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Abstract

The alkylating agent temozolomide (TMZ) is the first-line
chemotherapeutic for glioblastoma (GBM), a common and
aggressive primary brain tumor in adults. However, its poor
stability and unfavorable pharmacokinetic profile limit its
clinical efficacy. There is an unmet need to tailor the thera-
peutic window of TMZ, either through complex derivatization
or by utilizing pharmaceutical excipients. To enhance stability
and aqueous solubility, we encapsulated TMZ in a p-sulpho-
natocalix[4]arene (Calix) nanocapsule and used 1H-NMR,
LC-MS, and UV–Vis spectroscopy to chart the stability of this
novel TMZ@Calix complex according to FDA and European
Medicines Agency guidelines. LC-MS/MS plasma stability
assays were conducted in mice to further explore the stability
profile of TMZ@Calix in vivo. The therapeutic efficacy of
TMZ@Calix was compared with that of unbound TMZ in

GBM cell lines and patient-derived primary cells with known
O6-methylguanine-DNA methyltransferase (MGMT) expres-
sion status and in vivo in an intracranial U87 xenograft mouse
model. Encapsulation significantly enhanced the stability of
TMZ in all conditions tested. TMZ@Calix was more potent
than native TMZ at inhibiting the growth of established
GBM cell lines and patient-derived primary lines expressing
MGMT and highly resistant to TMZ. In vivo, native TMZ was
rapidly degraded in mouse plasma, whereas the stability of
TMZ@Calix was enhanced threefold with increased therapeu-
tic efficacy in an orthotopic model. In the absence of new
effective therapies, this novel formulation is of clinical impor-
tance, serving as an inexpensive and highly efficient treatment
that could bemade readily available to patients withGBM and
warrants further preclinical and clinical evaluation.

Introduction
Temozolomide (TMZ) is used for the treatment of primary

brain tumors and brain metastases. It is the first-line chemother-
apeutic for glioblastoma (GBM), which is the most common and
aggressive malignant primary brain tumor. Radiotherapy with
concomitant TMZ following surgical resection of the tumor is
considered standard therapy for GBM, and in this combination
the contribution of TMZ is an increase in the median over-

all survival of 2.5 months (1, 2). TMZ is a prodrug for the
metabolite 5-(3-methyltriazen-1-yl)imidazole-4-carboxamide
(MTIC), which acts as an alkylating agent to deliver a methyl
group to the N-7 or O-6 position of guanine residues in the DNA.
This DNA damage leads to inhibition of DNA replication and
ultimately cell-cycle arrest (3). However, the O6-methylguanine
adduct can be repaired by O6-methylguanine-DNA methyltrans-
ferase (MGMT), which confers TMZ resistance to approximately
60% of GBM tumors that express it (4–6). Despite this high
incidence of inherent or acquired resistance, TMZ remains the
main chemotherapeutic used against GBM. This is largely due to
its pharmacokinetic characteristics and biodistribution. It has
100% oral bioavailability, a rapid absorption with a tmax of
approximately 1 hour, and due to its small size (194 Da) it is
able to cross the blood–brain barrier (BBB; refs. 7–9).

Unfortunately, TMZ has some unfavorable characteristics
that greatly limit its clinical potential. Although it is stable at
acidic pH, under slightly alkaline conditions it is rapidly hydro-
lyzed to MTIC, and this active alkylating agent rapidly degrades
to the methyl diazonium cation and the metabolite 5-amino-
imidazole-4-carboxamide (AIC; Fig. 1). Compared with TMZ,
MTIC has poor BBB penetration and reduced cellular uptake
(10). Therefore, the accumulation of therapeutically effective
amounts of MTIC at the site of the tumor relies on the stability
of TMZ and its delivery past the BBB. However, due to the rapid
elimination rate and short half-life of only around 1.8 hours, the
majority of the administered TMZnever reaches the tumor. In fact,
only around 20% of the administered dose of TMZ is generally
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detectable in the cerebrospinal fluid at peak concentrations (11).
High doses of TMZ need to be repeatedly administered to achieve
the desirable antitumor effect, which leads to severe side effects,
of which the most clinically significant is myelosuppression.

Stabilization of TMZ's core to achieve a longer plasma half-life
could enable a dosing regimen with the same treatment benefits,
but without negatively impacting the patient's quality of life. TMZ
has previously been stabilized by loading it onto functionalized
nanoparticles, nanoliposomes, or nanotubes, resulting in a more
effective chemotherapeutic in various tested models (12–20).
However, nanoparticles have numerous drawbacks that reduce
their clinical potential, such as generally low drug-loading effi-
ciencies, undefined toxicity profiles, and a high production cost
(21). To achieve stabilization of TMZ while avoiding these draw-
backs, we explored the water-soluble p-sulfonatocalix[4]arene
(Calix) as a carrier due to its low toxicity, lack of immuno-
genicity, and its high aqueous solubility (22–25). Furthermore,
Calix has a hydrophobic core that can accommodate the methyl
group of the imidazotetrazine ring of TMZ and thereby protect it
from rapid hydrolysis. This is important because this methyl
group is key for the DNA-damaging activity of TMZ. Calix is
known to improve the stability of guest molecules, as well as their
solubility (26, 27). It has been used to enhance the stability,
aqueous solubility, and efficacy of anticancer agents' paclitaxel,
imatinib, and of dinuclear platinum complexes (28–30). Its appli-
cations in cancer chemotherapy have been reviewed previously
(31). Here, we developed a formulate of TMZ and Calix with
the aim of enhancing the stability of TMZ and improving
its absorption profile to ultimately enhance its therapeutic efficacy.

Materials and Methods
Preparation of the TMZ@Calix inclusion complex

Ten milligrams (1 eq) of p-sulphonatocalix[4]arene (Sigma-
Aldrich) was dissolved in 3 mL phosphate buffer pH 7.0
(10 mmol/L). 4 mg (1.5 eq) of TMZ (Sigma-Aldrich) was diluted
in 300 mL MeOH. The solutions were mixed and magnetically
stirred at room temperature for 1 hour. The contents were filtered
through nylon filter with 0.45-mm pore size. Aqueous phase was

evaporated under high vacuum giving the TMZ@Calix complex.
Determination of encapsulated TMZ was performed using
UV–Vis spectroscopy as described by Ishaq and colleagues (32).
Generally, 1 mg TMZ@Calix complex contained 100 mg TMZ.

NMR spectroscopy
1H-NMR spectra of calixarene, TMZ, and the complex were

recorded in a Bruker 400 MHz Advance spectrometer using D2O
andDMSO-d6 as solvents. Samples were dissolved in 500 mLD2O
and transferred to5-mmNMR tubeswarmed to28�C. Topspin3.1
was used to control the NMR system.

UV–Vis spectroscopy
The UV–Vis spectra of the TMZ@Calix complex were recorded

with a PerkinElmer Lambda 25 spectrometer (slit ¼ 1, speed
240 nm/min) at room temperature. The samples were dissolved
in LC-MS grade H2O and incubated under shaking at 37� 0.1�C
at 600 rpm. Samples were centrifuged for 5 minutes, and precip-
itated TMZ was filtered off through regenerated cellulose syringe
filters of a 0.20-mm pore size.

UHPLC-MS/MS buffer stability assay
Reversed phase liquid chromatography was performed using

an Advance Ultra High Performance Liquid Chromatography
(UHPLC) system (Bruker). For the ionization and detection of
TMZ and IS, EVOQ Elite ER triple quadrupole mass spectrometer
(Bruker) was operated in positive ionization electrospray mode
(ESI) in multiple reactionmonitoring. To evaluate the stability of
TMZ in its encapsulated form, stability studies were conducted at
pH 2.1, 4.5, and 7.1 at 37�C according to the FDA and European
Medicines Agency (EMA) guidelines (33). Ten microliters of
TMZ@Calix (30 mmol/L) was added to 280 mL hydrochloric acid
(HCl, pH 2.1) and incubated at 37�C in a shaking bath. At time
intervals of 0, 2, 4, 6, 8, 16, and 24 hours, the samples were
removed from the bath and 10 mL of IS (27 mmol/L) was added,
vortex-mixed, and transferred to LC-MS vials for analysis. The
same procedure was followed for the samples incubated in
ammonium formate (pH 4.5) and phosphate buffer (pH 7.1).
To compare the stability of TMZ@Calix and TMZ, the same

Figure 1.

Degradation products of native TMZ
and structure of the TMZ@calixarene
nanocapsule complex. A, Under
neutral or alkaline conditions, TMZ
undergoes rapid hydrolytic ring
opening to produce the active
metabolite MTIC (t1/2¼ 8min at
pH¼ 7.4), the inactive metabolite
AIC, and the active electrophile
methyl diazonium cation (t1/2¼ 8 s
at pH¼ 7.4). B, Schematic
representations of the calixarene
(Calix) nanocapsule used in this
study and the TMZ@Calix complex.
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experiments were also conducted for TMZ. All samples were
studied in triplicate and the percentage of fraction remaining of
TMZ against incubation time was plotted.

Cell culture
This study was approved by the Imperial College London

Research and Ethics Committee (REC 14/EE/0024).
GBM cells were maintained at 37�C in a 5% CO2 humidified

incubator. Established GBM cell lines (8MG passage 8, U87
passage 8) were cultured in DMEM supplemented with 10%
FBS. Cell lines were originally purchased from ATCC in 2014,
expanded and stored as master stocks at low passage number
(between 1 and 4). Master stocks were expanded into working
stocks for use in experiments and did not exceed passage
numbers beyond 20. Cells were maintained in cultures for
less than 6 to 8 continuous weeks and tested for Mycoplasma
contamination on a regular basis using the Mycoplasma
Detection Kit quick test (Stratech Scientific UK). Patient-derived
primary GBM cell cultures (GBM31, GBM59, and GBM77)
were established from fresh tumor tissue obtained from first
surgical debulking or stereotactic biopsies at Charing Cross
Hospital. Tissue samples were provided by the Imperial College
Healthcare NHS Trust Tissue Bank, which is supported by
the National Institute for Health Research Biomedical Research
Centre based at Imperial College Healthcare NHS Trust and
Imperial College London. Tumors were washed in DMEM:F12
(1:1; Thermo Fisher Scientific, USA) and minced through a
100-mm cell strainer (Corning) to obtain a single-cell suspension.
Cells are then centrifuged at 300 � g for 5 minutes and resus-
pended in sterile dH2O to lyse contaminating red blood cells
prior to being cultured in DMEM:F12 supplemented with 10%
FBS (34).

qPCR analysis of MGMT expression
Total RNA was extracted using the RNeasy mini kit (Qiagen)

and 2 mg converted to cDNA following the M-MLV Reverse
Transcriptase protocol (Promega) according to the manufac-
turer's instructions. Sampleswere analyzed in triplicatewith SYBR
Select qPCRmaster mix (Thermo Fisher Scientific) using 50 ng of
cDNA template for MGMT expression on a CFX96 Thermocycler
(Bio-Rad) according to the manufacturer's instructions (MGMT
forward primer: 50-GGGTCTGCACGAAATAAAGC-30; Reverse
primer: 50-TCCGGACCTCCGAGAAC-30). Expression data were
normalized to the mean Ct value of the reference gene hypoxan-
thine phosphoribosyltransferase 1 (HPRT1) and presented as
2�DCt.

In vitro cytotoxicity: sulforhodamine B and Cell Counting Kit
8 assays

Cells were seeded in 96-well plates (Corning) at 2 � 103 cells
per well in their respective culture medium supplemented with
2% FBS. Twenty-four hours post-plating cells were treated with
TMZ, Calix, physicalmixture of TMZ andCalix or the TMZ@Calix
complex in culture medium supplemented with 2% FBS. The
concentration of TMZ in the complex was 100 mg TMZ/mg
complex). To determine the IC50 of native TMZ, cells were treated
with 2, 4, 8, 16, 32, 64, 128, 256, 512 mmol/L TMZ and analyzed
for proliferation using sulforhodamine B (SRB) assay 9 days post-
treatment as previously described (34). For experiments compar-
ing the efficacy of the calixarene complex with native TMZ, doses
just below the IC50 of native TMZ were used (5 mmol/L and 10

mmol/L for U87 and 8MG, respectively; 100 mmol/L and 200
mmol/L for the primary lines), and the equivalent equimolar
concentrations of the complex were calculated and used. These
experiments were harvested on days 6 and 9 post-treatment, and
cell proliferation was analyzed by SRB for the established GBM
cell lines and by the Cell Counting Kit 8 (CCK8, Sigma-Aldrich)
for the primary lines according to themanufacturer's instructions.

In vivo pharmacokinetic analysis
Animal procedures were approved by the Animal Welfare

and Ethical Review Body (Imperial College London). C57BL/6
female mice ages 6 weeks (Charles River Laboratories) were
separated into two groups (n ¼ 3) and injected intraperitone-
ally either with a single dose of TMZ (30 mg/kg) or a single
dose of the TMZ@Calix complex (205.5 mg/kg, equivalent to
30 mg/kg of unbound TMZ). Blood was collected by cardiac
puncture prior to treatment (day 0) and then at 0.5, 2, and
4 hours post-treatment in tubes containing heparin. Samples
were centrifuged at 2862 � g for 10 minutes to separate the
plasma which was acidified (pH < 4) with phosphoric acid
85%. All samples were stored at�80�C until further processing.
To prepare samples for analysis 200 mL IS solution (theophyl-
line 1 mg/mL in methanol) and 200 mL of 10 mmol/L pH 3.5
ammonium formate buffer were added to 100 mL of acidified
mouse plasma, and this mixture was then precipitated with a
100 mmol/L 1:1 methanol:zinc sulfate solution. Following
a vortex mix for 1 minute and centrifugation at 21,885 � g
for 15 minutes, the supernatant was transferred to glass vials
and TMZ was quantified by LC-MS/MS as described
previously (35)

In vivo therapy of U87 intracranial xenografts
CD1 Swiss nude female mice 6 weeks old (Charles River

Laboratories) were stereotactically injected with 3 � 105

U87-GFP/Luc cells into the right cerebral cortex (n ¼ 12).
Coordinates for injection were determined from the bregma
(anteroposterior: þ0.1; mediolateral: �0.2; dorsoventral:
�0.3). Mice were first imaged 9 days after cell implantation
and randomized into three treatment groups (n ¼ 4):
p-sulphonatocalix[4]arene only control (175.5 mg/kg), TMZ
(30 mg/kg), and TMZ@Calix (205.5 mg/kg), which were car-
ried out by intraperitoneal injections on days 13, 15, and
17 post-implantation. Prior to treatment, mice were weighed
and the dose adjusted accordingly. Tumor development was
followed by bioluminescent imaging on days 16, 20, 24, and
27. Animals were sacrificed on day 28 and perfused with
ice-cold 4% PFA in PBS before brains were extracted and fixed
in 4% PFA in PBS for 1 week. Brains were then transferred to
30% sucrose overnight and then frozen in 2-methylbutane
(Sigma). Frozen brains were suspended in OCT compound
(VWR), and whole brains were cut into 20-mm thick sections as
depicted in Fig. 4C using a CM1900 Cryostat (Leica Biosystems)
onto SuperFrost Plus microscope slides (VWR) and stained with
hematoxylin and eosin (H&E). Images of H&E-stained sections
were acquired using a Nikon Eclipse E800 microscope (Nikon)
and the Surveyor imaging software (Objective Imaging).

Statistical analysis
One-way and two-way ANOVA were performed in GraphPad

Prism software (version 7.0). Data are presented as mean �
standard error of the mean (SEM).
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Results
Encapsulation of TMZ into Calix greatly enhances its
stability

TMZ is the only FDA-approved drug for the treatment of GBM.
However, due to its short half-life (2 hours), it has to be admin-
istered repeatedly and at high doses. To address these limitations,
we encapsulated TMZ with Calix and tested its stability and
solubility using 1H-NMR spectroscopy, LC-MS/MS, and UV–Vis
spectroscopy. We detected a significant chemical shift in the NMR
spectrum of the TMZ@Calix complex compared with native TMZ
indicating that the imidazotetrazine ring of TMZ was incorporat-
ed deep inside the hydrophobic cavity (Supplementary Fig. S1).
We next analyzed the 1H-NMR spectrum for the presence ofMITC
(represented by the 7-H proton), which is highlighted in gray

in Fig. 2A. There was an increase in signal at 7.23 ppm (1H, 7-H),
indicating degradation of native TMZ to MTIC. Moreover, the
methyl region of the spectrum indicated a decomposition of the
singlet peak which is normally representative of intact TMZ
(d 4 ppm, 3H, 12-H). These changes were not detected in the
TMZ@Calix 1H-NMR spectrum, suggesting no detectable degra-
dation of TMZ in this complex.

To further validate this enhanced stability under physiologic
conditions, the degradation rate of TMZ and TMZ@Calix was
monitored by LC-MS/MS andUV–Vis in aqueous buffer solutions
of differing pH (Fig 2B and C). These pH values were selected to
mimic the conditions present during gastrointestinal (GI) absorp-
tion after oral drug administration. Under fasting conditions, the
pH range in the GI tract varies from 1.4 to 2.1 in the stomach, 4.9

Figure 2.

Stability profiles of native TMZ and TMZ@Calix in vitro.A, 1H NMR spectra of the time-dependent degradation of native TMZ and TMZ@Calix to MTIC at
deuterated phosphate buffer in D2O (10 mm). The highlighted gray peak at 7.23 ppm represents the 7-H proton of the MTIC form. The highlighted peaks at
3.52 ppm represent the 1-H proton of the MTIC form and its adduct. B, Stability of TMZ and TMZ@Calix under different pH conditions as monitored by LC-MS/MS.
C, Stability of TMZ and TMZ@Calix under different pH conditions as monitored by UV–Vis.
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to 6.4 in the duodenum, 4.4 to 6.6 in the jejunum, and 6.5 to 7.4
in the ileum (36). Both analytical techniques show that TMZ
remains stable after 24-hour incubation at pH 2.1 and 4.5,
whether free or encapsulated. However, at pH 7.1, native TMZ
demonstrated a high rate of hydrolysis. Only around 60% of the
initial concentration remained after 2 hours of incubation. Nota-
bly, encapsulation of TMZ in the TMZ@Calix complex profound-
ly enhanced its stability, delaying hydrolysis bymore than 6hours
and increasing the half-life 4-fold under these conditions.

TMZ@Calix is significantly more effective at inhibiting the
growth of GBM cells

We next proceeded to test the in vitro cytotoxicity of native
TMZ and TMZ@Calix against GBM cells. Established (U87/8MG)
and patient-derived primary GBM cultures (GBM31/GBM59/
GBM77) were initially analyzed for MGMT expression by qPCR,
an important determinant of cellular sensitivity to TMZ (Fig. 3A).
We then treated these cells with varying concentrations of TMZ
and analyzed them for proliferation (Fig. 3B). TheMGMT expres-
sion was near to undetectable in the established cell lines and
bothwere sensitive to TMZ treatment with IC50 doses of 5 mmol/L
and 10 mmol/L for U87 and 8MG, respectively. The primary lines
all expressed MGMT and were highly resistant to TMZ with IC50

values of over 300 mmol/L. Having established the sensitivity of

GBM cells to native TMZ, the efficacy of the TMZ@Calix complex
was tested in these cell lines using equimolar concentrations
equivalent to TMZ IC50 doses (Fig. 3C). In 8MG and U87,
TMZ@Calix reduced the number of cells by 43% (P < 0.0001)
and 54% (P < 0.0001), respectively, when compared with equi-
molar concentrations of native TMZ. Calixarene alone had no
significant effect on the growth of either cell line.

Patient-derived primary GBM cell cultures were used to
validate the enhanced efficacy of TMZ@Calix. GBM31, GBM59,
and GBM77 were analyzed by the CCK8 assay 9 days post-
treatment TMZ@Calix at equimolar concentrations equivalent
to 100 and 200mmol/L of native TMZ. Although TMZ treatment at
high concentrations did not significantly impact the TMZ-
resistant primary GBM cultures, the equivalent of 100 mmol/L
of TMZ encapsulated in the TMZ@Calix complex caused a
highly significant 65% reduction in the proliferation of GBM31
(P < 0.0001), a 74% reduction of GBM59 (P < 0.0001) and an
81% reduction of GBM77 (P < 0.0001), despite these cells
expressing high levels of MGMT (Fig. 3D).

Encapsulation greatly increases the biological half-life of TMZ
and improves its therapeutic efficacy in vivo

The in vivo degradation rates of native TMZ and the TMZ@Calix
complex were examined by LC-MS/MS plasma stability assays

Figure 3.

MGMT expression profiling and functional
assessment of TMZ and TMZ@Calix on the
proliferation of GBM cell lines. A,MGMT
expression determined by qPCR and
represented as 2�Dct. B,Dose response for
TMZ-treated GBM cell lines (U87/8MG) and
patient-derived primary cells (GBM31/
GBM59/GBM77) determined by SRB assay
9 days post-treatment. TMZ concentrations
used were 2, 4, 8, 16, 32, 64, 128, 256, and
512 mmol/L. Absorbance was normalized to
the untreated control and represented on a
log scale. C, Cell growth SRB assay on
established GBM cell lines 8MG and U87. Cells
were treated with IC50 doses of TMZ (U87:
5 mmol/L; 8MG: 10 mmol/L) and calixarene
(U87: 13.5 mmol/L; 8MG: 27 mmol/L) both
alone and in combination at equimolar
concentrations to those found in the amount
of TMZ@Calix complex used. The
concentration of TMZ in the complex was
100 mg TMZ/mg of complex. Cells were
analyzed on 6 and 9 days post-treatment.
Both 8MG and U87 areMGMT negative and
sensitive to TMZ.D, CCK8 assay to measure
the growth of GBM primary cultures GBM31,
GBM59, and GBM77, 9 days post-treatment.
Cells were treated with 100 mmol/L and
200 mmol/L TMZ and the respective
equimolar concentrations of the TMZ@Calix
complex. Both primaries areMGMT positive
and very resistant to TMZ. Two-way ANOVA
with Tukey multiple comparisons test was
used to identify significant differences
between treatment groups (���� , P < 0.0001).

Calixarene Nanocapsule Improves the Efficacy of Temozolomide

www.aacrjournals.org Mol Cancer Ther; 18(9) September 2019 1501

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/9/1497/1862962/1497.pdf by guest on 19 M
ay 2023



(Fig. 4A).Micewere intraperitoneally injectedwith 30mg/kg TMZ
andanequimolardoseof theTMZ@Calix complex (205.5mg/kg)
and blood collected by cardiac puncture pretreatment (0) and at
30 minutes, 2 hours, and 4 hours post-treatment. As previously
reported, we found the half-life of native TMZ to be very short
with only 8% of the injected dose remaining 4 hours post-
administration. In contrast, 47% of the TMZ administered as the
TMZ@Calix complex could be detected at this time point.

To determine if this enhanced stability would lead to greater
efficacy, the complex was tested for its therapeutic potential in an
intracranial GBM mouse model using U87 GBM cells (Fig. 4B).
Groups of 4 mice were treated with calixarene only as a control
(175.5 mg/kg), native TMZ (30 mg/kg), or the TMZ@Calix
complex (205.5 mg/kg). Mice were treated on days 13, 15, and
17 post-implantation and then sacrificed on day 28. Biolumines-
cence imaging revealed enhanced tumor shrinkage inmice treated
with the TMZ@Calix complex compared with those treated with
native TMZ or calixarene alone; however, these results appeared
not to be significant (Fig. 4C). Upon further inspection of the
brains by H&E staining of the largest area of the tumor (Fig. 4D),

there was clear indication of an enhanced therapeutic effect in
mice treated with the TMZ@Calix complex where the tumor size
was drastically reduced compared with native TMZ (Fig. 4C,
bottom).

Discussion
Parenchymal brain tumors present unique management chal-

lenges because of their inherent aggressiveness, cellular hetero-
geneity, and location. Although developments in detectionmeth-
ods, surgical techniques, and radiology have contributed to a
modestly improved clinical outcome, there has been little prog-
ress in the development of chemotherapeutics. Since its intro-
duction to the clinic in 2007, TMZ has remained the standard-of-
care systemic therapy for brain tumors, especially for GBM.
Notwithstanding promising developments, for example in
immunotherapy, TMZ will remain an essential agent in the
management of GBM for the foreseeable future (37). With TMZ
now being off patent, it is the ideal time to modify this drug to
develop a more efficacious and cost-effective treatment.

Figure 4.

Degradation profile of TMZ and TMZ@Calix and assessment of their therapeutic efficacy in an intracranial model of GBM. A, In vivo degradation rate in mouse
plasma of 30 mg/kg native TMZ and equimolar TMZ encapsulated in the TMZ@Calix complex. Plasma samples were analyzed by an optimized LC-MS/MS
stability assay. B, Therapeutic efficacy of the TMZ@Calix complex was evaluated to determine whether increased stability increases its efficacy compared with
unbound TMZ. CD1 Swiss nudemice with intracranial U87 xenograft tumors were randomized into 3 groups on day 10 post-implantation (n¼ 4):
p-sulphonatocalix[4]arene only control (175.5 mg/kg), TMZ (30mg/kg), and TMZ@Calix complex (205.5 mg/kg). Prior to each treatment mice were weighed,
and the dose was adjusted accordingly. Mice were imaged for luciferase activity by bioluminescence imaging on days 9, 16, 20, 24, and 27 post-implantation.
Treatments were administered on days 13, 15, and 17 days post-implantation of U87 GBM cells by intraperitoneal injection. The graph shows fold change in tumor
size calculated by normalizing to the bioluminescent image values of each mouse at day 9 post-implantation to account for variability in initial tumor formation.
C, Representative images for bioluminescence at days 9 and 27 post-implantation and representative H&E images from animals in each treatment group.
D, Schematic representation of how brains were sectioned. The H&E stains in D represent sections taken from the largest area of the tumor bulk.
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Here, TMZwas encapsulated to form a TMZ@Calix complex in
which TMZ is protected from rapid degradation.Native TMZhas a
half-life of 1.83 hours at 37�C in phosphate buffer (0.1 M) at
pH 7 (38). Evaluation of TMZ@Calix dissociation and stability
according to FDA and EMA guidelines confirmed that the hydro-
lysis of TMZ to its active compound, MITC, is significantly
delayed (32). This stabilization far exceeds what has been
achieved by a previous study, where UV–Vis spectrometry in a
10 mmol/L buffer solution at pH 7.0 showed an extension of the
TMZ half-life by around 2 hours when complexed to cucur-
bit[7]uril (39). By forming a complex with Calix, we extended
the half-life to more than 12 hours. The stability of TMZ is
therefore enhanced 4-fold by encapsulating it in a TMZ@Calix
complex. Because the therapeutic action of TMZ requires induc-
tion of sufficient DNA damage to result in cell death, we deter-
mined whether the enhanced stability results in increased che-
motherapeutic efficacy and we show that in vitro the TMZ@Calix
complex is a significantly more potent inhibitor of tumor cell
growth than native TMZ.

Particularly striking is the ability of the TMZ@Calix complex to
inhibit tumor cell growth even in those primary GBM cells that
express high levels of MGMT and are normally refractory to
therapy. Importantly, we have demonstrated activity of
TMZ@Calix in three independent MGMT-positive early passage
primary GBM cultures. This clearly strengthens the general appli-
cability of our findings, which is in line with a previous publi-
cation where platinum-based drugs were stabilized by complex-
ing with para-sulfonato-calix[4]arene, resulting in increased anti-
cancer activity in a cisplatin-resistant ovarian cancer cell line (30).
OvercomingMGMT-mediated innate TMZ resistance would be of
major significance in GBM treatment considering that approxi-
mately 60% of patients express MGMT and therefore do not
benefit from TMZ treatment (6). It was observed that the
TMZ@Calix complex affects cells earlier than unbound TMZ,
which suggests increased cellular uptake. The combination of
enhanced cell uptake with increased stability could explain how
the TMZ@Calix complex is able to overcome MGMT-mediated
TMZ resistance. Surprisingly, little is known about the cellular
uptake of TMZ and the kinetics involved, but Calix has been
characterized in terms of its cellular uptake and has been found to
enter cells very efficiently and to accumulate in the cyto-
plasm (40). In that study, a fluorescently labeled calix[4]arene
was used where the fluorescent intensity changes from weak to
strong upon conjugation (40). This method could also be used in
future studies to assess the cellular uptake of the TMZ@Calix
complex to better understand the kinetics behind its enhanced
antitumor effects.

Having demonstrated that encapsulation potentiates the
in vitro stability and antitumor activity of TMZ, we next tested
the in vivo pharmacokinetic and therapeutic properties in mice.
We demonstrated that encapsulation of TMZ with calixarene
greatly enhanced its stability in plasma and improved its thera-
peutic efficacy in an orthotopic model of GBM far superior to
native TMZ. The increased ability of the TMZ@Calix complex to
inhibit intracranialGBMis particularly striking because aprevious
study reported that unbound para-sulfonato-calix[4]arene do not
enter the brain of mice even at high concentrations of 100 mg/kg
(23). A possible explanation for the higher potency observed
with TMZ@Calix is that through enhanced stability provided by
para-sulfonato-calix[4]arene, higher concentrations of released
TMZ will pass through the BBB and enter the tumor site. More-

over, encapsulated TMZ may indeed be able to enter the perturb-
ed BBB increasing the local concentration of TMZ in the brain.
Further in vivo biodistribution studies will be performed to
evaluate the accumulation of TMZ in the brain when adminis-
tered complexed to calixarene. Orthotopic models of MGMT
expressing primary human GBM cells will also be used to further
understand the enhanced therapeutic efficacy of TMZ@Calix.

There are several other approaches that could be taken to further
enhance the antitumor efficacy of the TMZ@Calix complex. For
example, coassembly of amphiphilic p-sulphonatocalix[4]arenes
into multifunctional drug carriers that can be functionalized
by decorating them with tumor targeting ligands have been
explored in recent years, and this approach could also be used
to deliver TMZ (41, 42). The TMZ@Calix complex could also
be functionalized with a potent MGMT inhibitor to further
enhance its efficacy against MGMT-expressing TMZ-resistant
tumors (43). TMZ has also been conjugated directly to com-
pounds where coadministration causes a synergistic antitumor
effect. For example, a conjugate of TMZ and perillyl alcohol
termed NEO212 was found to be 10-fold more cytotoxic than
TMZ alone (44). Instead of using conventional TMZ, NEO212
could be loaded onto calixarene to enhance its stability, effi-
cacy, and ease of delivery. Finally, the TMZ@Calix complex
could additionally be functionalized by conjugation to angio-
pep-2, to further enhance active transport across the BBB, as has
been reported for angiopep-2 functionalized nanoparticles
targeting glioma (45–47). This small peptide has been shown
to cross the BBB in animal models via transcytosis by binding
to low density lipoprotein receptor-related protein (LRP)
expressed on the surface of the BBB. Moreover, GBM cell lines
have been reported to express LRP (48).

These options are currently being explored in our labs because
we believe this method of TMZ stabilization to be a significant
enhancement to the current standard of care with potentially
broad treatment implications.

To date, there has been only one clinical trial listed
involving p-sulphonatocalix[4]arenes: OTX-008 is a synthetic
p-sulphonatocalix[4]arene molecule that binds directly to
galectin-1 and induces a conformational change reducing the
binding to carbohydrates. Promising pharmacokinetic data
were presented in an abstract at the AACR 104th annual
meeting in 2013 (49). With preliminary clinical trial data
on the synthetic p-sulphonatocalix[4]arene OTX-008 having
been positive and the preclinical indications that Calix can
function as nontoxic drug carrier (49), we anticipate that the
TMZ@Calix complex could quickly move through clinical
trials with more robust in vivo testing. Due to the lengthy
processes involved in translating completely novel effective
therapies for GBM treatment, we envisage that the TMZ@Calix
complex could be an inexpensive and highly potent treat-
ment option made readily available to GBM patients in the
near future.
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