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Abstract

Intracranial delivery of therapeutic agents is limited by penetration beyond the blood-brain barrier
(BBB) and rapid metabolism of the drugs that are delivered. Convection-enhanced delivery (CED)
of drug-loaded nanoparticles (NPs) provides for local administration, control of distribution, and
sustained drug release. While some investigators have shown that repeated CED procedures are
possible, longer periods of sustained release could eliminate the need for repeated infusions, which
would enhance safety and translatability of the approach. Here, we demonstrate that nanoparticles
formed from poly(ethylene glycol)-poly(w-pentadecalactone-co-p-dioxanone) block copolymers
[PEG-poly(PDL-co-DO)] are highly efficient nanocarriers that provide long-term release: small
nanoparticles (less than 100 nm in diameter) continuously released a radiosensitizer (VE822) over
a period of several weeks /n vitro, provided widespread intracranial drug distribution during CED,
and yielded significant drug retention within the brain for over 1 week. One advantage of PEG-
poly(PDL-co-DO) nanoparticles is that hydrophobicity can be tuned by adjusting the ratio of
hydrophobic PDL to hydrophilic DO monomers, thus making it possible to achieve a wide range
of drug release rate and drug distribution profile. When administered by CED to rats with
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intracranial RG2 tumors, and combined with a 5-day course of fractionated radiation therapy,
VE822-loaded PEG-poly(PDL-co-DO) NPs significantly prolonged survival when compared to
free VE822. Thus, PEG-poly(PDL-co-DO) NPs represent a new type of versatile nanocarrier
system with potential for sustained intracranial delivery of therapeutic agents to treat brain tumors.

Keywords
Nanoparticles; Convection-enhanced delivery; PEG; Radiosensitizer; Intracranial

1. Introduction

Over the past decade, advances in cancer nanotechnology have allowed delivery of
therapeutic agents to tumors with significantly decreased systemic toxicity [1-3]. When
administered systemically, nanoparticle (NP)-based drug delivery systems can protect
encapsulated therapeutic agents from rapid clearance through enzymatic digestion, renal
filtration, or phagocytosis by the reticuloendothelial system [4, 5]. Further, those
nanoparticles with their surfaces modified by hydrophilic polymers such as poly(ethylene
glycol) (PEG) or hyperbranched polyglycerols (HPG) have low tendency to form aggregates
and reduced uptake by phagocytes, further prolonging their circulation times and retention at
targeted sites [6-8]. Nevertheless, sustained release of encapsulated agents is difficult to
achieve in most NP formulations: usually, the size of particles must be greater than 300-400
nm to be capable of releasing drug at controlled rates for more than one week [9-11]. But
some applications require smaller particles; NPs with diameters smaller than 100 nm that
provide low bursts and sustained release could enable new clinical applications.

Previously, attempts to use nanomaterials for delivery of therapeutic agents into the brain
have largely been stymied by the blood-brain barrier (BBB) [12, 13]. Even particles
modified to enhance penetration through the BBB have <1% of injected dose reaching the
brain tissue after systemic administration [14-16]. But drugs can be administered directly to
the brain by infusion in fluids. For example, in convection-enhanced delivery (CED), fluid is
introduced into the brain via trans-cranial catheters; fluid infusion is controlled by a
hydrostatic pressure gradient [17]. CED can be safely performed in humans [18], but one of
the major challenges with CED is that most drugs disappear from the brain quickly after the
end of the infusion period [19]. To extend the period of treatment after a CED infusion,
suspensions of sustained release NPs have been infused into the brain [20, 21]. CED of NPs
to treat brain tumors is improved with NPs < 100 nm in diameter, because of their enhanced
penetration through the brain parenchyma compared to larger particles [21]. The
introduction of PEG surface coatings may also enhance the distribution of NPs after CED
[22], although size appears to be a more important factor than surface chemistry in
determining the volume of distribution during NP CED [23].

Poly(w-pentadecalactone-co-p-dioxanone) [poly(PDL-co-DO)] is a family of biocompatible
and biodegradable copolyesters that can be formed into NPs [24]. Previous studies show that
the copolymers degrade hydrolytically under physiological conditions at controlled rates
over a period of several months due to their unique isodimorphic properties and random
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distribution of w-pentadecalactone (PDL) and p-dioxanone (DO) repeat units in the polymer
chains [25]. Modulation of the copolymer composition is an effective means to tune drug
release rates from poly(PDL-co-DO) NPs [24]. Although the poly(PDL-co-DO) NPs are
capable of delivering agents at sustained rates, formulations described thus far yield NPs
with diameters of 200-400 nm, which produce small volumes of distribution when
administered by CED [26].

Here, we tested the hypothesis that conjugation of PEG to poly(PDL-co-DO) chains would
yield PEG-poly(PDL-co-DO) block copolymers that can be formulated into small
nanoparticles (< 100 nm) with two key properties for intracranial drug delivery: penetration
to large volumes when administered by CED and release of drugs over long periods. We
found that PEG-poly(PDL-co-DO) NPs release hydrophobic therapeutic agents over a period
of more than 28 days /n vitro and penetrate in the brain tissues of rats after CED. To show
that these properties enhance the treatment of intracranial tumors, PEG-poly(PDL-co-DO)
NPs encapsulating an inhibitor of the ataxia telangiectasia-related (ATR) protein and known
radiosensitizer, VE822, were administered by CED to rats with intracranial tumors [27]. A
single infusion of VE822 NPs improved survival of animals receiving fractionated
radiotherapy. PEG-poly(PDL-co-DO) copolymers are new materials with potential to
improve the delivery of potent agents for treating brain tumors.

2. Materials and Methods

2.1. Materials

w-Pentadecalactone (PDL), poly(ethylene glycol) methyl ether (A4, = 2000 Da, MeO-
PEG2K-0H), and Novozym 435 catalyst (Candida antarctica lipase B or CALB supported
on acrylic resin) were obtained from Sigma-Aldrich Chemical. The enzyme catalyst was
dried at 40 °C under 2.0 mmHg overnight prior to use. p-Dioxanone (DO) was acquired
from Leap Labchem Scientific Co. in China. Aceonitrile and dimethylsulfoxide were
obtained from J.T. Baker (Avantor Performance Materials, Central Valley, PA, USA). VE822
was obtained from Selleck (Houston, TX, USA). Dil dye was purchased from Thermo
Fisher Scientific (Waltham, MA, USA). RG2 cells were purchased from ATCC (Manassas,
VA). Normal Human Astrocytes were obtained from Tim Chan at Memorial Sloan Kettering
Cancer Center. All cells were cultured in 5% CO2 and air humidified in a 37 °C incubator.
Each cell line was cultured up to passage number 20.

2.2. Enzymatic synthesis of PEG-poly(PDL-co-DO) diblock copolymers

The reaction substrates, w-pentadecalactone (PDL), p-dioxanone (DO) and poly(ethylene
glycol) methyl ether (M, = 2000 Da, MeO-PEG2K-OH) in various ratios (Table 1), were
blended with Novozym 435 catalyst (5 wt% vs total substrate) and toluene solvent (200 wt%
vs total substrate). The resultant mixtures were stirred at 70 °C under atmospheric nitrogen
gas for 26 h. At the end of the reactions, n-hexane was added to the product mixtures to
cause precipitation of the formed copolymers. The crude polymers were washed with 7+
hexane twice and then dissolved in chloroform. After filtration to remove the catalyst
particles, the polymer solutions were dropwise added to /+hexane to re-precipitate the PEG-
poly(PDL-co-DO) copolymers. Finally, the block copolymers were washed with 7-hexane

Biomaterials. Author manuscript; available in PMC 2019 September 01.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Chenetal.

Page 4

and dried under high vacuum (< 1.0 mmHg) at 40 °C overnight. The structure and
composition of the polymers were analyzed by both proton and carbon-13 NMR
spectroscopy using an Agilent 500 spectrometer, and their molecular weights and
polydispersity values were measured by gel permeation chromatography (GPC) in
chloroform using polystyrene standards. Non-PEGylated poly(PDL-co-DO) copolymer was
produced by an identical method, but without the addition of the poly(ethylene glycol)
methyl ether.

PEG-poly(PDL-co-DO): (a) IH-NMR (CDCls) (ppm) - PDL units. 4.05-4.13 (m, -C Hs-
CH»-(CH3)19-CH,-CH,-COO0-), 2.27-2.36 (m), 1.61 (m), 1.26 (br.,); DO units. 4.36/4.27
(br., -CH,-CH,-O-CH,-COO0-), 4.13-4.19 (m, -CH,-CH,-O-CH,-COO0-), 3.79 (br.); EO
units: 3.65; plus a small peak at 3.38 due to terminal -OCHs groups. (b) Selected 13C NMR
absorptions (CDCls3) (ppm): 174.0 (PDL-PDL*-PDL/DO-PDL*-PDL, -CH,-CH»-(CH2)10-
CH,-CH,-C00-), 173.8 (PDL-PDL*-DO/DO-PDL*-DO, -CH»-CH»-(CH2)19-CH,-CHo-
C00-), 170.2,170.1, 170.0 (PDL-DO*-PDL, PDL-DO*-DO/DO-DO*-PDL, DO-DO*-DO,
-CH,-CH,-0O-CH,-C00-), 70.55 (- CH»- CH»-0-), 69.6/69.2 (- CH,-CH,-O-CH,-CO0-),
68.5-68.2 (-CH,-CH,-0O-CH,-COO0-), 65.1/64.4 (- CH»-CH»-(CH3)19-CH,-CH,-COO-),
63.7/63.2 (-CHy- CH»-0O-CH,-COO0-), 34.4/34.2 (-CH,-CHy-(CHy)19-CHy- CH,-COO0-),
24.9-29.6 ppm (-CH2-CHz-(CHz)lo-CHz-CHz-COO-).

2.3. Characterization of thermal and crystalline properties of PEG-poly(PDL-co-DO) block

copolymers

Thermogravimetric analysis (TGA) measurements were performed with a TA Instruments
Q500 Thermogravimetric Analyzer with High Resolution Mode, from room temperature to
600 °C at a heating rate of 10 °C/min in a nitrogen atmosphere. Differential scanning
calorimetry (DSC) analysis was carried out using a TA Instruments Q2000 MDSC equipped
with a refrigerated cooling system (RCS). The temperature scale was calibrated with high-
purity standards. DSC scans were performed in the temperature range from —90 to 150 °C.
Wide-angle X-ray diffraction measurements (WAXS) were carried out at room temperature
with a PANalytical X’Pert PRO diffractometer equipped with an XCelerator detector. CukK
radiation (A = 0.15418 nm) was used as X-ray source. The degree of crystallinity (.X,) was
evaluated as the ratio of the crystalline peak areas to the total area under the scattering curve.
The amorphous and crystalline contributions were calculated by a fitting method using the
WinFit program.

2.4. Nanoparticle preparation

PEG-poly(PDL-co-DO) NPs were fabricated using an emulsion-evaporation technique.
PEG-poly(PDL-co-DO) block copolymer (25 mg) was dissolved in 0.5 ml dichloromethane
(DCM) at room temperature. The organic phase was then added dropwise to 5 ml of DI
water under a strong vortex and the resultant mixture was sonicated for three cycles of 10 s
intervals followed by dilution in 15 ml of DI water. The final mixture was concentrated
using a rotary evaporator, transferred to Amicon Ultra-15 100 kDa centrifugal filter unit, and
then centrifuged at 4,000 g at 43°C for 40 min. The NPs were thrice washed with 10 ml DI
water and centrifuged for 40 min. The washed NPs were immediately used, or snap-frozen
in aliquots at —80 °C until use. Three groups of NPs were prepared using this method from
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three PEG-poly(PDL-co-DO) copolymers with different compositions. Drug-loaded PEG-
poly(PDL-co-DO) NPs were prepared similarly with addition of a drug encapsulant to the
DCM organic phase prior to vortex. Fluorescent NPs were prepared with the addition of 0.05
mg of Dil and radiosensitizer NPs were prepared by adding 0.5 mg of VE822. Fluorescent
NPs prepared from non-PEGylated poly(PDL-co-DO) polymer were prepared in the same
method described above except the aqueous phase consisted of 2 wt% poly(vinyl alcohol)
(Sigma-Aldrich Chemical) solution.

2.5. In vitro nanoparticle characterization

Size and zeta potential measurements—NPs were suspended in DI water (0.05
mg/ml) and the hydrodynamic sizes (Z-average diameters) of the particles (n=5) were
analyzed by dynamic light scattering using a Malvern Nano-ZS (Malvern Instruments, UK).
The same instrument was also used to measure the zeta potential of NPs (n=5).

TEM imaging—The morphologies of PEG-poly(PDL-co-DO) NPs were analyzed using a
Tecnai T12 TEM microscope (FEI, Hillsboro, OR). NP solutions (0.05 mg mI~1, 10 ul) were
placed on clean and hydrophilized CF400-CU TEM grids (Electron Microscopy Sciences,
Hatfield, PA, USA). The grids were stained with a 0.2% uranyl acetate solution for 15 s,
washed three times in DI water, and then mounted for observation of NP images under the
TEM microscope.

Hydrolytic degradation of PEG-poly(PDL-co-DO) nanoparticles—Blank PEG-
poly(PDL-co-DO) NPs were suspended in 1x PBS at 37 °C on a rotary shaker set at 100 rpm
for up to 28 d. At predetermined time intervals, a small fraction of the NP solution was
removed and centrifuged to isolate NPs. The sediment formed after centrifugation was
lyophilized and analyzed by gel permeation chromatography (GPC) using polystyrene
standards to quantify the molecular weights of the degraded PEG-poly(PDL-co-DO)
copolymer.

Particle stability in aCSF—Particle stability, quantified by variations of size and surface
charge over time, was evaluated by a Malvern Nano-ZS in artificial cerebrospinal fluid
(aCSF; Harvard Apparatus, Holliston, MA) at 37 °C for 28 d.

Drug loading in particles—VE822-loading in PEG-poly(PDL-co-DO) NP formulations
was determined using a Shimadzu HPLC System (SpectraLab Scientific, Markham, ON,
Canada) with ZORBAX Extend C18 analytical column (Agilent). Briefly, 1 mL NP solution
at a concentration of 1 mg mL~1 was diluted 10-fold in Acetonitrile and filtered with a 10
kDA centrifugal filter unit (Amicon). The concentration of VE822 in these samples was
quantified using the high-performance liquid chromatography (HPLC) apparatus (Agilent
LCMS Q ESMS 6120B) equipped with an Eclipse Plus C18 (4.6 x 50 mm, 1.8 um, 600 bar)
column. The eluent, acetonitrile/diH,O 60/40 (v/v) containing 0.1% trifluoroacetic acid
(TFA), was set at a flow rate of 1 mL min~1 and the detector set at 309 nm. Standard curves
were established using known drug concentrations processed (diluted and filtered)
identically to the experimental samples. These curves were then used to determine the
corresponding concentrations of VE822 in the experimental samples.
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Drug release from particles—The release of VE822 from PEG-poly(PDL-co-DO) NPs
was measured for up to 28 d after fabrication in sink conditions of the release medium.
VE822-loaded NPs in 1x PBS with a surfactant, 0.5% Tween 80, were placed at 37 °C on a
rotary shaker set at 100 rpm. At predetermined time points, an aliquot of the NP suspension
was withdrawn and filtered. The filtrate was then analyzed by a Shimadzu HPLC System by
the same method described above to determine the quantity of released radiosensitizer. The
withdrawn NP solution was replaced by a same volume of the fresh buffer medium for
further release study. Burst release was defined as percentage of initial loading released
during the first 24 h. As a quantitative measure of sustained release /n vitro, we defined the
sustained phase of release as the period from 14 to 28 d of continuous incubation. We fit a
linear regression model to the data to determine the rate of drug release during this period.

Western Blot—RG2 cells cultured under sterile conditions were treated with 750 nM of
VE822-loaded PEG-poly(PDL-co-DO) NPs or free VE822. The cells without treatment
were used as control. After treatment for 24 h, the cells were irradiated with 5 Gy using an
XRAD 320 Cabinet X-ray irradiator (Precision Xray, CT, USA). Cells were harvested 60
min after radiation and prepared for Western Blot analysis using mouse monoclonal anti-
Chk1 (2G1DS5, Cell Signaling), rabbit monoclonal anti-pChk1 (SER345) (133D3, Cell
Signaling), and Vinculin (Santa Cruz Biotechnology). as a loading control. This protocol
was repeated for non-irradiated RG2 cells treated with 750 nM of VE822-loaded PEG-
poly(PDL-co-DO) or free VE822 (Fig. S3). pChk1 protein levels of irradiated RG2 cells as
depicted in Figure 3 were measured by normalizing to Vinculin and total Chk1 levels (Fig.
S4).

2.6. In vivo nanoparticle characterization

All animal procedures were performed in accordance with the guidelines and policies of the
Yale Animal Resource Center (YARC) and approved by the Institutional Animal Care and
Use Committee (IACUC) per protocol # 2015-20060. Male Fischer 344 rats (Charles River
Laboratories, 200-220 g) were used. Surgical procedures were performed with standard
sterile surgical techniques.

Convection enhanced delivery—All animals were anaesthetized using a mixture of
ketamine (75 mg kg™1) and xylazine (5 mg kg?) injected intraperitoneally. Rats’ heads were
then shaved and placed on a stereotaxic frame for immobilization. After sterilization of the
scalp with betadine and alcohol, a midline scalp incision was made to expose the coronal
and sagittal sutures. A burr hole was then drilled 3 mm lateral to the sagittal suture and 0.5
mm anterior to the bregma. A 50 ul Hamilton syringe with polyamide-tipped tubing was
loaded with 20 pl of NP solution at 50 mg mlI~1 and inserted into the burr hole. After 7 min
of equilibration, a micro-infusion pump (World Precision Instruments, Sarasota, FL, USA)
was used to infuse the NP solution at a rate of 0.667 pl min~1. After complete infusion, the
syringe was left in place for 7 min prior to removal. Bone wax was used to fill the burr hole
and the skin was stapled and cleaned. Animals were placed in a heated cage until full
recovery. CED in tumor-bearing rats was conducted following the same procedure as for
healthy rats with delivery through the reopened burr hole used for tumor implantation
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Orthotopic tumor implantation—Orthotopic RG2 tumors were inoculated as previously
described. Briefly, 3 pl containing 2.5 x 10° RG2 cells suspended in PBS were administered
over 3 min using the same procedure and coordinates as CED. Given the well-characterized,
robust growth of RG2 orthotopic tumors in rats which others have been previously described
[28-30] as well as our own experience that this infusion protocol reproducibly results in
death approximately 15 days after inoculation [31, 32], tumors were grown for 4 d before
beginning treatment to allow for a full 5-day course of radiation treatment after CED.

Volume of distribution—Volume of distribution was measured as previously described
[20]. Briefly, rat brains were harvested at 4 h and 24 h after infusion of Dil dye-loaded NPs
and flash frozen. Brains were sliced in 50 um slices using a Leica Cryostat CM3000 (Leica,
Germany). Slides were imaged using a Zeiss Lumar V12 stereoscope (Carl Zeiss AG,
Germany). Volume of distribution was quantified using a MATLAB code setting a threshold
with Otsu’s method [33].

Intracranial drug retention—To measure intracranial radiosensitizer retention, 20 pl of
radiosensitizer-loaded NPs, free radiosensitizer, blank NPs, or 1x PBS was delivered into the
right caudate via CED as described above. Brains were harvested at predetermined time
points after injection (0, 0.2, 0.5, 1, 3, or 7 d) and divided into left and right hemispheres.
Each hemisphere was separately processed using ACN and centrifugation to extract
hydrophobic compounds. Filtrate was analyzed for VE822 quantity using Agilent LCMS
6120B (Agilent Technologies, Santa Clara, CA) by comparison against a standard curve.

Radiotherapy and survival endpoints—Animals were inoculated with tumors exactly
as described above. After tumor growth for 4 d, animals were randomized into two treatment
groups: animals receiving radiation therapy and animals not receiving radiation therapy.
Animals in each treatment group were then randomized into 4 sub-groups receiving either
free radiosensitizer, radiosensitizer-loaded NPs, blank NPs, or 1x PBS. All 8 sub-groups had
8 total animals per treatment. Starting at 48 h after drug delivery as previously described,
animals receiving radiation therapy were irradiated for 3 Gy per day for 5 consecutive days
with treatments spaced 24 h apart [34]. Prior to receiving radiation, animals were
anesthetized with a mixture of ketamine (75 mg kg™1) and xylazine (5 mg kg?), injected
intraperitoneally. Animals were placed in a plexiglass holder with molded lead shielding to
collinate the beam and allow for selective cranial irradiation in a XRAD 320 Cabinet X-ray
irradiator (Precision Xray, CT, USA). The health status of all animals was monitored daily.
Euthanization occurred after either a 15% or greater loss in body weight or when it was
humanely necessary due to the presence of clinical symptoms from tumor progression.
Median overall survival (MOS) was calculated by plotting Kaplan-Meier curves and
comparing survival curves by the log-rank test

2.7. Data and graphical analysis

GraphPad Prism 7.01 was utilized for all graphing and data analysis. Statistical significance
when comparing two groups was assessed by two-tailed Student unpaired t-test unless
otherwise noted. Time-to-event analysis was analyzed by plotting Kaplan-Meier curves and
survival curves were compared by the log-rank test. Significance is represented on plots as
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*<0.05, **<0.01, ***<0.005, ****<0.001. Error bars represent standard deviations. ImageJ
and Matlab were used for all image analyses. Differences in survival curves were determined
by log-rank test.

3. Results

3.1. Synthesis and properties of PEG-poly(PDL-co-DO) block copolymers

PEG-poly(PDL-co-DO) diblock copolymers were synthesized via ring-opening
copolymerization of w—pentadecalactone (PDL) with p-dioxanone (DO) using Candida
antarcticalipase B (CALB) as the catalyst and poly(ethylene glycol) methyl ether (MeO-
PEG2K-OH) as the initiator (Scheme 1). The composition of the copolymers was controlled
by adjusting the substrate ratio in the feeds (Table 1). It is notable that, due to
thermodynamic limitations, the DO monomer in the feeds was not completely converted and
incorporated into the polymer products [35, 36]. Consequently, the PDL/DO unit molar ratio
of the copolymers is higher than the PDL/DO monomer molar ratio in their corresponding
feeds. To ensure high colloidal stability of the copolymer micelles in aqueous medium, all
synthesized polymers contain 36—40 wt% PEG. The molecular weights of the polymers were
measured by gel permeation chromatography (GPC) using polystyrene standards, and their
molecular structures were analyzed by nuclear magnetic resonance (NMR) spectroscopy.
The PEG-poly(PDL-co-DO) copolymers possessed molecular weights (A4,) between 12,000
and 15,000 Da and polydispersity between 1.7 and 1.8. The proton and carbon-13 NMR
spectra of the block copolymers are essentially identical to those of poly(PDL-co-DO)
copolyesters [20] except that the former polymers exhibit an additional proton resonance at
3.65 ppm and a carbon-13 resonance at 70.55 ppm attributable to the ethylene oxide units (—
CH,—CH,—0-) in the polymer chains. The polymer compositions (including PDL/DO unit
ratio and PEG content) were calculated from the proton NMR spectra of the copolymers.
The initiation of the PDL/DO copolymerization by MeO-PEG-OH dictates that the formed
PEG-poly(PDL-co-DO) chains predominantly consist of diblock copolymer chains (Scheme
1).

The synthesized PEG-poly(PDL-co-DO) copolymers are thermally stable up to 200 °C
under nitrogen gas with a temperature of maximum degradation rate (Tyay) around 400 °C.
PEG-poly(PDL-co-DO) copolymers are semicrystalline at room temperature and are
characterized by two distinct crystalline phases: (i) a low melting temperature phase
(melting temperature around 48 °C) attributed to the PEG fraction and consistent with the
PEG amount in the different copolymers; (ii) a high melting temperature phase, attributed to
the poly(PDL-co-DO) crystals. Copolymers with high amount of PDO tend to melt at higher
temperature compared to those with lower PDO content (melting temperatures ranging from
75 °C to 82 °C), The analyzed copolymers had a total degree of crystallinity ranging from 51
to 55%. Detailed solid state characterizations of the PEG-poly(PDL-co-DO) block
copolymers are provided in the Supporting Information document (Table S1, Fig. S1-2).
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3.2. Characterization of blank and radiosensitizer-loaded PEG-poly(PDL-co-DO)
nanoparticles

PEG-poly(PDL-co-DO) copolymers were formulated into NPs that fit the criteria we
previously described as “brain penetrating” [21, 23]. These blank NPs possess a mean
hydrodynamic diameter ranging from 60-100 nm (Fig. 1a—c), spherical morphology (Fig.
1d-f), did not aggregate after incubation in artificial cerebrospinal fluid at 37 °C for up to 28
d (Fig. 19), and had a negative surface charge (Table 2). The polydispersity index (PDI) of
all NP samples was below 0.2 indicating a monodisperse population. The particle yield of all
three copolymers was around 60% (Table 2), which is comparable to NPs formulated using
similar polymers and the emulsion solvent evaporation technique [21, 24].

Additionally, the hydrolytic degradation of blank PEG-poly(PDL-co-DO) NPs was
measured by the decrease in NP size and molecular weight over 28 d of incubation in
artificial cerebrospinal fluid at 37 °C. Over this period, the average hydrodynamic diameter
of the three NP samples decreased by ~15 nm (Fig. 1g) and the weight-average molecular
weight (M,,) of the copolymers decreased by approximately 1,500 Da (Fig. 1h).

Encapsulation of VE822 within PEG-poly(PDL-co-DO) NPs did not significantly alter NP
size, surface charge, or yield when compared to the blank NPs (Table 2). Of note, the drug
encapsulation efficiency increases as the PDL to DO unit ratio in the copolymer increases.

3.3. In vitro drug release and functional activity profile of radiosensitizer-loaded PEG-
poly(PDL-co-DO) nanoparticles

PEG-poly(PDL-co-DO) NPs exhibited biphasic release of encapsulated VE822 that included
a period of rapid drug release within 24 h after encapsulation, the burst phase, during which
29, 17 and 9.1% of encapsulated VE822 were released by the NPs formulated from P56D44,
P65D35 and P71D29, respectively (Table 3). During the sustained release phase—which we
define as occurring from day 14 of incubation to day 28—0.8, 0.6 and 0.6% of loaded
VEB822 was released per day (Table 3) resulting in a cumulative total release of 67, 55 and
43% of encapsulated drug after 28 days for NPs formulated from P56D44, P65D35 and
P71D29, respectively (Fig. 2).

The functional activity of PEG-poly(PDL-co-DO) NPs was evaluated by examining the
biochemical effects of free radiosensitizer and radiosensitizer-loaded NPs on a known
ionizing radiation-induced phosphorylation target, Chk1. ATR-dependent phosphorylation of
Serine 345 (S345) on Chk1 leading to homologous recombination (HR) in response to
ionizing radiation has been previously described and VE822 has also been shown to prevent
this process [27, 37]. VE822-loaded NPs prepared from P56D44 and P65D35 copolymer
inhibited ionizing radiation-induced phosphorylation of Chk1 in RG2 glioma cells to
comparable levels observed with free VE822 after 24 h of pre-treatment and radiation
therapy while VE822-loaded NPs prepared from P71D29 copolymer suppressed pChk1
below cells receiving no treatment but slightly less than free VE822 (Fig. 3).

Biomaterials. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Page 10

3.4. In vivo volume of distribution and retention of PEG-poly(PDL-co-DO) nanoparticles

after CED

The volume of distribution (V) achieved after CED of 20 pl (20 mm3) of P56D44, P65D35,
or P71D29 copolymer NPs after 24 h was 21, 46 and 59 mm3, respectively (Fig. 4a—c). With
a volume of injection (V;) of 20 ul, these values correspond to V4/V; ratios of 1.1, 2.3 and
3.0 for NPs formulated from P56D44, P65D35 and P71D29, respectively. While the Vy/V;
ratio correlated with NP diameter, interestingly, larger particles exhibited better sustained
penetration. From 4 to 24 h after infusion, V4 decreased for P56D44, P65D35 and P71D29
NPs, with the latter decreasing the least (Fig. 4d). After 24 h, the V4 of P71D29 NPs was
significantly greater than the V4 of P56D44 NPs (p < 0.01). The V4 achieved after CED of
NPs formulated from non-PEGylated poly(PDL-co-DO) copolymer was 1 mm3 after 4 h and
0 mm3 after 24 h. While not included in this study, previous data suggests that similarly
sized NPs with PEG coating penetrate to an initial extent immediately after infusion (45
mm?3) [23, 31]. We have included this predicted data point on Fig. 4d for comparison.

To evaluate the influence of CED of NPs on duration of VE822 levels in the brain, VE822
concentration in the right hemisphere was measured for animals that received infusions of
either free VE822 or VE822-loaded PEG-poly(PDL-co-DO) NPs (Fig. 5). For CED of the
free drug, retention was short-lived: the percent retention was well-represented by first-order
(exponential) decay with a half-life of 9 h, resulting in negligible amounts detectable after
48 h (R% = 0.99) [19] After CED of VE822-loaded P56D44 NPs, intracranial VE822 levels
followed a similar pattern as free VE822 with a half-life of 12 h and 15% of the drug
remaining 24 h post injection. Clearance from intracranial tissue of VE822 delivered in
P65D35 and P71D29 NPs occurred more slowly with half-lives of approximately 2 d and 5 d
respectively, which are also well represented by an exponential decay model (R? = 0.99).
After 1 week, P71D29 NPs exhibited the greatest retention of VE822 with 43% of injected
drug detected within the right hemisphere (Fig. 5). VE822 was not detected in the left
hemisphere for any group at any time point.

3.5. Enhanced therapeutic benefits of VE822-loaded PEG-poly(PDL-co-DO) nanoparticles
in a rat intracranial xenograft model

The therapeutic efficacy of VE822-loaded PEG-poly(PDL-co-DO) NPs was tested by
administrating the NPs via CED to rats bearing RG2-derived gliomas followed by
fractionated radiation therapy (FRT) (Fig. 6a). The P71D29 NP formulation was chosen for
this study due to its superior volume of distribution after 24 h (Fig. 4c), prolonged release
(Fig. 2), and enhanced retention of the drug within the brain tissue when compared to the
NPs formulated from P56D44 and P65D35 (Fig. 5). We used the RG2 glioma model because
inoculation of RG2 cells into the brains of syngeneic Fischer 344 rats has been well-
established as a reproducible intracranial tumor model with predicted MOS of 14 d and
infiltrative growth [38]. As described above, rats were separated into 2 groups, one group
receiving FRT and another not receiving FRT. These groups were further divided into 4 sub-
groups to identify if the VE822-loaded NPs conferred a unique survival advantage compared
to unloaded NPs and free VE822. All sub-groups of rats not receiving FRT had MOS of 15
d, and there was no significant difference in survival between the rats receiving VE822-
loaded NPs and any other sub-group using the log-rank test (Fig. 6b, d). However, in the
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group receiving FRT, the rats treated with the VE822-loaded NPs lived significantly longer
than all other subgroups as defined by the log-rank test (p < 0.001). The MOS of this sub-
group, 23 d, is 21% longer compared to rats receiving FRT in the no treatment, blank NPs
and free VE822 sub-groups—19 d for all sub-groups (Fig. 6b, d). The survival advantage
conferred by the VE822-loaded poly(PDL-co-DO) NPs was also significantly greater in the
FRT group compared to the non-FRT group (p < 0.001, Fig. 6¢). Importantly, free VE822
did not provide a statistically significant survival advantage in rats receiving FRT. We note
that all control animals (receiving no treatment) died of histologically confirmed tumors
with MOS matching previous reports of the RG2 model [34, 39, 40].

4. Discussion

In this report, we demonstrate that PEG-poly(PDL-co-DO) copolymers can be formed into
small nanoparticles which allow for prolonged release of encapsulated agents after
administration by CED. Additionally, radiosensitizer-loaded PEG-poly(PDL-co-DO) NPs
confer a significant survival advantage to tumor-inoculated rats receiving FRT. These results
provide evidence for the potential of PEG-poly(PDL-co-DO) NPs in clinical applications
requiring sustained drug release. One main advantage of these NPs is that their properties
can be readily altered by adjusting the comonomer unit ratio in PEG-poly(PDL-co-DO)
chains. Specifically, we determined how NP size, encapsulant release rate, intracranial
retention and volume of distribution can be tuned by varying the ratio of PDL to DO repeat
units in the copolymer. Previously, poly(PDL-co-DO) copolyesters were successfully
utilized to fabricate NPs that were non-toxic and exhibited controlled and continuous release
of encapsulated drug over 28 days [19]. Moreover, poly(PDL-co-DO) NP degradation rate
was found to vary over a wide range depending on the copolymer composition, suggesting
that drug release rate could also be altered [24]. The prolonged and potentially tunable
release properties of poly(PDL-co-DO) NPs are promising for intracranial drug delivery.
Nevertheless, these NPs had prohibitively large sizes (> 250 nm) to be suitable for
applications in the brain. We hypothesized that conjugation of PEG to poly(PDL-co-DO)
chains would allow fabrication of smaller NPs and facilitate the use of the resultant PEG-
poly(PDL-co-DO) copolymers in the setting of the brain.

It has long been known that block copolymers of PEG with degradable polyesters can be
used to produce NPs with surface PEG groups that enhance NP biodistribution and
pharmacokinetics [41]. PEGylation has been investigated in the context of prolonging
intracranial retention following local delivery [42, 43] and in a recent study examining
PEGylated squalenoyl-gemcitabine NPs for the treatment of glioblastoma, PEGylated NPs
distributed more uniformly and aggregated less after CED at the site of infusion when
compared to their non-PEGylated counterparts [31]. Therefore, we synthesized and
evaluated three PEG-poly(PDL-co-DO) diblock copolymers with different PDL/DO unit
ratios: P56D44, P65D35 and P71D29.

All PEG-poly(PDL-co-DO) NP formulations obtained were monodisperse (PDI < 0.2) and
NP characteristics did not vary significantly when loaded with dye or VE822 (Table 2). The
three different copolymer compositions yielded varying encapsulation efficiencies ranging
from 25-42% with increasing PDL content associated with greater encapsulation. The
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encapsulation efficiency of VE822 is likely correlated with the PDL content in the
copolymers due to hydrophobic interactions between the highly hydrophobic PDL and
VE822 within the emulsion during NP fabrication. These results are comparable with the
encapsulation efficiencies achieved by another recent study that encapsulated VE822 within
a polylactic acid-PEG (PLA-PEG) NP system [34].

Hydrophobic interaction between PDL monomer units and VE822 likely contributed to the
substantially different burst release of loaded-VE822 within the first 24 h for each PEG-
poly(PDL-co-DO) copolymer formulation. The copolymer with the greatest PDL content,
P71D29, formed NPs with the smallest burst release of 9.1% within the first 24 h whereas
P56D44 NPs yielded a burst release of 29% over this same time period. The rapid release of
the drug during the first 24 h likely resulted from the release from drug molecules associated
with the surface of the NPs, as well as the degree of initial water penetration into the
polymer matrix [44, 45]. Therefore, we hypothesize that higher PDL content slows the
release of drug due to hydrophobic interaction between the copolymer and the drug and
limited aqueous infiltration to the polymer matrix. The limited drug burst release of the
P71D29 and P65D35 NPs is a significant advantage for PEG-poly(PDL-co-DO) NPs over
other polymeric nanocarrier systems such as PLGA, which often release greater than half of
encapsulated drug within initial 24 h [44-48]. It was reported that even those PLGA systems
designed for sustained release of small-molecule hydrophobic radiosensitizers (e.g., VE822)
released 45-70% of encapsulant within the first 24 h [49, 50]. Despite the low levels of burst
release, we found that VE822-loaded NPs were sufficient for radiosensitization. When RG2
cells were treated with VE822-loaded NPs for 24 h, HR was blocked /n vitro at levels
comparable to those exhibited by the free drug (Fig. 3). Particularly, the P56D44 and
P65D35 NP samples appeared to have the greatest radiosensitizing effect which is consistent
with their greater VE822 release in the first 24 h compared to P79D21 NPs.

An additional advantage of decreased burst release is sustained release of encapsulated drug
for weeks after the initial exposure to water (Fig. 2). As previously reported, poly(PDL-co-
DO) copolyesters are copolymers of an isodimorphic system [24]. Thus, the sustained
release capabilities of NPs formulated from this copolymer are likely due to slow polymer
chain hydrolysis associated with less-accessible crystalline phases of the copolymers. The
rate of polymer degradation hydrolytic degradation was measured via GPC and it was
observed that all PEG-poly(PDL-co-DO) NP samples degraded by ~1,500 Da over 28 days
(which represents 11% total molecular weight degradation, Fig. 1h). In comparison,
previous studies reported that PLGA degrades much more rapidly with 90+% weight
average molecular weight decrease after 10 days, contributing to greater burst release rates
and less sustained release capabilities beyond the period of 2 weeks [51-53]; A recent study
encapsulating similar small-molecule radiosensitizers to VE822 within PLGA NP observed
90% release of encapsulated drug within just 3 days [50].

In this study, we demonstrate the inability of non-PEGylated poly(PDL-co-DO) NPs to
distribute within the brain (V4/V; < 0.5). This is likely due to their much larger diameters
(~300 nm) compared to PEGylated poly(PDL-co-DO), inhibiting penetration through the
brain interstitium and lack of hydrophilic PEG coating, which might result in significant
aggregation at the site of infusion. PEG-poly(PDL-co-DO) NPs were able to penetrate the
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brain interstitium during CED. The V4/V; ratios of the P56D44, P65D35 and P71D29 NPs at
24 h after CED were 1.1, 2.3 and 3.0, respectively. Although lower than the theoretical limit
of V4/V;i =5 (which can be observed for small molecules capable of freely distributing with
fluid through the brain extracellular space) [54], these values are comparable to previous
values achieved after CED infusion of NPs [21, 31]. Our results also suggest that NP
diameter may play a role in sustained penetration in the brain as the largest particles,
P71D29 (106 nm) retained a V4 of 50 mm3 24 h after CED while the smallest particles,
P56D44 have good early penetration (4 h) but Vg is substantially lower at 24 h. These
findings suggest that distribution and retention within the brain is influenced by NP diameter
and we believe this is an important point to study more completely in the future.
Additionally, diffusion of drug released from NPs, which is further affected by rate of
release of drug, may play a role in the differing V4 observed between the three polymers.
Although we do not currently have the technical capability to simultaneously image NPs and
released drug, this topic clearly deserves further study. Because tumors are very small at the
time of CED delivery, we do not expect relative levels of infused VE822 (Vq) to vary
significantly in a tumor-bearing rat brain. Also, previous studies have shown that the
presence of a tumor modifies the pattern of distribution, it does not significantly modify the
particle volume of distribution [31, 32]. For similar reasons, we do not expect drug retention
to vary significantly between non-tumor and tumor-bearing rat brains. However, our
understanding of an intracranial tumor’s effects on drug retention, specifically drug-
releasing NPs after CED, is limited and we have yet to optimize the preferential distribution
of CED-delivered radiosensitizer to tissue containing tumor cells.

Our in vitroand /n vivo experiments revealed that the nanoparticles formed from three PEG-
poly(PDL-co-DO) copolymers with different compositions possessed a wide range of
release, distribution and retention characteristics. Among these three copolymers, P71D29
was selected to test therapeutic efficacy due to its superior distribution and retention profiles,
which are key to tumor treatment with FRT. Prolonged drug retention is especially beneficial
for treatment because methods of local drug delivery into the brain (e.g., CED) are invasive.
Therefore, it is important to maintain clinical efficacy with a minimal number of surgical
procedures. To ensure coverage of a disperse, infiltrative tumor, it is also essential to achieve
a large volume of distribution. We believe that the significantly improved survival of the rats
treated with the VE822-loaded NPs vs free VE822 is attributable to (i) the prolonged release
and retention of the drug with half-life of ~ 5 days (half-life of free VE822 is ~ 10 h), (ii)
capability of the NP formulation to maintain intracranial drug levels above the previously
reported 1C50 of VE822 (0.125 uM) over one week, and (iii) the sufficient drug distribution
[34]. We note that the VE822-loaded NPs are unable to completely cure tumor-bearing rats,
possibly due to a suboptimal FRT schedule after NP infusion or incomplete coverage of
tumor mass which has previously been described in the context of polymeric NPs [32].
Although we are currently unable to quantify the changing intracellular concentration of
VE822 in vivo over time, this will be important in future work in order to identify the
optimal FRT dosing strategy. While further research is necessary to maximize the clinical
efficacy of PEG-poly(PDL-co-DO) NP formulations in this multimodality treatment, our
results clearly demonstrate that maintaining sufficient intracranial levels of radiosensitizer
throughout FRT treatment is key to inhibiting DNA repair and prolonging survival.
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Although PEG-poly(PDL-co-DO) NPs were utilized in this study to deliver small molecule
radiosensitizers, this nanocarrier platform can be tailored for treatment of a host of CNS
diseases requiring local administration of therapeutic agents. In the current work, a larger
volume of distribution is desired due to the infiltrative nature of RG2 glioma tumor models
and because VE822 ATR inhibition is not cytotoxic to non-tumoral cells after RT [27]. The
PDL-rich P71D29 NPs were efficient for delivery of agents requiring sustained intracranial
presence. Alternatively, use of PEG-poly(PDL-co-DO) NPs with a low PDL content can
yield decreased intracranial drug retention if shorter exposure of therapeutic agents is
desired. Moreover, treatments targeting variable volumes of localized cerebral dysfunction
(e.g., stroke) could utilize such NP carriers for focused delivery of encapsulated agents [55].
Importantly, we have shown that PEG-poly(PDL-co-DO) nanocarriers are capable of
delivering encapsulated agent for therapeutic effect with sustained intracranial retention and
widespread distribution, and that these properties can be modulated by altering the
copolymer composition.

5. Conclusions

This study demonstrates the ability of PEG-poly(PDL-co-DO) nano-formulations to
successfully deliver loaded therapeutic agent intracranially. We show that the conjugation of
PEG allows for small nanoparticles and widespread drug distribution within the brain after
infusion by CED while preserving the sustained release properties of poly(PDL-co-DO)
copolymer. Administration of VE822-loaded PEG-poly(PDL-co-DO) NPs, compared to free
VEB822, in combination with FRT provided statistically significant survival benefits in
animals bearing orthotopic RG2 tumors. Finally, PEG-poly(PDL-co-DO) NPs exhibited a
wide range of composition-dependent drug release, distribution and retention characteristics.
Altogether, these results indicate that PEG-poly(PDL-co-DO) copolymers have a great
potential to be utilized as a versatile and long-acting NP release system for broad treatment
of intracranial diseases.
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Figure 1. Nanoparticle characterization
Hydrodynamic diameter distributions and TEM images of P56D44 (a, d), P65D35 (b, €), and

P71D29 (c, f) blank nanoparticles suspended in diH20O, and their size changes (g) in aCSF
and molecular weight variations (h) in PBS at 37 °C as a function of time. Data in Fig. 1g
and h is shown as mean = SEM (n=5).
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Figure 2. In vitro drug release
Release of encapsulated VE822 from P56D44, P65D35 and P71D29 nanoparticles at 37 °C

in PBS with 0.5% Tween 80.
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Figure 3. VE822-loaded nanoparticle protein regulation
Western blot of Phospho-Chk1 levels in radiated (right five columns), and non-radiated (left

column) RG2 cells. Cells were treated for 24 h with no treatment (DMSO), VE822-loaded
P56D44 nanoparticles (P56D44), VE822-loaded P65D35 nanoparticles (P65D35), VE822-
loaded P71D29 nanoparticles (P71D29) or free VE822 (VE822). Vinculin is shown as a

loading control.
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Figure 4. Nanoparticle volume of distribution
Visualized distribution of P56D44 (a), P65D35 (b) and P71D39 (c) nanoparticles loaded

with Dil fluorescent dye 24 h after infusion. (d) /n vivo comparison of Dil-loaded
nanoparticle distribution in normal rat brain 4 h and 24 h following CED. Predicted initial
V4 (white box at t=0) of 45 mm3 is depicted with white box. Error bars represent the
standard deviation of the mean volume of distribution for three separate animals, scale bar, 4
mm).
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Figure 5. Intracranial nanoparticle retention
Fractional retention of VE822 in intracranial tissue following CED of free VE822, VE822-

loaded P56D44, P65D35 or P71D29 nanoparticles. The data were analyzed using ex vivo
standards of brains spiked with the drug. Saline solutions with an equivalent volume of
DMSO (drug solvent) or an equivalent weight of blank NPs were measured for background
subtraction during the data analyses.
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Figure 6. In vivo therapeutic efficacy
In vivo treatments of RG2 brain tumors in rats: (a) treatment course schematic. The dotted

line indicates RG2 tumor cell infusion into the right caudate at day 0; the dashed line
indicates intratumoral CED of either VE822-encapsulated P71D29 NP, free VE822, blank
P71D29 NP or no treatment at day 4; the small arrows indicate administration of 5
consecutive doses of 3 Gy focal cranial radiation; the solid black line indicates the recorded
survival of the treated animals. (b) /77 vivo survival study using RG2 rat glioma model in
immunocompetent Fisher 344 rats. Kaplan Meier survival curves for different treatment
groups of size n=8 are indicated. Group 1 (no RT): free VE822 (dotted-green), VE822 NPs
(dotted-blue), blank NPs (dotted-purple), no treatment (NT, dotted-black). Group 2
(fractionated RT): free VE822 (dashed-green), VE822 NPs (dashed-blue), blank NPs
(dashed-purple), no treatment (NT, dashed-black). (c) comparison of MOS among different
CED treatment groups. (d) comparison of MOS among different radiation treatment groups.
Data is shown as mean + SEM (n=8). p-values were calculated as pair-wise log-rank
comparisons from the survival curves and indicated as *<0.05, **<0.01, ***<0.005,
****<0.001.
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Scheme 1.
Enzymatic synthesis of PEG-poly(PDL-co-DO) block copolymers
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Table 3

Drug release profiles of VE822 loaded PEG-poly(PDL-co-DO) NPs with drug release fit to exponential decay
curves

Polymer  Burst Release (%) Sustained release rate (nmol drug/mg NP/d)  Sustained release rate (% drug/d)

P56D44 29+1.3 0.8+0.1 0.8+0.1
P65D35 17+0.8 0.8+0.3 0.6+0.2
P71D29 9.1+3.3 1.0+0.2 0.6+0.1
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