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Nanoparticle (NP) drug delivery vehicles may eventually 
offer improved tumor treatments; however, NP delivery 
from the bloodstream to tumors can be hindered by poor 
convective and/or diffusive transport. We tested whether 
poly(lactic-co-glycolic acid) NP delivery can be improved 
by covalently linking them to ultrasound (US)-activated 
microbubbles in a “composite-agent” formulation and 
whether drug 5-fluorouracil (5FU)-loaded NPs delivered 
in this fashion inhibit the growth of tumors that are typi-
cally not responsive to intravenously administered 5FU. 
After intravenous composite-agent injection, C6 gliomas 
implanted on Rag-1−/− mice were exposed to pulsed 1 
MHz US, resulting in the delivery of 16% of the initial 
NP dose per gram tissue. This represented a five- to 
57-fold increase in NP delivery when compared to mul-
tiple control groups. 5FU-bearing NP delivery from the 
composite-agent formulation resulted in a 67% reduc-
tion in tumor volume at 7 days after treatment, and 
animal survival increased significantly when compared 
to intravenous soluble 5FU administration. We conclude 
that NP delivery from US-activated composite agents 
may improve tumor treatment by offering a combina-
tion of better targeting, enhanced payload delivery, and 
controlled local drug release.

Received 1 August 2013; accepted 17 October 2013; advance online  
publication 10 December 2013. doi:10.1038/mt.2013.259

INTRODUCTION
Achieving uniform drug delivery throughout solid tumors remains 
a difficult problem.1 Pharmacological barriers include high 
molecular weight, low solubility, short half-life, and/or systemic 
toxicity, while physiological barriers include limited convective 
transport at the core of the tumor due to high interstitial pres-
sures (8–30 mm Hg)2 as well as size-dependent extravascular and 
interstitial diffusion limitations.3–5 Encapsulating chemotherapeu-
tic agents in nanocarriers (i.e., nanoparticles (NP) and liposomes) 
enables limitations associated with solubility, systemic toxicity, 
and/or bioavailability to be overcome. Degradable polymers, such 
as poly(lactic-co-glycolic acid) (PLGA), have the potential to pro-
long drug release.6 Some systemically administered drug delivery 

vehicles preferentially accumulate in growing tumors that exhibit 
a leaky vasculature and the enhanced permeability and retention 
effect.7–9 However, high interstitial pressures often are present,2,3 
which can limit the extravasation of larger convection-dependent 
nanocarriers.2 Diffusive transport dominates in the tumor core; 
however, diffusion is increasingly ineffective as particle size, charge 
and distance in the tissue from the nearest blood vessel increase.4,5 
Taken together, poor convective and diffusive transport may result 
in heterogeneous nanocarrier accumulation, which may contrib-
ute to reduced responsiveness to chemotherapy.

The activation of contrast agent microbubbles (MBs) with 
ultrasound (US) is emerging as a powerful strategy for overcom-
ing physiological barriers associated with drug and gene deliv-
ery.10–14 It is generally thought that contrast agent MB expansion 
and collapse in an acoustic field facilitates the delivery of intra-
vascularly administered drugs/genes to tissue by permeabilizing 
cellular membranes11and/or the microvasculature,10,12 with per-
meabilization responses being dependent on acoustic settings, 
MB dimensions, and MB concentration. Ultrasonic activation of 
MBs coadministered with nanocarriers has resulted in increased 
nanocarrier delivery to a variety of tissues, including tumors.14–19 
Furthermore, as demonstrated by our group14 and others,20–23 
improvements in nanocarrier delivery may be made by conju-
gating them to MBs. We recently demonstrated that covalently 
linking PLGA NPs to MBs to form so-called MB-NP composite 
agents (MNCAs) before intravenous (i.v.) injection can improve 
their delivery to ischemic skeletal muscle.14 Here, MNCAs were 
targeted to subcutaneous C6 gliomas. Our first objective was 
to enhance NP delivery to these tumors through the use of 
US-activated MNCAs. Our second objective was to determine the 
therapeutic efficacy of the approach when delivering 5-fluoroura-
cil (5FU)-bearing PLGA NPs. Our results indicate that ultrasonic 
activation of MBs bound to 5FU-bearing NPs increases NP deliv-
ery to tumor, producing dose-dependent tumor growth inhibition 
and prolonged survival.

RESULTS
Characterization of MB-NP composite agents
Mean initial MB diameter, as determined with a Coulter 
Counter (Multisizer-IIe; Beckman Coulter, Brea, CA), was 
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2.19 ± 1.36 µm. Fluorochrome-labeled tracer NPs, created by 
binding VivoTag680 (VT680) to BSA PLGA NPs, exhibited a 
mean diameter of 154.9 ± 79.7 nm (Figure 1a), as determined 
with a submicron-particle analyzer (Multisizer IIe; Beckman 
Coulter). Zetasizer (Zetasizer 3000; Malvern Instruments, 
Worcestershire, UK) analysis revealed a zeta potential of 
−43.3 ± 3.9 mV. PLGA NPs exhibited an average of 920 VT680 
fluorochromes per NP as determined spectrophotometrically. 
Covalently coupling VT680 NPs to MBs resulted in an aver-
age of 518 ± 236 NPs per MB, as determined by UV-visible 
spectroscopy (Ultrospec 3000; Pharmacia Biotech, Piscataway, 
NJ). The mean diameter of VT680-MNCAs was determined 
to be 1.72 ± 1.28 µm, indicating that some gas had diffused 
from the MB cores as they were being manipulated to gener-
ate the MNCAs. Flow cytometry imaging performed on an 

ImageStream device (Amnis, Seattle, WA) revealed a mean MB 
intensity of 215.6 for the MNCA group, 31.8 for MBs incubated 
with NPs, and 24.0 for MBs alone (Figure 1b). Results indicate 
that there was essentially no nonspecific association of NPs with 
MBs in the coinjection group. For 5FU-loaded NPs, submicron-
particle analysis (Multisizer IIe; Beckman Coulter) revealed 
a mean NP diameter of 126.9 ± 64.3 nm (Figure 1c), while 
Zetasizer (Zetasizer 3000; Malvern Instruments) measurements 
yielded a zeta potential of −40.1 ± 3.6 mV. In vitro loading and 
release studies were performed on a nanosuspension contain-
ing 5FU-NPs in phosphate-buffered saline. Encapsulation effi-
ciency, defined as the ratio of amount of drug encapsulated to 
that of the drug used in the NP preparation, was 8%. PLGA NPs 
demonstrated controlled release of 5FU over a 2-week period 
(Figure 1d), reaching 91% total drug release at day 15.

Figure 1 Characterization of microbubble (MB)-nanoparticle (NP) composite agents (MNCAs). (a) Number weighted NiComp bovine serum 
albumin (BSA) bearing nanoparticle size distribution. (b) Image Stream scatterplot data with brightfield and fluorescence images corresponding to 
selected data points for the MNCA, MB+NP, and MB formulations. Mean fluorescence pixel intensities were 215.6, 31.8, and 24.0 for the MNCA, 
MB+NP, and MB formulations, respectively. Data illustrate the successful linking of NPs to MBs in the MNCA formulation, as well as lack of adhesion 
between NPs and MBs in the coinjection group. (c) Number weighted NiComp 5-Fluorouracil (5FU) bearing NP size distribution. (d) Line graph 
showing cumulative 5FU release from PLGA NPs (n = 5 replicates). Error bars are means ± SEM, with some bars hidden by data points.
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NP delivery to tumors is dependent on both US and 
MBs when using an intravenous Coinjection strategy
Fluorescence molecular tomography (FMT) was used to analyze 
NP delivery at 0, 1, 2, and 4 hours after applying US to one of 
two bilaterally implanted C6 glioma tumors (Figure 2a). Later 
time points were not considered because albumin-shelled MBs 
are cleared on the order of minutes,24 while PLGA NPs in this 
diameter range are almost entirely cleared from the circulation 
within 1 hour.25 The subcutaneous C6 glioma model was chosen 
as a representative example of a well-vascularized26 solid tumor. 
For both the MNCA (Figure 2a; top row) and MB+NP coinjec-
tion (Figure 2a; middle row) groups, fluorescence intensity was 
clearly greater on the US-treated side when compared to the 
contralateral “no US” side, with the MNCA+US treated tumors 
also showing greater NP delivery than the MB+NP+US treated 
tumors. Applying US to intravenously injected NPs without MBs 
present yielded little increase in fluorescence intensity (Figure 2a; 
bottom row).

FMT scans were quantitatively analyzed to determine the % 
initial dose (ID) per gram of tumor mass at 0, 1, 2, and 4 hours after 
treatment (Figure 2b). The effect of US application on NP deliv-
ery within the coinjection group is illustrated by comparing the 
MB+NP+US group to the MB+NP group. As expected based on 
previous studies,15–17 US application caused a significant increase 
in NP delivery, with pairwise comparisons revealing a 4.1-fold 
increase in NP delivery at 4 hours. Meanwhile, the effect of MBs 
on NP delivery is shown by comparing the MB+NP+US group 
to the NP+US group. MBs had a significant effect on NP deliv-
ery overall, with pairwise comparisons revealing 3.7- and 8.2-fold 
increases in NP delivery at 1 and 4 hours, respectively. Applying 
US to systemically administered NPs without MBs present did 
not significantly affect NP delivery. Figure 3 shows representative 
confocal microscopy images of US-treated tumor tissue 4 hours 
after the i.v. injection of MNCAs (Figure 3; top row), MBs+NPs 
(Figure 3; middle row), or NPs (Figure 3; bottom row). NPs, 

which were labeled with a far-red fluorophore (VT680) in these 
studies, have been false-colored to red, while capillaries appear 
green. In general agreement with the FMT data in Figure 2, over-
all NP delivery appeared significantly greater for the MB+NP+US 
group when compared to the MB+NP (not shown in Figure 3) 
and NP+US groups. For the MB+NP+US group, many NPs were 
colocalized with BS-I lectin, indicating endothelial delivery. The 
remaining NPs were present in the extravascular space, indicat-
ing some interstitial delivery had also occurred. In contrast, US 
application to NPs in the absence of MBs (Figure 3; bottom row) 
yielded virtually no detectable NP delivery.

Covalently coupling NPs to MBs before intravenous 
injection enhances their US-targeted delivery to 
tumors
Within the MNCA group, US application elicited statistically sig-
nificant 6.2-, 8.3-, and 6.6-fold increases in NP delivery at 0, 1, 
and 4 hours after MNCA treatment, respectively, when compared 
to contralateral “no US” controls (Figure 2). NPs were colocal-
ized with BS-I lectin and also present in the extravascular space 
(Figure 3; top row).

Total injected MB and NP concentrations were identical for 
both the MB+NP and MNCA groups. In addition, the US appli-
cation protocol was uniform throughout the study. Therefore, 
we were able to test whether coupling MBs to NPs in the MNCA 
formulation results in improved NP delivery to tumor tissue by 
comparing the MNCA+US and MB+NP+US groups. At 0, 1, 
and 4 hours after US application, NP delivery was 5.6-, 4.9-, and 
2.5-fold higher for the MNCA+US group when compared to the 
MB+NP+US group (Figure 2b). Confocal observations of tumors 
from the MNCA+US group confirmed a substantial increase 
in NP delivery when compared to the MB+NP+US coinjection 
group (Figure 3). Four hours after treatment with MNCAs, the 
liver, kidney, spleen, lungs, heart, US-treated tumor, and contra-
lateral “no US” control tumor were excised, and FMT was used to 

Figure 2 Fluorescence-molecular tomography scans showing, and bar graphs quantifying, nanoparticle (NP) delivery to tumor at various 
time points after treatment. (a) Top row: composite agent (MNCA) injection. Middle row: coinjection of microbubbles (MBs) and NPs. Bottom row: 
NP injection without microbubbles. Ultrasound (US)-treated tumors are denoted with white asterisks. Enhanced fluorescence intensity is evident with 
US application for the MNCA and MB+NP groups when compared to contralateral tumors that did not receive US. (b) Bar graph of fluorochrome 
concentration (% initial dose (ID) per gram of tissue) as a function of time. Bars are means ± SD. *Significantly different than MNCA at P < 0.05. 
+Significantly different than MB+NP+US at P < 0.05. #Significantly different than MB+NP at P < 0.05. All groups, n = 4.
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analyze NP accumulation. Quantitative results from FMT organ 
scans are shown in Figure 4.

Tumor growth is inhibited by 5FU-bearing NP 
delivery with US and MBs
Changes in tumor volume were quantified after treatment 
with 5FU-bearing MNCAs+US, BSA-bearing MNCAs+US, 
5FU-bearing MNCAs without US, and intravenously adminis-
tered soluble 5FU (Figure 5a). Significant tumor growth inhibition 
was observed following US activation of 5FU-bearing MNCAs 
when compared to all other groups. Specifically, the US-targeted 
delivery of 5FU-NPs from the MNCA formulation resulted in an 
~50% reduction in tumor volume at 7 days after treatment when 
compared to controls in which US was not applied, as well as to 
controls in which “blank” BSA NPs or soluble 5FU were delivered 
(Figure 5a).

Because the total dosage of 5FU used in the studies for Figure 
5a was significantly lower than may be used clinically, we next 
tested whether increasing the dosage of 5FU via an increase in 
MNCA concentration could result in improved tumor growth 
inhibition. Before doing this, we needed to ensure that total 
MNCA dosage has no significant influence on NP delivery (i.e., 
%ID/g of tumor tissue). To this end, FMT was used to quantify NP 
delivery at 0, 1, and 4 hours after i.v. administration of MNCAs 
at “high” (107 MNCAs/g) and “standard” (105 MNCAs/g) doses 
and the application of US. As shown in Figure 5b, no statistically 
significant differences in %ID/g of tumor tissue were observed. 

Thus, tumors treated with a “high” dose of MNCAs received an 
approximately proportional increase in 5FU when compared to 
the “standard” dose group.

The dose-dependent effects of treatment were then assessed 
through the quantification of tumor volume after treatment with 
5FU-bearing MNCAs and US at “standard” and “high” doses, as 
well as treatment with 5FU-bearing MNCAs without US activa-
tion at “standard” and “high” doses (Figure 5c). US activation of 
“high” dose 5FU-MNCAs elicited statistically significant 23 and 
36% reductions in tumor volume at 6 and 7 days after treatment, 
respectively, when compared to treatment with US-delivered 
“standard” dose 5FU-MNCAs, indicating that enhanced anti-
tumor efficacy may be achieved by increasing injected MNCA 
concentration.

Finally, we tested whether the delivery of 5FU-bearing NPs via 
the US activation of MNCAs could enhance the survival of mice 
with single C6 gliomas. Mice receiving i.v. administered soluble 
5FU served as the control group in these studies. Survival data 
according to the Kaplan–Meier analysis28 are presented in Figure 
5d. Here, the survival time for mice receiving “high” dose MNCA 
treatment was significantly greater than for mice treated with i.v. 
soluble 5FU (P = 0.041).

DISCUSSION
We14–17 and others18,19 have demonstrated that the application of 
US after the intravascular coinjection of NPs and MBs results 
in targeted NP delivery. Furthermore, there is compelling evi-
dence that physically linking NPs to MBs may further improve 
NP delivery upon activation with US.14,20–23 Here, we applied these 
concepts to an in vivo solid tumor model and report two major 
findings. First, we determined that covalently linking NPs to MBs 
increases NP delivery to US-targeted subcutaneous solid tumors 
when compared to the intravascular coinjection of NPs and MBs 
(Figures 2 and 3). Second, using this same US-targeted approach, 

Figure 3 Confocal images of cross-sectioned tumor at 4 hours after 
ultrasound application. Top row: Composite agent (MNCA) injec-
tion. Middle row: Coinjection of microbubbles (MBs) and nanoparticles 
(NPs). Bottom row: NP injection without microbubbles. Left column: 
Capillaries labeled with BS-I lectin. Middle column: VT680-conjugated 
NPs that have been delivered to tissue. Right column: merge images 
showing delivered NPs (red) with respect to capillaries (green). Filled 
arrows denote colocalization of NPs and capillary endothelium. Open 
arrows denote regions where NPs have been delivered beyond the endo-
thelium to the interstitial space.
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we found that delivering controlled-release NPs loaded with a 
drug (5FU) that is typically ineffective in this tumor model yielded 
positive therapeutic results. Dose-dependent tumor growth inhi-
bition (Figures 5a,c) was observed, and animal survival improved 
significantly (Figure 5d). Our results broadly support the concept 
that covalently coupling drug-bearing, controlled-release, NPs to 
MBs and activating these “composite agents” with targeted US 
may be an effective drug delivery strategy. Such approaches could 
eventually serve to lower the required dosages of drugs that gener-
ate harmful side effects and/or improve the effectiveness of drugs 
that are difficult to concentrate in tumors.

Coinjection and composite agent strategies for NP 
delivery to US-targeted tumors
Drug and/or gene-bearing NPs offer advantages over many cur-
rent approaches in the treatment of solid tumors; however, NP size, 
tumor interstitial pressure, and tumor matrix composition and 
charge limit NP delivery. In this study, we show that NP delivery 
approaches that combine US and MBs may be used to overcome 
these barriers when applied in the context of a solid tumor model. 
Applying US to tumors after the coinjection of MBs and NPs elic-
ited a moderate, but significant, increase in NP delivery when 

compared to contralateral “no US” controls. Furthermore, consis-
tent with our previous work in ischemic skeletal muscle,14 cova-
lently linking MBs to NPs into composite agents (i.e., MNCAs) 
before intravenous injection yielded an even greater increase in 
NP delivery. The mechanism(s) of enhanced NP delivery with 
MNCAs is not completely understood; however, we hypothesize 
that linking NPs to MBs increases local NP concentration in the 
region of insonation, thereby leading to increased payload deliv-
ery. Other factors, such as charge and agent diameter, could also 
have a slight impact on NP delivery. MNCAs exhibited a greater 
charge than MBs alone (zeta potential of −43 versus −17 mV), 
which would act to decrease circulation time and hinder NP 
delivery. On the other hand, MNCA diameter was ~50 nm less 
than typical albumin-shelled MBs, which could have improved 
the passage of MNCAs through the lungs and actually increased 
circulation time. Nonetheless, albumin shelled MBs have a blood 
half-life of under 2 minutes,24 while greater than 90% of all i.v. 
injected unbound PLGA NPs in this diameter range (i.e., 120–160 
µm) range are cleared from the circulation in less than 5 minutes.25 
Thus, we hypothesize that virtually all NP delivery for both the 
composite agent and coinjection approaches occurred during the 
actual sonocation phase. This hypothesis is supported by the fact 

Figure 5 Ultrasound (US) activation of 5FU-Bearing MNCAs inhibits growth of subcutaneous C6 gliomas in vivo. (a) Fold change in tumor 
growth following US activation of 5FU-bearing MNCAs, US activation of BSA-bearing MNCAs, intravenous (i.v.) infusion of soluble 5FU, or i.v. infusion 
of 5FU-bearing MNCAs without US activation. *Significantly different than all other groups at same time point (P < 0.05). (b) Bar graph of fluoro-
chrome concentration (% initial dose (ID) per gram of tissue) in tumor as a function of time following MNCA treatment at “high” and “standard” 
doses. (c) Fold change in tumor growth following US activation of 5FU-bearing MNCAs at “standard” and “high” doses, as well control groups in 
which 5FU-bearing MNCAs at “standard” and “high” doses were not activated with US. All values are means + SD, but many bars are not visible 
because they are smaller than the symbol. *Significantly different than all other groups at same time point (P < 0.05). (d) Kaplan–Meier survival curve 
following “high” dose 5FU-bearing MNCA treatment and i.v. soluble 5FU. *Significantly different at P = 0.041.
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that there was no statistically significant time-dependent increase 
in NP delivery within any group in the study (Figure 2). Because 
we used FMT to determine absolute NP concentrations in tumors, 
we can also make comparisons to other studies in which NPs were 
delivered to solid tumors. Here, the activation of MNCAs with US 
resulted in the targeted delivery of 16% ID/g at 1 hour after treat-
ment. In comparison to studies in which NPs were molecularly 
targeted to tumors, this equates to a three- to 18-fold reduction 
in the systemic dose required to achieve comparable intratumoral 
NP concentrations.29–31 Importantly, such increased NP delivery 
provides a means to reduce drug-associated toxicity and improve 
conventional systemic chemotherapy. Nonetheless, a remaining 
challenge is to reduce nonspecific NP accumulation. To reduce 
these off target effects, future studies will likely involve the con-
jugation of significantly more “stealthy” secondary nanocarriers 
(i.e., PEGylated NPs) to the MBs and/or the further optimization 
of US pulsing parameters to maximize NP delivery. Another nec-
essary refinement for future translation of the technology will be 
to reduce NP size variability. In turn, this will serve to normalize 
intraparticle release kinetics and improve reproducibility.

Local distribution and mechanisms of NP delivery to 
tumors with US and MBs
In this study, it is likely that NPs were delivered to tissue through at 
least two different modes of US-induced MB activity—sonopora-
tion and irreversible capillary permeabilization.32,33 Sonoporation 
refers to the process by which MB oscillations reversibly open 
pores in cell membranes and permit the transfer of NPs to the 
endothelium.34 Conversely, irreversible capillary permeabilization 
occurs when inertially cavitating MBs open pores through the 
capillary basement membrane,35 subsequently allowing NP deliv-
ery to the interstitium by convective forces.16,17 The potential for 
an US-activated MB to generate sonoporation and/or microves-
sel permeabilization is dependent on US settings (i.e., frequency, 
peak-negative pressure, and duty cycle), MB parameters (diam-
eter, compliance, and composition), and microvessel structure 
(diameter, strength, and thickness). Confocal microscopy revealed 
that NPs were both colocalized with endothelial cells and present 
in the extravascular space (i.e., beyond the endothelial lining) for 
both the MNCA+US and the MB+NP+US groups, which we con-
tend is indicative of both endothelial sonoporation and capillary 
wall permeabilization. However, consistent with our observations 
in skeletal muscle, many of the endothelial-associated NPs in the 
MNCA group appeared to be significantly more concentrated. The 
increased concentration in the MNCA group could be explained 
by a combination of better endothelial delivery through enhanced 
sonoporation, higher local NP concentration, and/or attachment 
to MB shell fragments. Both diffuse and amalgamated NP deliv-
ery to the extravascular space were observed in the MNCA group 
(Figure 4).

Going forward, we must also consider how the limitations of 
NP delivery using this approach will affect which tumors may be 
treated. First, it is obvious that only US-accessible tumors are can-
didates. Tumors masked by bone (e.g., the ribs) and/or air (e.g., the 
lungs) will be difficult to treat. Second, a perfused tumor vascula-
ture will be required because it enables the transport of MNCAs 
into the tumor mass. Avascular tumor regions can only be treated 

with this approach if they are within the effective NP delivery 
distance from surrounding vessels. Future studies using tumors 
with poorer vascularity and/or necrotic cores could be useful for 
establishing these critical distances. Third, although a subcutane-
ous glioma model served as a generalized solid tumor model in 
our study, the activation of MNCAs with the US parameters used 
here (i.e., 1 MHz frequency and 1.2 MPa peak-negative pressure) 
is not appropriate for treating the infiltrative margins of intracra-
nial tumors via the delivery NPs across the blood-brain barrier 
because these US parameters will elicit inertial cavitation and 
petechial hemorrhage.36–38 Instead, infiltrative brain tumors must 
be treated with US parameters that generate stable cavitation. 
These parameters may not be sufficient to drive MNCA-delivered 
NP aggregates deep into tissue.

Tumor growth inhibition via the targeted delivery of 
5FU-bearing NPs
In this study, the targeted delivery of 5FU bearing NPs via acoustic 
activation of MNCAs resulted in tumor growth inhibition. In addi-
tion, studies comparing 5FU-bearing NP delivery with MNCAs 
to intravenously administered soluble 5FU showed improved 
survival. We reason that these therapeutic effects were primarily 
achieved due to the encapsulation of 5FU in PLGA NPs, which 
improved the pharmacokinetic profile of the drug, and covalently 
linking NPs to MBs, which insured a relatively high concentration 
of NPs at the site of permeabilization. In support, after i.v. 5FU 
infusion at “standard” and “high” doses, no significant differences 
in tumor growth were observed when compared to contralateral 
“no US” controls. Lack of growth inhibition after treatment with 
soluble 5FU can likely be attributed to the low initial dose (i.e., 
90- and 9,000-fold lower then recommend systemic dose)39 and 
short blood half-life (11.4 minutes).40 Similarly, treatment with US 
and “blank” BSA-Bearing MNCAs resulted in no significant dif-
ferences in tumor doubling time when compared to contralateral 
“no US” controls. Taken together, neither ultrasonic destruction 
of unloaded NPs bound to MBs nor intravenous chemotherapy 
was sufficient on its own to achieve the improved benefit observed 
when the two treatments were combined.

In addition, we must also consider that US may have poten-
tiated local 5FU activity within the tumor due to tumor heating 
and/or enhanced tumor tissue permeability, which could elicit 
better 5FU diffusion. Indeed, it has been reported that US alone 
may increase the antitumor activity of 5FU,41 and the acoustic 
activation of MBs in combination with 5FU has been reported to 
be more effective than 5FU alone or in combination with US.42 
Bulk tumor heating was unlikely with this particular protocol, 
as previously demonstrated by our group.26 Nonetheless, while 
bulk intratumor temperature likely did not increase significantly 
during treatment, MB cavitation is known to induce focal “hot 
spots”.43 Regional hyperthermia in addition to chemotherapy has 
been demonstrated to be more effective than chemotherapy in 
certain applications.44

We also report that treatment with “high” dose 5FU-MNCAs 
elicited statistically significant reductions in tumor volume when 
compared to treatment with “standard” dose 5FU-MNCAs. 
While these results are generally consistent with studies dem-
onstrating dose-dependent tumor growth inhibition in response 
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to 5FU treatment,45,46 we expected to observe more robust 
tumor growth inhibition in response to the ~100-fold increase 
in local 5FU NP delivery (estimated by considering the 100-
fold increase in administered MNCA dosage along with the NP 
delivery data). There are, however, some potential explanations. 
First, 5FU directed DNA and RNA damage occur in S and G1 
phases, respectively;47 therefore, cells in S and G1 are preferen-
tially affected. The controlled release of 5FU from NPs prolongs 
the exposure of tumor cells to the drug; however, 5FU was not 
released as a zero-order function. Therefore, the advantage con-
ferred by using controlled-release NPs may have diminished 
with time, with cells entering S and/or G1 phase a few days after 
treatment being exposed to less drug. Furthermore, it has been 
shown that drug release from the NPs may have been affected 
by US and US+MB interactions,48 so the release curve may have 
been further modified in vivo. Thus, improvements in the kinet-
ics of drug release from the NPs via fine-tuning of polymer com-
position and/or drug loading could improve treatment. Second, 
even in the face of higher 5FU concentrations and improved 
local delivery kinetics, drug resistance due to increased 5FU 
efflux, increased tolerance to DNA damage, deregulation of 
pyrimidine metabolism related enzymes, and/or the overexpres-
sion of antiapoptotic factors may have allowed a population of 
cancer cells to progress. Third, it is likely that NPs were not uni-
formly distributed within the tumor following MNCA+US treat-
ment. The extent of MNCA+US mediated NP delivery within 
a tumor region is dependent on local MNCA concentration, 
which in turn depends on perfusion. Tumor perfusion is het-
erogeneous and generally lower in the tumor core,49 so poorly 
perfused tumor regions may have still been undertreated in the 
“high” dose group. Going forward, treatment limitations asso-
ciated with poor local tumor perfusion could be addressed by 
“normalizing” the tumor microvasculature, leading to more 
uniform perfusion, and/or improving intratumor NP diffusion 
via the addition of a PEG coating to neutralize zeta-potential. 
Of course, such a modification would also improve circulation 
time, leading to enhanced delivery overall.

MATERIALS AND METHODS
Tumor model. All animal procedures were conducted with the approval of 
the Institutional Animal Care and Use Committee, and all procedures were 
followed in accordance with institutional guidelines. The C6 Giloma rat 
tumor cell line was maintained in F-12K Nutrient Mixture (Gibco, Carlsbad, 
CA) supplemented with 16% horse serum (Sigma, St Louis, MO), 3% fetal 
bovine serum (Sigma), and 1% pen-strep (Gibco) at 37 °C and 5% CO2. 
Tumors were generated in vivo by injecting 3 × 106 tumor cells suspended 
in 300 μl of phosphate-buffered saline subcutaneously into the right and/
or left hindlimbs of C57BLJ6/Rag-1 mice ranging from 20 to 25 g in body 
weight. Tumors were allowed to grow for 7–12 days, reaching a diameter 
of 8–10 mm before treatment.

MB fabrication. To prepare albumin MBs, a 1% solution of serum albu-
min in normal saline was placed in a flask with a blanket atmosphere of 
octafluropropane gas above the aqueous phase. The solution was briefly 
sonicated (29 kHz, 30 seconds) with an US disintegrator (Xl2020; Misonix, 
Farmingdale, NY) equipped with an extended ½” titanium probe. Large 
MBs were separated by flotation in a vertically positioned 3 ml syringe and 
discarded. After purification, the remaining MBs were placed in glass vials, 
stoppered and sealed under octafluropropane atmosphere.

NP and MB-NP composite agent fabrication, characterization, and 
delivery.  Procedures for NP fabrication, conjugation of VivoTag 680 to 
NPs, MNCA fabrication, cytometry imaging, 5FU loading, and tissue 
processing are provided in the Supplementary Materials and Methods 
section.

NP delivery to tumors by ultrasonic MB destruction. On the day of 
treatment, animals were anesthetized with an intraperitoneal combi-
nation injection of ketamine hydrochloride (1.56 ml/kg body weight), 
xylazine (0.52 ml/kg body weight), and sterilized water (3.12 ml/kg body 
weight). In bilateral tumor NP delivery evaluation studies, the tail vein 
was  cannulated for i.v. administration of either a coinjection of MBs and 
NPs (n = 4 mice; 1 × 105 MBs/g and 0.2 µg NPs/g body weight in 0.30 ml 
of 0.9% saline), MNCAs (n = 4 mice; 1 × 105 MNCAs/g body weight in 
0.3 ml of 0.9% saline) or NPs (n = 4 mice; 0.2 µg NPs/g body weight in 
0.30 ml of 0.9% saline). In bilateral tumor therapeutic efficacy studies, the 
tail vein of each animal was cannulated for i.v. administration of either 
5FU-bearing MNCAs at a “standard” (n = 6 mice; 1 × 105 MNCAs/g body 
weight in 0.3 ml of 0.9% saline) or “high” “ (n = 4 mice; 1 × 107 MNCAs/g 
body weight in 0.3 ml of 0.9% saline) dose, BSA-bearing MNCAs (n = 
4; 1 × 105 MNCAs/g body weight in 0.3 ml of 0.9% saline), or a soluble 
5FU (n = 4; 30 ng) solution concentration matched to the “standard” 
5FU-MNCA dose. In unilateral tumor survival studies, the tail vein was 
cannulated for i.v. administration of either 5FU-MNCAs at a “high” dose 
(n = 6 mice; 1 × 107 MNCAs/g body weight in 0.3 ml of 0.9% saline) or a 
soluble 5FU (n = 6; 3 µg) solution with a concentration matched to the 
“high” 5FU-MNCA dose. Tail vein catheters consisted of a 27½ gauge nee-
dle connected to 12 inches of PE20  polyethylene tubing (BPE-T20, PE-20 
tubing, 0.015”ID × 0.043”OD). Heparinized saline (0.9%) was used to clear 
the 200 µl of catheter dead space.

A water-based US gel (Aquasonic 100; Parker Laboratories, Fairfield, 
NJ) was applied to the skin above the flank tumor, and a 0.75’’ diameter 
1 MHz unfocused transducer (A314S; Panametrics, Waltham, MA) 
was coupled to the skin. Injection duration (68 minutes) and rate (5 µl/
minute) were controlled by an infusion pump (Harvard Apparatus PHD 
2000; Harvard Apparatus, Holliston, MA). The dead space of the tail vein 
catheter was cleared prior to initiating US pulsing. Each pulse consisted 
of 100 consecutive 1 MHz sinusoids of 1V peak-to-peak amplitude 
applied every 5 seconds for 60 minutes. Sinusoids were each of 1V peak 
to peak amplitude from a waveform generator (AFG-310; Tektronix, 
Beaverton, OR). The waveform signal was amplified by a 55 dB RF power 
amplifier (ENI 3100LA; Electronic Navigation Industries, Richardson, 
TX). Maximum peak negative pressure, as measured with a needle 
hydrophone (Specialty Engineering Associates, Sunnyvale, CA; Model 
PVDF-Z44-0400) was 1.2 MPa. Pulsing parameters were chosen based on 
previous studies from our group wherein NPs were delivered to relatively 
large tissue volumes using unfocused transducers.19,20,22

Tumor growth rate. The volumes (V) of tumors treated with BSA-MNCAs 
± US, 5FU-MNCAs ± US and soluble 5FU were evaluated by taking daily 
measurements with digital calipers. Volume was calculated using an ellip-
soid approximation; V = 1/6 π abc. Where a, b, and c are the maximum 
diameters of the tumor measured in three orthogonal planes. Fold increase 
in tumor volume was defined as the tumor volume at “x” days following 
treatment divided by the tumor volume prior to treatment.

Survival analysis. Population curves were plotted using the Kaplan–Meier 
method, where the maximum tumor volume was 1400 mm.3

Statistical analysis. Data in Figures 2b and 5a–c were analyzed by two-
way repeated measures analysis of variance followed by pairwise compari-
sons with the Holm–Sidak method. Significance was assessed at P < 0.05. 
Survival data in Figure 5d were analyzed by a Wilcoxon rank-sum test. 
Significance was assessed at P < 0.05. All statistical analyses were under-
taken using SigmaStat 3.5 (Systat Software, San Jose, Ca).
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