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Abstract—As an example of drug–cyclodextrin interactions in aqueous media, the cyclodextrin complexation of lorazepam was
studied by electrospray ionization mass spectroscopy (ES-MS). It was concluded that highly concentrated aqueous hydroxypropyl-
cyclodextrins are more suited for the drug complexation and that the inclusion complex includes one molecule of the drug with
two and three cyclodextrin molecules as well as two molecules of the drug with three molecules of hydroxypropylcyclodextrins.
It was postulated that in the hydroxycyclodextrin cavity the drug molecule decomposes via the elimination of one molecule of
formaldehyde. © 2001 Elsevier Science Ltd. All rights reserved.

An important part of chemical research is to determine
the existence as well as alter the physico-chemical prop-
erties of various drugs in aqueous media. If the drug
molecule has aromatic groups that are complementary
in size to the cyclodextrin cavity, then cyclodextrin is
the molecule of choice to achieve these goals.1 One of
the most commonly used sedatives (particularly for
anxiety and insomnia)2 that has aromatic moieties to
which cyclodextrins can bind are benzodiazepines.3

Therefore, it seems appropriate to explore their physical
properties in aqueous cyclodextrins.

The objective of this work is to explore the possibility
of using the ES-MS technique to better understand the
nature of the benzodiazepine–cyclodextrin inclusion
complex. Lorazepam (L) as one important member of
the benzodiazepine family was selected to study the
capabilities of cyclodextrin (CD) to form detectable
benzodiazepine–cyclodextrin inclusion complexes
(Scheme 1). The most widely used cyclodextrin in chem-

istry is �-cyclodextrin (�-CD). Naturally, its capability
to form inclusion complexes with these drugs is of great
importance, but it is also significant to explore the
influence of the cyclodextrin cavity size on the inclusion
complex formation. This can be accomplished by
broadening the complexation study to cover �- and
�-cyclodextrins (�-CD and �-CD). On the other hand,
�-cyclodextrin has relatively low solubility in water,4

therefore to explore the influence of the concentration
on the formation of the cyclodextrin complexes,
hydroxypropyl derivatives of �-, �-, and �-cyclodextrins
were also included in this study.5 These cyclodextrins
(hydroxypropyl-�-cyclodextrin, HP-�-CD; hydroxy-
propyl-�-cyclodextrin, HP-�-CD; hydroxypropyl-�-
cyclodextrin, HP-�-CD) have both higher solubilities
and binding capabilities than normal cyclodextrins.6 To
explore the influence of polyhydroxyl molecules already
present in natural fluids on the cyclodextrin drug com-
plexation, the study also includes such additives as
glycerol, PEG, and propylene glycol.7

Scheme 1. An equilibrium between lorazepam and cyclodextrins in water media.
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The formation of the inclusion complexes between benzo-
diazepines and cyclodextrins is known,8 but the inclu-
sion complex ‘behavior’ in aqueous solution is still not
completely understood. The earlier inclusion complexa-
tion studies were based on solubility studies using UV–
Vis, CD, IR, and DSC techniques.9 Recent
complexation studies were performed in mixed or
organic solvents10 rather than in water since most of the
benzodiazepines have very low solubility in water. In
many instances additives such as glycerol help to dis-
solve the drugs, although water is the media in which
cyclodextrin application is utilized the most.11 In this
paper only the results obtained from electrospray ion-
ization mass spectroscopy (ES-MS) will be presented12

although in some instances our extensive NMR studies
of the benzodiazepines will be used for comparison.

Contrary to a traditional spectroscopic approach, such
as is the case with NMR13 spectroscopic study, ES-MS
spectroscopy allows us to detect and explore all kinds
of different molecular associates between the guest and
the host molecules.14 ‘Soft’ ionization methods have
been employed to study the non-covalent interactions
in the gas-phase successfully.15 Recently, Bartlett16 and
others17 showed that ES-MS is a very useful soft tech-
nique for the study of molecular complexes.

We were challenged in our studies by the fact that our
guest lorazepam (and the majority of the other benzo-
diazepines as well) has very poor water solubility (�0.1
mM). Fortunately, our NMR studies of the lorazepam–
cyclodextrin inclusion complexes reveal that to observe
a substantial change in the chemical shift of the aro-
matic portion of the spectra, the required molar ratio
L:CD is around 1:100. The concentration ratio used in
the experiments are also determined by the fact that
signals of the inclusion complexes should be sufficiently
strong to be clearly separated from the spectra base-
line.18 For practical purposes, the concentration of
cyclodextrins was as high as 100 mM,19 while the
lorazepam concentration was kept at a constant 0.1
mM.

In all our ES-MS studies with HP-CD 1:220 and 2:321

lorazepam–cyclodextrin inclusion complexes were
observed as demonstrated on the examples of
lorazepam (L) inclusion complexes with the HP-�-CD
(Fig. 1). Although the concentration of cyclodextrin is
1000 times higher than the drug concentration, the
instrument detector sensitivity is tuned to lorazepam
and in this way a better noise to signal ratio for
inclusion complexes was observed. The free guest
molecule signal (L+Na=344) is very small in compari-
son with the HP-�-CD inclusion complexes, indicating
that practically the entire drug is complexed by the
cyclodextrin. It appears that the complex with two
HP-�-CD and one L is the most dominant inclusion
complex, although there are signals of drug complexed
three HP-�-CDs (Fig. 1).

In the ES-MS spectra of lorazepam inclusion complexes
with HP-CDs (HP-�-CD, HP-�-CD, and HP-�-CD) the
observed m/z is 30 mass units below the expected
molecular mass. This is clearly not the case when �-CD
or �-CD as host molecules were used (Table 1). The
influence of the hydroxypropyl moiety on the cyclodex-
trin ring does not only increase the solubility in water
and the cyclodextrin binding capability, but it also
alters the chemical stability of the drug. It is obvious
that the presence of the hydroxypropyl group catalyzed
the elimination of the molecular unit with m/z 30. The
first postulate is that lorazepam and HP-�-CD form
acetal A through a reaction of the hemiacetal hydroxy
group of HP-CD with the hydroxyl group of lorazepam
(Scheme 2). In this way a molecule of water is elimi-
nated (m/z=18). According to our ES-MS data even if
this acetal is formed it decomposes and its signals
cannot be observed.

Further evidence that the acetal A is an unlikely
product formed in aqueous L and HP-�-CD comes
from our chromatographic study. Both reverse phase
column and reverse phase TLC chromatographic sepa-
rations of the water solution made from lorazepam (0.1
mM) and HP-�-CD (100 mM) were performed. Only

Figure 1. The ES-MS spectra for the aqueous lorazepam (0.1 mM) and HP-�-CD (100 mM).
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Table 1. Major peaks and host–guest ratio between
lorazepam (L) as guest and cyclodextrins (�-CD, �-CD,
HP-�-CD, HP-�-CD, and HP-�-CD)22 as host molecules
obtained in water

Host:guestCyclodextrin Major peaks observed, m/z
-ratio(host)

�-CD 1319 [�-CD+L+Na]+1:1
1157 [2�-CD+L+2Na]2+2:1
2937 [2�-CD+L+Na]+2:1�-CD
1480 [2�-CD+L+2Na]2+

2130 [3�-CD+L+2Na]2+3:1
HP-�-CD 2260–2898, cluster of 12 peaks 582:1

units apart
[2HP-�-CD+L-H2CO+Na]+

1773 (1802) to 2092, cluster of 123:2
peaks 29 units apart
[3HP-�-CD+2L-2H2O+2Na]2+

HP-�-CD 2580–3226, cluster of 12 peaks 582:1
units apart
[2HP-�-CD+L-H2CO+Na]+

3:2 2015–2379, cluster of 12 peaks 29
units apart
[3HP-�-CD+2L-2H2CO+2Na]+

2852–3491, cluster of 12 peaks 582:1HP-�-CD
units apart
[2HP-�-CD+L-H2CO+Na]+

2257–2581, cluster of 12 peaks 293:2
units apart
[3HP-�-CD+2L-2H2CO+2Na]2+

The influence of the concentration of cyclodextrin on
the formation of a higher order of inclusion complexes,
as well as a relatively low affinity of benzodiazepines to
form cyclodextrin inclusion complexes is perfectly
demonstrated in Fig. 2. From our 1H NMR studies we
know that there is practically no change in the chemical
shift for aromatic signals of 0.1 mM lorazepam if the
cyclodextrin concentration is below 10 mM. Further-
more, disproportion of the guest and host proton sig-
nals in the NMR spectra of this aqueous solution
renders the NMR method a difficult experimental tech-
nique. When HP-�-CD is used in only 10-fold excess
(Fig. 2) there is no ES-MS detectable cyclodextrin
complexation of lorazepam. Only the free drug, the free
HP-�-CD, and the self-complexed HP-�-CD signals
were observed (Fig. 2).

In all highly concentrated aqueous cyclodextrins, the
ES-MS signals that indicate double complexation of the
drug was observed (Table 1).25 The drug tends to be
complexed with at least two hydroxypropylcyclodex-
trins, while the formation of the complex with three
hydroxypropyl cyclodextrins and two lorazepam
molecules is also strong. The size of the cavity seems to
not have an influence on the intensity of the 3:2 com-
plex. This can be explained by the fact that the hydroxy-
propyl group can stabilize the cyclodextrin inclusion
complex in two ways. One is by shielding a large
portion of the drug’s benzene moiety from the bulk of
water because it cannot fully fit into the HP-�-CD
cavity. Another is by surrounding the drug’s benzene
moiety to make it fit better into large HP-�-CD cavity.
This, of course, cannot be accomplished in �-CD, �-
CD, and �-CD; therefore, it is reasonable to expect that
the ES-MS intensity of signals for drug complexation
with these cyclodextrins is not as strong.

One can argue that polyhydroxyl molecules can actu-
ally help the formation of cyclodextrin complexed
lorazepam in a similar manner as covalently attached
hydroxypropyl groups do in HP-CDs. According to our
1H NMR spectroscopic studies, the presence of polyhy-

UV-detectable molecules in the solution do not have
attached cyclodextrin moieties.23 In two separate experi-
ments, aqueous solutions of HP-�-CD and lorazepam
were stirred at room temperature (first experiment) or
refluxed overnight (second experiment). In both cases
we were not able to detect the presence of lorazepam,
instead we detected two dominant products. At room
temperature the dominant product seems to be hetero-
cycle I (Scheme 2) and at higher temperatures ketone
P.24

Scheme 2. Possible pathways for decomposition of lorazepam in aqueous HP-CDs.
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Figure 2. The ES-MS spectra for the aqueous lorazepam (0.1 mM) and HP-�-CD (1 mM).

droxyl molecules such as glycerol increase the solubility
of lorazepam in water, but at the same time decrease
the solubility of the cyclodextrins. It also appears that
there is no substantial difference on the cyclodextrin
lorazepam binding constant, which is estimated to be
between 10−4 and 10−3 mol−1 L. However, 100 mM
concentration of the cyclodextrin with glycerol is hard
to maintain homogeneous. The ES-MS spectroscopic
studies fully agree with the 1H NMR finding. There is
some difference of the ion distribution. For instance, no
double charged CD species can be observed when glyc-
erol is present. Strong signals for the sodium cation
with glycerol are present in the ES-MS spectra (m/z 115
and 190).26

In summary, noncovalent lorazepam–cyclodextrin
inclusion complexes could be studied using ‘soft’ ES-
MS techniques. The formation of cyclodextrin inclusion
complexes occurs and can be easily detected with the
ES-MS technique in highly concentrated aqueous
cyclodextrins. To achieve that, a host–guest molar ratio
of 1000:1 in 100 mM aqueous cyclodextrin is required.
Although quite different, the ES-MS and NMR studies
complement each other quite well. We also confirmed
the advantage of hydroxypropylcyclodextrins to form
detectable inclusion complexes with lorazepam and
eliminate the formaldehyde molecule from lorazepam.
The typical complexation ratio is 2:1 and 3:2 for
hydroxypropylcyclodextrin–lorazepam inclusion com-
plexes.
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in 1000 mM (1 M) concentration of HP-CD. Although
these cyclodextrins will allow us to prepare this highly
concentrated solution the cyclodextrin crystallizes from
the solution after several hours. Further problems appear
with carrying out the ES-MS experiment. Crystallization
of the cyclodextrin occurs in the injection needle and
injection chamber must be cleaned after every ES-MS
recording even when the concentration of the cyclodex-
trin is 0.1 mM. With these difficulties associated with
experimental studies, high concentration cyclodextrin
solutions such as 1000 mM (1 M) were not possible and
a majority of our studies were performed with 0.01 M
cyclodextrin concentration (1:100 guest–host ratio), but
to obtain the better spectra presented in this paper the
concentration of cyclodextrin was 0.1 M.

20. The signal values for the L:HP-CD 1:2 complex are
observed with the elimination of formaldehyde. This
reaction also occurs under simulated laboratory condi-
tions and a paper of synthetic formaldehyde elimination
from diazepams will be published separately. For exam-
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see: Olsen, S.; Aalrust, E.; Blom, H. Chem. Ber. 1957, 90,
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21. The values for this complex start with [3�-CD+2L-
2H2CO+2Na]2+=[3×973+2×321−2×30+2×23]2+=3547.
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first signal at 1773. This signal is followed by 12 signals
separated by m/z=29, a half molecular weight of one
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22. We were not able to detect the �-CD inclusion complex
with lorazepam due to fact that �-CD has relatively low
water solubility.
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23. Chromatographic study was performed with Merck TLC
plates with C18-silica gel (5×20 cm) with a fluorescent
indicator. Methanol was used as the solvent with slow
increases of water (gradient chromatography). A similar
solvent was used for reverse phase column chromatogra-
phy. We were not able to detect nor isolate any UV-
absorbing compound from the solution of L in aqueous
HP-�-CD except lorazepam. Therefore, we believe that
formation of acetal A under these conditions is unlikely.

24. In the first experiment lorazepam (3.2 mg; 0.01 mol) and
hydroxypropyl-�-cyclodextrin (140 mg; �0.1 mmol) in
50 mL were stirred and sonicated at room temperature
overnight. The aqueous solution was extracted with chlo-
roform, and the chloroform solution was dried over
anhydrous sodium sulfate and evaporated. The TLC
analysis in chloroform shows the formation of one domi-
nant product with Rf 0.26. Our 1H NMR is consistent
with the monochloro derivative of I for which experimen-
tal data are available (Pharmazie 1988, 43, 362). In the
second experiment the same aqueous solution with the
same composition of lorazepam and hydroxypropyl-�-
cyclodextrin was refluxed for 45 minutes. In the begin-
ning white crystals of lorazepam were on the surface of
the solution and the walls of the round-bottomed flask.
After several minutes the solution became clear. The
cooled reaction mixture was extracted with chloroform
(3×15 mL), the chloroform solution dried over anhydrous
sodium sulfate and evaporated to dryness. Considering

both TLC chromatography in chloroform and 1H NMR
spectra there are no traces of lorazepam in the residue.
There are three products detected by the TLC. The major
product has Rf values of 0.22, while the lorepazam value
should be 0.04 (thin-layer chromatography was per-
formed using plastic-based 0.25 mm thick silica gel 60
F-254 plates with chloroform as solvent). In the 1H NMR
(CDCl3) spectra signals that corresponds to lorazepam
such as two doublets at 5.048 (J=9 Hz) and 4.541 (J=9
Hz) for the CHOH unit are not present and aromatic
signals are shifted to higher ppm values (�0.6 ppm). This
is all in agreement with the assumption that product P is
formed in the course of the reaction.

25. Due to the low solubility of �-cyclodextrin in water the
ES-MS of aqueous 100 mM �-CD was not possible to
record. On the other hand, results from the 10 mM
aqueous �-CD ES-MS studies were not reproducible.

26. Adding glycerol to 100 mmol aqueous �- and �-cyclodex-
trin causes the precipitation of the cyclodextrin. This is
not the case with freshly prepared aqueous HP-�-CD,
HP-�-CD, and HP-�-CD. Nevertheless, the instrument
injection needles become quickly clogged and precipita-
tion is formed in the injection chamber which makes
spray inconsistent and obtained results hard to repro-
duce. Therefore, our studies with glycerol as an additive
were carried out with 10 mM aqueous hydroxypropylcy-
clodextrins where the formation of the lorazepam
cyclodextrin inclusion complexes are not as strong.
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