature. After 1.5 h, the reaction mixture was dialyzed
(MWCO: 3.5 kDa) against Milli-Q water. Finally, the solution
inside the dialysis bag was lyophilized to obtain PEG�PAsp
with 40DP of PAsp.

Preparation of Gd-DTPA/CaP Micelles. The Gd-DTPA/CaP poly-
meric micelles were prepared according to a previously de-
scribed method.29 Briefly, 1 mL of Tris-HCl buffer (pH 7.6)
containing 250mMCaCl2 wasmixed with 1mL of 50mMHEPES
saline buffer (NaCl 140mM, pH 7.1) containing Na2HPO4 (6mM),
Gd-DTPA (2 mM), and PEG�PAsp (5 mM based on carboxylic
acid groups) to yield the Gd-DTPA/CaP polymeric micelles.
Then, the obtained Gd-DTPA/CaP micelles were subjected to
hydrothermal treatment at 120 �C for 20min under a pressure of
100 kPa. After the hydrothermal treatment, the Gd-DTPA/CaP
micelles were purified by dialysis and ultrafiltration with 25 mM
HEPES saline buffer at pH 7.4 containing 140mMNaCl and 2mM
CaCl2 to mimic the biological conditions.

Characterization of Gd-DTPA/CaP. The average diameter of the
Gd-DTPA/CaP micelles was measured by dynamic light scatter-
ing (DLS) using a (Zetasizer Nano ZS90, Malvern Instruments,
UK), while the concentration of Gd-DTPA was determined by
Inductively coupled plasma mass spectrometry (ICP-MS) (4500
ICP-MS, Hewlett-Packard, Delaware, USA). The morphology of
the Gd-DTPA/CaP micelles was investigated using a MMAFM,
Nanoscope V (Bruker AXS, Madison, USA) under the ScabAsyst
Atomic Force Microscopy Imaging mode with silicon probes.
The longitudinal relaxation time T1 (s) of Gd-DTPA/CaP at
different concentration of Gd-DTPA (0.1, 0.2, 0.3, 0.4, and
0.5 mM) was measured by a 1H NMR analyzer (JNM-MU25A,
JEOL, Tokyo, Japan) using the inversion�recovery pulse se-
quence method at 0.59 T and 37 �C. This measurement was
conducted in 10 mM PBS buffer (NaCl 140 mM) at pH 6.7 to
mimic the physicochemical conditions of tumors. Then, the r1
relaxivities of Gd-DTPA/CaP andGd-DTPAwere calculated using
the following equation:

r1 ¼ (1=T1 � 1=T1(0))=[Gd]

Where [Gd] represents the concentration of Gd-DTPA (mM),
1/T1(0) (s

�1) is the relaxation rate without paramagnetic species,
and 1/T1 (s

�1) is the relaxation rate with paramagnetic species.
The release profile of Gd-DTPA from the CaP nanoparticles was
conducted by dialysis (MWCO = 6 kDa�8 kDa): 1 mL of Gd-
DTPA/CaPwas diluted against 99mLof DMEMmedium contain-
ing 10% FBS that was adjusted to the pH level of tumor tissues
(pH 6.7) using HCl and then incubated at 37 �C with continuous
shaking tomimic the physiological conditions. Finally, 100 μL of
the medium outside the dialysis bag was collected at defined

time intervals and measured by ICP-MS after dilution with 1%
HNO3. The relaxivity and the Gd-DTPA release at pH 7.4 were
measured as well as that of the control.

In Vitro Toxicity of Gd-DTPA/CaP. C26 cells were seeded in
96-well plates at a cell concentration of 3.5 � 103 cells per well
and incubated for 24 h. Then, Gd-DTPA or Gd-DTPA/CaP was
added to each well to achieve a concentration of 100 μMbased
on Gd-DTPA, and 24 h later, the plates were irradiated with a
neutron beam at a rate of 1.6�2.2 � 1012 neutron/mm2 for
1 h. The irradiated cells were incubated for another 24 h. Then,
the availability was tested with the addition of a Cell Counting
Kit-8 (CCK-8) (Dojindo Molecular Technologies, Inc., Japan),
and finally the cells were counted with a microplate reader
(Model 680, Bio-Rad Laboratories, Inc., Hercules, US) at 450 nm.
The availability of the C26 cells that were exposed to Gd-DTPA
or Gd-DTPA/CaP for 48 h without irradiation was tested as
control.

In Vivo Pharmacokinetics Study of Gd-DTPA/CaP. The subcutaneous
C26 tumor models were prepared by subcutaneously inoculat-
ing 100 μL of C26 tumor cells into BALB/c mice at a concentra-
tion of 1 � 106 cell/mL. Then, an equal dose of 0.02 mmol/kg
based on Gd-DTPA of Gd-DTPA/CaP or Gd-DTPA was intrave-
nously injected to the C26 tumor-bearing mice until the tumor
volume reached 100 mm3. Thereafter, the mice were sacrificed,
and the blood was collected from the inferior vena cava with a
syringe, heparinized, and centrifuged to obtain plasma, while
the tumor tissues and main organs were excised at 3, 6, 10, and
24 h after injection. The plasma, tumor tissues, and organs were
dissolved with 90% HNO3, dried by evaporation, and resus-
pended with 1% HNO3 for the ICP-MS measurements to deter-
mine the Gd concentration.

In Vivo MRI Measurements. For in vivo MR cancer imaging,
subcutaneous tumors were prepared by the subcutaneous
injection of C26 cells to BALB/c mice, and MRI measurements
were conductedwith 1TMRI equipment until the tumor volume
reached approximately 100 mm3. The subcutaneous C26 tu-
mor-bearing mice were intravenously injected with Gd-DTPA/
CaP at a dose of 0.05 mmol/kg based on Gd-DTPA for MRI
detection, using Gd-DTPA (0.22 mmol/kg) as control. In vivo
T1-weighted MR imaging parameters: spin�echo method, re-
petition time (TR) = 400ms, echo time (TE) = 11ms, field of view
(FOV) = 48 � 48 mm, matrix size = 256 � 256, and slice thick-
ness = 2 mm. The contrast intensity of the region of interest
(ROI) in the tumor and normal regions (muscle) were measured
by the software and compared after normalization.

In Vivo GdNCT of Solid Tumors with Gd-DTPA/CaP. The subcuta-
neous C26 tumor-bearing BALB/c mice were intravenously
injected with 0.2 mL of Gd-DTPA/CaP or Gd-DTPA at a dose of
8.25 mg/kg based on Gd-compound. Twenty-four hours later,
the mice were locally irradiated with a thermal neutron beam
for 1 h at a rate of 1.6�2.2 � 1012 neutron/cm2 at the Kyoto
University Research Reactor (KUR). The tumor size was mea-
sured before and after irradiation, and the volume (V) was
calculated using the following equation:

V ¼ (a� b2)=2

where (a) and (b) are the major and minor axes of the tumor
measured by a caliper. The subcutaneous C26 tumor-bearing
BALB/c mice were administered with Gd-DTPA/CaP or Gd-DTPA
at the same dose but were not subjected to thermal neutron
irradiation as control. The body weight of each mouse was
measured as an indicator of systemic toxicity.

Pathological Investigation of Tumor Tissues after GdNCT. After the
in vivo GdNCT experiments, the tumor tissues were harvested,
embedded in OCT compound, and frozen with acetone/dry ice
mixture. Thereafter, the samples were sliced to 4-μm thickness
with a cryostat (CM1950, Leica, Germany), fixed with 4% para-
formaldehyde (PFA) solution in PBS buffer, and finally stained
with hematoxylin and eosin (H&E). The images of the stained
tumor slices were characterized using an AX80 microscope
(Olympus, Japan).

Statistical Analysis. Data in the manuscript were expressed as
the mean and SD, and the significance of the results was
analyzed by Student's t-test. p-values lower than 0.05 were
considered statistically significant.
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