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2.3. Description of the scientific achievement 
 

Folic acid (FA, vitamin B9) is a combination of three parts: a pteridine derivative (pterine, 

PTN), p-aminobenzoic acid (PABA)and glutamic acid (GA) - Figure 1. 
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Fig. 1 Folic acid (pterine ï marked in green,  

p-aminobenzoate part ï marked in red, glutamic 

acid ï marked in blue); a- and g-carboxylic 

groups of FA are marked. 

Folic acid is essential for the proper functioning of the organism. It participates in the processes of 

DNA synthesis, methylation, and repair, it also affects the division and growth of cells.[1] Its 

deficiency is responsible for various disorders, such as neural tube defects in fetus,[2] which may 

cause, among others, spina bifida; it may also lead to cardiovascular disorders, as well as affect the 

development of Alzheimer's disease.[3] In the body, folic acid is transformed with folate 

dehydrogenase (DHFR) into dihydrofolate and subsequently into tetrahydrofolate, and in this form 

it is transported to the cells. Transport is carried out with reduced folate carrier,[4] the proton 

coupled folate receptor, [5] or one of four folate receptors - FR-a, FR-b, FR-g and FR-d.[6,7] 

FR-a, which is the most often studied receptor, is expressed at very low levels in normal 

tissues, but is overexpressed in many types of cancer. This is due to the high demand for folic acid 

by rapidly dividing cancer cells. Therefore, the FR-a  receptor has been used both as a marker for 

cancer cells and as a target for the delivery of imaging and therapeutic agents.[8,9] It results in the 

use of folic acid as a drug carrier that guarantees the targeting of the folate receptor. Most drugs 

that are conjugated with folic acid are cytostatic drugs. Conjugates are formed by the covalent 

combination of folic acid with the drug via an easy to dissociate linker (disulfide bonds are most 

commonly used). Examples of such conjugates are e.g. FA conjugates with doxorubicin [10] or 

camptothecin.[11]  

To improve drug carriers even further, folic acid may be covalently combined with native 

cyclodextrins. Cyclodextrins provide the ability to complex organic molecules in their internal 

cavity thus improving their water solubility, bioavailability and stability, whereas folic acid 

provides targeting of FR overexpressing cancer cells. Such drug delivery systems are discussed in 

the review H#9. 
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Native cyclodextrins (CDs) are water-soluble cyclic oligosaccharides, products by starch 

degradation. They contain six (a-CD), seven (b-CD) or eight (g-CD) glucopyranose units, 

connected by the 1,4-glycoside bonds (Fig. 2). 

 

Fig. 2 Native 

 (a, b, and g) CDs. 

 

They appear as a truncated cone and are characterized by a macrocyclic cavity of various sizes 

(4.7-8.3 ¡). The interior of the cone is hydrophobic and its outer layer, due to the presence of many 

hydroxyl groups, is hydrophilic which leads to the good solubility of cyclodextrins in water. 

Various compounds can be complexed in the CDôs cavity to form inclusion complexes. This is a 

property used by the cosmetic [12] and pharmaceutical industries.[13,14] Formation of an inclusion 

complex often results in a beneficial change of the pharmacokinetic properties of the guest 

molecule, such as improvement of its water solubility, bioavailability and stability.[15, 16] 

Drug delivery systems (DDS), composed of native cyclodextrins covalently linked to folic 

acid, contain simple mono-derivatized cyclodextrins and cyclodextrins with a higher degree of 

substitution. Derivatization may appear both on the primary as well as the secondary side. 

Examples of simple polymers and dendrimers are also known. The majority of studied carriers is 

obtained by a formation of an amide bond between the ïNH2 substituted cyclodextrin and the 

g-carboxylic acid group of folic acid, because unlike the a-carboxylic group, it has no effect on 

the binding of folic acid to the folate receptor. Linkers based on polyethyleneimine (PEI) and 

polyethylene glycol (PEG) chains of different lengths are often used, which allows for a greater 

lability of the system. The most interesting syntheses have been thoroughly discussed (review 

H#9). Studied carriers were used to deliver drugs such as methotrexate, scutellarin, b-estradiol, 
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chlorambucil, 5-fluorouracil, doxorubicin, paclitaxel, vinblastine, docetaxel and carboplatin. The 

review H#9 makes a comparison of all of the complexes obtained with a carrier based on a 

cyclodextrin/folic acid conjugate, and compares their stability with the analogous complexes based 

on the unsubstituted native cyclodextrins. In most cases, the complexes formed with cyclo-

dextrin/folic acid conjugate, showed higher values of association constants (Kas). Some of the 

obtained complexes were subjected to in vitro and/or in vivo studies using various cancer cell lines 

and/or studies in mice. Drug delivery systems based on native cyclodextrins covalently linked to 

folic acid were then compared with other drug carriers based on folic acid, such as: folic acid-drug 

conjugates, folate-coated liposomes, and nanoparticles. The advantages of drug delivery systems 

based on native cyclodextrins covalently linked to folic acid proved to be: specific targeting of the 

folate receptor, increased solubility in water and improved bioavailability of the complexed drug. 

On the other hand, the disadvantages are: 1) problems with the formation of appropriate complexes 

(mainly problems with repeatability and scaling up); 2) limited amount of drug in a single carrier 

(depending on the stoichiometry of the obtained host-guest complex); 3) competition of the carrier 

with free molecules of folic acid for FA binding sites; 4) limited possibility of an in vivo 

application: only complexes characterized by association constants Ka>104 M-1 do not dissociate 

upon parenteral administration. Despite these difficulties, these types of compounds constitute a 

widely studied group with possible applications in the future. More complicated dendrimers built 

of a cyclodextrin core and decorated with many folate groups, were proved to be good DNA and 

small interfering RNA (siRNA) delivery systems, characterized by the extended release time of the 

supplied molecules. 

Despite the wide interest in carriers based on native cyclodextrins covalently bound to folic 

acid, there have been no studies on the complexation of free folic acid by cyclodextrins. However, 

it is well known,[17, 18] that substituents attached to cyclodextrins may be included within the 

macrocyclic cavity, thereby reducing the complexing efficiency of the desired molecules  

Studies on the complexation of folic acid by native cyclodextrins (a, b, and g) are the basis 

for publications H#1 and H#6. The formation of the complexes was confirmed by mass 

spectrometry (ESI MS) and monitored in solution by 1H NMR. As it is known, changes in the 

chemical shifts of the guest and host protons indicate the formation of a host-guest associate. 

Initially, complexation studies were conducted in D2O. As folic acid in the physiological pH (7.4) 
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exists in the form of a dianion, i.e. both carboxylic groups (a and g) are ionized, the corresponding 

disodium salt was used for studies in D2O. During complexation, the largest changes in the chemi-

cal shifts for FA have been observed for the three pairs of protons - phenyl FA(H3) and FA(H4), 

and for the -CH2 group connecting p-aminobenzoate subunit with the pterine part (see Fig. 1), 

suggesting that these parts of folic acid interact with native cyclodextrins (exact values of 

d (ppm) for b-CD/FA are presented in Table 1). For both b- and g-cyclodextrins, the largest 

changes were observed for the inner-cavity protons CD(H3) and CD(H5) (data for b-CD is 

available in Table 1), which indicates the formation of an inclusion compound. For a-cyclodextrin, 

there was practically no change in the chemical shift of inner-cavity CD protons, which may 

suggest that the only interactions of folic acid with the macrocyclic host may occur outside the 

cyclodextrin, and thus an exclusion-type associate is formed. 

Table 1. Chemical shifts (d) of: b-cyclodextrin, FA, b-CD/FA and the corresponding changes 

  Before the 

complexation (d /ppm) 

After complexation 

(d /ppm) 

Dd /ppm 

b-CD/FA     

FA(H2) s 4.55 4.60 +0.05 

FA(H3) d 6.79 6.60 -0.19 

FA(H4) m 7.63 7.58 -0.05 

b-CD(H3) m 3.90 3.78 -0.12 

b-CD(H5) m 3.84 3.75 -0.09 

 

The geometry of the studied complexes was confirmed by the 2D ROESY NMR spectra, 

which for complexes with b- and g-cyclodextrin showed clear cross-peaks between the inner-

cavity cyclodextrin protons (H3 and H5) and protons FA(H2), FA(H3), and FA(H4) belonging to 

folic acid. The postulated structures of the complexes are presented in Figure 3. 
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Fig. 3 Postulated 

structures of a) 

a-CD/FA b) 

b-CD/FA and 

g-CD/FA. 
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It is known that folic acid and its salts form aggregates in solution. Although they are 

rather weak, especially when compared to aggregates in liquid crystalline phases,[19] it is 

important to gather more information about the aggregation process, since it can affect the 

formation of host-guest complexes between folic acid and cyclodextrins. Abu Khaled and 

Krumdieck [20] examined the possibility of the self-association of folic acid, dihydrofolic acid 

(DHFA), and 5,6,7,8-tetrahydrofolic acid (THFA) in a phosphate buffer in the presence and 

absence of potassium chloride, confirming the formation of dimers in the case of low concen-

trations of FA, and polymeric structures at higher concentrations. In paper H#6, the folic acid 

dimerization process was studied in D2O by the 1H NMR spectroscopy. Dimer formation was 

observed and the dimerization constant was determined. Its value (6.6 Ñ 0.3) was later taken into 

account in the calculations of the association constants of folic acid/native cyclodextrins 

complexes. The association constants were first determined by the 1H NMR titration in D2O (the 

values are given in Table 2). In addition, association constants were also determined for pH = 7.4 

(Hepes, ITC, H#6 and phosphate buffered saline - PBS, UV-VIS, H#12). All the methods gave 

comparable results in regard to the Ka values.  

Table 2. The values of CD/FA complex association constants (Kas). 

 H:G Ka [M -1] 
1H NMR, 

(D2O) 

Ka [M -1] 

ITC  

(H2O) 

Ka [M -1] 

ITC  

(Hepes, 

pH=7.4) 

Ka [M -1] 

UV-VIS 

(PBS, 

pH=7.4) 
a-CD 1:1 - - - - 

b-CD 1:1 118Ñ11 162Ñ13 136Ñ11 131Ñ10.5 

g-CD 1:1 18Ñ2 56Ñ26 - 28Ñ3.4 
 

The most stable complexes are formed for b-CD, while much weaker complexes are 

formed with g-CD. This is probably due to the inferior spatial host-guest fit and easier dissociation 

of folic acid from the macrocyclic cavity in the case of g-CD. The a-CD cavity is too small to 

include FA molecule, and therefore only very weak exclusion associate is formed. 

Since folic acid is strongly bound by the FR-a folate receptor, which is overexpressed in 

many types of cancer, FA can be used as a model compound for the study of new anti-cancer drugs. 

In addition, there is a whole group of compounds - antifolates (folic acid antagonists, Figure 4), 

structurally similar to folic acid, having therapeutic, mainly anti-cancer, properties.[21] 
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Fig.4 Molecular structures of folic acid and antifolates. 

 

For further studies on the complexation with cyclodextrins, the relatively new antifolate 

- pemetrexed (PTX) presented in Figure 4 was chosen.[22]  

The presence in its structure of two components of folic acid - glutamic acid and, in 

particular, p-aminobenzoate part responsible for forming an inclusion complex with b- and g-CDs, 

suggests the possibility of forming analogous associates, as in the case of FA, with native cyclo-

dextrins. Pemetrexed differs in its structure from folic acid in its third component - which may 

point at the importance of this particular subunit on the formation of the host-guest complex. 

Therefore, additionally, the CD/PTX complexes were compared with the previously obtained 

analogous CD/FA associates, to obtain a more general picture of the interactions of native 

cyclodextrins with such compounds. The formation of the CD/PTX (H#10) complexes was 

monitored by 1HNMR which provided information about the conformation of the guest molecule 

as well as possible interactions with the CD host. All experiments were carried out in D2O as well 

as in DMSO-d6, which enabled following the changes in the chemical shifts of acidic protons. The 

architecture of the complexes was subsequently examined by 2D ROESY NMR. Experiments of 

UV-VIS titrations in phosphate buffer saline (PBS, pH = 7.4) were used to determine the 

association constants (Kas). During titration, in order to avoid dilution effects and the effect of 

possible aggregation of the guest molecule, PTX concentration was kept constant. The HypSpec 

program was used to determine the stoichiometry of the obtained complexes as well as their 

association constants.[23] The corresponding titration curves for the a-CD/PTX, ɓ-CD/PTX, and 
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ɔ-CD/PTX were consistent with the 1:1 (host:guest) binding model. The values of the association 

constants were collected in Table 3. 

 

Table 3. The values of association constants Kas [M -1] for PTX with native CDs measured at 

pH=7.4 

 a-CD b-CD g-CD 

PTX 4 226°4   32°0.1 

 

The changes of the chemical shift upon complexation observed for a-CD were the smallest, 

resulting in the lowest value of the association constant (Ka = 4), suggesting a very low affinity of 

a-CD for PTX. It is worth noting that in the 1H NMR spectra of an equimolar mixture of a-CD 

and PTX in D2O only marginal changes in chemical shifts (ȹŭ) of a-CD are observed. The most 

visible change appears for CD(H4) directed outside the macrocyclic cavity (ȹŭ = 0.02 ppm). This 

suggests, that the PTX molecule is too large to be encapsulated within the a-CD host. This 

assumption was confirmed by the results of 2D ROESY NMR experiments. Absence of any cross-

peaks between a-CD and PTX signals, in both independent spectra where the molar ratio of the 

mixtures was 1:1 and 1:16 (host:guest), excluded the possibility of the existence of an inclusion 

complex. Nevertheless, there were some changes in the chemical shifts for several protons 

belonging to the PTX molecule (ȹŭ = 0.03-0.34 ppm). This implied that the carboxylate groups of 

the PTX dianion are involved in the interactions with the hydrophilic -OH groups of the a-CD 

molecule.  

To prove this, the 1H NMR spectrum of an equimolar mixture of PTX with methyl 

a-D-glucopyranoside, the simplest structural equivalent of native cyclodextrins, was measured. 

The obtained changes in the guest chemical shifts (ȹŭ = 0.04-0.07 ppm) were analogous to those 

observed for interactions with a-CD. This definitely confirms the assumption that the PTX dianion 

interacts with the hydroxyl groups of the sugar subunits. The phenomenon of an anion complexa-

tion by sugar receptors has already been mentioned in the literature. The complexation of 

carboxylate ions, both aromatic (p-CH3C6H4CO2
-) and aliphatic (CnHmCO2

-) by cyclodextrins and 

acyclic dextrins in aprotic solvents was previously described by Kano.[24] The complexation of 

simple anions by sugar receptors based on ribose skeleton was also investigated.[25] Because of 

the substitution of deuterium atoms, the signals of acidic protons are not visible in D2O. Therefore 

subsequent 1D NMR measurements in DMSO-d6 were carried out. From these experiments, it is 
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clear that the PTX(H4) pyrrolic proton interacts with the secondary a-CD hydroxyl groups 

[a-CD(OH2) and a-CD(OH3)]. In general, all information obtained from the 1D and 2D NMR 

data suggest the formation of an exclusion type associate with two equally probable conformations 

shown in Figure 5a. In addition, from the NMR studies it can be seen that PTX interacts with a-CD 

in a similar way to FA. 

The studies of the complexation of PTX with b- and g-CDs were performed in an 

analogous manner to the complexation with a-CD (1H NMR in D2O and DMSO-d6, and 2D 

ROESY NMR). In case of b-CD, the obtained results suggest that not the entire PTX molecule is 

enclosed within the ɓ-CD cavity, and the complex is formed by inclusion of the phenolic ring, 

while the remaining parts of the guest molecule (bicyclic heteroaromatic ring and aliphatic chain 

with carboxylic groups) protrude outside the host molecule forming a pseudorotaxane-type 

structure (Figure 5b).  

Data concerning complexation of PTX with the largest g-cyclodextrin proved to be a bit 

more difficult for interpretation. Analysis of the 1H NMR spectrum of an equimolar mixture of 

ɔ-CD with PTX in D2O, clearly indicated only marginal changes in the host chemical shifts. 

Nevertheless, slight changes were observed for the shift of protons directed to the inside of the 

macrocyclic cavity g-CD(H3) and g-CD(H5), which could suggest the inclusion of a guest 

molecule. As in the case of interactions with a-CD and ɓ-CD, there are significant changes for 

protons of the PTX molecule, which further confirms that PTX is involved in the hydrogen bonds 

with CD hydroxyl groups. In order to determine the type of interactions between host and guest 

molecules, 2D ROESY NMR experiments were performed (for equimolar guest and host mixture). 

These experiments suggest the existence of very weak interactions between PTX and g-CD. For 

weak complexes, a more clear picture of the geometry of the complexes can be obtained when 

experiments are carried out with the excess of guest molecule. The 2D ROESY NMR experiment 

was carried out for a mixture of g-CD/PTX with a molar content of 1:16. A clear additional cross-

peak between the phenyl proton of the guest molecule and the inner-cavity g-CD(H5) indicated 

the existence of the host-guest interactions within the macrocyclic cavity. All the obtained results 

suggested that the guest molecule penetrated the g-CD from the wider, secondary side, to form an 

inclusion compound. In order to confirm the results and obtain a more complete picture of the 

architecture of the host-guest complex, 1D NMR measurements were performed in DMSO-d6. 
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Summing up, the PTX complexation study with native cyclodextrins showed that a-CD 

forms an exclusion type associate [as confirmed by 1D NMR experiments (D2O and DMSO-d6) as 

well as 2D ROESY NMR]. b-CD and g-CD form pseudorotaxane-type structures, in which the 

guest molecule is threaded through the cyclodextrin host molecule, as can be clearly seen from the 

1D and 2D NMR experiments. In addition, the splitting of the diagnostic NMR signal assigned for 

PTX ethylene protons was observed for b-CD/PTX and g-CD/PTX (restricted rotation), but not 

for a-CD/PTX, which further supports the postulated mode of CD binding with PTX guest.  

Moreover, information obtained from the NMR experiments carried out for mixtures of 

PTX with the simplest analogue of cyclodextrins ï methyl a-D-glucopyranoside, showed that the 

PTX dianion interacts with the hydroxyl groups of the sugar moieties. This additionally proved that 

the extremely large changes in the chemical shifts for PTX after the addition of CD were caused 

by the interactions of carboxylic anions with hydroxyl groups of CD. From the NMR studies, it 

can be seen that PTX interacts in a similar way with native cyclodextrins as FA - forming exclusion 

compounds with a-CD and inclusion with b-CD and g-CD. 

Finally, the interactions of PTX with methyl a-D-glucopyranoside can be an inspiration for 

the design and synthesis of receptors based on simple sugars aimed at molecular recognition of 

folic acid and antifolates. 
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Fig. 5 Postulated structures of PTX complexes with: a) a-CD b) b-CD and g-CD. 
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Folic acid has a complex structure, which is usually divided into three parts: pterine, 

p-aminobenzoic acid and glutamic acid. However, for better understanding how FA works, it can 

be divided differently ï into subunits of pterine (PTN) and pteroic acid (PTRA; Figure 6). 
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Fig. 6 Folic acid and its 

subunits: pterine (PTN) and 

pteroic acid (PTRA). 

Folic acid subunits: pterine (PTN) and pteroic acid (PTRA) may serve as a source of 

knowledge about folic acid chemistry. Moreover, they are themselves very interesting compounds 

which are being tested as potential drug carriers in many drug delivery systems. PTRA in the form 

of a conjugate with various alkylating agents has been tested for targeting FR-a cancer cells.[26] 

PTN is bound by dihydropteroate synthase (DHPS), which is the target of sulfonamide antibiotics. 

In contrast to compounds targeting DHPS with p-aminobenzoic acid binding site (pABA), those 

binding to the PTN binding site can overcome the bacterial resistance to sulphonamides.[27, 28] 

Therefore, a series of pterine-sulphonamide conjugates were tested.[29] Unfortunately, the use of 

PTRA and PTN is very limited due to their low solubility in water [0.175 mg/ml (10-3 M/dm3) and 

[0.253 mg/ml (8*10-4 M/dm3) respectively]. PTRA and PTN can be regarded as FA subunits and 

therefore, inspired by previous work on the CD/FA complexation, another work (described in 

H#12) has been devoted to the complexation of PTRA and PTN with a-, b-, and g-cyclodextrins. 

Unfortunately, low solubilities in water of tested compounds (PTRA and PTN) excluded the 

application of the NMR technique for studying the complexation process. The main technique for 

studies in solution was the UV-VIS spectroscopy; all experiments were carried out in phosphate 

buffered saline (PBS, pH = 7.4). The stoichiometry of all obtained complexes as well as their 

association constants are summarized and compared with analogous data obtained for complexes 

of native CDs with FA in Table 4. 
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Table 4. The stoichiometry of the FA, PTRA, and PTN complexes with native cyclodextrins, 

and the values of the association constants Kas [M -1] measured at pH=7.4 (PBS). 

 a-CD b-CD g-CD 

     H:G Ka [M -1]     H:G Ka [M -1] H:G Ka [M -1] 

FA 1:1 - 1:1 131Ñ10.5 1:1 28Ñ3.4 

PTRA 1:1 174Ñ18.9 1:1 10Ñ0.1 1:1 8Ñ0.1 

2:1 - 2:1 781Ñ65.5 2:1 78Ñ1 

PTN 1:1 10Ñ0.1 1:1 369Ñ17.9 1:1 67Ñ3.7 

2:1 1472Ñ10.1 2:1 - 2:1 - 

 

The stability of the obtained complexes increases in the series: g-CD < b-CD << a-CD series for 

pterine and g-CD < a-CD << b-CD for pteroic acid. 

The complexation studies in solution were supported by theoretical calculations. Initial 

structures of guest-host complexes were obtained in docking process. Subsequently, five structures 

with the lowest energy were optimized using semi-empirical methods (PM6). 
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Fig. 7. a) a-CD/PTRA  

b) b-CD/PTRA  

c) g-CD/PTRA  

d) superposition of 

PTRA molecule in its 

complexes with: a-CD 

(blue), b-CD (green), 

g-CD (red)  

e) a-CD/PTN 

f) b-CD/PTN  

g) g-CD/PTN. 
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 In all cases studied, the non-covalent binding mode depends on the size of cyclodextrin 

cavity. The stoichiometry of inclusion complexes, taken to theoretical calculations, was derived 

from the UV-VIS experiments. In cases where more than one type of complex is observed, only a 

complex characterized by a higher association constant was considered for molecular modelling. 

a-CD/PTRA shows a host:guest stoichiometry of 1:1. The bicyclic moiety is too large to be fully 

encapsulated within the a-CD; and the formation of the complex is fulfilled by inclusion of PTRA 

phenyl ring (Figure 7a). The ketone group attached to the pteridine ring is directed towards the 

primary hydroxyl groups of the host a-CD. The twisting of the guest molecule is also observed. 

In the 2:1 (host: guest) complex of PTRA with b-CD (Figure 7b), the phenyl ring of the guest 

molecule is located in the cavity of one of the cyclodextrins, forming a hydrogen bonded dimer. 

The remaining part of the molecule is stretched towards the second b-CD forming a dimer with 

the amino group directed towards the primary hydroxyl groups of the host. Similarly to 

a-CD/PTRA, the guest molecule within the complex is twisted. In the 2:1 complex (host: guest) 

g-CD/PTRA (Figure 7c), as in the b-CD/PTRA associate, the cyclodextrin molecules form a 

dimer, and incorporate one molecule of PTRA. The dimensions of the g-cyclodextrin cavity are 

much larger than those of the b-CD (cavity diameter = 6-6,5 ¡ for b-CD and 7.5- 8.8 ¡ for g-CD), 

and therefore, the rotatation of guest molecule inside the complex is easier, and PTRA molecule 

adopts more twisted conformation. It results in the formation of a weaker complex as compared to 

b-CD/PTRA (which is confirmed by the UV-VIS titration experiments in solution). 

Figure 7d shows the overlay of guest molecules in all three CD/PTRA complexes. 

 

The predominant forms of PTN complexes are, respectively, 2:1 (host:guest) associates 

with a-CD, 1:1 with b-CD and 1: 1 with g-CD. In the a-CD/PTN (Figure 7e), a-CD forms a 

dimeric structure in which the PTN molecule is stretched between two parts of the dimer. In the 

b-CD/PTN complex (Figure 7f), the guest molecule fits perfectly into the b-CD cavity, with the 

amino group directed to the narrower, primary side of the host molecule.  

An analogous structure to b-CD/PTN can be observed for the g-CD/PTN complex (Figure 

7g). Since the CD cavity diameter increases significantly while changing from b- to g-CD, the 

rotation of the PTN molecule inside the g-CD complex is much easier, and hence the strength of 

binding of the guest molecule is lower. This is also reflected in the solution, where the g-CD/PTN 
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complex is characterized by a much smaller value of the association constant (Ka = 67 Ñ 3.7 M
-1) 

than the b-CD/PTN complex . 

 

Theoretical calculations are a useful method to describe architecture as well as many 

parameters of supramolecular complexes, nevertheless the use of experimental techniques that 

could shed a light on those features would be advantageous. 

 

Therefore, the use of X-ray diffraction on single crystals would also be important to 

describe the geometry and interactions occurring in host-guest type associations. 

 

Unfortunately, none of the compounds discussed so far formed monocrystals. This 

prompted me to take a closer look at the problem of obtaining single crystals of cyclodextrin 

complexes. Literature data on structural studies of the host-guest complexes of native cyclodextrins 

with biologically active compounds are summarized in the review H#4. The majority of studied 

cases presents complexes of b-cyclodextrin. Relatively less cases are reported for the smallest 

a-CD, and no example was found for g-cyclodextrin. In the review H#4, the molecules of the 

examined guests were divided into two groups: (1) terpenes and terpenoids, and (2) therapeutic 

substances. This second group was then divided into smaller subgroups: 1) simple drugs containing 

aromatic or aliphatic rings in their structure, possessing a nitrogen atom in the ring; 2) 2-

arylpropionic acids; 3) sulphonamides; 4) diclofenac and its analogues; 5) a subgroup containing 

other pharmaceuticals that are not included in the subgroups 1-4. 

 

On the basis of in-depth analysis of crystallographic data of complexes of native 

cyclodextrins with biologically active compounds, I decided to choose terpenes and terpenoids as 

guest molecules for the next experimental studies.  

 

Terpenes, organic compounds built from isoprene subunits, are produced mainly by 

plants, they appear usually as components of essential oils,[30] but there are some reports of their 

occurrence in mushrooms, [31] bacteria,[32] and insects.[33] Their structure consists of a different 

number of isoprene units.[34,35] Functionalization of the main hydrocarbon backbone with various 

functional groups leads to a variety of derivatives, such as alcohols, aldehydes or ketones, which 
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are called terpenoids.[36] They are used in many branches of industry, in particular 

pharmaceutical,[37, 38] food,[39] and cosmetics.[40] 

 

In my work, I focused on the synthesis and characterization of b-CD complexes. The 

chosen guest molecules belonged to the following groups of terpenes and terpenoids: linear 

compounds, monocyclic compounds, and bicyclic compounds possessing various functional 

groups (Figure 8). 
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Fig. 8 Terpenes and terpenoids appearing in the characterized complexes with b-CD a) linear: 

geraniol (1), (-)-linalool (2) b) monocyclic: (-)-menthol (3a), (+)-menthol (3b), (-)-isopulegol 

(4a), (+)-isopulegol (4b), (-)-a-terpineol (5a), (+)-a-terpineol (5b) c) bicyclic: fenchene (6), (-)-

isopinocampheol (7), (-)-borneol (8a), (+)-borneol (8b), (-)-camphor (9a), (+)-camphor (9b). Both 

enantiomemers of borneol characterized by Bethanis et al. are marked in pink. 

 

The basic information about these complexes is summarized in Table 5. 
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Table 5. Characterization of the complexes of b-CD with terpenes and terpenoids. 

Guest H:G 

solid 

state 

Space 

group 

Ref. H:G 

solution 

Method of Ka 
determination 

Ka [M-1] Ref. 

Linear alcohols  

Geraniol 2:2 P1 H#5,H#11 1:1 HPLC 334Ñ9 H#5 

(-)-Linalool 2:2 P1 H#7,H#11 1:1 SH-GC 366 41 

Monocyclic alcohols 

(+)-Menthol 2:2 P21 42,H#11 1:1 HPLC 166 42 

(-)-Menthol 2:2 P21 42,H#11 1:1 HPLC 166 42 

(+)-Isopulegol 2:2 P1 H#3,H#11 1:1 HPLC 246Ñ17 H#3 

(-)-Isopulegol 2:2 P1 H#3,H#11 1:1 HPLC 246Ñ17 H#3 

(+)-a-Terpineol 2:2 P21 H#5,H#11 1:1 HPLC 413Ñ10 H#5 

(-)-a-Terpineol 2:2 P21 H#5,H#11 1:1 HPLC 399Ñ8 H#5 

Bicyclic hydrocarbons 

(-)-Fenchene 2:2 C2221 H#2,H#11 1:1 GC 297 H#2 

Bicyclic alcohols 

(-)-

Isopinocampheol 

2:3 C2221 H#7,H#11 - - - - 

(+)-Borneol 2:3 C2221 43,H#11 1:1 ITC 18640Ñ11

0 

44 

(+)-Borneol 2:3 C2221 43,H#11 1:1 ITC 19750Ñ58

0 

44 

Bicyclic ketones 

(+)-Camphor 2:2 C2221 H#8,H#11 1:1 ITC 

SH-GC 

2058 

8261Ñ261 

44 

41 

(-)-Camphor 2:2 C2221 H#8,H#11 1:1 ITC 

SH-GC 

2058 

4988Ñ60 

44 

41 

 

The complexes of b-cyclodextrin with the linear guest molecules include host-guest 

associates with achiral geraniol [H#5, H#11] and chiral (-)-linalool [H#7, H#11]. Both compounds 

crystallize as 2:2 (H:G) complexes [Figure 9a, b-CD/(-)-linalool], which is reflected in the 

solution - the determined stoichiometry is 1:1. Both complexes have also similar values of 

association constants Kas (Table 5) and show a number of similarities. Guest molecules 

encapsulated by b-cyclodextrin take on an elongated form, which makes them too long to occupy 

only one of the cyclodextrin dimer cavities. Geraniol and (-)-linalool molecules in the complex are 
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arranged "head-to-head" with the hydroxyl groups directed towards the narrower b-CD edge 

(Figure 9b). In neither of the complexes, the guest molecule interacts with each other, nor with the 

b-cyclodextrin dimeric container. 

There are five types of molecular packing characteristic for b-cyclodextrin complexes: 

channel (CH), intermediate (IM), screw channel (SC), chessboard (CB), and tetrad (TT). [45, 46] 

Both b-cyclodextrin complexes with linear guest molecules exhibit screw channel type of packing 

[for b-CD/(-)-linalool please see Figure 9b, c]. 

 

a) 

 

 

 

b) 

 

c) 

 

 

 

Fig. 9 a) b-CD/(-)-linalool b) 2:2 (H:G) b-CD/(-)-linalool, side view c) molecular packing of 

b-CD/(-)-linalool. Water molecules were omitted for clarity. 

 

Publications regarding b-cyclodextrin complexes with monocyclic guest molecules 

include articles about complexes with (+)- and (-)-menthol,[42, H#11] (+)- and (-)-

isopulegol,[H#3, H#11] and (+)- and (-)-a-terpineol.[H#5, H#11]. All complexes are 

characterized by a 2:2 stoichiometry. b-cyclodextrin appears in the form of a H-bond-stabilized 

dimer, whereas monocyclic guest molecules are encapsulated within the b-CD cavities [Figure 10 

shows b-CD/(-)-a-terpineol complex]. From the studies in the solution it is known, that 

b-cyclodextrin does not differentiate enantiomers of monocyclic terpenoids (Table 4); therefore 

their complexes in the solid state are very similar. However, differences can be observed between 

the complexes of menthol, isopulegol, and a-terpineol. The guest molecules in the complexes of 
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both enantiomers of isopulegol and a-terpineol are arranged in the "head-to-head" mode, whereas 

menthol is arranged in a much less common way, i.e. "head-to-tail". Complexes of menthol and 

a-terpineol, crystallizing in the same space group (P21), show the same type of molecular packing 

[similarly as previously mentioned b-CD complexes with linear geraniol and (-)-linalool] of screw 

channel (SC). The b-CD complex with isopulegol crystallizing in the P1 space group is 

characterized by the rare molecular packing - tetrad (TT) - Figure 10b, c. 

 

 

a) 

 

 

 

b) 

 

c)  
 
 

 

Fig. 10 a) b-CD/(-)-isopulegol b) 2:2 (H:G) b-CD/(-)-isopulegol, side view c) molecular packing 

of b-CD/(-)-isopulegol. Water molecules were omitted for clarity. 

 

The host-guest complexes of b-cyclodextrin with bicyclic terpenes and terpenoids include 

associates with the hydrocarbon (+)-fenchene (H#2), alcohol (-)-isopinocampheol (H#7), and 

ketones: (+)- and (-)-camphor.(H#8) Additionally, for comparison, b-CD complexes with alcohols 

(+)- and (-)-borneol - obtained and characterized by Bethanis et. al. are discussed.(H#11) All of 

the discussed complexes with bicyclic terpenes and terpenoids crystallize in the C2221 space group. 

The b-CD appears in the form of a typical head-to-head dimer, in which the secondary hydroxyl 

groups are connected through a network of hydrogen bonds. However, depending on the presence 

of a particular functional group in the structure of the guest molecule, the stoichiometry of the 
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obtained complexes differs. For the hydrocarbon (+)-fenchene and both camphor enantiomers, it is 

2:2 (H:G), whereas for alcohols (-)-isopinocampheol, and (+)- and (-)-borneol, stoichiometry is 

2:3 (H:G ). It is worth noting, that the stoichiometry for alcohols differs from that determined in 

the solution, which is 1:1 [Table 4, [44]]. In the b-cyclodextrin complex with (+)-fenchene, the 

guest molecule is located close to the wider rim of b-CD, with the majority of the guest molecule 

positioned outside the cyclodextrin cavity and is held in its position by hydrogen bonds with three 

other b-CD molecules. Figure 11 shows the b-CD complex with (-)-isopinocampheol. 

All cyclodextrin complexes with bicyclic terpene alcohols are very similar. In the complex, 

the cyclodextrin molecules form a dimer, while the guest molecules are located on the narrower 

side of the b-CD, with hydroxyl group directed outside the macrocyclic cavity. The -OH group 

forms hydrogen bonds with both water molecules and other b-CD molecules, while the methyl 

groups are directed inside the macrocyclic cavity. In all three cases, the third disordered guest 

molecule is located in the middle of the capsule and does not form any hydrogen bonds (Figure 

11a). 

 

 
a) 

 

 

b) 

 

c) 

 

 

 

Fig. 11 a) b-CD/(-)-isopinocampheol b) 2:2 (H:G) b-CD/(-)-isopinocampheol, side view c) 

molecular packing of b-CD/(-)-isopinocampheol. Water molecules were omitted for clarity. 

 

 

In the b-cyclodextrin complex with (+)-camphor, the guest molecule is disordered over 

two sites. One methyl group and the =CH2 group assure anchoring the guest molecule within the 
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macrocyclic cavity. On the other hand, in the case of a well-positioned (-)-camphor molecule only 

the -CH3 group is directed inward the cavity (Figure 12a). 

 

 

a) 

 
 

b) 

 

c) 

 

 

 

Fig. 12 a) b-CD/(-)-camphor b) 2:2 (H:G) b-CD/(-)-camphor, side view c) molecular packing of 

b-CD/(-)-camphor. Water molecules were omitted for clarity. 

 

 

In the case of b-CD complexes with (-)-isopinocampheol, both enantiomers of borneol, 

and both enantiomers of camphor, the complexes exhibit molecular packing of the chessboard type 

(CB, Fig. 11b, c, and 12b, c). 

 

In addition, summarizing the data collected in Table 5, review paper H#11 further 

exploits the literature data available for cyclodextrin complexes with aromatic guests - thymol, 

carvacrol, and eugenol, as well as available data for the complexes of the smallest cyclodextrin 

with bicyclic terpenoids ï (+)- and (-)-borneol as well as (+)- and (-)-camphor. 

 

Publication H#2 deals with the problem of the separation of isomeric terpenes. 

Commercially available camphene is contaminated with fenchene. These two compounds differ 

only in the position of the two methyl substituents in the structure. b-cyclodextrin forms with both 

compounds the host-guest complexes of 1:1 stoichiometry with the same association constant value 

for both enantiomers of a given compound. The enantiomers (+) were chosen for the studies on 
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separation of regioisomers. The b-CD/fenchene complex is characterized by a slightly higher value 

of the association constant than the corresponding compound with camphene (297 and 270 M-1 

respectively). This suggests the possibility of separation of the two compounds through the use of 

complexation with b-CD; however, the small difference between the association constants of these 

complexes makes selecting the right separation method challenging. The addition of 1,4-dioxane 

to the camphene/fenchene solution in water results in fast precipitation. The composition of the 

precipitate was examined by the solid state 1H NMR. It consisted of a mixture of b-CD complexes, 

where the ratio of the b-CD/(+)-camphene to b-CD/(+)-fenchene was identical to that of the two 

isomers in an initial mixture, i.e. 98: 2.  

As time and temperature have a huge impact on the formation of host-guest complexes, 

the resulting precipitate was recrystallized by adding it to water, heating at 75 ÁC for five hours and 

then cooled to room temperature. This time, the precipitation occurred after 3 days (72 hours). The 

precipitate was in the form of monocrystals, and the X-ray analysis confirmed the presence of only 

one of the complexes - characterized by a greater association constant b-CD/(+)-fenchene. The 

schematic separation of isomeric terpenes is shown in Figure 13. 

 

 

b-CD

+

recrystallization

 
 

Fig.13. The scheme of separation of isomeric terpenes camphene and fenchene. 

 

 

Summary: 

 

¶ A huge number of available reports on drug carriers based on native cyclodextrins-folic 

acid conjugates has led me to investigate the process of complexation of folic acid by a-, b-, and 

g-cyclodextrins, as it may affect the inclusion of biologically active compounds by the 

aforementioned carriers. I have shown that the smallest cyclodextrin forms the least stable 



27 
 

exclusion associate, while b- and g-cyclodextrins form inclusion compounds of pseudorotaxane 

geometry. 

¶ I examined the process of dimerization of folic acid in the solution, as well as its influence 

on the process of complexation of folic acid with native cyclodextrins. 

¶ I extended complexation studies to compounds structurally similar to folic acid, showing 

therapeutic properties, especially anti-cancer. As an example of this type of compound, I chose 

pemetrexed, demonstrating that it forms analogous complexes with native cyclodextrins as folic 

acid, with association constants (Kas) increasing in the series a-CD << g-CD < b-CD. 

¶ The interactions of pemetrexed with the smallest cyclodextrin, despite the lack of formation 

of the inclusion complex, led me to study the interactions of this antifolate with the smallest 

possible analogue of cyclodextrins - methyl a-D-glucopyranoside. These studies proved the 

existence of interactions between pemetrexed and hydroxyl groups of methyl a-D-gluco-

pyranoside. This observation may lead in the future to further studies concerning molecular 

recognition of folic acid and antifolates by receptors based on simple sugars. 

¶ For a better understanding of the complexation of folic acid by native cyclodextrins, folic 

acid was divided into smaller subunits: pterine and pteroic acid. The stability of the resulting 

complexes increases in the series: g-CD < b-CD << a-CD for pterine and g-CD < a-CD < ɓ-CD 

for pteroic acid. The comparison of data on the complexation of native cyclodextrin with folic acid, 

pterine, and pteroic acid showed that in all cases complexes of folic acid are much less stable than 

complexes formed from its subunits. 

¶ The inability to obtain the examined complexes in the form of single crystals prompted me 

to perform in-depth analysis of available crystallographic data concerning complexes of native 

cyclodextrins with biologically active compounds, and thus select a group of guest molecules that 

would guarantee the possibility of obtaining supramolecular complexes in the form of single 

crystals. Such compounds are terpenes and their derivatives - terpenoids. I synthesized and 

characterized complexes of b-cyclodextrin with linear geraniol and (-)-linalool; monocyclic, (+)- 

and (-)-menthol, (+)- and (-)-isopulegol, and (+) - and (-)-a-terpineols as well as bicyclic: alcohol 

(-)-isopinocampheol and ketones: (+) - and (-)-camphors. 

¶ I have developed a method for separation of isomeric terpenes, which are characterized by 

similar association constants - camphene and fenchene. 
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