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Manganese-Enhanced MRI Reveals Early-Phase Radiation-

Induced Cell Alterations In Vivo 1

Shigeyoshi Saito’?, Sumitaka Hasegawa?, Aiko Sekita®, Rumiana Bakalova®, Takako Furukawa?,

Kenya Murase', Tsuneo Saga?, and Ichio Aoki?

Abstract

For tumor radiotherapy, the in vivo detection of early cellular responses is important for predicting
therapeutic efficacy. Mn®" is used as a positive contrast agent in manganese-enhanced MRI (MEMRI) and is
expected to behave as a mimic of Ca®* in many biologic systems. We conducted in vitro and in vivo MRI
experiments with Mn** to investigate whether MEMRI can be used to detect cell alterations as an early-phase
tumor response after radiotherapy. Colon-26 cells or a subcutaneously grafted colon-26 tumor model were
irradiated with 20 Gy of X-rays. One day after irradiation, a significant augmentation of G,-M-phase cells,
indicating a cell-cycle arrest, was observed in the irradiated cells in comparison with the control cells,
although both early and late apoptotic alterations were rarely observed. The MEMRI signal in radiation-
exposed tumor cells (R;: 0.77 = 0.01 s ') was significantly lower than that in control cells (R;: 0.82 & 0.01s™")
in vitro. MEMRI signal reduction was also observed in the in vivo tumor model 24 hours after irradiation (R, of
radiation: 0.97 + 0.02 s™7, control: 1.10 = 0.02 s~%), along with cell-cycle and proliferation alterations
identified with immunostaining (cyclin D1 and Ki-67). Therefore, MEMRI after tumor radiotherapy was
successfully used to detect cell alterations as an early-phase cellular response in vitro and in vivo. Cancer Res;

73(11); 3216-24. ©2013 AACR.

Introduction

Radiotherapy involves the use of high-energy X-rays or
charged particles to treat malignancies with the intention of
destroying or inactivating cancer cells while preserving
normal tissue integrity (1-4). Many types of biomarkers are
used to detect cell viability and responses after radiotherapy
in vitro. Although cell apoptosis is an important marker,
apoptosis after radiation is observed only in limited cell
types, such as hematopoietic and germ cells. In addition,
radiation exposure immediately induces a significant G, cell-
cycle arrest in many types of tumor cells (5), as well as
prolonged G; cell-cycle arrest in normal fibroblast and
ependymal cells (6, 7). The appearance ratio of the cell-cycle
arrest linearly correlates with the radiation dose and cell
viability in both normal and tumor cells (8). In addition,
radiation-induced cell-cycle arrest can be linked to irrevers-
ible growth arrest, such as senescence-like growth arrest
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(SLGA), which is associated with the expression of senes-
cence-associated PB-galactosidase (SA-B-gal; ref. 9). Thus,
cell-cycle arrest and alteration can be an early biomarker
for evaluating therapeutic efficiency immediately after
radiotherapy.

The divalent manganese ion (Mn®*) has long been known as
a positive intracellular MRI contrast agent because of its ability
to alter the longitudinal relaxation of water protons. Manga-
nese-enhanced MRI (MEMRI) provides a unique opportunity
to study neuronal activation and architecture (10-12). The
underlying principle of MEMRI lies in the fact that Mn>*
behaves in a manner similar to the calcium ion (Ca®*) in many
biologic systems (13). Extracellular Mn®" can enter cells
through N-methyl-p-aspartate (NMDA) receptors for gluta-
mate (14) and/or voltage-gated calcium channels (15). Previ-
ous studies have found that MEMRI is useful for the in vivo
visualization of tumors such as those arising from head and
neck region (16, 17). There are several reports, discussing the
factors associated with Mn enhancement and tumor uptake.
The tumor cell uptake of Mn®* is linked to the proliferation
rate in vitro of human tumor cells (18). In addition, Mn>" is
considered to be a cell viability indicator in myocardial infarc-
tion (19, 20). Therefore, it is possible that radiation-induced
cell-cycle alteration and the associated suppression of cell
proliferation can be detected from the alterations in MEMRI
signal enhancement.

The goal of this study was to test the hypothesis that MEMRI
can be used to detect radiation-induced alterations as an early-
phase tumor response after radiotherapy. In this study, we
evaluated Mn®* uptake in a colon cancer cell line and a
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subcutaneous grafted mouse model by in vitro/in vivo MEMRI
after X-ray exposure (20 Gy).

Materials and Methods

Colon cancer cells and in vitro irradiation experiment

The murine colon cancer cell line (colon-26) was maintained
in Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich
Japan) supplemented with 10% fetal calf serum (Nichirei) and
1% penicillin-streptomycin (Invitrogen Japan K.K.). Cells were
cultured under high humidity with 5% CO, at 37°C. After
incubation for 4 days, the colon-26 cells underwent a single
exposure to X-rays at a dose of 20 Gy. The X-ray exposure
conditions were: peak voltage of 200 kV, current of 20 maA, filter
consisting of 0.5 mm Cu + 0.5 mm Al, a distance between the
focus and objective of 550 mm and a dose rate of 1.2 to 1.3
Gy/min. The radiation dose and colon-26 cell type were
selected as a "less apoptotic model” based on the evidence
described in a previous report (21).

In vitro Mn®>" uptake study by MRI

We prepared 6 colon-26 cell pellets (control group, 3; radi-
ation exposure group, 3) for MRI experiments at 24 hours after
irradiation. The in vitro MRI acquisitions were carried out
using a 7-T, 40 cm bore MRI magnet (Kobelco and Jastec)
interfaced with a Bruker console (BioSpec, Bruker Biospin). A
birdcage coil (38 mm inner diameter, transmission and recep-
tion; Rapid Biomedical) was used for the measurement of
tumor cell samples. The samples were maintained at approx-
imately 23°C.

Manganese chloride (MnCly; MnCl,-4H,0, Sigma-Aldrich
Japan) was dissolved in the DMEM at a concentration of 0.1
mmol/L. The cells were incubated in the medium, either with
or without MnCl,, for 30 minutes at 37°C under 5% CO,. After
incubation, the medium was carefully removed by washing
twice with PBS. The cells were harvested and dissociated with
trypsin, transferred to PCR tubes, and cell pellets were col-
lected by centrifugation. For the T;-weighted image (T;WI), a
2-dimensional (2D), single-slice image was obtained using a
conventional spin echo (SE) sequence with the following
parameters: repetition time (TR) = 350 ms, echo time (TE)
=9.57 ms, matrix size = 256 X 256, field of view (FOV) =40.0 x
40.0 mm? slice thickness (ST) = 1.0 mm, fat suppression
preparation (Fat-Sup) = on, number of acquisitions (NA) =
8, and slice orientation = sagittal. For this imaging sequence,
the nominal voxel resolution was 156 x 156 x 1,000 wm>. The
total acquisition time for the T;WI was 11 minutes and 56
seconds. For the inversion recovery, 2D, single-slice inversion
recovery MRI was carried out using rapid acquisition with
relaxation enhancement (RARE) acquisition for the T; map
calculation with the following parameters: TR = 10,000 ms; TE
= 10 ms; inversion time = 51, 100, 200, 400, 800, 1,600, 3,200, or
6,400 ms; matrix size = 256 x 256; slice orientation = sagittal
(same slice orientation as that used for the T;WI); FOV = 40.0
% 40.0 mm? ST = 1.0 mm; Fat-Sup = on; RARE factor = 4; and
NA = 1.For this image, the nominal voxel resolution was 156 x
156 x 1,000 um® The total acquisition time for inversion
recovery MRI was 49 minutes and 27 seconds. The quantitative
T, maps were calculated by conducting nonlinear least squares

fitting using inversion-recovery MRI. Regions of interest (ROI)
were defined on pelleted cell regions. The R; values in the ROI
were calculated as the inverses of the T values. All calculations
and analyses were carried out using the MRVision image
analysis software (Version 1.5.8, MRVision Co.).

Flow cytometry for cell viability and cell-cycle assays
Cell apoptosis and cycle alterations were measured using
Guava Viacount and Guava Cell Cycle Reagents (Guava Tech-
nologies Inc.), followed by analysis of the cells using a Guava
PCA machine (Guava Technologies Inc.). Cells were placed in 4
plates and adhered overnight for 24 hours after radiation
exposure. Cells were stained with Guava Viacount and Cell
Cycle Reagents according to the manufacturer's instructions.

In vivo animal model and radiation exposure

The Animal Welfare Committee of our Institution approved
all studies. Male BALB/c nu/nu mice (n = 17, 21.3 + 14 g,
8 weeks old; Japan SLC) were rested for 1 week before the
experiment. The animals had free access to food and water and
were kept under standard laboratory conditions in a specific
pathogen-free environment, at 22°C to 23°C, with approxi-
mately 50% humidity, and a 12:12-hour light/dark cycle. Colon-
26 cells (1 x 107) were injected subcutaneously into both legs of
the male BALB/c nu/nu mice. Seven days after the injection,
the tumor-bearing mice were subjected to MRI and histologic
experiments. All mice underwent a single X-ray exposure of the
left leg (the right legs were covered by a 1 cm thick lead layer) at
a dose of 20 Gy on day 7 after inoculation of colon-26 cells. The
X-ray exposure conditions were as follows: peak voltage of 200
kV, current of 20 mA, filter consisting of 0.5 mm Cu + 0.5 mm
Al, adistance between the focus and objective of 550 mm, and a
dose rate of 1.2 to 1.3 Gy/min. The male BALB/c nu/nu mice
were divided into 2 groups (for MRI study, n = 10; for tumor
growth study, n = 7). Following the radiation exposure, all
mice, both control and radiation exposed, were maintained
under 12:12 hour light/dark cycles until the MRI and tumor
growth experiment.

In vivo MRI study

The mice were anesthetized with 2.0% isoflurane and placed
in the prone position; the anesthesia was maintained at this
level for MRI scanning. During the experiment, a warm flow of
air over the animal maintained the body temperature at 37.0°C.
The respiratory rate was maintained and monitored through-
out the experiment using a rodent ventilator (MRI-1, CWE,
Inc.). Before the T;WI acquisitions, scout images were
acquired, and quantitative T, mapping was carried out to
localize the tumor. T, mapping was done for the assessment
of necrosis in the tumors using a multi-slice, multi-echo SE
sequence {TR = 3,000 ms, slice thickness = 1 mm, FOV = 40.0
% 40.0 mm, matrix = 256 X 256, slice orientation = transaxial,
number of repetitions = 1), with echo times ranging from 10 to
140 ms in steps of 10 milliseconds. The total acquisition time
was 10 minutes and 20 seconds.

T, WI acquisition and quantitative T} mapping were carried
out in the following order: preadministration (control), gado-
linjum (Gd)-enhanced, and Mn-enhanced experiments. First,
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one set of T;WIs and a T, map were acquired as baseline data
before the administration of Gd. Second, the T;WI and T} map
acquisition set was repeated 4 times every 16 minutes after the
administration of gadopentetate dimeglumine (Gd-DTPA).
Gd-DTPA (150 pmol/kg; Bayer Japan) was diluted to a con-
centration of 50 mmol/L with saline and injected intravenously
to evaluate tumor vasculature. A waiting time of 90 minutes
was included after the first and second steps to avoid potential
Gd retention in tumors. Before the administration of MnCl,, we
confirmed that the Gd-DTPA-related signal had returned to
the baseline level. Third, T;WI and T; map acquisition sets
were repeated 4 times every 16 minutes after starting the Mn
infusion. Before the administration, 100 mmol/L MnCl,
(MnCl,-4H,0, Sigma-Aldrich Japan) was dissolved in distilled
water and diluted to 50 mmol/L with saline to match the
osmotic pressure of blood. We slowly infused the 50 mmol/L,
osmotic pressure-controlled MnCl, solution (380 pmol/kg) at a
rate of 0.4 mL/h through the tail vein using a syringe pump
(KDS-100, KD scientific, Inc.). In subcutaneous tumors, a 2D,
single-slice T;WI was obtained using a conventional SE
sequence with the following parameters: TR = 350 ms, TE
= 9.57 ms, matrix size = 256 X 256, FOV =40.0 x 40.0 mm?, ST
= 1.0 mm, Fat-Sup = on, and NA = 4. The slice orientation was
transverse. For these images, the nominal voxel resolution was
156 x 156 x 1,000 um® The total acquisition time was 5
minutes and 7 seconds. T; mapping was carried out with a
single-slice 2D Look-Locker sequence (TR = 10,000 ms, TE =
10 ms, ST = 1.0 mm, matrix size = 128 x 64,FOV =25.6 x 12.8
mm? NA = 1) and acquired over a period of 10 minutes and 40
seconds. For ROI studies, the first image set of 4 Gd-DTPA
administration sets and third image set of 4 Mn administration
sets were used. The ROIs of the subcutaneous tumor core and
peripheral area were defined by the following methods. The
outlines of the ROIs (ROL,,;) were manually delineated on the
T, WL Gd-enhanced areas over the threshold level (+2 SDs of
the mean signal intensity of the RO, in the control image)
were then defined as the peripheral areas using first image set
after Gd-DTPA injection. The peripheral areas were excluded
from the ROl The areas that excluded the peripheral areas
from the ROI,,; were defined as the tumor core areas.

Histology

All tumors were studied histologically to clarify the source
of the T, change. Mice were euthanized by pentobarbital (1.0
mlL/animal; Dainippon-Sumitomo Pharmaceutical) over-
dose after the MRI scans and were prepared for histology
by transcardiac perfusion with saline-containing heparin
followed by 4% paraformaldehyde (Otsuka Pharmaceutical
Co., Ltd.). Tissues were embedded in paraffin and transaxi-
ally sectioned into 4 um thick sections, which were then
placed on slides at the locations and orientations corre-
sponding to the MRI slices. The slides were processed for
cyclin D1 (Nichirei Biosciences Inc.), Ki-67 (Dako Japan Inc.),
and activated caspase-3 (Cell Signaling Technology Japan)
staining. After visualization with diaminobenzidine (DAB;
DAKO Japan Inc.), tissue sections were briefly counter-
stained with hematoxylin. Three types of staining were
conducted for each tumor. Cyclin D1 (for the detection of

cell-cycle alterations) and Ki-67 (for the assessment of tumor
proliferation) were identified as follows; (i) the brightness
and contrast were automatically optimized using Photoshop
(Ver. 8.0.1, Adobe, Inc.); (ii) the brown-stained positive cells
were enhanced and converted to a black and white binary
map using the "Make binary" plug-in of Image] (Ver.1.40g,
NIH); (iii) the total area of the black regions of the binary
map was measured using the "ROI" and "Measure” plug-ins of
Image]; (iv) the ratio of the positive cell area to the total area
was calculated. To identify cells that underwent apoptosis as
a result of radiation exposure, the number of positive cells
per square millimeter of tumor was calculated in the acti-
vated caspase-3-stained slices.

Tumor growth study

In 7 tumor-bearing mice, 2 perpendicular tumor diameters
were measured with a caliper on days 1, 3, and 7 after radiation
exposure. The tumor volumes were calculated as V= (1/6) x a
(mm) x &* (mm?), where a and b are the largest and smallest
perpendicular tumor diameters, respectively. Subsequent mea-
surements were normalized to the pretreatment tumor
volume. :

Statistical analysis

The data are presented as the mean =+ SD. All statistical
analyses were conducted using Prism 5 (Version 5.0, GraphPad
Software, Inc.). Longitudinal relaxation rates (R, = 1/T;) before
and after MnCl, administration in the control and radiation-
exposed tumors were calculated. We compared control and
radiation-exposed groups using the unpaired ¢ test and con-
sidered values of P < 0.05 to be significant for the in vitro Mn-
uptake study, tumor size analysis, in vivo T, quantitative MRI
data analysis, and histologic experiments. A one-way ANOVA
with Tukey post hoc test was applied to compare R; values
between tumors.

Resuits

In vitro imaging of tumor cells using MEMRI

Figure 1A shows T;-weighted MR images of the pellets of
colon-26 cells, either exposed or not exposed to radiation,
after incubation in a standard medium with or without 0.1
mmol/L MnCl, supplementation. Irradiated colon-26 cells
showed less signal enhancement compared with control
colon-26 cells after MnCl, administration at 24 hours after
X-ray irradiation (Fig. 1A). The R, values in the irradiated
colon-26 cells (0.77 & 0.01 s™*) were lower than those in the
control colon-26 cells (0.82 & 0.01 s™*) when loaded with 0.1
mmol/L MnCl, (Fig. 1B; **, P < 0.01).

Flow cytometry for the assessment of cell cycle and
viability

Figure 2A and B show the results of the flow cytometric cell-
cycle analysis. The proportion of G,-M-phase cells was
increased in the radiation-exposed samples (G,-M of
34.9%; Fig. 2B) in comparison with the control cells (G,-M of
28.4%; Fig. 2A). Moreover, the proportion of Go-G; phase cells
was markedly decreased in the radiation-exposed samples
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Figure 1. In vitro imaging of tumor -
cells using MEMRI. A, Ty weighted
images of the colon-26 cell pellets
with (left) or without {right) X-ray
exposure incubated with (top) or
without (bottom) 0.1 mmol/L MnCl,.
The signal from the control colon-26
cells was enhanced by MnCl, in
comparison with the X-ray-exposed
colon-26 cells {top, control). The
signal intensity is indicated by the
color bar (arbitrary unit). B, Ry values
of the cells. The R4 values in the X-
ray-exposed colon-26 cells were
lower than those in the control colon-
26 cells whenloaded with 0.1 mmol/L
MnCly (**, P < 0.01).

(Go—G; of 1.3%; Fig. 2B) in comparison with the control cells
(Go—Gj of 22.1%; Fig. 2A). Figure 2C and D show the results of
the flow cytometric apoptosis analysis. More apoptotic cells

Figure 2. Cell-cycle and cell viability
analyses using flow cytometry. Aand
B, flow cytometric cell-cycle
analysis. The proportion of Go-phase
cells was increased in the radiation-
exposed samples in comparison with
the control samples (red arrow).
Moreover, the number of Go~Gj
phase cells was decreased in the
radiation-exposed samples in
comparison with the control samples
(green arrow). C and D, flow
cytometric apoptosis analysis. A
greater number of apoptotic cells
were detected in the radiation-
exposed samples (black arrow) in
comparison with the control
samples.
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Tumor growth

The tumor size ratio with respect to the pretreatment size is
shown in Fig. 3 for both groups. There was no significant
difference between the tumor sizes of 2 groups 1 day after
radiation exposure, although the volume of the irradiated
tumor was significantly smaller than that of the control groups
on the third and seventh days (P < 0.001).

In vivo tumor imaging using MEMRI

We used Gd-DTPA to evaluate tumor vasculature condition
and exclude the area where Gd-DTPA was highly accumulated
because of disruption of the intratumor microvasculature. The
core areas of control and radiation-exposed tumors were
homogeneously and almost equally enhanced by Gd-DTPA
(Fig. 4A). After disappearance of the Gd-enhancement (typi-
cally within 60 minutes), we obtained MEMRI with systemic
MnCl, administration. In contrast to Gd-enhanced MRI, the
control tumors were preferentially enhanced by MnCl, in the

4.5; | == control

-#- Radiation

Tumor size ratio to preirradiation
N
o

Day 0 Day 1 Day 3

Days after irradiation

Day 7

Figure 3, Tumor volume measurements. Tumor growth was significantly
retarded in the radiation-exposed group after 3 and 7 days (***, P < 0.001).
There was no significant difference between the tumor sizes of 2 groups

1 day after treatment.
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Figure 4. Invivo imaging using MEMRI. A, top, control T,-weighted image. A, middle, Gd-enhanced first Ty-weighted image. A, bottom, Mn-enhanced third T~
weighted image. The core areas of control and radiation-exposed tumors were homogeneously and almost equally enhanced by Gd-DTPA (A, middle). In
MEMRI, the control tumor was preferentially enhanced in comparison with the radiation-exposed tumor following MnCl, administration (A, bottom). The signal
intensity is indicated by the color bar (arbitrary unit). B, the R, values in the peripheral area and the core of the tumors. There are no differences in the peripheral
area Ry values between the 2 tumor types. The R, values in the core areas of the control tumors were significantly higher at 30 minutes after Mn®*
administration than that in the radiation-exposed tumors (***, P < 0.001). C, the To-map of the X-ray-treated and control tumors. There are no differences

between both tumor T, values.
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Figure B. Immunohistochemical staining of tumors. A, cyclin D1 staining of the control tumor core region. B, cyclin D1 staining of the radiation-exposed
tumor core region. C, statistical analysis of cyclin D1-positive cells. D, Ki-67 staining of the control tumor core regions. E, Ki-67 staining of the radiation-
exposed tumor core regions. F, statistical analysis of Ki-67-positive cells. G, activated caspase-3 staining of the control tumor core regions. H,
activated caspase-3 staining of the radiation-exposed tumor core regions. |, statistical analysis of the activated caspase-3-positive cells. These
immunohistologic staining results show the detection of cellular alterations in the tumor core at 24 hours following radiation exposure. The number of positively
stained cells in the core was decreased for cyclin-D1 (C) and Ki-67 (D vs. E) in exposed colon-26 tumors. The number of Ki-67-positive cells was
decreased at 24 hours after radiation exposure (F). However, the number of apoptotic cells was not significantly different between the radiation-exposed and
control tumors (I). Magnification, x200; the black bar on the right represents 100 um. (**, P < 0.01; ***, P < 0.001).

T;WI in comparison with the radiation-exposed tumors (Fig.
4A). Figure 4B shows the R, values in the peripheral and core
areas of the tumors. There were no differences in the tumor R,
values in the peripheral areas between the 2 tumor types (Fig.
4B; peripheral: control, 0.61 + 0.01 57" and radiation-exposed,
0.60 == 0.01 s™1). However, the R, values in the core areas of the
control tumor were significantly higher at 30 minutes following
Mn®" administration in comparison with those of the radia-
tion-exposed tumors (Fig. 4B; core, P < 0.001; control, 1.10 +
0.02 s~ ! and radiation-exposed, 0.97 % 0.02 s ™*). T, maps of the
radiation-exposed and control tumors were calculated (con-
trol, 52.3 £ 1.5 ms; radiation-exposed, 52.1 = 1.2 ms). There
were no differences between the T, values of the tumors
(Fig. 4C).

Immunohistochemical staining of tumors

Figure 5A-1 shows the results of the immunohistochem-
ical staining for the evaluation of cellular alterations in the
tumor core 24 hours after radiation exposure. The immu-
nohistologic stainings for cyclin D1 and Ki-67 indicated that
both cell cycle and proliferation in the radiation-exposed
tumor core were significantly changed (Fig. 5C; cyclin D1,
P < 0.01: control, 14.9 & 2.0% and radiation-exposed, 11.0
2.4%, P < 0.01; and Fig. 5F; Ki-67: control, 8.6 + 1.6% and
radiation-exposed, 59 + 0.6%, P < 0.001). On the other
hand, the number of apoptotic cells per section was not

significantly different between the radiation-exposed and
control tumors (Fig. 51, control: 2.0 £ 0.7 and radiation
exposed: 2.2 + 0.8).

Discussion

Relationship between radiation-induced cell-cycle
alteration and Mn®" uptake

Ca®* is required to maintain normal structure and function
in all living cells (22) and participates in a variety of physiologic
and biologic events such as proliferation and apoptosis (23). In
vitro calcium imaging is a common technique frequently
carried out in studies that are designed to show the Ca®"
status of a tissue or a medium. In particular, the dynamics of
intracellular Ca®* can only be analyzed by optical methods
using calcium-sensitive dyes for the detection of Ca**-bound
fluorescence in vitro (24). Recently, in vivo MEMRI has provided
a unique opportunity to study neuronal activation and archi-
tecture due to the ability of Mn>* as a calcium surrogate (10~
12). Mn®>* can enter cells via the same transport systems as
those used by Ca>" and can bind to a number of intracellular
structures with high-affinity Ca**- and Mg>*-binding sites on
proteins and nucleic acids (25). Mn®" as a positive contrast
agent in T;W MRI has long been used in many biologic
applications for brain mapping (26), brain disease (12) (27),
neuronal tract tracing (28), and cardiac functional studies (29).
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Although several factors influencing Mn>* uptake in cells
have been reported such as voltage-gated Ca®*-channel activ-
ities (30~33), NMDA (14) and calcium-sensing receptor (34)
expression, astroglia (27) and microglia (35) activity/cellular-
ity, activities of enzymes (e.g., manganese superoxide dismu-
tase; refs. 36, 37) and metal transporters, the mechanisms
involved in Mn®* uptake in tumor cells are not well known.
Some previous studies have shown that MEMRI can enhance
some types of tumors in vivo, such as salivary gland and eye
(choroidal) tumors (16, 17). In particular, Braun and colleagues
showed that the uptake of Mn** by tumors depends on the cell-
proliferation rate (18). Thus, we conducted a MnCl, loading
study to investigate whether Mn*" is accumulated in tumor
cells that have undergone G,-M cell-cycle arrest due to radi-
ation exposure. Mn** accumulation was decreased in radia-
tion-exposed tumor cells both in vitro and in vive (Fig. 1B
and Fig. 4A) with cell-cycle alteration as early as 24 hours after
irradiation, when insignificant increase in apoptotic cells was
observed (Fig. 2D and Fig. 5C). These results suggest that the
cell-cycle alteration of tumor cells is an important determinant
of the uptake of Mn2+ in MEMRI, and that the apoptosis of
tumor cells is not a predominant factor in the decrease of
Mn2+ uptake for our the 20-Gy radiation condition. At most,
less than 10% increment in the number of apoptotic cells may
induce a small signal reduction.

Intracellular free Ca®* has been proposed to play arole in the
regulation of the cell cycle (38) and in the progression into
mitosis from the G, arrest point (39). In the late G, phase, cells
with activated cdc2 kinase can enter into mitosis (40). How-
ever, radiation exposure induces a significant G, cell-cycle
arrest (5,41) and decreased functioning of cdc2 kinase (41). The
local transient increase in free Ca®" influences the rate of cdc2
kinase activation, and it is necessary to initiate pathways
leading to cdc2 kinase inactivation in the mitotic cell cycle
(42). Therefore, we suggest that the decrease in Ca®* uptake
due to inactivated cdc2 kinase contributes to MEMRI signal
reduction in the radiation-exposed model.

Factors involved in Mn®" uptake in radiation-exposed
tumor cells

Other factors can alter the uptake of the Mn®" contrast
agent in tumor cells. For example, cell viability (apoptotic or
necrotic change) and density affect Mn>* uptake in MEMRL
Hu and colleagues showed that Mn®* acts as a viability
marker depending on Ca**-channel activity in myocardial
ischemia (29). This result suggests that living cells can
accumulate higher amount of Mn®* than infracted cells. In
our study, neither apoptosis nor necrosis was detected in the
in vivo radiation-exposed or control tumors (Figs. 4C and 5I).
In addition, exclusion of apoptotic cells from radiation-
exposed tumor cells using a cell sorter did not strongly
affect the MRI signal in comparison with that from non-
sorted irradiated cells in vitro (Supplementary Fig. S1). In
contrast, cell-cycle alterations were clearly detected in both
in vitro and in vivo irradiated tumor cells using flow cyto-
metry (Fig. 2) and cyclin D1 staining (Figs. 2 and 5C).
Although apoptosis and apoptotic stimuli are linked to
cell-cycle regulators (43), under the condition of our radi-

ation dose and tumor model, apoptosis-altered cells did not
significantly affect the MRI signal because the number of
apoptotic cells was comparatively small.

In previous work, it was reported that Mn** uptake in the
tumor is linked to the proliferation rate of tumor cells (18). In
our study, the number of Ki-67-positive cells (potential marker
of tumor growth activity; refs. 44, 45) and the MEMRI signal
were decreased at 24 hours after irradiation (Fig. 5F). The Ki-67
(Fig. 5) and MEMRI observations agreed well with a previous
report (18) and suggested that the Mn?** accumulation in
tumors, when evaluated during the early phase (24 hours)
after irradiation, reflects cell-cycle alteration and a subsequent
decrease in cell proliferation rather than apoptotic alterations.

Tumor vascularization is an important factor that affects the
uptake of contrast agents in tumor-bearing animals. We eval-
uated vasculature conditions inside the tumor using an extra-
cellular Gd-DTPA contrast agent before all MEMRI experi-
ments (Gd-DTPA does not affect the MEMRI signal because the
extracellular agent is not accumulated in the tumor and is
rapidly excreted within approximately 1 hour after adminis-
tration). In most cases, there was no regional enhancement
inside tumors, either with or without radiation exposure, after
Gd-DTPA administration (Fig. 4A). In addition, dynamic con-
trast-enhanced MRI (Supplementary Fig. $2; tumor microcir-
culation) and CD-31 immunohistologic staining (Supplemen-
tary Fig. $4; structure of vascular endothelial cells) showed that
there was no significant difference in the vessel structure
between the control and radiation-exposed tumors. Therefore,
the 20-Gy radiation exposure for the colon-26 tumor cells did
not damage the microvessel structure at 1 day in vivo. Con-
sequently, it is thought that vasculature disruption in the
tumor did not affect the MEMRI signal at 1 day in our model.
In addition, necrotic or inflammatory alterations and bleeding
in the tumors were not observed based on the T, values (Fig.
4C) and hematoxylin and eosin (H&E) staining (Supplemen-
tary Fig. §3).

In conclusion, we used MEMRI to observe the Mn** uptake
in X-ray-exposed models of in vitro tumor cells and an in vivo
tumor-bearing animal model. The irradiated colon-26 tumor
cells underwent cell-cycle alterations (leading to decreased
proliferation) but did not exhibit serious apoptotic/necrotic/
inflammatory alterations or vascular damage early after irra-
diation. MEMRI and quantitative maps of the relaxation rate
(R;) map showed a significant signal reduction both in vitro and
in vivo. Our data provides evidence that MEMRI will be a useful
tool for the early evaluation and optimization of radiotherapy
in the near future, enabling the imaging of cell-cycle arrest and
the associated suppression of cell proliferation in vivo.
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ABSTRACT

Size controllable polyion complex vesicles (PICsomes), composed of biocompatible poly(ethylene glycol)
(PEG) and poly(amino acid)s, have an extremely prolonged lifetime in the bloodstream that enables them
to accumulate effectively in tumors via the enhanced permeability and retention (EPR) effect. The purpose
of this study was to use PICsomes to synthesize a highly sensitive MRI contrast agent for more precise
tumor detection. We synthesized SPIO-Cy5-PICsomes (superparamagnetic iron oxide nanoparticle-loaded
Cy5-cross-linked Nano-PICsomes) and characterized them using dynamic light scattering and transmission
electron microscopy in vitro and evaluated their ability to detect subcutaneously grafted tumors in vivo
with MRI. The transverse relaxivity (rz) of the SPIO-Cy5-PICsomes (r; = 663 + 28 mM™! s~1) was 2.54
times higher than that of bare clinically-used SPIO. In in vivo MRI experiments on mice subcutaneously
grafted with colon-26 tumor cells, the tumor signal was significantly altered at 3 h after SPIO-Cy5-PICsome
administration and persisted for at least 24 h. Small and early-stage in vivo tumors (3 days after grafting,

" approximately 4 mm?®) were also clearly detected with MRI. SPIO-loaded PICsomes are sensitive MRI contrast

agents that can act as a powerful nanocarrier to detect small tumors for early diagnosis.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The detection of early-stage tumors, especially during the early
phase of metastasis, is important for improving treatment efficacy
and prolonging patient survival. Non-invasive in vivo imaging, such
as with magnetic resonance imaging (MRI) and positron emission
tomography (PET), is critical for detecting disease in its early phase,
and for that reason many biomedical applications utilize these tech-
niques [1]. One advantage that MRI has over PET is that it can image
at higher spatial resolutions [2]. However, low sensitivity to exoge-
nous molecular probes (contrast agents) is a major limitation of
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! These two authors contributed equally.
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MRI in comparison with PET. It is therefore necessary to engineer
the properties of the probe to optimize its sensitivity for MRI.

Carboxyl dextran-coated superparamagnetic iron oxide (SPIO) -
nanoparticles are good ‘negative’ contrast agents for improving MRI1
contrast and have been used for clinical diagnosis and in pre-clinical
cancer studies [3,4]. In clinical research, commercial SPIO nanoparticles,
such as ferucarbotran (Resovist®) or ferumoxides (Feridex®), have
been applied to detect metastatic tumors in the liver [5-8]. Unfortu-
nately, carboxyl dextran-coated SPIO by itself does not have the ability
to target tumors because Kupffer cells in healthy regions of the liver
capture the SPIOs, with the result that the majority of the effect on the
MRI signal occurs in the liver rather than in the tumor regions [6,7].
Therefore, to target tumors directly with SPIO nanoparticles, it is neces-
sary to add a ‘stealth’ property in order to avoid recognition by the retic-
uloendothelial system (RES) and increase the lifetime of SPIOs in the
bloodstream {3,9].

One strategy to achieve this stealth capability is to encapsulate
the SPIOs in other nanoparticles that have prolonged lifetimes in
the bloodstream and can passively accumulate in tumors due to the
enhanced permeability and retention (EPR) effect [10]. Biocompati-
ble poly(ethylene glycol) (PEG)-conjugated SPIOs or SPIO-loaded
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nano-carriers have previously been employed to target tumors with
SPIOs, with the targeting strategies falling into the following three
groups: 1) PEG-conjugated SPIOs [11-15], 2) Ultra-small SPIO (USPIO)-
loaded PEGylated micelles [16-20], and 3) SPIO-loaded PEGylated
nano-vesicles [21-23]. Although the use of PEG-conjugated SPIOs is a
simple strategy to prevent rapid clearance from the bloodstream, the
direct conjugation of PEG to clinically-used SPIOs still has several draw-
backs. First, stable and highly dense conjugation of PEG chains on the
surface of SPIOs is technically difficult because the conjugation between
PEG chains and carboxyl dextran is not stable, especially in the blood-
stream. Accordingly, some additional surface modifications are required
to achieve stable conjugation between PEG and SPIO nanoparticles [24].
Another drawback is that PEG-conjugated SPIOs have limited internal
space, making it difficult to load them with drug levels sufficient for
future therapeutic applications.

USPIO-loaded polymeric micelles have a moderately long blood
half-life, and the high density of USPIOs that can be loaded into the
micelle core noticeably alters the signal in comparison to dispersed
USPIOs. It is unfortunate that when loaded with larger diameter
SPIOs the micelles have an inadequate lifetime in the physiological
environment of the bloodstream. On the other hand, SPIO-loaded
PEGylated nano-vesicles, such as stealth liposomes, are designed to
have longer circulation in the bloodstream and can be loaded with
multiple iron-oxide particles, even if the particles are coated with
carboxyl dextran [21-23). In general, iron-oxide particles of larger
size (SPIO > USPIO) or at a higher concentration can induce a greater
signal change in T,-weighted MRI due to T, and T,* shortening
[25,26]. Thus, SPIO-loaded nano-vesicles may significantly enhance
the contrast while simultaneously maintaining a high level of clinical
safety and an increased blood half-life [27-30].

Recognizing the advantages of PEGylated nano-vesicles, we have
developed and optimized polyion complex (PIC) nano-vesicles, called
PICsomes. The PICsomes are generated by mixing water-soluble and
oppositely charged block copolymers composed of biocompatible
PEG and poly(amino acid)s in an aqueous medium [31~34]. PICsomes
are characterized by the facile encapsulation of bio-macromolecules,
such as dextran and proteins, and long-term retention and protection
of cargo, regardless of external influences [32]. More recently, we have
succeeded in preparing nano-sized PICsomes (Nano-PICsomes) with a
unilamellar PIC membrane [33]. Unlike liposomal nano-carriers, the
size of the Nano-PICsomes can be controlled with precision between
100 and 400 nm. After cross-linking the PIC layer via amide coupling
of ion pairs, Nano-PICsomes remain in the blood circulation of mice for
an extremely long time [34]. The blood lifetime of cross-linked
Nano-PICsomes is comparable to that of typical long-lived liposomes
and polymersomes [35]. Cross-linked Nano-PICsomes with diameters
of approximately 100 nm also show excellent tumor accumulation due
to the EPR effect [10]. However, the in vivo behavior of Nano-PICsomes
containing payloads of contrast agents has not yet been evaluated.

Here, we report the first example of an MRI contrast agent using
Nano-PICsomes, named ‘SPIO-loaded Cy5-cross-linked Nano-PICsomes
(SPIO-Cy5-PiCsomes)’, which enables targeted tumor imaging. SPIO-
Cy5-PICsomes, which we designed and synthesized, are created
from the combination of Nano-PICsomes and FDA-approved SPIO
nanoparticles. The in vitro and in vivo performance of SPIO-Cy5-
PICsomes was evaluated and characterized for a colon tumor, which is
the third most common cancer in both men and women, in a subcuta-
neous transplanted mouse model. We also investigated the detection
of small and early-phase tumors in a similar mouse model.

2. Materials and methods
2.1. Materials

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) was purchased from Wako Pure Chemical Industries (Osaka,

Japan). A Cy5 mono-reactive dye pack and Sephacryl™ S-1000 gel
were purchased from GE Healthcare (Tokyo, Japan). Block-aniomer,
PEG-b-poly(o,R-aspartic acid) (PEG-PAsp, Mn of PEG = 2000, degree
of polymerization (DP) of PAsp = 75) and homo-catiomer, poly([5-
aminopentyl]-o,B-aspartamide) (Homo-P{Asp-AP), DP of P(Asp-AP) =
82) and Cy5-labeled PEG-PAsp (Cy5-PEG-PAsp) were prepared as previ-
ously reported {33]. Ferucarbotran (Resovist®) was purchased from
Fuyjifilm RI Pharma (Tokyo, Japan).

2.2. Preparation and characterization of SPIO-Cy5-PICsomes

Solutions of Cy5-PEG-PAsp (2 mg/mL) and Homo-P(Asp-AP)
(1 mg/mL) were prepared separately in 10 mM phosphate buffer
(PB, pH 7.4, 0 mM Nadl). A ferucarbotran solution (Fe concentration =
2.9 mg/mL) was mixed with an equal volume of the Cy5-PEG-PAsp to
prepare a Cy5-PEG-PAsp/SPIO solution (final concentrations: Cy5-PEG-
PAsp, 1 mg/mL; and ferucarbotran, 1.5 mg/mL). Subsequently, the Cy5-
PEG-PAsp/SPIO solution was mixed with the Homo-P(Asp-AP) solution
with an equal unit ratio of ~COO™ and ~NH3" in the charged polymers
and then vigorously stirred with a vortex mixer to prepare SPIO-Cy5-
PICsomes. The SPIO-Cy5-PICsome solution was then added to the EDC
solution (10 mg/mL, 10 eqv. per ~COOH group in Cy5-PEG-PAsp). After
12 h, the mixed solution was purified using preparative gel permeation
chromatography (GPC, column: Sephacryl™ S-1000, GE Healthcare UK,
England). The size of the PICsomes was evaluated by dynamic light scat-
tering (DLS) measurements at 25 °C using a Zetasizer Nano-ZS instru-
ment (Malvern Instruments, Malvern, UK) equipped with a He-Ne ion
laser (N = 633 nm). The Fe content of the SPIO-Cy5-PICsomes was
16.1 & 0.5 mM, as determined by inductively coupled plasma-mass
spectroscopy (ICP-MS) performed with a 4500 ICP-MS instrument
(Hewlett Packard, Palo Alto, CA, USA).

2.3. Transmission electron microscopy (TEM)

TEM was performed on a HITACHI H-7000 electron microscope
operating at 75 kV. Copper grids of 400-mesh were coated with a
thin film of formvar, followed by subsequent coating with carbon.
Then, 1 pL of the sample solution was placed on the resulting grids
and dried at room temperature. The samples were stained by the
deposition of a drop of a 50% ethanol solution containing 2 wt.%
uranyl acetate onto the surface of the sample-loaded grid and dried
at room temperature.

2.4. Ry and r measurement in vitro

To measure the transverse relaxation rate (R;), which is the recipro-
cal of the transverse relaxation time (T5), of water protons ('H) in the
presence or absence of SPIO-Cy5-PICsomes, an in vitro MRI measure-
ment was performed for SPIO-Cy5-PiCsomes and bare ferucarbotran
(n = 3). The SPIO-Cy5-PICsomes, diluted with phosphate-buffered sa-
line, were prepared and loaded with the same Fe concentrations as con-
trol samples of SPIO nanoparticles, and then aliquoted into 0.2 mL PCR
tubes. ICP-MS measurements were made to ensure that the Fe con-
centrations of the SPIO-Cy5-PiCsomes and control samples were
equal. MRI acquisitions were performed on a 7.0 Tesla, 40 cm bore
magnet (Kobelco and Jastec, Kobe, Japan) interfaced to an Avance |
system (Bruker-Biospin, Ettlingen, Germany) with a 35-mm diame-
ter volume coil (Rapid Biomedical, Lymper, Germany). The sample
temperature was maintained at 23 °C using a gradient-coil cooling
system and air conditioners. Two-dimensional multi-spin-echo im-
ages were acquired with the following parameters: repetition time
(TR)/echo time (TE) = 3000/10-100 ms in steps of 10 ms (10 echoes);
field of view (FOV) = 48.0 x 48.0 mm?; matrix = 256 x 256;
resolution = 188 pum x 188 pm; number of slices = 1; slice thick-
ness = 2.0 mm; slice direction = horizontal; and number of acquisi-
tions (NEX) = 1. The scanning time was 12 min 48 s. After image
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acquisition, the T, and R, were estimated using the MRVision image
processing software (version 1.6.8, MR vision Co., MA, USA). The

transverse relaxivity (r,) was calculated with the equation; r, = -

(R2obs — Raa)/[Fe] (Raops: Ry of the sample, Ry4: R; of the aqueous so-
lution, [Fe]: Fe concentration measured by ICP-MS). Delta R; (AR;)
maps were calculated as AR, = (R, of the tumor after SPIO-Cy5-
PICsome administration) — (R, of the tumor before administration).

2.5. Animal and cell line preparation

Overall, nineteen female BALB/c nude mice (Japan SLC, Shizuoka,
Japan) were used for all in vivo studies. Ten animals were used to evalu-
ate the accumulation of SPIO-Cy5-PICsomes in tumor: five were admin-
istered SPIO-Cy5-PiCsomes and five were used for the ferucarbotran
control. Another three animals were used for small tumor detection.
The remaining six animals were used to test the toxicity of the
SPIO-Cy5-PICsomes: three were administered SPIO-Cy5-PICsomes and
three were used for the ferucarbotran control. The mice 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 were obtained from the RIKEN
BioResource Center (Tukuba, Japan). The cells were maintained in
Dulbecco's modified Eagle's medium (D5796, Sigma-Aldrich, St Louis,
Mo, USA) 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 grafted (1.0 x
10° cells/50 W) into the left flank of the mice. To measure the initial
tumor volume before SPIO-Cy5-PiCsome administration, T»-weighted
fast spin-echo images were acquired using a rapid acquisition with relax-
ation enhancement (RARE) sequence. The imaging parameters were
as follows: TR/TE = 2000/40 ms; FOV = 384 x 38.4 mm?; matrix =
256 x 256; resolution = 150 pm x 150 pm; number of slices = 36;
slice thickness = 1.0 mm; slice direction = transaxial; RARE factor =
8; and NEX = 2. :

2.6. Toxicity test

To evaluate the toxicity of the SPIO-Cy5-PICsomes to mice, the body
weight of six BALB/c nude mice (age over 6 weeks-old) was periodically
monitored before and after the administration of SPIO-Cy5-PICsomes
(n = 3, initial body weight = 174 4 1.2 g) or ferucarbotran (n = 3,
initial body weight = 17.9 + 1.4 g). The SPIO-Cy5-PICsomes or
ferucarbotran contained 0.45 mg/kg Fe, which is the dose of
ferucarbotran used in the clinic.

2.7. Evaluation of SPIO-Cy5-PICsome accumulation in tumor

To evaluate the in vivo tumor accumulation of SPIO-Cy5-PICsomes,
2D multi spin-echo T>-weighted images were acquired before and after
the administration of the SPIO-Cy5-PICsomes. T, and R, maps were cal-
culated with non-linear least squares fitting to the multi-echo images.
The tumors were allowed to grow for 7 to 9 days after the tumor cell
transplantation. SPIO-Cy5-PICsomes were intravenously administered
to five mice (body weight = 17.9 & 1.0 g, tumor volume = 107 +
26 mm®) in the MRI scanner. The SPIO-Cy5-PICsomes contained
0.45 mg/kg Fe, which is the same as a clinical dose of ferucarbotran.
For long-term observation of SPIO-Cy5-PICsome dynamics in tumors,
R, maps were calculated from multi-spin-echo T,-weighted images
acquired prior to and at 1, 3, 6 and 24 h after administration. After MRI
acquisition, in vivo fluorescence images were taken using a Maestro EX
2D fluorescence imaging system (PerkinElmer, MA, USA) to confirm
the accumulation of SPIO-Cy5-PICsomes in the tumors. The mice were
awakened and returned to their cages after all imaging was completed.
As a control study, ferucarbotran (Resovist®, 0.45 mg/kg Fe) was

injected via the tail vein to a further five mice (body weight = 19.0 &+
1.8 g, tumor volume = 92 + 40 mm?>).

During the in vivo MRI experiments, the rectal temperatures of the
mice were monitored using an optical fiber thermometer (FOT-M,
FISO Technology, Quebec, Canada) and maintained at approximately
36.5 4+ 0.5 °C by warm air provided by a homemade automatic
heating system based on an electric temperature controller (ESCN,
Omron, Kyoto, Japan). The mice were anesthetized with 1.5-2.0%
isoflurane (Escain, Mylan, Tokyo, Japan) gas and a 1:2 O,:room-air
mixture. To-weighted images were acquired using a multi-spin-echo
sequence with parameters as follows: TR/TE = 3000/10-100 ms in
steps of 10 ms (10 echoes); FOV = 38.4 x 19.2 mm?; matrix =
256 x 128; resolution = 150 pm x 150 um; number of slices = 9;
slice thickness = 1.0 mm; slice gap = 0.5 mm; slice direction =
transaxial; and NEX = 1. The scanning time was 6 min 24 s. After
image acquisition, the T, maps were estimated using MRVision.

In vivo fluorescence images of the mice that received the SPIO-
Cy5-PICsomes were acquired using a fluorescent imager (Maestro EX)
with the following parameters: excitation filter = 576-621 nm; emis-
sion 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?.
After acquisition, unmixed fluorescence information was extracted
from the fluorescence spectrum using the Maestro software package
(PerkinElmer).

After all imaging was completed for an animal, the grafted tumors
were excised and immersed in formalin for histological analysis. The
formalin-fixed samples were then paraffinized and thin-sectioned
for either hematoxylin and eosin (HE) staining and observation
with light microscopy (Keyence, Osaka, Japan), or the Cy5 dye in
the accumulated PICsomes was directly observed with a confocal
laser scanning microscope (LSM510 META, Carl Zeiss, Oberkochen,
Germany).

2.8. Small and early-stage tumor detection

To investigate the possibility of detecting small and early-stage
tumors with SPIO-Cy5-PICsomes, we performed in vivo MR imaging
of three mice 3 days after tumor transplantation. MRI was performed
prior to and 24 h after SPIO-Cy5-PICsome administration. The tumor
volumes were approximately 4 mm> when measured before SPIO-
Cy5-PICsome administration.

The MR images were acquired using a 7.0 Tesla, 20 cm bore magnet
(Bioscan, Bruker-Biospin) interfaced to an Avance Ill system with a 2-ch
high-sensitivity RF coil (CryoProbe™, Bruker-Biospin). The T-weighted
images were acquired using a spin-echo sequence with the following
parameters: TR/TE = 3000/30 ms; FOV = 25.6 x 12.8 or 19.2 mm?;
matrix = 256 x 128 or 192; resolution = 100 pm x 100 pm; number
of slices = 9; slice thickness = 750 pm; slice gap = 250 pm; slice di-
rection = transaxial; and NEX = 2. After MRI acquisition, fluorescence
images were also acquired using the same parameters as described in
the previous sections.

2.9. Statistical analysis

Alterations to R; for the SPIO-Cy5-PICsomes and bare SPIOs were sta-
tistically evaluated using a two-way ANOVA with the Bonferroni correc-
tion (Prism, Ver. 5, GraphPad Software, CA, USA). Changes to the body
weight due to SPIO-Cy5-PICsomes and bare SPIOs were also statistically
evaluated with the same test. A significance level of 0.05 was used.
3. Results and discussion

3.1. Chemical characterization of the SPIO-Cy5-PICsomes

The method used to prepare the PICsome nano-carrier was similar
to that previously reported for macromolecule-loaded Nano-PICsomes
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(Fig. 1) [33,34]. Fig. 2A presents a TEM image of ferucarbotran alone, the
size of which is consistent with reported values [36,37]. Successful load-
ing of ferucarbotran, seen as small black dots of approximately 30 nmin
diameter, into the PICsome was confirmed in Fig. 2B. In this unstained
TEM image, the ferucarbotran particles can be seen to overlap dark
gray shadows (diameter approximately 100 nm), that correspond to
the PICsomes. It is noteworthy that unencapsulated SPIOs were rarely
observed in the SPIO-Cy5-PlCsome samples, indicating an almost
complete removal of the SPIOs by preparative GPC. Additionally, in
the stained TEM images (Fig. S1), vesicular structures of a similar size
to the shadows in Fig. 2B were found. The DLS result demonstrated a
narrow size distribution for the SPIO-Cy5-PICsomes (Fig. 2C, average
diameter = 102 nm, polydispersity index (PDI) = 0.056), that was
consistent with the size of the black dots in the TEM images. The
SPIO-Cy5-PICsomes were large enough to contain multiple SPIO
nanoparticles, and multiple SPIOs encapsulated in a single Nano-
PICsome were occasionally observed (Fig. 2B, white arrow).

3.2. Invitro R,

The dependence of R, on iron concentration is shown in Fig. 2D and
E. The R of SPIO-Cy5-PICsomes was approximately twice as large as
that of ferucarbotran (20 uM SPIO-Cy5-PICsomes: 15.86 + 0.60 s™',
ferucarbotran: 7.89 + 0.67 s~ 1!). The r; of the SPIO-Cy5-PICsomes and
ferucarbotran were 663 & 28 mM ™! s™" and 261 + 30 mM~! s,
respectively. There are two factors that may contribute to the larger r,
of the SPIO-Cy5-PICsomes. The first is that, as shown in the TEM
image (Fig. 2B), some of the SPIO-Cy5-PICsomes contain multiple SPIO
nanoparticles. Having two or more SPIO nanoparticles in close proxim-
ity will perturb the shape of the surrounding magnetic field gradient
and potentially increase the observed r». This effect has been shown in
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Fig. 1. Schematic representation of the SPIO-Cy5-PICsome preparation.

25
= 20
£
& 154
E
£ 104
<
54
0 i v 7
1 10 100 1000 10000
Size [nm]
30 i Cuaes beman
25 # SPIO-Cy5-PICsomes l =
0 Ferucarbotran =
£ =
=z it —
= E S
1 g -
= g
e
E{f}’é‘;‘gﬁﬁf Saline

0 v
0 10 20 36 40 50 60 70 B0 90 100
Fe concentration [uM]

Fig. 2. Results of the in vitro TEM, DLS, and R, measurements. TEM images of (A)
ferucarbotran and (B) SPIO-Cy5-PiCsomes. The scale bar is 100 nm. (C) A typical size
distribution for SPIO-Cy5-PICsomes determined by DLS. (D) Concentration dependence
of Rys. A straight line fit for the SPIO-Cy5-PiCsomes gave y = 0.69 x + 2.16 (R? =
0.9998), and for ferucarbotran y = 0.20 x + 3.86 (R® = 0.998). (E) Representative
R> mapping of SPIO-Cy5-PICsomes, ferucarbotran, empty Cy5-PICsomes and saline.

previous reports when the r; of aggregated SPIO or USPIO nanoparticles
were enhanced in comparison to those of dispersed SPIO or USPIO
nanoparticles [20,36-38]. The second factor that may influence the r,
of SPIO-Cy5-PICsomes is the vesicle wall. As the experiment on empty
Cy5-PICsomes indicated (Fig. 2E), the materials that compose the mem-
brane do not affect r significantly in comparison to pure saline. Howev-
er, the paths of molecules diffusing through the field gradient near the
SPIOs are influenced by the PIC layer or PEG chains on the PIC layer,
and this could affect the observed r; [39,40].

3.3. In vivo analysis of tumor accumulation using MR and fluorescence
imaging

Typical To-weighted MRI and fluorescence images of tumor before
and up to 24 h after SPIO-Cy5-PICsome administration are shown in
Fig. 3. In the MR images, signal reductions were observed in the tu-
mors at 3 h after the administration. In fact, as shown in Fig. S2, signal
alteration in the tumor was detected at 2 h after the administration,
and the area of the signal alteration expanded over the next 4 h.
The signal alteration was maintained until at least 24 h after adminis-
tration (Fig. 3). MRI signal alteration in the tumor was in agreement
with the in vivo fluorescence imaging (Fig. 3). The results were further
confirmed by histological analysis of the tumor, with the results shown
in Fig. 4. HE staining of the thin-sectioned tumor revealed rich vascular-
ization of the tumor area without showing significant degeneration like
necrosis. As detected from the fluorescence of the Cy5 dye, the accumu-
lation of the SPIO-Cy5-PICsomes was especially high in tumor areas that
showed clear MRI signal reduction (Figs. 3 and 4).
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Fig. 3. Typical results of MRI and optical imaging of the in vivo tumor model. T,-weighted MRIs (upper), AR, maps (middle), and fluorescence images (bottom) were obtained for up
to 24 h after SPIO-Cy5-PICsome administration. The MRI signal in the tumor (arrows) was noticeably different 3 h after administration, and the area encompassing the signal
change was clearly larger at 6 and 24 h after administration. For the fluorescence images, similar to the MRI the signal increased at 3 h after administration. The square in the
24 h To-weighted image corresponds to the area used for histological evaluation (see Fig. 4).

Fig. 5 shows how R, changed over the 24 h after SPIO-Cy5-
PICsome or ferucarbotran administration. The R; of the tumor after
SPIO-Cy5-PICsome administration gradually increased, and peaked
with an increase of 30% at 6 h after administration in comparison to
the values before administration (Fig. 5). At 24 h after administration,
the R, remained at the same level as at 6 h. In contrast, the R, after
ferucarbotran administration was significantly smaller than the values
at 3, 6 and 24 h after SPIO-Cy5-PICsome administration (Fig. 5). These
results are attributed to the facilitated EPR effect of SPIO-Cy5-PICsomes
prolonging circulation in the bloodstream [34], and to the larger
relaxivity (Fig. 2D). We also think that if our SPIO-Cy5-PICsomes are
used, a tumor diagnosis might be made by comparing the MR images
of 3 h and 24 h after administration.

Even though the pharmacokinetics of the SPIO-Cy5-PICsomes was
not quantitatively investigated in this study, it is expected that they
retain the same qualities as reported in our previous Cy5-PICsome
study [34]. This is also supported by the low renal interaction of
SPIO-Cy5-PICsomes, which was suggested by the negligible change
in the MR signal intensity of kidney in the first 6 h after administra-
tion (Fig. S2), and sustained accumulation in the tumor between 3
and 24 h after administration (Figs. 3 and 5).

Changes in the body weight of the mice after SPIO-Cy5-PICsome or
ferucarbotran administration are shown in Fig. S3. There were no signif-
icant changes during the week after SPIO-Cy5-PiCsome administration.
None of the animals exhibited other symptoms of systemic toxicity
such as abnormal behavior or death after SPIO-Cy5-PICsome administra-
tion, even though a three times higher dose of SPIO-Cy5-PICsomes was
administered (1.35 mg/kg Fe, Fig. S4).

As noted in the Introduction, SPIO-loaded PEGylated nano-vesicles
have several advantages, including longer circulation in the blood-
stream and the potential to carry multiple iron-oxide particles, that
enables strong signal enhancement in tumor [21-23]. It should also
be noted that SPIO or USPIO-loaded PEGylated liposomes have been
applied for tumor detection and evaluation of tumor treatment with

MRI [27-30]. It is our impression that PEGylated liposomes have char-
acteristics that differ from Nano-PICsomes. The PEGylated liposomes
have hydrophobic and non-permeable lipid membranes and can pro-
vide a platform for loading water-soluble drugs in a simple manner.
However, the lipid membrane blocks communication between the
inside and outside of the liposomes and it is technically difficult to
conjugate with PEGs at a sufficiently high density. Therefore, liposo-
mal formulations of this sort are not always favorable for in vivo sens-
ing systems. On the other hand, Nano-PICsomes have a membrane
that is permeable to low-molecular weight compounds, aids extreme-
ly prolonged circulation in the bloodstream, is a robust structure due
to cross-linking, and forms a nano-particle of controllable diameter.
These characteristics of Nano-PICsomes contribute to their potential
to be carriers of sensor agents for probing the tissue environment in
vivo; Nano-PICsomes are expected to accumulate selectively in
tumors, working as highly sensitive MRI contrast agents.

3.4. Detection of small and early-stage tumor

Fig. 6 presents the T,-weighted images of a small and early-stage
tumor (3 days after grafting, approximately 4 mm?) before (Fig. 6A
and C) and 24 h after (Fig. 6B and D) SPIO-Cy5-PICsome administration.
MRI signal alteration was detectable in vivo. The Cy5 fluorescence signal
observed in the tumor region was in agreement with the MRI signal
alteration (Fig. 6E). When the skin covering the tumor region was
incised, it was observed that several vessels were connected to the
small and early-stage tumor (Fig. 6F and G). These results indicate
that SPIO-Cy5-PICsomes accumulate, presumably due to the EPR effect,
even in a small tumor that only had 3 days of in vivo growth in immu-
nodeficient mice. Hence, if the micro-metastases are connected to the
vasculature it is likely that SPIO-Cy5-PICsomes will accumulate in the
tumor and aid early stage detection.

The in vivo detection of small tumors has been performed using
other tomographic imaging modalities such as PET and single photon
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Fig. 4. Histological analysis of the tumor sample shown in Fig. 3. The sample was seri-
ally sectioned and underwent HE staining (top), and fluorescence imaging of the Cy5
dye (bottom). The white dots in the fluorescence image indicate SPIO-Cy5-PICsomes.
Scale bar, 50 nm (observed with a x 20 objective lens).

emission computed tomography (SPECT) [41,42]. The minimum size
of a detectable tumor was approximately 1 mm in diameter, which
is smaller than the tumor size detected in our trial. Although highly
sensitive PET and SPECT imaging might be able to detect smaller tu-
mors deeply seated within the body without requiring invasive pro-
cedures, it is difficult to determine the precise position of the tumor
because of the limited spatial resolution (approximately 2-3 mm)
of those modalities. The high sensitivity of MRI to SPIO nanoparticles
has been used to observe the migration of groups of cells [43-48], and
in some cases track the paths of single cells [49]. Combined with the
high spatial resolution (100 x 100 um?) of MRI, we therefore expect
that SPIO-Cy5-PICsomes might be used to detect not only small
tumors, but also their differential distribution due to variations in
the micro-environment inside the tumor. Thus, SPIO-Cy5-PICsomes
have the potential to provide novel diagnostic information for the
clinic.
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Fig. 5. Changes to the R, normalized by the value obtained before administration. The
error bars denote the standard deviation. The closed diamonds correspond to tumors
with SPIO-Cy5-PICsomes and the open squares to those with ferucarbotran. The level
of significance was set at p <0.001 (**) for a two-way ANOVA with Bonferroni
correction.

4. Conclusion

Ferucarbotran-loaded unilamellar polyion complex vesicles, SPIO-
Cy5-PiCsomes, were developed as highly sensitive MRI contrast
agents that accumulate in tumors. The properties of the SPIO-Cy5-
PICsomes were evaluated both in vitro and in vivo. The transverse
relaxivity of the SPIO-Cy5-PICsomes was 2.54 times higher than that
of dispersed ferucarbotran. In a subcutaneously grafted colon 26
cancer model, significant alterations in the tumor MRI signals were
reliably detected at 3 h after SPIO-Cy5-PICsome administration and
maintained for 24 h. A small, early-stage tumor was also visualized
using both in vivo MRI and fluorescence imaging. SPIO-loaded
PICsomes allow small metastatic tumors to be detected and this may con-
tribute to earlier identification for treatment in the clinic. In addition,
these results indicate that loaded cross-linked PICsomes display similar
pharmacokinetic behavior to unloaded cross-linked PICsomes, suggesting
that PICsomes can be a versatile platform for nano-medicines. Looking
ahead, anti-cancer-drug-loaded SPIO-PICsomes have potential therapeu-
tic applications.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.jconrel.2013.03.016.
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Running title: Tissue redox activity as a hallmark of carcinogenesis

Translational relevance

This study directly relates to cancer diagnosis, the assessment of cancer progression (from
early to terminal stage) and planning a therapeutic strategy. This study demonstrates that
tissue redox balance is very sensitive to cancer development and can be used as a diagnostic
marker of carcinogenesis. The method is simple and applicable on isolated tissue and blood
specimens. The method demonstrates the potential for promising application in molecular
imaging diagnostic in vivo on humans following the development of cell-penetrating nitroxide
probes with high contrast, low toxicity and minimal side effects.

The most important observations are that the oxidative status of noncancerous tissues (even
those distant from the primary tumor locus) increases with cancer progression and that these
tissues become susceptible to oxidative stress and damage.

Abstract

Purpose: The study aimed to clarify the dynamics of tissue redox activity (TRA) in cancer
progression and assess the importance of this parameter for therapeutic strategies.
Experimental design: The experiments were conducted on brain tissues of
neuroblastoma-bearing, glioma-bearing and healthy mice. TRA was visualized in vivo by
nitroxide-enhanced magnetic resonance imaging (MRI) on anesthetized animals or in vifro by
electron paramagnetic resonance (EPR) spectroscopy on isolated tissue specimens. Two
biochemical parameters were analyzed in parallel: tissue total antioxidant capacity (TTAC)
and plasma levels of matrix metalloproteinases (MMPs).

Results: In the early stage of cancer, the brain tissues were characterized by a shorter-lived
MRI signal than that from healthy brains (indicating a higher reducing activity for the
nitroxide radical), which was accompanied by an enhancement of TTAC and MMP9 plasma
levels. In the terminal stage of cancer, tissues in both hemispheres were characterized by a
longer-lived MRI signal than in healthy brains (indicating a high oxidative activity) that was
accompanied by a decrease in TTAC and an increase in the MMP2/MMP9 plasma levels.
Cancer progression also affected the redox potential of tissues distant from the primary tumor
locus (liver and lung). Their oxidative status increased in both stages of cancer.

Conclusions: The study demonstrates that tissue redox balance is very sensitive to the
progression of cancer and can be used as a diagnostic marker of carcinogenesis. The study
also suggests that the noncancerous tissues of a cancer-bearing organism are susceptible to
oxidative damage and should be considered a therapeutic target.

Key words: cancer, tissue redox activity, total antioxidant capacity, metalloproteinases,
magnetic resonance imaging
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