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ARTICLE INFO ABSTRACT

Keywords: Personalised nanomedicine is an advancing field which has developed significant improvements for targeting
Brain tumour therapeutics to aggressive cancer and with fewer side effects. The treatment of gliomas such as glioblastoma (or
Nanomedicine

other brain tumours), with nanomedicine is complicated by a commonly poor accumulation of drugs in tumour
tissue owing to the partially intact blood-brain barrier (BBB). Nonetheless, the BBB becomes compromised
MRI following surgical intervention, and gradually with disease progression. Increased vasculature permeability
Glioblastoma generated by a tumour, combined with decreased BBB integrity, offers a mechanism to enhance therapeutic
Bispecific antibody outcomes. We monitored a spontaneous glioma tumour model in immunocompetent mice with ongoing T2-
Brain cancer weighted and contrast-enhanced T1-weighted magnetic resonance imaging gradient echo and spin echo se-
quences to predict an optimal “leakiness” stage for nanomedicine injections. To ascertain the effectiveness of
targeted nanomedicines in treating brain tumours, subsequent systemic administration of targeted hyper-
branched polymers was then utislised, to deliver the therapeutic payload when both the tumour and brain
vascularity had become sufficiently susceptible to allow drug accumulation. Treatment with either doxorubicin-
loaded hyperbranched polymer, or the same nanomedicine targeted to an ephrin receptor (EphA2) using a
bispecific antibody, resulted in uptake of chemotherapeutic doxorubicin in the tumour and in reduced tumour
growth. Compared to vehicle and doxorubicin only, nanoparticle delivered doxorubicin resulted in increased
tumour apoptosis, while averting cardiotoxicity. This suggests that polyethylene based (PEGylated)-nanoparticle
delivered doxorubicin could provide a more efficient treatment in tumours with a disrupted BBB, and that
treatment should commence immediately following detection of gadolinium permeability, with early detection
and ongoing ‘leakiness’ monitoring in susceptible patients being a key factor.

Hyperbranched polymer
Blood brain barrier

1. Introduction malignancies. Glioblastoma multiforme (GBM) is the most common and
aggressive primary brain malignancy with a median survival of ~15
Brain cancer remains one of the most treatment-resistant months [1]. Current standard treatment includes maximal safe surgical
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resection of the tumour mass, followed by radiotherapy and chemo-
therapy with temozolomide [1]. Despite this intensive treatment,
89-96% of patients do not survive beyond 3-5 years, and there are
~227,000 deaths from brain cancer globally every year, with ~7 in 100,
000 people affected by GBM in Western countries such as Australia [2,
3]. One of the limitations of chemotherapeutic treatment administered
intravenously is the high proportion that does not reach the brain and
the subsequent side effects that eventuate due to accumulation in
off-target tissues. This ultimately limits dosage and causes a loss of
quality of life through damage to the peripheral organs, such as the
heart, lungs, and liver [4]. It is vital for patients suffering with brain
cancer that safer, more effective and efficiently targeted treatments are
developed, and nanomedicine provides potential solutions towards
solving this problem.

Nanomedicines are a promising strategy to target tumours with
chemotherapy in a safe and controlled manner by releasing cytotoxic
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hyperbranched polymers (HBPs) can be adopted to carry chemotherapy
in a pro-drug form to the tumour site, and in recent preclinical models it
has been demonstrated that this occurs with minimal side effects [5,6].
It does this by bypassing extensive immune recognition through the in
vivo stealth properties of the PEG side-chains, and subsequently
releasing the drug in the tumour environment; typically this has been
achieved through cleavage of a drug linker containing an acid-cleavable
hydrazone bond under conditions found in the tumour environment [7].
The enhanced permeability and retention (EPR) of HBPs in brain tu-
mours also aids in drug delivery, whereby leaky vasculature and poor
lymphatic drainage result in accumulation of nano-sized materials
within the tumour. Personalised specificity and accumulation can be
further enhanced by targeting these nanocarriers to common
disease-specific markers, such as Ephrin A2 (EphA2) [8,9], epidermal
growth factor receptor (EGFR) and others [10].

EphA2 is a receptor that is frequently overexpressed on highly

payloads specifically in the tumour tissue. Highly PEGylated proliferating brain tumour cells, making it an ideal target for
A Fig. 1. Schematic of hyperbranched poly-
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nanoparticle binding and chemotherapy release following internal-
isation [11]. Active targeting of nanomedicines to EphA2 in tumour
proliferative cells can be driven by novel bispecific antibodies (BsAbs)
that link the PEG arms of HBPs to the target tumour tissue [12], as we
have previously demonstrated in brain tumour models [13]. Doxoru-
bicin (Dox) is a potent chemotherapeutic which blocks topoisomerase II
and intercalates DNA [14], and has shown efficacy against brain tu-
mours in numerous studies [15-17]. Moreover, Dox is inherently fluo-
rescent, allowing drug delivery and distribution in tissue to be
monitored by various optical imaging techniques. When circulating as a
free drug, Dox has been shown to cause serious off-target side effects in
peripheral organs, with a key example being cardiomyopathy through
mitochondriopathy [18].

In this work, we utilised a targeted nanomedicine approach for se-
lective chemotherapeutic delivery to brain tumours where the Dox is
formulated as a polymeric pro-drug. This model drug delivery system
combined previous approaches comprising a PEGylated HBP with
hydrazone bond-linked Dox and a BsAb engineered to contain two single
chain variable fragments to produce an «PEG-oEphA2 construct
(Fig. 1A). This design was proposed to target high grade brain tumours
at a stage of enhanced crossing of the blood brain barrier (BBB), and
specifically release Dox in the low pH environment of the tumour tissue
[13,19-21].

An optimal method to measure brain tumour volume and ‘leakiness’
is magnetic resonance imaging (MRI). We have defined leakiness as
leakiness of the vascular endothelium surrounding the tumour [13].
T2-weighted MRI can be used to visualise areas of the brain which have
a higher density of water, which is ideal for identifying dense tumours.
T1-weighted MRI on the other hand can be used in combination with a
suitable small molecule contrast agent (e.g.: Magnevist® or Gadovist®)
to measure the degree of leakiness associated with the BBB, which oc-
curs most severely when brain tumours progress to include angiogenesis
and BBB breakdown [22]. We have previously used this methodology to
ascertain the optimal stage for delivery of nanomedicines to sponta-
neous tumours where the biology can be matched similarly to human
tumours for understanding factors such as leakiness [13]. Specifically, it
was determined that nanomedicine treatment of glioblastomas has
increased potential for success when the HBPs are able to cross the BBB
at earlier stages of leakiness [13].

Recent research has shown that tumour angiogenesis and leakiness
are the strongest predictors of increasing severity (Fig. 1B) [13,23]. In
this study we used T2-and T1-weighted MRI to longitudinally assess
mice for brain tumour development (tumour volume) and BBB leakiness
to inform the timing of systemic delivery of Dox-loaded nanomedicines
at the early but leaky stage of tumour growth. Treatments comprised of
either vehicle, free Dox, Dox conjugated to HBP, or Dox conjugated to
HBP and functionalized with aPEG-aEphA2 BsAb (BsAb + HBP), were
administered five times over 2.5 weeks (Fig. 1C). We found that high
grade brain tumour growth slowed when treated within an early treat-
ment window (based on “leakiness” of the BBB and subsequent accu-
mulation into the tumour) by Dox-loaded HBP, or Dox-loaded HBP with
BsAb, and that these nanomedicines cause a reduction in cancer cell
prevalence, and an associated increase in apoptosis. Importantly, the
HBP and BsAb + HBP also avoided cardiomyopathy, which was seen in
mice treated with Dox alone. From this work we propose that
BBB-permeable brain tumours should be treated as early as possible for
optimal nanomedicine accumulation and treatment efficacy through
apoptosis and slowing of growth.

2. Materials and methods
2.1. Materials
Chemicals were purchased from Sigma-Aldrich (Australia) unless

otherwise stated. 4,4’-azobis (cyanovaleric acid) initiator (ACVA;
Sigma-Aldrich) was recrystallized in methanol before use. Solvents
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including dichloromethane (CH2Cly), tetrahydrofuran (THF), dime-
thylsulfoxide (DMSO), n-hexane, methanol, and acetonitrile were used
dry where applicable and of reagent grade quality. Poly (ethylene gly-
col)monomethyl ether methacrylate (PEGMA, M, = 475 g mol ™}, Sigma-
Aldrich) and ethylene glycol dimethacrylate (EGDMA, Sigma Aldrich)
were destabilized by passing them over a column of basic alumina and
stored at —20 °C. Milli-Q water (18.2 MQ cm™ ) was used throughout. 4-
Cyano-4-(phenylcarbonothioylthio)pentanoic acid (PETTC) was syn-
thesised following the procedure of Semsarilar et al. [24]. Cyanine 5
methacrylamide (Cy5 MA) was synthesised following the procedure of
Fuchs et al. [25]. All nanomaterials were characterized using stand-
ardised reporting methods recommended by Faria et al. [26].

2.2. Nuclear magnetic resonance (NMR)

NMR experiments were conducted on a Bruker Avance 500 MHz
high-resolution NMR spectrometer. Diffusion-weighted spectra (DOSY)
were collected at a gradient strength (gpz6) of 50% for a minimum of
128 scans. Chemical shifts are reported as § in parts per million (ppm)
and referenced to the chemical shift of the residual solvent resonances
(CDCl3 'H: 6 = 7.26 ppm; DMSO-dg 'H: § = 2.50 ppm). The resonance
multiplicities are described as s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet) or br (broad).

2.3. Size exclusion chromatography (SEC)

SEC was performed on a SEC-multi-angle laser light scattering
(MALLS) chromatographic system consisted of a 1515 isocratic pump
(Waters), a 717 autosampler (Waters), Styragel HT 6 E and Styragel HT 3
columns (Waters), 2414 differential refractive index detector (Waters)
and a Dawn Heleos laser light scattering detector (Wyatt). THF was used
as the mobile phase throughout with a flow rate of 1 mL/min. For
effective light scattering analysis, the Cy5 fluorescence was first
quenched by mixing 10 mg of polymer in 1 mL of THF along with a 4
mm? piece of silver foil. The solution was bubbled with oxygen for 20
min, then left sealed under this high-oxygen atmosphere until no blue
colour remained (through overnight oxidation).

2.4. Ultraviolet—visible spectroscopy (UV-Vis)

UV-Vis was performed on a Nanodrop 2000C spectrophotometer
(Thermo Scientific) using a quartz-glass pedestal with 1 mm path length.
Absorbance maxima were recorded at 480 nm absorbance in triplicate
for Dox and HBP-Dox, and concentrations of Dox per HBP were quan-
tified relative to linear calibration curves of Dox standards. HBP Cy5
fluorescence was also checked using UV-Vis at 630 nm absorbance.

2.5. High-performance liquid chromatography (HPLC)

HPLC was carried out using a Thermo Dionex Ultimate 3000 HPLC
equipped with a VWD-3100 variable UV-visible detector, a FLD-3100
fluorescence detector, a Thermo triple quad TSQ Quantum Ultra QqQ
mass spectrometer and a reversed-phase C;g column (Phenomenex
Kinetex 2.6u, 75 x 4.6 mm for Figure S4A, Figure S4B, Figure S4C;
Synergi 4u Hydro-RP 80 A, 150 x 3 mm for Figure S4D. A gradient
elution from 4% acetonitrile (MeCN) in 18.2 MOhm purified water
(Milli-Q) containing 0.2% formic acid to 80% MeCN in Milli-Q water
containing 0.2% formic acid over a time period of either 30 min or 15
min, with either a 200 or 400 pL/min flow rate respectively (Fig. 4A-C
vs Fig. 4D). The gradient program was as follows, 10% buffer for 2 min,
followed by a linear ramping to 100% B over 24 min, the gradient was
held at 100% B for 1.5 min, returned to 10% B over 0.5 min, and held at
10% B for 2 min to re-equilibrate the column for the subsequent analysis.
The loading purity of the HBP-Dox from free Dox was determined
through measurement of the fluorescence using an excitation of 480 nm
and emission detection of 560 nm. HBP Cy5 fluorescence was also
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validated using 630 nm excitation and 650 nm emission spectra.

2.6. HBP dox release assay

Phosphate buffer solutions (PBS) with a pH at 7.4 and 5.5 were used
to simulate physiological and endosomal conditions. PBS buffer 7.4 was
acidified with the addition of diluted (0.1 M) HCI to form the PBS pH 5.5
solution. A Dox HCI calibration curve was created using nine concen-
trations made up in duplicate in PBS buffer pH 7.4 in a 48 well plate. A
Tecan 200 Plate Reader was used to read the absorbance at 590 nm with
25 flashes each. 1 mg of HBP-DOX was dissolved in 1 mL PBS buffer 7.4
and added to a 3.5 kDa Snakeskin dialysis tubing. This was then placed
in a sealed glass apparatus containing either PBS buffer 7.4 or 5.5 and
stirred for 48 h at 37 °C. Aliquots of the dialysis solution (1 mL) were
removed at predetermined time points and replaced with fresh buffer.
The aliquots were measured using the same settings on the plate reader
as the calibrations. The release studies were performed in duplicate.

2.7. PEGMA-co-TBMC-COOH HBP (1)

HBP synthesis was conducted using protocols previously published
in our laboratory [7,27], and the reaction scheme is summarised in
Figure S1. Briefly, PEGMA (0.5 g, 1.05 mmol), Cy5 MA (4.3 mg, 6.58
pmol), EGDMA (0.013 g, 65.8 pmol), BOC-protected hydrazide meth-
acrylate (TBMC, 0.053 g, 0.263 mmol), ACVA, 3.7 mg, 65.8 pmol) and
PETTC (0.0223 g, 13.2 pmol) were dissolved in THF (0.6 mL) and
degassed by nitrogen sparging for 20 min in a Schlenk ampoule. The
resultant solution was then reacted at 80 °C for 24 h. The polymer was
then precipitated into N-hexane, decanted and dried under vacuum
overnight. The resulting oil was then re-dissolved in Milli-Q water,
dialysed against Milli-Q water for 4 d in 10 kDa molecular weight cut-off
Snakeskin® tubing (ThermoFisher), then lyophilised overnight to yield a
blue viscous oil (>90% conversion, 540 mg). 'H NMR (500 MHz,
DMSO-dg): 6 7.2-7.0 ppm (m, Ar, 1H), 4.02 ppm (s, COOCH,, PEGMA,
42H), 1.45 ppm (S, (CH3)30C(O)NHNH, 52H). SEC: Mn,SEC-MALLS =48
kDa; Py = 3.23.

2.8. PEGMA-co-TBMC-N3 HBP (2)

HBP2 was generated by mixing HBP1 (100 mg, 7.14 pmol) with 2-
azidoethanol (7.2 mg, 71 pmol), for 10 min then 1-ethyl-3-(3-dimethy-
laminopropyl)carbodiimide hydrochloride (EDC-HCl, 2.7 mg, 1.4
pmol) in CHCl, for 20 min on ice, followed by adding 4-dimethylami-
nopyridine (DMAP, 87 pg, 71 nmol) in CHCl, for 24 h. The resultant
HBP2 was purified as above, yielding >95% conversion (95 mg). The
addition of the azide group was verified by Fourier-transformed infrared
(FTIR) with an Agilent CARY 630 FTIR spectrometer, showing a peak at
wavenumber 2100 cm L.'H NMR (500 MHz, CDCl3): § 4.02 ppm (s,
COOCHg, PEGMA, 1.45 ppm (s, (CH3)3OC(O)NHNH).

2.9. PEGMA-co-hydrazide-N3 HBP (3)

HBP3 was generated by deprotecting the tert-butyloxycarbonyl
(BOC) protecting groups from HBP2 with 20% trifluoracetic acid
(TFA) in CHaCl; for 24 h, then purified as above, yielding >81% con-
version (77 mg).lH NMR (500 MHz, CDCl3): § 4.02 ppm (s, COOCHa,
PEGMA, 8.0 ppm (s, Doxorubicin).

2.10. PEGMA-co-hydrazone-DOX-N3 HBP (4)

HBP4 (the HBP used in this study) was then generated by mixing 262
mg HPB3 with 26.2 mg Dox in 1 mL anhydrous methanol and a drop of
glacial acetic acid for 24 h, and purified by dialysis for 2 weeks and with
10% methanol and ~0.1% sodium bicarbonate included in the MilliQ
water dialysis buffer, yielding >77% conversion.
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2.11. BsAb synthesis

BsAbs against EphA2 were expressed in and purified from Chinese
Ovarian Hampster (CHO) cells as previously described [12], and the
process is briefly described here. Genes encoding the BsAbs were syn-
thesised by GeneArt (Invitrogen). The BsAb genes were cloned into a
mammalian expression plasmid (pcDNA 3.1 (+), Invitrogen) using
HindIIl and Notl restriction sites, adding a 6 x His motif (for affinity
purification) and a c-Myc epitope at the N- and C-termini, respectively.
Plasmid DNA (2 pg/mL) was complexed with polyethylenimine-Pro
(PolyPlus) in Opti-Pro serum free medium (Life Technologies) at a
DNA (pg) to PEI (pL) ratio of 1:4 (w:v) for 15 min before transiently
transfecting suspension adapted CHO-S cells (3 x 10® mL™1). Cells were
grown in chemically defined CHO medium (CD-CHO, Life Technologies)
at 37 °C, 7.5% CO4 with shaking (130 rpm) for 6 h, before adding 7.5%
CD-CHO Efficient Feed A (Life Technologies), 7.5% CD-CHO Efficient
Feed B (Life Technologies) and 0.4% anti-clumping agent (Gibco), and
culturing at 32 °C, 7.5% CO5 with shaking for 7-14 days. Cells were
cultured until their viability reduced below 50% as measured by trypan
blue exclusion. Following expression, BsAbs were purified by pelleting
cells by centrifugation (5250 rcf, 30 min), filtering supernatant through
a 0.22 pm membrane (Sartorius) and purifying with a 5 mL HisTrap
excel column (GE Healthcare). BsAbs were eluted with 20 x 103 M
sodium phosphate, 500 x 10~> M sodium chloride and 500 x 103 M
imidazole pH 7.4. Alternatively, a 5 mL Protein L column was used, with
BsAbs eluted using 100 x 10~ M glycine pH 3.0. Following buffer ex-
change and size exclusion chromatography as described previously [12],
BsAbs were filtered through 0.22 pm membranes and stored at
0.25-0.60 mg mL ! in buffer containing 20 x 10~ M sodium phosphate
and 500 x 10~3 M sodium chloride at pH 7.6.

2.12. Animal model and tumour induction

All experiments were approved by the University of Queensland
Animal Ethics Committee and followed the Australian Code of Practice
for Use of Animals for Scientific Purposes (QBI/356/17/UQ, AIBN/142/
19/UQ). Pten™2MAK; 1 tm2Bm, 1y 53tmlBm, 1o (GFAP-cre/Esrl*,-lacZ)
BSbk mice [26,27] were injected intraperitoneally with 200 mg/kg
tamoxifen (Sigma Aldrich) in corn oil (Sigma Aldrich), weekly over 3
consecutive weeks starting from 4 to 6 weeks of age. Mice with
tamoxifen-induced deletion of tumour suppressor genes Pten, Rb1 and
Trp53 were monitored daily and were euthanized between 180 and 260
days post-tamoxifen injection, reaching morbidity due to
tumour-related symptoms. Animals were excluded for the treatment
study if presenting with non-brain tumour malignancies.

2.13. Evaluation of brain tumours using MRI

For MRI scanning, mice were anaesthetised using 2.5% isoflurane
until in deep sleep and maintained under 1-2% isoflurane with respi-
ratory monitoring and body temperature heating. Mouse brains were
monitored weekly using T2-weighted MRI to check for brain tumour
masses in a Bruker 7 T ClinScan with Siemens VB17 software (axial: 19
x 0.6 mm slices, field of view (FOV) = 25 x 18.74 mm, in-plane reso-
lution = 98 x 98 pum, repetition time (TR) = 2800 ms, echo time (TE) =
50 ms, averages = 2, acquisition time = 5 min, 19 s; sagittal: 19 x 0.6
mm slices, FOV = 25 x 18.74 mm, in-plane resolution = 98 x 98 ym, TR
= 2800 ms, TE = 50 ms, averages = 2, acquisition time = 5 min, 19 s;
coronal: 30 x 0.6 mm slices, FOV = 25 x 25 mm, in-plane resolution =
98 x 98 pm, TR = 4404.9 ms, TE = 50 ms, averages = 2, acquisition
time = 8 min, 22 s). Once distinct brain tumour masses were detected
with T2-weighted MRI, the brain tumour BBB leakiness was investigated
using T1-weighted MRI with contrast agent. Mice were injected with
200 pL of 25% Gadovist® 1.0 in saline through a cannula in the tail vein
and scanned axially using T1-weighted gradient dual echo sequences
every 3 s for 600 s in total (200 measurements, flip angle = 25°, 5 x 1
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mm slices, FOV = 30 x 30 mm, in-plane resolution = 234 x 234 pm, TR
= 50 ms, TE = 3.5 and 6 ms. BBB leakiness was also confirmed in a
preliminary mouse using multi-spectral optoacoustic tomography
(MSOT). Horos (v3.3.6) and Slicer (v4.10.1) software were used to
analyse MRI DICOM files, with the Horos dynamic contrast enhance-
ment (DCE) tool plugin (v2.2) used to quantify gadolinium permeability
in two-dimensional circular regions of interest (ROIs) in gradient echo
scans.

2.14. Treatment of brain tumours with nanomedicine

Mice were intravenously injected with either saline (0.9% sodium
chloride, Baxter) as a vehicle control, free Dox in PBS (4.5 mg/kg), Dox-
loaded hyperbranched polymer (HBP), or HBP with 1:1 aEphA2 BsAb
(BsAb + HBP) at a dose of 4.5 mg/kg of Dox into the lateral tail vein. For
BsAb + HBP treatment, the HBP and aEphA2 BsAb were incubated at a
1:1 ratio at room temperature (RT) for 1 h prior to injection. The tumour
volume was measured using T2-weighted imaging, and the longest
diameter in any plane was measured as per Response Evaluation Criteria
in Solid Tumours (RECIST) guidelines [28]. Measurements were taken
every 3-4 days up to the final treatment time point, and then
followed-up with further imaging at later time points as the mice started
to show worsening symptoms.

2.15. Collection, sectioning and histological evaluation of mouse brains
and hearts

Mice were given a peri-lethal intraperitoneal injection of 100 mg/kg
sodium pentobarbital in PBS, then transcardially perfused with 12 mL
saline solution, followed by 12 mL ice-cold 4% paraformaldehyde (PFA)
in PBS. The brain, heart and liver were then immersion fixed in 4% PFA
in PBS at 4 °C for 24 h. Brains and hearts were embedded in 4% noble
agar in PBS (Sigma Aldrich), then sectioned at 50 pm using a V1000S
vibratome (Leica). Sections were mounted onto Superfrost plus micro-
scope slides in DABCO mounting media, and sealed with nail polish.
Separate brain sections were stained with terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL) assay kit following man-
ufacturer’s instructions (Abcam, ab206386), and sealed with ultra-
mount mounting media (ThermoFisher). Heart and brain tissue sections
were stained using haematoxylin (8 min) and 1% eosin (30 s), dehy-
drated and mounted with ultramount (ThermoFisher).

2.16. Microscopy

Spinning disk confocal images were acquired on a spinning disk
confocal microscope (Diskovery; Andor Technology, UK) built around a
Nikon Ti-E body (Nikon Corporation, Japan) and equipped with two
Zyla 4.2 sCMOS cameras (Andor Technology), a Nikon Plan Apochromat
20x/0.75 NA air objective, Nikon Plan Apochromat Lambda 60x/1.4 NA
oil objective and controlled by Nikon NIS-Elements AR software. Images
were scanned as 6 x 6 stitched 20x tiles with 10% overlap, or 25 slice Z-
stacks at 0.9 pm step intervals at 60x. DAPI was excited with a 405 nm
laser, Dox was excited with a 488 nm laser, tdTomato was excited with a
594 nm laser, and Cy5 was excited with a 640 nm laser, with corre-
sponding filter sets. Colour brightfield images of TUNEL apoptosis
staining and heart ventricle sections were conducted on an epifluor-
escence axio imager microscope (Zeiss) with ZEN blue software, using a
TL LED lamp, Axiocam 512 camera and EC Plan-Neofluar 10x/0.45 NA
air objective and 5x/0.16 NA air objective with 4 x 4 tiles respectively.
TUNEL DAB staining was quantified by thresholding the red channel to
2500 Gy levels in ImageJ, and measuring the percentage area to get the
apoptotic index.

2.17. Multispectral optoacoustic tomography (MSOT)

For optoacoustic imaging, an MSOT inVision 256-TF small animal
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imaging system (iThera Medical, Munich, Germany) was used. The
mouse was horizontally positioned in a holder (iThera Medical) under
2% isoflurane anaesthetic and wrapped in a thin polyethylene mem-
brane with ultrasound coupling gel applied to provide contact between
the animal and the membrane of the animal holder. The mouse head was
z-translated through the imaging plane in 0.5 mm oversampling steps
using a linear stage control to acquire a stack of 2D axial images over the
brain region which in turn allowed for optimal three-dimensional (3D)
rendering. 10 frames at each of the following wavelengths were ac-
quired: 680, 715, 730, 760, 765, 770, 800 and 845 nm. The images were
reconstructed using a model-based algorithm and processed using linear
spectral unmixing to identify the signal of oxygenated and deoxygenated
haemoglobin.

2.18. Pharmacokinetics study using a fluorescence in vivo imaging system
avis)

Twenty-three C57 mice were used to determine the pharmacokinetic
profile of the targeted and untargeted HBP in peripheral and brain or-
gans compared to free Dox and vehicle (ethics approval was received
from the University of Queensland animal ethics committee, ethics
approval number: AEC440/20). Mice were injected with the required
material (4.5 mg/kg DOX equivalent) and then sacrificed at 24 hrs post
administration. Tissues were collected and rinsed in saline to remove
contributions from blood before being imaged using the same imaging
imaging protocol. Cy5 signal was unmixed before ROI imaging anylsis
was conducted to semi-quantitatively determine biodistribution. A
spectral unmixing method specific to Cy5 was employed whereby four
images were captured and overlaid with photographs, in both supine in
vivo, prone in vivo and organ ex vivo data sets. The excitation/emission
spectra in nm were 560/670, 580/670, 600/670, 620/670.

2.19. Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-PAGE was run on a Bolt™ 4-12%, Bis-Tris protein gel (Invi-
trogen) following manufacturer’s protocol. 1 mg/mL HBP was incubated
in human and mouse serum respectively over 60 h at 37 °C, then diluted
1in 10 and 5 pL loaded onto the gel, while in a separate lane 5 pL of 1
mg/mL Cy5-amine labelled positive control polymer (HBP2) in saline
was loaded. Gel images were captured on a Bio-Rad ChemiDoc MP using
settings for Cy5 detection. The protein standard used was Precision Plus
Kaleidoscope (Bio-Rad).

2.20. Data collection and statistical analysis

All data was collected and analysed according to the guidelines for
Minimum Information and Reporting in Bio-Nano Experimental Litera-
ture (MIRIBEL) in order to maintain the best reporting of reproducible
and reliable data [26]. Groups were compared by one-way ANOVA with
a Tukey’s multiple comparison test using Graphpad Prism (v8) software.
All bar graphs indicate mean + standard error of the mean.

3. Results & discussion
3.1. Establishment of glioma mouse model

To study whether nanomedicine is viable to treat aggressive brain
cancer, we used a mouse model which includes three signature post-
natal tumour suppressor mutations, in RB1, PTEN and TP53, and are
induced at a 4-6 weeks of age in GFAP-positive cells through a Cre-lox
recombination system. Mutations in RB1 are found in up to 78% of
patients with GBM, whilst PTEN and TP53 mutations are found in up to
87% [29,30]. This model begins to develop a leaky-stage GBM at
approximately 100-200 days after induction of the mutations with
tamoxifen and expresses tdTomato in mutated GFAP-expressing cells,
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making it ideal for investigating brain tumour structure using confocal
microscopy by exciting in the near-far-red (594 nm) channel, which also
later avoided overlapping fluorescence from Cy5 (640 nm channel), and
doxorubicin (488 nm channel) [13,26].

3.2. Generation and characterisation of a functional HBP and
aPEGMAaEphA2 BsAb

For this study we desired a biocompatible nanomedicine, capable of
being monitored via fluorescence for tissue evaluation, able to carry
chemotherapy (Dox) and be targeted to tumour specific marker EphA2,
in order to treat brain cancer more effectively and produce less side
effects than standard chemotherapy (Fig. 1). We utilised well estab-
lished RAFT polymerisation to produce a multifunctional polymeric
nanomaterial core of methacrylate monomers, generating HBP1, and
incorporated an azide group for further post-modification in down-
stream PET applications to make HBP2 (Figure S1) [7,8]. Notably, we
incorporated TBMC for drug loading (post-polymerisation), and Cy5 was
labelled at a 0.1 ratio for fluorescence detection (Fig. 1A; stability of Cy5
conjugation in buffer at pH 7 and in serum shown in Figure S3D).
PEGMA was the major monomer incorporated to provide biocompati-
bility, while EGDMA was included to provide branch points between
chains. As shown in Table 1, a 48 kDa Dox-loaded HBP with an average
of 3.5 arms per polymer was successfully generated, and chemical
properties measured by GPC-MALS and NMR spectroscopy (Figure S2).
The removal of the TBMC BOC group from HBP2 was confirmed by
disappearance of the peak at 1.4 ppm in proton NMR (Figure S2),
making HBP3. Doxorubicin was also then reacted at a 0.1 ratio by
weight, and analytical HPLC with a fluorescence detector (Aexcitation 480
nm Aemission 560 nm) was used to assess Dox conjugation, and showed
>94% purity (Figure S3) for HBP4. For clarity through the remainder of
the manuscript we will refer to HBP4 as ‘HBP’ as this is the material
administered in all cases. The final characteristics of the HBP nano-
medicine core included fluorescence detectability, pH-sensitive Dox
release, and immune evasion through incorporation of PEGMA. This was
further functionalized to provide antigen specificity through the incor-
poration of a BsAb (Fig. 1). The BsAb that was generated consisted of
two single chain variable fragments (scFvs) tethered by a flexible
glycine4-serine linker, making it a total size of 54 kDa and being specific
to both PEG (the primary HBP component) and EphA2 [12].

These materials are a well described class of nanomedicine, of 5-10
nm in size [7,31] with well understood biodistribution properties, long
circulation times (>12 h blood half-life) [32], and which incorporate
chemotherapeutic Dox as a pro-drug that is stable under physiological
conditions but releases within 24 h upon encountering the acidic lyso-
somal environment [33] (Figure S3B).

3.3. Diffusivity of targeted and untargeted HBP into leaky stage brain
cancer tissue

Accessibility of circulating nanomedicine to the tumour is key in
effective therapeutic delivery, particularly for hard-to-reach tumours
such as those growing in the brain. Recent work has demonstrated
analogous materials were able to cross the BBB at various stages of
glioblastoma [13], showing comparable biodistribution and pharma-
cokinetics in this model. As a preliminary study we correlated BBB
permeability with clinically relevant T1-weighted gradient echo MRI

Table 1
Physicochemical properties of the HBP.

Average Average Average Doxorubicin Cy5/HBP (degree
arms per HBP molar loading of
polymer molar mass per purity functionalisation)
mass arm
HBP 3.5 48.1kDa  13.5kDa >94% 10%
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using Gadovist® (Gad) as a diagnostic readout. The MRI offered insight
into the progressive leakiness of solid tumours (in terms of extravasation
of molecules from the bloodstream into the tumour) and was correlated
with vascular imaging acquired using multispectral optoacoustic to-
mography (MSOT) (Fig. 2A). We applied the same criteria as discussed
in Houston et al. 2020 [13] to classify tumours as ‘leaky’ or not. It was
found that in mice with a gadolinium-permeable brain tumour, both the
HBP and BsAb + HBP nanomedicines were able to enter and accumulate
in the tumours through the leaky BBB over a monitoring period of 48 h
(Fig. 2B). The stability of the Cy5-conjugate was confirmed by incuba-
tion of the HBP in serum over 6 days at 37 °C, followed by SDS-PAGE
(Figure S4). This also supported our recent work showing high pene-
tration of nanomedicines at similar stages of disease progression as
demonstrated by gadolinium permeability, although similarly we did
not observe any effect of the nanomedicine in reducing leakiness [13].
Using this as a key rationale for the treatment study design, we aimed to
wait until the glioblastomas showed gadolinium permeability before
initiating the treatment regime. Similar to clinical cases of brain cancer,
the inducible genetic mouse model used here results in rapid and
spontaneous tumour development [26,27], being temporally, spatially
and biologically heterogeneous, making this a useful primary brain
tumour model in which to assess nanomedicine treatment of glioblas-
toma. While this model provides unique advantages (for example un-
derstanding BBB changes), a major disadvantage compared to other
models is its variability in tumour starting point and severity, which
produced challenges regarding therapeutic efficacy assessment. There-
fore we proceeded to do a small-scale treatment study in a personalised
monitoring, unique case-by-case approach.

3.4. Effect of targeted and untargeted HBP on slowing brain cancer
growth

Many murine nanomedicine studies reported in the literature aim to
achieve regression in xenografts of immortalised cell lines, however we
aimed to use a model which can assess preclinical aspects including
variable tumour initiation, growth and effect on the surrounding brain
tissue. While this allowed a more universal evaluation of how the
treatment groups perform holistically as a therapy, a disadvantage of
this model is that it is difficult to deconvolve the various parameters that
lead to successful treatment outcomes (owing mainly to the inability to
control for the heterogeneity in pathophysiology of the disease in these
models). For example, the variability in location and aggressive nature
of the tumours makes conventional measurements of survival (for
example) less informative in the context of this study and so in our data
we were more focused on investigating how the drug delayed tumour
progression on a case-by-case basis. Hence, the aim of this part of the
study was to test a proof-of-concept of the treatment efficacy of free Dox,
Dox-loaded HBP and Dox-loaded HBP that was targeted to receptors
present on tumour tissue using a bispecific antibody (BsAb + HBP)
compared to vehicle controls. In all cases treatment was only initiated
once the tumours showed gadolinium leakiness, as classified in our
previous work [13]. It was found that when treatment with Dox or HBP
was initiated at a large (late-stage) tumour volume (which we defined as
greater than 50 mm®), tumour growth continued at a slower but steady
rate, compared to animals with similar size tumours treated as vehicle
controls (Fig. 3A). However, when treatment of the tumours commenced
at a small (early-stage) volume stage (which we defined as ~5-50 mm?),
whilst also being leaky, the BsAb + HBP appeared to have the greatest
effect on slowing tumour growth, followed by the HBP (trending, p =
0.052), as compared to the Dox and vehicle treated groups (Fig. 3B). For
the larger tumours, there was only a difference in growth rate between
the BsAb + HBP and vehicle groups (probably owing to the fact that at
this stage the tumours were significantly progressed as to be less affected
by treatments with HBP alone, and a limited number of mice were
treated at this stage). The overall increased effectiveness of the BsAb +
HBP treatment compared to Dox could be attributed to improved



P.W. Janowicz et al.

A

Healthy Control (Post- | Brain Tumour E.g.1
Gadolinium T1 MRI) _ (Post-Gadolinium T1

Normalised Gadolinium Intensity

o

400

[

(=

o
1

Biomaterials 283 (2022) 121416

Fig. 2. A) Gadolinium injection with T1-
weighted gradient dual echo sequences
(axial view) shows leakiness of negative
— GBM Area (healthy) control brain area over time,
— Healthy Area compared to mouse brain area with leaky
stage hippocampal tumour. Red line repre-
sents increasing gadolinium signal over time
in tumour area (hippocampal), while green

200 line represents relatively flat control brain

area gadolinium signal. Yellow arrow shows
oxygenated (red) and deoxygenated (blue)

100 blood signal in tumour area, as visualised by

MSOT (coronal view), and the same tumour
was also visualised by T2-weighted MRI

T T 1 (coronal view). Tumour width was 1.3 mm.

0 200 400 600 B) Spinning disk confocal microscopy
Time (s) showing the intra-tissue distribution of HBP
and BsAb + HBP, and independent Dox dis-

HBP-Treated

BsAb+HBP-Treated

sustained release of Dox into the leaky tumour area following retention
of the targeted nanomedicine within the tumour and subsequent
pro-drug activation (hydrazone cleavage and drug release) [21]. The
proliferative niches in which the tumours predominantly grew in the
brain included the hippocampus, thalamus, hypothalamus, striatum,
basal ganglia and subventricular caudate putamen (Figures S5-S7).
Taking all of these observations together, it was apparent that the HBP
and BsAb + HBP slowed tumour growth throughout the continually
leaky period, despite the variable and spontaneous location of the
tumour. These promising initial results give understanding of how the
HBPs and BsAbs act as drug delivery systems for brain cancer, and they

tribution 48 h following intravenous injec-
tion; tumours were first shown to be
perfused with Gadolinium by MRI to confirm
“leakiness”. HBP-Cy5 is shown in magenta,
Dox is shown in green, tdTomato tumour
area is shown in red, and DAPI is shown in
blue. Tumours showed variable fluorescence
intensities (densities) and uptake. Scale bar
represents 100 pm. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)

Merge + Tumour

could be expected to be follow similar trajectories in future clinical
studies.

Our previous study demonstrated that the EphA2 targeted nano-
medicine showed enhanced accumulation in the tumour tissue by PET.
In this study, we were monitoring intratumoral distribution by micro-
scopy of tissue slices and while it was not possible to evaluate whole
tissue accumulation enhancement by this method, a qualitative com-
parison of relative uptake between the nanomedicines could be made.
Nonetheless, the preliminary therapeutic study provided did show that
the targeted nanomedicine was trending towards a more significant ef-
ficacy than the untargeted nanomedicine (biodistribution data for other
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Fig. 3. Pilot efficacy of nanomedicine
treatment. T2-weighted MRI and RECIST
criteria were used to measure individual
brain tumour volumes over time from first
treatment. A) Tumour volumes were
measured by MRI for each treatment cohort
for tumours where therapy was commenced
at an early or late stage. Brain tumour
growth prevention was most pronounced
when HBP and BsAb + HBP treatment was
started at the early stages of growth, at less
than 50 mm® in volume (green highlighted
area). Dox and HBP treatment had a limited
effect on tumour growth when treatment
was started at large (>50 mm®) tumour
volume (red highlighted area), while BsAb
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Days from first treatment

56

+ HBP had the strongest effect at the later
larger stage. B) In the small tumours, volume
of growth from beginning to end of the
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treatment period (Day 18) shows a maximal
growth rate in the vehicle control group,
followed by the Dox-treated group (n = 3),
*p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001 one-way ANOVA with Tukey’s
post-hoc test. The BsAb + HBP group had
the lowest growth rate, which was signifi-
cantly lower than dox-treatment. C) In the
limited number of larger starting point tu-
mours, there appeared to be less difference
in growth evident over the treatment period
between BsAb + HBP and vehicle. The
limited mouse numbers in this group (n =
1-3) was due to the spontaneous nature of
the genetic glioblastoma model, and ~25%
of mice were excluded after developing pe-
ripheral non-GBM tumours. A number of
mice were euthanized at relatively smaller
brain tumour volumes due to the develop-

organs shown in Figures S9-S10).

While this immunocompetent model offers insight into how the tu-
mours develop in a spontaneous manner, the rapid tumour growth also
has the consequence of being detected by imaging at later stages in
development; this led us to stratify the brain tumours based on definable
clinical stages. Although this led to a reduction in n-number for the
comparison groups, a key expected finding of this study was that the
large (>50 mm?) leaky stage brain tumours responded with a less pro-
nounced effect than the smaller (<50 mm®) leaky stage tumours (Fig. 3).
Although the sporadic and spontaneous growth response of this complex
tumour model led to variability in the number of mice in each stratified
cohort, the extensive imaging performed in this study showed that a
BsAb + HBP targeted nanomedicine treatment is markedly improved
compared to untargeted doxorubicin-only treatment (Fig. 3C). More-
over, irrespective of whether the mice were treated at early or late-stage
tumour growth, the observed trends of HBP and BsAb + HBP being
superior to doxorubicin and vehicle treatment groups were the same
(Fig. 3).

3.5. Intratumoural distribution of nanomedicine and treatment area

One of the key factors that is considered to drive effectiveness of
nanomedicines is their ability to penetrate tumour tissue to deliver
therapeutic payloads [34]. Our recent work has shown good penetration
of nanomedicines into brain tumour tissue if the tumour exhibits

ment of severe endpoint symptoms such as
breathing difficulties. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the Web version of
this article.)

gadolinium permeability (what we consider as leakiness), and an
improvement of BBB crossing with EphA2 BsAb targeting (0.3-3.3%
injected dose range) [13]. In this study, MRI provided information on
the disease state and we were able to measure therapeutic potential by
investigating individual responses to drug administration; however, a
more nuanced understanding of nanomedicine accumulation and
consequent drug delivery is key to further progression of these materials
as potential nanotherapeutics for brain tumours. To further evaluate the
efficacy and accumulation of the nanomedicine treatments in the
tumour microenvironments, tissue was processed and analysed with and
without staining for apoptosis. Treated tumour microenvironments
within brain tissue slices were first investigated using spinning disk
confocal microscopy to investigate the localisation of the different
fluorescent components in the delivery system and tissue; tumour
astrocyte tdTomato (red), Dox (free drug or HBP conjugated; green), and
Cy5 labelled HBP (magenta) (Fig. 4). Images were acquired following
repeat intravenous administration of the different treatments until
morbidity, after which the tumours were removed for analysis. Our
analysis thus represents the distribution of nanomedicine components
following prolonged longitudinal treatment. Areas of tumour regression
were shown by a lack of tdTomato (red), and this typically corresponded
to areas where Dox (green) was more intense. This is most clearly
exemplified in mice that were treated with Dox alone that had low Dox
signal and higher amounts of tdTomato, compared to animals treated
with Dox-loaded HBP. In the latter, an approximate 10-50 pm radial
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Fig. 4. A) Spinning disk confocal microscopy of treated brain tumour area shows relatively denser signal for tumour marker tdTomato (red) in vehicle control and
Dox treated cases, compared to the BsAb + HBP and HBP treated cases. Dox is shown in green, and HBP-Cy5 is shown in magenta. There was no Dox signal seen in
Dox-treatment above vehicle control background level, whereas both HBP and BsAb + HBP treatment showed a release of Dox into the tumour. Haematoxylin and
eosin (H&E) staining showed slightly different morphologies between the treated tumours, with vehicle control showing highly dense and heterogeneous growth,
similar to Dox-treated, whereas HBP-treated and BsAb + HBP-treated tumours appeared to show a larger healthy (pink) area, indicating lower density. Tumour area
was also visualised with T2 MRI in vivo immediately prior to sacrifice. Scale bars represent 500 pm. B) Higher magnification maximum projection images of 25 slice Z
stacks (0.9 pm space between each slice) show damaged tumour area corresponding to areas of HBP-mediated Dox release (arrow). The Dox appears to be released
from areas of HBP accumulation within the tumour. Scale bar represents 20 pm. C) Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) 3,3'-
diaminobenzidine (DAB) staining shows higher apoptosis in HBP and BsAb + HBP treated tumour areas compared to vehicle and Dox treatment (n = 3-4) *p < 0.05,
**p < 0.01, p = 0.056 trending, one-way ANOVA with Tukey’s multiple comparison test. Sections were stained with DAB to indicate apoptosis, and counterstained
with methyl green whereby yellow-green indicates lower pH. Darker red-black areas indicate fragmented DNA. Scale bar represents 100 pm. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

area around vasculature is observed with Dox signal release and absence
of tdTomato (Fig. 4A and Figure S8). High magnification 3D images of
these areas found instances of an outward diffusing front of Dox signal in
the absence of signal attributed to HBP, suggesting release of the drug
from the nanocarrier (Fig. 4A). This led to the death of cancerous
tdTomato-expressing cells in the majority of cases. Furthermore, tu-
mours treated with HBP and BsAb + HBP showed a greater amount of
apoptosis compared to vehicle control and Dox-treated brain tumours

(Fig. 4B), indicating that the higher ongoing Dox release by HBP has an
enhanced effect on suppression of local brain tumour growth compared
to freely circulating Dox. Presumably, this is due to enhanced accumu-
lation of the drug in the tumour tissue when delivered by the nano-
medicine. This was also supported by haematoxylin and eosin (H&E)
staining of tumour tissue (Fig. 4A), which indicated a lower density of
tumour tissue in the HBP and BsAb + HBP treated groups compared to
Dox and vehicle treated groups. Despite high tumoural EphA2 receptor
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expression previously shown in this model [13], there was no significant
difference in the efficacy or response of the tumour to administration of
BsAb + HBP or HBP alone, suggesting that accumulation in tumour
tissue and release of Dox occurred independent of whether targeting
ligands were used or not, or that any increased accumulation above
untargeted levels did not induce any strong cumulative effect in this
model. Similar to previous studies of analogous materials in our group,
the biodistribution profile showed minimal uptake of either targeted or
untargeted nanomedicine into the wild-type brain (which was also
verified using confocal microscopy), and similar accumulation in the
kidneys, liver, lungs and gut, whereas Dox was largely expelled from the
system by 4 and 24 h (Figure S9, Figure S10). As evidenced in Fig. 4, the
polymers showed a high accumulation within leaky tumour tissue,

A
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which matches our recently published data and previous studies.

3.6. Effect of different treatments on cardiotoxicity in mice

While effective treatment is desirable, one of the key drawbacks of
conventional chemotherapy is dose-limiting toxicity. We therefore
wanted to investigate whether the nanomedicine formulation was able
to mitigate Dox-associated systemic side-effects. Doxorubicin is well-
known to cause significant cardiotoxicity in patients when adminis-
tered systemically, and this leads to dose-limited therapeutic challenges
with the drug. Accordingly, at the conclusion of the therapeutic study,
cardiac tissue was collected, sectioned and visualised using H&E stain-
ing to assess tissue damage. We observed cardiotoxicity in Dox-treated

2000+ il
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Fig. 5. Heart left ventricular width was thinner following Dox treatment, compared to vehicle control, HBP and BsAb + HBP treatment (n = 4-5) *p < 0.05, **p <
0.01, one-way ANOVA with Tukey’s multiple comparison test. Tissue was stained with haematoxylin and eosin. Scale bar represents 1000 pm for A and 200 pm for B.
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mice under the therapeutic regime investigated, which was not apparent
in the vehicle control nor targeted or untargeted nanomedicine treated
groups (Fig. 5). A presence of eosinophils and a reduced density of the
cardiac striated muscle fibers were also visible in the Dox-treated hearts
under enhanced magnification (Fig. 5B). This implies that targeted and
untargeted hyperbranched polymeric nanomedicines provide a safer
alternative for direct chemotherapy, while also leading to enhanced
accumulation of the drug in tumour tissue. Together, this study shows
that brain cancers with multiple tumour suppressor mutations can be
slowed when treated with a HBP loaded with Dox if the treatment is
started at an early gadolinium-permeable stage, with reduced
commensurate unwanted side-effects.

3.7. HBPs as brain chemotherapy carriers

Similar HBPs loaded with Dox have been used extensively in our
group, for example to target solid tumours including breast cancer and
prostate cancer with promising success [7,8]. As Dox has been exten-
sively used to study delivery and diffusion, here it is used as a model
therapeutic to further understand the distribution of chemotherapies
delivered by nanomedicines in brain tumours. The dose of Dox used was
chosen based on toxicology studies, and our most recent study to treat
breast cancer in a xenograft model [7]. While previous studies investi-
gating brain tumour and glioblastoma treatments using orthotopic
xenograft models found a stronger effect of slowing tumour growth than
that which is observed here [35], the brain cancer model used in this
study appeared to be more aggressive based on the rapid growth in the
vehicle control group. It is important to also note that although there
was gadolinium permeability during treatment, in some cases areas of
the tumour appeared to maintain higher BBB integrity, leading to a
relatively more rapid and therefore heterogeneous expansion in these
tumour areas despite treatment. This signifies one of the key challenges
in developing and understanding new strategies for treating brain tu-
mours. Ultimately, the HBP and BsAb + HBP groups showed more
promising long-term protective effects, including after treatment had
finished, compared to the Dox group, and this could be explained to
some extent by the EPR effect maintaining a steady dose of the longer
circulating HBP in the leaky tumour area. Free Dox has a short initial
half-life of only 5 min due to its rapid excretion via bile, followed by a
steady half-life of 17 h in the blood [36]. It also has poor lipophilicity,
and is effluxed by P-glycoprotein transporters in the BBB [37]. In
congruence with these factors suggesting Dox to be a sub-optimal
therapy for brain cancer, we found HBP affected a more widespread
volume within the tumour compared to Dox alone, and this is probably
one of the reasons for its enhanced efficacy. It is also evident that
HBP-loaded Dox is a safer method of delivery than Dox alone, as there
was no bodyweight loss or cardiomyopathy in the HBP treated mice. Left
ventricular cardiomyopathy induced by doxorubicin has been previ-
ously reported in literature, including in larger animal models [38], and
we have also previously found that dox-loaded nanomedicines do not
change bodyweight over prolonged treatment regimes, whereas free
Dox does [21].

This is one of the first studies to our knowledge that has shown
reduced growth of brain tumours in a novel highly aggressive genetic
glioblastoma model using nanomedicines and BsAbs to target the cancer
cells. These results follow on from recent work in our lab, which iden-
tified that the brain cancer progression is significantly accelerated by
BBB leakiness [13]. We then used this property as a criterion to initiate
treatment as determined by the diagnostic capabilities of MRI. Previous
studies have investigated the use of a Dox-loaded poly-sorbate coated
nanoparticle to treat stereotaxically injected cancer cells in a rat model
[39,401, with similarly successful treatment. The reasoning behind using
poly-sorbate to coat the polymer is that this binds to plasma proteins,
and therefore can more easily cross the BBB through receptor-mediated
transcytosis. While these studies induced tumour growth in the same
area of the brain each time with a single cell line, we set out to assess the

11

Biomaterials 283 (2022) 121416

case-by-case efficacy and distribution of our therapeutic in genetically
induced glioma model with variable sites of tumour initiation in each
animal. Therefore, non-tumoural brain integrity at disease onset and
immune response were maintained in this mouse model, as there was no
invasive stereotaxic injection surgery or immunodeficiency. Any nano-
medicine that crossed into the brain occurred as a function of impaired
localised integrity of the BBB as a function of tumour growth, and it
appeared that the tumour inevitably spread into BBB-intact areas in this
model, despite promising reductions in growth during the treatment
period. We believe this is a key parameter for understanding how these
materials cross into the brain and ultimately provide an efficacious
effect.

4. Conclusions

This study adds a proof-of-concept to the growing literature showing
the improved safety and effectiveness of chemotherapeutics delivered
by nanomedicines and future translation of cancer-targeted hyper-
branched polymers. Moreover, this study is the first BsAb targeted HBP
for treatment of GBM using a spontaneous model, and also the first time
treatment has been monitored in real-time using ultra high-field MRI.
Despite the variability in the genetic model leading to significant dif-
ferences in tumours that were formed and this subsequently meaning we
couldnot feasibly do a full survival and therapeutic assessment, we have
shown here that brain tumour growth can be prevented in a targeted
case-by-case manner using stealth HBPs and BsAbs to release chemo-
therapy payloads into areas of glioma leakiness. When HBP-Dox is
delivered at an early leaky stage of brain cancer, it could effectively slow
disease progression by over 90%, and as confirmed in previous reports,
these nanomedicines can also be targeted efficiently using cancer
marker-specific BsAbs. This is further benefited by a demonstrated
improved safety profile, adding to a growing literature of the improved
safety of nanoparticles for treating brain cancer [34], and a projected
2-7x improvement in survival time while maintaining quality of life.
Despite these improvements, the growth of GBM into BBB-intact areas
remains a challenge to be solved. Overall, the data presented in this
manuscript suggest HBPs have the potential to be used concurrently
with standard treatment options, including surgery and novel radio-
therapy techniques such as dose painted gamma radiosurgery (e.g.
Gamma Knife®) [41]. This combinatorial approach could improve pa-
tient quality of life by continuously targeting new areas of leaky
angiogenesis whilst also reducing peripheral organ off-target effects of
the chemotherapy.
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