source: https://doi.org/10. 48549/ 3648 | downl oaded: 6.7.2025

Aspects of Cyclodextrin

Host-Guest Complexes in Mass

Spectrometry

Inauguraldissertation
der Philosophisch-naturwissenschaftlichen Fakultat

der Universitat Bern

vorgelegt von

Pia Simona Bruni

von Stocken-Hofen BE

Leiter der Arbeit:

Prof. Dr. Stefan Schiirch
Departement fiir Chemie, Biochemie und Pharmazie

Universitat Bern



This work is licensed under a Creative Commons
FAttribution-NonCommercial-NoDerivatives 4.0 Inter- @ @ @ @

national”| license.


https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en

Aspects of Cyclodextrin
Host-Guest Complexes in Mass

Spectrometry

Inauguraldissertation
der Philosophisch-naturwissenschaftlichen Fakultat

der Universitat Bern

vorgelegt von

Pia Simona Bruni

von Stocken-Hofen BE

Leiter der Arbeit:

Prof. Dr. Stefan Schiirch
Departement fiir Chemie, Biochemie und Pharmazie

Universitat Bern

Von der Philosophisch-naturwissenschaftlichen Fakultat angenommen.

Bern, 29. April 2022 Der Dekan:

Prof. Dr. Zoltan Balogh






But I don’t see myself as a woman in science.

I seem myself as a scientist.

Donna Strickland (1959-present)






Acknowledgment

First of all, I want to thank Prof. Dr. Stefan Schiirch for giving me the possibility
to carry out my thesis in his research group. I had the chance to learn a lot during
these four years, not only from a scientific but also from a personal point of view.
[ want to thank Prof. Dr. Britta Lundstrom-Stadelmann for taking over the role
of the co-supervisor of my thesis for the last year. My thank also goes to Prof.
Dr. Go6tz Schlotterbeck for accepting to be my co-referee and for reviewing my

PhD thesis, and to Prof. Dr. Robert Héaner for chairing the examination committee.

I am very thankful for the support I received from the members of the research
group, namely Rahel Eberle, Claudia Biihr, Urs Kampfer, Andrea Bill, and Thomas
Muggli, as well as all Bachelor and Master students I've had the pleasure to work
with in the last years. I greatly appreciated the many professional and personal

discussions we had.

I would also like to express my gratitude to my family for their constant support,
and my friends for accepting my limited time and the canceled appointments. I'm
looking forward to spending more time with you! Finally, a special thank goes
to Florian. This work would not have been successfully accomplished without his

constant support and patience.






Abstract

Cancer is a widely spread disease leading to uncontrolled cellular replication that
caused 9.6 million deaths worldwide in 2018. One approach in cancer treatment
is inhibiting the replication process by the administration of organometallic com-
pounds that bind to DNA. Cisplatin is one of the most prominent organometallic
compounds that reached clinical approval. However, it suffers from severe side
effects (e.g., nephrotoxicity) and causes the development of resistance. Various
other metallorganic drugs have been evaluated for their potential in cancer treat-
ment. Thereof, titanocene dichloride had entered clinical trials, but showed only
low patient efficacy. Titanocene dichloride is a representative of the class of the
bent metallocene dihalides that comprise a tetrahedral structure with two cyclopen-
tadienyl and two halogenide ligands and a metal ion as central atom. Hydrolysis of
the halogenide ligands is a crucial step in the activation of the metallocene, allowing
for the interaction with its biological target. Unfortunately, extensive hydrolysis
of the halogenide and the cyclopentadienyl ligands is detected for titanocene in
aqueous environment at physiological conditions, leading to its inactivation. One
approach for increasing the hydrolytic stability of titanocene is its inclusion within
the cavity of a macrocyclic host structure. Cyclodextrins are such macrocyclic
compounds composed of six to eight 1,4-linked «-D-glucopyranose units that are
considered nontoxic upon oral administration. Therefore, several aspects of cy-
clodextrin host-guest complexes in mass spectrometry have been investigated and
are discussed in this thesis.

In the first section, the mass spectrometric behavior of cyclodextrins is discussed.
The central part of this project was the elucidation of the fragmentation mechanism
underlying the decomposition of protonated cyclodextrins. Linearization of the
macrocyclic structure upon charge-induced cleavage of a glycosidic bond has been
revealed as the initial dissociation step. Further decomposition of the linearized
structure is characterized by neutral loss of glucose subunits. This dissociation step
has been stated to occur upon charge-remote cleavage of other glycosidic bonds,
leading to the elimination of a zwitterionic moiety which is potentially internally
rearranged.

In the second section, the focus is laid on the interaction between titanocene and
cyclodextrins elucidated from mass spectrometric experiments. The obtained data

indicated the formation of covalent bonds between titanium and the hydroxy groups
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at the rim of cyclodextrins rather than the formation of an inclusion complex.
Consequently, improvement of the hydrolytic stability of titanocene at physiological
pH was not obtained by the interaction of titanocene with cyclodextrins.
In-source fragmentation has been found to contribute considerably to the ions
detected in full scan mass spectrometry. Therefore, the effect of instrumental
parameters on the quality of the obtained full scan mass spectra has been evaluated.
While the capillary voltage showed only minor effects, proper adjustment of the
capillary temperature and the tube lens voltage significantly improved the quality
of the obtained data.

In conclusion, diverse aspects of cyclodextrin host-guest complexes have been
successfully investigated using mass spectrometry showing the potential of this

analytical technique for various applications.
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1 Introduction

Cancer is a widely spread disease diagnosed to one in five people globally within
their lifetime. In 2018, 18.1 million new cases were reported globally, and it caused
one in six deaths worldwide, corresponding to 9.6 million deaths. Thereof, lung
(18.4%), colorectal (9.2%), and stomach cancer (8.2%) are the leading causes of
death.

Cancer can affect any part of the body, leading to uncontrolled cellular replication.
This is caused by accumulated DNA mutation, leading to disturbed processes
during cell replication or missing reparation mechanisms. External influences, such
as exposure to UV light or smocking, may increase cancer risk. The abnormal
cancer cells can also spread throughout the body, affecting other tissues (metastasis)

1-3].

1.1 Cancer Treatment

Disturbance of cellular replication is a defining feature of cancer. As many cellular
processes are involved in the replication process, as many potential targets are
present to tackle for treatment [2, 4]. Chemotherapy makes use of this approach.
The administered drugs interact with endogenous compounds in order to reduce

cell replication and destroy affected tissue [2, 4].

Frequently targeted endogenous compounds are DNA and proteins related to cell
replication [3-5]. One approach in targeting DNA is the delivery of modified
nucleosides, such as gemcitabine (2’,2’-difluordesoxycytidine). During the cell
replication process, the activated gemcitabine is integrated instead of cytidine,
which interrupts the DNA synthesis and induces cell death [6]. Another approach
is the administration of drugs binding to DNA (e.g., metallodrugs). Due to
this interaction, the structure of DNA is altered, hampering its replication and
transcription [5].

A major drawback of these approaches is their systemic effect. This means not
only cancerous cells are targeted, but the entire organism, which may cause severe

side effects, such as toxicity [4, 7].



1.1.1 Organometallic Drugs

Organometallic compounds are promising drugs for anticancer treatment. One
of the most famous of those is cisplatin (cis-diammineplatinum(II) dichloride).
After its first synthesis in 1845, Rosenberg discovered in 1965 the antiproliferative
potential of cisplatin, which led to its clinical approval for cancer treatment in
1978 [8-10]. Cisplatin comprises a square planar structure with a platinum(II)
coordination center surrounded by two ammine and two chloro ligands in cis
position (figure [10].

In aqueous environment, the two chloro ligands undergo rapid hydrolysis, leading
to the active form of cisplatin. This results in activation of the complex and allows
for interaction with biomolecules [10-12]. Its anticancer activity occurs due to the
formation of inter- and intra-strand crosslinks of the activated cisplatin between
two adjacent guanines in double stranded DNA, inhibiting the replication process
[8, 12-16]. Cisplatin is mainly used in the treatment of solid-organ cancer, such
as lung, ovarian, and breast cancer [16]. However, treatment with cisplatin causes
severe side effects, such as nephrotoxicity and the development of resistance of
certain tumors. Nephrotoxicity is caused by the accumulation of cisplatin within
the kidney upon its excretion. It interacts with the DNA of renal epithelial cells,
inducing cell death [16]. Interaction of cisplatin with biomolecules other than DNA,
is a plausible explanation for the development of resistance as the overexpression
of the cellular compartments dedicated to the excretion of biomolecule-xenobiotic

assemblies also leads to impelled excretion of cisplatin [7, 10].

To overcome the drawbacks of cisplatin, over 30 different modified platin-based
drugs have been developed that comprise modified ligands (figure [7]. Thereof,
only carboplatin and oxaliplatin, in addition to cisplatin, became globally used as
anticancer agents. Other platin-based drugs have been locally approved, such as
nedaplatin in Japan, lobaplatin in China, and heptaplatin in Korea (figure
[7, 12]. Compared to cisplatin, carboplatin and nedaplatin retain the ammine
ligands, whereas the two chloro ligands are exchanged by a bidentate cyclobutane
dicarboxylato or a glycolato ligand, respectively. In case of oxaliplatin, lobaplatin,
and heptaplatin, the chloro ligands are exchanged by a bidentate oxalato, oxi-
dopropanoato, and malonato ligand, respectively, and the two ammine-ligands
are linked by a cyclohexane, cyclobutandimethyl, or isopropyl dioxolane dimethyl,
respectively [7, 8, 12, 14, 15, 17]. With these alterations of the labile ligands of
cisplatin to more stable alternatives, rapid interaction with biomolecules other than

the desired target is decreased, and toxicity could be reduced [7].
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Figure 1.1: Structures of the platinum based anticancer agents cisplatin, oxaliplatin,
carboplatin, nedaplatin, lobaplatin, and heptaplatin.

Besides modifying ligands of platinum complexes, organometallic complexes con-
taining various other metals (Ru, Fe, Co, Cu, Au, Ag, Pd, Ga, Rh, Sn, Os, Ir) have
been examined for their potential as cytostatics [8, 15, 18-24]. Thereof, ruthenium,

gold, and silver complexes are briefly discussed in the next paragraphs.

Ruthenium

Ruthenium-based complexes with Ru(Il) or Ru(III) as coordination centers have
been discovered and have shown anticancer activity [23, 24]. Representatives
of ruthenium(III) complexes are fac-[Ru(Cl)3(NHz)s] and NAMI-A (trans-[tetra-
chloro(dimethylsulfoxide)(imidazole)-ruthenate(III)]) (figure[l.2). The fac-[Ru(Cl)s-
(NHj3)3] complex showed activity, but was not applicable for clinical use due to
its low aqueous solubility [25]. NAMI-A, on the other hand, entered clinical

trials and is used in the treatment of metastatic non-small-cell lung carcinoma



w1
L

cly, | el cly, | WNH
\\\v"-\;u /\ /I'RU\\\ ( /I'RU‘\\ *
CIC|( \p N civ | g / cv | ‘NH3
k\ / > SOMe, HN NHs
N

RAPTA-C NAMI-A fac-Ru(NHa)Cl,

N
N\ \
N\ N\
[ >—Ag—0l >—Au
/’ /,
N )N\

Ag-9 Au-10a

Figure 1.2: Examples of ruthenium-, silver-, and gold-based drugs: NAMI-A,
fac-Ru(NH3)3Cl3, RAPTA-C, Ag-9, and Au-10a.

[8, 18, 19, 25]. Ruthenium(II) complexes with n°-cyclopentadienyl and n®-arene
ligands showed promising results against diverse human cancer cell lines [20, 25].
The class of n°-arene ruthenium(II) anticancer compounds includes the RAPTA
complexes, containing a 1,3,5-triaza-7-phosphaadamantane (PTA) group. The
RAPTA-C complex (Ru(ns—p—cymene)(pta)Cl,), for example, showed inhibition
of lung metastasis in CBA mice bearing the MCa mammary carcinoma (figure
(8, 1820, 25].

Silver and Gold

Silver- and gold-based N-heterocyclic carbenes have already found application in
treatment of bacterial infections or rheumatoid arthritis. Subsequently, they have
been examined for anticancer activity [19, 23, 24]. A series of silver- and gold

complexes have been described by Hackenberg and Tacke [19]. In comparison
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to cisplatin, the silver(I) complex “Ag-9” (figure shows a 350-fold increased
activity against a breast cancer cell line (MCF-7) and the gold(I) complex “Au-10a"
(figure shows higher activity against non-small lung cancer cells [19].

1.1.2 Metallocene Dihalides

With the development of the anticancer properties of titanocene dichloride by
Kopf and Kopf-Maier in 1979, the field of bent metallocene dihalides as potential
anticancer agents emerged [9, 10, 21, 24, 26]. Bent metallocene dihalides comprise
a tetrahedral structure with a metal center, two halogenide (mainly chloride), and
two cyclopentadienyl ligands (figure ) In these so-called sandwich complexes,
the cyclopentadienyl ligands are bound in a n’-manner with an angle of < 180°
between each other, and the coordination center is usually a transition metal (e.g.,
Ti, V, Nb, Mo, Zr, Ta, W, Hf) in the +IV oxidation state [10, 18, 27].

E \X -
RN M = Ti, V, Mo, Nb, Zr, Ta, W, Hf, ...
X=ClBr,F, ...
%‘X

Figure 1.3: General structure of bent metallocene dihalides.

Research on the anticancer activity of bent metallocene dihalides even led to the
entrance of titanocene dichloride into phase I clinical trials, revealing nephrotoxic-
ity, hypoglycemia, and pain during infusion, among others, as dose-limiting side
effects [28]. However, some phase II clinical trials for treatment of advanced renal
cell carcinoma [29] and breast metastatic carcinoma [30] have been carried out,
showing low patient efficacy [9, 10, 15, 21, 22, 31]. Other metallocene dihalides
have been found to show anti-proliferative effects in vivo and in vitro [27, 32]. Ti-
tanocene(IV)dichloride has been shown to have anti-proliferative effects on human
ovarian carcinoma cell lines (A2780, CH1) and, especially, on the platinum-resistant
variants (2780CP, CH1 cisR) [9, 33]. Molybdenocene(IV)dichloride has also been
investigated against breast cancer (MCF-7) and colon cancer (HT-29) cell lines [34,
35], and vanadovene inhibits the proliferation of human breast cancer cells (BT-20)
and glioblastoma cells (U373) [36]. The anticancer activity of further metallocnes
have been summarized by Harding and Mokdsi [27], including the in vitro activity
of highest concentrations of zirconocene(IV)dichloride and hafnocene(IV)dichloride,

or lowest concentration of vanadocene(IV)dichloride against Ehrlich ascites tu-
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mours. As chlorides are the most frequently used halogenide ligands in metallocenes
dihalides, they are usually not mentioned explicitly. Therefore, if the halogenide

ligands are not stated, the respective metallocene dichloride is meant.

Hydrolysis

Analogously to platinum compounds, the hydrolysis of metallocene ligands plays a
crucial role in the activation and the degradation of these metallocene anticancer
agents. The hydrolysis rates of the halogenide and cyclopentadienyl ligands are
dependent on the identity of the transition metal, the halogenide ligand, and the
pH of the solution [27]. Hydrolysis of the first chloro ligand of metallocenes (M = Ti,
V, Mo, Zr) occurs immediately after getting in contact with water, leading to aqua-
and hydroxo-species (figure [22, 27, 31, 36-40]. The second chloro ligand is
dissociated with a half-live of about 50 min for titanocene, 30 min for vanadocene,
24 min for zirconocene, and 6.7 min for molybdenocene [9, 27]. With the hydrolysis
of the chloro ligands, the pH decreases to acidic condition (pH ~ 3) [27]. At this
pH, the cyclopentadienyl ligands remain bound to the metal center for 14 h up to 4
weeks (Zr < Ti<V <Mo) [22, 27, 34, 41]. At a higher pH (~7) hydrolysis of the
cyclopentadienyl ligands is induced, leaving behind insoluble metal oxide species
that precipitate and are biologically inactive [9, 21, 27, 42, 43]. A general hitch in
the pharmaceutical application of metallocenes is their poor solubility and stability,

resulting in a low bioavailability [21, 37].

1.1.2.1 Modified Metallocene Dihalides

In order to improve solubility, stability, and activity, and reduce side effects of
metallocenes, alteration of the halogenide ligands and modification of the cyclopen-
tadienyl ligands are promising approaches [9, 21, 31, 37, 39, 43]. As the lability of
the chloride ligand is mandatory for its anticancer activity, alteration of this part
of the metallocene will undoubtedly affect its biological activity [21]. Replacement
of the chloride with other halogenides (bromine, iodine [44]), or organic structures
have been investigated [21]. Experiments on a derivative having a chloride ex-
changed by a dibenzothiophene (figure ), for example, showed activity against
human colon cancer cell lines [21].

Modifications at the cyclopentadienyl ligands can alter the interaction strength
between the ligand and the central ion [21]. This decelerates the hydrolysis
rate of the cyclopentadienyl ligands at physiological pH, which stabilizes the
metallocene complex against degradation. Furthermore, modifications introducing

electron-withdrawing groups may alter the acidity of the central atom, and, as a
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Figure 1.4: Hydrolysis products of A) titanocene dichlodride [27, 37, 42] and B)
molybdenocene dichloride [21, 27, 40, 42].
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Figure 1.5: Examples of modified metallocenes: A) Cp,TiCl(DBT), B) titanocene
Y, C) titanocene C.

consequence, also its interaction strength with biomolecules [21, 45, 46]. Several
reviews [9, 10, 15, 39, 47] and studies on different series of modified metallocenes
[35, 37, 46, 48, 49] cover the synthesis and evaluation of their toxicity. For example,
modifications of the cyclopentadienyl ligands of titanocene have been studied by the
research group of Matthias Tacke [31, 43, 50-52]. They synthesized, among others,
titanocene Y (bis-[(p-methoxybenzyl)cyclopentadienyl] titanium(IV) dichloride,
(figure [1.5B) and titanocene C (bis-(N,N-dimethylamino-2(N-methyl- pyrrolyl)-
methyl-cyclopentadienyl) titanium(IV) dichloride (figure [L.5[C). Titancoene Y has
shown activity on long-life epithelial pig kidney cell lines (LLC-PK) [51], and

stronger antiproliferative effects than titanocene dichloride against breast cancer
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(MCF-7) and colon carcinoma (HT-29) cell lines [45]. Titanocene C has been tested
for cytotoxic activity against a panel of cell lines, showing particularly high activity

against small cell lung cancer (SCLC) cell lines [53].

1.1.3 Interaction with Biomolecules

As already mentioned for platinum compounds, the interaction of anticancer drugs
with biomolecules is mandatory for their activity. Titanium deriving from titanocene
dichloride has been found to accumulate in the nucleic acid-rich region of tumor cells,
indicating DNA as target [22, 27, 54-56]. As a consequence, various studies focused
on the interaction of bent metallocene dichlorides with DNA, oligonucleotides, and
nucleobases [10, 22, 27, 36, 40, 57]. Using nuclear magnetic resonance (NMR)
experiments, the interaction of titanocene with phosphate groups of nucleotides was
revealed [44, 55, 58]. Further, mass spectrometric experiments showed an interaction
with oxygen in phosphate groups of the oligonucleotide backbone and nucleobases
[56, 59, 60]. Molybdenocene, on the other hand, interacts with nitrogen-containing
nucleobases, with a preference for G > A~ C>>T, as well as phosphate oxygens
[56]. NMR experiments on niobocene showed no interaction with nucleosides and
the nucleotides of guanine (AGMP), cytosine (dCMP), and uracil (AUMP), but
with deoxyadenosine monophosphate (AAMP) [44]. This preference of metallocenes
for specific interaction partners is in agreement with the Pearson hard-soft Lewis
acid-base concept (HSAB) [56, 59, 61]. Titanium(IV) and niobium(IV) bear high
charge densities, resulting in a hard Lewis acid character. Molybdenum(IV) is
classified as intermediate, and platinum(II) as a soft Lewis acid [56]. In general,
the higher the charge density on the transition metal, the harder its Lewis acid
character. Hard Lewis acids preferably bind to hard Lewis bases, such as oxygen
or fluoride, whereas soft Lewis acids rather interact with soft Lewis bases (e.g.,
Nitrogen, Sulphur), according to the Pearson concept [55].

Biomolecules other than DNA are also expected as targets for organometallic
drugs, including proteins, peptides, and amino acids [18, 21]. These interactions
can lead to stabilization, transport, or inactivation of the metallocenes, or even
cause undesired side effects by impairing the biological function of the endogenous
compounds [10, 21, 60-62]. Frequently investigated biomolecules are glutathione,
serum albumin, and transferrin.

Glutathione is an ubiquitous protein in biological fluids, occurring in concentrations
in the range of 1-10 mM. It is a tripeptide with the composition y-Glu-Cys-Gly [63,
64]. Experiments on the interaction of titanocene, molybdenocene, and niobocene

with glutathione at different pH showed no or little interaction for titanocene and
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niobocene, respectively. In contrast, molybdenocene strongly interacts with the
sulfur atom and the carboxy group of glycine [64], which is consistent with its
intermediate Lewis acid character. This strong interaction with glutathione leads
to the inactivation of the molybdenocene.

Human serum albumin (HSA) is the most abundant protein in human blood and is
involved in metal transport [25, 27, 34, 65]. It is composed of 585 amino acids and
has a molecular mass of 66.5kDa. Studies on the interaction of molybdenocene
dichloride towards HSA and DNA showed significantly more binding towards HSA
[66]. Experiments evaluating the cellular uptake of titanocene derivatives in cancer
cells in the presence or lack of serum albumin in media were performed. They
showed increased uptake of a titanocene Y complex in the absence of serum albumin,
whereas the cellular levels of a titanium-salan complex decreased in media lacking
serum albumin [45].

Transferrin has a molecular mass of 80kDa and occurs in a concentration of
about 35 UM in the blood plasma. It is responsible for the endogenous transport
of iron(III) [21, 27, 67]. Due to the similarity of titanium(IV) to iron(III), its
transport via transferrin is frequently proposed. This hypothesis is supported
by the demonstrated uptake of titanium(IV) within the iron(III) binding site of
transferrin (figure 9, 10, 21, 32, 65, 67-69]. In order to bind to the iron pocket
of transferrin, the cyclopentadienyl ligands have to be abstracted from titanocene.
This is easily feasible, as loss of the cyclopentadienyl ligands occurs rapidly in an
aqueous environment at physiological pH [27, 67, 68].

These results show the potential of biomolecules as targets for metallocenes. The
interaction of metallocenes with biomolecules can increase their stabilization and
mediate their transport towards their target. However, irreversible binding to
endogenous compounds may also cause the inactivation of the metallocenes.

In addition to these previously discussed plasma constituents, also other biomolecules
such as ubiquitin [32, 35] and the DNA processing proteins protein kinase C and
topoisomerase II [22, 27, 32, 36, 40] have been discussed as targets for metallcenes.
These interactions may also be responsible for stabilization and transport, but
metallation of proteins may induce loss of function, which serves as an alternative
mechanism of action [10, 22, 32, 61].

Drawbacks of Metallocenes
The instability at physiological conditions and poor solubility of metallocenes is
a mayor challenge in the formulation and administration of these drugs [18, 21,

46, 70]. Besides the discussed approaches of structural modification targeting
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Figure 1.6: Proposed transferrin-mediated transportation of titan towards the cell
nucleus according to Abeysinghe and Harding [21].

these drawbacks, the inclusion of metallocenes within host molecules has found

application.

1.2 Host-Guest Complexes

Macrocyclic compounds are capable of acting as hosts for smaller guest compounds
by incorporating them into their structure. The formation of host-guest complexes
has found application in diverse fields [71].

In the pharmaceutical industry, the host-guest approach is, for example, used to
control the transport and release of drugs [72, 73]. The ability of host molecules to
stabilize volatile compounds by changing their physicochemical properties upon
inclusion, or mask undesired flavors, odors, or bitterness, are beneficial for the
application of host-guest complexes in the food and beverage industry [74]. The

textile industry also made use uf host-guest complexes. First, as auxiliaries in the
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dyeing process. Later, permanent fixation of hosts (e.g., cyclodextrins) on the fiber
surface also allowed for generation of intelligent textiles [75]. Other applications
are the extraction of metals, or as analytical separators (e.g., as stationary phase
in chromatography) [71, 76-79].

In order to form such inclusion complexes, a guest molecule with hydrophobic

properties is partially or entirely incorporated within the host structure [70, 80].

1.2.1 Hosts

In general, host molecules are composed of multiple subunits, forming macrocyclic
structures. Depending on the character and the number of subunits forming the
macrocycle, the properties and potential applications of the host are different. The
subunits themselves can occur, for example, in linear, cyclic, or bicyclic forms.
Examples of host molecules that are frequently used are cyclodextrins, cucurbiturils,

calixarenes, and crown ethers.

1.2.1.1 Cyclodextrins

Cyclodextrins are macrocyclic oligosaccharides produced from natural degradation
of starch [70, 81-83]. They are composed of 1,4-linked a-D-glucopyranose units,
that are shaped like a truncated cone (figure [L.7]A) [70-72, 80, 81, 84-87]. Due to
the chair conformation of the sugar subunits, the primary hydroxy groups (located
at the C6) are oriented towards the smaller rim, and the secondary hydroxy groups
(located at the C2 and C3) are oriented towards the larger rim. The skeletal carbon
atoms, on the other hand, point towards the interior of the cone, forming the
hydrophobic cavity of the cyclodextrins [82, 85]. The most common cyclodextrins
are -, [3-, and y-cyclodextrin, that are composed of six, seven, or eight subunits,
respectively [80-82, 84, 85, 87]. Depending on the number of subunits comprised
in the macrocycle, the size of the cavity changes. The cavity diameter of «-
cyclodextrin is ~5.2 A, whereas B- and y-cyclodextrin have a diameter of ~6.6 A
and ~8.4 A, respectively [81].

For some applications of cyclodextrin as a host, appropriate solubility is an essential
factor for their use. With an aqueous solubility of 0.016 M, (3-cyclodextrin is
significantly less soluble than «- (0.12M) and y- (0.17M) cyclodextrin [81, 85].
This phenomenon can be explained with the intramolecular hydrogen bonds formed
between the hydroxy groups at the rims of cyclodextrin [80, 81, 85]. In aqueous
solutions, the formation of aggregates through the self-assembly of cyclodextrins

has been observed. These aggregates are either of transient nature, reducing
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their capability to act as host, or are of more persistent nature, resulting in
poor solubility and their precipitation from the solution [85, 86]. Modifications
of the hydroxy groups are implemented in order to disrupt the intramolecular
hydrogen bonding and, therefore, increase solubility [80-82, 84, 87]. Random
methylation, for example, increases the solubility of 3-cyclodextrin to 0.38 M,
which corresponds to a factor > 20. This is somewhat surprising since a reduced
number of hydroxy groups is expected to result in a reduced solubility as well
[85]. However, the modification of the hydroxy groups lowers their potential for
intramolecular hydrogen bonding, which increases their ability to interact with the
surrounding water. Other modified cyclodextrins showing increased solubility, are
for example sulfobuthyl ether-f3-cyclodextrin with a solubility of more than 0.23 M
[70], or hydroxypropyl-p-cyclodextrin with 0.43 M [70, 80, 81, 84-86].

A significant advantage of the clinical applications of cyclodextrins is their relatively
high stability against degradation after administration. Therefore, they are not
absorbed through the gastrointestinal tract and, consequently, are considered
nontoxic when administered orally. Together with the ability of cyclodextrins to
improve the aqueous solubility and reduce toxic side effects of guests, these are
great advantages for various applications, especially in the pharmaceutical, and
the food and beverage industry [42, 84, 85, 88-90].

1.2.1.2 Cucurbiturils

Cucurbiturils are composed of glycoluril units, that are linked by two methylene
groups (figure[L.7B) [42, 91]. Their name derives from their barrel shaped structure,
that resembles the shape of a cucurbit, with the carbonyl groups arranged at two
rims of identical size, and a hydrophobic cavity [92, 93] They are composed of five
to ten subunits, and comprise cavity diameters ranging from ~2.4 A to ~10.6 A,
depending in the number of subunits [42, 93, 94]. Cucurbiturils are produced
synthetically by polymerization reactions. Cucurbit[6]uril, for example has been
formed via condensation of glycoluril and formaldehyde under acidic condition [91,
93]. Interestingly, the solubility of cucurbiturils is dependent on the number of
glycoluril subunits: comprising an odd number of subunits results in moderate
solubility (~0.02-0.03 M), whereas cucurbiturils with an even number of subunits
are less soluble (<107°M) [91, 93]. An advantage of cucurbiturils over other
host molecules is their increased rigidity, resulting from the two linkages between
neighboring subunits [72].

Cucurbiturils are able to include hydrophobic guests within their cavity, but also

electrostatic interaction with the carbonyl groups at the portals is possible [42, 91].
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Therefore, they have found application as reaction chambers for chemical reactions

or drug carrier [42, 91].

1.2.1.3 Calixaranes and Analogs

Calix[n]arenes and their analogs are composed of n (usually 4-8) phenol groups,
linked by methylene bridges (figure ) In case of calixarene, the linkage is
located at the 2- and 6-position (meta). This results in a bowl-shaped structure,
with a 7-electron rich cavity. However, calixarenes may also exist as partial cone,
1,3 alternate, or 1,2 alternate [72], which significantly alters the structure of the
cavity (figure [L.8A). Pillar[njarenes are structurally related to calixarenes, but the
linkage occurs at the 2- and 5-position (para), resulting in a more symmetrical
structure (figure [1.8B) [95].

Calixarenes and pillararenes are suitable hosts for sugars, amino acids, and other

biomolecules [96], as well as organometallic structures and diverse drug molecules
[96-98].

1.2.1.4 Crown Ether

Crown ethers are rather simple macrocycles, comprising the repetitive pattern
(CH,—CH,—0-), (figure ) [72]. Their nomenclature contains the number
of atoms included in the macrocycle, and the number of involved oxygen atoms.
Therefore, the name of the crown ether corresponds to 3n-crown-n, with n as
number of subunits. In contrast to the other described host molecules, the cavity
of crown ethers is hydrophilic due to the arrangement of the oxygen atoms towards
the cavity. Crown ethers have found application as phase transfer reagents or
extractants in liquid extraction [79, 99], as well as hosts for protonated amines
[100].

1.2.2 Principle of Host-Guest Complexes

The common feature of these host molecules is the depiction of a cavity that
allows for the inclusion of a guest molecule or ion [70, 101]. In order to allow for
(partial) incorporation of guests, the cavity has to be of appropriate size to fit the
guest [70, 80, 81, 85, 88, 89, 101-103]. With too little cavity size, guest molecules
will not fit in, whereas a too wide cavity does not allow for sufficient interaction
between the host and guest to form a complex [101]. For example, the cavity size
of a-cyclodextrin is appropriate for smaller structures with, e.g., an aliphatic side

chain, whereas 3-cyclodextrins are able to incorporate aromatic and heterocyclic
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molecules. Even bigger structures, such as steroids, can be included within the
cavity of y-cyclodextrin. Besides the size of the cavity, the steric properties of
host molecules are also affected by modifications at the aperture of the cavity
[85, 89, 104]. For example, the addition of hydroxypropyl groups to the rim of {3-
cyclodextrin improves its aqueous solubility but also increases the steric hindrance

for inclusion of guests, as it obstructs the portal [89].

The interactions involved in host-guest complexes are exclusively of non-covalent
nature, such as Van der Waals interaction, electrostatic interactions (e.g., hydrogen
bonding), or hydrophobic effects. Due to the hydrophobic cavity exploited by
several host structures, the inclusion of guest structures comprising hydrophobic
elements (e.g., aromatic structures) is a driving factor for host-guest complex
formation. The other non-covalent interactions can also occur at the rim of host
structures. Hydrogen bonds that are formed at the rim of cyclodextrins, for example,
are the reason for the self-association and the poor solubility of 3-cyclodextrin.
Furthermore, the interaction of guest molecules with the rims of hosts is also possible
due to electrostatic interactions. This interaction is possible in addition to the
incorporation of the guest within the cavity, leading to further stabilization of the
complex. However, the non-covalent interaction of guests with the edges of hosts is
also possible without its inclusion within the cavity, which may result in non-specific
binding [42, 91, 105]. In general, the non-covalent character of the interaction
between the host and guest molecules is a prerequisite for forming an inclusion
complex. This means no covalent bonds are newly formed or dissociated during
complex formation [72, 80, 81, 85]. However, this criterion does not bijectively
indicate the formation of an actual host-guest complex, as unspecific binding does
also not involve covalent interactions. In solution, the non-covalent interactions
result in a dynamic equilibrium between the host-guest complex and the individual
molecules [80, 81, 84, 85, 88, 101]. The interaction stoichiometry of host-guest
complexes is usually 1:1, but also 1:2, 2:1 and 2:2 stoichiometries (figure have
been described [74, 81, 88].

Complex Formation

In an aqueous solution, cyclodextrins and appropriate guest molecules spontaneously
form inclusion complexes that are in equilibrium with the unbound host and guest
molecules [81, 103, 106]. The driving force for this interaction is the oust of
enthalpy-rich water molecules from the cavity by incorporating a hydrophobic
guest [103]. In order to get the inclusion complex in solid form, coprecipitation,

physical mixing, freeze-drying, kneading, and several other methods have been

17



% c %
1:1 1:2 2:1 2:2

Figure 1.9: Schematic illustration of host-guest stoichiometries at the example of
cyclodextrin: A) 1:1, B) 1:2, C) 2:1, and D) 2:2.

used, depending on the properties of the host and guest [103, 106, 107]. The
coprecipitation method is easily used on a laboratory scale. To a solution of a
host, the guest is added while stirring. With appropriate conditions, the complex
will precipitate. This method is, however, not applicable for large-scale usage in
the industry due to the high demand for water and required wastewater disposal
[103, 106]. For freeze-drying, a similar approach was used. An equimolar solution
of the guest is added to a host solution while stirring. The resulting mixture is
then filtrated, and the filtrate further lyophilized [108] In physical mixing, 1:1
molar ratios of host and guest compounds are mixed with mortar and pestle. The
kneading method is similar, but small amounts of solvent are added prior to the

mixing, which is evaporated later [109].

1.2.3 Applications of Host-Guest Complexes

As mentioned previously, host-guest complexes have found application in various
fields. Therefore, the interactions of hosts with diverse classes of guest molecules
have been described in the literature. Besides this research, the interaction of
model compounds with hosts is investigated to study different properties affecting

the host-guest interaction.

1.2.3.1 Organic Molecules

Using organic molecules comprising hydrophobic structural elements (e.g., styrene,

phenol, benzoic acid, borneol), the structure and interaction properties of host-guest
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complexes have been investigated [110-112]. Tang et al. [110], for example, exam-
ined the inclusion of L-borneol in (-cyclodextrin, hydroxypropyl-f-cyclodextrin,
cucurbit[7]uril, and cucurbit[8]uril in aqueous solution. A higher affinity of L-
borneol was detected towards the cucurbiturils than the cyclodextrins. This system
also showed that the stoichiometry of a host-guest complex might be affected by the
cavity size of the host molecule: While the two B-cyclodextrins and cucurbit[7]uril
showed a 1:1 stoichiometry, inclusion of two guests within one host was observed
for cucurbit[8]uril.

Plant-based substances with biological activity have been subject to inclusion com-
plex formation to improve their aqueous solubility [108, 109, 113, 114]. Recently,
the effect on the anti-inflammatory activity of amyrin [109] or the antioxidant
activity of cannabidiol [108] after their inclusion within cyclodextrins have been
evaluated. Low bioavailability is a drawback of both compounds that is approached
by changing their physicochemical properties by forming a host-guest complex using
physical mixing and kneading methods [109], or freeze-drying [108], respectively.
In both studies, the formation of 1:1 inclusion complexes could be confirmed,

accompanied by increased antioxidant and anti-inflammatory activity, respectively.

Amino Acids

Amino acids differ from each other by their side chains. They are subdivided into
non-polar, uncharged polar, acidic, and basic residues. Furthermore, every amino
acid except glycine can occur as a D- or L-isomer. Due to this broad range of
properties in the side chain together with the steady amino and carboxyl groups,
amino acids have found application as model compounds for the evaluation of
inclusion complex formation with cyclodextrins [115-123]. It has been shown that
the incorporation of amino acid side chains is affected by the size of the host cavity.
- and y-cyclodextrins, for example are more suitable for the inclusion of amino
acids than o-cyclodextrin [116, 119-121]. Furthermore, differences depending on
the amino acid residue have been revealed. Ramanathan and Prokai [119] evaluated
the preference for complexation for L-amino acids as Trp > Phe > Tyr > Val in
B-cyclodextrin. This means that the inclusion of aromatic non-polar (Trp, Phe)
residues is favored over aromatic polar (Tyr) and small non-polar residues (Val).
Similar results were obtained by Roy et al. [121], comparing the inclusion of glutamic
acid, lysine, and phenylalanine in (3-cyclodextrin. They elucidated a preference of
Phe > Lys > Glu, showing a favored inclusion of aromatic non-polar amino acids
over basic and acidic side chains. In this publication, the molecular structures

of the resulting inclusion complexes have been proposed schematically. All three
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amino acids are proposed to enter the cavities from the bigger rim residue first.
Additionally, the amino and carboxylic groups are suggested to interact with the
hydroxy groups at the rim of the cyclodextrins. Investigation of the interaction of
Gly, L-Leu, L-Phe with o~ and B-cyclodextrin by Chen et al. [116] also proposed
the interaction of the amino and carboxylic groups with the hydroxy groups and
formation of inclusion complexes with -cyclodextrin. Due to the smaller cavity size,
only Gly is proposed to form an inclusion complex with &-cyclodextrin, whereas
L-Leu and L-Phe are expected to form exclusion complexes, with the residues
pointing away from the cavity. On the other hand, Rudolph, Riedel, and Henle
[122] were able to show that even bulkier amino acid tryptophan forms an inclusion
complex with -cyclodextrin, using 2D-NMR experiments. Additionally, different
studies were able to show differences in the interaction between several D- and
L-amino acids [115, 118, 123]. These results on the inclusion of amino acids within
cyclodextrins highlight their potential to evaluate the effect of different properties
of guest molecules and the size of hosts on the complex formation.

The inclusion of amino acid side chains also occurs when the amino acids are located
in longer chains, as in peptides or proteins [124], such as ubiquitin [125], insulin
[126], or substance P [127]. This inclusion allows for the protection of proteins and
peptides against degradation (if the point of attack is masked), aggregation, or
folding [124, 125, 127]. In addition, masking of undesired properties, such as the
bitter taste of rice protein hydrolysate, is enabled by host-guest complexation [122].

1.2.3.2 Metalorganic Compounds

In order to increase the solubility, stability, and bioavailability of organometallic
drugs, approaches using the formation of host-guest complexes have been studied.
Cisplatin and its analogs oxaliplatin, carboplatin, and nedaplatin have been found
to form stable inclusion complexes in - and B-cyclodextrins, and cucurbit|7]urils
[17, 128-131]. The cisplatin inclusion complex in cucurbit[7]uril has been shown to
have comparable efficacy on a human ovarian cancer cell line as free cisplatin. In
addition, the complex showed an effect on the tumor growth of cisplatin-resistant
cell lines. This is a remarkable improvement occurring due to the host-guest
complex formation, as cucurbit|7]uril itself had shown no effect on the cell lines
[129]. In contrast, experiments on the activity of oxaliplatin incorporated in
cucurbit[7]uril showed loss of antitumor activity towards human non-small cell
lung (A549) and human ovarian (SKOV-3) cancer cell lines [130]. However, the
inclusion of oxaliplatin in - and 2-hydroxypropyl-p-cyclodextrin showed almost

twofold higher cytotoxicity against human colon cancer (HCT116) and human
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breast cancer (MCF-7) cells, compared to free oxaliplatin [131].

Metallocenes

Inclusion complexes of bent metallocene dihalides have also been investigated to
improve their stability. Experiments on the interaction of molybdenocene with
[3-cyclodextrin and its derivatives gave evidence for the inclusion of CpyMoCl,
rather than its hydrolysed forms Cp,Mo(H,O)Cl™ or Cp,Mo(H,0)5 " [132, 133].
This is also proposed for the inclusion complex of vanadocene as Cp,VCl, [134]
and titanocene as Cp,yTiCly [135] within cyclodextrins. In contrast, niobocene
dichloride is found to be included as Cp,NbCl,OH within cyclodextrins [136].
Theoretical studies of complexes formed by titanocene derivatives and cyclodextrins
also propose enhanced cytotoxic activity [137]. Indeed, cytotoxicity studies revealed
increased anti-tumor activity of molybdenocene interacting with cyclodextrins [133].
Cucurbiturils have also shown their potential for inclusion of hydrolyzed forms of
molybdenocene (Cp,Mo(OH)(H50)) and titanocene (CpoTi(OH),) [42]. Inclusion
of molybdenocene leads to alteration of cell growth in cell proliferation assays,
whereas the inclusion of titanocene decelerates the hydrolysis of its cyclopentadienyl-
ligands [42]. Further, theoretical studies gave evidence for the inclusion of four
metallocene dichlorides (Cp,MCl,) or dications (Cp,M*", M = Ti, V, Nb, Mo),
within cucurbiturils [138].

Generally, two inclusion geometries have been proposed for the inclusion of met-
allocenes within cyclodextrins: Either one or both cyclopentadienyl-ligands is
located within the cavity (figure left) [132, 136]. Similar inclusion geometries
are proposed to occur with cucurbiturils. Although the inclusion of only one
cyclopentadienyl-ligand is not expected, their orientation relative to the aperture
of the cucurbituril leads to two different inclusion geometries: either horizontally or
vertically (figure right) [138]. Due to the identical size of the two rims, these

two entrances are not differentiated.

1.3 Analysis of Host-Guest Complexes

Various techniques have been used for the analysis of potential host-guest complexes.
In general, one single analysis is not sufficient for unambiguous confirmation and
characterization of the inclusion. Therefore, different analytical techniques or
complementary experiments were applied to get reliable data to confirm or reject
the formation of inclusion complexes.

The properties of the complex can also vary depending on whether the sample is
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examined in the solid state, in solution, or in the gas phase. Therefore, complemen-
tary analytical techniques can highlight different aspects for the characterization of

the complex.

1.3.1 Solid State Analysis

X-Ray Diffraction

X-ray diffraction is a common approach for characterizing inclusion complexes in
the solid state. Single crystal analysis requires a single, stable crystal of appropriate
size, which is not easily feasible for all host-guest complexes. However, this approach
results in data that allow for the determination of the position of atoms, bond-
lengths, and bond-angles of the analyte. These three-dimensional information
give insight into the conformation and packing of complexes [139]. A series of
crystal structure determinations of host-guest complexes in cyclodextrins has been
published by Harata [140] between 1975 and 1990 in the Bulletin of the Chemical
Society of Japan.

By contrast, powder X-ray diffraction only requires powder of the homogenized
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sample, making it significantly more applicable for the analysis of inclusion com-
plexes. Diffraction patterns of the single components and the proposed inclusion
complex are compared, expecting new diffraction peaks as well as the disappearance
of characteristic peaks of the guest molecule [139]. Morales, Struppe, and Meléndez
[136], for example, compared the diffraction patterns of a physical mixture and a
freeze-dried complex of cyclodextrins and niobocene or vanadocene, respectively.
Physical mixture of the sample compounds resulted for both guest structures in over-
lapping host and guest signals. In contrast, the analysis of the freeze-dried mixtures
showed different characteristics, depending on the size of the host molecule. For
both metallocenes, the spectra with o-cyclodextrin showed peaks attributed to free
cyclodextrin and metallocene, whereas the spectra with 3-cyclodextrin comprised
significantly different peaks. These data allowed to conclude that physical mixture
is not sufficient for inclusion complex formation, and the cavity of «-cyclodextrin
is not of sufficient size to host these metallocenes. However, complexation within
B-cyclodextrin is confirmed, based on these data [134, 136].

Thermal Analyses

Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC)
are thermal analysis techniques used to characterize host-guest complexes. Using
TGA, the weight loss of the sample depending on the temperature change is
recorded. Weight loss profiles of cyclodextrins, for example, are characterized by
a mass loss deriving from the loss of water at temperatures up to 100°C and a
second mass reduction upon melting and degradation of the macrocycle at higher
temperature. In the analysis of complexes, the weight loss profiles of the single
components are compared to the profile of the interaction compounds to identify
differences caused by the interation. Upon inclusion, the thermal stability of the
guest should be increased, which results in an altered profile [139]. Furthermore,
decomposition of 3-cyclodextrin occurs at a lower temperature when part of a
host-guest complex [132]. The analysis of a lyophilized mixture of molybdenocene
and B-cyclodextrin, for example, showed different profiles for the mere compounds
and their physical mixture [132].

DSC provides information about the physical and energetic properties of the sample.
Comparable to TGA, the curves obtained from single compounds are compared
to those of mixtures. By simply mixing of the host and guest compounds, no
interaction is expected to occur, resulting in a curve representing the sum of the two

compounds. By inclusion of the guest within the host, its melting peak disappears

[139].
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Spectroscopy

Fourier-transform infrared (FT-IR) and Raman spectroscopy of host-guest com-
plexes are based on the comparison of the spectra deriving from the sole compounds
and their mixture. In contrast to FT-IR, which detects the absorption of an analyte,
Raman relies on the light scattering of the sample. Therefore, sample preparation is
significantly facilitated as Raman does not require the preparation of a pellet of the
sample mixed with potassium bromide [139]. Disappearance, shift, or broadening
of characteristic bands of the guest molecule may hint at the formation of inclusion
complexes. These alterations are proposed to be the result of restrictions in the
vibrations of the guest molecule caused by its inclusion [139]. Mangolim et al. [141]
investigated the complex of curcumin and (-cyclodextrin formed by co-precipitation.
Indeed, the FT-IR and Raman spectra of the complex show shifted peaks compared

to the physical mixture of the two compounds.

1.3.2 Theoretical Approaches

Theoretical approaches frequently complement the conclusions drawn from the
previously described experimental approaches [97, 123, 132] Other studies are
entirely based on calculational methods [17, 137, 138]. Molecular modeling and
conformational analysis, for example, are applied to propose the inclusion of modi-
fied titanocene dichlorides within cyclodextrins [137]. Furthermore, Senthilnathan
et al. [138] concluded the preferred inclusion of bent metallocene dichlorides within

cucurbit|7]uril over cucurbit[6]uril based on computations.

1.3.3 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy covers various experiments, pro-
viding complementary information about the analyte. Usually, NMR experiments
are performed in solution with deuterated solvents, but also "*C experiments in
solid-state are possible. As the behavior of a complex is expected to be different
in solution than in solid phase, data derived from these experiments may differ
from the previously described methods that have been exclusively performed in
solution. Similar to other spectroscopic methods, comparing the spectra of the
pure involved compounds with the mixtures allows for drawing conclusions about
the complexation. Using 1D experiments, such as 'H or **C NMR leads to a shift of
individual signals upon complex formation [142]. In the case of cyclodextrins, the
signal of the H3 and H5 protons, which are located at the interior of the cavity, will
be affected by guest molecules in "H NMR experiments, leading to a shift of their

24



signal [110, 112]. Using 2D experiments (e.g., NOESY, COSY), the proximity of
atoms of the host and guest molecules can be distinguished, allowing for even more
precise allocation of the guest within the cavity. Further details on NMR experi-
ments used for the analysis of cyclodextrins and their complexes are summarized
in the review of Schneider et al. [142]. NMR techniques have been used in addition
to other techniques for investigating different host-guest complexes. For example,
Buck et al. [42] used 'H- and NOESY-NMR experiments to confirm the formation
of inclusion complexes between cucurbiturils and molybdenocene and titanocene,
whereas Rudolph, Riedel, and Henle [122] evaluated the interaction of the aromatic

amino acids with cyclodextrins using 'H- and ROESY-NMR experiments.

1.4 Mass Spectrometry of Host-Guest

Complexes

Mass spectrometry is an analytical technique with high advantages over other
techniques, such as sensitivity and speed [107, 143]. It has found broad applica-
tions in different fields, and the development of soft ionization techniques, such
as electrospray ionization (ESI) and matrix assisted laser desorption ionization
(MALDI), has opened an even broader field of applications. These techniques allow
for the transfer of molecules and complexes to the gas phase, remaining their native
structure [72, 143-145]. This preservation of the native structure of the analyte
enables for the analysis of the quarternary structure of DNA, or the interaction
between proteins and other proteins, drugs, or nucleic acids [144, 146]. Furthermore,
the application of mass spectrometry for the analysis of non-covalent host-guest
complexes has been discussed in several reviews [71, 72, 147].

In comparison to the previously described methods for the analysis of host-guest
complexes, mass spectrometry does not require the analysis of neat components to
draw conclusions from the data acquired from the analysis of the mixture. Mass
spectrometry detects the mass-to-charge (m/z) ratios of the ions present in the
sample. As the m/z ratio of the monoisotopic peak is identical for a singly charged
ion and a doubly charged ion of twice the mass, these two cannot be directly
distinguished. Using high-resolution mass spectrometry, the detected signals are
resolved into their isotopic pattern. This even allows for differentiation of singly and
doubly charged ions of the same m/z ratio, as the isotopic peaks are m/z =1 apart
for singly charged ions, whereas they differ by m/z =0.5 for doubly charged ions.
Based on the knowledge of the sample composition, the m/z ratios expected for

the complex can be calculated and serve as a reference for the data interpretation.

25



Ramanathan and Prokai [119], investigated the interaction between amino acids
and cyclodextrins using electrospray ionization mass spectrometry. The addition of
equimolar amounts of &-, 3-, and y-cyclodextrin to L-Trp resulted in signals assigned
as the protonated interaction species [Trp + «CD + H]*, [Trp + BCD + H]™, and
[Trp + yCD + H] ", respectively, as well as the protonated host and guest molecules.
Based on these results, they concluded the preference for the inclusion of Trp into
cyclodextrins with appropriate cavity size based on the intensities of the respective
ions. By adding equimolar amounts of different amino acids to (3-cyclodextrin,
they further postulated the order of Trp > Phe > Tyr > Val for their encapsulation
preference. In a third experiment, tandem mass spectrometric experiments of the
inclusion complexes were examined to determine their gas phase stability. Although
Ramanathan and Prokai [119] showed the potential of different experiments on the
analysis of host-guest complexes, Cunniff and Vouros [148] tempered the enthusiasm
on the conclusions drawn on host-guest complexes by mass spectrometry. Their
experiments on the interaction of amino acids with cyclodextrins showed inclusion
complex-like interactions between cyclodextrins and amino acids that do not
comprise the required hydrophobic side chains to undergo encapsulation. They
concluded that these interactions are electrostatic adducts rather than host-guest
complexes [148]. This opened the question of how the character of the interaction

is altered upon the transfer into the gas phase.

Non-Covalent Interactions in the Gas Phase

Different intra- and intermolecular interactions occur in solution and in gas phase. In
both environments, several non-covalent interactions contribute to the stabilization
of the non-covalent complexes.

In solution, they are usually stabilized by weak interactions, such as van der Waals
forces, hydrophobic interactions, hydrogen bonding, or electrostatic interactions.
With the transfer of these non-covalent interactions in the gas phase, most of them
are probably retained, but their relative contribution is altered [144]. For example,
the propensity of ionic interactions is increased in the gas phase compared to the
solution, whereas hydrophobic interactions contribute less in the gas phase [144,
149]. Guest molecules containing polar groups can form hydrogen bonds or dipole-
dipole interactions with polar parts of the host structure, for example, the hydroxy
groups at the cyclodextrin rims [107]. These interactions become even stronger
in the gas phase, leading to non-specific adducts in addition to the formation of
inclusion complexes [148, 149]. On the other hand, nonpolar interactions are more

robust in solution than in gas phase [149]. Consequently, host-guest complexes
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that are stabilized exclusively by hydrophobic interactions that have been detected
by other analytical techniques (e.g., NMR) might be decomposed upon transfer
into the gas phase, preventing their detection by mass spectrometry. Therefore,
mainly inclusion complexes comprising polar interactions are detectable in mass

spectrometry [107].

In order to differentiate between “real” inclusion complexes and non-specific inter-
actions, two approaches have been proposed. One is the comparison of the relative
intensities of the interaction species with cyclodextrins and linear oligosaccharides.
If “real” inclusion complexes are formed, higher signal intensities are expected for
the interaction of the guest with cyclodextrins than with linear oligosaccharides.
In contrast, non-specific binding would lead to similar intensities for adducts with
cyclodextrins and linear oligosaccharides [107, 150]. This direct comparison of the
intensities requires comparable ionization efficiencies for the participating com-
pounds, or the intensities have to be corrected for different ionization efficiencies
[143].

A second method for determining the interaction characteristics is the recording of
the survival yield [151-155]. This displays the relative intensity of the precursor
ion as a function of the collision energy applied in tandem mass spectrometric

experiments.

Different approaches have been used for the determination of this survival yield
(SY). Ma et al. [156] calculated the survival yield on the basis of the signal intensity
of the precursor ion. Without any energy applied, the intensity (Iy) corresponds
to a survival yield of 100%. With increasing collision energy, the intensity of
the precursor decreases (Igg). The survival yield is, therefore, calculated as the
fraction of the remaining precursor ion intensity of its initial intensity (equation
[L.1). Gabelica, Galic, and De Pauw [150] calculated the relative intensity of the
precursor (Ipz) ion as its percentage of the sum of the precursor and the free host
(In-) and guest (Ig-) ions (equation[l.2)). As the precursor ion in this example occurs
in doubly charged form and decomposes to singly charged host and guest ions, their
relative intensity has to be divided by the factor two. Another approach is used by
Memboeuf et al. [152]. Here, the fraction of the precursor ion (Ip) of the sum of
the intensities of the precursor and all fragment ions (Ir) is calculated (equation
1.3)). This approach is also applicable for the determination of the breakdown
curves. In breakdown curves, not only the progression of the precursor, but also of
the fragment ions is determined. Therefore, the breakdown curve of a specific ion

(BDCx) is determined by the fraction of the intensity of an individual fragment ion
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(Ix) of the total intensity of all detected precursor and fragment ions (equation
[107, 150, 151]. The energy at which the intensity of the precursor ion declined to
50% is called the CEs, value. In general, higher CEs, values indicate for stronger
interaction [151, 156, 157].

Ip—1
gy = 20— CF (1.1)
Iy
Ip>-
SY = =z (1.2)
Ip
SY = — 1.3
Ip + ZIF ( )
BDCy = — X (1.4)
I Ir '

This method allows for differentiation between non-specific interactions and inclu-
sion complexes by compairing the CEy, of the interaction with linear and cyclic
oligosaccharides [107, 150]. If the interaction of a guest is exclusively of non-specific
character, no difference is expected. On the other hand, differing interactions
occurring from inclusion, lead to differences in the survival yield [150].

In this thesis, a particular focus is put on the behavior of cyclodextrin host-guest
complexes in mass spectrometry. Therefore, the analysis of saccharides serves as a

profound basis for their investigation.

1.5 Saccharides in Mass Spectrometry

Cyclodextrins are composed of several saccharides arranged in a macrocycle. These
saccharides are also appearing in linear and branched forms of different lengths.
Mono- and disaccharides, for example, are built of one or two subunits, oligosaccha-
rids are composed of up to ten subunits, and polysaccharides comprise more than
ten subunits [158]. The analysis of saccharides is also of importance due to their
wide occurrence in biomolecules, including glycoproteins, gangliosides, glycolipids,
glycosphingolipids, or glycodendrimers [158-162].

With the development of fast atom bombardment (FAB) [160, 163-166] and liquid
secondary ion mass spectrometry (LSIMS) [167-170], the possibility for analysis
of even bigger oligosaccharides and glycoconjugates without derivatization found

application [171]. Earlier, alkylation or esterification was a prerequisite in order

28



to increase the volatility and thermal stability to make these structures accessible
for the analysis with electron impact (EI) or chemical ionization (CI) methods
[169, 171]. Another approach is the addition of salts in order to increase the signal
intensities, e.g., thiocyanate in negative mode and ammonium in positive mode,
making even large permethylated oligosaccharides accessible to analysis [172]. Since
the development of FAB and LSIMS, various other ionization techniques have been
used to analyze oligosaccharides in positive and negative mode, of which ESI and
MALDI are the most frequently used [158, 159, 173-183], but newer methods, such

as ion mobility mass spectrometry, are used as well [184-187].

1.5.1 Ionization

Using these diverse ionization techniques, the quasi-molecular ions [M + H]™,
[M + Na]*, [M + NH,]*, and [M + K] of saccharides are frequently detected in
positive mode. Furthermore, ions derived from the addition of multiply charged
metal ions can lead either to quasi-molecular ions of the same charge as the metal
ion (e.g., [M + Ca]*") or the charge is partially compensated by the abstraction of
protons from the molecule (e.g., [M — H + Ca]™). Additionally, combinations of
charge-carrying species can also lead to multiply charged quasi-molacular ions (e.g.,
[M + 2Na)*"). In negative mode, [M — H] occur from abstraction of a proton,
or molecules that cannot lose protons can be detected in the form of species like
[M + Cl] [160, 182]. By adding certain salts and additives to the sample the
ionization efficiency could be enhanced and, consequently, the abundances of the
respective quasi-molecular ions increase. With these increased abundances, the
selection of these quasi-molecular ions as precursor for tandem mass spectrometric
experiments is promoted, as the resulting fragment ions are of higher intensity as
well [160, 175, 176].

The size of the saccharide, as well as the type of the charge-carrying species, signif-
icantly affect the ionization efficiency and the resulting fragment ions. Generally,
bigger saccharides are more easily ionized, as they provide more coordination sites

for metal ions [175].

In addition, the size of the charge carrier affects the resulting fragmentation. In the
case of small charge carriers (e.g., H) more fragmentations take place than in the
case of bigger (alkali-)metal ions acting as charge carriers [174, 188]. This effect is
caused by the multi-dentate interaction of bigger charge carriers with saccharides.
With this wider distribution of the charge, the quasi-molecular ions are stabilized,

resulting in less fragmentation [175, 188-190].
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1.5.2 Fragmentation

The fragmentation of quasi-molecular ions reveals further structural information of
the analyte. Two prevalent techniques are collision-induced dissociation (CID) and
higher energy collision-induced dissociation (HCD). In both techniques, acceleration
of the selected precursor ion leads to its collision with an inert gas (e.g., No, He, Ar,
Xe). These collisions increase the internal energy of the precursor ion, subsequently
inducing its dissociation. The energy applied in these processes can be given in
the laboratory (LAB) or center-of-mass (COM) frame of reference [191, 192]. Only
a fraction of the LAB frame energy is available for the precursor ion, which is
considered in the COM energy, displaying the maximum available energy that can
be converted into internal energy [191, 193]. Therefore, the conversion of LAB to
COM energy takes the mass of the collision gas and the mass of the precursor ion
into account, as shown in equation [191, 194].

Mgas
ECOM = (+>ELAB (15)

Mion + mgas

In ion-trap CID, resonance excitation of the precursor ion is induced by applying a
specific radiofrequency (RF) voltage. This causes its movement and consequently
its collision and dissociation. As the RF amplitude required for the dissociation is in
relation to the RF voltage required for the trapping of the resulting fragment ions,
ions with about 25-30% of the precursor’s m/z cannot be detected in ion-trap CID
experiments [191, 195]. This so-called “low-mass cut-off” is a significant limitation
of ion-trap CID that can be overcome using HCD. Acceleration of precursor ions in
HCD is non-resonant, occurring due to application of a direct current (DC) voltage
[191].

In addition to ion-trap CID and HCD, decomposition of ions can already occur
within the ionization source. In the case of an electrospray ionization source, the
ions are generated at atmospheric pressure and are transferred to the first vacuum
stage of the mass spectrometer. In-source fragmentation is caused by the collision
of the analyte ions with the residual gas in this region of the mass spectrometric

instrument [193].

1.5.2.1 Nomenclature

In 1987, Dell [160] postulated different fragmentation pathways (A to E) that
have been found as common patterns for the decomposition of polysaccharides and
glycoconjugates (figure|1.11)). Pathway A derives from the cleavage of the glycosidic
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bond, forming an oxonium ion with the charge retained at the non-reducing end.
This pathway is only possible in positive mode. Dissociation of the glycosidic bond
with a hydrogen transfer from an adjacent carbon towards the non-reducing end
corresponds to pathway B. In this case, the charge is retained at the reducing
end, and it can occur in positive and negative ionization mode. On the contrary,
pathway C results from glycosidic bond cleavage with a hydrogen transfer from an
adjacent carbon towards the reducing end, resulting in the charge being located at
the non-reducing end. Pathways D and E are two types of cross-ring cleavage with

the charge either retained on the reducing, or the non-reducing end.

Domon and Costello [196] summarized in 1988 the ions observed in FAB-MS and
MS/MS experiments and introduced a systematic nomenclature for the assignment
of these ions analogously to the nomenclature system used for peptides (figure
). A;-, Bi-, and Ci-fragments are defined to contain the non-reducing end,
whereas X;-,Y;-, and Z;-fragments comprise the reducing sugar unit and the sub-
scripts indicate the position of cleavage relative to the termini. Formation of B-
and Y-fragments originates from the cleavage of a glycosidic bond closer to the
non-reducing end, C- and Z-ions result from the cleavage of a glycosidic bond
nearer to the reducing end. A- and X-fragments are formed by cross-ring cleavage,
with superscripts indicating the position of the cleaved bond (e.g., 2*A or 1°X).
The bond between the ring oxygen and the C1 is defined as position 0, the bond
between C1 and C2 as position 1, and so on. This nomenclature can even be
extended for branched oligosaccharides by greek letters as subscripts. Hence, the
largest branch (or antenna) obtains the addition of an «to the subscript, the second
largest a B, and so forth (figure [1.12B) [196].

Experiments performed in the positive and negative mode indicated possible
cleavage at every glycosidic bond. However, the resulting ions did not allow for
drawing any conclusion regarding the sequence of the oligosaccharide. Due to their
high symmetry, it is not possible to differentiate from which terminus or even from
the internal part the fragment ions derive [160, 171]. For example, a Bs-ion cannot
be distinguished from a Zs-ion only from its m/z if there are no modifications,
aglycone moieties, or isotopic labeled moieties allowing for identification of the
end [181, 197-199]. Additionally, consecutive fragmentation mechanisms can
result in formation of internal fragmentation [160, 171]. In order to improve the
sequential information of the fragment ions, derivatization (e.g., permethylation,
peracetylation) of the oligosaccharide is needed to tag the reducing or non-reducing
end [171, 198, 200].
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Figure 1.11: Fragmentation pathways A to E proposed by Dell [160].
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Figure 1.12: Nomenclature of saccharide fragmentation proposed by Domon and
Costello [196] for A) linear saccharides and B) branched saccharides.

1.5.2.2 Dissociation Patterns

Since the implementation of this systematic nomenclature, it is used to assign
fragment ions in order to explain the decomposition patterns of diverse saccharides.
Oligosaccharides comprise various structural features affecting the formation of
fragment ions, independent of the ionization mode. They can be built of differ-
ent subunits with identical formulas (e.g., glucose, galactose). Furthermore, the
anomeric carbons of these subunits occur in - of B-form and can be linked to
different hydroxyl groups of another sugar [187]. These features are called the com-
position, connectivity, and configuration of saccharides. In addition, the location

and identity of the charge-carrying moiety also have an impact on the detected
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fragment ions [144, 174, 177, 181, 186, 187, 201-203|.

Differentiation of Isomers

Comparison of the detected fragment ions of various saccharide isomers has revealed
significant dissimilarities occurring from their distinct composition, connectivity,
and configuration. The ability to discriminate between different linkage positions
using mass spectrometry has been shown by the investigation of saccharides of
identical composition with altered linkage positions [185, 204-211]. Lemoine et al.
[204] and Hsu et al. [205], for example, have examined saccharides comprising
distinct linkages between the mannose subunits. CID mass spectra of the respective
sodium adducts show distinct fragment ions, mainly occurring from cross-ring
fragmentation, that allowed for differentiation of 1,2-, 1,3-, 1,4-, and 1,6-linkage.
Other research showed the effect of the anomeric configuration on the formation and
intensity of certain fragment ions [185, 188, 197, 205, 209, 212-215]. One example is
the comparison of the fragment ions obtained from the dissociation of maltohexaose
(1,4-linked o-glucopyranose) and cellohexaose (1,4-linked (-glucopyranose), showing
distinct spectra from each other [188, 215].

In addition to differences in linkage position and anomeric configuration, Asam and
Glish [209] investigated the fragmentation occurring from lithium an sodium adducts
of lactose (galactosyl-B-(1— 4)glucose) and cellobiose (glucosyl-p-(1 — 4)glucose),
among others. For both adducts, the relative intensities of the B;- and Y;-ions, and
the fragment ions occurring from loss of H,O, C,H,0,, and C,HgO, are significantly
different.

As mentioned previously, the charge density of alkali metal ions results in multi-
dentate interaction with oligosaccharides. This does not only result in altered
stability compared to protonated oligosaccharides but also affects the fragmentation
patterns [190]. In general, protonation leads mainly to loss of a water molecule and
cleavage of the glycosidic bonds, whereas the addition of an alkali metal also pro-
motes cross-ring fragmentation [188, 190]. Therefore, analysis of sodium, potassium,
or lithium adducts, for example, may provide even more structural information.
A particular type of fragmentation, occurring mainly in protonated saccharides
comprising an aglycone unit, is the internal residue loss (or rearrangement) [163,
164, 166, 216-219]. In this case, not a terminal but an internal residue of the
oligosaccharide is eliminated, and the remaining structures are recombined. This
rearrangement enormously exacerbates the structural elucidation of oligosaccha-
rides and may lead to misinterpretation of the obtained data [216, 217]. Therefore,

analysis of the sodium adducts is favorable for sequence determination, as internal

34



residue loss is not occurring [165, 218-220].

The differences in fragment ions obtained from different saccharide isomers have
also found application in the identification of carbohydrates by comparing relative
intensities of detected fragment ions with reference spectra [210, 221, 222]. Based
on this, fragmentation libraries have been established [186, 187, 223, 224].

1.5.3 Mechanisms

In order to explain the formation of fragment ions, diverse mechanisms have been
proposed explaining their formation in positive and negative ionization modes.
These mechanisms are either kept rather general, leaving structural features of the
saccharides out of consideration or refraining from precise allocation of the charge,
or very specific, considering the particular structural properties of the respective
saccharide.

Mechanisms proposed for the fragmentation of protonated saccharides have the
proton located either at the glycosidic oxygen [174, 189, 190, 196, 225], or the
location is not specified [215, 225]. Domon and Costello [196] propose a mechanism
for the formation of B-ions, in which the protonation at the glycosidic oxygen
induces cleavage of the glycosidic bond adjacent to the C1 and the formation of an
oxonium-ion (figure [L.13A). This mechanism coincides with mechanisms proposed
by Ngoka, Lebrilla, and Gal [189], Cancilla et al. [174], and Bythell et al. [190].
However, alternative mechanisms resulting in the formation of B-ions have been
suggested. Bythell et al. [190], for example, also discussed the formation of a
1,6-anhydrogalactose ion as B-ion, resulting from the nucleophilic attack of the C6
oxygen onto the C1 carbon, inducing subsequent glycosidic bond cleavage (figure
1.13B). A corresponding charge-independent mechanism was proposed by Zhu et al.
[225]. Fentabil et al. [215] did also not include the proton in their mechanism.
The formation of an oxonium ion by the formation of a new double bond from
a electron lone pair of the ring-oxygen is comparable to the previously described
mechanisms. However, proton transfer from the adjacent hydroxy group at C2 to
the glycosidic oxygen results in the formation of a negatively charged oxygen. This
is compensated either by the binding to C1, forming an epoxide, or the uptake of
the initially not allocated proton (figure mC) A similar mechanism was proposed
by Zhu et al. [225]. Up to the zwitterionic structure, these two mechanisms are
identical, but the compensation of the charge leads to a ring contraction (figure
1.13D). Furthermore, Zhu et al. [225] proposed glycosidic bond cleavage upon the
abstraction of the C2 hydrogen by the glycosidic oxygen with subsequent formation
of a double bond (figure [[.13E). In general, the formation of the corresponding
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Y-ions occurs from proton transfer simultaneously to the glycosidic bond cleavage,
if the charge is contributing to the mechanism. If the location of the proton is not
specified, its final location defines whether the B- or Y-ion is formed. Formation of
Z- and C-ions has been proposed by Bythell et al. [190] (figure [L.13F). Nucleophilic
attack of the ring-oxygen electron lone pair to C4 induces the cleavage of the
adjacent glycosidic bond and the formation of a bicyclic Z-ion. Subsequent proton

transfer leads to the corresponding C-ion.

Interestingly, despite internal residue loss is occurring mainly for protonated sac-
charides, the location of the proton is not defined in the mechanisms proposed by
Briill et al. [163] (figure [[.14]A) and Van Der Burgt et al. [164] (figure [1.14B), for
1,4- and 1,6-linked saccharides, respectively. In both mechanisms, two nucleophilic
attacks of glycosidic oxygens on the C1 carbons lead to the exclusion of bridged

saccharide residues and reconnection of the remaining structures.

Fragmentation mechanisms of metallated saccharides in positive mode generally bear
resemblances to the previously described mechanisms for protonated saccharides
[190, 211, 214]. For example, a suggested mechanism of Bythell et al. [190] (figure
1.16]A) is analogous to the glycolysis proposed by Zhu et al. [225] (figure [1.13D).
However, the multidentate interaction of metal ions with saccharide oxygens can
result in reduced cleavage of the glycosidic bond due to its stabilization (figure
[174, 226, 227]. This stabilization promotes cross-ring fragmentation, following
mechanisms proposed by Kénig and Leary [211] (figure [L.16B), Bythell et al. [190]
(figure C, D), and Tiiting, Adden, and Mischnick [199] (figure [L.16E).
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In the negative ionization mode, the deprotonation site strongly affects the fragmen-
tation mechanism. A selection of those mechanisms is discussed in the following.
Domon and Costello [196] proposed a mechanism with deprotonation site located at
the non-reducing end leading to Y-ions (figure ) In contrast, deprotonation
at the C3 hydroxy group leads to the formation of a C-ion (figure ) In both
cases, the corresponding B- and Z-ions are formed from subsequent proton transfer.
Deprotonation at the reducing end can either result in cleavage of the glycosidic
bond, leading to B- and Y-ions (figure [L.17[C) [168, 189], or induce cross-ring
fragmentation (figure [L.17D) [168].

1.5.4 Cyclodextrins

Similar to linear saccharides, positive ionization of cyclodextrins can lead to the
formation of quasi-molecular ions with protons, ammonium, alkali metals (M),
or alkaline earth metals (M*") [154, 155, 175, 228-231]. As mentioned earlier, the
formation of clusters occurring from unmodified cyclodextrins can lead to signals
assigned as [2CD + 2H]2+, for example, which overlap with the signal of the
corresponding singly charged monomer [CD + H]™ [228, 232]. Again, metal ions
can interact with multiple sites of cyclodextrins and have been found to interact
preferentially with the narrow rim of cyclodextrins [154, 230, 233]. Lithium (Li"),
for example, can interact with up to four oxygen atom in its proximity when
interacting with o~ or f-cyclodextrin, and its methylated analogs [233], whereas
Fe*™ was found to undergo five interactions with a-cyclodextrin, four with f-
cyclodextrin, and three with y-cyclodextrin [154]. These trends are affected by the
size of cyclodextrins as well as the radii of the metal ions [154, 230]. On the other
hand, protonation of cyclodextrins occurs at a glycosidic oxygen due to its basic
properties [188, 234].

Dissociation Patterns

Upon decomposition of singly positive charged cyclodextrins, consecutive loss of
162 Da is consistently described in several publications [155, 157, 228, 229, 231—
235]. In the case of doubly charged precursor ions, loss of m/z =81 (162Da/2) is
documented [157, 231, 232]. This mass differences correspond to a glucopyranose
subunit (C¢H;(Os5), deriving from cleavage of two glycosidic bonds [229]. It has
to be emphasized that these losses are detected for protonated cyclodextrins and
cyclodextrins with alkali metal adducts.

Rabus et al. [229] and Przybylski and Bonnet [157] investigated the fragmentation
of sodiated B-cyclodextrin ([3CD + Na]™). Both detected a series of fragment ions
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differing from each other by 162 Da. Based on these data, it cannot be differentiated
whether the dissociation occurs consecutively or simultaneously. In addition, Rabus
et al. [229] detected a signal occurring from the loss of 264 Da from the precursor
ion, indicating cross-ring fragmentation. Furthermore, Franski et al. [231] assigns
fragment ions deriving from B-cyclodextrin ionized with diverse metal ions (Na™,
Mg?", Ca®", Cd*", Co®", Cu®", and Pb*") to one series differing by m/z =81 from
each other and from the doubly charged precursor, and up to three series of ions
being 162 Da apart. Those occur from charge-separation reactions from the doubly
charged precursor, leading to singly charged fragment ions. Thereof, one is the
direct loss of 162 Da, whereas the other two occur from the initial loss of a cross-ring
fragment with 264 Da or water (18 Da), respectively, and subsequent loss of the
subunits with 162 Da.

Dissociation patterns are frequently explained by marking the cleavage site in
the macrocyclic structure, as shown in figure m [228, 231, 236], whereas, in
other publications, the fragment ions deriving from cyclodextrins are assigned as
B-, Y-, or Z-ions [155, 157, 229]. However, the definition of Domon and Costello
[196] regarding this nomenclature includes whether the fragment ions contain the
reducing or non-reducing end. As discussed by Chizhov, Tsvetkov, and Nifantiev
[228], the lack of any beginning or end within cyclodextrin macrocyclic structure

hampers the application of this nomenclature.

Comparable fragmentation pathways have also been found for modified cyclodex-
trins comprising side chains. One ion series is occurring from the loss of subunits
of cyclodextrin and a second series of ions is assigned to the decomposition of
the side chains. These two series have also been found to overlap, leading to the
characteristic pattern of the loss of subunits shifted by the m/z ocurring from
the decomposition of the sidechains [228, 235, 236]. Aditionally, cleavage of the
entire modified subunits has been detected [155, 228, 233, 237, 238|. In the case
of methylations, fragments of 176 Da, 190 Da, or 204 Da are lost from mono-, di-,
or trimethylated subunits, respectively. This trait has been used by Sforza et al.
[238] for investigating regioisomers of diamino- and ditosyl-f3-cyclodextrins. The
regioisomers comprise the two modifications either at neighboring subunits (AB),
or one (AC) or two (AD) subunits apart, as depicted in figure[I.19} By determining
the relative intensities of the resulting tetrameric fragment ions containing no, one,
or two modifications differentiation of these isomers was possible. For example, the
AB isomer can form three tetrameric fragments containing two modifications, two

with one, and two without any modification, leading to a proportion of 3:2:2. This
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Figure 1.18: Example of the indication of cleavage sites in cyclodextrins.

is clearly distinguishable from the 2:4:1 and 1:6:0 patterns expected from the AC

and AD isomers, respectively.

Fragmentation Mechanism

Although dissociation patterns are frequently used to describe the decomposition of
cyclodextrins, only sparse information is available on the structure of fragment ions
and the mechanisms leading to those. Donkuru et al. [235] stated that the loss of
glucopyranose subunits accompanies ring-opening of the macrocyclic structure of a
doubly charged modified (3-cyclodextrin. They also proposed the structure shown
in figure for the resulting ion, but did not discuss the underlying mechanism.
Rabus et al. [229] evaluated four different structures for dimeric sodiated fragment
ions based on simulations: three are B-ions and one is a Z-ion (figure [1.20B). Of
those, the 2-ketone fragment ion (blue) is identified as the lowest energy structure.
Furthermore, they proposed the fragmentation mechanism shown in figure [1.20[B
for the formation of this B-ion. Dossmann et al. [154] proposed a fragmentation
mechanism for divalent metal adducted cyclodextrins (figure [L.20[C). It includes
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Figure 1.19: Tetrameric fragments occurring from the decomposition of AB, AC,
and AD regioisomers, according to Sforza et al. [238].

simultaneous cleavage of two glycosidic bonds and exclusion of a zwitterionic glucose
subunit. In a second step, the remaining cyclodextrin fragment ion undergoes
recyclization. Jang and Choi [234] characterized the dissociation of protonated
a-cyclodextrin by two pathways. The first is the linearization of the macrocyclic
structure and subsequent loss of subunits (figure [L.20D), whereas the second
is the direct decomposition of the macrocyclic a-cyclodextrin. Although both
mechanisms lead to ions of the same m/z ratio, their structure and stability, based

on energy-minimized structure calculations, are not the same.
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et al. [154], and D) Jang and Choi [234].
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2 Fragmentation of Cyclodextrins in Mass
Spectrometry

A first step towards the comprehension of the mass spectrometric behavior of
cyclodextrin host-guest complexes is the analysis of cyclodextrins individually. This
allows for the identification of signals independent of an interaction. Furthermore,
understanding of the fragmentation mechanisms underlying the decomposition of
cyclodextrins provides information on the potential effects of the inclusion of a
guest on the fragmentation of the complex. Although several publications discuss
the fragmentation mechanism of linear and branched oligosaccharides, only a few
focus on the dissociation mechanisms or structure of fragment ions of cyclodextrins.
[154, 229, 234, 235]. To fill this gap, the fragmentation patterns occurring from
collisional activation of protonated cyclodextrins of different sizes are investigated.
Furthermore, methylated derivatives of 3-cyclodextrins are examined to get a more

in-depth insight into the effect of the numerous hydroxy groups.

2.1 -, 3-, and y-Cyclodextrins

The analysis of -, 3-, and y-cyclodextrin in 50/50 H,O/MeCN showed comparable
results for all three host structures. The intact cyclodextrins are detected as proton
(m/z973.325, m/z 1135.380, m/z 1297.432), sodium (m/z 995.305, m/z 1157.360,
m/z 1319.413), potassium (m/z 1011.279, m/z 1173.334, m/z 1335.388), and ammo-
nium (m/z 990.351, m/z 1152.406, m/z 1314.459) adducts, respectively (figure [2.1)).

The formation of ammonium adducts is frequently mentioned in the literature using
ammonium-containing additives during the analysis. However, these adducts are
also mentioned in publications that did not use any of those additives [155, 157, 239].
Yet, the authors of these publications did not clarify the origin of this NH," cation.
In order to rule out the cyclodextrin raw material as the ammonium source, its
composition is determined by thermal elemental analysis. For (3-cyclodextrin, a
composition of 38.28% carbon, 6.73% hydrogen, and 0.00% nitrogen was detected.
This composition is in agreement with the molecular formula of -cyclodextrin
(Cy3H70035) including the declared water content of 10-13%. Also, the lack of any

nitrogen excluded the sample as an ammonium source. Possible external sources
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Figure 2.1: Full scan electrospray ionization mass spectra of A) a-; B) -; and C)
v-cyclodextrin recorded in positive mode.
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Figure 2.2: A) Full scan electrospray ionization mass spectrum of 3-cyclodextrin
after the addition of KCl, B) tandem mass spectrum of [3CD + Ca]*".

have been mentioned in the literature. Selva et al. [240] explained the occurrence of
ammonium adducts from “residual ammonium contamination of the instrument”,
whereas Blades, Tkonomou, and Kebarle [241] declared the origin of NH," from
“NHj; gas impurity present in atmospheric air”. In our experiments, no further effort

was made to ascertain the source of ammonium.

In addition to singly charged ions, doubly charged species could be assigned as
clusters of cyclodextrins with different types of charge carriers, e.g., [3CD 4 2Na]*"
at m/z 1481.465, m/z 1724.548, and m/z 1967.626 for «-, 3-, and y-cyclodextrin,
respectively. Signals of other clusters are overlapping with the peaks of singly
charged species, for example, the signals deriving from [3CD + Na]™ are overlapping
with the signals of [23CD + 2N a]2+, resulting in a mixed isotopic distribution.
Another species of doubly charged ions is the adduct of Ca*", resulting in the
signals at m/z 506.138, m/z 587.165, and m/z 668.191, respectively.
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This doubly charged ion is of special interest, as it has been found misassigned in
some publications as [CD + H 4 K]** [155, 157]. Regarding the mass deviation
in ppm, this assignment would result in a deviation of approximately 11 ppm,
which significantly exceeds the accepted deviation of £5ppm [242]. Neverthe-
less, further experiments were performed to reject the assignment of the signal as
[BCD + H + KJ*". By adding KCI to a sample of B-cyclodextrin, a significant
increase of the singly charged potassium adduct [BCD + K] at m/z 1173.330
occurred, but not of the doubly charged signal at m/z 587.166 (figure 2.2]A). Addi-
tionally, collisional activation of the doubly charged ion of interest leads exclusively
to doubly charged fragment ions that correspond to [glc, + Ca]2+ with n=3-6,
(m/z 263.060, 2.6 ppm; m/z 344.087, 2.2 ppm; m/z 425.114, 1.6 ppm; m/z 506.140,
1.4 ppm) as shown in figure . Therefore, the assignment of these doubly charged

ions as calcium adducts is confirmed.

In all three full scan mass spectra, two series of peaks shifted by 162 Da are
detected, what coincides with the subunits of cyclodextrins (CgH;qO5). The first
series coincides with the molecular formula [(CgH;0O5), + H|T with n=2-5 (-
cyclodextrin), n=2-6 (f3-cyclodextrin), and n=2-7 (y-cyclodextrin), whereas the
less intense series represents the corresponding sodium adducts. These classes of
fragment ions have been expected to occur upon in-source decomposition of the
respective cyclodextrins. As [«CD + H]" and [glcs + H]*, as well as [BCD + H]*
and [glcg + H]™ comprise the same molecular formula and occur at the same m/z
ratios, sample contamination with other cyclodextrins represented a potential
source of these ions. However, the lack of potassium and ammonium adducts and
the altered relative intensities of the proton and sodium adducts point to in-source
fragmentation rather than contamination with other cyclodextrins. In the m/z
range lower than 300, even smaller fragments have been detected, assumed to derive

from the further decomposition of the subunits.

Effect of Formic Acid

The peak intensities of the proton adducts of cyclodextrins are relatively small
compared to the sodium and potassium adducts, which hampered their selection
for further tandem mass spectrometric experiments. Therefore, formic acid has
been added as a proton donor to the sample [243]. As shown at the example of
B-cyclodextrin, the relative intensity of [BCD + H]" was increased compared to
the experiment without formic acid (figure . With the addition of an acid, the
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Table 2.1: Comparison of the relative ion intensities of the intact 3-cyclodextrin
and its fragments obtained from full experiments with an without formic acid in
two time ranges.

No Formic Acid ‘ Formic Acid

Time / min | 0.02-0.16 7.90-8.18 | 0.01-0.32 6.35-6.98

Intact -Cyclodextrin 89.53% 59.73% 90.46% 76.27%
[BCD + HJ* 5.69%  29.75% | 36.70%  21.53%
[BCD + Na]* 60.62%  11.00% | 33.93%  13.01%
[BCD + K]* 5.99% 1.37% 2.19% 1.22%
[BCD + NH,]" 17.23%  17.60% | 14.59%  18.68%
[BCD + Cal** 0.00% 0.00% 3.05%  21.83%
B-Cyclodextrin Fragments 10.47% 40.27% 9.54% 23.73%

question arose if degradation due to acid hydrolysis of the cyclodextrin occurs,
impeding the analysis. Experimental data did not confirm an increased degradation
of the B-cyclodextrin in presence of formic acid compared to the experiments
performed without formic acid (table 2.1)). The relative intensities of the signals
assigned as fragment ions of B-cyclodextrin showed an increase from 10.47% in
the first minute of the experiment without formic acid to 40.27% after ~ 8 min,
whereas in presence of formic acid, the signal intensity increased from 9.54% in
the first minute to 23.73% after ~7min. These findings are in agreement with
the literature, proposing that even o-cyclodextrin, the least stable of the three
cyclodextrins against acid hydrolysis, does not show any indication for degradation
after 3h at 100°C in an acidic solution of pH 2.4 [83].

As the identity of the signals is independent of the presence of formic acid, no

differentiation is made between those two condiditons in the following experiments.

2.1.1 Collisional Activation of «- , 3- , and y-Cyclodextrin

The collsional activation of [xCD + H]*, [3CD + H]*, and [yCD + H]" at m/z 973 4,
m/z1135.4, and m/z 1297.4, respectively, showed also the consecutive loss of
CeH 1005, as detected from in-source fragmentation in full scan experiments. The
corresponding signals are assigned as [glc, + H]|" withn =2-5, 6, or 7, respectively.
In ion-trap CID experiments, the low-mass cut-off only allowed for detection of
ions greater than m/z 265, m/z 310, or m/z 355, respectively. Detection of the
glucose monomer or smaller fragments was, therefore, not possible. Using HCD
as an activation method, the monomer [glc + H]" as well as multiple loss of H,O

moieties from the glucose mono- and dimer are detected (figure 2.4)). Ton-trap CID
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Figure 2.3: Different intensities of the quasi-molecular ions with proton, sodium,
ammonium and potassium adducts of a-cyclodextrin measured without (left) and
with the addition of formic acid (right).

and HCD experiments, therefore, result in comparable ions, despite the small ions
missing in CID data due to low-mass cut-off. These fragment ions coincide with
the ions detected in full scan experiments, supporting their assignment as in-source
fragments.

Additional tandem mass spectrometric experiments of [3CD + H]" and its in-
source fragments using ion-trap CID and HCD revealed an even broader range of
fragment ions. These ion activation experiments can be performed consecutively,
but in-source fragmentation can be only used as first stage, and HCD only as last
stage. The number (n) of consecutively applied mass spectrometric experiments
resulting in a mass spectra is indicated by a superscript (MS"). Thus, a full scan
mass spectra results from an MS' experiment, and a collisional dissociation mass
spectrum results from a MS? experiment. If an in-source fragment is subject to an
additional collisional activation, it is referred to as pseudo-MS? experiment. With
every ion activation process, the intensity of the fragment ions decreases. As shown
in figure , MS? fragmentation of [glcg + H|' originating from [3CD + H]"
results in comparable fragment ions, but of significantly less intensity than the
pseudo-MS? fragmentation of [gleg + H]' generated by in-source fragmentation
(figure ) The resulting fragmentation patterns are not affected by the number
of consecutively performed fragmentation experiments [222, 244]. Pseudo-MS?
experiments of the glucose dimer [gle, + H]" also allowed for the identification of
fragment ions occurring from the decomposition of the subunits down to a m/z of
85 (figure ) This gives even more structural information of the fragment ions

deriving from cyclodextrins.
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Figure 2.4: Tandem mass spectra of A) ion-trap CID (upper) and HCD (lower)
activation of [xCD + H]*, B) ion-trap CID (upper) and HCD (lower) activation
of [BCD + H]*, and C) ion-trap CID (upper) and HCD (lower) activation of
[yCD + H]™.
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2.2 Methylated Cyclodextrins

In several fragmentation mechanisms proposed for linear saccharides, hydroxy
groups are stated to contribute to the decomposition. Therefore, their effect on the
fragmentation of cyclodextrins is evaluated by examination of di- and trimethylated
analogs of -cyclodextrin. Dimethyl-f-cyclodextrin comprises methoxy groups at
the 2 and 6 position, whereas trimethyl-3-cyclodextrin is methoxylated at the 2, 3,
and 6 position (figure 2.6)).

Full scan mass spectrometric experiments of dimethyl- and trimethyl-f3-cyclodextrin
show peaks of protonated and sodiated compounds of various degrees of methy-
lation (figure . The spectra of trimethylated (-cyclodextrin shows its proton
(m/z1429.710), sodium (m/z 1451.691), potassium (m/z 1467.665), and ammonium
(m/z1446.735) adducts, with 21 methoxy groups, as well as respective adducts
deficient up to eight methyl groups (—OH instead of ~OCHj). These series of
ions exhibit a mass difference of 14 Da overlap with the series of ions originat-
ing from the consecutive loss of trimethylated glucose units (204 Da). Therefore,
[TMglc, — (CHy)y + H]t (n=2-6, x=4-7) fragment ions are also detected in
the full scan. In the context of methylated cyclodextrins, the terms “ + CHy”
or “ — CHy” represents the difference in the chemical formula between a hydroxy
and a methoxy group. It has to be emphasized that, although ions with differ-
ent degrees of methylation are detected as a result of in-source fragmentation of
trimethylated-B-cyclodextrin, no signal with more than three methoxy group per
subunit is detected. Therefore, it can be concluded that no transfer of methoxy or
methyl groups occurs during the decomposition of the macrocyclic structure. This

fact becomes important later in the discussion of fragmentation mechanisms.

In the full scan mass spectrum of dimethylated (-cyclodextrin signals assigned as

O—CHj O—CHj

o—§ o—§

HO O H;C—0 O

/ /

H3C H3C

Figure 2.6: Indication of the position of methoxylation of dimethyl- and trimethyl-
[3-cyclodextrin.
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Figure 2.7: Full scan mass spectra of A) dimethyl-, and B) trimethyl-f-cyclodextrin.
Sodium adducts are indicated with a triangle, potassium adducts with a rhombus,
and ammonium adducts with a circle.

the proton (m/z 1331.597), sodium (m/z 1353.578), potassium (m/z 1369.552), and
ammonium (m/z 1348.623) adducts, with a total of 14 methoxy-groups (two per
subunit) are recorded. Similar to the experiments with trimethylated -cyclodextrin,
a series of signals differing by 14 Da is detected, ranging from a total of 13-17
methoxy groups is also observed for dimethylated (-cyclodextrin, giving evidence
for the presence of the cyclodextrin with altered degree of methylation. Also, these
different degrees of methylation lead to signals differing by 14 Da occurring from
the loss of dimethylated glucose subunits (190 Da). Proper isolation of precursor
ions is aggravated due to the overlapping signals. These incomplete methylations
also tremendously complicate the interpretation of spectra. For example, the
decomposition (also in-source) of a dimethyl-B-cyclodextrin with an additional
methoxy group ([DMBCD + CH, + H|") can result in two different hexameric ions,
depending on the identity of the cleaved subunit, as shown in equation and 2.2

This is even more amplified by the broad range of methylation detected for these
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samples. As with two additional methylations, also different regioisomers are

possible, which lead to different patterns of fragment ions [238].

-DMgl
[DMBCD + CH, + H]* ——~ [DMglc + CH, + H|* (2.1)
-TMgl
[DMBCD + CH, + H* ——8° . DMgleg + H]* (2.2)

Despite the overlapping signals, the dimethylated glucose dimer [DMglc, + H]|* and
the trimethylated glucose monomer [TMglc + H]" could be isolated as precursors
from their full scan experiments, respectively. Comparable to the decomposition of
the unmodified glucose monomer deriving from (3-cyclodextrin, consecutive losses
of H,O and CH,O are detected for [DMglc, + H]*, as well as the loss of CH;OH
(figure ) While H,0 is cleaved from protonated hydroxy groups, the loss of
CH30H occurs from protonated methoxy groups. Interestingly, the same pattern is
detected for the decomposition of [TMglc + H] ™, including the loss of a Hy,O (figure
7 red). This is surprising, as all initially present hydroxy groups are exchanged
by methoxy-groups. Therefore, the presence of the ion [TMglc — H,O + H]*"
at m/z 187.096 indicates that a hydroxy group had to be formed in a previous

fragmentation step.
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Figure 2.8: Tandem mass spectra obtained by A) HCD activation of [DMglc, + H]™
and B) ion-trap CID activation of [TMglc + H]*, with the loss of H,O indicated in
red.

2.3 Fragmentation Pathways

The detected fragment ions of «-, 3-, v-, as well as dimethyl- and trimethyl-f3-
cyclodextrin are summarized in the fragmentation pathway shown in figure [2.9|
They coincide with signals described in literature [155, 157, 221, 228, 229, 231-235].
The sequential loss of neutral glucose subunits is the main identified fragmentation
pathway down to glucose dimers. From this point, consecutive losses of H,O and
CH50 are detected in the case of unmodified cyclodextrins, and H,O, CH,O, and
CH30H in the case of methylated cyclodextrins. Special attention should be paid
to the loss of Hy,O from the trimethylated glucose monomer, as it implies that a
hydroxy group had to be formed during previous fragmentation steps. Based on
these fragmentation pathways, the underlying fragmentation mechanism has been

proposed.
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2.4 Fragmentation Mechanism

Of the previously mentioned publications which address the decomposition of
cyclodextrins in more detail, Donkuru et al. [235] and Jang and Choi [234] proposed
a structure of the fragment ions, however, without further discussion of the mecha-
nisms. Rabus et al. [229] and Dossmann et al. [154], on the other hand, proposed
fragmentation mechanisms, but of sodium adducts. Those two have been published
after the submission of our own publication on this topic. Therefore, they have not
been considered in the deduction of our published mechanism. Nevertheless, they

will be compared to our mechanism at the end of this section.

As only sparse information is available on the fragmentation of cyclodextrins,
the mechanisms known for linear and branched oligosaccharides are used as the
basis for proposing mechanisms applicable to protonated cyclodextrins. Therefore,
cyclodextrins are treated as an internal part of a linear oligosaccharide of infinite
length. Although the nomenclature proposed by Domon and Costello [196] is not
strictly applicable to cyclodextrins due to the lack of a reducing or non-reducing end,
it can be used to label the fragmentation site relative to the rest of the structure
(figure 2.10). B-/Y- and C-/Z-ions differ in the location of the glycosidic oxygen,
whereas B-/C- and Y-/Z-ions differ in the charge location after the fragmentation.
Therefore, if the glycosidic oxygen remains bound to C1, B-/Y-fragments are

formed, whereas C-/Z-fragments are formed when the oxygen remains bound to

C4.

In linear oligosaccharides, the first cleavage results in two fragments of different
lengths, depending on the cleavage site. In cyclodextrins, the first cleavage results
in only one fragment ion, independent of the cleavage site, as the macrocycle
gets linearized. At this point, the mechanism inducing the first cleavage and the
structure of the linearized cyclodextrin is not known. However, the structure of
the linearized cyclodextrin has to be appropriate for further loss of C4H (O3 as
the primary fragmentation step. Furthermore, at any point, a new hydroxy group
has to be formed, indicated by the loss of a H,O from the trimethylated glucose
monomer. Based on these criteria, fragmentation mechanisms of linear saccharides
are evaluated for their applicability to protonated cyclodextrins.

In general, fragmentation mechanisms are either charge-induced or charge-remote.
This means the charge-carrying proton is either located at a specific site, inducing
fragmentation, or its location is not affecting the cleavage. If the first cleavage is

charge-remote, the proton remains mobile on the resulting fragment ion. Therefore,
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Figure 2.10: Application of the nomenclature proposed by Domon and Costello
[196] on cyclodextrins.

loss of water (from any hydroxy group) is expected, as described in several pub-
lications [188, 190, 215, 245]. As loss of H,O is not detected in our experiments,
the first cleavage has to be charge-induced, and the proton has to be consumed
in this linearization step. The glycosidic oxygens are the most acidic sites within
the macrocyclic structure. The charge-carrying proton is, therefore, bound to any
of these glycosidic oxygens [188, 234]. This is also a common feature of various
fragmentation mechanisms of linear and branched oligosaccharides [174, 189, 190,
196, 225].

Protonation at the glycosidic oxygen can induce cleavage either next to the C1
or next to C4, resulting in B-/Y- or C-/Z-fragments, respectively. As discussed
previously, the composition, connectivity, and configuration of saccharides signifi-
cantly affect the fragmentation mechanisms, limiting the number of mechanisms
applicable to the structure of cyclodextrins, due to steric effects. A single mech-
anism for the formation of C-/Z- ions is proposed by Bythell et al. [190] (figure
1.13F). This mechanism fulfills the requirements of forming a new hydroxy group
and consuming the proton. However, the consecutive loss of glucose subunits as the
predominant fragmentation step is not achievable from these C- and Z-fragment

ion structures. Of the mechanisms leading to B- and Y- ions, the formation of a
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1,6-anhydrogalactose proposed by Bythell et al. [190] and Zhu et al. [225] (figure
1.13B) matches the formation of a new hydroxy group and the ability to lose
further glucose subunits. However, the mobilized proton at the C6 hydroxy group
will be able to induce the loss of H,O, which is contradictory with our results.
Furthermore, the 1,6-anydrogalactose structure of the B-ion is also disproved by the
fragmentation observed in methylated cyclodextrins, as they comprise a methoxy
group at the C6 position. Therefore, not a proton but a CH;" would be mobilized.
In further dissociation steps, this CH;™ would induce glycosidic bond cleavage,
leading to its transfer to either a hydroxy or a glycosidic oxygen. As no frag-
ments of the trimethylated (3-cyclodextrin are detected that comprise more than
three methylations per subunit, this mechanism is also rated as implausible. The
mechanisms proposed by Fentabil et al. [215] and Zhu et al. [225] (figure [L.13[C
and D) both include the transfer of the hydrogen of the C2 hydroxy group to
the glycosidic oxygen. Comparable to the previously discussed mechanism, this
is not in accordance with the fragments observed for methylated cyclodextrins,
as no transfer of a methyl group is detected. The transfer of the C2 hydrogen,
as suggested by Zhu et al. [225] (figure [I.13E) is not affected by the methylation.
However, steric effects hinder this proton transfer. In the structure proposed by
Zhu et al. [225], the C2 hydrogen is in the equatorial position and the glycosidic
oxygen is in B-position (equatorial). Therefore, they are in proximity, enabling
their interaction (figure left). In cyclodextrins, the o-position of the glycosidic
oxygen (axial) and the equatorial position of the C2 hydroxy group prevent such

interaction (figure right).

OH

V OH
HO =9
HO

Figure 2.11: Steric hindrance preventing the transfer of the C2 hydrogen to the
glycosidic oxygen in cyclodextrins (right), compared to the conformation described
by Zhu et al. [225] (left).
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Figure 2.12: Proposed mechanism inducing the linearization of the macrocyclic
structure of B-cyclodextrin. Reprinted from [246].

The charge-induced cleavage of the glycosidic bond by protonation of the glycosidic
oxygen and formation of a double bond from an electron lone pair of the ring-oxygen,
as shown in figure[I.13A is also applicable to cyclodextrins. It fulfills all requirements
on the first fragmentation step: a new hydroxy group is formed, no proton gets
mobilized, and loss of other C4H;70O5 moieties is possible. Therefore, this formation
of an oxonium-ion is proposed as the first step, inducing the linearization of the
macrocyclic structure. With the formation of the new hydroxy group at the C4, a
non-reducing end is introduced (figure 2.12)). Consequently, the resulting linearized
structure is identical to a B-ion deriving from a linear saccharide. The formation
of the corresponding Y-ion is declined, as Y-ions are proposed to decompose to
B- and smaller Y-ions, leading to two series of fragment ions, whereas B-ions only
form other B-ions [215].

This resulting B-ion undergoes further cleavage of glycosidic bonds, following a
similar mechanism. Delocalization of the electron lone pair towards the antibonding
orbital of the glycosidic bond induces its cleavage (figure . Due to the lack of
a proton at the glycosidic oxygen, it retains a negative charge. Together with the
previously formed oxonium ion, the fragment is lost either as a zwitterion (L1), as
a 1,4-anhydroglucose (L2) if one subunit is lost, or as a macrocyclic unit (L3) if
several subunits are cleaved in one step (figure [2.14).

Figure 2.13: Illustration of the delocalization of the electron lone pair from the ring
oxygen towards the antibonding orbital of the glycosidic bond in the a-configuration.
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Figure 2.14: Proposed fragmentation mechanism explaining the consecutive loss of
glucose subunits from the linearized p-cyclodextrin. Reprinted from [246].
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The structure of fragment ions proposed by Donkuru et al. [235] do not coincide
with our results but correspond to the transfer of a C1 hydrogen, as proposed by
Zhu et al. [225]. However, this mechanism can be ruled out due to steric hindrance.
Also, hydrogen transfer from the skeletal carbons is proposed by Rabus et al. [229]
in addition to the transfer of the proton from the C2 hydroxy group to the glycosidic
bond. As discussed previously, these transfer reactions are implausible due to steric
hindrance. Additionally, the fragments obtained from trimethylated derivatives
contradicts the transfer of protons at hydroxy groups, as this would induce the
transfer of a CH3" from a methoxy group, which is not detected. Furthermore, the
mechanism proposed by Rabus et al. [229] is generally questionable, as the arrows
indicating the movement of electrons are not drawn correctly in the transfer of the
skeletal hydrogen. Jang and Choi [234] postulated two different pathways leading to
ions of the same m/z ratio. Their proposed structure of the fragment ions deriving
from cleavage of the linearized macrocycle coincides with our results. However, the
structure of the neutral fragment comprises a 1,6-bridged subunit, which is not
expected based on our findings on methylated cyclodextrins. Also, their second
mechanism that describes the direct cleavage of two glycosidic bonds from the
macrocyclic structure postulates the formation of 1,6-bridged glucose subunits.
Therefore, this mechanism also does not coincides with our results. Although the
mechanism suggested by Dossmann et al. [154] describes the dissociation of the
doubly charged metal adducts of cyclodextrins, their mechanism is highly similar
to our suggested mechanism. Consecutive cleavage of two glycosidic bonds leads to
the exclusion of a zwitterionic glucose subunit, which coincides with our neutral
fragment. As the second step, recyclization of the fragment ion is suggested. The
mechanism for this recyclization is identical to cyclization process postulated in

our own mechanism to occur on the neutral fragment.

The elucidated fragmentation mechanism underlying the decomposition of proto-

nated cyclodextrins was published in Carbohydrate Research in 2021.
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Tandem mass spectrometry has found widespread application as a powerful tool for the characterization of linear
and branched oligosaccharides. Though the technique has been applied to the analysis of cyclic oligosaccharides
as well, the underlying fragmentation mechanisms have hardly been investigated. This study focuses on the
mechanistic aspects of the gas-phase dissociation of protonated f-cyclodextrins. Elucidation of the dissociation
mechanisms is supported by tandem mass spectrometric experiments and by experiments on di- and trimethy-
lated cyclodextrin derivatives. The fragmentation pathway comprises the linearization of the macrocyclic
structure as the initial step of the decomposition, followed by the elimination of glucose subunits and the sub-
sequent release of water and formaldehyde moieties from the glucose monomer and dimer fragment ions.
Linearization of the macrocycle occurs due to proton-driven scission of the glycosidic bond adjacent to carbon
atom C1 in conjunction with the formation of a new hydroxy group. The resulting ring-opened structure further
decomposes in charge-independent processes forming either zwitterionic fragments, a 1,4-anhydroglucose
moiety, or a new macrocyclic structure, that is lost as a neutral, and an oxonium ion. Since the hydroxy
group formed at the ring-opening site can be regarded as the non-reducing end of the linearized structure, the
fragment ion nomenclature commonly used for linear and branched oligosaccharides, which relies on the
designation of a reducing and a non-reducing end, can also be applied to the description of fragment ions derived

from cyclic structures.

1. Introduction

Carbohydrates are a family of highly abundant biopolymers that play
essential roles in nature. Structural polysaccharides provide the basis for
the formation of plant cell walls and exoskeletons of animals, whereas
starch and glycogen are involved in energy storage in living organisms.
Additionally, glycoconjugates fulfill indispensable tasks in various bio-
logical processes, such as intercell signaling and recognition. Oligo- and
polysaccharides are composed of furanose or pyranose units that can
adopt different conformations and offer several linkage positions. This
results in a wide structural diversity comprising linear, branched, and
cyclic motifs [1,2].

Cyclodextrins are cyclic oligosaccharides composed of a-(1—4)
linked glucose subunits that are formed in nature by bacterial degra-
dation of starch. The abundant native cyclodextrins consist of six, seven,
or eight subunits and are referred to as a-, -, and y-cyclodextrin,
respectively. Cyclodextrins can form supramolecular assemblies with
hydrophobic guest molecules, which increase the solubility and stability

* Corresponding author.

of the encapsulated moieties in aqueous environment. Therefore, cy-
clodextrins have found applications in the food and beverage industry as
carriers for additives, and the pharmaceutical industry takes advantage
of cyclodextrins in drug formulations to increase the stability and
bioavailability of drugs. To improve complex formation, tailored
cyclodextrin derivatives with modifications at the hydroxy groups (e.g.,
alkylation) are synthesized (Fig. 1). The resulting structural diversity of
cyclodextrin-based compounds created a need for their structural
elucidation, and mass spectrometry has become a major pillar for such
analyses [2-5]. However, structural alteration, the binding of metal
ions, and the formation of host-guest inclusion complexes may affect the
pathways of fragment ion generation in tandem mass spectrometric
experiments [5,6]. Therefore, knowledge about the underlying dissoci-
ation mechanisms is crucial as it provides the basis for unambiguous
data interpretation and the further investigation of cyclodextrin-based
supramolecular assemblies.
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Fig. 1. Structure of p-cyclodextrin (R'=R?>=R®<H) and its methylated de-
rivatives dimethyl--cyclodextrin (R'=R*=CHg; R?=H), and trimethyl-p-cyclo-
dextrin (R'=R*=R*=CH3).

1.1. Mass spectrometry of linear oligosaccharides

Oligosaccharides are an extremely heterogeneous class of bio-
polymers. Unlike peptides, proteins, and oligonucleotides, which are
mainly characterized by a linear sequence of clearly defined building
blocks, oligosaccharide structures distinguish themselves from each
other by the linkage positions, the composition, and additionally, their
anomeric configuration. Such structural diversity is reflected by a
multitude of dissociation pathways of oligosaccharide ions in the gas
phase and renders structure elucidation by tandem mass spectrometry
(MS/MS) a challenging task [7-11]. Already in the 1980s, studies based
on fast atom bombardment and liquid secondary ion mass spectrometry
revealed the complexity of carbohydrate structural analysis by mass
spectrometry, but also demonstrated the potential of the method as a
highly sensitive analytical tool [12,13].

A systematic nomenclature of oligosaccharide fragment ions was
introduced by Domon and Costello, who applied fast atom bombard-
ment for ionizing linear and branched glycoconjugates (Fig. 2) [14].
Fragment ions containing the non-reducing end of the sugar are referred
to as A-, B-, and C- fragments, whereas X-, Y-, and Z-fragments contain
the reducing end. B-/Y- and C-/Z-ion pairs both derive from cleavage of
a bond next to the glycosidic oxygen. ™"A-/™"X-fragment ions are
formed by cross-ring cleavage, with the cleaved bonds indicated by the
superscripts. The authors also postulated mechanisms for the cleavage of
the glycosidic bond, whereof one includes protonation at the glycosidic
oxygen that leads to the formation of a B-type oxonium ion and its
complementary Y-ion.

Y, Z, X, Yy Z4
HO Io) HO o HO o
non-reducing end HOHO OH A OH o OHOH reducing-end
o [e]
02p, By C B, C; %Ay

Fig. 2. Nomenclature of oligosaccharide fragments according to Domon and
Costello [14].
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In the following years, linear and branched oligosaccharides have
been investigated in protonated, deprotonated, and metallated form by
various mass spectrometric techniques as summarized in several reviews
[1,3,7-10,15-18]. Studies focused on the products of metastable decay
of oligosaccharide ions formed by infrared laser desorption [19], liquid
secondary ion mass spectrometry [13,20], as well as MALDI [21-24],
and on the products generated by blackbody infrared radiative dissoci-
ation [25] and collision induced dissociation (CID) of electrosprayed
oligosaccharides [26]. These investigations disclosed the distinct dif-
ferences in the dissociation of oligosaccharide anions, cations, and
metallized species.

Studies on the dissociation of oligosaccharide cations revealed the
strong influence of the charge-carrying coordinating ion. Protonation at
the glycosidic oxygen was found to directly induce extensive cleavage of
the glycosidic bond, whereas the weaker binding alkali metal ions rather
generate cross-ring cleavage products of lower abundance [13]. Beside
charge-induced mechanisms, alternative dissociation pathways inde-
pendent from the location of the charge were proposed, which suggest
the cleavage of the glycosidic bond occurring in conjunction with proton
transfer either from the nearby C3 atom [13] or from the hydroxy-group
bound to the C2 atom to the glycosidic oxygen [25]. The general consent
of the findings from these investigations is that fragment ion formation is
significantly influenced by the sugar species, the linkage position be-
tween the subunits, their anomeric configuration, the adduct species,
and the polarity of mass spectrometric analysis. These characteristics
were taken advantage of by further studies focusing on the elucidation of
oligosaccharide conformations based on the relative intensities of spe-
cific fragment ions [20,27,28]. Also, the rearrangement of glycan sub-
units and the release of internal sugar moieties are specific phenomena
contributing to the gas phase chemistry of protonated carbohydrate
structures, mainly if an aglycone part or deoxyhexoses are involved.
Such processes have been observed upon CID of protonated oligosac-
charides and represent a potential cause for misinterpretation of MS/MS
data, potentially compromising a correct sequence assignment [29-31].

1.2. Mass spectrometry of cyclodextrins

In contrast to the extensively investigated linear oligosaccharides, a
limited number of studies focused on the dissociation of cyclic structures
[5,32-35]. Though the loss of neutral subunits has been reported to be
the prevalent fragmentation channel, the underlying mechanistic as-
pects and the elucidation of the corresponding fragment ion structures
have not been described in detail.

A major challenge regarding the structural assignment of cyclodex-
trin fragments is the repetitive pattern of the macrocyclic structure as
well as the wealth of hydroxy groups potentially participating in
dissociation events. These ambiguities can at least partly be circum-
vented by including methylated cyclodextrin derivatives in the study, as
the decreased number of hydroxy protons enables a more precise iden-
tification of functional groups involved in the fragmentation steps.
Studies on the dissociation of cyclic oligosaccharides raised the question
of how to denominate the fragment ions generated in the gas-phase [5].
The Domon and Costello nomenclature commonly applied to linear ol-
igosaccharides is based on distinct reducing and non-reducing ends
[14]1, which are obviously absent in cyclic structures.

To the best of our knowledge, there is a lack of mechanistic infor-
mation regarding the fragmentation of cyclic oligosaccharides. In this
study, we investigate the collision-induced dissociation of protonated
B-cyclodextrins in the gas phase. Based on the obtained results, frag-
mentation mechanisms accounting for ring-opening and truncation of
the linearized structure are proposed and supported by experiments on
methylated cyclodextrins.

2. Experimental

Stock solutions at a concentration of 1 mM f-cyclodextrin (Fluka,
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Buchs, Switzerland), heptakis(2,6-di-O-methyl)-p-cyclodextrin (DM§g-
cyclodextrin, Sigma-Aldrich, Buchs, Switzerland), and heptakis(2,3,6-
tri-O-methyl)-p-cyclodextrin (TMp-cyclodextrin, Sigma-Aldrich, Buchs,
Switzerland) in LC-MS grade H20 (Merck KGaA, Darmstadt, Germany)
were prepared. For mass spectrometric analysis, HoO (Merck KGaA,
Darmstadt, Germany), acetonitrile (MeCN, Biosolve, Dieuze, France),
and formic acid (Honeywell, Steinheim, Germany), were used as sol-
vents. Samples at a concentration of 0.02 pM in 50/50 H,O/MeCN or
50/50 HoO/MeCN + 1% formic acid were prepared from the stock so-
lutions for electrospray ionization (ESI) mass spectrometry
measurements.

ESI mass spectrometry was performed on an LTQ Orbitrap XL in-
strument (Thermo Fisher Scientific, Bremen, Germany) equipped with a
nanoESI source. All measurements were performed in positive mode
with a spray voltage of 0.8-1.3 kV. The capillary temperature was set to
200 °C, the capillary voltage to 20 V and the tube lens to 250 V. All mass
spectra were acquired in FTMS mode with a resolution of 100000 in a
mass range of m/z 50-2000. Ion trap CID and higher-energy C-trap
dissociation (HCD) measurements were performed with a precursor ion
selection window of 2-5 m/z with an activation time of 30 ms and he-
lium (for ion trap CID) or nitrogen (for HCD) as collision gas, depending
on the activation mode. External calibration was performed using the
Pierce LTQ ESI Positive Ion Calibration Solution. Data proceeding was
performed using the Xcalibur Software Suite including Qualbrowser ver.
2.2 (Thermo Fisher Scientific).

3. Results and discussion

The full scan ESI mass spectrum of p-cyclodextrin depicted in Fig. 4A
gives evidence for adduct formation of oligosaccharides with various
species. Besides the peak of the protonated p-cyclodextrin (m/z
1135.378), additional signals corresponding to the sodium (m/z
1157.360), ammonium (m/z 1152.405), and the potassium adduct (m/z
1173.334) appear. In addition to the intact p-cyclodextrin, fragments
pointing to a series of one to six protonated glucose subunits are
detected (m/z 163.060, 325.113, 487.166, 649.219, 811.273, and
973.326), whereas similar signals of the corresponding sodium adducts
are hardly visible. Despite ESI being classified as a soft ionization
technique, this ion series is expected to be generated by in-source
dissociation of protonated f-cyclodextrin, as evidenced by tandem MS
(MS/MS, MS?) experiments using CID of isolated protonated B-cyclo-
dextrin, which results in identical fragment ions (Fig. 4B). Additional
collisional activation of the cyclodextrin fragment ions in MS® experi-
ments by subjecting ions generated by ion trap CID to activation by HCD
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leads to the consecutive loss of glucose subunits from the precursor ions
and the MS® spectrum of the hexameric glucose precursor ion [gleg+H]™
(Fig. 4C) closely resembles the MS/MS spectrum of p-cyclodextrin.

The effect of different fragmentation energies on the detected frag-
ment ions are shown in the HCD breakdown curve of [fCD+H] ™ (Fig. 3)
and [glcg+H] " (supplementary material, Figure S3). Normalized colli-
sion energies (NCE) applied during the experiment are converted to eV
for HCD measurements [35,36].

Experiments on chemically altered compounds greatly assist in
mechanistic studies, as selective blocking of proton donors and accep-
tors reveals their role in dissociation pathways. Hydroxy groups repre-
sent proton sources that potentially participate in cleavage reactions
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Fig. 4. ESI mass spectra of p-cyclodextrin. A) Full scan spectrum. B) HCD
spectrum of [BCD +H] " (20.0 eV). C) ion trap CID spectrum of the hexameric
glucose ion [gles+H]" (20% NCE, 30 ms activation time).

1=¥—[bCD+H]+
2—e—[glc6+H]+
3—e—[glc5+H]+

4 [glc4+H]+
5—&—[glc3+H]+
6—A—[glc2+H]+

7 [glc+H]+
8—e—[glc2-2H20+H]+
9—e—[glc-H20+H]+
10 [glc-2H20+H]+
11 [glc-3H20+H]+

Fig. 3. HCD breakdown curve of [CD-+H]*. Fragments with a maximum relative intensity <2% are not displayed.
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upon collisional activation of biopolymers, and such approach also
turned out to be beneficial for the elucidation of the mechanisms
responsible for the dissociation of protonated cyclodextrins.

Analysis of DM- and TMp-cyclodextrin reveals mixtures with
different methylation degrees, causing the series of peaks spaced by 14
mass units and leading to higher spectral complexity. The spectrum of
DMp-cyclodextrin indicates the presence of protonated derivatives
comprising 13 to 15 methyl groups (m/z 1317.586, 1331.601, and
1345.617) (Fig. 5A and B, supplementary material Figure S2). Though
the corresponding ammonium and sodium adducts are detected, the
abundant fragment ion peaks at m/z 191.092, 381.176, 571.261,
761.346, 951.431, and 1141.516 exclusively refer to the series of up to
six dimethylated glucose subunits originating from in-source dissocia-
tion of the protonated precursor ion, whereas fragments derived from
ammonium adducts or sodiated cyclodextrin are not observed. As for the
protonated unmodified f-cyclodextrin, additional collisional activation
of in-source generated fragment ions in pseudo-MS® experiments results
in signals differing by 190 Da, corresponding to dimethylated glucose
subunits (Fig. 5C).

While the dissociation of longer linearized oligosaccharide ions is
mainly characterized by the release of glucose moieties, a different
picture is obtained from fragment ions consisting of one or two subunits
only. Collisional activation of the glucose dimer [glcy+H] " derived from
B-cyclodextrin shows repetitive losses of H,O and CH20 (supplementary
material, Figure S1A), whereas collisional activation of the dimethylated
glucose dimer [DMglco+H]™ (supplementary material, Figure S1B) and
the trimethylated glucose monomer [TMglc+H] " result in consecutive
losses of H,0, CH;0, and CH3OH moieties in various combinations
(Fig. 6). The loss of HyO from the trimethylated glucose monomer
should be highlighted as this fragment (m/z 187.097) gives evidence for
a newly formed hydroxy group in a previous fragmentation step and is
indicative for the underlying dissociation mechanism.
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Fig. 5. ESI mass spectra of DMp-cyclodextrin A) Full scan mass spectra of DMp-
cyclodextrin with B) zoom of the m/z range 1300-1400. Protonated fragments
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fragments by a square. C) Collisional activation of the dimethylated hexameric
fragment ion [DMglcg+H]™ (HCD, 20.1 eV) showing the repetitive loss of 190
Da, corresponding to dimethylated glucose subunits.
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Fig. 6. ESI mass spectrum of the collisionally-activated trimethylated glucose
monomer fragment [TMgle+H] " (CID, 10% NCE, 30 ms activation time).

An overview of all detected ions with formula, calculated and
experimental m/z and ppm error, as well as a fragmentation pathway is
provided in Table S1 and Figure S4 in the supplementary material.

3.1. Fragmentation mechanism

The dissociation of collisionally-activated cyclic oligosaccharides
comprises opening of the macrocycle as a first step, which is subse-
quently followed by the decomposition of the linearized structure and
the further decomposition of the subunits.

3.1.1. Linearization of the macrocycle

Protonation of cyclodextrins takes place at one of the glycosidic
oxygen atoms, as these are the most basic oxygen in the structure [37].
This is supported by the lack of any signal pointing to a loss of H2O from
[p-cyclodextrin+H] ", which would arise as a consequence of the pro-
tonation of a hydroxy group upon in-source fragmentation or collisional
activation experiments (Fig. 4). The lone pair electrons of the
ring-oxygen are delocalized to the antibinding orbital of the

Scheme 1. Proposed mechanism for the charge-induced ring-opening and
linearization of protonated p-cyclodextrin, resulting in formation of a new non-
reducing end (bold).
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C1’-glycosidic oxygen bond [38], resulting in cleavage of the glycosidic

bond and therefore, linearization of the macrocyclic structure (Scheme

1). Consistent to the fragmentation of linear oligosaccharides, scission of

the glycosidic bond adjacent to C1’ is preferred over cleavage next to C4°

and the resulting linearized oligosaccharide bears a newly formed hy-
droxy and an oxonium group. The localization of the charge on the
ring-oxygen can be proven by the lack of HzO loss from the linearized

_(a-D-glc),
HO |

_(a-D-glc),
HO |

OH
ale

O
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cyclodextrin, which would arise as a consequence of the presence of a
free proton.

The two series of complementary fragments derived from linear and
branched oligosaccharides are referred to as A-, B-, C- and X-, Y-, Z-ions,
depending on whether they comprise the reducing or the non-reducing
end of the sugar, respectively [14]. The validity of such nomenclature to
cyclic oligosaccharides has raised controversy, due to the lack of clearly

OH

_(a-D-gic),
HO |

fo} F2
,(a-D-glc), QN HO_ M.
HO | 4A8s 0" 7 O
cI-)|O _2 4 Ta e
3 H 4
OH o OH

Scheme 2. Proposed mechanism for the loss of neutral glucose subunits from linearized cyclodextrins. A) Two-step reaction resulting in the loss of either a zwitterion
(F1) 1,4-anhydroglucose F2. B) Direct loss of 1,4-anhydroglucose F2 via a concerted reaction. C) Two-step reaction leading to the release of two glucose subunits,
either as the zwitterion F3 or the macrocyclic unit F4.
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assignable ends [5]. Though no reducing and non-reducing end can be
assigned to cyclic oligosaccharides, the fragment ion nomenclature of
Domon and Costello is nevertheless applicable, as the hydroxy group
formed in the linearization step represents a new non-reducing end. In
combination with the oxonium ion at the opposite end of the linearized
cyclodextrin (Scheme 1), the structure is identical to a B-ion originating
from the decomposition of a native linear oligosaccharide. The forma-
tion of the corresponding Y-ion from protonated cyclodextrin is
excluded, as the transfer of a proton to any hydroxy group, would pro-
mote the loss of H,O, which is not detected from collisional activation of
p-cyclodextrin. The same mechanism must apply to the fragmentation of
DMp- and TMp-cyclodextrins, as the consecutive loss of CgH;405 and
CgoH1605 units, respectively, is detected without any indication for the
transfer of methyl groups or neutral loss of CH3OH (Fig. 5).

3.1.2. Decomposition into subunits

The occurrence of a linearization step as the initial dissociation event
of cyclic oligosaccharides significantly affects their further decomposi-
tion. Decay of the protonated precursor ion must follow a two-step
pathway involving ring opening and linearization of the macrocyclic
structure followed by the cleavage of a second glycosidic bond in order
to consecutively lose glucose subunits. In contrast to the dissociation of
native linear oligosaccharides, the charging proton has been consumed
in the linearization step and consequently, is not available for partici-
pating in further cleavage reactions anymore. Nevertheless, the frag-
ment jons resulting from collisional activation of protonated
B-cyclodextrin (in-source dissociation or ion trap CID/HCD) show
exclusively the consecutive loss of 162 Da (C¢H100s), corresponding to
neutral glucose subunits (Fig. 4). No signals pointing to cross-ring
cleavage (A- or X-ions) or neutral loss of other moieties are detected.
This observation supports the hypothesis that the structure of the line-
arized macrocycle is identical to a B-ion, as the fragmentation of B-ions
leads to other B-ions only, whereas the fragmentation of Y-ions would
result in the formation of new B- and Y-ions [25].

As a result of the cleavage of the glycosidic bond, an oxonium-ion is
formed at the ring-oxygen of the fragment ion. Consequently, a negative
charge resides at the glycosidic oxygen of the released glucose subunit,
which is either released as this zwitterionic species F1, which further
rearranges to 1,4-anhydroglucose F2 via a conformational change in
combination with the nucleophilic attack of the negatively charged O’
on C1° (Scheme 2A), or decomposes directly into F2 in a concerted re-
action (Scheme 2B). Both mechanisms are indistinguishable by mass
spectrometry, as the mass of the resulting ions is identical.

Since this mechanism is charge-independent, delocalization of the
ring-oxygen lone pairs can occur next to any glycosidic bond and lead to
the loss of larger fragments (Scheme 2C). The loss of multiple glucose
moieties differs from the release of a single glucose inasmuch as the
charges of the zwitterion F3 reside on different glucose moieties. Anal-
ogous to the loss of one glucose residue, the negatively charged O” can
attack on C1°, resulting in a new glycosidic bond and cyclisation of the
fragment (F4). Furthermore, direct loss of fragment F4 in a concerted
reaction leads to indistinguishable fragments.

In contrast, attack of O” electrons on C1’ can be excluded due to
mechanistic aspects. Compared to the sp>-hybridized C1° at the terminal
glucose unit comprising an oxonium ion, C1’ located within the chain is
sp>-hybridized. Consequently, attack of the O” electrons on the anti-
bonding orbital inducing cleavage of the glycosidic bond is precluded
due to the three-dimensional arrangement, and therefore inhibits the
loss of an internal glucose residue.

Although the structures of the fragments lost as neutrals are different
in the proposed mechanisms (Scheme 2), the structure of the detected
fragment ions is identical and a combination of the three mechanism is
likely to apply. The proposed mechanisms are applicable to methylated
oligosaccharide derivatives as well, as no hydroxy groups are involved.

These mechanisms are opposed to the pathways proposed in litera-
ture so far for linear oligosaccharides. The alternative charge-remote
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mechanism proposed by Ngoka et al. [13], involving the transfer of
the C3° hydrogen from the adjacent sugar towards the oxonium ion, can
be excluded as it would lead to the loss of a neutral CgH;20¢ (180 Da)
moiety instead of C¢H;00s5 (162 Da), as demonstrated in Fig. 4. Transfer
of the C2’ hydrogen from the adjacent sugar towards the non-reducing
end, as proposed by Zhu et al. [39] for B-(1—4)-linked glucose in cel-
lulose is precluded as well, as steric hindrance inhibits the access to this
hydrogen for the lone pair electrons of this hydrogen.

Further mechanistic evidence was gained by experiments on DM-
and TMp-cyclodextrin. Due to the substitution of hydroxy protons by
methyl groups, dissociation mechanisms involving proton transfer re-
actions would either be disabled due to masking of the hydroxy protons,
or result in the migration of methyl groups which would be recognizable
by the corresponding mass shift of 14 Da. The fact that the product ion
spectra of DM- and TMp-cyclodextrin show the fragments with the
corresponding degree of methylation only (e.g. m/z 381.175 for the
dimethylated glucose dimer in Fig. 5C) contradicts the occurrence of
methyl transfer reactions, thus, indicating that the decomposition of
linearized structures does not involve any hydroxy groups of the glucose
subunits. The release of HyO from glucose subunits was observed
regardless whether they are in methylated form or not (Fig. 6). Conse-
quently, the loss of HO has to originate from the hydroxy group newly
formed during the linearization step, as all initially available hydroxy
groups are methylated in the case of the trimethylated glucose
monomer.

4. Conclusion

The gas-phase dissociation of protonated B-cyclodextrins has been
examined by ESI-MS/MS. Fragmentation was found to be initiated by
cleavage of the macrocyclic structure at the protonated glycosidic oxy-
gen atom. The dissociation of the linearized oligosaccharides distin-
guishes itself from linear structures as the charging proton is abstracted
upon macrocyclic ring opening and is not available for inducing sub-
sequent bond cleavages. Thus, linearization of the macrocycle is fol-
lowed by the release of neutral glucose subunits following charge-
independent mechanisms. The individual dissociation steps do not
comprise transfer of hydroxy groups and are supported by the data ob-
tained by the analysis of methylated cyclodextrin derivatives. Due to the
formation of a new hydroxy group in the linearization step, the estab-
lished nomenclature of oligosaccharide fragment ions nomenclature can
be applied to linearized oligosaccharides as well.
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2.5 Breakdown Curves

In breakdown curves, the relative intensities of precursor and fragment ions are
plotted against the applied energy of the collisional activation. This energy can
be depicted either in the percentage of the normalized collision energy (NCE) or,
depending on the dissociation technique, in electron volts (eV) or the applied RF
amplitude in volts (V). In HCD experiments, the Xcalibur software directly provides
the applied energy in eV, whereas in ion-trap CID experiments, 100% NCE is stated
to correspond to a RF amplitude of 5V [247]. The relative intensities of the ions are
defined as their fraction of the total intensity of all identified ions, corresponding to
the formula shown in equation [I.4]on page[28] The breakdown curves determined for
protonated (-cyclodextrins differ significantly in their respective shape, depending
on the dissociation technique. While ion-trap CID results in a sharp decomposition
profile, and the resulting fragment ions remain at constant intensities (figure 2.15/A),
HCD leads to a slower decomposition of the precursor, and the fragment ions are
further decomposed at higher energy (figure [2.15B). This difference is explainable
by the excitation processes in these two techniques. The resonance excitation in
ion-trap CID only activates the ions in the selected precursor m/z range, preventing
further dissociation of the fragment ions. On the other hand, the non-resonance
excitation in HCD allows for secondary fragmentation. Therefore, the intensities
of the signals assigned as fragment ions subsequently decrease as they are further

decomposed.

2.5.1 Semi-Automated Signal Assignment

As the relative ion intensities are defined by the intensity of all assigned ions,
variances in the signal assignment strongly affect the resulting breakdown curves.
Therefore, the signal assignment should be conducted with the same criteria
throughout the series of experiments. Especially with the large size of the dataset
required for the determination of breakdown curves, manual signal assignment is
very time-consuming and prone to errors. Therefore a semi-automated approach
was established.

The OMA & OPA software has been developed in our research group for automated
interpretation of oligonucleotide fragmentation spectra [248]. It is composed of
two parts: The oligonucleotide mass assembler (OMA) and the oligonucleotide
peak analyzer (OPA). OMA is able to calculate possible precursor and fragment
ions of an inserted oligonucleotide and save them in a reference data file. OPA

compares the peaks detected in a mass spectrum with the reference list and assigns
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Figure 2.15: Comparison of breakdown curves of [BCD + H]* obtained by A)
ion-trap CID and B) HCD.
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the signals matching the selected criteria (e.g., ppm deviation). For the analysis of
cyclodextrins, the reference list had to be prepared manually, as OMA can only
generate fragments of oligonucleotides. For that purpose, potential fragment ions
with different adducts are proposed, based on literature and our experimentally
established fragmentation pathways, and listed with their respective monoisotopic
mass. As «-, -, and y- cyclodextrins differ only in the number of subunits and
have most of their fragment ions in common, great parts of their reference lists are
congruent. OPA can then be used to assign detected peaks using these reference
lists. Although the assignment had to be checked manually, especially for signals
occurring with low intensity, the time saving and increased consistency is still

significant.

2.5.2 Swurvival Yield

One part of the breakdown curve is the progression of the precursor ion decom-
position, also referenced as the survival yield. The collision energy, at which the
precursor ion intensity contributes 50% of the intensity of all detected ions, is
called the CEjy, energy. Also, other approaches are used to determine this CEsq
energy, as shown in equation and on page [28 However, these approaches
are not well applicable to our experiments. The formula used by Gabelica, Galic,
and De Pauw [150] (equation on page [28]) is adapted to host-guest complexes
and not directly applicable to the decomposition of cyclodextrins. The main issue
in using the formula used by Ma et al. [156] is the definition of the intensity of the
precursor ion without applied energy as 100%. Using the nano-electrospray source
for ionization leads to fluctuations of the ion current, which has a tremendous
effect on the survival yield, as shown in figure 2.16] Determination of the survival
yield using the same formula as for breakdown curves suffers from the dependence
on the detection of the formed fragment ions. If the signal intensity is too low,
its assignment to a fragment ion is not possible and, therefore, not considered
in the determination of the survival yield. However, fragment ions that are not
assigned due to their low intensity contribute only little to the total signal intensity.
Therefore, its effect on the survival yield is only minor.

As previously mentioned, [3CD + H|* and [glcg + H]" cannot be differentiated by
their m/z, as they are isobaric. However, determination of the survival yield can
be used to distinguish between such isobaric compounds [153, 249, 250]. Therefore,
the CEs, values are determined for -, -, and y-cyclodextrin. Furthermore, MS?
and pseudo-MS? experiments are used to determine the CEs, values of the isobaric

fragment ions. In order to compare the applied dissociation energies throughout

75



Survival Yield

400 o—o0—o0— 100%
360 90%
320 80%
280 70%
¢ 240 60%
3 200 50% >
Y 160 40% ¢
120 30%
80 20%
40 10%
0 o—=C- 0%

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Collision energy / eV

Figure 2.16: Comparison of the survival yield curves of [3CD + H]" obtained from
HCD experiments calculated using equation (orange) and equation (blue).

different experiments, the energies are converted from the lab frame into the
center-of-mass frame of reference, according to formula on page |30} The target
gas in ion-trap CID is helium (He, 4.0 Da) and nitrogen (N,, 28.0 Da) in HCD
experiments.

In the case of protonated o-cyclodextrin, the CE5, value obtained from MS* HCD
experiments of [xCD + H] is higher than the CE5, obtained for [glcg + H]™ deriving
from pseudo-MS? experiments of B- and y-cyclodextrin, as well as of maltoheptaose
(table . These differences in the CEj, values are evidence for the linearized
structure formed from decomposition of [3- and y-cylodextrin in contrast to the
macrocyclic structure of a-cyclodextrin. In the case of -cyclodextrin, the energies
are relatively close to each other, and no distinct difference occurs from MS? and

pseudo-MS? experiments.
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Table 2.2: CEj, values in center-of-mass (or laboratory) frame of reference of HCD
experiments.

[gleg + H]" or  [gle; + H]T or  [gleg + H]|' or

Compound [«CD + H]"  [BCD +H]"  [yCD + H]*
xCD 0.46*

(16.27)*
BCD 0.36 0.36*

(12.92) (15.01)*
vCD 0.35 0.34 0.39*

(12.41) (14.26) (18.36)*
maltodextrin 0.37 0.35

(13.08) (14.49)

*MS? experiments of the macrocyclic structure.

A possible explanation for this is that relatively little energy is required for the
linearization of protonated [-cyclodextrin, due to its low flexibility caused by
the intramolecular hydrogen bonds [107]. The CE5, energy around 15eV in the
LAB-frame of reference is higher than the 10eV determined by Przybylski, Bonnet,
and Cézard [155] for the HCD decomposition of [BCD + H]*. This deviation
can be explained by the different approaches used to calculate the survival yield.
Przybylski, Bonnet, and Cézard [155] utilized equation , that uses only the

signal intensity of the precursor ion.
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3 Host-Guest Complexes

Due to the poor aqueous solubility and stability of bent metallocene dichlorides,
their inclusion inside host molecules has been proposed as a promising approach to
overcome these drawbacks. While such inclusion complexes have been characterized
by theoretical approaches, solid-state analysis, and NMR studies [42, 97, 132-134,
136, 137], only little data from mass spectrometric experiments have been shown
[42, 135]. This gap is going to be narrowed with the experiments described in the

following.

Although the comparison of the neat compounds is not a prerequisite for the analysis
of host-guest complexes using mass spectrometry, it facilitates the correlation of
signals to the individual compounds and their interaction products. As the behavior
of cyclodextrin host molecules in mass spectrometry has already been discussed in
the previous chapter, they are not further discussed in this chapter. Nevertheless,
additional experiments of guest compounds were performed before analyzing their

mixtures with cyclodextrins.

3.1 Guests

Only a few published data on the inclusion of bent metallocenes within cyclodextrins
are available. Therefore, other guest molecules with more extensively investigated
interactions with cyclodextrins are used as references. Phenylalanine and oxaliplatin

are examined as guests in addition to metallocenes.

Phenylalanine

The full scan mass spectrum of phenylalanine showed signals assigned as the proto-
nated phyenylalanine [Phe + H]™ (m/z 166.086, —4.0 ppm) and the corresponding
sodium and potassium adducts [Phe 4+ Na]™ and [Phe + K|* at m/z 188.068
(—=3.0ppm) and m/z 204.042 (—2.9 ppm), respectively (figure [3.1]A). Furthermore,
the immonium ion of phenylalanine [Imm(Phe)]" is detected at m/z 120.080
(—4.1ppm). The formation of this immonium ion in mass spectrometry has also
been detected by Rogalewicz, Hoppilliard, and Ohanessian [251] as a dominant

fragment ion.
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Figure 3.1: Full scan mass spectra of guest molecules: A) phenylalanine, B)
oxaliplatin.

Oxaliplatin

In the full scan mass spectrum of the platinum anticancer agent oxaliplatin (figure
), the proton, sodium, and potassium adducts of intact oxaliplatin are detected
([oxaliPt + H]™ m/z 398.070, 5.3 ppm; [oxaliPt + Na]™ m/z 420.051, 4.8 ppm; and
[oxaliPt + K]|* m/z 436.025, 4.4ppm). Additionally, in-source fragment ions could
be assigned to loss of a CO, moiety ([oxaliPt — CO, + H]|*, m/z354.078, 5.1 ppm)
and loss of the oxalato-ligand ([oxaliPt — CoH,O,4 + H]", m/2 306.056, 5.9 ppm),
respectively, as well as bare platinum (Pt*, m/z194.964, 5.6 ppm). All these
signals show the characteristic isotopic pattern of platinum. At lower m/z ratio,
signals assigned to fragment ions corresponding to the diamino cyclohexan-ligand
are detected. In literature, loss of CO4 and Cy,H,O, has also been described for
oxaliplatin interacting with biomolecules [252-254]|. However, other fragments of

oxaliplatin have not been discussed.
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Metallocenes
The two metallocenes Cp,TiCly and CpyMoCl, are investigated as potential guest
molecules as well. In both cases, the exchange of chloro ligands with hydroxo

ligands is detected.

Full scan mass spectrometric experiments of Cp,MoCl, show various signals that
depict the isotopic pattern of molybdenum (figure ) Thereof, [Cp,;MoCl]*
(m/z262.952, 1.1 ppm) and [Cpo,MoOH]™ (m/z 244.986, 1.6 ppm) occur with molyb-
denum in the +IV oxidation state (Mo'), whereas [Cp,MoO]" (m/z 243.986,
1.6 ppm) contain molybdenum in the oxidation state +V (Mo"). Furthermore, the
signal occurring at m,/z 227.983 could be assigned to [Cp,Mo™|" (1.3 ppm). The
signals at m/z 164.908 and m/z 179.895 also showed the characteristic isotopic
distribution occuring from molybdenum and correspond to the formula [H30,Mo]™

(0.6 ppm) and [HyO5Mo]™ (0.6 ppm), respectively.

The analysis of titanocene dichloride leads to several signals associated to hydrolysis
of the chloro ligands (figure [3.2B). This includes [Cp,Ti(OH)(H,0)]* (m/z 213.038,
—2.7ppm), [Cp,TiCl]" (m/z212.994, —2.3 ppm), and [Cp,Ti(OH)]* (m/z195.028,
—3.1ppm), as well as [Cp,Ti(COOH)]" (m/z223.023, —2.7 ppm) in the presence of
formic acid. In addition, hydrolysis of one or two cyclopentadienyl ligands resulted in
the signals assigned as [CpTi(OH)4(H,0)]* (m/z 165.002, —3.0 ppm), [CpTi(OH),|*
(m/2146.992, —3.4ppm), and [Ti(OH)3(H,0)]" (m/2116.966, —4.3 ppm), respec-
tively. In contrast to molybdenocene, no change in the oxidation state is observed
for titanocene. This observation is explainable by the stability of the different
oxidation states of these two metals. Titanium is occurring in the +II, +III, and
+IV oxidation state, whereof, Ti'" is the most stable form [255]. As titanium
already occurs in the most stable +IV oxidation state in titanocene dichloride,
change in its oxidation state is not favored. On the other hand, molybdenum
occurs as Mo, Mo™, Mo', Mo", and Mo"". Of those, Mo"! is the most stable
form [255]. Changes in the oxidation state of the less stable form Mo'Y, present in

molybdenocene dichloride, are therefore, plausible.
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Figure 3.2: Full scan mass spectra of A) Cp,MoCl, and B) Cp,TiCl, in positive ion
mode showing signals assigned to hydrolysis products of the respective metallocene.

3.2 Host-Guest Mixtures

In order to examine the interaction between the previously described guest molecules
and cyclodextrins, 1:1 stoichiometric mixtures have been prepared and analyzed in
the positive ion mode. The experiments have been performed immediately after
mixing the two compounds to prevent the degradation of metallocenes, which could

potentially occur upon storage of the sample over longer period of time.

3.2.1 Phenylalanine

In case of phenylalanine, an interaction has been detected with «-, (-, and
v-cyclodextrin, corresponding to [a«CD + Phe + H]T (m/z 1138.404, 0.9 ppm),
[BCD + Phe + H|* (m/21300.458, 1.2 ppm), and [yCD + Phe + H]" (m/z 1462.509,
0.1 ppm), respectively (figure . Additionally, the corresponding sodium adducts
have been detected for - and y-cyclodextrin (figure .
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Further experiments have been performed by Lara Maeder during her bachelor
thesis [256]. She added an excess of phenylalanine to an equimolar mixture of
-, -, and y-cyclodextrin to determine the preference of this amino acid for a
host with appropriate cavity size. By calculating the ratio of the host to the
host-guest complex using the absolute peak intensities for each cyclodextrin, a
higher preference for the inclusion of phenylalanine in x-cyclodextrin than in (3- and
v-cyclodextrin has been found. This is surprising, as the cavity of a-cyclodextrin
has been stated in literature to be less suitable for the incorporation of amino acids
side chains [116, 119-121].

In general, our results coincide with literature proposing an electrostatic interaction
to occur between cyclodextrin hydroxy groups and amino acids [148]. However,
different interaction preferences detected for «-, (3-, and y-cyclodextrin indicate
that the cavity size affects the interaction. Therefore, at least a part of the guest

compound is expected to interact with the cavity of the cyclodextrins [119, 122].

3.2.2 Oxaliplatin

The interaction of oxaliplatin with P-cyclodextrin is represented by the signals
detected at m/z1532.439 ([CD + oxaliPt + H]*, 1.1ppm) and m/z 1544.421
([BCD + oxaliPt 4+ Na]™, 1.0ppm), occurring with rather low intensity (figure
. Host-guest interaction between these two compounds has been discussed in
literature [17, 131]. However, the low intensity of these complexes is surprising.
A potential explanation is the rather intense in-source fragmentation observed in
this experiment, preventing the formation of inclusion complexes. Furthermore, a
reduced ionization efficiency of the complex compared to neat cyclodextrin and

oxaliplatin leads to suppression of the complex signal.

3.2.3 Metallocenes

3.2.3.1 Molybdenocene

Full scan mass spectrometric experiments of the mixture of molybdenocene with
o-, -, and y-cyclodextrin lead to signals of rather low intensity at higher m/z
ratio depicting the characteristic isotopic pattern of molybdenum (figure .

In case of a-cyclodextrin, the signal at m/z 1235.268 has been assigned as [aCD +

CpoMoCl] ™ (—0.5ppm), indicating the inclusion of the positively charged Cp,MoCl™.
Furthermore, at m/z 1199.292, another signal occurred that corresponds to a
structure containing molybdenum whose elemental composition was determined as
C3oHggO6Mo™ (—0.3ppm). This corresponds to [xCD + Cp,Mo — H|™, pointing
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Figure 3.4: Full scan mass spectrum of the mixture of oxaliplatin with (-
cyclodextrin.

to the loss of a proton and interaction with the doubly charged Cp,Mo*". In case
of B- and y-cyclodextrin, only [BCD + Cp,Mo — H]|* (m/z1361.348, 1.9 ppm)
and [yCD + Cp,Mo — H]" (m/z1523.399, 0.5ppm) could have been detected
with very low intensity, but not the corresponding adducts of Cp,MoCl™. These
results do not coincide with the inclusion of Cp,MoCl, rather than its hydrolysis
products (Cpy;Mo(OH)CI or Cp,Mo(OH),) suggested by Braga et al. [132, 133]
from solid-state experiments.

This difference is caused by the rapid hydrolysis of the chloro ligands upon contact
with water. In our sample solution, Cp;MoCl, is not present anymore to undergo
inclusion.

The interaction of cyclodextrins with molybdenocene is significantly less prominent
than with phenylalanine and even oxaliplatin. As our results do not indicate a
non-covalent interaction unambiguously, the HSAB concept seems to affect the
interaction. The intermediate Lewis acid character of molybdenum explains the

low interaction with cyclodextrin, as its oxygens are of hard Lewis base character.

3.2.3.2 Titanocene

Experiments on the mixture of -, 3- and y-cyclodextrin with titanocene showed
signals assigned as [xCD + Cp,Ti — H]" (m/21149.333, —1.2ppm), [BCD +

Cp,Ti — H]" (m/21311.391, 2.8 ppm), and [yCD + Cp,Ti — H]" (m/z 1473.437,
—2.6 ppm), respectively, which indicate an interaction (figure . These signals
are analogous to the signals detected for molybdenocene, but of significantly
higher intensity. The hard Lewis acid character of titanium explains this increased

interaction with the oxygen atoms in cyclodextrins.
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Figure 3.6: Full scan mass spectra of the mixture of titanocene with A) «-, B) f3-,

and C) y-cyclodextrin.
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In case of o- and y-cyclodextrin, [«CD + Cp,Ti(OH), + H]" (m/z1185.354,
—1.3ppm) and [yCD + Cp,Ti(OH), + H]" (m/z1509.457, —2.9ppm) have also
been detected with low peak abundance. These signals point to the inclusion of
hydrolyzed titanocene (CpyTi(OH),) within the cavity of the two cyclodextrins.
Surprisingly, this type of interaction has not been detected for (-cyclodextrin,
although its cavity size is more appropriate for inclusion than o-cyclodextrin.
Unfortunately, the low intensity of these signals did not have allowed further
investigation using tandem mass spectrometric experiments. Since one goal of the
inclusion of titanocene is to improve its stability, the low intensity of the signal
observed for the suspected inclusion complex is not expected to achieve the desired

improvement.

Stability at Neutral pH

Although the results obtained so far do not indicate a host-guest interaction, any
different interaction might nevertheless increase the aqueous stability of titanocene
at physiological pH.

Therefore, the pH of a mixture of 3-cyclodextrin and Cp,TiCl, has been raised
to approximately seven by adding an ammoinumacetate solution. Immediately
after the preparation of the sample, the full scan mass analysis has been started.
In the case of an increased stabilization of titanocene due to its interaction with
cyclodextrin, the corresponding signal intensity will not be significantly affected by
the increased pH, whereas the signals of unbound titanocene will decrease. However,
already within the first minutes of the experiment, the signal of [Cp,TiH]" has
decreased significantly, and the signal of [3CD + Cp,Ti — H|" has disappeared.
These results imply that in solution, the degradation of titanocene is not prevented
by interaction with -cyclodextrin. According to literature, host-guest interaction is
in equilibrium with the individual host and guest compounds (equation 80, 81,
84, 85, 88, 101]. Therefore, precipitation of titanium-species shifts the equilibrium
towards the separated compounds (equation . This leads to a further separation
of the assembly and, consequently, further precipitation of titanium. In conclusion,
the degradation of titanocene in aqueous environment at approximately neutral

pH cannot be prevented by its interaction with cyclodextrins.

Host + Guest

Host:Guest (3.1)

BCD + Ti—species] ——— BCD:Ti—species (3.2)
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3.3 Character of the Interaction

Based on the obtained data, it can be stated that the interaction of cyclodextrins
with molybdenocene and titanocene is of a different character than with phenylala-
nine and oxaliplatin. The signals assigned as [CD + Cp,Ti — H]™ point to the loss
of a proton compensating one charge of the doubly charged Cp,Ti*t and formation
of a covalent bond (figure [3.7A). Alternatively, loss of two protons would lead to a
neutral assembly with Cp,Ti*" (figure ), requiring the addition of an ancillary
charge. The considerable amount of sodium and ammonium that form adducts with
cyclodextrins would be expected to also form adducts with the assembly, which has
not been detected. Therefore, the charge is expected to be located at the titanium
atom and not due to adduct formation. Potential deprotonation sites are the abun-
dant hydroxy groups at the rims of cyclodextrins. To evaluate the effect of these
hydroxy groups on the interaction with titanocene, supplementary experiments
utilizing methylated 3-cyclodextrins were conducted. In a second step, the effect
of the cavity was elucidated by investigating the interaction between titanocene
and linear saccharides. Finally, the breakdown curves and the survival yield of the
interaction species have been recorded to elucidate differences in the interaction
strength between these assemblies. For comparison, the same experiments have

been additionally conducted with phenylalanine.

A B
IS /\ :
o o

Figure 3.7: Proposed interaction types of titanium with [3-cyclodextrin correspond-
ing to [BCD + Cp,Ti — H]". Reprinted from [257].

3.3.1 Methylated Cyclodextrins

Full scan mass spectrometric experiments of the mixture of phenylalanine with

di- and trimethylated -cyclodextrin resulted in signals assigned the correspond-
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ing inclusion complexes [DMBCD + Phe + H]" (m/z1496.675, —0.1 ppm) and
[TMBCD + Phe + H]" (m/z1594.787, 1.1 ppm), respectively. Furthermore, the
corresponding ammonium adducts [DMBCD + Phe 4+ NH,]" and [TMBCD +
Phe + NH,]" have been detected at m/z 1513.700 (—1.5ppm) and m/z 1597.796
(0.1 ppm), respectively. Apparently, the methoxylation of the hydroxy groups of
[3-cyclodextrin did not hinder the inclusion of phenylalanine.

The wide-ranging degree of methylation of the (3-cyclodextrin derivatives compli-
cates the unambiguous elucidation of their effect on the interaction with titanocene.
If B-cyclodextrin is fully methylated, [TMBCD 4 Cp,Ti(OH), 4+ H]* (m,/z 1641.740,
1.6ppm) and [TMBCD + Cp,Ti(OH)]" (m/z1623.730, 1.8 ppm) have been de-
tected. With a total of 14, 15, and 16 methoxy groups, inclusion of Cp,Ti(OH), has
been detected as well at m/z 1543.625 ([DMBCD + Cp,Ti(OH), + H]", —1.9 ppm),
m/z 1557.641 ([DMBCD + CH, + Cp,Ti(OH), + H]", —1.9ppm), and m/z 1571.656
([DMBCD + 2 CH, + Cp,Ti(OH), + H]", —2.0 ppm), respectively. Additionally,
the same type of interaction as detected for unmodified [3-cyclodextrin has been
found for trimethylated (-cyclodextrin comprising one unmodified hydroxy group
([TMBCD — CH, + Cp,Ti — H|*, m/z 1591.704, 1.9 ppm), as well as for dimethy-
lated B-cyclodextrins comprising a total of 13-16 methoxy groups. These results
clearly indicate the effect of the hydroxy groups on the interaction of cyclodextrins
with titanocene. Furthermore, these findings support the hypothesis of the covalent

binding of titanocene to the rim of cyclodextrin.

3.3.2 Interaction with Linear Saccharides

A second approach to prove the covalent interaction of titanocene with the hy-
droxy rim of cyclodextrins is to evaluate their interaction with linear saccharides.
Therefore, mixtures of titanocene with sucrose (glucose-a-(1—2)-fructose), maltose
(glucose-o-(1—4)-glucose), and maltoheptaose ((glucose-a-(1—4))g-glucose) have
been examined. Sucrose and maltose are dimeric saccharides comprising hydroxy
groups that serve as possible targets for the interaction with titanocene. Maltohep-
taose comprises seven «-1,4-linked glucose subunits, which is the same number of
subunits as than in 3-cyclodextrin.

In full scan analysis of the titanocene mixtures with sucrose and maltose sig-
nals assigned as [sugar + Cp,Ti — H]" (m/2519.131, —5.1 ppm and m/z 519.133,
—3.1ppm) and [sugar + Cp,Ti(OH), + H|" (m/2 555.153, —5.0 ppm and m/z 555.153,
—3.6 ppm), respectively, have been detected (figure . For the interaction of
titanocene with maltoheptaose, analogous signals have been detected. This in-
cludes [malto; + Cp,Ti — H]" at m/21329.395 (—2.4ppm), [malto; + Cp,TiOH]™
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Figure 3.8: Full scan mass spectra of the mixture of titanocene with A) sucrose
and B) maltose.

at m/z1347.406 (—1.7ppm), and [malto; + Cp,Ti(OH), + H]" at m/2 1365.416
(—2.4ppm) as well as the corresponding sodium and potassium adducts (figure
3.9). Therefore, it is concluded that the proposed covalent interaction between
titanocene and hydroxy groups of saccharides occurs also with linear saccharides.
However, the assigned signals also suggest a non-covalent interaction, comparable
to the minor signals detected for «- and y-cyclodextrin. The full scan experiment
of the mixture of maltoheptaose and phenylalanine also show peaks indicating
a non-covalent interaction that have been assigned as [malto; + Phe 4+ H]" and
[malto; + Phe + Na]* (figure . Due to the linear structure of maltoheptaose,
no cavity is present that allows for the incorporation of a host compound. Conse-
quently, these interactions point to unspecific binding between the saccharides and
the host compounds [107, 150, 258]. An alternative explanation for the interaction
of these compounds is the formation of “quasi-inclusion” complexes, as discussed
by Lebrilla [118]. The flexible structure of maltoheptaose enabling its wrapping

around guest compounds, building a cavity-like structure.
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Figure 3.9: Full scan mass spectra of the mixture of maltoheptaose with A)
phenylalanine and B) titanocene.

3.3.3 Tandem Mass Spectrometry

Collisional activation of the host-guest assemblies may give further insight into the
character of the interaction. Tandem mass spectrometric experiments of [3CD +
Phe + H]" led to separation of the two compounds and further dissociation of {3-
cyclodextrin (figure [3.10/A). Similar behavior has been found for the decomposition
of [DMBCD + Phe + H]" (figure [3.10B), [TMBCD + Phe + H]* (figure [3.10[C),
and [malto; + Phe + H]" (figure ) Although the signal of phenylalanine and
the intact saccharides was not detected in all spectra, no fragments indicating a
preserved interaction between the host and guest compound have been detected.
Upon separation of the complex, the host and guest structures compete for the
charge. If one compound has a higher proton affinity, it suppresses the ionization
of the other compound [156].

In contrast to the separation of phenylalanine and saccharides, collisional activation

of [BCD + Cp,Ti — H]T, [DMBCD + Cp,Ti — H", and [malto; + Cp,Ti — H]|* led
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Figure 3.10: Tandem mass spectra obtained from HCD experiments of A) [3CD +
Phe + H]*, B) [DMBCD + Phe + H|*, C) [TMBCD + Phe + H]", and D) [malto; +

Phe + H]™.
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Figure 3.11: Tandem mass spectra obtained from HCD experiments of A) [fCD +
Cp,Ti — H|*, B) [DMBCD + Cp,Ti — H]", and C) [malto; + Cp,Ti — H|".
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to signals assigned as fragment ions that still preserve an interaction between the two
compounds (figure . These fragment ions are characterized by the loss of one or
both cyclopentadienyl ligands as CsHg and loss of neutral glucose subunits, resulting
in signals assigned as [glc, + Cp,Ti — H|* (n=1-6), [glc, + CpTi — 2H]* (n=1-6),
and [glc, + Ti — 3H]" (n=2-6), for the decomposition of [3CD + Cp,Ti — H]™.
Dissociation of [DMBCD + Cp,Ti — H]" led to the comparable signals assigned as
[DMglc,, + Cp,Ti — H|" (n=1-3) and [DMglc, + CpTi — 2H]" (n=1-3), respec-
tively. The rather low intensity of the fragment ions prevented the detection of
[DMglc,, + Ti — 3H]" fragment ions. Collisional activation of [malto; + Cp,Ti — H]|*
also resulted in B- and Y-ions comprising Cp,Ti and CpTi, respectively (figure
3.11)).

Although signals occurring from the interaction between cyclodextrins and ti-
tanocene have been detected that point to a non-covalent interaction, elucidation
of their fragmentation patterns was not possible do to insufficient signal intensity.
The low intensity of the signals assigned to the proposed non-covalent assemblies
also implies little formation of this interaction species in solution. Therefore, hardly
any improvement of the hydrolytic stability of titanocene is expected from its

interaction with cyclodextrin.

3.3.3.1 Survival Yield

From the breakdown curves of obtained from HCD experiments of the protonated
complexes of phenylalanine and cyclodextrins or maltoheptaose, the survival yield
curves have been plotted against the applied collision energy (Epg) in eV (figure
. From these curves, the characteristic CE5y energies have been determined
and converted to the center-of-mass frame of reference for better comparability
(table. The highest CEs, has been detected for [3CD + Phe + H]™ with 0.76 eV,
followed by [DMBCD + Phe + H]* (0.71eV) and [yCD + Phe + H]" (0.69¢eV).
With a CE5q of 0.62 and 0.63 eV, the weakest interaction has been detected for
[CD + Phe 4+ H]" and [malto; + Phe + H] ", respectively. These variances indicate
the effect of the cavity size on the strength of the interaction.

The CE5q energies determined for the dissociation of the titanocene assemblies with
cyclodextrins and maltoheptaose are generally higher (0.75 — 0.85eV). This implies
a stronger interaction, which coincides with the proposed formation of a covalent
bond. The highest CE5, has been detected for [BCD + Cp,Ti — H]™ (0.85¢eV),
followed by [yCD + Cp,Ti — H]" (0.80eV), [xCD + Cp,Ti — H]* (0.77eV), and
[malto; + Cp,Ti — H|* (0.75¢eV).
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Figure 3.12: Survival yield curves of obtained from the decomposition of phenylala-
nine complexes. For all complexes except [xCD + Phe + H|* only the region of
interest for the determination of the CEg, values are displayed.

Table 3.1: CE5, values in center-of-mass (laboratory) frame of reference of HCD
experiments.

| «CD  BCD  yCD malto; DMBCD

+ Phe + H 062  0.76 069  0.63 0.71
(25.96) (36.09) (36.73) (30.36)  (38.73)

+Cp2Ti-H| 077 08 080  0.75
(32.18) (40.60) (44.63) (36.24)

Comparison of the data obtained from the interaction of titanocene with cyclodex-
trins, methylated cyclodextrins, and linear saccharides revealed the effect of the
hydroxy groups on the interaction. The formation of covalent bonds between
titanium and these hydroxy-groups was supported by the fragment ions occurring
as a result of collisional dissociation, which did not indicate a separation of the

two complounds.

The results on the interaction of titancoene with (-cyclodextrins were published in

the International Journal of Molecular Sciences in 2021.
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Abstract: Bent metallocene dichlorides (Cp,MCl,, M = Ti, Mo, Nb, ...) have found interest as
anti-cancer drugs in order to overcome the drawbacks associated with platinum-based therapeutics.
However, they suffer from poor hydrolytic stability at physiological pH. A promising approach
to improve their hydrolytic stability is the formation of host-guest complexes with macrocyclic
structures, such as cyclodextrins. In this work, we utilized nanoelectrospray ionization tandem
mass spectrometry to probe the interaction of titanocene dichloride with B-cyclodextrin. Unlike the
non-covalent binding of phenylalanine and oxaliplatin to 3-cyclodextrin, the mixture of titanocene
and B-cyclodextrin led to signals assigned as [3CD + Cp,Ti-H]*, indicating a covalent character of
the interaction. This finding is supported by titanated cyclodextrin fragment ions occurring from col-
lisional activation. Employing di- and trimethylated -cyclodextrins as hosts enabled the elucidation
of the influence of the cyclodextrin hydroxy groups on the interaction with guest structures. Masking
of the hydroxy groups was found to impair the covalent interaction and enabling the encapsulation of
the guest structure within the hydrophobic cavity of the cyclodextrin. Findings are further supported
by breakdown curves obtained by gas-phase dissociation of the various complexes.

Keywords: metallocene; gas-phase reaction; cyclodextrin; mass spectrometry; host-guest complex

1. Introduction

Good solubility and stability in a physiological aqueous environment are essential
prerequisites of a pharmaceutically active compound in order to develop its therapeutic ac-
tivity. Within this context, low bioavailability due to high hydrophobicity, fast degradation,
or deactivation as a result of rapid reaction with unspecific targets represent a continuous
challenge in drug formulation [1,2]. Organometallic anti-cancer drugs based on transi-
tion metal complexes, such as cisplatin and its analogs and bent metallocene complexes,
which are known to target nucleic acids as well as proteins, are severely suffering these
difficulties [3].

Cisplatin exhibits a planar structure with a platinum(Il) coordination center sur-
rounded by two ammine and two chloride ligands in cis configuration (Figure 1) [4]. It
is widely used in cancer treatment but suffers from severe side-effects due to its toxicity
and accruing drug resistance [5]. By alteration of the ligands, alternative drugs (e.g., carbo-
platin, oxaliplatin) were developed to overcome these drawbacks [4]. In addition, transition
metal centered bent metallocenes emerged as a promising alternative to platinum-based
drugs [5].

1.1. Bent Metallocenes

Bent metallocene dichlorides (Cp,MCl,) are built of a transition metal center M, of-
ten Ti, Mo, Nb, or V, two n5-cyclopentadienyl ligands (Cp) and two chloride ligands
(Figure 1) [3,6,7]. In contrast to the platinum-based compounds, the transition metal is
generally in the +IV oxidation state, and the overall structure resembles a distorted tetrahe-
dron [6]. Among these metallocenes, titanocene had entered clinical trials in the 1990s, but

Int. J. Mol. Sci. 2021, 22, 9789. https:/ /doi.org/10.3390/ijms22189789
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was finally rejected due to insufficient response to metastatic cancers [8,9]. Nevertheless,
the proven antiproliferative activity of metallocenes encourages further investigation of
their interaction with potential biological targets.

\ e Cl__ JNH3

\

pt
\‘Rn Cl”” “NH,

M =Ti, V. Nb, Mo, Hf, ...

4//0

\

uINH; \\

Figure 1. Structure of bent metallocene dichlorides (M = Ti, V, Nb, Mo, Hf, ...), cisplatin, and its
derivative oxaliplatin.

A key step for the development of the anti-cancer activity of these compounds is
the exchange of the chloride ligands for hydroxy ions in an aqueous environment [4,10].
Hydrolysis of the first chloride ligand occurs rapidly, whereas the exchange of the second
chloride ligand is dependent on the metal species and the pH of the solution. For titanocene
dichloride, the half-life of the second chloride ligand is ~50 min [11]. In consequence of this
hydrolysis, the pH of the solution drops significantly, resulting in substantial difficulties
in the application in biological systems due to increased side effects [6]. In the case
of titanocene, raising the pH to physiological conditions leads to hydrolysis of the two
Cp-ligands and the formation of insoluble titanium oxide species [6,7,12]. In contrast,
molybdenocene shows increased hydrolytic stability of the Cp-ligands at higher pH [3,13].
Although some metallocene dichlorides exhibit higher stability than others, their aqueous
stability is generally poor and represents a major challenge for their administration and
necessitates the processing of the drug prior to usage [5,7]. One approach is the replacement
of one or both chloride ligands by different halogenides or organic ligands [6,14,15], while
other studies aimed at a more targeted drug delivery by functionalization of the Cp-ligands
(e.g., titanocene Y) or alteration of the metal center [5-7,14-18].

Another approach to prevent metallocenes from extensive hydrolysis in an aqueous
environment is the encapsulation within a host molecule [12,19]. Additional advantages
of this approach are the increased aqueous solubility and bioavailability and a lowered
toxicity [1,4,12,13,15,20,21]. Host molecules typically combine a rather hydrophobic inner
cavity, which undergoes non-covalent interaction with the guest molecules (or parts of
it) with a more polar outer surface that promotes better solubility in an aqueous envi-
ronment [1,22,23]. Examples of host molecules successfully applied in drug delivery are
cyclodextrins, cucurbiturils, pillarenes, and calixarenes [24,25].

1.2. Cyclodextrins as Host Molecules

Due to their low toxicity [1,23,26], cyclodextrins are considered safe excipients when
administered orally. In addition, they have found widespread applications as hosts of poorly
soluble therapeutic agents, as summarized in recent review articles [2,22,23,26,27]. Cyclodex-
trins are a family of cyclic oligosaccharides composed of (1,4)-linked o-D-glucopyranose units.
The naturally occurring -, 3-, and y-cyclodextrins, comprising 6, 7, or 8 subunits, respectively,
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are the result of the enzymatic degradation of starch. Due to the chair conformation of the
glucopyranose monomer, cyclodextrins adopt the shape of a truncated cone, with the hydroxy
groups located at the rim and the skeletal carbon atoms providing the hydrophobic character
of the cavity (Figure 2) [1,2,22,23,26-30]. The ability to form a host-guest system depends on
various factors. The size of the cavity of the host molecule has to fit the size of the guest struc-
ture. In the case of bent metallocenes, the cavity size of 3-cyclodextrin (6.0-6.5 A) is suitable for
accommodating the Cp-ligands of titanocene dichloride with a diameter of 5.8 A [1,22,24]. The
driving forces of the interaction between the host and guest structures include hydrophobic
interactions, electrostatic, van der Waals, as well as hydrogen bonding [1,2,25,30,31]. A key
criterion that defines host-guest complexes is that no covalent bonds are broken nor newly
formed [22,23,25,26]. Consequently, the host-guest complex is in equilibrium with the free
cyclodextrin and its guest molecules in solution [23,26,27].

OH b
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Figure 2. (a) Structural formula of B-cyclodextrin; (b) sketch of the truncated cone formed by B-cyclodextrin with the size

of the cavity.

The formation of hydrogen bonds between adjacent hydroxy groups at the rim of
cyclodextrins leads to a rather rigid structure and lowers their solubility, as the interaction
with the surrounding water is decreased [22]. By modification of the hydroxy groups, e.g.,
by conversion into methyl-, hydroxypropyl-, sulfobutyl ether-, or acetyl-moieties, the regu-
lar hydrogen-bonding within the natural cyclodextrins is disrupted, thus, enabling better
interaction with the surrounding water molecules and increasing the solubility [2,22,26,27].

1.3. Investigation of Complexes

Common techniques used to investigate the stability of cyclodextrin-substrate com-
plexes are calorimetric analysis, nuclear magnetic resonance spectroscopy (NMR), X-ray
diffraction, fluorescence spectroscopy, and FTIR. Phase solubility studies and conduc-
tometry titration are alternative methods suitable for the investigation of the efficiency
of cyclodextrin complexation [2,13,26,31,32]. Furthermore, theoretical approaches and
computational modeling have been applied to predict the structure of complexes [4,33].

Using these methods, the encapsulation of organic molecules including amino acids [2,31,34]
and platinum compounds [4,35] has been described, and evidence for the inclusion of bent metal-
locenes with confirmed antitumor activity (M = Ti, Mo, Nb, V) in cyclodextrins was provided
by various authors [12,13,15,29,33,36-39]. Depending on the metallocene, its orientation and
hydrolysis state for encapsulation was found to be different. Based on an experimental and theo-
retical study, Braga et al. suggested molybdenocene dichloride entering the 3-cyclodextrin cavity
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preferably with only one Cp-ligand [33], whereas Morales et al. proposed niobocene to be incor-
porated as CpaNbCl,OH, with the inclusion of one or both Cp-ligands occurring [12]. Theoretical
considerations by Rivis et al. led to the conclusion that the formation of titanocene/cyclodextrin
inclusion compounds is feasible and enhances the cytotoxic activity of titanocene as it enables
controlled release of the drug and diminishes the hydrolysis of ligands [19].

1.4. Mass Spectrometry

Although inclusion complexes with cyclodextrins have been studied using various
techniques, mass spectrometry contributed only rarely. With soft-ionization techniques
such as matrix-assisted laser desorption/ionization and electrospray ionization, mass
spectrometry has become a useful tool for the elucidation of molecular weights, stoichiome-
tries, and even non-covalent interactions within supramolecular assemblies [25,32,34,39,40].
Mass spectrometry may provide advantages over different analytical techniques in terms
of sensitivity and speed [32], and tandem mass spectrometric experiments employing colli-
sional activation have successfully been applied to the evaluation of the relative stabilities
of host-guest complexes [25]. The technique has been applied to provide information on
the encapsulation of organic structures [25,34,41], ferrocene and its derivatives [39], as well
as bent metallocenes [38] in cyclodextrins.

Mass spectrometric data on the inclusion of bent metallocenes have been published
only sparsely. The scope of this investigation is to provide further insight into the interaction
of titanocene dichloride with 3-cyclodextrin and methylated cyclodextrin derivatives to
assess the potential of these carbohydrate macrocycles as excipients in the formulation of
bent metallocene-based drugs.

2. Results

Despite electrospray being a soft ionization technique, the decomposition of analyte
ions due to collision with residual gas in the interface region may occur and potentially
compromise the results. To probe the extent of such interfering effects and to demonstrate
the capability of mass spectrometry to visualize host-guest interactions of cyclodextrin
with organic compounds as well as transition metal complexes, phenylalanine, and the
anti-cancer agent oxaliplatin, were chosen as guests. In a second step, the study was
extended to the interaction of cyclodextrin with the bent metallocene titanocene dichloride.

Initial experiments aimed at the identification of peaks originating from the individual
host and guest molecules, as besides the generation of molecular ions, adduct formation
and in-source decomposition were expected, resulting in rather complex mass spectra.
Based on high-resolution accurate mass analysis with deviations in the low parts per million
(ppm) range and the detected isotopic pattern, the elemental composition of molecular as
well as fragment ions can be determined. The full scan mass spectrum of 3-cyclodextrin
shows the protonated species [BCD + HJ* (m/z 1135.3798, 2.5 ppm), the ammonium
adduct [CD + NH4]* (m/z 1152.4060, 2.1 ppm), and the alkali metal-adducts [3CD + Na]*
(m/z 1157.3599, 0.8 ppm) and [BCD + K]* (m/z 1173.3340, 0.9 ppm). Furthermore, in-source
fragmentation products due to the loss of glucopyranose subunits [glc, + H]" (n = 2-6;
m/z 325.1128, —0.3 ppm; m/z 487.1653, —0.8 ppm; m/z 649.2186, 0.0 ppm; m/z 811.2720,
0.7 ppm; m/z 973.3255, 1.3 ppm) were identified (Supplementary Materials Table S1) [42].

Electrospray ionization mass spectrometry of guest species primarily results in their protona-
tion and the formation of the corresponding sodium adducts. Additionally, fragment ions originat-
ing from in-source decomposition were detected. In the case of phenylalanine, the protonated form
[Phe + H]* (/2 166.0856, —4.8 ppm), the alkali adducts [Phe + Na]* (1/z 188.0676, —3.2 ppm) and
[Phe + K]* (/2 204.0416, —2.5 ppm), as well as the immonium ion [Imm(Phe)]* (1/z 120.0803,
—4.2 ppm) were identified (Supplementary Materials Table S2). Comparable signals appeared
for oxaliplatin, where [oxaliPt + HJ* (11/z 395.0695, 5.3 ppm) and [oxaliPt + Na]* (m/z 420.0514,
4.8 ppm) were detected (Supplementary Materials Table S3). The mass spectra of titanocene dichlo-
ride show signals corresponding to [Cp,TiCl]* (i11/z 212.9940, —2.3 ppm) and the hydrolysis prod-
ucts [Cp, Ti(OH)[* (m/z 195.0278, —3.1 ppm), [CpTi(OH), + H,OJ* (m/z 165.0021, —3.0 ppm),
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[CPTI(OH),]* (m/z 146.9915, —3.4 ppm), and [Ti(OH)3 + H,Ol* (m/z 116.9657, —4.3 ppm), as
well as [Cp, Ti(COOH)]* (m/z 223.0227, —2.7 ppm), which was formed due to the presence of
formic acid (Supplementary Materials Table S4). Though the samples were subjected to mass
spectrometric analysis immediately after getting in contact with water, rapid hydrolysis of the
chloride ligands could not be prevented. Experiments performed in pure MeOH resulted in
comparable peaks, with the difference that complexes comprising not only hydroxo-, but also
methoxo-ligands, such as [CpTi(OH)(OMe)(H,O)I* at m/z 179.0178 (—2.2 ppm), were detected as
well (Supplementary Materials Table S5).

2.1. Phenylalanine and Oxaliplatin Complexes

Beside the previously described ions, analysis of mixtures of 3-cyclodextrin with phenylala-
nine and oxaliplatin revealed signals referring to the protonated inclusion complexes [3CD + Phe
+HJ* (m/z 13004575, 1.2 ppm) and [BCD + oxaliPt + H]* (m/z 1532.4389, 1.1 ppm), as well as
the sodium adducts [BCD + Phe + NaJ* (/2 1322.4392, 0.9 ppm) and [BCD + oxaliPt + Na]*
(m/z 1554.4207, 1.0 ppm), respectively (Supplementary Materials Tables S6 and S8).

A higher energy collision induced dissociation (HCD) experiment with [3CD + Phe + HJ*
as the precursor ion gave rise to signals referring to protonated phenylalanine [Phe + HJ*
(m/z 166.0863, 0.0 ppm), protonated B-cyclodextrin [3CD +HJ* (m/z 11353777, 0.6 ppm), and pro-
tonated cyclodextrin fragments [glc, + H]™ (n = 1-6; /2 163.0601, 0.0 ppm; m/z 325.1131, 0.6 ppmy;
m/z 487.1655, —0.4 ppm; m/z 649.2187, 0.2 ppm; m/z 811.2717, 04 ppm; m/z 973.3250, 0.8 ppm),
indicating complete separation of host and guest along with the simultaneous decomposition of
the host structure (Figure 3, Supplementary Materials Table S7). Fragmentation of the oxaliplatin
inclusion complex [BCD + oxaliPt + H]" resulted in abundant signals of protonated oxaliplatin
[oxaliPt + H]* (1m/z 398.0681, 1.8 ppm) and protonated cyclodextrin fragments still interacting
with oxaliplatin [glc, + oxaliPt + H]* (n = 3-6; m/z 884.2279, 2.3 ppm; m/z 1046.2812, 2.4 ppm;
m/z1208.3344, 2.4 ppm; m/z 1370.3872, 2.1 ppm), whereas fragments of 3-cyclodextrin without
oxaliplatin were of very low intensity (Supplementary Materials Table S9). The molecular formula
determined by accurate mass analysis of this singly charged ion hints at neutral 3-cyclodextrin
fragments interacting with neutral oxaliplatin in a non-covalent manner with the positive charge
provided by an additional proton, whose exact location is not defined. Despite the fact that
separation of the host and guest structures was not detected as for phenylalanine, the non-covalent
interaction between oxaliplatin and the macrocycle indicates the formation of an inclusion complex.

2.2. Titanocene Complex

Analysis of a 1:1 stoichiometric mixture of 3-cyclodextrin and titanocene dichloride
showed the ions arising from titanocene, mainly in hydrolyzed form as [Cp,Ti(OH)]* (m/z
195.0286, 1.0 ppm), and from B-cyclodextrin (Figure 4, Supplementary Materials Table S10).
In addition, the isotopic distribution of the ion appearing at m/z 1311.3913 indicates an in-
teraction between the titanium compound and (3-cyclodextrin. Based on the accurate mass
determination, the elemental composition of this ion was found to be CspHz9O35Ti*, which
corresponds to [CD + Cp,Ti-H]". Since the combination of 3-cyclodextrin (C4pH7oO35)
and Cp2T12+ (C10H10Ti%*) would result in a doubly charged complex with an elemental
composition of CspHgO35Ti%*, one of the two charges must have been compensated for by
the lack of a proton, presumably at a hydroxy group at either the primary or the secondary
rim of 3-cyclodextrin. More detailed localization of the deprotonation site, however, was
not accomplishable by means of mass spectrometry.
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Figure 3. Higher energy collision induced dissociation (HCD) spectrum of [3CD + Phe + H]* (n/z 1300.48) at 37 eV
(16% normalized collision energy (NCE)) showing the separation of the precursor ion into [Phe + H]*, [3CD + H]*, and
-cyclodextrin fragment ions [glc, + H]* (n = 1-6).
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Figure 4. Full scan mass spectrum of the mixture of -cyclodextrin and titanocene dichloride showing the peak in-
dicating an interaction between the two compounds (red inset), as well as the hydrolyzed titanocene, and cationized
B-cyclodextrin (blue).
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Collisional activation of [BCD + Cp,Ti-H]* (m/z 1311.3859, —1.3 ppm) resulted
in the loss of a neutral cyclopentadiene (CsHg) moiety, leading to [CD + CpTi—2H]*
(m/z1245.3391, —1.2 ppm). With increasing energy, the loss of neutral glucose subunits
from (-cyclodextrin occurred, but the titanium species was still bound to the cyclodextrin
fragment ions, as indicated by the [glcn + CpoTi-H]* (n = 1-6; m/z 339.0699, —2.1 ppm;
m/z501.1221, —2.8 ppm; m/z 663.1747, —2.4 ppm; m/z 825.2277, —1.7 ppm; m/z 987.2802,
—1.7 ppm; m/z 12453391, —1.2 ppm) and [glen + CpTi-2H]" (n = 1-6; m/z 273.0233,
—1.5 ppm; m/z 435.0754, —2.5 ppm; m/z 597.1281, —2.0 ppm; m/z 759.1808, —1.8 ppm;
m/z921.2335, —1.6 ppm; m/z 1083.2862, —1.5 ppm) fragment ions. Loss of the second
cyclopentadiene moiety in combination with the decomposition of 3-cyclodextrin resulted
in [glen + Ti-3H]* (n = 2-6; m/z 369.0287, —2.4 ppm; m/z 531.0811, —2.4 ppm; m/z 693.1339,
—1.9 ppm; m/z 855.1866, —1.6 ppm; m/z 1017.2391, —1.8 ppm) fragment ions (Figure 5,
Supplementary Materials Table S11). In contrast to 3-cyclodextrin complexes with pheny-
lalanine and oxaliplatin, separation of the host and guest structures was not observed as
neither the intact B-cyclodextrin nor free titanocene-derived ions (e.g., [Cp,Ti(OH)]") were
detected and all fragment ions were found to contain titanium. These results indicate that
the interaction of titanocene dichloride with cyclodextrin differs from the situation observed
for the phenylalanine and oxaliplatin guest species.

precursor
[BCD+Cp,Ti-H]*
1311.3859

[glc+CpTi-2H]*

597.1281
[glc,+CpTi-2H]*
435.0754
[BCD+CpTi-2H]*
1245.3391
[glc,-CpTi-2H]*
759.1808
[glc,*+Ti-3H]*
3690287 11916,+Cp, Ti-HIH [glcg*Cp, Ti-HI [glog+Ti-3H]*
) 501.1221 501.1221 , 1017.2391
[glc+Cp, Ti-H]* [glcs+CpTi-2H]*
339.0699 921.2335
[glc+CpTi-2H]* [glc,+Cp,Ti-H]* )
273.0233 825.2277 [glcs+CpTi-2H]*
[gles+Ti-3HT*|  [glc,+Ti-3H]* ) . 1083.2862
5310811 | ‘gga 1339 | 191CstTi-3H] ,
: 855.1866 |[glcs+Cp,Ti-H]*|
987.2802
et mmm“”:J“ﬂuwmj“s —_—t
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
m/z

Figure 5. HCD mass spectrum of [BCD + Cp,Ti-H]" (m/z 1311.40) at 47 eV (20% NCE) showing the loss of one or
two cyclopentadiene moieties (C5Hg) and the decomposition of 3-cyclodextrin into its subunits, still interacting with

titanocene species.

Additional experiments probing the interaction of titanocene dichloride with the
disaccharides sucrose and maltose gave evidence for the formation of singly charged
[sugar + Cp,Ti-H]" ions (m/z 519.1314, —5.1 ppm and m/z 519.1325, —3.1 ppm; Sup-
plementary Materials Tables S12 and S14), which is in agreement with the interaction
observed for the titanocene with cyclodextrin. Collisional activation of this ion resulted in
metallated fragment ions, such as [C¢H19Os5 + Cp,Ti-H]* (/2 339.0696, —3.2 ppm) and
[C¢H120¢ + Cpp Ti-H]* (m/z 357.0800, —3.4 ppm) due to glycosidic bond cleavage and loss
of one of the sugar moieties as a neutral (Supplementary Materials Tables S13 and S15).
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2.3. Methylated B-Cyclodextrins

The di- and trimethylated cyclodextrin analogs heptakis(2,6-di-O-methyl)-3-cyclodextrin
(DM 3-cyclodextrin) and heptakis(2,3,6-tri-O-methyl)-3-cyclodextrin (TM3-cyclodextrin) served
as host structures for probing their interaction mode with titanocene and deciphering the role of
the hydroxy groups. Full scan MS analyses of the host structures showed several peaks spaced by
14 mass units, indicating different degrees of methylation. Consequently, the spectral complexity
was increased and the peak intensities were significantly reduced (Supplementary Materials
Tables S16 and S17) [42]. Nevertheless, the analysis of phenylalanine in the presence of the two
methylated host structures revealed comparable interaction as with unmodified 3-cyclodextrin,
resulting in signals assigned as [DMBCD + Phe + HJ* (1m/z 1496.6749, —0.1 ppm) and [TMBCD
+ Phe + HJ* (m/21594.7865, 1.1 ppm) (Supplementary Materials Tables S18 and S22). The mask-
ing of the hydroxy groups at the rim of 3-cyclodextrin does not prevent the interaction with
phenylalanine and gives proof for the ability of methylated 3-cyclodextrin to act as a host for
hydrophobic structures.

Collisional activation of the protonated [DMBCD + Phe + H]* complexes led to
fragmentation of the host structures, as demonstrated by Figure 6 for the complex with the
dimethylated cyclodextrin (Supplementary Materials Table S19). Though the product ion
spectrum of [DMBCD + Phe + H]* did not show the peaks of separated [Phe + H]* and
[DMBCD + H]* ions, the lack of any signals referring to cyclodextrin fragments still bound
to phenylalanine indicates a host-guest character of the interaction. A similar situation was
encountered for trimethylated cyclodextrin as host for phenylalanine [TMBCD + Phe + H]*
(Supplementary Materials Table 523).

precursor

[DMglc,-2H,0-CH,OH+H]*
313.1278

[DMglc,-H,0-CH,OH+H]*
331.1383

[DMBCD+Phe+H]*
1496.6727

[DMglc,+H]*
[DMglc-2H,0+H]* | | 3811750 [DMglo,+H]*
155.0700 761.3428
[DMgleg+H]* e IDMglcgHI*
571.2588 ‘ 1141.5108
200 300 400 500 600 700 800 /960 1000 1100 1200 1300 1400 1500 1600

m/z

Figure 6. HCD mass spectrum of [DMBCD + Phe + H]* (m/z 1496.70) at 40 eV (15% NCE) showing the separation of the
precursor ion and subsequent decomposition of DM 3-cyclodextrin into its subunits [DMglc, + H]*.

The data obtained from mixtures of titanocene with methylated cyclodextrins sig-
nificantly differ from previous results on unmodified cyclodextrin. As soon as all hy-
droxy groups at the rim of -cyclodextrin are methylated, as in the case of trimethy-
lated B-cyclodextrin, a peak referring to a [TMBCD + Cp,Ti-H]" interaction product was
not observed. This is in contrast to the experiments with unmodified p-cyclodextrin,
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which revealed the peak of [CD + Cp,Ti-H]J*. However, the peaks of the putative host-
guest complexes [TMBCD + Cp,Ti(OH), + H]* (m/z 1641.7401, 1.6 ppm) and [TMBCD +
Cp,Ti(OH)]* (m/z 1623.7297, 1.8 ppm) could be detected, though with minor abundance
only, which hampered precursor ion isolation for tandem mass spectrometric analysis
(Supplementary Materials Table S24).

A different picture was seen for dimethylated and incompletely trimethylated cyclodextrins.
The analysis of the mixture of titanocene dichloride with dimethylated (3-cyclodextrin resulted
in signals assigned as [DMBCD + Cp,Ti-H]* (m/z 1507.6043; —1.6 ppm) as well as [DMCD
+ CppTi(OH), + HJ" (n/z 1543.6249, —1.9 ppm) (Supplementary Materials Table S20). As
previously observed for the (3-cyclodextrin complex, the energy provided by collisional activation
of [DMBCD + Cp,Ti-H]* promotes the loss of a Cp-ligand (CsHs) yielding the [DMBCD + CpTi-
HIJ* (m/z 1442.5635, —2.8 ppm) fragment ion. Further fragment ions were found to correspond
to titanium bound to glucose subunits, e.g., [DMglc, + Cp,Ti-H]" (m/z 557.1843, —3.2 ppm)
(Supplementary Materials Table S21).

The hydroxy groups occurring in incompletely trimethylated -cyclodextrins (e.g.,
macrocycles bearing 19 (TM3CD*) or 20 (TMBCD*) instead of 21 methoxy groups only)
represent targets for the interaction with titanocene. The peaks at m/z 1577.6880 and m/z
1591.7036, corresponding to [TMBCD* + Cp,Ti-H]* (2.0 ppm) and [TMBCD* + Cp.Ti-
HJ* (1.9 ppm), respectively, clearly indicate that the lack of one or two methyl-groups is
sufficient to form small amounts of covalently-bound titanocene adducts (Supplementary
Materials Tables S23-526).

2.4. Breakdown Curves

To obtain a measure for the strength of the interaction between the host and guest
molecules, breakdown curves were recorded by an incremental increase of the colli-
sion energy from 0% to 50% normalized collision energy (NCE) in HCD experiments.
For each identified ion, the proportion of its intensity (I;) in the sum of the intensi-
ties of the precursor (Iy) and all fragment ions (Iy) is plotted against the collision energy

Wn =1,/ (Ip + Y1 f> -100) [43]. CEsq values (50% of the precursor ion decomposed into
fragments) of 36.2 eV (Ecom = 0.78 eV) and 38.7 eV (Ecom = 0.72 eV) were obtained for
phenylalanine as guest in 3-cyclodextrin, and for the interaction of phenylalanine with
DM_-cyclodextrin, respectively (Figure 7a,b, Supplementary Materials Figures S1 and S2).
The CEs value of 34.9 eV (Ecom = 0.64 eV), determined for the decomposition of [CD
+ oxaliPt + H]*, is on the same scale, thus, strengthening the hypothesis of host-guest
complex formation (Supplementary Materials Figure S4).

The breakdown curve of [CD + Cp, Ti-H]* shows a CEs value of 41.3 eV (Ecom = 0.88 €V,
Figure 7c, Supplementary Materials Figure S3), which is significantly higher than for the host-
guest complexes formed between phenylalanine and DMf3- or 3-cyclodextrin. Due to the
loss of the first Cp-ligand occurring at low collision energies prior to the decomposition of the
cyclodextrin, the slope of the precursor decomposition curve is rather flat.
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Figure 7. Breakdown curves recorded for HCD experiments of: (a) [BCD + Phe + H]" (m/z 1300.48),
(b) [DMBCD + Phe + H]* (m/z 1496.70), (c) [BCD + Cp,Ti-H]* (m/z 1311.40). Fragment ions with a maximum relative
intensity < 2% are not displayed. The dashed lines indicate the CEsj values.
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3. Discussion

Experiments with phenylalanine and oxaliplatin demonstrated the ability of elec-
trospray ionization mass spectrometry to detect host-guest complexes. Though the lit-
erature suggests the formation of an inclusion complex of titanocene dichloride with
B-cyclodextrin [19,38], mass spectrometric experiments did not give evidence for the gen-
eration of the corresponding [3CD + Cp,TiCl, + H]" ion at m/z 1383.3409. Titanocene
dichloride is known to rapidly undergo hydrolysis of the chloride ligands upon contact
with water. Nevertheless, the inclusion of these hydrolysis products in 3-cyclodextrin
was not detected, but the corresponding peaks were observed with low abundance in the
spectra with DM3- and TMf-cyclodextrin hosts. On the other hand, experiments with
-cyclodextrins bearing unmodified hydroxy groups and disaccharides resulted in similar
ions of the type [sugar + Cp,Ti-H]*, clearly indicating the significance of hydroxy groups
on the interaction of titanocene with saccharides.

Based on the elemental composition determined for the titanocene-cyclodextrin assem-
bly [BCD + Cp,Ti-HJ*, two interaction modes are possible: (i) formation of a single covalent
bond between the titanium center and a hydroxy group of the primary or secondary rim of
-cyclodextrin with the charge residing on the titanium (Figure 8a), and (ii) formation of
two covalent bonds to hydroxy groups while the charge is provided by an additional proton
(Figure 8b). Elucidation of the elemental composition does not provide any further details
about the mode of interaction, nor the position and number of the hydroxy groups involved.
Electrospray mass spectrometric analysis of cyclodextrin, even in a mixture with the metal-
locene, resulted in the signal of the protonated macrocycle (m/z 1135.3807, 3.3 ppm) and ad-
ditionally, in the highly abundant peak of the cyclodextrin-sodium adduct (m/z 1157.3614,
2.1 ppm). Sodium adduct formation ([CD + Cp,Ti-2H + Na]*, m/z 1333.3695), however,
was never observed for the titanocene-cyclodextrin assembly. In the case of interaction
mode ii, this peak is anticipated, as any cation might provide the charge for the assembly.
The lack of this ion suggests the formation of a single covalent bond between any deproto-
nated hydroxy group of B-cyclodextrin and the titanium coordination center as the most
plausible mode of interaction, where the excess positive charge resides on the titanium
(Figure 8a). This finding is supported by the results from collisional activation experiments
of [BCD + Cp,Ti-HJ*, which gave evidence for cyclodextrin fragments still interacting with
titanium. According to our previous work [42], bond cleavage between the glucopyranose
units as the predominant mechanism for the decomposition of 3-cyclodextrin is indepen-
dent of the hydroxy groups and, therefore, not affected by the interaction with titanocene.

a b
\\\\\
1, N
o o

Figure 8. Possible interaction modes between titanocene and 3-cyclodextrin: (a) formation of one
covalent bond and the positive charge residing on the titanium; (b) formation of two covalent bonds
with the charge emerging from an additional proton.
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The CEsg values determined for [BCD + Phe + H]*, [DMBCD + Phe + H]*, and
[BCD + Cp,Ti-HJ* are significantly higher than the 15.3 eV obtained for [3CD + H]" in
a previous study [42]. Likewise, Dossmann et al. [44] reported values ranging between
15 and 23 eV for doubly charged metallated 3-cyclodextrin ions [BCD + M]* (M = Fe?*,
Co?*, Ni%*, Cu?*, Zn2*). At first sight, these results are unexpected as the dissociation of
a covalent bond requires more energy than the disruption of a non-covalent interaction.
However, a proton or metal ion bound to glycosidic oxygen significantly destabilizes
the corresponding glycosidic bond, thereby inducing dissociation. Protonation of the
phenylalanine inclusion complex, on the other hand, occurs most likely at the N-terminal
amino group of the amino acid, therefore not affecting the integrity of the host structure,
which is reflected by the higher CE5j value.

The hypothesis of the formation of titanocene dichloride inclusion complexes with
-cyclodextrin, as previously proposed from NMR experiments [38] and theoretical ap-
proaches [19], could not be confirmed by our mass spectrometric results, as the formation
of a host-guest complex without the involvement of covalent bonds would result in disinte-
gration of the complex, as shown for the interaction of 3-cyclodextrin with phenylalanine
and oxaliplatin. Therefore, unmodified cyclodextrins are not expected to considerably
improve the hydrolytic stability and bioavailability of titanocene dichloride.

4. Materials and Methods

D-L-Phenylalanine (Sigma Aldrich, Buchs, Switzerland) was dissolved in 50/50
water/acetonitrile + 0.5% formic acid (water: MilliQ, in house; acetonitrile: Biosolve,
Valkenswaard, the Netherlands; formic acid: Sigma Aldrich, Buchs, Switzerland) to
give a 50 mM solution and further diluted to 1 mM in 50/50 water/acetonitrile. Ox-
aliplatin and titanocene dichloride (Sigma Aldrich, Buchs, Switzerland) were dissolved
in ULC-MS grade acetonitrile (Biosolve, Valkenswaard, the Netherlands) and ultrasoni-
cated for 30 min to give a 1 mM stock solution. Heptakis(2,3,6-tri-O-methyl)-f-cyclodextrin
(TMB-cyclodextrin), heptakis(2,6-di-O-methyl)-B-cyclodextrin (DM p-cylclodextrin) (Sigma
Aldrich, Buchs, Switzerland), -cyclodextrin (Fluka, Sigma Aldrich, Buchs, Switzerland),
sucrose (Merck, Darmstadt, Germany), and maltose (Sigma Aldrich, Buchs, Switzerland)
were dissolved in MilliQ water to a final concentration of 1 mM by shaking for 1 h at 21 °C
and 12,000 rpm on a thermomixer (Eppendorf, Schonenbuch, Switzerland).

For measurement, samples at a concentration of 0.02 mM were prepared either in
50/50 water/acetonitrile, 50 /50 water /acetonitrile + 0.5% formic acid, or methanol (Sigma
Aldrich, Bruchs, Switzerland), either of the host and guest structures solely, or mixed in a
1:1 molar ratio.

Mass Spectrometry

Nano electrospray-ionization mass spectrometric experiments were performed on an
LTQ Orbitrap XL instrument (Thermo Fisher Scientific, Bremen, Germany) with Econo12
Glass PicoTips (New Objective, Littleton, MA, USA) as electrospray emitters. Mass spec-
trometry was performed in positive ionization mode with spray voltages ranging from 0.8
to 1.3 kV, tube lens voltage of 250 V, capillary voltage of 20 V, and a capillary temperature
of 200 °C. The mass spectrometer was used in FTMS mode at a resolution of 100,000.
HCD experiments were performed with precursor ion isolation windows in the range of
3 to 8 m/z. Collision energies ranged between 0% and 50% NCE and were converted to
eV [45,46]. Data processing was performed using the Xcalibur software suite (Thermo
Fisher Scientific, Bremen, Germany).

Supplementary Materials: Supplementary Materials can be found at https://www.mdpi.com/
article/10.3390/ijms22189789/s1.
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4 Effect of Source Parameters

In-source fragmentation is the cause of a considerable part of the ions detected in
full scan mass spectra. With proper adjustment of the instrumental parameters,
this unspecific dissociation can be reduced. The schematic setup of the LTQ Orbi-
trap XL instrument used for our experiments is shown in figure . TA. The source
interface region is shown in more detail in figure [£.IB. It is located in the first
vacuum region of the instrument and is composed of an ion sweep cone, a spray cone,
the ion transfer tube (also referred to as capillary), a heater block, the tube lens,
and the skimmer. Easily adjustable parameters in this source interface potentially
affecting the ionization process are the capillary voltage, the capillary temperature,
and the tube lens voltage [193]. The capillary is a metal tube responsible for
transferring the ions from the atmospheric pressure ionization (API) ion source
into the tube lens region and assists in their desolvation, aided by the temperature
applied by the surrounding heater block. The voltage applied to the tube lens
accelerates the ions exiting the capillary into the skimmer region, where the ions
collide with the background gas. These collisions further aid in desolvating the ions
and reducing analyte clusters. This process increases sensitivity, but a too high
voltage can lead to extensive collisions and, consequently, analyte dissociation [259].
With the following experiments, the effect of the capillary voltage, the capillary
temperature, and the tube lens voltage on the full scan mass spectra of a mixture
of phenylalanine and 3-cyclodextrin have been evaluated, especially their effect on

the detection of the non-covalent complex.

4.1 Experimental Setup

As previously observed, the signal intensity is not very stable in nano-electrospray
experiments. For more reliable results, continuous sample flow (14 uL/min) was
achieved by using the standard electrospray source equipped with a syringe pump.
The analyzed samples contained a 1:1 stoichiometric mixture of phenylalanine and
B-cyclodextrin in 50/50 (v/v) H,O/MeCN or 50/50 (v/v) H,O/MeCN + 1% FA.
The effect of the parameters were evaluated by varying the tube lens voltage in
the range from 50-250V, the capillary voltage from 20-140V, and the capillary

temperature from 100-350 °C. In 1D experiments, two parameters are kept constant
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Figure 4.1: A) Schematic setup of the Thermo Fisher Orbitrap XL mass spectrom-
eter with the source interface region highlighted in purple [260]. B) Cross-sections
of the source interface region [259].

at their base value while the range of the remaining parameter was scanned. In
2D experiments, one parameter remained at its base value while the two others
were changed. These base values have been set to 200V for the tube lens voltage,
50V for the capillary voltage, and 200 °C for the capillary temperature. In all
experiments, the potential applied to the spray capillary was set to 5kV.

4.1.1 Data Evaluation

For better evaluation of the quality of the recorded full scan mass spectra, several
properties that characterize a “good” mass spectrum are discussed in the following
section. First of all, high total ion current and little signal related to undefined
compounds and noise are preferred. In this context, the signals of undefined
compounds and noise means the difference between the total ion current and
the sum of the intensities of the assigned ions. The higher the fraction of the
assignable ions of the total ion current, the better the mass spectra. For the

following experiments, a minimum fraction at which a spectrum is considered as
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Table 4.1: Definition of the ion groups of the mixture of phenylalanine and [3-
cyclodextrin used for the data interpretation.

Group | A) Host B) Guest E) Complex

Ions | [BCD + H]" [Phe + H]* [BCD + Phe + H|*
[BCD + Na]* [Phe + Na]™ [BCD + Phe + Na]*
[BCD + KJ* [Phe + K]*
[BCD + NH,]*
[BCD + Cal*"

Group ‘ C) Host Fragments D) Guest Fragments

Tons [gle, + H]" [Imm(Phe)]*
[gles + Na] ™

lgle; — HyO + H|™

good was set to 10% for the subsequent data evaluation. For proper assignment of
an ion, its absolute intensity has to be of appropriate intensity. For the following
evaluation, this threshold was set to 3’000 counts. In order to draw a conclusion
on the detection of the host and guest compounds and the non-covalent complex
in the sample mixture, the identified ions are assigned to the five groups A) to
E) (table [4.1). Group A and B contain the ions assigned to intact f-cyclodextrin
and phenylalanine, respectively. Group C and D cover the respective fragment
ions, whereas group E contains the non-covalent complexes of phenylalanine and
B-cycldoextrin. Thereafter, the effect of the source parameters on the intensities
of these ion groups is determined. The intensity of the complex ions (group E)
should be as high as possible. Additionally, higher intensities of intact host and
guest ions (groups A and B) are preferred over extensive in-source fragmentation
(high intensity of groups C and D ions), as this simplifies the data interpretation

due to fewer signals occurring in the mass spectra.

4.2 1D Experiments

In the following 1D experiments, two parameters have been set to the base value
and one has been changed. This led to a first overview of the potential of each

parameter to improve the mass spectra.
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Figure 4.2: Depiction of the signal intensities and the intensity of unassigned signals
obtained from 1D experiments. The base conditions are indicated in blue (capillary
voltage 50V, tube lens voltage 200V, and capillary temperature 200 °C).
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Capillary Voltage

The capillary voltage was set to 10, 35, 50, 75, 100, 125, and 140V while the
tube lens voltage was kept at 200V and the capillary temperature at 200 °C. As
displayed by figure [£.2]A, the capillary voltage has only little effect on the total ion
current and the total signal intensity. While at 10V only 10.3% of the total ion
current was assignable to the five groups of ions, the maximum fraction was 20.2%
obtained at 140V capillary voltage (table . The composition of the detected
ions showed a decrease of the intact guest and the guest fragments. The intensity
of the host and the host fragment ions both increased with higher capillary voltage.
With an increase by a factor of 1.5 in the absolute intensity of the complex ions,
the capillary voltage has only a minor effect on the detection of the non-covalent

complex.

Table 4.2: Absolute and relative signal intensities detected for different capillary

voltages at a tube lens voltage of 200V and a capillary temperature of 200 °C.

Capillary Ion Group Signal

Voltage A B C D E (% of TIC)
10 1.8x10° 54 x10* 1.6x10* 7.9x10* 43 x 10| 3.4 x10°
(54.4%)  (16.0%) (4.8%) (23.5%) (1.3%) (10.3%)

35 2.1 x10° 6.7x10* 1.3x10* 1.0x10° 5.9x10* | 4.0 x 10°
(563.2%)  (16.8%) (3.3%) (25.2%) (1.5%) (11.0%)

50 23 x10° 6.2x10* 21x10* 1.2x10° 6.2x10%| 4.3 x10°
(52.4%)  (14.2%) (4.8%) (27.2%) (1.4%) (11.8%)

75 2.4 x10% 4.6 x10* 23x10* 1.2x10° 6.0x10%| 4.3 x10°
(65.4%)  (10.7%) (5.3%) (27.2%) (1.4%) (12.4%)

100 2.8 x10° 4.0 x10* 4.3 x10* 1.0x10° 7.6 x 103 | 4.8 x 10°
(59.4%) (8.4%) (8.9%) (21.7%) (1.6%) (14.5%)

125 3.3x10° 34x10* 1.2x10° 6.3 x10* 1.0x 10* | 5.6 x 10°
(58.4%) (6.1%) (22.3%)  (11.2%) (1.9%) (18.7%)

140 2.8 x10° 2.6 x10* 1.6x10° 3.7x10* 89x10%| 5.1 x10°
(55.3%) (5.1%) (30.6%) (7.2%) (1.8%) (20.2%)

A) Host, B) Guest, C) Host Fragments, D) Guest Fragments, E) Complex;

TIC: Total ion current.

Tube Lens Voltage

Changes in the tube lens voltage showed a significantly higher effect on the total

intensity of the signals and the total ion current detected in the full scan mass
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Table 4.3: Absolute and relative signal intensities detected for different tube lens
voltages at a capillary voltage of 20V and a capillary temperature of 200 °C.

Tube Lens Ion Group Signal
Voltage A B C D E (% of TIC)
50 7.5 x 10 6.0 x 105 4.7x 10> 44 x10* 1.9x 103 | 7.3 x10°
(10.3%)  (82.7%) (0.6%) (6.0%) (0.3%) (4.8%)
100 1.3x10° 82x10° 6.6 x 10> 8.6 x 10* 2.3 x 10| 1.0 x 10°
(12.1%)  (78.8%) (0.6%) (8.3%) (0.2%) (5.5%)
150 1.9x10° 4.3 x10° 8.0x10® 1.6 x10° 54 x10® | 7.9 x 10°
(23.4%)  (54.8%) (1.0%) (20.1%) (0.7%) (7.2%)
200 23x10° 6.2x10* 21x10* 1.2x10° 6.2x10%| 4.3 x10°
(52.4%)  (14.2%) (4.8%) (27.2%) (1.4%) (11.8%)
250 2.8 x 10° 2.2x 10 83 x10* 23 x10* 9.0x 10® | 4.1 x 10°
(66.9%) (5.3%) (20.1%) (5.5%) (2.2%) (21.1%)

A) Host, B) Guest, C) Host Fragments, D) Guest Fragments, E) Complex;
TIC: Total ion current.

spectra (figure ) With 50V tube lens voltage, the assigned ion intensities
represented only 4.9% of the total ion current. With increasing voltage, their relative
intensity increased by a factor of 4.3 (to 21.1% at 250 V), but the absolute value did
indicate a slight decrease from 1.6 x 10% at 100V to 4.1 x 10° at 150V (table .
Therefore, the increased percentage of the signal resulted from a significant decrease
in the total ion current, caused by less noise. Also, the composition of the detected
ions showed significant changes. The absolute and relative signal intensities of the
intact host and host fragment ions increased, whereas the intensity of the guest
ions decreased. The relative and absolute intensities of the guest fragment ions
first increased up to a tube lens voltage of 200V and decreased significantly at an
applied tube lens voltage of 250 V. The intensity of the complex increased with

higher tube lens voltages.

Capillary Temperature

At low capillary temperature, the total ion current is high, but the percentage
of the intensity of the detected ions is <10% up to 175°C but the absolute in-
tensity decreases from 1.1 x 10° to 5.1 x 10°. From 200 °C to 325 °C, the relative
intensity of the signal increases from 11.8% to 28.2%. The intensity of the signals
corresponding to host ions first increases from an absolute intensity of 5.5 x 10* at
100°C to 2.3-2.5 x 10° at 200250 °C and decreases again to 5.5 x 10* at 350 °C.
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The intensity of the host fragment ion signals increases with increased tempera-
ture. Therefore, a higher temperature promotes the ionization of the host and
its degradation at even higher temperatures. The absolute intensity of the guest
ions decreases continuously from 9.7 x 10° at 100°C to 1.2 x 10* at 350°C, and
their fragment ion intensity increases slightly from 6.4 x 10* (100°C) to 1.2 x 10°
(175-200°C), to decrease again with higher temperature. The complex was not
detected at all at a capillary temperature of 100 °C. The intensity of the signals

belonging to this ion group increased to a maximum of 7.5 x 103 at 275-325°C.

Table 4.4: Absolute and relative signal intensities detected for different capillary
temperatures at a tube lens voltage of 200V and a capillary voltage of 50 V.

Capillary Ion Group Signal
Temperature A B C D E (% of TIC)
100 5.5x 100 9.7x 10° 84 x 10° 6.4x10* 0.0 1.1 x 10
(5.0%) (88.4%) (0.8%) (5.8%) (0.0%) (3.8%)
125 12x10° 87x10° 32x10° 87x10* 24 x10® | 1.1 x 10°
(10.7%)  (80.7%) (0.3%) (8.1%) (0.2%) (5.4%)
150 1.5 x10° 53 x10° 3.5x 10> 1.0x10° 3.4 x 10| 7.9 x 10°
(18.9%)  (67.3%) (0.4%) (12.9%) (0.4%) (6.4%)
175 18x10° 21x10° 39x10° 1.2x10° 50x 10° | 5.1 x 10°
(34.2%)  (40.0%) (0.8%) (24.0%) (1.0%) (8.1%)
200 23x10° 62x10* 21x10* 1.2x10° 6.2x10%| 4.3 x 10°
(52.4%)  (14.2%) (4.8%) (27.2%) (1.4%) (11.8%)
225 1.9x10° 1.6 x 10* 3.7x 10* 4.9x10* 35x 10| 3.0 x 10°
(64.4%) (5.4%) (12.5%)  (16.5%) (1.2%) (11.1%)
250 2.5x10° 1.9x10* 9.7x 10* 2.6x10* 6.2x 10% | 4.0 x 10°
(62.8%) (4.7%) (24.4%) (6.5%) (1.6%) (15.8%)
275 3.1x10° 20x10* 23x10° 22x10* 7.5x10*| 59 x10°
(52.6%) (3.4%) (39.1%) (3.7%) (1.3%) (21.3%)
300 2.2x10° 1.6 x10* 4.4x10° 1.6x10* 7.5x10° | 6.9 x 10°
(31.4%) (2.2%) (6.0%) (2.2%) (1.1%) (24.7%)
325 1.3x10° 1.5x10* 6.9x 105 1.4x10* 7.5x 10| 85 x 10°
(14.7%) (1.7%) (81.1%) (1.6%) (0.9%) (28.2%)
350 5.5x 100 1.2x10* 6.8x 10° 1.2x10* 4.6x 10° | 7.7 x 10°
(7.2%) (1.6%) (89.0%) (1.6%) (0.6%) (26.1%)

A) Host, B) Guest, C) Host Fragments, D) Guest Fragments, E) Complex;
TIC: Total ion current.
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In conclusion, all three parameters show an effect on the detected full scan mass
spectra. However, the capillary voltage only showed minor effects. Too mild
conditions lead to little signal intensity compared to the total ion current and
are generally favored for detecting intact phenylalanine. On the other hand, the
signals of intact 3-cyclodextrin are detected with higher intensities under moderate
conditions, while signals originating from its decomposition are detected to a greater
extent under harsh conditions. The same effect is observed for the detection of the
complex ions. Therefore, a compromise has to be found for proper detection of intact
phenylalanine, 3-cyclodextrin, and the complex, whereas extensive decomposition

of these compounds should be prevented.

4.3 2D Experiments

As the capillary voltage has only minor effects on the detected ions, it was kept
constant at 50 V while the tube lens voltage and the capillary temperature were
scanned in the range of 50-250V and 100-350 °C, respectively. The total ion
current shows a similar trend as in 1D experiments: Low capillary temperature
and tube lens voltage lead to higher intensity (figure . The intensity of the
signals of identified ions shows two local maxima around (100-150°C; 100-125V)
and (300°C; 250 V). The relative intensity of the sum of the identified ions of the
total ion current reaches its maximum at 300 °C and 250 V. The total intensity of
the signal of intact guest ions reaches its maximum at 275 °C and 200 V. Generally,
suitable signal intensities (> 1.0 x 10°) of the intact guest ions are detected for a
tube lens voltages of 100V and capillary temperatures in the range of 150-300 °C.
At temperatures > 225°C and tube lens voltages of 200V and 250V, extensive
fragmentation of (3-cyclodextrin was indicated by high intensities of signals assigned
as host fragments (group C ions). In contrast, peaks of intact phenylalanine were
detected most intensively at temperatures < 150 °C. At higher temperatures (150
200 °C), lower tube lens voltages (~ 100 V) were required for sufficient prevention of
decomposition of the guest. Decomposition of phenylalanine at harsher conditions
first led to an increase in the signal intensity of group D ions, and further to a
decrease, forming a ridge from 150 °C; 200V to 350 °C; 100 V. Beyond this ridge,
the phenylalanine fragment ion is further decomposed into smaller fragments that
are not identified anymore.

The complex ion signals are detected at the highest intensity (9.0 x 10%) at a
capillary temperature of 200°C and a tube lens voltage of 250 V. The defined

requirement of a signal intensity > 3’000 was not fulfilled with a tube lens voltage
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of 50V, independent of the capillary temperature. Also, capillary temperatures
<150 °C do not allow for the detection of the complex ion signals at sufficient inten-
sities. Additionally, lower tube lens voltages require higher capillary temperatures
for sufficient signal intensity, whereas temperatures between 150 °C and 300 °C are
sufficient if the tube lens voltage is set to 250 V.

These 1D and 2D experiments show the minor effect of the capillary voltage and
the significant impact of the capillary temperature and tube lens voltage on the
recorded full scan mass spectra. If the conditions are not selected appropriately
for each experiment, essential ions might remain undetected, such as complex ions.
Furthermore, noise can crowd the mass spectrum, exacerbating the identification
of signals. Finally, extensive in-source fragmentation leads to the separation of the
complex and decomposition of the host and guest compounds. In conclusion, proper
adjustment of the instrumental parameters for each experiment is mandatory for

the recording of convincing data.
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5 Conclusion & Outlook

In this thesis, several aspects of the mass spectrometric behavior of cyclodextrins
and their host-guest complexes have been successfully investigated. First, the frag-
mentation mechanism of protonated [3-cyclodextrin has been elucidated based on
the fragmentation patterns obtained by a combination of in-source fragmentation,
ion-trap CID, and HCD experiments. Afterward, the potential of cyclodextrins
to improve the aqueous stability of antitumor metallocenes has been evaluated.
The interaction of titanocene dichloride with 3-cyclodextrin has been compared to
that of phenylalanine, which was used as reference. In contrast to the non-covalent
interaction detected for the assembly of phenylalanine and cyclodextrin, titanocene
has been found to form a covalent bond to a deprotonated hydroxy group at the
rim of cyclodextrin. Tandem mass spectrometric experiments of the interaction
products have further supported the formation of a covalent bond. Comparing
these findings with data obtained from the interaction of titanocene and pheny-
lalanine with linear saccharides also indicated different interaction characteristics
for these two assemblies. Determination of the CEs, values of the dissociation
of the assemblies provided further proof for the covalent interaction occurring
between titanocene and cyclodextrins. Additionally, increasing the pH of the
sample solution of titanocene and (-cyclodextrin to seven showed reduced signal
intensities of titanium-containing species. Thus, the desired effect of increasing
the hydrolytic stability of titanocene by interaction with cyclodextrins was not
achieved. Finally, the effect of three source parameters on the recorded full scan
mass spectra of a mixture of phenylalanine and (-cyclodextrin has been evaluated.
While the capillary voltage has been found to have only minor effects, the tube lens
voltage and the capillary temperature significantly affect the signal intensities of
the host, guest, and complex ions and the respective fragment ions. Generally, mild
conditions prevent adequate ionization, leading to the detection of a tremendous
amount of undefined compounds and noise. On the other hand, harsh conditions

induce extensive in-source fragmentation, which is also unfavorable.

The annual number of new cases of cancer is proposed to increase continuously to
about 29-37 million new cases in 2040 globally [2]. Therefore, the development of
new anticancer drugs and the implementation of advances in the treatment with

current medication will have a huge impact on the improvement of the global health
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situation.

Although cyclodextrins did not show the desired effect on the hydrolytic stability of
titanocene, their potential for inclusion of other metallocenes represents a copious
field for further research. Further macrocyclic structures, such as cucurbiturils or
calixarenes, can be tested as hosts for metallocene anticancer drugs to improve
their hydrolytic stability. The concept of host-guest complex formation in cancer
treatment is not limited to metallocenes and bears also the potential to improve
the pharmaceutical properties of a broad spectrum of drugs. The main idea of
host-guest complex formation of drugs is the improvement of their bioavailability
and control of their transport and release. Therefore, the release of drugs from the
host cavity to their respective biological targets is crucial in their application [261].
Investigation of the release of metallocenes from host compounds in the presence
of biological targets and their subsequent interaction represents a fascinating field

for further research.
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