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Abstract 

Mechanochemical technology enables solvent-free micronized solid dispersions and efficient 

molecular host-guest inclusion complexes to be formed in matrices which contain cyclodextrins 

(CDs). This type of complexation has been studied using α-, β-and γ-cyclodextrin with the dual aims 

of improving overall solubility and enhancing the bioavailability of common steroid compounds, such 

as cholic acids and β-sitosterols or lowering cholesterol content in products of animal origin. Several 

parameters have been studied and optimized: CD/compound molar ratio (1:1, 1:2, 2:1 and 3:1) in 

function of the cavity sizes of the three different CDs, milling time (from 5 to 40 min) and rotation 

speed (from 100 to 300 rpm). DSC (differential scanning calorimetry) analyses have revealed that 

inclusion complexes were efficiently formed after 40 min milling (200 rpm) for β-CD/cholesterol and 

β-CD/ursodeoxycholic acid (encapsulation efficiency 96% and 77% respectively). Besides steroid 

encapsulation/vehiculation, the mechanochemical technique may pave the way for new ideas in 

solventless steroid extraction from vegetal matrices with CDs. 
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Introduction 

Cyclodextrins (CDs) are cyclic oligosaccharides which arise from the degradation of starch and are 

formed of (α1,4)- linked D-anhydroglucopyranose units. Due to their specific conical toroid shape, 

α- β- and γ-CDs (made up of 6, 7 and 8 glucose units respectively), are able to form host-guest 

inclusion complexes with various structures thus improving the solubility, chemical stability, 



bioavailability and dissolution rate of hydrophobic compounds. The food, cosmetic and 

pharmaceutical industries have found several applications for CD inclusion complexes and their 

ability to entrap molecules by forming reversible non-covalent interactions [1-3]. 

Cholesterol is the principal sterol synthesized by animals and an abnormal seric content increase 

represents a risk factor in cardiovascular disease. Many methods have been developed to reduce 

cholesterol content in foods, from extraction using organic solvents or supercritical carbon dioxide to 

blending in vegetable oils or via degradation using cholesterol oxidases [4]. β-CD's sequestering 

action is widely applied as a selective method for lowering cholesterol levels in many dairy foods 

such as cream, milk, butter, cheese and eggs, while maintaining quality [5]. Several studies have 

also reported the optimal stoichiometric ratio between CD/guest molecules and the stability of 

inclusion complexes [6-8]. 

Bile acids are polar derivatives of cholesterol, are synthesized in the liver and are made up of a 

hydrophobic steroid skeleton to which various hydrophilic groups are attached. They are surfactant-

like molecules that assist fat digestion, forming micelles and micellar aggregates. They also regulate 

cholesterol homeostasis. From a pharmacological point of view, bile acids are substances that 

stimulate the physiological function of the liver to secrete bile while also favouring the contractility of 

intestinal muscles. These substances can be administered in therapy for the treatment of cholesterol 

gallstone diseases and to decrease the cytotoxicity of retained bile acids in cholestatic liver disease 

[9, 10]. The poor aqueous solubility of bile acids at physiological pH makes it necessary to enhance 

their dissolution rate to increase their bioavailability. It is well known that CDs are able to form 

inclusion complexes and exhibit size specificity in the binding of bile acids [11-15]. These peculiar 

properties of CDs have also been proposed as a means to mask the bitter taste of solid 

pharmaceutical formulations and to improve their dissolution properties [16,17].  

Phytosterols, which share the same basic cyclopentanoperhydrophenanthrene structure, are the 

counterparts of cholesterol in animal products and have been employed in the development of 

functional foods or bioactive products. It is, in fact, well known that these kind of substances can 

positively influence cardiovascular risk factors as well as promoting general health and well-being 

as they reduce intestinal cholesterol absorption [18]. Moreover, it has been reported that β-sitosterol 

may inhibit the development of most common cancer (i.e. colon and breast tumour) and prostate 

disorders [19]. The importance of supplementing the nutritional value of some food preparations 

through the addition of sitosterols makes the study of processes which are able to enhance their 

water solubility and bioavailability vital. Some authors have reported that the preparation of inclusion 

complexes between phytosterols and CDs in solution may be useful for this purpose and for 

evaluating inclusion mechanisms and efficiency [20]. Meng et al. [21] have shown that phytosterol 

aqueous solubility can be significantly increased thanks to an inclusion complex between β-CD and 

phytosterol's hydroxypropyl derivative. In a previous work we exploited β-CD water solution for the 

selective extraction of resveratrol and polydatin from the roots of Poligonum cuspidatum [22].  



In the last decade the development of alternative sustainable chemical processes exploited suitable 

enabling technologies [23], noteworthy is the chemical modification of bile acids under high-intensity 

ultrasound and microwave irradiation [24].   

Mechanochemistry is a dynamic interdisciplinary research field in material science and solid state 

chemistry that brings advantages in term of time, simplicity, cost and waste reduction [25]. 

Solventless grinding is a technique which is able to provide products or material forms that cannot 

be obtained, or which are difficult to obtain, using classical solution-based methods. Among its many 

advantages are easy scaling as well as quantitative and in situ reaction monitoring. 

Mechanochemical activation has been used for CDs complexation of drugs since 1986 [26]; steroid, 

such as methylhydroxyprogesterone complexes have been prepared [27]. Grinding treatments may 

dramatically enhance solubility and bioavailability of poorly water-soluble drugs [28] due to particle 

size reduction, higher surface area and porosity [29]. Ultrafine milling is a straightforward technique 

based on impact forces and friction effects which result in large amounts of mechanical energy that 

usually cause structural changes and even chemical reactions including the enhancement of 

molecular interaction and complexes formation [30,31]. 

A Planetary Ball Mill (PBM) is known to install jars on a disk, and both jars and disk are 

simultaneously and separately rotated at a high speed. The high speed of rotation of the jars and 

revolution of the disk make the balls move strongly and violently, leading to fine grinding of a product 

due to generation of large ball impact energy [32]. The ball mill jar is partially filled with the material 

to be ground together with grinding media, typically stainless steel balls. The high-energy of balls 

during the milling is attributed to an extremely high centrifugal force acting on the balls by the two 

rotations at high speed. Several investigations have provided information on the effect of operational 

conditions on the mechanical milling product by the experimental and mathematical analyses [33,34]. 

Processes inside PBM are complex and strongly depend on the processed material, synthesis or 

complexation type, thus, the optimum milling conditions have to be assessed for each individual 

system. This green technology allows reactions and complexations to be carried out in the solid state 

and can also reduce solvent use (when required), which makes it an attractive option for several 

application fields [35]. 

A number of studies on the complexation of bioactive molecules and drugs with CDs via the milling 

method have been published [36-41]. 

The aim of this study is to exploit the ball mill ability to form CD-complexes in solventless condition. 

We analyzed the milling effect on the physical dispersion of steroid structures such as cholesterol, 

β-sitosterol and bile acids (cholic acid and ursodeoxycholic acid) in α-, β-and γ-CDs while optimizing 

complex stoichiometry in relation to CD cavity size. Furthermore, we investigate whether the co-

grinding of steroid structures with CDs in the solid state can enhance the interaction between 

oligosaccharides and guest molecules. The intermolecular interactions have been characterized 

using differential scanning calorimetry (DSC) [42]. 



 

Materials and Method 

Materials and reagents 

All chemicals were purchased from Sigma-Aldrich and used without further purification. CDs were 

kindly provided by Wacker Chemie (Munich, Germany). The estimated water content was 10.6%, 

14.4% and 9% for α- (MW = 972.84), β- (MW = 1134.98) and γ-CD (MW = 1297.12) respectively. 

The β-Sitosterol (≥70% purity) and cholesterol (≥92.5% purity) were purchased from Sigma-Aldrich. 

Cholic acid and ursodeoxycholic acid were kindly provided by PCA - Prodotti Chimici e Alimentari 

S.p.A. (Basaluzzo, Al - Italy). 

 

Preparation of the solid inclusion complex and the physical mixture 

Steroid-CD inclusion complexes were prepared in a PBM (PM100 Retsch GmbH) using 50 mL 

grinding stainless steel jars and milling balls (mixture of 48 × 5 mm and 1500 × 2 mm; stainless 

steel). The grinding jar is arranged eccentrically on the sun wheel of the PBM. The direction of 

movement of the sun wheel is opposite to that of the grinding jar in the ratio 1:2. The grinding balls 

are subjected to superimposed rotational movements, the so-called Coriolis forces. The difference 

in speed between balls and jar produces an interaction between frictional and impact forces, which 

releases high dynamic energies. The interplay between these forces produces the high and very 

effective degree of size reduction of the PBM. 

The physical mixture was prepared by mixing the sterol molecules and CDs using a spatula and a 

mortar. 1 gram of total powder (steroid + CD) was introduced respectively in the  PBM’s jar or in a 

mortal to be grinded. The energy involved in the mortar grinding is clearly much lower and 

experiments reproducibility is a critical issue. 

Various CD/compound ratios (1:1, 1:2, 2:1 and 3:1), milling times (from 5 to 40 min) and revolutions 

per minute (from 100 to 300 rpm) values were evaluated in order to find the optimal conditions for 

the complexation. All the experiments were carried out using 1 mmol of CD. 

 

DSC- Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) analyses were performed using a DSC 7 Perkin Elmer 

differential calorimeter (Norwalk, CT, USA). The samples were placed in conventional aluminum 

hermetic pans and heated from 50 to 300°C at 10 K/min under a 10 mL/min nitrogen purge and all 

the tests were carried out in duplicate. 

The DSC was used to determine the melting point (Tm) and the Enthalpy of fusion (H) of the pure 

compounds, the physical mixtures and the complexes. Encapsulation efficiency (EE) was calculated 

according to the following equation: 
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where HC is the enthalpy of the complex and HF is the enthalpy of the respectively pure sterol 

molecule. 

Duplicate experiments were carried out for each sample and average values are reported. The 

calculated confidence interval for 95% certainty was between 3 and 5% of the absolute values. 

 

Results and discussion 

A PBM was used as it provided an easy and efficient method for the formation of sterol structure-CD 

complexes without the addition of a solvent [32]. 

The coordination of sterol molecules and CDs is a complex reaction system which is influenced by 

many factors. The effect of reaction parameters (reaction time, molar ratio, ball-mill speed) on the 

inclusion ratio was studied. β-sitosterol was chosen as the target structure in order to optimize the 

PBM method. 

DSC was used to confirm the formation of the complexes. The proof of complexation is generally 

considered to be the total or partial disappearance of the melting point peak of the free guest 

molecules [41]. It indicated the formation of an amorphous solid dispersion and existence of the 

molecules' encapsulation inside the CD cavity via intermolecular hydrogen bonding or van der Waals 

interactions which occurred thanks to mechanochemical processing [42]. 

The DSC results presented in Fig. 1d demonstrate an endothermic peak for β-sitosterol at 137.6°C, 

which corresponds to the melting point. The melting point reported for β-sitosterol is within the 136 

to 140°C range [43]. Complex formation was proven by a lack of a sharp endothermic peak in the 

temperature range investigated (Fig. 1a), which however, is present with a slight shift in the physical 

mixture Fig. 1b. 

 

 
Figure 1. Differential scanning calorimetry (DSC) thermograms of: a) β-CD/ β-sitosterol inclusion 
complex 2:1; b) physical mixture of β-CD/ β-sitosterol 2:1; c) β-CD; d) free β-sitosterol. 
 

In the PBM method optimization, the first parameter taken into account was the molar ratio between 

host (H; β-CD) and guest (G; β-sitosterol) molecules: 1:1, 1:2, 2:1 and 3:1 molar ratios were used. 



As shown in Table 1, the best results were obtained with a molar ratio of 2:1 (H:G) leading to an EE 

of 79%. 

Table 1. EE of different type of steroids with CDs. 

Entry CD (H) Sterol type molecule (G) ratio (H:G) EE (%)a 

1b β β-Sitosterol 1:1 32 

2b β β-Sitosterol 1:2 52 

3b β β-Sitosterol 2:1 85 

4b β β-Sitosterol 3:1 77 

5c β β-Sitosterol 2:1 93 

6c α β-Sitosterol 2:1 87 

7c γ β-Sitosterol 2:1 83 

8c β Cholic acid 2:1 89 

9c β Cholesterol 2:1 96 

10c β Ursodeoxycholic acid 2:1 77 
a Calculated by DSC analysis; b Reaction conditions: 200 rpm for 20 min; c Reaction conditions: 200 rpm for 

40 min. 

 

Other parameters were changed to further improve the efficiency of the technique and the H:G molar 

ratio was set at 2:1. Method optimization was performed and complexation process time and 

revolutions per minutes (rpm) were varied (Fig. 2). 

 

  

Figure 2. EE monitoring. 

 

The best EE was achieved after 40 minutes at 200 rpm. The EE was not satisfactory at higher or 

lower rpm values because too much or too little energy, respectively, was provided to the system. In 

the former case, probably the energy did not allow for adequate complex formation since the 

complexation degree decreases with increasing temperature, as demonstrated in solution 

complexation experiments. In the latter case, we hypothesized that not enough energy was provided 

to displace water molecules inside the cavity. In fact, the apolar CD cavity is assumed to be occupied 

by water molecules, whose presence is unfavourable from an energy point of view (polar-apolar 

0

20

40

60

80

100

5 10 20 40

EE
 (

%
)

time (min)

Method Optimization

100 rpm 200 rpm 300 rpm



interaction) and therefore can be substituted by suitable, less polar guest molecules. 200 rpm is a 

good compromise for complex formation and a suitable EE. 93% EE was achieved at this rotation 

speed in 40 minutes in solvent free conditions. No further improvements in EE were noticed when 

time was increased. 

Upon observing these promising results, we decided to extend our investigation to the other most 

common CDs; α- and γ-CD, and then to other sterol structures to prove the general application of 

this procedure to analogue molecules. 

The most suitable CD cavity for the guests, as considered in this study, was demonstrated to be the 

β-CD cavity: EE values of 87% and 83% were obtained with α- and γ-CD respectively. β-CD was 

therefore used with the following structures: cholesterol (Cho), cholic acid (CA) and ursodeoxycholic 

acid (UA) (Fig. 3). 
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Figure 3. Sterol structures employed in the mechanochemical complexation with CDs. 

 

As has already proven in the literature [42], Cho has an incredibly high affinity for β-CD. In fact, many 

studies and patents have presented the use of CDs in the removal of cholesterol from dairy foods 

[3]. This property was also herein confirmed using the PBM complexation technique and DSC 

analysis gave a high EE of 96%. Other molecules also provided worthy CD cavity encapsulation, as 

shown in Table 1. 

Conventional extraction techniques are usually time consuming and require large amounts of organic 

solvents which causes environmental pollution and entails toxicological and safety issues. For these 

reasons, “green”, efficient and sustainable extraction methods like solid phase extraction and 

enrichment via the ball milling technique and using CDs may solidify its place as a promising 

investigation trend in the extraction field as some matrix molecules may become entrapped in cyclic 

oligosaccharides causing a higher dissolution rate and improved hydrophobic substance 

bioavailability on the one hand and the removal of undesirable substances on the other. 

 

Conclusions 

In conclusion, fast solvent-free mechanochemical treatments in PBM enable an efficient preparation 

of steroids-CDs inclusion complexes. In addition, steroid interaction with CDs has been strengthened 



and the amorphous solid inclusion complexes obtained can be directly used in pharmaceutical, 

dietary and cosmetic preparations.  
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Highlights 
Cyclodextrins/steroids inclusion complexes are easily formed in ball mills 

Solid state grinding enhances the interaction between cyclodextrins and steroids 

DSC was used to confirm the formation of inclusion complexes 

Cyclodextrins/steroids 2:1 ratio gave high encapsulation efficiency (77-96%) 


