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Abstract: This scientific work presents practical and theoretical material on the methods of analysis and identification of betulin and its key derivatives. The properties of betulin and its derivatives, which are determined by the structural features of this class of compounds and their tendency to form dimers, polymorphism and isomerization, are considered. This article outlines ways to im-prove not only the bioavailability but also the solubility of triterpenoids, as well as any hydropho-bic drug substances, through chemical transformations by introducing various functional groups, such as carboxyl, hydroxyl, amino, phosphate/phosphonate and carbonyl. The authors of this arti-cle summarized the physicochemical characteristics of betulin and its compounds, systematized the literature data on IR and NMR spectroscopy and gave the melting temperatures of key acids and aldehydes based on betulin.
Keywords: betulin; the solubility of pentacyclic triterpenoids; bioavailability; chemical transformation


1. Introduction
Biologically active compounds based on plants and products of their chemical trans-formation are used as food additives to maintain and promote a healthy lifestyle, prevent diseases and treat ailments. The nutritional value and pharmacological effect of such drugs primarily depend on their chemical composition, which is complex and multicomponent in nature, which is accompanied by difficulties in isolating, analyzing and identifying the main components and in their rationing.
Among the many extractive substances from plant raw materials, pentacyclic triter-penoids from birch bark, especially betulin (1) and related compounds (2–9), occupy a special place. Betulin (1) and betulinic acid (5), as a result of a number of chemical trans-formations, lead to highly active derivatives, some of which are comparable to clinically used preparations [1,2], and the content of betulin overwhelmingly predominates the con-tent of betulinic acid in the native extract [3]. Moreover, betulin and betulinic acid are valuable matrices for many semisynthetic derivatives that are potentially more effective drugs [2,4–8]. Betulin exhibits many other biological effects (anti-inflammatory [9,10], an-tiviral (including anti-HIV), etc.) [6,11–18], including the antimycotic and antimicrobial activities mentioned above. Betulin also inhibits cholesterol and fatty acid biosynthesis and thus reduces diet-induced obesity. This compound reduces the size and improves
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the stability of atherosclerotic plaques (as evidenced by the reduction in macrophage ac-cumulation) [19]. The authors of [19] also recommend its use in the treatment of type II diabetes by activating the sensitivity of cells to insulin. Pentacyclic triterpenoids can be used and developed as new drugs with a wide clinical effect [4,6]. There have been new reports [20–24] on the biological properties of betulin and its derivatives in recent years.
Thus, high-purity betulin (1) is widely used for the production of pharmaceutical and cosmetic products and biologically active additives. Betulin and its semisynthetic deriva-tives have a very high potential for use mainly in medicine [16,18].
Betulin (1) can actually be considered the first biologically active substance extracted from a plant source on an industrially significant scale [25]. Currently, it is considered that the outer bark of birch (birch bark) is rich in such pentacyclic triterpene compounds such as betulin  (lup-20(29)-en-3β,28-diol),  lupeol  (lup-20(29)-en-3-ol),  betulinic  acid (3β-hydroxy-20(19)-lupaene-28 acid) and other minor components (oleanolic acid, urso-lic acid and betulin aldehydes) [18]. It is generally assumed that birch bark is the area of bark exiting from the last formed layer of the periderm to the outermost surface of the tree [26].
Betulin (1) is found in warty birch or hanging birch (Betula verrucosa Ehrh. or Betula pendula Roth.) and fluffy birch (Betula pubescens Ehrh.), the most widespread in Russia and in the Northern hemisphere [27]. Betulin (1) is also found in the birch bark of white birches (Betula alba) growing in Europe [28]. The main source of betulin is birch bark [29–31], although betulin (1) has been found in at least two dozen plants belonging to var-ious genera and families. For example, betulin (1) is found in hazel bark, calendula and other medicinal plants. For example, betulin, lupeol and betulinic acid are extracted from the bark of alder cordial (Alnussubcordata L.) [32], unabi vulgaris (Ziziphus jujube M.) [33,34] as well as from the ground part of thistle (Atractylis carduus L.) [35]. Betulinic acid is found in the leaves of plumeria (Plumeria obtusa) [36], triadenum (Triadenum japonicum) [37], or-chid (Orchid lusiaindivisa) [38] and other plants (Dillenia papuana, Tryphyllum peltatum, An-cistrocladus heuneaus, Diospyrus leucomelas, Tetracera boliviana, Sizyphus joazeuro, Syzigium claviflorum, Aerua javanica) [39,40].
1.1. [bookmark: General_Information_about_Betulin_and_It]General Information about Betulin and Its Derivatives
Betulin is a natural pentacyclic triterpenoid belonging to the lupan group and has a systematic name–3β,28-dihydroxy-20(29)-lupen or lup-20(29)-en-3β,28-diol (Figure 1).
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Figure 1. The structural formula of betulin (1) (3β,28-dihydroxy-20(29)-lupen or lup-20(29)-en-3β,28-diol).
The structure of the lupane series triterpenoids is based on a complex polycyclic sys-tem with a cyclopentaneperhydrophenanthrene (sterane) core consisting of four cyclohex-ane and one saturated cyclopentane ring condensed together. The rings have the designa-tions A, B, C, D and E in accordance with the accepted numbering of the carbon skeleton
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atoms and the increasing numbers of carbon atoms (Figure 1). The presence of the five-membered ring E and an α-isopropenyl group in the C-19 carbon atom is characteristic of the betulin (1) belonging to this group [41].
Birch bark has two clearly distinguishable parts—outer and inner. The outer part of the bark is the richest in extractive substances. The main component of almost all extracts is betulin (1), which causes the white color of the bark. Lupeol (2) is a constant companion of betulin during its isolation (Figure 2). Birch bark extracts also contain, along with betulin (1), its oxidized derivatives: betulin aldehyde (3), betulonic aldehyde (4), betulinic acid (5), betulinic acid methyl ester (6) and 3-oxobetulinic (betulonic) acid (7) (Figure 2).








[bookmark: _bookmark1]Figure 2. The structural formulas of related substances 2–7 when betulin (1) is extracted from birch bark.
The chemical composition of the bark of many birch species, namely Betula pendula Roth. (B. Verrucosa Ehrh.), Betula pubescens Ehrh. (B. alba L.) and B. davurica Pall., has been studied in sufficient detail [42]. The content of betulin in the outer bark varies from 10 to 40% depending on the type of birch, the place and conditions of its growth, the age of the tree, the season and other factors [30,43,44]. The variety of properties of betulin is determined by the origin of this substance: plants synthesize betulin to protect against all adverse environmental factors and accumulate it exclusively in their shell. Betulin is a nec-essary part of plant shells to protect the plant from damaging environmental factors such as radiation, bacteria, fungi, viruses and insects. The reliability of the protective properties of birch bark is evidenced by the fact that it has been preserved without rotting in the soil for more than 1000 years, as evidenced by Novgorod birch bark certificates.
Betulin (1) is an odorless white crystalline powder with amorphous properties. The use of most solvents does not allow the growth of large crystals, which is a consequence of the presence of a large number of low-polar alkyl lipophilic fragments in the betulin molecule. At the same time, betulin (1) has one double bond and two hydroxyl groups in the molecule: primary and secondary. Both are associated with alkyl fragments and exhibit classical alcoholic properties. Therefore, betulin has a greater affinity for medium-polarity solvents than for low-polar solvents. The molecular weight of betulin (1) is 442.72 g/mol, the gross formula is C30H50O2 and the melting point is 261 ◦C, [α] +20 ◦C (in pyridine) [29,45], 258 ◦C (according to Gausman) [46]. This compound is resistant to oxygen and sunlight and is non-toxic. Betulin (1) does not occur in its free form [47]. Betulin (1) is quite inert—it does not dissolve with water; when isolated, it crystallizes into whitish pris-matic crystals. It is relatively well soluble in boiling alcohols, ether, chloroform, benzene, pyridine, tetrahydrofuran and dimethyl sulfoxide [46]. The solubility of betulin decreases in alcohol solvents in the following series: 1-butanol > 1-propanol > ethanol > 1-pentanol
> 1-hexanol > methanol. The solubility of betulin in esters decreases in the following de-creasing order: ethyl acetate > methyl acetate > ethyl formate = methyl formate [48].
Betulin is characterized by its low solubility in nonpolar organic solvents [49,50]. Nev-ertheless, the range of solubility of betulin in various solvents should be noted; for example,


the solubility of betulin in acetone (polar) is 5.2 g/L, and in cyclohexane (nonpolar), it is only 0.1 g/L at 15.2 ◦C, and at 35.2 ◦C, the solubility is 13.7 g/Land 0.67 g/L, respectively.
The comparison of the results [51] obtained for two types of solvents shows that non-polar solvents have a number of advantages over their polar counterparts. Nonpolar sol-vents do not form solvates compared to polar solvents after recrystallization. The betulin molecules in polar solvents form hydrogen bonds with each other in addition to forming hydrogen bonds with solvent molecules [51].
Birch bark contains oleanane and ursan triterpenes along with lupan derivatives. Oleic acid and its derivatives predominate in some birch species, for example, in the black-crowned birch (Betula dahurica Pall.) [25,52].
The product of betulin rearrangement, allobetulin (8) (Figure 3), should be noted out of the other oleane derivatives found in birch bark extracts. Allobetulin (8) is easily ob-tained under the action of acidic agents [22].

[bookmark: _bookmark2]Figure 3. The structural formula of allobetulin (8).
The qualitative composition of the triterpenoids of the bark of black-backed birch Be-tula pubescens is the same as that of white-barked, but their quantity is 2–3 times less. At the same time, the content of betulin (1) in white- and black-barked Betula pubescens is sig-nificantly lower than in the bark of Betula pendula [53]. The main component of birch bark extract in all cases is betulin (1) (Figure 4).
[image: ]
[bookmark: _bookmark3]Figure 4. The composition of birch extract.
Extracts of the inner bark of birch contain a small amount of betulin (1); however, they can be used as a source of phenolic compounds for certain purposes [27]. But, at the same time, the total extract of isolated triterpenoids from the inner bark of birch primarily includes betulin (1) (60–85% of the composition), as well as the currently well-studied lu-peol, lupenone, uveol, betulin acetate, allobetulin, isobetulenol, oleanolic acid and others. The physicochemical properties of the above satellites of betulin are close to their progen-itor (1).


1.2. [bookmark: Structure_and_Physico-Chemical_Propertie]Structure and Physico-Chemical Properties of Betulin and Its Derivatives
The properties of betulin (1) and its derivatives are largely determined by the struc-tural features of this class of compounds and their tendency toward dimer formation, poly-morphism and isomerization. Betulin (1) is a triterpene alcohol of the lupane series in which cyclohexane rings are in the “chair” conformation and the cyclopentane ring is in the “half-chair” conformation (Figure 5).
[image: ]
[bookmark: _bookmark4]Figure 5. The conformational state of betulin (1). Green arrows show the interaction and mutual arrangement of which atoms and functional groups determine the geometry of the betulin molecule.
The spin-spin interaction constants observed in the 1H NMR spectra confirm the con-formation of the “chair” of the six-membered betulin (1) rings. In addition, the geometry of the betulin molecule is determined by the location of hydrogen atoms and functional groups attached to the main nucleus: α- or β-orientation in space and α- and β-epimers at the C-3 position [54]. The hydroxyl group at C-3 in the equatorial position (β-OH) gives the betulin molecule greater thermodynamic stability than in the axial position (α-OH) since there is intensity in the α-position due to the repulsion of neighboring atoms.
The combination of these causes gives betulin (1) conformational lability (thermody-
namic instability), which depends on the chemical and physical properties of the medium. Moreover, there are changes in the structure of not only the site in contact with another molecule but also the conformational state of betulin (1) as a whole. In addition, confor-mational lability determines the conformation of the “chair” of cyclohexane cycles, which are displaced relative to each other. Transannular interactions between unbound hydro-gen atoms reduce the stability of the molecule, especially when the atoms are close to each other. Conformational lability also arises due to the mobile structure of the connection of cycles, the presence of four angular methyl groups, two hemdimethyl groups and termi-nal methylene group. In addition, betulin (1)-like related triterpenoids are sensitive to the effects of various factors causing the migration of methyl groups and protons between cy-cles. The discussed structural features of betulin (1) and its derivatives (2–8) cause not only high lability but also the theoretically possible existence of optical isomers and epimers as well as the ability to isomerize.
Intermolecular interactions of two thermodynamically unstable betulin (1) molecules cause various rearrangements and migrations of methyl or hydroxyl groups and also de-termine the most important physico-chemical properties of betulin (1) and its derivatives (2–8), including solubility. Intermolecular interactions, including both hydrophobic bind-ing and the formation of H-complexes with organic solvents in triterpenoid molecules in the solid phase, lead to various polymorphic and solvatopolymorphic forms. Thus, the solvate of betulin (1) with ethanol in a composition of 1:1 has a rhombic syngony in the spatial group P212121, Z = 4. Betulin molecules are connected to each other and to ethanol molecules by hydrogen bonds; as a result of this, layers perpendicular to the crystallo-graphic direction c are distinguished in the structure. All molecules are connected by hydrogen bonds inside the layer, and only Van der Waals interactions exist between the layers [51].


The most stable polymorphic form is the most energetically favorable under certain crystallization conditions, and the more ordered one usually has the worst solubility. Metastable solvatopolymorphs, although they have better solubility, can be toxic due to the presence of solvent molecules in them.
The formation of betulin dimers and inclusion complexes is probably explained by the desire to adopt an energetically favorable form characterized by a minimum of free energy due to hydrophobic interactions and Van der Waals forces of closely connected atoms (Figure 6).

[bookmark: _bookmark5]Figure 6. The dimeric structure of betulin (1).
The pseudopolymorphic forms (solvates) are isolated from solvents of different polar-ities during the crystallization of betulin (1), which, according to X-ray diffraction analysis, are inclusion complexes. Studies of the XRD patterns of betulin solvates and its derivatives with various solvents were carried out in [55–61]. Analysis of these data suggests that they have a clathrate-type structure. Since solvents enter the betulin crystal lattice and bind to betulin molecules in a certain way, the most stable are betulin (1) solvates with butanol, ethyl acetate, chloroform and dichloromethane. Betulin solvates recrystallized from ace-tone, methanol, ethanol and propanol are unstable and lose solvent when stored even at room temperature. In general, the crystallization of betulin and its derivatives is the most favorable of alcohol solvents with greater polarity because it does not change its structure. The crystal structure of betulin solvates is stabilized due to hydrogen bonds [53,62], and in this state, they can have independent pharmacological significance.
In general, the existence of unstable solvates and solvatopolymorphs or other poly-morphic forms is a big problem in the pharmaceutical industry since such samples of poly-morphs are usually able to change over time, sometimes completely disappearing and turn-ing into another polymorphic form with lower solubility.
Information on the solubility of betulin and its derivatives in various media is scat-tered and contradictory [50]. More in-depth research on the interaction of betulin with solvents has appeared only recently, and it is claimed that its solubility in pure organic solvents increases with increasing temperature.
Thus, it was found that the solubility of betulin in mixtures of acetone–water and ethanol–water increases with increasing temperature and the predominance of acetone or ethanol in the composition. The solubility of betulinic acid is 3 × 10–3 g/L [63], but it is not indicated for which polymorphic form it is determined. The water solubility lies in the range of 2.5 ± 0.5 g/L for most of the close triterpenoids. In the same work [63], the lipophilicity value Log Pow for betulin and lupeol is indicated, where Pow is the distribu-tion coefficient between octanol and water, calculated in the ChemAxon program but not established experimentally. The lipophilicity value Log Pow is very large and is equal to
6.17 and 7.45 for betulin (1) and lupeol (2), respectively. The lipophilicity of triterpenoids characterized by Pow under the assumption that octanol has a lipophilicity similar to cell membranes is used as one of the indicators of drug absorption during passive diffusion. Compounds with low solubility in water and high Log Pow will be distributed more slowly from the cell membrane to the extracellular fluid (transcellular pathway) [64].


Thus, there are difficulties in stabilizing the structure and problems with dissolution and, accordingly, bioavailability, as well as the creation of injectable dosage forms for be-tulin and its derivatives. These compounds are an exception to the “rule of five” [65] and are capable of interaction both due to hydrogen bonds and hydrophobic binding, which leads to the formation of dimers (Figure 6), dense crystal packing arrangements and poly-morphism.
1.3. [bookmark: Techniques_for_Increasing_the_Solubility]Techniques for Increasing the Solubility of Pentacyclic Triterpenoids
One of the significant hindrances to conducting complex physico-chemical studies and effectively demonstrating the biological activity of the studied compounds is their limited solubility. The solubility and bioavailability of hardly soluble pentacyclic triter-penoids can be improved by various colloidal chemical approaches and by introducing hydrophilic groups through chemical modification, as shown for betulin (1) and its deriva-tives.
1.3.1. [bookmark: Increasing_the_Solubility_of_Pentacyclic]Increasing the Solubility of Pentacyclic Triterpenoids Using Colloidal Chemical Approaches
There are a number of colloidal chemical techniques that allow us to increase the sol-ubility of betulin (1) and its derivatives:
1. The nanostructured introduction of betulin and its derivatives into liposomes and other nanoscale compounds [66,67]. Vesicles or liposomes from aqueous dispersions containing lecithin (for example, phosphatidylcholine) and triterpenoid dissolved in DMSO or alcohol are the most studied [68]. Nanoparticles with some betulin deriva-tives are obtained from polymers, while the most promising is an easily degradable copolymer of lactic and glycolic acids (PLGA) [67].
2. The micelle formation of betulin and its derivatives with high-molecular compounds in which the polymer acts as a delivery vector [69,70].
3. The use of physical principles for betulin and its derivatives (ultrasonic exposure, mechanochemical activation, etc.) in the presence of polymers (polyvinylpyrrolidone, polyethylene glycol, arabinogalactan, etc.) [71,72], which finds a positive effect in the demonstration of biological activity.
4. The formation of supramolecular systems (inclusion complexes) [73] due to the com-plexation of betulin and its derivatives with γ-cyclodextrin, glycyrrhizic acid and other compounds capable of forming inclusion complexes by hydrophobic binding [73,74]. An analysis of such inclusion complexes showed, firstly, that the “guest” molecule is located in the cavity between the outer lipophilic sides of two betulin molecules. Secondly, betulin molecules are interconnected by hydrogen bonds so that in the crystal structure of the complex, there are dimers in which betulin molecules are connected by hydrogen bonds of the “head to tail” type (Figure 6). Individual betulin (1) in the crystal probably exists in the form of hydrogen-bound dimers of the “head to head” type, which, based on the data of vibrational spectra and X-ray diffraction analysis, is characterized for organic molecules [75]. Complexes including betulin and its derivatives with cyclodextrins in water dissociate into cyclodextrin and the active substrate, showing the biological properties of the latter [75–78].
The authors [73] showed the formation of host–guest complexes of betulin and its derivatives (allobetulin (8), betulinic acid (5), 3-ketobetulinic acid (7) with pyrazoles). Pre-viously, complexes of betulin diacetate with metamizole sodium (1-phenyl-2,3-dimer-4-methylaminopyrazolone-5-N-methanesulfonate sodium) of the composition 1:1 were ob-tained. It can be assumed that with an optimal choice of reagents, it is possible to syn-thesize host–guest complexes with betulin (1) having the necessary hydrophilic–lipophilic ratio.
Triterpenoids are grafted onto polymers to create water-soluble polymer constructs. According to this approach, a terpene-containing monomer is usually obtained at the first stage, which is then introduced into radical copolymerization. For example, when betulin


interacts with maleic acid in the presence of dicyclohexyl peroxidicarbonate at room tem-perature,  the  resulting  monomer  28-O-betulin  maleate  copolymerizates  with N-vinylpyrrolidone, acrylonitrile and vinyl acetate in the presence of radical initiators. The obtained polymers exhibit higher activity against RD TE32 rhabdomyosarcoma culture compared to betulin maleate [79].
Thus, it can be noted that increasing the bioavailability of betulin and its derivatives using colloidal chemical approaches, expressed in the production of various nanoparticles, both vesicular and micellar, is promising, although it does not solve the problem of suffi-cient solubility of lupan-type triterpenoids.
1.3.2. [bookmark: LetterSpace=-4.0Increasing_the_Solubilit]Increasing the Solubility of Pentacyclic Triterpenoids by Chemical Modification of Betulin Improving not only the bioavailability but also the solubility of triterpenoids, as well
as any hydrophobic medicinal substances, can be achieved by chemical transformations
by introducing various functional groups, such as carboxyl, hydroxyl, amino group, phos-phate/phosphonate, carbonyl, etc. The chemical modification of the initial compounds—medicinal substances—includes the formation of esters, carbonates, carbamates, amides, phosphates, oximes and other derivatives, which are often considered prodrugs. The ma-jority of betulin (1) chemical transformation methods are aimed at the functionalization of alcohol groups, the isopropenyl group and lateral cyclohexane and cyclopentane rings (Scheme 1):
[image: ]
[bookmark: _bookmark6]Scheme 1. The basic approaches to the chemical transformation of betulin (1).
The most common method of chemical transformation of betulin (1) is a variety of reactions by alcohol groups (Scheme 2).
[image: ]
[bookmark: _bookmark7]Scheme 2. The reactions of alcohol groups of betulin (1).
As can be seen from Scheme 2, the transformation processes of alcohol groups at the initial stage are aimed at esterification and oxidation reactions, which open the way to further functionalization with the formation of a wide variety of compounds.


The reactions of betulin in cycles A and E are mainly represented by transformations of lateral cyclohexane and cyclopentane rings through the processes of oxidation, halo-genation, alkylation, condensation and intramolecular rearrangement (Scheme 3).
[image: ]
[bookmark: _bookmark8]Scheme 3. The reactions of betulin (1) in cycles A and E.
The methods of chemical modification for the isopropenyl group of betulin are de-termined by the processes occurring with the participation of the olefin fragment and the functionalization of the terminal methyl group (Scheme 4). One of the interesting and promising pathways of the functionalization of the isopropenyl group is the path to the creation of azacycles through the processes of aminolysis of intermediates.
[image: ]
[bookmark: _bookmark9]Scheme 4. The reactions of betulin (1) associated with the transformation of the isopropenyl group.
Many studies have been devoted to the methods of chemical modification of betulin derivatives with biological activity, including in reviews [8,80–83]. Research on the tar-geted synthesis of betulin and betulinic acid derivatives with improved solubility began in 2000–2012, including the Gzuka review of patents [84].
Thus, summing up this part of the review, it should be noted that:
1. Betulin and its derivatives are important strategic objects for medicine and pharmacy as drugs of anti-HIV, antitumor, hepatoprotective, hypolipidemic and other types of action.
2. A necessary part of the research of betulin and its derivatives as potential medicinal substances is the study of polymorphism and the existence of structural modifications with various biopharmaceutical characteristics.


3. A special place among the methods for obtaining betulin derivatives is occupied by modification methods to give hydrophilicity and, accordingly, better solubility and bioavailability, which in turn makes it possible to prepare hydrophilic dosage forms, including injection type.
2. [bookmark: Methods_of_Analysis_of_Betulin_and_Its_S]Methods of Analysis of Betulin and Its Structural Analogues
As is known, plant species from different geographical locations can show a variable composition of total isolation products, which is also observed when extracting triterpenes from birch bark. The identification of birch bark in close connection with the geographical location is crucial to ensuring the quality and effectiveness of the raw material before it is converted into the target product. Considering that traditional approaches in analyti-cal chemistry do not allow the rapid and reliable analysis of extractive substances, natural product manufacturers are constantly in search of faster and cheaper methods for check-ing their qualitative and quantitative composition, but most developed methods for the purification of betulin and its derivatives cannot achieve the criteria for the purity of the drug. Especially high purity requirements for betulin and its derivatives are imposed for dietary supplements, biochemical tests and medical practices.
2.1. [bookmark: Identification_of_Birch_Bark_Species_]Identification of Birch Bark Species
A chemical indicator is used to identify the outer bark of fluffy and silver birch [85]. Thus, the diarylheptanoid glycoside platyphylloside, present in high concentrations in the inner bark of silver birch (20–30 mg/g) and in low concentrations in the inner bark of fluffy birch (<0.5 mg/g), makes it possible to distinguish these species using an indicator due to the rapid formation of orange sediment with platyphylloside.
2.2. [bookmark: Determination_of_Monosaccharides_in_Extr]Determination of Monosaccharides in Extracts for Pretreatment
Monosaccharides (in terms of hexoses) in birch bark extracts after pretreatment with hot water or an alkaline solution were determined by the Malaprade reaction. The 1,2-diols and 1,2,3-triols were oxidized by potassium periodate according to the method described in [86].
2.3. [bookmark: IR_and_Raman_Spectroscopy_]IR and Raman Spectroscopy
IR spectroscopy is the most effective and non-destructive analytical approach for the reliable identification of triterpenes obtained by various extraction methods, among the many instrumental methods of analysis [87–90]. For example, the ratio of the absorption band intensities at 1633 cm−1 is proposed to be used as a reference for comparing the content of triterpenes in birch bark [28,87,91,92]. Thus, ATR-FT-IR spectra of three birch bark extraction products (Romania) [89] were compared with those reported for isolated terpene compounds from Betula utilis and Hyptis suaveolens from the Himalayas [88] or Betulaceae cortex and Betula pendula Roth. [88] native to Central Europe. An analysis of IR spectra (KBr tablets) of Betulaceae extracts isolated by column chromatography in [88] led to the conclusion that triterpene substances, namely betulin, betulinic acid and lupeol obtained from birch bark (Betula pendula Roth.), give identical characteristic signals and optical density. However, comparison of the IR data of reference samples does not allow for distinguishing between betulin and lupeol. A detailed study conducted in another work [89] led to the conclusion that actual betulin demonstrates absorption bands in the ranges of 3430, 1716, 1641, 1600, 1581, 1291 and 881 cm−1, whereas betulinic acid has them
at 3508, 1710, 1690, 1641, 1600, 1580 and 1290 cm−1, despite their high structural similarity.
In [93], vibrational FT-IR and FT-Raman spectroscopy were used as a fast, sensitive and effective method for the qualitative and semi-quantitative analysis of pentacyclic nat-ural products of terpene nature obtained from the bark of Betula pendula Roth. growing in the Apuseni Mountains (Romania). A GC-MS analysis of extracts revealed two main compounds: betulin (59%) and lupeol (41%). The main IR/Raman spectra are presented for the isolated terpenes. The spectral imprint associated with pure triterpenes, where be-


tulin bands predominated. It was found that betulinic acid is less noticeable as a separate compound during isolation, on the one hand because of its low concentration and, on the other hand, because of the weak Raman intensity characteristic for the –COOH group at 1681 and 1718 cm−1. Based on the analysis of IR and Raman spectra, the authors concluded that all extracts, regardless of the solvents used, revealed the dominant content of betulin and then lupeol. The work shows that Raman spectroscopy can provide semi-quantitative information regarding the content of triterpene in the final product by analyzing the ra-tio of the relative intensity of the 1642 cm−1 range (mode C=C) and 1601 cm−1, relative to other residual organic compounds from the bark. Since Raman measurements can also be performed on fresh plant material, this paper demonstrates the possibility of applying the results obtained to predict the highest triterpene content in tree bark for optimal col-lection time or for selecting individual genotypes directly in the field with the appropriate portable Raman equipment.
2.4. [bookmark: Chromatographic_and_Other_Methods_]Chromatographic and Other Methods
The gas chromatographic separation of betulin-containing analytes is performed at elevated temperatures (above 300 ◦C) or after preliminary derivatization due to their low volatility [94], which makes the analysis long. Liquid chromatography by reverse-phase HPLC with spectrophotometric detection has found the widest application among the op-tions for performing chromatographic analyses of betulin and its derivatives [48,95,96]. The absence of chromaphore groups that intensively absorb near-UV spectral regions in triterpenoid molecules determines their detection at wavelengths of 205–210 nm. Gradient elution worsens the reproducibility and reliability of the results of their analysis. In addi-tion, this method is characterized by low sensitivity: the content limits are at the level of 0.1–1 mg/L.
The determination of betulin and betulinic acid in birch bark using RP-HPLC [48] ex-traction was tested using various solvents. The authors concluded that 95% ethanol in wa-ter is a good extraction solvent that allows the extraction of the high content of triterpenes. Separation was achieved in the reverse phase of the C18 column with acetonitrile/water 86:14 (vol./vol.). The detection was carried out using UV detection at λ = 210 nm. It was found that the content of triterpenes on the example of betulin and betulinic acid in the bark of white birch varies significantly depending on the place of growth in China [48].
High-performance liquid chromatography with reverse-phase (RP-HPLC) [9,15,48,97–101] and gas chromatography with mass spectrometric detection (GC-MS) [102,103] are widely used methods for analyzing samples of betulin and other triterpenes. Reverse-phase high-performance liquid chromatography (RP-HPLC) was used for the si-multaneous extraction and determination of betulin and betulinic acid from white birch bark [48]. Betulin was isolated from the extract of dried carpophore Xanthoceras sorbifolia Bunge by chromatographic methods and identified based on spectral data [48].
Nevertheless, thin-layer chromatography (TLC, especially in the high-performance modification—HPTLC) is also well applicable for assessing purity and visualizing impuri-ties [88,104,105].
In [106], one of the fractions of betulin extract was crystallized from an ethanol solu-tion in the form of flat transparent colorless small crystals with an average size of about
0.2 mm in length. Much larger crystals of up to 12 mm long are formed if a hot saturated ethanol solution is slowly cooled to room temperature. Betulin crystallizes from an ethanol solution with orthorhombic symmetry with one ethanol molecule per one hydrogen-bonded betulin molecule [14,51,107]. One of the classical physico-chemical char-acteristics of pure substances is their melting point. In the literature, there is a wide range of melting temperatures attributed to betulin 251–261 ◦C [51]. Most authors are inclined to a value of about 255 ◦C. Thus, when the betulin sample was heated, the following crys-tal changes were observed: 130–140 ◦C—darkening of crystals due to ethanol evaporation; 160–170 ◦C—betulin began to sublimate noticeably; 180–200 ◦C—new transparent micro-crystals appeared on the surface of the initial crystals; 255–256 ◦C—total melting. Crystals


did not form after cooling, and the melt solidified in the amorphous glassy form. Amor-phous microscopic beads were also formed in the form of a bright white powder during sublimation at atmospheric pressure in a sublimator [106].
Birch bark consists of ~75% brown inner bark and ~25% white outer bark. The outer bark contains fats, fatty acids, resins, suberin and especially betulin—up to 30% [6]. In [106], a simple approach was used to microscopically determine the location of triterpenes in birch bark. The authors made a lateral section of the bark to which Nile red dissolved in dimethyl phthalate was added. Fluorescence microscopy was used to obtain the image. Nile red fluorescent dye is very lipophilic, and, therefore, is used for labeling lipophilic structures. Thus, this method allows the identification of brighter areas in the photo that indicate the location of hydrophobic triterpenes. Betulin is especially clearly determined when using fluorescence microscopy. The structure of the birch bark, revealed after mark-ing with Nile red, allowed us to establish that betulin is localized by small longitudinal shells passing through the birch bark. Taking into account the presence of triterpene shells and the heterogeneity of the localization of betulin particles, the authors point out the need to pay due attention to the mechanical processing of birch bark before the extraction pro-cess. This observation is confirmed by the fact that the bark cut into small pieces (about 5 × 5 mm) gave, on average, only about 19% of extractives, whereas grinding to 4 µm gave more than 45% of extractives.
The structures of betulin and its derivatives as well as the qualitative and quantita-tive compositions of dry and liquid extracts were established using a complex of physico-chemical analysis methods: TLC, IR spectroscopy, 1H and 13C NMR spectroscopy and chromatography-mass spectrometry. Thus, the identification of the betulin conversion product—betulin diacetate—was carried out by NMR spectroscopy in [108]. The authors of [109] studied the composition of birch bark extract, while the quantitative content of betulin was determined using the chromatography-mass spectrometry method.
An obvious alternative to the spectrophotometric detection of triterpenoids in liquid is mass spectrometry, which is characterized by high sensitivity, extremely high selectivity and a wide dynamic range. The use of HPLC mass spectrometry for the determination of lupane, oleanane and ursan and their comparison with other methods is shown in [110], and it is established that the best results can be obtained by chemical ionization at atmo-spheric pressure (APCI) and photochemical ionization at atmospheric pressure (APPI) us-ing toluene as a dopant. The achieved detection limits for various compounds were in the range of 5–15 mcg/L and 2–840 mcg/L for APCI and APPI, respectively. It was shown that in the case of chemical ionization, high sensitivity was achieved for betulinic acids, and for other triterpenoids, the detection limits were at the level of hundreds of mcg/L. The method of increasing the sensitivity and reliability of the determination of triterpenoids, especially in the analysis of complex matrices using tandem mass spectrometry, was suc-cessfully used in [111] for blood plasma analysis in the study of the pharmacokinetics of betulonic acid with a detection limit of 3 mcg/L.
The ion-induced dissociation (IID) spectra of betulonic acid derivatives along with the spectra of other triterpenoids containing carboxyl groups were studied in [112] for the reliable identification of analytes. A wider range of triterpenoids was investigated in [113]. The similarity of the spectra of compounds carrying saturated cycles with the spectra of electron ionization with a predominance of ring rupture was demonstrated [113]. It has been observed that triterpenoids with an unsaturated skeleton (olean and ursan) undergo fragmentation by a more complex mechanism due to the possibility of double bond mi-gration. In the development of these works [114], the HPLC MS/MS method of identifying and determining the four main components of birch bark extracts (betulin, lupeol, betulinic acid and erythrodiol) was developed (Figure 7).
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[bookmark: _bookmark10]Figure 7. The structural formulas and possible ways of fragmentation of the studied compounds in the ion source: (a)—betulin, (b)—betulinic acid, (c)—lupeol, (d)—erythrodiol.
The developed method of the highly sensitive and selective determination of betulin, lupeol, erythrodiol and betulinic acid is proposed based on a combination of chromato-graphic separation with tandem detection of mass spectrometry. It was found that the APCI/MS/MS method is preferable and provides detection limits of the studied compounds at the level of several parts per billion and is characterized by a linear dynamic range span-ning more than three orders of magnitude.
It has been shown that the insufficient purity of substances isolated from extracts or reaction mass containing target substances is a serious hindrance for voltametric stud-ies [115] during the determination of antioxidant activity as well as the further chemical modifications of triterpenes. Obviously, such studies dictate the need for simple ways to clean them from accompanying impurities. Therefore, one of the urgent tasks is to de-velop simple and effective ways to purify substances containing triterpenes. We have al-ready noted above that currently, the literature information on the methods of purifying triterpenes is presented, as a rule, by methods of recrystallizing betulin and its derivatives from various solvents (such as lower aliphatic alcohols, chloroform, acetone, ethyl acetate, dichloromethane, etc.). However, these techniques are associated with the formation of solvate complexes with triterpenoids, which makes it difficult to identify them as individ-ual compounds [62]. In addition, significant losses (up to 40%) of the target substances are observed when using ethanol as a solvent for recrystallization [62]. To overcome such hindrances, the methods of purification of representatives of the lupane and oleane series using recrystallization and column chromatography methods were considered in [116], and the effectiveness of these methods was compared. The best result was achieved when dry extracts were purified by column chromatography with aluminum oxide as a sorbent and acetone as an eluent. In this case, according to chromato-mass spectrometric analysis, an increase in the content of the main substance in the sample by 4–7% to 95–98% levels was recorded.
It was shown that this method is convenient for the purification of betulin, betulin diacetate and allobetulin from concomitant impurities and allows us to obtain their pure substances suitable for further use in organic synthesis, electrochemical, microbiological and other research methods. The advantages of the proposed chromatographic method of purification of triterpenoids are the simplicity of execution, expressiveness and high purity of the obtained samples.


A systematic spectral and chromatographic study was carried out for the isolated pen-tacyclic triterpenoids (betulin (1), betulin diacetate (9) and allobetulin (8)) using a number of physico-chemical analysis methods (IR, PMR, GCMS) in [117]. The conditions were se-lected to ensure the suitability of TLC analysis for the qualitative detection of the listed compounds, and conditions of HPLC analysis for qualitative and quantitative determina-tion of betulin were found and described.
The authors systematized the obtained spectral (IR, NMR, GCMS) and chromatographic (TLC, HPLC) data on the physicochemical properties of the most important representatives of the lupane and oleane series—betulin (1), betulin diacetate (9) and allobetulin (8), the struc-tures of which are shown in Figure 8.
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[bookmark: _bookmark11]Figure 8. The structural formulas of betulin (1), betulin (9) diacetate and allobetulin (8).
2.5. [bookmark: The_Analysis_of_3,28-Dihydroxy-20(29)-lu]The Analysis of 3β,28-Dihydroxy-20(29)-lupen (1), Betulin (1)
In the IR spectrum of betulin (1), there is a wide absorption band at 3359 cm−1 belong-ing to valence vibrations of hydroxyl groups (Table 1). The stretching modes of the =CH2 group are observed at 3078 cm−1; the ones of the C–H groups are observed as a series of bands at 2944 and 2870 cm–1. The bending vibrations of a multiple C=C bond are detected at 1695 and 1644 cm−1. The vibrations of the CH2 groups are attributed to 1457 cm−1, and those of the CH3 group are attributed to the band at 1374 cm−1. The stretching mode of the C–O group is observed as a strong band at 1029 cm−1.
In the 1H NMR spectrum of betulin (1), there are two singlet signals in the region of
4.58 and 4.68 ppm, referring to the chemical shift of =CH2 multiple bond protons (Table 1). Also, the spectrum is characterized by the presence of two doublet signals at
3.32 and 3.79 ppm, referring to protons at the 28th position. The proton in the 3-position is marked by the presence of a quadrupled signal at 3.18 ppm. The complex signal corre-sponded to a proton at the 19th carbon atom appearing at 2.38 ppm. There is an ensemble of signals of the CH3, CH2 and CH groups in the region of 0.65–2.15 ppm.
In the mass spectrum of betulin (1), there were peaks of high fragment intensities of 203, 189, 135, 121, and 95 (M+), characteristic of the lupan skeleton along with a small peak of the molecular ion 442 (M+) (Table 1).
2.6. [bookmark: The_Analysis_of_3,28-Diacetoxy-lup-20(29]The Analysis of 3β,28-Diacetoxy-lup-20(29)-en(9), Betulin Diacetate (9)
The stretching modes of =CH2 groups were located at 3066 cm−1, and the modes of alkyl fragments of C–H groups were observed as a series of bands at 2945 and 2869 cm−1 in the IR spectrum of betulin diacetate 2 (Table 1). The vibrations of the carbonyl C=O group were detected as a strong absorption band at 1733 cm−1. The bending vibrations of the CH2 and CH3 groups were attributed to 1457 cm−1 1367 cm–1, respectively. The strong band at 1241 cm−1 corresponded to the stretching mode of the C–O group.
In the 1H NMR spectrum of betulin diacetate (2), there were two singlet signals in the region of 4.58 and 4.68 ppm, referring to the chemical shift of =CH2 multiple bond protons (Table 1). There was a quadruplet signal at 4.46 ppm, corresponding to a proton in the


3-position. Two doublet signals at 3.84 and 4.24 ppm were assigned to proton bonds at the 28-position. The signal at 2.43 ppm referred to a proton at the 19 carbon atom. There was a complex of signals of the CH3, CH2 and CH groups in the region of 0.74–2.15 ppm.
[bookmark: _bookmark12]Table 1. Spectral characteristics and Tmp of betulin (1), betulin diacetate (9) and allobetulin (8).

Compound				Spectral Characteristics			Tm.p., ◦ C IR Spectrum (KBr, υ, cm−1 )	1H NMR Spectrum (CDCl3, δ, ppm., J/Hz)	Mass Spectrum, m/z (Irel., %)

442 (M+, 6),
411 (16),

3359 (OH), 3078, 2944, 2870
1	(CH), 1695, 1644, 1457, 1457,
1374, 1029, 884, 759





3066 (=CH2), 2945,
2869 (C–H), 1733 (C=O), 1457,
1367,
9	1241,
1018, 979,
889



3430 (O–H), 2939, 2867(C–H),
1450,
1386,
1375,
1361,
1301,
1264,
1206,
8	1138, 1076,
1041,
1008,
988,
973,
946,
929,
888,
813,
769

0.65–2.15 (complex, CH3, CH2, CH),
2.38 (1H, dt, H-19, J = 11.5 и 6.3),
3.18 (1H, dd, H-3, J = 11.2 и 5.4),
3.32 и 3.79 (2H, 2d, H-28, J = 10.8), 4.58 и 4.68 (2H, s, H-29)





0.74–2.15 (complex, CH3, CH2, CH),
2.43 (1H, dt, H-19, J = 10.8 и 5.7),
3.84 и 4.24 (2H, 2d, H-28, J = 11.1), 4.46 (1H, dd, H-3, J
= 9.3 и 3.6),
4.58 и 4.68 (2H, s, H-29)










0.65–1.82 (complex, CH3, CH2, CH),
3.19 (1H, m, H-3), 3.44 (1H, d, J = 6.5 и H-28),
3.52 (1H, s, H-19), 3.77 (1H, d, J = 6.5 и H-28)

363 (16),
203 (56),
189 (100),
135 (74),
121 (80),
95 (90),
69 (56), 55 (67)
526 (M+, 1),
466 (38),
423 (45),
363 (30),
227 (21),
203 (38),
189 (100),
161 (47),
135 (69),
121 (83),
91 (74),
67 (42),
55 (42)
442 (M+, 28),
424 (28),
411 (14),
371 (26),
355 (7),
220 (18),
207 (74),
189 (100),
177 (37),
148 (49),
134 (58),
121 (53),
107 (58),
95 (84),
81 (88),
69 (72),
55 (58)


258–260








215–219












262–265




In the mass spectrum of betulin diacetate (2), along with an insignificant peak in the intensity of the molecular ion 526 (M+), there were peaks of high intensity of fragments of 189, 135, 121 and 91, characteristic of the lupan backbone, as well as peaks of medium intensity of 466, 423, 203, 161, 67 and 55 (Table 1).
2.7. [bookmark: The_Analysis_of_3-Hydroxy-19,28-epoxy-18]The Analysis of 3β-Hydroxy-19β,28-epoxy-18α-olean (8), Allobetulin
In the IR spectrum of allobetulin (3), there was a broadened absorption band at 3430 cm−1 (Table 1) assigned to the stretching modes of the hydroxyl group. The stretch-ing modes of C–H groups were observed as a series of bands at 2939 and 2867 cm−1. The bending vibrations of CH2 and CH3 groups were attributed to a band at 1450 cm−1 and a series of bands in the regions of 1386, 1375 and 1361 cm−1, respectively. The strong band at 1041 cm–1 corresponded to the stretching mode of the C–O group.
In the 1H NMR spectrum of allobetulin (8), there were two doublet signals at 3.77 and
3.44 ppm, related to protons –CH2 bonds at the 28-position of the carbon atom (Table 1). Also, in the spectrum, there was a singlet signal at 3.52 ppm corresponding to the proton of the CH group at the 19th position. The multiplet signal in the region of 3.19 ppm was assigned to the proton of the CH group at the 3rd carbon atom. There was an ensemble of signals of the CH3, CH2 and CH groups in the region of 0.65–1.82 ppm.


In the mass spectrum of allobetulin (8), along with the peak of the molecular ion 442 (M+), there were peaks of high fragment intensity of 207, 189, 134, 107, 95, 81, 69 and 55, characteristic of the olean backbone, and there were peaks of a medium intensity of 177, 148 and 121 (Table 1).
In the second stage of this work, the chromatographic characteristics (TLC, HPLC) of the dry substances of betulin (1), betulin diacetate (9) and allobetulin (8) were studied.
The most effective eluting systems (A–C: ethyl acetate: hexane = 1:1 (A), hexane: ethyl acetate = 4:1 (B), chloroform: ethanol = 40:1 (C) were selected to obtain correct TLC analysis data for the qualitative determination of compounds 1, 8 and 9. A sample of betulin (1) was chromatographed in system A; the Rf index was 0.40. A sample of betulin diacetate
(9) was chromatographed in system B (Rf 0.66), and a sample of allobetulin (8) in system C (Rf 0.37). The appearance of spots in all cases was carried out with a modified Ehrlich reagent since no spots are detected when the plates are UV irradiated with photons of a standard wavelength of 254 nm.
The betulin (1) samples were examined by HPLC. A sample of betulin (1) of a high de-gree of purification (with a content of 98% according to HGMS data) was used as a working standard (WS). The test samples of botulin and WS and the placebo samples were dissolved in acetonitrile with a concentration of 1 mg/mL. The samples were centrifuged for 10 min to remove the insoluble particles and placed in an autoclave and chromatographed using an Agilent 1260 Infinity liquid chromatograph with a diode-matrix detector. The column measuring 100 × 4.6 mm (inner diameter) was made of stainless steel and equipped with a pre-column. Zorbax Extend-C18 Rapid Resolution 3.5 microns 80 Å was used as the stationary phase. The mobile phase was a mixture of solvents: water—acetonitrile = 3:7. Isocratic elution was carried out. The temperature of the column was 40.0◦C. The volu-metric flow rate was 0.6 mL/min. The analysis time was 30 min. The temperature of the detector cell was 40.0 ◦C. The substances were detected using four wavelengths: 200 nm, 220 nm, 230 nm and 250 nm.
The selected conditions ensured the suitability of the technique for the qualitative and quantitative analysis of betulin (1). At the same time, the retention time for betulin (1) cor-responded to 17.2 min (Figure 9). The corrected retention time was 15.5 min. The retention factor was at least 9.   The efficiency of the betulin column was at least 50,000 theoretical plates.
[image: ]
[bookmark: _bookmark13]Figure 9. Chromatogram of betulin (1) sample (HPLC analysis).
The currently available methods [62] of purifying betulin are mainly based on its re-crystallization from polar protons and aprotic solvents. As a rule, the use of solvents for recrystallization, such as lower aliphatic alcohols, chloroform, acetone, ethyl acetate and dichloromethane, leads to the formation of solvate complexes with betulin. It should be noted that these solvents have low selectivity to concomitant impurities of betulin, such as lupeol, polyphenols and oxidized forms of betulin (betulin and betulonic acids and alde-hydes). In addition, the use of these solvents for recrystallization leads to significant losses of betulin, which can reach 40%.
The possibility of purifying betulin (1) using a high-boiling hydrocarbon solvent was investigated to achieve a higher degree of purity. Nonane, which has a boiling point of 151 ◦C, was taken as an example for research and repeatedly returning into the presence of betulin until it was completely dissolved [118,119]. It has been established that the use


of nonane as a solvent for recrystallization of betulin (1) makes it possible to obtain betulin with a purity of up to 98%.
It is important to note that the use of a high-boiling hydrocarbon solvent, such as nonane, avoids the formation of stable betulin solvate complexes and ensures the selective isolation of compounds included in the total alcohol extract of birch bark due to differences in their physico-chemical properties
Thus, the proposed method makes it possible to effectively separate valuable prod-ucts (such as betulin), polyphenol fractions and phytosterols contained in extractive plant materials using a simpler and cheaper technological scheme. The proposed method makes it possible to obtain betulin with a purity of 98%, suitable for use in subsequent chemical transformations without additional purification. In addition, a fraction of substances that are valuable for further use and contain polyphenols and phytosterols was obtained as a by-product. During the development of betulin purification technology, it was shown that the used solvent (nonan) could be reused.
This article is a logical continuation of the work [120].
3. Conclusions
Summarizing the generalized material on the methods of analysis and identification of betulin and some of its related compounds, it can be concluded that the analytical control of their quality is crucial for obtaining targeted pentacyclic triterpenoids with specified properties, especially for testing biological activity in food supplements and cosmetics.
Since betulin oxidation products are precursors of many biologically active compounds—potential drugs—in our opinion, generalized physicochemical characteris-tics of these compounds will be extremely useful to researchers in this field. Below, we have summarized the literature data on IR and NMR spectroscopy in the table (see Appendix A) and given the melting temperatures of key acids and aldehydes based on betulin.
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[bookmark: Appendix_A][bookmark: _bookmark14]Appendix A Oxo Derivatives of Botulin
Betulinic acid
Betulinaldehyde
Betulonic acid
Betulonic aldehyde




IR, cm−1	1H-NMR, ppm	13C-NMR, ppm	HPLC-MS m/z (%)	Melting Temperature
4.68 s (1H, 29-H),



Betulonic acid









Betulinic acid










Betulonic aldehyde









Betulinaldehyde



1705 st (C=O)
1641 st (C=C)
883 st (=CH2)






3450 st (OH),
1683 st (C=O),
1641 st (C=C);
883 st (=CH2);
1031, 1042 st (α,
β-3-C–OH).







1730–1728 st (C=O),
1641 st (C=C);
883 st (=CH2)

4.55 s (1H, 29-H),
2.23 m (1H, 19-H),
1.65 s (3H, 30-CH3),
1.02–1.95 (3H, complex, CH2, CH),
1.02 s (3H, 26-CH3),
1.00 s (3H, 25-CH3),
0.98 s (3H, 27-CH3),
0.86 s (3H, 23-CH3),
0.85 s (3H, 24-CH3)
4.68 s (1H, 29-H),
4.55 s (1H, 29-H),
3.24 t (1 H, 3β-H),
2.99 dd (1H, 3α-H),
2.23 m (1H, 19-H),
1.65 s (3H, 30-CH3),
1.02–1.95 (3H, complex, CH2, CH),
1.02 s (3H, 26-CH3),
1.00 s (3H, 25-CH3),
0.98 s (3H, 27-CH3),
0.86 s (3H, 23-CH3),
0.85 s (3H, 24-CH3)
9.67 s (1H, 28-CHO),
4.68 s (1H, 29-H),
4.55 s (1H, 29-H),
2.99 dd (1H, 3α-H),
2.23 m (1H, 19-H),
1.65 s (3H, 30-CH3),
1.02–1.95 (3H, complex, CH2, CH),
1.02 s (3H, 26-CH3),
1.00 s (3H, 25-CH3),
0.98 s (3H, 27-CH3),
0.86 s (3H, c, 23-CH3),
0.85 s (3H, c, 24-CH3)
0.75, (3H, c, 24-CH3)
0.82, (3H, c, 23-CH3),
0.95, (3H, 27-CH3),
0.97, (3H, 25-CH3),
1.03 (3H, 26-CH3),
1.70 (3H, 30-CH3),
4.81 (1H, 29-H),
4.61 (1H, 29-H),
3.4 dd(1H, 3α-H),
9.71 (1H, 28-CHO),


216.52 (C-3),
109.67 (C-29)
150.33 (C-20),
177.26 (C-28).






76.83 (C-3),
109.67 (C-29),
150.33 (C-20),
177.26 (C-28)









206.55 (C-28).







149.6 (C-20),
110.1 (C-29),
79.0 (C-3)
206.5 (C-28)

454 (M+,58),
248 (64),
19 (42),
205 (76),
189 (88),
136 (100),
121 (90).





457 (M+, 7)
307 (25),
154 (100),
136 (60).









133 (35.6),
438 (11.5), [M-CHO]+


409 (20.0), 273 (3.2),


219 (20.2),

216.52 (C-3), 109.67
205 (38.4),

(C-29), 150.33 (C-20),
189 (39.6),
165–166 ◦C


105 (55.8),
81 (65),
55 (100).



245–248 ◦C









290–293 ◦C




















192–193 ◦C
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Abstract: This study aimed to create new composite materials based on diatomite—a non-organic porous compound—through its surface modification with bioactive organic compounds, both syn-thetic and natural. Chloramphenicol, tetrahydroxymethylglycoluril and betulin were used as modify-ing substances. Composite materials were obtained by covering the diatomite surface with bioactive substance compounds as a solution and material dispersion in it. The materials were characterized by IR spectroscopy, SEM and X-ray photoelectron spectroscopy. For the biocomposites, the hemolytic ef-fect, plasma proteins’ adsorption on the surface and the antibacterial activity of the obtained materials were studied. Results show that the obtained materials are promising for medicine and agriculture.
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1. 
Introduction
In the modern era of personalized medicine, implant material development has become an important issue which requires defining the specific balance of multiple parameters. These include composition, shape, structure, mechanical properties, biocompatibility, the ability to stimulate angiogenesis or bone formation, and antimicrobial activity. In implants or wound treatment materials, all these factors define the material ability to interact with surrounding tissue. Efficiently used bioactive materials can serve as a frame for new tissue growth [1].
On the other hand, while developing materials interacting with the milieu interieur, it is highly important to minimize their toxicity for body cells and tissues. However, many substances with required antibacterial properties are too toxic for the milieu interieur, and high antibacterial activity goes hand in hand with low biocompatibility. Due to this, the creation of materials combining both antibacterial properties and high biocompatibility is a difficult but important objective.
Hemocompatibility is one of the important aspects of biocompatibility. It includes thromboresistance—a biomaterial’s ability to prevent biomaterial thromb formation. This is a key feature of biocompatibility since foreign material interaction with blood may lead to coagulation or thromb formation. Hemocompatibility implies that the material does not negatively affect blood functions, composition changes and thromb formation [2].
The hemocompatibility of biomaterials depends on their physicochemical properties such as surface tension, free surface energy, roughness and hydrophilic capacity [2].
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Another approach to studying hemocompatibility is related to the material surface electric charge. According to this model, blood protein adsorption occurs on abiotic surfaces, and the character of this adsorbed layer depends on the surface electric potential values and voltage difference. If the positive potential difference between the material and the blood is significant, thromb formation risk increases [3].
One of the materials that might possess the mentioned features is diatomite modified with bioactive compounds (DA). Diatomite is petrified residue of the diatomic plankton algae living in all bodies of water. Generally, diatomite almost completely consists of silicon dioxide (SiO2) [4]. DA is non-toxic and odorless, is present in nature in large quantities, is easily cleaned and is relatively cheap [5]. Diatomite has some unique features compared to other natural materials, including high porosity (10–100 nm), permeability, small particle size, large surface area (29 m2/g), high pore volume (0.09 cm3/g), low heat conductivity and chemical inertness [6]. Due to this, diatomite is used in various areas, for example, in construction, water filtration, agriculture, etc. The most well-known way of using it is as a contact insecticide in dry climates or as an ameliorant for soil and livestock or human food products [5].
However, the most promising prospect for diatomite is medicinal use as the base for potential systems of medicinal compound address delivery or as a component for bone implant creation. Diatomite has features stimulating bone tissue regeneration, such as large surface area, due to its porous structure and optimal roughness. These features are important factors for osteoblast adhesion and proliferation [4,7].
One of the necessary features of biomaterials is the ability to suppress the growth and development of bacteria entering a wound during surgery [8]. Bacteria entering a wound during surgical manipulations in the process of osteosynthesis may cause intrahospital and paraimplant infections. Such infections significantly decrease a patient’s quality of life and lead to more surgical operations with unpredictable outcomes.
However, DA itself does not possess antibacterial activity [4]. This is why in this study diatomite has been modified by coating its surface with organic compounds of natural and synthetic origin displaying antibacterial features. The high sorption capacity of diatomite allows it to provide long antibacterial compound emission from the biomaterial and, consequently, suppression of pathogenic wound microflora development. Due to this fact, diatomite was chosen as the base for biocomposites with antibacterial properties.
As mentioned above, the aim of this study was to research the antibacterial activity level of newly obtained biocompatible composite materials by modifying them with com-positions of various nitrogen-containing compounds of natural and synthetic origin. In this study, the toxic effect of the obtained biocomposites was evaluated by studying their hemocompatibility, plasma protein adsorption and antibacterial activity. In this study, the impact of the biological effects of the composition of a number of synthetic and natural organic compounds applied onto diatomite in order to create promising biocomposite materials was researched. The frame base for the researched materials in the experiments was natural DA in two forms—intact (IDA) and cleaned (CDA), the latter obtained by boiling DA in hydrochloric acid [4].
2. [bookmark: Research_Materials_and_Methods_]Research Materials and Methods
Glycoluril was purchased from Novochem (Tomsk, Russia). All other chemicals were from Merck/Sigma–Aldrich (Darmstadt, Germany).
2.1. [bookmark: Diatomite_(DA)_Synthesis_]Diatomite (DA) Synthesis
This research used diatomite in two forms—intact diatomite (IDA) and diatomite that was additionally cleaned of involved cations and anions (CDA). The diatomite’s specific surface area was 29 m2/g, with SiO2 content approx. 90% by mass. Primary impurities were Al (2.53% by mass) and Fe (1.81% by mass), as well as Mg, Ca, K and Na which combined were approx. 2% by mass. This sort of diatomite is a promising material for obtaining various composites due to its surface and properties [9].
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Diatomite cleaning was performed by boiling in 18% hydrochloric acid solution using the standard procedure [9]. To do this, a diatomite aliquot (m = 40 g) was submerged into hydrochloric acid solution (V = 300 mL). Then, the solution was brought to a boil and exposed for 24 h, and then the diatomite was filtered and dried at room temperature until reaching constant mass. The diatomites (IDA and CDA) were pressed into cylindrical pellets approx. 1 mm thick and calcinated at 600 ◦C.
2.2. [bookmark: Tetrahydroxymethylglycoluril_(TGMGU)_Syn]Tetrahydroxymethylglycoluril (TGMGU) Synthesis
Tetrahydroxymethylglycoluril (TGMGU) is a white powder highly soluble in water and dimethylformamide, but poorly soluble in most organic solvents. It was synthesized using the method given in [10] by condensing formaldehyde with glycoluril in an alkaline environment as shown in Figure 1:

[bookmark: _bookmark158]Figure 1. Method for obtaining TGMGU.

The obtained substance was characterized using NMR spectroscopy:
Specter NMR 1H (Figure 2) (400 MHz, DMSO-d6), δ ppm Hz: 5.978 (c. 4H, OH), 5.504 (c. 2H, CH-CH), 4.80 (p. 2H, J = 11.2, N-CH2), 4.70 (p. 2H, J = 11.2, N-CH2).
[image: ]
[bookmark: _bookmark159]Figure 2. TGMGU 1H spectra.


Specter NMR 13C (Figure 3) (100 MHz, DMSO-d6), 8 ppm: 157.48 (C=O), 87.03 (CH-
CH), 65.10 (N-CH2).
[image: ]
[bookmark: _bookmark160]Figure 3. TGMGU 13C spectra.
IR specter, v, cm−1: 1703 (C-O), 3273 (OH).
2.3. [bookmark: Betulin_(BET)_Separation_]Betulin (BET) Separation
Betulin (BET) was separated through extraction from birch tree bark using the standard procedure [11]. The obtained substance was recrystallized from isopropyl alcohol and characterized using IR and NMR spectroscopy.
The IR specter (KBr, ν, cm–1) of betulin is characterized by absorption bands in the 3368 cm–1 area, which is typical for –OH groups, 1646 cm–1 (C=C) and others: 2968–2864
(C–H), 1450, 1372, 1105, 1029, 878.
1H NMR (400,17 MHz, CDCl3, δ, ppm): the weaker fields area has isopropenyl group proton signals (4.51 and 4.61 ppm); 3.26 and 3.73 (p, 2H, C28H2-OH); 3.10–3.14 (m, 1H, C3H-OH); 2.28–2.35 (m, 1H, C19–H); in the 0.79–2.00 ppm area there are lupane skeleton proton signals, where C-H group proton signals are found in betulin structure (6CH3, 10CH2, 5CH).
13C NMR (100,63 MHz, CDCl3, δ, m.f.): 150,51 (C-20); 109,71 (C-29); 78,98 (C-3); 64,46
(C-17); 60,51 (C-28); 55,28 (C-5); 50,38 (C-9); 48,74 (C-18); 47,79 (C-19); 42,71 (C-14); 40,91
(C-8); 38,87 (C-4); 38,69 (C-1); 37,30 (C-13); 37,15 (C-10); 34,22 (C-22); 33,98 (C-7); 29,74
(C-16); 29,16 (C-21); 27,99 (C-15); 27,38 (C-2); 27,04 (C-12); 25,37 (C-23); 25,19 (C-24); 20,83
(C-11); 19,09 (C-30); 18,30 (C-6); 16,12 (C-25); 15,98 (C-26); 15,38 (C-27).
2.4. [bookmark: Obtained_Materials_Characterization_Meth]Obtained Materials Characterization Methods
2.4.1. [bookmark: Nuclear_Magnetic_Resonance_(NMR)_Spectro]Nuclear Magnetic Resonance (NMR) Spectroscopy
NMR specters of synthesized compounds were registered on an NMR spectrometer Bruker Avance 400 III HD in DMSO-d6 solution at 25 ◦C, working frequency at hydrogen nuclei—400 MHz, at 13C—100 MHz.
2.4.2. [bookmark: Infrared_(IR)_Spectroscopy_]Infrared (IR) Spectroscopy
Sample research was performed using IR spectroscopy with Fourier transform with an IR spectrometer Nicolet 6700, Thermo Fisher Scientific. Sample research was performed using the attenuated total reflectance method within a specter range between 400 and


4000 cm–1 with resolution 4 cm–1. Obtained reflectance specters were transformed into absorption bands using Kubelka–Munk transformation.
2.4.3. [bookmark: Scanning_Electron_Microscopy_(SEM)_and_E]Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS)
The JSM-IT200 is an easy-to-use compact scanning electron microscope, which enables the user to quickly and easily perform SEM analysis. The electron optics system, achieving a resolution of 3.0 nm at an accelerating voltage of 30 kV, is useful for a variety of applications, from high-resolution observation to EDS analysis. Specimen Exchange Navi, a beginner-friendly function, offers guided operation from sample loading to area search, and SEM image observation. Fully integrated EDS (silicon drift detector, resolution: 130 eV) includes “live EDS analysis”, displaying the chemical composition of the specimen while imaging. With the “Zeromag” function, sample navigation is easier than ever before. “Zeromag”, which links the SEM image with Holder Graphics or an optical CCD image, enables you to quickly locate areas for imaging and analysis.
2.4.4. [bookmark: X-ray_Photoelectron_Spectroscopy_(XPS)_A]X-ray Photoelectron Spectroscopy (XPS) Analysis
For XPS analysis, we used a Nexsa X-Ray Photoelectron Spectrometer (XPS) by Thermo Scientific, which is a multi-technique surface chemistry analysis system. The main specifi-cations of the Nexsa XPS system are as follows: sampling area: 3600 mm2 (samples must be smaller than a 60 × 60 mm sample holder); max. sample thickness: 20 mm; X-ray spot size: 10–400 µm (adjustable in 5 µm steps); analyzer type: 180◦, double-focusing, hemispherical analyzer with 128-channel detector; depth profiling: EX06 monatomic ion source; and X-ray source type: monochromated low-power Al Ka X-ray source—1486.6 eV.
2.5. [bookmark: Biocomposite_Hemocompatibility_Evaluatio]Biocomposite Hemocompatibility Evaluation
One of the ways to evaluate general cytotoxicity is to study hemolytical activity. Hemolysis is a process of hemoglobin release as a result of erythrolysis. The test for material hemolytical activity is based on erythrolysis and the hemoglobin dissociation degree during material contact with erythrocytes in vitro [12].
In order to evaluate hemocompatibility, whole hemostated blood from a healthy donor was used. After centrifuging, the blood was separated and erythromass was isolated. Obtained erythromass was diluted with sterile 1X PBS solution at 37 ◦C to a 1:9 ratio. Then, samples were placed into a standard 12-slot tray for cell cultivation and the obtained blood solution with PBS was poured at the ratio of 1 mln per 1 cm2 of sample surface area. As a positive control to define reaching 100% hemolysis, deionized water was used; as negative control, 1X PBS solution was used, which provides 0% hemolysis. During the experiment, IDA and CDA were used as control materials. Then, the tray with the samples was incubated in thermostat at 37 ◦C for 60 min. Next, the contents of the tray slots were transferred to centrifugal tubes and remaining erythrocytes were spun down by centrifugation for 5 min at 3000 rpm. Then, the supernatant was carefully removed and transferred to a standard 96-slot tray for further spectroscopy. The samples’ optical density
was measured using the EIA reader TecanInfiniteF50 (Tecan Inc., Morrisville, NC, USA) at 492 nm.
The hemolysis percentage was the average value of three replications and was calcu-lated using the formula given in GOST [12]:

ODtest − ODnegative

Hemolysis, % =

positive

control

× 100%

ODcontrol − ODnegativecontrol


2.6. [bookmark: Evaluation_of_Plasma_Protein_Adsorption_]Evaluation of Plasma Protein Adsorption by Biocomposites
In order to analyze plasma protein adsorption in studied samples, a modified method of solution depletion was used. This method includes two quantitative definitions of finding the protein concentration in blood plasma—before and after sample incubation [13].


We used the biuret reaction method to determine the amount of protein in solution.
This method was chosen because of its simplicity and relative accuracy [14,15].
Initial plasma was separated from whole hemostated blood of a healthy donor by centrifugating. Then, the protein content in the plasma was found using the biuret reaction. Samples were filled with 2 mL of plasma and incubated at 37 ◦C in thermostat for 24 h. After incubation, the protein concentration was found a second time. The difference between the protein concentration of the initial plasma and that after incubation allows us to evaluate the protein adsorption rate—the greater this difference, the more protein that was adsorbed on the sample surface.
The interaction of blood serum proteins with cupric sulphate in a basic environment leads to the formation of complex compounds of purple color due to the proteins’ pep-tide bonds with copper ions. The intensity of the solution color depends on its protein concentration.
After the samples’ incubation and separation from the solution, the biuret reaction was carried out, followed by optical density measurement. To do this, 5.0 mL of working biuret reagent solution was added to 0.1 mL of blood plasma and carefully stirred, avoiding foam formation. The control experiment was performed simultaneously and 0.1 mL of 0.9% sodium chloride solution was used as control, then adding 5 mL of working biuret reagent solution. Then, 30 min later (but no later than 1 h), the solution optical density was measured using the EIA reader Tecan Infinite F50 (Tecan Inc., Morrisville, NC, USA) at 492 nm wavelength against control.
2.7. [bookmark: Biocomposite_Antimicrobial_Activity_Eval]Biocomposite Antimicrobial Activity Evaluation
To evaluate the antibacterial activity of created samples, a standard disc diffusion method modified by the authors of this study was used. According to this method, the samples were placed on the surface of a high-density agar environment. CHL, BET and TGMGU (chloramphenicol, betulin and tetrahydroxymethylglycoluril) modifiers diffused into the environment, creating areas of bacteria growth suppression.
To study samples’ impact on the microflora, the Escherichia coli ATCC 25922 strain was used as test object. Escherichia coli was chosen as a model object because of the high importance of this microorganism for agriculture and medicine. The media used for E. coli cultivation were the standard LB media for these bacteria, containing peptone (10 g/L), yeast extract (5 g/L), sodium chloride (10 g/L) and microbiological agar (1.5–2% by volume).
Incubation was carried out in thermostat at 37–38 ◦C for 24 h.
Each Petri dish with 15 mL of concentrated nutritious environment was inoculated with E. coli using lawn inoculation and pure bacteria culture. The volume of inoculum applied was 0.1 mL (0.5 McFarland’s standard, 108 microorganisms/mL). Then, the sample was placed in the center of the dish. After incubation, the diameter of the zone with suppressed bacteria growth was measured to an accuracy of 0.1 mm. A large area of bacteria growth suppression implied a higher antibacterial activity of the sample. A bacteria growth inhibition area was considered one where growth was completely suppressed.
Samples without CHL in IDA and CDA were used as negative control. Samples modified by submersion into chloramphenicol solution (IDA + CHL and CDA + CHL) were used as positive control.
2.8. [bookmark: Statistical_Analysis_]Statistical Analysis
Statistical analysis was performed using STATISTICA 8.0 for Windows (STATISTICA, RRID: SCR_014213). The Mann–Whitney test and t-test for independent groups were implemented. The data were checked for normality of distribution using the Shapiro–Wilk statistical criterion. Results were considered to be significant with *** p < 0.001, ** p < 0.01 and * p < 0.05.


3. Results and Discussion
Chloramphenicol (CHL) is an antibiotic used for treating bacterial infections. However, its use has been limited in recent decades due to its high systemic toxicity [16]. In this study, CHL was chosen as a model antibacterial compound because the test strain E. coli is highly sensitive to it.
Another substance used as a model antibacterial compound was tetrahydroxymethyl-glycoluril (TGMGU)—a nitrogen-containing heterocycle, one of bicyclic bis-ureas. As more bacteria strains become resistant to anti-bacterial compounds, those with biocidal prop-erties become particularly interesting. TGMGU gradually releases formaldehyde, which causes its antibacterial properties. Also, TGMGU is used in medicine as a biomaterial component to improve fixation, keeping tissues’ and cells’ structure [13].
The third model compound was betulin (BET)—pentacyclic triterpenoid extracted from birch tree bark. Betulin and its derivatives possess various bioactive properties, including wound-healing, antibacterial, antitumoral, hypolipidemic, hepatoprotective and antiviral properties [17]. Betulin (BET) also can overcome resistance and induce apoptosis in malignized cells in various human cancer diseases. It displays antibacterial activity against Bacillus subtilis and Escherichia coli, and highly inhibits urease activity of Helicobacter pylori [17,18].
Moreover, BET wound-healing properties are caused by its ability to increase cell migration to damaged areas, increase their survival ability and stimulate collagen synthe-sis [19]. This wide range of biological activity suggests that BET can compensate for the toxic impact of antibacterial compounds, and combined with other antibacterial agents it can display synergy and increase their activity.
According to the stated objective, we studied the hemocompatibility and synergetic antibacterial activity of the composite materials. The following were used in this study as surface modifiers: chloramphenicol (CHL), betulin (BET) and tetrahydroxymethylglycoluril (TGMGU); their structures are shown in Figure 4.

















[bookmark: _bookmark161][image: ]Figure 4. DA surface modifier structures: CHL—chloramphenicol; BET—betulin; TGMGU—tetrahydroxymethylglycoluril. In order to add modifiers, a DA sample was submerged into a working solution for 40 min (Figure 5). Working solutions were prepared as follows. For CHL, a 3% solution in ethyl alcohol was used to obtain the IDA + CHL and CDA + CHL composites. To obtain the IDA + CHL + BET and CDA + CHL + BET composites, 15 mg of BET was added to a 3% solution of CHL in ethanol. Solutions for obtaining composites with TGMGU were prepared in an ethanol solution with a concentration of each substance (TGMGU and BET) of 1 mg/1 mL. The resulting solutions were taken in an amount of 15 mL per sample. There also was a control experiment, where distilled water was used instead of bioactive solution. Obtained materials were completely dried at room temperature and studied for their biological activity.


[image: ]
[bookmark: _bookmark162]Figure 5. Illustration of bioactive substance (CHL, BET, CHL + TGMGU, BET + TGMGU) application onto DA.
For each obtained sample (IDA with CHL, CHL + BET, TGMGU, TGMGU + BET and CDA with CHL, CHL + BET, TGMGU, TGMGU + BET), the IR specter was measured. IR specters of substance (complex compounds) absorption were obtained using the IR Fourier spectrometer Nicolet 6700 with FTIR console on a diamond crystal (resolution 4 cm−1, 64 scans, range—4000–450 cm−1); no visible sample decomposition was observed. To obtain IR spectra, the samples were dried to a constant weight, and scanning was from the surface of the composites.
The IDA with CHL sample specter (Figure 6a) showed the following absorption bands related to diatomite stretching vibrations—451, 816 and 1060 cm−1. The rest of the specter showed CHL absorption bands: stretching vibrations of OH-group were seen at 3480 cm−1, NH-groups of secondary amine at 3260 cm−1, C-H aromatic ring at 3080 cm−1 and C=O at 1680 cm−1, as well as nitrogroup stretching vibration absorption bands at 1560 cm−1. All the IR spectroscopy data set suggested CHL presence on IDA surface.
When analyzing the IR specter of IDA with CHL and BET fracture plane (Figure 6a), there were additional absorption bands typical for betulin—C-H stretching vibrations of the lupane skeleton at 2870, 2930 and 2970 cm−1. At 3480 cm−1, there was absorption band broadening as there was interference of the BET, CHL and DA OH-groups. All the IR spectroscopy data set proved BET presence in the composite. The IR spectra of the CDA samples (Figure 6b) showed a similar pattern.
In addition to IR spectroscopy, these samples were analyzed using SEM, EMF and XPS. To carry out the analysis, the samples were dried at room temperature to constant weight. The analysis was carried out from the surface of the scaffolds, which are circular in shape, 2 cm in diameter and 2 mm thick. The surface of the IDA is visible on the SEM images (Figure 7). An EDS was carried out from this surface (Figure 8), which showed that carbon is present on the surface in addition to the constituent elements of DA (silicon and oxygen). The X-ray photoelectron spectroscopy (XPS) analysis of these composite materials pro-vided information about the elemental composition and chemical bonding of the molecules. Since IDA and CDA contain only silicon and oxygen (other than metals), atoms will appear in the presence of organic substances (Figure 9), for example, nitrogen. The combination of these factors confirms the presence of CHL in the sample. Common acquisition parameters
of the experiments were as follows: source gun type—Al K Alpha; spot size—400 µm; analyzer mode—CAE: Pass Energy 50.0 eV; and energy step size—0.100 eV.
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Figure 6. (a) Comparative specters of CHL samples and CHL/BET mixture on IDA. (b) Comparative specters of CHL samples and CHL/BET mixture on CDA.
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[bookmark: _bookmark164]Figure 7. SEM surface of IDA + CHL composite.
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[bookmark: _bookmark165]Figure 8. EDS of IDA + CHL sample surface.
[image: ]
[bookmark: _bookmark166]Figure 9. XPS of IDA + CHL sample.

Samples with cleaned diatomite provided a similar picture. All the typical absorption bands for the CHL and BET functional groups had the same positions (Figure 10).
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Figure 10. (a) Comparative specters of TGMGU and TGMGU/BET mixture materials on IDA.
(b) Comparative specters of TGMGU and TGMGU/BET mixture materials on CDA.
Samples with TGMGU and TGMGU/BET mixtures were also analyzed using IR spec-troscopy and X-ray photoelectron spectroscopy. Absorption maximums earlier identified for DA were also seen in the IR specters of these obtained materials. In the IDA + TGMGU sample section, there were no absorption bands typical for TGMGU (Figure 10a), but the samples still displayed a distinctive antibacterial activity (Table 6). The IR specter also had absorption bands at 1638 cm−1, which might be related to formaldehyde presence in the sample. The IR spectra of the CDA samples (Figure 6b) showed a similar pattern [20].
The experiment observations were obviously related to the fact that TGMGU can extendedly separate formaldehyde in water solution [15]. Formed formaldehyde tends to bind with the DA surface and provide antibacterial effect, while the rest of the TGMGU does not remain due to high water solubility [21,22]. Another fact that suggests this is that in the SEM scan (Figure 11) no TGMGU or fragments thereof can be seen. The presence


of free formaldehyde on the IDA + TGMGU sample surface can also be suggested from X-ray photoelectron spectroscopy scans (Figure 12). Considering the data (Figure 12) for carbon distribution on the IDA surface, a carbon-containing organic substance can be seen. Moreover, according to the SEM data, there were no nitrogen atoms on the IDA + TGMGU surface, as could be expected due to the use of TGMGU.
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[bookmark: _bookmark168]Figure 11. SEM surface of IDA + TGMGU composite.
[image: ]
[bookmark: _bookmark169]Figure 12. EDS of IDA + TGMGU sample surface.

In the X-ray photoelectron spectroscopy (XPS) analysis of these composite materials, in addition to the basic atoms (carbon and oxygen), the binding energy with nitrogen is observed (Figure 13).
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[bookmark: _bookmark170]Figure 13. XPS of IDA + TGMGU sample.

Samples with cleaned diatomite produced a similar picture. The IR specters (Figure 10) did not show absorption bands; however, similar to the IDA + TGMGU composites, there were absorption bands typical for DA.
These facts were also proven by SEM scan (Figure 14). Considering the X-ray pho-toelectron spectroscopy scans (Figure 15), carbon distribution on the surface can be seen, which suggests the presence of a carbon-containing organic substance (Figure 15), similar to the IDA + TGMGU composites.
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[bookmark: _bookmark171]Figure 14. SEM scan of CDA + TGMGU composite surface.
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Figure 15. EDS scans of CDA + TGMGU sample surface.

The X-ray photoelectron spectroscopy (XPS) analysis of this composite produced a similar picture (Figure 16).
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Figure 16. XPS of CDA + TGMGU sample.

Based on the obtained data, a TGMGU and diatomite surface interaction pattern was produced (Figure 17).
The presence of BET on the composite surfaces can be suggested from SEM scans of IDA + TGMGU + BET (Figure 18a) and CDA + TGMGU + BET (Figure 18b). In these cases, BET is present as a dispersion in water solution and its crystals can be seen in the SEM scans—needle-shaped crystals on the surface marked with red rectangles.



[bookmark: _bookmark174]Figure 17. TGMGU and DA surface interaction pattern.
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[bookmark: _bookmark175]Figure 18. SEM scans of samples of IDA + BET (a) and CDA + BET (b).

After having studied the obtained composites IDA + CHL, IDA + CHL + BET, IDA + TGMGU, IDA + TGMGU + BET, CDA + CHL, CDA + CHL + BET, CDA + TGMGU
and CDA + TGMGU + BET, we studied the toxic impact of the obtained biocomposites, which was estimated by studying their hemocompatibility, plasma protein adsorption and antibacterial activity.
One of the ways to estimate general material cytotoxicity is to study hemolytical activity.
Table 1 shows the hemolytical activity level estimation results for the sample groups DA + CHL + BET, which suggested that the modified CHL and BET samples did not display any hemolytical activity.
The absence of hemolytical activity in the studied composite samples may be related to the fact that during the DA treatment with CHL and BET, the base component’s porosity decreases. According to reference data, hemolysis on inert biomaterial surfaces is directly connected to plasma protein adsorption, and particularly to fibrinogen on the surface of the material being in contact with blood [23]. In other words, the more adsorption of plasma proteins there is, the greater the amount of hemolysis. Diatomite is a porous material with small pore size, at least they are smaller than the size of protein molecules, so plasma


protein adsorption is insignificant on it [24]. Considering the abovementioned, it can be suggested that this is the reason for the low hemolysis level on these composites.

[bookmark: _bookmark176]Table 1. Hemocompatibility level for samples IDA, HA + CHL and HA + CHL + BET, CDA + CHL, CDA + CHL + BET, CDA + TGMGU, CDA + TGMGU + BET.

	№
	Sample
	Hemolysis, %

	1
	IDA
	0

	2
	CDA
	0

	3
	IDA + CHL
	0

	4
	CDA + CHL
	0

	5
	IDA + CHL + BET
	0

	6
	CDA + CHL + BET
	0

	7
	CTRL 100%
	100

	8
	CTRL 0%
	0


Note: IDA—intact diatomite; CDA—cleaned diatomite; CHL—chloramphenicol; CTRL—control sample with pre-set hemolysis percentage.

In order to determine whether the hemolytical activity level was connected to the plasma protein adsorption level in the studied samples, we studied the degree of the decrease in plasma proteins concentration after incubation with the samples obtained during the research using a modified solution depletion method.
As Table 2 suggests, all samples, including control ones (IDA and CDA), showed decreased protein in plasma after incubation, which was proven statistically (p < 0.05). Samples from the group CDA + CHL, as well as IDA and CDA, displayed the highest adsorption, but statistically no proven differences were found between them (p > 0.05). Other samples (IDA + CHL, IDA + CHL + BET and CDA + CHL + BET) also showed decreased protein content in solution (p < 0.05).

[bookmark: _bookmark177]Table 2. Level of plasma protein adsorption by samples IDA, HA + CHL and HA + CHL + BET, CDA + CHL, CDA + CHL + BET, CDA + TGMGU, CDA + TGMGU + BET.

	№
	Sample
	Optical Density
	∆ of Optical Density

	1
	IDA
	0.1386 ± 0.0133
	0.1227

	2
	CDA
	0.1366 ± 0.0053
	0.1247

	3
	IDA + CHL
	0.1853 ± 0.0112
	0.0847

	4
	CDA + CHL
	0.1379 ± 0.0097
	0.1321

	5
	IDA + CHL + BET
	0.2049 ± 0.0318
	0.0651

	6
	CDA + CHL + BET
	0.1732 ± 0.0238
	0.0968

	7
	CTRL (PBS)
	0.1228 ± 0.0059
	0.1472

	8
	CTRL (PLASMA)
	0.2700 ± 0.0164
	-


Note: IDA—intact diatomite; CDA—cleaned diatomite; CHL—chloramphenicol; BET—betulin; CTRL (PBS)—blank test; CTRL (PLASMA)—protein content in intact plasma.

Supposedly, the low levels of the studied composites’ adsorption was related to the low hemolysis level and, consequently, low protein adsorption, the level of which was beyond the sensitivity of the method used. It was found that the betulin presence in the samples IDA + CHL + BET and CDA + CHL + BET also did not influence adsorption. Probably, the decrease in protein concentration after incubation may be connected not to surface adsorption but more to high porosity and the generally high sorption capacity of the studied samples.


As Table 3 suggests, the not modified with chloramphenicol (CHL) samples of the negative controls (IDA and CDA) did not display antibacterial effect in this method. Positive control group samples (IDA + CHL and CDA + CHL) displayed the highest antibacterial activity among all samples (51,0 and 52,1 mm, respectively). The antibacterial activity of the CDA + CHL samples was higher, but there were no statistically proven differences between them (p > 0.05). Betulin presence in samples did not influence the general antibacterial activity (p > 0.05).

[bookmark: _bookmark178]Table 3. Antibacterial activity level of samples IDA, HA + CHL and HA + CHL + BET, CDA + CHL, CDA + CHL + BET, CDA + TGMGU, CDA + TGMGU + BET.

	№
	Sample
	Growth Suppression Area Diameter, mm

	1
	IDA
	0

	2
	CDA
	0

	3
	IDA + CHL
	51.0 ± 0.8

	4
	CDA + CHL
	52.1 ± 0.5

	5
	IDA + CHL + BET
	50.9 ± 0.6

	6
	CDA + CHL + BET
	49.8 ± 1.1


Note: IDA—intact diatomite; CDA—cleaned diatomite; CHL—chloramphenicol; BET—betulin.

According to our hypothesis, due to the high content of other natural mineral com-pounds and higher porosity, intact diatomite (IDA) would display higher antibacterial activity; however, no difference was found between intact and cleaned diatomite. Probably, this is connected to the high sensitivity to chloramphenicol (CHL) of the test strain used. The high background activity of chloramphenicol (CHL) did not allow us to find the fine differences in antibacterial activity in the created biocomposites due to the limitations of the disc diffusion method used.
Diatomites modified with TGMGU and BET displayed different levels of activity (Table 4).
[bookmark: _bookmark179]Table 4. Hemocompatibility level of samples IDA, HA + CHL and HA + CHL + BET, CDA + CHL, CDA + CHL + BET, CDA + TGMGU, CDA + TGMGU + BET.

	№
	Sample
	Hemolysis, %

	1
	IDA
	0

	2
	CDA
	0

	3
	IDA + TGMGU
	0

	4
	CDA+ TGMGU
	0

	5
	IDA+ TGMGU +BET
	0

	6
	CDA+ TGMGU +BET
	2.1122 ± 0.0026

	7
	CTRL 100%
	100

	8
	CTRL 0%
	0


Note: IDA—intact diatomite; CDA—cleaned diatomite; TGMGU—tetrahydroxymethylglycoluril; BET—betulin.

As Table 4 suggests, the highest hemolysis level was shown by the CDA + TGMGU + BET samples (2.1122 ± 0.0026%) (p < 0.05). Other group samples did not display hemolyt-ical activity (Table 4). Probably, the absence of hemolytical activity in these groups was connected to the high initial biocompatibility of diatomite, which is proven by reference data [4].
It was also found that a slightly higher hemolysis level was displayed by the CDA sample containing betulin (CDA + TGMGU + BET). Probably, this happened due to higher protein adsorption on the sample surface under betulin influence. However, it should be


noted that the hemolysis level of biomaterials contacting the milieu interieur should not exceed 5% [12]. As the experiment shows, none of the studied samples exceeded this level, which shows that all the composite samples were hemocompatible.
It should be noted that the problem of unwanted blood clotting at contact with implanted materials and devices is still unsolved. The cause of this is the fact that healthy vessel endothelium has mechanisms resisting thromb formation, but foreign objects (i.e., foreign to the human body) do not have such defense mechanisms. Instead, biomaterials promote blood clotting through activating a number of interconnected processes including protein adsorption, thrombocyte and leukocyte adhesion, the production of thrombin and complement activation [23]. Due to this, the search for antibacterial substances that modify biocompatible materials but do not increase the hemolysis percentage is of high importance.
It should also be noted that the cytocompatibility control method tested in this study was successful as a reliable express method for general material cytotoxicity control. None of the samples exceeded the hemolysis level for medical materials contacting blood, accord-ing to ISO 10993-4:2017 [12].
As Table 5 suggests, the lowest adsorption level was displayed by the CDA + TGMGU
+ BET and IDA + TGMGU + BET samples, but no statistically proven differences between them were found (p > 0.05).

[bookmark: _bookmark180]Table 5. Protein content in plasma after incubation.

	№
	Sample
	Optical Density
	∆ Optical Density

	1
	IDA
	0.1386 ± 0.0133
	0.1227

	2
	CDA
	0.1366 ± 0.0053
	0.1247

	3
	IDA + TGMGU
	0.1854 ± 0.0154
	0.0846

	4
	CDA + TGMGU
	0.1891 ± 0.0235
	0.0809

	5
	IDA + TGMGU + BET
	0.2423 ± 0.0147
	0.0277

	6
	CDA + TGMGU + BET
	0.2322 ± 0.0207
	0.0378

	7
	CTRL (PBS)
	0.1228 ± 0.0059
	0.1472

	8
	CTRL (PLASMA)
	0.2700 ± 0.0164
	-


Note: IDA—intact diatomite; CDA—cleaned diatomite; TGMGU—tetrahydroxymethylglycoluril; BET—betulin; CTRL (PBS)—blank test; CTRL (PLASMA)—protein content in intact plasma.

According to experiments previously performed in our study for hemocompatibility, the research sample CDA + TGMGU + BET displayed the highest hemolysis in the series of samples. However, the hemolysis level of this sample was 2.1122 ± 0.0026%, which suggests low hemolytical activity. However, the protein adsorption level for this sample was low. Probably, the treatment of the porous materials clogged their pores and reduced the sorption capacity, and the differences in adsorption level were connected directly to the samples’ physical structure.
Supposedly, a low adsorption level was related to a low hemolysis level and, con-sequently, low protein adsorption, the level of which was beyond the used method’s sensitivity. The presence of betulin (BET) in a sample also influences adsorption. Probably, the reduction in protein concentration after incubation was connected not to surface ad-sorption but more to high porosity and the generally high sorption capacity of the studied samples.
With respect to the antibacterial activity of composite DA + TGMGU, as Table 6 sug-gests, samples IDA + TGMGU and CDA + TGMGU also displayed antibacterial activity (27.9 and 31,9 mm, respectively), but no statistically proven differences between them were found (p > 0.05). But it can be noted that in the case of samples’ modification with betulin, the levels of activity changed. Samples IDA + TGMGU + BET and CDA + TGMGU + BET had growth suppression area diameters of 33,8 and 27,2 mm, respectively. The activity


of sample IDA + TGMGU + BET was slightly higher, which was statistically proven (p < 0.05).

[bookmark: _bookmark181]Table 6. Antibacterial activity level of samples IDA, HA + CHL and HA + CHL + BET, CDA + CHL, CDA + CHL + BET, CDA + TGMGU, CDA + TGMGU + BET.

	№
	Sample
	Growth Suppression Area Diameter, mm

	1
	IDA
	No activity

	2
	CDA
	No activity

	3
	IDA + TGMGU
	27.9 ± 0.6

	4
	CDA + TGMGU
	27.2 ± 1.0

	5
	IDA + TGMGU + BET
	33.8 ± 1.2

	6
	CDA + TGMGU + BET
	31.9 ± 1.1


Note: IDA—intact diatomite; CDA—cleaned diatomite; TGMGU—tetrahydroxymethylglycoluril; BET—betulin.

4. Conclusions
As we hypothesized, betulin as a bioactive compound will increase the antibacterial effect of TGMGU. This increase may also be due to the high porosity of intact diatomite (IDA) and the other natural mineral compounds present. In the case of intact diatomite (IDA) without betulin, the TGMGU activity is slightly lower, which was statistically proven (p < 0.05). However, the differences between the samples with and without betulin, although statistically proven, were not great in absolute values. Supposedly, this is connected to the test strain’s non-specific resistance to tetrahydroxymethylglycoluril. Probably, the test strain should be later replaced with another one, for example, Bacillus subtilis, which is subject to further research. It can also be assumed that the lack of additional antimicrobial effect in samples containing betulin may be due to the low solubility of betulin in water.
It should be noted that betulin is a natural compound with multiple potentially useful properties, although these are not currently researched. Supposedly, the increase in the biological activity of other active compounds is achieved not due to direct synergetic impact directly on bacteria, but due to the activation of complex interaction processes with other substances inside the human body and the enforcement of natural defense reactions. In the future, we plan to expand the number of test strains, antibacterial compounds and betulin derivatives used. These will be the subject of further research.
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Abstract
The surface functionalization of mesoporous bioactive glasses (MBGs) is of critical importance for the development of advanced hybrid biomaterials with controlled interfacial and adsorption properties. Composite systems based on MBGs modified with cucurbit[n]urils (CB[6], CB[7], and CB[8]) were synthesized and systematically investigated to elucidate size-dependent interaction mechanisms and their influence on textural and physicochemical characteristics. Functionalization was achieved via aqueous deposition followed by controlled thermal treatment. Nitrogen sorption analysis revealed distinct pore modification behaviors: CB[6] reduced the specific surface area by 64% with partial pore occupation; CB[7] induced extensive mesopore occlusion (92.4% surface area reduction); whereas CB[8] produced a balanced decrease (71.2%) while largely preserving microporosity. Thermogravimetric analysis demonstrated comparable loading for CB[7] and CB[8], yet MBGs@CB[8] exhibited enhanced thermal stability, with the DTG maximum shifted to ~395 ◦C. Molecular modeling supported these findings, indicating the lowest adsorption energy for CB[8]. This combination of structural preservation and enhanced stability provides the most favorable balance between pore accessibility and structural modification, demonstrating strong potential as a versatile modifier for subsequent functionalization, including drug loading applications in bone-regenerative systems.
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1. [bookmark: Introduction_]Introduction
Porous inorganic biomaterials have emerged as versatile platforms in regenerative medicine owing to their mechanical integrity and tunable structural architecture [1,2]. Among these, bioactive glasses (BGs) and mesoporous bioactive glasses (MBGs) are distinguished by their ability to undergo surface-mediated reactions that result in the formation of a carbonated hydroxyapatite layer under physiological conditions [3–5]. This bioactivity originates from controlled ion exchange and partial dissolution of the silicate network, leading to the release of biologically relevant species such as Si2+, Ca2+ and P5+, which regulate interfacial mineralization processes and stimulate osteogenic
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responses [3,4]. Since the seminal discovery of 45S5 Bioglass by Hench in the early 1970s [6,7], bioactive glass chemistry has evolved from composition-driven biocompatibility studies toward the rational design of multifunctional materials with programmable degradation behavior, ion-release kinetics, and surface reactivity [5,8–11].
The development of BGs builds upon the broader evolution of bioceramics in the 20th century. Early generations of ceramic biomaterials, including alumina (Al2O3) and zirconia (ZrO2), were primarily designed for mechanical durability and structural replacement [12,13]. While these materials exhibit excellent wear resistance and mechanical strength, their biological performance is largely bioinert, limiting direct chemical bonding with surrounding tissue. Subsequent advances led to the introduction of calcium phosphate-based ceramics, such as hydroxyapatite and tricalcium phosphate, which display improved biocompatibility and compositional similarity to the mineral phase of bone [14,15]. Nevertheless, these materials typically lack the tunable degradation behavior and dynamic ion-release characteristics required for actively modulating biological responses. In contrast, BGs introduced a fundamentally different concept: a reactive inorganic network capable of controlled dissolution and interfacial reprecipitation processes, thereby enabling chemical integration with biological environments [5,8–11]. This shift from passive structural replacement to chemically interactive biomaterials marked a decisive step toward the design of therapeutic inorganic systems.
The introduction of mesoporosity has been particularly transformative. MBGs synthesized via sol–gel strategies in the presence of structure-directing agents exhibit high specific surface areas, ordered pore architectures, and narrow pore size distributions [5]. These structural features substantially increase drug loading capacity and enable modulation of release kinetics compared to conventional melt-derived glasses. As a result, MBGs have attracted considerable interest as localized drug delivery platforms for bone-regenerative applications [16]. In this context, surface functionalization of porous materials with biologically active compounds, including macrocyclic molecules, has emerged as a promising strategy to enhance loading efficiency and regulate therapeutic release profiles [17–20].
Despite these advances, drug incorporation within MBGs is commonly governed by physisorption and diffusion-controlled release. Conventional systemic drug administration often results in fluctuating plasma concentrations, short therapeutic windows, and potential systemic toxicity [21]. Drug-eluting implants offer a localized and sustained alternative [22–26], yet precise molecular-level control over retention and release profiles remains a significant challenge.
Supramolecular chemistry provides powerful strategies to address this limitation. Macrocyclic host molecules possess well-defined cavities capable of forming stable inclusion complexes through non-covalent interactions [27–29]. Among these systems, cucurbit[n]urils (CB[n]) represent a particularly attractive family of rigid, symmetric macrocycles characterized by carbonyl-lined portals and hydrophobic cavities. Their high binding affinities toward a broad range of guest molecules and exceptional chemical stability make them promising candidates for functionalizing porous inorganic materials [30,31]. CB[n] compounds can selectively encapsulate organic species through host–guest interactions [30,31], and have been widely explored in drug delivery [32,33], diagnostics [34], and therapeutic encapsulation strategies [35–37].
The integration of CB[n] systems with MBGs introduces a hierarchical composite architecture that combines: (i) an osteoconductive inorganic matrix, (ii) a high-surface-area mesoporous network, and (iii) supramolecular host–guest recognition motifs. Such hybrid systems are expected to enhance drug loading via inclusion complex formation, improve molecular retention beyond simple physisorption, and enable release behavior governed by
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supramolecular interactions rather than diffusion alone. Although MBGs and cucurbituril host–guest chemistry have been extensively studied independently [32], their direct integration into bioactive glass frameworks and the influence of macrocycle cavity size on interfacial interactions and functional performance remain insufficiently explored.
Although MBGs and the chemistry of cucurbit[n]urils have been intensively studied independently, their direct integration into a single composite system, as well as the systematic influence of the macrocycle cavity size on the nature of interfacial interactions and functional properties, remain insufficiently investigated. In contrast to previous studies, which were primarily focused on the adsorption of CB[n] onto dense substrates (hydroxyapatite, titanium nickelide) [27,28,38], the present study provides, for the first time, a comprehensive comparative analysis of three homologues (CB[6], CB[7], and CB[8]) within a single mesoporous MBG matrix. This approach enables the identification of the optimal system for the subsequent development of biomaterials for various applications.
In this context, we report the fabrication of composite biomaterials based on MBGs functionalized with cucurbit[6], cucurbit[7], and cucurbit[8]urils. By systematically comparing macrocycles of different cavity dimensions, we investigate their impacts on surface chemistry, structural characteristics, and supramolecular interactions within the inorganic framework. Comprehensive physicochemical characterization is employed to elucidate structure–function relationships governing these hybrid systems, providing insight into the rational design of inorganic–supramolecular composites for controlled therapeutic delivery and advanced bone-regenerative applications.
2. [bookmark: Experimental_Section_]Experimental Section
2.1. [bookmark: Synthesis_and_Isolation_of_Cucurbit[n]ur]Synthesis and Isolation of Cucurbit[n]uriles
Cucurbit[n]urils (CB[n], n = 6, 7, 8) were synthesized according to a previously reported procedure with minor modifications [39]. Paraformaldehyde (4.22 g, 0.14 vmol) was dissolved in 10 M sulfuric acid (14 mL) in a three-necked round-bottom flask equipped with a magnetic stirrer and reflux condenser (Figure 1). After complete dissolution, glycoluril (10.0 g, 0.07 mol) was added portionwise under continuous stirring to minimize premature oligomerization. The reaction mixture was heated at 95 ◦C under reflux for 24 h.
[image: ]
[bookmark: _bookmark206]Figure 1. Schematic representation of CB[n] synthesis, where n = 6, 7, 8.

After cooling to room temperature, the reaction mixture was concentrated to dryness. The resulting solid was ground to a fine powder and suspended in distilled water (150–200 mL), followed by stirring at room temperature for 24 h. The suspension was filtered to afford aqueous extract 1. The remaining solid residue was resuspended in distilled water (150–200 mL) and stirred at 40 ◦C for 24 h. After filtration, aqueous extract 2 and an insoluble residue (Residue 1) were obtained. Aqueous extracts 1 and 2 were combined and concentrated under reduced pressure to a final volume of 10–15 mL to yield a concentrated CB[n] solution.
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Isolation of CB[7]. Methanol (80 mL) was added to the concentrated CB[n] solution, and the mixture was stirred at room temperature for 24 h. The precipitated solid was collected by filtration and dried in a vacuum oven at 60 ◦C for 12 h to obtain CB[7] as a white crystalline powder.
Isolation of CB[8]. The previously obtained insoluble residue (Residue 1) was treated with 40% formic acid (15 mL) under stirring. After dissolution of the acid-soluble fraction, the mixture was filtered. The undissolved solid was collected (Residue 2), while the filtrate was retained for further processing. Residue 2 was recrystallized from concentrated hydrochloric acid to yield crystalline CB[8].
Isolation of CB[6]. The filtrate obtained from the formic acid treatment (vide supra) was evaporated to dryness. The resulting solid was washed with distilled water (20 mL) and subsequently recrystallized from 8 M HCl to produce crystalline CB[6].
The identities and structural integrity of CB[6], CB[7], and CB[8] were confirmed by comparison of their Powder X-Ray Diffraction (PXRD) patterns with reference data from the Cambridge Crystallographic Data Centre (CCDC): CB[6] (CCDC 7209204), CB[7] (CCDC 1428201), and CB[8] (CCDC 883371). The diffraction patterns (Figures S1–S3) were consistent with previously reported data [27,28].
2.2. [bookmark: Synthesis_and_Surface_Functionalization_][bookmark: _bookmark207]Synthesis and Surface Functionalization of Mesoporous Bioactive Glass
Mesoporous bioactive glass (MBG) nanoparticles were synthesized via a sol–gel method using tetraethyl orthosilicate (TEOS) as the silica source, calcium nitrate, and triethyl phosphate in an acidic aqueous medium with Pluronic P123 as a structure-directing agent. The mixture was aged at 40 ◦C for 48 h, dried, and calcined at 600 ◦C for 5 h to remove the template and obtain the final porous structure.
Preparation of MBGs@CB[6]. CB[6] (50 mg) was dissolved in distilled water (75 mL) containing 3 M HCl (15 mL) under vigorous stirring. MBGs (50 mg) were added to the solution, and the suspension was stirred at 60 ◦C for 3 h. The temperature was subsequently increased to 80 ◦C and maintained for 5 h to promote partial solvent evaporation and the removal of water and hydrochloric acid. When the total volume was reduced to approximately 10 mL, the suspension was transferred to a Petri dish and dried under vacuum (100 mbar) at 60 ◦C for 24 h to constant weight, affording the composite material MBGs@CB[6].
Preparation of MBGs@CB[7]. CB[7] (50 mg) was dissolved in distilled water (25 mL) under vigorous stirring at room temperature. MBGs (50 mg) were added to the solution, and the mixture was stirred at 60 ◦C for 3 h. The temperature was then increased to 80 ◦C and maintained for 2 h to partially evaporate the solvent to a final volume of approximately 10 mL. The resulting suspension was transferred to a Petri dish and dried under vacuum at 60 ◦C overnight to constant weight, yielding MBGs@CB[7].
Preparation of MBGs@CB[8]. CB[8] (50 mg) was dissolved in deionized water (350 mL) at 60 ◦C under stirring for 1.5 h. MBGs (50 mg) were subsequently added, and the mixture was stirred at 60 ◦C for 3 h. The temperature was increased to 85 ◦C and maintained for 12 h to reduce the solvent volume to approximately 10 mL. The concentrated suspension was transferred to a Petri dish and dried under vacuum at 60 ◦C for 24 h to constant weight, affording MBGs@CB[8].
2.3. [bookmark: Characterization_Methods_]Characterization Methods
Fourier transform infrared (FTIR) spectra were recorded using a Nicolet 6700 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with an attenuated total reflectance (ATR) accessory. Spectra were collected in the range 400–4000 cm−1 with a
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spectral resolution of 4 cm−1 and 32 accumulated scans. Reflectance data were converted to absorbance using the Kubelka–Munk transformation.
Morphological analysis was performed using a QUANTA 200 3D scanning electron microscope (SEM) (FEI, Hillsboro, OR, USA) operated in environmental or reduced vacuum mode. Images were acquired at accelerating voltages between 5 and 30 kV, depending on the sample and imaging requirements. Prior to analysis, samples were mounted on aluminum stubs and sputter-coated with a thin conductive layer when necessary.
Powder X-ray diffraction (PXRD) patterns of crystalline CB[6], CB[7], and CB[8] were recorded using an XRD-7000 diffractometer (Shimadzu, Kyoto, Japan) equipped with a Cu Kα radiation source (λ = 1.5406 Å). Data were collected in the 2θ range of 5–50◦ at a scan
rate of 30◦ min−1. Phase identification was performed by comparison with reference data
from the CCDC.
Thermogravimetric analysis (TGA) was carried out using an STA 449 F1 Jupiter instrument (NETZSCH, Selb, Germany). Approximately 5 mg of sample was placed in an alumina crucible and heated from 25 ◦C to 600 ◦C at a rate of 10 ◦C min−1. Measurements were conducted under a controlled gas flow (air or argon, 80 and 20 mL min−1, respectively).
2.4. [bookmark: Nitrogen_Adsorption–Desorption_Analysis_]Nitrogen Adsorption–Desorption Analysis
Textural properties, including specific surface area and pore size distribution, were determined by low-temperature nitrogen adsorption–desorption measurements at −196 ◦C using a 3Flex surface characterization analyzer (Micromeritics, Norcross, GA, USA). Prior to analysis, approximately 100 mg of each sample was degassed under vacuum at 100 ◦C for 2 h until constant weight was achieved.
The specific surface area (S-BET) was calculated using the Brunauer–Emmett–Teller (BET) method by linear fitting of the adsorption isotherm in the relative pressure (P/P0) range of 0.05–0.30. The pore size distribution was determined from the adsorption branch using the Barrett–Joyner–Halenda (BJH) model. The total pore volume was estimated from the amount of nitrogen adsorbed at a relative pressure of P/P0 ≈ 0.995.
2.5. [bookmark: Molecular_Mechanics_Calculation_of_CB[n]][bookmark: _bookmark208]Molecular Mechanics Calculation of CB[n]-SiO2 Surface Interactions
Molecular mechanics calculations were performed using HyperChem 7.5 (Hypercube Inc., Gainesville, FL, USA) employing the MM+ force field. The SiO2 surface was modeled using an α-quartz crystal structure constructed from a 3 × 3 × 3 supercell derived from crystallographic unit cell parameters. Periodicity was not applied; the model represented a finite slab. Prior to adsorption simulations, the geometries of CB[6], CB[7], and CB[8] were fully optimized using the MM+ force field until the root-mean-square (RMS) gradient convergence criterion reached 0.01 kcal mol−1 Å−1.
Interaction energies between CB[n] and the SiO2 surface were calculated under the following assumptions: (i) adsorption of cucurbit[n]uril does not induce structural changes in the SiO2 surface (rigid surface approximation); (ii) no intermolecular interactions occur between adjacent CB[n] molecules (single-molecule adsorption model); and (iii) solvent effects are neglected (gas-phase approximation).
The interaction energy was determined using Equation (1):
Einteraction = Eadsorption − Edeformation	(1) where Eadsorption is the total energy of the CB[n]-SiO2 adsorption complex, Edeformation
represents the strain energy of the CB[n] molecule upon adsorption.
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The deformation energy was calculated as:

Edeformation  = EadsorbedCB[n] − EoptimizedCB[n]	(2)

where EadsorbedCB[n] is the energy of the CB[n] molecule in the adsorbed geometry, EoptimizedCB[n] denotes the energy of the fully optimized isolated CB[n] molecule. All reported energies are given in kcal mol−1.
3. [bookmark: Results_and_Discussion_]Results and Discussion
3.1. [bookmark: Rationale_for_CB[n]_Deposition_Strategy_]Rationale for CB[n] Deposition Strategy
Previous studies have demonstrated that the deposition behavior of cucurbit[n]urils (CB[n], n = 6–8) on porous inorganic substrates strongly depends on their solubility and supramolecular association in aqueous media. In particular, deposition on hydroxyapatite revealed that CB[6] and CB[8] tend to form surface aggregates, whereas the higher water solubility of CB[7] facilitates its penetration into the porous scaffold [28]. Subsequent investigations showed that controlled heating of aqueous CB[6] solutions promotes the formation of water-associated supramolecular aggregates, enabling uniform surface coverage of hydroxyapatite and titanium nickelide substrates [17,27].
These findings indicate that aqueous-phase deposition combined with gradual solvent evaporation provides an effective route for achieving controlled surface modification of porous inorganic materials without the use of organic solvents. Such an approach is particularly attractive for biomaterial applications, as it minimizes potential alterations of surface bioactivity and avoids solvent-induced structural changes.
Considering the established bioactivity and ion-release properties of bioactive glasses and MBGs [3–5,23,24], we adopted a similar aqueous deposition strategy for MBG modification. CB[n] was introduced from aqueous solution followed by controlled thermal evaporation at elevated temperature to promote adsorption and surface organization within the mesoporous framework (see Section 2.2).
3.2. [bookmark: FTIR_Analysis_of_MBGs@CB[n]_Composites_]FTIR Analysis of MBGs@CB[n] Composites
The successful incorporation of cucurbit[n]urils into the MBG framework was evaluated by FTIR spectroscopy (Figure 2). The spectrum of pristine MBGs is characterized by broad Si–O–Si asymmetric stretching vibrations in the 1040–1100 cm−1 region, accompanied by symmetric stretching and bending modes near 800 cm−1 and 460 cm−1, respectively. These bands remain present in all modified samples, confirming preservation of the silicate network after surface functionalization.
In the FTIR spectrum of MBGs@CB[6] (Figure 2a), additional absorption bands characteristic of CB[6] are clearly observed. A prominent band at 1726 cm−1 is assigned to the stretching vibration of the carbonyl (C=O) groups located at the glycoluril portals. Furthermore, bands in the 1200–1500 cm−1 region correspond to methylene (–CH2–) bending vibrations of the macrocyclic framework. Compared to pure CB[6], a slight red shift (~2 cm−1) of the carbonyl band is observed upon adsorption onto MBGs, accompanied by a decrease in CH2 band intensity. The small red shift suggests the involvement of portal carbonyl groups in weak hydrogen bonding interactions with surface silanol (Si–OH) groups of the BG.
For MBGs@CB[7] (Figure 2b), similar vibrational features are detected; however, the carbonyl stretching band appears at 1694 cm−1. Relative to pure CB[7], a pronounced blue shift of approximately 34 cm−1 is observed. The substantial blue shift observed for CB[7] (~34 cm−1) suggests a significant perturbation of the carbonyl group environment, which may indicate stronger hydrogen bonding or coordination-type interactions with surface
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silanol groups. However, alternative contributions from changes in molecular packing, local polarity, or confinement effects within the mesopores cannot be excluded. Therefore, the FTIR data should be interpreted as complementary evidence alongside the BET, TGA, and molecular modeling results, rather than as definitive proof of interaction strength. The magnitude of this shift implies that CB[7] exhibits the strongest interaction with the MBG surface among the three homologues.
[image: ]
[bookmark: _bookmark209]Figure 2. Comparative FTIR spectra of (a) CB[6], (b) CB[7], and (c) CB[8] (orange lines), pristine MBGs (gray lines), and the corresponding MBGs@CB[n] (blue lines) composites. Characteristic stretching vibrations of the cucurbit[n]urils and Si–O–Si framework bands of the mesoporous bioactive glass are highlighted.
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Figure 2c also shows characteristic carbonyl and methylene vibrations of the macrocycle for the FTIR spectrum of MBGs@CB[8]. The C=O stretching band appears at 1726 cm−1, with a modest blue shift of approximately 4 cm−1 compared to pure CB[8]. This smaller shift indicates weaker or less specific interfacial interactions relative to CB[7], which may arise from steric limitations associated with the larger cavity size of CB[8], restricting optimal surface contact within the mesoporous channels.
A comparative analysis of the carbonyl band shifts reveals a size-dependent and non-linear interaction trend: CB[6] exhibits a slight red shift (~2 cm−1), CB[7] shows a pronounced blue shift (~34 cm−1), whereas CB[8] displays a moderate blue shift (~4 cm−1). The magnitude and direction of these shifts reflect differences in the electronic environment of the portal carbonyl groups upon adsorption. The substantial blue shift observed for CB[7] suggests a significant perturbation of the C=O bond, indicative of stronger interfacial interactions with surface silanol groups of the MBG. This behavior implies that CB[7] achieves the most favorable geometric and electronic compatibility with the MBG surface, potentially enabling more effective alignment and interaction within the mesoporous framework compared to CB[6] and CB[8].
3.3. [bookmark: Surface_Morphology_Analysis_]Surface Morphology Analysis
The surface morphology of pristine MBGs and the corresponding MBGs@CB[n] composites was examined in detail using SEM. As shown in Figure S4, the pristine MBGs sample consists of irregularly shaped conglomerates with dimensions of approximately 20–50 µm. These larger aggregates are composed of densely packed nanoscale primary particles, typical of sol–gel-derived mesoporous bioactive glasses. The observed morphology reflects partial aggregation during drying and calcination processes.
Upon modification with CB[6], the overall conglomerate morphology of MBGs is preserved; however, the surface becomes decorated with smaller particles in the range of 570–900 nm (Figure 3a,b). These nanoscale domains are distributed across the MBG aggregates, suggesting deposition of CB[6] on the external surface and possibly within accessible mesopores. The relatively uniform distribution indicates effective adsorption of the macrocycle under the applied deposition conditions.
In the case of MBGs@CB[7], conglomerates are again observed; however, finely dispersed particles ranging from 700 nm to 3 µm are more clearly distinguishable on the aggregate surfaces as depicted in Figure 3c,d. Compared to MBGs@CB[6], the particles
in MBGs@CB[7] appear less prone to secondary aggregation, and interparticle boundaries are more clearly defined. This behavior may be attributed to differences in solubility and interaction strength of CB[7], which could promote more homogeneous surface coverage and reduced interparticle cohesion.
SEM images of MBGs@CB[8] display a similar overall morphology (Figure 3e,f). Large MBG conglomerates are present, decorated with dispersed particles in the range of 600 nm to 2 µm. The distribution appears somewhat less uniform compared to MBGs@CB[7],
which may reflect steric effects associated with the larger cavity size of CB[8] influencing
its deposition and surface organization.
Importantly, no evidence of structural collapse or significant morphological degradation of the MBG framework is observed after modification with any of the cucurbit[n]urils. The preservation of aggregate morphology indicates that the aqueous deposition and thermal evaporation procedure does not adversely affect the structural integrity of the MBG.
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[bookmark: _bookmark210]Figure 3. SEM images of MBGs@CB[n] composites at different magnifications: MBGs@CB[6] at 3052× (a) and 11,000× (b); MBGs@CB[7] at 600× (c) and 10,000× (d); and MBGs@CB[8] at 600× (e)
and 10,000× (f). The images illustrate the aggregate morphology of mesoporous bioactive glass and
the surface distribution of CB[n]-modified particles.
3.4. [bookmark: Textural_Properties_and_Porosity_Analysi]Textural Properties and Porosity Analysis
The textural parameters of pristine MBGs and the corresponding MBGs@CB[n] composites, including specific surface area, micropore and mesopore surface areas, and pore volumes, are summarized in Table 1.
Pristine MBGs exhibit a specific surface area of 111.66 m2 g−1, reflecting the presence
of a developed mesoporous network. Upon functionalization with cucurbit[n]urils, a substantial reduction in textural parameters is observed, confirming successful incorporation of macrocycles within the porous framework.
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[bookmark: _bookmark211]Table 1. Comparative textural characteristics of pristine MBGs and MBGs modified with CB[6], CB[7], and CB[8], including specific surface area (BET), micropore and mesopore surface areas, and pore volumes.

	Sample
	BET Surface Area, m2 g−1
	Micropore Area, m2 g−1
	Micropore Area (BJH Adsorption), m2 g−1
	Micropore Volume, cm3 g−1
	Total Pore Volume, cm3 g−1

	MBGs
	111.66
	16.75
	92.8
	0.0061
	0.42

	MBGs@CB[6]
	40.25
	7.95
	33.3
	0.0029
	0.20

	MBGs@CB[7]
	8.48
	12.99
	3.9
	0.0047
	0.03

	MBGs@CB[8]
	32.13
	14.49
	18.2
	0.0059
	0.13



Modification with CB[6] results in a 64% reduction in specific surface area relative to pristine MBGs. The micropore and mesopore surface areas decrease by 52.5% and 64.1%, respectively, accompanied by reductions in micropore and mesopore volumes of 52.5% and 52.4%. These results indicate partial occupation of both micro- and mesopores. The relatively uniform decrease across pore types suggests that CB[6], due to its compact size, can access and distribute within the porous network without completely blocking the mesostructure.
In contrast, MBGs@CB[7] exhibits a dramatic reduction in specific surface area to 8.48 m2 g−1 (92.4% decrease), representing the most pronounced textural change among the studied samples. While the micropore area decreases moderately (22.4%), the mesopore area decreases by ~96% (from 92.8 to 3.9 m2/g), and the total pore volume is
reduced by 92.9%. This pronounced loss of mesoporosity indicates extensive pore filling and/or blockage by CB[7]. The data suggest that CB[7] exhibits strong affinity toward the mesoporous channels, likely due to optimal molecular dimensions and favorable surface interactions, consistent with the pronounced FTIR carbonyl shift observed for this homolog. The MBGs@CB[8] composite shows a 71.2% reduction in specific surface area
(32.13 m2 g−1), which is intermediate between CB[6] and CB[7]. The mesopore surface
area decreases significantly (80.4%), whereas the micropore area is reduced by only 13.5%. Notably, the micropore volume remains nearly unchanged (3.3% decrease relative to pristine MBGs), while the total pore volume decreases by 69%. This behavior suggests that CB[8] preferentially interacts with mesopores without substantially affecting microporous domains, likely due to steric constraints associated with its larger cavity size.
3.5. [bookmark: Thermal_Stability_and_Loading_Analysis_]Thermal Stability and Loading Analysis
To evaluate the loading content of cucurbit[n]urils within the MBG framework and to assess their thermal stability, TGA coupled with differential scanning calorimetry (DSC) was performed for all MBGs@CB[n] samples.
The TGA curve of MBGs@CB[6] shows a total mass loss of 32.7% over the investigated temperature range (Figure 4a). The remaining 67.3% residue corresponds primarily to the inorganic silicate matrix. The observed mass loss is attributed to thermal decomposition of the incorporated CB[6], confirming successful loading of the macrocycle. The relatively gradual decomposition profile and substantial residual mass indicate stable retention of CB[6] within the mesoporous structure. These results are consistent with FTIR observations suggesting interfacial interactions between CB[6] and surface silanol groups.
In contrast, MBGs@CB[7] exhibits a significantly higher mass loss of 54.7%, leaving a residual mass of 45.34%, as presented in Figure 4b. This pronounced weight reduction indicates a higher apparent organic content or a greater extent of thermally removable species. The sharper mass loss event observed in the DTG curve suggests that CB[7] is more readily decomposed or released upon heating. While BET analysis indicated
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extensive pore occupation by CB[7], the thermal data suggest that its interaction with the silicate framework may involve a larger fraction of physically confined rather than strongly anchored molecules. This behavior correlates with the significant structural changes observed in the porosity analysis.
[image: ]
[bookmark: _bookmark212]Figure 4. TGA and DSC curves of (a) MBGs@CB[6], (b) MBGs@CB[7], and (c) MBGs@CB[8] composites, illustrating the thermal decomposition behavior and relative loading of cucurbit[n]urils within the mesoporous bioactive glass framework.
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Figure 4c displays a total mass loss of 53.9%, comparable to MBGs@CB[7] for the MBGs@CB[8] composite, with a residual mass of 46.14%. However, the DTG peak maximum is shifted toward higher temperatures (up to ~395 ◦C), indicating enhanced thermal stability relative to CB[7]. This shift suggests stronger or more stable confinement of CB[8] within the porous network. Combined with the BET results showing preserved microporosity, this behavior supports a model in which CB[8] is distributed both on the surface and within mesopores, achieving effective embedding without complete pore blockage.
The combined analysis of SEM, BET, FTIR, and TGA results reveals a size-dependent interaction pattern between cucurbit[n]urils and the MBG framework:
· CB[6]: Moderate loading with stable retention and partial pore occupation.
· CB[7]: Extensive mesopore filling with high apparent loading but lower thermal
stability, suggesting a significant fraction of physically confined species.
· CB[8]: High loading with improved thermal stability and balanced preservation of pore structure.
These findings demonstrate that the interaction between CB[n] homologues and mesoporous bioactive glass is governed by macrocycle size and geometric compatibility with the pore architecture. Among the investigated systems, CB[8] appears to provide the most favorable compromise between loading efficiency, structural preservation, and thermal stability.
3.6. [bookmark: Molecular_Modeling_of_CB[n]-SiO2_Surface]Molecular Modeling of CB[n]-SiO2 Surface Interactions
To gain mechanistic insight into the experimentally observed size-dependent behavior, molecular mechanics calculations were performed to model the interaction of cucurbit[n]urils with a representative silica surface. An α-quartz SiO2 unit cell was selected as a simplified surface model, and two orientations of CB[n] relative to the surface were considered: perpendicular (⊥) and parallel ( [image: ] ) (Figure 5). While other tilted orientations are theoretically possible, they would yield interaction energies intermediate between the perpendicular and parallel extremes and would not affect the qualitative ranking of CB[n] surface affinity. Therefore, the two limiting cases (⊥ and [image: ]) are sufficient for the purpose of supporting the experimental trends. Computational simulations were performed under the assumptions detailed in Section 2.5.
[image: ]
[bookmark: _bookmark213]Figure 5. Schematic representation of the relative orientation of CB[n] molecules, (a) perpendicular (⊥) and (b) parallel ( [image: ] ), considered for adsorption on the SiO2 surface.
It should be noted that the calculations were performed under several simplifying assumptions, which limit their direct quantitative interpretation. The α-quartz model represents an idealized surface and does not fully capture the structural heterogeneity
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of real MBG (e.g., defects, pore curvature, varying silanol density). The rigid surface approximation, gas-phase conditions, and single-molecule adsorption model neglect solvent effects, confinement effects, and intermolecular interactions between adjacent CB[n] molecules within the pores. Therefore, the calculated interaction energies should be considered as qualitative trends supporting the experimental observations rather than as quantitative predictions.
For CB[6], the most favorable interaction was observed in the perpendicular orientation, as shown in Figure 6a, with an interaction energy of −31.45 kcal mol−1 (Table 2). This orientation enables optimal alignment of the portal carbonyl groups
toward surface silanol sites, promoting favorable electrostatic and hydrogen-bonding interactions compared to the parallel configuration (Figure 6b). The calculated interaction energy is consistent with the moderate pore occupation and stable thermal behavior observed experimentally.
[image: ]
[bookmark: _bookmark214]Figure 6. Optimized adsorption geometries obtained from molecular mechanics calculations for the interaction of cucurbit[n]urils with the α-quartz (SiO2) surface: (a,b) CB[6], (c,d) CB[7], and (e,f) CB[8] in perpendicular (⊥) and parallel ( [image: ] ) adsorption orientations, respectively. Individual elements are represented by colored spheres (H, C, N, O, Si) for clarity.
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[bookmark: _bookmark215]Table 2. Calculated adsorption, deformation, and interaction energies (kcal·mol−1) for CB[6], CB[7], and CB[8] on the α-quartz (SiO2) surface in perpendicular (⊥) and parallel ( [image: ] ) orientations.

Adsorption Orientations
⊥Sample
Energy, kcal mol−1
Perpendicular ( )
Parallel ( [image: ] )

Eadsorption
−27.80
−19.61
CB[6]
Edeformation
3.65
0.77

Einteraction
−31.45
−20.38

Eadsorption
−32.96
−19.85
CB[7]
Edeformation
2.18
2.05

Einteraction
−35.14
−21.91

Eadsorption
−34.14
−22.12
CB[8]
Edeformation
0.41
0.58

Einteraction
−34.5
−22.70











Among the investigated homologues, CB[7] exhibited the strongest calculated interaction energy in perpendicular orientation (−35.14 kcal mol−1), as shown in Figure 6c. This result indicates a highly favorable electronic interaction between CB[7] and the silica surface at the molecular level. However, despite the high interaction energy, experimental data (TGA and BET) suggest partial instability or extensive pore blocking in the composite system. This apparent discrepancy may arise from steric constraints and packing effects within the mesoporous network, which are not fully captured in the isolated surface model. Thus, while CB[7] demonstrates strong intrinsic surface affinity, its larger effective footprint within confined pores may reduce practical stability under thermal treatment.
A similarly favorable interaction energy was calculated in the perpendicular orientation for CB[8], as shown in Figure 6e. Notably, the deformation (strain) energy of CB[8] upon adsorption was lower than that of CB[6] and CB[7], indicating reduced structural distortion during surface association. This suggests that CB[8] may achieve a more stable adsorption configuration, consistent with the observed DTG peak shift toward higher temperatures and the preservation of microporosity in BET analysis.
In line with prior simulation studies highlighting the role of composition in governing atomic-level flexibility in bioactive glasses [40], the present results further emphasize that molecular-scale interactions and geometric compatibility are key factors controlling interfacial stability and structural response in hybrid systems.
The computational results support the experimentally observed size-dependent interaction trend. While CB[7] exhibits the strongest intrinsic interaction energy, CB[8] appears to achieve a more favorable balance between adsorption energy and structural stability, due to lower deformation penalties and reduced steric strain within the porous framework. This balance may explain the improved thermal stability and partial preservation of porosity observed for MBGs@CB[8]. Overall, the modeling results reinforce the conclusion that macrocycle size and geometric compatibility play a critical role in governing the interfacial behavior of cucurbit[n]urils within mesoporous bioactive glass systems.
4. [bookmark: Conclusions_]Conclusions
In this study, mesoporous bioactive glass composites functionalized with cucurbit[n]urils (CB[6], CB[7], and CB[8]) were successfully synthesized via aqueous deposition followed
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by controlled solvent evaporation. FTIR spectroscopy confirmed the incorporation of macrocycles and revealed size-dependent carbonyl shifts, with the most pronounced perturbation observed for CB[7]. Nitrogen sorption analysis demonstrated that CB[6] caused moderate pore occupation (64% surface area reduction), CB[7] induced extensive mesopore blockage (92.4% reduction), while CB[8] preserved microporosity almost unchanged (only 3.3% decrease). TGA showed comparable loading for CB[7] and CB[8], yet MBGs@CB[8] exhibited enhanced thermal stability, with the DTG maximum shifted to
~395 ◦C. Molecular modeling supported these findings, indicating favorable adsorption
geometry for all homologues. Collectively, CB[8] provides the most balanced combination of pore preservation, loading efficiency, and thermal stability, making it the most promising candidate for further functionalization in drug delivery and bone-regenerative applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcs10050255/s1, Figure S1. PXRD pattern of CB[6]; Figure S2. PXRD pattern of CB[7]; Figure S3. PXRD pattern of CB[8]; Figure S4. SEM images of the pristine MBGs sample.
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