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A B S T R A C T

Glioblastoma multiforme (GBM) is impossible to fully remove surgically and almost always recurs at the borders
of the resection cavity, while systemic delivery of therapeutic drug levels to the brain tumour is limited by the
blood-brain barrier. This research describes the development of a novel formulation of Irinotecan-loaded Drug
Eluting Seeds (iDES) for insertion into the margin of the GBM resection cavity to provide a sustained high local
dose with reduced systemic toxicities. We used primary GBM cells from both the tumour core and Brain Around
the Tumour tissue from recurrent GBM patients to demonstrate that irinotecan is more effective than temozo-
lomide. Irinotecan had a 75% response rate, while only 50% responded to temozolomide. With temozolomide
the cell viability was never below 80% whereas irinotecan achieved cell viabilities of less than 44%. The iDES
were manufactured using a hot melt extrusion process with accurate irinotecan drug loadings and the same
cytotoxicity as unformulated irinotecan. The iDES released irinotecan in a sustained fashion for up to 7 days.
However, only the 30, 40 and 50% w/w loaded iDES formulations released the 300 to 1000 μg of irinotecan
needed to be effective in vivo. The 30 and 40% w/w iDES formulations containing 10% plasticizer and either 60
or 50% PLGA prolonged survival from 27 to 70 days in a GBM xenograft mouse resection model with no sign of
tumour recurrence. The 30% w/w iDES formulations showed equivalent toxicity to a placebo in non-tumour
bearing mice. This innovative drug delivery approach could transform the treatment of recurrent GBM patients
by improving survival and reducing toxicity.

1. Introduction

The most common malignant primary brain tumour in adults is
glioblastoma multiforme (GBM) [1]. It is invasive and one of the most
aggressive tumours [2] of the central nervous system, having the his-
tological features of high cellularity, nuclear atypia, microvascular
proliferation, brisk mitotic activity and necrosis [3]. Because GBM is
extremely infiltrative it is impossible to fully remove surgically, which
means that it almost always recurs at the borders of the resection cavity.
Furthermore, there is no established chemotherapy regimen available
to patients who recur. GBM accounts for 45.2% of primary malignant

brain and CNS tumours gliomas [4], with an annual incidence rate of
3.19 per 100,000 worldwide [5]. Despite the development of new drugs
for GBM the overall survival of patients remains at just 12–15 months
with a 5-year survival of 5% [6]. Increasing numbers of patients with
recurrent GBM are undergoing re-operation to control their disease
were conventional second line therapy has failed [7,8]. Given the ex-
tremely poor survival statistics, it follows that current treatments
clearly have much room for improvement and there is a great need for
the development of novel and innovative methods of treating the dis-
ease in order to prolong survival and improve the quality of life of
patients.
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The reason most GBM treatments fail is because they are adminis-
tered either via the intravenous or oral route. Systemic delivery of
chemotherapeutic drugs to the brain is difficult due to the presence of
the blood-brain barrier (BBB) [9] with only low molecular weight,
electrically neutral, hydrophobic cross the BBB [10–12]. Most che-
motherapeutic drugs are large, ionically charged, hydrophilic mole-
cules and thus cannot easily cross the BBB at the levels required for
therapeutic effect, which means a large systemic dose is required
[11,13–15]. Even if the drug crosses the BBB it can very quickly diffuse
back making it difficult to obtain constant drug levels in the brain after
systemic administration. Local administration would deliver the che-
motherapeutic drug directly to the tumour offering a number of ad-
vantages such as increased bioavailability, direct delivery to the site of
action, lower dose of drug required and reduced side effects due to the
avoidance of systemic circulation [16]. Furthermore, local drug de-
livery may be suitable for the treatment of GBM as approximately 80 to
90% recur within 2 cm of the resection site [13]. As a result a number of
local delivery strategies such as polymer millirods [17–19], gels
[20–23], micro and nanoparticle formulations [24–30] have been in-
vestigated for direct administration into the brain parenchyma of the
resection cavity.

The Gliadel® wafer is a local delivery device, which was approved
by the Food and Drug Administration in 1996 for the treatment of re-
curring GBM [31,32]. It is a disc-shaped, 200 mg biodegradable wafer
containing 3.85% w/w of the chemotherapeutic agent Carmustine.
Gliadel® has demonstrated a small but significant benefit in combina-
tion with surgery for patients with recurrent gliomas [31–35]. How-
ever, Gliadel® and other similar approaches are limited by the reliance
on drug diffusion from the device into the brain parenchyma restricting
penetration distances to a few millimetres. Brachytherapy is a localised
treatment were a sealed radioactive source or seed is placed either in-
side or next to the cancerous tissue. The seeds are the size of a grain of
rice (3 mm × 7 mm) and deliver a high dose of radioactivity to the
cancerous tissue, with only a small amount delivered to normal tissue
thus minimising side-effects. It is mainly used in the treatment of
prostate, cervical, breast and liver cancer; however, recently it has been
used in the treatment of GBM and has been shown to be a feasible
option for extending the life of GBM patients [36]. Between 30 and 60
seeds are inserted into the brain parenchyma of the tumour resection
cavity and deliver high dose radiation directly to the tumour margin
[36]. The insertion of the radioactive seeds has been shown to be safe;
however, adverse side-effects have been reported due to the high dose
radiation [36]. Due to the safety of inserting the seeds into the brain
parenchyma our group has developed irinotecan-loaded Drug Eluting
Seeds (iDES), similar in size to the radioactive seeds and made from the
biocompatible and biodegradable polymer Poly(lactic-co-glycolic acid)
(PLGA). Based on the diameter (2 mm) of the iDES and drug diffusion of
3 mm either side of the iDES and in order to ensure homogenous drug
distribution throughout the tumour margin one iDES will be implanted
for every 8 mm of tumour margin, with each iDES being implanted
approximately 6 mm apart, using Mick® TP/TPV applicator. Therefore,
like the radioactive seeds, we anticipate that between 30 and 60 iDES
would be inserted into the brain parenchyma, depending on the size of
the resection cavity and tumour margin, increasing drug diffusion into
the residual tumour tissue while reducing drug diffusion out of the
cavity, alleviating the wound healing complications associated with
Gliadel® and other local delivery strategies.

Irinotecan (IRN) is a semi-synthetic pro-drug [37], who's active
metabolite 7-ethyl-10- hydroxycamptothecin, also referred to as SN-38,
acts as an inhibitor of the Topoisomerase I group of enzymes [38].
Wang et al. demonstrated that IRN is converted to SN-38 after in-
tratumoural delivery to gliomas [39]. Topoisomerase I enzymes act
within the cell to induce temporary cuts within one or both strands of
DNA, allowing the DNA to uncoil for transcription and replication [40].
During this process, Topoisomerase I forms a covalent linkage with
DNA, allowing it to form a cleavable complex [40]. SN-38 binds to

Topoisomerase I in this confirmation, inhibiting the enzymes from re-
joining the strands of DNA, causing S-phase specific cell killing
[38,40,41]. Currently, IRN is part of the standard treatment regimen for
advanced colorectal cancer, when used in combination with 5-fluor-
ouracil (5-FU) and folinic acid [42]. However, it has been shown to be
effective in the clinic against GBM as both a monotherapy [43–53] and
in combination with other drugs such as temozolomide [54,55], car-
mustine [56–58] and bevacizumab [59–67]. As a monotherapy IRN had
a response rate between 0 and 44% with progression free survival be-
tween 2 and 11 months [68]. In combination with other drugs IRN had
a response rate between 13 and 100%, with progression free survival of
3 to 12 months [68]. The 100% response rate, which is very rare in
GBM, was achieved with the IRN and bevacizumab combination
[63,67]. However, these clinical studies only involved 6 and 2 patients
respectively.

Even though IRN crosses the BBB, high intravenous doses between
125 and 500 mg/m2 are required to achieve therapeutic levels in the
brain resulting in serious systemic side effects including gastrointestinal
toxicity, leading to early and late onset diarrhoea, and severe neu-
tropenia [69]. The issue of severe diarrhoea and neutropenia and the
need to increase the levels of irinotecan in the brain has spurred on
recent developments in improving IRN's ability to cross the BBB.

Local delivery of Irinotecan directly to the tumour resection site
could improve therapeutic outcomes by allowing for the delivery of
larger dose directly to the tumour site, while reducing systemic con-
centrations and thus alleviating the aforementioned side-effects. Drug
Eluting Beads (DEB) made from a modified, biocompatible polyvinyl
alcohol (PVA) hydrogel and containing either doxorubicin or irinotecan
were implanted into the brains of healthy and tumour bearing BD IX
rats and histological and survival analysis performed [70]. They
showed a significant difference in the survival of rats treated with either
irinotecan or doxorubicin DEB, when compared to the placebo group.
There was no significant difference between the survival curves of
doxorubicin or irinotecan DEB, however, there was a degree of local
toxicity associated with the use of doxorubicin DEB, resulting in pro-
nounced haemorrhage around the area of implantation of the beads,
while no such effect was observed with irinotecan [70]. Our research
group was the first to clinically evaluate the local delivery of Irinotecan
to the brain using DEBs in a Phase I clinical study (identifier:
NCT02433392) [25,71]. This study demonstrated promising results
with an absence of swelling, inflammation or any suggestion of pseudo-
abscess formation compared to the pattern normally seen with Gliadel®
wafers indicating reduced local toxicity and reduced risk of infection.
This is due to IRN being less toxic than carmustine and thus more suited
for local delivery to the brain as well as it being administered directly
into the brain parenchyma, rather than being placed in the resection
cavity. Moreover, there was an increase in survival from 6 to 8 months,
which was comparable, if not slightly improved when compared to
Gliadel® as a historic control. None of the patients demonstrated the
normal systemic drug-related toxicities associated with IRN [25]. This
study demonstrates that local delivery into the brain parenchyma offers
a safe therapeutic advantage over systemic delivery in the treatment of
GBM, provided the choice of drug and method of administration are
appropriate. However, the DEBs were only capable of delivering IRN for
up to 72 h, while most of the DEB gel formulation was pushed out of the
brain parenchyma and into the bed of the resection cavity. As the iDES
are solid implants they have the capability to deliver drug for a much
longer duration and will remain within the brain parenchyma.

In this study we report the development of iDES formulations for the
treatment of recurrent glioma. The iDES were deigned to be similar in
size and shape to the radioactive seeds used in brachytherapy so that
they can be safely administered either directly into the tumour using
stereotactic guidance and the same catheters used in brachytherapy or
‘free hand’ into the margin of the resection cavity after tumour de-
bulking. In this study we will first investigate the cytotoxicity of IRN
against patient derived primary recurrent GBM cells taken from both
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the tumour core and Brain Adjacent to Tumour (BAT) tissue to de-
termine the level and duration of IRN release needed for iDES to be
effective. We will then investigate the influence of the implant length
and IRN loading on the content, stability, drug release and cytotoxicity
of the iDES. Finally, the most promising formulations will be tested for
their toxicity in sham resection cavities of non-tumour bearing mice
and for their efficacy in a GBM mouse resection model.

2. Materials and methods

2.1. Materials

The poly (lactic-co-glycolic acid) (PLGA) DLG 4A 50:50 lacti-
de:glycolide ratio polymer with an inherent viscosity of 0.4 dL/g
(Lakeshore biomaterials) was purchased from Evonik Industries
(Birmingham, Alabama). Irinotecan was purchased from LGM Pharma
(Nashville, TN). Kolliphor® plasticisers RH40 and P237 were purchased
from BASF (Ludwigshafen, Germany). Kolliphor® P188, acetonitrile,
dichloromethane and sodium phosphate were purchased from Sigma-
Aldrich (Dorset, England). GBM cell lines were retrieved from patients
who received resection surgery at the Queen Elizabeth Hospital,
Birmingham, UK.

2.2. Determination of the cytotoxicity of irinotecan and temozolomide
against patient derived GBM cells

Unfixed Tumour core and Brain Adjacent to Tumour (BAT) tissue
was collected directly from recurrent GBM patients undergoing cra-
niotomies at the Queen Elizabeth Hospital in accordance with ethical
approval (application number: 11–029) from the Human Biomaterials
Resource Centre (HBRC). The samples were immediately placed in
collection fluid and transported to the laboratory. Extraction of the
tumour cells from the tissue and culturing of the subsequent cells was
performed using standard methods. The cells were plated onto 96-well
flat-bottomed microtitre plates and cultured in the presence of 200 μL
of cell culture media containing varying concentrations (3.9, 7.8, 15.6,
31.25, 62.5, 125, 250, 500, 1000, 10,000, 100,000 nM) of irinotecan or
temozolomide for either 3, 5, 7, 9, 11 13 day exposure time.
Cytotoxicity testing was performed using the standard 3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay
[72]. All experiments were performed in triplicate.

2.3. Manufacture of blank PLGA iDES using micro-hot melt extrusion

The appropriate amount PLGA polymer and plasticizer (10, 20, 30,
40 and 50% w/w) were weighed into a sealed plastic container and roll
mixed for 10 min. The active mix was subsequently fed into a 10 mm
40:1 microlab extruder (Rondol Technology, Stoke-on-Trent, UK) at a
feed rate of 90 g per hour. The feeding, mixing and metering zones of
the extruder were set at 45 °C, 110 °C and 70 °C respectively. The melt
was extruded through a 2 mm die and subsequently cut into blank iDES
of 6 mm in length.

2.4. Determination of the diameters and weights of the blank PLGA iDES

Samples (n= 10) of each blank iDES were assessed for their average
weight and diameter. Each iDES was measured in the middle and at
both ends, using a digital Vernier calliper. The three measurements
were averaged to give the diameter of each individual blank iDES.

2.5. Investigation of the influence of plasticizer type and loading on swelling
of the blank PLGA iDES

Each blank iDES (n = 4) was placed in a glass vial with 3 mL of
distilled water and the vials placed into an orbital shaking incubator
(Infors HT) at 37 °C and 60 RPM. Their length and width were

measured using a digital Vernier calliper at 0, 0.5, 1, 2, 4, 6, 24 and
48 h.

2.6. Manufacture of irinotecan-loaded PLGA iDES using micro-hot melt
extrusion

The appropriate amount PLGA polymer, irinotecan (10, 20, 30, 40
and 50% w/w) and plasticizer (10% w/w) were weighed into a sealed
plastic container and roll mixed for 10 min. The active mix was sub-
sequently fed into a 10 mm 40:1 microlab extruder (Rondol
Technology, Stoke-on-Trent, UK) at a feed rate of 90 g per hour. The
feeding, mixing and metering zones of the extruder were set at 45 °C,
110 °C and 70 °C respectively. The melt was extruded through a 2 mm
die and subsequently cut into iDES with varying lengths of 2, 3 or
6 mm.

2.7. Content uniformity and drug stability of the PLGA iDES

A random sample (n= 10) of each iDES were selected, weighed and
placed into a glass vial. Dichloromethane (3 mL) was added to each vial
and left for 1 h to dissolve the iDES. Once dissolved, the vials were
placed in a water bath set at 60 °c to completely evaporate the di-
chloromethane. Once completely dry, 3 mL of PBS was added to the
Irinotecan/PLGA residue and the vial placed into an ultrasonic bath for
one minute. The vial was then placed into an orbital shaking incubator
(Unitron HT infors) at 37 °C and 60 rpm overnight to ensure all of the
IRN went into solution. The PBS was analysed using the irinotecan
HPLC method.

2.8. In vitro release of the PLGA iDES into both sink conditioned and bio-
relevant release media

Each 2 × 3 mm iDES with varying (10, 20, 30, 40 and 50% w/w)
loadings and 30% w/w iDES with varying (2, 3 and 6 mm) lengths
(n = 4) were placed into a sealed flask containing either 3 mL of water
(bio-relevant media) or 5 mL of phosphate buffered (pH 7.4) solution
(sink conditioned media) and placed into an orbital shaking incubator
(Unitron HT infors) at 37 °C and 60 rpm. Complete media replacement
was performed at 1, 2, 3, 4, and 7 days. The samples were filtered using
a 0.45 μm filter and analysed using the irinotecan HPLC method.

2.9. Irinotecan HPLC methodology

HPLC analysis was performed on a Dionex Ultimate 3000 HPLC with
a Phenomenex Luna C18 4.6 × 150 mm column with a 5 μM particle
size. The mobile phase was comprised of 75% phosphate buffer with a
pH of 2.7 and 25% acetonitrile. The flow rate was 1.00 mL/min, while
UV detection was performed at a wavelength of 225 nm with an in-
jection volume of 20 μL. Linearity was found to be in the range of 0.01
to 10 mg/mL with an R2 of 1.00.

2.10. Determination of the cytotoxicity of irinotecan within the PLGA iDES
on patient derived GBM cells

400 μL of the final content solutions from the PLGA iDES were di-
luted with 3600 μL of sterile cell culture media and filtered. Control
solutions were produced by dissolving the required amount (based on
the actual content of irinotecan in each iDES) of irinotecan in 3 mL of
DCM and subsequently evaporating it off. The residual irinotecan was
dissolved in 3 mL of PBS and 400 μL of this solution was diluted with
3600 μL of cell culture media and filtered. The cytotoxicity of the so-
lutions was determined against GBM cell lines harvested from patient 1
as mentioned previously and using a 5 day exposure time.
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2.11. Determination of the cytotoxicity of the Irinotecan released under bio-
relevant condition from the PLGA iDES on patient derived GBM cells

A 1 mL sample of the bio-relevant release media from day 1 and day
7 was frozen and stored for later cytotoxicity testing against GBM cell
lines harvested from patient 1. 400 μl of each bio-relevant release
sample was added to 3600 μl of cell culture media and filtered using a
syringe filter to ensure sterility. 200 μl was subsequently added to the
wells of a 96-well plate containing the cultured patient derived primary
GBM cells and 200 μl of cell culture media. Following 5 days of ex-
posure an MTT assay was performed to assess % cell viability.

2.12. Cytotoxicity testing of the 2 × 3 mm PLGA iDES with varying IRN
loadings by placing them directly onto GBM cells derived from the BAT
sample from patient 1

BAT cells from patient 1 were plated onto 6-well flat-bottomed
plates and cultured in the presence of 3 mL of cell culture media. The
iDES were steam sterilised and placed into the centre of the 6-well
plate. The media was changed every day to represent the turnover of
CSF as well as the removal of IRN via diffusion, metabolic elimination
and permeation into nearby vasculature, which will reduce the con-
centration of IRN at the resection margin. The study was designed so
that MTT assays could be performed on the cells at days 1, 2, 3, 4, 5 and
7. The patient 1 sample was used for this study as these were the fastest
growing cells and more were available due to the tissue sample being
bigger.

2.13. In vivo evaluation of the toxicity of the 30, 40 and 50% w/w iDES in
sham resection cavities of non-tumour bearing mice

To assess their toxicity, a single iDES implant with 0, 30, 40 and
50% w/w IRN loadings were implanted into sham resection cavities of
non-tumour bearing immunocompetent C57/BL6 mice. There was no
re-administration of implants. Mice were sacrificed via transcardial
perfusion at 1, 2, 4, and 8-weeks post-implant. Brains were stored in
10% formalin upon collection, then moved to 2.5% formalin after 24 h.
Brains were cut in coronal orientation at the rostral and caudal edges of
the resection cavity, then embedded in paraffin blocks. Blocks were
sectioned into 4 μm thick slices and stained with H&E. The resulting
histological slides were examined by a blinded clinical pathologist.
Degree of acute inflammation, chronic inflammation, macrophage in-
filtration, and necrosis were individually scored on a scale of 0–2 (low,
medium, high) and summed to achieve a ‘toxicity score’ for each iDES
formulation at each time point. The in vivo toxicity study adhered to
the NIH Guide for the Care and Use of Laboratory Animals.

2.14. In vivo testing of the irinotecan-loaded PLGA millirods in a GBM
mouse resection model

Orthotopic GBM tumours were established in the brains of im-
munodeficient athymic nude mice (n = 5 in each group) via stereotaxic
injection as previously described [73,74]. Briefly, 1 × 105 U87
mCherry-Fluc (U87 mChFl) cells in 3 μl serum-free DMEM were loaded
into a 10 μl capacity Hamilton syringe. The needle was positioned at
stereotaxic coordinates [3.0, −0.5, −1.0] from the bregma point. Tu-
mour cells were then injected at 1 μl/min, allowed to settle for 5 min,
then the needle was retracted at 0.5 mm/min. The tumours were given
one week to engraft and grow. Established tumours were then resected
under fluorescent guidance, and a single 2 mm × 2 mm iDES was
implanted into the resulting resection cavity. There was no re-admin-
istration of implants. Changes in tumour volume were tracked by bio-
luminescence. Mice were injected with 150 mg/kg luciferin IP, and then
imaged 10 min later in an IVIS Kinetic imager under isoflurane an-
esthesia. Identically-sized regions of interest were drawn over the heads
of each mouse, and average radiance was recorded. The mice were

monitored for survival and Kaplan-Meier survival curves produced. The
in vivo efficacy study adhered to the NIH Guide for the Care and Use of
Laboratory Animals.

2.15. Statistical analysis

Statistical analysis was performed using a one way analysis of var-
iance (ANOVA) (GraphPad Prism version 5.02 for Windows, GraphPad
Software, San Diego, CA). Post-hoc comparisons of the means were
performed using Tukey's Honestly Significance Difference test. A sig-
nificance level of p < .05 was accepted to denote significance in all
cases. Significance between groups in the Kaplan-Meier survival ana-
lysis was determined by Chi-square test.

3. Results

3.1. Cytotoxicity of IRN and TMZ against patient derived recurrent GBM
cells taken from the tumour core

When tested against recurrent GBM cells derived from the tumour
core of eight individual patients IRN and TMZ had response rates of
75.0 and 50.0% respectively (Fig. 1). However, with TMZ the cell
viability never went below 80.0%, even at the higher doses of 5.0 Log
nM (100.0 μM), while high dose IRN achieved cell viabilities of less
than 43.8%. This data demonstrates that if IRN can be delivered at
sufficient concentrations to the tumour margin after resection it has the
potential to be more effective than TMZ in the treatment of recurrent
GBM. The TMZ results were surprising as only one of the GBM samples
(patient 6) had an unmethylated MGMT promoter. However, as these
were recurrent GBMs the patients would have been treated with sys-
temic TMZ after their initial resection surgery, resulting in the recurring
GBM being chemo resistant to TMZ. The two GBMs (patient 2 and pa-
tient 6) that did not respond to IRN both had a wild type isocitrate
dehydrogenase (IDH) gene making them more aggressive as mutations
in the IDH gene are associated with improved survival and response to
treatment in GBM patients [75–78]. This coupled with their wild type
α-thalassemia/mental retardation syndrome X-linked (ATRX) gene,
which makes them less sensitive to DNA damaging agents such as IRN
and TMZ [79], would make them very aggressive GBMs. However, the
GBMs from patients 1, 3, 7 and 8 all responded to treatment with IRN
(Fig. 1) even though they also had wild type IDH and ATRX genes and
thus are also considered to be very aggressive.

There was no relationship between the response to IRN and the
mutation status of IDH genes. The lowest IC50 value of 2.36 Log nM
(229.1 nM) was for the GBM from patient 8 which had wild type IDH
and ATRX genes (Fig. 2A). However, the IC50 values for the GBMs from
patients 1, 3 and 7 were significantly (P = .01) higher than that for
patient 8, even though they also had wild type IDH and ATRX genes
(Fig. 2A). The sample taken from patient 4 had the same (P
value = .84) IC50 value as the sample taken from patient 7. As we have
seen the GBM from patient 7 was considered aggressive with wild type
IDH and ATRX genes, while the GBM from patient 4 was considered less
aggressive as it had a mutated IDH with a wild type ATRX gene and thus
should have been more responsive to treatment [75–78].

For the 6 patient samples that did respond to IRN treatment an IRN
concentration of greater than 6.2 μg/mL (Log 4 nM) was required to
achieve a reduction in cell viability of greater than 50% in most cases,
while an IRN concentration of approximately 62.3 μg/mL (Log 5 nM)
reduced cell viability by between 89.8 and 52.6% (Fig. 2B). We also
investigated the influence of exposure time on the response of the
primary tissue samples from patients 1, 3, 4 and 8 to IRN (Fig. 2C). We
found that there was a significant difference (P = .015) between 3 and
5 days exposure on the IC50 value of the patient samples we in-
vestigated. There was no significance (P = .125) on the IC50 value
going from 5 to 10 days exposure (Fig. 2C). This result is not surprising
as the mechanism by which IRN mediates its cytotoxicity requires a
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minimum of 3 days exposure as the cancer cell must enter into the S-
phase of its cell cycle where SN-38 binds to Topoisomerase I inhibiting
the enzyme from re-joining the DNA strands, causing S-phase specific
cell killing [38,40,41].

Based on the above data we believe that for the iDES to be most
effective in vivo, each one, of which there will be between 30 and 60
implanted in the brain parenchyma of the resection cavity, needs to
deliver at least 300 to 1000 μg of IRN per day for a period of at least 5 to
7 days ensuring that all GBM cells are exposed to IRN during the S-
phase of their cell cycle.

During surgery the tumour core is resected leaving behind the BAT

margin that is resistant to therapy and the source of recurrence
[80–84]. As the iDES are designed to be placed into this margin we
evaluated the cytotoxicity of IRN, in comparison to TMZ, against the
BAT margin for patients 1, 3, 5 and 8. Fig. 3 demonstrates that the BAT
samples are more responsive to both IRN and TMZ when compared to
the corresponding tumour core (Fig. 1). However, the response to IRN
was significantly (P = .01) higher when compared to TMZ (Fig. 3A to
D). Even at the highest dose TMZ was only able to reduce cell viability
to below 50% in one BAT sample (Fig. 3A), the remaining three samples
were all above 70%. IRN was able to reduce the cell viability to below
50% in all BAT samples, with the higher doses reducing cell viability to

Fig. 1. The cell viability of primary GBM cells taken from the tumour core of 8 patients with recurrent GBM after five days exposure to increasing concentrations of
either irinotecan or temozolomide.
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below 10% (Fig. 3A to D). The IC50 data in Fig. 3E demonstrates that
the BAT samples have a greater response to IRN treatment than the
corresponding tumour core from the same patient. Therefore, IRN
treatment of the resection margin with the iDES will be more effective
than previously thought.

3.2. Optimisation of the manufacture of the irinotecan-loaded PLGA iDES

3.2.1. Choice of plasticizer type and loading
To reduce the risk of adverse reactions at the site of implantation in

the brain parenchyma the neurosurgeons advised that the iDES should
be between 1.8 and 2.2 mm in diameter, no more than 6 mm in length,
have a smooth surface (i.e. no shark skinning) and non-swelling. IRN
has a melt temperature of approximately 220 °C and because the pro-
cessing temperature is 110 °C it will have no plasticising effect on the
polymer. Therefore, to ensure ease of extrusion, a consistent diameter
and no shark skinning a plasticizer will need to be added to the for-
mulation.

Fig. 4 demonstrates the influence of plasticizer type and loading on
the diameter consistency and swelling of the iDES. The higher the
loading the more consistent the diameter, with Kolliphor P188 and RH
40 requiring a minimum loading of 10% w/w to produce iDES with a
consistent diameter, while Kolliphor P237 required a minimum loading
of 15% w/w (Fig. 4A). The RH 40 plasticizer resulted in significant
(P = .025) swelling at all loadings (Fig. 4B). The P 188 and P 237
plasticizers had significant (P = .019) swelling at loadings of 15 and

20% w/w (Fig. 3 C and D). Therefore, based on this data we decided to
use the P 188 plasticizer at a loading of 10% w/w as it produced iDES
with a consistent diameter of approximately 2 mm and did not induce
swelling.

3.2.2. Content and cytotoxicity of the IRN in the PLGA iDES
To ensure that our HME process produced iDES with the correct IRN

content and that the IRN retained it's cytotoxicity during the manu-
facturing process we tested the iDES for their IRN content and used this
solution to determine their cytotoxicity against the sample from patient
1 in comparison to an unprocessed control solution of the same con-
centration. A series of iDES containing various loadings (10 to 50% w/
w) of IRN and of various (2, 3 and 6 mm) lengths were investigated. The
2 mm long iDES will be used for testing in the GBM mouse resection
model (section 3.3), while the 3 mm and 6 mm iDES will be used in any
future clinical trial depending on how deep seated the residual tumour
is within the brain parenchyma. Fig. 5A and B demonstrate that the
iDES have contents between 98 and 104% of their theoretical value.
Fig. 5C and D show that the IRN extracted from the iDES retained its
cytotoxicity. When compared to an unprocessed control solution of the
same concentration there was no significant (P = .562) difference in
cell viability. This data demonstrates that our HME process is capable of
producing iDES that have the correct drug content and in which the IRN
retains its cytotoxicity.

Fig. 2. The cytotoxicity if IRN in relation to patient, concentration and exposure time. (A) IC50 values for primary recurrent GBM cells taken from the tumour core
and after five day exposure to irinotecan. (B) Cell viability values for the same recurrent GBM cells after five days exposure to 3, 4 and 5 Log nM concentrations of
irinotecan. (C) Effect of IRN exposure time on the IC50 value of recurrent GBM cells taken from the tumour core.
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3.2.3. In vitro release of IRN from the PLGA iDES
In vitro drug release was performed in both sink conditioned and

bio-relevant release media for the various iDES formulations. Sink
conditions is a volume of dissolution medium that is at least three to ten
times the saturation volume of the total drug in the formulation and
were used to investigate how the formulation variables of drug loading
and iDES dimensions would influence drug release. Sink conditions are
rarely achieved in vivo, particularly with implants, were they are sur-
rounded by a small volume of aqueous fluid. Therefore, bio-relevant (or
non-sink) release conditions were used to determine how these same
parameters would influence drug release in vivo. Under sink conditions
(Fig. 6) the iDES demonstrated a standard matrix release profile with an
‘initial burst’ on day one followed by decreasing drug release until day 7
(Fig. 6A and B). The drug release was influenced by both drug loading
and iDES dimensions (Fig. 6A and B). An increase in drug loading from

10 to 50% significantly (P = .0103) increased release on day one from
1.2 mg to 6.8 mg, while the total release over the 7 days increased
(P = .0111) from 1.9 mg to 10.9 mg (Fig. 6A). Increasing the dimen-
sions of the iDES from 2 × 2 mm to 2 × 3 mm had no significant
(P = .543) influence on drug release (Fig. 6B). This is not surprising as
both sets of iDES had very similar weights and IRN content values.
However, increasing the dimensions to 2 × 6 mm significantly
(P= .0107) increased release, with an increase on day one from 2.6 mg
to 5.2 mg and an increase in the total release from 2.9 mg to 8.4 mg. We
have demonstrated that IRN release can be controlled by both drug
loading and iDES dimensions, which provides us with a platform
technology that can be used to accurately control IRN levels in vivo.
Under sink conditions all of the iDES formulations released greater than
92% of their drug-loading over 7 days of release. This is due to their
small size and the porous nature of the PLGA allowing the release media

Fig. 3. The cytotoxicity of IRN on brain around the tumour (BAT) cells in compariosn to TMZ and the tumour core. (A-D) The cell viability data for BAT GBM cells
taken from the resection margin of patients with a recurrent GBM and after five days exposure to increasing concentrations of either IRN or TMZ. (E) The IC50 values
for both BAT and Core samples taken from the same patients and after treatment with IRN.
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to completely diffuse into the iDES solubilizing the majority of the IRN
enabling it to be released.

Under bio-relevant conditions the iDES also demonstrated a stan-
dard matrix release profile with an ‘initial burst’ on day one followed by
decreasing drug release until day 7 (Fig. 6C and D). The IRN levels
released were lower than those released under sink conditions, how-
ever, not as low as expected, which is due to the hydrochloride salt form
of IRN being used making it water soluble. IRN-HCL has a water solu-
bility of 25 mg/mL and thus our 3 mL of bio-relevant media, was able to
provide sink conditions for most of the iDES formulations. Therefore,
we believe that the increased drug release under sink conditions was
due to the increased volume (5 mL compared to 3 mL) of the media
rather than its composition. The increased volume decreases the
thickness and concentration of the IRN diffusion layer at the iDES/re-
lease media interface, which increases drug release. This has the po-
tential to influence IRN release in vivo, with a high local concentration
of IRN around the iDES, controlling release rather than the iDES itself
[16].

Despite this, the bio-relevant drug release was also influenced by
both drug loading and iDES dimensions (Fig. 6C and D). However, there
was no significant (P = .582) difference in release between the 40 and
50% w/w iDES. This is due to the large amount of IRN on the surface
and within the iDES being released and saturating the diffusion layer at
the iDES/release media interface. As has been mentioned previously
this may have implications in vivo, with an increase in IRN loading
from 40 to 50% w/w not necessarily resulting in an increase in the
amount of IRN delivered in vivo. An increase in drug loading from 10 to
40/50% significantly (P = .0213) increased release on day one from
1.0 mg to approximately 4.0 mg, while the total release over the 7 days
increased (P = .0237) from 1.8 mg to approximately 8 mg (Fig. 6C).

As with the sink conditioned media increasing the dimensions of the
iDES from 2 × 2 mm to 2 × 3 mm had no significant (P = .487) in-
fluence on drug release (Fig. 6D). However, increasing the dimensions
to 2 × 6 mm significantly (P = .0107) increased release, with an in-
crease on day one from 2.3 mg to 4.0 mg and an increase in the total
release from 3.2 mg to 7.3 mg. Based on the bio-relevant release data
we believe that the in vivo release of IRN will be controlled by both
drug loading and iDES dimensions. However, the lack of sink conditions
in vivo and saturation of the diffusion layer at the iDES/cerebral spinal
fluid (CSF) interface, will limit the amount of IRN released. Alter-
natively, the daily production rate of CSF (which is three to four times
the total volume) and the removal of IRN via diffusion, metabolic
elimination and permeation into nearby vasculature may reduce the
IRN concentration of the diffusion layer providing some level of sink
conditions. Under bio-relevant release conditions the iDES formulations
released between 71 and 102% of their drug-loading over 7 days of
release. Those iDES formulations that released greater than 90% of their
content were the 10% w/w 2 × 6 mm and the 40% w/w 2 × 2 mm and
2 × 3 mm. This is not surprising as due to either their low IRN loading
or smaller mass the 3 mL of bio-relevant release media was able to
provide sink conditions. The remaining iDES formulations released
between 71 and 87% of their IRN loading, which means their duration
of release in vivo may be extended beyond 7 days.

The in vitro daily release profiles for the iDES released under bio-
relevant conditions are presented in Fig. 7A and B. There was a large
day one burst, which increased significantly (P = .0213) with an in-
crease in drug loading. The day one burst will provide a large dose of
IRN that will kill the majority of tumour cells already in the S-phase
while building up a large concentration of IRN in the brain tissue in-
creasing the diffusion of the IRN into the brain parenchyma enabling it

Fig. 4. The influence of plasticizer type and plasticizer loading on the consistency of diameter during manufacture (A) and swelling of the iDES (B, C and D).
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reach those deep seated tumour cells. The iDES then demonstrated a
typical matrix release profile, with a decrease in drug release over time.
The 2 × 3 mm 30, 40 and 50% w/w and the 2 × 6 mm 30% w/w iDES
formulations were capable of releasing the required 300 to 1000 μg of
IRN per day for the full 7 days (Fig. 7A and B).

3.2.4. Cytotoxicity of the IRN released from the PLGA iDES into the bio-
relevant release media

The IRN released from iDES formulations on day 1 and day 7 into
the bio-relevant release media was tested for its cytotoxicity against the
tumour core sample from patient 1 (Fig. 7C and D). An increase in IRN
loading from 10 to 50% w/w resulted in an a decrease in the cell via-
bility from 21.3 to 11.2% (Fig. 7C), while an increase in the length of
the iDES from 2 to 6 mm resulted in a decrease in cell viability from
34.0 to 25.4% (Fig. 7D). This is due to the increased IRN released on
day 1 as a result of an increase in drug loading and length (Fig. 7A and
B). The cell viability on day 7 is higher than that observed for day 1,
which is to be expected due to the lower amount of IRN released on day
7 (Fig. 7A and B). The cell viability ranges from 34.0 to 21.5% de-
pending on the loading or length of the iDES. Based on the IC50 data for
the tumour core sample from patient 1 (Fig. 1), the cell viability values
are what would be expected for the concentration of IRN in the media.
Therefore, the IRN released retained its cytotoxicity through formula-
tion, storage and release.

3.2.5. Cytotoxicity of the PLGA iDES when placed directly onto the BAT
cells

To mimic the in vivo scenario as close as possible BAT cells from
patient 1 were cultured using 6-well plates. 6-well plates were used to
provide sufficient media (3 mL) to cover the iDES. The media was

changed every day to represent the turnover of CSF as well as the re-
moval of IRN via diffusion, metabolic elimination and permeation into
nearby vasculature, which will reduce the concentration of IRN at the
resection margin. Fig. 7E demonstrates that the placebo (unloaded)
iDES reduced cell viability to 92.1 by day 3. Although there was no
significant difference (P value = .73) between day 1, 2 and 3 we felt
that it was important to highlight as the slight decrease is probably due
to the lowering of the pH of the culture media as a result of the release
of lactic acid from the PLGA. Both the 10 and 20% w/w iDES reduced
cell viability to 58.2 and 38.1% respectively by day 4 (Fig. 7E). How-
ever, from day 5 to day 7 the cell viability began increase reaching 71.2
and 62.3% by day 7. These observations are not surprising and are si-
milar to what is observed when patients are treated with chemotherapy.
The IRN released on days 1 to 4 kills of the less aggressive clones
leaving behind the more aggressive clones. The IRN released between
day 5 and day 7 is insufficient, due to a combination of IRN exhaustion
in the iDES and higher concentrations being required to kill of the more
aggressive clones, to reduce cell viability any further and thus the more
aggressive clones start to grow back (Fig. 7E). However, when com-
pared to the 0% w/w iDES control the rate of re-growth for the 10 and
20% w/w iDES is much slower, which suggests that they would reduce
the rate of recurrence in vivo.

The 30% w/w iDES reduced cell viability to 0% by day 5, while the
40 and 50% w/w iDES achieved this by day 4 (Fig. 7E). There was no
sign of cell re-growth, which suggests that all of the GBM cells were
killed off. Based on the results above we believe that the 30, 40 and
50% w/w iDES deliver sufficient IRN over the 7 days to completely kill
of all of the residual tumour cells remaining after resection surgery.
Therefore, these iDES formulations will be evaluated in mice for both
toxicity and efficacy.

Fig. 5. IRN content depending on loading percentage and size of the iDES and their respective cell viability of the ectratced IRN. (A) IRN content of the 10, 20, 30, 40
and 50% iDES (A) and (B) 2 × 2 mm, 2 × 3 mm and 2 × 6 mm iDES. (C) The cytoxocity of the IRN extracted from the 2 × 3 mm 10, 20, 30, 40 and 50% iDES and
(D) 30% w/w 2 × 2 mm, 2 × 3 mm and 2 × 6 mm iDES in comparison to an unprocessed control of the same concentration.
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3.2.6. In vivo evaluation of the toxicity of the 30, 40 and 50% w/w iDES in
sham resection cavities of non-tumour bearing mice

The toxicity results presented in Fig. 8A shed light on the toxicity
profile of the iDES relative to a placebo control. Regardless of IRN
loading, moderate levels of acute inflammation are present one week
after implantation, however, this inflammation subsides over time. This
behaviour is attributable to the wound healing response to resection-
induced surgical brain injury. Chronic inflammation due to persistent
drug release from the iDES is likewise highest at the onset of im-
plantation as a result of the initial burst of IRN from the iDES and is
generally resolved over time, with the exception of 40% which still has
detectable levels on day 56. While only mild chronic inflammation is
observed in the 0% and 30% groups, moderate inflammation is seen on
day 14 in both the 40% and 50% groups, meaning these higher con-
centrations of IRN elicit a more intense inflammatory response. This
observation is further supported by the presence of necrosis in both the
40% and 50% groups. In summary, the 30% iDES does not appear any
more toxic than the placebo control in any substantive way, whereas
the 40% and 50% iDES cause elevated immune activity and temporary
damage to parenchymal tissue.

3.2.7. In vivo evaluation of the efficacy of the 30, 40 and 50% w/w iDES in
a GBM mouse resection model

The efficacy of the iDES was evaluated over 70 days using a GBM
mouse resection model (Fig. 8B). The data demonstrates that 100% of
the mice in the sham (untreated control) and placebo groups had died
by day 27 and 31 respectively (Fig. 8B). However, 100% of the mice in
the 50% w/w iDES group died by day 22, which is not surprising given
the level of toxicity observed in the toxicity study (Fig. 8A). The mice in
the 30 and 40% iDES groups showed long-term survival with 40% of
the mice still alive at day 70. Furthermore, the surviving mice show no

expected symptoms associated with a recurring brain tumour and when
imaged using Fluc bioluminescence imaging none of them showed any
sign of tumour recurrence (Fig. 9).

4. Discussion

There currently is no standard treatment option for recurrent GBM
patients. Due to there being so few options the National Institute of
Health and Care Excellence in the UK approved temozolomide as a
‘second line’ therapy for recurrent brain tumours in 2001, which has
shown moderate activity in the treatment of recurrent GBM [85].
However, this activity is significantly reduced in patients with un-
methylated MGMT and these patients should be considered for an al-
ternative treatment approach [86]. This demonstrates a clear need for
the development of novel and innovative treatments in order to prolong
survival and improve the quality of life of recurrent GBM patients.
Here, we provide evidence that the local delivery of irinotecan to the
margin of the resection cavity using drug eluting seeds is a viable
treatment option for recurrent GBM and may be more effective than
treatment with temozolomide. Using patient derived recurrent GBM
cells we demonstrated that IRN is significantly more effective than TMZ
at treating recurrent GBM. Furthermore, the doses required to produce
a significant reduction in cell viability were much lower for IRN com-
pared to TMZ. Using a clinically relevant GBM mouse resection model
we show that the 30% w/w iDES completely suppressed recurrence of
postsurgical GBM with no additional toxicity when compared to the
placebo. These results position the iDES as a feasible ‘first line’ treat-
ment for recurrent glioblastoma.

We sought to compare the efficacy of IRN and TMZ against a panel
of patient derived recurrent GBM cells taken from the tumour core. Our
response rate for TMZ was 50%, which is similar to response rates of

Fig. 6. In vitro cumulative release of the iDES under sink (A and B) and bio-relevant conditions (C and D).
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recurrent GBM patients in the clinic when treated with TMZ alone
[87,88]. However, in those patients who responded the cell viability
never went below 80%. IRN had a response rate of 75% and reduced
cell viabilities to below 45% and in some to as low as 10%. Based on
this data IRN is clearly a more effective drug for treating recurrent GBM
when administered directly to the cancer cells. Because TMZ crosses the
BBB to a much greater extent that IRN and IRN's dose is limited as a
result of diarrhoea and severe neutropenia [69] patients receiving TMZ
tend to perform significantly better in the clinic when systemic ad-
ministration is used. However, in the case of the iDES, local adminis-
tration will be used at re-operation with the IRN administered directly
to the cancerous cells.

We found that the efficacy of IRN was 1.8 to 3.1 fold greater when
tested against a panel of patient derived recurrent GBM BAT (margin)
cells compared to the tumour core from the same patient. This is due to
intra-tumour heterogeneity, were different fragments of the same tu-
mour respond differently to different drugs. Furthermore, the BAT

tissue consists of fast dividing cells that will be more responsive to those
drugs such as IRN that target DNA replication. This data is significant as
during surgery the tumour core is resected leaving behind the BAT
margin, which has been shown to be resistant to therapy and the source
of recurrence [80–84]. Therefore, the fact that IRN is significantly more
effective against the BAT than the core would suggest that the iDES
would be an effective treatment strategy for targeting the margin left
behind after surgery.

One of the major issues with Gliadel®, besides the choice of drug, is
its disc-shaped design. The disc-shape means that it has to be placed
onto the surface of the resection cavity rather than being inserted into
the brain parenchyma. Thus, to reach the deep seated tumour cells the
carmustine must rely on diffusion through brain tissue which restricts
penetration distances to a few millimetres. Furthermore, because the
wafers are sitting in the resection cavity, the carmustine is in close
proximity to the wound and can cause impaired neurosurgical wound
healing. We designed our iDES based on the size and shape of the

Fig. 7. The influence of IRN loading on the in vitro daily release and the cytotoxicity of the iDES. (A) In vitro daily release of the 2 × 3 mm iDES with varying IRN
loadings and (B) the 30% w/w iDES with varying lengths. (C and D) Cytotoxicity of the day 1 and 2 bio-relevant release samples on the BAT sample from patient 1.
(E) The cytotoxicity of the 2 × 3 mm iDES with varying irinotecan-loadings when placed directly onto the BAT sample from patient 1.

M. Gawley, et al. Journal of Controlled Release 324 (2020) 1–16

11



radioactive seeds used in brachytherapy. These seeds are the size of a
grain of rice (3 mm × 7 mm) and cylindrical in shape. Between 30 and
60 seeds are inserted into the brain parenchyma of the tumour resection
cavity, with the insertion of the seeds shown to be safe. Inserting the
between 30 and 60 iDES into the brain parenchyma will increase drug
penetration into the residual tumour tissue, while reducing drug dif-
fusion out of the cavity alleviating the wound healing complications
associated with Gliadel® and other local delivery strategies.

It was decided to use Hot Melt Extrusion to manufacture the iDES as
it was easy to control the diameter of the extrudate and thus the dia-
meter of the iDES. However, the biodegradable polymer PLGA is not
designed for use in HME processes and thus we needed to add a plas-
ticizer as a processing aid. Without the use of a plasticizer PLGA ex-
trudates can develop what is called shark skin, were the surface of the
extrudate forms cracks and becomes rough and jagged, which would
not be conducive for safe insertion into brain tissue. The use of certain
types and amounts of plasticizers can cause the extrudate to absorb
water and swell. For safety reasons we do not want the iDES to swell
upon implantation into the brain. We selected three of the most
common types of plasticizer currently used in HME, Kolliphor P237
Kolliphor P188 and RH 40, and evaluated them for consistency of
diameter, the presence of shark skinning and swelling when placed into
water. The addition of a plasticizer produced iDES implants with a
smooth surface and a consistent diameter. The plasticizer Kolliphor
P237 required loadings greater than 15% w/w to have any effect while
the plasticizers Kolliphor P188 and RH 40 only required loadings of

10% w/w to have an effect. However, the RH 40 plasticizer resulted in
significant swelling at all loadings, while the Kolliphor P237 and P188
plasticizers resulted in swelling at loadings greater than 15%. It was
decided to use the Kolliphor P188 plasticizer at a loading of 10% w/w
to manufacture the iDES. The above results are due to P188 having a
lower melting temperature than P237, therefore, less P188 is needed to
reduce the viscosity of the formulation. Furthermore, RH 40 is semi-
solid, whereas P188 and P237 are both solid, which means that RH 40
has a greater influence on decreasing the viscosity of the formulation.
RH 40 is hydroscopic, which means that it absorbs water and it is the
absorption of water into the implants that has caused them to swell.

Our HME process was capable of producing iDES with an acceptable
content uniformity of IRN, which was shown to be stable and have the
same cytotoxicity as an unformulated control. This demonstrates that
our manufacturing process is suitable for the manufacture of stable
iDES containing the correct amount of IRN. On the advice of clinicians
we investigated the release of IRN from iDES that were both 3 and
6 mm long. We also investigated 2 mm long iDES as these would be
used in the subsequent animal study. The in vitro release was per-
formed under standard sink conditions as well as bio-relevant condition
to try and get an understanding of how the iDES would release in vivo.
In order to achieve the 300 μg to 1000 μg release per day it is important
to understand how the dimensions of the implant influence release.
Under both conditions the iDES demonstrated the standard matrix re-
lease profile of an ‘initial burst’ on day one followed by decreasing drug
release until day seven. The sink conditioned release was higher than

Fig. 8. In vivo toxicity (A) and efficacy (B) of the placebo, 30, 40 and 50% w/w iDES.
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the bio-relevant release which is to be expected. The in vitro release
was influenced by both drug loading and the length of the iDES, with
the higher the drug loading and the longer the iDES the greater the
release. All of the iDES formulations were capable of providing IRN
release for up to 7 days, however, only the 2 × 3 mm 30, 40 and 50%
w/w and the 2 × 6 mm 30% w/w iDES formulations were capable of
releasing the required 300 to 1000 μg of IRN over the 7 days.

The IRN released into bio-relevant media on days 1 and 7 had si-
milar cytotoxicity to a control solution of the same concentration de-
monstrating that the IRN released retained its cytotoxicity through
formulation, storage and release. Furthermore, when the 2 × 3 mm
iDES were placed directly onto the BAT cells the 30% w/w iDES re-
duced cell viability to 0% by day 5, while the 40 and 50% w/w iDES
achieved this by day 4. There was no sign of cell re-growth for either
the 30, 40 or 50% w/w iDES which suggests that all of the GBM cells
were killed off.

The in vivo toxicity study showed that the 30% w/w iDES do not
appear any more toxic than the placebo control, whereas the 40% and
50% w/w iDES cause elevated immune activity and temporary damage
to parenchymal tissue. The in vivo efficacy study demonstrated that the
30 and 40% w/w iDES induced long-term survival with 40% of the mice
still alive at day 70 and with no sign of tumour recurrence.

Because IRN has already been administered directly into the brain
parenchyma in a Phase I study (NCT02433392) with no local toxicities
such as swelling, inflammation or any suggestion of pseudo-abscess
formation and the fact that in brachytherapy solid metal implants are
safely implanted into the brain parenchyma makes the regulatory
pathway for the iDES to enter the clinic much easier. Based on the
evidence presented in this paper our iDES are as safe as the DEBs and
brachytherapy and could potentially be more effective against recurrent
GBM than treatment with TMZ alone. The HME process first needs to be
transferred to a Good Manufacturing Practices facility so that a clinical
batch of iDES can be manufactured. One of the advantages of HME is its

ease of technology transfer and scale-up and the extruder in our lab is
currently used by a number of GMP manufacturers. Furthermore, we
have a wealth of experience in the technology transfer and scale-up of
HME processes for implantable devices. Once the iDES clinical batch is
produced they need to be evaluated for their safety in Good Laboratory
Practices toxicity study. This study should evaluate the effect of the
number of iDES implanted on local toxicity. Once the iDES are proven
to be safe then a Phase I clinical trial involving 50 recurrent GBM pa-
tient should begin.

The Phase I clinical trial of the IRN DEB gel formulation demon-
strated an increase in survival from 6 to 8 months, which was com-
parable, if not slightly improved when compared to Gliadel® as a his-
toric control. However, the pharmacokinetic data demonstrated that
the majority of IRN was removed from the brain within 48 h, while all
of it was removed by 72 h. IRN works during the S-Phase of the cell
cycle, which occurs around day 3. Thus, the efficacy of IRN could be
improved if therapeutic levels can be maintained at the tumour site for
at least 5 to 7 days. The iDES are capable of delivering therapeutic
levels of IRN for up to 7 days and offer the potential of a non-toxic and
effective treatment for recurrent GBM. After the successful Phase I
clinical testing of the IRN DEB gel formulation, the next logical step is
to evaluate the iDES for safety and efficacy in a Phase I clinical trial.

In conclusion these studies provide evidence that IRN is effective
against recurrent GBM and that the iDES inhibit GBM recurrence and
result in long-term survival in mouse models, which reflect the clinical
scenario of GBM therapy. These findings as well as the demonstrated
safety of local delivery of IRN to the brain parenchyma should en-
courage the Phase I clinical assessment of the iDES and ultimately the
translation of this novel reformulation therapy into clinical practice for
the treatment of recurrent GBM.

Fig. 9. Fluc bioluminescence imaging of a positive control mouse at day 29 with a recurrent tumour clearly visible (A) and the surviving mice at day 70 post
implantation with no visible recurrent tumour (B).
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