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Summary 
 

The aim of the present thesis is to study and characterize the molecular 

interactions between cyclodextrins (CDs) or cyclodextrin-based materials 

with emerging guest molecules such as drugs or toxins for potential 

pharmaceutical and environmental applications. 

Chapter 1 is a wide introduction to the topics that will be discussed in 

this thesis. It covers the general information about CDs, its applications in 

different industries and takes a special focus on cyclodextrin nanosponges 

(CD-NS) as well as the characterization techniques of CD-guest inclusion 

complexes in solution and using in-silico methods.  

Chapter 2 covers the systematic studies of the formation of an 

inclusion complex between serine protease inhibitor nafamostat mesylate 

(NM) with different neutrally charged and anionic CDs. The mechanism of 

action of CDs in the drug is unveiled to be a protection against hydrolysis 

which depends both on the CD concentration and type. Finally, enzymatic 

assays confirm that the inclusion complex of NM-CD correctly inhibits the 

reaction of trypsin as a model enzyme thus being a proof-of-concept for further 

pharmaceutical research in new administration ways for NM.  

Chapter 3 explores the molecular interactions of the neurotoxin 

veratridine (VTD) with different CDs. Subsequently, with an interest in 

understanding the effects of the VTD-CD inclusion complex, cell-based 

assays (CBAs) were performed on neuroblastoma-2a cells. Our findings reveal 

that the use of different amounts of CDs has an antidote-like concentration-

dependent effect on the cells, significantly increasing cell viability and thus 

opening opportunities for novel research on applications of CDs and VTD. 
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Chapter 4 is dedicated to the synthesis characterization a new family 

of − − and −CD-nanosponges (CD-NS) crosslinked with anhydride 

molecules of different lengths. The synthesized CD-NS were used in a proof-

of-concept ELISA experiment as potential passive adsorption materials for the 

monitorization of lipid-soluble marine toxins brevetoxin and okadaic acid. 

Overall, the presented thesis has contributed to expand the current 

knowledge on the use of CDs for pharmaceutical and environmental 

applications. The studies of characterization and understanding the 

mechanisms of CD inclusion complexes with serine protease inhibitor 

nafamostat mesylate and veratridine neurotoxin constitute the first reports in 

the literature of CD interactions with these guests. Furthermore, the synthesis 

and characterization of CD-NS with different anhydride crosslinkers broadens 

the current state of the art on CD-based polymeric materials and represents a 

potential novel use of CD-NS as passive adsorbers for marine toxins.  
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Chapter 1 
 

Introduction - Cyclodextrins: the natural macrocycle 

“All things began in order, so shall they end, and so shall they begin again; 

according to the ordainer of order and mystical mathematics of the city of 

heaven” 

Sir Thomas Browne -The Garden of Cyrus (1658) ch. 5 

 

1.1 Supramolecular chemistry: where it all began 

Supramolecular chemistry is a field defined by one of its fathers, Jean-

Marie Lehn, as the study of the noncovalent intermolecular forces or “the 

chemistry beyond the molecule”. It is an interdisciplinary field that lies at the 

junction of chemistry, physics, and biology areas [1]. The noncovalent 

interactions between molecules, such as hydrogen bonding, hydrophobic, and 

electrostatic causes them to organize in the process of self-assembly giving 

rise to structures or patterns that arise without any external direction [2] more 

than the molecular information already imbedded inside the atoms. The 

influence of nature in the concepts that lie at the core of supramolecular 

chemistry comes as inspiration from biological recognition processes. 

Moreover, as science keeps poking further into the frontier of knowledge there 

is growing evidence that self-assembly lies at the origin of life itself [3–5].  

Studies on supramolecular chemistry are built upon the macrocyclic 

chemistry initiated by Cram, Lehn, and Pedersen in the 1970s who were the 

pioneers in the discovery and synthesis of the first macrocycles [6]: crown 

ethers [7], cryptands [8] and spherands [9] (Figure 1.1). As Lehn’s analogy 

states; the key word in supramolecular chemistry is information [1]. The 
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macrocycles represent the building blocks to exploit the potential of that 

molecular information by designing selective hosts with functional 

characteristics which makes them useful in applications that go from drug 

discovery to material science and sensors [10].  

 

Figure 1.1 Crystal structures of a.  18-crown-6 ether b. spherand 5 [11] and 

c. 2.2.2 cryptand   

 

1.2 Cyclodextrin’s history in a nutshell 

A particular group of non-synthetic macrocycles that have been around 

for a long time are cyclodextrins (CDs). CDs have been known since 1891 

when Villiers [12] accidentally obtained them from a contamination of 

cultures with Bacilus macerans. Nevertheless, the discovery of the 

fundamentals of CD chemistry is mostly attributed to Schardinger who in 1904 

was working with strains of Bacilus macerans which produced around 25-

30% of crystalline dextrin powder from starch digestion. He could distinguish 

two types of dextrin products  and  by performing an iodine reaction where 

the -dextrin/iodine complex would take a greenish color when dry while the 
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-dextrin/iodine complex would take a reddish color when dry [13]. The 

systematic studies on CDs and their inclusion complexes started to boom from 

the 1930s by first elucidating the chemical structures of the  and  

Schardinger dextrins (now known as − and −CDs respectively) in 1936 

[14], followed by the discovery of the -CD around 1950 [15] and the first 

patent for the use of CDs in drug formulation was issued in 1953 [16].  By the 

1960s CDs were prepared in a laboratory-scale and their industrial possibilities 

were already seen as promising. From the 1970s onward dozens of companies 

started to produce CDs [14]. In 1989 was founded Cyclolab Ltd, the first 

company focused exclusively on research and market of CDs stablished in 

Hungary by Dr. József Szejtli and coworkers [17]. CD scientific research has 

more than tripled the number of papers published since the late 1990s 

(~15000) [14] up to date (~52000 on Scopus with key word search 

cyclodextrin).  In 2020 global CD market was estimated to sell more than US 

$260 MN and it is expected that CD sales will increase to more than US 

$390MN in 2027 [18].  

1.3 Chemical structure: who wants a donut?   

CDs are cyclic oligosaccharides formed by glucopyranose units linked 

by -(1,4) glycosidic bonds. They are industrially produced by bacterial 

cultures of Bacillus macerans and other bacteria genus by the enzymatic 

action of cyclodextrin glucosyltransferases (CGTases) which catalyse the 

cleavage and successive cyclization of the linear −1,4-linked 

polysaccharides [19]. In their native form they are crystalline, non-

hygroscopic, substances composed of 6, 7 or 8 glucopyranose sugars (−, − 

and −cyclodextrin respectively) (Figure 1.1.a). The main interest in CDs 

comes from their capability to form host-guest inclusion complexes with a vast 

variety of hydrophobic molecules. This complexation ability comes from the 
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way how the glucopyranose units in the 4C1 chair conformation are linked 

together, which has certain consequences for the physicochemical 

characteristics of CDs [20]: 

On one hand, the secondary hydroxyl groups C2 and C3 are located on 

the wider edge of the ring while the primary hydroxyl groups C6 are located 

on the narrower edge. The ring thus forms a donut-like structure of a truncated 

cone (Figure 1.1.b) [21]. The primary and secondary hydroxyl groups make 

CDs water-soluble molecules. Furthermore, the C2 OH groups of one 

glucopyranose units can form hydrogen bonds with the C3 OH groups of the 

adjacent glucopyranose moiety which forms a belt of hydrogen bonds. In the 

case of -CD all the glucopyranose units form hydrogen bonds with their 

adjacent pairs. This six-hydrogen-bond belt produces rigidity for the -CD 

structure and has been thought to be the explanation of why this type of CD 

has the lowest solubility (Table 1.1) [14]. For the case of the -CD, the 

hydrogen-bond belt is not complete since the molecule has one less 

glucopyranose unit than the -CD and can only form a four hydrogen-bond 

belt. The -CD is a non-coplanar more flexible structure, which makes it the 

most soluble of the three native CDs [15]. 

On another hand, the CD cavity holds the H3 and H5 hydrogen atoms 

and the glycosidic oxygen bridges, which have non-bonding electron pairs 

pointing towards the inside of the cavity and produce a highly electron dense 

apolar microenvironment with the ability to hold smaller hydrophobic 

moieties that can fit inside [14].  
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Figure 1.2 a. Molecular structure of different native CDs b. lateral 3D view 

and c. top 3D view of native −CD  

 

Since each one of the native CDs is composed of a different quantity 

of glucopyranose units, the cavity size of each CD varies as -CD < -CD < 

-CD (Table 1). Thus, different type of guest molecules can be complexed 

inside each CD. Non-covalent bonds are formed or broken in the formation of 

an inclusion complex (IC) [22,23]; being the principal driving force for the 

formation of the IC the release of enthalpy-rich water molecules from the 

cavity, which are displaced by more hydrophobic guests and leads to a lower-

energy and more stable molecular configuration. This non-covalent binding 

occurs in a dynamic equilibrium where the binding strength will depend on 

the affinity between the host CD and the guest molecule [24]. 
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Table 1.1 Characteristics of native cyclodextrin molecules.  

Adapted from references [14] and [25] 

 

 

Characteristic 

 

-Cyclodextrin 

 

-Cyclodextrin 

 

-Cyclodextrin 

Number of 

glucopyranose unit 
6 7 8 

Molecular weight 

g/mol 
972 1135 1297 

Solubility in water 

at 25°C (%w/v) 
14.5 1.85 23.2 

Outer diameter (Å) 14.6 15.4 17.5 

Cavity diameter (Å) 4.7-5.3 6.0-6.5 7.5-8.3 

Height of torus (Å) 7.9 7.9 7.9 

Cavity volume (Å) 174 262 427 

Crystal form (from 

water) 
Hexagonal plates 

Monocyclic 

parallelograms 

 

Quadratic 

prisms 

 
 

1.4 Chemically modified Cyclodextrins 

Since native CDs have the potential to host a vast variety of guest 

molecules, in general, they are not considered as particularly selective hosts. 

Nevertheless, given the multiple OH groups present in the primary and 

secondary rims of native CDs, they can be chemically modified to enhance 

their molecular recognition characteristics. The degree of substitution (DS) in 

a CD derivative refers to the number of those hydroxyl groups that are 

substituted in a glucose unit. CD derivatives are normally produced by 
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amination, esterification, or etherification of the primary and secondary 

hydroxyl groups [26]. Developing CD derivatives has enhanced the field of 

application for these molecules for example as carriers for biologically active 

molecules [27], as separating agents, detergents, viscosity modifiers, etc [28].  

Nevertheless, for a CD derivative to be relevant and industrially 

produced it needs to be non-toxic, keep their inclusion-complexation ability, 

have an advantage for a specific application, be synthesized in an as simple as 

possible manner and, finally, be economically viable. The -CD has been the 

most widespread native CD for which derivatives have been developed. This 

is because its production has a lower cost in comparison to the -CD and -

CD and thus it is available in larger quantities [14]. Interestingly, -CD is also 

the native CD with the lowest solubility and has the severe limitation of being 

nephrotoxic after parenteral administration [20]. The possibilities to 

synthesize new CD derivatives are countless, can go as far as the imagination 

of synthetic chemists (and of course the chemistry principles) allow. Although 

the vast majority of reported CD-derivatives won’t reach mainstream use, 

many of the CD-derivatives can be used as intermediaries for further synthesis. 

Furthermore, an advantage of CD derivatives is that they can be custom 

designed for a particular purpose or application. 

The main types of industrially relevant CD derivatives can be divided 

as neutral, ionizable (i.e., anionic or cationic), and CD polymers. The 

compounds have been developed with several types of substituents in varying 

positions and with different DS that enhance physicochemical properties and 

the inclusion complexation capacity of the natural CDs.  
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The most used neutral CDs are methylated (e.g., randomly methylated 

-CD), hydroxy alkylated (e.g., hydroxypropyl -CD), acylated (e.g., per-O-

acetyl -CD) and branched CDs (e.g., maltosyl -CD) among many others 

[29]. Ionizable CDs form stronger complexes with polar or oppositely charged 

molecules. In the anionic CDs the main examples are carboxylated, sulfated, 

phosphated and sulfoalkylated CDs [30].  As for the cationic CDs most of the 

derivatives bear a nitrogen-containing moiety such as amino groups, 

imidazole, pyrrol, etc (i.e., trimethyl-ammonium-−CD) [31].  

 

Figure 1.3 3D molecular structure (side view and top view) of CD derivatives 

a. 2-hydroxypropyl--CD (HPCD) and b. sulfobutyl ether--CD (SBCD)  
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The two most relevant derivatives for this thesis are the neutral 

hydroxypropyl--CD (HPCD) and the anionic sulfobutyl ether--CD (SBCD) 

(Figure 1.3) which are approved excipients with high solubility in water 

approximately 60% and 50% (w/v), respectively. Additionally, they exhibit 

good toxicity profiles [20,32] which makes them more suitable for 

pharmaceutical applications. And are approved excipients for six marketed 

products [33]. 

 Another type of CD derivatives of great interest are CD polymers. 

This is a very extensive topic that has been well reviewed by Tian et al [34] 

and Liu et al [35]. Within the scope of this thesis, we will take a further look 

to a special class of CD polymer: CD nanosponges. 

1.5 Cyclodextrin nanosponges (CD-NS) 

Nanosponges are a relatively new class of nanoporous functional 

materials obtained by cross-linking CDs with different agents. The cross-

linking reaction results in a web that has different cavities, corresponding not 

only to the CD hydrophobic cavity, but also to the network of cavities that are 

formed between the outer part of CDs and the cross-linker. This forms a 

material with microscopically porous/sponge-like morphology (Figures 1.4-

1.7). The additional cavities of these materials, allow them to form complexes 

with a wider variety of guests in comparison to native CDs, since they can also 

host more hydrophilic guests. Additionally, the polymeric network promotes 

slower release kinetics of the complexed guests since the diffusion processes 

are difficulted. Finally, CD-NS are insoluble and easily recoverable and 

recycled from aqueous media [36].  
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 1.5.1 Synthetic routes for different NS 

Caldera et al [36] have classified the evolution of CD-NS to date in four big 

waves of research depending on their chemical composition and  

functionalization properties. First generation NS were classified depending on 

the type of cross-linker used for the synthesis as urethane/carbamate-based, 

carbonate-based, ester-based and ether-based. The next generations of NS 

consist of more functionalized versions of the previously mentioned: Second 

generation NS were designed as fluorescent-labelled or with an electrically 

charged side chains. Third generation NS are stimuli responsive NS that are 

able to modulate their response depending to the surrounding environment 

such as pH or oxidation changes. Finally, the fourth generation of NS 

corresponds to the molecularly imprinted CD polymers (MIPs) which are 

design to enhance the selectivity towards specific guest molecules.  In this 

thesis we will focus on the main synthetic paths for CD NS. 

• Cyclodextrin-Based Urethane/Carbamate Nanosponges 

These CD-NS are synthesized by cross-linking CD with diisocyanates. 

The synthesis is performed in DMF at 70°C and consists of reacting 

−CD with hexamethylene diisocyanate and toluene-2,4-diisocyanate 

for 16–24 hours under nitrogen atmosphere. After purification, powder 

of cross-linked CD was obtained. They were firstly synthesized for 

water treatment applications [37]. But have also been studied for the 

absorption of aromatic amino acids [38] and bilirubin absorption  [39]. 
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Figure 1.4 Schematic representation of the synthesis reaction of 

urethane -CD nanosponge with hexamethylene diisocianate (HMDI) 

as crosslinker. Extracted from Caldera et al [36] 

 

• Cyclodextrin-Based Carbonate Nanosponges 

These CD-NS can be synthesized by cross-linking CDs with active 

carbonyl compounds such as 1,1-carbonyldiimidazole (CDI), 

triphosgene, and diphenyl carbonate (DPC) There are different ways 

of performing the synthesis. Normally it is performed in DMF under 

reflux conditions; another alternative is to melt the cross-linker (in the 

case of DPC) and merge with the CD. Also, ultrasound-assisted 

synthesis can be performed. The reaction can take place at room 

temperature (e.g. CDI) or at 80-100°C (for DPC). The workup of the 

synthesis involves washing with water to remove unreacted reagents 

and purification with solvents like ethanol, acetone, or ether [40]. 

Carbonate-based CD-NS have been used for water decontamination 

from aromatic compounds such as chlorobenzene, 2,6-

dichlorotoluene, and 4-chlorotoluene among others [41] as well as 

many drug delivery applications [42] 
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Figure 1.5 Schematic representation of the synthesis reaction 

carbonate -CD nanosponge with 1,1’-carbonyldiimidazole as cross-

linker agent. Extracted from Caldera et al [36] 

 

• Cyclodextrin-Based Ester Nanosponges 

Ester-based NS are synthesized by cross-linking CDs with 

dianhydrides or polycarboxylic acids like pyromellitic dianhydride, 

ethylene diamine–tetraacetic acid dianhydride, and citric acid [40]. 

They hydrolize more easily than the previous NS.  For the synthesis, 

the anhydride is solubilized in a polar organic solvent like DMSO or 

DMF with triethylamine as a catalyser. The reaction can happen at 

room temperature or also at 60-70°C. Application of NS The most 

widely studied CD-NS is in drug delivery. However, applications in 

the agriculture, textile, gas-storage and catalysis have also been 

studied.  
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Figure 1.6 Schematic representation of the synthesis reaction ester-

based -CD nanosponge with pyromellitic dianhydride as cross-linker 

agent. Extracted from Caldera et al [36] 

 

• Cyclodextrin-Based Ether Nanosponges 

The synthesis for this CD NS involves cross-linkers with epoxide 

groups such as epichlorohydrin, bisphenol-A, diglycidyl ether and 

ethylene glycol. Contrary to the previous synthesis, this one is 

performed in aqueous basic medium. Epichlorohydrin contains two 

reactive functional groups that can cross-link or polymerize with β-CD 

molecules. Ether NS have high chemical resistance and swelling 

properties [36]. They have been studied for drug delivery applications 

[43] and lately our group applied them for absorbing marine toxis [44]. 
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Figure 1.7 Schematic representation of the synthesis reaction ether-

based -CD nanosponge with epichlorohydrin as cross-linker agent. 

Extracted from Trotta and Mele [40] 

 

1.6 Characterization of cyclodextrins inclusion complexes: An important 

choice 

Studies for characterizing CD ICs are fundamental for understanding the 

mechanisms that hold the host-guest complex together and for channelling the 

potential of these molecules in many applications. The key point for evaluating 

the stability of an IC is to ascertain the equilibrium constant (Keq) also known 

as formation, stability, or binding constant, since many effects or applications 

of the IC will depend on its strength. Many of the studies to characterize CD 

host-guest ICs are performed in aqueous solution. Several analytical 

techniques can be used to determine the Keq, thermodynamic parameters such 

as enthalpy (H), entropy (S), Gibbs free energy (G) and stoichiometry (n) 

or the molecular conformation of the IC.  

A general overview of the most used analytical tools employed for the 

characterization of CD ICs in solution can be separated into: spectroscopic 
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techniques, electroanalytical techniques, separation techniques, and 

isothermal titration calorimetry (ITC) [45]. 

1.6.1 Spectroscopic methods 

Spectroscopic techniques are very useful to determine the Keq. Such 

methods rely on a variation of a property such as absorbance, NMR shift, or 

fluorescence intensity, upon complexation of a guest inside the CD cavity. 

Experiments are normally performed having a fixed guest concentration and 

then doing titrations by varying the concentration of CD.   

 

 

 

 

 

 

 

 

 

Figure 1.8 Schematic illustration of the formation of an inclusion complex 

between a cyclodextrin (host) and a guest. Extracted from Kfoury et al [46] 

 

• UV-Vis spectroscopy  

This is a fast and economic method to study the Keq by following the 

changes in the absorption spectra of a guest in presence of CDs.  When 

the guest molecule that was originally in an aqueous solution is 

inserted into the apolar CD cavity the original UV-Vis spectrum 

changes for example by an increase [47,48] or a decrease [49–51] in 

the intensity of the absorption. A shift in the spectrum max can also be 

observed which leads to the formation of isosbestic points that indicate 

the equilibrium between the species  [52]. The Keq is then calculated 

by using equations such as Benesi-Hildebrand [53]. From the spectral 

changes can also be calculated the stoichiometry of the IC by 

UNIVERSITAT ROVIRA I VIRGILI 
CYCLODEXTRIN-BASED SUPRAMOLECULAR SYSTEMS OF EMERGING GUESTS WITH PHARMACEUTICAL AND ENVIRONMENTAL INTEREST 
Laura Andrea Uribe Uribe 



Laura A. Uribe - Doctoral Thesis - Chapter 1

 
 

18 
 

performing continuous variation Job’s Plot experiments [54]. Both 

Benesi-Hildebrand and Job’s plot experiments will be further 

explained and used in the following chapters of this thesis. 

 

Figure 1.9 Schematic representation of the main stoichiometries of the 

inclusion complexes with cyclodextrins. Extracted from Kfoury et al [46] 

 

• Circular dichroism spectrometry 

This is a useful technique to study ICs of chiral and non-chiral 

molecules with CDs. It provides a way to prove the real existence of 

an IC since no optical activity can be induced by each of the moieties 

alone, the sole responsible for a dichroic signal is the IC [55]. The 

inclusion of a chromophore moiety inside the CD cavity produces 

changes in the circular dichroism spectra which can be ascribed to the 

increased optical activity [56]. The most important information to be 

extracted from the circular dichroism spectra is the sign, the 

magnitude, and the wavelength of the maximum which are given by 

the induced Cotton effect [45]. Knowing these values, it is possible to 

have an insight about the degree of the guest penetration and its 

orientation inside the CD cavity [47].  
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• Fluorescence spectroscopy  

Is a highly sensitive method which becomes more useful when 

studying the molecular interactions between CDs and a fluorescent 

guest. Upon complexation with CDs, it can be noticed an increase in 

the fluorescence intensity. This has been attributed to the shielding 

from quenching when the guest lies inside the CD cavity as well as and 

a non-radioactive decay process [57]. Moreover, the amount of 

fluorescence intensity enhancement has been associated with the 

rigidity of the fluorophore inside the CD cavity, thus, less stable 

complexes produce a less intense fluorescence emission signal [58]. 

• Nuclear magnetic resonance (NMR) spectroscopy  

NMR experiments can give information about the Keq of the inclusion 

complex, stoichiometry, and to allow elucidation of the molecular 

configuration of the IC in solution. They are regarded as one of the 

most complete and useful techniques to study the host-guest 

interactions with CDs [59]. 

o Classic 1H-NMR and 13C-NMR experiments follow the 

changes in the 1H proton or 13C chemical shift () from the free 

guest in comparison with the IC with CDs. The chemical shift 

occurs on both the guest and the CD molecules and gives 

information about the complex formation, as well as 

stoichiometry, and the geometry of the complex. To estimate 

the Keq subsequent titrations at different CD concentration are 

performed [60]. The changes in the 1H-NMR spectra of CDs 

are related with an upfield shift of the H-3 and H-5 cavity 

protons which is evidence of the complex formation. 

Depending on the extent of the chemical shift, information 

about the complex stability can be extracted [59]. Finally, a 
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partial or total inclusion of the guest in the CD cavity can be 

estimated by knowing if  H3 >  H5 (partial inclusion) or 

 H3 <  H5 (total inclusion) [61,62]. 

o Nuclear overhauser effect experiments are usually performed 

in two-dimensions 2D and allow to visualize the cross-peaks 

correlations between protons in the spectrum. This happens 

between atoms that are near each other, where the NOE 

phenomenon occurs, e.g., there is a transfer of the spin 

polarization from one population of nuclear spins to another. 

In CD host-guest complexes these experiments are particularly 

useful to understand the 3D structure of the IC by finding the 

cross-peaks between the guest protons and the CD cavity nuclei 

H-3 and H-5. The two most common experiments used to 

perform NOE experiments are Nuclear Overhauser Effect 

Spectroscopy (NOESY) and Rotational Overhauser Effect 

Spectroscopy (ROESY) [59]. 

1.6.2 Isothermal titration calorimetry (ITC) 

One versatile technique to study CD complexes1, is isothermal 

titration calorimetry (ITC). This is the only experimental setup that 

allows one to simultaneously determine thermodynamic parameters 

such as H, S, G, Keq and the stoichiometry of the IC. ITC measures 

the heat absorbed or released in solution upon a ligand binding to a CD 

[63]. A typical ITC experiment (Figure 1.5) consists of consecutively 

injecting small volumes (5-10 L) of an aqueous solution of CD 

contained in a stirring syringe on a guest molecule solution contained 

 
1 I would personally argue ITC as the most versatile technique for studying CD ICs 
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in a sample cell. The reference cell is filled with the exact same buffer 

used to prepare the ligand and macromolecule solutions. Approximate 

isothermal conditions are maintained by increasing the temperature in 

both the reference cell and the sample cell very slowly (<0.1°C/hour). 

The heat changes in the sample cell upon titration causes a temperature 

difference (T) between the reference cell and sample cell which is 

detected by the calorimeter [64]. The heat of the system is monitored 

for each injection and plotted as a function of time.  Finally, an 

integration of the heat data as a function of the molar ratio of the two 

species is performed and a curve fitting makes possible to estimate all 

the thermodynamic values of interest.  

 

Figure 1.10 Schematic representation of the isothermal titration 

calorimeter. Extracted from Holdgate et al. 2005 [64] 
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1.6.3 Electroanalytical techniques  

Electrochemical techniques are quite effective for determining Keq of 

ICs in solution, particularly when the guest molecule is electroactive. The 

interaction of CDs and guests has also been studied on electrode surfaces [65].  

• Voltammetry 

 This technique is very sensitive and has a low consumption of 

materials, which makes it useful to evaluate Keq at very low 

concentrations of an electroactive guest. Complexation with CD brings 

a negative shift of the cathodic peak potential of the guest molecule as 

well as a decrease in the peak current intensity [66].  

• Potentiometry 

Potentiometric methods are employed to determine the binding 

constants of acidic or basic guest molecules with CDs by following the 

pH changes as a function of an increasing CD concentration at a 

constant guest concentration. In this type of experiments, the guest 

moieties can be ionized or unionized in the medium, which is strongly 

influenced by the pH of the solution. Both forms of the guest can form 

ICs with the CDs which will be present together in the solution; each 

of them having different stability constant that will be influenced by 

the hydrophobicity of the ionized and unionized moieties [67].  

• Electrical conductivity 

The principle of this technique takes into consideration that the 

conductivity of a solution containing a guest molecule will be 

distinctly affected by the addition of CDs. As hydrophobic guests are 

normally only partially soluble in water, the addition of CDs and 

subsequent formation of ICs will modify the solution conductivity. 

Similarly to other techniques, this technique can be used not only to 
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estimate the occurrence of the IC, but also the stoichiometry of the 

complex [68].  

1.6.4 Separation techniques 

Depending on the strength of the IC, CDs are able to selectively 

complexate a variety of molecules, even if they are enantiomers [56]. For this 

reason, CDs are being widely used as stationary phases or as mobile phase 

modifiers in chromatography [69], such as high-performance liquid 

chromatography (HPLC). CDs are also used for the separation of closely 

related compounds such as geometrical isomers and enantiomers by capillary 

electrophoresis (CE). Even though these methods are not able to provide 

information about the molecular structure of the IC, both HPLC and CE can 

be used to determine the binding constant by analyzing the molecular 

interactions of CD complexes [45]. 

• High performance liquid chromatography (HPLC) 

In HPLC CDs can be used either in the stationary part by being 

chemically bounded to silica gel, or they can also be studied in solution 

with the guest molecule in the mobile phase. The guest retention times 

will vary depending on the host-guest interactions with CDs [70]. On 

another approach, by adding the CDs to a column equilibrated with an 

eluent that contains the ligand molecule; the chromatogram will show 

visible changes such as a positive peak due to the complex formation 

and a negative peak which corresponds to the free ligand. This can be 

related to the amount of complexed guest and as a result the binding 

constant can be calculated by the variation of the intensity in the peaks 

[71]. However useful, HPLC requires large amount of materials, 

extensive sample preparation, a strict control of the experimental 

conditions, and in many cases, long separation times.  
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• Capillary electrophoresis (CE) 

CE is efficient for separating molecules contained in capillary tubes 

with an electrolytic solution by using the influence of an electric field. 

This separation occurs because of the difference in the mobility of 

ionic species and the affinity of charged or uncharged molecules in 

relation to a charged electrolyte. Therefore, CE has proven to be very 

useful to study the interactions of CDs with charged guest molecules 

[72].    

1.6.5 Molecular simulations 

Finally, in-silico methods are becoming more and more useful to 

estimate the binding potential between CDs and a ligand molecule. As the 

advance in computing power and high-performance computing infrastructure 

becomes more available, the development of improved calculation algorithms 

and more refined force-fields allows these type of techniques to become more 

relevant and useful for the study and characterization of CD ICs [73].  

According to Abdolmaleki et al [74] a model can be defined as a 

“mathematical representation of the system (which is the physical process of 

interest) and an abstraction of reality”. Whereas a simulation is described as 

“a type of model where the computer is used to imitate the behaviour of the 

system”. Molecular modelling systems offer the advantage of manipulating 

and representing 3D molecular models and perform analysis such as 

conformational searches in the structures. They offer the capability of 

predicting weather CDs will potentially be good binders for an extensive 

library of compounds.  

The main in-silico methods used to study CD-ligand interactions reported in 

the literature can be divided in molecular docking, molecular dynamics, 

quantitative structure-activity/property relationships (QSARs/QPRs), 
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quantum mechanics, Monte Carlo simulations and machine learning. Table 

1.2 shows some examples of CD and guest molecules studied with the 

different simulation methods. 

• Molecular docking 

 Docking computation tries to predict the affinity of binding between 

two (or more) species. Usually, small ligand molecules are aligned and 

inserted e.g., docked, inside the binding cavity of a macromolecule. 

The resulting pose is assessed by a specific scoring function [75] which 

generates a binding score for each one of the poses, thus obtaining a 

ranking for the most suitable ligand-binder molecular conformation.   

• Molecular dynamics (MD) 

 MD calculates the time-dependent behaviour of a molecular system 

and imitates the physical motion of molecules under Newton’s laws of 

physics, e.g., molecular mechanics (MM), and an empirical force field 

such as AMBER or GROMOS [76]. It is a useful method to explore 

the structural, dynamic, thermodynamic, and energetic conduct of CD 

complexes [77]. The binding free energy of the IC can be then 

calculated with methods such as molecular mechanics energies 

combined with the Poisson–Boltzmann or generalized Born and 

surface area continuum solvation (MM/PBSA and MM/GBSA) 

methods [78].  

 

• Quantitative structure-activity/property relationships (QSARs/QPRs) 

This technique is useful for the drug design and development. In order 

to predict a property or activity of a drug it only requires the drug’s 

molecular structure. The QSAR are regression models which are 

recompilations of a relationship between chemical structures and 
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biological activity within a given drug class [74]. It can also be used to 

calculate the binding energy and thermodynamic parameters between 

CDs and a guest molecule.  

• Quantum mechanics (QM) 

 QM offers the advantage to represent mathematically the spatial 

locations of all the electrons and nuclei of atoms and molecules.  It is 

thus capable of predicting both electronic characteristics and molecular 

structures. In comparison, molecular mechanics (MM) methods do not 

involve electrons explicitly, and so, it lacks in predicting electronic 

properties of molecules. QM has been applied in the study of CD ICs 

(Table 1.2); however, it has some disadvantages; the process of energy 

minimization can be very time-consuming for molecules with many 

rotable bonds such as CDs in comparison to the fast energy 

minimization performed by MM [79]. Thus, for CD systems QM needs 

high computation power and it is also difficult to apply for solvated 

systems.  

• Machine learning (ML) 

 ML algorithms are capable of learning from input data, and make 

high-accuracy predictions for the classification and regression models 

which allows the extensive application of ML in many fields such as 

bioinformatics, computer vision, neuroscience, etc [80]. The 

application of ML for CD complexes (Table 1.2) is relatively new and 

is mainly focused on the pharmaceutical field. Zhao et al [81] argue 

that the importance of ML method is to simplify drug design and 

increase the efficiency of formulation research, which is especially 

important to early drug discovery with very scarce or expensive 

compounds and with complicated formulation composition. 
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Table 1.2 Some examples in the literature that use in-silico calculations for 

CD studies. Adapted from [74] and [82] 

 

Cyclodextrin  
 

Guest 

 

Computational 

method 

-CD and four < -

CD derivatives 
Luteolin [83] 

Molecular docking 
HP-CD, methyl--

CD, Sulfobutylether 

-CD 

Voriconazole [84] 

-CD Aflatoxin [85]  

-CD and -CD Amphothericine B [86] 

Molecular 

dynamics (MD) 

 

− -CD and -CD Cumene hydroperoxide [87] 

− and -CD 

1-alcanols, substituted 

phenols, substituted 

imidazoles [88] 

−CD Benzene derivatives [89] Quantitative 

structure-

activity/property 

relationships 

(QSARs/QPRs) 

-CD Multiple compounds [90] 

-CD 233 molecules [91] 

−CD Praziquantel [92] 
Monte Carlo (MC) 

simulations 
-CD and methyl--

CD 
Niobocene dichloride [93] 

Sulfobutylether -

CD 

Diverse organic molecules 

[94] 

Machine learning 
α-CD, β-CD, γ-CD, 

HPαCD, HPβCD, 

and HPγCD 
−lactam antibiotic [82] 
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1.7 Cyclodextrin applications: One ring to rule them all 

As it has been previously examined, the main quality of CDs is their 

inclusion complexation ability with a vast variety of either solid or gaseous 

compounds and in solution. The effects of the complexation of a molecule 

inside the CD cavity and the repercussions of the change in physicochemical 

characteristics have opened a door for the application of CDs in several fields 

such as pharmaceutical, food, cosmetic and home care, chemical industry, and 

bioremediation.  

1.7.1 Pharmaceutical applications 

There is a vast number of application of CDs in the pharmaceutical 

field. Perhaps one of the most explored uses of CDs in this field is as drug 

carriers [95] since the low absorption and the decomposition of a drug before 

reaching its active site is a common issue for the pharmaceutical scientists. 

CDs aide to solve these issues for example by enhancing the solubility and 

bioavailability for drugs [96] or for their stabilizing effects against degradation 

processes such as hydrolysis [97], oxidation [98] or photodegradation [99]. By 

complexation of irritating products, the gastric mucosa or the skin can be 

protected. Also, bad odors or flavors in drugs can be reduced [25].  

Nevertheless, CDs can also be used as active drugs as has been lately 

reviewed by Matencio et al [100]. One of the most famous examples in the 

field of CD as an active ingredient is the Sugammadex-rocuronium IC [101]. 

Rocuronium bromide is a widely used anesthetic that blocks the acethylcoline 

in nicotinic receptors in striated muscle cells and produces neuromuscular 

blocking allowing the patients to remain still during surgery. Sugammadex is 

an FDA approved medication that forms highly stable IC with rocuronium to 
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remove the anestheic from the body by kidney excretion. The drug is an 

anionic −CD derivative modified with sulphanylpropanoic acid arms.  

HPCD has also been used as an active drug ingredient to treat 

hypervitaminosis A and remove the excess of vitamin A in individuals who 

cannot metabolize this micronutrient [102]. It has also shown to slow the 

progression of the disease in patients with Nieman Pick type C disease (NPC) 

which is a rare metabolic disorder where there is an enhanced cholesterol 

accumulation in the brain and other organs that results in neurodegeneration 

[103]. There is research reporting CDs as a treatment or potential treatment 

for Parkinson’s, Alzheimer’s, and Huntington’s disease; as well as antiviral 

activity reported against the influenza, HIV, Sars-Cov-2, hepatitis-C among 

other viruses. The main mechanism for CDs to reduce viral infection has been 

stablished to be the capacity to complex cholesterol which induces structural 

deformation in virus membranes [100].  

1.7.2 Remediation applications 

Using CDs and its derivatives for remediation technologies offers 

advantages for soil, groundwater, wastewater, and atmosphere remediation. 

CDs can be used to complexate a wide range of pollutant molecules that tend 

to accumulate in the environment such as heavy metals, industrial dyes, 

organic waste molecules, ionic surfactants, phenol and phenolic derivatives, 

Cr6+, halogenated compounds, etc [104]. Since native CDs and many of the 

derivatives are water soluble, the strategy for using CDs in environmental 

remediation has been to develop insoluble CD-based materials that include 

cross-linked polymers and nanosponges [105], membranes, nanofibers, and 

functionalized systems such as polymers, silica, and organic resins [106]. A 

more resent and still not so explored area for bioremediation includes the 

complexation of marine toxins such as okadaic acid by CD polymers [44].  
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1.7.3 Food applications 

CDs have interesting advantages for the food industry which makes 

their use suitable for this industry as bioactive food supplements and 

nutraceuticals. Astray et al [107] did a complete review of CD’s properties and 

applications focused in the food industry. They are odorless, nondigestible, 

noncaloric, noncariogenic saccharides. They reduce the digestion of 

carbohydrates and lipids and have low glycemic index and decrease the 

glycemic index of the food. They are either non- or only partly digestible by 

the enzymes of the human gastrointestinal tract and can be fermented by the 

gut microflora. As such, they have been used as dietary fibers to control the 

body weight and blood lipid profile. CDs are prebiotics, improve the intestinal 

microflora by selective proliferation of bifidobacteria.  

They have also been applied as solubilizers, stabilizers of dietary 

lipids, such as unsaturated fatty acids, phytosterols, vitamins, flavonoids, 

carotenoids, and other nutraceuticals. Additionally, CDs have been used for 

reducing unwanted components, such as trans-fats, allergens, mycotoxins, 

acrylamides, bitter compounds, as well as in smart active packaging of foods. 

1.7.4 Cosmetic applications 

The toiletry, personal care and fragrance industries also make use of 

CDs for improving the efficiency of aroma and odorant molecules, disguising 

unpleasant smells, enhancing the stability of essential oils and volatile 

compounds by controlling the losses produced by evaporation, protecting 

guests from degradation processes that increase product shelf-life, or 

transforming liquid compounds into a crystalline form. Another cosmetic 

application of CDs is its use in textiles that may act as deposits for cosmetic 
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compounds. CDs can be permanently fixed in those fabrics and release the 

drug once in contact with the skin [108].   

1.8 Thesis objectives and contribution 

As it has been described in the previous sections, cyclodextrins and their 

derivatives are natural macrocycles that have the potential to form inclusion 

complexes with innumerous guest molecules. This makes them relevant 

oligosaccharide molecules in many industries.  

The overall objective of this thesis is to characterize the IC of CD with 

different guest molecules for potential new applications in the fields of 

pharmaceutics and bioremediation. 

To achieve this general objective, we have followed more specific objectives:  

• To study and characterize the IC between CDs plus some key CD 

derivatives with an FDA-approved drug bearing drug-repurposing 

potential 

• To elucidate the mechanisms and effects that lie underneath the IC of 

CDs and the aforementioned drug molecule  

• To characterize the IC between native CDs plus some key CD 

derivatives with a model toxin molecule 

• To synthesize and characterize various CD-NS with different cross-

linking and cavity sizes 

• To evaluate the newly synthesized CD-NS as a potential system for the 

absorption of marine toxins 

This thesis is thus a contribution to the CD research field by characterizing 

for the first time the IC between different CDs and two guest molecules: 

nafamostat mesylate, a drug; and veratridine, a toxin. Thus, it opens the door 
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for drug repurposing potential of the drug with different administration routes 

and states a proof-of-concept for possible antidote applications of CDs against 

different lipid toxins. Finally, the synthesis of a new CD-NS family with 

different cross-linkers attempts to enlarge the frontiers of knowledge for CD-

based polymeric materials and its application for marine toxin removal.  
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Chapter 2 
 

Hydrolysis protection of cyclodextrins to serine protease inhibitor nafamostat 

mesylate: proof of concept for a new administration method in drug repurposing 

for Covid-19 

 

2.1 Introduction 

Covid-19 pandemic has become a major global health emergency since 

2020 and although to date vaccines are available to prevent it, there are 

remaining obstacles such as vaccine allocation in many countries and vaccine 

hesitancy [1] which make it still valuable to find more treatments to fight 

SARS-CoV-2, the virus responsible for the disease. In addition, as the virus 

keeps mutating into new variants [2,3] many people are still developing the 

disease, for that reason there is an ongoing number of research and clinical 

trials to find potential treatments [4]. SARS-Cov-2 viral entry into the cells is 

mediated by its spike (S) protein which binds to the ACE 2 cell receptor on 

the surface of target cells [5]. The S protein priming is done by the TMPRSS2 

serine protease which allows the union of both the cell and viral membrane. 

In this sense, the use of serine protease inhibitors that can potentially hinder 

the TMPRSS2 activity to block viral entry into the cell are good candidates 

for developing treatments for Covid-19 [6].  

Nafamostat mesylate (NM) is an FDA-approved serine protease inhibitor 

used in the treatment of acute pancreatitis and disseminated intravascular 

coagulation [7] [8] (Figure 2.1).  The activity of several serine protease 

inhibitors such as camostat mesylate, gabexate mesylate and nafamostat 

mesylate have been tested in vitro against SARS-Cov-2. Recent research has 

proven the ability of NM to block more efficiently the SARS-Cov-2 infection 

of human lung cells respect to other serine protease inhibitors [9]. 
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Furthermore, NM presented higher antiviral activity in comparison to 

camostat mesylate which makes it a promising drug for developing a new 

treatment against SARS-CoV-2 [9].  To date, there are four ongoing clinical 

trials to study the efficacy of NM to treat Covid-19 infection, and the method 

of administration of the drug is via continuous intravenous infusion [10]. 

However, NM is an ester drug that presents extensive hydrolysis in vivo since 

the enzymes responsible for the hydrolysis can be found in many places of the 

human body, being the main hydrolysis sites the blood and tissue such as liver 

or kidney [11]. 

We hypothesize that the use of cyclodextrins (CDs) could potentially 

protect NM from hydrolysis, possibly providing new administration 

alternatives for the drug besides the intravenous or by being an improvement 

for the intravenous formulation. As described in this thesis introduction, CDs 

are cyclic oligosaccharides formed by 6, 7 or 8 glucopyranose units ( or 

−cyclodextrin respectively) with a cone-like shape that gives them 

supramolecular properties (Figure 2.1). CDs are very hydrophilic on their 

exterior while their inner cavity is an apolar microenvironment where 

hydrophobic moieties with the right size for the cavity can be encapsulated. 

They act forming non-covalent host-guest complexes with a great number of 

lipophilic molecules [12]. Native CDs can be chemically modified to produce 

different derivatives which can be non-anionic, cationic, anionic CDs, 

polymers, etc. These modifications can enhance the stability and selectivity of 

the formed host-guest ICs [13]. CDs affect the physicochemical properties of 

the guest molecules for example increasing their solubility, protecting them 

from degradation such as oxidation [14], visible or UV light[15], hiding 

flavours or odours [16], controlling the administration and release of drugs 

[17] and also protection against hydrolysis [18]. 
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Sulfobutyl ether -cyclodextrin (SBCD), commercially known as 

Captisol® is an anionic cyclodextrin with very high solubility in water and 

non-nephrotoxicity. It is an FDA approved excipient that is currently used in 

at least 4 commercial products as a drug carrier [19,20]. It has potential for 

pharmaceutical applications since anionic CDs can form stronger interactions 

with charged drug molecules, this adds up to the hydrophobic forces inside 

their cavity thus producing higher stability constants between the CD and the 

drug [21]. 

In this work we present for the first time the study of the complexation 

between the native -CD and its derivatives hydroxypropyl -CD (HPCD), a 

neutrally charged derivative, as well as the anionic derivatives sulfobutylether 

-CD (SBCD) and succinyl -CD (SUCCI), with the drug NM. We performed 

UV-Vis spectroscopic studies to calculate the stability constant of the all the 

inclusion complexes (ICs). Furthermore, 1HNMR and 2D ROESY 

spectroscopy experiments confirmed the insertion of NM inside the CDs 

cavity. Docking and molecular dynamic simulations of the ICs showed the 

most stable molecular configuration. Drug hydrolysis kinetics in the presence 

of all the CDs were carried out to study the hydrolysis protection mechanism 

of CDs. Finally, we performed enzymatic assays to study the inhibition of the 

NM-CD complex versus NM using trypsin as a model serine protease in lieu 

of TMPRSS2 the serine protease that allows the fusion of SARS-Cov-2 and 

human cells membranes.  
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Figure 2.1. Molecular structures of NM showing atom labelling (a) and SBCD 

(b). 
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2.2 Materials and methods 

Isothermal titration calorimetry was performed using a Microcal VP-ITC 

isothermal titration calorimeter (Microcal Inc., Northampton, MA). 

Absorption spectra data was collected using a Pharmacia Ultraspec 3000pro 

UV–Vis spectrophotometer using Hellma® 10 mm pathlength quartz cells. 

Nuclear magnetic resonance experiments were performed using a Varian 

NMR System 400. Particle size estimation was performed with a Malvern 

Panalytical Z-Sizer Nano. Milli-Q® 18.2 MΩ/cm water and analytical grade 

chemicals were used without further purification. Sulfobutyl -cyclodextrin 

(SBCD) and Hydroxypropyl -cyclodextrin (HPCD), were kindly gifted by 

Cyclolab Ltd (Hungary). Succinyl -cyclodextrin >95% (SUCCI) as 

purchased from Sigma Aldrich/Merck. Nafamostat mesylate >98% was 

bought from TCI Chemicals Japan and used as received. Nα-Benzoyl-DL-

Arginine-p-Nitroanilide (BAPNA) and bovine pancreatic trypsin (EC 232-

650-8, ≥10000 units/mg) were purchased from Merck. pH 8 TRIS buffer was 

purchased at Merck and adjusted to pH 7.8 using 1 M hydrochloric acid 

solution. Deuterium oxide (D2O water) 99.9% atom was purchased from 

Sigma-Aldrich  

Isothermal titration calorimetry (ITC) 

Isothermal titration calorimetry was performed at 25°C and atmospheric 

pressure using a Microcal VP-ITC isothermal titration calorimeter (Microcal 

Inc., Northampton, MA). The ITC was calibrated electronically. The data were 

acquired by computer software provided by Calorimetry Sciences Corp and 

analyzed using the one-site model. NM-SBCD binding experiments were 

performed by injecting 10 µL aliquots with 240 s of separation of a SBCD 

solution (4 mM) into the sample cell containing NM solution (200 mM). All 

experiments were performed with constant stirring (200 rpm) driven by a 
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stepping motor coupled to the isothermal titration calorimeter. 20 mM pH 7.8 

TRIS buffer was used to prepare the solutions and all the solutions were 

degassed before the titration experiment. We worked with concentrations 

bellow the critical aggregation concentration (cac) of the SBCD [22] to ensure 

that the measured enthalpy change corresponds to the complex formation 

without contributions from a simultaneous dissolution of the SBCD 

aggregates. In control experiments, 10 µL aliquots of a SBCD solution (4 mM) 

were injected into the sample cell containing pH 7.8 TRIS buffer without the 

serine protease inhibitor NM. 

UV-Vis spectroscopic study 

UV-spectroscopic titration experiments were executed to quantitatively study 

the equilibrium constant of the host-guest complex formed between the SBCD 

and NM by measuring the variation of absorbance at a fixed NM concentration 

in the presence of increasing concentrations of SBCD.    

For the stock solutions, we prepared NM 0.741 mM and a mixture of 

NM+SBCD 0.741 mM + 7.41 mM, respectively. For the titrations, using a 

1400 L absorption cuvette, 1000 L of a 14.5  𝜇𝑀 NM solution was prepared 

from the stock in pH 7.8 TRIS buffer. After measuring the initial NM UV-

absorbance, we added subsequent aliquots of NM+SBCD stock solution 

measuring each absorbance at increasing CD concentration.  

 

Job Plot Experiments 

Stock solutions containing equimolar concentrations of SBCD, and 

NM were prepared at a concentration of 0.741 mM. Afterwards, we prepared 

samples by mixing different volumes of SBCD with the NM in a way that the 
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total concentration of [SBCD]+[NM] remained constant and the molar 

fraction of the guest, XNM varied from 0-1. Finally, we measured the 

absorbance of each sample for both sets of experiments.   

H-NMR and ROESY experiments 

1H-NMR and 2D 1H-1H ROESY spectra were recorded in D2O at 400 

MHz in Varian NMR System 400 at 298 K using a 1:1 NM:CD molar ratio for 

each cyclodextrin (-CD, HPCD, SUCCI or SBCD). All signals were 

referenced to internal HDO (4.79 ppm). The ROESY spectra were acquired 

with a mixing time of 400 ms and a relaxation delay of 1.8 s. Proton resonances 

of NM, the pure CDs and the inclusion complexes were assigned with the aid 

of standard COSY and HSQC experiments on the same solutions.  

Molecular docking experiments 

 Structure preparation 

Preparation of the structure and analysis were carried out with Maestro v 9.1, 

(Schrödinger LLC, New York, NY, 2010). The 3D structure of β-CD was 

retrieved from the Protein Data Bank. The SBCD isomer degree of substitution 

(DS) 6 was built with the Maestro Builder module. The glucopyranose units 1 

and 5 (counted from n=1 in Figure 1) have a double substitution of the SBE 

side chains at C2 + C6 and C3 + C6 respectively. As for glucopyranose units 

2 and 7 both have mono-substitutions of the SBE side chains at C6. We 

performed a Conformational Search in Maestro to find the energy minimized 

structure for the built SBCD isomer using a OPLS 3 force field   [23] and water 

as solvent. For the NM ligand, the structure was retrieved from the Cambridge 

Crystallographic Data Centre (ID: HAMJAK, deposition number 2107852) 

and used for the docking studies [24]. 
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Docking Studies 

Docking of NM ligand inside the SBCD was done with Glide [25,26] to obtain 

free energies of binding. A grid for the host was generated using the center of 

mass of the SBCD to define the box where to dock the NM. For all docking 

simulations, rigid docking was applied, and Glide XP was used with the Extra 

Precision mode [27] which uses explicit water molecules for the docking to 

better emulate the displacement of high energy waters from the lipophilic 

cavities thus obtaining a more reliable docking score [28]. 

The SBCD used for the experimental part was a gift from Cyclolab Ltd. and 

has an average degree of substitution (DS) of 6 sulfobutyl ether chains, 

randomly substituted in the β-CD hydroxyl groups. The actual molecular 

configuration of the molecule is unknown and other groups have reported the 

building of isomers for in-silico docking tests [29,30]. 

Molecular Dynamics Experiments  
 

We obtained free energies of binding for the inclusion complexes of NM and 

the β-CD  and HPCDs using the molecular mechanics (MM) generalized Born 

(GB) and surface area (SA) continuum solvation model (MM/GBSA) [34] 

available in the AMBER program package [35]. The starting structures were 

obtained by manually placing the NM ligand inside the cavity of the -CD and 

HPCD. Free energies of binding with SUCCI and SBCDs were not performed 

due to a lack of suitable parameters. The NM ligand was parametrized with 

the general amber force field (GAFF) [36]. The CDs were parametrized with 

the GLYCAM-06 force field [37]. The entire inclusion complex was solvated 

in a cubic box of TIP3P water [38]. The side of the box was at least 14 Å away 

from the inclusion complex. We first minimize the system with the conjugate 

gradient method for 1000 steps followed by slowly heating the system with 
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NVT from a temperature of T= 0 K to T= 300 K using Langevin dynamics 

[39] with a collision frequency of 2 ps-1. This was followed by equilibrating 

the pressure in the NPT ensemble using a Berendsen barostat [40] keeping the 

pressure at 1 atm. After equilibration, a 100 ns production run was performed 

to obtain a trajectory and on completion of the simulation, the free energies of 

binding were computed using the MM/GBSA model. 

Hydrolysis protection experiments 

The kinetic experiments were designed to understand the effect of various 

amounts of SBCD in the hydrolysis of NM at different temperatures ranging 

from 30-45°C.  

We prepared stock solutions0.74 mM of NM and 25 mM of SBCD. For the 

kinetic experiments, we monitored the spectral change in the NM UV-

absorbance for 4 hours every 60 min and then after 24 hours. Using six 1400 

L absorption cuvettes, we prepared 1000 L of a 148 mM NM solution for 

each cuvette in pH 7.8 TRIS buffer. After measuring the initial NM UV-

absorbance, we added to five cuvettes different increasing amounts of the 

SBCD stock solution (0.5X SBCD, 1X SBCD, 2 X SBCD, 3X SBCD, and 4X 

SBCD), while one of the cuvettes was used as a control without SBCD. The 

experiments were performed in duplicate.  

Enzymatic assay of bovine pancreatic trypsin inhibition by nafamostat 

mesylate 

The continuous spectrophotometric rate determination method was used to 

study the inhibition of NM-SBCD complex in the reaction of trypsin digestion 

of Nα-Benzoyl-DL-Arginine-p-Nitroanilide hydrochloride (BAPNA) as a 

substrate at pH 7.8 (Equation 2.1). All enzymatic assays were performed at 

25°C, and the absorbance of released p-nitroaniline was measured at 405 nm. 
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Tris buffer pH 8 was adjusted to pH 7.8 using HCl.  0.1% (w/v) BAPNA 

solution was prepared in Milli-Q® water, the solution was gently heated not 

exceeding 65°C to prevent chemical decomposition of the substrate. 

Immediately before use, a solution of 0.27mg/mL trypsin solution was 

prepared in cold (4°C) 1 mM HCl.  1 mM HCl solution was used as blank [31].  

We prepared a stock 0.01 mM NM solution, a stock solution 0.1 mM of each 

CD and a stock containing a 1:10 NM:CD mixture of the complex e.g., 0.01 

mM NM + 0.1 mM CD.  

Enzymatic assays were performed (Table 2.1), by varying the NM 

concentrations from from 40 nM NM until 180 nM and ten times higher in the 

case of the SBCD from 400 nM NM until 1800 nM. For the inclusion complex 

solution, we respected the same concentrations and ratios as in the free 

moieties solutions.  

 

(1) 
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Table 1. Preparation of the solutions for the enzymatic assay experiments 

Q* corresponds to the amount of 4, 5, 6, 10, 14, 18 µL 
 

 

                            
Enzymatic 

assay 

 

 
Solutions (µL) 

a.  

Blank 

HCl 

assay 

b. 

Uninhibited 

assay 

c. 

NM 

solution 

assay 

d. 

SBCD 

assay 

e. 

SBCD-

NM 

inclusion 

complex 

assay 

Tris buffer pH 

7.8  

600 600 600 - Q* 600 - Q* 600 - Q* 

HCl 1 mM   50 - - - - 

Trypsin in 1 

mM HCl   

- 50 50 50 50 

NM in Tripsin 

pH 7.8  

- - Q* - - 

SBCD solution   - - - Q* - 

SBCD + NM 

Inclusion 

complex   

- - - - Q* 

BAPNA   350 350 350 350 350 

Total volume 1000 1000 1000 1000 1000 

 

2.3 Results and Discussion  

UV-Vis spectroscopic study and stoichiometry determination 

We performed UV-Vis spectroscopy titration experiments as an additional 

method to determine the equilibrium constant of the NM-SBCD host-guest 

complex. We measured the absorbance variation of the NM in the presence of 

different SBCD concentrations by consequently adding aliquots from a stock 

SBCD+NM solution.  
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It has been previously reported in the literature the importance of having a 

fixed guest concentration throughout these experiments to ensure that the 

spectral variations are due to the actual complexation of the guest inside the 

cyclodextrin cavity and not to dilution effects [32]. For this reason, the 

preparation of the stock solution of SBCD+NM was done from the NM stock 

in pH 7.8 Tris buffer and then directly dissolving the SBCD powder to obtain 

a concentration ten times bigger than the NM stock.  

The results show that the initial UV absorbance of NM subsequently decreases 

when SBCD aliquots are added to the solution (Figure 1). This indicates the 

incorporation of the NM molecule inside de CD cavity. A dynamic 

equilibrium is formed between the NM and the SBCD which is also shown in 

the spectral observation with the formation of an isosbestic point at 273 nm 

[33].   
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Figure 1 (a) UV-Vis absorption spectra of NM in presence of increasing 

concentrations of SBCD (b) Linear regression for the 𝐾𝑒𝑞 calculation of the 

inclusion complex  NM-SBCD 
 

In order to determine the stoichiometry of the complex, we performed the 

continuous variation method (Job’s method). We plotted the variation of the 

absorbance of the guest in presence of the host ∆𝐴 ∗ XNM versus the molar 
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fraction of NM (XNM). SBCD Job’s plot shows a maximum deviation XNM = 

0.5 indicating the formation of a 1:1 complex CD:NM (Figure 2). 

  

Figure 2.   Job plot for the NM- SBCD inclusion complex  

To calculate the equilibrium constants (𝐾𝑒𝑞), we linearized the absorbance 

data variation at the peak value spectra at 242 nm. Given that the stoichiometry 

of the complex was confirmed to be 1:1, we did a linear fit of the data by using 

the Benesi-Hildebrand (Equation 2) where the values of 𝐾𝑒𝑞 for the three 

systems were calculated by dividing the intercept by the slope of the linear 

regression.  We obtained a strong binding value for the drug and anionic 

SBCD of 4x104 M-1. 

1

∆𝐴
=

1

∆𝜀 [𝑁𝐴𝐹𝐴]0[𝐶𝐷]0 𝐾𝑒𝑞
+

1

∆𝜀[𝐶𝐷]0
      (2) 
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 Isothermal titration calorimetry (ITC) 

Isothermal titration calorimetry was performed at 25°C and atmospheric 

pressure using a Microcal VP-ITC isothermal titration calorimeter (Microcal 

Inc., Northampton, MA). 

ITC allows to directly measure the differential heat of binding released or 

taken during the interaction of a binder and a ligand. From the obtained 

thermogram it is possible to characterize the stoichiometry of the complex 𝑁, 

the equilibrium constant 𝐾𝑒𝑞 and the enthalpy change ∆𝐻. Additionally, the 

entropy change ∆𝑆 and Gibbs free energy ∆𝐺 can be deducted from the 

equation (Equation 3)  [34].  

∆𝐺 = 𝑅𝑇𝑙𝑛𝐾𝑒𝑞 =  ∆𝐻 − 𝑇∆𝑆 (3) 

The differential heat obtained in the ITC experiment depends on a 

dimensionless parameter 𝑐 value that determines the shape of the binding 

isotherm [35]. The c value relates the total macromolecule concentration (in 

this case the CDs), relative to the ligand concentration and relative to the 

equilibrium constant Equation 4. 

𝑐 = [𝐶𝐷]𝐾𝑒𝑞  (4) 

The host-guest system that we study between the SBCD and the NM guest has 

a low affinity, if we compare it with systems with very high affinity constants 

such as interactions with ligands and proteins or enzymes, as can be seen from 

the obtained isotherms (Figure 3a) where the shape does not corresponds to a 

sigmoidal curve. c values between 1 < 𝑐 < 1000 are a good range for 

accurately estimating all the thermodynamic parameters [35]. Given that the c 

value depends on the concentration of the ligand and the binder, it is ideal that 

systems with lower 𝐾𝑒𝑞 work with higher concentrations to make sure that the 
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c value is located between the appropriate range. Nevertheless, in the case of 

working with systems that involve CDs it is important to have in mind that 

self-aggregation phenomenon start to occur at critical concentrations of 2% 

m/v for the SBCD [22,36] and this can lead to mistakes in the measurements 

of the differential heat of binding. This means that instead of measuring the 

differential heat that corresponds to the formation of a host-guest inclusion 

complex, the experimental value corresponds to the differential heat for the 

CDs aggregation. For our system, it was thus important to find a balance 

between the SBCD concentration and the obtained isotherm curve. We 

obtained a c value of 0.44 for our system. Nevertheless, this type of isotherm 

obtained in our experiment (Figure 3) is not uncommon for systems involving 

CDs [34][37][38]. Moreover, the obtained results for the Keq were previously 

verified and are in complete agreement with the ones obtained in the 

spectroscopic studies and the stoichiometry of the complex had been 

determined to be 1:1 with the job plot experiment as previously discussed. A 

Keq value of 3839 +/- 329 M-1 obtained with the ITC shows that the IC formed 

between the NM and the SBCD is stable. This Keq value is also higher in 

comparison to the native -CD and the derivative hydroxypropyl -CD of 

1100+/-68 M-1 and 800 +/-100 M-1 respectively. The free binding energy ∆𝐺 

-20.46 kJ/mol also indicates a spontaneous process in the IC formation [39].  

The thermodynamic parameters obtained are a result of the energy 

contributions that come from the expulsion of water molecules contained 

inside the SBCD cavity when the NM is complexed and the main driving 

forces in the binding process are hydrophobic and van der Waals interactions 

[39]. A large exothermic heat effect is given by the negative ∆𝐻 values which 

shows that van der Waals forces stabilize the IC in comparison to an also 

negative but much smaller ∆𝑆 values obtained, which represent the 
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hydrophobic interactions. Thus, we can say that the SBCD-NM IC is mostly 

enthalpy-driven but also presents entropic contributions.  

Additionally, the sulfobutyl arms chemically attached through ether bonds to 

the native b-CD elongate the cavity and give an anionic character to the 

cyclodextrin.  This could represent an additional favourable driving force 

(besides the already mentioned van der Waals and hydrophobic) to the IC 

since the sulfonic groups can form Coulomb interactions with the amino 

groups present in the SBCD.  

Table 2. Stability constants (Keq), standard changes of enthalpy (DH°), Gibbs 

binding energy (DG°) and entropy change (DS°) for the formation of 

complexes from the VTD guest with three CD hosts (g-CD, SBCD and b-CD) 

in aqueous TRIS buffer solution pH 6 and 298.2K 

 

 

  

Keq  

[M-1] 

DH° 

(kJ/mol) 

DG° 

(kJ/mol) 

DS°  

(kJ/mol) 

 

SBCD 

 

3839± 329 

 

-29.265± 

4.76 

 

-20.46± 

0.2 

 

-0.351± 0.19 
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Figure 3.  Isothermal titration calorimetry data obtained for the binding 

interaction of [200 mM] Nafamostat Mesylate with [4 mM] SBCD. The upper 

graph shows the variation of heat released upon injection of 10mL of each CD.  

The lower graph corresponds to the binding curve obtained from the integrated 

heat data.  

 

H-NMR and ROESY experiments 

Figure 5a shows the 1H-NMR spectra of the aromatic protons of NM and its 

inclusion complex SBCD. As a general trend, all peaks of the NM:SBCD 

complex are strongly deshielded (displaced to higher frequencies) with respect 

to free NM, indicating inclusion in the CD cavity. The highest displacements 

correspond to protons C and D of the naphthalene group, and G and H of the 

benzene ring.  
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2D 1H-1H rotational Overhauser enhancement experiments (ROESY) provide 

information on the through-space proximity (typically 3-4 Å) of host protons 

and the guest parts. The appearance of cross-peaks is indicative of 

supramolecular complexation, and their intensities are proportional to the 

proximity of the protons involved.  

Figure 5b presents the ROESY spectrum of the NM:SBCD inclusion complex 

in D2O. It shows strong cross-peaks between protons G and H of NM, 

corresponding to the 4-guanidinobenzoic acid moiety, and H-3, H-5 and the 

OCH2 group of SBCD. Another strong set of peaks is observed between these 

protons of SBCD and protons C and D of the naphthalene group of NM. These 

are the protons closer to the ester group and thus indicates that NM enters the 

cavity through the benzene ring. No interactions with the other sulfobutyl 

methylene groups were observed.    
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Figure 5. a) Aromatic region of the 1H-NMR spectra (D2O, 500 MHz, 298 K) 
of NM and NM:SBCD inclusion complex. b) 2D-ROESY NMR spectrum of 
NM:SBCD showing intermolecular cross-peaks. See Figure 1 for atom 
labelling. 

 

Molecular simulations 

We obtained a docking score value of -19.7 kJ/mol. From the results we can 

conclude that the SBCD is a potential binder for the NM molecule since there 

is an inclusion of the drug inside the lipophilic cavity of the SBCD. We can 
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say that this result is in agreement with the experimental results obtained with 

the UV-Vis spectroscopy and ITC where the Keq obtained showed there is a 

good affinity between the SBCD and the NM. And the negative docking score 

value also indicates the process is spontaneous and more energetically 

favorable for the formation of the IC. From the 3D structure we can see that 

the best pose for the SBCD-NM complex (Figure 5 a & b) is one where the 

naphthalene part of the NM molecule is introduced inside the SBCD cavity. 

And the elongation of the cavity by the sulfobutyl arms creates extra space to 

better fit the rest of the NM molecule. Also, the nitrogen atoms of the NM 

potentially interact with the SO3- groups of the SBCD further stabilizing the 

NM molecule and the IC. The docking results are also in agreement with the 

2D ROESY NMR experiments. 
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Figure 5.  Three-dimensional energy minimized structures obtained by 
molecular docking of the inclusion complex between NM and SBCD. The C 
atoms of NM have been highlighted in green. 
 

Hydrolysis kinetic experiments 

In our kinetic experiments, we monitored the UV-absorbance of NM under 

three different variables: temperature, time, and the SBCD concentration. 

The UV-spectra obtained show a subsequent decrease in the l283nm peak 

(Figure 6) that corresponds to the 4-guanidinobenzoate moiety. This is due 

to the hydrolysis of the ester group that binds together the naphthalene and 

4-guanidinobenzoic acid moieties of NM, which produces the loss of the 
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conjugation of the pi orbitals between the 4-guanidinobenzoate and the 

ester group.   

 

Figure 6.  Different UV-Vis spectra of NM at 37°C and pH 7.8 showing 

the drug hydrolysis recorded at different times (a) without the addition of 

SBCD (b) 0.5X SBCD (c) 1X SBCD (d) 2X SBCD (e) 3X SBCD (f) 4X 

SBCD 

 

To quantify these results, we calculated the drug hydrolysis percentage in 

respect to the absorbance value at the 283nm for the spectra corresponding 

to the NM without any addition of SBCD after 24hrs, where the drug was 

completely hydrolysed (Figure 7). By adding increasing amounts of SBCD 

the hydrolysis of NM is remarkably diminished and there is a 

concentration-dependent protective effect through time of the SBCD on 

the NM drug. Even with the lowest amount of 0.5X SBCD there is a 

hydrolysis-protection effect, decreasing the drug hydrolysis up to 82% 

after 4 hours and 40% after 24hrs. Moreover, for the highest 
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concentrations of 3X and 4X SBCD we obtained fairly similar results with 

the hydrolysis percentage decreasing up to 95% after 4 hours and up to 

80% after 24 hours.  These results are explained by the direct effect that 

SBCD has on the kinetics of the NM hydrolysis reaction (Figure 8) where 

higher concentrations of SBCD decrease the kinetic rate constant of the 

reaction (Table 3). The reaction fits a first order kinetic equation (Equation 

5)  

 ln[A] =  −κt +  ln[A]0 (5) 

Where k is the kinetic rate constant that corresponds to the slope of the 

line, A is the absorbance value and t corresponds to the reaction time. By 

diminishing the hydrolysis rate, SBCD enhances the drug stability. The 

hydrolysis experiments were also performed at different temperatures 

obtaining similar results as for 37°C (See supplementary information). 

The mechanism of the protective effect is explained by our previously 

discussed results that prove the insertion of the NM inside the SBCD 

cavity forming an inclusion complex with a high equilibrium constant.   

 

Table 3. Kinetic rate constant k for the first order kinetics of the hydrolysis 

reaction of NM in presence of different concentrations of SBCD 
 

SBCD 0X 0.5X  1X  2X  3X  4X  

k 0.05452 0.02692 0.01681 0.0097 0.00672 0.00682 
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Figure 7.  (a) Hydrolysis percentage and (b) ln(A) vs. time plot for the 

hydrolysis of NM (37°C, pH 7.8) in the absence and presence of SBCD 

at different molar ratios. 
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Effect of NM-CD complexation on trypsin inhibition by nafamostat 

mesylate 

As we were able to prove with the previous results, NM forms inclusion 

complexes with the anionic SBCD. In order to further study the complex 

behavior, and its potential use in drug release and drug design for the Covid-

19 or other diseases, it was important to check the appropriate release of NM 

from the SBCD cavity. We developed an enzymatic assay experiment using 

trypsin as a model serine protease in lieu of the SARS-Cov-2 TMPRSS2, since 

the last one is not commercially available. It has been demonstrated that 

trypsin is actually able to protolyze both SARS-CoV arginine R662 [40] and 

SARS-CoV-2 S1/S2 [41] active sites, and initiate the virus-cell fusion. For this 

reason, we consider our enzymatic assay a suitable proof-of-concept for the 

inhibition of TMPRSS2 by NM-SBCD inclusion complex.  

The inhibition of trypsin enzyme was first compared using NM at different 

concentrations to inhibit the enzymatic reaction and afterwards the same 

enzymatic reactions were performed in the presence of the inclusion 

complexes of NM-SBCD at different concentrations.  For both experiments, 

the concentrations of NM and NM+CD were varied from 40nM -180 nM NM. 

For the case of the inclusion complex, the NM:CD ratio was maintained in 

1:10 for each concentration. These concentrations are in accordance with the 

ones presented in the literature to be sufficient to inhibit viral entry into cells 

both in vitro [42] and in an in vivo treatment for critically ill Covid-19 patients 

where the intravenous concentration of NM was maintained between 30-240 

nM [43].   

Since NM is a serine protease inhibitor, the results show an expected increase 

in the trypsin inhibition at increasing NM concentrations (Figure 9).  
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Figure 9.  Enzymatic assay for Trypsin inhibition by (a) Nafamostat 

Mesylate and SBCD inclusion complex at different concentrations and 

(b) Nafamostat Mesylate at different concentrations without SBCD 

  

Moreover, the enzymatic assay carried out in the presence of the inclusion 

complex of NM-SBCD shows the same tendency, indicating that the NM is 

correctly released from the SBCD cavity in the presence of the serine protease 

enzyme. As studied by Ramjee et al, the mechanism of inhibition of NM has 

an initial noncovalent binding of NM with trypsin followed by the attack of 

the trypsin’s serinyl nucleophile on the NM carbonyl group producing an 

acylation of the enzyme and cleaving the NM molecule in two products so that 

there is a covalent attachment of the 4-guanidinobenzoic acid product of NM 

to the serine protease [44]. NM release from the CDs cavity occurs possibly 

in a competitive way due to the higher affinity of NM to covalently react with 

the serine protease enzyme, thus displacing the equilibria of the complex and 

forcing the drug to abandon the CD cavity and binding to the enzyme’s active 

site [45]. Additionally, we have proved that it is the naphthalene part of the 

NM the one that is more likely incorporated inside the SBCD cavity and the 

4-guanidinobenzoate part lies outside the cavity stabilized by the sulfobutyl 

arms and thus this part of the molecule could be more available to react with 

the enzyme. Control experiments were performed using only the SBCD at the 

same concentrations as in the inclusion complex experiment and we observed 
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the enzymatic reaction also proceeded but with some inhibition at higher 

concentrations of SBCD but not at the same rate as with the NM or the NM-

SBCD IC (see supplementary information).   

2.4 Conclusions 

In conclusion, we have successfully proved the formation of an inclusion 

complex between the serine protease inhibitor NM and the anionic b-

cyclodextrin derivative SBCD. The equilibrium constant was estimated to be 

3839± 329 M-1 both with ITC and UV-spectroscopic techniques. This Keq is 

higher than the ones previously reported by our group with b-CD and the 

derivative hydroxypropyl b-CD. H NMR and ROESY experiments confirmed 

the incorporation of NM in the SBCD cavity and the most stable orientation 

of the NM molecule inside the host was elucidated performing docking 

experiments. NM hydrolysis kinetic in the presence of SBCD confirmed the 

protection mechanism against hydrolysis in a concentration-dependent 

manner. Finally, enzymatic assays showed that the inclusion complex of NM-

SBCD correctly inhibits the reaction of trypsin as a model enzyme thus 

gaining a next step in further pharmaceutical research for new administration 

ways for NM. To the best of our knowledge this is the first study of the 

interactions between NM drug and SBCD and opens the door to further study 

the pharmaceutical applications of this supramolecular system. Further in vitro 

studies of the NM-CD complex should be done in order to assess the correct 

blocking of the SARS-CoV-2 viral entry inside cells.    
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Chapter 3 
 

Supramolecular Complexes of Plant Neurotoxin Veratridine with 

Cyclodextrins and their Antidote-Like Effect on Neuro-2a Cell Viability1 

 

3.1. Introduction 

Veratridine (VTD) is a lipid-soluble alkaloid neurotoxin derived from 

Veratrum plants, which belong to the lily family. It has been used in the past 

as a drug against arterial hypertension although its pharmacological use was 

stopped due to secondary effects of intoxication. Nowadays, VTD is used as a 

research tool given that it acts by targeting the voltage-gated sodium channels 

(VGSCs) of cell membranes, thus producing a persistent Na+ current and 

increasing intracellular Na+ concentration [1]. An important use of VTD in 

research is enhancing the specificity of neuroblastoma (Neuro-2a) cell-based 

assays (CBAs) used for the detection, evaluation of toxicity and study of 

mechanisms of VGSC toxins [2]. VGSCs transmit action potentials in 

neurons, skeletal muscles, and cardiac cells. Unsurprisingly, the alteration in 

VGSC caused by VTD produces symptoms such as intense retching, 

bradycardia, hypotension, arrhythmia, loss of consciousness, and seizure. The 

treatment for VTD poisoning is mainly focused on relieving the symptoms 

using drugs such as atropine, dopamine, and diazepam [3,4]. Additionally, 

activated charcoal is used to remove the unabsorbed excess of alkaloids [5]. 

Nevertheless, there is currently no specific antidote that targets the toxin 

molecule itself.   

On the other hand, cyclodextrins (CDs) are cyclic oligosaccharides 

formed by 6, 7 or 8 glucopyranose units (  or -cyclodextrin, respectively) 

forming a truncated cone-like shape that gives them the ability to form host-

guest inclusion complexes (ICs). CDs possess a hydrophilic exterior because 
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of the hydroxyl groups that lie in their outer rims. In their inner cavity, the C-

H and ether-bond glycosidic oxygens generate an apolar microenvironment 

where hydrophobic moieties with the right size for the cavity can be 

encapsulated. Thus, CDs form non-covalent host-guest complexes with a great 

number of lipophilic molecules [6]. Native CDs can be chemically modified 

to produce different derivatives such as cationic or anionic CDs, bridged CDs, 

polymers, etc. These modifications can enhance the stability and selectivity of 

the formed host-guest ICs [7]. The encapsulation of guests inside the CD 

cavities changes the physicochemical properties of the guest molecules 

resulting, for example, in an increase in their solubility [8], protection from 

oxidation [9], visible or UV light degradation [10], hiding flavors or odors 

[11], and controlling the administration and release of drugs. Their 

applications include biotechnology [12], environmental [13] and 

pharmaceutical industries [14], among many others. 

A promising and ever-growing application for CDs is as 

supramolecular antidotes against toxins. There is research regarding the 

complexation of CDs with several mycotoxins like alternariol [15], ochratoxin 

A [16], aflatoxins [17], citrinin [18,19] and zearalenone [20], as well as with 

some neurotoxins like the rodenticide tetramethylenedisulfotetramine [21] and 

the insecticide paraoxon [22]. Nevertheless, there is still a lot of room for 

studying the interactions and applications of CDs with many other neurotoxin 

molecules that target the VGSC. For example, those that are produced by 

plants and animals such as VTD, aconitine, grayanotoxins and batrachotoxin, 

which are small lipid-soluble toxins; or marine toxins produced by algae such 

as okadaic acid, ciguatoxin and brevetoxin which are cyclic polyethers [23].  

In this work, we studied for the first time the complexation between 

native  and -cyclodextrin (−CD and -CD) and the anionic derivative 
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sulfobutyl -cyclodextrin (SBCD) with the neurotoxin VTD (Fig. 1). We 

performed isothermal titration calorimetry (ITC) studies of the interaction of 

with -CD, -CD and SBCD to estimate thermodynamic parameters and the 

stability constant of the complex in the different CDs. Furthermore, we 

characterized and confirmed the insertion of VTD inside the CDs cavity using 

1D and 2D nuclear magnetic resonance (NMR). A docking and molecular 

dynamic study confirmed the best CD binders and the most energy stable 

configuration for the inclusion complex. Finally, with an interest in 

understanding the effects of the VTD-CDs inclusion complexes, we evaluated 

their toxicity with a cell-based assay (CBA) on Neuro-2a cells.  
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Figure 3.1. (a) Structure of VTD showing atom labelling. (b) Structure of the 

cyclodextrin hosts used in this work. (c) Atom labelling of the glucopyranose 

ring. (d) Cross-section view from inside the -CD cavity showing the H-3 and 

H-5 rims (cyan) and the H-6 atoms located on the border of the primary side 

(violet).  
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3.2. Materials and Methods 

All reagents used were of analytical grade and used without further 

purification. -CD and -CD were obtained from Wacker Chemie AG 

(Germany). Sulfobutyl -cyclodextrin was a gift from Cyclolab Ltd. 

(Hungary). Veratridine (>90% HPLC), D2O (99.99% D) and DCl (35%, 

99.9% D) were purchased from Sigma Aldrich. pH 6 buffer was prepared 

using Tris base from Sigma Aldrich and the pH was adjusted using 1 M HCl. 

At this pH concentrated stock solutions of VTD could be prepared without 

solubility limitations. The Neuro-2a cell line was obtained from American 

Tissue Culture Collection (ATCC), batch CCL131.  

3.2.1. Isothermal Titration Calorimetry 

ITC was performed using a Microcal VP-ITC isothermal titration 

calorimeter (Microcal Inc., Northampton, MA) at 298.2 K and atmospheric 

pressure. The instrument was calibrated electronically. The data were acquired 

with a computer software provided by Calorimetry Sciences Corp and 

analyzed using the one-site model. VTD/CD binding experiments were 

performed by injecting 10 µL aliquots with 240 s of separation of a CD 

solution (4 mM) into the sample cell containing VTD solution (200 M). All 

experiments were performed with constant stirring (200 rpm) driven by a 

stepping motor coupled to the isothermal titration calorimeter. 20 mM pH 6 

Tris buffer was used to prepare the solutions and all the solutions were 

degassed before the titration experiment. The CD concentrations for the 

experiment were chosen in order to work bellow the critical aggregation 

concentration (cac) of each CD [24,25] to ensure that the measured enthalpy 

change represents the complex formation without contributions from a 

simultaneous dissolution of the CD aggregates. In control experiments, 10 µL 

UNIVERSITAT ROVIRA I VIRGILI 
CYCLODEXTRIN-BASED SUPRAMOLECULAR SYSTEMS OF EMERGING GUESTS WITH PHARMACEUTICAL AND ENVIRONMENTAL INTEREST 
Laura Andrea Uribe Uribe 
 



Laura A. Uribe - Doctoral Thesis - Chapter 3 

 
 

86 
 

aliquots of a CD solution (4 mM) were injected into the sample cell containing 

Tris buffer without the VTD toxin.  

3.2.2. NMR Spectroscopy 

1H-NMR and 2D 1H-1H ROESY spectra were recorded in D2O 

containing DCl 0.1% (v/v) at 400 MHz in Varian NMR System 400 at 298 K 

using a 1:1 VTD:CD molar ratio for each cyclodextrin (-CD, -CD or 

SBCD). All signals were referenced to internal HDO (4.79 ppm). The ROESY 

spectra were acquired with a mixing time of 400 ms and a relaxation delay of 

1.8 s. Proton resonances of VTD, the pure CDs and the inclusion complexes 

were assigned with the aid of standard COSY and HSQC experiments on the 

same solutions.  

3.2.3. Molecular Simulation 

3.2.3.1 Structure Preparation 

Preparation of the structure and analysis were carried out with Maestro 

v 9.1, (Schrödinger LLC, New York, NY, 2010). The 3D structures of -CD 

and -CD were retrieved from the Protein Data Bank. SBCD used has an 

average degree of substitution of ~6 sulfobutyl ether chains, as determined by 

1H-NMR, which are randomly substituted in the -CD hydroxyl groups. The 

actual molecular configuration of the molecule is unknown and other groups 

have reported the building of isomers for in-silico docking tests [26,27]. The 

SBCD isomer used here was built with the Maestro Builder module. The 

glucopyranose units 1 and 5 (counted from n = 1 in Figure 1b) have a double 

substitution of the SBE side chains at C-2 + C-6 and C-3 + C-6 respectively. 

As for glucopyranose units 2 and 7, both have mono-substitutions of the SBE 

side chains at C-6. We performed a Conformational Search in Maestro to find 

the energy minimized structure for the built SBCD isomer using a OPLS 3 
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force field [28] and water as solvent. For the VTD ligand, the structure was 

retrieved from the Cambridge Crystallographic Data Centre (ID: BUWMIP, 

deposition number 1117590) and used for the docking studies [29] . 

3.2.3.2. Docking Studies 

We used docking of VTD into the three CDs with Glide [30,31] to 

obtain free energies of binding. A grid for each host was generated with the 

center of mass of each CD used to define the box where to dock the VTD. For 

all docking simulations, rigid docking was applied and Glide XP was used 

with the Extra Precision mode [32] which uses explicit water molecules for 

the docking. This simulates better the displacement of high energy waters from 

the lipophilic cavities thus obtaining more reliable docking scores [33]. 

3.2.3.3. Molecular Dynamics Experiments  

We obtained free energies of binding for the inclusion complexes of 

VTD and the CDs using the molecular mechanics (MM) generalized Born 

(GB) and surface area (SA) continuum solvation model (MM/GBSA) [34] 

available in the AMBER program package [35]. The starting structures were 

obtained by manually placing the VTD ligand inside the cavity of the -CD 

and -CD. Free energies of binding with SBCDs were not performed due to a 

lack of suitable parameters. The VTD ligand was parametrized with the 

general amber force field (GAFF) [36]. The CDs were parametrized with the 

GLYCAM-06 force field [37]. The entire inclusion complex was solvated in 

a cubic box of TIP3P water [38]. The side of the box was at least 14 Å away 

from the inclusion complex. We first minimize the system with the conjugate 

gradient method for 1000 steps followed by slowly heating the system with 

NVT from a temperature of T= 0 K to T= 300 K using Langevin dynamics 

[39] with a collision frequency of 2 ps-1. This was followed by equilibrating 
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the pressure in the NPT ensemble using a Berendsen barostat [40] keeping the 

pressure at 1 atm. After equilibration, a 100 ns production run was performed 

to obtain a trajectory and on completion of the simulation, the free energies of 

binding were computed using the MM/GBSA model. 

3.2.4. Neuro-2a Cell Viability Experiments  

Neuro-2a cells (ATCC, CCL131) were maintained in 10% fetal bovine 

serum (FBS) RPMI medium (Sigma-Aldrich, St. Louis, MO, USA) at 310 K 

in a 5% CO2 humidified atmosphere (Binder, Tuttlingen, Germany) [41]. For 

the experiments, cells were cultured in a 96-well microplate in 5% FBS RPMI 

medium at an approximate density of 34,000 cells per well for 24 h. A stock 

solution of VTD (1 mM) was prepared in MilliQ® water and adjusted to pH 2 

for solubilization. Stock solutions of CDs (50 mM -CD, 200 mM -CD and 

200 mM SBCD) were prepared in PBS. Prior to exposure to VTD and CDs, a 

half of the microplate was treated with 0.4 mM ouabain (OB, Sigma-Aldrich). 

Then, 10 L of VTD and 10 L of CDs at different concentrations were added 

into the wells with and without the OB treatment (as a control to evaluate CDs 

toxicity) and incubated for 24 h. Each well had a final pH value of 6. Cell 

viability was assessed in triplicate experiments using the colorimetric [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] MTT assay [42]. Absorbance 

values were read at 570 nm using an automated multi-well scanning 

spectrophotometer (Biotek, Synergy HT, Winooski, VT, USA). The cell 

viability values were normalized with respect to the viability of the control 

without OB treatment. 
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3.3. Results and Discussion 

3.3.1. Isothermal Titration Calorimetry (ITC) 

Calorimetric titrations were carried out in order to verify the formation 

of host-guest complexes between VTD and CDs. Figure 3.2 shows the heat 

evolved and curve fitting of the enthalpy of complex formation for the three 

studied systems and Table 1 the thermodynamic parameters obtained.  

 

 

Figure 3.2. Isothermal titration calorimetry data obtained for the binding 

interaction of VTD with: (a) -CD, (b) -CD and (c) SBCD. The upper graphs 

show the variation of heat released upon injection of 10 L of each CD. The 

lower graphs correspond to the binding curve obtained from the integrated 

heat data. Conditions: [VTD] = 0.2 mM, [CD] = 4 mM, T = 298.2 K.  

 

ITC allows one to directly measure the differential heat of binding 

released or absorbed during the interaction of a binder and a ligand. From the 

obtained thermogram (Figure 3.2.) it is possible to characterize the 
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stoichiometry of the complex (n), the equilibrium constant (Keq), the enthalpy 

(H) and entropy (S) changes, which are related to the Gibbs free energy 

(G) by equation (1) [43].  

∆𝐺 = 𝑅𝑇𝑙𝑛𝐾𝑒𝑞 =  ∆𝐻 − 𝑇∆𝑆 (1)  

The differential heat measured in ITC depends on a dimensionless 

parameter (c) that determines the shape of the binding isotherm and relates the 

total host concentration (in this case the CDs) with the equilibrium constant 

according to equation 2 [22].  

𝑐 = 𝑛[𝐶𝐷]𝐾𝑒𝑞  (2) 

Table 3.1. Stability constants (Keq), standard enthalpy changes (H°), Gibbs’s 

binding energy (G°) and entropy changes (S°) for the formation of VTD 

complexes with three CD hosts (−CD, SBCD and −CD) in Tris buffer 

solution pH 6 at 298.2 K.  

 n Keq (M-1) 
H° 

(kJ/mol) 

G° 

(kJ/mol) 

S° 

(kJ/mol) 

−CD 0.7 ± 0.2 1500 ± 70 n.d. -18.1 ± 0.1 n.d. 

−CD 0.95 ± 0.03 7200 ± 100 -16.7 ± 0.2 -22.1 ± 0.1 0.21 ± 0.01 

SBCD 0.94 ± 0.02 8200 ± 60 -14.5 ± 0.1 -22.4 ± 0.1 0.31 ± 0.01 

n.d.: could not be determined accurately 

 

Values of c between 1 < 𝑐 < 1000 are considered to be a good range 

for accurately estimating the thermodynamic parameters. Ideally, for systems 

with Keq values in the order of those commonly observed for CD complexes 

(102-104 mol-1) relatively high concentrations should be used in the experiment 

to guarantee that the c value lies between the appropriate range. However, 

when working with systems that involve CDs it is important to have in mind 

that aggregation starts to occur at critical concentrations above 1-2% (m/v) for 
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-CD, -CD and SBCD [25,44]. This can lead to incorrect measurement of the 

differential heat of binding since part of the heat is consumed in the 

aggregation process. This compromise between the CD concentrations and c 

values could be easily attained in the case of the -CD and SBCD due to their 

high solubility.  

As can be seen from Table 3.1., the formation of inclusion complexes 

with -CD and SBCD is mainly enthalpy-driven since |∆𝐻| > |T∆𝑆| [45]. The 

thermodynamic parameters obtained for CD complexes are a result of the 

contributions of the release of water molecules contained inside the CD 

cavities driven by the occurrence of van der Waals and hydrophobic 

interactions between the host and the guest [46]. The large exothermic effect 

seen in the negative enthalpy values of -CD and SBCD indicate that their 

interaction with VTD is mostly driven by van der Waal forces than by 

hydrophobic interactions [45], as observed in other CD complexes [43] 

[47][48]. 

On the other hand, -CD and SBCD have Keq values of 7200 M-1 and 

8200 M-1, respectively, in comparison with 1500 M-1 for -CD (Table 3.1), 

indicating that the two first CDs form more stable inclusion complexes with 

the VTD toxin. This can be attributed to the larger cavity size in the case of 

the −CD with respect to −CD where the VTD guest can potentially fit better. 

In the case of the anionic SBCD derivative, the diameter of the cavity is the 

same as −CD, but the cavity is enlarged due to the sulfobutyl arms chemically 

attached through ether bonds. This longer cavity also helps to accommodate 

the VTD toxin. Since the pKa of VTD is 9.5 [49], at pH 6 the molecule is 

protonated and electrostatic interactions between the -SO3
- groups and the 

NH+ group of VTD also help to stabilize the inclusion complex resulting in a 

higher Keq for VTD-SBCD than in the case of the VTD--CD. Finally, the 
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−CD has the lowest affinity for the VTD toxin. This is expected, since a 

weaker inclusion complex is formed due to the smaller cavity size where the 

VTD toxin can fit only partially, resulting in the smaller value for the Keq. 

3.3.2. NMR Experiments 

VTD is the 3,4-dimethoxybenzoate ester of a 6-ring steroidal structure. 

The molecule thus features two well-distinguished parts that should interact in 

different ways with the CD hosts. The strong overlapping of some steroid 

protons with those of the CD hosts in the 1H-NMR spectra prevented an 

accurate analysis of the effect of VTD on H-3 and H-5, which point towards 

the cavity and are usually the most affected by guest inclusion (Figure 3.3). 

However, analysis of the aromatic part of the spectra gave some hints on the 

possible inclusion geometry. Figure 4.3 (left) shows the 1H-NMR spectra of 

the aromatic protons of VTD and their inclusion complexes with the three 

studied CDs. In all cases, the peaks of the VTD-CD complexes are shifted with 

respect to free VTD, indicating inclusion of the aromatic moiety in the CD 

cavities. In the case of −CD and SBCD, all proton signals are shielded, with 

proton C showing the highest displacement (~0.3 ppm). The shift to lower 

frequencies of protons A and B was higher for SBCD (0.04 and 0.13 ppm, 

respectively) than for -CD (0.02 and 0.06 ppm, respectively), suggesting a 

stronger interaction of the aromatic moiety with the anionic host and 

consistent with the ITC results. In the case of −CD, the aromatic resonances 

were less affected by the inclusion. Interestingly, protons A and B are slightly 

shifted to higher frequencies with respect to VTD, suggesting that these 

protons are close to oxygen atoms outside the cavity of the host [50,51]. This 

is an indication that the steroid part is deeply included in the cavity of -CD 

due to its larger size with the 3,4-dimethoxybenzoate group protruding from 

the primary side.  
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2D 1H-1H rotational Overhauser enhancement experiments (ROESY) are very 

useful tools to study the solution geometry of inclusion complexes with CDs. 

They provide information on the through-space proximity (typically 3-4 Å) of 

host protons and the guest parts involved in the supramolecular complexation 

in the form of cross-peaks with intensity proportional to the proximity of the 

protons involved. Figures 3.4, 3.5 and 3.6 show the ROESY spectra of the 

studied 1:1 VTD inclusion complexes in D2O.   

 

Figure 3.3. High frequency (left) and low frequency (right) regions of the 1H-

NMR spectra (0.1% DCl in D2O, 500 MHz, 298 K) of: (a) VTD, (b) VTD:-

CD, (c) VTD:SBCD and (d) VTD:-CD. VTD protons are indicated in violet 

and SBCD spacer protons in black. For the assignment of other cyclodextrin 

protons please see Figures 4.4, 4.5 and 4.6. 

 

The ROESY spectrum of the VTD:-CD inclusion complex (Figure 

3.4) shows cross-peaks between the aromatic protons and H-5. This indicates 

that VTD enters the cavity though the wider secondary side with the aromatic 

ring residing close to the primary side. This is further confirmed by the 

presence of strong cross-peaks between protons E, F, and H, and methyl group 
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J of VTD and H-3. Protons E and F also show weaker cross-peaks with H-5. 

These protons correspond to the steroid ring closer to the 3,4-

dimethoxybenzoate group, indicating that this part of the VTD molecule also 

enters the cavity.  

In the case of the VTD:SBCD inclusion complex (Figure 3.5), the 

ROESY spectrum shows a similar cross-peak pattern to VTD:-CD and thus 

indicate a comparable inclusion geometry. Besides the steroid/H-3 and the 

aromatic/H-5 cross-peaks, the spectrum reveals spatial vicinity between the 

aromatic protons and the OCH2 protons of the sulfobutyl group located on the 

primary side [52], although we could not detect cross-peaks with the VTD 

methoxy groups due to signal overlap. No interactions with the other 

sulfobutyl methylene groups were observed.    

The ROESY spectrum of VTD:-CD also reveals an inclusion 

geometry in which the aromatic ring sits farther to the primary side of the -

CD cavity as compared with -CD. In this case, the aromatic protons show 

weaker interactions with H-5 but stronger with the H-6 protons that lie on the 

border of the cavity. This is in agreement with the signal displacements 

observed on the 1D 1H-NMR spectrum. Protons E, H and F also show cross-

peaks with H-3 and H-5 confirming the inclusion of the steroid part and a 

deeper penetration in the cavity. Interestingly, methyl group J also shows a 

strong signal with both H-3 and H-5, in contrast to -CD in which this group 

lies closer to H-3. The differences in the relative position of the VTD guest in 

the -CD and -CD cavity is mainly due to the larger size of -CD, that 

accommodates better the bulky steroidal part. 
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Figure 3.4. 2D-ROESY NMR spectrum of the 1:1 VTD:-CD inclusion 

complex showing intermolecular (red) and intramolecular (green) cross-

peaks. See Figures 4.1a and 4.1c for atom labelling. 

 

 

 

Figure 3.5. 2D-ROESY NMR spectrum of the 1:1 VTD:SBCD inclusion 

complex showing intermolecular (red) and intramolecular (green) cross-

peaks. See Figures 4.1a and 4.1c for atom labelling. 
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Figure 3.6. 2D-ROESY NMR spectrum of the 1:1 VTD:-CD inclusion 

complex showing intermolecular (red) and intramolecular (green) cross-

peaks. See Figures 4.1a and 4.1c for atom labelling. 

 

3.3.3. Molecular Simulations 

Molecular docking is a widely used tool that aids to understand the 

geometries and interactions involved in the formation of inclusion complexes 

and often complements the experimental results [53]. From the simulation 

results presented in Table 4.2 we observe that all three CDs are predicted to 

be potential binders for the VTD. From docking, we obtain -25.9 kJ/mol, -26.7 

kJ/mol and -5.6 kJ/mol for SBCD, -CD and -CD, respectively. These results 

are in agreement with the experimental results obtained by ITC where SBCD 

and -CD are stronger binders for VTD in comparison with -CD. From the 

3D structures we can see that the best pose for the VTD:-CD complex (Figure 

3.7a) is one where the VTD molecule is not completely introduced inside the 

-CD cavity. The aromatic ring is located inside the cavity and most of the 

steroid part of the molecule lies outside the cavity. In the case of SBCD (Figure 
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3.7b), although it is a -CD derivative, the host has an elongated cavity 

because of the presence of the sulfobutyl ether arms that create more space for 

the guest, resulting in more penetration of VTD. Additionally, its anionic 

character may help to further stabilize the inclusion complex by electrostatic 

interactions with the protonated nitrogen atom present in the steroid part. On 

the other hand, the best pose of the VTD complex with the larger -CD host 

(Figure 3.7c) shows that the guest is deeply introduced inside the cavity and 

the aromatic ring actually protrudes from the primary side. This results in a 

sort of pseudorotaxane structure in which the host cavity mainly interacts with 

the steroid part. As can be seen, the docking results are in good agreement 

with the 2D ROESY NMR experiments, confirming the validity of this tool to 

understand inclusion complexation in cyclodextrins.  

Docking studies involve several simplifications; the simulations are 

not dynamic, and normally they do not use an explicit solvent [33]. It is a good 

tool to quickly estimate the best binding pose for an inclusion complex [54] 

but should be complemented with more thorough methods such as MD which 

in fact uses explicit water molecules and considers a dynamic component of 

the inclusion complexes. Hence, the docking simulations were complemented 

with a molecular dynamics approach (trajectory videos available in the 

Supplementary information). The free energies of VTD binding with -CD 

and -CD obtained with MM/GBSA [34] were -1.6 ± 1.3 kJ/mol and -18 ± 3 

kJ/mol, respectively. An interesting result was seen in the MD of the -CD 

complex, where at the start of the trajectory simulation VTD was in fact not 

docked inside of the -CD cavity. As the simulation time elapsed, it could be 

seen how the molecule became incorporated inside the cavity, confirming 

again that this is the most energy stable configuration for the molecules in 

solution. The computed MM/GBSA G° values also match both with the 
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docking scores and the ITC data, confirming that -CD is a much better binder 

than -CD. The underestimation of G° for the -CD complex (-1.6 ± 1.3 

kJ/mol) is most likely due to the geometry of the inclusion complex in which 

most of the steroid part of VTD is outside the cavity and not complexed inside 

the cavity and thus exposed to the solvent (see Figure 4.7a).  

 

Table 3.2. Gibbs binding energy (G°) values obtained by ITC and molecular 

dynamics (MD) and docking scores for the formation of inclusion complexes 

between VTD and the studied CD hosts. 

 Keq (M-1) 

G° 

(kJ/mol) 

ITC 

G° 

(kJ/mol) 

MD 

Docking 

Score 

(kJ/mol) 

−CD 1500 ± 70 -18.1 ± 0.1 -1.6 ± 1.3 -5.6 

SBCD 8200 ± 60 -22.4 ± 0.1 n.d. -25.9 

−CD 7200 ± 100 -22.1 ± 0.1 -18 ± 3 -26.7 

n.d.: not determined. SBCD molecule not available in the literature for MD 

studies. 
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Figure 3.7.  Three-dimensional energy minimized structures obtained by 

molecular docking of the inclusion complex between VTD and (a) -CD, (b) 

SBCD and (c) -CD. The C atoms of VTD have been highlighted in green.  

 

3.3.4. Cytotoxicity Evaluation 

The VTD toxicity on Neuro-2a cells was evaluated with a CBA [55]. 

In this CBA, ouabain (OB), a toxic cardiac glycoside that inhibits the Na+/K+ 

pump [56], is added for the specific and sensitive detection of VTD since it 

prevents cells from counteracting the increasing sodium intracellular 

concentrations produced by VTD exposure [41,57]. The exposure to OB 
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sensitizes the cells and usually results in a slight decrease of the cell viability 

(Figure 4.8). 

  

Figure 3.8. Structure of OB and effect of VTD and OB in the Na+ cell 

transport. 

 

In our experiments, the pre-treatment of the Neuro-2a cells with 0.4 

mM OB resulted in around 30-40% decrease in cell viability (Figure 3.9). The 

effect of CDs on the Neuro-2a cells was simultaneously evaluated. Cells were 

exposed to different CDs concentrations up to 50 mM in the case of -CD 

(higher concentrations could not be tested because of the low solubility of this 

CD) and up to 200 mM for -CD and SBCD. Cell viabilities around 60-70% 

were obtained in the absence (0 mM CD) and in the presence of all CDs and 

at all studied concentrations, demonstrating that CDs are harmless to Neuro-

2a cells. On the other hand, this experiment also suggests that the CDs do not 

form host-guest complexes with OB. This is not surprising, since OB is the 

glycoside of a pentahydroxylated steroid and thus a highly polar and 

hydrophilic molecule with little or no affinity for the CDs. 
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Figure 3.9. Normalized cell viability of Neuro-2a cells pre-treated with 0.4 

mM ouabain (OB) in the absence (yellow) and in the presence of -CD (red), 

SBCD (blue) and -CD (green) at different concentrations. The control in 

absence of OB is the grey bar. 

 

Neuro-2a cells were then exposed to different VTD and CDs 

concentrations, in the presence of OB, to test if the formation of inclusion 

complexes between VTD and the studied CDs resulted in an inhibition of VTD 

toxicity. In the absence of CDs, the addition of 1 and 0.25 mM VTD caused 

around 100% cell mortality (0% cell viability) (Figure 3.10). For 1 mM VTD, 

cell viabilities increased with increasing CD concentrations for -CD and 

SBCD, reaching around 100% of the cell viability and protecting the Neuro-

2a cells from the VTD toxicity. (Figure 3.10a). However, -CD was unable to 

protect the Neuro-2a cells at this VTD concentration. These results agree with 

the higher stability constants determined for the -CD and SBCD complexes 

than for -CD. The results also show that the cell culture medium is not 

affecting the ability of CDs to complex VTD and highlight the selectivity of 

the CDs for VTD and not towards other molecules present in the medium. 
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Experiments were then performed using 0.25 mM VTD. In this case, 

all CDs were able to neutralize the toxic effect of VTD totally or partially, 

again in a concentration-dependent matter (Figure 3.10b). As expected, lower 

CDs concentrations are needed to inhibit the VTD toxicity. In the case of -

CD, even though a higher concentration (compared to -CD and SBCD) is 

required to inhibit the VTD toxicity, 70% cell viability recovery is achieved 

at the highest tested -CD concentration of 50 mM. Therefore, the three 

studied CDs have antidote-like characteristics, which depend on the type of 

CD as well as on VTD and CD concentrations.  

 

Figure 3.10. Normalized cell viability of Neuro-2a cells pre-treated with 0.4 

mM ouabain (OB) after the incubation with (a) 1 mM and (b) 0.25 mM VTD 

in the absence (0 mM) and in the presence of -CD (red), SBCD (blue) and -

CD (green) at different concentrations. The control in absence of VTD is the 

magenta bar. 
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4.4. Conclusions  

We have successfully proved the formation of inclusion complexes 

between the alkaloid neurotoxin VTD and native -CD and -CD as well as 

the anionic -CD derivative SBCD. The equilibrium constants were estimated 

to be 1500 M-1, 7200 M-1 and 8200 M-1 for -CD, -CD and SBCD, 

respectively, making the -CD and the anionic SBCD the most stable hosts. 

1H-NMR and 1H-1H ROESY experiments confirmed the incorporation of 

VTD in each of the CDs cavities and the most stable orientation of the 

molecule inside the CDs was elucidated by performing docking and molecular 

dynamics simulations. In-vitro studies showed that the three studied CDs have 

antidote-like effects against the VTD toxicity, protecting Neuro-2a cell 

viability at a different extent depending on the CD type as well as the CD and 

VTD concentrations. To the best of our knowledge, this is the first study of 

the interactions between VTD neurotoxin and CDs and opens the door to 

further study the role of CDs with other lipid toxins.  
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Chapter 4 
 

Synthesis and characterization of insoluble cyclodextrin nanosponges 

with variable crosslinker-size for marine toxin capturing applications 

 

4.1 Introduction 
 

Harmful algal blooms (HAB), also known as red tides, are a 

phenomenon caused by microscopic algae of different types that can be non-

toxic or toxic but with the common characteristic of having harmful effects 

like damages on marine ecosystems, human health, as well as economic and 

environmental impact [1]. Non-toxic HAB are usually produced by the 

biomass accumulation of algae and can cause damage in fisheries, recreational 

facilities and of course, ecosystems by affecting co-occurring organisms and 

altering food-web dynamics [2]. In the case of toxic HAB, the secretion of 

potent toxins leads to the transfer of the algae toxins through the food-chain 

[3] producing disease and death of animals such as fish, seabirds and marine 

mammals, among many others. In other cases, the toxins can also 

bioaccumulate in different sea animals such as shellfish, or marine vertebrates 

resulting in very high concentration of toxins that can be lethal for humans 

when ingesting the sea food [4].   

This phenomenon has become an incrementing problem throughout 

the last decades resulting in an increasing trend of bloom incidence, larger 

areas affected and higher economic losses [3] (Figure 4.1). The causes for the 

increase in HAB range from climate change to man-lead eutrophication [5] 

and nowadays most coastal countries are threatened by one or more algae 

species [1,6]. 
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Figure 4.1. The expansion of global cases of Paralytic shellfish 

poisoning (PSP) from 1972 to 2011. Extracted from  [7] 

 

Methods for monitoring HAB can be divided in the ones focused on 

detecting the presence of algal cells such as microscopy or pigment analysis, 

satellite spectroscopy [8], or PCR-based approaches[9]; or the ones that focus 

on detecting the presence of marine toxins produced by the algae such as 

enzyme-linked immunosorbent assay (ELISA) [10], Solid-phase adsorption 

toxin tracking (SPATT) [11], or liquid chromatography mass spectrometry 

(LCMS) [12]. Monitoring the toxin’s presence takes special relevance since 

there are many food-borne illnesses produced by many marine toxin 

molecules, see Table 5.1.  
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 Table 5.1. Food-borne diseases produced by different marine toxins and their producing microorganisms [13]  

 

 

 

 

 

Disease or Condition 

Ciguatera fish 

poisoning (CFP) 

Neurotoxic shellfish 

poisoning (NSP) 

Paralytic shellfish 

poisoning (PSP) 

Amnesiac shellfish 

poisoning (ASP) 

Diarrheic 

shellfish 

poisoning 

(DSP) 

Azaspiracid 

shellfish 

poisoning (AZP) 

Toxin-producing 

organism 

Dinoflagellates: 

Gambierdiscus toxicus, 

possibly others 

Dinoflagellates: 

Karenia brevis and 

other Karenia species 

Dinoflagellates: 

Gymonodinium 

catenatum, 

Pyrodinium 

bahamense, 

Alexandrium 

species 

Diatoms: Pseudo-

nitzchia species 

Dinoflagellates: 

Dinophysis 

species, 

Prorocentrum 

lima 

Dinoflagellates: 

Proroperidiunium 

species 

Toxin(s) 
Ciguatoxins, 

Maitotoxin, Scaritoxin 
Brevetoxin Saxitoxin Domoic Acid Okadaic acid Azaspiracid 

Foods likely to be 

contaminated 

Reef fish such as 

barracuda, grouper, red 

snapper, and amberjack 

Shellfish, primarily 

mussels, oysters, 

scallops 

Shellfish, primarily 

scallops, mussels, 

clams, oysters, and 

cockles, Some fish, 

and crabs 

Shellfish, 

primarily scallops, 

mussels, clams, 

oysters, possibly 

some fish species 

Shellfish, 

primarily 

scallops, 

mussels, clams, 

oysters 

Shellfish 

Short-term 

symptoms 

Nausea, Vomiting, 

Diarrhea, Stomach pain 

Nausea, Vomiting, 

diarrhea, Stomach pain, 

Numbness of lips, 

tongue, and throat, 

Dizziness 

Nausea, Vomiting, 

Diarrhea, Shortness 

of breath, Irregular 

heartbeat, 

Numbness of mouth 

and lips, Weakness 

Nausea, Vomiting, 

Diarrhea, Stomach 

pain, Shortness of 

breath, Irregular 

heartbeat, 

Seizures, Possibly 

coma,etc 

Nausea, 

Vomiting, 

Diarrhea, 

Stomach pain, 

Possibly chills, 

Headache, 

Fever 

Nausea, 

Vomiting, 

Diarrhea, 

Stomach pain 

Long-term 

symptoms 

Abnormal hot and cold 

sensations, Pain, 

Weakness, Low blood 

pressure 

Unknown Unknown Possibly amnesia Unknown Unknown 
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          Moreover, there is a consensus among HAB scientists that alongside 

traditional research there is a need for setting new courses of practices and 

research to deliver conceptual and quantitative advances for monitoring and 

forecasting future HAB trends [14]. 

In this sense, developing new materials that aide in the monitorization 

of marine toxins is a plausible strategy for controlling or minimizing the 

damaging effects of HAB. The use of passive samplers as a monitoring tool 

can be used as an early warning tool to forecast shellfish contamination, as 

well as geographical and temporal information of HABs, environmental 

persistence and toxin dynamics [15].  The technique consists in the passive 

adsorption of marine toxins on porous synthetic resins (such as the commercial 

resin Dianion HP-20) for the following extraction and analysis. Figure 4.2 

shows the deployment of a SPATT device in a body of water. As Roué et al  

explain [16]: ‘the SPATT unit is made of two layers of nylon mesh filled with 

a porous synthetic resin, and fixed between two PVC circular frames. The 

device is then inserted in plastic grids to prevent its damage and excessive 

grazing by fish and maintained in a vertical position in the water column using 

weights and floats’ (Figure 4.2).  

Figure 4.2. Example of one design used for the deployment of SPATT device 

in the field. Left: mode of assembly of SPATT device; Middle: SPATT device; 

Right: SPATT device deployed in the field. Extracted from [16] 
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 As we have seen in the past chapters of this thesis, cyclodextrins 

(CDs) are cyclic oligosaccharides formed by 6, 7 or 8 glucopyranose units 

(  or -cyclodextrin, respectively) that have the ability to form host-guest 

inclusion complexes (ICs) with lipophilic molecules. Furthermore, 

cyclodextrin nanosponges (CD-NS) are a polymeric material formed by native 

CDs that can be cross-linked by different types of molecules, as it has been 

mentioned in this thesis introduction. The cross-linking reaction results in a 

web composed by different cavities, corresponding not only to the CD 

hydrophobic cavity, but also to the network of cavities formed between the 

outer part of CDs and the cross-linker. This forms a material with 

microscopically porous/sponge-like morphology.  

CD-nanosponges as well as CD-polymers in general, have been widely 

studied for pharmaceutical applications as drug carriers [17] but there is little 

to no studies in the literature specifically using CD nanosponges as capturing 

agents for lipophilic marine toxins. Campàs et al [15] used insoluble − and 

−CD polymers crosslinked with epichlorohydrin and hexamethylene 

diisocyanate which proved to be able to capture okadaic acid and 

pectenotoxins acting as passive sampling materials for marine toxins. This was 

a good starting point for the development of more CD-based polymeric 

materials with the potential to capture or preconcentrating different marine 

toxins. 

In this research, we synthesized and characterized a new family of 

− − and −CD-nanosponges using anhydride molecules of different length 

as cross-linkers. In addition, we used the different CD-NS in a proof-of-

concept ELISA experiment as potential new materials for the monitorization 

of lipid-soluble marine toxins brevetoxin and okadaic acid (Figure 4.3) 
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Figure 4.3. a. Brevetoxin molecule b. Okadaic acid molecule 

 

4.2 Materials and Methods 

All reagents were of analytical grade and used without further 

purification. -CD, -CD, and -CD were obtained from Wacker Chemie AG 

(Germany). Pyrromellitic dianhydride (PMDA) (97%), 3,3',4,4'-

Biphenyltetracarboxylic dianhydride (BISPH) (97%), 4,4'-Oxydiphthalic 

anhydride (OXY) (97%), 4,4'-(4,4'-Isopropylidenediphenoxy) bis (phthalic 

anhydride) (ISO) (97%), Triethylamine (≥99.5%), Dimethyl sulfoxide 

(DMSO) (anhydrous, ≥99.9%) and Dimethyl sulfoxide-d6 deuteration degree 

min. 99.8% for NMR spectroscopy were purchased from Sigma Aldrich and 

used without further purification. Okadaic acid stock was a gift from Institute 

of Agrifood Research and Technology (IRTA, Sant Carles de la Ràpita, 

Spain), Brevetoxin PbTx-2 (CAS 79580-28-2) (≥95%), was purchased from 

Santa Cruz Biotechnology, EuroProxima okadaic acid ELISA kit, was 

obtained from R-BIOPHARM, Spain, Brevetoxin (NSP), ELISA, 96-test was 
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obtained from Eurofins Abraxis, Spain. All solutions were prepared with 

Milli-Q water (Millipore Inc., resistivity 18.2 MΩ·cm @ 25 °C).  

4.2.1 Synthesis procedure 

Cyclodextrin nanosponges (CD-NS) were prepared by modification of  

the synthetic procedures previously reported by Trotta et al. [18,19]  for the 

classical PMDA nanosponges. We used a molar ratio of 1:6 (CD:anhydride) 

for the PMDA, OXY, and BISPH anhydrides. In the case of the ISO anhydride 

we always used a molar ratio of 1:4 (CD:anhydride). All three native CDs 

were dried overnight in a vacuum bell at 100°C to guarantee that the reaction 

was performed under anhydrous conditions. 51 mM −CD, 44 mM −CD and 

38 mM γ− CD were each dissolved in 100 mL of anhydrous DMSO at room 

temperature under vigorous stirring. After obtaining a clear solution, 1.5 mL 

of TEA was added to the reaction flask. Finally, the corresponding molar 

equivalent of each anhydride was added, and the system vigorously stirred 

overnight at 70°C until obtaining a solid polymeric mass (Figure 4.4).  

 After the polymerization reaction was completed, the workup 

procedure consisted in breaking the polymeric mass into smaller pieces with 

the help of a spatula and transfer to a beaker containing 3 L of MiliQ water 

were the CD-NS were washed under magnetic stirring for 3 hours to dissolve 

possible unreacted CD. After centrifuging to separate the polymeric mas, the 

CD-NS were washed with acetone under stirring and centrifuged. In the final 

step the washing was performed with ethanol similarly to the procedure 

described above. The washing procedure was performed at least three times in 

each step. In the final step we performed a dialysis of the CD-NS in a 5 L 

beaker containing MiliQ water and changing the water multiple times. 
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4.2.2 Characterization of anhydride cyclodextrin polymers 

The FTIR spectra were acquired on a Jasco FT/IR-6700 FTIR typeA 

Spectrometer, ATR PRO ONE as accessory. 32 scans at 4 cm-1 resolution 

were recorded. XRD patterns were recorded at room temperature obtained 

with a diffractometer Siemens EM-10110BU model D5000, operating with 

the Cu Kα line (λ=1.541 Å). TGA were recorded in a Mettler Toledo 

TGA/SDTA851 with a balance MT1 type. The measurements were carried out 

under N2 atmosphere, at 10 ºC/min, temperature range of 30 – 800 ºC. The 

results were analysed with STARe software. Field Emission Scanning 

Electron Microscope (FESEM) images were carried out in a Scios 2 

equipment from FEI Company under high vacuum conditions and at 20 kV of   

voltage. Prior to taking the FESEM images, a gold sputtering process was 

performed for each of the CD-NS samples.     

For obtaining the 1H-NMR spectra of the CD-NS a basic hydrolysis 

reaction was performed at 90°C by adding 20 mg of each CD-NS in 1 mL of 

a solution containing 500 L of DMSO-d6 and 500 L of 0.5 mM NaOD 

under vigorous stirring. The reaction was followed until the complete 

solubilization of each CD-NS.  Afterwards, 550 L aliquots were put in NMR 

tubes and the spectra were measured at 400 MHz in a Varian NMR System 

400 at 298 K.  
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Figure 4.4.  Synthesis preparation scheme of the CD-NS polymers
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4.2.3 Toxin extraction estimation with ELISA experiments 

 

Both okadaic acid and brevetoxin ELISA experiments are based on 

competitive enzyme immunoassays which were carried out following the 

procedure of the okadaic acid (OA) ELISA kit, from EuroProxima and the 

Brevetoxin (BRTX), ELISA, 96-test from Eurofins Abraxis. The microtiter 

plates coated with purified sheep antirabbit were used as received.  

Previously, spiked solutions of the toxins at concentrations 5 ng/ml and 

1 ng/mL (for OA and brevetoxin respectively) were prepared in MilliQ water. 

Afterwards, aliquots of 1.5 ml were added to 100 mg of the dried − β− and 

γ− CD-NS (12 CD-NS plus three replicas for each of them) and three controls 

without polymers. All aliquots were vigorously stirred and subsequently 

centrifuged after 60 min, to isolate the supernatant and analyze the toxin 

concentration with the commercial ELISA kits.   

The OA and brevetoxin calibration curves were prepared in the range 

from 2 to 10 ng/ml, and 0.2 to 2.5 ng/mL, respectively, by using the standard 

solutions available in each ELISA kit. The obtained absorbance of each 

sample was interpolated in the calibration curve to determine the remaining 

quantity of OA or brevetoxin in solution after the extraction with each CD-

NS. 
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4.3 Results and Discussion 

 

Twelve different insoluble CD-NS were synthesized using the three 

types of native CDs with four different types of anhydrides in order to have a 

complete set or family of polymeric materials that were tested as passive 

adsorbers for marine toxins. 

4.3.1 Synthesis and characterization of CD-anhydride polymers 

 

The reaction mechanism for the synthesis of CD-NS crosslinked with 

anhydrides has been described to be as a polycondensation reaction, where 

there is a nucleophilic attack mainly at the primary hydroxyl groups of the 

CDs, and the hydrogen atoms are substituted by the carbonyl ester bonds [20]. 

This type of crosslinking reaction typically produces insoluble CD-NS, 

although there are reports in the literature of this reaction producing a soluble 

polymeric material when using CD-derivatives instead of native CDs [21]. In 

this case the authors do not classify the material as a CD-NS but instead as a 

CD-polymer, precisely because of their water-soluble nature.  

In this research, the main application that intended for the CD-NS, was 

as passive adsorbers for marine toxins. In this sense, it was important to obtain 

an insoluble material, to be able to separate it easily from water. The rigidity 

or stiffness of the synthesized CD-NS has been linked with the CD:crosslinker 

ratio used in the synthesis. Rossi et [22] performed a systematic 

characterization of the networking properties of PMDA CD-NS at different 

CD:PMDA ratios. Their findings show that the reticulation in CD-NS grows 

to a saturation level, after which there is no further crosslinking of the whole 

system, but rather some branching of CD units. The molar ratio for the 

maximum crosslinking in CD-NS was found to be 1:6 CD:PMDA.  
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Taking this into account, we performed the synthesis of the PMDA, 

OXY, and BISPH CD-NS using a 1:6 molar ratio. Nevertheless, for the case 

of the ISO CD-NS, when performing the synthesis at the aforementioned ratio, 

it was not possible to obtain a rigid polymeric mass with neither of the three 

native CDs. A possible rationale for this, is that since ISO is the longest 

anhydride molecule used, the effect of steric hindrance affects the crosslinking 

reaction at a lower CD:crosslinker ratio. It was possible to overcome this issue 

by using a lower CD:ISO ratio of 1:4 for which we were able to obtain the 

rigid polymeric mass we were aiming for.  

4.3.2 Furier Transform infrared spectroscopy 

 

FTIR analysis is a useful tool to determine structural information from 

the synthesized material by showing the presence of specific functional 

groups. The presence of a wide band at 1727 cm-1 in all the 12 synthesized 

CD-NS can be attributed to the ester carbonyl group (C=O). This is the most 

important peak since it demonstrates the successful crosslinking between the   

and the anhydride molecules [23]. Moreover, these peaks are not present in 

the spectra of the native − − or −CD (Figure 4.5).  

Additionally, it can be observed a much smaller presence of bands at 

3300 cm−1 attributed to O-H stretching in all the CD-NS in comparison to the 

native CD.    1474 cm−1 due to C-H bending, 1021 cm−1 due to C-O stretching 

[24]. 
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Figure 4.5 FTIR spectra of β-CD-NS crosslinked with a. OXY anhydride b. 

PMDA anhydride c. BISPH anhydride d. ISO anhydride and e. Native β-CD 

(The FTIR spectra of the -CD-NS and -CD-NS can be found in the annex 

section) 

 

4.3.3 Thermo gravimetric analysis (TGA) 

 

The thermal stability of all the synthesized CD-NS was evaluated by 

following the weight loss during pyrolysis using the thermogravimetric 

analysis (TGA). The obtained thermograms (Figure 4.6) show similar three 

main stages of degradation for all the synthesized CD-NS. The first 

degradation stage corresponds to the evaporation of water and organic solvents 

present in the samples used to wash the CD-NS and occurs before reaching 

100 °C. The second stage is the main degradation step where occurs the largest 

mass loss in the CD-NS and takes place between 250 °C and 450 °C.  From 

these results we can conclude that all the synthesized CD-NS have a thermal 

stability up to ≈250°C. The last step occurs over 450 °C and has been 
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considered as a rearrangement of the char [25]. The obtained results are in 

agreement with previously reported studies for the PMDA CD-NS [25–27].  

 

Figure 4.6 Thermograms of native β-CD (a) and β-CD-NS crosslinked with 

b. OXY anhydride c. PMDA anhydride d. BISPH anhydride and e. ISO 

anhydride. (The thermograms of the -CD-NS and -CD-NS can be found in 

the annex section) 

 

4.3.4 X-Ray Diffraction  

XRD patterns of the CD-NS demonstrate the formation of a new 

amorphous material (Figure 4.7). This is observed in the absence of sharp 

Bragg peaks in the range from 5 to 40◦ as well as the presence of wider peaks 

in comparison to those of the native CDs which are crystalline materials. This 

is in agreement with previously reported data from the classic PMDA-NS [28]. 
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Figure 4.7 XRD patterns of β-CD-NS crosslinked with a. Native β-CD b. 

OXY anhydride c. PMDA anhydride d. BISPH anhydride and e. ISO 

anhydride. (The XRD patterns of the -CD-NS and -CD-NS can be found in 

the annex section) 

 

Moreover, the presence of a big and wider peak between 10-30° in the 

XRD patterns corresponding to the ISO CD-NS (green lines in Figure4.7) 

indicates that the CD units lie further apart between each other [29] in the 

polymeric material. This is expected because those particular CD-NS are 

crosslinked by the ISO anhydride which is the longest anhydride molecule 

used in the synthesis.    
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4.3.5 1H-NMR Spectroscopy   

 

In order to further study the synthesized CD-NS, it was important to 

estimate the amount of ester bridges formed between the anhydrides 

crosslinkers and each of the CDs during the polymerization reaction. Since the 

obtained CD-NS are insoluble in water and organic solvents, we performed 

ester hydrolysis experiments at 90ºC in DMSO and basic medium to solubilize 

the polymers and subsequently characterized them with proton 1H-NMR. 

Several reports in the literature have shown that the use of dimethyl sulfoxide 

(DMSO) as a solvent in ester hydrolysis results in a great increase of the 

hydrolysis reaction rate in comparison with water as a solvent [30] [31]. This 

has been attributed to the fact that DMSO is a polar aprotic solvent which 

effectively results in a lower activation energy barrier (G) for the hydrolysis 

reaction due to a lower enthalpy of activation [32]. 

Figure 4.8 shows the proton 1H-NMR spectra performed on the 

polymers once they were hydrolyzed and thus, dissolved in the DMSO-

d6/NaOD solution. The value of the anomeric carbon in each one of the CDs 

was set fixed according to the amount of glucopyranose units (6, 7 or 8 for 

  or -CD, respectively). After integrating the peaks corresponding to the 

anhydride protons and dividing by the number of protons in each anhydride 

molecule, it was possible to estimate the real number of crosslinking units per 

CD unit (which could also be understood as the ‘degree of substitution’ of the 

monomer unit), as shown in Table 4.2. Having this information, it is also 

possible to estimate the molecular weight of the monomer unit.  
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Table 4.2 Number of anhydride molecules linked per CD unit and molar 

weight estimation for the monomer units 

 

Polymer / 

Characteristics 

≈Anhydride moieties per CD 

(NMR) 

Number of 

protons in 

anhydride 

molecule 

≈Mw 

monomer 

unit 

-PMDA  7.4 2.0 2545.1 

-PMDA  8.0 2.0 2884.3 

-PMDA  6.6 2.0 2725.8 

-oxy  5.8 6.0 3094.2 

-oxy  7.0 6.0 3302.3 

-oxy  6.0 6.0 3158.4 

-bisphe  5.1 6.0 2806.8 

-bisphe  5.8 6.0 2831.5 

-bisphe  7.2 6.0 3418.8 

-iso  3.8 6.0 3261.9 

-iso  3.9 6.0 3173.6 

-iso  3.8 6.0 3283.6 
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Figure 4.8 1H-NMR spectra of the hydrolyzed a. -cyclodextrin-based 

anhydride NS b. β-cyclodextrin-based anhydride NS and c. -cyclodextrin-

based anhydride NS 
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In general, the hydrolysis experiments show that the number of 

anhydride molecules that are effectively crosslinked per CD unit does not 

always correspond to the same CD:anhydride ratio initially used in the 

synthesis. This means that for some of the CD-NS there is some unreacted CD 

and for other cases there is unreacted anhydride.  This is possibly due to … 

4.3.6 FESEM and TEM  

 

FESEM and TEM microscopy images were taken to visualize the 

morphology of the materials. Prior to be introduced in the FESEM 

microscope, the CD-NS were sputter-coated with gold to avoid charge 

accumulation and enhance the image quality. In the FESEM images (Figure 

4.9), it can be observed that all the CD-NS have a similar morphology; the 

materials exhibit a sort of corrugation or stretch mark-like morphology which 

has also been observed in previously synthesized PMDA CD-NS [25,27]. The 

formation of any pores or cavities in the material was not observed in the micro 

scale. For the case of TEM microscopy (Figure 4.10), it was possible to 

observe the CD-NS particles at different sizes. Interestingly, all the PMDA-

NS form a gel-like film which makes it difficult to observe in their particle 

form. This can be attributed to the very high degree of swelling of these types 

of CD-NS. Another interesting observation was obtained for the -OXY-NS, 

which showed the formation of elongated nanometric structures which seem 

to be stacking among each other. This was only observed for this specific CD-

NS. 
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Figure 4.9 FESEM images of BISPH--CD-NS seen at a magnification of 

120000 x (top) and 8000 x (bottom). The FESEM images for all the rest of 

CD-NS can be found in the annex section 
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Figure 4.10 TEM images of -CD-NS crosslinked with a. OXY anhydride b. PMDA anhydride c. BISH anhydride and d. 

ISO anhydride at different magnifications. The TEM images for the - and -CD-NS and can be found in the annex section 

a. b. 

c. d. 
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4.3.7 Enzyme linked immuno assay (ELISA) experiments  

 

The final evaluation performed on the synthesized materials consisted 

in developing a proof-of-concept experiment to test the capacity of the CD-

NS to extract marine toxins at a fixed concentration of 5 ng/mL for okadaic 

acid and 1 ng/mL for brevetoxin in a time of 60 min. We performed 

competitive ELISA experiments in triplicate to verify the final concentration 

of marine toxin in solution after the extraction with each CD-NS. 

In each of the competitive ELISA assays, either the okadaic acid or the 

brevetoxin present in the sample compete with a horse radish peroxidase 

(HRP) enzyme modified and covalently linked with either of the two toxins 

(OA-HRP or BVTX-HRP) to bind the anti-OA or anti-BVTX antibodies. Each 

toxin has a higher affinity for their specific antibodies, thus, if present in the 

sample the toxins will be bind by the specific antibodies. The OA-HRP or 

BVTX-HPR will bind to the remaining free antibodies. The process is 

visualized by using TMB as substrate and the absorbance is measured 

spectrophotometrically. The absorbance value is inversely proportional to the 

toxin concentration in the sample [33].  

 The okadaic acid and brevetoxin are long polyether molecules (Figure 

4.2) that affect the human health by inhibiting protein phosphatases (in the 

case of the okadaic acid) [34], or by blocking the voltage gated sodium 

channels of cells (in the case of brevetoxin) [35]. The toxin ingestion produces 

the diseases neurotoxic shellfish poisoning (NSP) and diarrhetic shellfish 

poisoning (DSP) (Table 4.1). Our initial hypothesis was that given the big size 

of the marine toxin molecules, the CD that would best host them would be -

CD given its bigger inner cavity size. Moreover, we hypothesized that CD-NS 

with a longer crosslinker and the biggest CD cavity (i.e., the ISO--CD-NS) 
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would perform in a better way by capturing more amount of marine toxins. 

Figures 4.11 and 4.12 show the final concentrations of okadaic acid and 

brevetoxin, respectively, which remains in solutions after CD-NS extraction. 

The PMDA-CD-NS were unsuccessful to capture any of the two marine 

toxins, this is possibly due to the high swelling of these type of CD-NS in 

water which also made it very difficult to separate them from the solution. The 

other CD-NS synthesized with anhydride crosslinkers OXY, BISPH and ISO 

were successful to capture the marine toxins in solution at different extents, 

except for the case of the OXY--CD-NS. As we could see with TEM 

microscopy, this particular CD-NS has a different morphology to the rest of 

CD-NS, showing some stacked particles, and we can speculate that this is 

affecting the adsorption capacity for this CD-NS. 

Interestingly, our initial hypothesis was proved to be incorrect since 

the ISO--CD-NS captured much less quantity of either OA or BRTX.  
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Figure 4.11 Concentration of okadaic acid remaining in solution after the 

extraction with CD-NS.  

 

Figure 4.12 Concentration of brevetoxin remaining in solution after the 

extraction with CD-NS.  
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4.4 Conclusions  

 

 We have successfully synthesized a complete battery of 12 different 

types of CD-NS by using 4 types of anhydrides crosslinkers of different length 

and the 3 types of native CDs. From the obtained CD-NS, only the classical 

PMDA-CD-NS had been previously synthesized and characterized in the 

literature. The materials were characterized with different techniques that 

corroborated the formation of an insoluble polymeric material. Finally, proof-

of-concept ELISA experiments confirmed the trapping of marine toxins 

okadaic acid and brevetoxin by all CD-NS with exception of the ones 

crosslinked with PMDA. This work is the first report of an application for CD-

NS in marine toxin capture and becomes a potential application as a SPATT 

material for monitoring and forecasting future HAB trends. 
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Annex 4.1 Top figure: FTIR spectra of −CD-NS crosslinked with a. OXY 

anhydride b. PMDA anhydride c. BISPH anhydride d. ISO anhydride and e. 

Native −CD Bottom figure: FTIR spectra of −CD-NS crosslinked with a. 

OXY anhydride b. PMDA anhydride c. BISPH anhydride d. ISO anhydride 

and e. Native −CD.      
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Annex 4.2 Top figure: Thermograms of native −CD (a.) and −CD-NS 

crosslinked with b. OXY anhydride c. PMDA anhydride d. BISPH anhydride 

and e. ISO anhydride. Bottom figure: Thermograms of native −CD (a.) and 

−CD-NS crosslinked with b. OXY anhydride c. PMDA anhydride d. BISPH 

anhydride and e. ISO anhydride.    
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Annex 4.3 Top figure: XRD patterns of native −CD (a.) and −CD-NS 

crosslinked with b. OXY anhydride c. PMDA anhydride d. BISPH anhydride 

and e. ISO anhydride. Bottom figure: XRD patterns of native −CD (a.) and 

−CD-NS crosslinked with b. OXY anhydride c. PMDA anhydride d. BISPH 

anhydride and e. ISO anhydride.     
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Annex 4.5 FESEM images of PMDA--CD-NS seen at a scale of 500 nm 

(top) and at lower magnification (bottom) 
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Annex 4.6 FESEM images of OXY--CD-NS seen at a scale of 500 nm 

(top) and at lower magnification (bottom) 
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Annex 4.7 FESEM images of BISPH--CD-NS seen at a scale of 500 nm 

(top) and at lower magnification (bottom) 
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Annex 4.8 FESEM images of ISO--CD-NS seen at a scale of 500 nm (top) 

and at lower magnification (bottom) 
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Annex 4.9 FESEM images of PMDA--CD-NS seen at a scale of 500 nm 

(top) and at lower magnification (bottom) 
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Annex 4.10 FESEM images of OXY--CD-NS seen at a scale of 500 nm 

(top) and at lower magnification (bottom) 
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Annex 4.11 FESEM images of ISO--CD-NS seen at a scale of 500 nm (top) 

and at lower magnification (bottom) 
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Annex 4.12 FESEM images of PMDA--CD-NS seen at a scale of 500 nm 

(top) and at lower magnification (bottom) 
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Annex 4.13 FESEM images of OXY--CD-NS seen at a scale of 500 nm (top) 

and at lower magnification (bottom) 
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Annex 4.14 FESEM images of BISPH--CD-NS seen at a scale of 500 nm 

(top) and at lower magnification (bottom) 
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Annex 4.15 FESEM images of ISO--CD-NS seen at a scale of 500 nm (top) 

and at lower magnification (bottom) 
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Annex 4.16 TEM images of -CD-NS crosslinked with a. OXY anhydride b. PMDA anhydride c. BISH anhydride and d. 

ISO anhydride at different magnifications.  

a. b. 

c. d. 
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Annex 4.16 TEM images of -CD-NS crosslinked with a. OXY anhydride b. PMDA anhydride c. BISH anhydride and d. 

ISO anhydride at different magnifications.  

a. b. 

c. d. 
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Conclusions and Future Work 
 

 Cyclodextrins and their chemically modified derivatives, including 

appended CDs and CD-derived polymeric materials, constitute a large family 

of compounds with numerous relevant applications in many industries. 

Exploiting the potential of such materials is an ever-growing research field 

that lies inside the nanoscience and nanotechnology domain. The continuous 

growth in these applications pushes the frontier of fundamental knowledge 

further and ultimately leads to the progress in bioremediation, computer 

science, cosmetics, pharmacology, and medicine just among many more. 

 As Professor Richard Feynman famously stated in his Caltech lecture: 

“there is plenty of room at the bottom”. Indeed, more than 60 years after his 

statement we continue to find room, one grain of sand at a time, or I should 

say, one cyclodextrin at a time.   
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