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Abstract The potential use of cucurbit[7]uril (CB[7]) as
an excipient in oral formulations for improved drug phys-
ical stability or for improved drug delivery was examined
with the antituberculosis drugs pyrazinamide (pyrazine-2-
carboxamide) and isoniazid (isonicotinohydrazide). Both
drugs form 1:1 host-guest complexes with CB[7] as
determined by 'H nuclear magnetic resonance spectrome-
try, electrospray ionisation mass spectrometry and molec-
ular modelling. Drug binding is stabilised by hydrophobic
effects between the pyridine and pyrazine rings of isoniazid
and pyrazinamide, respectively, to the inside cavity of the
CB[7] macrocycle as well as hydrogen bonds between the
hydrazide and amide groups of each drug to the CB[7]
carbonyl portals. At pH 1.5, isoniazid binds CB[7] with a
binding constant of 5.6 x 10° M, whilst pyrazinamide
binds CB[7] at pH 7 with a much smaller binding constant
(4.8 x 10> M™"). Finally, CB[7] prevents drug melting
through encapsulation. Where previously pyrazinamide
displays a typical melting point of 189 °C and isoniazid
171 °C, by differential scanning calorimetry, no melting or
degradation at temperatures up to 280 °C is observed for
either drug once bound by CB[7].

Keywords
Cucurbituril

Tuberculosis - Isoniazid - Pyrazinamide -

N. J. Wheate (X)) - V. Vora - N. G. Anthony - F. J. McInnes
Strathclyde Institute of Pharmacy and Biomedical Sciences,
University of Strathclyde, John Arbuthnott Building,

27 Taylor Street, Glasgow G4 ONR, UK

e-mail: nial. wheate @strath.ac.uk

Introduction

Tuberculosis (TB) is a disease caused by the bacterium
Mycobacterium tuberculosis which results in cough, fever,
sweats, fatigue and weight loss, which, if left untreated,
eventually leads to death. Despite the availability of a
vaccine, each year more than eight million people are
infected with TB, of which 1.8 million will die [1].
Treatment of TB is through a course of antibiotics for
periods up to 26 weeks. The two main drugs which
comprise the most used and effective regimes are pyra-
zinamide (pyrazine-2-carboxamide) and isoniazid (ison-
icotinohydrazide) (Fig. 1) [2]. Pyrazinamide is principally
active against semidormant or dormant bacteria within
macrophages or the acidic environment of caseous foci
whilst isoniazid is effective against all rapidly dividing
forms of the bacterium [2]. The development of multidrug
resistant TB, however, drives the need for new drugs
[3-7] and better drug delivery to combat the disease [8,
9]. This includes the development of targeted delivery
mechanisms for antibiotics that are able to recognise, and
bind to TB bacteria and thus increase the selectivity,
uptake and effectiveness of the drug. Such delivery may
decrease the chance of the bacteria developing antibiotic
resistance through improved Kkill rates over shorter treat-
ment times.

Cucurbit[7]uril (CB[7], see Fig. 1) is one compound in a
family of glycoluril-based macrocycles [10, 11]. With its
hydrophobic cavity and hydrophilic portals, CB[7] is
capable of forming a range of host—guest complexes with
organic and inorganic compounds. Cucurbit[7]uril is lar-
gely non-toxic in vitro and in vivo [12], it has good water
solubility compared with other CB[n]s and an ideal cavity
size for drug storage and release, which means it has
enormous potential as a drug delivery vehicle [13-38], a
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Fig. 1 The chemical structures
of a pyrazinamide, b isoniazid
and ¢ cucurbit[7]uril (CB[7])
showing the numbering scheme
used for "H NMR

biodiagnostic agent [39—46] and in modulating bioregula-
tion and function [47-51].

Partial or full encapsulation by CB[7] can have a
number of effects on a drug, including: providing physical
stability against degradation and changes of solid state
phase during manufacturing, formulation and storage [14,
15]; prevention of in vivo detoxification/degradation and
reduction of drug side-effects [16]; modulating cellular
drug uptake [52], and targeted delivery [53]. In addition,
further delivery enhancements are possible and include:
taste masking, and altered drug absorption and biodistri-
bution profiles.

In this paper we report the characterisation of the host—
guest complexes of pyrazinamide and isoniazid with
cucurbit[7]uril by 'H nuclear magnetic resonance spec-
troscopy, electrospray ionisation mass spectrometry,
molecular modelling, fluorescent guest displacement
assays and differential scanning calorimetry. The results
are discussed in the context of improving drug manufac-
ture, storage and delivery.

Results and discussion
"H Nuclear magnetic resonance spectroscopy

One of the most powerful techniques for examining drug-
CB[7] host—guest complexes is 'H NMR spectroscopy.
Typically, drug proton resonances located within the cavity
of CB[7] exhibit a significant upfield (lower ppm) shift due
to shielding, whilst drug protons located outside, but close
to, the CB[7] portals shift slightly downfield (higher ppm)
due to a deshielding effect [54]. These changes in chemical
shift of the drug resonances, together with changes in line
width, give information on the location, orientation and the
kinetics of the binding of a drug bound to CB[7].

Free pyrazinamide has three peaks in the aromatic
region at 9.15 (H3), 8.78 (H2) and 8.71 ppm (H1) in D,O
(Fig. 2). Upon the addition of one equivalent of CB[7], all
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three drug resonances shift upfield to 9.06, 8.69 and
8.55 ppm, respectively. The larger upfield shift of the H1
resonance (A = 0.16 ppm) compared with the H2 and H3
resonances (A = 0.08/0.09 ppm) indicates that the HI
proton is located deeper within the cavity of CB[7] than H2
or H3. The addition of excess CB[7] results in a further
upfield shift of the pyrazinamide drug resonances to 8.96,
8.58 and 8.38 ppm (see Fig. 2), giving a final change in
chemical shift of 0.19 ppm for the H2 and H3 protons and
0.33 ppm for the H1 proton. The pyrazinamide drug res-
onances are also considerably broadened upon binding by
CB[7] and given that only one set of drug peaks is seen at
all drug to CB[7] ratios we conclude that the binding
kinetics, on the '"H NMR timescale, are in fast exchange
between free drug and bound drug. The continual upfield
shift of the drug resonances upon increasing CB[7] also
indicates that encapsulation of the drug is a dynamic pro-
cess in equilibrium between the free and bound forms. As
CB[7] is added to the solution the equilibrium shifts further
towards the host—guest complex.

Free isoniazid has just two non-exchangeable proton
resonances in D,O at 8.64 ppm for the HI proton and
7.67 ppm for H2 (Fig. 3). Upon addition of one equivalent
of CB[7] the resonances move upfield to 8.47 (A = 0.17)
and 7.48 ppm (A = 0.19), respectively. The addition of
excess CB[7] shifts the drug resonances further to 8.39 and
7.42 ppm, respectively. As observed for pyrazinamide, the
resonances for isoniazid broadened significantly upon
binding of CB[7], and again, as only one set of drug peaks
is seen at all drug to CB[7] ratios we conclude that the
binding kinetics, on the 'H NMR timescale, are in fast
exchange. Similar to pyrazinamide, the results also indicate
that binding is in equilibrium between the free and bound
forms, which shifts more towards the bound form as CB[7]
is added.

When bound to both pyrazinamide and isoniazid, CB[7]
has three resonances in the 'H NMR spectra at 5.72, 5.47
and 4.17 ppm, which do not significantly change chemical
shift upon the addition of either drug, as is usually the case
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Fig. 2 The 'H NMR spectra (D0, 400 MHz, ~pH 7) of a free
pyrazinamide b with 1 equivalent of CB[7] and ¢ with excess CB[7],
showing the upfield shift and line broadening of the drug resonances
upon binding by the macrocycle. The proton numbers, based on the
assignments in Fig. 1, are shown

as all CB[7] protons are exocyclic; pointing away from the
CBI[7] cavity [54].

The formation of the host—guest complexes of pyrazin-
amide and isoniazid were also examined by 'H NMR at
low pH. At a pH of 1 the pyrazinamide resonances occur at
9.14, 8.77 and 8.71 ppm. When a large excess of CB[7] is
added all three peaks shift upfield to 9.01 (A = —0.13),
8.66 (A = —0.11) and 8.50 ppm (A = 0.21 ppm). Simi-
larly, at pH 1 the two resonances of isoniazid occur at 8.95
and 8.35 ppm. Addition of a large excess of CB[7] moves
the resonances to 8.47 (A = —0.48) and 7.34 ppm (A =
—1.01 ppm), respectively, which are considerably larger
than the shifts observed at neutral pH. These results indi-
cate that both drugs form host—guest complexes with CB[7]
in strongly acidic solutions.

Electrospray ionisation mass spectrometry

Mass spectrometry was used to further confirm the for-
mation of host—guest complexes of pyrazinamide and iso-
niazid with CB[7]. In the spectrum of pyrazinamide with
CB[7], five peaks of interest are observed (Fig. 4); three

H1 H2

87 85 8.3 8.1 7.9 7.7 7.5 7.3

Fig. 3 The '"H NMR spectra (D,O, 400 MHz, ~pH 7) of a free
isoniazid b with 1 equivalent of CB[7] and ¢ with excess CB[7],
showing the upfield shift and line broadening of the drug resonances
upon binding by the macrocycle. The proton numbers, based on the
assignments in Fig. 1, are shown

which represent free CB[7] at 593.5, 1185.6 and 1202.4 m/
z, with [H" and Na™]>", 1 Na™ and 1 K" ions, respec-
tively. Two host—guest complex peaks are observed at
654.9 and 665.80 m/z. These represent CB[7]-drug com-
plexes with a 27 charge, coming from their formation with
either one HT and one Na™ or with two Na' ions,
respectively.

For isoniazid, seven assignable peaks are observed in the
spectrum (see Fig. 4). Free CB[7] is observed at 1163.3
and 1185.6 m/z, respectively. Free isoniazid is observed as
the acid salt at 138.1 m/z with CB[7]-drug host—guest
complex peaks observed at 651.1, 662.0, 672.9 and
1300.4 m/z. The first three peaks represent host—guest
complexes with a 2 4 charge whilst the peak at 1300 m/z
is a 1+ complex with a single H" ion.

Molecular modelling

Molecular models of the host—guest complexes of pyra-
zinamide and isoniazid with CB[7] were generated using
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Fig. 4 The electrospray b 1%
ionisation mass spectra (positive % 3
mode, ~pH 7) of a isoniazid
showing free drug (peak 1), free 8 80
CB[7] (peaks 5 and 6) and the 5 70
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Fig. 5 Minimised host—guest structures of a isoniazid and b pyra-
zinamide with CB[7]. Intermolecular hydrogen bonds are shown as
dotted lines

Insight II and CDiscover (Accelrys Inc., San Diego, USA).
The molecular model of pyrazinamide and CB[7] shows a
1:1 host—guest complex with the pyrazine ring located in
the cavity of CB[7], where binding is stabilised by
hydrophobic interactions (Fig. 5a). Binding is further sta-
bilised by a single hydrogen bond between the drug’s
amide group and a single CB[7] carbonyl oxygen (NH-O;
2.31 A). Whilst the amide NH of pyrazinamide may be
hydrogen bonded to the CB[7] portal there could also be an
interaction with the solvent instead; however, in this study
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we examined direct interactions between the drug and
CB[7] only and direct hydrogen bonding of the drug with
the solvent will not be observed using our an implicit
solvation model. The molecular model is consistent with
the '"H NMR data in that the HI proton of the drug is
approximately in the centre of the CB[7] cavity, hence its
large upfield shift in the NMR spectra, whilst the H2 and
H3 protons are located closer to the portals, which is why
they shift upfield to a lesser extent compared with the H1
proton.

A similar 1:1 host—guest complex is observed for the
molecular model of isoniazid and CB[7] (Fig. 5b). The
pyridine ring is located within the CB[7] cavity with the
hydrazine NH group forming a hydrogen bond to a single
CB[7] carbonyl oxygen (NH-O; 2.45 A).

Determination of binding constants

A fluorescent guest displacement assay was used in an
attempt to determine the binding constants of pyrazinamide
and isoniazid. This assay is based on 2-aminoanthracene
(2-AAH) and at a pH of 1.5, with the results analysed using
the following equation [55, 56]:

K2AAH [ZAAH] = KC [Drug]
where Kraay 1S the binding constant of 2-AAH to CB[7]

(8.0 x 10° M_l) [43], [2AAH] is the fixed concentration
of 2-AAH (and CB[7]), K¢ is the binding constant to CB[7]
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and [Drug] is the concentration of drug that gives a 50%
increase in fluorescence at 508 nm. As both drugs are
administered as oral tablets, the pH used in this experiment
is indicative of the in vivo stomach environment upon
tablet disintegration [2].

Titration of isoniazid into a fixed concentration of 2-
aminoanthracence (5 uM) and CB[7] (5 uM) results in a
progressive change of the fluorescence spectrum between
380 and 600 nm. The two large, sharp peaks at 390 and
411 nm decrease in intensity whilst the broad peak at
508 nm increases in intensity, as the 2-aminoanthracene is
displaced from the CB[7] cavity with the increasing con-
centration of isoniazid (Fig. 6). A binding curve for the
drug was generated from a plot of the fluorescence inten-
sity at 508 nm as a function of isoniazid concentration
(Inset Fig. 6). From this binding curve the 50% fluores-
cence enhancement point was calculated and used to
determine a binding constant of 5.6 x 10> M~"'. This high
binding constant may be a function of the increased charge
of isoniazid at this pH. The drug has three ionisable groups
with the following pKa values: pyridine nitrogen, 1.8;
hydrazine -NH group, 3.5; and the hydrazine —-NH, group,
10.8 [57]. At this pH, the charge on the drug is 2+ or 3+
which may help stabilise the host—guest complex with
additional ion—dipole interactions, compared with the drug
at pH 7 when it has only a single positive charge.

Unlike isoniazid, upon titration of pyrazinamide into the
2-aminoanthracene and CB[7] solution there was no
change in the fluorescence spectra at concentrations of up
to 1 mM of added pyrazinamide. Pyrazinamide has just one
ionisable group, the amine, which has a pKa of 0.5, and is
therefore uncharged at pH 1 [58]. As the '"H NMR results
indicated that isoniazid forms a host—guest complex with
CB[7] at low pH the fluorescence results therefore indicate
that binding to CB[7] is not strong enough to displace the
2-aminoanthracene.

The binding constant at pH 7 was therefore determined
using a methylene blue displacement assay instead [59].

Fig. 6 The fluorescence spectra 350 o

The fluorescence of methylene blue increases from 60 to
380 upon the addition of CB[7], and with a hypsochromic
shift from 675 to 670 nm. Addition of pyrazinamide
reduces the fluorescence intensity, but only upon the
addition of large concentrations of drug (up to 300 uM).
From this a binding constant of 4.8 x 10° M~! can be
calculated.

Differential scanning calorimetry

Pyrazinamide is known to crystallise as one of four poly-
morphs: o-, -, y-, d-pyrazinamide, which are formed when
different temperatures and solvents are used for their syn-
thesis [58, 60-62]. The different polymorphs are structur-
ally related, with all types stabilised by NH-O, NH-N and
unusual CH-N “hydrogen” bonds. Because these poly-
morphs are so similar it is possible that they may inter-
convert during drug manufacture or storage, which may
affect their solubility and uptake. In contrast, isoniazid is
not known to form polymorphs with only a single crystal
structure reported to date [63, 64].

The effect of CB[7] on the melting of pyrazinamide and
isoniazid was examined using differential scanning calo-
rimetry (Fig. 7). Although pyrazinamide has been in use
for a long time no DSC data for the drug is available in the
literature. Under the experimental conditions used, pyra-
zinamide shows a single endotherm peak at 189.1 °C,
consistent with the stated melting point of all four crystal
types of pyrazinamide. The enthalpy of fusion from this
melting peak was found to be 27.28 kJ mol .

The physical stability of isoniazid has previously been
examined by Rastogi et al. [65] who reported a single sharp
endotherm melting peak for the drug at 175 °C. Our result
is similar although at a slightly lower temperature of
170.6 °C and with an enthalpy of fusion of 31.7 kJ mol~".

Freeze dried samples of each drug with one equivalent
of CB[7] demonstrate that the macrocycle completely
prevents drug melting as the usual drug crystal lattice does

aaaaa
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Fig. 7 The differential 0
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not exist because each drug is encapsulated within the
CB([7] cavity (see Fig. 7). Neither drug melts below 280 °C
with only a broad peak observed between 40 and 150 °C,
which we assign as the loss of waters of crystallisation
from the host—guest complex. This is typical of the high
hydration state that many host—guest complexes of CB[n]s
form and has been observed for other host—guest com-
plexes [18, 66]. As pyrazinamide and isoniazid have both
been shown to be resistant to chemical degradation [67],
the effect of CB[7] to prevent this was not examined in this
study. These results indicate that CB[7] may be used to
prevent interconversion of drug crystal polymorphs to
ensure a consistent drug form is produced and maintained
during manufacture and storage.

Conclusions

The antibiotic treatment of TB can be greatly improved
through the development of targeted delivery mechanisms
for antibiotics that are able to recognise, and bind to TB
bacteria and thus increase the selectivity, uptake and
effectiveness of the drug. Such delivery may decrease the
chance of the bacteria developing antibiotic resistance
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through improved kill rates over shorter treatment times. In
this work we have investigated the encapsulation of the
drugs pyrazinamide and isoniazid in CB[7] as a first step in
the development of targeted delivery methods. Using 'H
NMR, ESI-MS and molecular modelling we have shown
that CB[7] forms host—guest complexes with the antitu-
berculosis drugs pyrazinamide and isoniazid. At an in vivo
relevant pH, isoniazid binding to CB[7] is strong with a K,,
in the order of 10° M™', whilst pyrazinamide appears to
bind only very weakly (10° M™"). Differential scanning
calorimetry demonstrates that CB[7] imparts significant
physical stability to both drugs. The results of this work
therefore indicate that CB[7] may have two potential bio-
medical applications. First, as pyrazinamide can be grown
in four distinct crystal types which may interconvert, or
change to an amorphous product during manufacture,
where high temperatures and variable humidity are used
[68], then CB[7] could potentially be used to stabilise the
drug during manufacture or storage against changes in
physical form. In such a case, the pyrazinamide-CB[7]
host—guest complex would be stable until swallowed, at
which point the low pH in the stomach would cause the
CB[7] to release the drug, thus ensuring no change to the
drug’s biodistribution, uptake or mode of action.
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Alternatively, the results obtained in this work for isoniazid
demonstrate the potential, and provides the basis for the
development of, CB[7] as a drug delivery vehicle for active
targeting of TB. Functionalised CB[7] are known in the
literature, and subsequent attachment of TB targeting
groups, such as aptamers or monoclonal antibodies, may
allow CB[7] to deliver isoniazid more effectively to the
bacterium.

Experimental
Materials

Isoniazid and D,0O (99.9%) were purchased from Sigma—
Aldrich. CB[7] was made as previously described [69].
Pyrazinamide was purchased from Sigma—Aldrich, but was
purified before use from a slowly evaporated solution of
50% ethanol/50% water.

1 .
H nuclear magnetic resonance

Stock solutions of CB[7] were made in D,O to a concen-
tration of 2 mM. Stocks of each drug (20 mM) were pre-
pared in D,O. Aliquots of CB[7] and drug were combined
and made up to 600 pL to yield various CB[7] to drug
ratios with final concentrations between 0.5 and 1.5 mM.
Samples at pH 1 were made by the addition of DCI. 'H
NMR spectra were then recorded on a JEOL JNM-LA400
spectrometer. Spectra were obtained using between 16-128
scans, with a d1 of 2 s and a spectral width of 5,000 Hz.
Spectra were referenced internally to the solvent peak
(HDO: 4.78 ppm @ 25 °C).

Electrospray ionisation mass spectrometry

Positive ion electrospray ionisation (ESI) mass spectra
were recorded on a Finnigan LTQ Orbitrap. Samples were
dissolved in H,O to a concentration of 500 uM then 40 uL
was diluted to 1 mL with a 50% methanol/50% 0.1 formic
acid solution and injected into the instrument at a flow rate
of 400 pL min~'. The capillary temperature and voltage
were 230 °C and 40 V, respectively, with a source voltage
of 4,500 V.

Molecular modelling

Insight IT and CDiscover software (Accelrys Inc., San
Diego, CA) were used to perform all calculations and
molecule handling employing the cff force field (for both
atom typing and charges) [70]. All simulations were per-
formed using a dual processor Hewlett-Packard 3.2 GHz
xw8200 workstation. The starting CB[7] structure was

obtained from a single-crystal X-ray structure [66], and the
drugs pyrazinamide and isoniazid manually docked, plac-
ing the drug in a region corresponding to a high shielding
of its protons, as determined by 'H NMR experiments.
Water was not explicitly included in the modelling calcu-
lation, but implicit solvation was granted by the use of a
dielectric constant [71]. The systems were then allowed to
minimise in vacuo without restraints using a distant-
dependent dielectric constant of 4 r; until a derivative of
0.01 kcal mol~' A=2 was achieved [72].

Determination of binding constants

CB[7] and 2-AAH were dissolved in water (3.000 mL)
which had previously been adjusted to pH 1.5 by the
addition of HCI. Fluorescence intensity was determined on
a Varian Cary Eclipse spectrophotometer in a 1 cm quartz
cell, using an excitation wavelength of 374 nm [43], with a
medium scan speed between 380 and 600 nm. Alterna-
tively, CB[7] and methylene blue were dissolved in water
(3.000 mL) to a concentration of 6 uM and the fluores-
cence intensity measured between 625 and 800 nm using
an excitation wavelength of 620 nm [59]. Pyrazinamide
and isoniazid (2.5 mM) were then titrated into the solutions
in 2, 4 or 40 pL increments, with mixing of the solutions
for 1 min before fluorescence was measured. Binding
constants were determined based on previous fluorescence
displacement assays using ethidium bromide [55, 56].

Differential scanning calorimetry

Experiments were conducted using a Mettler Toledo DSC
8222e. Each sample (approximately 2—-10 mg), was pre-
pared by freeze drying a 1:1 CB[7] to drug solution from
water, which was then weighed in an alumina or sealed
aluminium pan. Samples were then heated at a rate of
10 °C min~" at temperatures up to 290 °C.
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