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ABSTRACT: Glioblastoma multiforme (GBM) is the most common primary malignant brain tumour in adults with a very poor prognosis.
This paper describes the development of disulfiram (DSF)-loaded biodegradable wafers manufactured using three standard techniques:
compression, solvent casting and heat compression moulding. The paper demonstrates that neither technique has an adverse effect on the
stability of the DSF within the wafers. However, the solvent casting technique results in an interaction between the poly(lactic-co-glycolic
acid) (PLGA) and the DSF. The physical state of the DSF within the wafers was dependent on the manufacturing technique, with the
DSF in the wafers manufactured by compression or solvent casting retaining between 40% and 98% crystallinity, whereas the DSF in the
wafers manufactured using heat compression moulding was completely amorphous. Release of DSF from the wafers is dependent on the
degradation of the PLGA, the manufacturing technique used, and the DSF loading. DSF in the compressed and heat compression moulded
wafers had a similar cytotoxicity against a GBM cell line compared with the unprocessed DSF control. However, the cytotoxicity of the
DSF in the solvent-casted wafers was significantly lower than the unprocessed DSF. C© 2014 Wiley Periodicals, Inc. and the American
Pharmacists Association J Pharm Sci
Keywords: disulfiram; brain tumours; PLGA; implantable device; localised drug delivery; cancer; biodegradable polymers;
blood brain barrier; controlled delivery

INTRODUCTION

Glioblastoma multiforme (GBM) is the most common primary
malignant brain tumour in adults with a very poor prognosis.
Even after surgery, radiotherapy and chemotherapy, the over-
all survival rate for patients with GBM is 42.4% at 6 months,
17.7% at 12 months and 3.3% at 2 years.1 The current treat-
ment for GBM is surgical resection of accessible tumour, which
is often limited if the tumour is located near to critical regions
of the brain, followed by radiotherapy and adjuvant chemother-
apy. However, this has not been very successful, with a stan-
dard course of radiotherapy, following surgical removal of the
tumour, extending a patients’ life from 6 to only 9 months,
whereas an increased dose of radiation is not possible, because
of undesirable side effects.2,3

Systemic delivery of chemotherapeutic drugs into the neu-
rons and glial tissues of the brain is challenging because of
the presence of the blood–brain barrier (BBB), which con-
sists of tight junctions between the endothelial cells lining
the cerebral capillaries.4 The BBB is very selective and con-
sequently only low-molecular-weight, electrically neutral, hy-
drophobic molecules are able to freely cross this barrier.5–7

Many chemotherapeutic drugs, which tend to be large, ioni-
cally charged and hydrophilic, cannot cross the BBB from the
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bloodstream into the brain at levels needed for therapeutic
effect, which means that an intolerably high systemic drug
levels are required in order to achieve the therapeutic lev-
els required in the brain.3,6,8,9 Furthermore, if the drug does
manage to diffuse across the BBB, it can very quickly dif-
fuse back making it difficult to obtain a constant therapeu-
tic concentration after systemic administration. One option to
overcome this issue is the use of implantable devices to de-
liver the chemotherapeutic drug directly to the tumour, which
offers a number of advantages over systemic administration,
including increased drug stability as it remains in the deliv-
ery device until released, direct delivery to the site of action,
lower dose of drug required and reduced side effects because
of the avoidance of systemic circulation.10 Furthermore, local
drug delivery may be suitable for the treatment of GBM as
approximately 80%–90% return within 2 cm of the resection
site.3

The Gliadel R© wafer is an example of one such device, which
was approved by the Food and Drug Administration in 1996 for
the treatment of recurring GBM.11,12 It is a disc-shaped, 200 mg
biodegradable wafer 14 mm in diameter and 1 mm thick manu-
factured using a copolymer 1,3-bis-(p-carboxyphenoxy) propane
and sebacic acid (in a molar ratio of 80:20) containing 3.85%
(w/w) of the chemotherapeutic agent Carmustine.9,10 The poly-
mer and active ingredient are dissolved in dichloromethane,
before they are spray dried into microspheres varying from
1 to 20 :m, which are then compressed into wafers. Follow-
ing the surgical removal of a primary brain tumour, up to
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eight wafers are implanted in the resection cavity and the
Carmustine is released from the wafers over a 5-day period,
whereas the polymer matrix degrades over a period of 6–8
weeks.11 Gliadel R© wafers enable the delivery of a chemothera-
peutic agent directly into the resection cavity and thus over-
come the issues associated with BBB. A small randomised,
double-blind, placebo-controlled clinical trial involving 32 pa-
tients demonstrated that the Gliadel R© wafer increased the me-
dian survival rate, after surgery, for patients with grade IV tu-
mours from 39.9 weeks to 58.1 weeks.12 A much larger trial in-
volving 240 participants demonstrated that the Gliadel R© wafer
(in addition to surgery and radiation) increased the median sur-
vival rate of patients with newly diagnosed high-grade gliomas
from 11.6 months (placebo) to 13.9 months (Gliadel R©).13 A ran-
domised placebo-controlled clinical trial in 222 patients with
recurrent malignant gliomas demonstrated that Gliadel R© in-
creased the survival rate 23 weeks to 31 weeks, whereas the
6-month survival rate was 50% greater in those patients treated
with Glidael R© compared with the placebo group.14 However, a
Cochrane Review stated that Gliadel R© results in a prolongation
of survival without an increased incidence of adverse events
when used as primary therapy, whereas in recurrent disease,
it does not appear to confer any added benefit.15 In addition,
only a third of patients suffering from GBM respond to treat-
ment with Carmustine,16 whereas in some patients, cerebral
oedema was reported as one of the major adverse effects associ-
ated with Gliadel R©.17 Other types of implantable devices, such
as millirods,18,19 disks/wafers,20,21 foams22 and gels23 as well a
range of micro and nanoparticle formulations24–29 are currently
being developed for the localised delivery of chemotherapeutic
drugs to the brain.

Poly(lactic-co-glycolic acid) (PLGA) is a biodegradable and
biocompatible copolymer that has been used in the manufac-
ture of a range of drug delivery devices such as disc/wafers,
rods, scaffolds, films, foams micro and nanoparticles to deliver
a range of drugs from peptides and proteins to chemotherapeu-
tic and analgesic drugs as well as antibiotics and vaccines in a
sustained and controlled manner.22,30–40 The drug release from
a PLGA drug delivery device can be controlled by the ratio of
lactic and glycolic acid in the polymer, the molecular weight of
the PLGA used as well as the physiochemical properties of the
active and the shape of the drug delivery device.31,41–44 Further-
more, blending the PLGA with another polymer can influence
the mechanical properties as well as the drug release properties
of the device.45

Disulfiram (DSF), which is an antialcoholic drug, has been
shown to have an anticancer effect against GBM,46–48 which
is copper (Cu) dependent49,50 as Cu plays a crucial role in
redox reactions and triggers the generation of reactive oxy-
gen species (ROS) which induce apoptosis in human cells.51

DSF can chelate Cu(II) forming a DSF/Cu complex which im-
proves the transport of Cu into cancer cells and is a much
stronger ROS inducer than Cu alone.52,53 Drug-induced ROS
accumulation is usually counterbalanced by the activation of
NF6B, an antiapoptotic factor inhibiting ROS and ROS-induced
cytotoxicity.54 However, DSF is also capable of inhibiting ac-
tivity of NF6B.55 Furthermore, it has been demonstrated that
DSF can potentiate the cytotoxic effect of other anticancer
drugs and ionising radiation. These characteristics and its low
toxicity make DSF an attractive candidate for the treatment
of GBM.

MATERIALS AND METHODS

Materials

Poly(D,L-lactide-co-glycolide) with a 50:50 lactide–glycolide ra-
tio and varying degradation rates ranging from days (DLG
1A), weeks (DLG 4A) to months (DLG 4E) were pur-
chased from Evonik Industries (Birmingham, Alaska). DSF,
dichloromethane copper (II) chloride (CuCl2) and sodium do-
decyl sulphate (SDS) were purchased from Sigma–Aldrich
(Dorset, England) and all materials were used as supplied. The
brain cancer cell line U373 was purchased from ATCC (Middle-
sex, UK).

Manufacture of 10% and 20% (w/w) DSF-Loaded PLGA Wafers
Using the Direct Compression Method

The required amount of DSF and each PLGA were weighed
out and then mixed together using a mortar and pestle. Four-
hundred milligram of each DSF/PLGA blend was weighed out
and placed into a 14-mm diameter die of a KBr press and com-
pressed under 15 tonnes of pressure to produce either a 400-mg
10% or 20% (w/w) DSF-loaded PLGA wafer 1 mm thick and
14 mm in diameter.

Manufacture of 10 and 20% (w/w) DSF-Loaded PLGA Wafers
Using the Solvent Casting Methods

The required amount of DSF and each PLGA were weighed out,
then mixed together and dissolved in 50 mL of Dichloromethane
(DCM) using a mortar and pestle. The DSF/PLGA solutions
were then poured into a petri dish left for 2 weeks to al-
low the DCM to evaporate off leaving either a 10% or 20%
(w/w) DSF-loaded PLGA disc. To ensure no residual solvent
remained, the disc was placed into a vacuum oven for 3 days.
Individual wafers (1 mm thick and 14 mm in diameter) weigh-
ing approximately 400 mg were subsequently cut out from the
larger disc.

Manufacture of 10% and 20% (w/w) DSF-Loaded PLGA Wafers
Using the Heat Compression Method

The required amount of DSF and each PLGA were weighed out
and then mixed together using a mortar and pestle and subse-
quently placed onto a class plate heated to 80◦C and allowed to
soften for 2 min. The DSF/PLGA blend was compressed under
0.5 tonne of pressure to form a large DSF/PLGA disc 1 mm
thick. Individual wafers (1 mm thick and 14 mm in diame-
ter) weighing approximately 400 mg were subsequently cut out
from the larger disc.

Content Uniformity and Drug Stability of 10% and 20% (w/w)
DSF-Loaded PLGA Wafers

Each DSF-loaded PLGA wafer (n = 4) was cut into small pieces
placed into 50 mL of DCM and left over night until completely
dissolved. The DCM was subsequently evaporated offer and
the DSF/PLGA residue was resuspended in 40 mL of ethanol
causing the PLGA to precipitate out while the DSF remained
in solution. The sample was then placed into an orbital shaking
incubator (Unitron HT infors) at 37◦C and 60 rpm overnight to
ensure all of the DSF went into solution. The ethanol was then
analysed using the DSF stability indicating HPLC method.
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Determination of the Physical State of DSF in the PLGA Wafers

Thermal analysis of DSF, PLGAs and DSF-loaded PLGA wafers
was conducted using a Q200 TA Instruments differential scan-
ning calorimeter (DSC). Approximately 10 mg of each sample
were added to a DSC pan and placed in the thermal chamber
of the DSC. The DSC analysis was performed between 30◦C
and 90◦C at a heating rate of 10◦C/min. Control samples were
prepared by mixing 9 mg of PLGA polymer and 1 mg of DSF
(corresponding to a 10%, w/w, DSF loading) and subsequently
analysed by DSC.

Morphological Evaluation of the 10% and 20% (w/w)
DSF-Loaded PLGA Wafers

Scanning electron microscopy (SEM) images of the 10% (w/w)
DSF-loaded PLGA wafers where taken using a Zeiss EVO50-
EP scanning electron microscope. The samples were prepared
by sticking the whole wafer to an aluminium stub using an
adhesive carbon tab and then sputter coating them with gold.

Powder X-Ray Diffraction

The powder X-ray diffraction (PXRD) analysis was performed
on DSF, PLGA and 10% (w/w) DSF-loaded PLGA wafers using
a Panalytical Empyrean diffractometer (PANanalyical, Almelo,
The Netherlands) with Cu K" radiation (8 = 1.54060) at 40 kV
and 40 mA between 5◦ and 80◦ (22) at 25◦C. The DSF and
PLGA powder samples were analysed as is, whereas the 10%
(w/w) DSF-loaded PLGA wafers were ground into powder before
being analysed.

In Vitro Release of the 10% and 20% (w/w) DSF-Loaded PLGA
Wafers

Each DSF-loaded PLGA wafer (n = 4) was placed into a sealed
flask containing 50 mL of 2% SDS and placed into an orbital
shaking incubator (Unitron HT infors) at 37◦C and 60 rpm. A
5-mL sample was taken and replaced with fresh media each
day (except weekends) for the first 14 days, then on a Monday
and a Friday for the last 2 weeks. The samples where filtered
using a 0.45-:m filter and analysed using the DSF stability
indicating HPLC method.

DSF HPLC Methodology

HPLC analysis was performed on an Agilent 1200 series HPLC
(Agilent, Santa Clara, CA) with a Phenomenex Luna C18 4.6
× 150 mm2 column with a 5-:M particle size (Phenomenex,
Torrance, CA). The mobile phase comprises 80% HPLC grade
methanol and 20% HPLC grade water. The flow rate was 1.00
mL/min, whereas UV detection was performed at a wavelength
of 275 nm with an injection volume of 10 :L.

Cytotoxic Testing of the DSF Within the DSF-Loaded PLGA Wafers

One millilitre of the final content and drug stability solutions
[section Content Uniformity and Drug Stability of 10% and
20% (w/w) DSF-Loaded PLGA Wafers] from the 10% (w/w)
DSF-loaded PLGA wafers was diluted with 9 mL of sterile
phosphate-buffered saline (PBS) solution to produce solutions
with a DSF concentration of 0.1 mg/mL. A DSF control solution
was produced by dissolving 40 mg of DSF in 50 mL of DCM
and subsequently evaporating it off. The residual DSF was
dissolved in 40 mL of ethanol and 1 mL of this solution was
diluted with 9 mL of PBS solution.

The U373 brain cancer cell line was cultured in Dulbecco’s
modified Eagle medium (Lonza, Wokingham, UK) supple-
mented with 10% FCS, 2 mM L-glutamine, 50 units/mL peni-
cillin, 50 :g/mL streptomycin. For in vitro cytotoxicity assay,
the cells (5000 per well) were cultured in 96-well flat-bottomed
microtiter plates overnight and exposed to 125 :m of the DSF
samples and control as well as CuCl2 (10 :M) for 72 h when
a standard MTT assay56 was performed on the cells and their
percent vitality determined.

Statistical Analysis

Statistical analysis was performed using a one-way analysis of
variance (ANOVA) (GraphPad Prism version 5.02 for Windows;
GraphPad Software, San Diego, California). Post-hoc compar-
isons of the means were performed using Tukey’s honestly sig-
nificance difference test. A significance level of p < 0.05 was
accepted to denote significance in all cases.

RESULTS

Content Uniformity and Drug Stability of the 10% and 20%
(w/w) DSF-Loaded Wafers

Figure 1 demonstrates that all of the compressed (a) and heat
compressed (c) PLGA wafers had an actual DSF content very
similar to their theoretical content (p ≥ 0.05), whereas the
HPLC analysis did not detect any known or unknown degra-
dation products of DSF (data not shown). This demonstrates
that both the compression and heat compression manufactur-
ing methods can be used to produce PLGA wafers containing
stable DSF at the correct level. In the case of the solvent-casted
PLGA wafers (b), the actual DSF content was significantly
lower than the theoretical content (p < 0.05). However, the
HPLC analysis did not detect any known or unknown degrada-
tion products of DSF, which would suggest that the DSF may
have interacted with the PLGA as a result of the solvent cast-
ing process and was thus unable to be completely extracted
from the wafer. This issue may limit the use of solvent casting
as a manufacturing process for producing DSF-loaded PLGA
wafers. Furthermore, the DSF precipitated out of the PLGA
polymer DLG 1A upon removal of the DCM and accumulated
in a number of areas on the surface of the large disc. There-
fore, this polymer was no longer investigated using the solvent
casting method.

Characterisation of the 10% and 20% (w/w) DSF-Loaded Wafers

Powder X-ray Diffraction

Powder X-ray diffraction studies were undertaken to con-
firm the crystalline characteristics of DSF within the wafers.
Figure 2 shows the PXRD patterns for the PLGA polymers,
DSF and the DSF-loaded wafers. The PLGA and DSF controls
(Fig. 1a) demonstrate that the DSF control has a number of
sharp high-intensity diffraction peaks, the full length of its
PXRD pattern, which would suggest that it is highly crystalline,
while the PLGA controls have a smooth halo PXRD pattern,
which suggests that they are amorphous. The PXRD patterns
for the compressed DSF-loaded wafers (Figs. 1b and 1c) are very
similar to the pattern for the DSF control, with sharp high-
intensity diffraction peaks, the full length of the pattern. This
demonstrates that the DSF within the compressed DSF-loaded
wafers is in its crystalline form, which would be expected as
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Figure 1. Theoretical and actual DSF content of the 10% and 20% DSF-loaded PLGA wafers manufactured using compression (a), solvent
casting (b) and heat compression moulding (c).

the DSF and PLGA were simply blended together and then
compressed into a disc. Therefore, we would not expect this
process to have any influence on the physical state of the DSF
within the wafer. The DSF-loaded wafers manufactured by sol-
vent casting (Figs. 1d and 1e) have a halo PXRD pattern, simi-
lar to the PLGA controls, with sharp, low-intensity diffraction
peaks, similar to the DSF control. This demonstrates that the
DSF within the solvent-casted wafers has lost some of its crys-
talline structure as a result of it being dissolved within the
PLGA polymers, which can be attributed to the DSF being dis-
solved in the DCM during the solvent casting process and the
ability of the PLGA polymers to maintain the DSF in the dis-
solved state upon removal of the DCM.57–59 The PXRD patterns
for the DSF-loaded wafers manufactured by heat compression
moulding where very similar to those of the PLGA controls,
with a smooth halo pattern and no diffraction peaks associated
with DSF. This would suggest that the DSF is dispersed at the
molecular level and its crystallinity completely removed. The
reason for this is that the wafers where manufactured at 80◦C,
which is above the melting temperature of DSF, consequently
melting the DSF into its amorphous form and the subsequent
cooling causes the polymer to solidify holding the DSF in its
amorphous form.

Differential Scanning Calorimetry

The physicochemical state of DSF in the PLGA wafers was
analysed using DSC (Fig. 3). The thermograms for the DSF-

loaded wafers manufactured by compression have two distinct
endothermic peaks (Figs. 3a and 3b). The sharp endothermic
peak at approximately 71◦C in all six wafer formulations is
caused by the DSF, which has a melting point of approximately
70◦C, whereas the much broader endothermic peak between
39◦c and 55◦C (depending on the type of polymer used to pro-
duce the wafers) corresponds to PLGA polymer, which has
a glass transition temperature of approximately 45◦C.60 This
demonstrates that the DSF in the compressed wafers is in its
crystalline form, which corresponds to the PXRD data. Table 1
contains the melting enthalpies for the DSF-loaded wafers and
the controls. Comparing the DSF melting enthalpies of the
controls and the compressed DSF-loaded wafers shows that
the DSF within the wafers had between 98.5% and 101.0%
crystallinity.

The thermograms for the solvent-casted DSF-loaded wafers
(Figs. 3c and 3d) have a single peak broad endothermic peak
between 50◦C and 70◦C. The PXRD data show that the DSF in
the solvent-casted wafers has a low level of crystallinity and
thus we would expect to see an endothermic peak at approx-
imately 70◦C corresponding to melting enthalpy of the DSF.
Furthermore, the broad peak associated with the polymer has
shifted to the right by approximately 11◦C–15◦C. The lack of
a DSF peak and the fact that the PLGA peak has moved to
the right would suggest that there has been an interaction be-
tween the PLGA polymer and the DSF as a result of the solvent-
casting process. This is corroborated by the melting enthalpies
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Figure 2. X-ray diffraction patterns for the DSF and PLGA controls (a), the 10% and 20% DSF-loaded wafers manufactured by compression
(b and c), solvent casting (d and e) and heat compression moulding (f and g).

in Table 1, which demonstrate that the melting enthalpies of
the broad peak in the wafers compared with the broad peak in
the controls is between 26.0% and 39.5% greater. This extra en-
ergy is because of the DSF in the wafers, which would suggest
that the DSF peak has shifted left because of an interaction

between it and the PLGA polymers and is being masked by the
broader polymer peak.

Figures 3e and 3f show the thermograms for the heat-
compressed DSF-loaded wafers. The thermograms have no en-
dothermic peak associated with the DSF, which would suggest
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Figure 3. Differential scanning calorimeter thermograms for the 10% and 20% DSF-loaded wafers manufactured by compression (a and b),
solvent casting (c and d) and heat compression moulding (e and f).

Table 1. The Enthalpy Values for the Polymer and DSF in both the 10% and 20% DSF-loaded wafers

Controls Compressed Solvent Cast Compression Moulded

Peak DLG 1A DLG 4A DLG 4E DLG 1A DLG 4A DLG 4E DLG 4A DLG 4E DLG 1A DLG 4A DLG 4E

DSF loading 10% 20% 10% 20% 10% 20% 10% 20% 10% 20% 10% 20% 10% 20% 10% 20%
Polymer 1.8 7.3 7.6 1.8 1.6 7.2 6.5 7.7 6.7 9.2 10.1 9.5 10.6 1.8 1.5 7.4 6.6 7.6 6.5
DSF 9.8 9.9 9.8 9.7 19.6 9.9 19.5 9.7 19.8 N/A N/A N/A N/A 0 0 0 0 0 0
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Figure 4. Representative SEM images of the DSF-loaded wafers manufactured by compression (a), solvent casting (b) and heat compression
moulding (c).

that the DSF in the wafers is present in either and amorphous,
dissolved or molecularly dispersed state and corroborates the
PXRD data in Figures 1d and 1e.

Scanning Electron Microscopy

The surface morphology of the DSF-loaded PLGA wafers was
analysed using SEM and representative SEM images are
presented in Figure 4. The SEM images show that the com-
pressed DSF-loaded wafers (Fig. 4a) have a large number of
DSF particles on the surface, whereas the solvent-casted wafers
(Fig. 4b) also have DSF particles on the surface, but at a lower
level than the compressed wafers. The SEM images for the
heat-compressed DSF-loaded wafers show that they have no
DSF particles on their surface. The SEM images further cor-
roborate the PXRD and DSC data, which suggest that the DSF
in the compressed wafers is in its crystalline form, whereas
the solvent-casted wafers contain a significantly lower amount
of crystalline DSF and the heat compressed wafers contain no
crystalline DSF.

In Vitro Release of DSF from the PLGA Wafers

In vitro release of DSF from PLGA wafers into 2% SDS over
28 days is presented in Figure 5. With the 10% (w/w) DSF-

loaded compressed wafers, a day 1 burst is only observed for
the DLG 1A PLGA polymer (p < 0.05), whereas both the DLGA
1A and 4 wafers with a 20% (w/w) DSF loading have a day
1 burst (p < 0.05). This observation was unexpected as the
SEM images for the compressed wafers (Fig. 4a) clearly show
a significant level of DSF particles on the surface of the wafer,
therefore as it is these particles which contribute to the day
1 burst we would have expected all of the compressed wafers
to show this trend. However, as the “burst effect” was only ob-
served with the fastest degrading polymer (DLG 1A) for the
10% (w/w) DSF loading (Fig. 5a) and the fastest and second
fastest degrading polymer (DLG 4A) for the 20% (w/w) DSF
loading (Fig. 5b). We believe that in this case the trend is de-
pendent on the degradation rate of the polymer and the DSF
loading, with the 10% (w/w) DSF loading not being high enough
to allow the DLG 4A polymer to have a significant day 1 burst.
After day 1, the rest of the release is dependent on the degra-
dation rate of the polymer for both the 10% and 20% (w/w) DSF
loadings (Figs. 5a and 5b). Both DLG 1A and 4A wafers exhib-
ited the tri-phasic release profile, which is commonly reported
in many PLGA formulations,61–63 where there is slow diffusion
controlled-release between day 4 and 8 depending on the poly-
mer, with approximately 12%–25% of the drug being released,
followed by a dramatic increase in the release rate controlled by
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Figure 5. In vitro drug release for the 10% and 20% DSF-loaded wafers manufactured by compression (a and b), solvent casting (c and d) and
heat compression moulding (e and f).

the degradation of the polymers and a subsequent slower drug
release phase because of the exhaustion of the DSF within the
wafer. The DLG 1A polymer, which had a degradation time of
days, had released 100% of its DSF content by day 14 for both
the 10% and 20% loading, whereas the DLG 4A polymer, which
had a degradation rate of weeks, required until day 25 for the
10% loading and day 21 for the 20% loading. The initial phase
of slow diffusion controlled release is because of the fact that
the polymers have not yet started to degrade. However, by day
4 for the DLG 1A polymer and day 8 for the DLG 4A poly-
mer, the second phase of drug release begins and continues at

a much faster rate than the first phase. This second phase is
a result of the polymers starting to degrade making the poly-
mer more porous, allowing more release media to diffuse in and
more dug to diffuse out. In contrast, the DLG 4E wafers main-
tained a slow, diffusion controlled-release profile for the entire
28 days, with approximately 54% and 65% of their DSF load-
ing being released for the 10% and 20% loadings, respectively
(p < 0.05). The reason for this release profile is because of the
fact that this polymer takes 1–2 months to start degrading and
therefore acted like a nondegradable polymer for the 28 days of
release.

Zembko et al., JOURNAL OF PHARMACEUTICAL SCIENCES DOI 10.1002/jps.24304
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Figure 6. Cytotoxicity testing of the DSF extracted from the 10% (w/w) DSF-loaded wafers.

In the case of the solvent-casted wafers (Fig. 5c and 5d),
only the DLG 4A and DLG 4E polymers were evaluated for
their release. The release from these wafers is significantly
lower compared with the wafers manufactured by compression
(p < 0.05). The DLG 4A polymer has a bi-phasic release pro-
file with slow, diffusion-controlled release until day 8, releas-
ing approximately 8% of DSF with a 10% loading and 10% of
DSF with a 20% loading. After day 8, the release rate begins
to increase because of the degradation of the polymer, with
the 10% DSF-loaded wafers releasing approximately 62% of
their DSF content, whereas the 20% DSF-loaded wafers re-
leased approximately 75%. Like the wafers manufactured by
compression, the solvent-cased DLG 4E wafers maintained a
slow, diffusion-controlled release profile for the entire 28 days,
with approximately 27% and 33% of their DSF loading being
released for the 10% and 20% loadings, respectively (p < 0.05).
We believe that the reason for the lower release of DSF from the
solvent-casted wafers is because of the manufacturing process
and the fact that most of the drug was either dissolved or dis-
persed within the polymer, which reduced the amount of drug
on the surface of the polymer as evidenced by the SEM image
(Fig. 4b). The less drug particles on the surface results in less
pores being formed when these particle dissolve, which in turn
reduces the diffusion of the release media into the wafers and
the diffusion of DSF out of the wafers, subsequently slowing
down the overall release rate. Furthermore, we also believe
that the interaction between the DSF and the PLGA, as demon-
strated by DSC (Figs. 3e and 3f), reduces the amount of DSF
available for release (Fig. 1b), subsequently reducing its overall
release rate.

The heat-compressed DSF-loaded wafers had no significant
day 1 burst (Figs. 5e and 5f). This is because of the fact that
the majority of the DSF is either dissolved or dispersed within
the polymer, as evident by the DSC (Figs. 3e and 3f) and the
PXRD (Figs. 2f and 2g) data, as well as the lack of DSF parti-
cles on the surface of the wafer (Fig. 4c). The release profiles
for both the 10% and 20% loading DLG 1A and DLG 4A wafers
exhibit the tri-phasic release profile similar to that seen with
the compressed wafers. However, the slow diffusion controlled-
release phase is extended out until either day 9 or 18 depend-

ing on the polymer, with approximately 39%–52% of their DSF
content being released. The diffusion controlled-release phase
was followed by an increase in the release rate controlled by
the degradation of the polymers with the DLG 1A releasing
100% of its DSF content by day 14 and the DLG 4A by day 28.
The DLG 4E heat-compressed wafers, such as the compressed
wafers, had a diffusion controlled-release profile for the entire
28 days, with approximately 68% and 70% of their DSF content
being released for the 10% and 20% loadings, respectively (p <

0.05). This release rate is significantly (p < 0.05) greater than
that of the compressed wafers and is because of the DSF being
dissolved or dispersed in the polymer, increasing both its diffu-
sion rate through the polymer and its solubility in the release
media.

This data demonstrate that the DSF release from the PLGA
wafers can be controlled by the choice of polymer, drug loading
and the manufacturing technique used to produce the wafers.

Cytotoxicity of the DSF in the PLGA Wafers

In order for the wafers to be effective, the DSF which they
release needs to maintain its cytotoxicity during the manu-
facturing process. Therefore, we extracted the DSF from the
wafers and added a known concentration to GBM cells and com-
pared this with an unprocessed DSF control (Fig. 6). Figure 6
demonstrates that the DSF extracted from both the compressed
and heat-compressed wafers has a comparable cytotoxicity to
the unprocessed DSF (p ≥ 0.05). This would suggest that the
manufacturing processes of compression and heat compression
have no significant effect on the cytotoxicity of the DSF. In con-
trast, the cytotoxicity of the DSF extracted from the solvent-
casted wafers was significantly lower than the unprocessed
DSF. However, we do not believe that this is because of the
DSF being degraded as the HPLC analysis did not show any
known or unknown impurities. We believe that it is because of
the interaction between the PLGA and the DSF, which results
in less DSF being extracted from the wafers as demonstrated
by the content study (Fig. 2a). Therefore, the extraction solu-
tions added to the GBM cells had a lower concentration of DSF
resulting in a lower cytotoxicity.
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CONCLUSION

This paper investigates the effect of different manufacturing
techniques on the content uniformity, stability, physical state,
release and cytotoxicity of DSF in 10% and 20% (w/w) DSF-
loaded wafers. The paper demonstrates that neither technique
has an adverse effect on the stability of the DSF within the
wafers. However, the solvent casting technique results in an
interaction between the PLGA and the DSF. The DSF con-
tained in the wafers manufactured using the compression and
solvent casting techniques retained approximately 98% and
40% of its crystallinity, respectively, whereas the DSF in those
wafers manufactured by the heat compression moulding tech-
nique was completely amorphous. The in vitro release of DSF
from the wafers is dependent on the degradation of the PLGA,
the manufacturing technique used and the DSF loading. The
DSF in the compressed and heat-compression-moulded wafers
had a similar cytotoxicity to the unprocessed DSF. However, the
cytotoxicity of the DSF in the solvent-casted wafers was signifi-
cantly lower than the unprocessed DSF. This was because of the
interaction of the DSF with the PLGA, rather than its degrada-
tion, resulting in less DSF being extracted and thus the extrac-
tion solution had a lower cytotoxicity. We believe that if suc-
cessfully tested in an in vivo model, these wafer formulations
offer an alternative to the current GBM treatments available,
whereas localised delivery to the brain will overcome the issues
associated with the BBB, reduce the dose of drug needed to pro-
vide a therapeutic effect and minimise the systemic side effects
associated with other chemotherapeutic delivery options.

ACKNOWLEDGMENT

The authors would like to acknowledge the Early Research
Award Scheme (ERAS) from the University of Wolverhamp-
ton who provided some of the funding to help complete this
research.

REFERENCES

1. Ohgaki H, Dessen P, Jourde B, Horstmann S, Nishikawa T, Di
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