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Abstract

The enhanced permeability and retention (EPR) effect is variable depending on nanoparticle properties and tumor/vessel conditions.
Thus, intratumoral evaluations of the vasculature and nanoparticle distribution are important for predicting the therapeutic efficacy and the
intractability of tumors. We aimed to develop a tumor vasculature evaluation method and high-resolution nanoparticle delivery imaging
using magnetic resonance (MR) micro-imaging technology with a gadolinium (Gd)-dendron assembled liposomal contrast agent. Using the
Gd-liposome and a cryogenic receiving coil, we achieved 50-μm isotropic MR angiography with clear visualization of tumor micro-vessel
structure. The Gd-liposome-enhanced MR micro-imaging revealed differences in the vascular structures between Colon26- and SU-DHL6-
grafted mice models. The vessel volumes and diameters measured for both tumors were significantly correlated with histological
observations. The MR micro-imaging methods facilitate the evaluation of intratumoral vascularization patterns, the quantitative assessment
of vascular-properties that alter tumor malignancy, particle retentivity, and the effects of treatment.
© 2018 . Publ ished by Elsevier Inc . This is an open access ar t ic le under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Tumorigenesis is characterized by abnormal rapid cell
proliferation and subsequent microvessel formation from the
surrounding host vasculature, which delivers the nutrients and
oxygen required for rapid growth. Tumor microvessels often
exhibit an architecturally and functionally abnormal structure,
which results in a poor supply of oxygen to the cells distant from
the vasculature, and induces areas of low oxygen concentration,
a state known as hypoxia.1,2 These heterogeneous tumor micro-
environments with insufficient blood flow lead to poor
nanoparticles delivery, and hypoxia of cancer cells can
reportedly confer anti-tumor drug resistance.2,3 Nano-platforms
have been developed to improve drug delivery specificity in
tumor to maximize the chemotherapeutic effect and minimize the
side-effect. There were many trials and debates for the enhanced
permeability and retention (EPR) effect in tumors4,5 and it has
been clear that the EPR effect is variable depending on multiple
factors of the nanoparticle properties and tumor/vessel condi-
tions, such as aberrant vascular architecture, basement mem-
brane disruption, and distribution of stroma cells or fibrosis.6–8

In addition, cytotoxicity and resistant to radiotherapy also
depends on the tumor vasculature, especially presence of
oxygen.1,9 Therefore, research aimed at achieving a better
characterization of tumor micro-environments, including asso-
ciated heterogeneity, is important with regard to identifying and
characterizing tumors. Moreover, the assessment of tumor
micro-environments in vivo is necessary in order to optimize
nano-drug selection for treatment and to avoid delivery
deficiency to the tumor due to the existence of interstitial cells8

or vessel impermeability.10

Magnetic resonance imaging (MRI) can provide non-invasive
and high spatial resolution in vivo 3D anatomical information,
and magnetic resonance angiography (MRA) using the time-of-
flight technique can be used to visualize some broad arteries in
humans and animals.11–14 Higher magnetic field and low-noise
radiofrequency (RF) coil technologies enhance the signal-to-
noise ratio (SNR) and facilitate increased spatial resolution.
There are many ex vivo magnetic resonance (MR) micro-
imaging techniques that yield spatial resolution of approximately
20–60 μm in animal tissue.15 However, in vivo visualization of
intratumoral vessel structure remains a challenge because the
resolution of conventional 3D MRA is insufficient for the
visualization of intratumoral vessel structure in detail. In
addition, it is difficult to ascertain 3D vascularization patterns
correctly via tumor tissue sections using optical microscope,
because sequential thin sectioning without distortion is techni-
cally limited. If in vivo MRA with higher resolution is achieved,
3D information derived from the entire tumor without distortion
could be obtained and used to evaluate tumor malignancy
longitudinally, as well as the therapeutic efficacy of treatment.

The utilization of a drug delivery system (DDS) for cancer
diagnostic agents is one of the approaches used to visualize
tumor micro-environments.3 Many types of nanoparticles have
reportedly been used for cancer diagnosis.8,12,13,16 We devel-
oped a highly sensitive liposomal contrast agent, PEGylated
gadolinium (Gd)-DOTA-dendron-liposome17 (Gd-liposome),
and the agent is provided for research use (Cat #
KH16000590, DS pharma biomedical, Osaka, Japan). The Gd-
liposome has many Gd-DOTA molecules on its surface, in a
dendritic branch configuration.17 One dendron lipid can have
five to eight Gd-DOTA moieties, and the relaxivity is 2.5 times
higher than that of the conventional Gd-DOTA.17 The Gd-
liposome (110 nm, averaged diameter) also incorporates PEG,
which increases its blood half-life. Due to these characteristics,
the Gd-liposome can be expected to accumulate in some types of
tumors due to the EPR effect, facilitating their visualization and
the determination of their distribution. In addition, the longer
half-life in the blood stream can allow for a longer MRI scanning
time to obtain a better SNR and spatial resolution.

The aims of this study were to develop a 3D tumor
vasculature evaluation method and a high-resolution nanoparti-
cle delivery imaging using MRmicro-imaging technology with a
Gd-dendron assembled liposomal nanoparticle contrast agent.
The PEGylated Gd-liposome was administered intravenously to
colon cancer and lymphoma-cells grafted models and differences
were analyzed in tumor vessel structures using MR micro-
angiography (MRmA). The tumor vasculature information
acquired via MRmA was compared to histological sections
acquired via vascular endothelial cell-stained microscopic data.
The Gd-liposome-enhanced MR micro-imaging methods were
then applied to monitor the particle retentivity in tumors and the
therapeutic efficacy of an anti-angiogenic agent.
Methods

Ethics statement

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 NIRS
committee for the care and use of laboratory animals.
Animal and cell line preparation and tumor treatment

Male BALB/c nude mice (n = 18, 6–10 weeks old, Japan SLC
Inc., Shizuoka, Japan) andmaleNOG©mice (n = 15, 6–10weeks
old, Central Institute for Experimental Animals, Kanagawa, Japan)
were prepared. Colon26 tumor cells (murine rectal cancer,
1.0 × 106 cells/50 μL) were subcutaneously transplanted to the
gluteal region of BALB/c nude mice (n = 18). As a malignant
lymphoma model, SU-DHL6 cells (CD20-positive human origin
malignant lymphocytes, 3.0 × 106 cells/50 μL) were transplanted
to the gluteal region of NOG©mice (n = 15).18–20 The two types
ofmice were randomly divided into three groups,MRI observation
withGd-liposome using cryogenic coil (n = 5), sunitinib treatment
(n = 5), and vehicle control (n = 5). In addition, as conventional
methods, MRI with Gd-DOTA (gadoterate meglumine, 50 mM,
200 μL/25 g, Terumo, Japan) using a cryogenic coil (n = 1), MRI
with Gd-DOTA using the single-loop surface coil (n = 1), and
MRI with Gd-liposome using the single-loop surface coil (n = 1)
were acquired. The tumors were left to grow to a volume of
approximately 150 mm3 (i.e., 7–8 days after tumor inoculation in
Colon26 and 21–25 days in SU-DHL6) for the MRI measurement
and 100 mm3 (i.e., 6–7 days after tumor inoculation in Colon26
and 17–20 days in SU-DHL6) for the therapeutic experiments,
respectively.
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To evaluate the therapeutic effect and MRmA detection, the
anti-angiogenic agent sunitinib and vehicle control solution were
prepared. The sunitinib solution was formulated sunitinib (Selleck
Pharmaceuticals, Houston, TX, USA) with 0.5% methylcellulose
(Nacalai Tesque, Kyoto, Japan) and 0.5% Tween-80 (Nacalai
tesque) in attenuated distilled water. The vehicle control solution
was prepared using the same solvent without sunitinib. The
sunitinib (50 mg/kg) or vehicle control solution was administrated
perorally to Colon26-grafted BALB/c nude mice (n = 5 for
sunitinib, n = 5 for vehicle control) for 11 days or SU-DHL6-
grafted NOG©mice (n = 5 for sunitinib, n = 5 for vehicle control)
for 20 days every day. The endpoint of the studywas set to 800mm3

of tumor volume and the mice that reached the endpoint were
euthanized (n = 2 at the vehicle control). The tumor size was
calculated with the following formula;

Tumor volume ¼ a � b � c � π=6

where a and b are the horizontal diameters and c is the depth of the
grafted tumor. For tumor volume comparison, the “treated tumor
volume ratio” during sunitinib treatment was calculated by: [mean
tumor volume of the sunitinib treatment group] / [mean tumor
volume of the vehicle control group].

In addition, the tumor doubling time was calculated using the
following equation;

td ¼ ln 2=SGR
SGR ¼ ln V2=V1ð Þ= t2−t1ð Þ

where td is the tumor doubling time, SGR is the specific tumor
growth rate, V is tumor volume, and t is time. The SGR was
calculated as the slope value of logarithm regression of the
longitudinal tumor volume alteration.

One of the Colon26-grafted BALB/c nude mice was used for
longitudinal MRmA observation of the therapeutic effect with an
anti-angiogenic agent. The longitudinal MRmA acquisition
during treatment was conducted on the day of the initiation of
treatment and 7 and 10 days after the initiation of treatment.21

MRI measurements and Gd-liposome administration

MR experiments were performed using a preclinical 7 Tesla
20-cm bore MRI system (BioSpec, Avance-III system, Bruker
Biospin, Ettlingen, Germany) with a highly sensitive cryogenic
RF coil (Cryoprobe©, Bruker Biospin).22 The coil element and
preamplifier in the cryogenic RF coil were cooled by helium gas
to suppress thermal noise, so that the SNR using the coil would
be approximately 2.5 times higher than that achieved via a
conventional RF coil.22 A single-loop conventional surface coil
(20-mm diameter for reception, Rapid Biomedical, Germany)
was partly used as a conventional method for SNR comparison.
During the in vivo MRI experiments, mice (MRI observation
group, Colon26-grafted BALB/c nude mice (n = 5) and SU-
DHL6-grafted NOG© mice (n = 5)) were anesthetized with
2.0% isoflurane gas (Escain, Mylan, PA, USA) and a 1:5 = O2:
room-air mixture. Rectal temperature was measured via an
optical fiber thermometer (FOT-L, FISO Technology, Quebec
City, QC, Canada) inserted into the rectum, and maintained at
36.5 ± 0.5 °C via a warm water pad and warm air heating
system. Body temperature and breathing were monitored via a
Biopac system (BIOPAC Systems, Goleta, CA, USA).

Three types of MR images were acquired. MRmA for
visualizing vascular structures in the tumors was acquired
using a “fast low angle shot (FLASH)” sequence with the
following imaging parameters: repetition time (TR)/echo time
(TE) = 15/2.5 ms, field of view (FOV) = 12.8 mm3, matrix
size = 256 × 256 × 256, flip angle = 20°, number of excita-
tions (NEX) = 3, and scan time = 36 min 51 sec. The voxel
size was 50 μm3 isotropic. MRmA images were acquired
before and after intravenous (i.v.) Gd-liposome administration
via the tail vein.12,23 Gd-liposome (106.3 ± 11.0 nm, averaged
diameter measured using dynamic light scattering, ZEN3600,
Malvern Instruments, Malvern, United Kingdom) was used to
visualize vasculatures in the tumors. The Gd-liposome dose
was 23 μmol/kg [Gd] in a 100-μL solution.

Multi-slice T1-weighted images (T1W) to check for particle
leakage from the vessels were acquired using a multi-slice multi-
echo (MSME) sequence. The imaging parameters used were TR/
TE = 400/10 ms, FOV = 19.2 × 13.5 mm, matrix = 256 × 192,
slice thickness = 0.78 mm without slice gap, NEX = 4, and scan
time = 5 min 7 sec. Multi-slice T2-weighted images (T2W) to
investigate tumor anatomy were acquired using a rapid acquisition
with relaxation enhancement (RARE) sequence. The imaging
parameters used were TR/TE = 3500/40 ms, RARE factor = 8,
FOV = 19.2 × 13.5 mm, matrix = 256 × 256, acquisition matrix
size = 256 × 192 (Zero-Fill Acceleration = 1.34), slice thickness =
0.75mmwithout slice gap, NEX = 2, and scan time = 2min 48 sec.
In all images, a fat-saturated pulsewas used to exclude chemical-shift
artifacts.

Image analysis and statistical analysis

All MR images were analyzed usingMRVision (Version 1.6.8,
MRVision, Winchester, MA) and Osirix (Apple Inc. Cupertino,
CA, USA)24 image analysis software. The mean intratumoral
vascular diameters for each tumor type were calculated via MRA
images. MRA images were binarized using a 50% intensity
threshold,25 the total area of the white regions of the binary map
was measured using MRVision, and vasculature diameters were
measured using Osirix software. To calculate vascular density, the
tumor “periphery” area was defined as the ring-shaped area from
the tumor boundary to 3mm into the coronal slices of the T2WMR
images. The tumor “core” was defined as the inner area of the
tumor that did not include the periphery.

The statistical analyses of MRA and histological staining were
performed using Student's unpaired t-test for two-group compar-
isons (Excel, Microsoft, WA, USA). One-way analysis of variance
(ANOVA) with Tukey's correction (GraphPad Prism, Ver. 5,
GraphPad Software, Inc., CA, USA) was used for comparisons of
vascular properties and two-wayANOVAwith Tukey's correction
(GraphPad Prism) was used for evaluation of the therapeutic effect
for sunitinib. A significance level of p b 0.05 was used.

Histological analysis

Immediately after MRI scanning, the mice in the MRI
observation group were euthanized and their tumors were
excised. The tumors were then embedded in paraffin and sliced
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in an axial direction (5 μm in thickness). After deparaffinization
for diaminobenzidine (DAB) staining, sections were treated with
10mMcitrate buffer (pH 6.0) and autoclaved at 121 °C for 10min.
After treatment with 3% H2O2-methanol for 30 min to remove
intrinsic peroxidase and blocking of nonspecific binding sites with
3% bovine serum albumin, in phosphate-buffered saline for 30
min, the slides were probed with antibodies specific for CD31
(rabbit polyclonal, Abcam plc., Cambridge, UK), a blood
endothelial cell marker, for 60 min at room temperature.26 The
sections were then incubated with HRP Labelled Polymer Anti-
Rabbit (EnVision+©System, DakoCorp. (Agilent), CA, USA) for
30min at room temperature, and colored with DAB.27 To evaluate
the area of vascular endothelial cells for histological staining, five
slices in CD31-stained images were randomly selected. CD31-
positive areas were binarized using the Macscope© software
(Mitani Corp., Tokyo, Japan), and the proportion of the positive-
stained area in the tumor was calculated.
Results

Visualization of murine tumor vasculature in vivo

Figure 1, A and B shows the representative maximum intensity
projection (MIP) images of the Colon26 and SU-DHL6 tumors
when tumors grew to approximately 150 mm3 (7.5 ± 1.3 days on
Colon26, 21.2 ± 3.3 days on SU-DHL6, respectively) (Figure 1,C).
Blood vessels with diameters of approximately 50 μm and above
could be visualized clearly in both types of xenografts, usingMRmA
with Gd-liposome. The vascular structures in the two tumor models
differed considerably. In Colon26 tumors, the thin blood vessels
were predominantly located in the peripheral part andwere relatively
sparse in the core (Figure 1,A, SupplementaryVideo 1). Conversely,
the cores of the SU-DHL6 malignant lymphomas contained
numerous large vessels with many thin branches (Figure 1, B,
Supplementary Video 1). Figure 1, D shows intratumoral vessel
volumes calculated via the MIP images. The mean vessel volumes
were 2.45 ± 0.42 mm3 for Colon26 tumors and 3.78 ± 0.89 mm3

for SU-DHL6 tumors, indicating that SU-DHL6 tumors had a larger
volume of blood vessels than Colon26 tumors. MRAs using
conventional methods at the same 7 T-MRI scanner were also
obtained as follows; MRmA acquired with a cryogenic RF coil after
Gd-DOTA i.v. injection (Figure 1, E), MRmA acquired with the
single-loop surface coil (20-mm diameter) after Gd-DOTA i.v.
injection (Figure 1, F), and MRmA acquired with the single-loop
surface coil after Gd-liposome i.v. injection (Figure 1,G). TheMRA
images acquired with Gd-DOTA were blurry and tumor vessel
structure was ambiguous (Figure 1, E and F). Although the Gd-
liposome specifically enhanced vessel structure, the conventional
single-loop surface coil lacked in SNR for thin vessels (Figure 1,G).

Quantitative analysis of tumors vascularization patterns via
MRmA images

To better understand the differences in vascular properties
between the two tumor types, their vascularization patterns were
quantitatively analyzed. Figure 2 shows typical 3D MRmA MIP
and binarized images on the coronal plane (red). As shown in
Figure 2, A, blood vessels were mainly located on the surface of
Colon26 tumors, while density was low in the core part. In
contrast, blood vessels were widely observed throughout the SU-
DHL6 tumors (Figure 2, B). The vascular areas in the core and
peripheral parts of tumors were quantified via coronal sections of
each MRmA image, and the results are shown in Figure 2, C. In
Colon26 tumors, the mean vascular area in the core part was 0.55 ±
0.35 μm2, while in the peripheral part it was 4.54 ± 1.23 μm2,
suggesting that Colon26 preferentially forms tumor vasculature in
the peripheral part. In contrast, in SU-DHL6 tumors the mean
vascular areas were 4.03 ± 0.58 μm2 in the core part and 5.36 ±
4.73 μm2 in the peripheral part, suggesting that tumor vessels grow
uniformly throughout SU-DHL6 tumor tissues.

Evaluation of vascular diameter via MRmA images

The MRmA images were further used to evaluate the
differences in vascular diameters. Figure 3, A shows typical
whole 2D images (upper), and a “zoomed in” image of vessel
signal and region of interest (ROI) line for the measurement of
vessel diameters (bottom). Figure 3, B shows vessel diameter
values of Colon26 and SU-DHL6 tumors derived from 3D
MRmA images. The mean vessel diameters were 97.0 ± 8.2 μm
for Colon26 tumors and 145.0 ± 10.5 μm for SU-DHL6 tumors,
and this difference was statistically significant (n = 5, p b 0.05).

The vessel diameter was also measured from CD31 immuno-
histological images and compared between both tumors. As shown
in Figure 3, C, the CD31-positive zone in the peripheral area (the
white square in the MRmA image) was detected (bottom). The
diameter of the intravascular space in SU-DHL6 was 1.5 ± 0.1 fold
larger than that of colon26 (Figure 3, D), indicating a significant
difference between Colon26 and SU-DHL6 tumors, as is the case
with theMRmA results shown in Figure 3,B. Figure 3,E shows the
CD31-positive area measured using an optical microscope. The
mean CD31-positive areas were 0.33 ± 0.13% in Colon26 tumors
and 0.75 ± 0.16% in SU-DHL6 tumors, and this difference was
statistically significant. This result was concordant with the
difference in vascular density that was noninvasively assessed via
MRmA (Figure 1, D).

Evaluation of therapeutic effect of an anti-angiogenic agent via
MRmA images

Figure 4, A and B shows the growth kinetics of Colon26 (A)
and SU-DHL6 (B) xenografts during the treatment. The treatment
with sunitinib (50 mg/kg/day) suppressed the growth significantly
both in Colon26 (11 days after beginning of treatment, p b 0.05)
and SU-DHL6 tumors (9–21 days after beginning of treatment,
p b 0.05, 0.01, or 0.001). At day 10, the treated tumor volume
ratio to the control of SU-DHL6 (0.44, Figure 4, B, solid square)
was smaller than that of Colon26 (0.69, Figure 4, A, solid square),
suggesting that SU-DHL6 is more sensitive to anti-angiogenic
therapy compared to colon26. Figure 4, C and D shows the
logarithmic regression to calculate tumor doubling time of
Colon26 (C) and SU-DHL6 (D) xenografts with or without the
treatment. The tumor doubling time in Colon26 was 3.27 days
(R2 = 0.98) in the control group and 4.25 days (R2 = 0.93) in the
treatment group.On the other hand, the doubling time in SU-DHL6
was 7.26 days (R2 = 0.98) in the control group and 9.63 days
(R2 = 0.97) in the treatment group.



Figure 1. Representative MIP images of murine tumor xenografts constructed MRmA. (A)MIP image of MRmA in two different Colon26 transplant model mice.
(B)MIP image ofMRmA in two different SU-DHL6 transplant model mice. (C) Tumor volume calculated via the anatomical image onMRmA. The data shown are
means ± SD (n = 5). (D) Intratumor vessel volumes calculated via MRmA images. The data shown are means ± SD (n = 5). (E)MRmA acquired with a cryogenic
RF coil after Gd-DOTA i.v. injection, (F)MRmA acquired with the single-loop surface coil (20-mm diameter) after Gd-DOTA i.v. injection, (G)MRmA acquired
with the single-loop surface coil after Gd-liposome i.v. injection. *p b 0.05.
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Figure 2. Vessel distribution analysis in the core and peripheral parts in coronal slices of each tumor type. (A) Colon26. (B) SU-DHL6. 3D MIP (left), 2D
magnitude (middle), and threshold (right) images are shown. The red bar on the 3DMIP image represents the position of the coronal slice. (C)Vessel areas in the
core and peripheral parts calculated via coronal sections. The data shown are means ± SD (n = 5), and one-way ANOVA was used to conduct statistical
comparisons. **p b 0.01, ***p b 0.001.
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Longitudinal imaging assessment of treatment response to an
anti-angiogenic agent

Figure 5 shows MRmA MIP and T1W images acquired in
conjunction with the administration of the Gd-liposome contrast
agent over a time-course of sunitinib treatment. As indicated within
the white circles (Figure 5, MRmA, Supplementary Video 2),
diminished and vague vessel contrastwere observed on days 7 and 10
compared with pre-treatment. Furthermore, partial signal enhance-
ment at the treated tumors both in the T1W images and MRmAwas
observed, indicating leakage of the nanoparticles contrast agent from
vessels and accumulation into tumor tissues immediately after the
administration. Collectively, these results suggest that anti-
angiogenic effects and nanoparticles distribution on murine tumor
xenografts can be noninvasively monitored via MRmA.

Discussion

Clear visualization of intratumoral vasculature using the Gd-
liposome-enhanced MRmA

MRA is highly beneficial with regard to obtaining anatomical
large vessel information.11,12,28–31 However, the quantitative
evaluation of intratumoral vascular properties is difficult due to
limited resolution. The present study using Gd-liposome with
MR micro-imaging technology achieved 50 μm isotropic
resolution MRmA, which enabled the quantitative assessment
of tumor vasculature volume and diameter. The particle size of
Gd-liposome is approximately 110 nm, and is less leaky than the
intact vasculature, and the PEGs on the surface extend its blood
half-life by 4–8 hours. These characteristics facilitate retention
of the Gd-liposome in blood pools during MRmA scanning,
which was clearly visible in tumor vasculature on the MR
images. On the other hand, smaller molecular weight contrast
agents, which are used clinically, often leak from both normal
and abnormal capillaries into tissues, resulting in the generation
of low contrast images (Figure 1, E).

In addition, the Gd-liposome provided high contrast because
the surface of the Gd-liposome has high dense Gd-DOTA
conjugation, due to the many dendritic branches, and could
achieve high relaxivity (2.5 times of Gd-DOTA). Furthermore,
the combined use of a highly sensitive cryogenic radiofrequency
coil (SNR per 1 mm3: 34,110 at copper sulfate phantom, Bruker
Biospin) on 7 T MRI further assisted the increase in the
resolution of MR images compared to the use of a single loop
surface coil (SNR per 1 mm3: 9056). The use of suitable
combinational micro-imaging technologies using blood-pool
nanoparticles with high density and relaxivity capabilities and
high SNR coils acted synergistically to increase resolution and
the SNR of MR imaging.

Note that the Gd-liposome-enhanced MRmA and MIP
visualization could detect the arterioles and venules (100–200
μm in diameter) but could not detect the capillaries and very
small vessels (under 50 μm). For evaluation of the capillaries,
perfusion MRI methods, such as arterial spin labeling or the
dynamic contrast-enhanced method, will be useful, although it is
impossible to visualize single capillaries.
Significance in noninvasive evaluation of intratumoral vascular
architecture

Vascularization patterns and vascular diameters differ in each
tumor type. Contrary to normal vessels, the tumor vasculature



Figure 3. Comparison of vascular properties of Colon26 and SU-DHL6 tumors in vivo as determined via magnetic resonance imaging and histological staining.
(A) 2D sagittal slices (upper) and enlarged maps (white squares in the sagittal images) of Colon26 and SU-DHL6 tumors. (B) Diameter of blood vessels
measured via magnetic resonance micro-angiography. The data shown are means ± SD (n = 5). (C) Representative MRmA images of each tumor type (upper)
and histological staining of tumor sections. The images correspond to the white square in each corresponding MRmA image. The blood endothelial cell marker
CD31 was stained with diaminobenzidine. (D) Relative diameter of blood vessels measured from CD31 histological staining (n = 5). *p b 0.05. (E)
Quantification of CD31-positive areas as determined via histological images (n = 5). *p b 0.05.
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pattern is extremely disorganized and anarchic and presents
morphological and structural differences, i.e., weak association
between endothelial cells, abnormal shapes of pericytes, lack of
smooth muscles, as well as basal membrane modification.10,16

Ryschich et al. reported that malignant tumors have thick blood
vessels correlated with malignancy for supply to tumor tissue.32
Thus, the noninvasive assessment of vascular properties is useful for
the diagnosis of tumorigenesis or its malignant transformation.

In addition to the vascular architecture, whether the EPR effect
occurs in the tumor has a great influence on the strategy of
nanomedicine. Indeed, we have previously reported that PEGylated
liposome (approximately 110 nm) can gradually accumulate in tumors



Figure 4. Longitudinal tumor volume alteration during sunitinib treatment. Colon26 and (B) SU-DHL6 were presented. To calculate the tumor doubling time,
the natural logarithmic scale and the regressions for (C) Colon26 and (D) SU-DHL6 are also presented. Solid circles indicate sunitinib treatment group, and
solid squares mean vehicle only control group, respectively. The data shown means ± SE (n = 5). *p b 0.05, **p b 0.01, †p b 0.001.
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due to theEPReffect for 4–8hours.17,33,34 In addition to the late phase
EPR effect, MRmA and T1W MR micro-images, after the anti-
angiogenic therapy, could detect leakage of the Gd-liposomal
nanoparticles from vessels and accumulation into tumor tissues
immediately after the administration (Figure 5). It should be noted that
evaluation of tumor vasculature (volume, density, patterning, and
diameter) and accumulation of nanoparticles on MRI allows
assessment of the tumoral microenvironment and its heterogeneity
when it is combinedwith other functionalMRmeasurements, such as
T1Wimage (Figure 5), diffusion (SupplementaryFigure 1), perfusion,
blood oxygenation level dependent, and other nanoparticles-enhanced
MR images.

Noninvasive evaluation of anti-angiogenic chemotherapy on the
high resolution MRmA

Folkman et al. first proposed the essential role of angiogen-
esis in tumor growth in 1971.35,36 He studied the process by
which a tumor attracts blood vessels to nourish itself and sustain
its existence on tumor angiogenesis.37 Starting from those
achievements, many effective drugs have been developed, such
as molecular target therapy.27,38–40 Among them, sunitinib was
developed as an anti-angiogenic agent, which inhibits multiple
receptor tyrosine kinase (RTK).41 Krishna et al. evaluated the
time course changes of relative tumor vessel volume with MRI in
combination use with ultra-small superparamagnetic iron oxide
nanoparticles (USPIO), a negative contrast agent, upon sunitinib
treatment.38 In this study, Gd-liposome-enhanced 3D MRmA
clearly distinguished the differences in vascular properties
between colon26 and SU-DHL6. This positively enhanced
contrast of blood vessels allowed measurement of the absolute
tumor vessel volume (mm3) (Figure 1, D) and provided evidence
that sunitinib is more effective for SU-DHL6 than for colon26.
Indeed, sunitinib administration was predominantly beneficial
for the treatment of SU-DHL6 tumors (Figure 4) in which vessel



Figure 5. Profiling of Colon26 tumor vascular alterations via MRmA after anti-angiogenic therapy. MIP images derived via MRmA (upper) and T1W images
(lower) before treatment and 7 and 10 days after daily treatment with sunitinib are shown.
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density and diameter were greater than in colon26 (Figure 1, D).
In addition, our method also allowed monitoring of the spatial
and temporal alterations of tumor vasculature upon sunitinib
treatment (Figure 5, Supplementary Video 2). Thus, more precise
evaluation of intratumoral vasculature is possible using our 3D
MRmA, which enables the decision of the appropriate treatment
method and on follow-up whether the anti-angiogenic therapy is
effective and should be continued.

In conclusion, we developed a 3D tumor vasculature evaluation
method and a high-resolution nanoparticle delivery imaging using
MR micro-imaging technology with a Gd-dendron assembled
liposomal nanoparticle contrast agent. The Gd-liposome-enhanced
3D MRmA technology revealed differences in the vascular
structures betweenColon26 and SU-DHL6 (malignant lymphoma)
grafted models and facilitated the longitudinal observation of
therapeutic alterations. The MR micro-imaging methods facilitate
the evaluation of intratumoral vascularization patterns, the
quantitative assessment of vascular properties that alter tumor
malignancy, particle retentivity in tumors, and the effects of
treatment. We expect that the 3D MR micro-imaging methods
described herein will prove widely applicable for the in vivo
evaluation of tumor heterogeneity and the fine prediction for
nanomedicine following additional development of therapeutic
nanoparticles and theranostic agents in the future.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nano.2018.03.006.
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