Neurochemistry in Shiverer Mouse

Figure 1. Coronal Tl-weighted images show the ROI in the
cortex (a) and thalamus (b) used for 'H-MRS. [Color figure
can be viewed in the online issue, which is available
atwileyonlinelibrary.com.]

human PMD (7). Increased tNAA should attract atten-
tion because NAA is generally considered an important
marker of neurons and axons (8,9), and is usually
decreased in many neurodegenerative disorders. We
performed 'H-MRS in shiverer mice to determine the
neurochemical changes associated with hypomyelina-
tion, especially to clarify whether or not increased
tNAA with decreased Cho detectable on 'H-MRS is a
common finding for hypomyelinating disorders.

MATERIALS AND METHODS
Animals

The experimental animals included postnatal 12-week
(12W) shiverer mice (shi/shi, maintained in the ICR
background; n=7, 2 males and 5 females, weight=
32.5+ 3.8 g), heterozygous mice (shi/+) (n=8, 3
males and 5 females, weight=37.0+6.1 g), and wild-
type ICR mice (n=8, 4 males and 4 females,
weight = 40.8 £ 7.3 g). Shiverer mice exhibit progres-
sive tremors and tonic seizures early in life, which
cause their premature death between 3 and 5 months
of age. The animals had free access to food and water
and were kept under standard laboratory conditions
of 22-23°C room temperature, around 50% humidity,
and a 12:12 hour light/dark cycle. Immediately prior
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to and during the MRI scanning, all mice were anes-
thetized with 2% isoflurane (Mylan Japan, Japan).
The rectal temperature was continuously monitored
and maintained at 36.5* 0.5'C using a heating pad
throughout all experiments. During MRI scanning,
the mice lay in the prone position on an MRI-
compatible cradle and were held in place by a hand-
made ear bar and anesthetized through a facemask
with 2% isoflurane. The study protocols were
approved by the Animal Welfare Committee of the
National Institute of Radiological Sciences and that of
the Ibaraki Prefectural University of Health Sciences.

MRI and H-MRS Measurements

MRI and 'H-MRS were performed on a 7.0T MRI scan-
ner (20 cm bore, Biospec, Avance-III system; Bruker
Biospin, Ettlingen, Germany) with a volume coil for
transmission (86 mm i.d., Bruker Biospin) and a 2-
channel phased-array cooled surface coil for reception
(cryoprobe for mouse brain, Bruker Biospin), using
almost the same methods as those previously reported
(6). Briefly, coronal, sagittal, and axial multislice T1-
weighted imaging (T1WIL: multislice spin echo [SE];
repetition time [TR] / echo time [TE]=400/9.57 msec)
and coronal T2-mapping (multislice SE sequence,
TR=3000 msec, TE ranging from 20 to 100 msec in
steps of 10 msec) were performed. T2 values were cal-
culated in the white matter, thalamus, and cortex
with image analysis software MRVision (MRVision,
Winchester, MA). For single-voxel 1H-MRS, a region of
interest (ROI) was chosen predominantly in the
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Figure 2. Coronal T2-weighted images (TE =60 msec) of het-
erozygous and wild-type mice typically demonstrate a three-
layered structure, ie, a low signal layer of white matter
(arrows) between the cortex and caudate putamen, which
was difficult to distinguish in shiverer mouse.
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Table 1
T2 value of each region

T2 value (msec, mean+SD)

Shiverer Heterozygous ~ Wild-type
Cortex 53.34+1.8 52.3£2.0 53.13.3
Thalamus 53.8+1.9 51.8%+23 514423
* kK
| l
White matter ~ 55.8%+1.3 48214 48.0%+1.2
ke ks
#xx 520,001,

thalamus or cortex, with volumes of interest of 3.0 x
3.0 x 3.0 mm and 3.0 x 3.0 x 1.5 mm, respectively,
as determined on TIWI (Fig. 1). Outer volume suppres-
sion combined with a point-resolved spectroscopy
sequence was used for signal acquisition (number of
repetitions = 192; TR=4000 msec; TE =20 msec; spec-
tral bandwidth = 4 kHz; number of data points = 2048).
'H-MRS was quantitatively analyzed using the modi-
fied water scaling method of LCModel, that is, the con-
centration was corrected by the T2 value of the ROI, as
multiplied by R=exp (~20/T2_ROI)/0.7 (6,10). The
concentrations of tNAA, creatine (Cr), Cho, myo-
inositol (mIns), glutamine (Gln), and glutamate (Glu)
were considered to show acceptable reliability when
the LCModel showed percent of standard deviation
(%SD) values of less than 20 (a smaller %SD is associ-
ated with more reliable data) (11,12).

Statistical Analysis of Metabolites

A two-way analysis of variance (ANOVA) was con-
ducted, setting tNAA, Cr, Cho, mins, Gln, and Glu as
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the dependent variables, the groups (shiverer, hetero-
zygous, and wild-type}, and the measurement sites
(thalamus and cortex) as the independent variables.
For each group in each measurement site, mean and
SD were calculated, followed by Bonferroni’s multiple
comparison test on the mean difference, taking 0.05
as the significance level in testing statistical signifi-
cance. The tool used for the analysis was IBM SPSS
Statistics 20 (Armonk, NY).

Histological and Immunohistochemical Analyses

Two mice in each group, ie, shiverer, heterozygous,
and wild-type mice, at 12W were subjected to Luxol
Fast Blue (LFB) staining and immunohistochemical
analysis. Coronal sections of 5 pm thickness of brain
samples were prepared for these studies. The follow-
ing primary antibodies were used: rat anti-Mbp anti-
body (1:1,000, Millipore, Bedford, MA; MAB395-IML),
rabbit anti-Gfap antibody (1:500, Dako, Carpinteria,
CA), rabbit anti-Olig 2 (1:100, IBL), and mouse anti-
NeuN antibody (1:100, Millipore, MAB377). We
defined degree of staining in the white matter, thala-
mus, and cortex: (-) as almost no staining, (+) as
staining less than wild-type mice, (++) as staining
similar to wild-type mice, (+++) as staining stronger
than wild-type mice.

RESULTS
MRI Findings and T2 Value Measurement

Coronal T2 value mapping (TE =60 msec of T2 map-
ping) of heterozygous and wild-type mice typically
demonstrated a three-layered structure, ie, a low sig-
nal (shorter T2 value) layer of white matter between
the cortex and caudate putamen, which was difficult
to distinguish in shiverer mice (Fig. 2). The T2 values
of the cerebral cortex, white matter, and thalamus of
shiverer, heterozygous, and wild-type mice are shown
in Table 1. In the white matter, the T2 values of shiv-
erer mice were significantly longer than those of
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Table 2
Concentration of metabolites (mean==SD [mM]) in the thalamus and cortex.
NAA Cr Che
Thalamus Wt 6.9610.51 6.95+1.04 2.01£0.09
Htr 7.171044 7.12£039 2.11+0.18
Shi  6.58%0.53 6.97£048 1.83%£0.07
Cortex Wt 6.80%0.50 6.0410565 1.61£0.08
Hior 6451048 ] 6.0410.32 1.57+0.09
Shi 581+0.57 - 6.06+036 1.37+0.10
MeanzSD ** P<0.01; *P<0.05
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Figure 3. 'H-MRS of the thalamus of shiverer mice shows reduced Cho compared with heteroiygous and wild-type mice.
[Color figure can be viewed in the online issue, which is available atwileyonlinelibrary.com.}

heterozygous and wild-type mice. In the cortex and
thalamus, there were no differences in the T2 values
among shiverer, heterozygous, and wild-type mice.
Atrophic change, which may affect the concentrations
of metabolite measured by water scaling methods,
was not observed in either ROL

Brain Metabolites Measured by ‘H-MRS

The concentrations of each metabolite in the thalamus
and cortex of shiverer, heterozygous, and wild-type
mice are shown in Table 2. The %SD of tNAA, Cr, Cho,
mins, and Glu in all mice were less than 5, and the
mean %SD of these metabolites were less than 4 in the
three groups. The %SD of GIn was less than 13, and
the mean %SD was less than 10 in the three groups.
The two-way ANOVA showed significance in the
main effect of the measurement sites and the groups
on tNAA and Cho; significance in the main effect of
the measurement sites on Cr, mIns, and Gln; and sig-
nificance in the main effect and the interaction of the
groups on Glu. In the thalamus, Cho was decreased
in shiverer mice, compared with heterozygous and
wild-type mice (Fig. 3). There were no differences in
the other metabolites among the three groups. In the
cortex, tNAA, Cho, and Glu were decreased in shiverer
mice, compared with heterozygous and wild-type
mice. There were no differences in these metabolites

between heterozygous and wild-type mice; and no dif-
ferences in Cr, mins, and Gln between the three
groups.

Histological and Immunohistochemical Analyses

The results of histological and immunohistochemical
analyses are summarized in Table 3 and Figs. 4 and
5. LFB staining and immunostaining of Mbp, a
marker for mature myelin sheaths, in shiverer mice
(Fig. 4a,d) revealed sparse and weak staining in the
white matter, thalamus, and cortex in comparison
with heterozygous (Fig. 4b,e) and wild-type mice (Fig.
4c,f). These findings indicated hypomyelination in the

Table 3
LFB staining and immunohistochemical analyses.
Shiverer Heterozygous Wiid-type

LFB - (GM,WM,Th) ++ ++

Mbp - (GM,WM,Th) + (GM,WM,Th) ++
GFAP +++ (WM) ++ ++
Oligo-2 +++ (WM) ++ ++
NeuN + (GM) ++ ++

GM, gray matter; WM, white matter; Th, thalamus; (-), almost no
staining; (+), staining less than wild-type mice; (++), staining simi-
lar to wild-type mice; (+++), staining stronger than wild-type mice.
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Shiverer Heterozygous Wild-type
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Figure 4. LFB staining and immunostaining of Mbp in shiverer mice (a,d) revealed sparse and weak staining in the white
matter and cortex in comparison with heterozygous (b,e) and wild-type mice (c,f), indicating hypomyelination. Immunostain-
ing of Mbp in heterozygous mice (e) showed slightly reduced immunoactivity in all regions, compared with wild-type mice (f).
Olig2 immunostaining of shiverer mice (g) revealed increased immunoreactivity in the white matter, compared with heterozy-
gous (h) and wild-type mice (i}, showing an increased number of total oligodendrocytes (OPCs and mature oligodendrocytes).
Scale bars =100 pm.

Shiverer Heterozygous Wild-type

GFAP

NeulN

Figure 5. Gfap immunostaining of the shiverer mice (a) showed dense and strong staining in the white matter compared with
heterozygous and wild-type mice (b,c), indicating astrogliosis in the white matter of shiverer mice. NeuN immunostaining of
shiverer mice (d) revealed decreased immunoreactivity in the cortex (especially on its surface) compared with heterozygous
and wild-type mice (e,f). Scale bars= 100 um.
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shiverer mice brains at 12W. Immunostaining of Mbp
in heterozygous mice (Fig. 4¢) showed slightly reduced
immunoactivity in all regions, compared with wild-
type mice (Fig. 4f). Gfap immunostaining, a marker
for astrocytes, of the shiverer mice (Fig. 5a) showed
dense and strong staining in the white matter com-
pared with heterozygous and wild-type mice (Fig.
5b,c), indicating astrogliosis in the white matter of
shiverer mice. Olig2 immunostaining, a marker for
both mature and immature oligodendrocytes of shiv-
erer mice (Fig. 4g), revealed increased immunoreactiv-
ity in the white matter, compared with heterozygous
and wild-type mice (Fig. 4h,i). The number of the
Olig2-positive cells in the white matter was more in
shiverer mice (1460, 1220 cells/mm?) than heterozy-
gous (560, 620 cells/mm?) and wild-type mice (420,
520 cells/mm?). This indicated an increased number
of total oligodendrocytes (oligodendrocyte progenitor
cells [OPCs] and mature oligodendrocytes) in the
white matter of shiverer mice. There were no obvious
differences in Gfap and Olig2 immunostaining in the
thalamus and the cortex between the three groups.
NeuN immunostaining, a marker for neuronal cells of
shiverer mice (Fig. 5d), revealed decreased immunore-
activity in the cortex (especially on its surface), com-
pared with heterozygous and wild-type mice (Fig.
5e,f), but no obvious difference in the thalamus or
white matter.

DISCUSSION

'H-MRS in the thalamus of shiverer mice with the
mbp mutation revealed a decrease in Cho with normal
tNAA, which is distinct from in msd mice with the
plpl mutation that show a decrease in Cho with an
increase in tNAA (6). These findings suggest that
increased tNAA is not directly related to hypomyelina-
tion. NeulN immunostaining (a marker for neuronal
cells) of the thalamus in both shiverer and msd mice
revealed no difference compared with wild-type mice;
therefore, the number of neuronal cells in the thala-
mus seems unlikely to explain the difference in tNAA.
What is the cause of the difference in tNAA observed
on 'H-MRS between the two hypomyelinating strains?
Mbp immunostaining indicated hypomyelination in
the shiverer mice brain, as observed in the msd mice
brain (6). Reflecting the pathology, shiverer mice
exhibited longer T2 values than heterozygous and
wild-type mice in the white matter, as also observed
in msd mice brain (6). Mutant plpl proteins in msd
mice are abnormally folded and accumulated in the
endoplasmic reticulum, resulting in the activation of
an unfolded protein response that finally leads to oli-
godendrocyte apoptotic death before normal myelina-
tion occurs (13). In msd and also in another PMD
mouse model, jimpy, massive apoptosis of oligoden-
drocytes appears to induce proliferation of OPCs in
the white matter (14,15), leading to an increase of
OPCs and the absence of mature oligodendrocytes.
On the other hand, the absence of mbp protein in
shiverer mice results in the failure of oligodendrocytes
to form a compact myelin sheath. Unlike in msd and
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Jjumpy mice, OPCs in shiverer mice can differentiate
into oligodendrocytes, and both OPCs and mature oli-
godendrocytes are increased in number by as much
as two times (16), as shown on Olig2 immunostaining
(Fig. 4g). One possible explanation for the difference
in tNAA is the different patterns of oligodendrocytes in
shiverer and msd mice.

NAA is one of the most highly abundant free
amino acids in the CNS (around 10 mM in man),
and it is generally considered to be an important
marker of neurons and axons (8,9). NAA is either
released from neurons or transported to oligoden-
drocytes, where it is catabolized by aspartoacylase
into acetate and aspartate (17), which are used for
fatty acid and steroid synthesis, and energy produc-
tion, respectively. In msd mice, the absence or dys-
function of mature oligodendrocytes may either
disable neuron-to-oligodendrocyte NAA transport or
affect NAA catabolism in oligodendrocytes, leading
to NAA accumulation in neurons. An elevated NAA
concentration also increases NAAG biosynthesis (9),
which probably results in increased tNAA on H-
MRS. On the other hand, NAA in shiverer mice may
be normally transported from neurons to oligoden-
drocytes, and then catabolized into acetate and
aspartate, leading to normal tNAA on 'H-MRS. In
the cortex of shiverer mice, tNAA is decreased com-
pared with wild-type and heterozygous mice, prob-
ably reflecting the decreased number of neuronal
cells in shiverer mice, as shown on NeuN immuno-
staining. The majority of excitatory neurons in the
cerebral cortex release Glu, which is taken up from
the synaptic cleft by surrounding astrocytes and
metabolized into a relatively harmless compound,
Gln. Therefore, Glu and Gln are considered to be
markers of neurons and astrocytes, respectively.
The decrease of Glu in the cortex of shiverer mice
supports the theory that a decrease in tNAA reflects
a decreased number of neuronal cells.

Another detectable metabolic change in shiverer
mice is a reduction of Cho, which is also observed in
msd mice (6) and patients with PMD (7). However, the
degree of Cho reduction in the thalamus of shiverer
mice compared with that in wild-type mice (—6.6%) is
much less than that in msd mice (-21.8%). The Cho
peak likely contains various cell membrane precur-
sors or breakdown products such as phosphocholine,
glycerophosphocholine, and phosphatidylcholine.
Thus, Cho increases in association with accelerated
myelination in infantile brains (18), and probably
decreases in association with the severe retardation of
myelination. *H-MRS in vitro demonstrated that cul-
tured oligodendrocytes per se had a higher concentra-
tion of Cho than neurons, astrocytes, and OPCs
(19,20). The different degrees of Cho reduction in
the two hypomyelination strains may be explained
by the pathological difference of oligodendrocytes,
that is, severe hypomyelination with an increased
number of oligodendrocytes in shiverer mice (16),
leading to a mild reduction of Cho, and the severe
hypomyelination with the absence of oligodendro-
cytes in msd mice (14), resulting in a severer reduc-
tion of Cho. Whatever the cause, the reduction of
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Cho might be a marker for hypomyelinating disor-
ders on 'H-MRS.

Heterozygous mice (shi/+) have been reported to
be clinically -asymptomatic, and to exhibit normal
brain MRI (21,22). They also have been shown to
have normal myelin sheaths by electron microscopic
studies of optic nerves, although the Mbp gene
expression level is 50% of normal (21), which reason-
ably leads to slightly reduced immunoactivity of Mbp
(Fig. 4e) compared with wild-type mice. Heterozygous
mice, however, exhibit a 7% increase in visually
evoked potential latency, suggesting mild optic nerve
dysfunction compared with wild-type mice (23).
Mildly increased Cho in thalami of heterozygous mice
(+5.1%), compared with wild-type mice, might also
reflect a subtle myelin dysfunction, most probably
increased turnover of oligodendrocytes or myelina-
tion itself.

'H-MRS showed no difference in Cr among the three
groups, although increased Cr has been reported in
msd mice (6) and patients with PMD (7). The Cr peak
is composed of proton resonances from both phospho-
creatine and free Cr, which are involved in energy
metabolism, and are present in both neuronal and
glial cells. In rats, astrocytes have Cr concentrations
twice as high as those observed in neurons (19). As
reactive astrogliosis is observed in the msd mouse
brain (6), the elevated Cr was considered to result
from the increased number of astrocytes. Absence of
any obvious difference in Gfap immunostaining (a
marker for astrocytes) in the thalamus and cortex
among shiverer, heterozygous, and wild-type mice is,
therefore, the likely reason for the absence of differ-
ence in Cr concentration.

Some aspects of the '"H-MRS in this study require dis-
cussion. Because the white matter of mice is very thin,
attempts to place the ROI in the white matter result in
both inadequate signal-to-noise and contamination
from the adjacent cortex and deep gray nuclei. The nor-
mal thalamus is composed of a mixture of myelinated
axons and neurons; therefore, '"H-MRS in shiverer mice
may reflect metabolic derangements of both compo-
nents. Mbp immunostaining indicated hypomyelination
in both the white matter and thalamus of the shiverer
brain. In addition, the number of neurons in the thala-
mus was almost the same in shiverer, heterozygous,
and wild-type mice. These suggest that "H-MRS in the
thalamus reasonably reflects the metabolic derange-
ments associated with hypomyelination. A limitation
should also be mentioned regarding the pathologic
examinations in this study. Only two mice of each
group were pathologically examined with qualitative
evaluation. The G-ratio, the ratio between axon diame-
ter and fiber diameter (axon diameter+ myelin sheath
thickness) (24), sometimes used for the detailed analy-
sis of myelination, was not evaluated in this study.

In conclusion, this study revealed a reduction of
Cho with normal tNAA level in the thalamus of the
shiverer mouse (a hypomyelination mutant with the
absence of mbp). The presence of mature oligodendro-
cytes in shiverer mice, which enable neuron-to-
oligodendrocyte NAA transport or NAA catabolism,
may result in a normal tNAA level in contradistinction
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to the msd mouse (a hypomyelination mutant with
absence of pipl). Although tNAA seems to vary
depending on the underlying pathology, reduction of
Cho observed on '"H-MRS might be a common marker
for hypomyelinating disorders.
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ngfr; phosphate nanoparticles acid) block copolymer, Gd-DTPA, and CaP in aqueous solution, followed with hydrothermal treatment. Incorpo-
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MRI effect. Moreover, Gd-DTPA revealed above 6 times increase of relaxivity in the nanoparticle system compared
Gd-DTPA to free form, and eventually, selective and elevated contrast enhancements in the tumor positions were observed.
Cancer diagnosis These results indicate the high potential of Gd-DTPA-loaded PEGylated CaP nanoparticles as a novel contrast

agent for noninvasive cancer diagnosis.
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1. Introduction

Precise diagnosis of malignant tumors is essential for proper clinical
treatments, and several diagnostic imaging methods have been applied.
Among these, MRI can noninvasively provide highly quantitative and
qualitative anatomical details of soft tissues [1]. In clinical, small para-
magnetic molecules, especially Gd (III) based T, contrast agents are usu-
ally used for MRl measurements to improve the contrast of tissues, as the
gadolinium complexes are stable and maintain strongly paramagnetic
properties [2,3]. Nevertheless, tumor imaging using current clinically
used contrast agents is often limited, because of their fast clearance
from blood stream and low-tissue specificity, leading to inadequate sen-
sitivity, specificity and spatial resolution [4]. Therefore, development of
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highly sensitive and tumor specific MRI probes has advocated much
interest for cancer diagnosis. Accordingly, a myriad of nanoparticles
have been considered as delivery carriers of contrast agents to optimize
their pharmacokinetic properties for experimental or preclinical detec-
tion of solid tumors, such as polymeric micelles [5-10], liposomes
[11,12], polymersomes [13,14], iron oxide nanoparticles [1,15,16], lipid
nanoparticles [17-19] and other nanoscaffolds [20-23]. These nanoscale
MRI probes have shown greater tumor selectivity than low molecular
weight contrast compounds, owing to their ability to leak from the
hyperpermeable vasculature of tumors and be retained in tumor tissues
due to ineffective lymphatic drainage, which is known as the EPR effect
[24]. Moreover, nanoscale MRI probes can provide higher sensitivity
by increasing the relaxivity of the incorporated contrast agents due
to decreased molecular tumbling rates [21,25,26]. In addition, they
can combine their tumor imaging capability with cellular targeting
and therapeutic activity by decorating the surface with ligands and
incorporating bioactive molecules, respectively [27,28)]. Develop-
ment of efficient and safe nanocarriers for in vivo MR cancer
detection could have a significant impact on human health care,
owing to the widely clinical setting of MRI as well as the progressive
increasing of cancer incidences all over the world [29].
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CaP-based drug delivery systems, firstly reported as carriers to
enhance DNA transfection into mammalian cells before [30], attracted in-
creasing interests in recent years because of its adequate biodegradation
and excellent biocompatibility [31-34]. Many biochemical compounds
can be incorporated in the solid framework of CaP nanoparticles to obtain
improved functions. CaP nanoparticles can be prepared by various syn-
thetic methods, including microemulsion [35,36], layer-by-layer [37,38]
and wet chemical routes [39,40]. For some preparation procedures, it is
usually difficult to control the crystal growth and the size of nanoparticles
as well as prevent agglomeration. Moreover, for microemulsion synthetic
route, which can achieve size control and colloidal stability, it is difficult
to completely remove the synthetic precursors, especially some toxic
agents like cyclohexane, and demulsification of nanoparticles may
occur during purification [32].

We have pioneered the procedure to form PEGylated CaP nano-
particles with controlled size and appreciable colloidal stability by
self-assembly in aqueous phase of CaP with PEG-polyanion block
copolymers, such as poly(ethylene glycol)-b-poly(aspartic acid) (PEG-
b-PAsp) [41]. In this way, organic-inorganic hybrid nanoparticles were
formed with precise control of the growth of CaP crystal, as the anionic
blocks of the copolymers interact with CaP inhibiting further growth of
crystal, while PEG units decorate the surface of nanoparticles avoiding
aggregation between CaP particles [42-44]. This PEG shield also protects
the drug-loaded core during transportation in biological environments.
By this method, we have successfully incorporated small interfering
RNA (siRNA) or DNA inside CaP hybrid nanoparticles as non-viral gene
carriers and achieved efficient transfection efficiency, demonstrating
promising application for gene therapy [45-47]. Nevertheless, it is a chal-
lenge to load some functional molecules, such as Gd-DTPA, without
phosphate groups like siRNA and DNA, to interact with CaP matrix.
Besides, high colloidal stability of nanoscale probes for MRI is preferred,
as leaking of contrast agents during transportation may lose contrast
specificity, and Gd-DTPA has a blood half-time less than 5 min which is
insufficient to enhance the contrast of tumor tissues [48]. Thus, develop-
ing stable CaP nanoparticles incorporating Gd-DTPA for cancer diagnosis
is quite challenging and significant, as CaP based nanocarriers for in vivo
MRI diagnosis of solid tumors have not been reported yet.

Herein, we designed a facile two-step method to prepare organ-
ic-inorganic hybrid CaP nanoparticles stably incorporating Gd-
DTPA (Gd-DTPA/CaP) with enhanced relaxivity and physiological
stability for noninvasive in vivo cancer diagnosis (Fig. 1). According-
ly, spherical and monodispersed Gd-DTPA/CaP were firstly synthe-
sized by a fast homogenous procedure using PEG-b-PAsp to prevent
the overgrowth of CaP precipitates. Then, Gd-DTPA/CaP was subject-
ed to hydrothermal synthetic process at relatively low temperature
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Step 2: Hydrothermal
treatment at 120 °C, 20 min

of 120 °C to increase the colloidal stability, as hydrothermal treat-
ment is usually used to treat hydroxyapatite materials for orthope-
dics applications to enhance its mechanical reliability (stability) in
wet environments [49]. Prepared Gd-DTPA/CaP was characterized
by a series of in vitro and in vivo experiments, and further used for
in vivo MRI contrast enhancement of solid tumors.

2. Materials and methods
2.1. Materials, cell line and animals

-Benzyl-L-aspartate N-carboxy-anhydride (BLA-NCA) was obtain-
ed from Chuo Kaseihin Co., Inc. (Tokyo, Japan). Dulbecco's Modified
Eagle Medium (DMEM), fetal bovine serum (FBS) and Gd-DTPA were
purchased from Sigma-Aldrich (St. Louis, Missouri). Gd-DTPA was con-
verted to sodium salt by adjusting the pH to 7 with NaOH and lyophiliz-
ing before use. MeO-PEG-NH, (Mw = 12,000, Mw/Mn = 1.03) was
purchased from Nippon Oil and Fats Co., Ltd. (Tokyo, Japan).

Murine colon adenocarcinoma 26 (C-26) cells were kindly supplied
by the National Cancer Center (Tokyo, Japan), and maintained with
DMEM supplemented with 10% FBS. Human umbilical vein endothelial
cells (HUVEC) and the endothelial cell growth medium-2 (EGM-2) bul-
let kit were obtained from Lonza Ltd. (Basel, Switzerland). The HUVEC
were used for experiments after 10 times passage. All the cells were
maintained in the medium and incubated in humidified atmosphere
containing 5% CO, at 37 °C. Female BALB/c nude mice (6 weeks,
18-20 g) were purchased from Charles River Laboratories, Inc. (Tokyo,
Japan), and all the animal experiments were carried out following the
policies of the Animal Ethics Committee of the University of Tokyo.

2.2. Synthesis of PEG-b-PAsp

PEG-b-PAsp block copolymer with 40 degree of polymerization (DP)
for PAsp was synthesized according to the previously described synthet-
ic methods [50]. Briefly, BLA-NCA was polymerized by ring-opening
procedures in mixed solvent of DMF and CH,Cl,, initiated by the prima-
ry amino group of MeO-PEG-NH, (M,, = 12,000) to obtain PEG-b-poly
(B-benzyl-L-aspartate) (PEG-b-PBLA) block copolymer. The molecular
weight distribution of PEG-b-PBLA was M,,/M;, = 1.05, which was de-
termined by gel permeation chromatography (GPC) system (HLC-
8220, Tosoh, Japan) equipped with TSK-gel columns (SuperAW3000
and SuperAW4000, Tosoh Bioscience LLC, Tokyo, Japan) and an internal
refractive index (RI) detector at 40 °C. N-methyl-2-pyrrolidone (NMP)
containing LiBr (50 mM) was used as mobile phase and linear PEG stan-
dards were used for calibration. The DP was determined to be 40 by

Fig. 1. Scheme showing the design and synthetic procedures of developing Gd-DTPA doped, PEG-b-PAsp hybrid calcium phosphate nanoparticles (Gd-DTPA/CaP) following a two-step
method of PEG-polyanion controlled preparation in 5 s and hydrothermal treatment at 120 °C for 20 min to enhance the colloidal stability of nanoparticles.
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comparing the proton ratios of methylene units in PEG (-OCH>CH,~:
& = 3.7 ppm) and phenyl groups of PBLA (-CgHs: & = 7.3 ppm) in
TH-NMR measurement (solvent: DMSO-dg, temperature: 80 °C). PEG-
b-PAsp (12 k-40DP) was obtained via removing benzyl groups of PEG-
b-PBLA, which was carried out by mixing with 0.5 N NaOH (5 eq.) at
room temperature and reacted for 1 h, then the block copolymer was
dialyzed against Mili-Q water, and finally collected by lyophilization.
The deprotection was confirmed by 'H-NMR measurement (solvent:
D,0, temperature: 25 °C).

2.3. Fabrication of Gd-DTPA/CaP

Firstly, 0.1 ml of 2.5 M CaCl, was diluted in 1 m! Tris-HCl buffer
(pH 7.6) (solution A). PEG-b-PAsp at the concentration of carboxylic
acid groups of PAsp from 3 mM to 6 mM respectively, and Gd-DTPA
at a concentration of 2 mM were dispersed in 50 mM HEPES saline
buffer (pH 7.1, NaCl 140 mM) containing 6 mM Na,HPO, (solution
B). Equal volume of solution B was quickly added to solution A
with vigorous stirring by a vortex mixer for 5 s. Then, Gd-DTPA/CaP
nanoparticles were treated by hydrothermal synthesis for 20 min
at 120 °C using an autoclave machine under the pressure of 100
kPa. The hydrothermal treated Gd-DTPA/CaP nanoparticles were pu-
rified by dialysis and ultrafiltration (MWCO: 100,000) using 25 mM
HEPES saline buffer (pH 7.4, NaCl 140 mM and 2 mM CaCl,). Gd-
DTPA/CaP nanoparticles without hydrothermal treatment were also
purified as above described as control.

2.4. Characterization of Gd-DTPA/CaP

Size distribution of obtained Gd-DTPA/CaP nanoparticles was
evaluated by dynamic light scattering (DLS) measurement using a
Zetasizer Nano ZS90 (Malvern Instruments, UK). The amount of
Gd-DTPA incorporated in CaP nanoparticles was determined by
ICP-MS (4500 ICP-MS, Hewlett Packard, Delaware, USA). Then, 1 ml
of Gd-DTPA/CaP nanoparticles was lyophilized and the weight was
measured to calculate the loading efficacy. Meanwhile, 1 ml of Gd-
DTPA/CaP nanoparticles was dialyzed (MWCO: 6000-8000) in 5 L of
Mili-Q water and the water was changed for several times. The exis-
tence of nanoparticles was checked by DLS and, 72 h later, the inner so-
lution of dialysis bag was lyophilized and the weight was measured to
calculate the composition of block copolymer. The morphology of Gd-
DTPA/CaP nanoparticles was investigated using TEM (JEM-1400, JEOL,
Tokyo, Japan). The hydroxyapatite crystal line of the obtained product
was characterized by X-ray diffraction (XRD) (PW18v5/20, Philips,
Amsterdam, Netherlands) with Cu-Ko incident radiation. The proton
longitudinal relaxation rate r; of GA-DTPA/CaP and Gd-DTPA was mea-
sured in 10 mM PBS buffer (pH 7.4, NaCl 140 mM) at 37 °C by utilizing
TH-NMR analyzer (JNM-MU25A, JEOL, Tokyo, Japan) at 0.59 T. The lon-
gitudinal relaxation time T; (s) was measured by inversion-recovery
pulse sequence method. The T; (s) values of 0.2, 0.4, 0.6, 0.8 and
1.0 mM Gd-DTPA and Gd-DTPA/CaP were measured and the ry
relaxivity was calculated from the equation of ry = (1/T; — 1/Ty(q))/
[Gd], where [Gd] is the concentration of paramagnetic CAs (mM), 1/
T1(0) (s™1) is the longitudinal relaxation rate contrast in the absence
of a paramagnetic species, and 1/T; (s~ 1) is the longitudinal relaxation
rate contrast in the presence of a paramagnetic species. Moreover, equal
volume of solutions containing 0.1, 0.2, 0.3 and 0.4 mM Gd-DTPA or Gd-
DTPA/CaP in saline buffer were placed in thin-wall PCR tubes, respec-
tively, and then closed with flat caps for MR imaging at 1 T (Aspect,
Aspect Imaging).

2.5. Physicochemical characterization
Gd-DTPA released from Gd-DTPA/CaP was measured by dialysis

of Gd-DTPA/CaP in 10 mM PBS buffer (pH 7.4, NaCl 140 mM) incu-
bated at 37 °C with shaking. One-tenth milliliter of outer solution

was sampled at defined time, and the concentration of Gd-DTPA
was measured by ICP-MS. To study the stability of Gd-DTPA/CaP,
the samples were washed with methanol to remove free Ca®* ions
in the buffer by ultrafiltration, and finally washed with 10 mM PBS
buffer (pH 7.4, NaCl 140 mM). Then, samples were incubated
in physiological environments (10 mM PBS buffer containing
140 mM NaCl, pH 7.4 and 37 °C) and characterized by DLS and stat-
ic light scattering (SLS) using a Photal dynamic laser light scattering
spectrophotometer (Photal DLS-7000, Otsuka Electronics). The &-
potential of Gd-DTPA/CaP nanoparticles was measured in 10 mM
phosphate buffer (pH 7.4) using Zetasizer Nano ZS90.

2.6. Cytotoxicity study

To determine the cytotoxicity of Gd-DTPA/CaP and Gd-DTPA, HUVEC
and C-26 cells were seeded in 96 well plates and incubated respectively.
Twenty-four hours later, the cells were exposed to free Gd-DTPA or Gd-
DTPA/CaP for 72 h, followed by adding Cell Counting Kit-8 solution
(Dojindo Molecular Technologies, Inc., Japan). The cell viability in each
plate was measured using a micro-plate reader (Model 680, Bio-Rad
Laboratories, Inc.,, Hercules, US) at 450 nm.

2.7. In vivo biodistribution assay

Female BALB/c nude mice were inoculated subcutaneously with
100 pl of C-26 tumor cells at a concentration of 1 x 10° cell/ml to pre-
pare subcutaneous tumor models. When the subcutaneous tumor vol-
ume reached 100 mm?® Gd-DTPA/CaP and free Gd-DTPA were
intravenously injected to C-26 tumor-bearing mice at a dose of
0.02 mmol/kg based on Gd-DTPA. Then, tumor and major organs were
harvested at 1, 4, 8 and 24 h. Meanwhile, blood was collected from
the inferior vena cava, heparinized and centrifuged to obtain the plas-
ma. The plasma and all organs were dissolved in 90% HNOs, evaporated
and re-dissolved in 1% HNO3 solution to prepare samples for ICP-MS
measurement. Moreover, equal dose of Gd-DTPA and Gd-DTPA/CaP
was intravenously injected to C-26 subcutaneous tumor-bearing mice.
The tumor tissues were harvested, immediately put into OCT com-
pound, and then frozen in acetone/dry ice mixture. The frozen samples
were further cut to 16-um thickness in a cryostat (CM1950, Leica,
Germany). Next, some sections were fixed and stained with hematoxy-
lin and eosin (H&E) and then samples were observed by using an AX80
microscope (Olympus, Japan). Other tumor tissue sections were
scanned by micro-synchrotron radiation-induced X-ray fluorescence
spectrometry (U-SR-XRF) using beamline 37XU in SPring-8 (Hyogo,
Japan) with 14 keV of energy and an intensity of 1 x 102 photons per
second to determine distributions of Gd, Ca and Fe elements in tumor
sections [51].

2.8. MRI measurements

BALB/c nude mice (female, 6 weeks) were inoculated subcutane-
ously with C-26 cells to prepare tumor models for MRI measure-
ments. In vivo MR imaging of the tumors was conducted witha 1 T
imaging spectrometer (Aspect, Aspect Imaging) until the mean
tumor volume reached 100 mm?. Gd-DTPA/CaP was intravenously
injected to C-26 subcutaneous tumor bearing mice at a dose of
0.05 mmol/kg based on Gd-DTPA for MRI imaging with anesthesia,
while in vivo MRI administrated with Gd-DTPA at a dose of
0.22 mmol/kg was measured as control. For the Tj-weighted
MR imaging of live mice, the following parameters were adopted:
spin-echo method, repetition time (TR) = 400 ms, echo time
(TE) = 11 ms, field of view (FOV) = 48 x 48 mm, matrix
size = 256 x 256, and slice thickness = 2 mm.
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Table 1
Size and distribution of Gd-DTPA/CaP nanoparticles measured by DLS.

Concentration of Z-average Polydispersity

COO™ from PEG-b-PAsp (mM)? diameter (nm) index (PDI)
3 565 + 19 0.59 + 0.04
4 190 + 16 0.26 + 0.03
5 76 + 10 0.14 & 0.02
6 78+6 017 x 0.02

2 The concentration of Gd-DTPA was fixed at 2 mM.

3. Results and discussion
3.1. Fabrication and characterization of Gd-DTPA/CaP nanoparticles

For in vivo applications, homogeneous and small sizes of CaP
nanoparticles are preferred, while a PEGylated surface increases
the biocompatibility of nanoparticles. To achieve this, a simple
two-step method was adopted for preparing Gd-DTPA/CaP nanopar-
ticles. In the first homogenous preparation step, Gd-DTPA/CaP nano-
particles were prepared by mixing Tris-HCl solution containing
250 mM Ca?* and HEPES solution containing 6 mM HPO3 ™, 2 mM
Gd-DTPA and varying concentration of PEG-b-PAsp block copolymer
with vigorous shaking using vortex mixer. Considering stability of
CaP prepared at room temperature was not high [52], we treated
the solution of Gd-DTPA/CaP nanoparticles at 120 °C for 20 min
under a pressure of 100 kPa for hydrothermal treatment to increase
their colloidal stability. Hydrothermal treatment at elevated tempera-
ture and pressure is often used to modulate the properties of inorganic
materials, for instance, to treat hydroxyapatite based biomaterials for
orthopedic applications to increase the crystallinity, thereby improving
the mechanical reliability in wet environments [49,52,53].

As shown in Table 1, increase in the concentration of carboxylic acid
groups of PEG-b-PAsp from 3 mM to 6 mM caused dramatic decrease
in the hydrodynamic diameter of Gd-DTPA/CaP from over 565 nm to
sub-100 nm while reducing polydispersity index (PDI). This trend was
maintained until the nanoparticles reached approximately 76 nm using
5 mM carboxylate solution of PEG-b-PAsp (Fig. 2A). Hydrothermal treat-
ment induces no significant change in the size and PDI of Gd-DTPA/CaP
samples, and there was only a very slight increase in the average size
to 80 nm after purification. Then, freeze-dried sample of Gd-DTPA/CaP
nanoparticles with hydrothermal treatment was analyzed by X-ray dif-
fraction pattern (XRD) measurement, and typical peaks of hydroxylapa-
tite crystal were found (Fig. 2B), demonstrating the existence of
Cay0(P0O4)s(OH), [49,52]. Inside Gd-DTPA/CaP nanoparticles, the organic
parts (block copolymer and Gd-DTPA) composed up to near 30% (weight/
weight) and the content of Gd-DTPA was approximately 2.5% of the
whole weight.

The Gd-DTPA/CaP samples obtained without hydrothermal treat-
ment were not stable even during purification procedures (dialysis
and ultrafiltration). Size evaluation by DLS gave a broad size distribution
and some of those nanoparticles were broken according to TEM image
shown in Fig. 2C. The morphology of Gd-DTPA/CaP nanoparticles with
hydrothermal treatment was also studied by transmission electron mi-
croscopy (TEM), as shown in Fig. 2D. The spherical morphology and
monodispersity of Gd-DTPA/CaP were confirmed from TEM images
(Fig. 2D), and the size was calculated to be nearly 55 nm (Fig. 2E),
which might correspond to the core size of Gd-DTPA/CaP as it is difficult
to stain and detect their PEG layer by TEM. Moreover, no agglomeration
of nanoparticles was observed from all of the TEM images, which may
result from the efficient PEG surface decoration of the organic-inorganic
hybrid structure prohibiting Gd-DTPA/CaP nanoparticles interact with
each other, as we also confirmed that surface &-potential of Gd-DTPA/
CaP was almost neutral (—0.5 mV). Therefore, hydrothermal treatment
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Fig. 2. Characteristics of Gd-DTPA/CaP nanoparticles. (A) DLS-measured z-average diameters of Gd-DTPA/CaP nanoparticles before and after hydrothermal treatment. (B) XRD pattern of
Gd-DTPA/CaP nanoparticles, typical peaks of hydroxyapatite (Ca;o(PO4)s(OH),) were marked. (C) TEM image of purified Gd-DTPA/CaP nanoparticles without hydrothermal treatments.
(D) TEM images of purified Gd-DTPA/CaP nanoparticles with hydrothermal treatments. (E) Number averaged size distribution of Gd-DTPA/CaP nanoparticles calculated from TEM images.
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Fig. 3. In vitro characterization of Gd-DTPA/CaP nanoparticles in physiological conditions
(10 mM PBS buffer, 140 mM NaCl, pH 7.4 and 37 °C). (A) Z-average diameter and PDI
changes of Gd-DTPA/CaP determined by DLS. (B) Relative light scattering intensity chang-
es of Gd-DTPA/CaP. (C) Release profiles of Gd-DTPA/CaP.

dramatically increased the stability of these organic-inorganic hybrid
CaP nanoparticles in aqueous environments.

3.2. Colloidal stability and Gd-DTPA release profile of Gd-DTPA/CaP

To achieve specific and significant MR contrast enhancement at the
tumor site in vivo, nanoparticles should be sufficiently stable during
circulation in the bloodstream, while minimizing the leakage of contrast
agents. Therefore, we evaluated the stability and Gd-DTPA release rate
of Gd-DTPA/CaP nanoparticles under physiological conditions. Firstly,
the stability of Gd-DTPA/CaP was studied by diluting in 10 mM PBS
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Fig. 4. Cytotoxicity results of Gd-DTPA/CaP against (A) C-26 cells and (B) HUVEC after 72 h
incubation.

buffer (140 mM Nadl, pH 7.4) and incubated at 37 °C with continuous
shaking. The Z-average diameter and PDI were determined by DIS,
while the changes on the light scattering intensity were determined
as they reflect the variation in the apparent molecule weight and con-
centration of nanoparticles. Accordingly, the z-average diameter and
PDI of Gd-DTPA/CaP almost did not change at physiological condition
(Fig. 3A). Besides, the relative light scattering intensity of Gd-DTPA/
CaP nanoparticles increased a little in PBS buffer at initial 24 h and final-
ly decreased slowly (Fig. 3B), this may be caused by interactions of Ca®*+
with phosphate in PBS buffer. The DLS and SLS results demonstrated
that hydrothermal treated Gd-DTPA/CaP nanoparticles were stable in
physiological conditions. Moreover, the release profile of Gd-DTPA
from Gd-DTPA/CaP in physiological conditions was obtained by mea-
suring the amount of released Gd-DTPA by ICP-MS after dialysis against
10 mM PBS buffer (pH 7.4, NaCl 140 mM) at 37 °C. Thus, Gd-DTPA was
slowly released from the nanoparticles, and only 5% of the loaded Gd-
DTPA was released in 72 h (Fig. 3C), which was also contributed by
the high stability of hydrothermal treated Gd-DTPA/CaP nanoparticles
in physiological conditions.

3.3. Cytotoxicity of Gd-DTPA/CaP

The potential toxicity of nanoparticles is a dominant factor for their
applications in clinical imaging. Moreover, rapid increase of intracellular
Ca®* over physiological concentration may induce cytotoxicity [32,54].
Therefore, we performed comparative dose-response cytotoxicity stud-
ies of Gd-DTPA/CaP and free Gd-DTPA against HUVEC and C-26 cells.
After 72 h of exposure, no obvious cytotoxicity was found against both
cell lines (Fig. 4). Herein, Gd-DTPA/CaP showed cell viability profiles
similar to clinically approved Gd-DTPA, and the low cytotoxicity of
Gd-DTPA/CaP benefits its further applications.
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Fig. 5. In vivo biodistribution of Gd-DTPA/CaP and Gd-DTPA following tail-vein injection.
(A) Log-linear blood circulation profiles of Gd-DTPA/CaP and Gd-DTPA. (B) Tumor accu-

mulation levels of G-DTPA/CaP and Gd-DTPA. plasma clearance and accumulation in tumors. Thus, we measured the

amounts of Gd-DTPA delivered by Gd-DTPA/CaP in plasma and in sub-

cutaneous C-26 tumors, and then compared the results with those

3.4. In vivo biodistribution of Gd-DTPA/CaP after administration of free Gd-DTPA. Thus, free Gd-DTPA was rapidly
cleared from plasma, and only trace amounts (nearly 0.001% dose/ml)

Bioavailability and targeting ability of Gd-DTPA/CaP are extremely were found in plasma 1 h after intravenous administration (Fig. 5A). Ac-
important for their in vivo applications, and can be reflected from cordingly, Gd-DTPA is a small molecular compound, which could be
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Fig. 6. Micro-distributions of Gd-DTPA/CaP and Gd-DTPA in tumor sections scanned by p-SR-XRF. (A) H&E staining of tumor section and Gd, Fe and Ca elements distributions in tumor slice
4 h post intravenous injection of Gd-DTPA/CaP. (B) H&E staining of tumor section and Gd, Fe and Ca elements distributions in tumor slice 4 h post intravenous injection of Gd-DTPA.
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Fig. 8. In vivo MRI results of C-26 subcutaneous tumor model bearing Balb/c nude mice following tail-vein injection of Gd-DTPA/CaP and Gd-DTPA as contrast agents. (A) Represent MRI
images of C-26 subcutaneous tumor model bearing Balb/c nude mice contrasted by Gd-DTPA/CaP after intravenous injection. (B) Represent MRI images of C-26 subcutaneous tumor model
bearing Balb/c nude mice contrasted by Gd-DTPA after intravenous injection. (C) Tumor to muscle signal ratios calculated from MRI images.

easily excreted from blood circulation, and it has been reported that
only 10% of injected Gd-DTPA remains in blood after 5 min of adminis-
tration in rats [48]. Therefore, high doses or multi-injection of Gd (III)
chelates is usually applied in clinical settings, but this may result in inac-
curacies of diagnosis and potential toxicity [4]. Indeed, free Gd-DTPA did
not accumulate in the tumor tissue (Fig. 5B). For Gd-DTPA/CaP, over 40%
of Gd-DTPA was found in plasma 1 h after administration, and approx-
imately 20% remained even 8 h later (Fig. 5A), indicating that the blood
circulation time of Gd-DTPA was remarkably extended by loading in CaP
nanoparticles, Gd-DTPA/CaP gradually accumulated in tumor positions
after intravenous injection, to reach nearly 4% of the injected dose per
gram tissue after 4 h (Fig. 5B). The accumulation profile may be contrib-
uted by the EPR effect observed for macromolecular drug carriers [24].

The extravasation and penetration of nanoparticles in tumors tis-
sues critically affect their contrast enhancing ability, as they will

determine the distribution and duration of the MR signal improve-
ments [55]. Thus, we studied the micro-distribution of Gd-DTPA/
CaP in the tumors by using micro-synchrotron radiation-induced
X-ray fluorescence spectrometry (p-SR-XRF). p-SR-XRF is applied to
analyze the element distribution of Gd and Ca from Gd-DTPA/CaP
in tumor slices [51]. Moreover, Fe atoms from hemeproteins were
detected to infer the presence of blood vessels. Accordingly, u-SR-
XRF was used to detect tumor slices harvested 4 h after administra-
tion of Gd-DTPA/CaP or free Gd-DTPA. As shown in Fig. 6, higher
intensity of Ca and Gd was found in tumor slices administrated
with Gd-DTPA/CaP than control Gd-DTPA, revealing the enhanced
accumulation of Gd-DTPA/CaP. Moreover, the presence of the Gd
and Ca atoms for Gd-DTPA/CaP was homogeneous and distant from
the Fe-rich areas of blood vessels, suggesting deep tumor penetra-
tion of the Gd-DTPA/CaP nanoparticles.
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3.5. MRI contrast enhancing ability of Gd-DTPA/CaP

For MRI probes, molecular relaxivity is an important parameter,
which determines the contrast ability of a paramagnetic compound, as
higher molecular relaxivity (r;) contributes to higher signal enhance-
ment. To evaluate the molecular relaxivity of Gd-DTPA loaded Gd-
DTPA/CaP, we used a 0.59 T pulse-NMR. Thus, r; value of Gd-DTPA in
Gd-DTPA/CaP increased nearly 6 times from 3.48 mM~" s™? of free
Gd-DTPA to 22.19 mM~' s~ ! (Fig. 7A). The relaxivity of Gd*>* ions
from GdCl; in aqueous solution was 10.61 mM~!s™!, which is
lower than Gd-DTPA/CaP. Meanwhile, the r; of Gd-DTPA released
from Gd-DTPA/CaP by dialysis of Gd-DTPA/CaP in Mili-Q water was
3.34 mM~! s (Fig. S1), which is similar to that of Gd-DTPA, suggest-
ing there was no free Gd*>* ion in Gd-DTPA/CaP nanoparticles. In
addition, 1 T MRI results confirmed that Gd-DTPA/CaP has higher con-
trast ability than Gd-DTPA, as the images of Gd-DTPA/CaP were much
whiter than free Gd-DTPA at the same concentration (Fig. 7B). The high
molecular relaxivity of Gd-DTPA/CaP may result from both the additive
effect of all of the Gd** paramagnetic centers and the reduction of molec-
ular tumbling rates, which increases the ry value of each Gd-chelate in the
confined space of CaP [17-19,21,26].

Finally, Gd-DTPA/CaP and Gd-DTPA were used to enhance the MR
contrast of C-26 subcutaneous tumors in vivo (Fig. 8A and B). After in-
travenous injection of Gd-DTPA/CaP, the contrast of the tumor position
was gradually enhanced, reaching more than 40% increase in the signal
ratio of the tumor to the muscle at 4 h-post administration (Fig. 8C).
The higher contrast of tumor positions by Gd-DTPA/CaP might result
from both the promoted accumulation of Gd-DTPA and the increased
molecular relaxivity of Gd-DTPA inside Gd-DTPA/CaP. By incorporation
of Gd-DTPA inside sub-100 nm CaP nanoparticles, higher amounts of
contrast agent were selectively delivered to tumor positions by EPR ef-
fect (Fig. 5), increasing the contrast with the surrounding tissues. Mean~
while, as Gd-DTPA/CaP exhibited higher molecular relaxivity than free
Gd-DTPA, the contrast in tumor positions was enhanced more efficient-
ly than the conventional contrast agent. Thus, no signal enhancement
was observed for free Gd-DTPA even administrated with 4 times higher
dose than that of Gd-DTPA/CaP. These results demonstrated that MRI
contrast enhancing ability of Gd-DTPA was greatly improved by incor-
poration into CaP nanoparticles.

4. Conclusion

In this study, Gd-DTPA/CaP nanoparticles with unique colloidal stabil-
ity, biodegradation and magnetic properties were synthesized by follow-
ing a facile two-step preparation approach, and used for MRI contrast
enhancement of solid tumors. Thus, as all of the components are non-
toxic and biocompatible materials, Gd-DTPA/CaP is expected to become
an important candidate for diagnosis of malignant tumors. More-
over, the two-step preparation method of Gd-DTPA/CaP represents
a facile and promising strategy for incorporating bioactive molecules
in CaP nanoparticles for the construction of safe and efficient drug
carriers for biomedical applications. The hydrothermal treatment
procedure significantly enhanced the colloidal stability of CaP nano-
particles and the relaxivity of Gd-DTPA was enhanced after loading
in the CaP matrix. This strategy may be utilized to develop other
CaP-based drug delivery systems, and further applied for developing
other inorganic-materials based nanocarriers.
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Introduction

Dual or multi-probe molecules, which are composed of
combinations of two or more functional molecules, are attrac-
tive for use as tools for noninvasive diagnosis and therapy.**
Such dual and multi-probes improve the reliability and safety of
the diagnoses as they mutually complement one another.
Although many dual or multi-probes have been reported,
most of these probes have been designed by bonding two
different probe molecules directly or indirectly with the aid of a
linker molecule.*® For the linkage of two different probe
molecules, the probe molecules must have appropriate func-
tional groups for linkages and must also retain their func-
tionality after being linked. Nanoparticles are promising
materials for dual or multi-probe preparation because in
addition to bonding, encapsulation and adsorption they are
available for the immobilization of probe molecules to the
nanoparticles.” In general, small nanoparticles show low
potential toxicity risk, because they are rapidly excreted
through the urine and they are suitable for clinical applica-
tions. However, the sensitivity of them is low, because of their
small volume. For this reason, large nanoparticles that are
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toxicity to mice was negligible. It was expect that these PEG-based soft nanoparticles will be applicable
for use as a safe diagnostic agent.

excreted through the urine are ideal materials in terms of safety
and detection.

We have developed a method for preparing polyethylene
glycol (PEG)-based nanoparticles that contain various kinds of
probe molecules, as reported previously.*>** The nanoparticles
were prepared from monomer molecules that consisted of four
long PEG chains with acryloyl groups at each chain end. Simply
adding the probe molecules to a solution of the monomers
resulted in the formation of uniformly sized nanoparticles that
encapsulated the probe molecules. Because the encapsulated
molecules are physically trapped by the mesh structure of the
nanoparticles and because no chemical bonding between
the molecules and PEG is required for encapsulation,*'® we
concluded that there are no limitations to the types of mole-
cules that can be encapsulated using this technique. Only two
acryloyl groups were required to form a mesh structure for
physical encapsulation of molecules within the nanoparticles,
and thus we expected that the one of the two remaining acryloyl
groups on each monomer could be used for chemical reactions
with the probe molecules. To test this hypothesis, we encap-
sulated probe molecules in the PEG-based nanoparticles, by
chemical means, in addition to the physical encapsulation. We
speculated that if we encapsulated two different probes using
two different (ie., chemical and physical) methods simulta-
neously, a dual probe could be prepared without limitation of
the encapsulated molecules. In this study, we prepared three
different dual probe nanoparticles containing physically and
chemically encapsulated probe molecules. The physical prop-
erties of these nanoparticles were examined, and the nano-
particles were used for animal experiments to examine their
pharmacokinetics and toxicity.

This journal is © The Royal Society of Chemistry 2013
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Experimental section
Materials

Tetra-poly{ethyl glycol}-amine (SUNBRIGHT PTE-050PA; M,,
5328 g mol~?) was purchased from NOF Corporation (Tokyo,
Japan). N,N,N’,N-Tetramethylethylenediamine (TEMED), tri-
ethylamine (TEA), acryloyl chloride (AC), dichloromethane
(DCM), ammonium persulfate (APS), tris(hydroxymethyl) ami-
nomethane (Tris), hydrochloric acid, methanol, diethyl ether,
acetic acid, magnesium sulfate, fluorescein (Flu), and 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl}-4-methylmorpholinium chloride n-
hydrate (DMIT-MM) were purchased from Wako Pure Chemical
Industries (Osaka, Japan). Dextran with a weight-averaged
molecular weight of 40 000 (Dex), diethylenetriaminepenta-
acetic acid (DTPA) anhydride, manganese chloride, ferritin type
1 from horse spleen, and fluorescein isothiocyanate-dextran,
molecular weight of 40000 (Dex-Flu) was purchased from
Sigma-Aldrieh (St. Louis, MO). Alexa Fluor 647 carboxylic acid,
succinimidyl ester was purchased from Invitrogen Corporation
(Carlsbad, CA). Dimethyl sulfoxide (DMSO), 2-morpholineoe-
thanesulfonic acid and 4-dimethylaminopyridine (DMAP) were
obtained from Nacalai Tesque. Inc. (Kyoto, Japan). 2-Hydrox-
yethyl acrylate (AC-OH) was purchased from Tokyo Chemical
Industry Co., LTD. (Tokyo, Japan). Water was purified with a
Milli-Q apparatus (Millipore, Bedford, MA).

Preparation of Dex-Mn

DTPA anhydride (920 umol) and DMAP (130 pmol) were added
to 10 mL of dehydrated dimethyl sulfoxide containing 100 mg
(1.9 mmol of hydroxyl (OH) groups) of dextran. The reaction
solution was agitated at room temperature for 18 h to introduce
DTPA residues to the OH of dextran, followed by dialysis against
double distilled water for 2 days and freeze-drying to obtain
DTPA-introduced dextran (Dex-DTPA). The extent of DTPA
residues introduced to dextran OH groups was measured by
conventional conductometric titration and calculated to be
10.2%. To 1 mL of Dex-DTPA solution (10 mg mL™", 19 pmol
DTPA), 0.2 mL of manganese chioride solution (94 mg mL ™",
95 umol) was added in 0.1 M 2-morpholineoethanesulfate
(MES)-buffered solution (pH 6.0). The mixtures were agitated at
room temperature for 3 h to chelate Mn®" to the DTPA residues.
The reaction solution was purified by a PD-10 column (GE
healthcare UK Ltd., Buckinghamshire, UK) with water and
freeze-drying to obtain Mn**-chelated Dex-DTPA (Dex-Mn). The
extent of Mn** chelated to DTPA residues was measured by
atomic absorption spectrophotometer (AA-6800, Shimadzu
Corp., Kyoto, Japan) and calculated to be 75%.

Preparation of short wave fluorescence linker (PEG-Flu-3AC)

Tetra-poly(ethyl glycol)-amine (2) (120 pmol) and Flu (1)
(120 pmol) were dissolved in methanol and stirred until all
reactants were dissolved in a lightproof vial. After that, DMT-
MM (300 pmol) was added to start the synthesis without stir-
ring. The reaction was done at room temperature for 3 h. The
product was precipitated in diethyl ether on ice and filtered.
The collected substance was washed with diethyl ether and
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dissolved in water. The aqueous solution was evaporated, dia-
lyzed (SpectraPor6, CO 1000 g mol %) and freeze-dried to yield a
fluorescent product (PEG-Flu-3NH (3)). PEG-Flu-3NH (18 pmol)
was dissolved in dry DCM and stirred in a lightproof vial purged
with N, gas. TEA (71 pmol) and excess amount of AC (177 pmol)
were added dropwise on ice and stirred 3 h. After the reaction,
the product was resolved in methanol, precipitated in diethyl
ether on ice and filtered. The collected substance was washed
with diethyl ether and dissolved in water. The aqueous solution
was evaporated, dialyzed (SpectraPor6, CO 1000 g mol™*) and
freeze-dried to yield a fluorescent product (PEG-Flu-3AC (4))
(Scheme 1).

Preparation of the long wave fluorescence linker (Alexa-AC)

An excess amount of AC-OH (5) (666 pmol) and DMAP (66 pmol)
were dissolved in DCM and stirred in a lightproof vial purged
with N, gas. Then, Alexa Fluor 647 carboxylic acid (6), succini-
midyl ester (1 pmol) in DMSO was added dropwise, and the
mixture was stirred for 32 h at room temperature. After the
reaction, the product was neutralized by adding diluted acetic
acid. This reaction mixture was extracted with DCM, dried over
magnesium sulfate, and evaporated to yield an oily product. The
product was purified by silica gel open column chromatography
and obtained Alexa-AC (7) (Scheme 1).

Preparation of the nanoparticles

PEG-4AC was prepared as described in our previous report.*
Then we mixed the solution of 100 pL of 200 mg mL ™" PEG-4AC,
100 pL of 100 mg mL ™" fluorescent linker (Alexa-AC or PEG-Flu-
3AC), 50 uL of 2 mg mL " physically encapsulated molecule
(ferritin or trypsin or Dex-Flu or Dex-Mn), 25 pL of 0.1 M APS,
and 25 pL of 0.1 M TEMED in 1 M Tris/HCI buffer in that order
and then stirring the mixture for 20 min. After the reaction, the
mixture was filtrated by Vivaspin 6-300 K (Sartorius, Germany)
at 4000 rpm for 15 min at 4 °C.

Stability analysis of the dispersed nanoparticles

The nanoparticles were dispersed in the mice serum and stored
at 37 °C for 12 h. Then the dispersed solution was filtrate by
Vivaspin 6-300 K. Then supernatant and filtrate fractions were
analyzed by means of dynamic light scattering (DLS) machine
(Delsa™ Nano, Beckman Coulter, USA).

TEM observation

Transmission electron microscopy (TEM) images were obtained
with an H-7000 electron microscope (Hitachi, Tokyo, Japan)
operating at 75 kV. Copper grids (400 mesh) were coated first
with a thin film of collodion and then with carbon. The nano-
particle dispersion (1 pL) was placed on the coated copper grids.
The stained surface was dried at room temperature before
observation.

AFM analysis

Atomic force microscopy (AFM) measurements were conducted
by using NanoWizard II (JPK Instrument, Berlin, Germany) at
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Scheme 1 Preparation procedures for the fluorescence labeled monomers.
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room temperature. Images of nanoparticles were obtained in
tapping mode using a commercial micro cantilever with a
spring constant of 150 N m™" (Olympus Corporation, Tokyo,
Japan). AFM images were processed with JPK SPM image pro-
cessing v.3 software.

In vivo animal study

Female BALB/c nude mice (Japan SLC, Shizuoka, Japan) used
for in vivo experiments were maintained in accordance with the
guidelines of the National Institute of Radiological Sciences
(NIRS), and all experiments were reviewed and approved by the
institute’s committee for care and use of laboratory animals.
Colon 26 murine cancer cells (RIKEN BioResource Center,
Tsukuba, Japan) were cultured in Dulbecco's modified Eagle's
medium (D5796, Sigma-Aldrich, St Louis, MO) supplemented
with 10% fetal bovine serum, and incubated in a humidified
atmosphere of 5% CO, in air at 37 °C. After suspension in
phosphate-buffered saline, the cells were subcutaneously inoc-
ulated (1.0 x 10° cells/50 pL) into the left flank of the mice.
When the tumor mass grew to 5-7 mm in average diameter
about 10 days after inoculation, the tumor-bearing mice were
used for the following in vivo experiments.
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In vivo MR imaging of the nanoparticles

Magnetic resonance imaging (MRI) measurements were per-
formed on a 7.0 Tesla horizontal magnet (Kobelco and Jastec,
Tokyo, Japan) interfaced to a Bruker Avance I console (Bruker
BioSpin, Etlingen, Germany) and controlled with ParaVision
4.0.1 (Bruker BioSpin).

The animal (BALB/c mice) were anesthetized using iso-
flurane 2.0% and held in a body cradle (Rapid Biomedical,
Rimpar, Germany) in the prone position. Rectal temperature
was continuously monitored and automatically controlled at
36.5 & 0.5 °C using a nonmagnetic temperature probe (FOT-M
and FTI-10, FISO Technology, Olching, Germany) and an elec-
tric temperature controller (E5CN, Omron, Kyoto, Japan) during
measurements.

The tail vein was catheterized using a polyethylene tube (PE-
10, Becton-Dickinson, Franklin Lakes, NJ) for nanoparticle
injection. The mouse was then placed in a proton volume
radiofrequency coil (35 mm inner-diameter, Bruker BioSpin) for
transmission and reception previously warmed using a body
temperature controller (Rapid Biomedical). The resonator units,
including the mouse, were placed in the center of the magnet
bore. Nanoparticle containing dextran-Mn was intravenously
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