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1. INTRODUCTION 

1.1. Cyclodextrins 

1.1.1. Structure and properties of cyclodextrins 

Cyclodextrins (CDs) are natural cyclic oligosaccharides, produced via enzymatic 

treatment of starch. CDs are composed of various number of α-1,4-glucopyranose (GP) 

rings. The most common members are known as α-CD, β-CD, and γ-CD, comprised of 

six, seven and eight GP units, respectively (Figure 1A). CDs possess a unique three-

dimensional structure, resembling a hollow truncated cone (Figure 1B). While the 

secondary hydroxyl (OH) groups (OH-2 and OH-3 based on the conventional atom 

numbering of monosaccharides) are situated on the wider rim of the toroid, the primary 

OH-6 are located on the narrower edge. Due to their free rotation, the primary side 

entrance is partially blocked by these sidechains. In contrast, the secondary OHs are 

unable to rotate, providing more rigidity to the secondary side. The structure is further 

stiffened by the H-bond belt formed between the non-bonding electron pair of the oxygen 

atom of OH-2 and the hydrogen atom of OH-3 of the adjacent subunit, in the clockwise 

direction. Due to the OH groups pointing towards the outside of the cone, CDs have 

hydrophilic surface, while H-3, H-5 and the glycosidic oxygens are facing the inside of 

the cavity, creating a hydrophobic character inside the hollow (1).  

      

Figure 1. Schematic representation of cyclodextrins’ (CDs) structures a) structure of native CDs 

B) schematic three-dimensional structure of CD derivatives with atom numbering of the 

glucopyranose (GP) unit. 

 

Depending on the number of the joint GP units, the physico-chemical properties of CDs 

vary (Table 1). The increasing number of GP moieties results in wider cavity diameter, 
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as well as outer diameter, while the height of the torus remains constant, given by the 

height of the GP unit. The aqueous solubility of α-, β- and γ-CD shows a seemingly 

anomalous behavior: while α-CD and γ-CD have relatively high solubility of 145 mg/ml 

(149 mM) and 232 mg/ml (179 mM), respectively, β-CD with the middle-sized cavity 

possesses much more restricted solubility of 18.5 mg/ml (16.3 mM) at 25 °C. This 

unusual behavior can be explained by the high rigidity of the H-belt around the cavity, 

resulting in lower mobility of secondary OH hydrogens.  

Table 1. Physico-chemical properties of native cyclodextrins (2). 

Cyclodextrin Number of 

glucose units 

Cavity diameter 

(Ä) 

Cavity height 

(Ä) 

Solubility* 

(mg/ml) 

α-CD 6 4.7 – 5.3 7.9 145 

β-CD 7 6.0 – 6.5 7.9 18.5 

γ-CD 8 7.5 – 8.3 7.9 232 

* In water at 25 °C. 

 

1.1.2. The complexation phenomenon 

Due to the hydrophobic cavity and hydrophilic surface, CDs are able to encapsulate 

hydrophobic compounds in aqueous environment by non-covalent host-guest type 

complex formation. The encapsulation is thermodynamically favored, driven by the 

replacement of the unfavored polar-apolar interactions between the water molecules and 

the cavity as well as between the apolar guest molecule(s) and bulk water with more 

favorable van der Waals and electrostatic interactions and hydrogen bonding (3). The 

relative contribution of the different forces depends on the type of the interacting host and 

guest. The inclusion process is reversible, and the strength of the complex can be 

quantitatively characterized by the association constant Ka (also referred as the stability 

constant or formation constant): 

 [𝐶𝐷] + [𝐺𝑢𝑒𝑠𝑡] ⇌ [𝐶𝑜𝑚𝑝𝑙𝑒𝑥]  (1)  and  𝐾𝑎 = 
[𝐶𝑜𝑚𝑝𝑙𝑒𝑥]

[𝐶𝐷] [𝐺𝑢𝑒𝑠𝑡]
  (2). 

The cavity size defines the nature of guest molecules suitable for complexation: α-CD is 

mostly capable of capturing aliphatic chains, while β-CD is well-suited for complexation 

of small aromatic molecules (4) or adamantane-derivatives (5). γ-CD with the widest 

cavity is able to incorporate condensed aromatic rings or steroids (6,7). 
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The complexation of the guest molecules can affect their physico-chemical properties, 

such as the aqueous solubility (8), stability (9), reactivity (10) or bioavailability (11). 

Given their advantageous toxicological profile, including GRAS (Generally Recognized 

as Safe) designation and biodegradability, CDs are extensively utilized for their 

complexation ability across a wide range of applications. Nearly half of the uses are 

related to the pharmaceutical field (12), where CDs are mainly employed as excipients to 

increase the solubility, stability, and bioactivity of active pharmaceutical ingredients 

(APIs), or for odor and taste masking to improve palatability of oral drugs (13). They are 

also widely utilized in the food (14) and cosmetic industry (15) as well as in packaging 

(16), e.g., by flavor, fragrance or preservative encapsulation, but have also met 

applications in agriculture (17) and environmental remediation (18). In the latter case, 

CDs are not used to encapsulate active compounds but to extract undesirable, toxic 

components from soil, or wastewater (19). Besides industrial applications, due to the 

intrinsic chirality of the glucose units, CDs are also used as chiral selectors in various 

analytical methods (20–22). 

1.1.3. Chemically modified cyclodextrins 

As native BCD, historically the first CD to become industrially available at a reasonable 

price, suffered from limited aqueous solubility, and in order to design hosts with increased 

specificity, a wide variety of semisynthetic derivatives have been developed. All GP 

subunits bear three OH groups, thus native α-, β-, and γ-CD have 18-, 21-, and 24 sites 

for chemical modification, enabling nearly limitless variability in compound design.  

Modified CDs can be structurally classified based on various aspects, such as the site of 

modification, the number of modified groups, or the type of modification. From the 

pharmaceutical and analytical point of view, modified CDs can be divided into two main 

classes: single isomer (SI) CDs and randomly (or statistically) substituted (RS) CD 

derivatives.   

SI derivatives can be described by one well-defined structure, independently from the site 

and number of modifications. SI CDs comprise mono-substituted derivatives (23,24) 

(mono-2, mono-3, and mono-6 substitution), persubstituted derivatives (25–27) (per-2, 

per-3, and per-6 substitution and their combination) and those multiply substituted in a 

selective manner (28,29). 
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In contrast, RS CDs cannot be described by an individual structure, as these derivatives 

are composed of a complex mixture of isomers, differing in the number and position of 

substitution. 

Both classes of CDs have their own advantages: while the structural characterization of 

SI CDs is straightforward and identity is easy to verify, their synthesis is often laborious 

with yields compromised due to the necessity for consecutive reactions involving 

selective protection, modification and deprotection (30). The purification of the 

intermediates and the final product is also challenging and hardly scalable due to the 

often-inevitable use of chromatography, highly increasing the cost of production. These 

difficulties make their industrial-scale production non-favorable. Due to the structural 

uniformity, however, the interactions of SI CDs with other molecules and structure-

activity relationship can be simply explored (31). 

On the other hand, RS derivatives are usually synthesized in one-step, followed by a 

simple purification process (32). The average structure of such derivatives, however, is 

highly dependent on the applied synthetic conditions (33,34), and for proper 

characterization, a more sophisticated and complex analytical approach is required (32). 

Nevertheless, the preparation approach is usually well-scalable and more economical, 

therefore suitable for industrial-scale production. Furthermore, the complexation 

properties of RS derivatives are often superior to those of their SI-counterparts (35), but 

identifying the specific fraction responsible for the interaction can be challenging. 

1.1.4. Pharmaceutical use of cyclodextrins 

1.1.4.1. Cyclodextrins as excipients 

Due to their favorable safety profile, native CDs and some of their derivatives are 

extensively exploited in pharmaceutical formulations as excipients. As a consequence of 

intrinsic hydrophilicity, orally administered CDs lack absorption from the gastrointestinal 

tract, leading to very low bioavailability with only few exceptions (RAMEB is adsorbed 

11-12%) (36). The smaller ring sized CDs α- and β-CDs are stable against α-amylase 

present in the saliva, but γ-CD is promptly digested by the same enzyme as well as by 

pancreatic α-amylase. After parenteral administration, CDs are primarily eliminated in 

their intact form by renal excretion. Besides native CDs, various derivatives with 

improved solubility and complexation capabilities are also developed and accepted as 

pharmaceutical excipients, listed in Table 2. 
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Table 2. Cyclodextrin derivatives currently used as excipients, accepted by the European 

Medicines Agency (37). 

Cyclodextrin MS* / DS** Molecular weight Solubility (mg/ml) 

α-CD - 972 145 

β-CD - 1135 18.5 

γ-CD - 1297 232 

HPBCD 0.65 / 4.55 1400 >600 

Methylated-BCD 1.8 / 12.6 1312 >500 

SBEBCD 0.9 / 6.3 2163 >500 

HPGCD 0.6 / 4.8 1576 >500 

* MS: molar substitution; average number of attached substituents per glucopyranose unit 

**DS: degree of substitution: average number of substituents attached to one cyclodextrin molecule 

  

The route of administration covers a wide variety, including oral, parenteral, nasal, ocular, 

rectal, and transdermal delivery. The toxicity profile of the single derivatives depends on 

the route of administration. For example, β-CD exhibited renal toxicity when 

administered parenterally at certain concentrations and dosage regimens, while some 

methylated derivatives showed hemolytic activity. However, they were found to be safe 

in oral, nasal, or ocular applications (38). 

According to the Biopharmaceutics Classification System (BCS) for oral delivery, CDs 

show beneficial enhancement of bioavailability of drugs with low aqueous solubility, 

classified in BCS Class II (high permeability) and BCS Class IV (low permeability) (36). 

1.1.4.2. Cyclodextrins as active pharmaceutical ingredients 

 Although the application of CDs is still dominated by their use as excipients 

(pharmacologically inert additives), in the past decades there has been a paradigm shift 

towards their utilization as APIs.  

1.1.4.2.1. Sugammadex 

The first example of a CD used as an API is the octatiopropionic acid derivative of γ-CD, 

known as sugammadex (SGM) (sold under the brand name Bridion®) (Figure 2). SGM is 

the first selective relaxant binding agent, specifically designed for the reversal of the 

neuromuscular blockade induced by rocuronium (Figure 2), an aminosteroid-type muscle 

relaxant used in anesthesia (39). The application was patented in 2001 and has been used 

in clinical practice ever since. After intravenous administration, SGM captures the muscle 

relaxant by forming a host-guest complex with exceptional stability, causing quasi-

immediate cessation of the anesthetized state (40,41). The high selectivity eliminates 
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prolonged side effects following the surgical intervention. SGM has an elimination half-

life of approximately two hours via renal clearance, generally without adverse side effects 

and has been found to be biologically inactive and well tolerated (42). Its medical use is 

approved in the European Union, in the United States and in Japan. 

 

Figure 2. Structure of sugammadex (SGM) and rocuronium. 

 

The high selectivity of SGM towards the aminosteroid is attributed to the formation of a 

particularly stable inclusion-type complex (43). The reported binding affinity for the 

SGM/Rocuronium complex of Ka = 1.8 × 107 M−1 is among the highest ever reported for 

CD inclusion complexes. SGM is similarly used to reverse the effect of two other muscle 

relaxants with analogous structures, vecuronium and pancuronium bromide. Similar 

selectivity and efficacy were shown, the reported stability constants for SGM/vecuronium 

and SGM/pancuronium complexes are 5.7 × 106 M−1, and 2.6 × 106 M−1, respectively 

(40). The high binding affinity is due to the tight fit of the steroid backbone into the 

extended CD cavity, stabilized by the emerging intermolecular ionic interactions between 

the carboxylic sidechains of SGM and the amino head of the steroids (44).  

1.1.4.2.2. 2-Hydroxypropyl-β-CD 

2-Hydroxypropyl-β-CD (HPBCD) is a RS derivative of β-CD (Figure 3), one of the most 

significant CD derivatives. Beyond its substantial role as an excipient, HPBCD also 

received orphan drug status in 2015 for the treatment of Niemann-Pick type C disease 

(NPC) (45), a fatal inherited metabolic disorder. NPC is associated with erroneous 

cholesterol metabolism causing the accumulation of cholesterol in the late endosomes and 
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lysosomes in cells, leading to dysfunctions in various organs and resulting in progressive 

neurodegeneration, and ultimately in premature death (46).  

 

Figure 3. Representative structure of 2-hydroxypropyl-β-CD (HPBCD). 

 

Although the exact mechanism of action of HPBCD is not yet fully understood and 

remains largely unexplored, it is known to modify cholesterol trafficking by 

encapsulating and removing excess cholesterol (45). The success of HPBCD in clinical 

application prompted research to explore its further therapeutic potential for various 

related disorders associated with elevated levels of cholesterol, such as atherosclerosis 

and various neurodegenerative diseases like Alzheimer's- and Parkinson's disease (47). 

Despite being granted orphan drug status, the broader application of HPBCD as an API 

is hampered by its complex composition. HPBCD is synthesized by reacting native β-CD 

with propylene oxide under aqueous basic conditions (48). The basicity of the reaction 

medium typically impacts all OH groups, albeit to varying degrees depending on the 

reaction conditions (33), generating a randomly substituted compound.  

The earlier works of Pitha and his research group presented detailed studies to assess the 

effect of the synthetic conditions on the extent of derivatization and the distribution of 

substituents on the various positions (pattern of substitution, PS). They have shown that 

besides the evident influence of the molar excess of propylene oxide on the obtained DS, 

the regioselectivity changes by varying the alkaline concentration (34). Low alkali 

concentration favors OH-2 substitution, while increasing the basicity, OH-6 substitution 

becomes pronounced. The variation in both DS and PS remarkably influences the average 

structure, cavity dimensions, and ultimately pharmaceutically crucial parameters, such as 

solubility, complex forming ability, and toxicity (32,49–55). 
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To define the structural needs of HPBCDs, both the European Pharmacopoeia (PhEur) 

and United States Pharmacopoeia (USP) only prescribe a range of molar substitution 

(MS) expressing the number of HP sidechains per GP unit. However, a more common 

way to describe the extent of substitution is to calculate the average degree of substitution 

(DS), which defines the average number of HP per CD molecule (MS∙7 in case of 

HPBCD). The accepted range for the average substitution of HPBCD is between MS 0.4-

1.5 equivalent to DS 2.8-10.5, representing a rather wide acceptance interval and no 

specific data requirements exist for establishing the PS. 

1.1.5. Analytical methods for the characterization of cyclodextrins and 

cyclodextrin complexes 

1.1.5.1. Analysis of cyclodextrins 

Although modern analytical techniques provide a wide variety of methods for structural 

and physico-chemical analysis, several challenges remain during CD characterization. 

Native CDs and most of their derivatives do not have intrinsic absorption in the 

ultraviolet-visible (UV-VIS) wavelength range, making their detection with separation 

techniques difficult. They also tend to form aggregates, which can cause issues ranging 

from sample preparation to detection. Additionally, their complexation ability may lead 

to unwanted interactions with solvents, additives, or even the stationary phase during 

separation (56).  

The most frequently applied techniques to characterize CDs include thin layer 

chromatography (TLC), high performance liquid chromatography (HPLC), gas 

chromatography (GC), mass spectrometry (MSpec), and nuclear magnetic resonance 

(NMR) spectroscopy, or the coupled version of such techniques.  

While TLC, HPLC and GC are used to monitor reactions, identify byproducts and other 

impurities such as reagent or solvent residues, from MSpec data indirect structural 

information can be drawn. The most comprehensive information can be obtained from 

liquid state NMR spectroscopy, that provides direct atomic level structural information 

on the CD structure while simultaneously allowing qualitative and quantitative 

determination of byproducts and impurities. 

The proper characterization of RS CDs is particularly challenging, given that they are 

made up of a myriad of different structural analogues, with diverse molecular weight and 

constitution. The most important characteristics of a statistically substituted CD are DS, 
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DS distribution and PS. While the total DS can be calculated using NMR spectroscopy, 

techniques such as TLC, HPLC, or MALDI-TOF-MSpec can be used to generate a 

fingerprint chromatogram or mass spectrum, revealing the distribution of components 

with varying DS in the sample. However, these methods do not provide information about 

the positions of the side chains. 

At present, the generally applied method to determine the distribution of the substituents 

in a RS CD derivative is the Hakomori method (57). The method is developed for oligo- 

and polysaccharide characterization and comprises four consecutive steps of 

modifications before GC-MSpec analysis (Figure 4). The carbohydrate derivative is first 

permethylated to protect free OH-groups, and consecutively hydrolyzed to its monomers. 

After reduction of the furanose or pyranose monosaccharide units to open chain 

derivatives, peracetylation is carried out to facilitate GC-MSpec analysis. 

 

Figure 4. The schematic flowchart of the Hakomori-method used to determine the substituent 

distribution of CD derivatives. 

 

The Hakomori procedure, as a destructive method, consumes and alters the sample during 

the analysis. The multiple manipulation steps that are necessary for conducting an 

appropriate analysis can lead to sample loss, which can affect the accuracy of the analysis. 

Derivatization of the analyte involves chemical reactions, and the efficiency of these 

reactions can vary; incomplete or inefficient derivatization can lead to inaccurate results. 

1.1.5.2. Analysis of cyclodextrin complexes 

The characterization of CDs’ complex formation includes various aspects and often 

requires complementary techniques for comprehensive assessment. The choice of 
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analytical method highly depends on the nature of the guest and the complex. For 

example, UV-VIS and fluorescent spectroscopy are sensitive techniques, but only 

applicable in the presence of a chromophore. As the vast majority of CDs do not have 

such moieties, only UV-active guests are suitable for this method, or a special set-up, 

competitive titration with a UV-active guest (or host) can be applied as an indirect 

method. 

To determine the nature of the complex, phase solubility diagrams are recorded by 

determining the solubility of the guest in the presence of increasing concentrations of CD 

(Figure 5), usually carried out by HPLC analysis (58). The recorded isotherm reveals if 

the formed host-guest complex is soluble (A-type), has limited solubility (BS) or insoluble 

(BI).  

 

Figure 5. Theoretical phase solubility diagram for various types of CD complexes (59). 

 

Regarding the soluble complexes, the isotherm also provides information on the complex 

stoichiometry. In case of equimolar (1:1) complexes, the solubility of the guest molecule 

increases linearly with increasing CD concentrations (AL-type), while higher order 

complexes are indicated by positive (AP) or negative (AN) deviation from linearity. 

Aggregation or self-association of the complexes or the limited solubility guest may also 

occur, influencing the shape of the curve. Consequently, the stoichiometry of the 

inclusion complex cannot be strictly derived from the phase solubility diagram. 

To determine complex stoichiometry, and complex stability (i.e., the complex stability 

constant Ka) there are plenty of methods available. The most common and straightforward 

technique is isothermal titration calorimetry (ITC). It provides detailed thermodynamic 
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parameters of the complex formation process, including the stability constant (Ka), 

stoichiometry of the supramolecular association and changes in molar enthalpy (ΔH), and 

entropy (ΔS), by measuring the released or absorbed heat upon binding (60). ITC requires 

small amounts of sample, and due to its sensitivity, it is suitable for higher affinity systems 

up to Ka of 108 M-1 (61).  

In addition to ITC, a variety of spectroscopic or chromatographic techniques are available 

to evaluate complex affinity. These methods typically rely on detecting changes in a 

suitable physical or chemical property of the guest molecule upon inclusion complex 

formation. The most common techniques include UV-VIS and fluorescent spectroscopy, 

NMR, HPLC and capillary electrophoresis (CE) (62). In spectroscopic techniques, the 

detected parameter is the absorbed wavelength, whereas in chromatographic methods, the 

retention time of the guest is altered due to guest-CD interaction (63). The stoichiometry 

of the complex can be determined using spectroscopic approaches such as Job’s 

continuous variation method (64). The stability constant can be calculated using the 

spectral shift method, where the observed physical property is plotted against CD 

concentration.  

NMR is one of the techniques providing the most comprehensive information on CD 

complexes. It is not only suitable to gain information on the structure of the complex at 

the atomic level through mapping intermolecular interactions, but the stoichiometry, 

complex stability and various thermodynamic parameters can also be obtained.  

1.1.5.3. NMR spectroscopic characterization of cyclodextrins and their 

complexes 

1.1.5.3.1. Structural elucidation 

While the structural elucidation of a wide range of molecules is mainly carried out by 

NMR spectroscopy, the determination of carbohydrate structures –including CDs– is 

often challenging, as most of their 1H NMR chemical shifts fall into a relatively narrow 

range leading to severe spectral overlap. With the increase in signals dispersion at higher 

magnetic field, modern NMR instruments are well-suited for the investigation of more 

complex carbohydrate derivatives as well.  

Due to the high symmetry of the native CDs, their spectra are simplified to one set of 

frequencies corresponding to the GP unit. The field strengths of commonly available 



17 

 

instruments (e.g. 400 MHz) are sufficient to differentiate the various frequencies of GP 

in 1-dimensional (1D) 1H and 13C spectra (65).  

Regarding the 1H NMR spectrum, the signals of unmodified CDs can be separated into 

two well-separated regions: the anomeric region between 5.0 – 5.2 ppm, and the core 

region typically between ~3.4 – 4.3 ppm comprising the rest of the proton frequencies 

(H2-H6). In case of modified derivatives, the signals of the attached sidechains can appear 

in the aliphatic region mostly separated from the core region at lower chemical shifts, or 

in the aromatic region between 6.0-9.0 ppm, depending on the nature of the substituent.  

In the 13C spectra, a higher signal dispersion is observed due to the broader frequency 

range. The anomeric carbon is usually found around 100 ppm, the core protons between 

60 – 80 ppm, while the carbon frequencies of aliphatic substituents typically have lower 

frequencies (10-60 ppm) and the aromatic carbons are typically found between 120-160 

ppm.  

For complete structural elucidation, 1D 1H and 13C spectra are typically complemented 

with common 2D experiments (Figure 6) (66). The anomeric signals serve as a useful 

entry point for the resonance assignment, as they are distinctly separated from the other 

signals in both frequency ranges (65,67). To map the adjacent connectivities, COSY is 

used, while with help of TOCSY non-equivalent GP units of the CD can be separated. 

ROESY correlations are used to connect the GP rings by finding the correlation between 

an anomeric proton and the H4 proton, corresponding to the neighboring GP unit in the 

clockwise direction. Using HMBC the same information can be obtained, by finding 

correlation between the proton of an anomer and the carbon of the adjacent GP unit, or 

vice versa. Similarly, the position of substitution can be revealed by HMBC correlation 

between the α-carbon (or hydrogen) of the substituent and the hydrogen (or carbon) of 

the substituted position (66,68). 
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Figure 6. Homo- and heteronuclear correlations used for CD structural elucidation shown on the 
partial structure of HPBCD. 

 

The structural assignment of symmetrically substituted CDs is straightforward, however 

the elucidation of unsymmetrically modified CDs is more complex and –depending on 

the number and nature of the substituent– often requires extensive analysis of various 

more sophisticated spectra. As the number of substituents increases, the spectral 

complexity also grows due to the greater number of individual frequencies overlapping 

within the same spectral region. For SI derivatives, however, it is possible to identify the 

individual units, as demonstrated by the complete signal assignment of selectively 

disubstituted-β-CD (28) derivatives and a hepta-differentiated-β-CD (29), comprising 

seven different GP units. 

On the other hand, in the case of RS derivatives, the complete assignment often fails due 

to several reasons: as RS CD derivatives are composed of a great number of substitutional 

isomers rather than a single component, the signals in the NMR spectra are apparently 

broadened, which is a consequence of similar but not identical chemical environment of 

the nuclei due to microheterogeneity (69). It leads to reduced dispersion and more 

pronounced overlaps of the frequencies in the already crowded spectral regions. 

Additionally, in 2D correlation spectra, it causes more diffuse, less definite cross-peaks, 

leading to ambiguous assignments (70). Due to signal overlap, only partial differentiation 

of the structural isomers is possible.  
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From the practical point of view, these spectral features restrict the NMR structural 

characterization of RS CDs to the calculation of the DS. However, as not only the DS is 

the decisive feature influencing the complexing ability, but also distribution of 

substituents has a crucial role, there is a demand for a more comprehensive 

characterization of such derivatives with a simple and reliable method to pave the way to 

the application of RS CDs as APIs. 

1.1.5.3.2. Investigation of complexes 

The appearance of the NMR spectrum of CD complexes highly depends on the strength 

of the complex, or more precisely the rate of association/dissociation, which is in the vast 

majority of cases correlating with binding affinity. That is, by increasing binding affinity, 

the exchange between the two states (free and that in complex) is slower and vice versa 

(71). The expression “NMR timescale” refers to the ability of NMR to distinguish 

between frequencies. If the chemical shift difference between the two exchanging sites is 

smaller than the exchange rate, then the process is described as fast exchange on the NMR 

timescale (72). In the fast exchange regime, the time averaged spectrum of the free and 

complex form of the host and guest are observed (73) (Eq. 3 and 4), 

𝛿obs(H) =  𝑥H𝛿H  +  𝑥HG𝛿HG(𝐻) (3) 

and  𝛿obs(G) =  𝑥G𝛿G  +  𝑥HG𝛿GH(𝐺) (4), 

where δobs(H) and δobs(G) are the observed chemical shifts for nuclei of the host and the 

guest, respectively, xHδH and xGδG are the molar fraction-weighted chemical shift of the 

host and guest, and xHGδHG(H) and xHGδHG(H) are those of the complexed form. 

In contrast, distinct frequencies appear in the NMR spectrum when the exchange rate is 

lower than the chemical shift difference between the two forms. The slow exchange rate 

indicates formation of a high affinity complex, and it is not commonly observed in the 

case of CD complexes, as the majority of these assemblies fall in the stability range of Ka 

= 10 – 105 M-1. 

When the equilibrium is in the slow exchange regime, exchange spectroscopy (EXSY) 

can be used to determine the quantitative exchange rate (k) of the process. While EXSY 

shares similarities with NOESY and ROESY experiments, it specifically differs in its 

application to study equilibrium exchange processes (74). 

Due to chemical exchange, both in NOESY and ROESY spectra, off-diagonal cross-

peaks can be observed between the frequencies of the exchanging forms. In NOESY 
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spectra, the exchange peaks have the same sign as the diagonal and the cross-peaks, thus 

it is not always straightforward to identify the exchanging sites. In contrast, in ROESY 

spectra the exchange cross-peaks appear with opposite signs to the diagonal or peaks 

making it straightforward to recognize (Figure 7). 

 

Figure 7. NOESY (left) and ROESY (right) spectra of sugammadex/solasodine complex (75). 

 

The exchange rate can be calculated from the volume integrals of the diagonal and off-

diagonal cross-peaks, according to the following formulas (76): 

𝑙𝑛 (
𝑟+1

𝑟−1
) = 𝑘𝑒𝑥𝑡𝑚𝑖𝑥   (5)  and   𝑟 =

𝐼𝐻𝑎,𝐻𝑎+𝐼𝐻𝑏,𝐻𝑏

𝐼𝐻𝑎,𝐻𝑏+𝐼𝐻𝑏,𝐻𝑎
   (6), 

where 𝐼𝐻𝑎,𝐻𝑎  and 𝐼𝐻𝑏,𝐻𝑏  are the volume integral of the diagonal cross-peaks, and 𝐼𝐻𝑎,𝐻𝑏  

and 𝐼𝐻𝑏,𝐻𝑎  are those of the off-diagonal cross-peaks and 𝑡𝑚𝑖𝑥 is the mixing time in the 

experiment. According to equations 5 and 6, recording one spectrum is sufficient to 

determine the exchange rate, however, by recording a series of spectra with various 𝑡𝑚𝑖𝑥 

values, the accuracy can be improved (74). Plotting the obtained kex values against tmix 

provides a linear relationship with the slope corresponding to the exchange rate of 

equilibrium.  

Using the linear form of the Eyring-equation (Eq. 7), the temperature dependence of the 

reaction rates can be described. 

𝑙𝑛
𝑘

𝑇
=  

−∆𝐻‡

𝑅𝑇
+ 𝑙𝑛

𝑘𝐵

ℎ
+  

∆𝑆‡

𝑅
 (7), 
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where k is the reaction rate constant, ΔH‡ and ΔS‡ are the enthalpy and entropy of 

activation, respectively, kB is the Boltzmann constant, and R is the gas constant. In the 

Eyring plot, the slope corresponds to −ΔH‡/R, and the y-intercept equals to 𝑙𝑛
𝑘𝐵

ℎ
+  

∆𝑆‡

𝑅
 . 

The Gibbs energy of activation is given by Eq. 8 

Δ𝐺‡  =  Δ𝐻‡ −  TΔ𝑆‡  (8). 

1.1.5.3.3. Determination of complex stoichiometry 

Job’s method of continuous variation (or Job’s plot) is generally used to determine the 

stoichiometry of a binding event of two species. In this method, the total molar 

concentration of the two binding partners is kept constant, while their mole fractions are 

systematically varied. An observable parameter, which correlates with complex 

formation, is then plotted as a function of the mole fractions of the two components. The 

mole fraction at the maximum or minimum on the plot indicates the stoichiometry of the 

two species, provided that the response is directly proportional to the concentration of the 

species (Figure 8). In NMR spectroscopy, the registered variable is the observed chemical 

shift of the guest nuclei (most commonly 1H), as it is proportional to the extent of binding 

in the fast exchange regime (Eq. 3 and 4). The Job plot is obtained by plotting the 

chemical shift change (Δδ) weighted with the mole fraction of the guest as a function of 

the molar fraction. In slow exchange equilibria, the integrals of the discrete free and 

bound forms can be used in a similar manner to calculate the complex stoichiometry (73).   

 

Figure 8. Job’s plot of 3,4-methylenedioxypyrovalerone SBE-β-CD complex (63). 
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1.1.5.3.4. Determination of the association constant 

To determine the stability constant for supramolecular systems, there are a wide variety 

of NMR-based techniques available (73). Among these, the simplest and most widely 

applied method is NMR chemical shift titration (generally referred as spectral shift 

method), where the chemical shift is recorded as a function of the binding partner’s 

concentration. Generally, the concentration of the guest is kept constant while that of the 

host is varied.  

Considering equimolar complex formation (Eq. 1), the stability constant Ka is expressed 

by the concentrations of the free and bound species (Eq. 2). As Eq. 3 shows, δobs is 

dependent on the extent of complexation, which is determined by the stability constant. 

Ka is determined either with graphical methods (such as the Benesi-Hildebrand method) 

or curve fitting methods (73). In both cases, known complex stoichiometry is necessary 

to choose the right fitting model. For equimolar complexes the binding affinity can be 

determined by fitting the data to the following function: 

Δ𝛿/Δ𝛿max =  [H]/(𝐾𝑑  +  [H])  (9). 

Evidently, for slow exchange systems this approach does not apply, as the chemical shift 

is not dependent on the extent of complexation, but distinct resonances of the free and 

bound form are observed, usually when Ka >105 M-1. The range suitable for NMR titration 

can be extended by applying competition methods, where two hosts are competing for the 

same guest (or vice versa). The method requires the known stability constants for one 

complex from an independent measurement, as the experiment provides the ratio of the 

two binding affinities as a result by the following correlations (73): 

𝛿obs =  𝑥H1G𝛿H1G  +  𝑥H2G𝛿H2G (10), 

xH2G  =  (𝛿obs  −  𝛿H1G) / (𝛿H2G  − 𝛿H1G)  (11), 

and 𝐾𝑟𝑒𝑙 =
𝐾2

𝐾1
= [H2G][H1] / [H2][H1G]  (12), 

where δH1G and δH2G are the limiting chemical shifts of the distinct complexes, from which 

the weaker is known from the independent titration. 
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1.1.5.3.5. Exploring the structure of the complex 

As NMR spectroscopy provides the advantage of atomic level insights, comprehensive 

structural information for host-guest complexes can be obtained through 1- and 2D 

experiments. 

Comparing the 1H NMR spectra of the host, guest, and their mixture typically reveals 

complexation-induced shifts (CIS) in proton frequencies upon host-guest encapsulation 

(77). Particularly, the cavity protons of the CD (H3 and H5) usually become less shielded 

and shift to higher chemical shift, while opposite CIS is observed for the anomeric 

protons. The CIS of H2 and H4 protons indicate spatial rearrangement of the CD ring.  

On the other hand, the CIS of the guest protons provides information about the included 

moieties: the protons entering the cavity tend to suffer the highest CIS. In this manner, 

the orientation of the guest inside the cavity can be assessed.  

However, the 1D 1H spectrum provides information about the complex in a fast and 

simple way, 2D 1H-1H through space correlation spectra (NOESY and ROESY) offer 

more detailed and more accurate structural information of the complex.   

In case of CD complexes, if the guest enters the cavity, NOE cross-peaks are observed 

between the protons of the guest and H3 and H5 of the CD, facing the hollow of the cone 

(Figure 9) (21,78). In comparison, if the interaction occurs on the surface of the CD, 

proximity of the guest to H2 and H4 of the CD are observed. To decipher the orientation, 

analyses of the relative intensities of the correlations between the guest protons and H3, 

H5 and H6 of the CD usually provide sufficient evidence (79).  

 

Figure 9. Schematic representation of the CD cone, emphasizing the orientation of the GP protons 

in respect to the cavity. 
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1.1.5.4. Isothermal Titration Calorimetry 

Besides NMR spectroscopy, ITC provides the most comprehensive data of molecular 

interactions in solution, including micelle formation, self-assembling systems, binding of 

small molecules to macromolecules (such as substrate-ligand interactions of proteins), or 

formation of host-guest type complexes (80–82). Although ITC is not suitable to explore 

the structure of the assembly, it offers complete thermodynamic characterization of the 

binding event.  

The technique is based on the measurement of the generated or absorbed heat upon 

interaction between molecules. The instrument is composed of two cells, the reference 

cell, containing solvent and the sample cell (Figure 10A) The temperature of both cells is 

regulated, while the instrument is recording the heat power necessary to maintain equal 

temperature of the sample cell relative to the reference cell.  

 

Figure 10. Schematic figure of the isothermal titration calorimeter (A) and the obtained 

thermogram and derived parameters from data fitting (B) (83). 

 

The sample cell contains the solution of one of the binding partners and is titrated by 

small volumes of the solution of the interacting molecule from a syringe. Through the 

heat power changes, the generated or absorbed heat upon the molecular interaction is 

recorded.  

The data obtained from the titration experiment includes enthalpy (ΔH), entropy (ΔS), 

stoichiometry (n) and binding affinity (Ka) (Figure 10B). Energetically favorable binding 

processes have negative Gibbs free energy (ΔG) values, expressed as 

Δ𝐺 =  R𝑇ln𝐾𝑎  (13), 
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where R is the gas constant, and is determined by the contribution of enthalpy and entropy 

components as follows: 

Δ𝐺 =  Δ𝐻 –  𝑇Δ𝑆   (14). 

From the thermogram, ΔH is measured directly. 

1.2. Aminosteroid phytotoxins  

Toxic steroid-type alkaloids occur in large quantities in nature (84). The nightshade 

family (Solanaceae), which includes many species important for human consumption, 

also contains plants that accumulate large amounts of toxic glycoalkaloids with diverse 

structures during ripening (85). This includes Solanum tuberosum, the plant responsible 

for producing potatoes. Improper storage of potatoes can cause them to turn green and 

begin germinating, leading to the production of toxic substances in the buds and skin, 

primarily α-solanine and α-chaconine, glycoalkaloids with related structures (86). Thus, 

the consumption of immature or sprouted potatoes leads to poisoning, which manifests 

mainly in gastrointestinal and nervous system symptoms, such as vomiting, diarrhea, 

cardiac arrhythmia, or convulsions, in extreme cases even with fatal outcomes. 

Poisoning may occur by confusion of toxic species with edible plants. Solanum 

dulcamara, Solanum nigrum and Veratrum viride are species also containing toxic 

glycoalkaloids (α-solanine, solasonine, solamargine, veratridine) whose berries can easily 

be mistaken for forest fruits, especially by children, posing potential poisoning risk (86–

88). 

Despite the diverse range of Solanaceae phytotoxins, most share chemical structures with 

aminosteroid backbones. Currently, there is no available antidote to eliminate these toxins 

from the body in case of intoxication, with treatment limited to supportive therapy aimed 

at symptom relief, spasm alleviation, and hydration management.  
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2. OBJECTIVES 

The objective of my work was to advance our understanding of the structure and 

interactions of two pharmaceutically approved cyclodextrin derivatives, HPβCD and 

sugammadex, with the goal of extending their broader applicability as active 

pharmaceutical ingredients (APIs). 

In one hand, we aimed to develop a fast, reliable and robust analytical method for the 

structural characterization of HPBCD, that provides more comprehensive information 

about its substitution pattern. Our goal was to develop an NMR spectroscopy-based 

method to characterize the PS of HPBCD using commonly available instrumentation and 

pulse sequences. Our first goal was to carry out a comprehensive signal assignment of the 

1H and 13C spectra of HPBCD using standard 2D experiments, including COSY, HSQC 

and HMBC, and consecutively identify the unique signals corresponding to the 

substituents at the various substitution sites. Thereafter, we sought to develop a method 

to quantitatively determine the extent of substitution on each position to define an average 

structure for a given batch of this complex mixture of isomers. Ultimately, we aimed to 

compare the PS of various HPBCD batches synthetized under various conditions, to 

confirm the feasibility of the method. The approach we aimed to develop could serve as 

a tool for regulatory purposes to control the uniformity and the quality of HPBCD from 

various resources.  

On the other hand, our goal was to explore the potential of SGM in capturing natural 

aminosteroid phytotoxins, which have analogous structures to the clinically used muscle 

relaxants, with the aim of evaluating its potential as an antidote in intoxication cases. We 

focused on investigating the complexation of SGM with various natural toxins, including 

solasodine (SS), a steroid containing a secondary amine moiety, solanidine (SN) an 

aminosteroid with tertiary amine group, and α-solanine (ASN), the glycoside of SN 

containing a trisaccharide chain (Figure 11).  
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Figure 11. Chemical structures of solasodine (SS), solanidine (SN), and α-solanine (ASN), 

natural aminosteroids used as model compounds for Solanaceae phytotoxins in our study with 

partial numbering of protons  

 

Our objective was to investigate the complexation behavior of these compounds with 

SGM using NMR spectroscopy, ITC, and other complementary techniques. We aimed to 

determine the stability of the resulting complexes by evaluating the stability constants, as 

well as their temperature and pH dependence. Additionally, we sought to explore how 

different amino groups and glycosylation affect complex stability. Finally, we planned to 

assess SGM's ability to mitigate the toxicity of the selected compounds through 

cytotoxicity assays. 
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3. METHODS 

3.1. Materials 

3.1.1. Materials used for syntheses of HPBCDs and their characterization 

(±)-Propylene oxide ReagentPlus®, ≥99%, sodium hydroxide reagent grade, 97% 

(powder), Activated Charcoal Norit®, Norit® GAC 1240W were purchased from Sigma-

Aldrich. (R)-propylene oxide, ≥98%, and (S)-propylene oxide, ≥98%, were purchased 

from TCI. Hydrochloric acid (3 N), 1-propanol (analytical reagent grade, a.r.), ammonia 

aqueous solution 25% (a.r.), ethyl acetate (a.r.), methanol (a.r.), 2-butanone (a.r.) were 

products of Molar Chemical Kft. β-Cyclodextrin (CAVAMAX® W7), commercial 

HPBCD DS 4.5 (CAVASOL® W7 HP), and methyl-β-cyclodextrin (CAVASOL® W7 M) 

were products of Wacker (Wacker Chemie, Munich, Germany), while HPBCD DS 6.3 

(KLEPTOSE®) was purchased from Roquette (Roquette Frères, Lestrem, France). Strong 

acid cation exchange resin (Purolite® Resin C 100 E) was from Purolite®. Heptakis-2-O-

methyl-β-CD (2-Me-β-CD), heptakis-3-O-methyl-β-CD (3-Me-β-CD) and heptakis-6-O-

methyl-β-CD (6-Me-β-CD) were the fine chemicals of Carbohyde Zrt (Budapest, 

Hungary). Membrane filter for vacuum filtration set, hydrophilic, mixed cellulose esters, 

0.45 μm was a product of Sartorius. 

3.1.2. Materials used to study complexation of the aminosteroids with SGM. 

Dimethyl sulfoxide (DMSO), and methanol (a.r.) were products of Molar Chemical Kft. 

(Halásztelek, Hungary), 3-mercaptopropionic acid and sodium methoxide were 

purchased from Merck (Merck KGaA, Darmstadt, Germany) while Per-6-iodo-GCD, was 

the product of CarboHyde Zrt. (Budapest, Hungary). 

SS, SN, and ASN were purchased from PhytoLab (PhytoLab GmbH & Co. KG, 

Vestenbergsgreuth, Germany), while deuterium oxide (D2O), dimethyl sulfoxide-d6 

(DMSO-d6), and methanol-d4 (CD3OD) were obtained from Merck (Merck KGaA, 

Darmstadt, Germany). γ-cyclodextrin (GCD) and sulfobutylether-γ-cyclodextrin (SB-

GCD) were products of CarboHyde Zrt. (Budapest, Hungary). 
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3.2. Synthesis of cyclodextrin derivatives 

3.2.1. Synthesis of HPBCD  

The 2-hydroxypropylated β-CDs with various DS were synthesized under aqueous 

alkaline conditions by employing varying amounts of sodium hydroxide and increasing 

quantities of propylene oxide (32). Specifically, two distinct setups were executed, 

utilizing different base ratios (4 and 6 equivalents), and six different concentrations were 

investigated for the alkylating agent (1, 2, 3, 8, 10, 12 equivalents; the 8, 10 and 12 

equivalents added in two equal portion). In total, 12 reactions were conducted. The 

progress of the reactions was monitored by TLC (1-propanol:ethyl acetate:H2O:25% 

NH3=6:1:3:1. The synthetic procedure was as follows: 

β-CD (1.13 g, 1 mmol) was suspended in deionized water (3 ml) and vigorously stirred 

for 5 minutes. Sodium hydroxide (4 eq, 0.16 g; 6 eq, 0.24 g) was added to the mixture, 

resulting in complete solubilization with heat evolution. The solution was then cooled to 

10 °C using an ice bath, and propylene oxide was added in one portion (Reaction 1: 1 eq, 

70 μl; Reaction 2: 2 eq, 0.14 ml; Reaction 3: 3 eq, 0.21 ml; Reaction 4: 4 eq, 0.28 ml; 

Reaction 5: 5 eq, 0.35 ml; Reaction 6: 6 eq, 0.42 ml). The flask was flushed with an inert 

atmosphere, sealed, and stirred overnight. Reactions 1, 2 and 3 were worked-up after 1 

day of stirring. For Reactions 4, 5 and 6, the mixtures were cooled to 10 °C using an ice 

bath, a second portion of propylene oxide was added (Reaction 4: 4 eq, 0.28 ml; Reaction 

5: 5 eq, 0.35 ml; Reaction 6: 6 eq, 0.42 ml, respectively), and the flasks were then flushed 

with inert atmosphere, sealed, and stirred overnight. 

During the work-up, the reaction mixture was extensively treated with cation exchange 

resin, adjusting the pH to neutral. The resin was removed by filtration using a sintered 

glass filter (porosity 2), extensively washed with water (3 x 15 ml), and the mother liquor 

was evaporated at 40 °C to dryness under reduced pressure using a rotavapor. The viscous 

residue, with viscosity proportionally increasing with the amount of propylene oxide, was 

suspended in 2-butanone (30 ml). The precipitate material was filtered using a sintered 

glass filter (porosity 3), extensively washed with 2-butanone (3 x 20 ml) and acetone (3 

x 10 ml). The solid was dried overnight in a drying box under vacuum, with KOH and 

P2O5 as drying agents. 

The material was solubilized in water (50 ml) and concentrated at 40 °C to half volume 

under reduced pressure using a rotavapor to remove residual volatiles. Activated charcoal 
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was added to the aqueous solution, and the black suspension was vigorously stirred for 

10 minutes. It was then filtered using a sintered glass filter (porosity 4), membrane 

filtered, and the mother liquor was finally concentrated to dryness under reduced pressure 

using a rotavapor. The recovered amounts of materials, a white amorphous powder, varied 

between 0.62 and 1.35 g. 
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Table 3. Reaction conditions and yields of the reactions, as well as the DS of the obtained 

materials. 

Reaction 

 

BCD H2O NaOH Propylene 

Oxide 

Yield (g) DS 

1 1.13 g 
(1 mmol) 

3 ml  0.16 g 
(4 eq) 

70 μl 
(1 eq) 

1.12 g 0.5 

2 1.13 g 

(1 mmol) 

3 ml  0.16 g 

(4 eq) 

0.14 ml  

(2 eq) 

1.23 g 1.21 

3 1.13 g 
(1 mmol) 

3 ml  0.16 g 
(4 eq) 

0.21 ml  
(3 eq) 

1.06 g 2.53 

4 1.13 g 

(1 mmol) 

3 ml  0.16 g 

(4 eq) 

(0.28+0.28) ml  

(8 eq) 

0.83 g 3.39 

5 1.13 g 
(1 mmol) 

3 ml  0.16 g 
(4 eq) 

(0.35+0.35) ml  
(10 eq) 

0.67 g 7.05 

6 1.13 g 

(1 mmol) 

3 ml  0.16 g 

(4 eq) 

(0.42+0.42) ml  

(12 eq) 

0.76 g 9.18 

7 1.13 g 
(1 mmol) 

3 ml  0.24 g 
(6 eq) 

70 μL 
(1 eq) 

1.27 g 0.71 

8 1.13 g 

(1 mmol) 

3 ml  0.24 g 

(6 eq) 

0.14 ml  

(2 eq) 

1.16 g 1.43 

9 1.13 g 
(1 mmol) 

3 ml  0.24 g 
(6 eq) 

0.21 ml  
(3 eq) 

1.35 g 1.53 

10 1.13 g 

(1 mmol) 

3 ml  0.24 g 

(6 eq) 

(0.28+0.28) ml  

(8 eq) 

0.83 g 7.1 

11 1.13 g 
(1 mmol) 

3 ml  0.24 g 
(6 eq) 

(0.35+0.35) ml  
(10 eq) 

0.75 g 9.8 

12 1.13 g 

(1 mmol) 

3 ml  0.24 g 

(6 eq) 

(0.42+0.42) ml  

(12 eq) 

0.62 g 10.7 

 

3.2.2. Synthesis of SGM 

Per-6-iodo-GCD (21.76 g (0.01 mol) was pre-solubilized in dimethyl sulfoxide (DMSO, 

50 ml) in a Schott Duran bottle of adequate volume. DMSO (100 ml) was added to the 

reaction vessel under an inert atmosphere and 3-mercaptopropionic acid (16 ml, 19.1 g, 

0.18 mol) was then poured sequentially. The reaction mixture was cooled down in a water 

bath (T < 15 °C) and sodium methoxide-methanol solution (25% w/w, 32  ml , 0.36 mol) 

was slowly added (79). The reaction mixture turned from a colorless solution to an intense 

pinkish solution with heat evolution. The DMSO-CD solution was added in one portion 

to the reaction mixture causing almost immediate formation of a massive white 

precipitate. The suspension was stirred at room temperature for 1 h. The reaction mixture 

was filtered and the solid was extensively washed with methanol (3 x 100 ml) until a 

white solid was obtained. The solid was placed into a drying box and dried until constant 

weight (17.64g, 81% yield). 
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3.3. Sample preparation 

3.3.1. Preparation of HPBCD NMR samples 

The samples were prepared by dissolving 20 mg of the material in 600 μl D2O resulting 

in clear solutions of 21-25 mM. The solutions were then transferred to standard 5 mm 

NMR tubes. For quantitative 13C NMR, 75 mg HPBCD was dissolved in 600 μl D2O. 

3.3.2. Sample preparation for the SGM-phytotoxin interaction studies 

Samples of individual compounds were prepared by dissolving the solid in the given 

solvent (D2O for SGM and CD3OD for SS, SN and ASN), sonicated for 1 minute and 

transferred to a standard 5 mm NMR tube. If the compound’s solubility in the selected 

solvent was limited, the mixture was sonicated and then centrifuged at 13.4k rpm for 5 

minutes. The supernatant was subsequently transferred to a standard 5 mm NMR tube. 

For the SS-SGM interaction study SS was dissolved by adding small amount of HCl to 

become fully protonated, and a 10.6 mM SS stock solution was prepared in a solvent 

mixture of 10% DMSO-d6 and 90% D2O. The pD of the stock solution was 8.21. The 

initial concentration of the SGM samples was 3.2 mM. The titration was performed by 

stepwise addition of SS stock solution, until the ratio of SGM:SS was 2:1. To study the 

effect of DMSO on complex formation, samples with the same total concentrations of 

SGM and SS were prepared using 100% D2O or a mixture of 25% DMSO-d6 and 75% 

D2O as solvent. 

SGM/SN and SGM/ASN complexes were prepared by grinding an excess amount of the 

phytotoxin (~1.2 mM) with SGM (~2 mg, 0.9 mmol) for 5 min using mortar and pestle. 

The mixture was then transferred to an Eppendorf tube and dissolved in 700 μL D2O by 

sonication for 1 minute. The solution was centrifuged at 13.4k rpm for 5 min and the 

supernatant was transferred to a standard 5 mm NMR tube. For the pH-dependent 

experiments, DCl or NaOD solutions were used to adjust the pH, which was checked with 

the Hydrion MicroFine pH test paper set (Sigma-Aldrich). 

3.4. NMR experiments 

3.4.1. Characterization of HPBCD 

The NMR experiments were carried out either on a Varian Mercury Plus (1H: 400 MHz, 

13C: 100 MHz), a Bruker Avance III (1H: 500 MHz, 13C: 125 MHz) or a BRUKER Avance 
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III (1H: 600 MHz, 13C: 151 MHz) instrument. Each pulse program was taken from the 

available software library (VnmrJ or TopSpin, respectively). 1H experiments were 

recorded using 90° pulse angle and 10s relaxation delay. Quantitative 13C-NMR was 

recorded using inverse gated 1H-decoupling (BRUKER pulse program zgig). The mixing 

time used for TOCSY was set to 100 ms. In heteronuclear correlation experiments 1JCH = 

145 Hz (for HSQC) and 2,3JCH = 8 Hz (for HMBC) were used. For quantitative 13C 

spectrum 2048 scans were accumulated with 4.8 s acquisition time and 4 s relaxation 

delay. The spectra were recorded in standard 5 mm NMR tubes at 25 °C. The residual 

solvent signal was used as a chemical shift scale reference. The spectra were processed 

using MestReNova v9.0.1-13254 (Mestralab Research, S.L., Santiago de Compostela, 

Spain) or TopSpin 3.6.5 (Bruker Biospin GmbH, Rheinstetten, Germany) software. For 

each homo- and heteronuclear 2D spectra 2048 x 256 datapoints were collected using 16 

or 32 scans per increment. 

3.4.2. SGM-phytotoxin interaction studies 

NMR experiments were recorded on a 600 MHz Varian DDR NMR spectrometer 

equipped with a 5 mm inverse-detection gradient probe for structural assignment of SS 

and on a Bruker Avance III 700 MHz instrument operating at 700.05 MHz using a 

Prodigy TCI H&F-C/N-D, z-gradient probe-head to study the SGM/SS complex. All 

samples were prepared in 5 mm standard NMR tubes. The measurements for resonance 

assignment were carried out at 298 K, and the temperature dependence of the SGM/SS 

complex formation was studied in the range 278–323 K. Temperature was calibrated 

against the methanol standard sample [3]. 

Resonance assignment was achieved using conventional 2D COSY, TOCSY (mixing 

time: 120 ms), ROESY (mixing time: 300 ms), 1H-13C HSQC, 1H-13C HMBC 

experiments. Chemical exchange was studied using 2D EXSY experiments with the 

Bruker standard noesygpph19 pulse program, using the experimental setup of NS=8; 2048 

× 512 complex points, and mixing time values were varied between 10μs and 500 ms. 

EXSY experiments with 100 ms mixing time were acquired in the 278 - 313K 

temperature range. 

The 1H NMR-titration was performed in reverse arrangement: Stock solution of SS was 

added to the solution of SGM, and changes in chemical shift of SGM protons were 

monitored.  



34 

 

To study SGM/SN and SGM/ASN complexes, experiments were carried out on a Bruker 

Avance 500 MHz instrument at 298 K and 313 K using an inverse BBI probe. 2D spectra 

were registered on a Bruker Avance III 500 MHz spectrometer equipped with a cryo 

probe-head. All the experiments were implemented using the pulse sequences from the 

Bruker library. Presaturation of the residual water peak in D2O was applied using the zgpr 

pulse sequence. The mixing times used were 80 ms for 2D TOCSY and 300 ms for 2D 

ROESY spectra. In heteronuclear correlation experiments 1J(CH) = 145 Hz or 130 Hz 

and 2,3J(CH) = 6 Hz were used. 

3.5. X-Ray crystallography 

Crystallization trials were set up using the vapor diffusion technique in 1.5 μl hanging 

drops. In brief, droplets containing a solution of SGM/SN complex prepared by grinding 

an equimolecular mixture of the solid components in an agate mortar and a low 

concentration of a precipitating agent were equilibrated against reservoirs containing 

solutions at higher concentrations of the same precipitating agent, leading to slow 

evaporation of water from the droplet until the precipitating agent concentrations of 

droplet and reservoir become approximately equal. 

Crystals were obtained when drops containing 20-30 mM complex and 0.75-4.7 % (w/v) 

polyethylene glycol of mean MW 1500 (PEG 1500), were equilibrated against reservoirs 

with double the concentration of PEG 1500. The best crystals, from which useful data 

were collected, were obtained from a 20 mM complex and 0.75% PEG 1500 in the droplet 

(1.5% PEG 1500 in the reservoir). Crystallization conditions of such low concentration 

of PEG are very unusual. All the crystals were thin plates, which in the vast majority of 

cases grew in stacks that were impossible to separate into single crystals. The very few 

crystals that appeared single and somewhat thicker under the stereoscope were selected 

for harvesting.  

The crystals were manually harvested from the drops and were immersed very quickly 

into a heavy vacuum oil for cryoprotection. The dataset used for structure determination 

was collected at cryogenic temperature (100 K) at beamline P13 of the PETRA III storage 

ring at the DESY/EMBL-Hamburg synchrotron source, set at wavelength 0.976 Å, from 

a crystal of approximate dimensions 80x60x15 μm. The space group was determined to 

be P4212, with cell dimensions a = b = 24.255 Å and c = 23.020 Å. The dataset extended 

to 0.98 Å resolution, with a total of 38256 observed reflections, however data up to 1.04 
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Å were used in the refinement. Two additional and very similar complete datasets from 

similar-looking crystals were collected, but these were of somewhat inferior quality and 

resolution. 

3.6. ITC studies 

ITC experiments were performed on a MicroCal PEAQ-ITC instrument (Malvern 

Panalytical, Worcestershire, UK). Stock solutions were prepared as follows: SGM was 

solubilized in 20 mM phosphate buffer at pH 7.4 to obtain 0.5 or 1.0 mM solution. ASN 

was solubilized in 20 mM phosphate buffer at pH 7.4 or pH 4.0 to obtain 50 µM solution. 

SS and SN were solubilized by the addition of various concentration of GCD or SB-GCD 

(of 0.5 – 5.0 mM) to the 20 mM phosphate buffer at pH 7.4 containing the weighted 

materials. The mixtures were stirred overnight at 37 °C. All the stock solutions were 

filtered through a 0.22 µm polyvinylidene difluoride filter membrane prior to filling into 

the instrument cell. Titration with 0.5 mM SGM consisted of 18–36 injections of 2–1 µl 

SGM solution, respectively, to reach saturation and a final 2.5–3.5-fold molar excess. The 

spacing between injections was 300–500 seconds, and a reference heat of 2.5 µcal/sec 

was used. The results were evaluated using MicroCal PEAQ-ITC Analysis Software 

using a competitive binding model (89). The binding parameters for the competitor weak 

binder GCD were fixed at various values to find the value that provided the same binding 

parameters for SGM to SS at all GCD concentrations. This allowed us to determine the 

binding constants for both SGM and GCD to SS.  

3.7. Cytotoxicity studies 

The cytotoxicity of CDs (SGM, SB-GCD, GCD) and SS, SN and ASN was assessed using 

the mHippoE-14 mouse hippocampal embryonic cell line, obtained from American Type 

Culture Collection. Cells were cultured in Dulbecco’s modified Eagle’s medium with 4.5 

g/l glucose and L-glutamine, with phenol red (DMEM, Lonza), containing 1% fetal 

bovine serum (FBS, Euroclone S.p.A.), and 1% penicillin/streptomycin/amphotericin B 

(PSA, Lonza). The cells were incubated in a 5% CO2/95% air humidified atmosphere at 

37 °C. 

Cells were seeded into 96-well plates at a density of 104 cells/well in 100 μl medium per 

well. After 24 hours of incubation, 10 µl of treating solution was added to each well. The 

treating solutions consisted of PBS with added DMSO and either CD (SGM, SB-GCD, 
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or GCD), or aminosteroid toxin (SS, SN, or ASN), or a combination of the two. 

Concentrations were set so that after adding 10 μl treating solution to 100 μl medium, the 

final concentrations in the wells were 1% DMSO; 0, 0.2, or 0.5 mM CD; and 0, 10 or 20 

μM SS, and 0, 5 or 10 μM SN and ASN. After 72 hours of incubation, the medium was 

removed, the wells were washed with PBS, and 50 μl of fresh medium containing 0.5 

mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added 

to each well. After 3 hours of incubation, the medium was removed, wells were washed 

with PBS, and 50 μl DMSO was added. Absorbance at 570 nm was measured using a 

Synergy H4 plate reader (BioTek Instruments, Inc.). The absorbance values of wells 

containing cells were corrected by that of cell-free wells. The corrected values were then 

normalized against the absorbance of control samples treated with 1% DMSO. The cell 

viability was calculated by normalizing the survival rate, using the control cells treated 

with 1 % DMSO as 100% viability, thereby the relative survival rate of the cells after 

different treatments of SGM, AS, SN and their mixtures can be determined. 
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4. RESULTS 

4.1. Characterization of the pattern of substitution of HPBCD 

During the synthesis of HPBCD, all types of OH groups are alkylated to varying degrees 

depending on the reaction conditions. Assuming that only monosubstitution occurs at 

each GP unit, the resulting derivatized CD molecule contains four possible types of GP 

monomers: unsubstituted GP (GPunsub), and those derivatized at the OH-2, OH-3, or OH-

6 (GP2sub, GP3sub, or GP6sub, respectively, as shown in Figure 12). 

 

Figure 12. Possible structures of glucopyranose (GP) units present in HPBCD, assuming 

maximum one substituent per GP. 

 

To resolve the substitution pattern, first the HP substituents at various positions must be 

differentiated in the spectrum.  

To assign them, we used the following nomenclature, shown in Figure 13; numbers 

indicate the atoms of the GP unit, those without subscript indicate the unsubstituted type, 

while the subscripts indicate the position of substitution on the given GP. 

 

Figure 13. Nomenclature used for the NMR assignment of HPBCD. The single numbers refer to 

unsubstituted-type GP, while those bearing a subscript refer to substituted-type GP units, where 

the subscript indicates the position of the substitution of the same GP unit. The color coding 

resembles the appearance of the resonances in the multiplicity-edited HSQC spectrum (90). 
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4.1.1. Assignment of the 1H NMR signals 

Figure 14 shows the 1H NMR spectra of HPBCD samples with various DS. The 

apparently broad signals are the consequence of the RS nature of HPBCD. Similarly to 

most carbohydrates, the signals can be assigned to three well-separated regions. The 

characteristic anomeric region is found above 5.0 ppm, the doublet of the terminal methyl 

of the HP sidechain (γ) is easily recognizable on the upfield end of the spectrum, while 

the methine and the methylene signals of the GP (H2-H6) as well as the Hα and Hβ of the 

HP sidechains are situated in a quite narrow range (~3.4-4.3 ppm). 

From the 1H NMR spectrum, the MS and DS can be calculated. The Pharmacopoeias 

recommend calculating the MS from the 1H NMR spectrum by dividing the peak area of 

the methyl by three times the anomeric peak area. By multiplying the calculated MS by 

the number of GP units (7 in case of BCD-derivatives), the DS is obtained, describing the 

average extent of substitution for one CD molecule.  

 

Figure 14. Series of 1H NMR spectra of HPBCD samples with increasing average degree of 

substitution (DS) (90). 

 By comparing the spectra of HPBCD samples with different DS, two phenomena can be 

observed: with increasing DS, signal broadening increases rapidly (due to the 

microheterogeneous nature of the CD), leading to loss of resolution of distinct signals. 

Furthermore, as the DS increases, an additional anomeric signal arises. The resonances at 

higher chemical shift also exhibit increased integral values with greater degrees of 

substitution. However, the integral does not correlate linearly with the calculated DS. This 

suggests that although the emerging signal is associated with a substituted-type GP, it 
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does not represent the entire population of substituted GPs (GPsub). Nevertheless, it 

provides a reasonable approximation for differentiating of the signals into GPsub and 

GPunsub. 

To commence the assignment of the methine units of the GPsub and GPunsub, the anomeric 

protons serve as a good entry point due to the remarkable spectral separation. To execute 

the initial assignment, a sample with low DS was chosen, since, as Figure 14 shows, by 

increasing DS, the complexity of the spectrum increases. Starting from the anomers, by 

mapping the 1H-1H correlations using TOCSY- and COSY spectra, the various GP units 

can be differentiated, and the sequence of the CH(OH) backbone of the GP units can be 

determined, respectively. 

 

Figure 15. Superimposed COSY (black) and TOCSY (red) spectra of HPBCD DS 3.4 with partial 

assignment of the connectivities (400 MHz, D2O, 298 K). Color coding is used to differentiate 

substituted-type GP (yellow), unsubstituted-type GP (orange) and the HP sidechains (blue) (90). 

 

Similarly, the signals of the HP sidechains were identified by mapping the connectivities 

starting from the well separated Hγ signal at 1.1 ppm. First, in the TOCSY spectrum 

(Figure 15, red contours), the chemical shift of the sidechain α and β protons can be 

deduced. The single COSY correlation (Figure 15, black contours) of Hγ identifies one 

signal of Hβ, which further correlates with various types of α protons (Figure 15, blue 

rectangles). Three different Hα/Hβ correlations were identified, denoted by HαA, HαB, 

and HαC. All these protons exhibit an intensive COSY correlation, pointing to the geminal 
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proton of each, completing the assignment of the previously identified sidechain chemical 

shifts. 

By defining the 1H chemical shift of the units, the corresponding signals in the HSQC 

spectrum were identified (Figure 16). Based on the significant downfield shifting of the 

13C chemical shift of C2sub compared to C2, the substitution of GPsub on OH-2 can be 

unambiguously determined(67) and denoted by GP2sub.  

 

Figure 16. Multiplicity edited HSQC spectrum of HPBCD DS 3.4 presenting the assignment of 

the main resonances (400 MHz, D2O, 298 K). The asterisk indicates the impurity detected in the 

sample, identified as propylene glycol (90). 

 

Based on this assignment, the relative integrals of the two anomeric 1H signals can be 

used to calculate the DS at C2. The signals corresponding to C6 and C66sub of the GP 

backbone were definitively assigned by their sign (with the help of multiplicity editing in 

the 13C dimension) and spectroscopic evidence. Specifically, C6sub experiences a 

downfield shift of 6-10 ppm compared to the unmodified C6 due to alkylation. This 

assignment was further confirmed through HMBC correlations (Figure 17). 

For CD derivatives, the anomeric protons exhibit HMBC cross-peaks with C3 and C5 of 

the same GP unit as well as with C4 carbon of the neighboring GP unit in the clockwise 

direction. In this manner, also the partial separation of C5 and C5sub was recognized, as 

the latter one exhibits around 0.3 ppm upfield shift compared to the corresponding signal 

of the unsubstituted GP unit. 
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Figure 17. DEPT-HSQC (red and blue) and HMBC (green) spectra of HPBCD DS 3.4 with 

assignment of crucial HMBC correlations (400 MHz, D2O, 298 K) (90). 

 

4.1.2. Assignment of the substituent positions 

After assigning the signals of GPunsub, GP2sub, and three types of HP sidechains, the next 

step was to establish the connection points between the GP and HP spin systems to 

determine the location of the side chains. Using HMBC, the correlation between the 

carbon atom of the GP bearing the HP sidechain and the α-proton of the HP sidechain (or 

vice versa) were observed.  

For this purpose, a sample with a higher average DS of 7.9 was selected and analyzed, as 

it displayed more intense HP signals in the HSQC spectrum (Figure 18). In the previously 

analyzed sample with a DS of 3.4, only three distinct α frequencies were identified (αA, 

αB, and αC). In the case of higher DS, two less intense but clearly separated methylene 

signals were additionally detected at higher 13C shifts (denoted by αD and αE, Figure 18). 

These latter resonances also exhibited characteristic HMBC correlations with Hγ, 

confirming their assignment as methylene signals of HP sidechains. The presence of five 

distinct pairs of α signals can be attributed to the chirality of the HP sidechain. Since the 

substituent contains a chiral center, there are six possible isomers: 2sub, 3sub and 6sub, 

each in (R) and (S) configurations. Due to the intrinsic chirality of the CD core, the pairs 

of (R) and (S) enantiomers become diastereomers, leading to distinct resonance 

frequencies. This interpretation is further supported by the consistent observation that the 
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signals of αB and αC appear with equal intensity at any given DS, indicating that they 

represent diastereomers. 

 

Figure 18. Hα region of the multiplicity-edited HSQC spectrum of HPBCD DS 7.9 exhibiting 

five separated pairs of methylene signals (400 MHz, D2O, 298 K) (90). 

 

Figure 19 shows the relevant region of the superimposed HMBC and HSQC spectra of 

HPBCD DS 7.9, comprising the signals corresponding to all potential direct connection 

points of the HP sidechain to the CD scaffold. Solid lines identify the signal (red and blue 

contours) of the correlating moieties in the HSQC spectrum, while dashed arrows confirm 

the correlations based on the probative HMBC cross-peak (in green contour). To facilitate 

the assignment, color-coding was used to distinguish the signals of the three types of HP 

sidechain. 

 

Figure 19. Superimposed HSQC (red and blue contours) and HMBC (green contours) spectra of 

HPBCD (DS 7.9), showing the three-bond correlations between Cα of HP and C2/C3/C6 of GP 
unequivocally confirming the position of substitution (400 MHz, D2O, 298 K) (90). 
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Lacking any signal overlap in both axes, among all the α signals, the assignment of the 

HMBC correlation of αA is the most straightforward and unambiguous. A clear 

correlation with C66sub is readily identified (cyan in Figure 19), consequently, αA is 

assigned as α6sub. The apparent misalignment of the HMBC correlation with αA is due to 

the splitting of the signal, similar to αB and αC. As it is shown in Figure 20, all pairs of α 

signals exhibit selective correlation. Only one proton of the split methylene signals of 

every diastereomer shows the three-bond HMBC correlations, specifically the one with a 

lower 1H frequency. This phenomenon originates from the distinct coupling constants of 

the magnetically inequivalent protons on the same carbon. 

 

Figure 20. DEPT-HSQC (red and blue) and HMBC (green) spectra of HPBCD DS 7.9 

demonstrating the selective three-bond correlations between Hα and Cβ frequencies (400 MHz, 

D2O, 298 K) (90). 

 

In the case of αA, the signals of (R) and (S) sidechains overlap leading to the apparent 

partial alignment. The observation was independently proven by the synthesis of 

enantiopure HPBCD derivatives from (R)- and (S)-propylene oxide (90). Moving on to 

αB and αC, there is an obvious challenge in their individual discrimination. To assign the 

H22sub/Cα correlation (magenta in Figure 19) to the corresponding Cα resonance, a higher 

field instrument was used to register the spectrum with better resolution, as the chemical 

shifts of CαB and CαC overlap at 400 MHz (Figure 19). 

As shown in Figure 21A, the signals of interest are slightly separated along the f1 axis, 

exhibiting ~0.05 ppm difference in 13C chemical shift (Figure 19, blue contours) and both 

methylenes are clearly correlating with H22sub (Figure 19, green contours). The separation 

of the resonances is also evident for the β and γ signals of the HP sidechain. However, 
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instead of splitting of the 1H frequencies, a clear separation of the 13C resonances is 

observed (Figure 21b, c). 

 

Figure 21. a) Superimposed multiplicity edited HSQC spectrum (red and blue) and HMBC 

spectra (green) of HPBCD (DS 4.6) emphasizing the correlations of CαB and CαC signals with 

H22sub (500 MHz, D2O, 298 K). b-c) Partial HSQC spectra of HPBCD (DS 6.3) showing the 

signals β (b) and γ (c) signals of the HP sidechains, showing the separation of 13C frequencies 

(90). 

As αB and αC were both identified as α2sub, the remaining two methylene signals αD and 

αE were assumed to correspond to the α3sub signals, accounting for both enantiomers of 

HP. Due to the multiple overlap of signals in both dimensions, only the H33sub/CαD 

connection (orange color in Figure 19) could be distinguished from the rest of the 

correlations. However, since 33sub has not been assigned earlier, its assignment as C3 can 

be supported by two definite HMBC correlations, as shown in Figure 22. In Figure 22A, 

a clear correlation is observed with another methine-type cross-peak assigned as C4, as 

demonstrated by its HMBC correlations in Figure 22B. This cross-peak exhibits a well-

separated correlation with one of the anomeric signals.  
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Figure 22. Superimposed HSQC and HMBC spectra of HPBCD (DS 7.9) showing the A) 

Indicative HMBC correlation of the assumed 33sub B) HMBC correlations of the anomeric signals 

confirming the identity of the 33sub-connected cross-peak (400 MHz, D2O, 298 K) (90). 

 

Although H1 has three-bond couplings with C3, C5 and the C4 of the neighboring GP 

unit clockwise, as illustrated in Figure 9B, in the C1 axis only H4/C1 can be detected, 

thus confirming the putative assignment of the observed methine as C4. Combining these 

three separate observations, C4 assignment, H4/C3 correlations and H3/CαD correlation, 

the assignment of 33sub and consequently αD as α3sub is verified. 

4.1.3. Comparison with analogous methylated-β-CD 

The NMR assignment of various HP sidechains was confirmed by the analysis of the 

analogous randomly substituted methylated-β-CD (Me-BCD). Me-BCD, similarly to 

HPBCD is a randomly alkylated RS CD derivative bearing methyl substituents. Due to 

the simplified spectra, the signals of Me-BCD are more straightforward to assign. 

The relative location of the methyl-substituents (which resemble the α-moiety of the HP 

sidechains) shows identical patterns to those previously revealed for HPBCD, thus 

reinforcing the assignment disclosed. The chemical shifts of analogous sidechain types at 

different positions shift downfield in both 1H and 13C frequencies in the order of δ3> δ2> 

δ6 (Figure 23).  
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Figure 23. Partial multiplicity-edited HSQC spectrum of HPBCD (DS 7.9) and random 

methylated β-CD (Me-BCD, DS 12.5), illustrating the identity of chemical shift pattern of the 

substituents on various positions (400 MHz, D2O, 298 K) (90). 

 

4.1.4. NMR assignment of the glucopyranose signals 

To achieve a quasi-full assignment of the HPBCD signals, an in-depth investigation of 

the anomeric frequencies was performed. As previously shown in the anomeric region of 

the HSQC spectrum of the HPBCD with DS 7.9, three well-separated signals were 

identified (Figure 22B). The resonance with the highest 1H frequency was earlier assigned 

as 12sub. Consequently, the other two anomeric cross peaks situated at lower 1H resonances 

should originate from GPunsub and GP3sub and GP6sub. The chemical shift changes of the 

anomeric signals upon 2-hydroxypropylation indicate that lower 13C frequency of the 

anomer was influenced by the OH-3 substitution, as it is in close vicinity to C1 compared 

to OH-6. The substitution of the OH-6 position is thought not to perturb the chemical shift 

of the anomer (Figure 24A). 

 

Figure 24. Partial HSQC spectrum of A) HPBCD (DS 7.9) and B) single isomer (SI) 

permethylated β-CD derivatives: heptakis-2-O-methyl-β-CD (maroon), heptakis-3-O-methyl-β-

CD (orange) and heptakis-6-O-methyl-β-CD (green), and native β-CD (black), revealing the 
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identity of the pattern of chemical shift changes of the anomers upon alkylation on various 

positions (400 MHz, D2O, 298 K) (90). 

 

To support the putative assignment of the anomeric signals, SI permethylated β-CD 

derivatives were examined. Specifically, the spectra of heptakis-2-O-methyl-β-CD (2-

Me-β-CD), heptakis-3-O-methyl-β-CD (3-Me-β-CD) and heptakis-6-O-methyl-β-CD (6-

Me-β-CD) were compared to native β-CD. In this manner, we were able to elucidate the 

effect of alkylation at different positions on the chemical shift perturbation of the 

anomers.  

The superimposition of the three SI-Me-β-CDs on the β-CD spectrum revealed that the 

methylation at the OH-2 position results in ~1.5 ppm shift of the C1 resonance towards 

lower frequencies (accompanied by concomitant deshielding of H1), while methylation 

at OH-3 evokes a ~1.1 ppm decrease in 13C chemical shift along with a minor change in 

1H chemical shift. Finally, methylation at the OH-6 position has no chemical shift 

perturbation effect on the anomeric 13C resonances. Aided by this comparative evaluation, 

the anomeric assignment of HPBCD was justified. 

4.1.5. Assignment of the oligomerized sidechains 

It is well-documented that the HP sidechains can also react with the alkylating agent, 

resulting in sidechain oligomerization, especially when large excess of propylene oxide 

is used. This phenomenon significantly influences the molecule’s structural features and 

also poses a greater challenge in its characterization. When employing the standard 

procedure to calculate the DS, side-chain oligomerization causes a distorted or “apparent” 

value that does not accurately represent the true level of substitution. Consequently, it 

becomes vital to assess the extent of oligomerization. 

By comparing the spectra of a series of HPBCD samples synthetized under high alkali 

conditions with increasing amount of propylene oxide and concomitantly progressive 

incrementing DS (from 7.1 up to 14.7), it becomes straightforward to distinguish a new 

set of methylene signals corresponding to the oligomerized sidechains (Figure 25c, 

orange rectangle). The increasing extent of OH-6 substitution can also be easily 
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recognized (Figure 25a-c, grey rectangles), and accordingly, the signal corresponding to 

C56sub also becomes more intensive (Figure 25a-c, green rectangles).  

 

Figure 25. Multiplicity-edited HSQC spectra of HPBCD samples with increasing DS indicating 

the enhanced OH-6 substitution (grey rectangles), identification of C56sub (green rectangles) and 

the oligomerized-type sidechain (orange rectangle) (400 MHz, D2O, 298 K) (90). 

 

4.1.6. Comparison of substituent distribution 

With the signals representing the HP substituents at various positions identified, it 

becomes possible to compare the PS of various batches. To illustrate the influence of 

synthetic conditions on the PS, we have compared HPBCD samples possessing 

practically the same DS. Figure 26 shows the comparison of the 13C spectra of two 

samples with calculated DS of 7.1 and 7.2. In the Cα region (~79-75 ppm) a remarkable 

difference in the Cα2sub/Cα6sub ratio is evident. Variations in the extent of derivatization 

on the primary and secondary side can significantly impact complexation ability, as 

demonstrated in earlier studies. 
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Figure 26. Comparison of the 13C NMR spectra of two HPBCD samples with nearly identical DS 

values highlights clear differences in the substitution distribution confirming the disparity in their 

PS profiles (400 MHz, D2O, 298 K). The asterisk denotes the signals of the propylene glycol 

impurity (90). 

 

Using the presented assignment, it is possible to determine the extent of substitution at 

distinct positions directly from the 13C spectrum. For quantitative analysis, inverse-gated 

decoupling is required. 

First, the DS can be calculated based on the intensity ratios of the anomeric signals and 

the Cγ resonances. By normalizing the sum of integrals for all the anomeric signals to 

seven (C1unsub/C16sub + C13sub + C12sub), the integral of Cγ provides the DS directly. To 

calculate the substituent distribution there are two possibilities, either through Cα signals 

or through the anomeric signals. Using the Cα signals, the substitution extent at C2 and 

C6 (DS2 and DS6, respectively) can be directly derived from the integrals of the 

corresponding signals. However, Cα3sub overlaps with a C4sub-type frequency. Since the 

total DS, DS2, and DS6 are known, the extent of substitution at C3 (DS3) can be calculated 

as DS3 = DS – DS2 – DS6. Similarly, using the anomeric signals, DS2 and DS3 can be 

directly calculated, and DS6 is derived as DS6 = DS – DS2 – DS3. 

An analysis of the PS of CAVASOL® W7 HP from Wacker was carried out using both 

approaches. The results showed very good agreement between the two methods (Table 4) 

as well as with the previously determined PS obtained by the Hakomori method. 
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Table 4. Calculated substitution distribution of CAVASOL® W7 HP (90). 

DS = 4.49 OH-2 OH-3 OH-6 

Cα 2.68 

(60%) 

4.49 – 2.68 – 0.44 = 1.37 

(30%) 

0.44 

(10%) 

C1 2.62 

(58%) 

1.43 

(32%) 

4.49 – 2.62 – 1.42 = 0.45 

(10%) 
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4.2. Assessing the potential of sugammadex to capture aminosteroid phytotoxins 

To evaluate the ability of SGM to capture natural aminosteroids phytotoxins, first SS was 

chosen as a model compound for a comprehensive binding study.  

4.2.1. NMR spectroscopic study 

4.2.1.1. 1H NMR titration 

NMR titration is commonly employed to study CD complexes through the stepwise 

addition of the CD to the guest molecule. In our case this approach was not feasible due 

to the extremely poor aqueous solubility of SS. To prepare a solution of SS, DMSO was 

chosen as co-solvent. First, SS was solubilized in a calculated amount of DMSO then it 

was diluted with D2O to obtain a homogenous suspension in a solvent mixture of 10% 

DMSO in D2O. To ensure consistent solvent conditions throughout the titration, an 

equivalent amount of DMSO was added to the SGM solution. 

Upon the stepwise addition of SS to the SGM solution, alongside the emerging SS 

resonances a second set of SGM signals at lower frequencies appeared, with gradually 

increasing intensity without significant chemical shift changes (Figure 27A, signals 

labeled with c). Simultaneously, the intensities of the initial SGM signals gradually 

decreased.  

The observation of two separate series of CD signals clearly indicates that SGM is 

complexing SS, and the formed complex is in slow exchange, suggesting a high binding 

constant (Ka>105 M-1). When the SGM:SS molar ratio reached 2:1, the signals 

corresponding to the free form of SGM and that in complex (denoted by f, and c, 

respectively) displayed nearly equal intensities. This suggests that half of the SGM 

molecules are in the complexed form while the other half remain free. The further addition 

of SS up to an equimolar concentration led to the complete disappearance of the free SGM 
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resonances.

 

Figure 27. 1H NMR spectra monitoring chemical shift changes upon titration of SGM with SS 

(700 MHz, 298K). (A) Spectral region for the 1’ environment of SGM, and (B) for the 2’,3’, 4’,5’, 

6’ environments of SGM. Peaks corresponding to the free form are labeled with f, while the 

appearing new resonances belonging to the complex are denoted with c. Apostrophized numbers 

denote protons of SGM (75).  

 

Continuing the addition of SS, an increasing amount of precipitate was observed, and no 

further changes occurred in the NMR spectra. Conversely, the addition of excess SGM 

completely solubilized the precipitate and the signals of free SGM appeared. The lack of 

free SS signals is attributed to the poor solubility of the steroid, in which keeps its free 

concentration in the solution below detectable levels. However, in presence of SGM, SS 

is solubilized (in equimolar ratio) by forming a well-soluble inclusion-type complex. 

To justify the assignment of the distinguished set of SGM signals, a 2D ROESY 

experiment was carried out. Intermolecular NOE cross-peaks were only observed 

between the signals of SS and the more shielded set of SGM signals, but not with the 

initial SGM frequencies (Figure 28), confirming the nature of the two forms as complex 

and free form of SGM, respectively. As SS exhibited spatial proximity to the cavity 

protons of SGM (H3’ and H5’), the inclusion of the steroid was also confirmed.  
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Figure 28. 1H-1H ROESY NMR spectrum of the SGM:SS 2:1 system (700 MHz, 298 K, 10% 

DMSO-d6 in D2O). The superscripts in the assignment and the color-coding stand for free and 

complexed form of SGM (blue with the superscript f and red, with the superscript c, respectively). 

The signals of free SGM do not have intermolecular correlations with SS frequencies, while 

between the complex form of SGM and SS multiple NOE correlations are present (75). 

 

4.2.1.2. Structure of the complex 

The unambiguous structure determination of the SGM/SS complex through NOE 

correlations is hindered by severe signal overlaps in the aliphatic region. However, the 

orientation of SS in the SGM cavity can be determined by analyzing the NOE cross-peaks 

of the four methyl groups of SS (H24, H25, H26, H27), situated at different parts of the 

steroid core (Figure 29). Strong intermolecular correlations were detected between H24 - 

H3’; H25 - H5’; H26 – H7’; H27 - H7’ signals, indicating that the piperidine ring of SS 

is oriented towards the primary side of the SGM cavity (Figure 29B). This arrangement 

is further supported by the strong intermolecular NOE cross-peaks between H5’ - H12 

and H5’ - H15 as well as between H3’ – H1. These findings are in accordance with the 

expectations that SS penetrates the cavity in a manner that facilitates ionic interactions 

with the oppositely charged sidechains of SGM.  
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Figure 29. (A) ROESY NMR spectrum of the SGM:SS 2:1 system with the assignment of the 

crucial intermolecular NOE correlations to determine the guest’s orientation (700 MHz, 298 K, 

10% DMSO-d6 in D2O). Numbers without apostrophe denote the protons of SS while those 

apostrophized correspond to SGM. (B) Tentative structure of the SGM/SS complex based on the 

identified NOE correlations. Color coding is used to differentiate intermolecular correlations with 

the various protons of SGM: orange – interaction with H3’; green – interactions with H5’; purple 

– interaction with H6’; grey – interaction with H7’. The dark circles indicate strong correlation, 

while light circles stand for medium strength or weak NOE signals (75). 

 

4.2.1.3. Effect of DMSO on the equilibrium 

During the titration experiments, a minor fast exchange process was observed alongside 

the slow exchange process between SGM and SS, indicated by the slight shifts of 

resonances (Figure 30B). The effect was attributed to the influence of the DMSO content, 

suggesting a competitive binding between SS and DMSO to SGM. To confirm this 

hypothesis, additional series of titration experiments were performed, using solvents with 

0% and 25% DMSO. By comparing the three conditions, it was found that increasing 

DMSO content decreased the fraction of bound SGM in the equilibrium and increased 

the shifting of the resonances (Figure 30). These findings confirm the competitive fast-

exchange process, where DMSO competes with SS for inclusion in the SGM cavity. 



55 

 

 
Figure 30. Effect of DMSO on the equilibrium between SGM and SS. (A) time dependence of 

the complex formation showing the fraction of SGM in complex for the SGM:SS 2:1 sample and 

(B) anomeric region of the 1H spectrum with different DMSO contents. (700 MHz, 298 K, various 

solvent mixtures) (75). 

 

4.2.1.4. Effect of temperature 

The SGM/SS complex (2:1) was studied in the 278-323 K temperature range (Figure 31, 

showing the SGM anomeric region). An increase in temperature resulted in line 

broadening of all peaks. The expected doublet splitting of H1’ is observed for both the 

free and the bound forms, however, the resonances corresponding to the bound form are 

noticeably narrower, suggesting a higher degree of rigidity. With increasing temperature 

all peaks broaden, and the signal ratios remain unchanged. Above 303 K, the doublet 

splitting of the free form is no longer observable, while for the bound form this 

broadening occurs above 313 K. More importantly, in this temperature range the 

resonances of the free- and bound forms of SGM remain separated and still far from 

coalescence, indicating that the system is still in the slow exchange regime. 
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Figure 31. Temperature dependent 1H NMR spectra of SGM:SS 2:1, showing the anomeric 

region of SGM. (700 MHz, 10% DMSO-d6 in D2O, various temperatures) (75). 

 

In the slow exchange regime of the system, EXSY spectroscopy can be employed to 

calculate pseudo-first order equilibrium constants. Plotting the off- and on-diagonal peak 

volume integrals for the bound and free forms of SGM protons, the slope of the initial 

region provides the rate constants kfc and kcf corresponding to the complex formation and 

dissociation processes, respectively (Figure 32B).  

 

Figure 32. (A) H5’ and H3’ region of the 2D EXSY spectrum of a sample with SGM:SS 2:1 

composition (700 MHz, 298 K, 10% DMSO-d6 in D2O) (tmix = 100 ms). (B) Calculation of the k 

exchange rates from the H3’ using the volume integrals extracted from EXSY spectra. Blue points 

represent the off- and on- diagonal integral ratios for the free H3’; while red points belong to 

bound H3’. The equation of the linear fit for the initial regime is shown, values of the slope 

represent the k values (75). 
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Using Eq. 5, the exchange rate of the equilibrium can be calculated, resulting in kex = 5.8 

s-1. 

The temperature dependence of the exchange rate was also tested, in order to determine 

further thermodynamic parameters. EXSY spectra were acquired at constant 0.1 s mixing 

time in the temperature range between 278 and 313 K. Calculated values at a given 

temperature for H3 and H5 environments were in good agreement, therefore, for the 

Eyring plot representation the average values are used (Figure 33).  

 

Figure 33. Eyring-plot of the kex values from the average values of H3’ and H5’ volume integrals 

(75). 

 

This linear fitting provided the values of ΔH‡ = 53.2 kJ/mol for the enthalpy of activation 

and ΔS‡ = -49.7 JK-1mol-1 for the entropy of activation, which results in ΔG‡ = 68.0 kJ/mol 

for the Gibbs energy of activation at 298 K. 

4.2.1.5. Effect of glycosylation 

To study the effect of glycosylation on the complexation of aminosteroids by SGM, SN 

and its glycoside ASN were compared. Initially, a complexation study similar to that of 

described above was carried out for both SN and ASN. To avoid the disrupting effect of 

DMSO as a co-solvent on the equilibrium, a co-solvent-free approach was used. Initially, 

SN and ASN were dissolved directly in D2O and their 1H NMR spectra were recorded. 

Equimolar complexes were then prepared by grinding the components together using a 

mortar and pestle, dissolving in D2O, and recording the 1H spectra of the solutions.  

Both SN and ASN exhibited limited aqueous solubility on their own but were successfully 

solubilized by forming equimolar complexes with SGM. The resulting spectra closely 

resembled those of the SGM/SS complex. In both cases, the bound and free forms of 
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SGM were detected alongside the signals of the aminosteroid compounds (Figure 34a-b). 

When excess SGM was added to the samples, the signals of the free SGM emerged, while 

the signals of the complexes remained unchanged. The observation of a slow exchange 

regime further indicated the strong nature of the complexes.  

 

 

Figure 34. 1H NMR spectra of SGM/SN and SGM/ASN complexes. a) Stacked 1H NMR spectra 

of SGM alone (red), SGM:SN 1:1 ground mixture (green) and SGM:SN 2:1 mixture (blue) (D2O, 

neutral pH, 500 MHz, 298 K, pH ~6.2, pD ~6.6). b) comparison of SGM:ASN 1:1(green) and 

SGM:ASN 2:1 (blue) systems, and c) comparison of SGM:SN 2:1(blue) and SGM:ASN 2:1 

(turquoise) systems (500 MHz, 298 K, D2O) (91). 

 

A comparison of the 1H NMR spectra of the SGM/SN and SGM/ASN complexes revealed  

slight differences. When excess SGM was added, signal broadening was observed in the 

SGM/SN system, whereas no such changes were noted in the SGM/ASN system (Figure 

34c). This suggests the presence of a secondary, intermediate-rate process in the SGM/SN 

system. It is likely that a second SGM molecule binds to SN, similar to the interaction 
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previously reported between cholesterol and heptakis(2,3,6-tri-O-methyl)-β-CD [5]. In 

contrast, such binding is unlikely to occur between ASN and SGM due to the steric 

hindrance posed by the attached trisaccharide moiety.  

The complex stability was tested by heating the complexes up to 313 K (the limit of the 

physiological range) and also by dilution up to 2-3-fold. Both complexes remained intact, 

as no disruption of the equilibrium was detected in any of the cases, proving the high 

stability of the associations.  

The structures of the complexes were explored by 2D ROESY NMR experiments. The 

orientation of the guests was studied by the inspection of the intermolecular correlations 

of the well separated H6 and the methyl protons H24, H25, H26 and H27, starting with 

the spectrally less crowded SN. Correlations with the cavity protons H3’ and H5’ of SGM 

confirmed the inclusion of the guest. At the studied pH, H3’ and H5’ of SGM overlap 

make it difficult to directly deduce the guest’s orientation; however, proximity to H6’ and 

the side-chain protons H7’ and H8’ can provide insights. Intense cross-peaks were 

observed between both the cavity protons and H6’a,b and H24 of SN, while the side-

chain protons exhibited weaker correlations with the methyl groups H25 and H26. This 

suggests that SN enters the cavity with the piperidine ring positioned near the primary 

side and the A and B rings of the steroid deeply embedded in the cavity. Interestingly, 

weaker correlations were also detected between H6 of SN and both H7’ and H8’ of SGM, 

suggesting that an alternative complex with reversed orientation may also form. 

Additionally, cross-peaks between the guest's H6 and the protons of the CD pointing 

outward from the cavity (H2’ and H4’) were identified, indicating the formation of an 

outer-sphere complex. 
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Figure 35. Partial 1H-1H ROESY spectrum of the SGM/SN complex, with magnification of a) 

the H6 region b) the methyl region of SN c) the methyl region of SN (red) overlapped with the 

same section of the SGM/ASN spectrum (pink). The non-apostrophized numbers correspond to 

SN signals, while those apostrophized numbers correspond to SGM protons (91). 

 

The structure elucidation of the SGM/ASN complex was hindered by the numerous signal 

overlap, as the trisaccharide residue signals appeared in the same spectral region as those 

of the SGM frequencies. However, the side-by-side comparison of the ROESY spectra of 

the two complexes revealed an identical cross-peak pattern (Figure 35c), indicating that 

the guest molecules adopt the same orientation in both complexes.  

In contrast to the SGM/SN complex, no proximities were detected between H6 of the 

steroid core and the sidechain protons H7 and H8 of SGM in the glycoside complex, 

ruling out the presence of an alternative orientation of ASN. 

4.2.1.6. Effect of pH 

Both the CD and the alkaloids exhibit pH-dependent charges. SGM is an octavalent acid, 

with the pKa values ranging from 3.8 (lowest) through 6.6 (highest) (92), while SN and 

ASN are tertiary amines with estimated pKa values exceeding 9. Consequently, at 

physiological pH (7.4) the amines are positively charged, whereas SGM is present as a 

heptaanion. As acidity increases, SGM becomes gradually protonated, resulting in a 

decrease in total charge, while the alkaloids remain monocationic. Conversely, under 

basic conditions, SN and ASN deprotonate, resulting in the loss of their positive charge. 
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Consequently, at physiological pH, SGM and the phytotoxins carry opposite charges, 

leading to the emergence of intermolecular ionic interactions that are believed to stabilize 

the complexes (7). To assess the significance of these ionic interactions on complex 

stability, ¹H NMR spectra were recorded for both complexes under various pH conditions 

(Figure 36). 

 

Figure 36. pH-dependent 1H NMR spectra of SGM/SN (a, c, e) and SGM/ASN (b, d, f) complexes 

(1:1 ratio) (500 MHz, 298 K, D2O) (91). 
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4.2.1.6.1. Host-guest interactions under basic conditions 

As the pH approaches the pKa of SN, the tertiary amine begins to lose its positive charge 

through deprotonation. In the case of the SGM/SN complex, precipitation was observed 

when the pH reached 9.5 after the addition of base. The 1H NMR spectrum revealed that 

approximately 70% of the complex dissociated (Figure 36a), as evidenced by the 

appearance of SGM signals (denoted by orange and grey), which correspond to those 

previously identified for the free form of SGM. Concurrently, the signal intensities of SN 

decreased significantly. Further increase in pH (to 11.5 and 13.0), aimed at full 

deprotonation of SN, did not result in additional dissociation of the complex. The 

remaining SN in solution exhibited two sets of signals, characterized by the splitting of 

the well-separated H6 signals and the broadening of the other peaks. These two forms of 

SN are assumed to represent opposite orientations within the cavity, a conclusion 

supported by previous findings from the 2D ROESY NMR experiment. Upon re-

neutralization of the system, the solid precipitate resolubilized rapidly, and the ¹H NMR 

analysis revealed the immediate reassembly of the complex (Figure 36c). 

In contrast, when the solution of the SGM/ASN complex was adjusted to pH 10, no 

significant decrease in the signal intensities of ASN was observed, and no immediate 

precipitation occurred. Only a small amount of free SGM was detected in the ¹H NMR 

spectrum (Figure 36b). However, the signals of both ASN and SGM separated into two 

distinct sets of resonances with similar intensities. (Figure 36b). Analysis of the ROESY 

spectrum revealed the presence of two distinct types of SGM/ASN complexes within the 

system (Figure 37). 
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Figure 37. Overlapped 2D spectra of the SGM/ASN complex in basic solution. a-d) Partial 

ROESY spectra zoomed to the region of the correlations of H6 (a,c) and the methyl groups (b,d) 

of ASN with the sidechain (a,b) and cavity (c,d) protons of SGM e-f), HSQC spectra zoomed to 

H6 (e) and methyl (f) signals of ASN (500 MHz, 298 K, D2O, pH ~10.5). The non-apostrophized 

numbers indicate SN signals, while those apostrophized correspond to SGM protons (91). 

 

The region corresponding to the duplicated H6 signal of ASN (Figure 37 a, c, e) provides 

demonstrative evidence for the distinct orientations of the guest in SGM cavitys: While 

6A correlates with H7’ and H8 of the SGM sidechain, 6B shows clear cross-peaks with 

the cavity protons but not with the sidechain protons, indicating opposite orientations 

within the cavity. The same conclusion can be drawn from the methyl region of the 

spectrum (Figure 37 b, d, f): only one of the doublet methyl signals from the rhamnose 

unit (6Rha) exhibits clear correlations with the SGM sidechains, suggesting that the 

trisaccharide faces the primary side of the cone. Conversely, correlations with the cavity 

protons are absent, as the trisaccharide did not enter the cavity. In a similar manner to H6, 

one of the pair of H24 singlets correlates with the sidechain protons (H7 and H8) of SGM, 

while both show intense cross-peaks with the inner protons of the cavity (H3 and H5). 

However, the overlapping signals of the separated H25 methyls with H27 protons hinder 

the determination of their orientation based on the detected cross-peaks. 
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These findings underscore the critical role of ionic interactions between the tertiary amine 

moiety of the steroid and SGM sidechains to stabilize and to drive the direction of 

inclusion in the supramolecular complex. Furthermore, they demonstrate that the steroid 

backbone can also form hydrophobic interactions with the cavity of SGM, albeit with a 

lower affinity. The additional stabilizing effect of the trisaccharide sidechain of the 

glycoside is also clearly highlighted.  

4.2.1.6.2. Host-guest interactions under acidic conditions 

In case of the SGM/SN complex, adjusting the pH to 1.5, resulted in precipitation of the 

sample and broadening of the signals in the 1H spectrum (Figure 36e). This signal 

broadening is attributed to the reduced solubility of the complex, which occurs due to the 

complete protonation of SGM. The assumption that the observed precipitate is indeed the 

complex is supported by the absence of free SGM signals and the presence of a 1:1 

complex, as confirmed by the integration of SN and SGM signals. This suggests that the 

neutral form of SGM and the cationic form of SN can still form a stable inclusion-type 

complex. These findings further emphasize the importance of hydrophobic interactions 

between the steroid backbone of SN and the apolar cavity of SGM in stabilizing the 

complex, challenging the notion that ionic forces alone maintain the host-guest 

interaction. 

In contrast, no precipitation was observed in the case of SGM/ASN complex at pH 2.0, 

likely due to the more hydrophilic character of the complex arising from the trisaccharide 

moiety. Nonetheless, two distinct forms of the complex were identified based on the two 

separated H6 resonances of ASN and the absence of free SGM signals in the ¹H NMR 

spectrum. Given that different protonation states can be ruled out under these conditions, 

it can be concluded that two distinct structures of the SGM/ASN complex coexist 

simultaneously in the system, similarly to those seen in basic environment. 

4.2.2. X-ray crystallography study of the SGM/SN complex 

The structure at 1.04 Å resolution comprises two crystallographically independent SGM 

molecules, SGMa and SGMb, that form a tail-to-tail dimer centered and parallel to the 4-

fold axis of the unit cell, in the cavity of which the SN guest molecule is enclosed (Figure 

38). The asymmetric unit contains in fact: one quarter of the host (two glucopyranose 

moieties of each SGMa and SGMb, the full SGM host generated by application of the 
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four-fold symmetry around the 4-fold axis). Each SGM dimer fully encapsulates one SN 

guest molecule disordered over four positions, i.e. each SN molecule is found in one only 

of the four crystallographically equivalent positions of the cavity related by the 4-fold 

symmetry and has partial occupancy of 0.25, because there is not enough space within 

the dimer inner space to accommodate even a second guest. However, on average, all 

possible orientations of SN in the cavity are found in the crystal. In addition, the 

asymmetric unit comprises 2 sodium cations and 23 water molecules (each with 

occupancy fixed at 0.25) distributed over 8 and 92 sites, respectively.  

 

Figure 38. Crystal structure of the SGM/SN complex (solvent molecules are removed for clarity) 

(created by pymol) (91). 

 

The dimer is stabilized by numerous intermolecular H-bonds between the secondary OH 

groups of SGMa and SGMb. Each O3A of SGMa H-bonds to O3B and O2B of SGMb, as 

was found in other cases of dimeric cyclodextrin-guest complexes (93,94). Intramolecular 

H-bonds between secondary OH groups of adjacent glucopyranose subunits contribute to 

the rigidity of each cyclodextrin ring, leading to a rather undistorted geometry. Rings A 

and B of the SN guest are found inside SGMb, rings C and D are mostly in the space 

between the two SN monomers, whereas rings E and F are inside SGMa. The guest sits 

parallel to the 4-fold axis of the dimer and somewhat off-center, due to the above-

mentioned disorder. 
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The OH group (ring A) of SN is placed at the SGMb primary side of the dimer and H-

bonds to the nearest sulfur atoms of SGMb (O-S distances of 2.64 Å), this being the closest 

host-guest interactions in the structure. The primary sides of the hosts along the dimer’s 

channels interact with each other either directly via the carboxyl groups of SGMa and 

SGMb or indirectly by a dense network of sodium ions and 12 water molecules located in 

the interdimer space along the 4-fold axis.  

4.2.3. ITC studies 

Despite the rather high sensitivity of ITC, SS and SN exhibited insufficient intrinsic 

solubility for the conventional non-competitive setup, where the solution of the guest is 

titrated by the sequential addition of the solution of the host. In this arrangement, the free 

aminosteroids in the cell were either completely consumed by the first 1-2 injections of 

SGM, inhibiting a proper data fitting, or the generated heat per injection was too small 

(at the magnitude of the baseline) when the SGM solution was diluted and the injection 

volume decreased, preventing accurate data collection.  

Consequently, distinct approaches were used for the glycoside and the aglycon 

complexes. While in the first case the solubility was suitable for direct titration both at 

physiological and acidic pH, the complex stability between SS, SN and SGM was 

determined by a competitive titration method.  

4.2.3.1. Binding stability of the SGM/ASN complex  

To explore the effect of pH on the binding affinities between ASN and SGM, the titration 

was carried out at pH 7.4 as well as at pH 4.0 at 30 °C. In acidic environment, the stability 

decreased from Ka = 6.02×10
6
 M

-1
 to Ka = 1.61×10

6 
M

-1
, indicating the slight influence 

of the overall charge on the complex stability. While at physiological pH SGM is 

predominantly octaanionic, at pH of 4.0, it is primarily in a monoanionic form [6]. The 

complete protonation of SGM was omitted to avoid the precipitation during titration.   

The temperature-dependence of the complex stability was also determined at 

physiological pH (Table 5). By increasing the temperature from 20 to 37 °C, the 

association constant decreased from 1.2×10
7
 M

-1
 to 5.7×10

6
 M

-1
, which shows only 

minor influence of the temperature on the binding affinity.   
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Table 5. Complex stabilities of ASN with SGM and γ-CD (GCD) at different temperatures (91). 

T / °C  Ka(SGM)/M
-1

  Ka(GCD)/M
-1

  

20  1.2×10
7

 ± 3.9×10
6

 2.4×10
4

 ± 1.0×10
4

 

25  9.9×10
6

 ± 2.7×10
6

 3.5×10
4

 ± 8.9×103
 

30  6.0×10
6

 ± 2.0×10
5

 3.6×10
4

 ± 5.6×10
3

 

37  5.7×10
6

 ± 1.5×10
6

 2.9×10
4

 ± 4.5×10
3

 

 

By examining the temperature dependence of the contribution of ΔH and –TΔS by varying 

temperature (Figure 39A), it is observed that as the temperature increases, electrostatic 

and Van der Waals interactions become more significant in the complexation process. 

Additionally, the change in molar heat capacity was calculated, resulting in -911 ± 17 

J/mol/K (Figure 39B).  

 

Figure 39. A) Change in the contribution of ΔH and –TΔS by temperature change. By increasing 

temperature, Van der Waals interactions become decisive in the complexation process. B) 

Calculation of the molar heat capacity change of ASN-SGM binding (91). 

 

To assess the impact of the thiopropionic acid sidechains of SGM on complex stability, 

the same series of experiments were carried out with native GCD as well. At each 

recorded temperature, the ASN/GCD complex stability is 2-3 order of magnitude lower 

compared to SGM/ASN (Table 5). However, the temperature-dependence of the 

ASN/GCD complex was found to be lower compared to the SGM/ASN complex, with a 

calculated change in molar heat capacity of -210± 60 J/mol/K.  
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4.2.3.2. Binding stability of the SGM/SS and SGM/SN complexes  

To determine the complex stability of SGM with the aglycons, a competitive binding 

approach was employed. Given that the Ka for both SGM/SS and SGM/SN complexes 

was anticipated to be greater than 10
5
 M

-1
, a competitor host with medium-range binding 

affinity was needed. If the competitor’s binding affinity were too weak, insufficient 

aminosteroid would be solubilized preventing the achievement of an adequate 

concentration in the solution. Conversely, if the complexation were too strong (and the 

affinity difference is insufficiently low), it would be difficult to saturate all guest 

molecules with the injected SGM. In these regards, GCD was chosen as the competitor 

host, as its Ka(GCD/aglycon) values were estimated to be in the range of 10
3
-10

4 
M

-1
.  

To determine the complex stability, the following experimental arrangement was used: 

SS and SN was (pre)solubilized by the addition of known amount of GCD and titrated by 

the solution of SGM (with known concentration as well).   

However, competitive titration traditionally has the limitation that the parameters of the 

competing binding process must be determined independently. In our case, neither of the 

complexes could be measured independently. To address this issue, a new approach was 

applied to simultaneously determine the binding constants for both the GCD and SGM 

complexes.   

While the concentration of SGM in the syringe was kept constant at 500 μM, several 

experiments were carried out with varying concentrations of the competing GCD in the 

range of 0.5–5 mM in the cell. As the concentration of the competitor increased the slope 

of the thermogram decreased (Figure 40), indicating that more SGM was required to reach 

saturation.   

 

Figure 40. Isothermal calorimetry titration of SS with SGM at 25 °C in the presence of various 

concentrations of GCD in the reaction cell (75). 
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The stability constants were calculated based on the reasonable assumption that using the 

correct binding constant of the weak binder (GCD) in fittings with the competitive model 

should yield consistent results for the strong binder (SGM) across experiments with 

varying concentrations of the competitor. Initially, a series of Kd values for GCD/SS in 

the expected range were set as input parameters in the competitive evaluation model. The 

corresponding Kd values for SGM/SS were then calculated for all the experiments. The 

relative standard deviation (SD/mean) for the Ka(SGM/SS) values was plotted against 

Ka(GCD/SS) (Figure 41). The curve reached a minimum at the best fitting Kd(GCD/SS) 

value. In this manner, Kd(GCD/SS) has been calculated to be 468 μM at 25°C and 514 

μM at 37 °C, equivalent to Ka values of 2.14×10
3
 M

-1
 and 1.95×10

3 
M

-1
, respectively, 

which indeed falls in the preliminary estimated range.   

 

Figure 41. Assessment of the binding constant for the GCD/SS complex (Kd(GCD/SS)) at (A) 25 

°C, (B) 37 °C (75). 

 

Using the obtained stability constants as input parameters, the desired association 

constants of SGM/SS could be derived, resulting in Kd values of 142±5 nM (mean±SD) 

at 25 °C and 241±17 nM at 37 °C. These translate to Ka values of 7.03×10
6
 M

-1
 and 

4.17×10
6
 M

-1
, respectively. 
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The average thermodynamic parameters obtained at both investigated temperatures are 

listed in Table 6. Similarly to the calculation of Ka(SGM/SS) using the competitive 

method, deriving the molar enthalpy and entropy change for the SGM/SS complex 

formation requires the ΔH for the competing GCD/SS complex formation. However, this 

parameter could not be independently determined. Therefore, based on previous results, 

a tentative value of ∆H = -4 kcal/mol was used to derive the missing parameters.  

While ΔG (and thus the binding affinity) does not change remarkably with varying 

temperature, the increased influence of electrostatic and van der Waals forces is observed 

from the decreasing value of the molar enthalpy change, and the increasing entropy 

contribution at higher temperatures. The average ΔH is calculated to be -9.33 kcal/mol 

along with an average ΔG of -9.34 kcal/mol at 25 °C for the SGM/SS binding process.   

To demonstrate experimentally, and to highlight the specificity of SGM in the formed 

inclusion complexes, the binding affinity of sulfobuthylether-γ-CD (SB-GCD), a 

randomly substituted anionic CD derivative towards SS was tested. First, SB-GCD was 

titrated into an SS solution stabilized by 1 mM GCD, but no clear binding was observed, 

likely due to similar binding enthalpies or weak SB-GCD affinity. Next, SS was 

presolubilized with SB-GCD, and titrated with SGM, producing an exothermic response. 

The calculated Kd values for SB-GCD/SS were 96 μM at 25 °C and 103 μM at 37 °C. 

These values were about 3 orders of magnitude weaker than those for the SGM/SS 

complex (Table 6.), reinforcing that the unique structure of SGM is crucial to achieve the 

high specificity for the SS aminosteroid.   

Table 6. Binding parameters of SGM, GCD, and SB-GCD for SS derived from ITC competitive 

titration (75). 

  
ΔH  

(kcal/mol)a  

ΔG 

 (kcal/mol)b  

TΔS  

(kcal/mol)b  

Ka(GCD)  

(M-1)  

Ka(SB-GCD)  

(M-1)  

Ka(SGM)  

(M-1)  

25 °C -9.33±0.67 -9.34 -0.01 2.14×103 1.04×103 7.03×106±2.3×105 

37 °C -10.56±0.59 -9.39 1.19 1.95×103 9.71×103 4.17×106±2.8×105 

aMean ± SD values for ΔH of SGM-SS binding. We have to note that a -4 kcal/mol value for ΔH of GCD-

SS binding was fixed upon calculations.  
bΔG and TΔS for SGM-SS binding.  
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The binding affinity of the SGM/SN complex was determined using a similar approach. 

GCD was added at concentrations of 1 mM or 5mM concentrations for competitive 

titration. However, unlike the SGM/SS binding, an additional process that influenced the 

binding isotherm was observed in the final phase of the titration, after the SN was 

transferred from the GCD into SGM cavity. The phenomenon was more pronounced at 

higher concentration of GCD. Based on the previous results, the binding of a second CD 

is assumed. We hypothesize that a competing process between GCD and SGM occurs to 

accommodate the position of the second host. This additional process influences the 

apparent binding constant, consequently no proper value for Ka(GCD) could be 

calculated. Hence, based on the values obtained for the SGM/SS complex (Figure 41), 

Kd(GCD/SN) = 500 µM was assumed to calculate Kd(SGM/SN). The obtained stability 

constant at 25°C was Kd(SGM/SN) = 4.5×10-7 M, which equals to a Ka(SGM/SN) of 

2.22×106 M-1
. 

4.2.4. Reversal of the toxicity of natural aminosteroids by SGM  

To test the hypothesis that the high affinity of SGM for the aminosteroid toxins allows its 

potential use as an antidote, its protective effect was investigated in the mHippoE-14 

mouse hippocampal embryonic cell line.   

Two sets of experiments were conducted. First, to determine whether the protective effect 

is specific to SGM, the antidotal effects of GCD and SB-GCD were also tested against 

SS. Second, to compare the effect of glycosylation on cell survival and the reversal of 

toxicity, a viability assay was performed with SN and ASN, as well as their mixtures with 

SGM.   

4.2.4.1. Protective effect of various CDs against the toxicity of SS  

SS was proved to be highly toxic to cells at both applied concentrations (Figure 42). 

Interestingly, SS at 10 µM appeared slightly more toxic than at 20 µM, although the 

difference was not statistically significant. This could be due to the poor aqueous 

solubility of SS which was dissolved in DMSO before being added to the cells. Without 

CDs, SS formed visible precipitates especially at 20 µM. We hypothesize that at 20 µM 

larger SS particles were formed with a reduced surface area, lowering their effective 

impact on cells. In the presence of CDs, CD/SS complexes were formed, preventing the 

precipitation of SS. CDs alone exhibited slight toxicity, however their presence reduced 
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SS toxicity in most cases (Figure 42). Importantly, SGM showed the strongest protective 

effect resulting in a marked increase in cell survival (Figure 42C). GCD showed a dual 

behavior: at 10 µM SS, 0.5 mM GCD increased cell survival, whereas at 20 µM SS, it 

enhanced cytotoxicity (Figure 42A). This could be attributed to the moderate stability of 

the GCD/SS complex, where GCD acts as a drug carrier facilitating the delivery of the 

poorly soluble toxin to the cells at higher SS concentrations.   

 

Figure 42. Toxicity of SS on mHippoE-14 cells by MTT assay. Cell survival after 3 days 

incubation was tested for 10 and 20 μM SS in the absence or presence of 0.5 mM A) GCD B) SB-

GCD or C) SGM. Measured absorbances were corrected with the cell-free references and 

normalized with the 1 % DMSO/buffer control samples to get survival rate. Significance was 

tested by Mann – Whitney U test, n = 12, *: p ≤ 0.05 (75).  

 

4.2.4.2. Effect of glycosylation on the protective effect of SGM  

Similarly to SS, both SN and ASN were highly toxic, with toxicity increasing at higher 

concentration. At elevated concentrations, the glycoside showed stronger toxic effect 

compared to the aglycon, likely due to its higher solubility under physiological conditions 

(Figure 43). The protective effect of SGM was sufficient at lower concentrations to 

prevent cell death. However, at higher concentrations, the protective effect of SGM was 

slightly weaker in most cases, which aligns with the observation that increased SGM 

concentrations have a modest toxic effect.  
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Figure 43. Relative metabolic activity/relative viability of mHippoE-14 cells exposed to various 

concentrations of SN (A), and ASN (B) and their mixtures with SGM for 72 h, normalized to 1 

% DMSO-treated control cells as measured by the MTT.  Data are shown as mean and SD. 

(n = 11-29 per condition, unpaired two-tailed Student’s t-test or Mann – Whitney U test depending 

on normality, asterisks represent statistical significance: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 

**** p ≤ 0.0001) (91). 
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5. DISCUSSION 

5.1. NMR-based determination of the substituent distribution of HPBCD 

The presented detailed assignment of the 1H and 13C NMR signals of HPBCD enabled 

accurate determination of the substituent distribution. It provides a simple and accurate 

tool to enhance our capability for a more thorough structural characterization of this 

pharmaceutically important CD. Most of the spectra were recorded on a 400 MHz 

instrument equipped with probe head operating at room temperature showing that such 

characterization only requires easily accessible instrumentation. Even though registering 

13C spectrum using inverse-gated decoupling requires longer experiment time than the 

conventional one, HPBCD is easily accessible and generally synthetized over a gram-

scale, allowing the preparation of an NMR sample of high concentration. From one NMR 

sample, the complete characterization of the given batch is feasible through one set of 

measurements. Recording the 1H NMR spectrum takes only several minutes, and the DS 

can be directly calculated. Regarding the PS, 1H NMR provides information about the 

extent of substitution on the OH-2 position, providing a rapid method for comparison of 

various batches. However, the quantification through 1H NMR is not feasible due to 

severe signal overlap, impurities can be identified from this simple experiment. In 

contrary, based on the provided assignment, recording quantitative 13C spectrum of 

HPBCD allows a more extensive characterization, including DS and PS determination, 

quantification of impurities (such as propylene glycol, the byproduct of 

hydroxypropylation), and identification and quantification of sidechain polymerization.  

However, it is crucial to acknowledge the limitations of the proposed method. The model 

presented does not account for GP units with multiple substituents. Accurate assignment 

and quantification of such units require more advanced instrumentation than what is 

commonly available. As a result, this method provides only a simplified view of the PS. 

Nevertheless, for low DS values (DS ≤ 7) -common in most commercially available 

HPBCD products- the model delivers a reliable approximation of the PS. This 

underscores the method's practical utility for rapid and effective structural analysis under 

typical conditions. 

Such comprehensive structural information obtained in a fast, non-destructive and robust 

way has the potential to serve as an efficient tool for regulatory purposes in controlling 

the uniformity and the quality of this up-and-coming CD and promising API. By 
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correlating the DS and PS, it becomes possible to assign an average structure (or several 

representative structures) that characterize the mixture of HPBCD. This facilitates the 

development of more realistic models for computational studies, enabling better 

predictions of interactions with small molecules. Currently, computational studies of RS 

cyclodextrins often rely solely on experimental DS values, attaching the corresponding 

number of substituents to a single site of modification (53,95), or a series of hypothetical 

models are generated by varying the sidechain arrangements(51,96). Incorporating 

experimentally determined PS can significantly improve the accuracy of these models. 

Furthermore, understanding PS can enhance structure-activity relationship studies and 

can help to optimize synthetic conditions for specific applications. This method could be 

used to select the most suitable PS for a particular use, improving the performance of 

HPBCD in its intended role. 

5.2. Potential of sugammadex to treat aminosteroid intoxication 

The investigated aminosteroids predominantly form equimolar, highly stable complexes 

with SGM exhibiting slow exchange dynamics based on NMR, crystallographic and ITC 

data. Interestingly, SN seems to form ternary complex by binding to a second SGM 

molecule. However, this binding occurs to a much lesser extent and with lower stability, 

as indicated by a faster exchange process in NMR. The physiological relevance of this 

ternary complex formation remains unclear and warrants further investigation. The highly 

stable complexes remain intact even by dilution or increased temperatures within the 

physiologically relevant range, ensuring their robustness under biological conditions. By 

comparing the pH-dependent spectra of the SGM/SN and SGM/ASN complexes, it can 

be concluded that hydrophobic interactions between the cavity and the steroid backbone 

are sufficient to prevent complete dissociation of the complexes, even in the absence of 

intermolecular ionic interactions between the host and guest. Notably, the glycoside 

exhibits significantly greater stability with SGM both in acidic and basic environments. 

This additional stabilization is likely due to hydrogen bonding interactions between the 

hydroxyl groups of the trisaccharide chain of the glycoside and those of the cyclodextrin. 

The higher binding affinity was also confirmed by ITC. The complex stability of 

SGM/SN and of SGM/ASN resulted in Ka(SGM/SN) = 2.22×106 M-1 and Ka(SGM/ASN) 

= 9.90×106 M-1 at 25 °C. Comparing the affinity of the aglycons with SGM, reveals that 

SS  forms a more stable complex with the association constant of Ka(SGM/SS) = 7.03×106 
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M-1 at 25 °C. This suggests a tighter fit into the cavity, which may explain why SS is less 

likely to form a 1:2 complex with SGM in contrast to SN. The high stability of the 

complexes at elevated temperatures (up to 40 °C) indicates that the physiological 

temperature does not lead to dissociation of the assemblies. 

Additionally, the binding constants obtained by ITC are among the highest ever reported 

values for CD host-guest complexes, reaching the order of magnitude of 

SGM/vecuronium and SGM/pancuronium complexes (40). This highlights the 

exceptional affinity of SGM for aminosteroids. Cell survival studies confirmed SGM’s 

ability to reverse the toxic effect of all the studied aminosteroids.  

Quantitative results demonstrated that SGM provides superior protective effects 

compared to GCD and SB-GCD. These findings underscore the importance of SGM’s 

extended cavity and unique structural features, which enable strong and selective binding 

to this family of molecules. The combination of high affinity and complex stability 

positions SGM as a potent agent for treating aminosteroid intoxication. 

Finally, the specificity and stability of SGM-aminosteroid complexes, even under 

challenging conditions, lay a solid foundation for further clinical development and 

optimization of aminosteroid detoxification protocols. 
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6. CONCLUSIONS 

This thesis provides significant advancements in the structural and functional 

characterization of CD derivatives, specifically HPBCD and SGM. 

Herein we established an efficient NMR-based methodology for the structural 

characterization of HPBCD. Using widely available instrumentation, we achieved precise 

differentiation of 13C NMR signals corresponding to hydroxypropyl sidechains attached 

to different modification sites of glucopyranose units. This approach enables the 

simultaneous determination of both the DS and the pattern of the substitution from a 

single set of experiments. Its speed, non-destructive nature, and reliable performance 

make it as a valuable tool for regulatory purposes, ensuring batch-to-batch consistency 

and quality control for this industrially and pharmaceutically important CD. Furthermore, 

it provides essential structural insights that can support future studies on structure-activity 

relationships and computational modeling 

In addition, we demonstrated the potential of SGM to neutralize plant-derived 

aminosteroid toxins, including SS, SN, and ASN. SGM forms highly stable complexes 

with these toxins, exhibiting binding constants comparable to those for its primary target, 

rocuronium. Importantly, cell viability assays confirmed that SGM effectively reverses 

the cytotoxic effects of these toxins, underscoring its potential for for use as a phytotoxin 

antidote beyond its current clinical use. These findings highlight the versatility of SGM 

and suggest its potential for treating intoxication cases involving specific natural toxins. 

These findings highlight the great potential to extend the applications of the selected CD 

as APIs. The developed methodologies not only deepen our understanding of their 

structural and functional properties but also pave the way for novel therapeutic 

applications.  
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7. SUMMARY 

During my PhD our aim was to expand the possibility of utilization of two 

pharmaceutically important CDs, HPBCD and sugammadex as APIs by developing new 

NMR-based methods for the comprehensive structural characterization of the complex 

mixture of the RS derivative and exploring new indications to use SGM in antidote-like 

applications.  

As HPBCD is a promising API currently owning orphan drug status, its RS nature hinders 

its proper structural determination, burdening its acceptance as API. We have developed 

a fast, reliable and robust method using NMR spectroscopy, that allows to establish an 

average structure by determining the distribution of the HP substituents over the three 

possible sites of modification of the GP unit. It was achieved by comprehensive signal 

identification of the separated frequencies of substituents attached to different positions. 

This complete signal differentiation was described for the first time. The adequate signal 

dispersion provides a method for quantitative determination of the extent of substitution 

on the various positions using the inverse-gated decoupled 13C NMR experiment. It can 

serve as a simple tool for regulatory purposes in controlling the uniformity and the quality 

of HPBCD. 

The ability of SGM was tested to capture naturally occurring aminosteroid-type 

phytotoxins. Three model compounds, SS, containing secondary amino head group, SN 

with tertiary amino group and its glycoside ASN were chosen. The formation of 

exceptionally stable equimolar complexes was revealed using NMR spectroscopy and 

ITC. The complexes were found to be stable under the physiological temperature range. 

The type of the amino head group on the steroid core had no remarkable effect on the 

complex stability, however SS, containing secondary amino group seems to form a 

tighter, more stable complex with SGM. In contrary SN is likely to form ternary complex 

as well by the association with two SGM molecules. The binding of the second CD was 

found to be a less favorable process. Comparing the aglycon SN and its glycoside ASN, 

the additional stabilizing effect of the saccharide chain was revealed, as the SGM/ASN 

complex was found stable in a wide pH range, while the SGM/SN partially dissociated 

under basic conditions. Cell viability assays revealed the protective effect of SGM against 

the toxicity of all three investigated aminosteroids. The low protecting effect of GCD and 

SB-GCD underlined the specificity of SGM towards the studied aminosteroids.  
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