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R
adiosensitization, the use of agents to
improve cancer cells' sensitivity to
radiotherapy, has been an important

concept in cancer treatment. It is the main
concept behind concurrent administration
of chemotherapy and radiotherapy (chemo-
radiotherapy), which is a standard treat-
ment regimen for many cancers including
head and neck, lung, esophageal, gastric,
rectal, anal, and cervical cancers.1 Current
clinical radiosensitizers are mainly com-
prised of chemotherapeutics. Among them,
docetaxel (Dtxl) is one of the more effective
radiosensitizers.2�4 A major limitation of
docetaxel is its poor solubility in water and
its need for a solvent (polysorbate-80) for
clinical administration. Since polysorbate-
80 has many undesirable side effects, in-
cluding hypersensitivity reactions, there has
been intense interest in developing alter-
native formulations of docetaxel.5

Recent advances in nanomedicine have
led to the development of nanoparticle for-
mulations of docetaxel.6 Nanoparticle ther-
apeutic carriers are well suited for the treat-
ment of cancers, as they take advantage of
the enhanced permeability and retention
(EPR) effect and preferentially accumulate in
tumors.7 Furthermore, these nanoparticles
can be actively targeted to tumor cells
through molecular targeting ligands. Thus,
these nanoparticle formulations of docetaxel
have significant clinical potential for improving
the efficacy and lowering the toxicity of
docetaxel. Indeed, many preclinical stud-
ies have demonstrated the efficacy of

nanoparticle formulations of docetaxel for
cancer treatment, which also enabled the
rapid translation of this technology.8�17

BIND-014, a molecular targeted polymeric
nanoparticle formulation of docetaxel, has
recently entered phase I clinical trial testing.18

In addition to functioning as chemothera-
peutics, nanoparticles also have the potential
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ABSTRACT

Nanoparticle (NP) chemotherapeutics hold great potential as radiosensitizers. Their unique properties,
such as preferential accumulation in tumors and their ability to target tumors through molecular
targeting ligands, are ideally suited for radiosensitization. We aimed to develop a molecularly targeted
nanoparticle formulation of docetaxel (Dtxl) and evaluate its property as a radiosensitizer. Using a
biodegradable and biocompatible lipid-polymer NP platform and folate as a molecular targeting ligand,
we engineered a folate-targeted nanoparticle (FT-NP) formulation of Dtxl. These NPs have sizes of 72(
4 nm and surface charges of �42 ( 8 mV. Using folate receptor overexpressing KB cells and folate
receptor low HTB-43 cells, we showed folate-mediated intracellular uptake of NPs. In vitro radio-
sensitization studies initially showed FT-NP is less effective than Dtxl as a radiosensitizer. However, the
radiosensitization efficacy is dependent on the timing of radiotherapy. In vitro radiosensitization
conducted with irradiation given at the optimal time (24 h) showed FT-NP Dtxl is as effective as Dtxl.
When FT-NPDtxl is compared toDtxl and nontargeted nanoparticle (NT-NP) Dtxl in vivo, FT-NPwas found
to be significantly more effective than Dtxl or NT-NP Dtxl as a radiosensitizer. We also confirmed that
radiosensitization is dependent on timing of irradiation in vivo. In summary, FT-NP Dtxl is an effective
radiosensitizer in folate-receptor overexpressing tumor cells. Time of irradiation is critical in achieving
maximal efficacy with this nanoparticle platform. To the best of our knowledge, our report is the first to
demonstrate the potential of molecularly targeted NPs as a promising new class of radiosensitizers.

KEYWORDS: nanomedicine . nanoparticle . chemoradiotherapy .
radiosensitization . folate-targeted
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to be excellent radiosensitizers. Unlike small-molecule
chemotherapeutics, which are broadly distributed in
malignant and normal tissue, the latter causing treat-
ment-related toxicity, nanoparticles' unique biodistri-
bution, preferential accumulation in tumors, and poor
penetration in nearby normal tissues are ideal for a
radiosensitizer. Nanoparticles could potentially im-
prove the efficacy of radiotherapy in the tumor and
reduce the toxicity of nearby normal organs when
compared to their small-molecule counterparts. De-
spite their high potential as radiosensitizers, there is
currently no preclinical study evaluating the potential of
nanoparticle docetaxel as a radiosensitizer and limited data
overall exploring the use of any nanoparticle chemother-
apeutics as radiosensitizers.19�21

In this study, we evaluated nanoparticle formula-
tions of docetaxel as radiosensitizers. To accomplish
this goal, we engineered a biodegradable and biocom-
patible polymeric nanoparticle formulation of docetaxel.
To potentially further improve its efficacy, we also
developed a molecular targeted nanoparticle formula-
tion of docetaxel. We utilized head and neck cancer
(HNSCC) as a model, for which chemoradiotherapy is
the standard of care for advanced disease. Folate was
chosen as a targeting ligand for the development of
molecular targeted nanoparticles, as folate receptor
(FR) has been shown to be frequently overexpressed in
HNSCC tumors. Furthermore, increased FR expression
has been correlated with poor survival.22,23 We vali-
dated that folate can mediate the specific uptake of
nanoparticles by folate-receptor-overexpressing tu-
mor cells. We then evaluated the radiosensitization
efficacy of folate-targeted NP Dtxl (FT-NP Dtxl) and
nontargeted NP Dtxl (NT-NP Dtxl) in both FR-over-
expressing and FR-deficient HNSCC tumor cells in vitro.
We also evaluated the effects of timing between NP

Dtxl administration and radiotherapy on the efficacy of
radiosensitization. Lastly, we compared the efficacy of
FT-NP Dtxl, NT-NP Dtxl, and Dtxl as radiosensitizers and
the importance of timing with radiotherapy in vivo

using a murine xenograft model.

RESULTS

Formulation and Characterization of NT-NP Dtxl and FT-NP
Dtxl. For this study we utilized a biocompatible biode-
gradable polymer based nanoparticle platform.24 The
particle is composed of a biodegradable polymeric (PLGA)
core, which can encapsulate hydrophobic chemother-
apeutics such as Dtxl. The NP surface is composed of
lipids (lecithin) and lipid-PEG, which prevents protein
adsorption (DSPE-PEG) (Figure 1A). Nontargeted NPs
(NT-NPs) were found to have sizes of 70 ( 10 nm,
confirmed by TEM (Figure 1B). Their surface charges
(ζ potential) were�40( 5mV and have a polydispersity
of 0.15 ( 0.05. To engineer folate-targeted NPs, we
incorporated DSPE-PEG-folate into the nanoparticle
surface. The hydrophobic lipid tail domain of DSPE-
PEG-folate interacts with the hydrophobic domains
of lecithin and allows self-assembly of DSPE-PEG-
folate onto the particle surface (Figure 1A). Charac-
terization of folate-targeted NPs (FT-NPs) demon-
strated sizes of 72 ( 4 nm, ζ potential of �42 ( 8 mV
and a polydispersity of 0.16 ( 0.05. Dtxl was encapsu-
lated in the NP at 5 wt % of the polymer with an
encapsulation efficiency of 40 ( 7%. Dtxl release
profiles were characterized in both NT-NP Dtxl and
FT-NP Dtxl. Both particles demonstrated controlled
drug release kinetics, and 95%of the drugwas released
from the nanoparticles at 24 h. Also, there was no
significant difference between the two formulations
(Figure 2).

Figure 1. Characterization of NP. (A) Depiction of NP. (B) TEM image of NPDtxl showingmonodisperse particleswith a narrow
size distribution of 70 ( 10 nm.
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FT-NPs Have Higher Intracellular Uptake than NT-NPs by
Folate Receptor Overexpressing KB Cells than in Non-overexpres-
sing HTB-43 Cells. To demonstrate that the folate targeting
ligand can increase target specific NP uptake, we com-
pared NP uptake in KB cells, which overexpress the alpha
isoform of the folate receptor (FR), to that in HTB-43 cells,

which do not. FRR expression levels were confirmed by
Westernblot (Figure 3A). FT-NPandNT-NPs encapsulating
fluorescent cholesterol were incubated with these cells in
vitro. As shown in Figure 3B, minimal fluorescence was
seen in HTB-43 cells with either nontargeted or targeted
NP, indicating minimal nonspecific uptake. Similarly, non-
targeted NPs were not taken up efficiently in KB cells. In
contrast, FT-NPs were readily taken up by FR-overexpres-
sing KB cells, as indicated by the intense fluorescence.

To further verify folate-mediated uptake, KB and
HTB-43 cellswere also treatedwith FT-NPDtxl or NT-NP
Dtxl and lysed to examine the uptake of Dtxl. As seen in
Figure 3C, KB cells treatedwith FT-NPDtxl showgreater
percent uptake of Dtxl compared toNT-NPDtxl-treated
cells, whereas HTB-43 shows no difference between FT-
NP Dtxl and NT-NP Dtxl uptake. These results support a
FR-dependent mechanism for FT-NP uptake.

Comparative Radiosensitization of Dtxl, NT-NP Dtxl, and FTNP
Dtxl in Vitro. We compared radiation responses in the
presence of targeted and nontargeted NP Dtxl to that
of free, unencapsulated Dtxl (polysorbate formulation)
in vitro. To determine the proper dose of each Dtxl
formulation, we obtained dose�response curves for
each therapeutic at 0 Gy (Supplemental Figure 1). We
then conducted radiosensitization experiments using

Figure 2. NP-Dtxl release profiles in phosphate buffer at 37
�C. NT-NP Dtxl and FT-NP Dtxl show first-order controlled
drug release. There is no significant difference in release
kinetics between the two formulations. Error bars corre-
spond to standard deviations of repeated measurements
(two NP preparations, three samples per time point).

Figure 3. Intracellular uptake of folate-targeted NP is greater than NT-NP and is dependent on expression of the folate
receptor. (A) Endogenous expression of folate receptor R in KB and HTB43 cells. (B) Representative immunofluorescent
images of KB and HTB-43 cells treated with NPs containing fluorescent cholesterol demonstrate greater uptake of folate-
targetedNPs (right) compared to an equal amount of NT-NP on the left in KB cells, which robustly express folate receptorR. In
contrast, there is minimal uptake of either targeted or nontargeted NPs in HTB-43 cells, which express low levels of the
receptor. (C) Dtxl wasmeasured in KB or HTB-43 cell lysates treatedwith FT-NPDtxl or NT-NP Dtxl. KB cells treatedwith FT-NP
Dtxl had the highest uptake. Error bars correspond to standard deviations of repeated measurements.
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the IC50 concentrations of FT-NP Dtxl and NT-NP Dtxl
(1.25 uM) and/or Dtxl (0.65 uM) with irradiation occur-
ring 3 h after Dtxl treatment. As seen from the clono-
genic survival curves depicted in Figure 4A, FT-NP Dtxl
was significantly more effective than NT-NP Dtxl and is
nearly as effective as free Dtxl in KB cells. In contrast,
NT-NP Dtxl was considerably less effective, which was
expected due to its poor uptake compared to FT-NP

Dtxl (Figure 3B). Also as expected, given the lack of
uptake in HTB-43 cells of either NT-NP Dtxl or FT-NP
Dtxl (Figure 3B), there was no difference in post-radiation
survival between these therapeutics, and neither effec-
tively reduced survival in these cells compared to free
Dtxl (Figure 4B). Together with the data in Figure 3B,
these results indicate that a molecularly targeted NP
formulation of Dtxl that can be taken up selectively by

Figure 4. Efficacy of folate-targeted NP as a radiosensitizer. Clonogenic survival assays of KB (A) or HTB-43 (B) cells treated
with radiation alone or with Dtxl, NT-NP Dtxl, or FT-NP Dtxl and the indicated dose of radiation 3 h after NP treatment. The
error bars correspond to standard deviations of repeatedmeasurements (twoNPpreparations, three samples per timepoint).

Figure 5. Timingof irradiation alters efficacy of FT-NPDtxl in vitro. Graphof surviving fraction fromclonogenic survival assays
of KB cells treatedwithDxtl (A) or FT-NPDtxl (B) irradiatedwith 4Gy at the indicated times. (C) Clonogenic survival assay of KB
cells treated with Dtxl, NT-NP Dtxl, or FT-NP Dtxl and the indicated amount of radiation 24 h post-treatment. Error bars
correspond to standard deviations of repeated measurements (two separate runs, three samples per time point).
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FR-overexpressing tumor cells is capable of inducing a
response in irradiated cells similar to that of free Dtxl, a
known radiosensitizer that unfortunately also induces
significant toxicity in non-FR-overexpressingnormal cells.

Optimal Timing of Radiotherapy with FT-NP Dtxl Is 24 h after
Incubation. A key issue in identifying the most effective
chemoradiation strategies is optimizing the timing to
deliver the individual components of combined treat-
ments relative to each other. We speculated that
delayed release of Dtxl from the NPs might require a
longer optimal treatment time for encapsulated Dtxl vs
free Dtxl, which is bioavailable immediately. To deter-
mine whether and how the timing of radiotherapy can
affect the efficacy of radiosensitizationwith NPDtxl, we
performed clonogenic survival assays on KB cells in-
cubated with FT-NP Dtxl when radiation was given at
different times after drug administration. KB cells were
incubated with FT-NP Dtxl or free Dtxl and irradiated
with 4 Gy at 1, 4, 8, 16, 24, 32, 40, or 48 h after incubation.
As expected, treatment with free Dtxl resulted in the
lowest survival fraction when radiation was given at
early time points following drug administration. The
optimal time point tested for radiation was apparently
the earliest, at 1 h post-treatment, with a slow rise over
time, presumably as the drug became less effective
due to metabolic clearance (Figure 5A). In contrast,
FT-NP Dtxl treatment resulted in a dramatically lower
survival when longer times separated drug treatment
and radiation (Figure 5B). The unexpected sharp drop-

off between 16 and 24 h suggests that the basis for
poorer tumor cell survival at 24 h and later is unlikely to
be explained simply by altered bioavailability of drug in
the encapsulated formula compared to free drug.
Using the optimal 24 h time point, we then reassessed
relative post-radiation survival of KB cells upon treat-
ment with FT-NP Dtxl, NT-NP Dtxl, or Dtxl in vitro. When
radiotherapy was given at 24 h post-drug treatment,
FT-NP Dtxl was as effective as Dtxl in vitro (Figure 5C).

Radiosensitization Efficacy of Dtxl, NT-NP Dtxl, and FT-NP Dtxl
in Vivo. We next compared the efficacy of NT-NP Dtxl
and FT-NP Dtxl against Dtxl in an in vivo tumor model.
Mice bearing KB cell xenograft tumors were treated
with Dtxl, NT-NP Dtxl, or FT-NP Dtxl and subsequently
irradiated 3 h after treatment. As seen in Figure 6A, all
of the Dtxl formulations led to significant tumor
growth delay when tumors were irradiated, but FT-
NP Dtxl produced the maximum tumor growth delay
andwas significantly different fromNT-NPDtxl (p=0.028).
A control group of Dtxl was also preformed, but the
change in tumor volume was not statistically different
from the FT-NP Dtxl group (data not shown). We next
determined whether the timing of irradiation also
affects radiosensitization efficacy of FT-NP Dtxl in vivo.
We irradiated tumor-bearingmice at 3, 12, 24, and 48 h
after administration of FT-NP Dtxl. As seen in Figure 6B,
mice that were irradiated 12 h after systemic treatment
with FT-NP Dtxl displayed the most tumor growth
delay (P = 0.03 at day 18, compared to 48 h treatment).

Figure 6. Timing of irradiation alters efficacy of FT-NP Dtxl in vivo. KB tumors were established in mice. (A) Mice were left
untreated or treated with 2 mg/kg of Dtxl iv (as either polysorbate-Dtxl, NT-NP Dtxl, or FT-NP Dtxl)( 12 Gy of irradiation 3 h
post-injection. Change in tumor volume was measured. (B) Mice were treated with 2 mg/kg of FT-NP Dtxl iv þ 12 Gy of
irradiation at either 3, 12, 24, or 48 h post-injection. Change in tumor volume was measured. (C) Representative histology of
polysorbate-Dtxl- or FT-NP Dtxl-treated KB tumors irradiated 12 h post-injection.
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The irradiated tumors were also analyzed for treatment
response. As seen in Figure 6C, tumors treated with FT-NP
Dtxl and irradiated 12 h after systemic treatment consis-
tently demonstrated more cell death, evidenced by in-
creasednumber of cellswith condensednuclei, compared
to that of Dtxl. These data demonstrate that FT-NPDtxl is a
better radiosensitizer in vivo than either Dtxl or NT-NPDtxl.
Furthermore, the timing of irradiation after systemic treat-
ment is critical in determining maximal efficacy.

CONCLUSION

The next generation of NP chemotherapeutics is
being translated into clinical practice, representing
an exciting new class of radiosensitizers. However, there
is a general lack of preclinical data or clinical data on
how to utilize NP therapeutics in radiosensitization
given their unique properties. There are currently two
nanoparticle formulations of chemotherapeutics aside
from liposomes in clinical practice. Abraxane, a nano-
particle formulation of albumin and paclitaxel, has
been evaluated in one preclinical study and is being
evaluated as a radiosensitizer in several ongoing trials.21,25

The other nanoparticle chemotherapeutic, Genexol-
PM, is a polymeric nanoparticle formulation of paclitaxel
that has not been studied as a radiosensitizer. Further-
more, despite the many studies on molecularly targeted
nanoparticles for cancer treatment, there has been no
report on the utilization of molecularly targeted nano-
particles as radiosensitizers. In this study, we report the
first preclinical evidence on using a folate-targeted na-
noparticle formulation of docetaxel as a radiosensitizer.
Among the different nanoparticle platforms, there

has been intense interest in the clinical development of
polymeric NPs due to their relative higher stability,
ability to carry hydrophobic cargos, and controlled
drug release profile. It is an ideal nanoparticle platform
for the delivery of taxanes, such as docetaxel. There-
fore, we engineered a biodegradable biocompatible
polymeric NP to deliver Dtxl. This platform consists of
materials that are considered safe by the Food and
Drug Administration (FDA).26,27 NP characterization
studies showed our nanoparticle has excellent proper-
ties as a drugdelivery vehicle: a narrow size distribution
near 70 nm, negative surface charge, and controlled
drug release. In addition, these characteristics are
consistent with other polymer NP formulations includ-
ing commercial formulations of Genexol-PM and BIND-
004.28,29 It is important to note that the addition of the
targeting ligand (folate) did not significantly change
the particle size, charge, or drug release profile.
Previous studies have demonstrated that targeting

ligands can promote intracellular uptake of NPs, leading
to higher intracellular drug accumulationwithin cancer
cells.30,31 This increased therapeutic concentration can
in turn lead to increased radiosensitization. In this
study, we confirmed that incorporation of a folate

targeting ligand can lead to enhanced, and presum-
ably folate-receptor-mediated, intracellular uptake of
NPs in tumor cells overexpressing the folate receptor.
We also demonstrated that nontargeted NPs had
minimal nonspecific uptake, highlighting the impor-
tance and utility of biological targeting. However, we
were surprised by the apparently lower initial radio-
sensitization efficacy of FT-NP Dtxl when compared to
Dtxl at its IC50 concentration. Since polymeric nano-
particles release drug in a controlled fashion, different
than that of small-molecule chemotherapeutics, we
hypothesized that the controlled drug release may
affect the timing of radiotherapy to achieve the max-
imal radiosensitization. A previous report has also
suggested radiosensitization efficacy depends on the
timing of irradiation with nanoparticle-albumin-bound
paclitaxel (nab-paclitaxel).21 Therefore, we studied the
radiosensitization efficacy of FT-NP Dtxl with radio-
therapy given at different time points after drug incu-
bation. Indeed, we observed that the time point for
maximal radiosensitization with FT-NP Dtxl was 24 h, in
contrast to 1 h for Dtxl. This finding was confirmed by
repeating higher in vitro radiosensitization with radio-
therapy given at 24 h post-drug incubation. Although
the 24 h time point corresponded to the time where the
majority of the drug (95%) has been released from the
NPs, it does not fully explain the difference between
24 h and the other time points such as 16 h or the
dramatic decrease in survival between time points at
16 h and earlier vs 24 h and later. Further studies are
under way to explain such differences.
Lastly, we studied the comparative efficacy of Dtxl,

NT-NP Dtxl, and folate-targeted NP Dtxl as radiosensi-
tizers in vivo. Using murine xenografts of KB cells, we
were able to demonstrate that FT-NP Dtxl was more
effective as a radiosensitizer than Dtxl and NT-NP Dtxl,
highlighting the importance of biological targeting.
Even though FT-NP Dtxl had the same efficacy as Dtxl
in vitro, its in vivo efficacy may have been enhanced by
the unique properties of nanoparticles, such as EPR and
molecular targeting. In addition, we confirmed that
radiosensitization efficacy was dependent on timing of
radiotherapy in the in vivo setting as well. In this in vivo
experiment, irradiation at 12 h post-drug administration
produced the maximum radiosensitization. The differ-
ence in optimal time of irradiation between in vitro and
in vivo is likely due to the inherent differences in
pharmacokinetics and tumor cell biology between in

vitro and in vivo experimental systems. Also, around 20
dpost-treatment, we see a rapid increase in the change
in tumor volume. This is most likely a result of a
phenomenon known as accelerated repopulation.32,33

Briefly, in this process the few tumors cells surviving
the initial chemo- or radiotherapeutic treatment de-
monstrate an ability to repopulate the damaged tumor
at an accelerated rate. The molecular mechanisms for
accelerated repopulation are still emerging.34
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Nonetheless, we have demonstrated that timing of
irradiation can be critical to the efficacy of radiosensi-
tization. Given the similar finding on nab-paclitaxel,
this suggests a potential unique property to nanopar-
ticle formulations of taxanes. Nanoparticle taxanes are
poised to be evaluated as radiosensitizers in clinical
trials; the success of these trials can depend on our full
understanding of the optimal timing of irradiation. Our
laboratory has initiated studies to elucidate potential
mechanisms for the timing dependence of FT-NP Dtxl.
Overall, the data suggest that there is an optimal time for
radiosensitization for eachNPplatform. Such information
will be crucial in clinical trial design of radiosensitization
using NP therapeutics.

In conclusion, a folate-targeted nanoparticle for-
mulation of Dtxl is an effective radiosensitizer in
folate-receptor-overexpressing head and neck tu-
mor cells. Time of irradiation can be critical in achiev-
ing maximal efficacy with this nanoparticle platform.
To the best of our knowledge, this study is the first to
demonstrate the potential of molecularly targeted
NPs as a promising new class of radiosensitizers. Our
comprehensive in vitro and in vivo characterization
of the FT-NP Dtxl and findings provide rationale for
its further study for clinical development. Further,
our finding on the time-dependent radiosensitiza-
tion may apply to other types of nanoparticles with
controlled drug release.

MATERIALS AND METHODS
Materials. All chemicals were obtained from Sigma-Aldrich

(St. Louis, MO, USA) unless otherwise noted. PLGA (poly(D,L-
lactide-co-glycolide)) with a 50:50 monomer ratio, ester-termi-
nated, and viscosity of 0.72�0.92 dL/g was purchased from
Durect Corporation (Pelham, AL, USA). Soybean lecithin con-
sisting of 90�95% phosphatidylcholine was obtained from
MP Biomedicals (Solon, OH, USA). DSPE�PEG2000�COOH
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-carboxy-
(polyethylene glycol) 2000) and DSPE�PEG2000�Folate (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-carboxy-
(polyethylene glycol) 2000-Folate) were obtained from Avanti
Polar Lipids (Alabaster, AL, USA).

Formulation and Characterization of NP Docetaxel. PLGA�lecithin�
PEG core�shell NPs were synthesized from PLGA, soybean lec-
ithin, and DSPE�PEG�COOH using a previously reported nano-
precipitation technique.24 Briefly, PLGA was dissolved in acetoni-
trile at a concentration of 1 mg/mL. To generate folate-targeted
NPs, (lecithin)/(DSPE�PEGþ DSPE�PEG�Folate) (7:3molar ratio)
with a weight ratio of 15% to the PLGA polymer was dissolved in
4% ethanol aqueous solution and heated to 56 �C. The PLGA/
acetonitrile solution was then added dropwise to the heated
aqueous solution under gentle stirring followed by 3 min of
vortexing. The nanoparticles were allowed to self-assemble for
2 h with continuous stirring under vacuum. The NP solution was
washed twice using an Amicon Ultra-4 centrifugal filter (Millipore,
Billerica, MA, USA) with a molecular weight cutoff of 20 kDa and
then resuspended in an equal volume of 2� PBS to obtain a final
desired concentration. The NPs were used immediately. NP size
(diameter,nm) and surface charge (ζ-potential,mV)wereobtained
with a ZetaPALS dynamic light scattering detector (Brookhaven
Instruments Corporation, Holtsville, NY, USA). Transmission elec-
tron microscopy (TEM) images were obtained at the Microscopy
Services Laboratory Core Facility at the UNC School of Medicine.

NP Dtxl Formulation, Characterization, and Release. To prepare
drug-encapsulated NPs, Dtxl at a dosage of 10% (w/w) of the
polymer was dissolved into the PLGA/acetonitrile solution
before nanoprecipitation. To measure the drug loading yield
and release profile of Dtxl, 3 mL of NP solutions at a concentra-
tion of 0.5 mg/mL was split equally into 30 Slide-ALyzer MINI
dialysis microtubes with a molecular weight cutoff of 10 kDa
(Pierce, Rockford, IL, USA) and subject to dialysis against 4 L of
phosphate-buffered saline (PBS) with gentle stirring at 37 �C.
PBS was changed periodically during the dialysis process. At the
indicated times, 0.1 mL of solution from three microtubes was
removed and mixed with an equal volume of acetonitrile to
dissolve the NPs. Dtxl content was subjected to quantitative
analysis using an Agilent 1100 HPLC (Palo Alto, CA, USA)
equipped with a C18 chromolith flash column (Merck KGaA
Darmstadt, Germany). Dtxl absorbance was measured by an
UV�VIS detector at 227 nm and a retention time of 1.5 min in

0.25 mL/min 50:50 acetonitrile/water nongradient mobile
phase.

Cell Culture. KB cells were acquired from the Tissue Culture
Facility at the Lineberger Comprehensive Cancer Center at UNC.
The HTB-43 cells were obtained fromATCC (Manassas, VA, USA).
KB cells were cultured in folate-free RPMI 1640 (Gibco, Invitro-
gen, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (Mediatech, Manassas, VA, USA) and penicillin/strepto-
mycin (Mediatech). HTB-43 cell were cultured in MEM (Cellgro)
supplemented with 10% fetal bovine serum (Mediatech) and
penicillin/streptomycin (Mediatech).

Fluorescence Microscopy. NPs were prepared as above with the
addition of 4 ug of TopFluor cholesterol (Avanti Polar Lipids) to
the PLGA/acetonitrile solution. KB and HTB-43 cells were grown
in chamber slides (LABTEK-II) and treated with 140 ug/mL of FT-
NP or NT-NP for 1 h andwashed three times with PBS. Cells were
fixed with 3.7% paraformaldahyde, permeabilized with 0.5%
Triton X-100, and washed three times with PBS. Coverslips were
mounted on the chamber slide with Prolong Gold (Molecular
Probes, Invitrogen, Carlsbad, CA) for microscopy. Images were
acquired with an IX 81 microscope (Olympus) and an ORCA-R2
camera (Hamamatsu Photonics K.K.) at the Microscopy Services
Laboratory Core Facility at the UNC School of Medicine.

Western Blots. Whole cell lysates were generated using HNTG
lysis buffer. Lysates were separated on 10% polyacrylamide gels
(Biorad) and transferred to PVDF (Millipore) for immunoblotting.
Anti-R-tubulin (Sigma) and anti FRR (Genetex) were used as
primary antibodies, and goat anti-rabbit-HRP (Cell Signaling)
was used as a secondary Ab.

Dose Response. Cells were seeded at 10 000 cells/well in a 96-
well plate format. Cells were treated with therapeutics for 1 h
and washed two times with PBS after incubation. Normal
growth media was replaced. After 24 h, an MTS assay (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium, inner salt) (Promega, Madison,WI, USA)
was performed per the manufactures instructions. Cell viability
was measured on a Biotek Synergy 2 plate reader (Winooski,
VT, USA).

Drug Uptake. Cells were treated at 70% confluency in a 10 cm
dish with therapeutics for 1 h and washed two times with PBS
after incubation. Cells were trypsinized and counted. The cell
pellet was lysed with a 1:1 mixture of H2O andMeOH, and lysate
was separated via centrifugation. The supernatant was analyzed
for Dtxl via HPLC.

In Vitro X-ray Irradiation. The irradiation was produced by an
Precision X-RAD 320 (Precision X-ray, Inc., North Branford, CT,
USA) machine operating at 320 kvp and 12.5 mA. The dose rate
at a source�subject distance of 50 cm was 260 cGy/min. The
machine output was routinely calibrated using an air ionization
chamber. The cells were washed with fresh medium prior to
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irradiation. The cells were then radiated with X-ray irradiation at
room temperature.

Clonogenic Survival Assay. Cells were seeded at various densi-
ties ranging from 100 to 100 000 cells in 4mL of culturemedium
in 25 mL flasks 1 day prior to treatment. Cells were treated with
therapeutics for 1 h and washed three times with fresh media
after incubation. The cells were then radiated at various time
points at 0, 2, 4, 5, 6, 7, 8, and 9 Gy, respectively. The cells were
incubated for 10 days after irradiation. After 10 days, the cells
were fixed in 50% acetone/50% methanol and stained with
trypan blue. All colonies with over 50 cells were counted. The
relative cell surviving fraction was calculated by dividing the
number of colonies of radiated cells by the cells plated, with a
correction for the plating efficiency.

In Vivo Tumor Assay. Tumors were established in the left flank
of Nu/Nu mice by injecting 1 � 106 KB cells in a 1:1 RPMI/
Matrigel solution. Tumors were incubated for 10 days prior to
treatment. Micewere treated ivwith 2mg/kg of Dtxl (whether in
polysorbate form or incorporated in the equivalent amount of
NT-NP or FT-NP) and subsequently irradiated using a Precision
X-RAD 320 (Precision X-ray, Inc.) machine operating at 320 kvp
and 12.5 mA. The dose rate at a source�subject distance of
70 cmwas 50 cGy/min. Only the tumor/flank regions of themice
were irradiated, as the head and chest were protected by lead
shielding. Tumor volume was measured every other day until
the tumor reached 3 times the initial volume or 2 cm diameter,
at which point the animal was euthanized. All animal work was
approved and monitored by the University of North Carolina
Animal Care and Use Committee.

Statistics. To statistically compare the change in tumor
volume for mice treated with NT-NP Dtxl þ XRT (3 h) and FT-
NP Dtxlþ XRT (3 h) groups, we chose the area under the growth
curve (AUC) over the largest common observation period as an
indicator of growth rate. The largest common observation
period of the two groups is from time 0 to day 26. We used
the trapezoidal rule to approximate AUC. On the basis of the
AUCs, the Wilcoxon rank sum test was performed to compare
the growth rates between the two groups. The exact one-sided
p-value of theWilcoxon rank sum test was calculated. Data were
considered statistically significant when the p value was less
than 0.05.

Histology. Tumors were excised from the animals at the
indicated times. Samples were fixed in 2% paraformaldehyde,
embedded in paraffin, and sectioned. Hematoxylin and eosin
staining was performed. Images were acquired with an IX 81
microscope (Olympus) at the Microscopy Services Laboratory
Core Facility at the UNC School of Medicine.
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