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Abstract
Nanoparticle delivery into solid tumors is affected by vessel density, interstitial fluid pressure
(IFP) and collagen, as shown here by contrasting the in vivo macroscopic quantitative uptake of
40 nm fluorescent beads in three tumor types. The fluorescence uptake was quantified on
individual animals by normalization with the transmitted light and thennormalized to normal
tissue uptake in each mouse. Mean data for uptake in individual tumor lines then showed expected
trends with the largest uptake in the most vascularized tumor line. Tumor lines with increased
collagen were also consistent with highest interstitial fluid pressure, and correlated with lowest
uptake of nanoparticles. The data is consistent with a delivery model indicating that while vascular
permeability is maximized by neovascular growth, it is inhibited by collagen content and the
resulting interstitial pressure. Imaging of these parameters in vivo can lead to better individual
non-invasive methods to assess drug penetration in situ.
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1.0 Introduction
The use of nanoparticlesas a vehicle for delivering anti-cancer therapeutics, or as therapeutic
agents themselves, has been widely explored in recent years[1–3]. The promise of
nanoparticle mediated imaging or therapy is to increase the delivered payload of imaging or
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therapeutic agents, or to take advantage of their specialized properties which can have
biochemical or cell surface functionalization otherwise not available [4][5]. One of the key
elusive challenges in this area is to fully understand and exploit the delivery within tumors,
because the biomechanical dynamics of delivery are complex and heterogeneous on a
microscopic scale. Nanoparticles of appropriate size and surface protection can have high
bioavailability for circulation in the plasmaand accumulate in tumors via leaky vasculature
[6]. However, nanoparticles appear to face greater physical challenges in penetrating tumors,
as compared to small molecules. Infact, the effectiveness of nanoparticle delivery may be
fundamentally limited if the impact of pathophysiological barriers on nanoparticle drug
delivery is not better understood and tools to image the pertinent factors are not
developed[7]. While individual studies attribute the penetration limitation to either
interstitial pressure or stromal barriers, these can just be symptoms of the underlying factors
in the tumor. Epithelial, neovascular and stromal growth can lead to increased vascular
leakage, increased interstitial pressure, reduced lymphatic function and reduced blood flow,
as illustrated in Figure 1. Each of these latter effects reduce nanoparticle penetration to some
degree, and yet while connected, the approach to solving these issues may vary depending
upon the effect and cause. The research presented hereattempts to correlate quantitative
fluorescence molecular spectroscopy measurements of nanoparticle uptake in vivo with
pathophysiological factors limiting their delivery. The measurements are collected from
three tumor linesthat present a systematically varying range of vascular densities, collagen
densities and interstitial pressures to try and interpret the relative contributions of each to
limiting particle delivery.

A key determinant in the delivery of therapeutic agents to solid tumors is interstitial fluid
pressure (IFP) [5], because it is the driving component in transvascular permeability (see
Figure 1). Neovasculature growth and has features of vessel fenestration and flow
heterogeneity resulting in leakiness, and the lack of functional lymphatic outflow in tumors
is well documented[8]. The net result of these three factors is increased IFP, resulting from
increased fluid flux into tumors [9–13]. Elevated IFP is hypothesized to be a major barrier in
the transport of macromolecules and nanoparticles because convection out of the blood
vessels requires a pressure gradient to cause the flow[14–15]. Transport of small molecules
in the tumor interstitial space still occursby diffusion, which is concentration-driven,
whereas transport of larger molecules is more dominated by convection [16][5]. In tumors
the net static convection flow is outward from the core of the tumor, preventing effective
penetration of macromolecules inside the solid mass [17][18].

Much research focus is devoted to epithelial cell growth since this plays an important role in
the tumorigenesis of many solid tumors, where increased levels of collagen in tumors can
increase the observed stiffness of tumors[19][20]. The signaling of fibroblasts within the
tumor epithelium is complex and leads to increased synthesis of extracellular matrix proteins
(ECM), which contribute to the tensile rigidity[21]. A high collagen level in tumor ECM is
responsible for the observed stiffness in some incurable tumors, such as pancreatic
adenocarcinoma[22]. Elevated levels of collagen are correlated with poor prognosis
andmetastasis in a number of tumors[22–24] and is documented to be a barrier in the
transport of a variety of therapeutics, ranging from small-molecular-weight drugs to
nanoparticles [25–27]. There has been a peak of interest in therapeutics designed to reduce
the collagen density, which has the collateral effect of decreasing interstitial fluid pressure
and thereby allowing increased drug penetration[18][28].

To study the complex dynamics of nanoparticle delivery in tumors, independent of charge or
biochemical binding, intravital imaging has perhaps given the most mechanistic information
[29]. In this and earlier work, an ultrasound-coupled handheld-probe-based optical
fluorescence molecular tomography (FMT) system was developed to perform quantification
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of fluorescence in vivo. The design couples fiber-based spectral optical fluorescence
samplingwith high frequency ultrasound imaging for sequential imaging of uptake[30][31].
The value of this system in studying tumors of various tissue properties such as vascular and
collagen density is that there is potential to combine elastography[32][33] imaging with drug
uptake imaging, if the added information has diagnostic value when interpreted together.
This study tested for correlations between nanoparticle with vascular volume, collagen
fraction, and interstitial pressure using three tumors in vivo of varying stiffness and vascular
volume.

2.0 Material and Methods
2.1Xenograft Tumors in Animals

All animal procedures done under a protocol approved by the Dartmouth Institutional
Animal Care and Use Committee (IACUC). The tumor lines used included pancreatic
adenocarcinoma, AsPC-1, rat glioscarcoma tumor cells, 9L and the human epithelial cancer,
A431. A total of 21 female athymic nude mice were used for each tumor line, implanted via
injection of 1×106 cells, in 50% Matrigel® (BD Biosciences, San Jose, CA), and 50%
complete media, subcutaneously into the right flank. Tumors were allowed to grow for a
period of two to three weeks, until reaching average diameter 4–10 mm.

2.3 Fluorescence Measurement of Nanoparticles
The mice were injected with 200 μl of 5% FluoSpheres® Carboxylate-Modified
microsphere solution (Invitrogen) [34], having 0.04 μm diameter size, with the excitation
peak at 660 nm and emission peak at 680 nm. Ultrasound guidance was used to determine
location of fluorescence measurements obtained from the tumor and normal tissues of the
mice. The apparatus is shown in Figure 2, composed of four sources and five detectors
interspersed linearly and held in a fiber probe holder placed above the tumor. Source laser
light at 643 nm wavelength, going through 600-μm diameter fibersand through a short pass
interference filter removing light above 650 nm. The excitation light went through a fiber
switch (Piezosystemjena, Hopedale, MA) to route to different fibers. The fluorescent
emission was detected in parallel by five USB-coupled spectrometers (Ocean Optics,
Dunedin, Florida, model USB2000+). This configuration allows light to be detected through
multiple path lengths of tissue under electronic control. The detection light was filtered
through a 650 nm long pass filter. Ambient dark baseline data were collected prior and
subtracted from each emission spectra. The area under the curve of the calibrated
fluorescence was integrated to produce final fluorescence data, and this was normalized by
the integrated transmittance data at the excitation wavelength for the same fiber. The ratio of
fluorescence to transmittance is known to be largely independent of the tissue optical
properties and allows superior quantitative comparison of longitudinal data and also
averaging of data between animals [35–37].

2.4 Interstitial Fluid Pressure (IFP)
The interstitial fluid pressure was measured using an optical fiber-coupled pressure sensor
(model FOP-M260m, Evolution, QC, Canada)with 0.2MHz sampling rate [38]. The tumor
was punctured with a 25 gauge needle, and the IFP probe inserted halfway into the tumor.
After insertion, the optical fiber connected to the probe was gently released so that the
pressure stabilized asymptotically to the value recorded.

2.5 Staining forVascular Density&Collagen Content
Endothelial cell surface receptor CD31 was used as a marker for tumor vasculature, using
immunostaining for antiCD31 on frozen sections. To quantify collagen content, tumor
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sections were subsequently paraffin embedded; thin sectioned (4μM) and stained with
Masson's trichrome stain. Sections were viewed at 20× and color images captured. Images
were converted to HSV (Hue-Saturation-Value) space and thresholded based upon the blue
stain hue, average saturation, and average value were applied to isolate stromal content. The
area ratio of blue stain relative to the entire field was then calculated to determine the
percent collagen content for each image. The vascular density was quantified through
thresholding of the CD31 immunostained slides.

3.0 Results
3.1 Fluorescence nanoparticle uptake

Average fluorescence ratio data (tumor to normal tissue for each mouse)was measured; this
normalization was used to account for potential intra-mouse discrepancies in the injected
dose. For each mouse, the temporal fluorescence ratio data of tumor to normal tissue was
recorded, and the median for each tumor line are shown in Figure 3a. Data was acquired
after the nanoparticle injections, at five minute intervals for forty five minutes. The initial 3
minutes where plasma redistribution largely dominates the transient (rapid increase and
decrease) was not presented here. The data after the first three minutes was monotonic on
average for all mice, but the data in Figure 3a illustrates how A431 tumors had increasing
uptake over time, whereas the AsPC-1 and 9L tumors haverespectively decreasing and flat
uptake over time. Figure 3b, shows the average of the temporal nanoparticle uptake for each
tumor line, again emphasizing the difference between the A431 tumor line and the 9L and
AsPC-1 tumor lines.

3.2 Interstitial Fluid Pressure
Interstitial fluid pressure (IFP) was recorded for each tumor immediately after fluorescence
imaging studies, and the average for each tumor was used to pool with the others of the
same tumor line. The average numbers for each of the three tumor lines is presented in
Figure 3c. The values of the measurements for all the tumor lines were reasonable, and
higher than known IFP values of normal tissue [5]. Using a two tailed student's t-test, the
IFP values of the A431 tumor line were significantly higher than those of the AsPC-1 tumor
line, but no other significant differences were observed(Table 1).

3.3 Vascular Density
The first row of images in Figure 4 shows representative slides of the CD31 antibody stained
tumor sections for A431 (left) 9L tumor (middle) and AsPC-1 (right). The vasculature
appears in green, with artifacts appearing as bright green. A representative slide of the
thresholded results is shown below each in Figure 4b, with pseudo-color red vessels and the
artifacts remain in green. The summary numbers of vascular density as an area ratio for each
tumor line is presented in the boxplot in Figure 4c. There are significant differences between
the A431 tumor and the 9L and AsPC-1 tumor, while there is no significant difference
between the 9L and AsPC-1 tumor (Table 1).

3.4 Collagen fraction
The first row of images in Figure 5a shows representative slides of the Masson'strichrome
stained tumor sections for the three tumors. The collagen content appears light blue in color.
A representative, slide of the output of the thresholding algorithm is shown below these
pseudocolored blue, in Figure 5b, isolating just the collagen. The summary of the result for
each tumor line is presented in the boxplot Figure 5c.
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There were significant differences between the A431 and the 9L tumor lines, and between
A431 and AsPC-1 tumor lines, but not between the AsPC-1 and the 9L tumor lines as shown
in Table 1.

4.0 Discussion
The major focus of this study was to quantitatively interpret the uptake of fluorescent
nanoparticles in three different tumor lines and to determine which correlates are most
important for driving the permeability of the tumor. Each of the relative fluorescence uptake
values reported in Figure 3 were normalized by normal tissue values from the same mouse.
Ratiometricdata interpretation allows comparison of the signals between animals. The data
in Figure 3 shows thatall measurements had a median value higher than unity, indicating
thatfluorescence nanoparticles always entermore into the tumor relative to normal tissue, as
would be expected for permeability-based delivery in the tumor.

The rate of uptake of nanoparticles, indicated by the slope of the line in Figure 3a, shows
increasing fluorescence over time for the A431 tumorand relatively flat uptake for 9L and
with a decreasing slope for AsPC-1 tumors. These tumors were again chosen for their
disparate vascular and collagen content values, and the difference in uptake kinetics
indicates the existence of a dissimilar drug delivery dynamics in these tumor lines. The
differences in uptake observed would be driven by the vascular permeability, but uptake
over several minutes would also be driven by the interstitial pressure, which would in turn
be affected by the vascular density and collagen density. So these major driving factors were
assessed for their correlation with the uptake value, using both individual tumor data as well
as average tumor line data.

A key part of this study is the illustration that relationships between the driving forces for
drug delivery are not well interpreted with a single tumor line, but rather are better
elucidated by comparing data between tumor lines. These results are seen in Figure 6,
showing that most of the parameters are at least partially correlated to each other. The
observed drug dynamics for subcutaneous tumor lines A431 and AsPC-1 are the most
different of the three, and the effects seem to be well interpreted from the pathophysiological
parameters measured here. The 9L tumor line is moderate in comparison to the extremes of
AsPC-1 and A431 for vascular density and collagen content. Higher vessel density in A431
tumors relative to AsPC-1 is correlated to a more pronounced drug accumulation, and the
lower fraction of collagen content of A431 tumors likely pose a significantly weaker barrier
to the penetration of the nanoparticles into the tumor and lead to the lower interstitial
pressure values observed. Just based upon these two tumor lines, one might guess that the
impact of vascular area dominates drug accumulation; however, further inspection shows
that the 9L tumor line, despite the comparable vessel density, has significantly smaller drug
accumulation than the A431 tumor. This observation, together with the comparable collagen
densities of the 9L and AsPC-1, suggests that the elevated collagen expression in the 9L
tumor acts as either a barrier to nanoparticle delivery or as a booster of IFP, which itself is
known to be a prominent barrier to nanoparticle delivery.

IFP is thought to limit vascular permeability because the pressure difference from within the
vessel to outside the vessel drives the convection process across the endothelium. In the past
few decades there have been several ways to attempt interstitial pressure measurement of
tumors, including: 1) “wick-in-needle” (WIN) measurement, 2) micropipettes, 3) micropore
chambers for average IFP[14], and 4) fiber optic pressure sensing devices. Each of these
methods has its advantages and limitations [40][14], and all are invasive with arguably high
variability due to systematic bias from placement errors. Thus, accurately measuring IFPis
controversial. The absence of significant difference between the recorded IFP values of
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A431 and 9L could be attributed to the general controversy that surrounds measuring IFP
values, regardless of methods used [41]. All the methods currently used in measuring IFP,
involve invasive punctures that can potentially alter the tumor[41][42]. Despite these
measurement limitations, the finding that tumors with highest IFP had lowest drug
penetrance is convincing

One of the most confounding factors in this type of analysis is the fact that the parameters
are all likely interrelated. A linear correlation test aimed at showing the dependence of the
drug uptake on any one of the given parameters, regardless of tumor type, failed to verify
the existence of any significant correlation, although statistically significant values are
observed when the tumor data is interpreted as average numbers, as presented here in Figure
6. This result is attributed to inherently complex simultaneous dependence of drug delivery
in each tumor on multiple pathophysiological parameters. However, once the tumors were
binned according to tumor type, as shown in Figure 6, a very strong linear correlation with
R2=0.98 between the observed means of the average temporal fluorescence ratio and percent
collagen content was seen, Figure 6c. Additionally, the correlation was strong, R2 =0.71, for
means of the average temporal fluorescence ratio and IFP, Figure 6b. The correlation was
not as strong for means of the average temporal fluorescence ratio and percent vascular
density, Figure 6a. These values are summarized in Table 2.

As discussed in the introduction section and illustrated in Figure 1, the complex interplay in
tumor growth is inter-related, but one general model for this is that neovascular growth,
epidermal growth and stromal growth all together contribute to a number of the features
observed. As tumors grow interstitial pressure increases, and this relationship would be
consistent with the significant trends of Figure 6d and 6f. This pressure then ultimately
limits drug penetration, consistent with the data in Figure 6b.

In this paperbulk uptake of nanoparticles relative to the pathophysiological parameters was
assessed through correlation analysis, and while individual tumor lines did not exhibit
significant trends, summary average values between tumor lines show expected model
trends. Overall, a high presence of collagen appears to pose the most prominent barrier to
drug delivery, although it is not clear if it is the collagen itself or the collagen controlled
interstitial pressure that imposes the real barrier, or even if there are other inter-related
factors related to this. Additionally; high interstitial fluid pressure strongly correlated with
the decrease in average drug uptake in tumor lines. It was further shown that barriers to drug
delivery can prevent the penetration of nanoparticles even to the tumor line, 9L, with
relatively high vasculature. Generally, the data is consistent with a model in which the
permeability into the tumor is inhibited by higher interstitial pressure, which in turn shuts
down the vasculature and is controlled by collagen growth. These effects are correlative, but
appear to be interrelated and further elucidation would require larger numbers of tumor
models for better correlation analysis, or through mechanistic interventions to test the role of
the individual parameters in drug penetration.
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Nanoparticle delivery into solid tumors is affected by vascular density, interstitial fluid
pressure (IFP) and collagen content, as studied here through in vivo uptake measurement
of 40 nm fluorescent beads into three different tumor types. Tumor lines with increased
collagen consistently had the highest interstitial fluid pressure, and correlated with lowest
uptake of nanoparticles. A delivery model which explains the results is that while
vascular permeability is maximized by neovascular growth, it is inhibited by collagen
content and the resulting interstitial pressure.
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Figure 1.
Tumor transport dynamics are influenced by the physical growth of tumor epithelial cells,
neovasculature and stroma in the tumor. These contribute to the internal effects of lymphatic
flow constriction, leaky vessels and increased interstitial fluid pressure. These effects are all
observed by imaging as reduction in capillary pressure, permeability, flow/diffusion into the
tumor, and inability to respond to therapy.

Torosean et al. Page 11

Nanomedicine. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Instrumentation: Schematics of an Ultrasound coupled FMT imaging setup. Light from a
643 nm laser diode (i) is routed through a short pass filter (ii) to a 1×4 fiber switch (iii) to
illuminate the target sequentially in each of 4 possible locations. Emitted fluorescent light is
subsequently routed through one or two (transmission mode or fluorescence mode) long
pass filters (iv) to a separate spectrometer for each pick up fiber (v). The computer (vi)
acquires and analyzes the data from spectrometers, removing background autofluorescence.
Ultrasound (viii) is coupled to the optical probes via a fiber holder (vii) to localize the fiber
positioning in this study.
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Figure 3.
Drug uptake is plotted for individual mice (a), using the median normalized fluorescence
measurements with respect to healthy tissue. Average fluorescence ratio values are shown in
(b) summarizing the temporal average presence of fluorescent nanoparticles in tumor lines.
The interstitial fluid pressure measurements are summarized (c) for each tumor line. The
number of animals is denoted above each bar.
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Figure 4.
Immunohistochemical images used to estimate vasculature area is shown in (a) with
representative images of CD31 staining for each tumor line. In (b) the blood vessel density
is calculated by thresholding raw data and dividing the number of pixels indicating
vasculature (Red) by the total number of pixels. This results in (c) a summary of calculated
percent vasculature area values for the three tumor lines. Again number of animals is
reported above each bar.
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Figure 5.
Histochemical analyses of collagen area. (a) Representative images of Masson's Trichrome
staining for each tumor line. Collagen Density is calculated by thresholdingof the data to
binary images (b) and dividing the number of pixels indicating collagen (dark blue) by the
total number of pixels in the image. A summary of the calculated percent collagen area is
shown in (c).
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Figure 6.
Dependence of the fluorescence is plotted with respect to the analyzed pathophysiological
parameters (a) vascular density, (b) interstitial pressure, and (c) collagen density. The data
from each tumor type grouped as a single point with the standard error bars shown. Then in
(d), (e) and (f) the three pathophysiological parameters are plotted against each other to
show their interdependence. Table 2 shows a measure of the strength of this dependence,
through the square of the Pearson's correlation coefficient.
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Table 1

Tabulated P-values from the standard student's t-test validating the difference in pathophysiology and drug
uptake between each of tumor lines. The tumor lines with statistically significant difference are highlighted in
green.

Vascular Density Interstitial Fluid Pressure Collagen Density Fluorescence Uptake

A431 vs. 9L 0.14 0.25 0.01 0.003

A431 vs. AsPC-1 6.2×10−5 0.03 4×10−4 0.002

9L vs. AsPC-1 0.01 0.17 0.52 0.77
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Table 2

Tabulated R2-values from correlation test, summarizing the strength of the dependence of the drug uptake on
the pathophysiological parameters, and the functional dependence of theparameterson each other, when the
data is binned with respect to tumor type.

Vascular Density Interstitial Fluid Pressure Collagen Density

Vascular Density 0.98 0.73

Interstitial Fluid Pressure 0.82

Fluorescence Uptake 0.62 0.71 0.98
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