Multimodal In Vivo Imaging Exposes
the Voyage of Nanoparticles in Tumor
Microcirculation

Randall Toy,"*3 Elliott Hayden,"$ Andrew Camann,"® Zachary Berman,*$ Peter Vicente,"S Emily Tran,"™$

Joseph Meyers, ™8 Jenna Pansky, ™ Pubudu M. Peiris,"$ Hanping Wu,*$ Agata Exner,

David Wilson,™*5 Ketan B. Ghaghada,"" and Efstathios Karathanasis*5*

t+8,1

*Department of Biomedical Engineering, *Department of Radiology, Case Center for Imaging Research, and *Case Comprehensive Cancer Center,
(ase Western Reserve University, Cleveland, Ohio 44106, United States, "Edward B. Singleton Department of Pediatric Radiology, Texas Children's Hospital,
Houston, Texas 77030, United States, and Department of Radiology, Baylor College of Medicine, Houston, Texas 77030, United States

ABSTRACT Tumors present numerous biobarriers to the success-
ful delivery of nanoparticles. Decreased blood flow and high
interstitial pressure in tumors dictate the degree of resistance to
extravasation of nanoparticles. To understand how a nanoparticle
can overcome these hiobarriers, we developed a multimodal in vivo
imaging methodology, which enabled the noninvasive measure-
ment of microvascular parameters and deposition of nanoparticles
at the microscopic scale. To monitor the spatiotemporal progression
of tumor vasculature and its vascular permeability to nanoparticles
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at the microcapillary level, we developed a quantitative in vivo imaging method using an iodinated liposomal contrast agent and a micro-CT. Following
perfusion (T for quantitative assessment of blood flow, small animal fluorescence molecular tomography was used to image the in vivo fate of cocktails
containing liposomes of different sizes labeled with different NIR fluorophores. The animal studies showed that the deposition of liposomes depended on
local blood flow. Considering tumor regions of different blood flow, the deposition of liposomes followed a size-dependent pattern. In general, the larger
liposomes effectively extravasated in fast flow regions, while smaller liposomes performed better in slow flow regions. We also evaluated whether the
tumor retention of nanoparticles is dictated by targeting them to a receptor overexpressed by the cancer cells. Targeting of 100 nm liposomes showed no
benefits at any flow rate. However, active targeting of 30 nm liposomes substantially increased their deposition in slow flow tumor regions (~12-fold
increase), which suggested that targeting prevented the washout of the smaller nanoparticles from the tumor interstitium back to blood circulation.

KEYWORDS: nanoparticle contrast agent - high-resolution imaging - nanoparticle extravasation - transport of nanoparticles -
angiogenesis - angiogram - blood flow - vascular permeability

[though nanoparticles should local-

ize themselves with high specificity

in solid tumors while reducing off-
target delivery due to the so-called enhanced
permeation and retention (EPR) effect,'?
clinical data indicate that nanoparticle-based
chemotherapy is not consistently effective.~>
This has been attributed to the fact that nano-
particles have to overcome various tumor-
related biobarriers (e.g., premature and tortu-
ous blood vessels, high interstitial pressure,
erratic blood flow), which highly vary be-
tween tumors of even the same stage.’°
For example, the studies that led to the
clinically adapted liposomal doxorubicin
identified the 100 nm size as an optimal
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“compromise”.'®~'* However, the unique-
ness of each tumor was not taken under
consideration. We have previously shown
that a principal reason for differential tumor
responsiveness to 100 nm liposomal doxor-
ubicin is the differential microvascular per-
meability.'> 7 These findings suggest that
a single design of nanoparticles may not
achieve equally high extravasation in all
regions of a tumor.

The deposition of nanoparticles into tu-
mors is a complex process, which is governed
by characteristics of the tumor microenvir-
onment such as blood flow, physical gaps
of the endothelial fenestrations, interstitial
fluid pressure (IFP), and microvessel density.
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The overall transport of a nanoparticle is due to move-
ment from applied convective forces and to a lesser
degree Brownian motion.'® Thus, the extravasation of
nanoparticles is partially governed by the rate of fluid
flow and filtration along a capillary, which depends
upon the hydrostatic pressure gradient (i.e., the differ-
ence between the vascular pressure and IFP)."® De-
creased blood flow and high IFP are indicative of a
tumor's degree of resistance to extravasation of nano-
particles.”® Thus, it is essential to understand the forces
that drive a nanoparticle to overcome the numerous
biobarriers within a tumor. Our previous in vitro studies
in microfluidic channels demonstrated that the margi-
nation of flowing nanoparticles (i.e., lateral drift toward
the vessel walls) depends on their size and the flow
rate.2! This indicates that the intravascular and trans-
vascular transport of nanoparticles in a tumor's region
is governed by the relationship of particle size to the
hemodynamics of that tumor's region. Due to the
convective transport of nanoparticles, as the particle
size increases, faster blood flow patterns are required
to overcome high IFP in tumors. Thus, we suggest that
one nanoparticle formulation does not fit all regions of
a tumor, which motivated us to study tumor develop-
ment and nanoparticle transport in real-time on a
microscopic basis.

Here, we developed in vivo imaging tools to non-
invasively evaluate the regional expression of func-
tional, molecular, and morphological biomarkers that
affect the deposition of a nanoparticle inside a tumor.
To simultaneously monitor the spatiotemporal pro-
gression of tumor vasculature and its vascular perme-
ability, we developed a quantitative in vivo imaging
method using a 100 nm iodinated liposomal contrast
agent and high-resolution micro-CT. We term this
method nano-contrast-enhanced micro-CT (abbreviated
as NCE-uCT). The nCE-uCT method provides a unique
opportunity to noninvasively monitor the tumor vas-
culature development and accurately measure vascu-
lar permeability to the 100 nm liposomal agent at very
high resolution (28 xm).">?*>?3 Our initial step was to
explore how vascular permeability is related to regio-
nal tumor blood flow and the expression of an angio-
genic marker (i.e., oS3 integrin) using multimodal
imaging. In addition to nCE-uCT, tumor blood flow
and molecular imaging was performed using standard
contrast-enhanced computed tomography (i.e., per-
fusion CT) and small animal fluorescence molecular
imaging (i.e.,, FMT), respectively. While nCE-uCT can
monitor the intratumoral deposition of a liposome at
microscopic resolutions, one practical limitation stems
from the fact that only a single liposome formulation
can be tracked in the same tumor. To be able to
simultaneously image the intratumoral deposition of
different formulations, we then used FMT imaging.
Following perfusion CT for quantitative assessment
of the tumor's regional blood flow, FMT was used to
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image the in vivo fate of cocktails containing liposomes
of different sizes (30, 65, and 100 nm in diameter)
labeled with different NIR fluorophores. Co-registration
of the imaging sets from the different modalities en-
abled the extraction of correlations between the re-
gional deposition of differently sized liposomes and
the blood flow in different regions of the same tumor.
We also evaluated whether the tumor retention of lipo-
somes is dictated by targeting them to a receptor over-
expressed by the cancer cells. Thus, besides the EPR
effect, we evaluated the relationship of tumor blood
flow to active targeting and liposome size. Since the
tumor microenvironment is variable not only among
different cancer types but also among tumors of the
same cancer type and stage, we used two highly
aggressive mammary adenocarcinoma animal models:
the rat 13762 MAT B lll model and the mouse 4T1 model.

The multimodal, noninvasive, and longitudinal na-
ture of this imaging approach enabled us to quantita-
tively assess the extravasation of nanoparticles in
tumors in terms of their relation to regional blood flow,
nanoparticle size, and active targeting to overex-
pressed receptors. While the convective transport of
nanoparticles is well acknowledged,'®** we found that
the nanoparticle deposition in different tumor regions
varied dramatically (anywhere from 1 to 3 orders of
magnitude) depending on the particle size, receptor-
targeting, and blood flow.

RESULTS

Longitudinal Imaging of Early Tumor Angiogenesis and
Vascular Permeability. Following an injection of a 100 nm
liposome encapsulating a high cargo of an iodinated
contrast agent, we performed high-resolution imaging
of a rat using a micro-CT system. Imaging immediately
after injection of the agent (early phase postinjection)
provided an accurate angiogram since the majority of
the detected signal should only be attributed to intra-
vascular contrast agent. Due to the high intravascular
signal (~1500 HU in the aorta) and spatial resolution
(28 um), Figure 1 provided a micromorphological
angiogram, which gave detailed information of the
microvasculature. We have performed early phase
postinjection nCE-uCT imaging to a large group of
animals (n > 15), resulting in consistently high-resolution
images with high signal-to-noise ratio. Based on a
study by Jain et al,”® mammary adenocarcinomas in
rodents present a capillary network composed of
vessels with a mean length of 67 um, a mean diameter
of 10 um, and a mean intercapillary distance of 49 um.
Thus, nCE-uCT imaging provided comparable resolu-
tion to the features of tumor microvasculature, allow-
ing us to noninvasively obtain tumor parameters that
were relevant to our study.

To observe angiogenesis at its earliest stages of
development, a rat was injected with the 100 nm
iodinated liposomal contrast agent and longitudinally
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Figure 1. Example of a high-resolution angiogram using nCE-uCT. A rat bearing a 13762 MAT B lll breast tumor inoculated
into the mammary fat pad was injected with a high dose of iodinated nanoparticle contrast agent, resulting in a blood pool
concentration of 35 mg/mL iodine. Imaging was done 4 days after tumor inoculation using with nCE-uCT (high-resolution
scan, 28 um isotropic voxel). Major vascular structures were identified, including (A) uterine vein and artery, (B) iliolumbar vein
and artery, (C) lumbar branches of iliolumbar vein and artery, (D) iliac branch of iliolumbar vein, (E) left colic vein, (F) inferior
mesenteric vein, (G) superior hemorrhoidal vein, (H) hypogastric vein and artery, (l) inferior epigastric vein and artery,
(J) commoniiliac vein, (K) external iliac vein and artery, (L) internal iliac vein and artery, (M) 1. internal iliac vein, (N) iliolumbar
vein and artery.? In all cases, the vein is the larger of the two labeled vessels.

imaged by micro-CT for 8 days after tumor inoculation.
A set of scans with a large field of view (85 x 85 x 98 mm)
and resolution of 99 um allowed us to compare blood
vessel formation and structure in a mammary fat pad
inoculated with a tumor and a healthy mammary fat
pad (Figure 2a). Following systemic administration of
the iodinated liposomal contrast agent, late-phase pos-
tinjection imaging enabled us to quantitatively track the
development of tumor vasculature in a time-dependent
manner. From the second day after inoculation, changes
in feeding vessel size and vascular permeability, as
evidenced by higher signal from increased nanopar-
ticle extravasation, could be observed. In order to ob-
serve the developmental changes of the tumor vascu-
lature in higher detail, we performed 28 um resolution
scans. Figure 2b shows that tumor vasculature began to
rapidly grow 2 days after tumor inoculation. Newly
formed vessels in the tumor were observed to be highly
irregular and tortuous in comparison to vessels in the
healthy mammary fat pad. In addition, we have estab-
lished a method for quantification of the extravasation
of the iodinated liposomes without the interference of
signal from the circulating liposomes in the blood.">'5?”
By applying thresholded colormaps to volume rendered
images, manual segmentation was used to isolate re-
gions with low extravasation (purple) from high extra-
vasation (green). Importantly, the intratumoral deposi-
tion of the 100 nm liposome displayed significant dif-
ferences from one region to the next. While Figure 2
shows an example from a single animal, this spatiotem-
poral variability in the development of tumor vasculature
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and its vascular permeability has been observed in the
entire group of animals (n = 4).

Due to the longitudinal nature of the study and
exposure to X-ray radiation for multiple days, we eva-
luated whether imaging with the micro-CT system sig-
nificantly affected tumor viability in terms of apoptosis
of cancer cells. The high-resolution micro-CT scan ex-
posed the rats to ~4 Gy X-ray radiation. Post-mortem
TUNEL staining was performed on multiple histological
sections per animal to compare the level of apoptosis
in irradiated and nonirradiated tumors (n = 3 animals
per condition). There was no significant difference in
the apoptotic index (ratio of apoptotic to nonapoptotic
cancer cells) between the two conditions, with the
value being less than 1%. Using detailed histological
analysis, we previously showed that the apoptotic index
of mammary tumors in rodents was about 1% in the
same time frame as the one used here, which is con-
sistent with our findings in this study.?

Effect of Blood Flow on the Intratumoral Deposition of
Liposomes in the Rat MAT B Il Model. While nCE-uCT
allowed us to quantitatively monitor the intratumoral
deposition of the 100 nm liposome at microscopic re-
solutions, only a single liposome formulation was tracked.
To simultaneously measure the intratumoral deposition
of different formulations in the same tumor, we em-
ployed FMT imaging in a group of rats bearing MAT B llI
tumors (n = 5). Initially, a tumor blood flow map was
generated through quantitative assessment of the
tumor's regional blood flow using standard clinical
perfusion CT at an in-plane resolution of 152 x 152 um?
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Figure 2. Example of longitudinal imaging of the progression of tumor microvasculature and its permeability to a 100 nm
liposome using nCE-uCT. (a) Large field of view and low-resolution (99 xm) images of the initial steps of tumor development
using longitudinal nCE-xCT imaging. A rat with a 13762 MAT B lll tumor inoculated orthotopically in the mammary fat pad was
imaged at 99 um resolution before and on days 2, 4, and 8 after tumor inoculation. Maximum intensity projections (MIPs)
show the lower abdominal region of the rat at the site of tumor inoculation. The white arrows label the area with tumor
vasculature development and subsequent nanoparticle contrast agent extravasation. (b) Small field of view and high-
resolution (28 xm) images of the initial steps of tumor development using longitudinal nCE-xCT imaging. A rat with a 13762
MAT B Il tumor inoculated orthotopically in the mammary fat pad was imaged before and on days 2, 6, and 8 after tumor
inoculation. Column 1: Thresholded colormap was applied to volume rendered images in AMIRA, where manual segmenta-
tion was used to isolate regions with low extravasation (purple) from high extravasation (green). Column 2: Volume rendered

images without manual segmentation. Column 3: Manually segmented extravasation in the absence of blood vessels.

Following perfusion CT, FMT was used to image the
in vivo fate of a cocktail containing two liposomes with
different sizes (65 and 100 nm in diameter; Figure 3a)
labeled with different NIR fluorophores. Figure 3b,c
shows representative images of the blood flow map
and the FMT-based liposome deposition map in the
same tumor, indicating the wide regional variability of
blood flow and liposome deposition within the same
tumor. Co-registration of the three-dimensional maps
from the two different modalities allowed us to quan-
tify the blood flow and deposition of the two liposome
classes on a regional basis within the same tumor. While
blood flow exhibited high variability in this tumor model,
the blood flow range was not very wide compared to
other types of tumors. Even with this relatively narrow
blood flow range, Figure 3d illustrates that higher de-
position for both liposome classes was favored in the
regions with fast blood flow (e.g., 175 mL/min/100 mL).
Furthermore, the 100 nm liposome outperformed its
65 nm counterpart in the regions with fast flow. The
opposite occurred in the regions with slow flow, which
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favored the 65 nm liposome more than the 100 nm one.
To confirm the in vivo findings, we performed post-
mortem histological evaluation. Care was taken to obtain
tissue sections from the same location of the tumor with
the same orientation as that of the blood flow map
obtained using perfusion CT. A representative histologi-
cal image is shown in Figure 3e, which indicates that a
greater number of 100 nm liposomes was found in
tumor locations that exhibited high blood flow than
regions with slow flow. These patterns were observed in
multiple histological sections. As with most nanoparti-
cles with sizes in the 100 nm range, the liposomes ex-
hibited near-perivascular accumulation in the tumor
interstitium. Complex cellular arrangements and com-
ponents of the extracellular matrix in tumors create
additional geometric restrictions that contribute to
the diffusion limitations of nanoparticles.?® Even after
successful extravasation and deposition in the near-
perivascular region, nanoparticles remain proximal to
the vessel wall. Dreher et al. showed that dextran with a
molecular weight of 2 MDa could only penetrate 5 um
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Figure 3. Dependence of liposome deposition into tumors on the liposome size and blood flow. (a) Size distribution of two
different liposome classes (65 and 100 nm) as measured by dynamic light scattering. (b) Perfusion CT was performed on rats
with 13672 MAT B lll tumors to generate 3D maps of blood flow in tumors. (c) Following tumor blood flow mapping, the tumor
deposition of two different liposome classes (65 and 100 nm) was noninvasively measured using FMT imaging at 24 h after
injection. To image the two liposome classes in the same tumors, distinct NIR fluorophores were used to distinguish each class
of liposome inside the tumor. A representative 3D FMT image is shown as an example. (d) Intratumoral deposition of
liposomes with two different sizes is shown as a function of regional blood flow in tumors. The injection dose of each liposome
class contained equal number of particles. The deposition was normalized to the fractional blood volume (fBV) of each region.
The data of blood flow and liposome deposition are presented as mean + SD in a given 3D ROI (n = 4 animals). (e) Fluorescence
image of a histological section of a 13762 MAT B Il tumor shows the microdistribution of 100 nm liposomes (5 x magnification;
red: 100 nm liposome; blue: nuclear stain (DAPI); green: endothelium (CD31)). Images of entire histological sections of the organs
were obtained using the automated tiling function of the microscope. Care was taken to obtain tissue sections from the same
location of the tumor with the same orientation as that of the blood flow map obtained using perfusion CT. Insets: location of

liposomes is shown with respect to blood vessels (10x magnification).

from the vessel wall in 30 min.?° Liposomes with sizes
ranging from 50 to 150 nm were shown to accumulate
predominantly within 40—50 um from the rim of
avascular multicellular spheroids of about 400 um in
diameter consisting of prostate cancer cells.3°
Multimodal Imaging of Functional Tumor Biomarkers in the
Mouse 4T1 Model. Since the tumor microvascular net-
work varies widely among different types of tumors,
we also tested the deposition of liposomes in an addi-
tional aggressive mammary adenocarcinoma model:
the mouse 4T1 model. Initially, we employed the high-
resolution nCE-uCT method to image the tumor micro-
vasculature and the intratumoral deposition of the
100 nm iodinated liposomal contrast agent. In addition
to performing nCE-uCT imaging, we also measured
regional blood flow and integrin expression in the
same tumor (Figure 4a). FMT imaging enabled the
quantification of the fluorescence signal from an
integrin-targeting agent in 3D volumes. Using the three
imaging modalities (micro-CT, perfusion CT, and FMT),
imaging was performed 24 h after administration of an
a3 integrin-targeting NIR fluorescent agent and the
100 nm iodinated liposomal contrast agent in order to
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allow time for the two agents to interact with the tumor
endothelium. Previous work has fully characterized the
o5 integrin-targeting NIR fluorescent agent showing
its high specificity for targeting a.,55 integrin receptors.®’
In addition, to illustrate the variable pattern of vascular
permeability, we generated a map with bins of low,
medium, and high extravasation of the liposomal
contrast agent. Finally, a tumor blood flow map was
generated through the standard clinical perfusion CT
atan in-plane resolution of 152 x 152 um?. Co-registration
of the three-dimensional maps from the three different
modalities and quantification of the integrin expres-
sion, vascular permeability, and blood flow allowed us
to explore potential correlations among morphologi-
cal, functional, and molecular biomarkers. For example,
these measurements revealed that increased extrava-
sation of the liposomal contrast agent correlated to
increasing levels of integrin expression (Figure 4b) and
high blood flow (Figure 4c). On the other hand, a
nonlinear correlation was found between tumor blood
flow and integrin expression (Figure 4d). Thus, high-
resolution images of blood flow and liposome distribu-
tion in tumors can be analyzed to extract correlative
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Figure 4. Multimodal in vivo imaging of vasculature, vascular permeability, integrin expression, and blood flow in an
orthotopic 4T1 mammary tumor in mouse. (a) Following nCE-uCT, FMT (after injection of integrin-targeting probe), and
standard perfusion CT of the same animal with a mammary tumor, the angiogram (28 um resolution) was overlaid with the
map of vascular permeability, a map of integrin expression (FMT imaging), and a map of tumor blood flow (perfusion CT).
Correlations were assessed between (b) vascular permeability and integrin expression, (c) vascular permeability and blood
flow, and (d) blood flow and integrin expression. Error bars indicate standard error of the mean value of the measurement

within each ROI (n = 1 animal).

extravasation patterns of differently sized liposomes in
different regions of the same tumor.

Effect of Blood Flow on the Intratumoral Deposition of
Different Classes of Liposomes in the Mouse 4T1 Model.
Equipped with a set of imaging tools capable of simu-
Itaneously assessing nanoparticle deposition and blood
flow in unique regions of a tumor, we then explored how
nanoparticles of different sizes behave in 4T1 tumors as
a function of blood flow. In this study, we further ex-
plored this relation by testing three sizes of liposomes.
Similarly to the rat tumor model, we used FMT imaging
to noninvasively track the intratumoral deposition of a
cocktail of three liposome classes with different sizes
(labeled with different NIR fluorophores) into the same
tumor (orthotopic mouse mammary 4T1 tumor). The
distinct NIR fluorophores were used to distinguish each
class of liposome inside the tumor (an example is shown
in Figure 5a). As shown in Figure 5b, the three lipo-
some classes exhibited distinct, narrow size distribu-
tions (termed as 30, 65, and 100 nm liposome). Follow-
ing perfusion CT imaging of the same animals (n = 5
animals), the blood flow rates were analyzed and 3D
regions of interest (ROIs) were drawn with their volume
ranging from 10 to 60 mm>. We should note that each
tumor presented 5—6 different blood flow zones. The
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fractional blood volume (fBV) varied from 1 to 25% of
the ROI's volume. Since fBV dictates the availability pool
of liposomes for extravasation in any given ROI, the
nanoparticle deposition was normalized to the fractional
blood volume (fBV) of each region. As shown in Figure 5c,
all of the classes of liposomes displayed higher extra-
vasation in the regions of faster flow than slow flow. Most
importantly, considering tumor regions in terms of blood
flow rate, the deposition of liposomes exhibited variable
patterns in different tumor regions. The patterns were
observed to be different for liposomes of different sizes. In
general, the larger liposomes effectively extravasated in
fast flow regions, while the opposite occurred in the slow
flow regions (with the exception of the 30 nm liposome).
The faster flow significantly benefited the extravasation of
the 100 nm liposome. In fact, their deposition was ~2
orders of magnitude higher in fast flow regions compared
to slow flow regions. The blood flow had a weaker effect
on the extravasation of the 65 nm liposomes. However,
in the slow flow regions, the 65 nm liposome signifi-
cantly outperformed the larger liposomes. The smallest
liposomes (i.e., 30 nm) did not follow the size-depen-
dent pattern, which suggests that the retention of
smaller liposomes into the slow flow regions was much
lower than that of larger liposomes.
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Figure 5. Dependence of liposome extravasation into tu-
mors on the liposome size and blood flow on a region-
by-region basis. (a) Intratumoral deposition of the different
liposome classes (i.e., different sizes, targeted, or non-
targeted) was measured in an orthotopic mouse mammary
tumor (4T1) using fluorescence molecular tomography
(FMT). To image all four liposome classes in the same
tumors, distinct NIR fluorophores were used to distinguish
each class of liposome inside the tumor. A representative
FMT image is shown as an example. (b) Size distribution of
three different liposome classes (30, 65, and 100 nm) as
measured by dynamic light scattering. (c) Intratumoral
deposition of liposomes with the three different sizes is
shown as a function of regional blood flow in tumors. Follow-
ing tumor blood flow mapping using perfusion CT, the tumor
deposition of the three different liposome classes (30, 65, and
100 nm) was noninvasively measured using FMT imaging at
24 h after injection. The injection dose of each liposome class
contained an equal number of particles. The deposition was
normalized to the fractional blood volume (fBV) of each
region. The data of blood flow and liposome deposition is
presented as mean + SD in a given 3D ROI (n = 5 animals; 5—6
tumor regions (flow zones) per animal per liposome class). The
scale of the y-axis is logarithmic.

Furthermore, the liposome size is a critical factor
that determines blood circulation, which in turn relates
to tumor deposition.' Since the administered dose con-
taining the cocktail of different liposomes was 150 mg of
lipids per kg of body weight, the reticuloendothelial
system was not saturated and therefore the clearance
rate of each liposome class may have varied.32** However,
there is no significant difference in the blood residence
time of liposomes in the size range and time frame used in
our study3*

Since we expected the 30 nm liposomes to follow
the same trend and achieve the highest deposition in
the slow flow regions, we further investigated whether
the issue with the 30 nm liposomes is related to their
retention in the tumor. A targeted variant of each
liposome class was synthesized by incorporating an
EGFR-targeting peptide onto the distal end of the PEGs
on the liposomal surface. We compared the 30 and
100 nm EGFR-targeting liposomes to their nontargeted
variants (Figure 6a). While targeting of the 100 nm
liposomes did not improve their deposition in slow or
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high flow regions, active targeting substantially in-
creased the deposition of the 30 nm liposome in slow
flow tumor regions (~12-fold increase). Imaging at a
later time point (t = 48 h) showed that EGFR-targeting
further enhanced the retention of the 30 nm liposomes
(~40-fold increase) in slow flow regions compared to
their nontargeted variants (data not shown).

DISCUSSION

The 100 nm iodinated liposomal contrast agent was
used to assess spatiotemporal changes in tumor micro-
vascular development and vascular permeability to
nanoparticles at a resolution comparable to the micro-
vascular features of tumors.2%3> Using nCE-uCT imag-
ing, high intravascular signal from the contrast agent
enabled the observation of tumor vessel development
at the capillary level. Angiography immediately after
injection of the 100 nm iodinated liposomal contrast
agent (early phase postinjection) enabled accurate
observation of microvascular characteristics since the
100 nm liposome behaves explicitly as an intravascular
contrast agent. Late-phase micro-CT imaging at multiple
time points allowed us to monitor the time-dependent
regional deposition of the 100 nm liposomal contrast
agent into the tumor. In conjunction with the high
iodine cargo of the liposomes, the linear relationship
between CT signal enhancement and iodine concen-
tration facilitated time-dependent quantification of
liposome deposition into tumors.">'%?7 |t was found
that tumor regions exhibited variable patterns of nano-
particle extravasation over time (Figure 2b). These tem-
poral differences in vascular permeability imply that the
efficacy of a single nanoparticle formulation may differ
with time.

Previous clinical® and preclinical®’ studies demon-
strated that transient increase of blood pressure (and
subsequently tumor blood flow) resulted in enhanced
delivery of nanoscale drugs to tumors that otherwise
have modest EPR. Thus, we then explored if blood flow
could gauge the likelihood that a nanoparticle would
accumulate in a particular type of tumor. While perfu-
sion CT cannot resolve the dynamics of an individual
microvessel, it has sufficiently high resolution (in-
plane: 152 x 152 um? and penetration depth to
conduct regional flow analysis.*®*° We performed
these studies in two mammary adenocarcinoma models:
the rat 13763 MAT B Il and the mouse 4T1. Even in
these “controlled” tumor models of the same cell type,
stage, and tumor size, regions with very different blood
flow were identified which varied widely in topology
from one tumor to the next, which is consistent with
previous studies.***" While nCE-uCT provided high
resolution, it only allowed the study of intratumoral
deposition of a single liposome formulation. Therefore,
we utilized small animal fluorescence imaging (FMT) to
quantitatively and simultaneously image four different
liposome formulations (labeled with a different NIR
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Figure 6. Dependence of liposome extravasation into tumors on the liposome size, active targeting toward the EGF receptor,
and blood flow on a region-by-region basis. (a) Following tumor blood flow mapping using perfusion CT, the intratumoral
deposition of four different liposome classes (30 and 100 nm with or without EGFR-targeting ligands) was quantitatively
measured in the orthotopic mouse (4T1) mammary tumor using FMT imaging at 24 h after injection. To image all four
liposome classes in the same tumors, distinct NIR fluorophores were used to distinguish each class of liposome inside the
tumor. The intratumoral deposition of liposomes is shown as a function of regional blood flow in tumors. (b) Comparison of
the four liposome classes is shown at two different time points (i.e., 14 and 24 h after injection). The deposition was
normalized to the fractional blood volume (fBV) of each region. The data of blood flow and liposome deposition are presented
as mean =+ SDin a given 3D ROI (n = 5 animals; 5—6 tumor regions (flow zones) per animal per liposome class). The scale of the

y-axis is logarithmic.

fluorophore) in the same tumor. Finally, we employed
image processing to co-register the volume rendered
blood flow and liposome deposition maps. This enabled
simultaneous volumetric measurement of regional
blood flow, microvascular characteristics, and liposome
deposition, which allowed us to extract correlative
patterns of the extravasation rates for each liposome
class at different flow zones.

Our central hypothesis was that fast blood flow can
help liposomes to overcome high IFP in tumors. We
also anticipated that especially the larger liposome
classes would not be able to overcome the high tumor
interstitial fluid pressures under very slow blood flow
resulting in minor extravasation (even when endothe-
lium may be very leaky).'®>**2 In both animal models,
blood flow in a tumor region affected the degree at
which liposomes deposited in that specific region.
These differences were more profound in the 4T1
model because these tumors exhibited a wider range
of blood flow (20—400 mL/min/100 mL). In the case of
the largest liposome class (100 nm), Figure 5¢ shows
that a significantly higher deposition (i.e., 340-fold) was
observed in tumor regions with high flow than slow
flow. While liposomes of any size extravasated in
regions of both fast and slow flow, faster flow had a
more dominant effect on aiding larger liposomes to
overcome high interstitial pressures inside a tumor. We
should emphasize that convective forces predomi-
nantly govern the transport of nanoparticles. While
the contribution of diffusive transport is small, its rela-
tive contribution increases as the liposome size de-
creases. Therefore, the deposition of smaller liposomes
depends less on blood flow than larger liposomes.
Indeed, the 65 nm liposome class exhibited a similar
trend to the 100 nm liposome with their deposition in
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high flow regions being 180-fold higher than slow flow
regions. However, due to the relatively higher diffusion
of the 65 nm liposome compared to the 100 nm
variant, the 65 nm liposome required less convective
forces than the 100 nm liposome to achieve similar
deposition. These findings are in agreement with the
mathematical analysis by Decuzzi et al., which showed
that, for a blood vessel of a fixed radius, nanoparticle
deposition increases at higher flow.®

Interestingly, our in vivo studies showed that the
smallest liposomes (i.e., 30 nm) did not follow the size-
dependent pattern. Out of the three liposome classes,
we were expecting the 30 nm liposome to exhibit the
highest deposition in the slow flow regions. Due to the
relatively high diffusivity of the smallest liposomes, we
hypothesized that extravasated 30 nm liposomes re-
enter the tumor microcirculation at much higher rates
than larger liposomes do. Indeed, active targeting of
the 30 nm liposome substantially increased its deposi-
tion in slow flow tumor regions (~12-fold increase),
which may be attributed to increased retention due to
active targeting that prevented the washout of the
smaller nanoparticles from the tumor interstitium back
to blood circulation. On the other hand, the deposition
of 30 nm liposomes with or without targeting ligands
in tumor regions of fast blood flow was statistically
insignificant. This can be attributed to the fact that the
higher intravascular pressure in regions of fast blood
flow prohibits washout of 30 nm (targeted or non-
targeted) liposomes back to the bloodstream at much
higher degree than the regions of slow blood flow.
Targeting the 100 nm liposome showed no benefits at
any flow rate. Because the relative contribution of diffu-
sion is even smaller for the 100 nm liposome than for
the 30 nm variant, we believe that the deposited
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100 nm liposomes remained in the tumor interstitium
with or without a targeting moiety. Several prior studies
have shown that while active targeting typically en-
hances the intracellular transport of the nanoparticles,

there is no gain in the retention of nanoparticles with

sizes of about 100 nm.*>~*8

Given that a tumor is heterogeneous in both its
hemodynamics and its pathology, our study indicates
that a single “one-size-fits-all” treatment might not be
the most effective approach. We chose as a case study
the liposome, due to its clinical adaptation as a che-
motherapeutic agent. In the 1980s and 1990s, an en-
ormous number of studies concluded that a PEGylated
unilamellar liposome composed of rigid phosphatidyl-
choline and cholesterol with a diameter between 50 and
150 nm displayed increased accumulation in tumors and
antitumor activity.'**° The 100 nm liposome was chosen
as the optimal compromise between loading efficiency
of liposomes (increases with increasing size) and ability
to extravasate (decreases with increasing size).>**' How-
ever, a close examination of the published literature
indicates a variable in vivo performance among lipo-
somes of different sizes, exhibiting significant overlap
between the in vivo performance of liposomes of differ-
ent sizes."*>27>* The results of our study suggest that
there is a liposome size that maximizes deposition into a
specific tumor region. One could envision that an a priori
evaluation of regional blood flow in tumors can facilitate
an “exclusive” design of a cocktail of differently sized

METHODS

Animal Model and Care Protocols. All procedures were con-
ducted in accordance with institutional, U.S., and international
regulations and standards on animal welfare and approved
by the institutional animal care and use committee at Case
Western Reserve University, Cleveland, OH. Female Fischer F344
rats (Harlan, Indianapolis, IN) and BALBc/4j mice (Jackson
Laboratories, ME) were used. The 13762 MAT B Ill (American
Type Culture Collection, Manassas, VA) rat tumor model was
used for the longitudinal CT imaging study. For multimodal
imaging and the assessment of liposome deposition of different
sizes, the 4T1 mammary adenocarcinoma mouse tumor model
was used. The tumors were orthotopically implanted by inject-
ing 5 x 10° 13762 MAT B lll cells or 4T1 cells into the #9 mammary
fat pad of the rat or mouse, respectively. After imaging, animals
were anesthesized and transcardially perfused with heparinized
PBS followed by 4% paraformaldehyde in PBS. The tumors were
soaked in 30% sucrose (w/v) in PBS at 4 °C and then cryosec-
tioned. Slides were stained with both DAPI and a TUNEL stain
(Promega) to qualitatively assess cell apoptosis.

Fabrication of lodinated Liposomal Contrast Agent. The long-circu-
lating liposomal iodinated contrast agent was fabricated using
established methods.?> A highly concentrated iodine solution
(525 mg I/mL) was prepared by dissolving iodixanol powder in
deionized water at 60 °C and mixed with lipids (56:4:40 di-
palmitoylphosphatidylcholine (DPPC)/1,2-distearoylphosphatidyl-
ethanolamine methyl polyethyleneglycol (DSPE-mPEG)/chol-
esterol) dissolved in ethanol. Liposomes were sequentially sized
using an extruder (Lipex). After extrusion, the resulting solution
was diafiltered using a MicroKros module (Spectrum Labora-
tories, CA) of 500 kDa molecular weight cutoff to remove
unencapsulated iodixanol. Liposome size was characterized

TOY ET AL.

liposomes tailored to the hemodynamics of the different
regions of a tumor. While liposomes of any size extra-
vasate in all regions, larger liposomes are a better
“match” for fast flow regions (and vice versa in the case
of smaller liposomes). Most importantly, the outcomes
from such tumor region-specific therapy could be gen-
eralizable to other types of nanoparticles since other
types of nanoparticles (e.g., polymeric, iron oxide, gold)
can be fabricated in different sizes.>>*%

CONCLUSION

Considering the complexity of the microenviron-
ment of tumors, multimodal in vivo imaging sheds
some light on the deposition of circulating nanoparti-
cles in tumors. In conclusion, we show that an optimal
nanoparticle size can be predicted in terms of max-
imum deposition in a specific tumor region if the blood
flow rate of that region is known. Furthermore, a critical
liposome size exists below which active targeting sub-
stantially improves the intratumoral retention of nano-
particles, especially at slow blood flow regions. Thus, the
use of an easily measured phenotypic biomarker (tumor
blood flow)*'*”® could facilitate the selection of a
specific set of different nanoparticles to maximize the
overall deposition into a specific tumor. This implies that
therapeutic regimens could be individualized to the
regional hemodynamic profile of a patient's tumor to
maximize the drug deposition in a tumor not just on a
patient-by-patient but on a region-by-region basis.

through dynamic light scattering (mean size ~100 nm), and
iodine concentration (110 mg I/mL) was verified through UV
spectrophotometry (4 = 245 nm).

X-ray Computed Tomography Scanning Parameters and Protocols.
Computed tomography imaging was performed using the
Inveon micro-CT system (Siemens Healthcare, AG). All scans
were Hounsfield calibrated and had a tube voltage of 80 kVp,
tube current of 500 uA, 180 projections, and a 512 x 512 x 512
reconstruction matrix. Two CT scanning protocols were devel-
oped: a 99 um pixel resolution protocol with a 120 ms exposure
time and an 85 x 85 x 98 mm field of view and a 28 um pixel
resolution protocol with a 400 ms exposure time and a 43 x
43 x 30 mm field of view. The rat was imaged on days 0, 2, 4, 6,
and 8 after tumor inoculation with both scanning protocols. In
an independent subset of rats, the daily clearance of the contrast
agent was monitored through CT measurement of blood pool
contrast, in Hounsfield Units or HU (Figure S1 in Supporting
Information), which exhibited a linear relationship. This was used
to calculate the necessary follow-up doses of contrast agent to
maintain a blood pool concentration of 35 mg I/mL (2.24 g/kg),
which corresponds to about 1500 HU. Thus, a small injection
volume of the liposomal contrast agent (200—350 ul) was
typically administered every two days to compensate for a
signal drop of 270 HU.

Multimodal Imaging of Tumor Blood Flow, Vascular Permeability,
Integrin Expression, and Microvessel Density. A BALB/cJ mouse was
maintained on a low fluorescence diet 2 weeks prior to imaging.
Blood flow measurements were obtained through dynamic
contrast-enhanced computed tomography (DCE-CT). A dynamic
perfusion scan (80 scans, 0.5 s rotation time, 12 consecutive slices)
was taken with a 24 slice CT scanner (Sensation Open, Siemens
Medical Systems, 80 kV, 150 mAs, detector width = 1.2 mm, slice
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thickness = 2.4 mm). Five seconds after scan initiation, a 100 uL
bolus of Visipaque contrast agent (GE Healthcare, 320 mg I/mL)
was administered through tail vein injection. Siemens Body
Perfusion CT syngo software, employing the Patlak perfusion
model and a user defined arterial input function, was used to
calculate regional blood flow at an in-plane resolution of 152 x
152 um? The mouse was then imaged in the FMT before tail
vein administration of the 100 nm iodinated liposomal contrast
agent (250 mg/kg iodine) and an integrin-targeting fluorescent
agent (Perkin-Elmer, MA).Imaging was conducted with FMT and
uCT 24 h after cocktail administration. Following these scans,
the mouse was injected with a high dose of iodinated liposome
contrast agent (3 g/kg) and euthanized. The mouse was re-
imaged in the uCT to obtain a high-resolution (28 um), high
contrast angiogram.

Correlation of Tumor Blood Flow to Intratumoral Deposition of
Different Liposomes. In an independent subset of mice with 4T1
or rats with MAT B lll tumors, tumors were allowed to grow for 2
weeks. Blood flow maps of the tumors were acquired with
perfusion CT using methods previously described. Following
blood flow map acquisition, a cocktail containing liposomes of
different and distinct sizes was injected intravenously once at
t = 0. Each class of liposomes was labeled with a different near-
infrared fluorophore (Vivotag 750, 680, 635, respectively; Perkin-
Elmer, MA) for quantitative imaging using FMT. The adminis-
tered cocktail contained an equal number of each liposome
class. Animals were imaged using FMT at 14 or 24 h after
injection of the cocktail containing the different liposomes.

Image Analysis. All images were analyzed using the AMIRA
software (Visage Imaging, CA). Manual segmentation and
thresholding was used to isolate individual blood vessels. The
multimodal images were manually registered to the best of our
ability using regional landmarks applied to the skin of the
animal. Regional liposome extravasation, integrin expression,
and blood flow were quantified on the microCT, FMT, and DCE-
CT images, respectively, using the AMIRA MaterialStatistics func-
tion. To assess liposome deposition at different blood flow, FMT
images at four channels were registered to a three-dimensional
volume of blood flow. Zones of blood flow were chosen a priori
using a histogram of regional blood flow from a full tumor.
Three-dimensional regions of interest encapsulating these
zones were selected by masking of blood flow images in AMIRA.
The volume of these regions of interest ranged from 10 to 60
mm? in size. Deposition of each class of liposome was measured
at different zones of blood flow. In addition, we also measured
the fractional blood volume (fBV) in each ROI, which indicates
the source of liposomes in the blood available for extravasation.

Histological Evaluation. After the last imaging acquisition, tu-
mors were collected for histological studies. The animals were
anesthetized with an IP injection of ketamine/xylazine and
transcardially perfused with heparinized PBS followed by 4%
paraformaldehyde in PBS. Tumors were explanted and post-
fixed overnight in 4% paraformaldehyde in PBS. The tissues
were soaked in 30% sucrose (w/v) in PBS at 4 °C for cryosection-
ing. Serial sections of 12 um thickness were collected using a
cryostat (Leica CM 300). To visualize the tumor microvasculature,
the tissue slices were immunohistochemically stained for the
endothelial antigen CD31 (BD Biosciences, Pharmingen). The
tissues were also stained with the nuclear stain DAPL. The tissue
sections were imaged at 5x and 10x on the Zeiss Axio Observer
Z1 motorized FL inverted microscope. To obtain an image of the
entire tissue section, a montage of each section was made using
the automated tiling function of the microscope.

Statistical Analysis. Correlations between regional tumor
blood flow, regional vascular permeability, and regional nano-
particle extravasation in the same animal were assessed inde-
pendently using the Pearson correlation coefficient. Means
were determined for each variable in this study, and the re-
sulting values from each experiment were subjected to one-way
analysis of variance with post hoc Bonferroni test. A P value of
less than 0.01 was used to confirm significant differences.
Normality of each data set was confirmed using the Anderson—
Darling test.
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