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Abstract. Mesoporous bioglass (MBG) is a promising biomedical material, but
controlling its surface properties is challenging. This study modified MBG with cucur-
bit[n]Juril macrocycles (CB[6], CB[7], CB[8]) to alter its surface. Modification was per-
formed by evaporating macrocycle solutions onto MBG. Analysis showed this process
significantly changed the MBG's morphology. Its characteristic spherical nanostructure
disappeared, replaced by a heterogeneous organo-inorganic layer containing aggregates
and crystalline formations. The extent of change depended on the specific cucurbituril
used, due to differences in their solubility, geometry, and self-organization. Energy-
dispersive X-ray spectroscopy confirmed successful modification, showing a large
increase in carbon and nitrogen with a simultaneous decrease in silicon and oxygen.
CBJ8] created the densest and most massive organic coating. This work establishes that
cucurbituril size and structure dictate the interaction with MBG and the degree of sur-
face modification. It demonstrates the potential of supramolecular macrocycles to spe-
cifically tailor bioglass properties for creating advanced functional biomaterials.
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AnHoTanus. Me3onopucroe 6uoctexso (MBI) siBisieTcs mepcrneKTHBHEIM OHOMe-
JUILIHCKHM MaTepHaIoM, HO KOHTPOJIUPOBATh CBOMCTBA €r0 MOBEPXHOCTH HEMPOCTO.
B stom ncenenoannu MBG MoauduimpoBany MakpoLUKIaMH THIKBEHHOTO [n]ypHia
(CB[6], CB[7], CBJ[8]), 4T00bI H3MEHHUTH €ro MOBEpXHOCTh. MoanuuKarys IpoOBOIH-
Jach MyTeM BBIIAPUBAHMS PACTBOPOB MakKpoIMkiIoB Ha MBG. AHanu3 mokasai, 4To
3TOT MpoLecC 3HAUNTEIbHO U3MeHII Mopdonoruio MBG: ero xapakrepHas chepude-
CKasl HAHOCTPYKTypa HCY€3/1a, CMEHUBILUCH T€TEPOr€HHBIM OPTraHO-HEOPTaHUIECKHM
CJIOEM, COZEpKaIl[M arperaTsl ¥ KpUCTAIHIecKHe obpa3oBanus. CTeneHbp U3MeHe-
HHH 3aBHCeNIa OT KOHKPETHOTO HCHONB3yeMOro KyKypOuTypuia U3-3a pa3induii B UX
PacTBOPUMOCTH, TEOMETPHH M CaMOOPTaHW3aInU. DHEProANCIIEPCHOHHAs PEHTT€HOB-
CKasl CIIEKTPOCKOMHSI MOATBEPANIIA YCIIEITHOCTh MOIH(UKAIINY, TI0KA3aB 3HATUTEILHOE
YBETMYEHHE COAEPKAaHNS yIIIEPOAa U a30Ta IPY OJHOBPEMEHHOM CHIDKCHUH COJIEprKa-
HUSI KpeMHUS ¥ kucnopoga. CB[8] cozman camoe ioTHOE 1 MAaCCHBHOE OPTaHUYECKOe
ToKpeITHe. B HacTosmel paboTe ycTaHOBIEHO, YTO pa3Mep U CTPYKTypa KyKypOuTy-
puiIa onpenersioT B3auMojelicteue ¢ MBG u cremnens MomuduKanuy MOBEpXHOCTH.
3T0 JeMOHCTpUPYET HOTEHINAN CYIPaMOJIEKyISIPHEIX MaKPOIMKIIOB, KOTOPBIE O3B0~
JSTIOT CTENUaTbHO aalTHPOBaTh CBOMCTBA OMOCTEKIIA TS CO3/JaHMS TIepeOBBIX (QyHK-
IUOHANBHBIX OOMaTEepHAIIOB.
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Introduction

Osteoporosis, most prevalent in the elderly and postmenopausal women, leads
to impaired bone homeostasis, reduced bone mass, and an increased risk of frac-
tures [1]. Conventional systemic drug administration methods are often ineffec-
tive due to the rapid clearance of the drug from the body [2].

A promising alternative is drug-delivery implants, which provide localized and
sustained release of active agents, thereby enhancing therapeutic efficacy [3-4].
Bioactive glasses (BGs) and mesoporous bioactive glasses (MBGs) are widely
used as matrices for such implants. Their key properties include the ability to bond
with bone tissue, stimulate its regeneration, and promote angiogenesis [5, 6].
A significant advantage of BGs is the possibility of deliberately tailoring their tex-
ture and surface properties to control the rate of hydroxyapatite deposition [7-9].

To endow the materials with therapeutic functions, such as an antibacterial
effect, they are modified with biologically active compounds. Macrocyclic com-
pounds, particularly cucurbit[n]urils (CB[n]), are of special interest due to their
high stability and superior control over drug release compared to other delivery
systems [10-13]. CBJn]s can selectively encapsulate various molecules via host-
guest interactions, making them highly promising for targeted drug delivery [14-16].

Thus, the development of porous bone-substitute materials based on bioglass
and modified with supramolecular systems is a relevant objective. The aim of this
work is to fabricate composite biomaterials from mesoporous bioglass (MBGS)
and cucurbit[6,7,8]urils and to characterize them using various physicochemical
methods.

Materials and methods

The synthesis of cucurbit[n]urils (CB[n], where n = 6, 7, 8) was carried out
according to a previously described procedure (Figure 1) [16]. Into a three-necked
round-bottom flask equipped with a magnetic stirrer and a reflux condenser, 4.22 g
(0.14 mol) of paraformaldehyde and 14 ml of 10 M sulfuric acid were loaded. The
mixture was stirred until the paraformaldehyde was completely dissolved. There-
after, 10 g (0.07 mol) of glycoluril was added in portions with constant stirring
to prevent premature oligomerization. The reaction mixture was thermostated
and maintained at a temperature of 95 °C for 24 hours, and sequentially separated
according to the method [16].

The schematic diagram of the synthesis steps for mesoporous bioactive glass
is shown in Figure 2. The synthesis process was carried out using a magnetic
stirrer. After preparing a clear aqueous CTAB solution (2% by weight) by stirring
CTAB in 26 mL of deionized water at 30°C, 8 mL of ethyl acetate were added
dropwise to the reaction vessel. After stirring for another 30 minutes, a 25% am-
monia solution was added to adjust the pH of the solution. The mixture was then
stirred for another 15 minutes. At this stage, 2.88 mL of TEOS (the primary
precursor for nanoparticle synthesis) and 0.53 g of Ca(NO3)2-4H,0 were added
at 30-minute intervals. After a 4-hour reaction period, the colloidal particles were
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collected by centrifugation at 7000 rpm for 20 minutes. The collected particles were
washed three times with deionized water and acetone and then dried for 12 hours
at 80°C. Next, the mesoporous bioactive glass nanoparticle powder was placed in
an oven at 700°C for 4 hours with a temperature increase rate of 2°C/min.

Fig. 1. Scheme of synthesis of cucurbitu[n]urils

Morphological analysis of the surface of the samples studied was carried out
using a QUANTA 200 3D scanning electron microscope (SEM) equipped with
a dual electron and ion beam (FIB) system. The instrument provides the capability
to operate over a wide range of accelerating voltages — from 200 V to 30 kV with
smooth adjustment. The microscope's resolution is 3.5 nm in ESEM (Environ-
mental Scanning Electron Microscope) mode at an accelerating voltage of 30 kV.
When operating in Low Vacuum Mode at 3 kV, the resolution is less than 15 nm.
This functionality allows for detailed examination of the surface of non-conduc-
tive materials without the need to apply a conductive coating.

Results and Discussion

Mesoporous bioglass (MBGs) was modified by slow evaporation of cucur-
bit[n]urils (CB[n], where n = 6, 7, 8). Due to the limited solubility of CB[6] and
CBJ[8] in deionized water, hydrochloric acid solutions were used for their deposi-
tion. CB[7], which has increased solubility, was dispersed in deionized water.
This approach maximized the specific surface area. The resulting materials were
dried to constant weight in an oven at 60°C and examined using SEM.

The unmodified MBG exhibits a uniform nanostructured surface composed
of well-defined spherical particles, which is characteristic of sol-gel-derived meso-
porous silicate materials. These spheres form a loose, highly textured structure,
indicative of a high surface area and open porosity. All modified samples (MBG-
CBJ[6], MBG-CB[7], and MBG-CBJ8]) show pronounced morphological changes.
The characteristic spherical MBG particles are no longer distinguishable, indicating
their surface encapsulation and aggregation upon interaction with cucurbiturils.
The composites exhibit a pronounced heterogeneous topography consisting
of compact agglomerates, irregular particle domains, and dense organo-inorganic
clusters.
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Fig. 2. Surface morphology of the initial MBG and MBG samples modified
with cucurbiturils CB[6], CB[7], and CBJ[8]

To verify the successful modification of MBG with cucurbiturils, elemental
analysis was performed using energy-dispersive X-ray spectroscopy (EDS). The
atomic composition values are presented in the Table. Pristine MBG contains only
Si, O, and Ca, with no detectable carbon or nitrogen. After modification, all MBG-
CB[n] composites show substantial incorporation of C and N, which originate
exclusively from the cucurbituril macrocycles. Their presence therefore serves
as a direct marker of the efficiency of CB[n] deposition. The carbon content
increases systematically from MBG-CB[6] (18.08 at%) to MBG-CB[7]
(19.25 at%), reaching its highest value in MBG-CB[8] (43.61 at%). A similar
trend is observed for nitrogen, which rises from 6.64 at% in the CB[6] composite
t0 9.85 at% in MBG-CBJ7] and 17.78 at% in MBG-CB[8]. These results confirm
that CB[8], the largest macrocycle, demonstrates the highest level of surface
adsorption or retention on MBG, which may be attributed to its larger cavity size,
increased number of carbonyl groups, and enhanced interaction with the silicate
surface.

Elemental atomic composition of MBG and MBG samples
modified with CB[n] cucurbiturils

C(AL%) | N(AL%) | O(AL%) | Si(At.%) | Ca(AL%)
MBG - - 63.35 33.63 03.02
MBG-CBI[6] 18.08 06.64 45.80 28.87 00.61
MBG-CB[7] 19.25 09.85 43.78 25.18 01.94
MBG-CB[8] 43.61 17.78 29.22 07.46 01.90
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Conclusion

In this work, composites based on mesoporous bioglass modified with cucur-
biturils CB[6], CB[7], and CB[8] were obtained. It has been shown that the pro-
cess of applying macrocycles leads to significant changes in the morphology
of the MBG surface: the characteristic spherical structure of the initial material
disappears, forming a heterogeneous layer that includes agglomerates, dense
organo-inorganic coatings, and, in some cases, crystalline structures of CB[n].
The EDS analysis confirms the successful fixation of cucurbiturils on the surface,
which is manifested in a significant increase in the atomic fractions of carbon
and nitrogen with a simultaneous decrease in the fractions of silicon and oxygen.
The most pronounced modification effect is observed for CB[8], which is con-
sistent with its higher molecular weight and ability to form denser surface layers.

References

1. Li, G. Glucocorticoid, Covid-19, bone and nerve repair. Journal of Orthopaedic Translation.
2021, 31, A1-A2.

2. Langer, R. Drug delivery. Drugs on target. Science. 2001, 293(5527), 58-59.

3. Deanesly, R.; Parkes, A.S. Oestrogenic action of compounds of the androsterone-testos-
terone series. British Medical Journal. 1936, 1(3918), 257-258.

4. Hench, L.L.; Jones, J.R. Bioactive glasses: Frontiers and challenges. Frontiers in Bioengi-
neering and Biotechnology. 2015, 3, 194.

5. Gorustovich, A.A.; Roether, J.A.; Boccaccini, A.R. Effect of bioactive glasses on angiogenesis.
Tissue Engineering Part B: Reviews. 2010, 16(2), 199-207.

6. Hench, L.L.; Hench, J.W.; Greenspan, D. Bioglass: a short history and bibliography. Journal
of the Australian Ceramic Society. 2004, 40(1), 1-42.

7. Nandi, P.; Mahato, S.K.; Kundu, A.; Mukherjee, B. Doped bioactive glass materials in bone
regeneration. Advanced Techniques in Bone Regeneration. 2016, 275-329.

8. Jones, J.R. Review of bioactive glass: From Hench to hybrids. Acta Biomaterialia. 2013,
9(1), 4457-4486.

9. Vallet-Regi, M.; Ruiz-Hernandez, E. Bioceramics: from bone regeneration to cancer nano-
medicine. Advanced Materials. 2011, 23(44), 5177-5218.

10. Burkhanbayeva, T. et al. The role of methods for applying cucurbit[6]uril to hydroxyapatite...
Materials. 2024, 17(20), 4995.

11. Burkhanbayeva, T. et al. Development of new composite materials by modifying the sur-
face of porous hydroxyapatite using cucurbit[n]urils. Materials. 2024, 17(9), 2041.

12. Xie, X.M. et al. The adsorption of reactive blue 19 dye on cucurbit[8]uril and cucur-
bit[6]uril. Journal of Physical Chemistry B. 2016, 120(17), 4131-4142.

13. Yang, M.X.; Tang, Q.; Yang, M.; Wang, Q.; Tao, Z.; Xiao, X.; Huang, Y. pH-stimulus
response dye—cucurbituril sensor for amino acids in aqueous solution. Spectrochimica Acta
Part A. 2020, 230, 118076.

14. Zhu, L.; Zhao, Z.; Zhang, X.; Zhang, H.; Liang, F.; Liu, S. A highly selective and strong
anti-interference host—guest complex as fluorescent probe for detection of amantadine.
Molecules. 2018, 23(4), 947.

15. Corda, E.; Hernandez, M.; Sanchez-Cortes, S.; Sevilla, P. Cucurbit[n]urils (n = 6-8) used
as host molecules on supramolecular complexes formed with emodin and indomethacin.
Colloids and Surfaces A. 2018, 557, 66—-75.

16. Kim, J.; Jung, I.S.; Kim, S.Y; Lee, E.; Kang, J.K.; Sakamoto, S.; Yamaguchi, K.; Kim, K.
New cucurbituril homologues: Syntheses, isolation, characterization, and X-ray crystal

162



Synthesis and structural-morphological study of composite materials

structures of cucurbit[n]uril (n =5, 7, and 8). Journal of the American Chemical Society.
2000, 122, 540-541.

Information about the authors:

Sadykov Rustam T. — Junior Researcher, Tomsk State University (Tomsk, Russian Federa-
tion). E-mail: nate_river_2017@mail.ru

Ukhov Arthur E. — Junior Researcher, Tomsk State University (Tomsk, Russian Federation).
E-mail: artyryxovl@gmail.com

Mikhailichenko Alina A. — Laboratory Assistant, Tomsk State University (Tomsk, Russian
Federation). E-mail: nekochan2004@mail.ru

Lytkina Daria N. — Ph.D., Senior Researcher, Tomsk State University (Tomsk, Russian
Federation). E-mail: darya-lytkina@yandex.ru

Bakibaev Abdigali A. — Professor, Doctor of Chemical Sciences, Leading Researcher, Tomsk
State University (Tomsk, Russian Federation). E-mail: bakibaev@mail.ru

Kurzina Irina A. — Doctor of Physical and Mathematical Sciences, Associate Professor, Head
of the Department of Natural Compounds, Pharmaceutical and Medicinal Chemistry, Tomsk
State University (Tomsk, Russia). E-mail: kurzina99@mail.ru

Contribution of the authors: the authors contributed equally to this article.
The authors declare no conflicts of interests.

Cseoenusn 06 asmopax:

CaapikoB Pycram TanaratoBuy — Mirammii HayqHbBIH COTpyIHHUK, TOMCKUI TOCyIapCcTBEH-
ueiit yausepcuret (Tomck, Poceust). E-mail: nate_river_2017@mail.ru

YxoB ApTyp DAyapAoBHY — MIAJIIN{ HaydHBIH COTpYyAHHK, TOMCKHH roCyJapCTBEHHBIH
ynusepcuteT (Tomck, Poccust). E-mail: artyryxovl@gmail.com

MuxaiiinyeHko AJiMHa AHIpeeBHA — 1a00paHT, TOMCKHUI rOCyIapCTBEHHBINH YHUBEPCUTET
(Tomck, Poccust). E-mail: nekochan2004@mail.ru

JIbiTknHa JJapbsst HukosiaeBHa — KaHAWAAT TEXHUUECKUX HAYK, CTAPLLIUM HAyUHBIN COTPYIHHUK,
Tomckuii rocynaperBeHnsiil yausepeuret (Tomck, Poccust). E-mail: darya-lytkina@yandex.ru
Bakub6aeB Adauranan AGauMaHanoBu4 — npodeccop, JOKTOP XUMHUYECKHX HAYK, BEAYIIUI
Hay4HbBIH COTpyaHUK, ToMmckuii rocymapcrBennsiii yuuepcurer (Tomck, Poccus). E-mail:
bakibaev@mail.ru

Kyp3nna Upuna AnekcanapoBHa — JOKTOp (pU3MKO-MAaTEMaTHYECKUX HAYK, IOLEHT, 3aBe/Ly-
foriast kKadeapoil MPUPOIHBIX COCTUHEHUH, (hapMaIleBTHUECKON H MEAUIIUHCKON XuMuu Tom-
CKOTO rocyaapcTBeHHoro yausepcurera (Tomck, Poccus). E-mail: kurzina99@mail.ru

Bknao aemopos: éce agmopul coenanu IKGUEANEHMHbLIL 6KIAO 6 NOOZOMOGKY NYOIUKAYUU.
Aemoput 3as6na10m 06 omcymcmeuu KOHGIuKma unmepecoa.

Cmamows nocmynuaa 6 pedaxyuio 23.08.2025; npunsma x ny6auxayuu 03.12.2025
The article was submitted 23.08.2025; accepted for publication 03.12.2025

163



