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Temozolomide (TMZ) is the primary chemotherapeutic agent

for treatment of glioblastoma multiforme (GBM) yet it has a

fast rate of degradation under physiological conditions to the

‘active’MTIC, which has poor penetration of the blood–brain barrier

and cellular absorption. Herein we have demonstrated binding of

TMZ within the cavity of nano-container cucurbit[7]uril, resulting

in a decreased rate of drug degradation. Prolonging the lifetime of

the TMZ under physiological conditions through encapsulation

dramatically improved the drug’s activity against primary GBM

cell lines as more TMZ could be absorbed by the cells before

degradation. This work can potentially lead to increases in the

drug’s propensity for crossing the blood–brain barrier and

absorption into the GBM cells, thereby increasing the efficacy

of this chemotherapy.

Approximately 10% of diagnosed primary tumors are brain

cancers, the most common of which is glioblastoma multi-

forme (GBM).1 Despite this seemingly low occurrence rate,

targeting GBM is of major importance on account of the high

average number of years of life lost (AYLL > 20 years),

survival rates (only 1.16 years) and disease recurrence (often

within one year) being some of the most dismal statistics

across all cancer types.2–4 Once a patient has been diagnosed

with GBM, prognosis is unfortunately extremely poor and life

expectancy can often be as short as a few months.5

One of the major chemotherapeutic agents used to treat

GBM, alongside surgical resection and radiotherapy, is temo-

zolomide (TMZ), which is orally administered as it is soluble

and stable under acidic conditions.6,7 TMZ readily crosses the

blood–brain barrier and is a prodrug to a DNA alkylating

agent, 5-(3-methyl-triazen-1-yl)imidazole-4-carboxamide (MTIC),

via hydrolysis under physiological conditions. Following uptake

by the GBM cells in the brain, TMZ degrades to MTIC (Fig. 1),

which methylates the O6 position of the guanine residues of

DNA, causing cytotoxic DNA damage.8 However, TMZ can

also degrade to MTIC in the blood stream, which is proble-

matic for treatment as MTIC does not cross the blood–brain

barrier and is not absorbed well by cells.9 Therefore, despite

the use of TMZ as an adjuvant in surgical procedures and

radiotherapy, patient survival rates remain poor.

It was hypothesised that improving the half-life of TMZ

under physiological conditions would promote a greater accu-

mulation of TMZ accessing the GBM site, prior to degrada-

tion. The drug would therefore be more effective and lower

doses could be utilised to maintain the current therapeutic

window. This would make chemotherapy less expensive, more

efficient, and would reduce side-effects and toxicity, improving

patient life expectancy.

In the recent literature it has been shown that the family

of macrocyclic host molecules, cucurbit[n]urils (CB[n]), can

complex drug compounds, increasing their solubility, stability

and cellular uptake as often the complexes can cross the cell

membrane.10–14 The CB[n] family are cyclic, methylene-linked

oligomers of glycoluril that have a symmetric ‘barrel’ shape

with two identical portal regions laced by ureido-carbonyl

oxygens. The number of glycoluril units determines the size of

the CB[n] cavity without affecting the height of the molecular

container (approximately 0.9 nm). CB[7]15–17 is a particularly

attractive host on account of its large cavity volume (210 Å3)

Fig. 1 Schematic representation of the degradation of temozolomide

(TMZ) to 5-(3-methyl-triazen-1-yl)imidazole-4-carboxamide (MTIC)

outside of the cell and the mechanism of stabilisation of TMZ through

complexation with the nanocontainer cucurbit[7]uril.
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and extremely high equilibrium binding constants (Keq up to

1015 M�1 for some CB[7] complexes).18 Not only does this

macrocyclic host enhance drug properties, it is non-toxic,

making it useful for biomedical applications.19,20 Thus, the

CB[n] family represents an attractive form of nano-container

for the stabilisation of TMZ.

With these advantages, studies on binding of TMZ into the

cavity of both CB[7] and CB[8] were performed along with

investigation into the ability of the nano-container to facilitate

extension of the TMZ half-life under physiological conditions.

The effect of enhanced TMZ half-life on primary GBM cell

lines was also of interest in order to investigate the effects

of the nano-container on cellular uptake and activity of

the drug.

Isothermal titration calorimetry (ITC) is a powerful physi-

cal technique for measuring solution binding thermodynamics

and stoichiometry and has previously been utilised to measure

Keq values in CB[n] host–guest systems.21–25 Investigations of

TMZ binding to CB[7] were performed with this technique.

TMZ binds to CB[7] in a 1 : 1 fashion (n = 1.0) with a high

equilibrium binding constant (see ESIw) determined to be

Keq = (2.00 � 0.09) � 103 M�1 when fitted with a ‘single site’

binding model. From this information the binding energy was

calculated to be DG = �19 � 1 kJ mol�1. The strong binding

was determined to be almost entirely enthalpically driven as

DH= �39� 2 kJ mol�1 while the entropic contributions were

DS = �67 � 7 J mol�1.

The binding of TMZ to CB[7] was also observable by
1H NMR by performing a titration experiment of CB[7] into

a solution of TMZ. Whilst at the concentrations measured it

was not expected that 100% of the TMZ would be bound to

CB[7] (on account of the equilibrium binding constant), a

slight upfield shift was observed for the aromatic proton on

TMZ with increasing addition of CB[7] (see ESIw). This

upfield shift clearly identifies that the bulk of the TMZ

structure binds inside of the CB[7] cavity. Furthermore, the

presence of only one peak indicates that dynamics of exchange

between ‘bound’ and ‘unbound’ states is rapid as they are

faster than the NMR timescale.

With binding of TMZ to the CB[7] cavity clearly evident,

investigation into the ability of the complex formation to

stabilise the drug from degradation under physiological con-

ditions was undertaken. A 1 : 1 solution of TMZ and CB[7]

(30 mM) was prepared in pH 7.0 buffer, along with a control

solution of TMZ alone, and the two were incubated at 37 1C.

At this concentration it was calculated that approximately

89% of the TMZ present would be bound to CB[7] according

to the Keq determined previously. We therefore postulated that

this concentration would provide an observable change in

half-life upon stabilisation. The change in concentration of

TMZ upon degradation was then quantified by UV-Vis

spectroscopy at 329 nm, the results of which are shown in

Fig. 2. The first order degradation rate constant of TMZ

decreased tremendously from 7.9 � 0.6 s�1 to 3.6 � 0.1 s�1

upon binding with CB[7], corresponding to an increase in the

half-life of TMZ from 3 to 5 hours.

With a system in hand, which clearly stabilises TMZ, the

effect of the complex on primary GBM cell lines was investi-

gated. The use of primary GBM cell lines can provide insight

into utility of real clinical targets and these were obtained by

surgical resection from GBM patients (see ESIw). There

were two possible outcomes from enhanced stabilisation we

believed could occur: (1) stabilisation slows degradation to the

active MTIC form, thereby reducing cytotoxic activity and

increasing the IC50, or (2) TMZ exists longer in solution

thereby allowing more to be absorbed by cells, decreasing

the IC50. GBM cells were seeded in 96 well plates and exposed

to varying concentrations of TMZ and TMZ@CB[7] (Fig. 3).

The IC50 observed for TMZ alone was relatively high

(8.0 � 0.6 mM), while that for the TMZ@CB[7] complex

was much lower (2.9 � 0.6 mM). Therefore, a four-fold

increase in the activity of the TMZ towards the GBM cells is

observed upon complexation to the CB[7] host. Two possible

mechanisms can be envisaged from this: (1) CB[7] acts as a

chaperone whereby the complex is better absorbed by the cells

than TMZ alone, or (2) enhanced stability of the TMZ in the

TMZ@CB[7] complex allows for a greater proportion of

the TMZ to be absorbed by the cells. By either mechanism

more TMZ is absorbed in the cell before degradation and thus

Fig. 2 Stability of TMZ alone and bound in CB[7] (1 eq.) monitored

with UV-vis spectrometry in a 10 mM buffer solution at pH 7.0. The

inset displays the UV-vis absorbance traces of TMZ alone and when

complexed with CB[7], demonstrating that the absorbance of the drug

does not change upon complexation within the cavity of the CB[7] host

molecule.

Fig. 3 Cell viability studies, black circles show the response of GBM

cell lines to TMZ alone, red circles show the response of the GBM cells

to the TMZ/CB[7] combination. Activity of the complex represents a

four-fold improvement on TMZ treatment.
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a lower IC50 is achieved. Again, as MTIC has an extremely low

propensity for crossing the blood–brain barrier and cellular

uptake, maintaining TMZ concentration is of high value.

Intuitively one might expect that if CB[7] were acting as a

chaperone, a decrease in cell viability would be observed even

at very low concentrations of the complex, as a greater

proportion of the bound species would be transported into

the cells. However, as this is not the case, it is believed that the

latter mechanism is the major contributor to the observed

decrease in IC50. The TMZ@CB[7] complex is dynamic, as

determined previously, whereby a ‘bound’ species leads to

stabilisation of the TMZ, while the ‘unbound’ species is free

to enter the cells, as demonstrated in Fig. 1. Further studies are

currently underway to elucidate the exact mechanism, the

results of which will appear in a forthcoming publication.

In summary, the encapsulation of the important anti-cancer

drug TMZ in the cavity of the macrocyclic host, CB[7], has

been demonstrated and thermodynamic parameters for binding

have been characterised by ITC. 1H NMR and UV-Vis

spectroscopy studies clearly corroborate the ITC data and a

stabilising effect of the TMZ drug by encapsulation has been

achieved. This enhanced stabilisation has led to a dramatic

increase in the activity of the drug on primary GBM cell lines.

We envisage that this effect may improve the bioavailability of

TMZ in patients, allowing for administration of TMZ@CB[7]

via intravenous injection and perhaps in combination with other

chemotherapeutic agents that cannot be orally administered.26

Furthermore, the stabilisation of the drug in the TMZ@CB[7]

complex can potentially increase the drug’s propensity for

crossing the blood–brain barrier and absorption into the

GBM cells, thereby increasing the efficacy of treatment for

this extremely vicious disease.
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