1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

j J Control Release. Author manuscript; available in PMC 2019 January 09.

Published in final edited form as:
J Control Release. 2016 April 10; 227: 38-44. doi:10.1016/j.jconrel.2016.02.016.

Analyzing Spatiotemporal Distribution of Uniquely Fluorescent
Nanoparticles in Xenograft Tumors

Darren L. Stirland?, Yu MatsumotoP¢, Kazuko TohP, Kazunori Kataokad, and You Han Bae®*
aDepartment of Bioengineering, The University of Utah, United States

bDivision of Clinical Biotechnology, Center for Disease Biology and Integrative Medicine,
Graduate School of Medicine, The University of Tokyo, Japan

¢Department of Otorhinolaryngology and Head and Neck Surgery, Graduate School of Medicine
and Faculty of Medicine, The University of Tokyo, Japan

dDepartment of Bioengineering, Graduate School of Engineering, The University of Tokyo, Japan

€Department of Pharmaceutics and Pharmaceutical Chemistry, The University of Utah, United
States

fUtah-Inha DDS and Advanced Therapeutics Research Center, Incheon, Korea

Abstract

A dose circulating through the blood at one time will have different opportunities to access the
tumor compared to a dose circulating hours later. Methods to test this hypothesis allowed us to
differentiate two uniquely fluorescent doses of nanoparticles (administered as a mixture or
sequentially) and to measure the distribution and correlation of these nanoparticle doses in three
dimensions. Multiple colocalization analyses confirm that silica nanoparticles separated into
different dose administrations will not accumulate in the same location. Decreased colocalization
between separate doses implies dynamic extravasation events on the scale of microns. Further, the
perfusion state of different blood vessels can change across the dosing period. Lastly, analyzing
the distance traveled by these silica nanoparticles in two dimensions can be an overestimation
when compared with three-dimensional distance analysis. Better understanding intratumoral
distribution of delivered drugs will be crucial to overcoming the various barriers to transport in
solid tumors.
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Supplementary material in a PowerPoint file is provided for additional figures and video. The figures show data characterizing the
silica nanoparticles, the original (non-thresholded) versions of the example images shown in Figure 1, more comprehensive graphs for
Mander’s and Pearson’s values showing the different experimental groups (varying intervals for separately dosed administrations), and
an additional set of images from different time points for Figure 3B analyzing transiently overlapped and unique perfusion events. The
videos are the intravital imaging data. This material is available via the Internet.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Stirland et al. Page 2

Graphical abstract

Temporal Analysis Spatial Analysis

-~
,/ Mixed dose vs. Separated doses \

¢

rrrrrrrr

120 pri Sy
7

100 ym

730 T,
g DS
W et
i ol v :
IS BBE

Keywords
solid tumors; nanoparticles; perfusion; extravasation; dynamic drug delivery

Introduction

In the past few decades, nanoparticles have become popular tools to make inroads into
treating cancerous tumors. Traditional chemotherapy causes widespread toxicity to the entire
body in order to treat the cancer. Drug delivery via nanoparticles seeks to be a magic bullet
that limits toxicity to the cancer. However, nanoparticles still must rely on passive delivery
mechanisms. There are numerous barriers that stand in their way of treating the tumor. They
pass through the blood circulation and encounter other organs or tissues where they may
become sequestered by the mononuclear phagocyte system (MPS). Even when they
encounter the tumor there are still more barriers that inhibit transport and delivery.

This research focuses on understanding distribution in the intratumoral environment. Many
nanoparticle based treatments rely on the enhanced permeability and retention (EPR) of
macromolecules in solid tumors, but more research needs to be done to test some of the
assumptions. The way to access an inoperable solid tumor is via the vasculature. Often the
vasculature of the tumor does not cover the entire tumor volume evenly. That limits access to
certain parts of the tumor. Studies show that solid tumors often prevent the penetration of
macromolecules far beyond the proximity of blood vessels [1-3]. Furthermore, the
distribution of these extravasation locations appears to be heterogeneous within the tumor
environment [3]. This is likely due to the remodeling of the vascular networks in a nutrient
hungry tumor with increased angiogenesis.

The details of intratumoral distribution are still uncertain. Beyond the assumptions made
related to accumulation via the EPR, it is difficult to predict how the drug dose will
distribute inside of the tumor environment. This research builds on research seeking to
quantify drug distribution in the intratumoral environment. This research tests the hypothesis
that these extravasation events are not only heterogeneous in location, but also dynamic in
time. Specifically, we sought to explore how the drug distribution may change over time by
differentiating an earlier dose from a later dose. Furthermore, we sought to glean additional
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information by observing the distribution of the two uniquely fluorescent doses in real-time
with intravital microscopy. Finally, we hypothesized that calculating the distance to nearest
blood vessels would be different for two dimensions (2D) and three dimensions (3D).

As an analogy for the value of understanding accessibility changes over time, modern online
maps with navigation suggestions allow us to select a day and time to see typical traffic
patterns for the given conditions. It provides information on which routes are going to be
blocked and which routes have access. If similar predictions for access to a tumor could be
offered, this would be valuable information when delivering drug to a tumor given certain
conditions. As we currently treat clinical tumors, the tumor mass can be reduced with
delivered drugs; however, partially due to the limited delivery of drug to the entire tumor, the
tumor will eventually resist treatment and grow back in a more aggressive state.

This research will help characterize EPR as it exists in the majority of tumors used in
preclinical studies. For that reason, a xenograft mouse model is used. Perhaps by
understanding EPR in this model, we might discover some flaws that explain why results do
not always translate to the clinical setting.

Materials/Methods

Red and green fluorescent silica nanoparticles were purchased from micromod (40-00-701
and 42-00-701, Rostock, Germany) and their sizes and surface charges were verified with
dynamic light scattering and zetapotential measurements using a Malvern Zetasizer.
Athymic nude mice (Simonsen Labs, Gilroy, CA) were injected subcutaneously with a 100
uL PBS solution (20% FBS) containing HelLa cells (7.5 x 106 cells) or HT29 cells (1.25 x
109 cells) in the rear flank to initiate tumor growth. When the tumor volume reached
approximately 100 mm3, the mice would receive tail vein injections of silica nanoparticle
solutions at a concentration of 20 mg/kg for each dose. The red and green silica
nanoparticles were either administered as a mixed solution or separately with varying
intervals, ranging from 30 minutes to 12 hours. Unless otherwise stated (two groups in SF3
and one mouse in Figure 3C), the green silica nanoparticles were injected as the first dose
followed by red silica nanoparticles as the second dose. Three hours after the final dose, the
mice were sacrificed and 1,1” - Dioctadecyl - 3,3,3",3’ - tetramethylindodicarbocyanine
iodide (DiD) (84903, Anaspec, Fremont, CA) was introduced by cardiac perfusion to
fluorescently stain the blood vessels. This vessel staining protocol was previously found to
be adequate in staining even the small vessels of densely packed human fibroid tissue [4].
Following perfusion, the liver and tumor tissues were collected and placed in Optimal
Cutting Temperature compound for at least 5 minutes before flash freezing with isopentane
in a metal beaker cooled by liquid nitrogen. Samples were stored at —80°C until sectioning
with a cryotome at a thickness of 100 pm for mounting on microscopy slides. As all probes
and stains were introduced before harvesting tissues, no further staining was required and
this also facilitated acquisition for 3D image stacks. A Nikon Al confocal microscope with a
motorized stage automated the process of acquiring 3D Z stacks and stitched mosaics of the
entire tissue section. Sequential imaging was performed to isolate each fluorescent signal:
green silica nanoparticles were excited at 488 nm, red silica nanoparticles at 561 nm, and the
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DiD stain at 638 nm. The acquired images were then processed in batches with custom
MATLAB code to determine the distribution and colocalization of the multiple doses.

Binary images were created by applying a threshold to the images. A distance map was
created from the binary blood vessel image. The pixel values in the distance map gave the
Euclidean distance from that pixel to the nearest blood vessel (in 2D or 3D). This distance
map was multiplied by the binary image for the nanoparticle signal to assign distance values
for each pixel representing nanoparticles. The code also assigned primary colors and unique
values to each binary channel to facilitate qualitative observation and quantitative
summation of overlapped or unique pixels.

The percent overlap provides the simplest and most intuitive measure for colocalization of
the two signals by showing the overlap of detected signal objects relative to the total signal
from either the first or second dose of silica nanoparticles.

1stDose % overlap = % x 100

2ndDose % overlap = % x 100

where Gtand Rtrepresent the thresholded binary values of signal coming from the green
and red silica nanoparticles, respectively, for each pixel. The intravital images were only
analyzed for percent overlap to simply show whether or not the signal was there and
overlapping.

The end-point analysis of extravasated silica hanoparticles used Pearson’s and Mander’s
coefficient values to look at more than just binary presence of the signal, but also at the
intensity (or concentration) correlation which was present. The colocalization analysis by
these means was more robust even if the signal was dim or had background noise [5,6].
These further colocalization analyses were performed by first creating a mask or region of
interest based on the thresholded silica nanoparticle images. With the region of interest
defined, the original, nonthresholded images were used to calculate the correlation between
green and red signals. Defining a region of interest for colocalization analysis eliminated the
large areas of background containing common blackness or random signal noise which
could erroneously increase or decrease, respectively, the correlation value.

The Mander’s value describes the fraction of overlap from the two signals’ intensities.

LR G;

Mander's = S S
Zl.Ri . ZiGi

where Riand Girepresent the intensities for red and green signal, respectively, in each pixel.
The equation for Pearson’s value subtracts the average value for red or green (R, 0r Gayp)
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and provides information on the covariance of the two signals: if the two signals tend to
increase together the value is closer to 1.

z"1'((Ri B Ravg)(Gi B Gavg))

Pearson's = >
\/Zi(Ri - Ravg) - 26— Gavg)

2

Furthermore, this subtraction allows for a value as low as —1 which indicates that one signal
tends to increase while the other decreases.

Multiple areas from numerous Z stacks were analyzed for correlation between the
nanoparticle signals. A p value was produced by the built in MATLAB corrcoef function to
represent the chances of getting the same correlation by random chance. Only images with a
p value less than 0.05 were included in the averages. The MATLAB code generated both
Pearson’s and Mander’s values describing the colocalization of the two silica nanoparticle
signals. Finally, these values were averaged for the groups of mice and statistical
significance of the separately dosed mice having a lower value was calculated with a
Student’s t-test.

Intravital imaging was performed using a Nikon A1R confocal laser scanning microscope
system attached to an upright ECLIPSE Ni-E equipped with a CFI Plan Apo Lambda 20x
objective. The blood circulation half-lives of the two colors of silica nanoparticles were
determined by checking the fluorescence intensity in the blood vessels of the ear-lobe of
mice using the microscopy methods described in previously published work [7]. To prepare
the tumor bearing mice, 6-8 w old female BALB/c nu/nu mice (Charles River Laboratories
Japan, Inc., Kanagawa, Japan) were subcutaneously inoculated with murine colon carcinoma
C26 cells (American Type Culture Collection, Manassas, VA, USA). Mice were anesthetized
and maintained with 1.0-1.5% isoflurane onto a stage-top temperature-controlled pad
calibrated at 37°C. The tumor was imaged as 6 dimensions composed of XY Large Scan
(using a motorized stage), Z stack (10 pm thickness, three slices), Time-Lapse (10 min
interval), and 2 Channels (green and red). Two mice were administered with green silica
nanoparticles 10 minutes after the imaging was initiated. After 2 hours, the red silica
nanoparticles were administered. The order was switched for one mouse as a control.

Results/Discussion

The silica nanoparticle batches of different colors were characterized and it was confirmed
that both have a hydrodynamic diameter of about 73 nm, a strong negative surface charge,
and halflife in the blood of about 30 minutes (SF1).

We chose simple, inorganic, fluorescent nanoparticles because the characteristics could be
controlled and verified to be nearly identical. Although it is anticipated that protein adhesion
and aggregation will occur upon entering the body (like any nanoparticle), degradation into
smaller particles was not a concern as the in vivo experiments lasted no longer than a day
and significant degradation of non-porous silica nanoparticles takes longer than a week
[8,9].
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Two uniquely fluorescent doses of silica nanoparticles were administered either as a mixed
dose or separately at varying intervals for temporal analysis. When the two uniquely
fluorescent silica nanoparticles are administered separately, the two colors can be
distinguished with some non-overlapping signal. Figure 1 shows qualitative and quantitative
differences in colocalization between mixed and separate doses for representative images in
liver and tumor tissue.

The two fluorescent signals were analyzed for colocalization in the tumor environment and
compared with values from the liver as a positive control. The liver was chosen as it has
more reliable silica nanoparticle accumulation and a better signal/noise ratio. The better
signal to noise ratio, the more consistent the correlation was. This accumulation in the liver
is characteristic of hepatic circulation from tail vein administration [10]. Notoriously leaky
vessels in the sinusoids allow for high accumulation of nanoparticles and the Kupffer cells in
the liver could phagocytose the nanoparticles into concentrated, bright bundles. As a
comparison for showing dynamic events, the phagocytosis is clearly not a static event and
the dynamic leakiness of liver sinusoids has been summarized in a review article [11]. When
the two doses were mixed together and then administered, there was a high percentage of
signal overlap in both the tumor and liver tissue. However, the lower percentages of signal
overlap for separately administered doses suggest dynamics in both the liver and tumor
environments.

The overlap analysis in Figure 2A merely shows a trend supporting the hypothesis that
separate doses will have decreased colocalization. Unlike Figure 1, the data in Figure 2 only
includes images of tumor tissue where the signal was weaker and not as consistent. Simple
overlap analysis is not as robust for the weak nanoparticle signal outside of the blood vessel
in the tumor tissue where there is also more background noise. A noteworthy difference is
that the 2" dose signal had a better signal to noise ratio and the data was significant. In
contrast, the 15t dose appeared more diffuse and weak. Quantifying the colocalization with
additional, more sophisticated, colocalization techniques found a statistical difference when
comparing the Pearson’s and Mander’s values for mixed and separate doses in the tumor
(Figure 2B).

Correlation analysis for various dosing intervals sought to identify a spectrum of temporal
dynamics in the tumor environment. Unfortunately, we were not able to discern significant
differences between the various dosing intervals, but merely the difference between mixed
and separate doses. The analysis may result in false negatives for dynamic extravasation or
false positives for colocalization (it is unable to resolve two different nanoparticles that are
spaced only 100 nm apart). The point spread function for the Nikon A1 microscope used for
these experiments gives a theoretical resolution of 147 nm along the X and Y axis and 368
nm along the Z axis in ideal conditions. Furthermore, the 3D image acquisition with certain
step sizes effectively set the resolution as low as 5 um along the Z axis. Other processing
techniques, such as thresholding for distance or object overlap analysis, further reduced the
resolution. Explorative calculations based on regions of interest determined by thresholds
generally only varied by 10 um. Thus, the figures of merit for this approach put our
resolution near 5 to 10 um. This allows for detection of dynamic extravasation events from
blood vessels (as a result of remodeling) that are at least 50 um (length of endothelial cell)
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apart from each other. Thus, we could still determine whether dynamic extravasation events
occurred in intratumoral drug delivery. To observe dynamics on a larger scale, intravital
microscopy was performed with a purpose of verifying and teasing out additional results.

Real-time intravital microscopy showed strong signals for the fluorescent nanoparticles in
the blood vessels (Figure 3). Analysis of the fluorescent signals through the perfused vessels
suggests dynamics in entire blood vessels within the tumors. Overlap analysis demonstrates
that a dose can have as much as 98% or as little as 34% of its perfusion overlapped with the
other dose. Some vessels maintained high signal levels for both doses and showed high
overlap. Other vessels showed strong signals, only to fade with blood clearance of the
nanoparticles. Finally, some vessels appeared to only show signal for one of the two doses
(often the first dose). Averaging the 3 mice, the first dose had more unique signal locations
and the second dose had a higher percentage of signal overlap. Image C of Figure 3 appears
to be an exception to this, but further inspection reveals that the two doses perfuse through
many of the same vessels (Figure 4). Due to the blood circulation half-life being shorter than
the administration interval, the overlap of signal in these vessels were low. This implies that
the majority of dynamics (on this time scale) results in blood vessels closing off and
preventing access for the second dose. The trend of high overlap for the second dose was not
observed in the end-point analysis of extravasation into the tumor tissue. In that case, the
second dose can continue to have low overlap due to dynamic extravasation events beyond
dynamic perfusion events. Dynamic extravasation and perfusion events are each on a
different spatial scale which greatly affects determination of colocalization.

The spatial analysis (presented qualitatively and quantitatively in Figure 5) found that
measuring the distance of extravasated nanoparticles from the blood vessel in only 2D often
overestimates the distance traveled. This can be seen qualitatively when comparing the 2D
and 3D distance maps. The 3D distance map shows a similar pattern for all slices of the Z
stack because blood vessels in one slice influence the distance map in slices above or below.
For our collection of images, we found that the average overestimation of distance traveled
by 2D measurements compared to 3D was about 25 pm. The distance measurements in 2D
had a large spread of values when comparing the different Z stacks of a given tissue volume.
If investigators were to analyze a 2D slice from region 4 in Figure 5C, there is the potential
to overestimate the distance by about 150 pum in that case. Three regions of negative control
result in very low distances as would be expected when no nanoparticles are administered,
but one had some speckles of background noise or non-specific staining that was included in
the distance analysis. Other regions had low distance values simply because some tumor
regions had stronger signal from silica nanoparticles than others.

The overestimation in distance traveled occurs as most 2D methods cannot include any
possible vessels above or below the frame of interest. However, even with imaging tissue
sections in 3D, there is still the chance for slight overestimation of distance traveled as there
may be a vessel just beyond the tissue section being imaged. It is possible to image all
sections of the entire tumor; however, the increase in accuracy is likely not proportional to
the increase in required resources. Similarly, some meaningful trends can still be observed
with 2D distance analysis. Still, given the ease of obtaining 3D stacks with confocal
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microscopes, we recommend distance measurements be performed in 3D when possible for
increased accuracy.

Calculating distance between vessel and nanoparticle objects identified by thresholding
relies heavily on the threshold value chosen. Thresholding can shift the mean distance from
the nearest blood vessel, but two things will remain: the 2D distance measurement will be
greater than the 3D measurement and the 2D measurement will have greater variability.
Finally, it is possible that the DiD stain introduced via cardiac perfusion may not stain all
blood vessels. The high interstitial fluid pressure may cause some blood vessels to collapse
or have limited perfusion. We chose to measure distances from perfused vessels because we
were not interested in measuring distances from occluded vessels, from which the particles
likely did not extravasate from. With our results confirming dynamic perfusion of blood
vessels, it becomes more challenging to know from which blood vessels you should measure
the distance traveled.

Researchers are looking into the effect of size and shape on extravasation and penetration
into the tumor environment [12-14]. Generally, the smaller particles have higher
permeability and diffuse more rapidly in tumors [15]. Future experiments could investigate
whether different sizes could be susceptible to different extravasation events (from the
cellular level with fenestrae and intercellular gaps to larger events resulting in blood lakes or
when vessels change their perfusion state) and thus be sensitive to different dynamics
relating to colocalization [16]. Analyzing different sizes is also relatable to determining how
aggregated particles are influenced by the dynamics. We have already built computer models
to understand how extravasation events occur [17]. We will continue to develop these and
other numerical models to test various parameters. Future experiments will also need to test
the effects of pro or antiangiogenic factors on the dynamic leakiness of these tumor blood
vessels. These experiments should determine the cause of the dynamics at the different
levels and whether the multiple doses have a direct effect on each other via saturation or
blocking effects. It is possible that vessels could become embolized from aggregated
nanoparticles and new perfusion events could occur from sprouting vessels. On the other
hand, solid stress inside the tumor could play a role in the opening and closing of vessels. It
is known that tumors can cause lymph and blood vessels to collapse, but treatments can
reverse this and increase the number of patent vessels [18,19]. Even without therapeutic
intervention, Debbage ef al. previously showed dynamic perfusion using lectin stains [20].
The results herein confirm that phenomenon using fluorescent nanoparticles in the blood
circulation. We further showed how dynamics influence the extravasation of the doses to
different locations in the interstitial space. Understanding these dynamics will educate how
access to the tumor via the vasculature can be in an open or closed state.

Knowing how access to the tumor may change over time may influence planning of dosing
schedules and combinatorial strategies in the clinical setting. With a lower fraction of unique
perfusion for the second dose 2 hours after the first, long circulation may not be beneficial in
all aspects. A relevant clinical trial showed that filtering liposomal doxorubicin 24 hours
after administration reduced side effects yet did not discern a change in efficacy [21]. The
authors speculate that the tumor tissue had become saturated and all other drug particles
circulating were likely to cause toxicity in healthy tissue. This is backed up by the fact that
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the non-PEGylated version of Doxil (Myocet) has a lower occurrence of palmar plantar
erythrodysesthesia syndrome [22,23]. Clinical dosing schedules are often around 2 weeks
apart. The dosing schedule is primary limited by the toxicity of treatment, but this is much
longer than the half-life of the drugs administered. Thus, each dosing may have different
access to the tumor. Many first line cancer therapies involve combinations of drugs to
improve efficacy and limit resistance. The efficacy of concurrent versus sequential
administrations have been studied in cells, xenografts in mice, and even in patients. Though
not conclusive, concurrent therapy tends to be more favorable than sequential [24-28]. In
addition to cell cycles, dynamics in vascular access may be a contributing factor in these
studies. Concurrent therapy is more likely to deliver the combinatorial drugs to the same
location in the tumor and allow synergistic benefits. Newer drug carrier formulations are
considering whether it is better to combine two drugs into one carrier as opposed to having
each drug in separate carriers [29]. Some clinicians may prefer the control afforded by
having each drug in separate carriers. This would allow different release rates for each
carrier and the ability to modify drug ratios by adjusting the carrier weight ratios. However,
until more details on dynamic extravasation events over time and dynamic perfusion events
of vessel segments within the tumor can be elucidated, a single carrier housing both drugs
best ensures they reach the same locations (at the ratios intended) in the tumor.

Conclusion

While dynamic perfusion and extravasation events have been shown in animal tumors that
grow faster with chaotic vasculature, similar experiments need to probe clinical tumors for
similar dynamics. Targeting the tumor environment through EPR is passive delivery and
relying on passive delivery in the complex tumor environment appears to be inconsistent—
especially in clinical applications [30]. Perhaps nanoparticles characteristics can be tuned to
provide a way to mitigate the dynamic events observed in the chaotic tumor environment.
Alternatively, methods of altering the tumor environment (via the vasculature or other
contributors to pressure) may prove to be necessary to return the tumor environment to a
more predictable and consistent state for delivering multiple doses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative images of the fluorescent signals from two silica nanoparticle doses in liver

and tumor tissues. A) The example images are thresholded to show high-contrast images of
the signals for blood vessel (red), 1st dose (yellow), and 2nd dose (blue). Furthermore,
secondary colors represent overlapping signal (e.g., green for overlap of the two dose
signals). Scale bar is 100 um and applies to all images. B) The example images were
quantified for the percent overlap of each dose.
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Colocalization analysis of silica nanoparticle doses in tumor tissues. Error bars are standard
deviation. * p < 0.05. ** p < 0.01. A) Average values for percent overlap analysis for a larger
data set of 10 different mice: 4 with mixed doses and 6 with separate doses. B) Average
Mander’s and Pearson’s values for 24 different mice: 4 with a mixed dose and 20 separately

dosed.

J Control Release. Author manuscript; available in PMC 2019 January 09.



1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

1duosnuep Joyiny

Stirland et al.

Percent Overlap U

100%

Acq. Time: 3:04:52

80%
60%
40%
20%

0%
A B C
O1st Dose m2nd Dose

Figure 3.
Thresholded images from intravital microscopy for three different mice (A, B, C) showing

blood vessels perfused with silica nanoparticles. For (A and B), the green silica
nanoparticles were administered first; then after 2 hours, the red silica nanoparticles were
administered. The order of administration was reversed for (C). Scale bars are each 200 um.
D) Overlap analysis of the respective images.
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Figure 4.
Additional images for Figure 3C: right after the first dose, right before and after the second

dose, and near the end of the perfusion period. Some regions (a selection marked with
arrows) appear to be unique perfusion events, but instead they are just transient perfusion
events for both doses such that there is little to no overlap at a given time. In other words, the
areas designated by the arrows are reached by both doses but not at the same time. Other
areas (a selection marked with arrowheads) appear to be only accessed by a single dose for
the entire perfusion period. Scale bar is 200 pm.
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Figure 5.
Overestimation of distance traveled by 2D measurements. A) Comparison of MATLAB

generated distance maps for 2D and 3D analysis. Increased brightness signifies increased
distance from the blood vessel. B) Image slices are thresholded to show highcontrast images
of the signals for blood vessel (red), 15t dose (yellow), and 2" dose (blue). Secondary colors
represent overlapping signal. Scale bar is 100 um and applies to all images. C) Selection of
different tumor regions (and different mice) showing how the distance traveled is
overestimated when measuring in 2D versus 3D. The box plots represent the spread of 2D
distance values for each tumor region. Clearly, there can be multiple 2D distance values (one
for each 2D image slice through the volume of each tumor region). The open circles
represent the average of all the 2D distance values for each region. The open squares
represent the 3D distance values for each region. The dotted and dashed line represent the
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average 2D and 3D, respectively, distance value for all the different tumor regions. The red
rectangle encloses the data points from negative controls. ** p < 0.01.
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