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Introduction
The theoretical advantages of carrier-mediated 
agents (CMAs) in cancer treatment include 
increased solubility, prolonged duration of expo-
sure, selective delivery of entrapped drug to the 
tumor, and an improved therapeutic index.1,2 

The primary types of anticancer CMAs are 
liposomes, nanoparticles (NPs), and conjugated 
agents. PEGylated liposomal doxorubicin (PLD), 
liposomal daunorubicin (DaunoXome®), and 
paclitaxel albumin-bound particles (Abraxane®) 
are members of this relatively new class of drugs 
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Abstract
Background: Minibeam radiation therapy is an experimental radiation therapy utilizing an 
array of parallel submillimeter planar X-ray beams. In preclinical studies, minibeam radiation 
therapy has been shown to eradicate tumors and cause significantly less damage to normal 
tissue compared to equivalent radiation doses delivered by conventional broadbeam radiation 
therapy, where radiation dose is uniformly distributed.
Methods: Expanding on prior studies that suggested minibeam radiation therapy increased 
perfusion in tumors, we compared a single fraction of minibeam radiation therapy (peak 
dose:valley dose of 28 Gy:2.1 Gy and 100 Gy:7.5 Gy) and broadbeam radiation therapy (7 Gy) in 
their ability to enhance tumor delivery of PEGylated liposomal doxorubicin and alter the tumor 
microenvironment in a murine tumor model. Plasma and tumor pharmacokinetic studies of 
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Keywords: microbeam radiation, nanoparticle, pharmacokinetics, tumor delivery, tumor 
microenvironment

Received: 15 September 2019; revised manuscript accepted: 29 September 2021.

Correspondence to: 
William C. Zamboni 
Division of 
Pharmacotherapy 
& Experimental 
Therapeutics, UNC 
Eshelman School of 
Pharmacy, The University 
of North Carolina at 
Chapel Hill, 1022B Genetic 
Medicine Building, 120 
Mason Farm Road, 
Campus Box 7361, Chapel 
Hill, NC 27599-7361, USA

Translational Oncology 
and Nanoparticle Drug 
Development (TOND2I) 
Lab, The University of 
North Carolina at Chapel 
Hill, Chapel Hill, NC, USA

UNC Lineberger 
Comprehensive Cancer 
Center, Chapel Hill, NC, 
USA

Carolina Center of 
Cancer Nanotechnology 
Excellence (C-CCNE), 
Chapel Hill, NC, USA

North Carolina Biomedical 
Innovation Network, 
The University of North 
Carolina at Chapel Hill, 
Chapel Hill, NC, USA 
zamboni@email.unc.edu

Lauren S.L. Price 
Andrew J. Madden 
Leah B. Herity 
Joseph A. Piscitelli 
Division of 
Pharmacotherapy 
& Experimental 
Therapeutics, UNC 
Eshelman School of 
Pharmacy, Chapel Hill, 
NC, USA

Translational Oncology 
and Nanoparticle Drug 
Development (TOND2I) 
Lab, The University of 
North Carolina at Chapel 
Hill, Chapel Hill, NC, USA

1053700 TAM0010.1177/17588359211053700Therapeutic Advances in Medical OncologyLSL Price, JN Rivera
research-article20212021

Original Research

https://journals.sagepub.com/home/tam
https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
mailto:zamboni@email.unc.edu
http://crossmark.crossref.org/dialog/?doi=10.1177%2F17588359211053700&domain=pdf&date_stamp=2021-10-29


Therapeutic Advances in Medical Oncology 13

2 journals.sagepub.com/home/tam

that are approved by the US FDA for the treat-
ment of solid tumors.3 However, the promise of 
these drugs is currently unfulfilled due to an over-
all low tumor uptake.4,5 In theory, enhancing per-
meability of the tumor vasculature allows CMAs 
to enter the tumor interstitial space, while sup-
pressed lymphatic filtration allows them to stay 
there. This phenomenon, termed the Enhanced 
Permeability and Retention (EPR) effect, may be 
exploited by CMAs to deliver drugs to tumors.4,5 
However, progress in developing effective CMAs 
using this approach has been hampered by heter-
ogeneity of EPR effect in different tumors and the 
lack of information on factors that influence 
EPR.4–7 In addition, cancer cells in tumors are 
surrounded by a complex microenvironment 
comprised of endothelial cells of the blood and 
lymphatic circulation, stromal fibroblasts, colla-
gen, cells of the mononuclear phagocyte system 
(MPS), and other immune cells that may be asso-
ciated with the variability in EPR and are poten-
tial barriers to tumor delivery of CMAs.4,6–12 
Moreover, it appears that the ability of CMAs to 
enter tumors by EPR or other factors is highly 
variable across tumor types and thus all solid 
tumors may not be conducive for CMA delivery 
and treatment.4,8,13–19 It is also unclear how these 
factors affect CMAs of different sizes and 
shapes.13,20,21 Thus, it is important to develop-
ment of new methods to overcome barriers and 
increase the tumor delivery of several different 
types of CMAs in solid tumors with different 
degrees of EPR effect.

The pharmacokinetics (PK) of CMAs is depend-
ent on the carrier and not the encapsulated drug 
it carries.8,10,14,17 Drug that remains encapsulated 
within the carrier has a completely different clear-
ance and distribution compared with small mol-
ecule (SM) drugs, including enhanced delivery of 
the carrier to the tumor. However, PK studies 
show that in reality the tumor delivery of CMAs is 
low and inefficient due to tumor heterogeneity 
and associated barriers.8,10,14,17 Recent publica-
tions have highlighted the relatively lower effi-
ciency of tumor delivery seen with CMAs 
compared with SMs. In addition, a workshop by 
the Alliance for Nanotechnology in Cancer con-
cluded that there are major gaps in the under-
standing of factors that affect and inhibit CMA 
and NP tumor delivery, and new fundamental 
preclinical and clinical studies in this area are 
needed to effectively advance CMA and NP drug 
delivery and efficacy in solid tumors.4,22 So far, 
the advancement of CMA and NP treatment of 

cancer has been focused primarily on modifying 
formulations to overcome PK, efficacy, and toxic-
ity issues. However, this approach alone may not 
be adequate as biologic issues, such as barriers 
within the tumor microenvironment appear to 
play important roles in low and inefficient tumor 
delivery of CMAs.

Radiation therapy has been used for cancer local 
control in more than half of cancer patients in 
North America.23 Cytotoxic radiation is targeted at 
the tumor and causes tumor cell DNA double 
strand breaks, which lead to cell death and then 
tumor control. Although radiation is effective in 
tumor control, the risk of unacceptable collateral 
radiation damage to the surrounding normal tis-
sue, especially that of nearby critical organs, often 
prevents radiation oncologists from prescribing the 
high radiation dose needed for tumor control. We 
have only recently begun to understand the effects 
of radiation on cells beyond the cytotoxic effect, 
such as the bystander effect, the abscopal effect, 
tumor microenvironment modulation, and radia-
tion-induced anticancer immune responses.24–26 
Although these effects remain poorly understood, 
they promise new paths for using radiation to treat 
cancer.25,27,28

Minibeam radiation therapy (MBRT) is used in 
this work and it belongs to a nonconventional 
form of radiation therapy often referred to as spa-
tially fractionated radiation therapy (SFRT).29 
MBRT30 and microbeam radiation therapy 
(MRT)31 are both forms of SFRT used in pre-
clinical studies while the clinical forms of SFRT 
include GRID therapy32,33 and Lattice therapy.34 
Although they differ in geometric and dosimetric 
scale, all forms of SFRT may be characterized by 
unique, repeated dose patterns consisting of many 
small, high-dose subregions separated by larger, 
low-dose subregions.29 For instance, ‘spatially 
fractionated’ dose distributions may include high 
(‘peak’) dose subregions that are on the order of 
50 µm wide for MRT, 300 µm for MBRT, and 
1 cm wide for GRID and Lattice therapy. 
Although X-ray radiation has been traditionally 
used for SFRT, protons are a new source of radi-
ation that is ideal for SFRT.35 We hypothesize 
that all forms of SFRT may share similar basic 
working mechanisms. Although a specific finding 
from a study using one form of SFRT may not be 
directly translatable to another form initially, it 
may be possible to translate the findings after 
applying appropriate adjustments in geometric 
and dosimetric scale. We have previously 
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characterized some of the unique dosimetric 
parameters of different forms of SFRT (including 
MBRT, the form of SFRT used in this work) and 
their correlations with treatment responses in a 
recent preclinical study.36 In animal studies, high-
dose MRT and MBRT have shown an extremely 
high tissue-type selectivity, eradicating tumors 
without damaging or inhibiting the function of 
normal tissues that are exposed to the same high-
dose radiation.25,27 The extraordinary M(B)RT 
effect may stem from its unique spatial and dosi-
metric characteristics, which are radically differ-
ent than those of conventional broadbeam 
radiation therapy (BRT). MRT consists of many 
parallel microplanar beams at peak dose levels 
that are 10–100 times greater than BRT.27 
Compared with MRT, MBRT employs a larger 
scale planar beam width of several hundred 
microns.36 Consequently, MBRT beams may be 
generated using any one of the widely available 
small animal X-ray irradiators, which makes its 
study more relevant to potential clinical transla-
tion and application as compared with MRT, 
which is typically generated only at a handful of 
synchrotron facilities around the world.37 
Remarkably, in animal studies, the ultrahigh M(B)
RT dose (several hundred Gy peak dose) is well 
tolerated by normal tissue while producing tumor 
control and survival comparable to conventional 
BRT. The working mechanism for M(B)RT nor-
mal tissue-sparing effect is not fully understood and 
the hypotheses include (1) surviving stem cells in 
the low dose M(B)RT valley regions repopulate 
and repair tissue damage and (2) its mature micro-
vasculature is resistant to M(B)RT damage.29 The 
mechanism of M(B)RT tumor control is still poorly 
understood,29 but hypotheses include (1) cellular 
bystander effect where unirradiated or less-irradi-
ated cells in the beam valley regions are exposed to 
the cytotoxic factors released by nearby dying cells 
in the beam peak regions that received massive 
radiation dose, (2) the immature tumor microvas-
culature is prone to damage by the high-dose M(B)
RT, and (3) radiation-induced immune responses.29 
In addition to these direct impacts on tumor con-
trol, M(B)RT may also alter the tumor microenvi-
ronment factors important to the delivery of CMAs. 
Griffin et al.29 reported that MRT induced a tran-
sient but drastic reduction in tumor hypoxia which 
might open up vessels for better drug delivery. We 
hypothesize that improving tumor delivery of 
CMAs with low toxicity makes MBRT an attrac-
tive combination therapy for multimodal cancer 
treatment.

Methods

Animal model
All animal studies were completed under a proto-
col approved by the University of North Carolina 
at Chapel Hill Institutional Animal Care and Use 
Committee (UNC IACUC #20-177.0-A) and in 
accordance with all relevant animal welfare regu-
lations. Mice were maintained in a barrier facility 
on a 12 h light/dark cycle and were provided with 
folate-free chow and water ad libitum. Tumors 
derived from BALB/c TP53−/− orthotopic mam-
mary gland transplant line (T11) were trans-
planted into the inguinal mammary fat pad of 
12-week-old female BALB/cJ mice (The Jackson 
Laboratory; strain 000651).16,38,39 Mice were 
housed in the UNC Lineberger Comprehensive 
Cancer Center’s Mouse Phase I Unit and 
observed for tumors as per the standard prac-
tice.40 Mice were randomized to treatment 
cohorts, and therapy began once a tumor reached 
approximately 300–500 mm3.

Radiation treatments
An XRAD-320 Research Irradiator (Precision 
X-Rays, Inc.; North Branford, CT) using the 
160 kVp energy and 25 mA current settings as 
well as added 0.254 mm Cu filtration was used to 
generate the MBRT radiation used in this work. 
Customized radiation collimators were used to 
produce both the BRT (uniform radiation) and 
MBRT (co-planar beams arrangement) fields. 
Figure 1 shows an example of the animal irradia-
tion and MBRT dosimetry. Radiation dosimetry 
for both the BRT and MBRT treatments was 
determined via EBT3 Gafchromic film calibrated 
with an ion chamber under broad field condi-
tions, in accordance with the American 
Association of Physicists in Medicine (AAPM) 
Task Group Report No. 061, ‘AAPM Protocol 
for 40–300 kV x-ray beam dosimetry in radiother-
apy and radiobiology’. The in-house developed 
MBRT collimator generated 307 µm-wide beams 
(measured full-width-at-half-maximum, averaged 
for each peak) that were spaced approximately 
1260 µm apart (average peak-to-peak distance). 
The average MBRT peak-to-valley dose ratio 
(PVDR) at the surface for our setup was approxi-
mately 13.3 and the skin surface dose rates used 
for treatments varied from 1.73 to 2.5 Gy per 
minute for MBRT (averaged for each peak) and 
BRT, respectively. The dose rate for the MBRT 
radiation treatment was approximately 3 Gy/min, 
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which is similar to the dose rate used in conven-
tional radiation therapy patient treatment.

PK studies
The number of mice, study design, and sampling 
scheme for the PK studies evaluated here are 
standard for PK studies of NP, PLD, and used by 
our group and others for PK studies of these 
agents in mice.16,41,42 Mice were anesthetized 
using isoflurane and treated with BRT 7 Gy, 
MBRT 28 Gy, or MBRT 100 Gy. Following 
completion of radiation, mice were returned to 
the vivarium and monitored for signs of toxicity. 
Mice were administered PLD at 6 mg/kg IV ×1 
via a tail vein at 24 h after BRT at 7 Gy, MBRT at 
28 Gy, or MBRT at 100 Gy. An additional group 
of mice with no radiation exposure were also 
administered an identical dose of PLD. At prede-
fined time points following PLD administration 
(5 min, 24 h, and 96 h), mice were anesthetized 
using 100 mg/kg ketamine IP ×1 and 1 mg/kg 
dexmedetomidine IP ×1 and then sacrificed via 
cardiac puncture for collection of blood. Tumors 
were excised postmortem and snap frozen in liq-
uid nitrogen and stored at −80°C until 

processing. At each sampling time point in each 
study, plasma and tumor samples were obtained 
from n = 3 mice, which is standard for plasma and 
tumor PK studies in mice.

To evaluate the effects of multiple treatments of 
MBRT, additional animals received a second treat-
ment of MBRT 28 Gy (on day 8) + PLD at 6 mg/kg 
IV (on day 9 at 24 h after MBRT) 1 week after the 
initial treatment (MBRT on day 1 and PLD on day 
2 at 24 h post MBRT). Mice (n = 3 per time point) 
were sacrificed 5 min and 24 h following the second 
dose of PLD and blood and tissues collected as 
above. The time points for the multidose study were 
based on the results of the single-dose studies of 
MBRT at 28 Gy + PLD compared with PLD alone.

PLD analytical studies
PLD was purchased from FormuMax Scientific 
and diluted with 5% dextrose in water to 1.2 mg/
ml before injection. The complete methods for 
sample collection, preparation and analysis of 
encapsulated doxorubicin in plasma, and sum 
total (encapsulated + released) doxorubicin in 
tumor after administration of PLD have been 

Figure 1. An example MBRT irradiation (left) where the targeted irradiation area entered around the tumor 
(invisible) is marked on the treatment verification film placed on top the animal during treatment. Sample 
MBRT dosimetry EBT film (top right) and dose profile (bottom right) on the surface of a 2 cm × 2 cm phantom. 
The average peak width is 280 µm and valley width is 1000 µm. The PVDR is in the range of 10 in this study 
(note that PVDR is larger when fewer peaks are used as in the film measurement with only three peaks used).
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previously described.16,43–47 Briefly, blood samples 
were collected in sodium heparin tubes after the 
administration of PLD. Blood was centrifuged at 
1500g for 5 min to obtain plasma. Encapsulated 
and released doxorubicin in plasma were sepa-
rated using solid-phase separation. Upon process-
ing, tumors were thawed, weighed, and diluted in 
a 1:3 ratio with phosphate-buffered saline prior to 
homogenizing with a Precellys 24 bead mill 
homogenizer (Omni International Inc, Kennesaw, 
GA). Samples were further processed by addition 
of 800 µl extraction solution (acetonitrile with 
100 ng/ml daunorubicin internal standard) to 
200 µl of plasma or tumor homogenate. The sam-
ples were vortexed for 10 min and centrifuged at 
10,000g for 10 min at 4°C. The supernatant was 
removed to a clean tube, evaporated to dryness 
under nitrogen, and reconstituted in 150 µl of 
15% acetonitrile in water plus 0.1% formic acid. 
The samples were then vortexed, transferred to 
autosampler vials, and analyzed by high-perfor-
mance liquid chromatography with fluorescence 
detection (HPLC-FL) set to excitation wave-
length 490 nm/emission wavelength 590 nm. The 
HPLC-FL technique had a quantitative range of 
10 – 3,000 ng/ml for sum total doxorubicin in 
tumor and 300–30,000 ng/ml for encapsulated 
doxorubicin in plasma. Samples that returned a 
concentration above the quantitative limit were 
diluted to fall within the quantitative range and 
reinjected.

PK analysis
Destructive sampling methods and groupings 
were used to generate the PK parameters, where 
the plasma and tumor concentration versus time 
values in each treatment cohort were grouped 
together to generate a single mean value at each 
time point and subsequent single PK parame-
ter.16,41,42 The mean concentration versus time 
PLD plasma and tumor for each cohort was ana-
lyzed by noncompartmental analysis using 
Phoenix WinNonlin Professional Edition version 
8.0 (Pharsight Corp., Cary, NC, USA). The area 
under the doxorubicin concentration versus time 
curve (AUC) was calculated using the linear up/
log down rule for plasma and tumor from 0 to 
Tlast (24 or 96 h, depending on treatment group).

Tumor staining and immunohistochemistry 
(IHC)
A separate group of T11 mice (n = 4 per treatment 
group) were randomized to either no radiation, 

BRT 7 Gy, MBRT 28 Gy, or MBRT 100 Gy and 
irradiated as above. At 24 h after radiation, mice 
were anesthetized with ketamine and dexmedeto-
midine and sacrificed by cervical dislocation. The 
use of n = 4 mice per time point is based on our 
prior tumor profiling studies in the T11 tumor 
model. Tumors were excised postmortem and 
placed into 10% formaldehyde for paraffin 
embedding. Tumors were then sliced and 
mounted on slides for staining. Samples were 
stained using Masson’s Trichrome Stain (MTS), 
anti-Collagen IV monoclonal antibody, anti-
F4/80 monoclonal antibody, and anti-CD31 
monoclonal antibody as previously described.16

Stained slides were scanned using ScanScope XT 
(Leica Biosystems Inc.), an Automated High-
Throughput Scanner. A quantifying algorithm 
employing a modified membrane analysis was uti-
lized to automatically quantify the stained area of 
viable tumor.16 Collagen IV, MTS, and mac-
rophages (F4/80) in the viable tumor tissue were 
quantified by standard H-score. Microvessels 
(CD31) were quantified by microvessel density 
(1/mm2).16,48

Statistical analysis
Statistical analyses were carried out using SAS 
v.9.2 (Cary, NC) and Prism5 software (GraphPad 
Software, Inc.).49 Analysis of covariance 
(ANCOVA) was performed followed by adjust-
ment for multiple comparisons using Holm test to 
test for differences in tumor volume, plasma con-
centrations at each time point, tumor concentra-
tions at each time point, and TME factors among 
all treatment groups.50 p value of less than 0.05 
was considered statistically significant. All statis-
tical tests were two-sided.

Results and discussion

Overview
In order to assess the impact of MBRT on the 
tumor delivery enhancement of CMAs, we evalu-
ated the PK of PLD in a genetically engineered 
mouse model of triple-negative breast cancer 
(T11) following either MBRT or conventional 
BRT. Radiation-enhanced accumulation of NPs 
and macromolecules in tumors has been reported 
in several previous studies.51–57 However, this is 
the first publication comparing the impact of con-
ventional BRT and the novel MBRT on the tumor 
microenvironment and the tumor accumulation of 
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a drug-loaded NP. We also evaluated the impact 
of MBRT on the tumor microenvironment 
through histological examination of tumor in irra-
diated animals.

Single-dose PK
We first evaluated the PK of PLD in tumor-bear-
ing T11 mice following a single dose of either 
PLD alone, BRT 7 Gy + PLD, MBRT 
28 Gy + PLD, or MBRT 100 Gy + PLD. In the 
remaining two combination therapy arms (BRT 
7 Gy + PLD and MBRT 100 Gy + PLD), radia-
tion was administered 24 h prior to PLD. The 
encapsulated doxorubicin plasma and sum total 
tumor doxorubicin concentration versus time pro-
files for all single dose treatments are presented in 
Figure 2. The encapsulated plasma and sum total 
tumor doxorubicin AUC0-96h and ratio of tumor 
to plasma AUC0-96h are presented in Table 1.

The encapsulated plasma concentration versus 
time profiles and AUC0-96h did not significantly 
differ between treatments. Because the irradiated 
area in this study was limited to a relatively small 
area centered on the tumor mass, little impact was 
anticipated on the primary clearance pathway of 
NPs—the MPS. Consistent with this hypothesis, 
the plasma exposure of PLD was similar across all 
groups (<25% difference in AUC0-96h), regardless 
of radiation type or dose, suggesting that a single 
dose of BRT or MBRT minimally alters the 
plasma clearance and disposition of PLD.

In contrast, all BRT and MBRT treatment groups 
had significantly higher sum total tumor doxoru-
bicin exposure compared with PLD alone. The 
sum total tumor doxorubicin AUC0-96h were 2.7-
fold and 2.2-fold higher following BRT 7 Gy and 
MBRT 100 Gy, respectively, compared with PLD 
alone. MBRT 28 Gy yielded the highest PLD 
tumor delivery enhancement with a tumor AUC0-

96h 6.3-fold higher compared with PLD alone.

The tumor:plasma doxorubicin AUC ratio repre-
sents the relative delivery of NPs to tumor com-
pared with the plasma. Tumor delivery results 
following radiation therapy mirrored the tumor 
exposure due to the limited impact of radiation on 
the plasma exposure. The ratio of tumor to plasma 
AUC0-96h were 2.7-fold, 7.1-fold, and 2.8-fold 
higher following BRT 7 Gy, MBBRT 28 Gy, and 
MBRT 100 Gy, respectively, compared with PLD 
alone. These results show that MBRT provides 
comparable enhancement of tumor NP 

accumulation to BRT when given at ~14 times the 
peak dose (i.e. MBRT 100 Gy was similar to BRT 
7 Gy). Despite increased peak doses, MBRT typi-
cally has significantly lower normal tissue toxicity 
when compared with BRT while maintaining anti-
tumor efficacy.27 The combination of independ-
ent antitumor activity, low normal tissue adverse 
effects, and comparable tumor delivery enhance-
ment makes MBRT an attractive modality for 
combination therapy in this manner.

Intriguingly, the lower peak radiation dose 
(MBRT 28 Gy) provided the most significant 
enhancement of tumor drug delivery following a 
single dose, suggesting that the relationship 
between radiation dose and tumor delivery 
enhancement may not be proportional. This 
observation is consistent with our previous study 
of MBRT on tumor vasculature modulation in a 
window chamber tumor model.25 While the 
administration of BRT 7 Gy + PLD enhanced the 
relative delivery of PLD to the tumor 2.7-fold 
compared with PLD alone, MBRT 28 Gy + PLD 
enhanced the relative delivery of PLD a further 
2.6-fold compared with BRT 7 Gy + PLD. 
Similarly, MBRT 28 Gy + PLD enhanced relative 
delivery of PLD to tumor 2.5-fold compared with 
MBRT 100 Gy + PLD, which itself provided 2.8-
fold enhancement relative to PLD alone.

In all of the PK and tumor profiling studies, the 
tumors in each mouse were between 150 and 
300 mm3 in size. However, after the PK samples 
were collected from the study evaluating the PLD 
PK at 96 h after MBRT at 28 Gy, it was deter-
mined that the mice (n = 3) had smaller tumors 
(75.3 ± 0.6 mm3). Thus, these PK studies were 
repeated in mice (n = 3) with standard sized 
tumors (210.3 ± 52.8 mm3). Having PK results in 
these two groups of mice allowed us to evaluate 
the relationship between tumor size, plasma 
exposure of PLD, and tumor exposure of PLD 
mediated by MBRT. The tumor size, encapsu-
lated plasma doxorubicin concentration, sum 
total tumor concentration, and tumor to plasma 
concentration ratio for these animals are pre-
sented in Table 2.

The mice with the smaller tumors (75.3 ± 0.6 mm3) 
had the higher plasma doxorubicin exposure and 
the mice with the larger tumors (210.3 ± 52.8 mm3) 
had the lower plasma doxorubicin exposure. 
These results are consistent with mice with larger 
tumors having enhanced clearance of NP 
agents.58,59 Higher plasma exposure led to higher 
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(a)

(b)

Figure 2. Mean and SD encapsulated doxorubicin concentration in plasma (a) and sum total doxorubicin 
concentration in tumor (b) versus time profiles in female T11 mice after administration of: (1) PLD 6 mg/kg 
alone, (2) BRT 7 Gy + PLD, (3) MBRT 28 Gy + PLD, or (4) MBRT 100 Gy + PLD. Plasma and tumor samples in 
these studies were obtained prior to administration and at 5 min, 24 h, and 96 h after PLD administration. The 
encapsulated doxorubicin exposure in plasma is similar at all time points and among all groups (p > 0.05), 
which is consistent with a lack of effect of irradiation on plasma clearance of PLD. The tumor exposure of sum 
total doxorubicin is significantly enhanced at 24 h post-PLD for all radiation therapy groups compared with 
PLD alone (p < 0.05). At 96 h post-PLD, the tumor exposure was significantly higher in the MBRT 28 Gy + PLD 
cohort compared with all other groups, which were not statistically different (p > 0.05). Overall, from 0 to 96 h 
the greatest increase in tumor exposure of sum total doxorubicin was after treatment with MBRT 28 Gy + PLD 
6 mg/kg as compared with all other groups.
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sum total tumor doxorubicin concentration 
(110,416 ± 29,753 versus 16,780 ± 4539 ng/g), 
but the ratio of tumor to plasma doxorubicin con-
centration did not differ between the groups 
(11.80 ± 0.60 versus 10.13 ± 5.88). This suggests 
that the tumor delivery enhancement provided by 
MBRT is not limited by NP exposure in plasma 
across an ~4-fold range of plasma concentrations. 
These results also highlight the importance of 
keeping all aspects of the murine model and 
tumor consistent throughout the study. All other 
studies presented in this manuscript used mice 
with tumors between 150 to 300 mm3.

Multiple-dose PK
After identifying enhanced tumor delivery follow-
ing a single dose of MBRT 28 Gy + PLD, the effi-
cacy of repeated dosing was investigated. The 
encapsulated plasma and sum total tumor doxo-
rubicin concentration versus time profiles for 24 h 
following PLD administration for single-dose 

PLD alone, single-dose MBRT 28 Gy +  
PLD, and two-dose MBRT 28 Gy + PLD weekly 
are presented in Figure 3. The encapsulated 
plasma and sum total tumor doxorubicin AUC0-24h 
and ratio of tumor to plasma AUC0-24h for these 
treatments are presented in Table 3.

There are slight differences in the encapsulated 
plasma doxorubicin exposures with single-dose 
MBRT 28 Gy + PLD giving an AUC0-24h approxi-
mately 24% lower relative to PLD alone and two-
dose MBRT 28 Gy + PLD 31% higher relative to 
PLD alone. The tumor accumulation of sum total 
doxorubicin is significantly enhanced following one 
or two doses of MBRT 28 Gy + PLD compared 
with PLD alone. The sum total tumor doxorubicin 
AUC0-24h are 36,710, 156,244, and 267,275 h*ng/g 
following a single dose of PLD alone, a single dose 
of MBRT 28 Gy + PLD, and two doses of MBRT 
28 Gy + PLD weekly, respectively. In addition, 
tumor sum total doxorubicin exposure is increased 
following a second dose of MBRT 28 Gy + PLD 

Table 1. Summary of PLD pharmacokinetics after a single dose of PLD alone, BRT + PLD, or MBRT + PLD.

PK parameter PLD alone BRT 7 Gy + PLD MBRT 28 Gy + PLD MBRT 100 Gy + PLD

Encapsulated plasma AUC0-96h (h*ng/ml) 1,521,581 1,483,098 1,347,050 1,197,501

Sum total tumor AUC0-96h (h*ng/g) 187,548 501,635 1,176,656 420,780

Ratio of tumor:plasma AUC0-96h (%) 12.33 33.82 87.35 35.14

BRT, broadbeam radiation therapy; MBRT, minibeam radiation therapy; PK, pharmacokinetics; PLD, PEGylated liposomal doxorubicin.
Destructive sampling methods and groupings were used to generate the PK parameters, where the plasma and tumor concentration versus 
time values in each treatment cohort were grouped together to generate a single mean value at each time point and subsequent single PK 
parameter.16,41,42 Thus, statistical comparisons could not be performed.

Table 2. Comparison of MBRT-induced delivery of PLD at 96 h after a single dose of MBRT 28 Gy in mice with 
different size tumors and associated PLD plasma exposures.

PK parameter Mice with smaller than normal tumors Mice with standard size tumors

Tumor size (mm3)a 75.3 ± 0.6 210.3 ± 52.8

Encapsulated plasma 
concentration (ng/ml)a

9311 ± 2174 2079 ± 1090

Sum total tumora 
concentration (ng/g)

110,416 ± 29,753 16,780 ± 4539

Ratio of tumor:plasma 
concentrationb

11.80 ± 0.60 10.13 ± 5.88

MBRT, minibeam radiation therapy; PK, pharmacokinetics; PLD, PEGylated liposomal doxorubicin.
aResults are statistically different (p < 0.05).
bResults are not statistically different (p > 0.05).
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(a)

(b)

Figure 3. Mean and SD encapsulated doxorubicin concentration in plasma (a) and sum total doxorubicin 
concentration in tumor (b) versus time profiles in female T11 mice after administration of: (1) single-dose  
PLD alone, (2) single-dose MBRT 28 Gy + PLD, or (3) two-dose MBRT 28 Gy + PLD. The dose of PLD was  
6 mg/kg IV in all groups. There was no significant difference in the plasma exposures of encapsulated 
doxorubicin at all time points (p > 0.05). At both time points, the tumor exposure of sum total doxorubicin is 
significantly enhanced following one and two doses of MBRT 28 Gy + PLD compared with PLD alone (p < 0.05). 
Tumor sum total doxorubicin exposure after the second dose of MBRT 28 Gy + PLD was increased relative to a 
single dose (at 0.083 h results were p < 0.05; at 24 h results were p > 0.05).
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relative to a single dose, consistent with increased 
plasma encapsulated doxorubicin exposure. The 
relative tumor delivery (given by the ratio of tumor 
to plasma AUC0-24h) is similar following one 
(18.28%) or two (18.05%) doses of MBRT 
28 Gy + PLD and higher than following a single 
dose of PLD alone (3.25%). The relative tumor 
delivery (ratio of tumor to plasma AUC0-24h) was 
approximately 5.6-fold higher following either one 
or two doses of MBRT 28 Gy + PLD compared 
with PLD alone. The relative tumor delivery 
enhancement of PLD following MBRT is con-
served following a second dose.

Tumor microenvironment profiling
The tumor microenvironment plays a pivotal role 
in the delivery and accumulation of NP drugs. In 
particular, alterations in macrophages and vascu-
lature have been associated with changes in nan-
odrug delivery to tumors.19,58,60 A separate group 
of T11 mice were randomized to either no radia-
tion, BRT 7 Gy, MBRT 28 Gy, or MBRT 100 Gy 
and tumors were profiled via immunohistochem-
istry. H-scores for F4/80, Collagen IV, and MTS 
and microvessel density (CD31) in viable tumor 
are presented in Figure 4.

There is a significant, dose-dependent reduction in 
macrophages in viable tumor, as evidenced by 
decreases in F4/80 H-Scores, 24 h after both BRT 
and MBRT. The highest F4/80 H-score was 
observed in the Untreated Control group 
(175.3 ± 12.1) followed by the lower radiation 
doses, BRT 7 Gy (98.2 ± 4.3) and MBRT 28 Gy 
(84.4 ± 20.2). The higher peak radiation dose, 
MBRT 100 Gy, resulted in the lowest F4/80 
H-score (27.5 ± 21.4). In this study, radiation led 
to depletion of macrophages in viable tumor tissue 
24 h after either BRT or MBRT. Lower radiation 

doses, BRT 7 Gy and MBRT 28 Gy, resulted in 
44% and 52% reductions in macrophages, respec-
tively, while the higher radiation dose of MBRT 
100 Gy resulted in 84% reduction in macrophages. 
A previous BRT study associated a relative increase 
in macrophages following radiation with an 
increase in nanodrug delivery.57 However, the rela-
tive timing of radiotherapy and nanodrug adminis-
tration differed between the two studies. Miller 
et al. administered a therapeutic polymeric cispl-
atin prodrug NP (TNP) 72 h post-irradiation and 
assessed macrophage presence 24 h post-TNP 
administration (96 h post-irradiation). Macrophage 
assessment and PLD administration in our study 
was performed 24 h post-irradiation. Furthermore, 
analytical techniques differed as macrophages were 
assessed relative to tumor cells in a flow cytometry 
assay by Miller et  al. A potential explanation for 
these seemingly opposite findings would be a rapid 
radiation-induced nadir of macrophages (within 
24 h post-irradiation) followed by later macrophage 
infiltration resulting in the increased PLD tumor 
exposure 24–96 h post-PLD (48–120 h post-irradi-
ation). The exact mechanism(s) associated with 
the depletion of macrophages is unclear.

Collagen, assessed by both Collagen IV IHC and 
MTS, showed no significant changes between 
untreated control and irradiated tumors. In addi-
tion, microvessel density, assessed by CD31, also 
did not differ between untreated control and irra-
diated tumors. This suggests that, at least for the 
first 24 h following radiation, there is no change in 
collagen content or microvessel number driving 
the enhancement of NP delivery to tumors.

In this study, we evaluated the impact of conven-
tional BRT in comparison to novel MBRT on the 
tumor microenvironment and ability to enhance 
tumor delivery of a drug-loaded NP. In a 

Table 3. Summary of PLD pharmacokinetics after a single dose of PLD alone or one or two treatments of MBRT 28 Gy + PLD weekly.

PK parameter Single-dose PLD alone Single treatment 
MBRT 28 Gy + PLD

Two treatments MBRT 28 
Gy + PLD

Encapsulated plasma AUC0-24h (h*ng/ml) 1,129,373 854,637 1,480,638

Sum total tumor AUC0-24h (h*ng/g) 36,710 156,244 267,275

Ratio of tumor:plasma AUC0-24h (%) 3.25 18.28 18.05

MBRT, minibeam radiation therapy; PK, pharmacokinetics; PLD, PEGylated liposomal doxorubicin.
Destructive sampling methods and groupings were used to generate the PK parameters, where the plasma and tumor concentration versus 
time values in each treatment cohort were grouped together to generate a single mean value at each time point and subsequent single PK 
parameter.16,41,42 Thus, statistical comparisons could not be performed.
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genetically engineered mouse model (GEMM) of 
triple-negative breast cancer, both BRT and 
MBRT altered the microenvironment through 
depletion of macrophages and significantly 
enhanced the tumor delivery of PLD. Notably, 
high-dose MBRT at 100 Gy peak dose (valley 
dose of 7.5 Gy) provided comparable PLD tumor 
delivery enhancement as BRT at 7 Gy. However, 
the most significant enhancement of tumor deliv-
ery occurred when a lower peak radiation dose 
MBRT of 28 Gy (valley dose of 2.1 Gy) was used. 
In addition, the tumor delivery enhancement pro-
vided by pretreatment with MBRT 28 Gy is 

maintained at both high and low plasma exposure 
and following repeated dosing. Further studies 
are warranted to assess the efficacy of radiation-
induced tumor delivery enhancement in other 
tumor models and with other NPs as well as the 
mechanism of radiation-induced tumor delivery 
enhancement.
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