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ABSTRACT: Increasing accumulation and retention of nanomedicines within tumor tissue is a significant challenge, particularly in
the case of brain tumors where access to the tumor through the vasculature is restricted by the blood−brain barrier (BBB). This
makes the application of nanomedicines in neuro-oncology often considered unfeasible, with efficacy limited to regions of significant
disease progression and compromised BBB. However, little is understood about how the evolving tumor−brain physiology during
disease progression affects the permeability and retention of designer nanomedicines. We report here the development of a modular
nanomedicine platform that, when used in conjunction with a unique model of how tumorigenesis affects BBB integrity, allows
investigation of how nanomaterial properties affect uptake and retention in brain tissue. By combining different in vivo longitudinal
imaging techniques (including positron emission tomography and magnetic resonance imaging), we have evaluated the retention of
nanomedicines with predefined physicochemical properties (size and surface functionality) and established a relationship between
structure and tissue accumulation as a function of a new parameter that measures BBB leakiness; this offers significant advancements
in our ability to relate tumor accumulation of nanomedicines to more physiologically relevant parameters. Our data show that
accumulation of nanomedicines in brain tumor tissue is better correlated with the leakiness of the BBB than actual tumor volume.
This was evaluated by establishing brain tumors using a spontaneous and endogenously derived glioblastoma model providing a
unique opportunity to assess these parameters individually and compare the results across multiple mice. We also quantitatively
demonstrate that smaller nanomedicines (20 nm) can indeed cross the BBB and accumulate in tumors at earlier stages of the disease
than larger analogues, therefore opening the possibility of developing patient-specific nanoparticle treatment interventions in earlier
stages of the disease. Importantly, these results provide a more predictive approach for designing efficacious personalized
nanomedicines based on a particular patient’s condition.

■ INTRODUCTION

Nanomaterials are proposed to accumulate and retain in higher
amounts in tumors compared to healthy tissue due to the
erratic and leaky vasculature, and poor lymphatic drainage of
the tumor tissue: a phenomenon known as the enhanced
permeability and retention (EPR) effect.1,2 The extent of this
retention has been hypothesized to be modulated by the
physicochemical properties of the nanomaterials. However, in
brain tumors such as glioblastoma, it is unclear whether the
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increased nanomaterial accumulation and retention is due to
the expanding tumor volume, or whether the increased
leakiness of the vascular endothelium surrounding the tumor
is the overriding mechanism of enhanced accumulation.3−6 In
the particular case of brain cancers, a myriad of changes in
signaling pathways alter the composition of the blood−brain
barrier (BBB) and ultimately result in larger fenestrations in
the protective wall of endothelial cells as well as increased pore
formation due to overexpression of endothelial growth factors.7

As the disease progresses, these changes in the BBB cause the
normally tight junctions between the cells to expand, allowing
larger and previously excluded particles to cross this barrier.
Exploiting the opened BBB for increased therapeutic efficacy is
an area of ongoing preclinical research and has been
investigated extensively.8−10 However, the influence of the
leakiness of this barrier on increased accumulation of
nanomedicines in spontaneously formed brain tumors which
inherently have initially intact BBB has not been tested, nor
have the physicochemical properties of the nanoparticles been
directly correlated to the leakiness of these tumors
longitudinally.
In this work we describe a modular approach to building

custom designed nanomedicines for the purpose of inter-
rogating their ability to cross the BBB and retain in the brain
tumor. The nanomaterials used in this study have no
therapeutic component, but for the sake of clarity in the
context for which they hold the potential to be used, we refer
to them as a nanomedicine. We define a nanomedicine as any
nanoparticle-based carrier with the ability to have a therapeutic
payload, a reporter or probe functionality (dye or radio-
pharmaceutical), and a targeting vector within the one particle.
Specifically, we investigated two major factors that dictate a
nanomaterial’s biodistribution, tumor accumulation, and tissue
penetration: size and active targeting. By longitudinally
assessing the increased potential for nanomedicines to cross
the progressively more porous BBB and retain in the tumor
tissue as a consequence of disease progression, we can relate a
component of the tumor physiology to the physicochemical
properties of model nanoparticles with respect to disease state
progression. We developed this approach utilizing a mouse
model that forms endogenous and spontaneous brain tumors,
and a combination of complementary information gained from
high-resolution magnetic resonance imaging (MRI) and
positron emission tomography (PET) techniques based on
clinically relevant methods.11−13 To assess the effect of
nanoparticle size, two PEGylated spherical nanoparticles (20
and 100 nm) were chosen for this study. Both particles have
been previously characterized and evaluated in vivo, with the
smaller nanomedicine being a hyperbranched polymer,4,6,7,12

and the larger nanomedicine a templated polymeric nano-
particle.14,15 We chose both materials to be prepared with
poly(ethylene glycol) (PEG) as it is well established in both
preclinical and clinical settings as an effective material for
minimizing fouling upon exposure to biological fluids, and also
to utilize a recently published targeting technique using a
bispecific antibody (BsAb) to functionalize the particles for
increased accumulation at the tumor site.16 This technology
allows the addition of the desired targeting group to be added
directly prior to injection and enables the same nanoparticle to
be used across multiple studies and patients without
modification of the particle platform. This novelty in modular
nanoparticle design serves as not only a tool for more
reproducible in vivo results but also an ideal methodology for

investigating the influence of physiological changes in the
tumor microenvironment on the accumulation and retention
of nanoparticles with well-defined characteristics. The nano-
medicines were labeled with a radioisotope (64Cu) to
quantitatively assess their ability to cross the BBB and be
retained in the tumor tissue at different stages of the tumor
progression using PET. By correlating these quantitative data
with a method for predicting “leakiness” of the tumors, we
could directly compare the ability of a particular nanomedicine
to cross the BBB and correlate this to disease state progression.
This provides unique insight into whether a particular
nanomedicine would be effective against a tumor at a certain
stage in its development and contributes toward person-
alization of therapies for cancer patients.
Herein, we propose that the leakiness of a tumor is more

indicative of the ability for a nanomedicine to cross the BBB
and accumulate in the tumor, rather than size of the tumor
alone. We also propose that there is a particle size dependence
on this ability that can be correlated to the degree of leakiness
associated with the tumor. This unique mechanistic insight
offers the potential to better develop nanomedicine ther-
apeutics for treating brain tumors in a patient-specific manner.
While leaky vasculature is determined by a number of
biological factors, in this work the term leakiness is defined
as the overall cumulative increase in permeability of the tumor
space with respect to increased blood flow surrounding the
tumor.
The uptake and accumulation of nanomedicines in tumors is

dependent on not only particle size but also their composition
(stealth material and targeting), shape (linear, globular,
branched), rigidity (flexible, firm, spongelike), and architecture
(core−shell, micelle, polymeric).17−21 Nanomedicines typically
range in diameter from 1 to 100 nm and exhibit increased
circulation and tumor retention depending on their size,
among other parameters. In an effort to begin investigating this
large set of parameters, we examined the influence of the size
and targeting of the nanomedicines on the uptake and
accumulation in the brain tumors. We propose that the
amount of nanomedicine accumulation and retention in brain
tumors is more significantly correlated to the leakiness of the
surrounding vasculature than the tumor volume. This suggests
that a smaller tumor with a higher degree of leakiness might
show a higher uptake of nanomedicines than a larger one,
which would not be the prediction if tumor volume is used as a
measure of disease progression as is the case for many in vivo
preclinical studies.22−24 Using an in vivo mouse model to
measure the accumulation of what we term large (100 nm
diameter) and small (20 nm diameter) nanomedicines in
spontaneous murine brain tumors, a deeper understanding of
the loco-regional physiological factors that influence perme-
ation of nanomedicines into the tumor tissue with respect to
increasing BBB porosity associated with tumor development
was investigated.
Recently, the influence of nanomedicine accumulation via

the EPR effect has quantitatively been shown to depend on the
leakiness and heterogeneity of the tumor vasculature and
microenvironment.5,6 Additionally, tumor vasculature modu-
lation and tumor microenvironment rearrangement therapies
have gained significant research interest and have highlighted
the importance of knowing the degree of tumor-associated
vasculature.8 However, preclinically the ability of nano-
medicines to cross the BBB is typically assessed with models
that cannot provided conclusions about tumor leakiness as
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Figure 1. (a) Schematic representation of brain tumor formation in the endogenous murine model used in this study and the ability of a
nanomedicine to cross the BBB from a healthy tumor-free brain through to a late-stage tumor. In each panel the tumor microenvironment is
depicted showing the distribution of major cell types at each stage. The relative size and degree of vascularization is also shown pictorially, as is the
change in the cellular makeup of the tumor microenvironment. Progression from a healthy brain to late-stage tumor growth is depicted from left to
right. Gadovist (orange) passage is shown to indicate the breakdown of the BBB, which does not occur in a healthy brain. The key points at which
large (bNP, green) and small nanomedicines (sNP, blue) are able to cross are dependent upon the staging of the tumor and are highlighted. (b) A
schematic representation highlighting the correlation of nanomedicine size with disease state and extravasation across the BBB is shown. Both
nanomedicines were also conjugated with a bispecific antibody (BsAb, see inset) that has dual affinity for both the EphA2 receptor found to be
highly expressed in the murine glioblastomas formed, as well as for the major component of each nanomedicine, poly(ethylene glycol) (PEG). Both
nanomedicines used the same targeting vector; therefore, the difference in accumulation can be assumed to be due to size.
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either they exist outside the brain, or their implantation
perturbs the BBB. These include in vitro models that use
membranes to simulate the BBB,25 cellular assays,26−31 or most
commonly in vivo models with mice bearing orthotopic
(intracranially administered directly into the brain)13,32−40 or
subcutaneous3,4,41−47 tumors. Furthermore, the genetic origins
of subcutaneously or orthotopically implanted xenografts are
different than endogenously formed tumors, and consequently
their respective tumor microenvironments and physiological
influences have been found to also be different.48

Genetically engineered models, which grow tumors without
xenograft implantation, provide a model to answer pathophysi-
ology-related questions such as the influence of tumor
leakiness and provide an optimal model to gain a deeper
understanding of the interplay between nanomedicine proper-
ties and BBB fidelity in brain cancer. Additionally, because the
BBB has not been externally or forcibly altered in this
spontaneous glioblastoma model, the changes in the leakiness
of the BBB are purely physiological, and changes in uptake of
the nanoparticles can be directly correlated to their
physicochemical differences, rather than tumor size alone.
Owing to its slow growth, this model also allows for the
longitudinal assessment of individual mice in a similar way that
human patients would be assessed over time, to monitor tumor
growth and response to treatment. Mice were scanned before
and over the course of the brain tumor development with MRI
to identify the tumor and measure its volume and leakiness at
different stages of tumor maturation, and the amount of
nanoparticle that was able to accumulate in the tumor at each
stage was measured quantitatively using PET. These values
were measured for small (20 nm) and large (100 nm)
nanoparticles with and without targeting vectors, and the
differences in uptake were plotted separately against tumor
volume and tumor leakiness in order to determine the
correlations between physiological parameters of the brain
tumor and the physiochemical properties of the nanoparticles.
The modular system we discuss in this work allows for the
comparison of results from different nanomedicine constructs
with only their size and targeting vectors altered.

■ RESULTS AND DISCUSSION
Determining Disease State. The physiological changes

due to brain tumor progression, their effect on the BBB, and
ultimately nanomedicine uptake and retention are shown in
Figure 1. With only a few exceptions, only small, lipophilic
molecules can traverse the BBB, and this is often why Gadovist
(a small molecule gadolinium chelate that does not cross a
healthy BBB) is used as a measure of BBB breakdown and as a
qualitative measure of the progression of the brain tumor in a
clinical setting.4,49,50 As the tumor grows, the normal
microenvironments of astrocytes, oligodendrocytes, microglia,
and other cells are quickly taken over by invading glioma cells
(Figure 1a), and a larger and more erratic network of
vasculature is generated. This erratic and leaky vasculature
creates openings in the invading blood vessels and increases
the potential for larger and previously excluded molecules to
cross into the tumor. At the same time, the growing tumor
requires large amounts of energy and nutrients which results in
the rapid and erratic formation of new vascularization and
widens the normally tight junctions of the blood vessel walls,
creating gaps. As these gaps grow, so does the size of the
molecule or nanomedicine able to permeate through the BBB
(Figure 1b). However, the contribution to this increased

uptake and retention by tumor volume or leaky vasculature as
independent factors is not yet understood. For the purposes of
this investigation, three tumor developmental stages of early,
middle, and late were defined separately in this study.
While World Health Organization (WHO) classifications

and grading scales exist for human brain tumors,51 a more
simplified classification of murine glioma tumors is described
here as a direct correlation to the measurements of tumor
volume and degree of leakiness. Due to the erratic nature of
the spontaneously occurring glioma (a process that mirrors
that observed in naturally occurring human disease), the rate of
increase for both tumor volume and angiogenesis in each
mouse is different, making time a poor measure of tumor
progression. The mice were therefore assessed longitudinally
using MRI to measure tumor volume and our own determinant
of leakiness from a healthy brain through to late-stage tumor
development. The data for the volume and degree of leakiness
of tumors across all mice were measured (n = 13 mice, 27
assessment points). The volumes were stratified and divided
into three phases to classify the stages depicted in Figure 1a
and used as one basis for classification of tumor progression in
the assessment of nanomedicine uptake. The degree of tumor-
associated leakiness was also determined by monitoring the
dynamic uptake of Gadovist into the tumor tissue using T1-
weighted imaging. While typically assessed by dynamic
contrast enhanced MRI (DCE-MRI) in 1.5T or 3T scanners
clinically, when measuring smaller volumes at higher fields in
preclinical scanners, contributions from T2* effects are more
pronounced, and hence, direct kinetic modeling is not
accurate.52 Therefore, in order to only measure the leakiness
of the vasculature into the tumor tissue, only the initial uptake
of Gadovist into the tumor tissue was analyzed (Section S3).
Finally, the ability for a nanomedicine to cross the BBB and
accumulate within the tumor was then assessed at each stage
for a small (sNP, 20 nm) and large (bNP, 100 nm)
nanomedicine using quantitative PET imaging.

Design of Modular Nanomaterials with Different Size
and Targeting. The modular approach to preparation of the
nanomedicines used in this study consists of two major steps:
nanomaterial synthesis and targeting vector (BsAb) addition.
The nanomedicines were prepared as PET probes using 1,4,7-
triazacyclononane-N,N′,N″-triacetic acid (NOTA) as the
chelator for sNP, 5-(8-methyl-3,6,10,13,16,19-hexaaza-
bicyclo[6.6.6]icosan-1-ylamino)-5-oxopentanoic acid (MeCO-
Sar) as the chelator for bNP, and 64Cu as the radioisotope
(Figure 1b). Both chelators are commonly used for chelation
of 64Cu for in vivo PET imaging, and the influence of the
different chelators for sNP and bNP is assumed to be negligible
as the NOTA is internally located on the sNP, and the surface
density of MeCOSar is low in comparison with surface PEG
(typically <1% by mass).53,54 Additionally, when BsAb
targeting is used to enhance accumulation within tumors
through receptor interactions, the influence will be further
reduced owing to the surface coverage by the antibody. The
BsAb is only conjugated to the nanomedicines prior to
injection and allows for a customizable and facile preparation
approach for nanomaterial design to interrogate their ability to
cross into the tumor.
The ability for the NPs to extravasate across the BBB at each

stage was assessed quantitatively using PET, while simulta-
neous MRI scans were used to provide precise anatomical
reference. All nanomedicines and Gadovist were injected via
the lateral tail vein as the nanomedicines were designed for

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://dx.doi.org/10.1021/acscentsci.9b01299
ACS Cent. Sci. 2020, 6, 727−738

730

http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01299/suppl_file/oc9b01299_si_001.pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://dx.doi.org/10.1021/acscentsci.9b01299?ref=pdf


prolonged circulation and as a means by which to develop an
unbiased measure of the accumulation and retention of the
probes and nanomedicines. For each mouse a series of pre- and
postcontrast enhanced T1-weighted and T2-weighted images
were acquired in accordance with the recommended clinical
acquisitions for glioma diagnosis in humans and were used to
determine the location and volume of the tumor. The details of
the scans and rationale in the selection of which were used can
be found in the Supporting Information (Section S2.1).
Spontaneously Formed Murine Brain Tumors. Genetic

mouse models with inducible, endogenously derived glioma
formation allow for the study of brain tumors and the BBB
without artificial intracranial disruption.55 As a result of their
spontaneous and endogenous origins, they are therefore a
suitable model to study the interaction of nanomedicines with
the BBB and their ability to cross and accumulate in tumors at
various stages during the progression of the disease. Here, we
use one of these models, in which intravenous administration
of tamoxifen results in deletion of tumor suppressors Pten, Rb1,
and P53 in astrocytes and neural progenitors.11 Each of these
tumor suppressors has been implicated in the formation of
human gliomas, making this model highly relevant for clinical
translation of findings from mice to humans.56,57 This model
forms high-grade gliomas, which take up to 120 days after the

first tamoxifen treatment to reach the clinical end-stage, and as
such also provides a long-term model that is useful for studying
tumor progression.

Independent Tumor Staging by Volume and Leaki-
ness. Imaging and staging protocols were designed to mirror
the current clinical guidelines for tumor assessment known as
Response Evaluation Criteria in Solid Tumours (RECIST).
The images shown in Figure 2a highlight the data used to
assess the tumor progression by independently using tumor
volume and leakiness as a measure. Tumor volume is
calculated directly from the longest diameter of the tumor
from any plane (coronal, axial, and sagittal) as measured by a
precontrast T2-weighted MRI image in congruence with the
current clinical assessment of tumor progression and response
to treatment for gliomas as per the RECIST guidelines in
human patients.58 RECIST guidelines stipulate a starting
tumor diameter for humans to be no less than 10 mm, with
anything smaller being treated as unmeasurable by MRI (1.5T
or 3T). This number was adapted for the difference in mouse
brain size, and a lower limit of tumor diameter measurement
was calculated to be 700 μm (7T MRI). Upper limits were
based upon the largest observable tumors within the confines
of the approved animal ethics, and midrange values were taken
as the median of the values across this range. The “early”,

Figure 2. Tumor progression measured as a function of volume and leakiness. (a) Coronal and sagittal images from a fusion image of the pre-
(black and white) and postcontrast (color) T1-weighted MRI images to show the growth of a tumor at early-, middle-, and late-stage tumor
progression as determined by volume (left to right). (b) The longest diameter of each measured tumor was used to calculate an ellipsoid volume
and plotted to define staging where the limits are shown as inequalities below the chart, and the average tumor volume at each stage is shown as the
height of the bar, with each measured value depicted by points to show the range of tumors within each criteria (early−mid, p(∧) = 0.003; mid−
late, p(∧∧) = 0.0003; early−late, p(∧∧∧) = 0.004). (c) Staging by leakiness was similarly established by measuring the rate of T1-MRI contrast
change due to Gadovist uptake at the tumor (early−mid, p(∧∧∧∧) = 0.002; mid−late, p(∧∧) = 0.0003; early−late, p(∧∧∧∧∧) = 0.005).
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“middle”, and “late” staging designations were then stratified so
as to evenly distribute the various tumor sizes across 58
separate sets of MRI scans and were used for the general
classification of disease progression (Figure 2b). For the details
of how these values were translated into staging (Figure 2b)
the reader is directed to the Supporting Information (Section
S2.2). As a general note, the early stage for the purposes of this
study is set to values of observable to slow rates of Gadovist
uptake by means of DCE-MRI and does not necessarily reflect
leakiness exclusively related to vasculature. A detailed study of
the development of vasculature and associated nanomedicine,
although of significant interest, was outside the scope of this
study.
As the degree of leakiness is proportional to the degree of

signal intensity change measured by Gadovist uptake over
time, so is the magnitude of the initial area under the curve
(IAUC) for that tumor. Full details about these measurements
and calculations can be found in the Supporting Information
(Section S3), but briefly, IAUC values were calculated for each
tumor assessment point (n = 13 mice, 27 assessment points),
whereby the minimum, median, and maximum values were
used to define the stages (Figure 2c). The height of each bar
represents the average value for leakiness at each stage, with
each point the actual recorded value for each mouse measured
at that stage.
Correlation of Staging by Volume and Leakiness. As

intuitively expected, both volume and leakiness exhibited an

upward trend with respect to tumor progression. However,
there was no readily observable mathematical correlation
between tumor volume and leakiness, and consequently
staging criteria were assessed separately to validate their
influence on nanomedicine uptake (Sections S2.2 and S2). The
spontaneous and sporadic nature of the tumors formed using
this mouse model resulted in significant biological variability as
is the case for naturally occurring glioblastomas in humans.
Since no two tumors are the same, their size and degree of
tumor-associated vascularization are largely dependent upon
the surrounding environment in which they form. The location
of the tumor within the brain also has a large influence on
tumor development and was also assessed (Section S5).
Therefore, case-by-case staging not only was necessary but also
provided deeper insight into the requirements for nano-
medicines to be assessed independently for their ability to
cross the BBB.

Uptake of Nanomedicines as a Function of Size and
Receptor Interactions. At various stages of tumor
progression, the accumulation of the previously described
nanomedicines was assessed using PET (64Cu) imaging.
Retention of nanomedicines has been shown to be significantly
enhanced by the exploitation of ligand−receptor interactions,
often referred to as active targeting.15,16,49,50 With this in mind,
we also tested the same nanomedicines with and without a
targeting vector in order to determine the effect on
accumulation and retention in tumor tissue as the result of

Figure 3. Passage of the nanomedicines across the BBB into the tumor was measured and visualized using PET of 64Cu labeled sNP and bNP. (a)
Representative coronal and sagittal (respectively) images are shown for the early- and late-stage tumors, with the PET signal in red (36 h after
injection of radiolabeled nanomedicine), the background MRI in grayscale. (b) Accumulation of 64Cu labeled nanomedicines as a function of
staging by tumor volume or leakiness. Erratic accumulation with no discernible trend is observed when staged by tumor volume, but a clearer
picture can be seen when staged by leakiness as measured by Gadovist. ∧ denotes nanomedicines that were injected, but no crossing into the tumor
was observed.
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active targeting compared to the EPR effect alone. We have
been investigating the use of bispecific antibodies (BsAbs) as a
cell-targeting approach in which one domain is targeted toward
a specific surface receptor on the tumors (in this case ephrin
type-A receptor-2, EphA2) and the other for methoxy-
terminated PEG; this methodology allows rapid and facile
conjugation of antibodies to both nanomedicines used in this
study (Figure 1b).16 The EphA2 receptor was chosen due to
its use as a previously studied target for imaging of
glioblastoma42 and was also validated as a highly expressed
antigen present in the murine glioblastoma model (Section
S7). The biological half-lives of both of the sNP and bNP have
been previously determined to be 6 h59 and 14.5 h,60

respectively. In addition, maximal accumulation for each has
been observed between 24 and 48 h, and for this reason, the
PET analysis and subsequent collection of the brain and tumor
for postmortem analysis was chosen to be at 36 h
postadministration when significant accumulation would have
occurred due to the EPR effect.
Figure 3a shows representative images of mice with tumors

in early (left) and late (right) stages of development (both in
tumor volume and leakiness), with a large and easily
observable PET signal for the nanomedicine uptake in the
late-stage tumor, and none in the early stage. The two plots in
Figure 3b show tumor progression by staging using volume or
leakiness (horizontal axis) as a function of the amount of
nanomedicine that crossed the BBB (% injected dose per gram,
%ID/g, on vertical axis). For the complete set of data from all
64Cu studies, including the dependence on tumor location, the
reader is directed to the Supporting Information (Section S6).
When the tumor volume is used as a sole measure of tumor
accumulation, there is no clear trend in the size dependence of
the nanomedicines (r2 for sNP-EphA2 = 0.08, bNP-EphA2 =
0.03). Indeed, while the sNP (no targeting agent) was able to
cross the BBB at small tumor volumes, erratic accumulation
was seen in later stages for all nanomedicines, with higher
degrees of accumulation by bNP (no targeting agent) and
bNP-EphA2 when compared to sNP and sNP-EphA2. This
comparison supports the earlier mechanistic proposition that
there is not a significant correlation between the volume of the
tumor and the amount of uptake by a nanoparticle, as well as
the dependence on the nanoparticle size or targeting ability.
However, when staged by leakiness, sNP and sNP-EphA2 still
generally accumulate at earlier tumor progression than bNP
and bNP-EphA2; however, a clear dependence upon nano-
particle size and tumor progression can be observed (r2 for
sNP-EphA2 = 0.66, bNP-EphA2 = 0.38). This suggests that

while tumor volume is a significant factor in the breakdown of
the BBB in naturally occurring glioblastomas, the leakiness of
the tumor-associated vasculature within the tumor has a
greater impact on the permeation of nanomedicines, and a
general upward trend is observed as the leakiness increases, so
does the amount of nanoparticle (big or small) taken up into
the tumor. However, it is interesting to note that, despite sNP-
EphA2 being taken up at early and late stages, none is observed
in midstage. In orthotopic brain tumor models it has been
shown by MRI that the rate of angiogenesis is rapid after initial
onset,61 and it is proposed that sNP-EphA2 are not precluded
from crossing the BBB at the early stage; however, due to the
rapid disease progression and limitations of the scope of study,
many were not observed at this stage. Juxtaposed to this
observation, a higher degree of accumulation is observed for
larger particles at late stages compared to the small particles,
indicating that more factors are responsible for the enhanced
accumulation than just the leakiness described here. While
surface modified nanoparticles have been developed to take
advantage of receptor-mediated transport across the BBB, to
the best of our knowledge at the time of writing this Article,
PEGYlated nanoparticles are only known to cross barriers
through passive diffusion.62 As passive diffusion is a
predominantly EPR driven process, and sNP-EphA2 nano-
particles cross at an earlier stage, it is reasonable to infer that
the mechanism of transport of these materials is also by passive
diffusion.
Biodistribution of the nanomedicines was also evaluated

postmortem after the final radiotracer experiment for each
mouse that survived to the end of the study. These data were
also compared where necessary to the biodistribution in MDA-
MB-468 xenograft balb/c nude mice to assess the effect of the
genetic model on the clearance of the nanomedicines and their
organ-specific uptake. Briefly, both the targeted and untargeted
bNP were found to circulate longer and showed higher overall
retention in the liver and spleen than their sNP counterparts
across both models. For further plots and methodology
information, the reader is directed to the Supporting
Information (Section S2.4). With respect to the nanomedicine,
the rigidity, targeting ligand density, charge, or other factors
may be responsible for higher accumulation, while the complex
heterogeneity of the tumor microenvironment might also be
contributing to the higher uptake such as proximity of the
tumors to existing vasculature (see Section S5) or other
compositional parameters of the tumor microenvironment.
While these factors warrant further investigation, by correlating
the accumulation of nanoparticles with a physiological

Figure 4. Confocal microscopy of brain tumors taken postnecropsy after 36 h of nanomedicine circulation for a mouse with (a) a small
nanomedicine (sNP-EphA2) injected and (b) no nanomedicine injected. For both images, the red labels the vasculature, green the presence of
EphA2 receptors, and pink the BsAb targeted small nanomedicine (sNP-EphA2). Scale bar is 50 μm.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://dx.doi.org/10.1021/acscentsci.9b01299
ACS Cent. Sci. 2020, 6, 727−738

733

http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01299/suppl_file/oc9b01299_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01299/suppl_file/oc9b01299_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01299/suppl_file/oc9b01299_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01299/suppl_file/oc9b01299_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01299/suppl_file/oc9b01299_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01299?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01299?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01299?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01299?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://dx.doi.org/10.1021/acscentsci.9b01299?ref=pdf


parameter of tumor growth (leakiness), direct conclusions can
be made regarding the dependence of physicochemical
properties of the nanomaterials and can serve as a valuable
tool for future biologically informed nanomedicine design.
Additionally, it is notable that while sNP-EphA2 and bNP-

EphA2 showed significantly different BBB penetration profiles,
they accumulated in the range 0.31−3.3% %ID (product of
reported %ID/g in Figure 3b and tumor volume), which are
significantly higher than the proposed average published in the
recent assessment of nanoparticle delivery to tumors.63 The
varying uptake in the brain reported here shows a clear
correlation between size of nanomedicine and influence of
targeting vectors with the leakiness of the tumors, providing a
deeper understanding of the EPR effect, a phenomenon which
is currently controversial in the field,5,6,8 and allows for growth
in future biologically informed nanomedicine design in the
context of personalized medicine. Importantly, we have
validated that size matters, and smaller particles cross earlier,
as well as targeting plays a key role in retention, regardless of
size.
Nanomedicine Interaction and Distribution within

the Tumor Microenvironment. In order to validate the
targeting efficiency of the EphA2 BsAb and to evaluate the
chemophysical-dependent accumulation and distribution of
the nanomedicines in the tumor microenvironment, tumors
that had been treated with sNP-EphA2 were perfused with
paraformaldehyde, sectioned, stained for EphA2 receptors, and
imaged using confocal microscopy (Figure 4).
The images in Figure 4 show a cross section of a tumor at

similar stages of progression, with the one on the left being a
tumor from a mouse injected with the sNP and the right being
one without any nanomedicine injected. The confocal image
shows high levels of EphA2 expression in both tumors and
direct overlap of the sNP in areas of high EphA2 expression
closer to vasculature, but also with some signal crossing into
the tissue. This indicates that the polymeric nanomedicine is
not only crossing the BBB but is also navigating the tumor
microenvironment and being retained to some extent in the
greater tumor tissue. The ability for the EphA2 antibody (4B3)
to target the receptor was also assessed via ELISA and checked
for homology with mouse EphA2, the details of which can be
found in the Supporting Information (Section S7). All of these
techniques verify the validity of EphA2 as a target for the
mouse glioma model used in this study and show a promising
level of retention and tumor penetration that could be
applicable for future therapeutic applications.

■ CONCLUSION
Utilizing the promising attributes of nanomaterials to treat
debilitating diseases such as GBM offers a promising approach
for future therapies. However, while many models exist to
study the BBB and extravasation of particles across it, none
have been able to simultaneously take into consideration the
different factors driven by natural tumor physiological
contributions, such as vasculature and microenvironment
heterogeneity, during analysis in a quantitative multimodal
longitudinal assessment. We have shown that a modular
nanomaterial design allows for the preparation of an array of
compounds with highly tunable and customizable variability
and can be used systematically with noninvasive imaging to
investigate how these changes in structure change their
retention in brain tumors. We have shown that by aligning
accumulation of each nanomedicine with tumor volume there

is no clear correlation that shows that a larger tumor may
better accumulate a nanoparticle than a smaller tumor.
However, when using a measure of BBB leakiness as a
covariate, we show that smaller materials typically accumulate
in the tumor space at an earlier disease stage than larger
materials; this provides a direct correlation of nanomedicine
accumulation with a clinically relevant measure of tumor
burden. The size and targeting properties of the nano-
medicines have also been shown to affect their accumulation
and retention within the tumor tissue, and we have shown the
large potential influence of the tumor physiology, in particular
the leakiness of the tumor, when assessing a nanomedicine as a
potential treatment of glioblastoma. We have also developed a
noninvasive imaging protocol that allows the study of the
extravasation of any such particle or drug across the BBB using
longitudinal imaging. Using this method, we have created a
ranking system for tumors based upon their leakiness, which is
a biological parameter and hence a more indicative measure of
human disease state than tumor volume alone. Using this
correlation, we have shown that tumors can be treated at early
stages of development using nanomedicines smaller in size
(∼20−30 nm in diameter) and allow for the ability to partially
predict the degree of tumor accumulation that may occur for
different sized nanomedicines. While the larger nanoparticles
tended to show an overall higher degree of accumulation in the
tumors, their ability to cross the BBB was not observed until
much later in the tumor progression indicating that nano-
medicine therapeutics can be tailored for a disease depending
on a predetermined staging protocol.
Earlier attempts to translate nanomedicine therapies for

treatment of glioblastoma have invariably been unsuccessful,
but with improved methodologies for increasing our under-
standing of variability in tumor physiology comes the greater
potential for their use as advanced treatment options in the
clinic. Moreover, this work suggests that strategies that might
target modulation of leakiness at earlier stages of the tumor
development may offer new approaches for treating
glioblastoma. Additionally, the opening of the BBB at later
stages of the disease or postresection has been recognized as a
unique and specific window of opportunity for nanomedicines
as follow-up treatment options for brain tumors. Because the
same imaging methodology can be applied to clinical routines,
the mechanistic information determined from this preclinical
study holds the potential to inform on the optimal timing of
nanomedicine administration in a clinical setting in relapse
treatment, and therefore the therapeutic potential of this
methodology is of significant interest for future work both
preclinically and clinically. The successful translation of these
new materials to the clinic is also inescapably connected with
the need for standardized measurements in the benchmarking
of these materials. Size is important, but all nanomedicine
properties as well as more detailed investigation of their
interaction with the tumor microenvironment must be assessed
before successful realization to clinical utilization. Finally, it is
clear that, for true translation and efficacy of nanomedicines in
glioblastoma therapy, each patient should be treated
individually and a therapeutic tailored to the progression of
their particular case (independent of the choice of chemo-
therapy that is employed). Given the standardization of MRI in
diagnosing glioblastoma, application of more informative
staging criteria may offer a better option for applying
nanomedicines to treat this disease.
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