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The Enhanced Permeability and Retention (EPR) effect is a highly variable phenomenon. To enhance EPR-
mediated passive drug targeting to tumors, several different pharmacological and physical strategies have
been evaluated over the years, including e.g. TNFα-treatment, vascular normalization, hyperthermia and radio-
therapy. Here, we systematically investigated the impact of sonoporation, i.e. the combination of ultrasound
(US) andmicrobubbles (MB), on the tumor accumulation and penetration of liposomes. Two differentMB formu-
lations were employed, and their ability to enhance liposome accumulation and penetration was evaluated in
two different tumor models, which are both characterized by relatively low levels of EPR (i.e. highly cellular
A431 epidermoid xenografts and highly stromal BxPC-3 pancreatic carcinoma xenografts). The liposomes were
labeled with two different fluorophores, enabling in vivo computed tomography/fluorescencemolecular tomog-
raphy (CT-FMT) and ex vivo two-photon laser scanningmicroscopy (TPLSM). In bothmodels, in spite of relative-
ly high inter- and intra-individual variability, a trend towards improved liposome accumulation and penetration
was observed. In treated tumors, liposome concentrations were up to twice as high as in untreated tumors, and
sonoporation enhanced the ability of liposomes to extravasate out of the blood vessels into the tumor intersti-
tium. These findings indicate that sonoporation may be a useful strategy for improving drug targeting to tumors
with low EPR.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In nanomedicine, carrier materials with a size of 1–100(0) nm are
employed to improve the biodistribution of systemically administered
(chemo-) therapeutic drugs. Upon i.v. injection, nanocarrier materials
such as liposomes, polymers and micelles circulate for prolonged pe-
riods of time, and via the Enhanced Permeability and Retention (EPR)
effect, they gradually accumulate at pathological sites [1,2]. EPR is
based on the notion that blood vessels in tumors (and at sites of inflam-
mation) are leaky, while functional lymphatic drainage is absent,
together leading to a relatively effective and selective target site locali-
zation. An additional important advantage of using nanomedicine for-
mulations is that they, because of their relatively large size, prevent
rimental Molecular Imaging,
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drug molecules from accumulating in healthy tissues. Clinically, most
progress in the nanomedicine field has thus far beenmade by the latter,
i.e. by “site-avoidance drug delivery”, resulting in treatments which are
less toxic and better tolerated by patients [3,4]. One of the key chal-
lenges for the nanomedicine field for the next couple of years will be
to demonstrate – at the clinical level – that carrier materials can also
be employed for “site-specific drug delivery”, and as such are able to re-
ally improve response rates and survival times in patients.

In this context, one has to bear in mind that the somewhat disap-
pointing results that have been obtained thus far are only partially due
to the nanomedicine formulations themselves. It is more and more rec-
ognized that EPR is a highly variable phenomenon, both in animal
models and in patients, and even within a single patient and within a
single tumor, some vessels are more leaky than others [5–8]. Potential
reasons for this high variability are manifold, including e.g. differences
in the relative blood volume in tumors, in tumor blood flow, in vascular
permeability, in stromal content, in cellularity and in the interstitial
fluid pressure (IFP) [6,9–12]. Consequently, besides on making ever
more nanocarrier materials, we should also focus on developing
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strategies to overcome this high variability in EPR, and on methods to
monitor and modulate EPR, in order to increase the chances of clinical
success.

The most straightforward strategy in this regard is to use imaging to
pre-select patients, as patients presentingwith sufficiently high levels of
EPR in tumors (andmetastases) aremore likely to show good therapeu-
tic responses upon nanomedicine treatment than patients with low or
no EPR [7,10,13–15]. A potential shortcoming of this is that non-
invasive imaging of EPR-mediated drug targeting (which is routinely
performed using radiolabeled nanocarriers and nuclear medicine tech-
niques such as gamma-scintigraphy, PET or SPECT) only reports on the
overall levels of tumor accumulation, and not on their penetration and
intratumoral distribution. It seems likely, however, that the overall
amount of nanocarrier accumulation – which is generally expressed as
percent of the injected dose per gram or kilogram of tumor tissue – is
not the only parameter determining therapeutic efficacy, and that also
an efficient penetration deep into the tumor interstitium is needed to
allow for potent antitumor responses [16].

Since many tumors, and in particular tumors in patients, present
with an extensive stromal compartment, characterized e.g. by a tight
perivascular cell coverage and by a dense collagen network, the pene-
tration of drugs and drug delivery systems into the tumor interstitium
is limited, and their intratumoral distribution is suboptimal [3,17–21].
In the last 1–2 decades, several strategies have been evaluated to en-
hance extravasation and penetration, based primarily on pharmacolog-
ical and physical co-treatments. Pharmacological modulation e.g. refers
to the co-administration of inflammatory mediators (such as TNF-α),
agents inducing hypertension (such as angiotensin) and agents induc-
ing vascular normalization (such as bevacizumab) [22–26]. Physical
co-treatments include hyperthermia, radiotherapy and sonoporation
[9,27–29].

In recent years, sonoporation, which is based on the combination of
ultrasound (US) and microbubbles (MB), has been receiving ever more
attention [28–33]. Via stable and inertial cavitation effects, such as
microstreaming, jet formation and shock waves, cell membranes can
be permeabilized and tight junctions in vascular endothelium can be
opened. Thus far, sonoporation has been primarily used for nucleic
acid delivery across the membrane of (cancer) cells, which works
well, especially in vitro. In vivo, one has to keep inmind thatMB are ex-
clusively confined to the vascular compartment, as they are too large to
extravasate. Consequently, the main in vivo applications of MB and
sonoporation are within the vasculature, encompassing e.g. the lysis of
blood clots and the permeation of the blood–brain barrier (BBB)
[34–36]. The latter application is particularly attractive, as the BBB pre-
vents the majority of drug molecules from entering the brain, and as
there are hardly anyothermeans to enable efficient drug delivery across
the BBB. Aiming to enhance drug delivery to brain tumors, McDannold
and colleagues showed that doxorubicin concentrations in 9 L gliomas
in rats can be doubled when liposomal doxorubicin is co-administered
withMBand focusedUS [36]. Beyond the brain and brain tumors, hardly
any studies are available showing that sonoporation can be employed to
improve drug delivery to tumors. In the majority of these cases, the MB
themselves were used as drug delivery devices [37–41], and apart from
a single study by Lin et al., in which sonoporation was combined with
liposomal doxorubicin, and in which increases in drug concentrations
of up to 30% were achieved [42], no studies have analyzed the impact
of sonoporation on the tumor accumulation and penetration of
nanomedicine formulations.

Here, we therefore systematically analyzed the impact of
sonoporation on the tumor accumulation and penetration of
fluorophore-labeled liposomes. This was done using two different
types MB formulations (i.e. phospholipid-based soft-shell MB and
polymer-based hard-shell MB), whose oscillation potential differs due
to their different shell stiffness, and two different tumor models (i.e.
highly cellular A431 epidermoid tumors and highly stromal BxPC-3 tu-
mors), which are both characterized by low levels of EPR. The overall
tumor accumulation of the liposomes was monitored using hybrid
computed tomography/fluorescence molecular tomography (CT-FMT)
[43,44], and their penetration out of the blood vessels into the tumor
interstitiumwas visualized and quantified using two-photon laser scan-
ning microscopy (TPLSM) [45]. Our findings show that sonoporation
can be used to enhance both the macro-accumulation and the micro-
distribution of liposomal nanocarriers in tumors, and they indicate
that sonoporation might be an interesting method to improve the effi-
cacy of nanomedicine treatments in tumors with low levels of EPR.

2. Materials & methods

2.1. Materials

Sodium bicarbonate, cholesterol and Triton X-100 were purchased
from Sigma-Aldrich, USA. DPPC was obtained from Lipoid, Germany,
and PEG(2000)-DSPE-NH2 and PEG(2000)-DSPE from Avanti Polar
Lipids, USA. NBD-PE, which fluoresces at 488 nm, was obtained from
Molecular Probes, USA. The near-infrared fluorescent dye Alexa Fluor
750 NHS ester was purchased from Invitrogen, USA. n-Butyl cyanoacry-
late was purchased from Special Polymer Ltd., Bulgaria. MicroMarker
MB were ordered from Fujifilm Sonosite, The Netherlands.

2.2. Liposome synthesis

Green fluorescent liposomes were synthesized as described previ-
ously [45]. The near-infrared label was introduced by a post-insertion
method using Alexa Fluor 750 labeled PEG-PEmicelles. PEG-PEmicelles
were prepared by mixing 4 μmol PEG(2000)-DSPE-NH2 and 4 μmol
PEG(2000)-DSPE with 0.5 ml of a 0.1 M sodium bicarbonate solution
at pH 8.3. This mixture was heated at 60 °C for 10 min. One milligram
of Alexa Fluor 750NHS ester was added to the 0.5ml of PEG-PEmicelles
and covalently attached to the micelles by heating the solution at 60 °C
for 10 min, and thereafter continuously mixed for 60 min at room tem-
perature. During incubation and conjugation, PEG(2000)-DSPE-NH2

was used in five-fold excess as compared to Alexa Fluor 750. Subse-
quently, Alexa Fluor 750 labeled PEG-PE micelles were added to the
liposomes and heated for 5 min at 60 °C, followed by 10 min of mixing
at room temperature. Heating and mixing were repeated 3 times. The
liposomes were then extruded through polycarbonate filters for
obtaining the desired diameter of 133 nm and a PDI of 0.04.

2.3. Microbubble synthesis

Poly(butyl cyanoacrylate) (PBCA)-basedmicrobubbleswere synthe-
sized as described in [46]. In short, the n-Butyl cyanoacrylate monomer
was added drop-wise to an aqueous solution containing 1% (w/v)
TritonX-100 at pH 2.5, under mild mixing using an Ultra-turrax (IKA-
Werke, Germany). Upon complete addition of the monomer, the
mixture was stirred at 10,000 rpm for 60 min. Following the synthesis,
several washing and purification steps were performed to obtain PBCA
MB. Phospholipid-based MicroMarker MB were obtained from Fujifilm
Sonosite (The Netherlands). Both MB formulations have an average
size of 2 to 2.5 μm and a relatively broad size distribution, roughly rang-
ing from 1.5–3 μm for PBCA-based polymeric MB and from 1 to 6 μm for
commercial phospholipid-based MB.

2.4. Animal experiments

All animal experimentswere performed according to the regulations
of local and national committees for animal welfare (AZ 87-
51.04.2010.A278). Six to eight week old female CD-1 nude mice were
ordered from Charles River (The Netherlands) and kept in cages with
food and water ad-libitum, separate ventilation and controlled light–
dark cycles. Four million A431 cells (i.e. human epidermoid) or five
million BxPC-3 cells (i.e. human pancreatic adenocarcinoma) were
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inoculated subcutaneously into both flanks of the mice, and tumors
were allowed to grow to 6–8 mm in diameter. Three days before the
start of the sonoporation experiment, the diet was changed to
chlorophyll-free food (ssniff Spezialdiäten GmbH, Germany), to reduce
background fluorescence in the FMT analyses.

2.5. Ultrasound sonoporation

All in vivo ultrasound (US) experiments were conducted under con-
tinuous inhalation anesthesia, using 2% (vol/vol) isoflurane. The US de-
vice employed in this study was the VisualSonics Vevo2100 imaging
system (Fujifilm Sonosite, The Netherlands). For sonoporation experi-
ments, mice were placed onto the US table and a tail vein catheter
was inserted for liposome and MB injection. Directly after liposome in-
jection, 5 ∗ 108 MB were administered. After an i.v. bolus injection, the
MBwere continuously destroyed in the tumor (bymoving the transduc-
er linearly over the volume of interest) using Power Doppler US (fz =
16 MHz; MI = 0.9) for 10 min. The tumor accumulation of liposomes
was imaged by CT-FMT hybrid imaging, as detailed below.

2.6. Hybrid CT-FMT and FRI measurements

Hybrid computed tomography–fluorescence molecular tomography
(CT-FMT) and fluorescence reflectance imaging (FRI) analyses were
performed as described in [47,48]. Briefly, anesthetized mice were
placed into a custom-made mouse bed enabling both CT (CT Imaging,
Germany) and FMT (PerkinElmer, USA) imaging. CT scans acquiring
720 projections in 1.1 full rotations on a flat panel detector with the
size of 1032 × 1012 pixels were obtained. Mice were then transferred
to the FMT and FRI device, in order to assess the tumor accumulation
and the biodistribution of the fluorescent liposomes. To this end, a
total of 100–120 FMT scan points, lying on a grid with a inter-
individual distance of 3 mm were acquired from top and bottom view
of the mice. This procedure was performed at 4, 24 and 48 h after the
i.v. injection of the liposomes, in order to monitor (the effect of
sonoporation on) their tumor accumulation longitudinally. After the
last measurement, mice were i.v. injected with rhodamine-lectin (to
stain functional blood vessels and facilitate microscopy analyses) and
sacrificed 10 min later. Tumors were excised and imaged ex vivo, in
fluorescence reflectance mode at 750 nm, to obtain a high-resolution
image of liposome distribution near the surface. Afterwards, they
were embedded in TissueTek O.C.T. (Sakura Finetek Europe, The
Netherlands) for cryopreservation at −80 °C until further analysis.
The CT and FMT data sets were reconstructed and fused. The hybrid
CT-FMT data sets were analyzed using Imalytics Preclinical (Gremse-
IT, Germany). Tumor segmentation was based on the anatomical infor-
mation obtained by CT and dilated by 10 voxels to account for the lower
spatial resolution of the reconstructed FMT data. The FMT-based
biodistribution data was loaded as an overlay, and the fluorescence sig-
nal allocated to the tumor was quantified and expressed as % of the
injected dose (%ID) per 250 mm3 tumor. The relative increase in lipo-
some accumulation was calculated by dividing the calculated %ID/
250 mm3 of sonoporated and contralateral control tumor. The 2D FRI
images were normalized, with respect to LED power and exposure
time, and analyzed using MATLAB R2015A (MathWorks, Natick, USA).
The probability density plots are based on the combination of all five tu-
mors per group.

2.7. Two-photon laser scanning microscopy

One hundred μm-thick sections were freshly prepared from the
cryopreserved tumors before image acquisition. Image stacks of 50 im-
ages with a step size of 1 μm were acquired using a 25× water-
immersed objectivemounted on theOlympus FV1000MPEmultiphoton
microscopy system. In each image stack, fluorescent liposomes as well
as perfused blood vessels (via rhodamine-lectin staining) and collagen
content (via second-harmonic generation imaging) were imaged.
Two-photon Laser ScanningMicroscopy (TPLSM) imageswere analyzed
using Imaris Software, Version 7.4 (Bitplane AG, Zurich, Switzerland).
By means of intensity thresholding, the relative collagen content of
the individual tumors was quantified. The micro-distribution of the
NBD-containing fluorescent liposomes, i.e. their extravasation from
blood vessels into the tumor interstitium, was analyzed using a modi-
fied version of the “Dilate Surface” XTension in Imaris. For this purpose,
initially, thresholding was applied on the basis of the rhodamine-lectin
signal, to create a 3D vessel segmentation, and on the NBD signal, to de-
termine the volume of liposome distribution. The vessel segmentation
was then automatically dilated, at step-sizes of 10 μm, 30 μm and
50 μm. Finally, the total amount of liposomes found within a 50 μm ra-
dius around the vessels was quantified bymultiplying the relative lipo-
some volume and signal intensity. The relative micro-distribution of
liposomes was calculated, by determining the relative amount of lipo-
somes found in each individual 3D segmentation, to compare the distri-
bution of the liposomes in control and sonoporated tumors.

2.8. Immunohistochemistry

For immunohistochemistry (IHC), cryopreserved tumors were cut
into 8 μm-thick sections and stored at −80 °C until further use. To de-
termine the cellularity of the A431 and BxPC-3 tumors, DAPI stainings
were performed. This was done by mixing DAPI with Mowiol (1:10)
and by subsequently applying this to the tissue sections before covering
themwith a glass slide. Images were acquired using the AxioImager M2
microscopy system (Carl Zeiss AG, Jena, Germany), and cellularity was
quantified by thresholding of the area fraction of DAPI per image
using ImageJ. Three different fields-of-view (FOV) were quantified per
section, three different sections per tumor, and five different tumors
for each animal model. The results obtained from the five different tu-
mors were averaged and analyzed for statistical significance.

2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism 5. In vivo
CT-FMT analysis on liposome accumulation was analyzed using the
paired t-test and two-way ANOVA. Ex vivo 2D-FRI measurements
were analyzed using a paired t-test and corrected for multiple compar-
isons (Bonferroni). TPLSM and immunohistochemistry analysis were
performed using unpaired t-tests. P-values of less than 0.05 were con-
sidered to be statistically significant.

3. Results & discussion

To improve drug targeting to tumors characterized by low levels of
EPR, we here systematically analyzed the effect of sonoporation on the
accumulation and penetration of liposomes. This was done in two dif-
ferent tumor models, using two different microbubble formulations
and using double-fluorophore-labeled liposomes (see Fig. 1). The
double-labeling strategy was employed to enable non-invasive and
quantitative in vivo optical imaging of themacro-accumulation of the li-
posomes in tumors (making use of the optical window of tissues, which
is optimal for dyes with an absorption wavelength beyond ~650 nm;
[49,50]), and to at the same time enable ex vivo two-photon scanning
microscopy (TPLSM), providing information on the penetration and
the micro-distribution of the liposomes in tumors (note that for
TPLSM, absorption wavelengths should be below b600 nm; [45]).

3.1. Effect of sonoporation on the in vivo accumulation of liposomes in
tumors

To investigate the impact of sonoporation on the tumor accumula-
tion of liposomes, hybrid 3D CT-FMT imaging was performed [44,48,
51]. The quantification of the tumor accumulation of the double-



Fig. 1. Study design.Mice bearingA431 and BxPC-3 tumors onboth flankswere co-injectedwithmicrobubbles andfluorophore-labeled liposomes.Microbubbleswere locally destroyed in
tumors on the right flank ofmice, by exposing them to Power Doppler ultrasound pulses for 10min. In vivo hybrid computed tomography - fluorescencemolecular tomography (CT-FMT)
was performed at 4, 24 and 48h after i.v. injection, to visualize and quantify overall levels of liposome accumulation in tumors, and ex vivofluorescence reflectance imaging (FRI) and two-
photon laser scanning microscopy (TPLSM) were performed to evaluate liposome penetration.
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labeled liposomes was analyzed as exemplarily shown in Fig. 2A–B. A
maximum accumulation of 2.3 and 1.9% of the injected dose (ID) was
found per 250 mm3 in sonoporated A431 and BxPC-3 tumors, respec-
tively. Control A431 and BxPC-3 tumors presented with a lower tumor
accumulation, i.e. 1.4 and 1.5% ID per 250 mm3 tumor, respectively.
The highest values, i.e. 2.3% ID and1.9% IDper 250mm3 tumor,were ob-
served in the A431 + PBCA and BxPC-3 + MM groups, at 24 h after
sonoporation, respectively, andwere significantly higher than in the re-
spective control groups (each having 1.3% ID/250 mm3; Fig. 2C, F; p =
0.02). The other two groups, i.e. A431 + MM and BxPC-3 + PBCA, did
not show significant enhancement of liposome accumulation, but did
show a tendency towards increased concentrations. Most likely, the rel-
atively low number of animals per experimental group (i.e. n = 5) and
variability in the baseline levels of liposomes accumulating in tumors
caused these values not to be significant. Such a high variability in the
baseline levels of EPR has also been observed in other studies evaluating
physical means to improve passive tumor targeting (e.g. hyperthermia
and radiotherapy [27,52–54]). To address this inter-individual variabil-
ity, we also calculated the relative increase in liposome accumulation in
sonoporated (right) vs. control (left) tumors for each individual mouse.
As shown in Table 1, in these analyses, it was found that liposome
accumulation indeed always increased upon sonoporation: 4 h after
sonoporation, increases of up to 113 ± 54% and 57 ± 55% were ob-
served for A431 and BxPC-3 tumors, respectively. These differences de-
creased over time, with at 48 h p.i., increases of 33± 65% and 17± 54%,
respectively. These findings indicate that sonoporation doeswork, but is
dependent on the baseline variability in EPR, on the tumor model used,
and on the time point after liposome administration.

3.2. Effect of sonoporation on the ex vivo accumulation of liposomes in
tumors

Next, we confirmed the effect of sonoporation on the tumor accu-
mulation of liposomes ex vivo. To this end, 2D-FRI images of excised tu-
mors were obtained, and they were analyzed for overall levels of tumor
accumulation as well as for the homogeneity of liposome distribution.
As shown in Fig. 3A, overall, the 2D-FRI data supports the positive effect
of sonoporation on liposome accumulation. In both A431 groups as well
as in the BxPC-3 + PBCA group, increases of 20–50% were observed
upon sonoporation, at 48 h after the i.v. injection of the liposomes. The
greater range seen in the four sonoporation groups (Fig. 3B), compared
to their control counterparts, supports the notion of sonoporation being
rather heterogeneous. Fig. 3A furthermore visualizes how variable the
EPR effect and the effect of sonoporation were, with on average, 3–4
out of 5 tumors showing a clear enhancement upon sonoporation,
whereas in the other tumor(s), the situation tended to be the other
way around. As explained above, this is likely due to differences in the
baseline levels of EPR in these tumors. These differences in EPR result,
at least in part, from differences in tumor perfusion. It is important to
keep in mind in this regard that tumor perfusion does not only affect
EPR, but also the ability of MB and sonoporation to enhance EPR-
mediated tumor accumulation, as a reduced perfusion will also reduce
the number of MB entering a tumor, and being available for
sonoporation [55,56]. To address the impact of sonoporation on
nanocarrier distribution within tumors, we also used 2D-FRI to quanti-
tatively assess the homo/heterogeneity of liposome accumulation in tu-
mors. As shown by Fig. 3C-F, this was done using probability density
plots, suggesting that in the majority of cases, the distribution of pixel
intensities (which is proportional to the liposome concentrations)
broadens upon sonoporation, as exemplified by amarked right-shift to-
wards higher pixel intensities.

3.3. Characterization of A431 and BxPC-3 tumors

The above observations indicate that sonoporation can have a posi-
tive effect on the macro-accumulation and the macro-distribution of li-
posomes in tumors. However, as already alluded to in the introduction,
also the micro-distribution and the penetration of liposomes out of the
blood vessels into the tumor interstitium are highly important for
efficient drug delivery and drug therapy. Thus far, relatively little
attention has been paid to liposome penetration, and to the best of
our knowledge, this has never been systematically analyzed upon
sonoporation. Therefore, we established a protocol, based on the combi-
nation of two-photon laser scanningmicroscopy (TPLSM) and advanced



Fig. 2. In vivo tumor accumulation of liposomes. (A) Representative CT-FMT images of segmented organs and liposome distribution in mice. (B) Transversal slices through sonoporated
(right) and control (left) tumors, indicating specific liposome accumulation. (C–F) Absolute liposome accumulation in A431 and BxPC-3 tumors upon sonoporation with PBCA and MM
microbubbles over time, demonstrating a general tendency towards enhanced liposome accumulation upon sonoporation, but significant differences only in the A431 + PBCA and
BxPC-3 + MM groups at 24 h p.i. The values represent average, 25/75 percentile (boxes) and minimum and maximum values (whiskers). * indicates p b 0.05.

Table 1
Relative increase in the overall tumor accumulation of liposomes upon sonoporation in
A431 and BxPC-3 tumors. The effect of sonoporation was inter-individually corrected, by
comparing liposome accumulation in untreated control tumors (left) with sonoporated
tumors (right). Enhancement ratios were individually calculated for each mouse and are
presented as an average value plus/minus standard deviation for each group.

Tumor model A431 BxPC-3

Microbubble
type

PBCA MM PBCA MM

4 h +48 (±55) % +113 (±54) % +57 (±55) % +56 (±50) %
24 h +87 (±31) % +63 (±60) % +26 (±56) % +54 (±22) %
48 h +33 (±65) % +90 (±51) % +17 (±54) % +33 (±40) %
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image analysis, to evaluate the penetration of fluorophore-labeled
nanocarriers in tumors. TPLSM and immunohistochemistry (IHC) anal-
ysis not only allowed to image liposomes and liposome penetration, but
also provided information on the tumormicroenvironment (i.e. relative
blood volume, collagen content and cellularity).

We initially employed these techniques to characterize the two
tumor models used. In this context, Fig. 4A–B show representative
TPLSM (A) and IHC (B) images of A431 and BxPC-3 tumors, showing
segmented vessels, collagen and nuclei. The vessel segmentation is
based on the injection of fluorescently-labeled lectin, which stains func-
tional blood vessels. A relatively low relative blood volume (rBV) of 1.8%
(Fig. 4A, C) was detected for A431 tumors. Additionally, second



Fig. 3. Ex vivo tumor accumulation of liposomes. (A) 2D-FRI images of excised control and sonoporated A431 and BxPC-3 tumors, showing that in the majority of cases, sonoporation
enhances liposome accumulation. (B) Quantification of mean signal intensity of fluorescent liposomes accumulating in the individual groups. (C–F) Probability density plots, showing
an improvement in the homogeneity of liposome distribution in tumors upon sonoporation.
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harmonic generation imaging revealed a collagen volume fraction of
only 3% (Fig. 4D), of which half is foundwithin thefirst 50 μmsurround-
ing the blood vessels (Fig. 4E). DAPI staining and IHC furthermore re-
vealed a very high cellularity (Fig. 4B, F). These findings are in line
with the notion that A431 cells originate from an epidermoid tumor,
where a dense cellular network and tight junctions govern the tumor
structure. Furthermore it is known from literature that A431 tumors
present many tiny and immature blood vessels [12]. Although such
Fig. 4. TPLSM and IHC imaging of tumor and tumor stroma. Representative TPLSM images show
quantification of the relative blood volume (C), the stromal collagen content (D) and distributi
A431 and BxPC-3 tumors showing their cellularity in (B), revealed significantly higher values f
immature vessels are generally considered to be leaky, the very high
cellular density and the limited intercellular space may explain why,
in the absence of sonoporation, liposomes do not accumulate efficiently
in A431 tumors. BxPC-3 tumors, on the other hand, originate from a
stromal adenocarcinoma of the pancreas, and they present with much
larger and much more mature vessels, characterized by much higher
levels of pericyte coverage [21]. Their rBV is 2.7%, i.e. almost 50% higher
than that of A431 tumors (Fig. 4A, C), and also their tumor
ing blood vessels (red) and collagen (blue) of A431 and BxPC-3 tumors (A). Corresponding
on (E) revealed in significant differences in between both tumor models. DAPI staining of
or A431 tumors (E). Size bars equal a distance of 50 μm.
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microenvironment is very different, withmore than 6 timesmore colla-
gen present in the interstitium (Fig. 4A, D). Furthermore, in BxPC-3 tu-
mors, blood vessels tend to be more closely associated with collagen
than in A431 tumors (Fig. 4E). As it is well-known that a high collagen
hinders the penetration of nanocarriers into tumors [17,57], in BxPB-3
tumors, the stromal compartment was considered to be themain factor
limiting liposome accumulation and penetration, whereas in A431 tu-
mors, poor EPR was mainly attributed to high cellularity. Keeping
these phenotypic differences in mind, we next set out to evaluate the
impact of sonoporation on liposome penetration in these two tumor
models.

3.4. Effect of sonoporation on the penetration of liposomes in A431 and
BxPC-3 tumors

To analyze the ability of sonoporation to enhance liposome penetra-
tion out of the blood vessels into the tumor interstitium, fluorescent sig-
nals within the first 50 μmof functional (i.e. lectin-positive) vessel were
visualized and quantified. Liposome penetration was subdivided into
three different fractions, i.e. less than 10 μm, 10–30 μm and 30–50 μm
away from the vessel surface. As shown in Fig. 5A, C and D, in untreated
A431 tumors, approximately two-thirds of the liposomes were found in
direct vicinity to the vessel surface (67%), while the rest was distributed
Fig. 5. Effect of sonoporation on the penetration of liposomes in A431 and BxPC-3 tumors. (A–B
and sonoporated A431 and BxPC-3 tumors. (C–F) Relative distribution of liposomes in differen
* Indicates P b 0.05.
in the surrounding compartments. Upon sonoporation, the amount
retained within the first 10 μm was found to be reduced, to 53% and
46%, upon sonoporationwith PBCA andMMmicrobubbles, respectively.
Correspondingly, in deeper areas within the tumors, higher amounts of
liposomes were found upon sonoporation: in the 10–30 μm compart-
ment, approximately 8% more liposomes were found in both groups
after treatment, while in the 30–50 μmcompartment, and enhancement
of 4% and 12% was observed, for PBCA and MM, respectively.

In the collagen-rich BxPC-3model, almost 80% of the liposomes clus-
tered in the first 10 μmsurrounding the blood vessel wall in the absence
of sonoporation (Fig. 5B, E, F). This indicates that under control condi-
tions, liposome penetration is worse in BxPC-3 tumors than in A431 tu-
mors. Upon sonoporation, 18% and 15% less liposomes were detected in
the first 10 μm surrounding the vessel wall, for PBCA and MM, respec-
tively. In bothMB groups, these reductionswere found to be significant,
indicating that sonoporation is a useful means to enhance the penetra-
tion of relatively large liposomal nanocarriers out of the blood vessels
into the tumor interstitium. How sonoporation affects the accumulation
and penetration of other drug delivery systems, e.g. of 5–10 nm-sized
polymers, of 15–20 nm-sized antibodies, and of 30–50 nm-sized mi-
celles, will be systematically studied in follow-up experiments.

In such analyses, it will be important to also address the mecha-
nistic aspects of sonoporation, in order to better understand which
) Exemplary TPLSM images showing blood vessels (red) and liposomes (green) in control
t tumor compartments upon sonoporation with PBCA (C, E) and MM (D, F) microbubbles.
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sonoporation mechanism can be employed to permeate which type of
blood vessel, and via which physiological effect. Several different
sonoporation mechanisms, such as microstreaming, shockwave gener-
ation and jet formation, have been described, and it seems reasonable
that depending on the sonoporationmechanism, several different phys-
iological effects can be elicited, including e.g. enhanced perfusion of
compressed blood vessels, loosening of tight junctions, endothelial
pore formation, and modulation of the perivascular matrix [17,57].
These insights, including the differential mechanical and physical be-
havior of soft- vs. hard shell MB (for which we did not observe clear-
cut differences in this study with regard to enhancement of liposome
accumulation and penetration), will be addressed in future studies.
Knowledge on such fundamental mechanism(s) of sonoporation is
key to selecting the most optimal protocol for a given application. In
this regard, one has to keep in mind that settings will likely be very dif-
ferent when e.g. intending to gently open up the blood–brain barrier for
improved delivery of a low-molecular-weight drug, as compared to
more rigorously opening up the endothelial lining and the perivascular
matrix in tumors for enhanced nanomedicine accumulation and
penetration.

Taking everything together, we here show that sonoporation, using
both soft-shell and hard-shell MB, can be employed to enhance the ac-
cumulation and penetration of liposomes in tumors characterized by
low levels of EPR. Differences of up to 100% were observed, but also a
high inter- and intra-individual variability. Partially because of this
high variability, sonoporation effects appeared to be independent of
theMB formulation used and of the tumor model tested. These findings
need to be verified and extended in future analyses, employing different
US settings, different types of nanocarriers and different preclinical
setups (e.g. permeation of blood vessels in brain vs. in tumor). The
proof-of-principle findings reported here are considered to be impor-
tant for furthering sonoporation efforts in the clinic, aiming to improve
drug delivery to tumors and to the brain. Pioneering recent studies have
shown in this regard that sonoporation can be employed to enhance the
efficacy of gemcitabine-based chemotherapy in pancreatic cancer pa-
tients [58], and also to open up the blood–brain barrier for improved
doxorubicin delivery to tumors in glioblastoma patients. This, together
with systematic and mechanistic studies at the preclinical level, will
help to create a solid framework for integrating sonoporation in drug
delivery and drug therapy, especially in case of incurable and life-
threatening cancers and neurodegenerative disorders.

4. Conclusion

Since the EPR effect is a highly variable phenomenon, and since
many tumors do not present with sufficiently high levels of EPR to en-
sure proper tumor accumulation and antitumor efficacy, several differ-
ent physical and pharmacological co-treatments are being evaluated
to improve EPR-mediated tumor targeting. We here show that
sonoporation can be used to enhance the accumulation and penetration
of 100 nm-sized liposomes in tumors characterized by low levels of EPR.
The positive effects of sonoporation depended on baseline variability in
EPR, but consistently pointed towards improvements in both overall
tumor concentration and intratumoral distribution. These findings sup-
port currently ongoing efforts to use sonoporation in the clinic, for im-
proving drug delivery and drug therapy in pancreatic cancer and
glioblastoma patients.
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