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Electrospray ionization mass spectrometry (ESI-MS) is now routinely used for the detection of
cyclodextrin noncovalent complexes, complementing previously established methods. Host-
guest complexes formed in solution are also stable for characterization by ESI in the gas phase.
This paper reports the first investigations to characterize the stability of three inclusion
complexes between B-cyclodextrin (8-CD) and three model “guest” molecules, by determining
the cyclodextrin compound complex stability constant (K,) with the use of mass spectrometric
studies. The relative signal intensity of the complexes were monitored in the positive ion mode
by mixing each “guest” molecule with an up to 50-fold molar excess of BCD. A novel linear
equation, similar to Benesi-Hildebrand, was derived allowing the determination of K, for 1:1
stoichiometry in all complexes. These values were compared with the K, obtained by
spectrophotometric experiments and they were evaluated to be slightly different, indicating

the validity of the described method.
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scopic, cyclic oligosaccharides derived from

starch. Natural CDs (a-, B-, and vy-) and their
derivatives are of prime interest as stabilizing and
solubilizing systems, enzyme models, catalysts, station-
ary and mobile phase additives for chiral and isomeric
separations, and so on [2-4]. CDs are torus-shaped and
dissolved in water, the hydroxyl groups arrange on the
outer surface of the ring, resulting in an internal cavity
that is relatively hydrophobic, consisting of a circular
configuration of hydrogen atoms and glucoside oxygen
atoms. This arrangement permits CDs to accommodate
the hydrophobic part of a guest molecule within the
cavity [5] and so forming an “inclusion complex”, while
hydrophilic parts tend to maximize their contact with
the polar solvent. The fit of the entire or at least part of
the guest molecules in the “host” cavity determines the
stability of the complexes formed and the selectivity of
the complexation process.

Because of their inherent usefulness, different stud-
ies have been performed to evaluate the complexation
procedure, the stability (binding) constant, and the
stoichiometries of the complexes. A number of different
physicochemical methods are described in the literature
for determination of the stability constant based on
techniques such as 'H NMR, conductometric titrations,

C yclodextrins (CDs) [1] are crystalline, nonhygro-
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potentiometric, spectrophotometric and fluorometric
methods, solubility, kinetic studies, and competitive
indicator binding [6-11]. Most of these assume a 1:1
molar ratio between cyclodextrin and the guest mole-
cule of interest. However, there have been reported
studies in which two or more cyclodextrins can bind to
a single guest molecule and the overall model is signif-
icantly altered in multiple cyclodextrin complexes. It is
becoming evident that assuming the complex stoichi-
ometry without having adequate experimental results
can lead to erroneous determinations of the stability
constant values [12]. For example, in the literature one
group [13] assumes 1:1 complexation between prosta-
glandin B, with aCD and another group [14] 1:2, with
significant deviation in their results (1430 M™" and 144
M, respectively, for K, values). Subsequently, almost
all of the techniques reported previously require initial
experiments for the calculation of the complex stoichi-
ometry. The previous limitation, plus the limited sensi-
tivity, the limited solvent compatibility, and the lack of
structural information, have highlighted the need for
mass spectrometric studies [15].

Electrospray ionization mass spectrometry (ESI-MS)
provides a powerful means to study noncovalent “host-
guest” inclusion complexes between a cyclodextrin and
a molecule [16-19]. The mild ionization procedure
allows the survival of their solution state structure and
their presence in the gas phase seems to take place
[20]—although this question is not fully settled—with-
out the requirement that the sample be volatile and in a
solvent-free environment. An important issue that has
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been addressed in several studies is whether the ob-
served peaks represent actual inclusion complexes or
rather electrostatic adducts [21] formed during the
electrospray process. Their conclusion was based on the
presence of complexes in the mass spectra from hydro-
philic guest molecules that they believed could not form
inclusion complexes in solution. These results suggest
that “false positives” inclusion complexes should be
precluded by applying other techniques to prove the
complex formation. Since then, different studies have
been reported that evidenced the existence of gas-phase
inclusion complexes involving methods such as colli-
sion-induced dissociation [15, 18, 22], blackbody in-
duced radiation dissociation [23], heated capillary dis-
sociation [24], and mainly by guest-exchange reactions
in gas phase with a CD host sensitive to the chirality of
the amino acid guest [20, 25, 26].

The use of ESI for characterizing the strength of
interactions between synthetic or biological hosts and
guests has been a growing area of research lately. A
number of methods have been proposed for the mea-
surement of binding selectivities and constants of vari-
ous noncovalent complexes in the gas phase. Most of
them have dealt with crown ethers and their analogues
that form complexes with alkali metal ions [27, 28],
oligonucleotide-serum albumin complexes [29], pro-
tein-phosphopeptide complexes [30], vancomycin-pep-
tide complexes [31-33] and aminoglycoside-RNA mod-
els [34]. Most of the methods entail monitoring the
intensities of all species and estimating various logK
values by using titrimetric data to construct a Scat-
chard-style plot [29, 30, 32-34] for a range of concentra-
tions. Another method assumes that ESI efficiencies of
the various host-guest complexes and unbound species
are similar [31]. A related method [35] involves the use
of an internal standard to account for the differences in
ESI efficiencies of the complexes. The most recent
method involves a competitive equilibrium experiment
in which the intensity of the complex is monitored after
the addition of a second host or guest to perturb the
equilibrium distribution of complexes and the construc-
tion of another type calibration curve [36]. In many
cases, remarkably good agreement between the gas-
phase and solution-phase studies regarding various
noncovalent interactions was observed [37-39].

In the present study, a well known approach from
other techniques was employed. In brief, the differences
in the relative intensity of the complex (elsewhere
absorbance, fluorescence intensity etc.) due to the com-
plex formation, were mathematically correlated with
the increasing concentrations of BCD and the stability
constant. The selection of the guest molecules, 4-(1-
imidazolyl)phenol (4-IMP) (Figure 1a), 3-hydroxyben-
zylhydrazine (3-HBH), and 2-furoic hydrazide (2-FUH)
(Figure 2) was based on their structural features that
favor binding with the CD cavity and provide intense
signal during the ESI process. Phenyl ring is a hydro-
phobic moiety which fits well into the cavity of BCD
and its derivatives form numerous stable complexes. In
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Figure 1.

(a) Chemical structure of the guest 4-(1-imidazolyl-
)phenol. (b) Schematic representation of 1:1 complex formation
between 4-IMP and BCD.

addition, the existence of amino, hydroxyl and carbonyl
groups in the guest molecules allows interactions with
the hydrophilic parts of the outer surface of BCD via
hydrogen bonding, providing further stabilization to
the superior hydrophobic interactions. Consequently,
quite large values (~1000 M~ 'or higher) of the stability
constant for the examined 1:1 complexes could be
expected. In an attempt to examine the validity of the
proposed method, spectrophotometric experiments
were performed and the determined binding constants
did not differ significantly in both methods.

Experimental
Chemicals

4-(1-imidazolyl)phenol (M, = 160.2) and 2-furoic hydra-
zide (M, = 126.1) were purchased from Aldrich (Mu-
nich, Germany). 3-hydroxybenzylhydrazine (M, =
138.2) was purchased from Fluka (Munich, Germany).
B-cyclodextrin (M, = 1134.9) was obtained from
Wacker-Chemie GmbH (Munich, Germany). All other
materials (Methanol, acetic acid) were obtained from
Sigma Chemical Co. (St. Louis, MO) and were of
analytical grade. Deionized and doubly distilled water
was obtained from a Millipore Milli-Q Plus System,
Malva, Athens, Greece (Resistivity >18 M{) cm).

NH
H,N
3-HBH 2-FUH

Figure 2. Chemical structure of the other two guests; 3-hydroxy-
benzylhydrazine and 2-furoic hydrazide.
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Table 1. Linear equations and calculated stability constant values for the complexes of the three model guests with BCD

Linear equation r? Ket Kg (UV)
4-IMP* (1/A1) = 0.0097 (1/[CD],) — 13.95 0.9974 1438(+75) 1281(+61)
3-HBH* (1/A1) = 0.0112 (1/[CD],) — 12.14 0.9905 1084(+58) 1112(*55)
2-FUH* (1/Al) = 0.0121 (1/[CD],) — 10.97 0.9952 906(=*43) 820(+38)

*All values are mean of 3 measurements (+=SD).

Mass Spectrometry

All experiments were performed on an AQA LC/MS
system (Finnigan, Thermoquest, Les Ulis Cedex,
France) equipped with an Electrospray ionization
source, a quadrupole mass analyzer and the suitable
interface (Xcalibur Data System, Manchester, UK). All
samples were transferred from AQA reservoir to ESI
probe via a fused silica capillary by pressurizing the
reservoir. A pressure of approximately 6 psi was
needed to produce the desired flow rate of 10 ul/min
for infusion. The probe heater temperature was set at
140 °C and probe and cone voltages were held at 3500
and 35 V, in positive ion mode, respectively.

Data was acquired across mass range 100-1340 m/z,
since above m/z value 1340 (and <2000) no strong peaks
were detected in all cases (that denotes only 1:1 and not
1:2 CD:guest complex formation ). Considering the very
small size of the selected guests and the relatively low
excess of BCD, the possibility of a 2:1 (CD:guest)
complex formation must be precluded. This assumption
was also evidenced by Job plot experiments with UV
measurements (data not shown) [11]. For each mass
spectrum, 50 scans were summed, in order to achieve a
high signal-to-noise ratio and good statistics for signal
intensities and the obtained spectra were recorded. To
avoid contamination between runs (memory effect) the
capillary and the ESI needle were washed with several
milliliters of methanol.

Evaluation of the Complexation Procedure

Complexation of 4-IMP, 3-HBH, and 2-FUH with BCD
was monitored by ESI in the presence of increasing
concentrations of BCD. A stock solution of each guest in
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Figure 3. Full scan positive ESI mass spectrum obtained for a
1:40 (4-IMP:BCD) molar ratio in MeOH/H,O/acetic acid (45/45/
10, vol/vol) solution.

MeOH/H,O/acetic acid (45/45/10, vol/vol) was pre-
pared and a standard quantity of it was added to
solutions with the same solvent composition containing
increasing concentrations of BCD in a varying ratio
from 1:1 to 1:50. All solutions had the same initial guest
concentration (2 X 107> M) which was finally equal to
the sum of concentrations of free and complexed mol-
ecule. During a designated time of incubation (1 h) at
room temperature, the sample solutions were stirred
periodically. Afterwards all samples were transferred
into 1.5 ml Eppedorf tubes and analyzed as previously
described. All experiments were performed in triplicate
for every guest:CD ratio.

Results and Discussion

Initially, spectrophotometric studies were performed in
order to prove complexes formation by measuring the
difference in absorbance due to complexation, and
applying the Benesi-Hildebrand equation (data not
shown) [9, 10]. The results suggested the formation of
three very stable 1:1 complexes; their stability constant
values are presented in Table 1.

All representative ESI/MS spectra acquired from a
solution containing each guest, BCD (in the molar ratio
of 1:40) and their 1:1 complexes are shown in Figures 3,
4, and 5. Four main ions were detected in each spec-
trum; e.g., in case of 4-IMP, ions at m/z 161.2, 1135.7,
1157.7, 1295.8 correspond to protonated 4-IMP, proton-
ated species of BCD, sodiated species of BCD and
protonated species of 4-IMP:BCD complex, respec-
tively. The low intensity, despite the high concentra-
tion, of protonated species in the acidic media, is
indicative that BCD does not actually contain ionizable
groups. Sodium (an impurity in the solvents and chem-
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Figure 4. Full scan positive ESI mass spectrum obtained for a
1:40 (3-HBH:BCD) molar ratio in MeOH/H,O/ acetic acid (45/45/
10, vol/vol) solution.
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Figure 5. Full scan positive ESI mass spectrum obtained for a
1:40 (2-FUH:BCD) molar ratio in MeOH /H,0O/ acetic acid (45/45/
10, vol/vol) solution.

icals used) adducts are probably formed because of
electrostatic binding to hydroxyl groups of BCD. It is
worth mentioning that similar experiments in a 20/
70/10 (vol/vol) MeOH/H,0O/acetic acid solution did
not alter the qualitative observations presented below.

Considering a 1:1 system (G:CD) (Figure 1b) with the
guest (e.g., 4-IMP) (G), and BCD (CD) at total concen-
trations of G, and CD,, respectively, the equilibrium
constant K, can be calculated as follows:

_ [G:CD]

Ka=1cyen]

>[G:CD] = K[G][CD] 1)

The mass balance equations for G and CD are:
G, =[G] + [G:CD] )
CD, = [CD] + [G:CD] 3)

The free guest concentration [G] is obtained by substi-
tuting eq 1 into eq 2

G,

[Gl=17 K_[CD]

(4)

As the concentration of BCD increases from sample to
sample, the intensity of the product (complex) I, in-
creases and on the contrary the intensity of the reactant
(guest) I decreases. The decrease in the intensity of G,
when the excess of BCD rises, was not similar to the
increase of the complex intensity. The two ions have
totally different sizes and solvation energies [40] and
subsequently ESI efficiencies.

A first attempt to correlate directly the complex
intensity with the fraction of the complexed guest led to
erroneous calculations with relatively large deviations,
especially for samples with a high excess of BCD (40X
and 50X). The high concentration of BCD in the drop-
lets had a significant effect on the generation of all ions
in the ESI process, resulting in ion signal saturation due
to insufficient ionization (droplet charge formation)

J Am Soc Mass Spectrom 2003, 14, 1123-1129

35+

30+ o

25+ —_

20' —_

Al, x 100

0]
1:1 1:51:101:201:301:401:50
guest : CD ratio

Figure 6. Relative intensities (AL) of the 1:1 complex between
4-IMP and BCD for all host:guest ratio samples (n = 3).

[41]. In addition, different ESI efficiencies may require
the evaluation of “ESI response factors” for different
species into quantitative measurements.

The intensity of the complex is therefore better
reported relative to the sum of intensities of the com-
plex and the guest. This approach [26] comprises the
use of the Relative intensity I, of the complex as a
response of the complexed concentration of G. I, is
defined as follows: I, = I./I,., where I,;;, = I. + I5. As
Figure 6 indicates, the repeatability of the measure-
ments is excellent for all samples. Using linear regres-
sion, a calibration curve could be obtained that corre-
lates the increase of I, with [CD] and K. The latter is
determined from the equation that fits the calibration
curve.

In every CD:guest ratio the relative complex inten-
sity is

I, = k[]G:CD] 5)

where k. is the proportionality constant. The relative
intensity of the complex is obtained by substituting eqs
1 and 4 into eq 5, leading to an equation in which I, is
directly related to [CD]:

G,
I, = chst[CD]m (6)

The complexation process is expressed with the differ-
ence Al, = I, — I, = I,, as the initial intensity of the
complex is practically zero. Eq 6 can be thus rewritten
as:

G,

AL = chst[CD]WSt[C]D]

)

At this point the assumption that [CD] = CD, is
employed (when a high excess of CD, is being used
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compared to G,). Finally, eq 7 is transformed into a
double reciprocal linear equation, similar to Benesi-
Hildebrand one, that correlates the observed differences
(AL) in the relative complex intensity and the initial
total concentrations of the guest and BCD:

1 1 L1
AIr N kcGtht[CD]t kcGt

®)

The stability constant for each complex was obtained
from the intercept and slope of a weighted least-squares
regression fit of the data to eq 8 (Figure 7) for samples
with a molar ratio CD:guest =5. The r” values for the fit
were >0.9900 in all cases, indicating an excellent corre-
lation between the logistic equation and experimental
values. The calculations gave K, values that are pre-
sented in Table 1. It is obvious that the calculated values
were slightly different from the K, values obtained
from spectrophotometric studies. This agreement was
another promising factor in this initial attempt to mea-
sure these binding constant values with mass spectro-
metric data, but it was not necessary. Actually, the
variability between methods is a common phenomenon
[12] and is attributed to the specific characteristics of
each method. In addition, a comparison of the magni-
tude of the estimated values leads to logical conclu-
sions, e.g., 4-IMP is expected to form more stable
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Figure 7. Linear plot of eq 8 showing the effect of BCD on the
relative signal intensity (Al,) of 4-IMP:BCD complex.

complex with BCD than 3-HBH or 2-FUH does, since
3-HBH has a substituent in 3-position of the phenol and
2-FUH has a smaller ring.

Avoiding the above assumption ([CD] = CD,), dif-
ferent processes were followed resulting in a mathemat-
ical model which does not contain any approximations
and have much broader applicability (e.g., complexes
with all stoichiometries). After performing suitable
transformations [42], the following equation is derived:

_ Gékd = (KyG, = KyCD, +1) = (KyG, — K, CD + 1)” + 4K, CD}}

Al

r

2 - (Ksth

Eq 9 is solved iteratively and the erroneous solution
(either negative or redundant) is discarded. The nonlin-
ear model gave a value of 1381 M for the stability
constant of 4-IMP, including data from all samples. Our
experience has shown that non-linear models like the
previous one can be applied for the calculation of the
binding constants in all types of complexes and espe-
cially in multiple complex formation. However, in case
of a complex with 1:1 stoichiometry a series of linear
procedures could be used without hesitations, since the
deviation in values are in the acceptable range and their
application is much easier.

In the present experiments the formation of nonspe-
cific adducts can’t be precluded, but in any case their
effect on the performed experiments did not affect the
calculations, as shown from the excellent linearity of eq
8 and the agreement with the value obtained spectro-
scopically. However, in cases where nonspecific aggre-
gation occurs in a high degree, the study of these
complexes by using the total intensity may appear to be
tricky and therefore it is proposed to apply the method
presented by Gabelica and coworkers [43] to estimate
the contribution of nonspecific adducts. The formation
of 2:2 guest:CD complexes can not be precluded, al-
though the features of the selected guests minimize this
possibility. In this case the doubly-charged 2:2 adducts
have the same nominal m/z values as singly-charged 1:1

— K CD, + 1) = {(KyG, — K, CD, + 1)% + 4K,,CD,

©)

complexes and would contribute to 1:1 complex inten-
sity. However, in the present experiments this contri-
bution could be considered, without hesitations, as
unimportant.

The present study shows the utility of ESI-MS to
predict the behavior of a complexing agent with CDs
and evaluate the strength of their interactions, and thus
gives another quantitative means of measuring the
binding properties. Undoubtedly, the basic condition
for this is that the guest and host-guest complexes are
ionic or could easily become ionic and consequently
may be detected by the mass spectrometer. One could
consider the use of ESI-MS as the method of choice for
studying this kind of complex, since it provides major
advantages that could not be found elsewhere: (1) It
indicates complex stoichiometry automatically, and (2)
it is the only technique that can describe with accuracy
the interaction of a guest molecule with derivitized CDs
that have a different degree of substitution [44]. In fact,
it has been proven that the presence of additional chains
outside the CD cavity has a major effect on the compl-
exation. Considering that these chemically modified
CDs are commercially available as a mixture of prod-
ucts with different degrees of chain substitution, their
use without previous separation and the evaluation of
the complexation parameters with other techniques [45]
has a theoretical meaning, since they indicate the be-
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havior of an “average” structure. Only advanced
ESI-MS experiments can evaluate the effect of each
chain on the complexation characteristics by monitoring
the relative intensity of each complex. We intend to
provide, in an upcoming report, studies dealing with
this issue.

Conclusion

In the present study, the basic concept in which the
difference in a physical parameter can be directly re-
lated to the complex concentration and allow the deter-
mination of the complex binding constant was success-
fully applied in LC/MS as in other analytical
techniques before.

The ESI-MS method was found to be a convenient
way to evaluate the binding constant of guest:CD
complexes. After ensuring the complex formation with
another technique, a novel lineal equation was pre-
sented that correlated the stability constant value with
the total concentration of the CD, allowing the evalua-
tion of this parameter. This report showed the validity
and applicability of using ESI-MS as an alternative to
conventional methods to gain information about the
strength of a variety of noncovalent inclusion com-
plexes and avoid their associated shortcomings. There-
fore, ESI-MS could be the method of choice to charac-
terize all complexes that can be detected by the mass
spectrometer and provide additional information.
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