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In the pharmaceutical industry, cyclodextrins (CDs) are frequently used to improve the aqueous solubility, stability,
and bioavailability of medications. Because estrogens have a low polarity, they can interact with some
cyclodextrins’ hydrophobic cavities to create inclusion complexes, if their geometric properties are compatible.

Estrogen-CD complexes have been widely applied in several fields for various objectives.

cyclodextrin inclusion complex estrogen CD host-guest complexes

| 1. Introduction

The group of molecules known as steroids are characterized by the presence of a gonane
(cyclopentaperhydrophenanthrene) unit in their structures (Figure 1). Many substituents may be added to the
gonane unit, which consists of four fused rings made up of three cyclohexanes (A, B, and C rings) and one
cyclopentane (D ring). This results in hundreds of different molecules that are present in fungi, animals, and plants.
Figure 1 illustrates the first steroid to be complexed by cyclodextrins: ergosterol. Seven Nobel Prizes were given

for works on the structure, isolation, synthesis, and biological effects of steroids from 1927 by H.O. Wieland !

through to 1975 by V. Prelog 4, demonstrating the diversity of steroids and the complexity of their biological roles.

(a) (b)
Figure 1. Chemical structure of: (a) a gonane unit and (b) ergosterol.

Steroids serve a variety of biological purposes, including, among others: constructing the cell membrane
(cholesterol and phytosterols) 2!, breaking down fats &, controlling spermatogenesis 28 and secondary gender
features (male hormones), increasing muscle mass [, controlling various reproductive processes 8, contraception

B and bone density (estrone, estradiol, and estriol) LU The l|ast three compounds belong to the group of
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endogenous estrogens; however, the list of compounds with estrogen-like properties is much wider, as will be

presented in the following sections.

In the pharmaceutical industry, cyclodextrins (CDs) are frequently used to improve the agueous solubility, stability,
and bioavailability of medications L2I18I14I15] \water-insoluble medicines, such as estrogens, may insert part or all
of their structure into the cavity of the CD because of its hydrophobic interior, which can lead to the development of
host-guest association complexes. In these compounds, there are no covalent interactions between the host CD
and the guest molecule, unlike many other complexes. Hydrophobic desolvation, hydrogen bonding, and van der
Waals interactions are some of the most significant driving forces for CD complexation L8718l even though the

dimensional fit between the host cavity and the guest molecule is crucial for the complex’s formation 19,

| 2. Estrogens
2.1. Chemical Structures of Different Estrogens

As previously outlined in the introduction, the core element of the chemical structure of most estrogens is the
gonane (cyclopentaperhydrophenanthrene) unit (Figure 2). However, as has already been proven, this polycyclic
system is not necessarily needed for the compound to exhibit the estrogenic activity. Examples of estrogens that
do not possess a gonane unit are dienestrol, diethylstilbestrol fosfestrol, hexestrol, zeranol, chlorotrianisene, and
methallenestril (Figure 3). The steroid estrogens differ in the number of carbonyl and hydroxyl groups as well as in
terms of their location. It should also be noted that some of the steroid estrogens exhibit stereoisomerism and the

enantiomers usually significantly differ in their biological activities, such as in the case of 17-a and 17-f3 estradiol.
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Figure 2. Chemical structures of steroidal estrogen molecules, which form host-guest complexes with CDs: (a)
ethinylestradiol (EE2), (b) estradiol (E2), (c) 2-methoxyestradiol (2ME2), (d) 16-keto-17(-estradiol (16KE2), (e) 2-
hydroxyestradiol (2HEZ2), (f) 4-hydroxyestradiol (4HE2), (g) estrone (E1), (h) 2-hydroxyestrone (2HE1), (i) 4-
hydroxyestrone (4HE1), (j) 16a-hydroxyestrone (16HE1), (k) 2-metoxyestrone (2MEL), (I) estriol (E3), (m) estetrol
(E4), (n) equilin, (o) eqilenin, (p) tibolone (T), and chemical structures of steroidal estrogen molecules, which have

no evidence of forming host-guest complexes with CDs: (q) methylestradiol, (r) promestriene, (s) moxestrol.
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Figure 3. Chemical structures of non-steroidal estrogen molecules, which do not form host-guest complexes with
CDs: (a) diensterol, (b) diethylstilbestrol, and chemical structures of estrogen molecules, which have no evidence
of forming host-guest complexes with CDs: (c) fosfestrol, (d) hexestrol, (e) zeranol, (f) chlorotrianisene, (g)

methallenestril.

2.2. Biological Functions and Applications of Estrogens as Therapeutic Agents

Estrogens are a class of steroid hormone that have a wide range of effects on human physiology, including the

control of male and female reproductive processes, the development of various tissues, bone integrity, the
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cardiovascular system, the immune system, and the brain system. These hormones are also linked to the onset or
advancement of several cancers 29 osteoporosis 21, neurological 22 and cardiovascular disorders 23 insulin

resistance 241, lupus erythematosus 23, endometriosis 28!, and obesity 27, as unfavorable consequences.

The three primary endogenous estrogens are 17-3-estradiol (E2), estriol (E3), and estrone (E1), with E2 being the
strongest and most prevalent in humans. Another type of estrogen called estetrol (E4) is only produced during
pregnancy 281, The enzyme aromatase converts androgens, particularly testosterone and androstenedione, into all

of the abovementioned estrogens, and the liver is where all of these changes mostly take place 22,

The main route of action of estrogens is through the estrogen receptor, a dimeric nuclear protein that possess
affinity to DNA, and therefore modulates the expression of genes B9, Similar to the other steroids, estrogens
passively enter into the cell due to their lipophilic nature and bind to the estrogen receptor, causing its activation. As
the estrogens can enter all cells, their actions depend on the presence and concentration of the estrogen receptor

in the specific cell 211,

Medical applications of estrogens include, among others, hormonal contraception, hormone replacement therapy,
and the treatment of gender dysphoria in transgender women as a part of feminizing hormone therapy 2. The
synthetic estrogen derivative of E2, known as 17-a-ethinylestradiol (EE2), is utilized in practically all current
formulations of combination oral contraceptive tablets. Other conditions such as menopausal symptoms, breast
cancer, and prostate cancer are also treated with it. Many research findings have supported the idea that EE2
might have certain negative consequences, including headaches, breast tenderness, nausea, dizziness, and

weight gain. Therefore, EE2 is often advised for oral administration at a lower doses to avoid its side effects [33134],

EE2, like most estrogens, belongs to the class Il of the Biopharmaceutical Classification System (BCS). Active
pharmaceutical ingredients (APIs) from this group are characterized by high permeability, but also low solubility.
Therefore, the bioavailability of those products is limited by their dissolution rate. According to previous studies, the
bioavailability of EE2 is directly proportional to the water solubility of the drug 2236l Therefore, various methods
such as cocrystals formation or the application of nanocarriers are utilized to boost the EE2 dissolution rate 371381,
Moreover, the clearance of EE2 measured after intravenous administration is weaker than that measured after oral
administration of the same dose of EE2, and the absorption value of EE2 after injectable administration is higher
than that of oral administration 2. Complexes of various CDs with EE2 are used to obtain drugs in various dosage

forms.

2.3. Endocrine Disrupting Chemicals (EDCs)

Both endogenous estrogens, as well as the artificial ones from contraceptives and animal growth agents, enter into
the environment through the metabolism and excretion of humans and animals. Once in the environment,
estrogens contribute, amongst other compounds such as bisphenol, octyl phenol, or nonylphenol, to a group of
endocrine disrupting chemicals (EDCs). These compounds are typical pollutants in water systems, exhibiting

strong estrogenic potencies and eco-toxicity [2Q141][42][43]
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Even at very low concentrations, EDCs can cause serious endocrine disorders. For example, in water
environments, EDCs have been attributed to reproductive disturbances in wildlife, such as the feminization of male
fish 44431 Due to their physicochemical properties, such as lipophilicity and neutral character, estrogen pollutants
are difficult to remove and they gradually accumulate in water systems, posing a great risk to ecological security
48] Furthermore, freshwater worms can bioaccumulate EDCs, making a transfer to benthivores possible and the
subsequent secondary poisoning of predators. In addition, synergistic effects can be observed between some
EDCs, inducing greater harm and increasing the risk of poisoning 2. In this regard, the purification and sanitation
of estrogen pollutants is a critical issue worldwide. As will be shown in the following sections, CDs can be of

particular help regarding this topic.

3. Estrogens That form Host-Guest Complexes with
Cyclodextrins

3.1. Ethinylestradiol (EE2)

3.1.1. Complex Preparation Methods

The preparation of EE2 (Figure 2) and cyclodextrin complexes usually occurs in a methanol/water environment. It
is important to note that the ratio between MeOH and water causes marked association constant values
differences. Studies have shown that association constants in water are higher than in methanol 8!, Because of
the high logK,,, = 4.12 of EE2, the usage of surfactants (sodium dodecyl sulfate, SDS) and buffering agents to
maintain pH = 11.5 is helpful in this case 9. The reactants for the complexation reaction usually include
water/methanol solutions of EE2 and CDs. The solution composed of methanol, water, and EE2 should be stored
at 6.5 °C, with the exclusion of the evaporation of methanol and without the presence of light before the reaction.
The procedure for preparing the CD solution for the reaction is quite similar; CD should also be dissolved in water
with methanol (usually at a 45:55 ratio). There are known cases of using ethanol instead of methanol; i.e., 1 mL of
pure EtOH to 10 mL of deionized water. The reaction takes place by mixing the two reagents and stirring them B9,
There was no information found regarding the preparation of high concentration complexes. The stoichiometry of
the reaction shows that the formation of complexes can occur, depending on the CD used, at a ratio of 1:1 48151
(521 2:1 58l 1:2 (only for y-CD, because it has the largest cavity) 24, or a mix of these values.

Studies have shown that the usage of B-CD to form complexes with EE2 can cause difficulties because its cavity
may be too small to fully bind with the hydrophobic elements of this steroid. That is why the usage of y-CD or 2HP-
y-CD is more effective, due to their larger sizes. The association constant of EE2 with y-CD in methanol-water
(45:55, vlv) at 35 °C is about twice as high as with B-CD 2! (or even more, as shown in other studies [22). The
association constants in an acetonitrile-water environment are lower than in methanol-water solutions 28, Even
while working with y-CD, one can encounter obstacles. According to the comparison of EE2 with y-CD and 2HP-y-
CD complexes by Shakalisava and Regan 42, despite the application of CDs with larger cavities, the steroid can
still have difficulties in forming hydrogen bonds between substituted hydroxyl groups and itself. The same can

occur in cases of other estrogens, such as equilin, E3, E2, and E1 [49],
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3.1.2. Complex Structure Analysis

To study their structure and properties, the obtained complexes have been analyzed using many methods. While
association constants have been usually determined using HPLC, one paper also showed association constants of
EE2/B-CD and EE2/y-CD fluorometrically measured in methanol/water (20/80 v/v) at 35 °C B4, Then, the values
were compared to corresponding ones obtained from an another HPLC study. The values from fluorometric
determination were found to be lower, which was, however, not fully explained by the authors 58, The solubility of
pure EE2 in water is very low, approximately 11.3 mg L™1. Gong et al. showed that complexation with
diethylenetriamine-f-cyclodextrin (DETA-B-CD) increases the solubility more than forty times to approximately 496
mg L1, which was the highest value among the analyzed types of CD in this study 2. The surface morphology
and composition of complexes have been analyzed using scanning electron microscopy (SEM). It confirmed the
difference between the EE2 and CD physical mixture and the complex, showing a homogeneous and compact
plate-like structure crystal 9. To prove that van der Waals interactions occur in the cavity of CD, UV spectroscopy
has been applied 22,

3.2. Estradiol (E2)

3.2.1. Complex Preparation Methods

The process of the formulation of E2/CD complexes is similar to EE2/CD. It can be achieved by adding an excess
amount of E2 (Figure 2) to a CD solution. To allow the complexes to be formed, the solution should be stirred for
24 h B, Storing the complex for further use should be carried out at low temperature; for example, at 4 °C 89, The
current state of knowledge regarding the stoichiometry of the complexes indicates a 1:1 (6261162 yajye for HP-B-
CD and B-CD or a 2:1 6262 for 3-CD in the form of polymer-based materials. The 1:1 stoichiometry with -CD was
also shown to be stable in a molecular modeling study 63, Both native and modified B-CDs are more effective in

forming complexes with E2 in aqueous solutions than a-CD or y-CD [64],

3.2.2. Complex Structure Analysis

The structure of the complexes of E2 with various CDs has been extensively studied. It has been generally
approved that the complex is formed by the penetrating of the cyclodextrin’s cavity by the estradiol molecule. In a
recent work (2], the authors claimed to successfully solve the crystal structure of the B-CD/E2 complex. However,
after a closer look, researchers found that, in this study, it was only possible to determine the positions of the CD’s
atoms, while the orientations of E2 molecules were not established due to the high level of structural disorder. In
the same article, the structure and stability of the B-CD/E2 complex have been studied using many different

methods, such as DSC, NMR, thermogravimetric analysis, and hot stage microscopy 62,

In another theoretical work, the representative geometries of B-CD/E2 and HP-BCD/E2 were obtained using
molecular dynamics simulations. The in silico study showed that the aromatic ring was located closer to the wider
rim and the cyclopentyl to the narrow rim of the CD. The association constants of 3-CD/E2 and HP-3-CD/E2 were

established at 298 K 63 Another paper also showed the association constants of E2/B-CD and E2/y-CD
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fluorometrically measured in methanol/water (20/80 v/v) at 35 °C. Then, the values were compared to values from
an HPLC study. The values from fluorometric determination were found to be lower than those obtained by the
chromatographic method 8. In another HPLC study, the values of retention factors were determined for the
complexes formed between the E2 and a-, -, and y-CDs, in their native and hydroxypropyl derivatives forms at
temperatures from 0 to 60 °C. The retention factor of the complex decreases with the increase in the number of the
sugar molecules in the cyclodextrin ring. The same study pointed out that the high retention factor reflects the
strength of the host-guest interactions and highlights the importance of temperature in chromatographic complex
separations 831, The presence of B-CD makes it easier to separate E2 from other estrogens using HPLC at specific
temperatures. This is caused by shorter retention times for this estrogen 8. When E1, E2 (both stereoisomers),
E3, and E4 have to be separated using HPLC, the addition of 3-CD and a temperature at exactly 26 or 47 °C
enables excellent separation 7. Another chromatographic method—micellar electrokinetic chromatography
(MEKC)—also showed an enhancing effect on estrogen separations using 3-CD and y-CD as additives. Thanks to
the addition of CDs, E2 was more easily separated from another nine different estrogens. A separation using a-CD
was also performed, but the results showed no successful separation in that case. This can be explained by the
cavity of a-CD not being large enough to successfully bind with the estrogens €8, DSC experiments showed that
the characteristic endothermic curve peaks of E2 at 179.60 °C disappear from the curve after complexation with 3-
CD Bl The thermodynamic parameters of the complex formation were also measured and analyzed. This
determined that the dominating interaction forces are the hydrophobic and hydrogen-bonding interactions, which
stabilize the B-CD/E2 complex, as well as the hydrogen bonding interaction and van der Waals forces for the HP-[3-
CD/E2 complex [63],

3.3. Estradiol Derivatives

2ME2 (Figure 2) forms stable complexes with CDs, usually in a 1:1 stoichiometry. A UV spectroscopy method was
used to study the stability of the 2ME2 complexes with DM-B-CD and TM-B-CD. In these cases, the inclusion
occurs by the penetration of the D ring of 2ME2 to form the secondary side of the CD while the A and part of the B
ring are protruding from the secondary side of the CD. These complexes have been extensively studied using
many methods, including DSC, HSM, TGA, FTIR-spectroscopy, UV-spectroscopy, X-ray, and molecular modelling.
While DM-B-CD/2ME2 forms monoclinic crystals and TM-B-CD/2ME2 triclinic ones, both complexes showed an
enhancement of the water solubility of 2ME. The solubility enhancement factors were compared within a group of
10 cyclodextrins. It was shown that TM-3-CD/2ME2 had the highest solubility enhancement factor value, nearly 25
higher than p-CD 82,

SBE-B-CD/2ME2 is a CD complex that has been studied in silico using the PM3 semi-empirical method. The SBE-
B-CD was determined as a CD derivative with either two or four sulfobuthyl ether groups. In the case of four
groups, their orientation can be different and have an significant impact on the complexation. These groups can be
connected to the CD in two orientations—‘up” or “sideways”. The variant with no groups in the “up” orientation
forms the most stable complex. Other variants are unfavorable for the complexation. The heat of formation, dipole
moments, stabilization energies, and the migration time (capillary electrophoresis) for the PM3-optimized geometry

of the 2-hydroxyestrone inclusion complexes were calculated. A correlation between migration time and the total
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heat of formation occurred. It suggests that more stable complexes have a longer migration time in capillary
electrophoresis. Furthermore, the theoretical in silica calculations suggest that a 3-CD/2ME2 complex may exist

with the A or D ring in the cavity while migrating 9.

The MEKC separation of ten different estrogens, including 2HE2, 4HE2, and 16KE2, was performed in the
presence of a-, - and y-CD. The addition of a-CD did not improve the separation. However, the 3-CD and y-CD
made the separation more effective. Furthermore, 16KE2 was one of the two studied estrogens (the other was
16HEL), for which the addition of CD impacted in a reversion of the migration order. The addition of y-CD showed

the best results, and it is highly recommended to add the y-CD to MEKC separations of various estrogen mixtures
fs8],

In addition, 4HE2 and 2HE2 can be obtained as products of an E2 bioconversion using phenoloxidase in mucuna
pruriens cell cultures. An E2/B-CD complex was used to enhance the concentration of E2 in water before the
reaction. The bioconversion was successfully performed. The fact that E2 was inside the CD cavity during the
reaction did not affect the structure of the products. The products of the reaction, 2HE2 and 4HE2 (with the majority

of 4HE2), were still complexed with CD after the reaction was completed. This was confirmed using DSC 172

3.4. Estrone (E1)

3.4.1. Structure of the Complexes and Complex Formation Mechanism

Estrone (Figure 2) is a steroidal estrogen and, like most of the other compounds from this group, it forms stable
complexes with various CDs, including both native a, B, and y CDs as well as their functionalized derivatives.
These host molecules significantly differ not only in terms of the size of their cavities, but also in their solubilities,
lipophilicity, and their abilities to form the inter- and intramolecular forces. The stoichiometry of such complexes is
usually determined to be 1:1 B1B3, The stoichiometry of 1:1 with six various cyclodextrins was confirmed during an
estimation of their association constant values using a relationship analogous to the Benesi—Hildebrand equation

57 Another study confirmed the 1:1 stoichiometry using the Hummel-Dreyer method 53,

E1l can enter the cavity of B-CD by either the A-ring or the D-ring. This is possible because of the weak steric
hindrance of the molecule with the CD. Such conclusions were obtained from the molecular docking results. In
addition, the calculations allowed for an estimation of the stability constants of the E1 complex with 3-CD and y-CD
in two possible orientations, the A-ring or D-ring in the cavity. The calculated Ka-,, was greater the larger the
Kp-up, Which indicates that the A-ring penetrating the cavity is more likely to occur (73], The association constant of
E1/B-CD was measured using HPLC in methanol/H,0 45:55 v/v solution at 35 °C. It was shown that the effect of
adding the CD to increase the solubility is much weaker for E1 than it was for E2, EE2, or E3 1. What was unique
for E1, in comparison with other estrogens, was that y-CD/E1 was characterized by a higher association constant
than B-CD/E1 B2, This was also confirmed in another study with y-CD in the native form and using its derivatives
49 The complexation constant was determined using the spectrofluorimetric method for five other CD complexes

with E1 in water and other solvents as well 22,

https://encyclopedia.pub/entry/45326 10/19



Cyclodextrins/Estrogens Inclusion Complexes | Encyclopedia.pub

3.4.2. Methods of Complex Preparation

It has been shown multiple times that the solvent has an major influence on the association constant value for
E1/CD complexes. For example, in MeCN/water solutions, the value of the complexation constant is nearly three
times lower than in the MeOH/water environment 8. In another study, the fluorescence spectra of complexes
formed between E1 and various CDs were measured in aqueous solution at neutral pH. The results confirmed the
formation of inclusion complexes between E1 and all of the studied CD derivatives, except for a-CD and S-3-CD
571, The enthalpy and entropy of formation values for y-CD/E1 and B-CD/E1 were determined in two different
environments 8. The retention factors for a-, B-, and y-CD/E3 complexes and their HP-CD derivatives were
measured using HPLC at 0 and 60 °C in MeCN/water solution (35% v/v). The differences between the retention
factors point out the importance of temperature control in the HPLC analysis of those complexes. y-CD/E3 and its

HP-derivative were the most effective host-guest complexation 2],

3.5. Estrone Derivatives

SBE-B-CD/2HE1 has only been studied by means of molecular modeling methods so far. Quantum-mechanical
studies calculations have been used to determine the heat of formation, dipole moments, stabilization energies,
and the capillary electrophoresis migration time for PM3-optimized geometry of this complex. A correlation between
migration time and the total heat of formation occurred. It suggested that more stable complexes have a longer
migration time in capillary electrophoresis. Furthermore, the theoretical calculations suggest that a CD/2HE1

complex may exist with either the A or D ring in the cavity while migrating £,

The separation of estrogens may be very difficult. To facilitate this task, the influence of 3-CD, DM-3-CD, and HE-
[-CD on the separation of 2HE1, 4HE1, or 16HE1 using HPLC was studied. The addition of CD was found to make
the separation much more effective. The influence of concentration on the efficiency of this process was also
studied. B-CD derivatives are especially recommended for successful HPLC separation 4. The MEKC separation
of ten different estrogens, including 4HE1, 16HE1, and 2ME1, was performed in the presence of a-, -, and y-CD.
The addition of a-CD did not improve the separation. However, the 3-CD and y-CD made the separation more
effective. Furthermore, 16HE1 was one of two studied estrogens (the other was 16KE2) where the addition of CD
impacted in reversion of the migration order. The addition of y-CD showed the best results, and it is highly

recommended to add the y-CD to MEKC separations in various estrogens mixtures 68,

3.6. Estriol (E3)

3.6.1. Complex Preparation and Structural Studies

Estriol (E3) (Figure 2) is another example of steroidal estrogen. Like other compounds from this group, the most
stable complexes of E3 are those with 3-CD and its derivatives. The stoichiometry of such complexes is usually
determined as 1:1 BG5S The stoichiometry of 1:1 with six various cyclodextrins was confirmed during an
estimation of their association constant values using a relationship analogous to the Benesi—Hildebrand equation

(571, Another study confirmed the 1:1 stoichiometry by using the Hummel-Dreyer method 55,
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Estriol strongly binds with the B-CD by fully penetrating its cavity, which was studied using the solution 'H NMR
technique 2. Furthermore, as shown by the molecular docking calculations, E3 can enter the cavity of B-CD either
by the A ring or the D ring, resulting in both orientations of host-guest complexes present in the solution. This is
possible because of the weak steric hindrance of the molecule in the CD, which is also true for E1. The calculations
also estimated the stability constants of the E3 complexes with B-CD and y-CD in two possible orientations, with
either the A ring or the D ring penetrating the cavity. In K5_,, was found to be larger than In Kp_,, Which indicates
that the A-ring penetrating the cavity is more likely to occur 2. The association constant (K,) of E3/B-CD was
measured using HPLC in methanol/H,O 45:55 v/v solution at 35 °C. The complex had a much lower value of K,
than E2. For E1 and EE2, K, was at a very similar level B, The Hummel-Dreyer method was also used to
estimate the K, in methanol/water solution. It showed major differences of this constant value among three studied
estrogens, with the E3 possessing the highest one. y-CD/E3 had a higher association constant than 3-CD/E3. This
was also confirmed in another study also on y-CD derivatives 49, The same constant was estimated using a
spectrofluorimetric study for five other CD complexes with E3 in water, as well as in many other solvents 27,
Another study also showed the association constants of E3/B-CD and E3/y-CD fluorometrically measured in
methanol/water (20/80 v/v) at 35 °C. Then, the values were compared to corresponding ones from an HPLC study.
The values from fluorometric determination were lower 8. The solvent has an major influence on the K, value. For

example, in MeCN/water solutions, this value is nearly three times smaller than in a MeOH/water environment 28],

The fluorescence spectra of complexes formed with various CDs were recorded in aqueous solution at neutral pH.
The results confirmed the formation of inclusion complexes with all studied CD derivatives, except for a-CD and S-
B-CD B4, The enthalpy and entropy of the formation of y-CD/E3 and B-CD/E3 were determined in two different
environments 8. The retention factor for a-, -, and y-CD/E3 complexes and their HP-CD derivatives were
measured using HPLC at 0 and 60 °C in MeCN/water (35% v/v). The differences of the retention factors point out
the importance of the temperature in the HPLC studies. y-CD/E3 and its HP-derivative have been shown to be the
most effective CDs for the host-guest complexation 3],

3.7. Estetrol (E4)

A highly interesting in vivo study of E4/CD complexes has been recently reported. In this work, E4 (Figure 2) was
complexed with HP-B-CD and encapsuled in liposomes. The solubility of E4 linearly increased with the CD
concentration until 50 mM, which indicated the formation of a 1:1 molar ratio complex. Such a formulation
increased the capability of passing the brain-blood barrier by E4. This has a major effect for dealing with the brain
problems of some premature babies mentioned in the paper. The complex showed no cellular toxicity and had
good physicochemical properties—suitable for future pharmacological usage. Simultaneously, this work provides

evidence of the existence of E4/B-CD complexes 78],

E4 was also used in an HPLC study, where the influence of temperature and the addition of 3-CD on the efficiency
of the separation was analyzed. The temperature had an major effect when estrogens in the presence of 3-CD
were separated. Temperatures of 47 and 26 °C showed the best selectivity of the process and enabled excellent

separation 67,
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3.8. Equilin and Equilenin

Equilin and equilenin (Figure 2) are horse estrogens, which are not present in human organisms under
physiological conditions. Despite that, they have found application as APls; for example, as one of the ingredients
of conjugated estrogens (CEEs) mixtures, which are used in replacement hormone therapies for menopausal
symptoms 4. The influence of B-CD on the chromatographic estrogen separation of mixtures containing equilin
and equilenin has been studied. It has been shown that, at subambient temperatures, the selectivity of the
chromatographic system was greatly enhanced by the addition of CD [88. A similar study was performed for equilin,
this time using -CD derivatives such as DM-3-CD and HE-B-CD. The results were similar to the previous work.
The influence of CD concentration has also been extensively studied. It was concluded that 3-CD, both in a native
form but especially its derivatives, is very useful in equilin and E3 chromatographic separations 4. In a study with
five other estrogens, it was shown that the best temperature for equilin separation in the presence of 3-CD was
either 47 or 26 °C [¢7],
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