Journal of Controlled Release 174 (2014) 63-71

Hydrothermally synthesized PEGylated calcium phosphate nanoparticles
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Accepted 28 October 2013

(1l1) (GA-DTPA) for noninvasive diagnosis of solid tumors. A two-step preparation method was applied to elabo-
rate hybrid nanoparticles with a z-average hydrodynamic diameter about 80 nm, neutral surface §£-potential and
high colloidal stability in physiological environments by self-assembly of poly(ethylene glycol)-b-poly(aspartic
acid) block copolymer, Gd-DTPA, and CaP in aqueous solution, followed with hydrothermal treatment. Incorpo-
Block copolymer ration into the hybrid nanoparticles allowed Gd-DTPA to show significant enhanced retention ratio in blood
Hydrothermal synthesis circulation, leading to high accumulation in tumor positions due to enhanced permeability and retention (EPR)
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
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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 (IIl) based T contrast agents are usu-
ally used for MRI 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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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

p-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,-:
6 = 3.7 ppm) and phenyl groups of PBLA (-CgHs: 6 = 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:
D0, temperature: 25 °C).

2.3. Fabrication of Gd-DTPA/CaP

Firstly, 0.1 ml of 2.5 M CaCl, was diluted in 1 ml 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 ry of Gd-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 r; = (1/Ty — 1/Ty0))/
[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 Na(l, 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% HNOs 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-pum 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 (W-SR-XRF) using beamline 37XU in SPring-8 (Hyogo,
Japan) with 14 keV of energy and an intensity of 1 x 10'? 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 1T
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 T{-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 0.17 &+ 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
Cayo(P04)s(0OH); [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)2) 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 nanoparticies 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 DLS,
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.



68 P. Mi et al. / Journal of Controlled Release 174 (2014) 63-71

>

100 -

10 A

107 4
B-Gd-DTPA/CaP
-4-Gd-DTPA

102

Gd conc. (% dose / ml)

10-3 -
107
10°% — o

1] ¥
0 4 8 12 16 20 24
Time (hour)

B-Gd-DTPA/CaP

Gd conc. (% dose /g tumor) W

2 -
-A-Gd-DTPA
1 -
0 T T T A_"
] 4 8 12 16 20 24
Time (hour)

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 Gd-DTPA/CaP and Gd-DTPA.

3.4. In vivo biodistribution of Gd-DTPA/CaP

Bioavailability and targeting ability of Gd-DTPA/CaP are extremely
important for their in vivo applications, and can be reflected from
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Fig. 7. MR enhancement effects of Gd-DTPA/CaP and Gd-DTPA. (A) T, relaxivity coeffi-
cients of Gd-DTPA/CaP and Gd-DTPA characterized by 'H-NMR analyzer at 0.59 T. (B) T
weight MR images of Gd-DTPA/CaP and free Gd-DTPA solutions at 1 T MRI.

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
after administration of free Gd-DTPA. Thus, free Gd-DTPA was rapidly
cleared from plasma, and only trace amounts (nearly 0.001% dose/ml)
were found in plasma 1 h after intravenous administration (Fig. 5A). Ac-
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 (1iI)
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 (u-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, p-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
334 mM~ 7 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 r; 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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We developed a simple method to prepare PEG-based soft nanoparticles that encapsulate dual imaging
probes. Because the probes could be encapsulated by either chemical or physical means, a variety of
probe molecules were encapsulated within the nanoparticles simultaneously. The nanoparticles were
administrated to mice and the pharmacokinetics of the nanoparticles was analyzed by means of MRI,
fluorescence spectroscopy, and transmission electron microscopy. The soft nanoparticles were excreted
by the mice rapidly through the urine without collapse of the nanoparticles and without leaking of
the probe molecules, and no accumulation of the nanoparticles in the body was observed. The
pharmacokinetics of the nanoparticles was not changed by the encapsulated molecules and acute
toxicity to mice was negligible. It was expect that these PEG-based soft nanoparticles will be applicable
for use as a safe diagnostic agent.

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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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 (i.e., 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 journai 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 (DMT-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
I from horse spleen, and fluorescein isothiocyanate-dextran,
molecular weight of 40 000 (Dex-Flu) was purchased from
Sigma-Aldrich (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 pmol) 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 chloride solution (94 mg mL™?,

95 pmol) 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 umol) 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 pL 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

J. Mater. Chem. B, 2013, 1, 4932-4938 | 4933
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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.

4934 | J. Mater. Chem. B, 2013, 1, 4932-4938

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

This journal is © The Royal Society of Chemistry 2013
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injected to the mice through the polyethylene tubing line. The
pharmacokinetics of the nanoparticles was repeatedly moni-
tored by MRI measurements for 5 hours.

Two dimensional Ti-weighted multi-slice spin echo MRI
with fat suppression was performed with the following param-
eters: TR = 476 ms, TE = 9.57 ms, matrix size = 256 X 256,
FOV = 3.2 x 3.2 mm?, slice thickness (ST) = 1.0 mm, scan time
8 min 8 s, and number of acquisitions (NA) = 4. Slice orienta-
tion was horizontal (eight slices, gap 1 mm).

In vivo fluorescence imaging of nanoparticles

Invivo fluorescence imaging was performed before or 15, 30, 90,
and 180 min after intravenous injection (100 pL) of Alexa 647-
nanoparticle to the mice. Images were acquired using a fluo-
rescent imager (Maestro EX, PerkinElmer) with the following
parameters: excitation filter = 576-621 nm; emission filter =
635 nm longpass; acquisition setting = 630-800 nm in 10 nm
steps; acquisition time = 100 ms; and FOV = 12.0 x 12.0 cm?.
Prior to and during the MRI scan, all mice were anaesthetized
through a facemask with 2.0% isoflurane (Mylan Japan, Tokyo,
Japan). The mice were put in a clean cage during the optical
imaging and the urine was collected from the cage at the cor-
responding time. The mice were sacrificed after the 180 min-
scanning and the main organs were collected, followed by
measurement of their fluorescence by Maestro EX. After
acquisition, unmixed fluorescence information was extracted
from the fluorescence spectrum using the Maestro software
package (PerkinElmer).

Results and discussion
Effect of encapsulated molecules on nanoparticle formation

First we prepared three types of nanoparticles containing dual
probes: (1) nanoparticles with Alexa 647 and ferritin encapsu-
lated chemically and physically, respectively; (2) nanoparticles
with Flu and Dex-Mn encapsulated chemically and physically,
respectively; and (3) nanoparticles with Flu and trypsin encap-
sulated chemically and physically, respectively. Fig. 1a shows
the results of DLS diameter measurements of the three types of
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Fig. 1 (a) DLS measurements of the three types of nanoparticles prepared in this
study, (b) TEM image of a nanoparticle containing ferritin, scale bar = 200 nm (c)
AFM phase contrast image of the nanoparticles, scale bar = 1000 nm (d) cross-
sectional topological profile obtained from image (c), and (e) schematic images of
a nanoparticle dispersed in solution and of a nanoparticle affixed to a plate.
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nanoparticles. Although the size distributions of these nano-
particles were different, the average diameters of these nano-
particles were all in the range of 150-300 nm. Since the
encapsulation of the various probe molecules did not appear to
substantially affect nanoparticle diameter, we concluded that
our method could be used to prepare ~200 nm nanoparticles
containing various compounds.

The diameter and shape of nanoparticles containing ferritin
were examined by means of TEM and AFM (Fig. 1b and c).
Interestingly, all the nanoparticles were observed to be round,
with sizes in the range of 600-800 nm, which was 3 to 4 times
the diameter measured by DLS (Fig. 1a). Three dimensional
detailed AFM measurement showed the height of the nano-
particle was only 15-20 nm (Fig. 1d). This large difference in
measured diameter probably occurred due to the different
states of the nanoparticles required by these measurement
techniques: the PEG-based nanoparticles were dispersed in
water for DLS measurements, but were dried and affixed to a
plate for TEM and AFM measurements. Because the nano-
particles were very soft and flexible, we expected that their shape
likely would have changed during the drying pretreatment for
TEM and AFM analysis. As shown in Fig. 1e, the volume of a
spherical particle of 200 nm diameter, which was the diameter
estimated by DLS analysis, is similar to the volume of a dried,
flattened particle with a diameter of 600 nm and height of
15 nm, as estimated by TEM and AFM analysis. We determined
that the black spots observed in the TEM image of the nano-
particles (Fig. 1b) corresponded to encapsulated ferritin; TEM
images of particles that did not contain ferritin did not contain
such black spots. The existence of the iron contained in ferritin
was also confirmed by ICP-AES analysis (ESI, Fig. 1t). The image
indicated that the encapsulated ferritin existed not only on the
surface of the nanoparticles but also inside the nanoparticles.

Next, the stability of the nanoparticles was examined. Fig. 2a
shows DLS measurements of a disperse solution of nano-
particles-encapsulated trypsin acquired just after preparation
and the next day. The nanoparticles’ diameter remained largely
unchanged for 2 days of refrigerated storage in solution. This
result indicates that the nanoparticles were stable under these
storage conditions, and that they did not aggregate or collapse.
Next, the stability of the probe molecules was examined by
filtering solutions of two different types of nanoparticles, one
with Flu chemically encapsulated and another with Dex-Flu
physically encapsulated, and separately measuring the fluores-
cence intensity of the nanoparticle fraction and filtrate. We
presumed that if the encapsulated Flu or Dex-Flu was leaked
from the nanoparticles, the fluorescence signal of the filtrate
would increase. Fluorescence intensities of the filtrate and
nanoparticle fractions were measured after shaking for 12 h at
37 °C in mice serum. Although about 80% fluorescence signal
was detected from the nanoparticle fraction, only a small signal
was detected from the filtrates of both nanoparticle samples
(Fig. 2b). The signals of the filtrate fraction of the chemically
encapsulated nanoparticles were smaller than those of the
physically encapsulated nanoparticles, presumably because the
cleavage of the chemical bond to leak Flu into the filtrate was
more difficult to achieve than the physical leak of Dex-Flu from
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Fig. 2 (a) DLS measurements of a disperse solution of nanoparticles-encapsu-
lated trypsin just after preparation and the next day, and (b) fluorescence analysis
of nanoparticles modified either chemically (Flu, red bar) or physically (Dex-Flu,
blue bar) with probe molecules after filtration.

its nanoparticles. The fluorescence intensity of the filtrate
fractions was very small: the amounts of leaked Flu and Dex-Flu
was negligible. These results indicate that both the nano-
particles and their encapsulated probe molecules were stable
enough for further experiments.

Administration of nanoparticle-encapsulated Alexa 647
(chemically) and ferritin (physically) to mice

We used nanoparticles encapsulated with Alexa 647 and ferritin
to study the nanoparticles’ pharmacokinetics when adminis-
tered to mice. Alexa 647, a fluorescent molecule with long
excitation and emission wavelengths, is useful for monitoring
the dynamics of nanoparticles within living mice. Because
ferritin is an iron-storage protein that can be observed by TEM
(Fig. 1b). It is a useful probe molecule for examining changes in
the nanoparticles’ shape upon excretion from the mice. The
nanoparticles were administered via the mouse's coccygeal (tail)
vein. The acute toxicity of the nanoparticles was negligible
because no substantial changes in the blood pressure or
heartbeat of the mice was observed after tail vein injection.
Although a strong fluorescence signal was detected in the
bladder within 15 min of administration, no fluorescence signal
was detected in other internal organs regardless of time, up to
180 min post-administration (Fig. 3a). The signal detected in
the bladder increased with time, but disappeared after the
mouse urinated (180 min). The collected urine was observed by
TEM to observe excreted nanoparticles and ferritin (Fig. 3b).
The shapes of the nanoparticles and the ferritin were similar to
those observed in Fig. 1b. The distribution of ferritin within
the nanoparticles (black dots in Fig. 3b) was similar to that
observed prior to administration, as well. Therefore, we
concluded that the nanoparticles had been excreted in the urine
predominantly without changing form and without being
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Fig. 3 (a) Fluorescence images of a mouse before and after administration of
nanoparticles containing encapsulated ferritin and Alexa 647, and after urination,
and (b) TEM image of a nanoparticle in mouse urine. Scale bar = 200 nm.

otherwise disturbed. In addition to containing clearly observ-
able ferritin, the mouse urine also exhibited a fluorescence
signal, demonstrating that both probes (ferritin and Alexa 647)
remained within the nanoparticles when they were excreted. In
general, nanoparticles less than 10 nm were excreted from
urine,"”*® however, nanoparticles with diameters greater than
10 nm are difficult to excrete in urine because the pore size of
the kidney glomerulus is too small for penetration of these
larger nanoparticles.” However, our results indicated that the
200 nm nanoparticles were excreted in urine; a similar
phenomenon has been reported by He?® and Lu,* who observed
the excretion of 100 nm nanoparticles through mice urine. We
hypothesized that the nanoparticles could change their shape to
penetrate the kidney glomerulus, because the nanoparticles
were very soft and flexible, as indicated by AFM images (Fig. 1c
and d). More-detailed studies are needed to clarify the exact
mechanism of excretion of the nanoparticles.

Administration of nanoparticle-encapsulated Flu (chemically)
and Mn**-chelated compound (physically) to mice

Next, nanoparticles containing physically encapsulated Mn>*-
chelated compound and chemically encapsulated Flu were
administrated to mice and were observed by means of MRI. MRI
is a valuable diagnostic method for the observation of organs in
living animals and humans,?»* and Mn®" has recently received
attention as an alternative MRI probe**** because gadolinium
(Gd*"), the current standard MRI contrast agent, has been
associated with nephrogenic systemic fibrosis.?® On the other
hand, low concentration of Mn** is considered as non toxic,
because Mn®>" is an endogenous compound. To prevent leakage
of Mn®* from the nanoparticles, Mn** was chelated to dextran-
modified diethylene triamine pentaacetic acid before being
encapsulated in the nanoparticles.

An MRI signal (image contrast) was detected in the mouse
bladder 15 min after administration (Fig. 4a, top row), and the
signal increased with increasing time up to 5 h. MRI signals
were also detected in the liver and kidney after administration
(Fig. 4a, bottom rows). These results indicate that nanoparticles
containing Mn>* served as an effective positive MRI contrast
agent, which is preferable for the detection of small changes
that are caused by disease. For the liver and kidney, the MRI
signals increased rapidly after administration and reached
maximum intensities at 15 min after administration. Then, the
signal started to decrease (Fig. 4b). The nanoparticles were
eliminated from liver more rapidly than they were eliminated

This journal is © The Reyal Society of Chemistry 2013
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Fig. 5 Fluorescence images of urine collected from a mouse at different times
before and after the administration of nanoparticles containing encapsulated
Mn?* and Flu.

from the kidneys. No obvious MRI signal enhancement was
detected from other internal organs, including cancer tissue.
Although the fluorescence signal of Flu is hard to penetrate
through the skin, the signal at ex vivo observation is more
sensitive than an MRI signal. We therefore expected to see a
small amount of nanoparticle accumulation in tissues or organs
using ex vivo fluorescence analysis, after the in vivo study. The
fluorescence signals of the internal organs and tissues of the
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mouse were analyzed 3 h after administration (Fig. 4c). Very
strong fluorescence was observed in the bladder, and also a
slight signal was observed in the liver and kidney; however, no
signal enhancement was observed in the other organs such as
cancer tissue, lungs, and spleen. This distribution of fluores-
cence signals corresponded with that observed for MRI signals
in the same mouse, indicating that the two probes (Mn** and
Flu) remained encapsulated within the nanoparticles and
moved with the nanoparticles. Generally MRI is not highly
sensitive for specific contrast agents (~pM), though it can be
used to observe tissues deep within the body. On the other
hand, fluorescence is highly sensitive ex vivo but cannot be used
to observe tissues deep within the body. The combination of
these two imaging techniques therefore can offer synergistic
advantages over either modality used alone, and enables us to
analyze the pharmacokinetics of nanoparticle distribution and
excretion from the body in greater detail.

Strong fluorescence was detected from the urine that was
collected from the mouse immediately after administration of
the nanoparticles containing encapsulated Mn** and Flu
(Fig. 5). This rapid excretion of nanoparticles in the urine was
similar to the results observed for the nanoparticles containing
ferritin and Alexa 647. (Fig. 3) Because both types of dual probes
were excreted from the mice in a similar manner, we concluded
that the composition of the encapsulated molecules did not
affect the nanoparticles' distribution in, or rate of excretion
from, the mouse’s body. For this reason, we expect that a variety
of probe molecules could be encapsulated within the soft PEG
nanoparticles for use in animal experiments.

The nanoparticles were distributed mainly to the organs
(bladder, kidney, and liver) that function to excrete dispensable
or toxic compounds. Then, these nanoparticles were excreted
quickly through the urine, along with the encapsulated probe
molecules. Since the nanoparticles were excreted rapidly, the
risk from compound where safety is a concern, like Gd*", will be
reduced by encapsulation within the nanoparticles. In this
report, we used non-targeting nanoparticles. It is expected that
if active targeting of the nanoparticles to disease organs or
tissues is achieved by the surface modification of the nano-
particle with targeting molecules (antibody, folate and so on) or
changes to the nanoparticles size, the nanoparticles can be used
as a theranostic tool.

Conclusions

In this study we developed a method to prepare soft PEG-based

nanoparticles containing different probe molecules. The
advantages of the nanoparticles were that (1) various probe
molecules could be physically or chemically encapsulated
within the nanoparticles, (2) different probe molecules were
encapsulated within the nanoparticles simultaneously, (3) the
nanoparticles could be detected in mice using various analytical
techniques, depending on the type of probe molecules encap-
sulated, and (4) the soft nanoparticles were rapidly excreted
through the urine, with low accumulation in the body. For these
reasons, we concluded that these nanoparticles containing dual
probes are promising for the reliable analysis of living animals.
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concentration due to CCD using laser-Doppler flowmetry (LDF) in awake mice. The ratio
of the CCD side to the unaffected side in the cerebellum for CbBF 1 day after MCAO was
decreased by —18% compared to baseline (before CCD). The ratio of the CCD side to the
unaffected side for RBC concentration 1 day after MCAO was decreased by —23% compared
to baseline. However, no significant changes in the ratio of the CCD side to the unaffected
side were observed for RBC velocity. The present results indicate that the reduction of CbBF
induced by neural deactivation was mainly caused by the decrease in RBC concentration.
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with human PET studies.
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1. Introduction

Positron emission tomography (PET) studies of the hemody-
namics of crossed cerebellar diaschisis (CCD), which is caused
by contralateral supratentorial lesions, have shown reduc-
tions in cerebral blood flow (CBF) and cerebral metabolic rate
of oxygen (CMRO,) in human (Lenzi et al., 1982; Martin and
Raichle, 1983; Pantano et al., 1986; Yamauchi et al., 1992a,
1992b, 1999z, 1999b; Ito et al., 2002). CCD can be considered as
neural deactivation (Ito et al., 2002), which is a reduction of
neural activity as compared to the baseline level (sponta-
neous neural activity). In our previous study, we reported that
hemodynamic changes in CCD measured with PET in
humans showed almost the same degree of decrease in
cerebral blood volume (CBV) and CBF (Ito et al,, 2002). Animal
studies, for which invasive procedures can be applied, can
also be useful for investigating the mechanism of CCD
resulting from neuronal deactivation. An anesthetized rodent
model study reported the reduction of cerebellar blood flow
(CbBF) associated with attenuation of spontaneous neural
spiking activity, which was caused by middle cerebral artery
occlusion (MCAO) and common carotid artery (CCA) occlusion
(Gold and Lauritzen, 2002).

Recently, many investigators reported that anesthesia
significantly affects the physiological states including the
regulation of cerebral circulation throughout the brain
(Martin et al., 2002, 2006; Lahti et al., 1999; Peeters et al,
2001; Sicard et al., 2003; Takuwa et al., 2011, 2012). Thus, we
previously developed a system for measurement of cerebral
hemodynamics in awake rodent using laser-Doppler flowme-
try (LDF; Takuwa et al., 2011). Moreover, using this system, we
investigated hemodynamic changes during neural activation
in awake mice (Takuwa et al., 2012), and showed that the
increase in red blood cell (RBC) velocity was far greater than
that in RBC concentration and that it had a dominant role in
the increase in CBF induced by neural activation.

On the other hand, hemodynamic changes caused by
neuronal deactivation in awake animals was still unknown.
To the best of our knowledge, no study has investigated the
dynamics of RBC velocity and concentration independently in
awake animals. In the present study, in order to investigate
the effects of neural deactivation on hemodynamics, we
developed a CCD mouse model caused by MCAO and mea-
sured changes in CbBF, a product of RBC velocity and con-
centration in cerebral microvessels, using LDF before and
after neural deactivation under awake conditions.

2. Results

2.1. Changes in CbBF and RBC velocity and RBC
concentration during CCD

Fig. 2 shows the percentage changes in the ratio of the CCD
side to the unaffected side for CbBF and RBC velocity and
concentration at one day after MCAO. The percentage
~ changes in the ratio of CCD to the unaffected sides for CbBF,
RBC velocity and concentration were —18+11%, 5+14% and
—23+17%, respectively. The percentage changes in the ratio

of CCD to the unaffected sides for CbBF (P<0.05) and RBC
concentration (P<0.01) were significantly lower than the
ratios before MCAO (baseline), whereas no significant differ-
ence was observed in the ratio of CCD to the unaffected sides
for RBC velocity between baseline and one day after MCAO
(Fig. 2).

2.2.  Longitudinal measurement in hemodynamic response
to CCD

Longitudinal LDF measurement was performed for 2 weeks
(Fig. 1). Before this experiment, we confirmed that CbBF and
RBC velocity and concentration in intact animals (without
MCAO but with attached cranial window) were quite stable
for 14 days (data not shown). The percentage changes in the
ratio of the CCD side to the unaffected side for CbBF at 7 days
and 14 days after MCAO were —18+8% and -—21+11%,
respectively (Fig. 2). The percentage changes in the ratio of
CCD to the unaffected sides for RBC velocity at 7 days and 14
days after MCAO were 34 11% and —2+3%, respectively. The
percentage changes in the ratio of CCD to the unaffected
sides for RBC concentration at 7 and 14 days after MCAO were
—214+12% and —19+7%, respectively. The ratios of CCD to
the unaffected sides for CbBF and RBC concentration at 7 and
14 days after MCAO were significantly lower than those at
baseline (P<0.01). No significant difference was observed in
CbBF and RBC concentration between 7 and 14 days after
MCAO. No significant difference was observed in the ratio of
CCD to the unaffected sides for RBC velocity throughout all
measurements (Fig. 2).

2.3.  MRI measurement in MCAO
The high intensity area in the cerebral cortical region of the

MCAO side indicates infarction in the MCA territory in the T2-
weighted image two weeks after MCAO for all mice (Fig. 3).

3. Discussion

We newly developed an awake mouse model of CCD (neural
deactivation) caused by MCAO. Using these CCD model mice,
the hemodynamic responses to neural deactivation including

[ MCAO e g

Bas|eline 1 c?ay 7 dlay 14 day
LDF LDF LDF LDF
MRI

LDF: CbBF, RBC velocity and concentration
MRI: T1WI and T2WI

Fig. 1 - Experimental protocol for LDF measurement and
MRI. LDF measurements were performed before (baseline)
and 1, 7, and 14 days after MCAO. In each examination,
changes in CbBF and RBC velocity and concentration were
measured in both CCD side and unaffected side in awake
mice. MRI experiments (T1-weighted imaging (T1WI) and
T2-weighted imaging (T2WI)) were performed 14 days
after MCAO.
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Fig. 2 - The percentage change in the ratio of CCD side to
unaffected side for CbBF, RBC velocity and RBG concentration
1 day, 7 days and 14 days after CCD. Black, gray, and white
bars indicate the percentage change in ratio of CCD to
unaffected sides for CbBF, RBC velocity and RBC
concentration, respectively. Error bars represent SD.
(**P<0.01 and *P <0.05).
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image

T2-weighted
image

MCAO (14 days)

Fig. 3 - MRI experiments 14 days after MCAO, Left shows T1-
weighted image. Right shows T2-weighted image. White
arrow indicates the high intensity area in the T2-

weighted image.

both RBC velocity and concentration were measured. This is
the first observation of the effects of neural deactivation on
the hemodynamics of awake mice. MRI examination showed
the cerebral infarction in the unilateral cerebral cortex after
MCADO (Fig. 3). The degree of decrease in CbBF caused by CCD
remained almost the same throughout 2 weeks after MCAO.
The reduction in RBC concentration was far greater than that
in RCB velocity, suggesting that the change in RBC concen-
tration played a dominant role in the reduction of CbBF under
CCD. In human PET studies, CBF and CBV were significantly
lower on the CCD side than the unaffected side, and the
degree of difference between CBF of the two sides was almost
the same as that between CBV. This resulted in there being
no difference in vascular mean transit time (MTT), that is, the
ratio of CBV to CBF, between the CCD and unaffected sides
(Ito et al., 2002). This indicates that vascular blood velocity did
not change during neural deactivation in the human PET
study. If the RBC concentration can be considered an indicator
of CBV, hemodynamic changes due to neural deactivation

measured by LDF might be in good agreement with the PET
measurement in humans previously reported (Ito et al., 2002).

The relationship between changes in RBC velocity and
concentration due to a neural deactivation is opposite to that
from a neural activation in which change in RBC velocity was
seen to have a dominant role in increase in CBF (Takuwa
et al,, 2012). In a previous human PET study, the relationship
between changes in MTT, the ratio of CBV to CBF, and CBV
due to a neural deactivation (ito et al., 2002) was opposite to
that from a neural activation (Ito et al., 2005). These findings
indicate the similarities between animal LDF studies and human
PET studies under both neural activation and deactivation.

Our previous study confirmed that our apparatus could
measure stable and reproducible CBF in awake mouse brain
over a 1-week period (Takuwa et al., 2011). The present study
also showed stable and reproducible CbBF, RBC velocity and
concentration under CCD throughout a 2-week experimental
period after MCAO. Therefore, we could conclude that the
CCD model mice in this study could be used to investigate not
only the mechanism of neural deactivation but also the long-
term effects of CCD on neural and vascular function in brain
using two-photon microscopy, animal PET and MRL

The reason for the decrease in RBC concentration but the
lack of change in RBC velocity under CCD is still unclear.
According to Poiseuille's law, the flow of blood through a
vessel is proportional to the fourth power of the vessel
diameter; blood volume is proportional to the square of the
diameter. Thus, CBV=cCBF%>® (c: constant; Ito et al, 2001,
2002, 2003). Based on this equation, the degree of change in
CBV associated with a decrease in CBF during neural deacti-
vation is higher than in CBV associated with an increase in
CBF during neural activation. The relationship between CBF
and CBV in this equation can explain the results of human
PET studies in neural activation (Ito et al., 2005) and neural
deactivation (Ito et al., 2002). Therefore, we previously
hypothesized that hemodynamic changes in neural activation
and deactivation are based on Poiseuille's law (lto et al, 2002).
The present study as well as the previous study in neural
activation using LDF (Takuwa et al., 2012) shows the same
tendency as those human PET studies.

Yamauchi et al. (1999a, 1999b) previously reported that
CCD caused by unilateral supratentorial infarction showed a
reduction of hematocrit in the CCD side of the cerebellum in a
human PET study. Although we did not confirm decreased
hematocrit in the CCD side in this model mouse, the reduction
of RBC concentration in the CCD side might be associated with

- not only a decrease in CBV but also a reduction in hematocrit.

The regulatory mechanism of CbBF in the CCD side must
be associated with several factors. Gold and Lauritzen (2002)
showed that reduced neuronal activity in the cerebral cortex
leads to a decrease in spontaneous Purkinje cell spike activity
in the contralateral cerebellar hemisphere using anesthetized
CCD model rat. It is possible that the attenuation of sponta-
neous neural activation in cerebellum caused a decrease in
synthetase of a vasoactive mediator in neurovascular cou-
pling (e.g., nitric oxide (NO), cyclooxygenase-2 (Cox-2) and
adenosine) released from neurons and glia by neural activity
(Yang et al,, 2003; Bakalova et al,, 2002; Ko et al, 1990).
To explore the mechanism, further experiments using synthe-
tase inhibitors or immunostaining techniques in mice will be



