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ABSTRACT: For many locally advanced tumors, the chemo- Release Kinetics
therapy—radiotherapy (CT—RT) combination (“chemoradiation”)

is currently the standard of care. Intratumoral (IT) CT-based
chemoradiation has the potential to overcome the limitations of
conventional systemic CT—RT (side effects). For maximizing the
benefits of IT CT—RT, our laboratory has previously developed a
radiation-controlled drug release formulation, in which anticancer
drug paclitaxe] (PTX) and radioluminescent CaWO, (CWO)
nanoparticles (NPs) are co-encapsulated with poly(ethylene oo,
glycol)—poly(lactic acid) (PEG-PLA) block copolymers (“PEG- oo
PLA/CWO/PTX NPs”). These PEG-PLA/CWO/PTX NPs enable
radiation-controlled release of PTX and are capable of producing
sustained therapeutic effects lasting for at least one month following
a single IT injection. The present article focuses on discussing our recent finding about the effect of the stereochemical structure of
PTX on the efficacy of this PEG-PLA/CWO/PTX NP formulation. Stereochemical differences in two different PTX compounds
(“PTX-S” from Samyang Biopharmaceuticals and “PTX-B” from Biotang) were characterized by 2D heteronuclear/homonuclear
NMR, Raman spectroscopy, and circular dichroism measurements. The difference in PTX stereochemistry was found to significantly
influence their water solubility (WS); PTX-S (WS = 4.69 ug/mL) is about 19 times more water soluble than PTX-B (WS = 0.25
ug/mL). The two PTX compounds showed similar cancer cell-killing performances in vitro when used as free drugs. However, the
subtle stereochemical difference significantly influenced their X-ray-triggered release kinetics from the PEG-PLA/CWO/PTX NPs;
the more water-soluble PTX-S was released faster than the less water-soluble PTX-B. This difference was manifested in the IT
pharmacokinetics and eventually in the survival percentages of test animals (mice) treated with PEG-PLA/CWO/PTX NPs + X-rays
in an in vivo human tumor xenograft study; at short times (<1 month), concurrent PEG-PLA/CWO/PTX-S NPs produced a greater
tumor-suppression effect, whereas PEG-PLA/CWO/PTX-B NPs had a longer-lasting radio-sensitizing effect. This study
demonstrates the importance of the stereochemistry of a drug in a therapy based on a controlled release formulation.
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1. INTRODUCTION

Arguably, paclitaxel (PTX) is the most successful anticancer
drug in history." PTX was the first cancer drug whose annual
global sales reached $1 billion in 1997, and it achieved an all-
time high annual turnover of $1.6 billion worldwide in 2001.”
Although PTX has been used in clinics for decades now,
research is still on the rise to develop improved delivery
systems for this drug.” The past decade (2009—2018) has seen
a staggering 113 and 79% increases in the numbers of patents
on oral and parenteral PTX delivery systems, respectively,
relative to the prior decade (1999—2008), underscoring the
still transformative nature of this field.® Specifically, the
number per decade of nanomaterial-based oral/parenteral
PTX delivery patents has increased by >100% between 1998
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and 2018.” Since its discovery in the 1960s, PTX has become
an indispensable drug in the fight against cancer.

PTX was first derived from the bark of the Pacific yew tree in
the early 1960s during a large-scale natural product screening
program instituted by the National Cancer Institute (NCI)."
PTX elicits cytotoxic effects in cancer cells, including leukemia,
carcinoma, and sarcoma cells, of both human and rodent/
murine origins.”> The identification of PTX as the compound
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responsible for the anticancer effect produced by the Pacific
yew tree extract led to the fast-tracked evaluation of this
compound as a candidate cancer therapeutic in clinical trials.®
The increased demand for PTX after successful human clinical
trials necessitated the development of an alternative PTX
production method for sustainable production of the drug and
also for preservation of Pacific yew.” This need prompted an
R&D partnership between the NCI and Bristol Myers Squibb
(BMS), which resulted in the development of a process for
large-scale production of PTX from twigs and needles from
Pacific yew in 1991;" this process was more sustainable than
producing PTX from the inner bark of the tree, which basically
kills the tree; this process involved semisynthetic production in
which PTX precursors were first isolated from Pacific yew’s
twigs and needles and then converted into PTX through
extensive chemical reactions. However, modern industrial PTX
manufacturing has since pivoted to cell culture processes to
meet even increased demands.” Currently, Phyton Biotech
(Canada) houses the world’s largest cell culture operation that
produces most of the PTX supply to the world.” Plant cell
culture has become the industry standard due to the advantage
of producing PTX at higher yields, with other top
manufacturers, such as Samyang Biopharmaceuticals (South
Korea), adopting it for its commercial production of PTX.

The mechanism behind the cytotoxic effect of PTX was
discovered by Horwitz and Schiff in 1979 who showed that the
primary mode of action is the stabilization of tubulin subunits
by PTX during the mitotic phase.'” Tubulin subunits are
monomers that constitute microtubules, the primary compo-
nents of the mitotic spindle apparatus.'' The increased stability
of microtubules in the presence of PTX inhibits the
reorganization of the microtubule network, arrests the cell in
the G2 and M phases during the cell division process, and
ultimately causes mitotic catastrophe and apoptotic cell
death."'”'” When used in combination with radiotherapy,
PTX produces radiosensitizing effects because it causes a cell
cycle arrest in the most radiosensitive G2/M phase."””"
Cancer cells have been shown to become more responsive to
lower doses of radiation after treatment with PTX, proving its
utility as a radio—sensitizer.'>'® The added benefit of
radiosensitization makes PTX a highly potent drug for use in
chemo radio combination therapy.

Despite its therapeutic effectiveness, PTX suffers from a
crucial drawback—poor water solubility.'” Being practically
insoluble in water, PTX needs a solubilizer for systemic (e.g.,
intravenous (IV)) administration. One example is Cremophor-
EL (CrEL), a polyoxyethylene castor oil derivative (a nonionic
surfactant), used as the vehicle in the commercial PTX
formulation called Taxol (BMS).'® IV-infused Taxol (which
also contains ethanol) has been shown to cause Grade I—
Grade IV toxicity in the majority of patients who received
it.'"®'? Currently, chemoradiation (concurrent/sequential
chemotherapy—radiotherapy combination (CT—RT)) is the
standard treatment for patients with inoperable/locally
advanced cancer because this combination produces benefits
in terms of tumor response and overall survival relative to
either alone.”” Unfortunately, however, using chemotherapeu-
tic drugs on top of radiation significantly increases side effects,
resulting in a progressive worsening of the quality of life for
patients.”' ~** The seriousness of side effects of conventional
chemoradiation (CT—RT) raises a need for tumor-specific
radiosensitization.

Nanoparticulate drug delivery systems have been developed
for tumor-targeted delivery of PTX. Examples include
Abraxane (albumin-conjugated PTX), which was FDA-
approved in 2005.”> Abraxane does not require an organic
solvent or a solubilizer, is IV administered with saline solution,
and thus carries significantly reduced side effects.”® Genexol-
PM is a poly(ethylene glycol)—poly(lactic acid) (PEG-PLA)
block copolymer nanomicelle formulation of PTX that has
been approved in South Korea.”” Hydrophobic drugs such as
PTX are encapsulated inside the core domains of polymeric
micelles.”**° The PEG corona of polymer micelles provides
for shielding against rapid clearance by the phagocyte system
and thus increases the circulation time of the micelle and the
bioavailability of the drug.”**"*> However, these nanodelivery
systems still fall short of completely eliminating the off-target
toxicity of systemic CT.

Using deep-penetrating ionizing radiation (such as X-rays)
as a triggering mechanism for drug release is gaining increasing
attention because of its applicability to deep-seated tumors.
This radiation-controlled drug release approach has advantages
over other stimuli-responsive drug release mechanisms. Tumor
microenvironment-responsive drug delivery systems (such as
pH, hypoxia, and enzyme-responsive systems)’’ >’ do not
allow external control of the release kinetics. Drug carriers
responsive to external stimuli such as heat’™*” or light*>* are
not optimal for treating deep tissue tumors. External X-ray
beam radiation is unique in its ability to deeply penetrate tissue
layers*” and is thus an attractive means to control drug release
kinetics and thereby achieve maximum intratumoral bioavail-
ability and minimum off-target adverse effects of the drug. X-
rays (1—4 Gy, 6 MeV) have been shown to be able to trigger
doxorubicin (DOX) release from gold nanoparticle/photo-
sensitizer-coloaded liposomes;** under X-ray irradiation, gold
nanoparticles and photosensitizers produce reactive oxygen
species (ROS), which destabilize the lipid membrane and
cause the release of the encapsulated DOX. X-ray-triggered
release of DOX has also been demonstrated with a diselenide-
based triblock copolymer micelle formulation under low-dose
irradiation (2 Gy, energy unspecified);** in an H,O,-rich
environment, H,O, forms complexes with selenyl radicals
produced by X-rays and thus prevents them from recombining;
and the cleavage of diselenide causes the disintegration of the
micelle, resulting in the release of DOX from it. Higher doses
of X-rays (5—7 Gy, energy unspecified) have been shown to be
able to trigger DOX release from polyamidoamine-based
dendrimers;" the DOX release was achieved by the breakage
of disulfide bonds within a polyamidoamine dendrimer
modified with L-cysteine residues. It has been reported that
DOX was released from poly(ethylene glycol)—poly(e-
caprolactone) (PEG-PCL) micelles coloaded with DOX and
chlorin e6 (Ce6, a photosensitizer) after exposure to high-dose
X-rays (10—50 Gy, 240 keV).* However, prior to ours, no
formulation had been shown to be capable of efficiently
releasing drug without the aid of a photosensitizer in a H,O,-
free environment in response to the low (2 Gy) X-ray dose
used in standard fractionated radiotherapy.”” Higher doses of
X-rays cause genotoxicity and increase the chances of
radiation-induced cancer.***” A X-ray-triggered drug release
system that works for a certain type of drug may not work for
other drugs.*

Our laboratory has recently developed a low-dose X-ray
radiation-controlled drug release (RCDR) platform.” In this
RCDR system, anticancer drugs (such as paclitaxel (PTX)) are

https://doi.org/10.1021/acs.molpharmaceut.2c00148
Mol. Pharmaceutics XXXX, XXX, XXX—=XXX


pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.2c00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

PEG- /PTX

Intratumorally injected PEG-

PTX is released from the
domain as degrades
under X-rays

Eﬁf
%;é

NPs produce UV-A under X-
ray radiation which causes radio
sensitization of cancer cells

/PTX NPs

potentiate effective chemoradlatlon therapy

Figure 1. Schematic explanation of the working of the “PEG-PLA/CWO/PTX NP” radiation-controlled drug release system. The formulation
consists of a CaWO, (CWO) nanoparticle (NP) core and a poly(ethylene glycol)—poly(p,L-lactic acid) (PEG-PLA) polymer micelle sheath.
Chemotherapy drugs, paclitaxel (PTX), are loaded in the hydrophobic domain formed by the PLA blocks. Upon exposure to X-rays, the PEG-PLA
coating layer degrades, and the PTX molecules are released from the NP system. The radioluminescent CWO NPs emit UV-A/blue light (350—
525 nm) under X-ray excitation, which also produces radioenhancement/radiosensitization effects in tumor tissues. Concomitant PEG-PLA/
CWO/PTX NPs enhance the effectiveness of chemoradiation for locally advanced tumors.

co-encapsulated with nontoxic radioluminescent CaWO,
(CWO for short) nanoparticles (NPs) within protective
capsules formed by biosafe PEG-PLA block copolymers
(Figure 1).°° Under X-ray irradiation, radioluminescent
CWO NPs produce UV-A/blue light (320—400 nm)*" that,
combined with X-rays, triggers degradation of PLA and release
of drugs from the PLA coating (Figure 1). In the absence of
radiation, these drug-loaded PEG-PLA-encapsulated CWO
NPs (“PEG-PLA/CWO/PTX NPs”) showed very low drug
(PTX) release. In contrast, upon exposure to a 7 Gy X-ray
dose, a sudden burst release of PTX was observed; this
radiation-triggered release phase was followed by a slower
release phase over the remaining nonirradiated period. Similar
PTX release profiles were observed at lower X-ray doses (e.g.,
at the clinical 2 Gy per fraction dose), and the PTX release rate
was linearly proportional to the radiation dose. The results of
the evaluation of radiosensitization efficacy in HN31 (pS3-
mutant (radioresistant) human head and neck cancer) cells in
vitro and also in mice bearing HN31 xenografts in vivo
validated that PEG-PLA/CWO/PTX NPs are indeed capable
of inducing a significant synergistic enhancement of the effect
of X-rays. CWO NPs are biosafe,”* and they bring additional
benefits of producing some level of photodynamic therapy
effects.”> >

In the present study, we investigate the effects of PTX
stereochemistry on the radiation-triggered PTX release proper-
ties and also the in vitro and in vivo therapeutic performance of
PEG-PLA/CWO/PTX NPs. This study was initiated by an
unexpected discovery of the fact that PTX products from two
different manufacturers (“PTX-S” from Samyang Biopharma-
ceuticals and “PTX-B” from Biotang) exhibit significantly
discrepant radiation-induced release characteristics. Detailed
NMR analysis suggests that PTX-S and PTX-B differ in their
stereochemical features. This difference in stereochemistry
between PTX-S and PTX-B produces a significant difference in
their water solubility and thus also in the kinetics of their X-
ray-triggered release from the PEG-PLA/CWO/PTX NP
formulations; PTX-S is significantly more water soluble and
thus released more rapidly from the carrier. Unencapsulated
PTX-S and PTX-B exhibit similar levels of cytotoxicity.

However, in both in vitro and in vivo assays, PEG-PLA/
CWO/PTX-S NPs were found to produce greater radio-
sensitization effects on short timescales than PEG-PLA/CWO/
PTX-B NPs; on the other hand, longer-lasting therapeutic
effects were observed for PEG-PLA/CWO/PTX-B NPs, which
is consistent with the fact that PTX-B is released slower. To
our knowledge, this is the first demonstration of how PTX
stereochemistry influences the pharmacokinetic properties of
PTX formulations.

2. EXPERIMENTAL PROCEDURES

2.1. Synthesis of Poly(ethylene glycol)—Poly(p,L-lactic
acid) (PEG-PLA) and Calcium Tungstate CaWO, (CWO)
Nanoparticles (NPs). The PEG-PLA block copolymer used
in this study was synthesized by ring-opening polymerization
of racemic lactide using monomethoxy monohydroxy PEG
(mPEG-OH, M, = 5.0 kDa) as the initiator and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) as the catalyst, as
described in our previous publications;**™>* DBU was used
(instead of conventional tin catalysts) because DBU enables
the room-temperature polymerization of LA, producing
polymers with much narrower molecular weight distributions
due to the absence of transesterification reactions. The
number-average molecular weight of the PLA block was
determined by 'H NMR (Figure S1 of the Supporting
Information (SI)) to be M, = 4.78 kDa.

CWO NPs were synthesized using a microemulsion
method.>® Briefly, 0.3 mL of 2 mM sodium tungstate
(Na,WO,) in 0.1 M HCI (in Milli-Q-purified water) and 0.2
mL of 2 mM calcium chloride (CaCl,) in Milli-Q water were
added to a solution containing 0.364 mg of cetyltrimethy-
lammonium bromide (CTAB) in 10 mL of cyclohexane and 1
mL of 1-hexanol. The mixture was magnetically stirred for 15
min at 60 °C and then transferred into a Teflon-lined autoclave
reactor. The reactor was placed in an oven at a temperature of
160 °C for 24 h. The reaction product was isolated by
centrifugation at 5,000 rpm for 10 min and washed 3 times by
stirring in 20 mL of ethanol and 2 times by stirring in 20 mL of
dichloromethane (DCM) with intermediate centrifugation.
Pristine CWO NPs (0.25 mg) were dispersed in 1 mL of Milli-

https://doi.org/10.1021/acs.molpharmaceut.2c00148
Mol. Pharmaceutics XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.2c00148/suppl_file/mp2c00148_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c00148?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c00148?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c00148?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c00148?fig=fig1&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.2c00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

SN

Figure 2. TEM micrographs of nanoparticles. Representative TEM images of (A) uncoated CWO NPs (scale bar: 20 nm), (B) CWO/PEG-PLA/
PTX-S NPs prepared using PTX from Samyang (“PTX-S”) (scale bar: S0 nm), and (C) CWO/PEG-PLA/PTX-B NPs prepared using PTX from
Biotang (“PTX-B”) (scale bar: 100 nm). A filtered suspension containing pristine/formulated NPs in Milli-Q water was placed on a TEM grid, air-
dried, and negatively stained with 2% uranyl formate for TEM analysis. The mean diameter of pristine CWO NPs was determined by examining 25
uncoated primary NPs in TEM microscopic fields of view to be 19.2 nm with a coefficient of variation of 0.10.

Q water, and the suspension was filtered using a 450 nm PTFE
filter for TEM analysis (Figure 2A); from TEM images, the
mean diameter of the pristine CWO NPs was estimated to be
19.2 nm with a coefficient of variation of 0.1.

2.2. Preparation and Characterization of PTX-Loaded
PEG-PLA-Encapsulated CWO NPs (“PEG-PLA/CWO/PTX
NPs”). PEG-PLA/CWO/PTX NPs were prepared using a
solvent-exchange procedure described in our previous
publication.® PTX compounds were purchased from two
different vendors: (i) “PTX-S” manufactured by Samyang
Biopharmaceuticals Corp., Inc. (South Korea) and (ii) “PTX-
B” purchased from a US distributor, Biotang, Inc. (Lexington,
MA) (manufactured by TSZ Chem (China), Catalog
#RS036). Briefly, 30 mg of PTX and 300 mg of PEG-PLA
were dissolved in 3.9 g of dimethylformamide (DMF, >99.9%
purity, Sigma-Aldrich). CWO NPs (0.5 mg) were then
dispersed in 2.1 g of Milli-Q water. The two solutions were
mixed in a vial. The mixture was agitated using a high-speed
disperser at 15,000 rpm under simultaneous ultrasonication for
S min. The final solution was centrifuged at 5,000 rpm for 10
min. The supernatant was discarded. The PEG-PLA/CWO/
PTX NP pellet was collected. The NP pellet was resuspended
in Milli-Q water (for TEM) or phosphate-buffered saline
(PBS) (for DLS) at a CWO concentration of 0.25 mg/mL, and
the suspension was filtered with a 450 nm PTFE filter for TEM
(Tecnai F20, FEI) or DLS (ZetaPALS, Brookhaven Instru-
ments) analysis (Figures 2B and S2, respectively). The DLS
hydrodynamic diameters (mean + SE, N = 5) were determined
to be 54.5 + 0.3 nm for filtered PEG-PLA/CWO NPs, 69.9 +
0.8 nm for filtered PEG-PLA/PTX-S NPs, 71.6 + 0.6 nm for
filtered PEG-PLA/CWO/PTX-S NPs, and 72.2 + 0.6 nm for
filtered PEG-PLA/CWO/PTX-B NPs (Figure S2). The
hydrodynamic diameters of unfiltered PEG-PLA/CWO/PTX
NPs were 309.2 + 0.6 nm for PEG-PLA/CWO/PTX-S NPs
and 338.0 + 0.6 nm for PEG-PLA/CWO/PTX-B NPs. The
PEG-PLA/CWO/PTX weight ratios were determined by a
combination of thermogravimetric analysis (TGA, organic-to-
inorganic mass ratio, Figure S3), atomic absorption spectros-
copy (AAS, CWO content), and high-performance liquid
chromatography (HPLC, PTX content) measurements to be
1.77:1.00:0.56 for unfiltered PEG-PLA/CWO/PTX-S NPs and
2.44:1.00:0.55 for unfiltered PEG-PLA/CWOQO/PTX-B NPs.
The PTX encapsulation efficiencies were determined by HPLC

to be 1.49% for unfiltered PEG-PLA/CWO/PTX-S NPs and
1.40% for unfiltered PEG-PLA/CWO/PTX-B NPs. The
filtration efficiencies were determined by AAS to be 24% for
PEG-PLA/CWO/PTX-S NPs and 27% for PEG-PLA/CWO/
PTX-B NPs. See Section 2.4 below for HPLC procedures.

For TGA analysis, PEG-PLA/CWO/PTX NP samples were
prepared in the same way as described above, except that the
samples were subject to an additional drying step in a
benchtop freeze drier (FreeZone 4.5 Plus Cascade Benchtop
Freeze Dryer, Labconco). TGA measurements were performed
using an SDT-Q600 TGA/DSC instrument (TA Instruments).
Weight loss profiles were obtained during heating from room
temperature to 1000 °C at a ramp rate of 4 °C/min in a helium
environment. PEG-PLA/PTX NP samples were prepared from
an initial 9:1 by weight mixture of PEG-PLA and PTX using a
procedure similar to that for PEG-PLA/CWO/PTX NP
samples.

2.3. Gel Permeation Chromatography (GPC) Analysis
of PEG-PLA Polymers after Exposure to X-rays/UV-A
Light. 0.7 mg of PEG-PLA/CWO NPs, unloaded PEG-PLA
NPs (micelles), or butylated hydroxytoluene(BHT)-loaded
PEG-PLA/CWO NPs were dissolved in 1.45 mL of PBS. The
suspension was exposed to a single 7 Gy dose of X-ray
irradiation (XRAD 320, 320 keV, 2.15 Gy/min) or UV-A light
(UVP UVGL-1S, 365 nm, exposure time = 11 s, source-to-
sample distance = 1 cm, UV fluence on the sample = 2.8 J/
cm?).”’ Immediately after irradiation, the polymer was
recovered from the irradiated solution by liquid—liquid
extraction (LLE) as follows. Dichloromethane (5 mL, DCM)
was added to the irradiated solution. The mixture was vortexed
for 10 min and then centrifuged at 5,000 rpm for 30 min. The
bottom DCM phase was collected and dried in a vacuum oven
at room temperature for 8 h. The dried polymer (0.5 mg) was
dissolved in 1 mL of inhibitor-free tetrahydrofuran (THEF,
HPLC grade, Sigma-Aldrich) and filtered with a 450 nm PTFE
filter for GPC analysis. GPC was performed on an Agilent
Technologies 1200 Series HPLC system equipped with 3
PLgel 5 um MIXED-C columns and a Hewlett-Packard
G1326A refractive index (RI) detector. Inhibitor-free HPLC-
grade THF was used as the mobile phase at 35 °C and a
flowrate of 1.0 mL/min. GPC measurement was also
performed on the pristine PEG-PLA for comparison.
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2.4. Kinetics of Radiation-Triggered PTX Release In
Vitro. The kinetics of X-ray-triggered release of PTX from
PEG-PLA/CWO/PTX NPs were measured using the follow-
ing procedure. Two milliliters of a S mg/mL (based on CWO
mass) PEG-PLA/CWO/PTX-S or PEG-PLA/CWO/PTX-B
NP suspension in PBS was placed in a dialysis bag (sealed at
both ends with clips) with SO kDa molecular weight cutoff.
The dialysis bag was submerged in 100 mL of PBS and kept
under continuous magnetic stirring at room temperature. The
NP solution was irradiated with 2 Gy X-rays (XRAD 320, 320
keV, 2.15 Gy/min) on Day 1. At designated times, the entire
dialysis medium was replaced with fresh PBS. The old medium
was collected and analyzed by HPLC for determination of the
concentration of PTX. PTX was extracted from the dialysis
medium by LLE as follows. The medium (50 mL) was mixed
with SO mL of DCM (>99.5% purity, Sigma-Aldrich) in a
separating funnel. The mixture was vigorously stirred for 15
min and then kept quiescently for 1 h until it formed two
distinct layers. The bottom DCM phase was collected and
dried in a vacuum oven at room temperature for 8 h. The
resulting pellet was dissolved in 2 mL of acetonitrile (ACN,
HPLC grade, Sigma-Aldrich). The solution was analyzed on an
Agilent Technologies 1100 Series HPLC system. The mobile
phase was a 1:1 by volume mixture of Milli-Q-purified water
and HPLC-grade ACN at a flowrate of 1 mL/min with a C18
column as the stationary phase (S ym, 4 X 125 mm). The
solution (10 pL) was injected into the HPLC system. The
PTX absorbance was measured at 227.6 nm using a UV
detector. A concentration calibration curve was prepared using
PTX solutions prepared at different concentrations of PTX in
the range of 10—1000 pg/mL.

2.5. NMR, Raman Spectroscopy (RS), Circular Dichro-
ism (CD), Adsorption, and Water Solubility (WS)
Characterizations of the Stereoisomers of PTX, PTX-S,
and PTX-B. 1D 'H NMR spectra were obtained from 2 mg/
mL solutions of PTX-S and PTX-B in CDCl; using a Bruker
Advance III HD 400 NMR spectrometer. 2D 'H/"C NMR
Heteronuclear Multiple Quantum Coherence (HMQC) and
"H NMR Nuclear Overhauser Effect Spectroscopy (NOESY)
measurements were performed on 25 mg/mL solutions of
PTX-S and PTX-B in CDCI; using the same instrument as
above. The procedures used for these measurements were
taken from refs 59, 60 (HMQC) and 60 (HMQC/NOESY).
RS measurements were performed on solid PTX-S and PTX-B
films using a ReactRaman 785 Raman spectrometer (Mettler-
Toledo). CD spectra were obtained from 0.1 mM solutions of
PTX-S and PTX-B in ACN using a Jasco J-1500 CD
spectrophotometer. The solution was placed in a quartz
cuvette with a path length of 2 mm. The step resolution was 1
nm per point, and the time constant was 1 s. The molar
ellipticity was calculated from the measured ellipticity using the
equation

_ m'M
10LC (1)

where M, is the molar ellipticity (in millidegree-L-mol™"
cm™), m® is the measured ellipticity (in millidegrees), M is the
molecular weight of the compound (in g/mol), L is the path
length (in cm), and C is the concentration of the compound
(in g/L).

Measurement of PTX adsorption to CWO NPs was
performed as follows. 0.5 mg of CWO NPs was dispersed in
1 mL of a 0.25 mg/mL PTX solution in DCM. The suspension

M,

was centrifuged at 5,000 rpm for 15 min. The supernatant was
collected and dried. The dried pellet was dissolved in 1 mL of
ACN, and the concentration of PTX in this solution was
determined by HPLC using the procedure described in Section
2.4 above. The WS of PTX was measured as follows. PTX (1
mg) was dispersed in 1 mL of Milli-Q water. The suspension
was vortexed and ultrasonicated for equilibration. The
suspension was then centrifuged, and the concentration of
PTX in the supernatant was determined by HPLC similarly to
above.

2.6. Cell Culture. HN31 cells used in this study were
obtained from Dr. Jefferey N. Myers’ Iaborator?r at the MD
Anderson Cancer Center in Houston, TX.°" Dulbecco’s
modified Eagle’s medium (DMEM, Corning) supplemented
with 10% v/v fetal bovine serum (HyClone), 0.2% v/v L-
glutamine (Gibco), 1% v/v penicillin/streptomycin (Gibco),
and 1% v/v HEPES buffer (HyClone) was used as the growth
media. All cell culture was performed in an incubator
maintained at 37 °C, 5% CO,, and 90% relative humidity.
The cells were passaged once they reached 80% confluence.
The cell passaging was done as follows. The growth medium
was removed. The cells were washed with PBS (Gibco) once.
Trypsin (TrypLE Express, 1X) was added to the cells. The
cells were incubated with trypsin for 3 min in an incubator at
37 °C. The detached cells were diluted with the growth
medium and centrifuged at 300X g for S min at room
temperature. The resultant pellet was resuspended in 2 mL of
the growth medium. Cell counting was performed using a
hemocytometer. The cells were plated in T2S flasks (pre-
treated with corona discharge/vacuum plasma to assure
uniform growth of cells) at 1.0 X 10° cells per flask in the
growth medium.

2.7. In Vitro Cell Viability (MTT) Assay. The cytotoxicity
of unencapsulated PTX-S and PTX-B was evaluated in HN31
cells by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide) assay.” Briefly, HN31 cells in the
exponential growth phase were seeded in a polystyrene-coated
96-well plate at 0.5 X 10* cells per well in the growth medium.
The cells were allowed to grow for 24 h in an incubator with
5% CO, at 37 °C. Prescribed amounts of PTX-S and PTX-B
(10 uL of PTX solutions at varying PTX concentrations in a
1:1 by volume mixture of Cremophor-EL and ethanol) were
added to individual wells to different final PTX concentrations
(in the range of 1—100 nM, N = 3 per concentration). After
incubation for 48 h, 10 uL of the MTT reagent (Sigma-
Aldrich, S mg/mL in PBS) was added to each well. After 4 h of
additional incubation, formazan (formed from MTT in living
cells) was extracted from the cells by adding 150 uL of DMSO
and mixing for 5 min. The absorbance was recorded at 570 nm
using a SpectraMax iD3 Multi-Mode Microplate Reader to
determine the cell viability after the PTX treatment; the
absorbance from a blank well containing the growth medium/
Cremophor-EL/ethanol/DMSO was used for background
subtraction. Wells with cells treated with the drug vehicle (a
1:1 by volume mixture of Cremophor-EL and ethanol) were
used as the positive control for viability normalization.

2.8. In Vitro Clonogenic Cell Survival Assay. HN31
cells were seeded in six-well plates at densities of 1 X 10°, 2
X 10%, 4 X 10% and 8 X 10° cells per well for 0, 3, 6, and 9 Gy
X-ray doses, respectively (N =3 per dose). Three treatment
groups tested are (1) PEG-PLA/CWO/PTX-S NPs (0.2 mg/
mL in the growth medium) + X-rays, (2) PEG-PLA/CWO/
PTX-B NPs (0.2 mg/mL in the growth medium) + X-rays, and

https://doi.org/10.1021/acs.molpharmaceut.2c00148
Mol. Pharmaceutics XXXX, XXX, XXX—=XXX


pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.2c00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

(3) PBS (control) + X-rays. After treatment with NPs for 3 h,
the cells were exposed to different (0, 3, 6, and 9 Gy) doses of
320keV X-rays at a dose rate of 2.15 Gy per minute (XRAD
320, Precision X-ray). The irradiated cells were cultured for
14 days. Colonies formed by surviving cells were stained with
crystal violet dye. Colonies containing >50 cells were counted
as surviving colonies. The survival fraction was determined
from the number of colonies per well normalized by
unirradiated controls treated with the same NP formulation
or PBS.

2.9. HN31 Xenografts in NRG Mice. All mouse work was
performed in the Biological Evaluation Shared Resource (BE-
SR) facility of the Purdue University Center for Cancer
Research (PCCR) under our Purdue Institutional Animal Care
and Use Committee (PACUC) Protocol #1112000342.
Immune-deficient nonobese diabetic (NOD) Rag Gamma
(NRG) mice (female, 6—10 weeks old) were housed in
standard cages (in groups of 4 per cage) inside a cleanroom
facility with free access to food and water and 12 h automatic
light and dark cycles. Mice were acclimated in the facility for 1
week before xenograft implantation. HN31 xenografts were
generated by subcutaneously injecting 1.2 million cells in 0.1
mL of serum-free PBS containing 50% v/v Matrigel (BD
Bioscience) into the right flank of the mouse. It took about $
days for the implanted cells to develop into hard tumor tissues.

2.10. In Vivo Pharmacokinetics (PK) of PTX. The PK
profiles of the PTX released from PEG-PLA/CWO/PTX NPs
after X-ray irradiation were evaluated in mouse HN31
xenografts (NRG mice, female, 5—6 weeks old, N = 3 per
time point X 7 time points). Briefly, 1.2 X 10° HN31 cells (in
0.1 mL of PBS with S0% Matrigel) were implanted into the
right flank of each mouse. Once the mean tumor size reached
100 mm?®, 100 uL of a 10 mg/mL (based on CWO mass)
PEG-PLA/CWO/PTX suspension in PBS was injected into
the tumor in 2 equal portions (S0 L per injection) over 2 days
(on Days 0 and 1); after the injection, the total intratumoral
CWO concentration was 10 mg/cc of the tumor at t = 1 day.
Afterward, mice were given localized 2 Gy irradiation (320
keV, 2.15 Gy/min) of the tumors each day up to 4 days (from
Day 1 through Day 4) to a total maximum dose of 8 Gy. Mice
were divided into seven measurement groups: (Group 1)
euthanized on Day 0 (before NP injection) (control); (Group
2) euthanized on Day 1 (after NP injection and X-ray
irradiation); (Group 3) euthanized on Day 3 (after X-ray
irradiation); (Group 4) euthanized on Day 5; (Group S)
euthanized on Day 7; (Group 6) euthanized on Day 15; and
(Group 7) euthanized on Day 30. Mice in Group 2 received a
total of 2 Gy, Group 3 a total of 6 Gy, and the rest a total of 8
Gy (given in fractions of 2 Gy). After euthanasia, tumor, blood,
heart, lung, kidney, brain, spleen, and liver tissues were
collected, weighed, and stored. For quantitation of PTX
concentration, the tumor tissue was placed in a microtube with
microbeads (Precellys) and homogenized using a pulverizer
(Precellys). DCM (1 mL) was added to the homogenized
tissue (to extract PTX). The mixture was kept quiescently for
24 h. The DCM phase was collected and dried in a vacuum
oven at room temperature for 12 h. The resulting pellet was
dissolved in 2 mL of ACN. The solution was analyzed using an
Agilent Technologies 1100 Series HPLC system with reversed-
phase C18 columns. The PTX absorbance at 227.6 nm was
measured with a UV detector. The peak area was analyzed to
determine the PTX concentration against a standard
calibration curve equating concentration with absorbance

that was generated using standard solutions with known
PTX concentrations in the range between 10 and 1000 pg/mL.

2.11. In Vivo Biodistribution (BD) of PEG-PLA/CWO/
PTX NPs. The BD of PEG-PLA/CWO/PTX NPs was
evaluated in HN31 tumor-bearing NRG mice following
intratumoral (IT) administration. NP/X-ray treatment proto-
cols and sample collection timelines were the same as those for
the PK study (Section 2.10). After euthanasia, tumor, heart,
lung, kidney, brain, spleen, and liver tissues were collected,
weighed, and dried in an electric oven at 80 °C for 24 h. The
dried tissue was digested in 2 mL of piranha solution (al:lv/v
mixture of trace metal-free, concentrated sulfuric acid (98%,
Thermo Fisher Scientific) and hydrogen peroxide (Hyclone))
for 7 days. Afterward, 100 uL of the digested solution was
pipetted and diluted with 4.9 mL of Milli-Q-purified water.
The solution was filtered with a 0.45 ym PTFE filter and
analyzed by AAS (PinAAcle 900T Flame Atomic Absorption
Spectrometer, PerkinElmer) to determine the calcium content
of the sample. The calcium concentration was determined
based on a standard calibration curve.

2.12. In Vivo Tumor-Suppression Efficacy of PEG-
PLA/CWO/PTX NPs + X-rays. The radiosensitization efficacy
of PEG-PLA/CWO/PTX NPs was evaluated in a mouse
HN31 xenograft model. HN31 cells (1.2 million, with
Matrigel) were implanted into the right flank of each mouse.

When the mean tumor size was 100 mm3

, mice were
randomized according to the tumor size (N = 8), and NP
treatment was started, i.e,, 100 yL of a 10 mg/mL PEG-PLA/
CWO/PTX NP suspension in PBS was injected into the tumor
in two portions over 2 days (50 L each day on Days 0 and 1);
the final intratumoral NP concentration was 10 mg/cc of the
tumor (based on the CWO mass). The mice were then given
localized tumor exposures to four fractionated doses of 2 Gy X-
rays (320 keV, 2.15 Gy/min) over 4 days from Day 1 through
Day 4 (2 Gy per day times 4 days to a total of 8 Gy). The
treatment groups studied are (1) PBS (vehicle) with no X-rays,
(2) PEG-PLA/CWO/PTX NPs with no X-rays, (3) PBS with
8 Gy X-rays, and (4) PEG-PLA/CWO/PTX NPs with 8 Gy X-
rays. Two experimental endpoints were used to gauge the
efficacy of the formulations: (a) tumor size and (b) mouse
survival over time. The tumor sizes were assessed by caliper
measurement with the formula V= (4/3) x = x (L/2) x (W/
2) X (H/2) at regular intervals. Mouse survival analysis was
performed using the standard ICH (International Council for
Harmonisation of Technical Requirements for Pharmaceuticals
for Human Use) criteria (tumor size > 2,000 cc or >20% body
weight loss). After euthanasia, tumor tissues and major/
excretory organs were collected, weighed, and processed for
histology analysis.

2.13. Statistical Analysis. All data are presented as mean
+ standard deviation unless specified otherwise. In wvitro
measurements were performed at a minimum in triplicates.
Animal numbers were chosen based on statistically relevant
results from our previous experiments. Kaplan—Meier analysis
was used to compare the unadjusted survival times of mice in
different treatment groups; the results were analyzed using the
log-rank test (Tables 1 and 2). The PTX water solubility and
CaWO, adsorption data (Figure 7) were analyzed using
Student’s t-test. Difference was considered statistically
significant if p <0.05 (*) and highly significant if p < 0.001
(%),

https://doi.org/10.1021/acs.molpharmaceut.2c00148
Mol. Pharmaceutics XXXX, XXX, XXX—=XXX


pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.2c00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

0.6 4
0.4+
0.2

0.0
120 125 13.0 135 140 145 150 155
Elution Time (Minutes)

Differential Refractive Index (A.U.)

1.2 1 1 1 1 1 1 '
- C f=—PEG-PLA + X-ray (Hydrated)
3, f——PEG-PLA/BHT+ X-ray (Hydrated)
s 1.0 f——PEG-PLA/CWO + X-ray (Hydrated)
< ] |— PEG-PLAICWO/BHT + X-ray (Hydrated)
o
T
= 0.8
° .8 L
2
=
13
£ 0.6 -
&=
[
(4
©
= 044 -
c
o
h
o
£ 024 -
a

0.0 4 -

T

T T T T T
120 125 130 135 140 145 150
Elution Time (Minutes)

15.5

12 L L L L L s L 12 L s L L L s L
A e PEG-PLA (Control) B e PEG-PLA (Control)
|—— PEG-PLA + X-ray (Hydrated) — PEG-PLA + X-ray (Dried)
1.0 - —— PEG-PLA/CWO+ X-ray (Hydrated) 1.0 4 —— PEG-PLA/CWO + X-ray (Dried)
|— PEG-PLA + UV-A (Hydrated) —— PEG-PLA + UV-A (Dried)
08 \ | PEG-PLA/ICWO + UV-A (Hydrated) 08 —— PEG-PLA/CWO + UV-A (Dried)

0.6
0.4
0.2 4

0.0
120 125 13.0 135 140 145 150 155
Elution Time (Minutes)

Differential Refractive Index (A.U.)

1.2 1 L L L 1 L '
D ——PEG-PLA+ UV-A (Hydrated)
——PEG-PLA/BHT+ UV-A (Hydrated)
——PEG-PLAICWO + UV-A (Hydrated)
——PEG-PLAICWO/BHT+UV-A (Hydrated)

Differential Refractive Index (A.U.)

T T T T
13.5 140 145 150

12'.5 13:.0
Elution Time (Minutes)

15.5

Figure 3. GPC analysis of irradiated PEG-PLA. GPC traces for PEG-PLA re-extracted from PEG-PLA micelles or PEG-PLA/CWO NPs exposed to
X-rays or UV-A light in the (A) hydrated or (B) dried state in the absence or (C, D) presence of a free-radical scavenger, butylated hydroxytoluene
(BHT), coloaded in the PLA domain. PEG-PLA micelles and PEG-PLA/CWO NPs were suspended in PBS at a concentration of 0.15 mg/mL
(based on the mass of PEG-PLA for PEG-PLA micelles and based on the mass of CWO for PEG-PLA/CWO NPs) (“hydrated” samples). “Dried”
samples were prepared by air drying the hydrated samples (for >12 h). PEG-PLA micelles and PEG-PLA/CWO NPs were irradiated with 365 nm
UV-A at a total fluence of 0.56 J/cm? or 320 keV X-rays at a total dose of 7 Gy; the dried sample was redissolved in dichloromethane (DCM) after
the irradiation. PEG-PLA was extracted from the irradiated solutions via liquid—liquid extraction with DCM. The extract was dried, and the
polymer residue was dissolved in tetrahydrofuran (THF) for GPC analysis.

3. RESULTS AND DISCUSSION

3.1. Mechanism of X-ray-Induced Degradation of
PEG-PLA in PEG-PLA/CWO NPs. Previously, we have
demonstrated that the X-ray-triggered release of PTX from
PEG-PLA/CWO/PTX NPs is primarily due to the photolytic
degradation of the PLA polymer caused by X-ray/UV-A
radiation, whereas the photocatalytic effects of CWO NPs (10
nm diameter) were not clearly distinguishable.”® A similar
characterization was performed since different sized CWO NPs
(19 nm diameter) were used in the present study; polymers
were analyzed by GPC after exposure to X-rays (320 keV, 7
Gy) or UV-A (365 nm, 0.56 J/cm?, equivalent 365 nm UV-A
fluence generated by PEG-PLA/CWO NPs (of similar size/
crystallinity characteristics) under 7 Gy 320 keV X-ray
radiation)>” in the presence or absence of loaded CWO
NPs. As shown in Figure 3A, the results indicate that (i)
(although the polymer degrades under X-ray irradiation
regardless of CaWO,) the presence of CaWO, significantly
enhances the degradation of the polymer, (ii) (while primary
UV-A light only causes slight degradation of the polymer in the
absence of CaWQ,) the UV-A + CaWO, combination causes a
significantly greater level of degradation of the polymer, and
(ili) (although both X-rays and UV-A are able to cause the
polymer degradation in the presence of CaWO,) X-ray
radiation is far more effective at causing the degradation

than UV-A. In the present study, we also performed additional
experiments to evaluate the roles of water in the radiation-
induced degradation of PEG-PLA; PLA is known to absorb
water up to about 1% of its own dry weight.”> As shown in
Figure 3B, when the polymer was exposed to X-ray or UV-A
radiation in the dried state (air-dried for >12 h) regardless of
whether it was in the presence or absence of loaded CaWO,,
the radiation did not cause any degradation of the polymer
(even in the presence of CaWO,), suggesting that the PEG-
PLA degradation is mediated by hydroxyl radicals generated
via UV-A/radiolysis of water; the radicals are more efficiently
generated under the photocatalytic influence of CaWO,.
Similar experiments were also performed in the presence of a
free-radical scavenger, butylated hydroxytoluene (BHT),
loaded in the hydrophobic PLA domain of the micelle core.
As shown in Figure 3C, BHT significantly suppressed the
polymer degradation reaction, which suggests that free radicals
(reactive oxygen species) are indeed mediators of the
radiation-induced PEG-PLA degradation process.

3.2. Effects of the Stereochemical Structure of PTX
on the Physicochemical Properties of PTX and the In
Vitro Pharmacological Properties of PEG-PLA/CWO/PTX
NPs. At the outset, we would like to note that the present
study was initiated by observation of an unexpected difference
in the radiation-controlled release properties between PTX
compounds from two different suppliers, PTX from Samyang
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Figure 4. Comparison between Samyang PTX (PTX-S) and Biotang PTX (PTX-B). (A) 'H NMR spectra for PTX-S (left) and PTX-B (right) in
CDCl,. (B) Raman absorbances for PTX-S and PTX-B in the dry state. Data were obtained using a ReactRaman 785 spectrometer. (C) Circular
dichroism (CD) spectra for PTX-S and PTX-B. PTX/acetonitrile solutions (0.1 mM) were analyzed using a Jasco-1500 CD spectrophotometer to

measure the molar ellipticity of PTX as a function of wavelength.

Biopharmaceuticals Corp., Inc. (“PTX-S”) vs PTX from
Biotang, Inc. (“PTX-B”) (Figure 6). This section discusses
the findings of this research arranged in a logical sequence, not
in a chronological timeline. Also of note, all data reported in
our previous publication®” were obtained using PTX-S.

The stereochemical properties of PTX-S and PTX-B were
investigated. First, PTX-S and PTX-B were analyzed by 'H
NMR spectroscopy (2 mg/mL PTX in CDCl;). As shown in
Figure 4A, no difference in chemical shifts was observed,
confirming that the two compounds are chemically identical.
Next, Raman spectroscopy (RS) measurements were per-
formed on solid PTX films, because RS is known to be
sensitive to stereochemistry.”” As shown in Figure 4B, some
differences in Raman band intensities were observed at 1700
cm™" (corresponding to C=0 stretchlng) and 1000 cm™
(corresponding to C—O stretchlng) Differences in Raman
shifts observed in the wavenumber range between about 900
and 800 cm™" signified an out-of-plane C—H deformation of a
benzene ring.** These data indeed suggested the possibility of
some differences in stereochemistry between PTX-S and PTX-
B; as shown in Figure S, there are 11 chiral carbon centers in
PTX (marked with stars). To further test the existence of a
stereochemical difference, circular dichroism (CD) spectros-
copy was used; the CD spectra for PTX-S and PTX-B are
displayed in Figure 4C (0.1 mM PTX in acetonitrile (ACN)).
The CD spectra of PTX in ACN generally consisted of two
broad bands: a positive band centered around 240 nm and a
negative band around 300 nm. The positive band corresponds

OIIIIU* )

Figure S. Structural formula of PTX. There are 11 chiral centers in
PTX (marked with five-pointed stars).

to the n—z* transition of a C=O group, and the negative
band corresponds to the z—z* transition of a side-chain
aromatic ring.”> As shown in Figure 4C, significant differences
in CD spectra were observed between PTX-S and PTX-B.
Relatively, PTX-B exhibited a sharper positive peak at 240 nm
and a smaller shoulder on the negative band at around 264 nm.
All of these data strongly suggested that there exists a
difference in secondary structure between PTX-S and PTX-B,
which, in turn, can generate a difference in the hydrophilic/
hydrophobic character of the molecule.
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Figure 6. 2D heteronuclear "H and '*C NMR spectroscopy for stereochemistry determination. HMQC spectra for (A) PTX-S and (B) PTX-B.
NOESY spectra for (C) PTX-S and (D) PTX-B. Data were obtained from 25 mg/mL PTX/CDCI, solutions using a Bruker AV-II1-400-HD NMR
spectrometer. Arrowheads indicate distinct signals between PTX-S and PTX-B.

As shown in Figure S, there are total of 11 chiral centers in centers at which the stereochemical differences occur, two-
PTX. To characterize the exact locations of chiral carbon dimensional (2D) 'H—"C Heteronuclear Multiple Quantum
J https://doi.org/10.1021/acs.molpharmaceut.2c00148
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Figure 7. Water solubility and affinity of PTX to CWO. (A) Solubility of PTX in water was determined as follows. 0.1 mL of a 1.0 mg/mL PTX
suspension in water was filtered using a 450 nm PVDF filter. PTX was extracted from the filtrate with 0.1 mL of DCM. Upon drying, the extracted
PTX was dissolved in 1.0 mL of ACN for HPLC analysis. (B) Amounts of PTX adsorbed to the surface of CWO NPs in DCM were determined as
follows. SO uL solutions containing 10 mg/mL of CWO NPs (19.2 nm mean diameter) and 0.25 mg/mL of PTX in DCM were prepared. At
different time points, the solution was centrifuged at 5,000X g for 10 min, and the supernatant was collected. The supernatant solution was dried
under vacuum, and the pellet was redissolved in 1 mL of ACN for determination of PTX concentration in the supernatant by HPLC. All data

represent mean =+ standard deviation (N = 3).

Coherence (HMQC) NMR spectroscopy measurements were
performed (25 mg/mL PTX in CDCly). The results are
presented in Figures 6A (PTX-S) and 6B (PTX-B). As can be
seen from these figures, significant differences in chemical
shifts were observed at two locations (marked with filled
arrowheads in Figure 6B). First, a difference was seen in
chemical shifts centered around a *C shift (“f1”) of 26.9 ppm
and a 'H shift (“f2”) of 1.24 ppm, which correspond to the
C17 methyl group;sg here, the carbon center numbers (e.g.,
“C17”) are as defined in Figure S. The spectra associated with
this C17 methyl group must be influenced by the orientation
of the OH group attached to C1 (and thus the chirality of C1).
A difference in spectra was also observed in chemical shifts
centered around a *C shift (“f1”) of 9.50 ppm and a 'H shift
(“f2”) of 1.68 ppm, which correspond to the C19 methyl
group.”” The spectra associated with this C19 methyl group
must be influenced by the orientation of the OH group
attached to C7 (and thus the chiralities of C8 and C7).
However, the chemical shifts associated with the C—H bond
on C7 (at fl1 = 72.2 ppm and f2 = 4.40 ppm) were identical
between PTX-S and PTX-B, which allowed us to exclude any
difference in the chirality of C7. Therefore, the HMQC NMR
data suggest that differences in stereochemistry likely occur at
C1 and/or C8. These results are consistent with the RS results;
the difference in the vibrational mode of C=0 stretching (at
1700 cm™') is likely because the C=O group on C9 is
influenced by the orientation of the —CHj group attached to
C8, and the difference in the absorption mode of C—O
stretching (at 1000 cm™) is likely due to different orientations
of the —OH group attached to C1. The chiral properties of C1
and C8 affect the electron distributions in nearby C=0 and
aromatic residues, which also explains the CD results discussed
above. We note that there exists another difference in broad
signals centered around fl = 128 ppm and f2 = 7.5 ppm
(marked with an open arrowhead in Figure 6B), which
correspond to aromatic groups.” It is difficult to pinpoint the
exact origin of this difference because there are three aromatic
rings in PTX. Nevertheless, this difference also appears to be in
agreement with the CD results discussed above.

2D NMR Nuclear Overhauser Effect Spectroscopy
(NOESY) is also known to be able to detect stereochemical
differences. NOESY measurements were performed to further
validate the locations of stereochemical differences between

PTX-S and PTX-B (25 mg/mL PTX in CDCl;). The results
are presented in Figure 6C (PTX-S) and 6(D) (PTX-B); the
blue and red colors signify positive and negative NOE
correlations, respectively. As can be seen from these figures,
differences in NOE interactions (internuclear dipolar cou-
plings) were visible at two different locations. As shown in
Figure 6C (marked with filled arrowheads), in the case of
PTX-S, an “irradiation” of the proton of C3 (f1 & 3.79 ppm)>’
produced “illuminations” of the proton of the OH group
attached to C1 (f2 = 1.80 ppm, which, of note, does not
exactly coincide with the value (1.98 ppm) reported in ref 59
likely because of the sensitivity of the OH chemical shift to
moisture content) and, to a weaker extent, of the proton of the
OH group attached to C7 (f2 = 2.48 ppm).”’ These NOE
interactions were symmetric; the conjugate NOESY signals are
also marked with open arrowheads in Figure 6C. The same
effects were not seen with PTX-B (Figure 6D). Taken
together, the combined results of the RS, CD, HMQC, and
NOESY measurements suggest that C1 is the most likely
location where the difference in stereochemistry between PTX-
S and PTX-B takes place. The exact cause of this difference is
unclear; different manufacturing processes must have con-
tributed to this difference.

We investigated whether this difference in stereochemistry
results in any difference in physicochemical properties of PTX,
such as water solubility and affinity to CaWO,. Water solubility
is an important parameter that affects the release kinetics of a
drug from a delivery system.'”°° The water solubilities of PTX-
S and PTX-B were measured at room temperature by HPLC.
As shown in Figure 7A, a significant difference was found;
PTX-S has a water solubility of 4.69 + 1.22 ug/mL (549 +
1.43 uM), whereas PTX-B has a much smaller water solubility
of 0.25 + 0.03 pg/mL (0.29 + 0.04 uM). Literature values of
the solubility of PTX in pure water vary over a considerable
range (0.3—30 ug/mL);'” we suspect that differences in
stereochemistry might have played a role in this variation. As
will be demonstrated, the water solubility of PTX indeed
significantly impacts the in vitro and in vivo pharmacokinetic
properties of PEG-PLA/CWO/PTX NP formulations.

We also tested whether the difference in stereochemistry
affects the way PTX interacts with CaWO,. The amounts of
PTX adsorbed to CWO NP surfaces were measured as a
function of time in solutions containing 0.25 mg/mL PTX and

https://doi.org/10.1021/acs.molpharmaceut.2c00148
Mol. Pharmaceutics XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c00148?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c00148?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c00148?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c00148?fig=fig7&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.2c00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

0.5 mg/mL CWO NPs in DCM at room temperature (by
HPLC analysis of supernatant samples). The results are
presented in Figure 7B. As shown in the figure, in both PTX-S
and PTX-B cases, the adsorption reached equilibrium in <0.5
h, and the areas occupied by a PTX molecule on the CWO NP
surface were measured to be 43.8 + 3.5 A>/molecule for PTX-
S and 33.0 + 3.1 A*/molecule for PTX-B; considering that the
to}z)ological polar surface area of PTX is known to be about 221
A7 these surface coverage values suggest that the adsorbed
PTX-S and PTX-B molecules likely assume an edge-on
orientation. Most importantly, we found no significant
difference in the amount adsorbed to the CaWO, surface
between PTX-S and PTX-B; therefore, the stereochemistry of
PTX does not appear to significantly influence its affinity to
CWO NP surfaces.

The cytotoxicities of unformulated PTX-S and PTX-B were
evaluated by MTT assays against pS3-mutant human head and
neck cancer HN31 cells in vitro; HN31 cells were exposed to
various doses of PTX-S and PTX-B in the range of 0—100 nM
(< their solubility limits in water) delivered using a 10:1 by
volume mixture of water and DMSO as the vehicle for 48 h,
and afterward, the viabilities of these treated cells were
determined by the MTT assay. As shown in Figure 8, PTX-B
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Figure 8. In vitro MTT cell viability assays. HN31 cells in the
exponential growth phase were seeded in a 96-well plate at a density
of 0.5 X 10* cells per well. After a 24 h incubation period, the cells
were exposed to different concentrations of PTX-S and PTX-B (in the
range of 1—100 nM) (N = 3 per group); 20 pL of a PTX suspension
in Cremophor-EL at an appropriate PTX concentration was added to
each well containing 80 yL of the culture medium, and the viability
measured with addition of 20 uL of pure Cremophor-EL was used as
the normalization reference. After 48 h of exposure to PTX, 10 uL of
the MTT reagent was added to each well. The cells were further
incubated for 4 h and then treated with 150 yL of DMSO. Afterward,
absorbances at 570 nm were measured using a SpectraMax iD3 Multi-
Mode Microplate Reader. Error bars represent standard deviations.
The horizontal dotted line at 50% viability is a guide to the eye.

showed slightly higher cell-killing potencies compared with
PTX-S at all (but one) concentrations tested; the ICg, values

were estimated to be 9.0 + 1.5 nM for PTX-S and 16.8 + 3.4
nM for PTX-B. However, these differences were not
statistically significant. Overall, free PTX-S and PTX-B
molecules appear to be comparable in their biolo§ical activity
i.e., in their interactions with tubulin subunits)."

PEG-PLA nanoparticles coloaded with CaWO, and PTX
(“PEG-PLA/CWO/PTX NPs”) were prepared by solvent
exchange (as described in Section 2.2). As shown in Figure S2,
the mean hydrodynamic diameters of unfiltered PEG-PLA/
CWO/PTX-S and PEG-PLA/CWO/PTX-B NPs were meas-
ured (by DLS) to be 309.2 + 0.6 and 338.0 + 0.6 nm,

respectively. In the final unfiltered PEG-PLA/CWO/PTX NP
formulations containing 10 mg/mL CWO NPs in Milli-Q
water (CWO concentrations determined by AAS), the PTX
loading ratios (LR defined as the mass of PTX divided by the
mass of PEG-PLA/CWO/PTX) were 16.8% for PTX-S and
13.8% for PTX-B (determined by TGA, AAS, and HPLC).
The kinetics of X-ray-triggered release of PTX-S and PTX-B
from their respective encapsulated formulations were inves-
tigated. Two milliliters each of 5 mg/mL PEG-PLA/CWO/
PTX-S and PEG-PLA/CWO/PTX-B NPs in Milli-Q water
(NP concentration based on the CWO mass) was placed in a
50 kDa dialysis bag (made from regenerated cellulose), and the
dialysis bag was suspended in a flask containing 100 mL of PBS
under continuous magnetic stirring. The NP samples were
irradiated with 2 Gy of 320 keV X-rays (2.15 Gy/min) at t = 1
day. At regular time intervals, the entire volume of PBS was
removed for analysis and replaced with 100 mL of fresh PBS.
PTX was extracted from the PBS medium (50 mL) using
DCM (50 mL), dried, and redissolved in ACN (2 mL), and its
amount was quantitated by HPLC. The cumulative amounts of
released PTX-S and PTX-B thus determined at various time
points are given in Figure 9. As shown in the figure, both PTX-
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Figure 9. PTX release profiles. 2.0 mL of a S mg/mL (based on the
CWO mass) PEG-PLA/CWO/PTX NP suspension in PBS was
placed in a 50 kDa MWCO dialysis bag. The dialysis bag was placed
in a beaker containing 100 mL of PBS media under magnetic stirring.
The whole dialysis system (ie, the PEG-PLA/CWO/PTX NP
suspension and the release medium) was irradiated with 2 Gy of 320
keV X-rays (2.13 Gy/min) on Day 1. At regular time intervals, 100
mL of the bulk medium was taken out, and an identical volume of
fresh PBS was added to maintain constant volume for the medium.
PTX was extracted from 50 mL of the time sample with 50 mL of
DCM, vacuum-dried overnight, and redissolved in 2 mL of ACN for
quantitation by HPLC. Note: Unfiltered nanoparticles were used for
this study.

S and PTX-B were rapidly released during the first 4—5 days,
and this rapid release phase was followed by a slower phase.
During this second release phase, PTX-S and PTX-B showed
markedly different release profiles; much larger amounts of
PTX-S were released than PTX-B. On Day 12, for instance, the
cumulative percentage of PTX released was about 34% for
PEG-PLA/CWO/PTX-S NPs, while it was only about 24% for
PEG-PLA/CWO/PTX-B NPs. These results clearly indicate
that the difference in stereochemistry, and thus in water
solubility, between PTX-S and PTX-B produces a significant
difference in the kinetics of their release from the experimental
formulations triggered by X-ray irradiation; PTX-S is released
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into the aqueous phase much faster because it has higher water
solubility.

The clonogenic survival of HN31 cells was evaluated after X-
ray irradiation with concurrent PEG-PLA/CWO/PTX-S or
PEG-PLA/CWO/PTX-B NPs in vitro. HN31 cells were
treated with PTX-S or PTX-B-loaded nanoparticles for 3 h
and then irradiated with four different X-ray doses (0, 3, 6, and
9 Gy, 320 keV, 2.15 Gy/min) in the presence of those
nanoparticles. The cells were incubated with the nanoparticles
for an additional 24 h after the radiation treatment and then
washed with the fresh medium to remove the nanoparticles
from the culture. The clonogenic survival of the cells was
assessed at 14 days post radiation compared to irradiated
controls (i, cells irradiated without nanoparticles). The
results are presented in Figure 10. The survival fraction (SF) vs

o .
g I
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g \\
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@ 0.001
= PBS
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el PEG-PLA/ICWO/PTX-B
0 2 4 6 8 10
X-Ray Dose (Gy)
PBS | PEG-PLA/CWO/PTX-S | PEG-PLA/CWO/PTX-B
a | 028 0.58 0.73
B | 003 0.02 0.02
a/B | 10.86 33.08 37.26
Dy, | 283 1.64 1.42
SER | 1.00 1.73 2.00

Figure 10. In vitro clonogenic cell survival assays. HN31 cells were
plated in 60 mm plates at 1 X 10° (0 Gy), 2 X 10* (3 Gy), 4 X 10° (6
Gy), and 8 X 10° (9 Gy) cells per plate (N = 3 per group). Cells were
treated with PBS (control), PEG-PLA/CWO/PTX-S NPs (0.2 mg/
mL CWO concentration), and PEG-PLA/CWO/PTX-B NPs (0.2
mg/mL CWO concentration) for 4 h prior to X-ray irradiation (320
kV, 2.13 Gy/min). Data were fit to the standard exponential-quadratic
decay formula, SF(D) = exp[—(aD + #D*)], where SF is the survival
fraction, D is the X-ray dose, and & and f are fitting parameters.
Fitting results are summarized in the table underneath the figure; D,
and SER represent the radiation dose at 10% clonogenic survival and
the sensitization enhancement ratio (= D,o(PBS)/D,o(PEG-PLA/
CWO/PTX)), respectively. Error bars represent standard deviations.
Note: Unfiltered nanoparticles were used for this study.

radiation dose (D) data were quantitatively analyzed by fitting
to the linear-quadratic model

SF = exp[—(aD + pD?)] (2)

where @ and f are fitting parameters. As summarized at the
bottom of Figure 10, the a/f ratio (a measure of low-dose
sensitivity)>® was increased from 10.9 for radiation to 33.1 for
PEG-PLA/CWO/PTX-S NPs and to 37.3 for PEG-PLA/
CWO/PTX-B NPs, which supports that PEG-PLA/CWO/
PTX NPs are indeed capable of producing radiosensitization
effects. The sensitization enhancement ratios (SER = D(at SF
= 10% without NPs)/D(at SF = 10% with NPs)) were
estimated to be 1.73 for PEG-PLA/CWO/PTX-S NPs and
2.00 for PEG-PLA/CWO/PTX-B NPs. Note that the above

SER value for PEG-PLA/CWO/PTX-S NPs is higher than
what has been reported for a similar system in our previous
publication (SER 2 1.40); this discrepancy was likely caused
by a higher PTX loading ratio (LR defined as the mass of PTX
divided by the mass of PEG-PLA/CWO/PTX) used in the
present study (LR 2 16.8%) than that used in the previous
work (LR 2 5.0%).°° Overall, as can be seen from Figure 10,
both PEG-PLA/CWO/PTX-S and PEG-PLA/CWO/PTX-B
NP formulations produced a significant enhancement of cancer
cell kill relative to radiation only, and the radiosensitization
effect of the PTX-B-loaded system appeared to be consistently
slightly greater than that of the PTX-S-loaded system, although
their difference was statistically insignificant. These results are
very consistent with other results, i.e., the slightly lower IC,
value of unformulated PTX-B (Figure 8), and also the
comparable kinetics of X-ray-triggered release between PTX-
S and PTX-B from their respective encapsulated formulations
during the first few days post irradiation (Figure 9). However,
the difference in the longer-term release kinetics between PTX-
S and PTX-B (Figure 9) becomes a differentiating factor for
their in vivo efficacy, as will be discussed in the next subsection.

3.3. Effects of the Stereochemical Structure of PTX
on the In Vivo Pharmacological Properties of PEG-PLA/
CWO/PTX NPs. The pharmacokinetic properties and
therapeutic efficacy of intratumorally (IT) administered
PEG-PLA/CWO/PTX-S and PEG-PLA/CWO/PTX-B NP
formulations were evaluated in mouse HN31 xenografts
(immunodeficient NRG mice) in vivo.

First, to confirm the complete retention of the NPs within
the tumor post IT injection, biodistribution (BD) measure-
ments were performed by tracking the concentrations of
CaWO, in major/excretory organs (tumor, brain, heart,
kidneys, liver, lungs, and spleen) at various times (up to 1
month). Specifically, in each arm of the study (PEG-PLA/
CWO/PTX-S vs PEG-PLA/CWO/PTX-B), total 21 animal
subjects were divided into seven groups (six treatment groups
plus a control group, N = 3 per group). Mice bearing
subcutaneous xenografts of HN31 cells in the six treatment
groups were given a 7 mg/cc (CWO mass/tumor volume)
dose of PEG-PLA/CWO/PTX-S NPs (0.1 mL of 7 mg/mL
(based on CWO mass) PEG-PLA/CWO/PTX-S NP suspen-
sion in PBS) or a 10 mg/cc (CWO mass/tumor volume) dose
of PEG-PLA/CWO/PTX-B NPs (0.1 mL of 10 mg/mL (based
on CWO mass) PEG-PLA/CWO/PTX-B NP suspension in
PBS), in two portions over 2 days (Days 0 and 1) and then
irradiated with a total 8 Gy dose of fractionated 320 keV X-ray
irradiation delivered in four fractions (2 Gy per fraction per
day) over 4 days (Days 1, 2, 3, and 4). These mice were
sacrificed for NP BD analysis at six different time points (at 1
(post radiation), 3 (post radiation), S, 7, 15, and 30 days for
PEG-PLA/CWO/PTX-S NPs and at 2 (post radiation), 4
(post radiation), 6, 8, 16, and 31 days for PEG-PLA/CWO/
PTX-B NPs). Mice bearing the same tumor in the control
group received the same volume (0.1 mL) of the vehicle (PBS)
devoid of NPs but were not irradiated. Tumor, brain, heart,
kidney, liver, lung, and spleen tissues were collected post
euthanasia, and the calcium contents in these organs were
analyzed by atomic absorption spectroscopy (AAS). As shown
in Figure S4, the results confirmed that in both PEG-PLA/
CWO/PTX-S and PEG-PLA/CWO/PTX-B cases, the injected
NPs stayed within the tumor for at least 1 month. This
complete retention of PEG-PLA/CWO/PTX NPs within the
tumor is key to maximizing the therapeutic benefit while
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Figure 11. In vivo intratumoral PTX pharmacokinetic (PK) profiles following intratumoral administration of PEG-PLA/CWO/PTX NPs into
HNSCC xenografts in mice. Subcutaneous HN31 xenografts were produced in Nod rag y (NRG) mice by inoculating 1 X 10° HN31 cells into the
upper right flank of each mouse (Day S). One hundred microliters of a (A) 7 mg/mL (based on the CWO mass) PEG-PLA/CWO/PTX-S or (B)
10 mg/mL (based on the CWO mass) PEG-PLA/CWO/PTX-B NP suspension in sterile PBS was injected twice over 2 days (Days 0 and 1) once
the tumors reached a volume of 100 mm®. The control group was treated with blank PBS. The mice were subjected to a subtherapeutic dose of 320
keV X-ray radiation (total 8 Gy given in daily fractions of 2 Gy per fraction over 4 days (Days 1, 2, 3, and 4)). Tumor dimensions were measured
using a digital caliper. Mice were euthanized at 1, 3, S, 7, 15, and 30 days post NP injection (N = 6 for each time group). Whole tumor tissues were
collected after euthanasia, homogenized via agitation with ceramic beads, and extracted with 2 mL of DCM. The extract was dried, redissolved in 2
mL of ACN, and analyzed by HPLC for the concentration of PTX in the tumor tissue; this measured overall concentration of PTX within the
tumor boundary represents the sum of the amounts of PTX remaining in the polymer matrix plus PTX remaining in the tumor and is thus equal to
NypCVy + CV,/V,, referring to the notations defined in Figure 12. Error bars represent standard deviations. Note: Unfiltered nanoparticles were
used for this study. The PEG-PLA/CWO/PTX loading ratios were determined by TGA, AAS, and HPLC to be 1.77:1.00:0.56 for PEG-PLA/
CWO/PTX-S NPs and 2.44:1.00:0.55 for PEG-PLA/CWO/PTX-B NPs. Solid curves are predictions of the multicompartmental PK model
described in Figure 12. (C) Comparison of predicted PK profiles for PEG-PLA/CWO/PTX-B and PEG-PLA/CWO/PTX-S NPs at two different
PTX dose conditions. (D) Predicted net concentrations of PTX available in the tumor (C,) as a function of time at two different PTX dose
conditions. Note: Unfiltered nanoparticles were used for this study.

NP = PEG-PLA/CWO/PTX nanoparticle
C, = PTX concentration in PLA shell
C,=PTX concentration in tumor tissue

1 k Kk C, = PTX concentration in blood circulation
NP k C.V st cbrvb—& k = Rate constant for PTX release from PLA shell
C,V, y vt f k.. = Rate constant for PTX elimination from tumor tissue

ke, = Rate constant for PTX elimination from blood circulation
V, = Volume of PLA shell (assumed to be constant)

V, = Volume of tumor tissue (time variant)

V,, = Volume of blood circulatory system (constant)

Nyp = Number of NPs within tumor tissue

Tumor Tissu
Blood Circulatory System

dcC \% dC C, dv, dc, V,
d_ts = —k(Cs - Ct) V_: E‘ = k(CS - ct) - ke,tct - ‘_,:E‘ a ke,tct‘,_‘h - ke,bcb

Figure 12. Schematic depiction of the multicompartmental pharmacokinetic (PK) model. A multicompartmental PK model was used to compute
the data shown in Figure 11. See the main text for discussion.

minimizing the risk of systemic toxicity of PTX, and as
demonstrated below, such a trait also enabled us to
quantitatively determine kinetic parameters associated with
the radiation-controlled PTX release process.

The tumor tissues collected in the above experiments were
also analyzed to determine the PK profiles of PTX-S and PTX-
B within the tumor (N = 3). The tissue sample was
homogenized by a ball bearing impact process at 5,500 rpm
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Figure 13. Effects of intratumoral chemoradiation on tumor growth in mice. Tumor-suppression efficacies of (A) PEG-PLA/CWO/PTX-S NPs +
X-rays and (B) PEG-PLA/CWO/PTX-B NPs + X-rays. Subcutaneous HN31 xenografts were produced in Nod rag y (NRG) mice by injecting
1 X 10° HN31 cells in 0.1 mL of sterile PBS into the upper right flank of the mice on Day 0. When tumors averaged 100 mm?, 100 uL of 15 mg/
mL (based on PTX mass) PEG-PLA/CWO/PTX NPs in sterile PBS or blank sterile PBS (control) was directly injected into the tumor (N = 8 in
each group) over 2 days (A) on Days 3 and 4 or (B) on Days 4 and S (50 uL injected each day). Some mice were further treated with a
subtherapeutic dose of 320 keV X-ray radiation (total 8 Gy given in daily fractions of 2 Gy per fraction over 4 days (A) on Days 4, S, 6, and 7 or
(B) on Days S, 6, 7, and 8); the first day of radiation treatment is marked with an arrow. Tumor dimensions were measured using a digital caliper.
Mice were euthanized when the tumors reached 2,000 mm?® or mice lost more than 20% weight. For each group, tumor volume data are shown up
to the day of the second euthanasia case. Error bars represent standard errors. Note: Unfiltered nanoparticles were used for this study. Statistical
analysis was performed using one-way ANOVA on pairs of groups. The resulting p-values are summarized in Tables SI and S2 of the SI

for 4 min, and the PTX was extracted from the resulting
homogenate by liquid—liquid extraction with DCM and
quantified by HPLC. The results are presented in Figure 11.
To quantitatively assess any differences in inherent kinetic
properties between PTX-S and PTX-B, the measured PK
profiles were compared with predictions of a multicompart-
mental PK model. Briefly, this multicompartmental model
assumes the following set of PTX mass balance equations™

dC V
= = _k(cs - Ct)_t
dt Vv, (3)
dC C, dV,
— =k -C) -k, C - ——
dt V, dt (4)
dc V
— = ke tct_t - ke be
dt Y ’ (%)

The definitions of the notations are given in Figure 12. Note
that in ref 50 the third term on the right-hand side of eq 4 was
ignored, because for human solid tumors the growth in tumor
volume (V) is typically negligible over the timescale relevant
to PTX clearance/metabolism; in the present study, however,
this term was kept in the model, because the tumor grows
much more rapidly in size in the mouse xenograft situation. As
shown in Figure 11, the experimentally determined overall
intratumoral PTX concentration (= (NypC,V, + CV,)/V,) vs
time data were fit to the above model with one adjustable
parameter, k., (the first-order rate constant for PTX
elimination from the xenograft). The values of k (the rate
constant for PTX release from the PLA layer) were assumed to
be 0.0018 h™" under unirradiated conditions and 0.0037 h™*
during the 4-day period post immediately following 2 Gy X-ray
irradiation (both values estimated from the in vitro data
presented in Figure 9 and in ref 50). The first-order rate
constant for PTX elimination from the total body (k) was
fixed to a literature value of 0.0050 h™;%° note that k.1, played
little role in the fitting process. As shown in Figure 11, the
multicompartmental model was able to fit the data quite well.
The best-fit tumor elimination rate constant values were k,, &

0.25 h™! for PTX-S and 0.10 h™" for PTX-B. Note these values
are significantly greater than the value reported for PTX
elimination from orthotopic tumors (k. = 0.005 h™"). 8 The
trend between the two PTX stereoisomers, PTX-S vs PTX-B, is
consistent with their difference in water solubility (Figure 7A);
PTX-S is eliminated faster from the tumor because it has a
higher water solubility than PTX-B. As shown in Figure 11, the
difference in k., values produced a significant difference in
intratumoral PK profiles; in the PEG-PLA/CWO/PTX-S case,
the overall intratumoral PTX concentration (= (NypC,V, +
C.V,)/V,) sharply peaked between 1 and 3 days post initial NP
injection and went down below 10 pug/mg at 3 days and
onward, whereas in the PEG-PLA/CWO/PTX-B case, the
initial peak in the overall PTX concentration had a longer tail
on the tailing edge that lasted for more than ~15 days. Note
that the data shown in Figure 11A,B were obtained using
different initial PTX doses (due to an unintentional error); the
total PTX doses used were 15.0 mg/cc of the tumor for PTX-S
and 21.4 mg/cc of the tumor for PTX-B. However, as shown in
Figure 11C, simulations confirmed that the above differences
between the PTX-S and PTX-B release behaviors would be
exactly reproduced even if the two formulations would be
tested under an identical PTX dose condition. The multi-
compartmental PK model predicts that at an identical initial
NP dose of 10.0 mg CWO/cc tumor (equivalent to 21.4 mg of
the PTX/cc tumor), for instance, the PEG-PLA/CWO/PTX-S
formulation will maintain the intratumoral concentration of
PTX (C,) above the therapeutic threshold (IC,, = 10 ug/
mL)® for >about § days, whereas the PEG-PLA/CWO/PTX-
B formulation will show a lower maximum in C, but will have
C, > IC,, for a much longer period of time (>11 days); at an
identical dose, PEG-PLA/CWO/PTX-B NPs will provide a
slower rate of PTX release and as a result a longer period of
therapeutic effect than PEG-PLA/CWO/PTX-S NPs. This
difference in PK profiles indeed caused differences in tumor
responses to the X-ray + PEG-PLA/CWOQO/PTX NP treatment,
as will be discussed next. In both PEG-PLA/CWO/PTX-S and
PEG-PLA/CWO/PTX-B cases, the PTX concentrations in the
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Figure 14. Effects of intratumoral chemoradiation on survival of tumor-bearing mice. Kaplan—Meier survival curves for HN31 xenograft-bearing
mice treated with (A) PEG-PLA/CWO/PTX-S NPs + X-rays and (B) PEG-PLA/CWO/PTX-B NPs + X-rays. Data were obtained from the same
study, as shown in Figure 13. Statistical analysis was performed using the log-rank test. The resulting p-values are summarized in Tables 1 and 2.

Table 1. P-Values for the Kaplan—Meier Survival Curves in Figure 14A Calculated Using the Log-Rank Test

PBS PEG-PLA/CWO/PTX-S PBS + X-ray PEG-PLA/CWO/PTX-S + X-ray
PBS 0.0084301 0.006499 0.0010305
PEG-PLA/CWO/PTX-S 0.92632 0.17629
PBS + X-ray 0.096434

PEG-PLA/CWO/PTX-S + X-ray

Table 2. P-Values for the Kaplan—Meier Survival Curves in Figure 14B Calculated Using the Log-Rank Test

PBS PEG-PLA/CWO/PTX-B PBS + X-ray PEG-PLA/CWO/PTX-B + X-ray
PBS 0.20563 0.0069303 0.0088919
PEG-PLA/CWO/PTX-B 0.051758 0.070764
PBS + X-ray 0.40563

PEG-PLA/CWO/PTX-B + X-ray

systemic circulation are predicted to remain below the toxic
threshold at all times (Figure SS).

The therapeutic efficacies of the PEG-PLA/CWO/PTX-S
and PEG-PLA/CWO/PTX-B formulations were evaluated in
immune-deficient (NRG) mice bearing human head and neck
cancer (HN31) xenografts. Tumors were treated with PBS
(vehicle) + X-rays or PEG-PLA/CWO/PTX-S (or PEG-PLA/
CWO/PTX-B) NPs + X-rays (N = 8 per treatment group),
and their responses were analyzed. Briefly, HN31 xenografts
were prepared by inoculating 1 X 10° cells into the right flank
of each mouse. Once tumors grew to 100 mm®, PEG-PLA/
CWO/PTX NPs were injected into the tumor (to a total
CWO NP concentration of 7 mg per cc of the tumor) in two
portions (S0 uL of PBS suspension per injection) over 2 days.
For the next 4 days, tumors were irradiated with 320 keV X-
rays at a total dose of 8 Gy given in four fractions. At regular
time intervals, tumor dimensions were measured using a
caliper. Mice were euthanized when the tumor exceeded 2,000
mm?® in size or the body weight loss exceeded 20% of the initial
body weight. The results of these experiments are presented in
Figures 13 (tumor growth curves) and 14 (Kaplan—Meier
survival curves).

Firstly, we note that, as shown in Figure 13, PEG-PLA/
CWO/PTX NPs suppressed tumor growth in HN31
xenografts even in the absence of X-rays, which indicates
that some (small) amounts of PTX were still released even in
the absence of X-rays, as has been observed in our earlier
study.’ The tumor-suppressive effect was greater with PTX-S
(Figure 13A) than PTX-B (Figure 13B), which is consistent
with the higher water solubility of PTX-S. X-rays alone

produced greater tumor suppression than unirradiated PEG-
PLA/CWO/PTX NPs (Figure 13A,B). As shown in Figure
13A, concurrent PEG-PLA/CWO/PTX-S NPs further en-
hanced the tumor growth delay produced by X-rays; of note,
the radioenhancement effect observed in the present study is
smaller than what was observed in the previous study’
because of the different NP doses used (7 vs 10 mg (based on
the CWO mass) per cc of the tumor in the present and
previous experiments, respectively). Interestingly, the radio-
enhancement effect of PEG-PLA/CWOQO/PTX-B NPs was not
clearly visible when the increase in the tumor size was traced
only up to the date of the occurrence of the second euthanasia
case in the treatment group (Figure 13B); in the PTX-B case,
its effect was not detectable early on because of its slower
release kinetics.

Similar trends were also replicated in the survival
distributions for the different treatment groups (Figure 14),
that is, “PBS” (22 days) < “PEG-PLA/CWO/PTX-B” (25
days) < “PEG-PLA/CWO/PTX-B + X-ray” (28 days) < “PEG-
PLA/CWO/PTX-S” (31 days) < “PBS + X-ray” (34 days) <
“PEG-PLA/CWO/PTX-S + X-ray” (38 days) in median
mouse survival time. Interestingly, as shown in Figure 14, in
animals who survived for longer periods (>~1 month post cell
implantation), the therapeutic benefit of the slower releasing
PTX-B was more clearly observed; the PEG-PLA/CWO/PTX-
B + X-ray-treated group (Figure 14B) exhibited a markedly
longer tail in the survival distribution than the PEG-PLA/
CWO/PTX-S + X-ray-treated group (Figure 14A). We would
like to note that the difference in overall survival between the
“PEG-PLA/CWO/PTX-S + X-ray” and “PEG-PLA/CWO/
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PTX-B + X-ray” groups was reflected in their p-values relative
to their respective “PBS + X-ray” controls (i.e., p = 0.096 for
“PEG-PLA/CWO/PTX-S” (Table 1) and p = 0.406 for “PEG-
PLA/CWO/PTX-B” (Table 2)). These results suggest that
faster release of PTX results in greater tumor suppression.
These results clearly reflect the slower and more sustained
release of PTX-B from the PEG-PLA/CWO NPs (Figures 9
and 11) because of its lower water solubility than PTX-S
(Figure 7).

4. CONCLUSIONS

This work demonstrates the effect of drug (PTX) stereo-
chemistry on the radiation-controlled release of the drug from
a nanopolymer matrix system (PEG-PLA micelle capsules
coloaded with CWO NPs). The stereoisomeric characteristics
of PTX products from two different manufacturers (“PTX-S”
from Samyang Biopharmaceuticals and “PTX-B” from
Biotang) were analyzed by Raman spectroscopy, circular
dichroism, and 2D HMQC/NOESY NMR measurements
(Figures 4 and 6). In their unencapsulated (free) state, PTX-S
and PTX-B were comparable in their ability to kill cancer cells
in vitro (Figure 8). However, they were found to be
significantly different in water solubility; PTX-S (water
solubility ~ 4.69 ug/mL) is about 19 times more water
soluble than PTX-B (water solubility ~ 0.25 pg/mL) (Figure
7). This difference in water solubility was found to cause a
large difference in X-ray-triggered release kinetics of the PTX
loaded within the PEG-PLA-coated CWO NPs (“PEG-PLA/
CWO/PTX NPs”) in both in vitro (Figure 9) and in vivo
(Figure 11) environments; PTX-S is released from PEG-PLA/
CWO NPs significantly faster upon X-ray irradiation than
PTX-B. This difference in release kinetics produced an
interesting difference in their time-dependent therapeutic
effects; at short times (<1 month), concurrent PEG-PLA/
CWO/PTX-S NPs produced a greater tumor-suppression
effect (Figure 13); on the other hand, PEG-PLA/CWO/PTX-
B NPs had a longer-lasting radio-sensitizing effect, as
evidenced by the elongated tail of the mouse survival curve
(Figure 14). These results demonstrate the importance of a
drug’s stereochemistry/hydrophobicity in controlling its
release from a radiation-responsive carrier system. It is a
remarkable finding that the stereoisomers of PTX exhibit
significantly different PK characteristics when used with
controlled-release carriers, even though they are pharmacolog-
ically indistinguishable in their unformulated form.
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