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Abstract

This review considers the biological properties of nitrogen-containing
macrocyclic glycoluryl derivatives - cucurbit[n]urils (CB[n]). Currently,
the use of biomaterials that come into contact with the internal environ-
ment of the body is widespread in medicine. Of particular interest is the
possibility of giving biocompatible biomaterials new properties by im-
pregnating them with various chemical compounds, fine-tuning these
properties for each specific task. One example of such customization is
the use of cucurbit[n]urils. Cucurbit[n]urils are a class of macrocyclic
organic compounds that are hollow molecules in a “barrel” shape. Their
structure is formed from glycoluryl (a urea derivative) and formalde-
hyde linked into a cyclic framework. The cavity of cucurbit[n]urils is
hydrophobic and the entrances are hydrophilic, allowing them to “cap-
ture” and retain guest molecules. They are chemically stable, resistant
to acids and high temperatures, and able to select guest molecules based
on their size, shape and chemical nature. The presented review focuses
on the properties of cucurbit[n]urils, their biological activity, in vitro
and in vivo toxicity, their potential use in medicine as antidotes, for dis-
ease diagnosis, and targeted drug delivery. General information about
cucurbit[n]urils as a basis for creating biomaterials for medical pur-
poses and targeted drug delivery agents is considered. Generalized ex-
perimental data on the toxicity of cucurbit[n]urils both in vitro and in
vivo are overviewed.

Key findings
e CB[n] has moved from the category of laboratory innovations to the category of promis-
ing tools for nanomedicine.

e A thorough understanding of the structure-biocompatibility relationship allows for the
active design of safe and functional systems rather than passive observation of their
properties.

e The next decade will likely witness the first clinical trials based on CB[n], opening a
new chapter in supramolecular therapeutics, where control over molecular interactions
will be key to the development of future drugs.

© 2025, the Authors. This article is published in open access under the terms and conditions of the Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unre-

stricted reuse of the work in any medium provided the original work is properly cited.

1. Introduction

Modern medicine and pharmacology are on the threshold of
a paradigm shift driven by nanotechnology and, in particu-
lar, supramolecular chemistry. In the search for highly ef-

ficient and safe platforms for drug delivery, diagnostics, dates.
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and theranostics, the scientific community has turned its
attention to a class of macrocyclic compounds known for
their unique ability to selectively bind various molecules.
Among these, the cucurbit[n]urils (CB[n]) family stands out
as one of the most promising and multifunctional candi-
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CB[n] are rigid macrocyclic structures consisting of re-
peating glycoluril units linked by methylene bridges. Their
unique "barrel-shaped" architecture forms an internal hy-
drophobic cavity capable of accommodating various organic
molecules, ions, and gases, and two identical polarized por-
tals flanked by carbonyl groups. This determines their out-
standing properties as molecular hosts: high affinity for a
wide range of guests, stabilization of labile compounds, and
the ability to control chemical and biological processes at
the molecular level [1-3].

Initially studied in the context of fundamental supramo-
lecular chemistry, CB[n] quickly became the focus of bio-
medical researchers. CB[n] have demonstrated promising
potential for reducing side effects through encapsulation
and controlled release of active molecules and for detoxifi-
cation through selective binding and removal of toxic sub-
stances from the body. Furthermore, there is significant po-
tential for their use in increasing the solubility and biosta-
bility of hydrophobic and easily degradable drugs, as well
as for creating theranostic systems that combine diagnostic
and therapeutic modules in a single platform.

However, the path to clinical application of any new ma-
terial lies through a comprehensive study of its biocompat-
ibility—a complex characteristic reflecting the ability to in-
teract with living systems without causing adverse reac-
tions. For CB[n], this question is central and multifaceted.
Their potent interactions with biological targets not only
possess therapeutic potential but also pose as a potential
source of toxicity. Key aspects requiring in-depth analysis
include cytotoxicity, hemocompatibility, immunogenicity,
and pharmacokinetics. Moreover, the biocompatibility of
CB[n] is not universal; it depends on their structure. The
size of the molecule, determined by the number of repeat-
ing units n (from 5 to 10 or more), directly influences the
cavity size, the portal diameter, and, consequently, the
mechanism of interaction with biological membranes, pro-
teins, and nucleic acids. For example, while CB[7] exhibits
low acute toxicity and is rapidly eliminated via the kidneys,
larger homologues such as CB[8] may exhibit more pro-
nounced effects due to their stronger binding capacity [1,
2].

The aim of this review is to systematize and critically
analyze current scientific data on the biocompatibility of
the CB[n] family. This article will examine in detail the in-
fluence of CB[n] structural parameters on their toxicologi-
cal profile, mechanisms of interaction with cells and bio-
molecules, and functionalization strategies to minimize ad-
verse effects. Particular attention will be paid to the poten-
tial use of biocompatible CB[n] derivatives in the develop-
ment of new therapeutic and diagnostic agents, which de-
fines their role as key players in the medicine of the future.
The presented review of scientific articles on the biocom-
patibility of CB[n] covers the period from 2004 to 2024.
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2. CB[n] as a basis for the creation of bio-
materials for medical application

2.1 General information about representatives of
the CB[n] family

One of the most recognizable effects in supramolecular
chemistry is the macrocyclic host-guest interaction. One
such macrocyclic host, cyclodextrin, has a long history as
an excipient and solubilizing agent in pharmaceutical prac-
tice. The non-covalent interaction between host molecules,
such as cyclodextrin or CB[n], and small hydrophobic guest
molecules has also been used for cross-linking polymeric
precursors to produce supramolecular biomaterials. Poly-
mers commonly used as biomaterials, such as hyaluronic
acid and polyacrylamide, can be grafted with either a host
molecule or a complementary guest molecule to produce
cross-linked hydrogel materials when the host and guest
polymers are mixed, imparting self-healing and shear-thin-
ning properties to these materials.

The subject of the present review is the biocompatibility
of cucurbit[n]urils (CB[n)]). CB[n] are a family of macrocy-
clic molecules consisting of repeating glycoluril units linked
in pairs by methylene bridges (-CH,-) and the general mo-
lecular formula (C¢HgN4O;).. Currently known homologues
include cucurbit[5]uril (CB[5]), cucurbit[6]uril (CB[6]), cu-
curbit[7]uril (CB[7]), cucurbit[8]uril (CB[8]) and cucur-
bit[10]uril (CB[10]). A comparative analysis of the homo-
logues of the cucurbit[n]urils family is presented in Table
1, and the chemical structures of some homologues are
shown in Figure 1 [1,2].

Table 1 Comparative characteristics of homologues of the CB[n]
family [1,2].

Number Approximate Approximate
Homologous of links internal portal
(n) diameter (A) diameter (A)
CB[5] 5 ~2.4 A ~4.2 A
CBI[6] 6 ~3.9A ~5.8 A
CB[7] 7 ~5.4 & ~7.3A
CB[8] 8 ~6.9 A ~8.8A
CB[10] 10 ~10.5 A ~11.5 A

Figure 1 Molecular structures of some CB[n] homologues.
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CB[n] is a macrocyclic hexamer of glycoluril with a
methylene bridge. This molecule is named so because of its
external resemblance to pumpkin (Cucurbita) [1-3]. A rec-
ord-breaking binding affinity for guest molecules within its
hydrophobic cavity has also been discovered, thus opening
possibilities for using these compounds as containers [1].
Therefore, over the years, the fundamental properties of
CB[6]—high affinity, highly selective, and constrictive bind-
led to their application in
wastewater purification, as artificial enzymes, and as mo-
lecular switches (Figure 2) [4].

Cucurbit[n]urils have a strong tendency to coordinate

ing interactions—have

various particles, making thema convenient starting rea-
gent for the synthesis of supramolecular compounds. For
example, the portal oxygen atoms of CB[n] possesses an ex-
tremely high capacity for binding metal ions [1].

More recently, the CB[n] family has expanded to include
homologues (CB[5]-CB[10]), derivatives, and analogues.
Their sizes exceed the range of compound encapsulation
available for a-, B-, and y-cyclodextrins. Scientific findings
from fundamental research on non-covalent interactions
have practical significance in a wide range of applications,
including chromatographic stationary phases, isolation of
pollutants from solutions, development of catalysts, chem-
ical sensors, novel drugs, and medical biomaterials [1,4,5].

Among all CB[n], CB[5] has the smallest cavity volume,
and CB[10] has the largest cavity volume. One remarkable
feature of the CB[n] family is their thermal stability [1].
Thermogravimetric analysis measurements show that ther-
mal stability exceeds 370 °C in an inert atmosphere [6].
CB[6] and CB[8] have low solubility in pure water, but their
solubility increases in the presence of ammonium, alkali,
and alkaline earth metal ions due to complex formation be-
tween the metal and the carbonyl portals. CB[5] and CB[7]
have somewhat greater solubility in aqueous environments
than CB[6] and CB[8] [1,7].

Cucurbit[n]urils consist of n glycoluril units linked to
each other by methylene linkers [1]. The number of repeat-
ing glycoluril units determines the cavity size and the na-
ture of guest encapsulation [7]. CB[n] cavities are hydro-
phobic, while the portals with their carbonyl rims exhibit
dipolar properties [1,7].

The general scheme of synthesis and separation of CB[n]
homologues is presented in Figure 3 [1-3].
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Figure 2 Graphical representations of active supramolecular nan-
owires [5].
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CB[5] is the smallest homologue of the CB[n] family. It
is the least used due to its small cavity volume. The portal
diameter of CB[5] is 2.4 A with a cavity volume of 82 A3,
Although the portal opening is small, the cavity is rigid and
slightly larger in diameter than the portals; CB[5] encapsu-
lates only a few small guest molecules [8,9]. CB[5] binds
well with H*, alkali, alkaline earth metals, and ammonium
cations via portal interaction, as well as with some gas mol-
ecules (N,, O, N0, CO, CO,, some noble gases, etc.). Fur-
thermore, some solvent molecules (methanol and acetoni-
trile) can also be encapsulated within the CB[5] cavity
[4,7,10]. Since the structure of CB[5] is highly symmetric,
it is used as a building block for supramolecular systems.
CB[5] has also been used as a coating on Au surfaces and as
a binding agent to hold gold nanoparticles together due to
its portal interaction [1,6,11].

CB[6] is the most common representative of CB[n]. The
portal diameter of CB[6] is 3.9 A. Similar to CB[5], the CB[6]
portal readily binds H*, alkali and alkaline earth metals, as
well as transition metals and lanthanides in their cationic
forms. CB[6] also forms a stable complex with aliphatic
amines due to the presence of an induced partial negative
charge by the carbonyl oxygen atoms on each of the portals.
This leads to ion-dipole interactions, where protonated amines
tend to interact strongly with the portals [8].

CB[6] binds most strongly to pentane and hexane a,w-
functionalized diammonium ions. It also binds to guest mol-
ecules based on imidazolium [1,6,12]. However, the stabil-
ity of the diammonium guest bound in CB[6] is highly de-
pendent on the environment [13,14]. Stability in the solu-
tion phase is due to the combined effect of hydrogen bonds
from water molecules and ion-dipole interactions, but in
the gas phase only ion-dipole interaction exists. Thus, in the
gas phase, the guest must undergo a structural distortion
from its original conformation to achieve the ion-dipole in-
teraction, which is not required in the solution phase. The
overall binding affinity of CB[6] for protonated aliphatic
amines has led to the creation of various rotaxanes and
pseudorotaxanes, where alkylamines act as axles and CB[6]
acts as wheels [2,13].

CB[6] binds differently to catecholamines such as
adrenaline and isoprenaline. The crystal structure of the
CB[6]-adrenaline complex transforms from needle-like to
prismatic over several days.
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Figure 3 Scheme of synthesis and separation of CB[n] homologues
[1-3].
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The reason for the crystal structure transformation is
related to the kinetics and thermodynamics of the binding
process [1,7,14].

CB[6] is also known to modulate chemical reactions
within its cavities. There is a possibility of using an inclu-
sion complex of halogen, such as I,-CB[6], for catalytic re-
actions and bromination of benzene, and formation of bro-
mohydrin using the Br,-CB[6] complex. This complex can
facilitate the electrophilic bromination of benzene [1,2,15].

CB[7] is the third member of the CB[n] family with a
larger cavity size than CB[5] and CB[6]. Therefore, it is ca-
pable of binding larger guest molecules. CB[7] has a portal
diameter of 5.4 A and a cavity diameter of 7.3 A, resulting
in a volume of 279 A3. The internal cavity volume is large
enough to accommodate three-dimensional molecules such
as ferrocene, bicyclooctanes, naphthalene, stilbene, vio-
logen, o-carborane, cobaltocenium, and adamantylamine
derivatives with very high binding constants (logK > 12).
The high-energy expulsion of water molecules acts as part
of the driving force for the high binding values of CB[7]
[15,16].

A feature that makes CB[7] widely used as a host mole-
cule in CB[n] chemistry is its solubility in water compared
to other family members [15]. CB[7] exhibits a solubility in
water of 30 mM compared to the 0.01 mM solubility of
CB[8] in water. Solubility combined with the large cavity
size makes CB[7] one of the widely used host molecules
among the CB[n] family [17]. Solubility factors also play a
role in biological applications, such as drug encapsulation
and enhanced solubility of water-insoluble drugs. CB[7]
binds to metal complexes and metal complex-based prepa-
rations. For example, cytotoxic platinum-based drugs en-
capsulated in CB[7] have potential for cancer treatment
with reduced toxicity [17-19], Figure 3.

The application of CB[7] in biomedical research is not
limited to drug delivery alone. The solubility of CB[7] at ther-
apeutic levels has pushed the use of this host molecule into
various toxicological studies—from in vitro studies to in vivo
studies in mice and zebrafish [20,21]. CB[7] has also found
unique applications in areas such as supramolecular energy
transfer, catalysis, and underwater adhesives.

CB[7] can also be used in capillary electrophoresis as a
stationary phase for the separation of positional isomers
[3]. CB[8] has a cavity volume of 479 A3, which is 1.7 times
larger than that of CB[7].

nOn
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Figure 4 Schematic illustration of the formation and stabilization
of well-dispersed AgNPs [19].
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The large cavity facilitates the encapsulation of am-
phiphilic positively charged guest molecules, including fer-
rocene and adamantamine. CB[8] binds molecules such as
cyclen and cyclam, thus forming a complex of one macrocy-
cle inside another [16]. CB[8] also has the ability to bind
larger molecules such as fullerene. In this case, it forms a
complex with two fullerene molecules, each bound exter-
nally to the portals of CB[8] [22].

Long-chain alkylammonium salts carrying long aliphatic
chains bind inside the CB[8] cavity in a U-shaped confor-
mation. This structural form was confirmed by H NMR
studies, which clearly showed that the methylene protons
in the long chain are bound within the cavity [22].

CB[8] exhibits the unique ability to bind two aryl guest
molecules within its large cavity. There are a number of
compounds that demonstrate double encapsulation within
the CB[8] cavity, such as naphthyl derivatives, coumarin,
N-phenylpiperazine,
salts, anthracene derivatives, berberine, neutral red, 9-
aminoacridinium, p-methylaminobenzonitrile, phenylpyri-
dinium derivatives, and some peptides containing trypto-
phan and phenylalanine residues [14,17].

Macrocyclic systems derived from glycoluril and its de-
rivatives, such as CB[n] and bambusuril, serve as ideal

9-aminoacridinium, bipyridinium

starting reagents for the surface modification of porous ma-
terials. CB[n] demonstrate an excellent ability to form host-
guest complexes with cationic molecules and boast a wider
range of molecular cavity sizes [77]. CB[n] exhibits an inher-
ent ability to selectively accept various organic guest mole-
cules through a range of interaction mechanisms, including
hydrophobic interactions, hydrogen bonds, van der Waals
forces, nm—-n stacking, and ion-dipole effects, leading to the
formation of inclusion complexes [27-30].

Unlike many other macrocyclic carriers, CB[n] pos-
sesses an exceptionally rigid structure, making the deter-
mination of cavity parameters particularly interesting. For
example, all variants of CB[n] (n = 5-8 and 10) have the
same height (d = 9.1 A), but differ significantly in the cavity
width. CB[5] has an inner diameter of 4.4 A, while CB[8]
has twice that at 8.8 A [31]. This feature allows for the ac-
commodation of drug molecules of different sizes within
the CB[n] cavity, thereby expanding the possibilities of
their application in various fields. Antitumor, antibacterial,
anticholinergic drugs, antioxidants, neurotransmitters,
cholinesterase reactivators, and other compounds can be
encapsulated in the CB[n] cavity [32]. Utilizing these prop-
erties allows researchers to impart various necessary char-
acteristics to materials. Currently, methods for modifying
the surface of porous materials by impregnation with bio-
logically active compounds, including macromolecular
ones, are widely used in various fields [32]. These tech-
niques allow for precise control over the release kinetics of
antibiotics, pharmaceuticals, biologically active substances,
and cells, opening broad possibilities for personalized ther-
apeutic intervention and biomedical applications [23].
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CB[10] is a homologue that represents an inclusion com-
plex encapsulating CB[5] inside. CB[10] has the largest cav-
ity among the CB[n] family members, with an estimated
cavity volume of 870 A3. During encapsulation, a significant
change in the shape of the CB[10] cavity occurred. The ob-
served cavity shape was elliptical. This demonstrated the
flexibility of CB[10] to accommodate guests without alter-
ing their photophysical and electrochemical properties
[331].

2.2 Application of CB[n] in medicine and biology

Despite the large amount of data available on CB[n], their
biocompatibility is insufficiently studied [10]. A compre-
hensive assessment of their various types of toxicity is nec-
essary for risk analysis of the application of these com-
pounds as pharmaceuticals. Their peculiar structure makes
them ideal candidates for performing supramolecular func-
tions such as catalysis, molecular and biomolecular recog-
nition, sensing, self-assembly, and threading to form inter-
penetrating architectures. Due to their synthetic versatility,
CB[n] are useful platforms for designing more complex
structures for the self-assembly of supramolecular polymers
and applications in biomimetic chemistry [34,35].

For example, it is possible to create special structures
based on CB[n] - so-called water-soluble molecular twee-
zers (MT) [4]. These structures are capable of forming com-
plexes with the cationic side chains of lysine and arginine
within their cavities. Complex formation is driven by sec-
ondary interactions between the cationic parts and the elec-
tron-rich aromatic cavity of the MT. In this process, toxic
protein aggregates are dissolved and redirected into amor-
phous, benign aggregates. Thus, MTs can be considered
promising candidates for therapy in the early stages of neu-
rodegenerative diseases [34,36].

Cucurbit[n]urils are ideal candidates for applications in
medicinal chemistry and chemical biology due to their low
toxicity and host-guest properties. In particular, CB[n] are
capable of encapsulating drugs for their targeted delivery
and controlled release [10].

The constant search for new biomedical applications has
led to the creation of metal-calix[4]arene complexes capa-
ble of inhibiting the growth of bacteria, fungi, and cancer
tumor cells. In this case, the biological activity is attributed
more to the inorganic ions than to the calixarene ligand
[16,34].

2.3 Targeted drug delivery

Creating a "magic bullet" that can specifically target a dis-
eased cell and selectively deliver a therapeutic agent is a
very complex challenge. Recently, researchers have focused
their efforts on creating new systems based on CB[n] that
can deliver drugs to the target site. Targeting can be
achieved by appropriate functionalization of the carrier
system with functional groups that are recognized by spe-
cific receptors present on the cell surface [3,10].
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The incorporation of these functional groups into the
system can be achieved by covalent or non-covalent attach-
ment of such groups to the self-assembling delivery carrier
[38]. A promising example is the synthesis of a functional-
ized CB[6] derivative that assembles into vesicles [3]. The
vesicle surface can be altered through non-covalent inter-
actions of labeled alkylammonium guests with the free cav-
ities of CB[6] [10]. When the vesicle surface is modified
with a thiourea conjugate of a-mannose-spermidine and
mixed with a solution containing concanavalin A (ConA),
immediate aggregation with the lectin, which exhibits spec-
ificity for a-mannose, is observed. When a galactose deriv-
ative is used instead of mannose, no aggregation is ob-
served [7].

The resulting system could potentially be applied to dis-
eases where mannose receptors are overexpressed. Func-
tionalized CB[6] was also used to produce nanoparticles
loaded with Nile Red (NR, as a model hydrophobic drug)
and modified with folic acid conjugated to spermidine [3].

The folic acid-enriched system showed efficient uptake
of the dye by HeLa cells, whose surface has overexpressed
folate receptors. A negative control with nanoparticles lack-
ing folic acid resulted in no or minimal dye uptake. After
endocytosis, Nile Red is released, which can be detected by
confocal laser scanning microscopy. Galactose-functional-
ized CB[6] can also be used to demonstrate receptor-medi-
ated galactose endocytosis in hepatocellular carcinoma
HepG2 cells [3].

Functionalized precursor method

‘J Direct functionalization method i l

[
I_‘
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X+1 method 1

Figure 5 Schematic representation of three main strategies for
the synthesis of functionalized CB[n] [3, 32].
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Figure 6 Schematic illustration of supramolecular homing of
guest-attached small molecules based on affinity for locally ap-
plied host macrocycles [37].
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The same CB[6]-galactose conjugate was used for the
non-covalent encapsulation of dextran-spermine conju-
gates into asialoglycoprotein receptor (ASGPR)-containing
hepatocytes. This model was also employed to demonstrate
the viability of a non-toxic and biocompatible receptor-me-
diated gene delivery system [3]. A polymer nanocapsule
consisting of CB[6] with a disulfide bridge was. Treatment
with dithiothreitol cleaves the disulfide bond and ruptures
the nanocapsule, releasing the pre-loaded dye [3]. The po-
tential application of this system for targeted drug delivery
was illustrated by encapsulating a galactose-spermidine
conjugate within the CB[n] cavity and presenting the galac-
tose fragment on the surface of the nanocapsules. Carbox-
yfluorescein was used as an imaging probe. After incuba-
tion with hepatocellular carcinoma HepG2 cells, a change
in fluorescence inside the cells was observed, indicating
cellular uptake of the entire system [3]. Controlled targeted
release of doxorubicin in vitro in HelLa cells was reported
based on the same principle [39].

The stability of such a system in biological media was
demonstrated both in vitro and in vivo. Recently, a CB[7]-
PEG copolymer was developed as a drug carrier [38, 40],
Figure 7. The CB[7] cavity is capable of encapsulating the
anticancer drug oxaliplatin. The resulting supramolecular
polymer material exhibited low cytotoxicity towards nor-
mal cells. However, the cytotoxicity of the encapsulated ox-
aliplatin was restored in cancer cells. The release of the an-
ticancer drug is associated with the high concentration of
spermine in cancer cells, which acts as a competitive guest.
Thus, spermine specifically triggers the release of the com-
plexed drug [41].

Another model of an antitumor agent is trimetazidine.
This drug is highly toxic by nature and non-specifically af-
fects both tumor and normal cells. When encapsulated in
CB[7], the cytotoxicity of trimetazidine towards normal
cells was significantly reduced. However, for tumor cells,
the overexpressed spermine displaces the encapsulated
trimetazidine from the complex, thereby allowing the res-
toration of its cytotoxicity towards tumor cells [42].

2.4 Complex Formation Involving CB[n]

CB[n] can form complexes with various molecules. Among
these molecules can be drugs, pharmaceutical agents, and
other biologically active molecules. Drug molecules that
have been studied to date for their complexation with CB[n]
include antitumor, antipathogenic, antagonistic agents, vit-
amins, hormones, enzyme inhibitors, neurotransmitters,
neuromuscular blockers, antituberculosis agents, local an-
esthetics, and others [15, 38-42], Figure 8.

Sanguinarine, which possesses antioxidant, antitumor,
antibacterial, and anti-inflammatory properties, forms a
stable complex with CB[7]. Furthermore, sanguinarine in
the complex was stabilized against photoirradiation com-
pared to the free drug [43].

CB[7] forms a stable host-guest complex with berberine,
an antimicrobial agent. The binding can be monitored by
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the change in berberine fluorescence upon complexation.
The fluorescence of berberine was enhanced 500-fold upon
complexation with CB[7]. In CB[8], unlike CB[7], two units
of berberine can be encapsulated [43]. The antimicrobial
alkaloid coptisine also forms complexes with CB[n], which
is also reflected in fluorescence changes [44]. CB[7] binds
to isoquinoline alkaloids, namely palmatine and dehydroco-
rydaline, with binding affinities of 2.4-10° and 3.2-10* M7},
respectively [44]. A sharp fluorescence enhancement upon
complexation with CB[7] can be observed with the naked
eye [45].

Mitoxantrone, an anthracenedione antitumor agent
used to treat certain cancers, forms a 2:1 host-guest com-
plex with CB[8]. Complexation increases the uptake of mi-
toxantrone by mouse breast tumor cells and reduces its tox-
icity [46].

Encapsulation of an anticancer platinum drug was also
reported [19]. Oxaliplatin forms a 1:1 inclusion complex
with CB[7]
2.3-10° M~L. Complexation within the CB[7] cavity leads to
increased stability of the complex [19]. The CB[7]-
oxaliplatin complex exhibited jointly enhanced antitumor
activity compared to oxaliplatin alone [41].

Phenanthriplatin, an anticancer drug, also forms com-

in aqueous solution with a Ka value of

plexes with CB[7] [4,41]. CB[7] accommodates one mole-
cule of phenanthriplatin, whereas the larger cavity of CB[8]
can simultaneously bind two molecules. Release of phenan-
thriplatin can be achieved by the addition of cations
[34,361.
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Figure 7 Schematic illustration of the chemical structure of
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NMR studies show that cisplatin forms an inclusion
complex with CB[7], while cis-[PtCI(NH3),(H,0)]* binds
only to the portals [18].

Formation of a 1:1 CB[7]-riboflavin complex in aqueous
solution (Ka = 1.25-10* M™!) was reported [47]. Coumarin,
an anticoagulant, was found to form stable inclusion com-
plexes with CB[7] and CB[8] in aqueous solution [21,46].
Thus, it can be concluded that CB[n] have high complex-
forming activity. Furthermore, complex formation can rad-
ically alter the properties of the original compounds.

To shift the dynamic chemical equilibrium towards the
bound drug in solution, it is necessary to adjust the host
concentration so that the drug substances are predomi-
nantly present in their complexed forms [48]. The affinity
of CB[n] for guest binding is exceptionally high, facilitating
the preparation of solutions containing the complexed drug
even at relatively low (excess) concentrations of CB[n]
[49].

The simplest, safest, most convenient, and most com-
mon route of drug administration is oral. Thus, the devel-
opment and production of CB-drug complexes in tablet form
is essential [10,49,53]. These tablets cannot be made solely
from CB-drug complexes, but several pharmaceutical adju-
vants must be included in the formulation [48,50,51].

The compatibility of CB[6] with other excipients was
confirmed by various methods. CB[6] in a dosage form con-
taining hydroxypropyl methylcellulose (HPMC) and sodium
carboxymethyl cellulose (NaCMC) was successfully used as
an intranasal drug form. The use of CB[7] in the dosage
form was found to have an additional advantage: CB[7] pre-
vents the mutual conversion of crystalline drug polymorphs
and allows them to retain an amorphous structure in the
resulting complex [47,49]. It should also be noted that
CB[7] does not affect the surface area and pore size distri-
bution, which is useful for processing and determining re-
liable composition [51,52].

Recently, a so-called "Trojan antibiotic" was created
from a host-guest complex of CB[7] and a bolalipid with gly-
cosylamine headgroups at both ends. Similar to a bacterial
wall, this supramolecular ensemble has a surface entirely
modified with sugar-like components. This Trojan antibi-
otic is harmless to a wide range of bacteria under weak al-
kaline conditions in daylight. But at pH 4.0 and under UV
irradiation at 365 nm, it becomes a powerful bactericide
against both Gram-positive and Gram-negative flora. The
MICsq of the Trojan antibiotic is 10 times lower than that of
conventional drugs [4].

2.5 Application of CB[n] for disease diagnosis

REVIEW

coated onto a solid Sepharose resin to separate proteins
(human growth hormone and native insulin) in complex
mixtures [4,42].

Gene therapy is a method of delivering genetic material
into specific cells of patients to treat genetic diseases. It has
attracted widespread attention due to its superior thera-
peutic effect on Parkinson's disease, severe combined im-
munodeficiency, and other genetic diseases. The improve-
ment of gene delivery technology has long been a focus.
When CB[n] connects to a DNA strand, the presence of
CB[n] can lead to the loss of activity of some targets,
thereby disrupting normal physiological activity. Stimulat-
ing the release of DNA from the CB[n] cavity under specific
conditions and at the right time to restore activity is called
a controlled drug release strategy. Zhou et al. connected
CB[7] to 5-formylcytosine (5fC) sites on DNA, masking the
presence of 5fC. Thus, supramolecular active reactive
probes (SARPs) cannot digest them. However, when 5fC
was replaced by amantadine in CB[7], it reverted to its origi-
nal properties, allowing the DNA strand to be digested by
SARP. Researchers have also combined photostimulation with
DNA delivery. Du et al. modified DNA-loaded polyethylenimine
(PEI) by attaching it to CB[7], and CB[7] was also attached to
a metal sphere capable of responding to light [21].

The photothermal capability of the metal sphere upon
light exposure makes it easier to penetrate the cell and re-
lease its DNA, increasing the DNA transfection rate. Fur-
thermore, targeted delivery of gene delivery vectors has
been shown to be possible through modification of CB[n]—
a process similar to the targeted drug delivery process de-
scribed above. Many existing gene delivery methods have
drawbacks. Polyethylenimine (PEI) is recognized as a vec-
tor with good gene delivery efficiency, but it was shown to
possess a certain degree of cytotoxicity [21]. Additionally,
since polycationic gene vectors are generally prone to he-
molysis, the hemolysis of the PEI/CB[7] vector was also ex-
amined. Thus, the intervention of CB[7] can help reduce the
side effects of PEI, and this does not affect the efficiency of
gene delivery (Figure 9). Therefore, CB[n] have potential
significance for improving gene transfection efficiency and
enabling targeted gene therapy, representing a novel
method in this regard.

2.6 Toxicity of CB[n] in vitro

CB[n] bind well to amino acids, peptides, proteins, biomol-
ecules (e.g., neurotransmitters), and dyes, indicating ap-
plicability for extremely precise biosensing applications at
sub-nanomolar concentrations [4,16,54].

The sequence recognition property of CB[7] can be
transferred from recognition applications to separation ap-
plications. For example, monofunctionalized CB[7] was
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Any potential biological or medical application depends on
the cytotoxicity and biocompatibility of the substances
used. A comprehensive assessment of selective toxicity is
necessary to analyze its hazard as a pharmaceutical. One
property of pharmaceutical substances is hematotoxicity -
a type of selective damage to the function of blood cells or
their cellular components. The most significant functions of
blood cells are oxygen transport, hemostasis, and providing
immunity. Hemolysis of erythrocytes occurs due to their
dysfunction, cell death through direct damage to the cell's
cytoplasmic membrane, or induction of cellular apoptosis
as a manifestation of hematotoxicity.
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Apoptosis is the process of programmed cell death. Na-
noparticles can exert toxic effects on cells. Nanoparticles
are capable of inducing apoptosis through various mecha-
nisms, such as activation of mitochondrial pathways, en-
hanced expression of caspases-3, -8, and -9, as well as
other signaling pathways. CB[7] can induce apoptosis in
human keratinocyte HaCaT cells and the HepG2 cell line
via activation of the caspase pathway [56,57]. The number
of apoptotic cells depends on the concentration of CB[7].
A high concentration of CB[7] causes apoptosis in more
than 50% of cells. It can be noted that CB[n] can increase
the level of early apoptosis associated with the appearance
of phosphatidylserine on the cell surface. Even in this
case, the integrity of the cell membrane was not compro-
mised [58].

Very good biocompatibility of CB[5] and CB[6] was
demonstrated. The viability of HaCaT keratinocytes after
incubation with these compounds did not change even at
concentrations up to 15 mg/mL for CB[6]. Furthermore, no
hemolytic effect on erythrocytes was observed after incu-
bation with CB[6], unlike the structural analogues cy-
clodextrins.

However, CB[7] exhibited significant cytotoxic effects
on HaCaT keratinocytes and caused apoptotic cell death. In
accordance with these findings, CB[5] and CB[6] may be
useful in the biomedical field as drug delivery systems due
to their good biocompatibility combined with excellent
host-guest complexation properties [57,59].

Hemolysis with albumin is associated not so much with
the toxic effect of the CB[n] themselves, but with the medi-
ated interaction of CB[n] with components of the medium.
CB[7] is capable of forming complexes with amino acids,
peptides, and proteins. For example, CB[7] and CB[8] can
bind to albumin. CB[7] at the used concentration interacts
with amino acid residues of albumin and possibly enhances
its delivery to erythrocytes, which may cause cell death.
Possibly, the enhancement of hemolysis in the presence of
CB[7] requires further study. Since the effect was not de-
tected in serum containing equivalent concentrations of al-
bumin, it is possible that a similar result will be observed
only in experimental in vitro studies. It should be noted that
at concentrations from 2 mM to 0.01 mM, CB[n] appears to
be safe for these cells at concentrations up to 0.3 mM. Con-
centrations of CB[n] above 0.3 mM may not be required for
drug delivery systems. The absence of such an effect for
CB[6] may be due to the fact that CB[6] (unlike other CB[n])
has a small cavity and different chemical and biological
properties for effective binding with biologically active
molecules. Thus, CB[n] do not directly damage cells but may
affect components of the cellular microenvironment
[56,58].

CB[n] have great potential for future biomedical appli-
cations due to their specific complex-forming properties.
This requires excellent biocompatibility, which is insuffi-
ciently studied. To date, little is known about the cytotoxic
properties of CB[n], particularly on human keratinocytes.
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Another study describes the cytotoxicity of CB[n] for
the HaCaT cell line. The viability and proliferation of Ha-
CaT keratinocytes incubated for 24 h with increasing
concentrations of CB[5], CB[6], and CB[7] were deter-
mined by cellular ATP content. A dose-dependent de-
crease in cell viability was observed. The cytotoxicity of
CB[n] appears to be structure-dependent. CB[6] had lit-
tle effect on cell viability even at concentrations up to 30
mg/mL (ICso not determined). Incubation with CB[7] led
to a cytotoxic effect on HaCaT keratinocytes after 24 h of
incubation at concentrations of 3.75 mg/mL with a cal-
culated ICs, value of 3.5 mg/mL. The following order of
cell compatibility was observed: CB[6] > CB[5] > CB[7]
[22,41,42]. Nevertheless, it can be assumed that the bio-
logical property of CB[n] can be altered through com-
plexation with other molecules.

Thus, comprehensive research on the specific applica-
tion of complex agents based on CB[n] is of great im-
portance [63-65].

Macrocyclic compounds are often preferred over alter-
native drug delivery systems such as dendrimers, lipo-
somes, micelles, carbon nanotubes, hydrogels, and poly-
mers [66]. This preference is due to a number of advantages
they possess. Macrocyclic compounds generally exhibit in-
creased stability and allow for control over drug release
rates [67,68].

According to the literature, all CB[n] exhibits low tox-
icity towards various cell types [65]. Studies have shown
that CB[n] does not cause hemolysis even at high concen-
trations (1 mM) under phosphate-buffered saline (PBS) con-
ditions.

Nevertheless, it was demonstrated that CB[n] has the
ability to increase the level of early apoptosis, which is as-
sociated with the presence of phosphatidylserine on the cell
surface. Notably, even under these conditions, the integrity
of the cell membrane was not compromised. Furthermore,
CB[7] caused hemolysis in the presence of albumin, alt-
hough not under PBS conditions, except for CB[7] at a con-
centration of 2 mM. It is worth noting that CB[7], along
with other homologues (except CB[5] and CB[6]), possesses
the ability to bind cholesterol molecules. Thus, the hemo-
lytic impact induced by CB[n] may be a mirror reflection of
the effects observed with cyclodextrins [66].

Cucurbit[7]uril  Polyethyleneimine Plasmid DNA PEI/CB[7)/pDNA
(CB[7]) (PEI) Complex
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Figure 9 Use of CB[7] for gene delivery [21].
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Hemolysis in the presence of an albumin medium is pri-
marily explained not by the direct toxic action of the CB[n]
themselves, but by the indirect interaction of CB[n] with
components of the medium. It has been established that
CB[7] has the ability to form complexes with amino acids,
peptides, and proteins [67]. However, due to its lower sol-
ubility, CB[8] was used at lower concentrations compared
to CB[7]. Consequently, CB[7] at this concentration may in-
teract with amino acid residues in albumin. Presumably,
this interaction facilitates the delivery of CB[7] to erythro-
cytes, leading to cell death. The increased hemolytic activity
observed in the presence of CB[7] requires further study.
Notably, this effect was not manifested in serum with an
equivalent albumin concentration, suggesting that a similar
result may only appear under experimental in vitro condi-
tions.

It should be noted that in previous studies [56], concen-
trations of CB[n] in the range from 2 to 0.01 mM were used,
with CB[n] being well tolerated by cells at concentrations
up to 0.3 mM. Concentrations exceeding 0.3 mM may not
be required for drug delivery systems. The absence of such
an effect for CB[6] is likely due to its smaller cavity size and
distinctive chemical and biological properties, allowing for
effective binding with biologically active molecules in the
experimental medium [56].

Thus, the use of nitrogen-containing macrocyclic com-
pounds for the surface modification of porous materials pur-
sues two main goals: enhancing biocompatibility and creating
medical biomaterials with the capability for controlled drug
release. Therefore, CB[n] become unique and intriguing mole-
cules for creating biocompatible materials that find multifac-
eted applications in various fields. Continued research in this
area may lead to a further expansion of their horizons of use
and the discovery of new breakthroughs.

2.7 Toxicity of CB[n] in vivo

The safe dose of CB[n] for animals depends on the size and
type of CB[n] and the method of its administration. The
lowest maximum tolerated dose of CB[7] is 250 mg/kg
when administered by injection. Assuming a human weight
of 75 kg, this corresponds to a concentration of approxi-
mately 3.2 mM. To put the CB[n] toxicity results into per-
spective, they are compared with the known safe macrocy-
cle, B-cyclodextrin, which has no neuro-, myo-, or cardio-
toxic side effects [66]. For example (see Figure 10), CB[7]
is administered orally after ingestion of PQ. In the stomach
or intestines, PQ retains CB[7], preventing further intesti-
nal damage and reducing PQ absorption and distribution in
tissues. Most of the pesticide is excreted from the body as
PQ-CB[7] complexes [21].

Regarding compounds and nanomaterials based on
CB[n], recent demonstrations have shown the non-toxicity
of CB[n] molecules with median effective dose (EDsg) levels
greater than 100 pM against human lung and ovarian can-
cer cells [3].
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Viability testing of CB[7] in vitro using the MTT assay
on CHO-K1 cells showed no significant cytotoxicity up to 1
mM at an incubation time of 3 hours; after 48 h of incuba-
tion, an ICsq value of 0.53 mM was determined [68].

Due to the low solubility of CB[8], precise determination
of its toxicity level is difficult. However, 20 pM CB[8]
caused a slight decrease in cell viability (86%) after 48
hours of incubation. A single oral dose of CB[7] and CB[8]
as a mixture in equal proportions showed no toxicity up to
600 mg/kg [68]. CB[5] and CB[7] were also tested for tox-
icity and biological activity. They were found to be non-
toxic within the desired concentration range [59].

As a model for studying the neurotoxicity of macrocy-
cles, the unmyelinated mouse sciatic nerve preparation was
chosen. The process of removing the sheath involved care-
ful removal of the outer epineurial tissue surrounding the
nerve, allowing the macrocycles direct access to the nerve
cells [42,69].

Neurotoxicity is one of the major dose-limiting side ef-
fects of cisplatin. Studies have shown that cisplatin mainly
accumulates in the dorsal root ganglion (DRG) neurons and
predominantly causes sensory neuropathy, characterized by
severe loss of proprioception (body movement), tingling sen-
sation, and numbness of the feet [18], Figure 11.

The effect of CB[7] on the neurotoxicity of cisplatin was
investigated by analyzing and comparing the effect of 1 mM
cisplatin and cisplatin-CB[7] on the nCAP amplitude. The
results show that there is no statistical difference in the
neurotoxicity of cisplatin compared to cisplatin-CB[7].

After 80 min, cisplatin reduced the nCAP amplitude by
13 + 4.7%, indicating some neurotoxicity, but not at the
level typically observed clinically.
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Figure 10 Proposed function of CB[7] as a treatment for paraquat
(PQ) pesticide poisoning.
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Figure 11 Schematic showing the reduction in neurotoxicity of pen-
tylenetetrazole (PTZ) by CB[7] administration to mice [21].
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The reason for the lower toxicity is most likely that the
sciatic nerve consists mainly of neuronal axons with fewer
DRGs, which are predominantly located in the spinal cord.
Therefore, the slight neurotoxicity caused by cisplatin in
this experiment is due to small amounts of DRG. The results
for cisplatin-CB[7] are similar to those for free cisplatin,
with a reduction in nCAP amplitude of 22.7 + 6.6%. Thus,
the results show that CB[7] does not have a neuroprotective
effect on cisplatin [18].

The myotoxic activity of macrocycles was investigated
on the isolated chick biventer cervicis neuromuscular tissue
preparation. Under ex vivo conditions, the muscle can be
made to contract through chemical or electrical stimula-
tion. For chemical stimulation, the addition of exogenous
acetylcholine (ACh) or KClI leads to muscle contraction. ACh
acts by binding to nicotinic receptors located on the muscle
membrane, causing depolarization followed by contraction
(postsynaptic effect). Potassium chloride causes depolari-
zation of the muscle membrane, leading to the release of
calcium into the synaptic cleft (the area between the nerve
and muscle). Calcium then binds to neuronal receptors,
leading to the release of ACh from the neuron, ultimately
causing muscle contraction (presynaptic effect) [18].

Baseline results for muscle contraction strength were
determined using both electrical and chemical stimulation.
The neuromuscular tissue was then exposed to macrocy-
cles, and after two hours the muscle contraction strength
was determined again. Macrocycles are myotoxic if they
demonstrate a statistically significant increase or decrease
in muscle contraction strength compared to baseline re-
sults. An increase in contraction strength due to exogenous
ACh indicates that the test compound may have an anticho-
linesterase effect; cholinesterase is an enzyme located in
the synaptic cleft that terminates signal transmission by
breaking down acetylcholine activity, thereby prolonging
the enhancing effect of ACh. Increasing the lifetime of ACh
would synergistically enhance and prolong the response to
KCl [18,21,59].

Overall, the greatest myotoxic effect was observed upon
exposure of the neuromuscular system to CB[7]. A signifi-
cant reduction in activity is evident for KCl (p = 0.05) and
electrical stimulation (p = 0.01); this indicates that CB[7]
may bind to and block the nicotinic receptors of the
postsynaptic muscle, thereby impeding the depolarization
capacity of the membrane. A slight reduction in twitches
upon electrical stimulation is also observed after exposure
to CB[6] (p = 0.3), although this reduction is significantly
smaller in magnitude compared to CB[7]. Given that -
cyclodextrin also leads to a reduction in electrically stimu-
lated contraction (p = 0.9) and that it is not a known myo-
toxic compound, the results may indicate that the electrical
stimulation results for CB[6] and CB[7] are statistically re-
duced. However, this may not lead to toxicity in vivo
[42,68,69].

The effect of CB[7] on the myotoxicity of cisplatin was
investigated by analyzing and comparing the effect of
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cisplatin and cisplatin-CB[7] on the response of neuromus-
cular chemical and electrical stimulation.

The results show that cisplatin induces significant myo-
toxic activity when measured using both chemical and elec-
trical stimulation. Free cisplatin increased the strength of
neuromuscular contraction to ACh and KCI by (96 £ 32%,
p = 0.005) and (121 + 3%, p = 0.001) respectively, and re-
duced the strength of its electrically stimulated contraction
by 96 + 4% (p = 0.001), which is consistent with the pe-
ripheral neuropathy known to occur with cisplatin chemo-
therapy. The results also suggest that cisplatin may possess
anticholinesterase activity, as shown in previous studies,
and that this may also partially contribute to the neurotoxic
side effects of cisplatin. CB[7] exhibited a myoprotective ef-
fect, as cisplatin-CB[7] reduced electrically stimulated mus-
cle contraction by only 36 + 12% (p = 0.04); this is a 60%
reduction in the myotoxic activity of free cisplatin [18].

As a model for studying the cardiotoxic activity of mac-
rocycles, rat atria were used. In untreated atria (control),
the results show that by the end of the experiment the left
atrium was more stable than the right, as no changes were
observed in either its rate or strength of contraction. In con-
trast, after two hours, the rate and strength of contraction
of the right atrium increased by 8 + 1% and 16 + 1.9%, re-
spectively.

All macrocycles caused more significant changes in con-
traction strength compared to contraction rate. Changes in
contraction strength are observed within the first 15-
30 min after macrocycle exposure, whereas a longer period
of time (30-45 min) is required for a change in contraction
rate.

A few clinical studies have reported cardiotoxic effects
of cisplatin. Toxicity manifests as atrial or ventricular ar-
rhythmias, tachycardia, bradycardia, and conduction disor-
ders. Most of these heart problems are reported to be clini-
cally asymptomatic and occur within hours of drug infusion
[18].

The protective effect of CB[7] on the cardiotoxic activity
of cisplatin was investigated using free cisplatin and cispla-
tin-CB[7] in the unstimulated right atrium. The right
atrium was chosen for this study because cisplatin did not
exhibit cardiotoxic activity in the left atrium.

The results show that cisplatin induced cardiotoxic ac-
tivity, reducing both the rate and strength of contraction by
68.8 + 8.4% (p = 0.07) and 53.7 £ 17.0% (p = 0.2) respec-
tively. Furthermore, cisplatin caused a gradual and sharp
increase in atrial contraction strength by 250% within the
first 60 min, after which it decreased by 54% by the end of
the experiment. Upon encapsulation by CB[7], the cardio-
toxic activity of cisplatin was significantly reduced; cispla-
tin-CB[7] caused only an 11 + 5.6% (p = 0.2) reduction in
atrial contraction rate and increased contraction strength
by only 27 % + 18.0 (p = 0.2). In addition to reducing the
magnitude of the change in contraction rate, CB[7] also sta-
bilized the contraction strength compared to free cisplatin.
After 60 min, contraction strength increased by only
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27 + 18.0% and remained at this level throughout the ex-
periment [66].

All CB[n] did not exhibit neurotoxic activity during the
test period, as there was no statistically measurable differ-
ence between the nCAP changes caused by CB[n] compared
to changes caused by B-cyclodextrin or control. In the myo-
toxicity study, CB[7] demonstrated the greatest myotoxic
activity, causing the greatest reduction in electrically stim-
ulated neuromuscular contractions, while Motor2 and f-
cyclodextrin exhibited the least myotoxic activity [66]. All
the macrocycles exhibited cardiotoxic activity by preferen-
tially reducing atrial contraction strength compared to the
change in its contraction rate, with Motor2 being the most
cardiotoxic [18,21].

The effect of drug encapsulation by CB[7] on these spe-
cific tissue toxicities was tested using the platinum-based
anticancer drug cisplatin. While free cisplatin exhibited
toxicity towards all three tissue types, upon encapsulation
by CB[7], the extent of its myo- and cardiotoxic activity was
significantly reduced, while no statistical changes in tox-
icity were observed in neurotoxicity studies [18,70,71].
Overall, although some toxicity of macrocycles towards
myo- and cardiomyocytes was observed, these experiments
represent very high doses with direct access to tissues. In
clinical settings for humans, the dose used would be 2-10
times lower. For example, when used as a protective agent
for cisplatin, the actual dose of CB[7] would be from 80 to
160 uM (assuming a cisplatin dose of 60 to 120 mg/m?). is
excreted through the kidneys, and the dose to which nerves,
muscles, and the heart are exposed would be significantly
lower still. However, the results require further study of
CB[n] toxicity to establish their safety [18].

As follows from the data indicated in [50], the effect of
intravenous administration was investigated only for CB[7]
due to the limited solubility and lack of a noticeable cyto-
toxic effect of the larger homologue CB[8]. In particular,
the effect of a single intravenous dose of CB[7] on mouse
body weight at doses up to 300 mg kg™! was investigated.
No toxicity (assessed and defined here as 10 percent weight
loss) was observed up to the level of 200 mg kg™'. However,
at higher doses and rapid administration, mice went into a
shock-like state immediately after administration. Thus,
the maximum tolerated dose of CB[7] was set at 250 mg
kg™! with slow intravenous administration of the com-
pound. The influence of CB[7] on mouse body weight over
several days at the minimum toxic dose of 250 mg kg™, ad-
ministered by slow intravenous route. The effects observed
upon intravenous single administration in vivo suggest that
CB[7] possesses very low acute toxicity at a dose of 250 mg
kg™l Importantly, all mice that received slow intravenous
infusion began to recover after 5-8 days. The recovery of
the mice may indicate the excretion or metabolism of CB[7]
from the body. As a drug delivery vehicle or biological tool,
this is certainly a desirable characteristic. Potential phar-
maceutical applications of CB[7] (as well as CB[8]) would
have to compete with those already established with B-
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cyclodextrin (B-CD), which has an equally large cavity and
can include similarly large drugs. Intuitively, one would ex-
pect higher toxicity from the former synthetic carrier com-
pared to the latter, which is of natural origin and based on
a-D-glucose. Indeed, the synthetic macrocycle CB[7] exhib-
its somewhat lower intravenous tolerability than B-CD, for
which an LDs, value of about 790 mg kg™ was recorded.
However, the difference is surprisingly small, especially
considering that the maximum tolerated dose (MTD) of
CB[7] (250 mg kg™1) is not equivalent to the LD, value, but
corresponds to a sublethal effect on long-term growth and
recovery, which typically lies much lower than the LDsy.
Moreover, any applications based on supramolecular drug
encapsulation will depend on the host association con-
stants, which are typically much higher for CB[7] (10%-107
M™1) than for B-CD (10'-10* M™). Consequently, a smaller
amount of CB[7] would be required to effectively bind a
given amount of drug [59]. For example, to achieve the
same solubility of the drug albendazole, a 6-times greater
concentration of B-CD is required than that of CB[7]. Fur-
thermore, these two macrocycles differ substantially in se-
lectivity and binding preferences. Accordingly, they could
be used complementarily for binding, for example, cationic
(for CB[7]) and hydrophobic residues (for 3-CD) in peptide
drugs [72].

2.8 Immunotoxicity of CB[n]

The bioavailability of many drugs is low due to poor solu-
bility. CB[7] has good solubility in aqueous environments,
while CB[6] and CB[8] are poorly soluble. However, in the
presence of a number of ions that are abundant in biological
media, the solubility of CB[6] increases significantly [10].

It is currently known that CB[n] demonstrate low tox-
icity in numerous in vitro and in vivo studies. The applica-
tion of CB[n] at very high doses may cause myotoxicity and
neurotoxicity, but at standard concentrations used in com-
plexes with pharmaceuticals the signs of toxicity are absent
[731].

However, in addition to immunotoxicity, the possible
immunomodulatory properties of delivery systems must
also be studied, as immunostimulatory or immunosuppres-
sive effects of the system could either enhance or weaken
the effect of the delivered drug. Studying the possible im-
munomodulatory effect of nanoscale cavitands is important
for the development of new delivery systems and should be
considered when assessing indications and contraindica-
tions for the treatment of various diseases [74].

It has been shown that under in vitro conditions CB[n]
have almost no immunosuppressive effect, with the excep-
tion of a slight reduction in MHC class II cell surface recep-
tor (HLA-DR) expression and production of reactive oxygen
species by T-helpers in stimulated cultures. However, for
macrocyclic cavitands and for CB[n], it has been shown that
some properties manifest only under in vivo conditions
[75].
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When assessing the effect of cucurbit[7]uril on blood pa-
rameters after three intraperitoneal injections over one
week in laboratory animals, a decrease in the number of
leukocytes in the blood of mice after CB[6] injections from
7013 + 1437 to 3400 + 461 cells/uL was revealed. The nor-
mal number of leukocytes in mice ranges from 2000 to
10000 per pL. Thus, the observed decrease in leukocyte
count is within the normal range. CB[6] did not cause a sta-
tistically significant decrease in the relative numbers of
leukocyte subpopulations, such as lymphocytes, monocytes,
and neutrophils. However, there was a trend towards a de-
crease in neutrophil count after the third injection in ani-
mals administered CB[6]. CB[7] and CB[8] did not affect the
leukocyte count in mice after three injections. Changes in
platelet, erythrocyte, and monocyte counts, as well as in a
number of other parameters such as mean corpuscular he-
moglobin, were not detected [66, 69].

Assessment of the immunotoxic action of CB[n] on cen-
tral and peripheral organs of the immune system was car-
ried out using the method of determining lactate dehydro-
genase (LDH) activity. It was found that triple intraperito-
neal administration of CB[n] at high concentrations does
not have a toxic effect on mouse bone marrow cells. How-
ever, it was shown that administration of CB[7] can lead to
toxic damage to spleen cells, as a weak toxic effect on sple-
nocytes was detected. It is known that CB[n] possess myo-
toxicity and neurotoxicity, so the increase in serum LDH
level is most likely associated with toxic action on muscles
and the nervous system, rather than on the immune system
[70,71].

After CB[6] injections, a decrease in CD4+ T-helpers and
a simultaneous increase in the proportion of CD19+ B-lym-
phocytes were observed in the peripheral blood compared
to the control. CB[7] and CB[8] did not affect the subpopu-
lation composition of peripheral blood lymphocytes.

Thus, it was established that CB[6] and CB[7] can in-
crease the percentage of B-cells in immune system organs,
both in the spleen and in the bone marrow. Treatment with
CB[8] leads to an increase in the relative number of B-cells
and cytotoxic T-lymphocytes in the spleen of mice. Admin-
istration of CB[6] reduced the level of polyphosphoric acid
(PPA) in the spleen of laboratory animals compared to the
control [70].

Intraperitoneal administration of CB[n] to mice did not
lead to changes in blood parameters and did not cause death
of immune cells, with the exception of spleen cells upon
treatment with CB[7]. It should be noted that high concen-
trations of CB[n] were used in this study; when used for
drug delivery, such high concentrations are unlikely to be
required.

Thus, CB[n] possess almost no immunotoxicity, with the
exception of a cytotoxic effect on spleen cells in vivo upon
administration of CB[7] at a high dose, as well as a trend
towards an increase in the number of apoptotic cells in cul-
tures grown in the presence of CB[8]. The obtained results
may indicate the immunological safety of using CB[n] for
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drug delivery. It was also shown that different homologues
affect the immune system differently. Based on the ob-
tained in vitro data, CB[8] causes a decrease in IFN-y level
[42], indicating its possible immunosuppressive effect.
Since CB[8] is capable of suppressing cytokine production,
the possible immunosuppressive effect requires further
study. If immunosuppressive activity is confirmed, CB[8]
could be used as a basis for delivery systems of various im-
munosuppressive drugs. However, when assessing cellular
and humoral immune responses in animals after intra-
gastric administration of CB[8], no immunosuppression
was observed.

In the case of CB[6], its stimulating effect on B-cells and
the humoral immune response was demonstrated, as it in-
creased the expression of HLA-DR molecules on B-lympho-
cytes [21], the level of spontaneous interleukin IL-4 produc-
tion (by 1.5 times), and also the in vivo relative number of
B-cells in immune system organs. At the same time, the in-
tensity of the humoral immune response to a specific anti-
gen after CB[6] administration decreased, which requires
investigating the mechanisms of this process. Possibly, the
strong non-specific stimulation of B-lymphocytes did not al-
low the cells to respond to antigen stimulation.

CB[7] exhibited mild immunostimulatory properties, in-
creasing the relative number of B-cells in mice and sup-
pressing the production of interleukin IL-10 in in vitro cul-
ture. These properties make CB[7] an excellent basis for
drug delivery systems for the treatment of infectious and
tumor diseases. Complexation of drugs with CB[7] en-
hances their antitumor activity. Extensive data suggest that
the clinical success of chemotherapy is due not only to tox-
icity to tumor cells but also to the restoration of immune
surveillance, which has received extremely little attention
in previous preclinical and clinical studies. Immune cells
are an important component of the tumor microenviron-
ment, contributing to immunosuppression towards tumor
structures, as well as influencing therapy efficacy. Delivery
systems and their components can reduce the number of
immune suppressor cells (Tregs, myeloid suppressors, etc.)
in the tumor microenvironment, affect the expression of
checkpoint inhibitors in tumor tissue, enhance antigen up-
take and maturation of dendritic cells, and stimulate im-
mune cells involved in the antitumor immune response.
Furthermore, the supramolecular delivery system can en-
hance the antitumor effect of the drug through the immune
system by inducing immunogenic tumor cell death. Impact
on the tumor microenvironment and induction of immuno-
genic cell death have been shown for antitumor drug deliv-
ery systems based on macrocyclic components, namely cy-
clodextrin and pillararene [73, 74].

In summary, the biomedical application of cucurbiturils
holds significant promise for the future. However, despite
impressive progress in this area, many applications are cur-
rently in the preclinical stage of research. Further toxicoki-
netic studies and scaling up of synthetic methods for func-
tionalized derivatives are necessary for clinical translation.
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It should be noted that the field of biomedical application
of CB[n] is currently actively developing, and new applica-
tions are constantly emerging. Table 2 illustrates the cur-
rent areas of biomedical application of CB[n] for 2023-
2025.

3. Limitations

It should be noted that despite the outstanding potential of
CB[n] as a platform for the creation of drug delivery sys-
tems, diagnostics and theranostic agents, their translation
into clinical practice currently faces a number of fundamen-
tal and applied challenges. The most significant barrier is
the current insufficient study of the in vivo toxicological
profile of various CB[n] homologues. Studies demonstrate
a pronounced dependence of cytotoxicity on the macrocycle
size; for example, CB[5] and CB[6] exhibit relatively low
cytotoxicity in vitro over a wide range of concentrations.
CB[7] is often considered to be the optimal balance between
cavity size and biocompatibility; however, the data vary de-
pending on the type of cell lines. Larger homologues, such
as CB[8], exhibit increased toxicity, which is associated
with their stronger interaction with cellular membranes
and the potential ability to disrupt their integrity. It should
also be noted that the practical application of CB[n] is lim-
ited by their suboptimal pharmacokinetic characteristics.
Low-molecular-weight homologues (CB[5]-CB[7]) are rap-
idly cleared from the systemic circulation via the kidneys,
limiting their circulation time and therapeutic window. The
lack of selective accumulation in target tissues (e.g., tu-
mors) necessitates high doses, increasing the risk of sys-
temic side effects. This problem is compounded by CB[n]'s
high ability to form complexes with endogenous molecules
(e.g., choline, spermidine), which could theoretically alter
their distribution and reduce efficacy. CB[n]'s high affinity
for protonated amines and quaternary ammonium com-
pounds, a key advantage, becomes a disadvantage in vivo.
Blood plasma and the intracellular environment contain a
vast number of potential guest molecules (amino acids, pol-
yamines, neurotransmitters), which can compete with the

Table 2 Current biomedical applications of CB[n].
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target drug for binding to the CB[n] cavity. This could pre-
sumably lead to instability of host-guest complexes and
premature release of the active substance.

Another potential obstacle is the potential immunogen-
icity of CB[n]. Currently, the potential immunogenicity of
CB[n] has been poorly studied. Being synthetic macrocy-
cles, they can be recognized by the immune system as for-
eign agents, initiating humoral or cellular immune re-
sponses. This can lead to rapid clearance, antibody for-
mation, and allergic reactions upon repeated administra-
tion. Despite impressive advances in fundamental research
on CB[n] complexes with biologically active molecules,
their path to clinical practice remains challenging. Over-
coming these limitations requires consolidated efforts in
the fields of supramolecular chemistry, toxicology, pharma-
cology, and materials science. Key areas of future research
should include the targeted design of CB[n] with reduced
toxicity and improved pharmacokinetic profile, the devel-
opment of targeting strategies, and a comprehensive study
of their long-term effects on the body in vivo.

4. Conclusions

Although the original CB[n] molecule is a century old, the
chemistry of the CB[n] family is experiencing rapid growth.
Recent developments, including the synthesis of homo-
logues and derivatives, have injected dynamism into CB[n]
chemistry, as evidenced by the increased interest in this
field in recent years. In terms of practical applications, the
field of functional materials and devices based on supra-
molecules is still in its infancy, and its prospects are enor-
mous. With such promise, the future of CB[n] chemistry ap-
pears brighter than ever. The CB[n] family represents a
unique set of macrocyclic hosts, where each homologue
(from CB[5] to CB[10]) has its own characteristic size and
properties. This "molecular lineup" allows researchers to
tailor the ideal receptor to a specific guest molecule, mak-
ing them indispensable tools in supramolecular chemistry,
nanotechnology, biology, and medicine.

Homologous Biomedical application Potential mechanism References
There are currently no spe- [2-5, 8, 10, 13, 16, 19
CB[6] cific biomedical applica- Strong binding of diamines and cations. ’ 2’2 2;’ 2’9] e
tions. P
1. Formation of inclusion complexes with hydrophobic
1. Increasing drug bioavaila- drugs, dramatically increasing their solubility and stabil-
bility. ity. [2-5, 8, 10, 14-23, 20-
CBL7] 2. Reducing side effects 2. Binding and neutralization of cytotoxic drugs (cisplatin) 43, 47, 49, 51, 59, 70~
3. Antidote therapy for kidney protection. 751
3. Potential decontamination agent for chemical weapons.
1. Simultaneous incorporation of a therapeutic agent
1. Theranostic platforms (drug, siRNA) and a diagnostic label (fluorophore) into a
2. Creation of "smart" hy- single cavity.
drogels 2. Formation of cross-links in polymer networks through [2-5, 8, 10,16, 20, 24,
CB[8] 26, 29-39, 42, 47, 49,

3. Control over protein inter-
actions
4. Genes delivery

ternary host-guest-guest complexes, creation of injectable
self-healing hydrogels.

3. Reversible protein dimerization using modified guests
to control cellular signaling pathways.

59, 70-75]
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From stabilizing unstable compounds to creating smart
materials and drug delivery systems, the potential applica-
tions of each homologue continue to be actively explored.

This review clearly demonstrates that the CB[n] (CB[n])
family represents a unique class of macrocyclic hosts with
outstanding potential for biomedical applications. While
their biocompatibility is not absolute, it is predictable and
controllable, opening the way for the targeted design of safe
and effective therapeutic and diagnostic platforms.

The biocompatibility of CB[n]s directly correlates with
their size and charge. CB[7] exhibits an optimal balance: it
is sufficient to incorporate a wide range of bioactive mole-
cules, yet it does not induce significant hemolytic activity
and exhibits low acute toxicity in vivo due to its rapid elim-
ination via the kidneys without accumulation in major or-
gans. The potential cytotoxicity of CB[n], primarily for
CB[6] and above, is related to their ability to disrupt the
integrity of cell membranes (especially red blood cells)
through strong interactions with phospholipids and choles-
terol, as well as to induce oxidative stress. However, these
effects are dose-dependent.

Strategies for functionalizing the portals and outer sur-
face of CB[n] with hydrophilic groups (e.g., hydroxyl
groups) dramatically increase their solubility in physiolog-
ical environments and reduce the negative impact on mem-
branes, while simultaneously providing a targeting tool.

Based on established principles of biocompatibility, sev-
eral of the most realistic and promising avenues for further
research can be identified: targeted delivery and controlled
release of drugs, theranostics, detoxification, and protec-
tion from adverse drug effects.

However, despite optimistic forecasts, the path of this
class of substances to clinical practice requires addressing
a number of challenges. A complete understanding of the
long-term distribution, metabolism, and elimination path-
ways of both CB[n] and their complexes in vivo is essential.
Cost-effective and environmentally friendly methods for
synthesizing CB[n] and their derivatives in quantities re-
quired for preclinical and clinical trials are needed, as is a
thorough assessment of the potential immune response to
CB[n] during chronic administration.

CB[n] has moved from the category of laboratory inno-
vations to the category of promising tools for nanomedi-
cine. A thorough understanding of the structure-biocompat-
ibility relationship allows for the active design of safe and
functional systems rather than passive observation of their
properties. The next decade will likely witness the first clin-
ical trials based on CB[n], opening a new chapter in supra-
molecular therapeutics, where control over molecular in-
teractions will be key to the development of future drugs.

List of designations and abbreviations

CB[6], CB[7], CB[8], CB[10] - cucurbit[n]urils (n = 6, 7, 8,
10);
AgNPs - silver nanoparticles;
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NMR - nuclear magnetic resonance;

MTs - water-soluble molecular tweezers;

NR - Nile Red dye as a model hydrophobic drug;

HelLa - immortalized cervical cancer cell line;

ASGPR - asialoglycoprotein receptor;

HepG2 - hepatocellular carcinoma cell line;

CB[7]-PEG - copolymer of CB[7] and polyethylene glycol;
HPMC - hydroxypropyl methylcellulose;

NaCMC - sodium carboxymethyl cellulose;

MICso - minimum inhibitory concentration at which the
growth of 50% of the test strain population is suppressed;
5fC - 5-formylcytosine;

SARPs - supramolecular active reactive probes;

PEI - polyethylenimine;

HaCaT - immortalized human epidermal keratinocyte line;
CyDs - cyclodextrin;

PQ - pesticide "Paraquat";

CHO-K1 - immortalized Chinese hamster ovary epithelial
cell line;

nCAP - nerve junction action potential;

PTZ - pentylenetetrazole;

DRG - dorsal root ganglia of neurons;

ACh - exogenous acetylcholine;

LDH - lactate dehydrogenase;

PPA - polyphosphoric acid;

HLA-DR - major histocompatibility complex class II pro-
tein;

PBS - phosphate-buffered saline.
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