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1. Introduction
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Supramolecular hydrogels enable co-delivery of
chemotherapeutics with synergistic efficacy
against patient-derived glioblastoma cells and
spheroids¥

Robert J. Cavanagh,*®® Saif Baquain, Cameron Alexander, (2@
Oren A. Scherman 2 ¢ and Ruman Rahman (2 *°

Drug combinations have been shown to be highly effective in many cancer therapies but the ratios of the
individual drugs must be adjusted carefully and formulated appropriately to ensure synergistic action.
Here we assessed combinations of doxorubicin and gemcitabine for post-surgical treatment of IDH1
wild-type glioblastoma (GBM). 2D and 3D spheroid in vitro models of GBM were generated from patient-
derived glioblastoma cells resected from brain tumour cores and invasive margins. Drug combinations
were screened for synergy using the Chou-Talalay method and mechanisms of action investigated using
measures of caspase 3/7-mediated apoptosis and yH2AX-mediated DNA damage. Single drug and drug
combinations were formulated in a supramolecular hydrogel based on a peptide-functionalised hyaluro-
nic acid backbone dynamically linked by cucurbit[8]uril-mediated host—guest interactions as an implanta-
ble drug-delivery vehicle. Drug efficacy data from in vitro assays demonstrated synergistic activity with
doxorubicin and gemcitabine combinations in a molar ratio-dependent manner. These compounds were
included in the drug screen as exemplars of DNA intercalators and nucleoside analogue respectively.
Consistent with this, enhanced apoptosis and DNA damage were also observed in a synergistic manner.
Overall, these drug-loaded hydrogels demonstrated potency and maintenance of synergy with drug-
combination hydrogels, in an easy-to-administer in situ gelling formulation suitable for post-resection
delivery to prevent GBM recurrence.

barrier when delivered systemically, thus limiting the effective
dose which reaches brain parenchyma and causing dose-limit-

Glioblastoma (GBM) ing systemic toxicity.” A further challenge for GBM therapy is

remains one of the most hard-to-treat cancers, with an invari-
able median overall survival of 14-16 months from diagnosis
over the past two decades.”” As gross total resection fails to
safely remove all tumour cells, and adjuvant standard-of-care
of temozolomide and radiation therapy confers only a ~2-
month survival benefit, there is an urgent clinical need to
identify more effective chemotherapeutics including synergis-
tic combinations. A significant impediment for most che-
motherapeutic agents is poor penetration of the blood-brain
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cellular and genetic inter- and intra-tumour heterogeneity
which manifests from variable microenvironmental selection
pressures. This results in rapid sub-clonal divergence which
confers therapeutic resistance.? This is confounded by the
capability of GBM cells to rapidly infiltrate the healthy brain
parenchyma adjacent to the primary tumour mass, forming
new tumour micro-deposits which are responsible for tumour
recurrence.” As surgically resected primary tumour is not
reflective of infiltrative residual disease, repurposed or experi-
mental therapies must aim to prevent or delay local tumour
recurrence, which typically arises 2 cm from the resection
margin. One means by which this may be achieved is to deliver
anti-cancer drugs directly into the resection cavity during
surgery.® This mode of interstitial delivery has several advan-
tages over systemic routes of administration, as higher drug
concentrations can in principle, be achieved at the tumour
site, whilst systemic toxicity can be avoided or reduced as the
blood-brain barrier prevents escape of the drugs into the main
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circulation. Although several post-surgical resection drug deliv-
ery systems have been considered preclinically,’® only the
Gliadel® formulation, which is a biodegradable polymer wafer
for local release of carmustine, has been approved for clinical
use.'* However, despite the success of Gliadel®, there can be
difficulties in ensuring wafers remain proximal to surgical
resection margin, and the formulation is restricted as a mono-
therapy. Moreover, the mechanical mismatch between the
hard Gliadel® wafer and soft brain tissue have been shown to
result in unwanted side effects including seizures, wound
infections, headaches and lethargy.'® Recently, a number of
studies have detailed the use of drug-containing hydrogels as
potential strategies to improve post-surgical resection
delivery.'®>® The advantages of hydrogel-based delivery
systems include the ability to conform fully to the resection
cavity, and for in situ gelling materials, the possibility to be
injected as a free-flowing solution with subsequent setting in
place to ensure persistent access to the non-resected tissue. In
addition, a variety of drugs (and distinct drug chemistries) can
be incorporated into gel-forming systems, potentially allowing
for therapies to be stratified for different patients and cancer
types. These delivery systems thus allow for combination drug
treatments predicated against GBM heterogeneity, which can
simultaneously target multiple oncoproteins or pathways
associated with GBM survival and growth.>*** Rational choice
of drug combinations can potentially achieve synergistic
effects, where the combined action of the drugs is greater than
the sum of their individual potencies. In addition, by targeting
more than one pathway it is possible to reduce the risk of drug
resistance, as multiple mutations are required for GBM cells to
adapt to the therapeutic challenge. Currently, several drug
combinations are being evaluated for GBM treatment, such as
veliparib with adjuvant temozolomide,***” and lomustine with
bevacizumab.?® However, to date there have been rather fewer
reports  of  hydrogel-mediated  delivery of  drug
combinations.>’*! Here, we describe the evaluation of a new
drug combination treatment, using the topoisomerase II
inhibitor doxorubicin (DOX) combined with the nucleoside
analogue gemcitabine (GEM), and their incorporation in a
hydrogel to mimic their application in post-resection delivery.
The hydrogel used for delivery is a hyaluronic acid-based
system, in which some of the hydroxyl side-chains have been
functionalised via a linker with a dipeptide, cysteine-phenyl-
alanine (HA-CF), enabling assembly into a non-covalently
cross-linked network via interactions of the Phe residues with
the macrocyclic host molecule cucurbit[8]Juril (CB[8]).>*"
These hydrogels have been previously demonstrated to be bio-
compatible and facilitate drug delivery in vitro, in vivo and
ex vivo. Moreover, the mechanical properties of the HA-CF/
CB[8] hydrogels can be tuned to match the stiffness of the
native tissue to improve tolerability and enhance drug
delivery.>**®> To determine an efficacious hydrogel cargo, we
evaluated the potencies of drug combinations at various ratios
in 2D culture and 3D cell spheroids, using GBM patient-
derived cells from the core and invasive margins, the latter
representing tissue isolated from the tumour edge which
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blends into brain parenchyma and is a more accurate proxy of
residual disease spared by surgery. We investigated the mecha-
nisms of action of these combination therapies and showed
that synergistic effects could be achieved in the patient-derived
cells in both 2D and 3D cultures, including from drugs
released from the hydrogel formulations.

2. Materials and methods

2.1. Materials

Standard reagents, solvents, monomers and other materials
for chemical synthesis were purchased from Sigma-Aldrich,
ThermoFisher or Cayman High glucose DMEM (phenol red
free, cat. # 31053-028) was acquired from Gibco (Life techno-
logies). High glucose DMEM (cat. # D6546), Trypsin-EDTA
(cat. # T3924), foetal bovine serum (FBS, cat. # F7524), penicil-
lin-streptomycin antibiotic solution (10000 U penicillin and
10 mg mL™" streptomycin, cat. # P0781), r-glutamine (200 mm,
cat. # G7513) and DMSO (cat. # D2438) were purchased from
Sigma-Aldrich. Hoechst 33342 (cat.# H1399) and Presto Blue
10x solution (cat. # A13262 100 mL) were acquired from
Invitrogen. Gemcitabine and Doxorubicin were purchased
from Cayman Chemical Company. Float-A-lyzer® cellulose
ester (CE) dialysis tubes with (molecular weight cut-off)
MWCO of 50 kDa were purchased from Spectrum Laboratories.
Cucurbit[8]uril was synthesised and separated according to lit-
erature procedures.*®*’

2.2. Formation and characterisation of drug-loaded
hydrogels

2.2.1. Hydrogel preparation. Hyaluronic acid was functio-
nalised with Cys-Phe to form the supramolecular gel precursor
HA-CF according to our previously reported procedure.** The
resultant material was purified and lyophilised prior to use.
Cucurbituril[8], (CB[8], 5 mg ml™", 0.5 wt%) was dispersed in
PBS (1 mL, 1x), and sonicated for 15 minutes. This was fol-
lowed by the addition of lyophilised HA-CF polymer (20 mg
ml™", 2 wt%) to the CB[8] suspension. The material was vor-
texed for approximately 5 minutes and stirred for at least
24 hours until a viscoelastic hydrogel was formed. In order to
prepare drug-loaded hydrogels, the required amounts of GEM
and/or DOX (1 mg ml™", 0.1 wt%) were added to the CB[8] sus-
pension prior to the addition of HA-CF.

2.3. Rheology

Rheological analysis was conducted on a TA Discovery DH-2
Rheometer equipped with a 20 mm parallel plate geometry at
20 °C. Hydrogel samples were loaded onto the rheometer with
approximately a 500 um loading gap. Dynamic oscillatory
strain amplitude sweep measurements were conducted at a fre-
quency of 10 rad s '. Dynamic oscillatory frequency sweep
measurements were conducted at a 1% strain amplitude. All
data was analysed using TRIOS software.
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2.4. Drug release from hydrogels

Hydrogels loaded with GEM and/or DOX (1 mg ml™", 0.1 wt%)
were placed in float-a-lysers (50 kDa CE membrane). The dialy-
sis devices were then immersed in 15 ml pre-warmed buffer
and incubated at 37 °C. At pre-determined time points the
entire release media was removed and replaced with fresh pre-
warmed buffer. Aliquots of the collected release media were
then analysed by HPLC-UV/vis. The concentration of drug
released was calculated using a standard calibration curve.

2.4.1. Drug detection. An Agilent 1100 series HPLC instru-
ment provided with a Zobrax Eclipse Plus C-18 column
(250 mm, 4.6 mm, 5 p) was used. An injection volume of 20 pl
and a UV/vis detector (275 nm for Gemcitabine and 480 nm
for Doxorubicin) was employed with a flow rate of 1 ml min™"
whilst the temperature of the column was maintained at 25 °C
+ 1 °C. For GEM detection the mobile phase consisted of
water : acetonitrile (90:10). For DOX and a combination of
GEM : DOX detection the mobile phase consisted of water:
acetonitirile (30 : 70) acidified to pH 3.0 using orthophosphoric
acid. Data acquisition was carried out using Chemstation
software.

2.5. Cell culture

Culture conditions were maintained at 37 °C with 5% CO, and
90% relative humidity. GIN8 (Glioma INvasive margin cells)
were isolated from medial front invasive margin (54 years
female, wild-type IDH (primary GBM), intact ATRX, 0% MGMT
promoter methylation, 90% resection plus Gliadel wafers;
treatment 60 Gy radiotherapy, concurrent and adjuvant temo-
zolomide; patient died 5 months after surgery). GIN28 were
isolated from the 5-aminolevulinic acid (5-ALA) fluorescence-
positive invasive margin, and GCE28 (Glioma Contrast
Enhanced core cells) from the core region of the same tumour
(71 years male, wild-type IDH (primary GBM), intact ATRX, 0%
MGMT promoter methylation 99% resection; no adjuvant
therapy (patient choice); died 3 months after surgery). GIN31
were isolated from the 5-ALA fluorescence-positive invasive
margin, and GCE31 from the core region of the same tumour
(wild-type IDH (primary GBM), intact ATRX, 0% MGMT pro-
moter methylation, 100% resection; treatment 60 Gy radiother-
apy, concurrent and adjuvant temozolomide; patient died
16.1 months after surgery). Cell lines were cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich,
St Louis, MO, USA) supplemented with 10% FBS, 1 g L™*
glucose and 2 mM r-glutamine (Sigma-Aldrich) at 37 °C with
5% CO,. Cells were used within a passage window of 10.

2.6. Cytotoxicity

Screening of chemotherapeutic drug potency was performed
on GBM 2D monolayers and 3D spheroids using the
PrestoBlue™ metabolic assay and CellTiter Glo® 3D assay,
respectively. Drugs were applied to cells in 100 pL per well in
phenol red free DMEM containing 10% (v/v) FBS for 72 hours.
In vitro testing of blank and drug-loaded hydrogels, alongside
single drug and combination drug controls were conducted
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using the PrestoBlue™ assay and live/dead staining
(Invitrogen™ LIVE/DEAD™ Viability/Cytotoxicity Kit; L3224).
Hydrogels were applied at 100 pl per well in 96-well plates fol-
lowed by the addition of 100 pl phenol red free DMEM con-
taining 10% (v/v) FBS. Prior to assaying hydrogel treated cells,
hydrogel was removed via pipetting, washed with PBS and cells
were assessed for metabolic activity or underwent Live/Dead
staining (as described below).

2.6.1. Metabolic activity assessment. The PrestoBlue™ cell
viability assay (Thermo Fisher Scientific) was used to measure
the cellular metabolic activity of 2D cultured GBM cells. All
cell lines were seeded at a density of 1 x 10* cells per well in a
96-well plate and cultured for 24 hours prior to assaying.
Treatments were applied as described above. Triton X100
(TX100) at 1% (v/v) in phenol red free DMEM was used as a
cell death (positive) control and a vehicle control containing
no drug used as a negative control. Following drug exposure,
cells were washed with PBS and 100 pL 10% (v/v) PrestoBlue™
reagent diluted in phenol red free medium applied per well for
90 min at 37 °C. The resulting fluorescence was measured at
560/600 nM (dex/Aem)- Relative metabolic activity was calculated
by setting values from the negative control as 100% and posi-
tive control values as 0% metabolic activity.

2.6.2. Live/dead staining. GIN28 cells were seeded in clear
bottom 96-well plates at a density of 1 x 10* cells per well and cul-
tured for 24 hours. Treatments were applied as described above
for 24, 48 or 72 hours. Following treatment incubation, treat-
ments were removed and cells washed with PBS. Live/dead stain-
ing solution was prepared following the manufacturer’s instruc-
tions; 1% (v/v) ethidium homodimer-1 (EthD-1) and 1% (v/v)
calcein-AM diluted in PBS. Staining solution (100 ul per well) was
applied for 30 minutes to cells, followed by removal, PBS wash
and imaged on an EVOS M5000 fluorescent microscope.
Resulting images were processed and quantified on Image]J soft-
ware (v1.53q), assessing number of calcein-AM (green) positive
cells as alive and EthD-1 (red) positive cells as dead.

2.6.3. 3D spheroid assays. Corning 7007 ultra-low attach-
ment (ULA) 96-well round bottom plates were used to generate
the 3D spheroids. GIN8, GCE28 and GCE31 seeded at 6000
cells per well (spheroid), and GIN28 and GIN31 seeded at 4000
cells per spheroid. The ULA plates were centrifuged for
5 minutes at 300 G and cultured for 3 days until spheroid for-
mation was confirmed by visual inspection. Initially seeding
densities of the cell lines were optimised such that resulting
spheroids at day 3 were approximately 400 um in diameter (ESI
Fig. 1f). For dosing, drugs were applied in phenol red free
DMEM containing 10% (v/v) FBS and incubated with spheroids
for 72 hours. Intracellular ATP levels were measured as a proxy
of spheroid viability after 72 hours drug treatment using the
CellTiter-Glo® 3D assay (Promega). Assay was performed
according to manufacturer’s instructions and resulting
luminescence measured on a Tecan Spark 10 M plate reader
using an integration time of 5000 ms. Normalised ATP levels
were calculated by setting values from the negative (vehicle)
control as 100% and positive control (1% TX100) values as 0%
ATP level.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.7. Immunofluorescence microscopy of YH2AX

GIN28 cells were seeded on LabTek chamber slides (Thermo
Fisher Scientific) with 3 x 10* cells per chamber well and cul-
tured for 24 hours. Cells were then treated with doxorubicin,
gemcitabine or combinations for 24 hours. Cells were fixed
with 4% PFA for 15 minutes at room temperature, permeabi-
lised with 0.1% (v/v) TX100 for 15 minutes at room tempera-
ture and then blocked with 1.5% (v/v) bovine serum albumin
(BSA) in PBS for 60 minutes at room temperature. Cells were
then incubated for 1 hour at room temperature with (1 :1000)
mouse monoclonal anti-gH2AX/ser139, washed thrice with
PBS and then incubated with (1:500) goat anti-mouse IgG
AlexaFluor 488 for 1 hour at room temperature. The chamber
slides were also counterstained with 0.5 pg mL™" DAPI to visu-
alise nuclei. Slides were washed twice with PBS and then
mounted with coverslips and ProLong™ Gold Antifade
Mountant. Microscopy was performed using an EVOS M5000
fluorescent microscope, with subsequent image analysis and
counting of foci conducted using Image]J software (v1.5).

2.8. Detection of activated caspase-3/7

The CellEvent® caspase-3/7 green detection reagent (Thermo
Fisher Scientific) was used to assess levels of activated caspase-
3 and 7 as an indicator of apoptosis. GIN28 cells were cultured
as 2D monolayers and treated as described above in 96-well
plates. After treatment, 100 pl 2% (v/v) CellEvent® probe in
PBS was applied per well for 30 minutes at 37 °C. Fluorescent
intensity was measured at 502/530 nm (Aey/Aem) and normal-
ized to the untreated control (set as a value of 1).

2.9. Statistical analysis

All values expressed as mean * standard deviation (S.D.)
unless otherwise stated (n > 3 biological replicates). Dose
response curves fitted using nonlinear fits. Statistical analysis
and modelling performed using GraphPad Prism 7. One-way
Analysis of Variance (ANOVA) or two-way ANOVA followed by
Dunnett’s post hoc test, as indicated, was used to test statistical
difference between measurements; p-values less than 0.05 were
considered significant (*p < 0.05; **p < 0.005; ***p < 0.0005;
**%%p < 0,0001).
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2.10. Ethical statement

Experiments using primary cell lines derived from human
brain tumour tissue were approved by the National Health
Service Research and Ethics Committee East Midlands (Ref:
11/EM/0076), and such research is subject to audits by the
Human Tissue Authority. Informed consents were obtained
from human participants. All samples were handled and moni-
tored in accordance with national guidelines of the UK
Human Tissue Act 2004, specifically ‘Part 2 - Regulation of
activities involving human tissue’.

3. Results

3.1. Drug screening in GBM spheroids

Initial potency screening was performed to identify lead drug
compounds for future loading into hydrogels. The use of a
hydrogel matrix for post-surgical-resection delivery enabled
chemotherapeutics to be chosen without the constraint of
blood brain barrier transport. Drug compounds were prepared
and applied in culture media and potency was tested in
patient-derived core and margin GBM cell lines cultured both
as 2D monolayers (ESI Fig. 21) and as 3D spheroids (Table 1).
ICs, data presented in Table 1 indicates the topoisomerase II
inhibitor DOX demonstrated the highest potency across the
panel of GBM spheroids tested. Furthermore, the first-in-line
GBM drug treatment temozolomide was observed as the least
potent across the spheroids tested. In terms of drug potency
ranking, similar trends were observed in drug treatment on 2D
cultured GBM lines, albeit with increased drug potency, as
expected when comparing 2D and 3D culture models for drug
testing.?®

Drug potency comparisons between invasive margin (GIN)
and tumour core (GCE) isolated GBM cells can be made from
counterpart patient samples, i.e., GIN28 vs. GCE28, and GIN31
vs. GCE31; drug sensitivity in invasive margin cells was of par-
ticular interest owning to its representation of a post-surgical
GBM cell population compared to core cells which are predo-
minantly removed. Of note, DOX was significantly more potent
(2-fold) in invasive cells compared to non-invasive core cells in
GIN28/GCE28 spheroids (p value = 0.005) and in GIN31/GCE31
(p value = 0.003). A similar significant 2-fold increase in

Table 1 Calculated drug ICsq values in 3D GBM spheroids. Spheroids were cultured for 72 hours prior to assaying and exposed to drug applied in
10% FBS : DMEM for a further 72 hours. Potency was assessed via spheroid ATP levels measured using the CellTiter Glo 3D assay. ICso values calcu-

lated via GraphPad prism. Data is presented as mean + S.D

Patient derived GBM cell line

Drug GINS (invasive margin)  GIN28 (invasive margin) GCE28 (tumour core)  GIN31 (invasive margin) GCE31 (tumour core)
Temozolomide 965 + 85 pM 623 + 70 pM 309 + 33 pM >1000 uM >1000 uM

Etoposide 205 + 51 pM 221 + 65 pM 162 + 35 pM 148 + 37 pm 162 + 50 pm
Irinotecan 190 + 43 uM 162 + 35 uM 221 + 60 uM 190 + 63 uM 163 + 42 uM
Olaparib 113 + 35 pM 60.2 + 21 uM 56.7 + 9.2 M 422 + 54 uM 135 + 25 pM
Gemcitabine 55.3 15 pM 20.8 £ 3.4 uM 39.4 £ 2.5 uM 93.5 5.1 uM 230 +19.8 pM
Doxorubicin 0.67 £0.18 uyM 1.42 + 0.41 uM 3.22 £0.38 uyM 0.85+ 0.2 uyM 1.90 £ 0.20 uM

© 2024 The Author(s). Published by the Royal Society of Chemistry
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potency in invasive cells was observed for GEM, a nucleoside
analogue, in GIN28/GCE28 (p value = 0.0015) and GIN31/
GCE31 (p value = 0.0003). Temozolomide demonstrated 2-fold
increased sensitivity to GCE28 tumour cells than GIN28 inva-
sive margin cells. Etoposide and irinotecan, topoisomerase I
and II inhibitors, respectively, demonstrated similar potency
levels across all GBM cell lines tested. The toxic effects of ola-
parib, an inhibitor of poly ADP ribose polymerase (PARP), were
consistent across the majority of GBM cell lines, with the
exception of GIN31 whereby an increase in ICs, value of
approximately 4-fold is observed relative to other lines.

3.2. Identification of synergistic drug combinations

Next, drug combinations were studied owing to their potential
to overcome drug resistance mechanisms and increase clinical
therapy.>®* GEM and DOX were selected as the lead drug com-
pounds for combination testing due to the high potency
observed in monotherapy, relative to all other compounds
tested (Table 1). In vitro calculation of DOX : GEM combination
synergy was performed using the established Chou and Talalay
method*®*" and resulting combination index (CI) values are
shown in Fig. 1. Additionally, the effect of varying the molar
ratios of the DOX:GEM combination was investigated to
inform future hydrogel drug loading to the optimal combi-
nation formulation. Synergy screening was initially undertaken
in 2D monolayer cultured GBM cells (Fig. 1A) and the data
indicated that synergistic efficacy (CI < 1) was induced at 10: 1
DOX: GEM molar ratio in all cell lines with the exception of
GCE31, and at 1:1 DOX:GEM ratio with invasive cell lines
(GINS, GIN28 and GIN31) but not the counterpart tumour core
lines (GCE28 and GCE31). Antagonism (CI > 1) was observed at
1:10 DOX : GEM molar ratio for 4 out of 5 cell lines.

In order to confirm the observed synergy in more physio-
logically relevant models, 3D spheroids of the invasive GBM
cell lines were employed (Fig. 2B and C). Data indicate that
synergy is maintained in spheroidal models at DOX:GEM
combination molar ratios of 1:1 and 10:1, and antagonistic
or additive (CI =~ 1) effects are observed at 1:10 ratio.
Moreover, the synergy of 1:1 DOX: GEM combination can be
observed via morphological changes in spheroids, as shown in
Fig. 1B, supporting the CI values calculated from dose
response curves of intracellular ATP levels (CellTiter Glo® 3D
assay).

3.3. Synergistic induction of dsDNA breaks and caspase
activation

In order to ascertain the mechanism of synergy of DOX and
GEM combinations, the levels of double stranded breaks
(DSBs) in DNA were investigated using the yH2AX assay
(Fig. 2). There is evidence that monotherapy with DOX or GEM
induces DSBs, albeit via distinct mechanisms.**** Therefore,
it was of interest to explore if DSBs also resulted following
mono-treatment in patient-derived GBM cells, and if the
observed synergy, and antagonism, with DOX and GEM combi-
nations is related to DNA damage.
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Fig. 1 (A) Combination index (Cl) values (mean + S.D) for DOX and
GEM at different molar ratios using Tou and Chalay method for quantifi-
cation of synergy. Data generated from PrestoBlue™ metabolic assays
following drug combination treatment for 48 hours. (B) Micrographs of
GBM spheroid morphologies pre- and post-treatment with DOX and
GEM 1:1 combination. Scale bar, 250 pym. (C) CI values of DOX and
GEM combinations in 3D GBM spheroid models. Cl values generated fol-
lowing treatment and assaying with CellTiter Glo® 3D probing cellular
ATP levels.

These data demonstrate that DOX mono-treatment induces
significant increases in DSBs, as assessed by yH2AX foci at
concentrations >0.1 uM, and GEM mono-treatment at concen-
trations >10 pM (Fig. 2 and ESI Fig. 31). Fig. 2 further illus-
trates the effects of applying DOX and GEM combinations
whereby DOX concentration is maintained at 1 uM and varying
GEM concentrations of 0.1, 1 and 10 pM are co-applied to rep-
resent molar ratios of 10:1,1:1 and 1: 10 DOX : GEM, respect-
ively. At these drug concentrations, all combinations were
observed to induce significant induction in DSBs relative to
the vehicle control (Fig. 2D). Despite the lack of significant
DSB induction in monotherapy (Fig. 2D), combinations con-
taining 0.1 and 1 uM GEM resulted in significant synergistic
efficacy with 1 uM DOX, as determined by a responsive additiv-
ity-based model,** i.e., the sum of the drug combination elicits
a greater effect than the sum of the individual drugs (Fig. 2E).
These observations are consistent with the previously noted

© 2024 The Author(s). Published by the Royal Society of Chemistry
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synergistic nature of the 10:1 and 1:1 DOX:GEM molar
ratios (Fig. 1). Interestingly, for the 1:10 DOX: GEM combi-
nation, in which a GEM concentration of 10 uM is applied in
combination with 1 pM DOX, the response additivity model
indicates only additive effects, as no significant difference is
calculated between the drug combination and the sum of the
individual drugs (Fig. 2E). This observation is again consistent
with previous CI data (Fig. 2).

To further investigate combination mechanisms of cyto-
toxicity, activation of caspase-3/7 was assessed as an indicator
of apoptosis (Fig. 3). The data indicate significant caspase acti-
vation upon exposure of GBM cells to DOX or GEM as single
drugs at concentrations >0.1 pM. Application of all combi-
nations resulted in significant caspase activation relative to the
untreated control; however relatively lower caspase activation is
observed with a 1:10 DOX: GEM ratio (0.1 pM DOX + 1.0 uM
GEM) (Fig. 3A). Further analyses using response additivity

© 2024 The Author(s). Published by the Royal Society of Chemistry

modelling (Fig. 3B), illustrates significant increases in combi-
nation caspase activation, relative to the sum of single DOX
and GEM treatment, with DOX: GEM combination ratios of
10:1 and 1:1. No significant difference to single drug sum-
mations is evident with 1:10 DOX : GEM combination; indeed
a slight decrease in caspase activation is noted, indicating
additive to antagonistic effects.

3.4. Formation and characterisation of drug-loaded
hydrogels

In order to form a drug delivery system suitable for use follow-
ing surgical removal of a tumour, we generated HA-CF/CB[8]
hydrogels, which have already been shown to have advan-
tageous properties for post-resection local drug delivery to the
brain.?*** These gels were synthesised by reacting hyaluronic
acid with methacrylic anhydride, such that a proportion of the
pendant 6-OH groups on the hyaluronate backbone were func-
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tionalised with Michael acceptor methacrylate groups, and
then adding 3,3’-disulfanediylbis(2-(2-amino-3-phenylpropana-
mido)propanoic acid) dihydrochloride, in the presence of
dithiothreitol. In this way, in situ generated thiol functionality
from the peptide reacted with the methacrylate-functional
side-chains to form the HA-CF gel precursor, with ~10% of the
6-OH groups being methacrylated and bearing these peptide
pendent groups to form gels in the presence of CB[8]. Loading
of DOX and GEM was possible via simple mixing of com-
ponents with the functionalised HA-CF backbone (Fig. 4A),
prior to adding CB[8] and forming drug-loaded HA-CF/CB[8]
hydrogels. This facile formulation approach enabled a range of
drug-loaded hydrogel materials to be prepared.

3.4.1. Mechanical testing of hydrogels. Maintaining com-
parable mechanical properties of the drug-loaded gels with
that of the blank gels is important for their intended appli-
cation. It is envisaged that administration of the drug-loaded
gels at the resection cavity site will take place during the
debulking surgery. It is important therefore, to ensure that the
gels are mechanically compatible with the surrounding brain
parenchyma (which will serve to minimise side effects) and
exhibit good apposition to the tissue.

Initial studies showed that the presence of drugs in the
supramolecular hydrogels was not deleterious to their rheolo-
gical properties. The blank (empty) and the three drug-loaded
hydrogels (GEM, DOX, 1:1 GEM:DOX) displayed frequency
dependant behaviour, common for hydrogels mediated by
dynamic host-guest interactions (Fig. 4B) and broad linear
viscoelastic (LVE) regions were observed in all oscillatory strain
amplitude sweeps (Fig. 4C). The mechanical properties of both
the empty and drug-loaded gels were well matched to the pro-
perties of brain tissue noted in human GBM and “normal”
tissue,®® indicating that the presence of the drug molecules,
alone or in combination with one and other, does not impact
the properties of the hydrogels.

3.4.2. In vitro drug release assessment. Both drugs inde-
pendently encapsulated within a hydrogel matrix displayed an
initial burst release within the first 5 h, followed by a more

748 | RSC Pharm., 2024,1, 742-754

extended-release phase up to ~24 h (see Fig. 4D and E). While
nearly all the encapsulated GEM was released within 5 h
(99%), with complete release by 72 h (Fig. 4D), a substantially
higher percentage of DOX persisted in the gel after 24 h
(~45%) and beyond (Fig. 4D). The different release profiles for
the two drugs may be ascribed to their different physico-
chemical properties and potential electrostatic interactions
with the hydrogel components.

3.4.3. Assessment of the effects of hydrogels on cell meta-
bolic activity. The effects of applying hydrogels to patient-
derived brain tumour cells (GIN28) were assessed using
calcein-AM and homodimer-1 (EthD-1) live/dead staining
(Fig. 5A and B) and the PrestoBlue™ metabolic assay (Fig. 5C).
Calcein-AM staining enabled the probing of intracellular ester-
ase activity for live cell detection, cell impermeable EthD-1
staining as an indication for damaged and dying cells, and
Prestoblue™ reagent reduction for assessment of NADH-
dependent enzyme activity as an additional and independent
measure of cell metabolic viability. These data demonstrated
that the unloaded hydrogel was cytocompatible for the
72 hours tested, with no significant increase in cell death
(EthD-1 positive cells) (Fig. 5A and B), or loss in metabolic
activity (Fig. 5C) compared to the vehicle (DMEM) control.
Regarding drug loaded hydrogels, the collection of hydrogel-
released drugs and their subsequent testing on cells (in the
absence of hydrogel) revealed no significant difference in
potency relative to free drugs, indicating DOX and GEM are
likely released from hydrogels unmodified, in a manner
whereby their function is retained (ESI Fig. 47).

Neither free drug alone, at the concentrations tested (1 pM),
nor hydrogel treatment was observed to be toxic to cells follow-
ing 24 hours incubation via live dead staining or metabolic
activity assessment (Fig. 5). Treatment with GEM and GEM
hydrogels induced cell killing after 72 hours incubation as
indicated by live/dead staining and significant loss in meta-
bolic activity relative to controls (Fig. 5). No significant differ-
ence was calculated between free drug and GEM-hydrogel and
no loss in cell viability was noted at 24 or 48 hours with free

© 2024 The Author(s). Published by the Royal Society of Chemistry
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GEM or GEM hydrogels. Cell death was observed with DOX
and DOX hydrogels at 48 and 72 hours of treatment (Fig. 5). At
48 hours of treatment, a decrease in metabolic activity was
induced by DOX hydrogels (85.6 + 6.3%); however, this was not
significant compared to the unloaded hydrogel and was sig-
nificantly less relative to the free DOX at this time point (70.3
+ 5.4%). Cell death subsequently increased following 72 hours
incubation with DOX and DOX hydrogels and no significant
difference was noted between these treatments, an observation
supported by both live dead staining and metabolic screening.

DOX and GEM combinations, either as free drugs or loaded
into hydrogels, demonstrated higher cytotoxicity (Fig. 5), as
expected from the prior drug synergy studies. Increased
numbers of dead cells and fewer live cells as denoted from
staining assays and significant loss in metabolic activity were
observed from 48 hours of incubation with both free and
hydrogel loaded combinations. At 48 hours incubation it can

© 2024 The Author(s). Published by the Royal Society of Chemistry

be noted that the combination treatments were comparable in
efficacy, and not significantly different from the level of cell
killing induced by the DOX counterpart treatments. The com-
bination treatments however, induced substantial GBM cell
death following 72 hours incubation and in a manner that was
significantly higher than single DOX treatment. Moreover, at
72 hours incubation, compared to the GEM-hydrogel and
DOX-hydrogel treatments, there was a higher level of cell
killing with the combination-hydrogel, indicating retention of
synergistic drug efficacy upon release from the hydrogels (ESI

Fig. 57).

4. Discussion

Patient-derived GBM cells isolated from the infiltrative margin
(GIN lines) and tumour core (GCE lines) of adult patients have
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been used throughout this study.*® Typically, commercial GBM
cell lines are derived from the MRI contrast-enhanced tumour
core region, which do not enable a phenotypically accurate
model of the post-surgical microenvironment whereby remain-
ing infiltrative cells provide a basis of GBM recurrence.*® Thus,
the use of infiltrative GBM cells provides a better proxy of
residual disease spared by surgery, represents a more clinically
relevant model for testing new therapies, and provides an
interesting comparison to the more commonly investigated
tumour core derived cells. Drug testing demonstrated substan-
tial differences in drug potencies between cell lines derived
from separate patients (Table 1), reflecting intertumoural
heterogeneity.*”"*®

Interestingly, of the two anthracycline topoisomerase II
inhibitors tested, only DOX and not etoposide, demonstrated
significantly increased anti-cancer activity against invasive
margin GBM cells relative to tumour core cells (Table 1).
Moreover, the topoisomerase I inhibitor irinotecan induced no
significant invasive margin or tumour core specificity in
potency. Therefore, the increased invasive margin cell potency
exhibited by DOX is likely not related to its topoisomerase
inhibition or DNA intercalation, which is a conserved mecha-
nism across anthracycline drugs.*® Additionally, both DOX and
etoposide are known to generate reactive oxygen species (ROS)
intracellularly which can mediate increased cell apoptosis.®®>*
Nevertheless, due to enhanced cancer cell redox buffering
systems, differences in the magnitude of ROS generation of
the drugs may play a role;”> however, this requires further
investigation of the specific GBM cells tested here.

GEM was also observed to demonstrate increased potency
in invasive margin GBM cells (Table 1), highlighting its poten-
tial in preventing GBM recurrence post-surgery. Further work
is required to determine the specific GEM-mediated anticancer
mechanism that is responsible for the observed increase in
invasive margin GBM cell potency. Potential mechanisms
include GEM-mediated DNA chain termination,®® inhibition of
ribonucleotide reductase®®>* or nucleotide excision repair
(NER) inhibition.>>"® Identification of the specific mechanism
(s) will aid the selection of additional compounds for post-sur-
gical GBM treatment.

Temozolomide is the standard-of-care chemotherapeutic
for post-surgical treatment of GBM;>” however, the results gen-
erated here demonstrate it is the least potent drug across all
patient derived cell lines tested (Table 1). Moreover, temozolo-
mide presents as more potent on tumour core cells as opposed
to invasive margin derived cells, thus indicating that studies
testing temozolomide on standard commercially available
GBM cell lines that are typically derived from the tumour core
(i.e., U87 cells), may overestimate the effectiveness of the drug
for GBM treatment post-surgery. Potency aside, temozolomide
does however present certain pharmacological advantages that
are exploited for clinical use; it has good oral bioavailability
and due to its lipophilic properties and small size is able to
cross the blood brain barrier effectively.*®>® The use of local
delivery therapies in the post-surgical cavity, such as the hydro-
gel investigated here, mitigate the necessity of crossing the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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blood brain barrier. As such, the more potent chemotherapeu-
tics identified, DOX or GEM, present as promising candidates
for local drug delivery over the selection of temozolomide, for
post-surgical GBM treatment. Moreover, local delivery may
confer additional benefits such as reducing systemic drug tox-
icity associated with nonspecific biodistribution. For example,
treatment with intravenous DOX is associated with serious
dose-limiting cardiotoxicity,’°"®> however a number of in vivo
studies have demonstrated reduced systemic DOX toxicity fol-
lowing local delivery mediated via gels of various materials in
gastric,® breast®® and sarcoma® tumour bearing mice.

The emergence of drug resistance to monotherapy is preva-
lent in GBM tumours owing to their highly heterogenous
nature, and therefore the use of multi-drug therapy represents
a means to overcome this.®®®® Moreover, in addition to
decreased chemoresistance, drug combinations that perform
in a synergistic manner may achieve greater therapeutic value,
enabling lower doses of individual drugs to be administered
and thus offering the potential to reduce off site toxicity.>
Here we investigated the synergy of combinations of the most
potent single agents identified in our drug screening, DOX
and GEM, as potential combination drug cargo for hydrogel
loading.

Moreover, varying molar ratios of the drugs in combination
were studied, as combination synergy and effects are known to
be dependent on molar ratios in addition to distinct drug
mechanism of actions.®*”! Combinations of DOX and GEM
applied to 2D and 3D spheroid models of GBM demonstrated
molar ratio-dependent cell killing synergy (Fig. 1). Synergy was
induced at 1:1 and 10:1 DOX:GEM ratios, and additive/
antagonistic effects presenting at 1:10 ratio. Moreover, this
ratio profile was consistent between 2D and 3D models,
broadly consistent between cell lines tested, and more uniform
cell line response observed in 3D relative to 2D in vitro models.
Further study revealed that ratios 10:1 and 1:1 DOX: GEM
presented with synergistic DNA damage, as demonstrated with
yYH2AX immunostaining (Fig. 2) and effector caspase-3/7 acti-
vation (Fig. 3); responses that correlate with enhanced cell
killing observed in Fig. 1. Collectively, these observations indi-
cate a pro-apoptotic mechanism driven via the synergistic
induction of DNA damage.

There are several proposed mechanisms of DOX mediated
DNA damage, including topoisomerase II poisoning,**”? inter-
calation and formulation of DOX-DNA adducts,”*’* and oxi-
dative stress resulting from DOX induced release of free
radicals.**”® In contrast, GEM-induced DNA breaks are
reported to result via the stalling of replication forks following
partial chain termination.*>”® These distinct mechanisms are
likely responsible for the DNA damage observed with single
drug treatments and potentially the additive response
observed with 1:10 DOX:GEM combination; however, the
synergistic mechanism resulting in DNA damage at 10:1 and
1:1 combination ratios remains unclear. To the best of our
knowledge, this drug combination has not been investigated
previously for GBM and only sparse evidence is reported from
other cancer conditions. For example, DOX and GEM combi-
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nations have been reported as synergistic in models of triple
negative breast cancer; however the exact mechanism of
synergy remained unknown.””””® One potential insight into the
synergistic mechanism may be provided from studies on GEM
and platinum-based drug combinations which have been
investigated clinically for pancreatic and non-small cell lung
cancers.””®® Other in vitro studies have reported that GEM
synergises with cisplatin via GEM-mediated inhibition of DNA
repair mechanisms including nucleotide excision repair
(NER), homologous recombination (HR) and nonhomologous
end-joining (NHEJ).>>*® HR and NHE]J are major repair path-
ways for double stranded DNA breaks and inhibitors of such
pathways have been shown to increase sensitivity to DOX
treatment.®’®*  Therefore, it is hypothesised that GEM-
mediated inhibition of HR and NHE]J may be associative
mechanism(s) responsible for the synergy with DOX that we
have observed in GBM cell lines; however, further work is
required to confirm this. Interestingly, the 1:10 DOX: GEM
combination demonstrated additive/antagonistic effects rep-
resented by additive levels of DNA damage (Fig. 2) and
reduced levels of caspase-3/7 activation (Fig. 3). Further work
is required to elucidate these responses which may be related
to the opposing stages of cell cycle arrest induced by DOX and
GEM. Prevailing GEM-mediated S phase arrest may sub-
sequently hinder DOX-mediated DNA damage which is cell
cycle dependent (G2/M phase).?*8

Following the identification of a synergistic DOX and GEM
combination we next investigated loading of the drugs into the
hyaluronic acid peptide conjugate/CB[8] hydrogel and estab-
lished that the key rheological properties of the supramolecu-
lar network were not significantly altered. This established the
suitability of the hydrogel as a reservoir for combination thera-
peutics, and drug release studies indicated complete release of
GEM and no further release of DOX after 24 h. Drug-free
hydrogels were found to be non-toxic in vitro to patient-derived
GBM cell lines in agreement with data previously obtained in
patient-derived GBM xenograft hydrogel implant models.*®
Following 24 hours incubation, no loss in viability was
observed with free drugs or hydrogel-loaded drugs. This is
likely a result of this 24 hours timepoint being too short to
observe any substantial loss in cell number due to anti-prolif-
erative or apoptotic effects. For example, at this time point sig-
nificant DNA damage (Fig. 2) and caspase activation (Fig. 3) is
noted with free drugs. Therefore, it can be concluded that the
cells are indeed undergoing cell death related mechanisms
however their influence is yet to be lethal at this time point.
Regarding drug loaded hydrogels at 48 hours the DOX-loaded
hydrogel was significantly less potent than free DOX (Fig. 5),
an effect that likely reflects the sub-maximal DOX release from
the hydrogel (<50%) (Fig. 4). On the contrary, rapid (>10 h)
and near maximal (>95%) GEM release was observed from the
hydrogel, and subsequently no significant differences in cyto-
toxicity were observed between free GEM and GEM-hydrogels.
Testing of DOX and GEM (1:1) combination hydrogels
revealed comparable cytotoxicity to the free drug combination.
Moreover, comparison to single drug loaded hydrogels indi-
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cated that the GBM cell killing synergy of the drug combi-
nation was maintained by GEM and DOX together when
released from hydrogels, suggesting promise for future in vivo
efficacy studies. The HA-CF/CB[8] hydrogels themselves have
been shown to be cytocompatible, and to have no deleterious
immune-activating properties,> and are expected to degrade
to simple, excretable, saccharides and amino acids. It is not
known as yet the rate of degradation of these gels in patient-
relevant in vivo settings, but it is unlikely to affect the thera-
peutic properties of these drug combinations, thus we believe
these materials can progress rapidly to more detailed pre-clini-
cal studies.

5. Conclusions

The work undertaken here has identified a highly potent novel
drug combination of DOX and GEM that demonstrates syner-
gistic cytotoxic efficacy in patient derived GBM cells. The focus
was on in vitro testing of invasive margin GBM cells that com-
monly remain post-surgery and form the basis of disease
recurrence. Subsequent drug combination loading into a
hydrogel-based drug delivery reservoir was achieved and main-
tenance of in vitro synergy demonstrated. Collectively, the data
demonstrate that the reported DOX: GEM combination hydro-
gels hold promise for post-surgical treatment of GBM and
warrant further investigation in in vivo surgical resection
models amenable for interstitial delivery.
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