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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 CBJ[8], yet MBGs@CBJ[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.

Keywords: mesoporous bioactive glass; cucurbiturils; composite biomaterials; surface
modification

1. 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 Si**, Ca®*
and P°*, which regulate interfacial mineralization processes and stimulate osteogenic
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responses [3,4]. Since the seminal discovery of 4555 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 (Al,O3)
and zirconia (ZrO;), 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. Experimental Section
2.1. 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.
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Figure 1. Schematic representation of CB[n] synthesis, wheren =6, 7, 8.

H,S0,

n

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 CBI[8] (CCDC 883371). The diffraction patterns (Figures S1-S3) were
consistent with previously reported data [27,28].

2.2. 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 HCI (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@CBJ6].

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@CBJ[8].

2.3. 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~! with a
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spectral resolution of 4 cm~! 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) (FEL 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
K« radiation source (A = 1.5406 A). Data were collected in the 20 range of 5-50° at a scan
rate of 30° min~!. 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~!. Measurements
were conducted under a controlled gas flow (air or argon, 80 and 20 mL min~!,
respectively).

2.4. 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/Py)
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/Py ~ 0.995.

2.5. Molecular Mechanics Calculation of CB[n]-SiO, Surface Interactions

Molecular mechanics calculations were performed using HyperChem 7.5 (Hypercube
Inc., Gainesville, FL, USA) employing the MM+ force field. The SiO, surface was modeled
using an a-quartz crystal structure constructed from a 3 x 3 x 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~! A~1,

Interaction energies between CB[n] and the SiO, surface were calculated under the
following assumptions: (i) adsorption of cucurbit[n]uril does not induce structural changes
in the SiO, 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 E;gsorption 18 the total energy of the CB[n]-5i0; adsorption complex, Egeformation
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 E,jsorbedcBln] 1S the energy of the CB[n] molecule in the adsorbed geometry,
EoptimizedCBn] denotes the energy of the fully optimized isolated CB[n] molecule. All
reported energies are given in kcal mol 1.

3. Results and Discussion
3.1. Rationale for CB[n] Deposition Strategy

Previous studies have demonstrated that the deposition behavior of cucurbit[n]urils
(CBI[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 CBJ[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. 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~! region,
accompanied by symmetric stretching and bending modes near 800 cm ™! and 460 cm ™!,
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 !

is assigned
to the stretching vibration of the carbonyl (C=0O) groups located at the glycoluril
portals. Furthermore, bands in the 1200~1500 cm ! region correspond to methylene (-CH,-)
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 CH; 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@CBJ7] (Figure 2b), similar vibrational features are detected; however, the
carbonyl stretching band appears at 1694 cm ™. Relative to pure CB[7], a pronounced blue
shift of approximately 34 cm~! 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.
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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=0 stretching band appears at
1726 cm~!, with a modest blue shift of approximately 4 cm ! 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™!), 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 CBJ[8].

3.3. Surface Morphology Analysis

The surface morphology of pristine MBGs and the corresponding MBGs@CBJ[n]
composites was examined in detail using SEM. As shown in Figure 54, the pristine MBGs
sample consists of irregularly shaped conglomerates with dimensions of approximately
20-50 um. 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 um are more clearly distinguishable on
the aggregate surfaces as depicted in Figure 3¢,d. Compared to MBGs@CB[6], the particles
in MBGs@CBJ[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 um. The distribution appears somewhat less uniform compared to MBGs@CBJ[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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Figure 3. SEM images of MBGs@CB[n] composites at different magnifications: MBGs@CB[6] at
3052x (a) and 11,000 (b); MBGs@CB[7] at 600 (c) and 10,000x (d); and MBGs@CBJ[8] at 600 x (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. 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 m? g~!, 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.

https://doi.org/10.3390/jcs10050255
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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 Micropore Area, Micropore Area (BJH Micropore Total Pore Volume,
P Area, m* g1 m? g1 Adsorption), m? g1 Volume, cm3 g1 cm3 g1
MBGs 16.75 92.8 0.0061 0.42
MBGs@CBJ[6] 7.95 33.3 0.0029 0.20
MBGs@CBJ[7] 12.99 3.9 0.0047 0.03
MBGs@CBJ[8] 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 m? g~! (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 m?/g), and the total pore volume is
reduced by 92.9%. This pronounced loss of mesoporosity indicates extensive pore filling
and/or blockage by CBJ[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 m? 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
CBJ[8] preferentially interacts with mesopores without substantially affecting microporous
domains, likely due to steric constraints associated with its larger cavity size.

3.5. 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@CBJ[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
CBJ[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@CBJ7] 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 CBJ[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.
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Figure 4. TGA and DSC curves of (a) MBGs@CB|6], (b) MBGs@CBJ[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.

https://doi.org/10.3390/jcs10050255


https://doi.org/10.3390/jcs10050255

J. Compos. Sci. 2026, 10, 255

12 of 17

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 CBJ[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:

e  CB[6]: Moderate loading with stable retention and partial pore occupation.

e  CB[7]: Extensive mesopore filling with high apparent loading but lower thermal
stability, suggesting a significant fraction of physically confined species.

e  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. Molecular Modeling of CB[n]-SiO; 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]Jurils
with a representative silica surface. An x-quartz SiO, unit cell was selected as a simplified
surface model, and two orientations of CB[n] relative to the surface were considered:
perpendicular (L) and parallel (||) (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 (L and ||) are sufficient for the purpose of
supporting the experimental trends. Computational simulations were performed under the
assumptions detailed in Section 2.5.

(a) (b)

e o

Figure 5. Schematic representation of the relative orientation of CB[n] molecules, (a) perpendicular
(L) and (b) parallel (]|), considered for adsorption on the SiO, surface.

It should be noted that the calculations were performed under several simplifying
assumptions, which limit their direct quantitative interpretation. The «-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 !
(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.

Figure 6. Optimized adsorption geometries obtained from molecular mechanics calculations for the
interaction of cucurbit[n]urils with the x-quartz (SiO,) surface: (a,b) CB[6], (c,d) CB[7], and (e,f) CB[8]
in perpendicular (L) and parallel (||) adsorption orientations, respectively. Individual elements are
represented by colored spheres (H, C, N, O, Si) for clarity.
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Table 2. Calculated adsorption, deformation, and interaction energies (kcal-mol 1) for CB[6], CB[7],
and CB[8] on the x-quartz (SiO,) surface in perpendicular (L) and parallel (||) orientations.

Adsorption Orientations

Sample Energy, kcal mol—1 .
Perpendicular (L) Parallel (||)

Eadsorption —27.80 —19.61

CBJ[6] Edeformation 3.65 0.77
Einteraction —31.45 —20.38
Eadsorption —32.96 —19.85

CBI[7] E deformation 2.18 2.05
Einteraction —35.14 —21.91
Eadsorption —34.14 —22.12

CB[8] Edeformation 0.41 0.58
Einteraction —345 —22.70

Among the investigated homologues, CB[7] exhibited the strongest calculated
interaction energy in perpendicular orientation (—35.14 kcal mol~!), as shown in
Figure 6¢. 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 CBJ[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. Conclusions

In this study, mesoporous bioactive glass composites functionalized with cucurbit[n]urils
(CB[6], CB[7], and CBI[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 CBJ[8],
yet MBGs@CBJ8] 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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