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Abstract

Purpose: Overall survival of patients with newly diagnosed glioblastoma (GBM) remains dismal
at 16 months with state-of-the-art treatment that includes surgical resection, radiation and
chemotherapy. GBM tumors are highly heterogeneous and mechanisms for overcoming tumor
resistance have not yet fully been elucidated. An injectable chitosan hydrogel capable of releasing
chemotherapy (Temozolomide, TMZ) while retaining radioactive isotopes agents (lodine, 1311)
was used as a vehicle for localized radiation and chemotherapy, within the surgical cavity.

Methods: Release from hydrogels loaded with TMZ or 13| was characterized in vitro and in
vivo and their efficacy on tumor progression and survival on GBM tumors was also measured.

Results: The in vitro release of 1311 was negligible over 42days, while the TMZ was completely
released over the first 48 hours. 1311 was completely retained in the tumor bed with negligible
distribution in other tissues and that when delivered locally the chemotherapy accumulated in the
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tumor at 10-fold higher concentrations compared to when delivered systemically. We found that
the tumors were significantly decreased and survival was improved in both treatments groups
compared to the control group.

Conclusions: Novel injectable chemo-radio-hydrogel implants may potentially improve the
local control and overall outcome of aggressive, poor prognosis brain tumors.
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INTRODUCTION

Overall survival of patients with newly diagnosed glioblastoma (GBM) remains dismal at 16
months with state-of-the-art treatment that includes surgical resection, external beam
radiation and chemotherapy. The majority of GBM tumors recur locally despite targeting the
tumor as well as its surrounding margin of the normal brain without distant failure.
Necessary radiotherapy (RT) doses required for improved local tumor control exceeds
normal brain tissue tolerance and increased RT necrosis. Additionally, the blood brain
barrier has stymied development of effective radio-sensitizers and systemic chemotherapies.
GBM tumors are highly heterogeneous and mechanisms for overcoming tumor resistance
have not yet fully been elucidated. Alternative therapeutic strategies for the treatment of
GBM are therefore clearly warranted.

Localized radiotherapy offers a potential strategy for improved tumor targeting precision
while sparing normal tissues 12, Traditional placement of radioactive brachytherapy seeds in
the surgical cavity have proved difficult in achieving the desired homogeneity of RT dose
distributed to margins due to irregularities in cavity shape. More recent efforts have used
balloons and a catheter to deliver a radioactive source (Gliasite® Radiation Therapy
System)3. Implantation of iridium-192 and iodine-125 seeds and the balloon-based
brachytherapy have shown activity in primary malignant gliomas #-8. However, randomized
studies using interstitial radiation boosts have not demonstrated an improved outcome
compared to standard therapy °. The use of an injectable biodegradable hydrogel, loaded
with chemo- and radio-therapy, with the ability to fill the post resection cavity entirely
regardless of its shape and degree of deformity should facilitate greater homogeneity of
doses and may lead to improved outcomes.
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In lieu of intravenous chemotherapy, treatment plans are increasingly turning to localized
methods of delivery. Biodegradable carmustine wafers (Gliadel) placed in the surgical cavity
after removal of GBM have gained increased acceptance. Gliadel wafers loaded with
carmustine were shown to significantly increase median survival versus placebo wafers in
the treatment of GBM, with a diffusion capacity of about 2mm 10.11, The wafers are solid
and thus do not entirely fill the post-resection cavity. This can contribute to non-
homogeneous distribution of chemotherapy.

The goal of the present study was to test the feasibility of a novel delivery system for local
chemo-radio-therapy treatment of GBM. A biodegradable injectable chitosan hydrogel
capable of releasing chemotherapy while retaining radioactive isotopes agents was used as a
vehicle for localized radiation and chemotherapy within the surgical cavity. The study
involved exploring new approaches of previous efforts at using brachytherapy techniques to
treat central nervous system lesions, and development of an efficient and highly controllable
means of delivering localized chemotherapy to address and enhance the chemotherapeutic
effectiveness across the blood brain barrier.

MATERIALS AND METHODS

Materials & Reagents

Cells

Unless stated otherwise, all materials were purchased from Sigma (St. Louis, MO, USA).
Chitosan (low molecular weight, 50,000-190,000 Da based on viscosity, Sigma Product
#448869), acetic acid 99.7%, and glutaraldehyde (GA) solution 25% were used for the
preparation of the chitosan hydrogels. Alginic acid sodium salt from brown algae (low
viscosity 4-12cP), sodium bicarbonate, and calcium chloride were used for the elaboration
of microparticles. Fluorescein isothiocyanate (FITC) and Bovine Serum Albumin (BSA)-
FITC (BSA-FITC) were purchased from MP Biomedicals (Solon, OH, USA) and used for
evaluation of in vitro release. Volumex (lodine-131 (1311) Human Serum Albumin (HSA))
was purchased from Daxor Corporation (New York, NY, USA). Doxorubicin and
temozolomide (TMZ) were purchased from Selleckchem (Houston, Tx, USA). Corning
Matrigel Basement Membrane Matrix Growth Factor Reduced (Corning, New York, NY,
USA) was prepared following manufacturer instructions for /n vivo implantation.

Glioma (D54 and D54-GFP-luc) cell lines were a kind gift from Dr. Dinesh Thotala
(Department of Radiation Oncology, Cancer Biology Division, Washington University in
Saint Louis School of Medicine). All cell lines were cultured in DMEM with F-12 Nutrient
Mixture in a 1:1 ratio supplemented with 10% fetal bovine serum (FBS, Gibco, Life
Technologies, Grand Island, NY), 2 mmol/L L-glutamine, 100 U/mL Penicillin and 100
ug/mL Streptomycin (CellGro, Mediatech, Manassas, VA). Before plating, cells were
washed with phosphate-buffered saline (PBS, Corning CellGro, Mediatech, Manassas, VA),
trypsinized with 0.05% Trypsin-EDTA 1x (Gibco, Life Technologies, Grand Island, NY),
spun for 5 minutes (1000 RPM) and resuspended in fresh DMEM:F12 media.
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Animals and tumor development

Nude (Hsd: Athymic Nude-Foxnlnu) 5-6 week old female mice (Harlan) were used for
animal studies. Animal procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at Washington University School of Medicine in St. Louis. Mice were
anesthetized with ketamine/xylazine and injected subcutaneously with 150 pl matrigel at a
final concentration of 6 mg/ml containing 1 million D54-GFP-luc cells into the right flank,
as previously described 12, After 10-14 days, tumors were palpable, and mice were stratified
for treatments.

Preparation of Chitosan hydrogels

Chitosan hydrogels were produced based on previously described methods 13with the
following modifications. Briefly, chitosan (1 g) was dissolved in 100 ml of 0.1 M acetic
acid. While chitosan solution was being stirred, different GA solution concentrations
(0.1-5% wi/v in water) were added. A hydrogel was immediately formed, and stirring was
stopped thereafter. Chitosan hydrogels were allowed to stabilize for 4 hours before
characterization.

Crosslinking and shear-stress characterization of Chitosan hydrogels

Crosslinking was measured by quantification of absorbance uptake of hydrogels and Fourier
Transform Infrared Spectroscopy (FTIR). Representative pictures of the chitosan hydrogels
were taken 4 h after crosslinking to show their appearance. Then, crosslinked chitosan
hydrogels’” absorbance at 360 nm (SpectraMax i3, Molecular Devices, Sunnyvale CA) were
determined. FTIR was used to characterize the presence of specific chemical groups in the
materials. Chitosan hydrogels crosslinked with GA were analyzed by FTIR using
Transmittance Mode. FTIR spectra were obtained in the range of wavenumber from 4000 to
500 cm— 1 during 32 scans (NEXUS 470 FT-IR, SMART PERFORMER, Thermo Nicolet,
USA). The FTIR spectra were normalized by reducing the background noise of non-
crosslinked chitosan hydrogels and major vibration bands were associated with chemical
groups.

In addition, chitosan hydrogels from varying GA concentrations were characterized by one
of three appearance levels: liquid, semi-solid or solid. The injectability of chitosan hydrogels
was analyzed by using shear-stress characterization. The shear-stress technique analyzed
4ml of chitosan hydrogel contained in a 5ml syringe. The syringe was loaded with 4ml of
pre-crosslinked hydrogels using a pipette (liquid hydrogels), a spatula (semi-solid hydrogels)
or small pieces by hand (solid hydrogels). A constant force was applied to the top of the
syringe and dispersing time of various amounts of hydrogel (1/4, 2/4, 3/4, and full volume)
was measured. The results (amount of hydrogel dispersed vs time*force) showed the shear-
stress properties of the crosslinked chitosan hydrogels. A qualitative determinacion of
injectability was performed by 10 properly trained participants following the previously
described method 14. The participants were asked to evaluate the injectability of 4ml aliquots
of each formulation in a syringe by rating injection difficulty and the formulation flow
through the syringe, using an arbitrary score from 1 to 4. In particular, the arbitrary score for
both parameters was defined as following:
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Score 1 = injection difficulty: not possible; flow: no flow or drop wise;

Score 2 = injection difficulty: high; flow: initially drop wise, then continuous;
Score 3 = injection difficulty: medium; flow: continuous;

Score 4 = injection difficulty: low; flow: too fast.

Injectability for a specific formulation was considered acceptable when the total score was
30+2, meaning most of the volunteers were able to inject the tested formulation with
medium injection difficulty obtaining steady flow.

We further characterized the viscosity of chitosan hydrogels. First, the viscosity profile of
chitosan hydrogels from varying GA concentrations (0 — 0.6%) was carried out by
Brookfield Digital Viscometer (Model DV-E, Spindle LV3, spindle multiplier constant 128).
The chitosan hydrogels were taken 4 h after crosslinking in scintillation vials and measured
the fluid’s resistance to flow.

After viscosity was measured, the swelling properties of chitosan crosslinked with 0.4% GA
were evaluated. Pre-weighed hydrogel was immersed in excess of swelling medium (double
distilled water, DDW). At various time intervals, the swelling medium was removed and
hydrogel weighed after excessive solution of the surface was blotted. Results were
calculated according to the following equation: Q = (Ws — Wd) /Wd. Here, Q is the swelling
ratio, Ws is the weigth in the swollen state and Wd is the weigth in the dried state.

Preparation of Alginate microparticles

Alginate microparticles were obtained by inducing the crosslinking of an alginate solution
with calcium chloride. When sodium alginate solution is added into a solution of calcium
ions, the calcium ions displace the sodium ions in the alginate polymer. Various alginate
concentrations (10-100 mg/ml) were dissolved in 0.1 M sodium bicarbonate by first grinding
the alginate in a mortar and followed by mixing with a magnetic stirrer. Once dissolved, this
alginate solution was added drop-wise with a 30G needle to a 0.1 M calcium solution
without stirring. The alginate microparticles were washed three times with DDW.

Alginate microparticles size characterization

The morphological examination of the microparticles was performed by an optical
microscope (Olympus ix70 inverted microscope). The size of alginate microparticles was
measured from microscopic images (QICAM Fast 1394 Digital Camera) by using image
analysis software (Image J, NIH, Bethesda, MD).

In vitro release studies of chitosan hydrogels loaded with alginate microparticles

The chitosan hydrogels with the best injectability properties (chitosan crosslinked with 0.4%
GA\) were analyzed naive or loaded with the alginate microparticles that displayed the best
encapsulation efficiency (Alginate 75 mg/ml). The /in vitro release studies were performed
by using FITC alone or linked to a large-size molecule such as BSA to detect the efficacy in
both encapsulation settings (small and large-size molecules, respectively). BSA-FITC or
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FITC were loaded in alginate solution either by being dropped into calcium chloride to make
microparticles and by direct incorporation into the chitosan hydrogel. Finally, the chitosan
hydrogels (chitosan hydrogels with FITC directly dispersed, Ct-FITC; chitosan hydrogels
with BSA-FITC directly dispersed, Ct-BSA-FITC; and chitosan hydrogels with BSA-FITC
incorporated in alginate microparticles dispersed in the hydrogel, Ct-mAlg-BSA-FITC) were
included in PBS (pH 7.4) at 4°C and were shaken in a light protected environment for 42
days. BSA-FITC and FITC were added to the PBS solution that contains chitosan naive
hydrogels as total release control, and also chitosan naive hydrogels were included in PBS as
blank. The PBS solution with the chitosan hydrogels was sampled and the samples were
analyzed by fluorescence reader (BSA-FITC and FITC) at 485/516 nm at different time
points for long-term release. The % release (%R) was calculated as follows: %R = (Ct -
Blank) / (Total — Blank) *100.

Radioactive encapsulation efficiency and leakage in alginate microparticles

Volumex (1311-HSA, 1.25 uCi) was mixed with 200 pl of 75 mg/ml alginate solution to make
microparticles. Radioactive alginate microparticles (mAlg-1311-HSA) were washed with
DDW, and original supernatant, as well as the wash, were used for determination of
encapsulation efficiency. The same amount of Volumex was used in DDW as a positive
control. Radioactivity in the samples was determined using a Packard Il gamma counter
(PerkinElmer, Waltham, MA). The radioactivity encapsulation efficiency (rEE) was
calculated as follows: %rEE = 100 — ([((MAIg-131-HSAcpm)/Totalcpm]*100). Radioactive
alginate microparticles contained approx. 1 uCi based on rEE and they were added to
chitosan hydrogel (Ct-mAlg-131]-HSA), which was included in PBS (pH 7.4) at room
temperature and shaken in a light protected environment for 42 days. Samples from the PBS
solution that surrounds the chitosan hydrogels at different time points for long-term release
were analyzed for radioactivity using the gamma counter and leakage was calculated based
on a decay-corrected standard dose (Volumex 31| half-life 8 days). % Radioactivity
Leakage (RL) was calculated as follows: %RL = [(Ct-mAlg-1311-HSAgpm — Blankepm) /
(decay-corrected Total — Blankcpm)] *100.

Chemotherapy release from chitosan hydrogels

TMZ is a chemotherapeutic drug detectable by UV absorbance. TMZ calibration curve from
0 — 250 pg/ml was measured by a spectrophotometer at 325 nm. A final concentration of 250
pg/ml TMZ was incorporated in the previously described injectable chitosan hydrogels. The
hydrogels were disperded in PBS (pH 7.4) at 4°C and were light protected and shaken for 48
h. TMZ was added to the PBS solution that contains chitosan naive hydrogels as total, and
also chitosan naive hydrogels were included in PBS as blank. TMZ release into the PBS
solution from the chitosan hydrogels was analyzed by spectrophotometer at 325 nm at
various time points for 48 h. The percent release was calculated as previously shown for
FITC and BSA-FITC.

Cell Survival Assay to chemotherapy

D54 cells were cultured with free-TMZ or equivalent chitosan hydrogels with TMZ directly
dispersed (TMZ-Ct) added to the cells apically (0 — 100 uM) for 24h. The cells were
detached by trypsinization and resuspended in fresh DMEM:F12 media. Cell viability was
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assessed using cell viability exclusion method with Vi-Cell cell counter (Beckman Coulter,
Brea, CA).

In vivo radioactivity bio-distribution study

After tumors were palpable, 6 nude mice were injected with 200 pl chitosan hydrogel loaded
with radioactive alginate microparticles (mAlg-1311-HSA, 2 uCi/mice) at the tumor site.
After 3 and 7 days, the mice were anesthetized, blood samples were collected, and tumors
and distant organs (lung, liver, spleen, kidney, bladder, muscle, heart, and brain) were
resected. Tissue samples were placed in a gamma counter (Beckman Gamma 8000) to
measure radioactivity.

In vivo chemotherapy bio-distribution study

After tumors were palpable, 6 nude mice were assigned to receive either systemic i.v
doxorubicin treatment (5mg/kg) (n=3) or an injection of 200 pl chitosan hydrogel loaded
with equivalent doxorubicin concentration on top of the tumor (n=3). After 18 h, the mice
were anesthetized, blood samples were collected, and tumors and distant organs (lung, liver,
spleen, kidney, muscle, heart, and brain) were resected. Cells from blood samples were
isolated using 1x red blood cell lysis buffer according to the manufacturer’s protocol
(BioLegend, San Diego, CA). The tissues were homogenized (Omni Tissue Homogenizer
TH, Kennesaw, GA) in PBS, filtered, and diluted for flow cytometry analysis. Doxorubicin
cellular uptake was determined by the mean fluorescence intensity (MFI) of doxorubicin (PE
signal).

Survival and tumor progression study using mouse model

After tumors were palpable, 30 mice were imaged with bioluminescence imaging and then
stratified into three groups of ten mice each. Mice were treated with localized TMZ-
hydrogels containing an equivalent unique localized dose to systemic TMZ treated (5 days
of 100mg/kg) (total dose of 10mg) 15 or hydrogels loaded with radioactive alginate
microparticles 131|. Radiation absorbed dose to the tumor was computed using the Medical
Internal Radiation Dosimetry (MIRD) formalism assuming a spherical geometry. A 4 mm
thick shell of 1311 labeled radioactive gel surrounds a 2 mm diameter tumor. The resulting 10
mm diameter unit density (1 g/cc) sphere is sub-divided into 5-concentric spheres and
uniform activity distribution was assumed for the gel (outer 4 shells) while considering zero
activity in the tumor (central sphere). Geometric factor approach was used to compute
absorbed fractions and S-values to the central tumor from 1311 uniformly distributed in
individual outer shells using the formalism proposed in Howell et al 16. Dose to the tumor
was computed from charged particle and photon emissions from 1311, The computation
assumes complete decay of radioactivity without any biological clearance. It was estimated
that 120 UCi of 131 is needed in the gel to deliver 4 Gy to the tumor. Mice weight and tumor
growth (measured by bioluminescence imaging (BLI)) were recorded once a week. Survival
of mice was monitored every day by the investigator.
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Statistical analysis

RESULTS

Measurements were made in triplicate for each group. The /n vitro data were expressed as
means + standard deviation. Results were analyzed using student #test for statistical
significance and were considered significantly different for p value less than 0.05. The /n
vivo data were analyzed using student #test or ANOVA for statistical significance, and
results are depicted as mean £ S.E.M. Variation within each group was equally variant and
similar between the groups that were statistically compared. Values were considered
significantly different for pvalue less than 0.05.

Crosslinking and shear-stress characterization of chitosan hydrogels

The chemical crosslinking of chitosan with GA occurs through the nucleophilic attack of the
amine group of the chitosan to the positively charged aldehyde group of GA forming an
imine group in the crosslinked chitosan hydrogels (Figure 1A). Increasing the concentration
of glutaraldehyde produced more extensive chitosan crosslinking resulting in more viscous
hydrogels (Figure 1Bi). The quantification of crosslinking was performed based on the
absorbance of the hydrogels at 360 nm. The reaction between chitosan and glutaraldehyde,
results in an imine functional group (C=N). This type of chemical bond is historically known
to have higher UV-VIS absorption than its starting functional groups, which allows the
detection of the progression of the reaction by detection of the UV-Vis absorption, and have
been used extensively for multiple biochemical applications, such as to detect conjugation to
polymers (specifically chitosan) 17 and specific detection of imines 18. Similarly, the shear-
stress properties of chitosan hydrogels increased by increasing the concentration of
glutaraldehyde. We identified three different types of crosslinking products: the hydrogels
resulting from crosslinking with low amounts (0.1% and 0.2%) glutaraldehyde had very low
absorbance similar to the non-crosslinked chitosan solution (0%). On the other hand,
hydrogels resulting from high (1-5%) glutaraldehyde concentrations displayed the highest
absorbance values (10-20 fold non-crosslinked chitosan solution). Finally, crosslinking with
moderate glutaraldehyde concentrations (0.3-0.6%) resulted in intermediate absorbance (3—
5 fold non-crosslinked chitosan solution) (Figure 1Bii).

FTIR spectra of crosslinked chitosan hydrogels with increasing glutaraldehyde
concentrations is shown in Figure 1C. Increasing glutaraldehyde concentrations showed a
different FTIR profile, with the presence of more intense vibrational bands at 1650 - 1550
cm™1 attributed to the imine functional group (C=N) revealing that chitosan is crosslinking
with glutaraldehyde. In addition, the broad band from 3000 cm=2 to 3500 cm™ is attributed
to the stretching vibration of O-H and N-H of chitosan and the bands between the region
3200 cm™1 to 3400 cm™1 show the hydrogen bonded of O-H groups 1920,

Figure 2Ai shows the device used for shear-stress characterization following the proposed
method by Ritschel to measure injectability by determining the time required to smoothly
inject a solution under the specified pressure for a given syringe-needle system 21, Figure
2Aii shows the better shear-stress profile of moderate concentrations of glutaraldehyde.
Liquid hydrogels (0.1% and 0.2% glutaraldehyde) showed linear profile with rapid hydrogel
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dispersion. Solid hydrogels (0.6-5% glutaraldehyde) did not disperse due to their solid
consistency and hence were not injectable or the consistency hampered injectability. Finally,
semi-solid hydrogels (0.3-0.5%) showed linear profile with good injectability
characteristics. All subjects tested were able to inject chitosan crosslinked with 0.4%
Glutaraldehyde with a score of 3, meaning they were able to inject the tested formulation
with medium difficulty obtaining steady flow (Table 1). Video 1 shows chitosan crosslinked
with 0.2% GA, which is a liquid hydrogel with a score of 4 (low injection difficulty and
rapid flow). Video 2 represents a semi-solid chitosan crosslinked (0.4% GA) hydrogel with
score of 3 (medium injection difficulty and continuous flow), video 3 of chitosan crosslinked
with 0.5% GA shows a semi-solid hydrogel with scoring of 2 (high injection difficulty and
intermediate flow). Finally, in video 4 chitosan crosslinked with 1% GA is a solid hydrogel
with score of 1 (not possible injection and no flow). Therefore, chitosan crosslinked with
0.4% GA (Figure 2Aiii) was selected for further experiments based on its linear shear-stress
properties for injectability, for forming a hydrogel (not liquid and not solid) matrix, and in
terms of the difficulty of injection and the formulation flow through the syringe.

Chitosan crosslinked hydrogels as shown in Figure 2B had viscosity range from 0.198
+0.008 Pa.s at 0% GA to 1967 + 35.50 Pa.s at 0.6%, where the viscosity increased
exponentially with increasing GA concentrations. The hydrogel used in further studies
which had a final GA concentration of 0.4% had a viscosity of 1155.33 + 169.02 Pa.s.
Exactly, it appears to be a turning point in the viscosity around 0.4% GA, showing a
transitional point of GA concentration where more solid hydrogels are formed. We further
studied the swelling properties of chitosan hydrogels crosslinked with 0.4% GA in DDW.
When the hydrogels were placed in pure water, the maximum osmotic pressure develops and
hence the maximum swelling is achieved. Figure 2C shows chitosan hydrogels swelled fast
during the first 8 h, until the equilibrium swelling ratio was achieved after this time.

Alginate microparticles size characterization

The ionic crosslinking of alginate with calcium ions (Ca2*) occurs through the interaction of
the divalent calcium cations with the carboxylic acid groups of two alginate chains forming
an egg-box structure in the crosslinked alginate microparticles (Figure 3A)22. Microparticles
immediately form when alginate is added drop-wise to a calcium solution. Increasing the
concentration of alginate (up to a maximum of 75 mg/ml) produced smaller and spherical
microparticles. Figure 3B shows the morphology of alginate particles crosslinked with
CaCl, 0.1 M using different alginate concentrations. Microparticles resulting from low-
medium alginate concentrations (10-75 mg/ml) possessed a spherical shape with a visible
encapsulating shell. However, at high alginate concentration (100 mg/ml), the spherical
shape and the shell were lost; no further analyses were realized for this alginate
concentration. As shown in Figure 3C, increasing the concentration of alginate produced
smaller microparticles, in which, 75 mg/ml alginate solution produced the smallest size
462.16 + 62.09 um. The alginate (75 mg/ml) crosslinked with CaCl, 0.1 M was selected for
further experiments based on morphology and size.
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Release and leakage characterization of chitosan hydrogels and alginate microparticles in

vitro

The release of small and large-size molecules was analyzed in naive or microparticles-
loaded chitosan hydrogels. Figure 4A shows that small molecule (FITC), when dispersed
into the hydrogel directly (Ct-FITC), was released relatively fast from the hydrogel (at 14
days 100 £ 0.76 was released). However, when conjugated to a large molecule, BSA, and
then dispersed in the chitosan hydrogel (Ct-BSA-FITC), the release significantly slowed
down (at 42 days 49.53 + 1.30% was released, p<0.05). On the other hand, when BSA-FITC
was first encapsulated in alginate microparticles and then dispersed in the hydrogels (Ct-
mAIg-BSA-FITC) the release was dramatically slowed down to less than 2% release in 42
days (p<0.05). These results emphasized that we could control the release of different
substances from the hydrogel formulation based on size and encapsulation, a property which
will be used to release chemotherapy and retain radiotherapy.

Then, we demonstrated that radioactivity could be loaded efficiently and retained in the
hydrogel for long periods. First, Volumex (1311-HSA) was encapsulated within the alginate
microparticles with high encapsulation efficiency (90.12 + 5.04%). The radioactive alginate
microparticles (mAlg-1311-HSA) were then incorporated within the chitosan hydrogels (Ct-
mAlg-1311-HSA), and the release of radioactivity from the hydrogel was measured, and
found to be very low (less than 1%) after 42 days (Figure 4B).

Furthermore, we showed that the chemotherapeutic agent TMZ can be released from the
hydrogel. TMZ was directly dispersed in the chitosan hydrogels (Ct-TMZ), and the release
of TMZ out of chitosan hydrogels was measured. We found that TMZ was efficiently
released from chitosan hydrogels within 48 h (Figure 4C). In the first 2 h, 50% of the drug
was rapidly released, by 8 h reached almost 80%, and was fully released from the hydrogels
after about 2 days. Finally, the effect of free-TMZ or Ct-TMZ hydrogels on D54 cell
survival at different doses was tested /n7 vitro. Free-TMZ and Ct-TMZ hydrogels were
equally effective on cell survival at the different doses tested (Figure 4D), which indicates
that the release of TMZ from chitosan hydrogels does not affect its potency.

In vivo radioactivity and chemotherapy bio-distribution

The strategy for localized chemo-radiotherapy of tumors relied on injection of the chitosan
hydrogel into the tumor bed allowing localized release of chemotherapy while retaining the
radiotherapy within the hydrogel to promote the local effect of the radiation and preventing
systemic effects of the radiation. To confirm this strategy, we tested first the biodistribution
of radioactivity and chemotherapy in tumor-bearing mice after implantation of the radio- or
chemo-loaded chitosan hydrogels /in vivo (Figure 5A). After implantation of radioactive
hydrogel (Ct-mAlg-1311-HSA), the bio-distribution of radioactivity was analyzed at days 3
and 7. We found that close to 99.96% of the radioactivity was localized in the tumor bed at
both times point (Figure 5B), which reflects the efficacy of the radioactive
microencapsulation in alginate microparticles and incorporation into chitosan hydrogels.

Next, we confirmed the local release of chemotherapy from the hydrogel into the tumor bed.
Chemotherapy was directly dispersed in the chitosan hydrogel and implanted in the tumor
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bed and the biodistribution of the chemotherapeutic agent was measured. We found that the
concentration of chemotherapeutic agent in the tumor was 10-fold higher than any other
organ following the local delivery using the chitosan hydrogels (Figure 5C). To further
demonstrate the superiority of the local delivery, the same dose of the chemotherapeutic
agent applied locally was injected intravenously (i.v.), and analyzed its distribution after the
systemic delivery. The biodistribution of the chemotherapeutic agent to the tumor was so
limited compared to most other organs with the liver showing the highest drug amounts.

In vivo tumor progression and survival

Next, we examined the effect of localized chemotherapy and radiotherapy on tumor
progression in mice with established tumors; treatment was initiated after a tumor
progression signal was detected by BLI (around 3 weeks after injection of GBM cells). BLI
images showed a decreased tumor size following localized treatments arms compared to
control group (Figure 6A) at day 27 post-implantation. Tumor size was significantly lower in
chemotherapy- (p<0.03) and radiotherapy-localized groups (p<0.02) compared to control
(Figure 6B). The survival of control group was low, where all mice died around 29 days after
starting the treatment. Treatment with localized chemotherapy or radiotherapy significantly
prolonged mice survival in which 100% (p<0.001) and 80% (p<0.001) were still alive 35
days after treatment, respectively (Figure 6C).

DISCUSSION

GBM is the most common primary brain tumor in adults and continues to remain a
devastating diagnosis 23. The vast majority of GBM tumors recur 24, and almost always
within the two-centimeter margin of tumor-brain interface 2526, The current standard of care
includes surgical resection, radiotherapy, and chemotherapy 2728, Several localized
treatment approaches have previously been tested including radioactive seeds, radioactive
inflatable balloons, and biodegradable chemotherapy-loaded wafers. These approaches have
not shown improvement in clinical outcomes in randomized studies, though retrospective
studies have revealed modest improvements. Possible causes for concern focused on the
homogeneity of the therapeutic dose to the surgical cavity plus the additional targeted
margin leading to radionecrosis in regions receiving too much dose and recurrence in
regions receiving too little 229, The reason for poor homogeneous drug delivery is that these
implants are solid and do not effectively fill the surgical cavity, especially in the case of the
irregular shapes of the surgical cavity in GBM tumors. Chemotherapeutics currently used in
GBM are limited only to drugs which cross the blood brain barrier.

In this study, we aimed to develop an injectable hydrogel delivery system which can
completely fill the three-dimensional volume of the surgical cavity, deliver a homogeneous
RT dose to all areas of the surgical cavity (including additional targeted margin) regardless
of the shape of the cavity, and locally deliver chemotherapeutic agents. We have previously
explored the use of biodegradable polymeric implants loaded with a radioisotope for
localized radiotherapy using chitosan crosslinked with glutaraldehyde. These devices were
biocompatible and biodegradable, however, these implants were solid (not injectable) and
did not fill the entire surgical cavity 133031 \We have fine-tuned the conditions for
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developing injectable chitosan biodegradable hydrogel implants by decreasing the
previously published crosslinker concentration. Glutaraldehyde concentrations of 0.4%
allowed for the best injectability properties. Injectability was described as the performance
of the formulation during injection and takes into consideration the force required for
injection, evenness of flow, and lack of clogging while injecting 14. The injectability
properties of chitosan hydrogels 0.4% (medium injection difficulty obtaining steady flow)
were not affected by the incorporation of the alginate microcapsules.

We first wanted to demonstrate different release properties from the different compartments
of the device by using the same probe. Therefore, as a proof of concept, we used one
molecule that can be used in all compartments and provide a comparable detection
properties (fluorescein), which will limit the variability of the results due to using different
probes. Fluorescein was used once as a small molecule (FITC) directly dispersed in the
hydrogel (not encapsulated), which demonstrated fast release; second as a large molecule
(BSA-FITC) directly dispersed in the hydrogel (not encapsulated), which demonstrated
slower release due to size; and third as a large molecule (BSA-FITC) encapsulated in the
particles and then dispersed in the hydrogel which demonstrated the slowest release (Figure
4A).

We found that fluorescein as a free drug was released relatively fast from the hydrogel
within the first few days. However, when conjugated to albumin the release was significantly
reduced to about 50% over 42 days, this is probably because the pore distribution in the
hydrogel solution, hinder the free diffusion of the high molecular weight BSA molecule. We
hypothesized the conjugation to a large molecule will help slow the diffusion out of the
hydrogel based on previous literature showing fast release of small drugs compared to slow
release of high molecular weight BSA molecules from the same hydrogel delivery system 32,
When FITC was conjugated to albumin and encapsulated in alginate microparticles the
release of fluorescein was completely blocked up to 42 days, probably also affected by the
attractions between carboxyl groups (—COOH) on the alginate chain and the amine group
(-NH>) of BSA, as well as, the hydrogen bonds between the ~-COOH from alginate and

—COOH from BSA, all restrict BSA release from the microparticle dispersed in the hydrogel
32

After we proved this concept, we performed release experiments from the different
compartments with the different therapeutic entities. We performed release of TMZ when it
was directly dispersed into the hydrogel (Figure 4C), showing fast release. Simultaneously,
we also aimed to keep the radioactive materials evenly distributed but trapped locally in the
hydrogel preventing them from leaking out and distributing systemically. We developed two
strategies to prevent the release of radioactivity from the hydrogel; the first was to conjugate
the iodine radioisotope to a large molecule such as HSA, which was chosen due to its
biocompatibility properties. Furthermore, we encapsulated the iodinated-HSA into
crosslinked alginate microparticles, which is known to be biodegradable, biocompatible and
to interact with chitosan 22:33-35  to further immobilize and prevent the release of the
iodinated-HSA.
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We chose 131] as radio therapeutic agent because it emits B particles with low penetrating
properties (0.6 to 2.0 mm), which allows local radiotherapy at the site of implantation with
minimal damage to distant tissues. Moreover, it was used due to its relatively short half-life
(8 days) which will allow the decay of the isotope before it is released. In comparison, 12}
decays by electron capture to 125Te followed by gamma-decay that can reach to distant
tissues, with a half-life of 59.49 days36. If B emitters are found to be not an effective therapy
for stem cell mediated resistance or inflammation-driven progression in gliomas, a more
potent a emitters could be tested, but their efficacy in large distances should be carefully
considered 37. The in vitro studies were performed at 42 days because it is about 5 half-lives
of 1311, which is the time point where the radioactive dose will be less than 5% (3.125%) of
the original dose of 1311, and the resulting stable isotope 131Xe and residual iodine will be
considered not radioactive anymore. This way we could confirm that the device will allow
the decay of 1311 the while it is still encapsulated in the hydrogel to promote local
radiotherapy. We found that the release of 1311 was negligible over 42 days, while the TMZ
was completely released over the first 48 hours. Here, we describe a novel delivery system
that is injectable and allows tunable release profiles of different molecules to release
chemotherapy locally while retaining radiotherapy to promote localized therapy.

We then tested the release properties of the chemotherapy and radiotherapy from the
hydrogel /n vivo. First, we tested the biodistribution of albumin-conjugated 1311 to different
organs when encapsulated in alginate microparticles and introduced into the hydrogel, and
the hydrogels were locally transplanted onto a tumor. We found that radioactivity was
completely retained in the tumor bed with negligible distribution to other tissues. Moreover,
we compared the biodistribution of chemotherapy when directly dispersed in the hydrogel
and delivered locally as a hydrogel implant, to the systemic delivery in the form of an
intravenous injection. We found that when delivered locally the chemotherapy accumulated
in the tumor at 10-fold higher concentrations compared to when delivered systemically.
Moreover, we found that the biodistribution of the chemotherapy to other organs following
local delivery was lower than when delivered systemically.

Finally, we determined the therapeutic efficacy of the hydrogel for local delivery of chemo
or radiotherapy. Hydrogels loaded with chemotherapy or radiotherapy were implanted on
GBM tumors. The survival and tumor progression in these animals were compared to
animals implanted with empty hydrogel controls. Tumors were significantly decreased and
survival was improved in both treatments groups compared to the control group. In future
studies, orthotopic brain tumor models in small animals (mice)38:3% and big animals
(dogs)*941 will be evaluated for therapeutic efficacy of the hydrogel for local delivery of
chemo or radiotherapy after brain surgery. The effective treatments will depend on
experimental models that closely resemble human GBM characteristics for testing
injectability and toxicity and providing an accurate model for efficacy testing. Murine
models of GBM appear to recapitulate several of the human GBM histopathological features
and, considering their reproducibility and availability, they constitute a valuable in vivo
system for preclinical studies. However, dog GBMs models exhibited endothelial
proliferation, a key feature that is absent in murine models, as well as, presented a
spontaneous tumor in the context of a larger brain 41
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On one hand, implantation of iodine-125 seeds allowed the dose distribution to be
determined pre- and post-operatively, however, inhomogeneous dose distribution in the
surgical cavity after may lead to radionecrosis in the overdosed areas and recurrence in the
underdosed regions 294243 On the other hand, the balloon system (GliaSite) delivers a more
conformal, uniform and relatively homogeneous dose distribution 44, but due to its fixed
dosimetric geometry some concerns still arise 2. Therefore, compared to traditional localized
treatment, the local treatment conducted with a novel, injectable and biodegradable implant
provides a highly efficacious therapy with decreased side effects in distant organs as well as
to the normal tissues surrounding the tumor bed. Another substantial advantage of this
system is that it allows the use of different therapeutic agents with different sizes and
different chemical properties irrespective of their ability to cross the blood-brain barrier
including small molecules and large molecules. This innovative strategy opens a new
window for a wide array of novel therapies which do not cross the blood-brain barrier (i.e
antibodies) and may now potentially be tested in the treatment of brain tumors. The data
discussed herein provide the preclinical basis for future trials to test the effect of the chemo-
radio-hydrogel implants to improve the local control of glioma and other brain tumors.
Furthermore, this technology can be further used for other tumor types that can be surgically
removed and require treatment of the tumor bed. In conclusion, the development of novel
injectable biodegradable chemo-radio-hydrogel implants may potentially improve the local
control and overall outcome of aggressive, poor prognosis brain tumors as well as other
locally, aggressive resectable tumors.
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Figure 1: Chemical characterization of crosslinked chitosan hydrogels
A) Chemical structure of chitosan, glutaraldehyde (GA), and crosslinking reaction showing

the nucleophilic attack of the amine group of the chitosan to the positively charged aldehyde
group of GA forming an imine group in the chitosan hydrogels crosslinked with GA.
(ChemDraw Professional 15.1 was used for the chemical drawings). B) Physical appearance
of chitosan hydrogels crosslinked with increasing GA concentrations i) 0%, 0.1%, 0.2%,
0.3%, 0.4%, 0.5%, 0.6%, 1%, 2.5%, and 5%; ii) quantification of crosslinking based on GA
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concentrations measured by the absorption of the hydrogels at 360 nm (n=3). C) FTIR
spectra of crosslinking based on GA concentrations.

J Pharm Sci. Author manuscript; available in PMC 2018 August 15.

Page 19



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

de la Puente et al. Page 20

A)
i) ii) 1 e
Q
o
c
=
=
® 0.75
£
3
2 3
05 |
S .
K~
‘s
§ 025
°
S
m .
i) =2 0 ' i
0 25000 50000

Time*Force (s*g)

Control . 0.1% GA - 0.2% GA
- 03% GA  ——0.4% GA 0.5% GA
—06%GA - 1%GA - = 25%GA
===-5% GA

B) C)

35
25
£ 20

% 15
® 10

—
(2]
=]
=)
1
%o

Viscosity (Pa.s)
>
b=

w
(=]
o
L
(3]

0 - 0 4 8 12 16 20 24
0 010203040506 Time (h)
% GA

Figure 2: Characterization of viscosity, injectability and swelling of crosslinked chitosan
hydrogels

A) i) Design of machine used to determine the injectable properties where a constant mass is
applied on top of a filled syringe and the time required to release the fractions of hydrogel
from the syringe is measured. ii) The injectability of the chitosan hydrogels crosslinked with
increasing GA concentrations represented as the fraction of the hydrogel in the syringe in
function of the shear force*time needed for emptying the syringe (n=3), and iii) image of the
injectability properties of chitosan hydrogel crosslinked with 0.4% GA as an example of the
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best injectability properties. B) Viscosity measurements of chitosan crosslinked hydrogels
with increasing GA concentration (n=3). C) Swelling kinetics of chitosan hydrogels
crosslinked with 0.4% GA in DDW (n=3).
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Figure 3: Characterization of alginate microparticles
A) Chemical structure of alginate, calcium ions (Ca2*), and crosslinking reaction showing

the interaction of positive calcium ions (+2) with the carboxylic acid groups of two alginate
chains (upper chain in black and lower chain in light gray) in the crosslinked alginate
microparticles forming an egg-box structure. (ChemDraw Professional 15.1 was used for the
chemical drawings). B) Representative images of the morphology of alginate particles
crosslinked with CaCl, 0.1M using different alginate concentration: 10 mg/ml, 25 mg/ml, 50
mg/ml, 75 mg/ml, and 100 mg/ml. Scale Bar: 100um. C) Effect of alginate concentration (10
— 100 mg/ml) in microparticles size (n=10).
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Figure 4: In vitro studies of chemo- radiother apy
A) Release profile of fluorescence from chitosan hydrogels loaded with free FITC or BSA-

FITC, and BSA-FITC encapsulated in alginate microparticles (mAlg) and incorporated in
chitosan hydrogels for 42 days (n=3). B) Percent of radioactive leakage of 1311-HSA out of
75mg/ml alginate microparticles loaded inside ct hydrogels for 42 days (n=3). Note insert
that shows minimal (less than 1%) radioactive leakage. C) Drug release profile from
chitosan hydrogels loaded with temozolomide (TMZ) for 48 hours (n=3). D) The effect of
TMZ concentrations (0 — 100 uM) of free-drug or TMZ-hydrogels for three days on the
survival of D54 cells analyzed by MTT (n=3).
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Figure5: In vivo studies of localized chemo- radiother apy
A) Design of /n vivo subcutaneous brain tumor model, in which D54 GBM cells are injected

in combination with matrigel, once tumors were palpable, mice were stratified into treatment
groups where Ct hydrogels were implanted on top of the tumors and mice were followed by
BLI twice a week, analyzed for radiotherapy and chemotherapy release. B) Radiotherapy
bio-distribution in different organs after 3 and 7 days of implantation of radio-hydrogels
measured by gamma counter (counts per minute, cpm) (n=3). C) Chemotherapy cellular
uptake in different organs after 18 hours of implantation of localized chemo-hydrogels
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loaded with doxorubicin or i.v. systemic injection of same amount of doxorubicin (5mg/kg)
measured by MFI in flow cytometry (n=3).
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Figure 6: Localized chemo- or radio-therapy hydrogelsimproves survival by inhibiting tumor
growth.

Nude mice were implanted subcutaneously with D54 cells stably expressing luciferase
mixed with matrigel. After 10 days, mice were imaged with bioluminescence imaging and
then stratified into three groups of ten mice each. Mice were treated with localized TMZ-
hydrogels (10mg) or 131I-hydrogels (4Gy) or controlled empty hydrogel. A) Representative
BLI pictures of three mice implanted with control (left), chemotherapy (middle) or
radiotherapy hydrogels (right) at day 27 after implantation. B) The effect of hydrogel
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implantation (empty-control, TMZ, or Rx-4Gy) on tumor progression monitored for 27 days
using bioluminescent imagining (BLI) and shown as the average of the luminescent signal of
ten mice. C) Kaplan-Meyer survival curves following various treatments of mice bearing
subcutaneous brain tumors.
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Table 1:

Score of manual injectability of chitosan hydrogels crosslinked with 0 — 5% glutaraldehyde. Injectability of
syringe filled with aliquots of 4 ml of each formulation was considered acceptable when the total score was up
to 30 + 2, meaning they were able to inject the tested formulation with medium difficulty obtaining steady
flow.

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Chitosan hydrogels (% of Glutaraldehyde) Individuals Score
Total Score
#l #2 #3 #4 #5 #6 #7 #8 #9

Control 4 4 4 4 4 4 4 4 4 4 40
01% 4 4 4 4 4 4 4 4 4 4 40
02% 4 4 4 4 4 4 4 4 4 4 40
03% 3 4 4 3 3 3 4 4 3 3 34
04% 3 3 3 3 3 3 3 3 3 3 30
05% 2 2 2 3 2 3 2 2 2 2 22
06% 1 1 1 1 1 1 1 1 1 1 10
1% 1 1 1 1 1 1 1 1 1 1 10
25% 1 1 1 1 1 1 1 10
5 1 1 1 1 1 1 1 10
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