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The prospects of using the organic macrocyclic cavitands cucurbit[n]urils (CB[n]) and their derivatives in biochemistry,
medicine and nanotechnology are considered. A combination of CB[#n] characteristics, such as a rigid highly symmetrical
structure, polarized hydrophilic portals, a rather large intramolecular hydrophobic cavity, as well as high resistance to
thermolysis and corrosive media and low toxicity, account for a wide range of unique opportunities for the deliberate design
of new functional materials, which may find application in various areas of modern chemistry and new technologies.
Inclusion compounds of CB[r] with biologically active molecules demonstrate a high potential for the design of a new
generation of prolonged action pharmaceuticals. The review presents the prospects for the application of CB[n] to
manufacture unique materials, such as CB[n]-containing vesicles, films and surfaces, suitable for immobilization of various
molecules and nanoparticles on their surface and for the separation of complex mixtures. Potential applications of CB[n]-
modified electrodes and hydrogels are analyzed, and the use of CB[#n] in proton-conducting materials and materials for the
gas sorption and separation are discussed.
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1. Introduction

Cucurbit[n]urils (Ce,H6,N4yO2,, CB[n], n =5-10) is a
trivial name of organic cavitands comprising n glycoluril
units linked by 27 methylene bridges (Fig. 1).!-* These
molecules have a rather rigid highly symmetrical macro-
cyclic structure and an intramolecular hydrophobic cavity
accessible through two hydrophilic portals formed by n
carbonyl groups. The name of cucurbit[n]urils is derived
from the resemblance of these molecules to the Cucurbita-
ceae family of plants, including pumpkins. The sizes of
CB[n] molecules are comparable with those of cyclodextrins
and calixarenes (Table 1).°

A guest species encapsulated within a barrel-shaped
cavity of CB[n] can be completely immersed inside the
cavitand, as opposed to the most of inclusion compounds
of calixarenes and cyclodextrins, in which guest molecules
are only partially included in the bowl-shaped cavity.® This
leads to an increase in the stability of adducts with CBJ[#n]
compared to the above-mentioned cavitands. An important
distinguishing feature of CB[n] is their structural rigidity.
Thus, these compounds virtually retain their shape upon the
inclusion of different guests and, consequently, exhibit
higher selectivity in the formation of inclusion compounds.

A guest molecule binds to the CB[n] molecule mainly
through noncovalent interactions with the hydrophobic
cavity of the host. Cucurbit[n]urils have rather high negative
charges on the portal carbonyl oxygen atoms and also some
negative charge on the inner surface of the cavity.” There-
fore, electrostatic ion-dipole interactions between the guest
and the host are the driving force for the formation of
inclusion compounds, resulting in that CB[n] preferably
bind to neutral and positively charged guests. In these
cases, the formation constants of inclusion compounds
with CB[n] are ~ 10% litre mol—! and higher, these values
being larger than the corresponding constants for inclusion
compounds with cyclodextrins.’ Of special notice are super-
stable inclusion compounds with cucurbit[r]urils character-
ized by the formation constant of 10'2—10'3 litre mol—!; in
the record case, 10!7 litre mol—! (see Ref. 8). These values
are comparable with or even higher than the corresponding
constant for the biotin—avidin interaction, which is the
strongest noncovalent interaction known in nature. The
presence of the intramolecular hydrophobic cavity along

Table 1. Geometric parameters of cucurbit[n]uril molecules.’

d

Parameter CB[5] CB[6] CB[7] CB[8] CB[10]
Outer diameter (a) /A 13.1 14.4 16.0 17.5 18.7-21.0
Cavity diameter (b) /A 4.4 5.8 7.3 8.8 10.7-12.6
Portal diameter (c) /A 2.4 3.9 5.4 69 9.0-11.0
Height (d) /A 9.1 9.1 9.1 91 9.1
Cavity volume /A3 82 164 279 479 870

with the polarized portal carbonyl groups of cucurbit[x]urils
are responsible for the highly specific formation of host—
guest compounds.

Cucurbit[r]urils are colourless crystalline compounds,
which are insoluble or poorly soluble in water and organic
solvents, but are readily soluble in some acids (for example,
in HCI, H>SO4, CF3SO3H, HCO,H) and aqueous solutions
of many metal salts. Cucurbit[r]urils are thermally stable
and do not decompose upon heating up to 370 °C. These
compounds are characterized by high resistance to corrosive
media (hot concentrated acids and alkalis). Cucurbit[#]urils
with n = 5—8 are commercially available reagents.

The synthesis, structures and properties of cucurbit[n]ur-
ils and their inclusion compounds, as well as the thermody-
namics and kinetics of formation of host—guest complexes,
are summarized in a series of reviews, including our earlier
reviews.> 7919

The present review focuses on the applied aspects of the
chemistry of cucurbit[z]urils. An analysis is given for the
prospects of applying these macrocycles, primarily in med-
icine for the drug delivery, as well as for the design of
unique materials, such as functionalized surfaces for immo-

CB[6]

Figure 1. Cucurbit[n]uril molecule: a side view (n = 6) (a), a top
view (n = 6) (b) and a schematic view (c).
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bilization of molecules and separation of complex mixtures,
chemical sensors and biosensors, hydrogels, proton-con-
ducting materials and modified electrodes for analytical
applications. The opportunities of using cucurbit[n]urils
for stabilization of metal nanoparticles and for the gas
sorption and separation are discussed.

I1. Cucurbit|n]urils as nanocontainers for
biologically active agents

The use of CB[n] as molecular containers for the delivery of
biologically active agents is one of the most interesting and
important fields of their application. At the present time,
supramolecular structures are widely used in pharmacology
as transporters of different molecules (peptides, oligonu-
cleotides, amino acids, antigens, antibiotics, cytostatics,
genes and so on) for the targeted delivery of an active
substance, for an increase in the duration of the therapeutic
effect and for the protection of drugs against biodegrada-
tion in the bloodstream or the gastrointestinal tract, which
can significantly reduce the drug dose. Cyclodextrins, cal-
ixarenes and crown ethers are extensively studied as molec-
ular containers. By varying the size and chemical nature of
the macrocycle, one can control the degree of host—guest
binding and the rate of the drug release. This is an obvious
advantage of macrocyclic molecules over micelles and lip-
osomes, which can also include guest molecules.

Since 2004 when it was first reported that CB[n] can be
used for the drug delivery,?® the number of publications
devoted to investigations of these macrocyclic cavitands in
order to apply them in pharmacology has been rapidly
growing.!?13.15 The prospects of using CB[n] as molecular
containers are determined by such key properties of these
molecules as the ability (in particular, as inclusion com-
pounds) to penetrate cell membranes, low toxicity and the
absence of a substantial effect of CB[n] on the activity of the
encapsulated drug molecule. Cucurbit[n]urils have a sub-
stantially lower solubility in water compared to cyclodex-
trins and calixarenes; however, due to high salt and acid
concentrations of such biological media as the blood
plasma, saliva, gastric and intestinal juice, the solubility of
CBJ[n] reaches the concentrations required for pharmaceu-
tics.? Due to stability of CB[n] in a wide pH range (1.3-9.0)
characteristic of the gastrointestinal tract, these compounds
are ideal candidates for oral administration.?!

II.1. Cucurbit[z]urils as nontoxic nanocontainers

In order to be applied in clinical practice as molecular
containers for the drug delivery, CB[xn] should be no less
safe than the cavitands that are already in use (for example,
cyclodextrins and calixarenes) and should ideally reduce the
severity of side effects of the administered medications.
Therefore, the cytotoxicity (the ability to cause abnormal
changes in the cells) and toxicity (the type and degree of the
severity of side effects) of CB[n] have been extensively
investigated.

Recent studies both in vitro and in vivo have demon-
strated that CB[n] are quite safe. The lack of cytotoxicity of
CBJn] (n = 5, 7) up to millimolar concentrations was shown
by the analysis of the growth of normal and cancer cells of
animal and human origin: normal cell lines (human embry-
onic kidney, HEK?293; human hepatocytes, HepG2; murine
macrophage, RAW264.7) and cancer cell lines (human lung
cancer, A549; human ovarian carcinoma, SKOV-3; human

melanoma, SKMEL-2; human brain cancer, XF-498;
human colon cancer, HCT-15).2! =24 The lack of cucurbit-
[r]uril cytotoxicity does not mean that there is no uptake of
these compounds into cells. The fact that CB[n] cross the
cell membrane was established by monitoring labelled (i.e.,
with a luminescent guest molecule included in the cavity)
cavitands. Thus, CB[6] loaded with a spermine conjugate
crosses the liver cancer cell membrane,>> CB[7] penetrates
the murine macrophage cell membrane,?? and the inclusion
complexes of the macrocycles CB[7] and CB[8] with the dyes
acridine orange and pyronine, respectively, cross the murine
embryonic cell membrane.?3 26

Cucurbit[n]urils were shown to be relatively nontoxic
in vivo. The maximum tolerated dose (MTD) of CBJ[7] after
the intravenous injection into mice was 250 mg per kg of
body weight; after the oral administration of CB[7] and
CB[8], MTD was up to 600 mg kg—! (which was attributed
to low adsorption of cucurbit[z]urils in the gastrointestinal
tract).2! For comparison, the lethal dose of B-cyclodextrins
used in clinical practice for mice and rats is
0.3-18.8 g kg~ ! depending on the mode of administration;
thiacalixarenes are nontoxic up to a concentration of
100 mg kg—!, and their lethal dose is ~400 mg per kg of
body weight.!?> Assays performed on zebrafish models
showed that CBJ[7] exhibits also measureable cardiotoxicity
and neurotoxicity at a concentration of >0.50 mmol litre —!
in solution and has virtually no effect on hepatotoxicity at a
concentration of <0.75 mmol litre=! although the
extended exposure (2 days) of zebrafish to solutions of
CBJ[7] in the concentration range of 0.5—0.75 mmol litre !
can induce the mortality of tested fish. Taking into account
that the concentrations of CB[7] in solutions used for the
complexation with drugs and their delivery are
<0.25 mmol litre—!, the overall toxicity profile of CB[7]
can be considered as safe.??

Therefore, CB[n] have a low toxicity at doses, which are
much higher than those required for the application in
pharmacology, and would be highly competitive in the
near future with such molecular containers as cyclodextrins
that are widely used for the drug delivery.

11.2. Encapsulation of biologically active molecules in
cucurbit[n]urils

I1.2.a. Encapsulation of metal complexes

Some metal complexes possessing anticancer activity are
often highly toxic for the human body. The encapsulation in
nanocapsules is one way to substantially reduce toxicity and
increase the efficiency of biologically active agents conven-
tionally used in medicine, as well as to modify the properties
of the available drug dosage forms. The host molecule
should prevent the guest complex from rapid decomposi-
tion, reduce its toxicity and serve to transport the active
component in the body.

Most of studies on the application of CB[n] as molecular
containers for drugs deal with inclusion compounds of
platinum complexes. Such macromolecules as liposomes
and polymers are commonly used to deliver platinum
agents. Only a few host— guest complexes with cyclodextrins
are known as molecular containers; however, the encapsu-
lation in these macrocycles sometimes completely blocks
anticancer activity of the agent.?®

Biologically active platinum complexes contain amine
ligands and more labile ligands, for example, chloride or
carboxylate ligands. Once these complexes enter the body,
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they can interact with nucleophiles (adenosine and guano-
sine in DNA, cysteine and methionine in proteins and
peptides), which can replace the ligands thus deactivating
the drugs. The encapsulation of platinum complexes in
CB[n] provides their spatial protection from the nucleo-
philic attack, although the guest complex can be only
partially included in the cavity.

The binding of metal complexes to CB[n] occurs mainly
through noncovalent interactions between guest ligands and
the hydrophobic cavity of the host. According to the X-ray
diffraction data, in the inclusion complex of oxaliplatin
[Pt(CsH14N204], 1) with CB[7] of the composition
{1@CB[7]} - 8§ H»0, a part of the diaminocyclohexane ligand
of the complex is immersed inside the cavity (Fig. 2).2* The
amino groups of this ligand are located at the portals and
are hydrogen bonded to oxygen atoms, thus additionally
stabilizing the structure. The platinum atom is located
above the portal plane and is sterically protected by seven
carbonyl oxygen atoms, which prevent access by nucleo-
philes.

In order to examine the effect of inclusion in CBJ[7], the
reactions of {1@CB[7]}-8H>,O with guanosine and
L-methionine as model compounds of sulfur-containing
enzymes were studied. The latter form Pt—S bonds with
anticancer drugs, thus causing side effects (nephrotoxicity
and ototoxicity). The lower reactivity of the included guest
molecule in these reactions compared to the free complex (3
and 15 times lower, respectively) indicates that the inclusion
in CBJ[7] reduces undesirable side effects caused by the
binding of the platinum complex to enzymes. However, in
this case the inclusion compound exhibits, apart from lower
toxicity, 5—10 times lower anticancer activity compared to
free oxaliplatin.?*

The encapsulation of another platinum complex —
cisplatin [cis-[Pt(NH3)2Clz], 2] — in CBJ[7] (see Ref. 29)
also reduces side effects. As opposed to the free drug,

Ez 09 i NH:
\Pt Pt

1y N / \
N oY cl NH;
H»

2 (cisplatin)

Figure 2. Inclusion compound of the anticancer drug oxaliplatin
with CB[7] {1@CB[7]} -8 H,0.?*

inclusion compounds can cross the cell membrane (for
example, ovarian cancer cell membrane)? and, what is
more surprising, cisplatin included in CB[7] is active when
delivered orally, a route of administration not previously
thought possible for the free drug.!3

Polynuclear platinum complexes are much more
active than mononuclear oxaliplatin and cisplatin and
are characterized by higher levels of cellular uptake, but
they are more toxic and undergo rather rapid
decomposition and deactivation in the body. Therefore,
the encapsulation of these complexes in molecular

containers is a challenge. Dinuclear and trinuclear platinum
complexes —
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Figure 3. Inclusion compound of the anticancer drug diplatin
with CB[7] {3@CB[7]}Cl,-5.5H,0.3°

tin, 3),20.30 [{Pt(dien)}(u-dpzm)]* + (4),20
trans-[{Pt(NH3),Cl}2(n-NHa(CH,)sNH>(CH2)sNH) P+ (5),3!
trans-[{Pt(NH3),Cl}2(n-NHa(CH2)3sNMex(CH,);NHL) P+ 6),3!
1] rans-[{ Pt(NHz)zCl} 2(“-NH2(CH2)4NH2(CH2)4NH2)]3 * (BBR3 571 5
7)28 and [{trans-Pt(NH3)>Cl}>{trans-Pt(n-dpzm)>(NH3),}]*
(triplatin, 8)3? — form stable inclusion compounds with
CB[7] and CBJ8], the bridging dipyrazolylmethane ligand
(dpzm) (Fig. 3) or a hydrocarbon chain is included in the
cavity.20-28.30-32

The encapsulation of polynuclear complexes in CB[7]
and CB[8] slows down their reactions with nucleophiles (for
example, the reaction of cysteine with the inclusion com-
pound of complex 6 with CB[7] is 8 —9 times slower) and has
only a slight effect on the anticancer activity of the
drugs.20-28.31,33,34 Thyg, the ICso (half maximal inhibitory
concentration) values of free diplatin (3) for the murine
leukemia cell lines L1210 and L1210/DDP are 3.8 and
8.8 umol litre !, respectively. Upon encapsulation in
CBJ[7], these values are 2.6 and 16.5 pmol litre—!, respec-
tively, which is considered as a insignificant change.?? In
experiments with the cell line L1210, the ICso for the free
binuclear complex BBR3571 (7) is equal to that for its
inclusion compound with CB[7] (0.0115 pmol litre—'); in
experiments with the cells L1210/DDP, only a slight change
in cytotoxicity was observed, the ICso values being 0.0075
and 0.009 umol litre—! for the free and encapsulated com-
plex, respectively.3*

A decrease in the rate of the reaction with nucleophiles
leads to a considerable reduction in side effects of the drugs.
The inclusion of the complex BBR3571 (7) in CB[7] makes it
possible to increase the maximum tolerated dose of the drug
from 0.1 to 0.45 mg kg~ (in vivo experiments in mice), and
the encapsulated platinum complex is as active as the
injected free drug up to doses of 0.27 mg kg—1.28

The association constants of the inclusion compounds of
platinum complexes with CB[n] (except for cisplatin) are
sufficiently high for the use of these cavitands for the drug

delivery. Usually, for a host—guest complex to remain
stable in biological media, the constants should be at least
10> litre mol—! (see Ref. 28). For inclusion compounds of
oxaliplatin and diplatin with CBJ[7], the binding constants
are 2.1 x 10° and 2.3 x 10° litre mol—!, respectively, whereas
this value for cisplatin is as low as 530 litre mol—! (see
Refs 24 and 28). By using CB[n] of different sizes, it is
possible to control the rate of exchange between the
encapsulated and free complex, thus varying the activity
and toxicity of the inclusion compound: Generally, the rate
of exchange is higher for inclusion compounds with CBJ[§]
compared to that with CB[7] due to a larger diameter of the
portals.

Importantly, the inclusion of platinum complexes in
CBJn] enhances the thermal stability. The inclusion com-
pound of oxaliplatin with CB[7] {1@CBJ[7]}:-8 H20 is
resistant to high temperature and pressure and is stable in
air for more than a year, whereas this complex in the free
state decomposes upon storage at room temperature for
>6 h.?* Studies by thermogravimetric analysis and differ-
ential scanning calorimetry (DSC) demonstrated that dipla-
tin encapsulated in CB[7] does not decompose up to 290 °C
as opposed to the free complex, which begins to decompose
at 190 °C.3° This is evidence that the inclusion compound
{3@CB[7]}Cl2- 5.5 H20 can be heated for a long period of
time to remove water of crystallization. This is important
for the drug production.

Cyclopentadienyl complexes of molybdenum and tita-
nium 9, which are known to have anticancer activity, also
form inclusion compounds with CB[7] and CB[8].>* In
aqueous solutions, the starting complexes Cp>MCl,
(Cp = n°>-CsHs; M = Mo, Ti) are hydrolyzed and, accord-
ing to '"H NMR spectroscopic data consistent with the
results of molecular modelling, the [Cp>Mo(H,O)(OH)]*
and [Cp.Ti(OH),] forms are predominantly included in
CB[7]. In the presence of CBJ[7], the rate of hydrolysis of
bis(cyclopentadienyl)dichlorotitanium decreases. The treat-
ment of cancer cells with the adduct of CB[7] and
[Cp2Mo(H,0O)(OH)]* resulted in an increase in the anti-
proliferative effect due, apparently, to an increase in the
solubility of the guest in a physiological medium upon its
inclusion in CBJ[7] and the ability of the inclusion complex
to cross membranes.

The binuclear ruthenium complexes
(AA-[{Ru(phen)}2(u-bbn)]** (10a,b) [phen is 1,10-phenan-
throline, bbn is 1,n-bis[4-(4"-methyl-2,2"-bipyridine)]alkane,
n=12 (a) and 16 (b)] display significant antibacterial
properties, but they immediately react with serum proteins,
resulting in a decrease in their activity.?® These complexes
form host—guest compounds with CB[n] of large sizes,
namely, with CB[10], due to the inclusion of the bridging
(CHb), ligand in the cavity (NMR spectroscopic data and
quantum chemical calculations).3%-37 However, in this case
the encapsulation does not prevent the reaction of the
complex with proteins. Thus, a decrease in the activity is
equal for both free ruthenium complexes 10a,b and those
encapsulated in CB[10].

Therefore, cucurbit[n]urils hold considerable promise as
nanocontainers for the delivery of biologically active metal
complexes since the encapsulation usually decreases the
degree of decomposition of the complexes and reduces side
effects of the drugs, with only a slight change in antitumour
activity. Drugs containing inclusion compounds of CB[7]
with oxaliplatin,3® as well as inclusion compounds of poly-
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nuclear platinum, palladium and gold complexes with CBJ[#]
(n = 5—12)3% are covered by patents.

I1.2.b. Encapsulation of organic drugs
The ability of CB[n] to act as nanocontainers was demon-
strated for a wide range of biologically active organic
molecules — drugs of different pharmacological groups.
These are the well-known fever reducer paracetamol, the
anaesthetics procaine, prilocaine, tetracaine, procainamide
and dibucaine, vitamin Bj,, adrenaline, a series of antifun-
gal and anthelmintic benzimidazoles, the alkaloids palma-
tine, dehydrocoridaline and berberine, the antituberculosis
drugs pyrazinamide and isoniazid, the B-adrenergic receptor
blocker atenolol, the antidiabetic drug glibenclamide, the
mydriatic drug tropicamide and so on.!3 13

The encapsulation of organic molecules in CB[n] occurs
through hydrophobic interactions between the molecules
(or their functional groups) and the cavity, as, for example,
in the inclusion compound of coumarin (11) of the compo-
sition {2(11)@CBI[8]} -4 H2SO4-12H,0.?° In some cases,
the structure is additionally stabilized by hydrogen bonds
and ion—dipole interactions with the portals. For instance,
in the inclusion compound of adrenaline (in the protonated
form H-12) with CB[6] of the composition
{2(H-12)@CBJ[6]}Cl>- 15 H>0, the methyl groups of two
guest molecules are included in the cavity and the proto-
nated amino groups bind to the CB[6] portals through
hydrogen bonds and ion—dipole interactions (Fig. 4).4°

The encapsulation usually has no effect on the proper-
ties of the drugs. For example, the biological activity of the
free antituberculosis drug ethambutol (13) against infected
murine macrophage-like cells RAW264.7 was compared
with the activity of this drug encapsulated in CB[7], and
no substantial differences in the ability of the drug to kill
mycobacteria were revealed.??> Besides, the inclusion of

Figure 4. Inclusion compound of two adrenaline molecules with
CB[6] {2(H-12)@CB[6]}Cl,- 15 H,0.4°

thiabendazole in this macrocycle even enhances the anti-
fungal activity of the drug.4!

The encapsulation of organic molecules in CB[xn], for
example, such molecules as isoniazid (14), camptothecin
(15), paracetamol (16), memantine (17) and atenolol (18),
leads to a substantial increase in thermal stability of these
drugs (as for the above-described platinum complexes).#?~ 45
The DSC study showed that the heating of the inclusion
compounds of isoniazid and pyrazinamide with CB[7] was
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not accompanied by melting or decomposition up to
280 °C, whereas these drugs in the free state already melt
at 171 and 189 °C, respectively.*?

The inclusion of drugs in CB[#n] can, to a certain extent,
solve the problem of chemical degradation of the drugs in
the body. For instance, the encapsulation in CB[6] and
CBJ7] prevents the acylation of isoniazid (14), which is
easily catalyzed in the human body by the acetyl coenzy-
me A.4° The encapsulation of the alkaloid sanguinarine
(19) in CBJ[7] protects the drug from nucleophilic attack and
hinders the photooxidation.*” The binding of vitamin Bi;
and the coenzyme B> to CB[7] (through inclusion of the
dimethylbenzimidazole ligand in the cavity) stabilizes their
active form.*8

Another important property of cucurbit[n]urils is their
ability to enhance solubility of drugs in aqueous media. This
accelerates the uptake of drugs into cells, thus providing
their higher activity. Many drugs are therapeutically active
only at millimolar concentrations. Besides, drugs adminis-
tered orally should be dissolved in a rather small gastric
volume at substantially higher concentrations prior to their
dilution to therapeutic concentrations once they reach the
target organs of the body. The inclusion in CBJ[#n] enhances
the solubility of benzimidazole drugs, such as albendazole
(20), carbendazim, thiabendazole, fuberidazole, omeprazole
and lansoprazole (21),° 52 the anticancer drugs gefitinib
and camptothecin (15),43 the local anaesthetic drugs pro-
caine (22), tetracaine, prilocaine and dibucaine.’®> For
example, the addition of CB[6], CB[7] or CB[8] to albenda-
zole increases the solubility of the latter in water from
3 umol litre=' to 2—7 mmol litre—! (2000 times!);*° the
solubility of 10-hydroxycamptothecin (HCPT) increases
1170 times upon the inclusion in CB[7].°! An increase in
the solubility is attributed to an increase in the protonation
constants of functional groups of biomolecules due to the
presence of carbonyl groups at the portals of CB[n].4331.33

I1.2.c. Encapsulation of amino acids, peptides and proteins
The design of artificial receptors for the molecular recog-
nition of peptides and proteins in aqueous solutions is a
challenge in biochemistry, and the use of CB[n] for this
purpose has great prospects.!4

Studies by different physicochemical methods, including
X-ray diffraction, showed that amino acids can form 1:1 or
2:1 supramolecular adducts with CB[n] either through
hydrogen bonds with the portals of the macrocycle [for
example, in the adduct of tryptophan (Trp) and CBJ[6], see
Fig. 5] or through the formation of inclusion compounds
[for example, in the adduct of L-tyrosine (L-Tyr) and CBJ[8],
see Fig. 6)].>* 3¢ The amino acids Phe (phenylalanine), Trp
and Tyr (or small peptides containing these amino acids)
most efficiently and selectively bind to CB[7] and CBJ[8],
particularly if these acids are at the N-terminus of the
polypeptide chain.!'4-56-57 The aromatic moiety of these
amino acids is included in the hydrophobic cavity, the
interactions between the amino groups and the portals of
the macrocycle contributing to stabilization. The efficiency
of the peptide binding to CBJ8] is influenced also by amino
acids adjacent to Phe, Trp and Tyr.%8

The use of CBJn] for the selective molecular recognition
of peptides and proteins was convincingly demonstrated for
the CB[7]—insulin system.>® The cavitand CB[7] binds to
insulin through an interaction with terminal phenylalanine
(the association constant K, = 1.5x 10° litre mol—1!).

<

Figure 5. Supramolecular adduct of tryptophan and CB[6] (2:1)
of the composition H[(Cl@CBI[6])- 2HTrp]Cl-9 H,O.>*
The tryptophan molecule is protonated.

According to the X-ray diffraction data, the aromatic
moiety of Phe is fully included within the cavity. However,
the binding of insulin occurs only if the Phe residue is
sterically accessible to CB[7]. Thus, the insulin molecule was
found to adopt another conformation, in which the terminal
Phe residue is located closer to the other part of the protein
molecule (the ability to unfold like a thread at the end of a
ball is typical of terminal amino acid residues). This spatial

Figure 6. Inclusion compound of two L-tyrosine molecules with
CB[8] {2(L-Tyr)@CB[8]} - 27 H,0.>¢
The tyrosine molecule is as the zwitterion.
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arrangement does not allow this insulin molecule to form an
inclusion compound with CBJ[7].

The terminal Phe residue is responsible for the highly
selective binding of CB[7] to insulin compared to protein
molecules lacking terminal Phe (50—100 times higher). The
ability of CB[7] to bind insulin was shown to have a
potential for the therapy of Alzheimer’s disease.®®© The
inclusion of phenylalanine residues in cucurbit[7]uril pre-
vents the formation of insoluble amyloids from Phe-con-
taining protein chains, which is believed to be the cause of
this disease.

The sizes of the CB[8] cavity are suited to include two
guest molecules. The ternary complex of CB[8] with methyl
viologen (CH3N*C;oHgN*"CH3, MV) and a Trp-contain-
ing peptide was the first example of the use of macrocycles
for molecular recognition.®! This complex is formed only if
the indole group of tryptophan is at the N-terminus. In this
case, the electrostatic interaction between two guests pro-
vides a high association constant of MV@CB[8] and Trp
(Ky = 1.3 x 107 litre mol—1!). More recently, this system was
applied to separate peptides on a CB[8]-modified gold
surface (see Section VII).

The association constants of amino acids and CBJ[n] are
usually in the range of 103—10° litre mol—!, but they may
be higher. Thus, in the case of inclusion of two Trp or Phe
molecules in CB[8], these constants are 6.9x 107 or
1.1 x 108 litre? mol —2, respectively.®> This high affinity
plays a key role in the application of CB[#n] in biological
systems, because the target peptides and proteins are often
present at low concentrations.

The inclusion of peptides in CB[n] protects the former
from exposure to an environment, thus hindering the
hydrolysis by leucine aminopeptidase, trypsin and other
enzymes of the gastrointestinal tract,®® which is important
because of a wide use of peptides in medicine, for example,
as antiviral drugs.

Therefore, the formation of inclusion compounds of
drug molecules with CB[n] has been extensively studied.
Cucurbit[n]urils demonstrate a high potential as drug deliv-
ery systems. Thus, these compounds perform a protective
function, prevent the decomposition of drug molecules and
enhance their solubility, having virtually no effect on the
biological properties. However, some problems remain to
be solved. For instance, the metabolism of CB[x] in the
body is poorly understood. The in vivo studies were carried
out primarily in mice over a rather short period of time and,
consequently, the effect of long-term application (chronic
effect) of CB[n] is unknown. Interactions of CB[n] with
chemicals used in pharmaceutics for the manufacture of
different dosage forms (tablets, capsules and so on) also
require further investigations. These and many other prob-
lems should be studied in detail in order to benefit fully
from the advantages of cucurbit[n]urils to use them in
medicine and pharmacology.

II1. Functionalization of cucurbit[r]urils

Low solubility of cucurbit[z]urils in water and organic
solvents has long been one of the factors that interfere
with the application of these cavitands for the design of new
functional materials. A great deal of attention has been
given to the development of methods for the production of
soluble CB[n] derivatives.” Nowadays, this problem has
been practically solved by introducing various functional

substituents although it should be noted that cucurbit[x]uril
derivatives are still much more difficult to synthesize than,
for example, calix[n]arene derivatives. The research team
headed by Professor K. Kim 2>-%4 has developed and suc-
cessfully implemented an approach to the synthesis of
perhydroxycucurbit[n]urils of the composition (HO),,,CB[#n]
(n = 5-18). The heating of an aqueous solution of K»S,0g
with CBJ[#n] leads to the complete replacement of CH hydro-
gen atoms at the equatorial positions of the CB[n] molecule
by hydroxy groups (Scheme 1).4 The perhydroxycucur-
bit[n]urils thus synthesized are readily soluble in DMSO
and DMF and, what is more important, hydroxy groups can
be easily replaced with other groups by means of conven-
tional chemical methods. For example, the reaction of
(HO),,CB[n] (n = 5, 6) with allyl bromide affords perally-
loxycucurbit[n]uril (H,C=CHCH,0),,CB[n], which is a
convenient reagent for further transformations due to its
good solubility in organic solvents along with the presence
of reactive functional groups (Scheme 2).

Scheme 1
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~\.._~CH, N _~CH,
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CB[n] (HO)2,CB[n]

The approaches to the synthesis of modified CB[rn]
{hereinafter referred to as (R),CB[n]} containing required
functional groups, which are soluble in different solvents,
have paved the way to their diverse applications, including
their use as nanocontainers for the drug delivery. For
example, (R),CB[6] 23, in which all peripheral carbon
atoms are bound to carbohydrate residues (glucose, galac-
tose, mannose) (see Scheme 2, path «), exhibits high
selectivity and enhanced affinity for certain proteins.??
This fact was attributed to the formation of numerous
contacts between the protein molecules and carbohydrates
on the CB[n] surface. These interactions play a key role in
cellular processes and are responsible for the delivery of
substances to the target cell via receptor-mediated endocy-
tosis. In view of a wide range of drugs that form inclusion
compounds with CB[n] (see Section II), these modified
CB[n] hold considerable promise for the targeted drug
delivery and other therapeutic applications.

The modified cucurbituril (R),CB[6] 24 surrounded on
the periphery by amphiphilic moieties can serve as a model
of an antibiotic. The hydrophobic part of peripheral mole-
cules comprises an unbranched hydrocarbon chain, and the
hydrophilic part is a positively charged protonated amino
group (see Scheme 2, path b).%> The antibacterial action of
known amphiphilic peptides is associated with the bacterial
membrane disruption due to electrostatic and hydrophobic
interactions between the side chains of peptides and the
negatively charged bacterial membranes. Like peptide anti-
biotics, modified cucurbit[6]uril 24 disrupts cell membranes
with high activity and selectivity (with respect to mamma-
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Scheme 2

path a
—

OH o F 23 {(R),CB[6],
w» / — R is a glucose, galactose or mannose residue
depicted as a hexagon
OH 0~ p gon}
(HO).,CB[n] (H,C=CHCH,0),,CBJ[r]

lian cells). It should be noted that cucurbit[r]urils have an
advantage over peptides in that they are resistant to
enzymatic degradation, which is attractive for the use of
these cavitands in clinical practice.

IV. Functionalized cucurbit[z]uril-based polymer
surfaces

The self-assembly of functionalized CB[6] through interac-
tions between side groups gives rise to polymer surfaces,
including nanocapsules (vesicles). The formation of nano-
capsules is a rare example of the irreversible covalent self-
assembly of molecular components into nanometre-scale
objects. The nanocapsules are produced in high yield from
a mixture of (R),CBJ[6] and the additional reagent H>L, the
latter molecules acting as bridges. This method does not
require any template, which is advantageous over known
methods for the synthesis of polymer surfaces (Fig. 7).
Nanocapsules are formed, for example, under ultrasonic
irradiation of a mixture of perallyloxycucurbit[6]uril
(H,C=CHCH;0);,CB[6] and 2-[2-(2-methoxyethoxy)-
ethoxylethanethiol °® or under UV irradiation of a mixture
of (H>.C = CHCH»0),2CBJ[6] and dithiols
[HoL = HS(CH2)2(OCH>CH>),.SH (n=2, 4),
HSCH>CH,SH].¢7-%8 The nanocapsules thus formed are
stable and have a rather narrow size distribution. The size
is, on the average, ~100 nm and depends on the solvent
used in the synthesis and the length of the bridging mole-
cule.

These objects have attracted great interest because of the
prospects of their use as nanocontainers for the drug
delivery. In addition to the inclusion of drugs containing
amino groups in the cavity of CB[6] molecules that form a
shell of the capsule, here a radically different pattern is
implemented — the inclusion of the drug in the nanocapsule
itself. For instance, the hydrophobic molecule of the anti-
cancer drug paclitaxel (PTX) can be encapsulated in the

path b
L >

24 {(R)CBI6],
R = O(CH2)3S(CH2)2NH+2Bu“; represented as a chain}

cavity of a vesicle composed of (R).CB[6] [R =
O(CH2)3S(CH»)6¢OH], the characteristics of the inclusion
efficiency being comparable with those for other polymer
capsules used for this drug.®® One of important require-
ments to nanocontainers is the opportunity to control drug
release after the drug delivery to the cell in response to
external stimuli, e.g., pH, heating, intracellular environ-
ment. The use of a hydrocarbon chain bearing a disulfide
group (L = $"NHC(O)(CH,),S —S(CH,),C(O)NH-) as a
bridging molecule between (R),CB[6] makes nanocapsules
responsive to the intracellular reductive environment.”®

Figure 7. Formation of polymer surfaces through the bridging of
modified cucurbit[6]urils (R).CB[6] by molecules (L).
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G@(R)CB[6]

Figure 8. Inclusion of a charged guest (G) in (R).CB[6] leads
to the separation of 2D polymer sheets by electostatic
repulsion [R = CH,CH=CH,, H,L = HS(CH»)SH,

G = NHj (CH,)sNH; (CH2)4NH3 (CH2);NH{ .72

Under reducing conditions, S—S bonds are cleaved and
nanocapsules are disrupted to release the drug.

Of particular interest are temperature-responsive nano-
capsules based on CB[6] and bridging poly(/N-isopropyl-
acrylamide), which is a temperature-sensitive polymer
widely used due to its ability to undergo a reversible phase
transition at 32 °C.”! The temperature responsiveness of
this nanocapsule can be controlled by including guests, for
example, n-butylamine, in the cavity of the constituent
CB[6] molecules.

The study of the mechanism of nanocapsule formation
showed that small 2D polymer patches are initially formed
in solution and then they are turned into hollow spheres.®®
A new CB[6]-containing nanomaterial — planar 2D poly-
mer sheets with macroscopic dimensions — was prepared by
thoroughly selecting the bridging molecules and the solvent
to prevent the folding (Fig. 8).7> The surface thickness of
the new CBJ[6]-containing material is 2.8 nm, which corre-
sponds to ~2-3 layers of CB[6] molecules. An ingenious
method was developed for the preparation of single-mono-
mer-thick 2D polymer surfaces. Protonated spermine
[NH7 (CH»);NH; (CH2)4NH; (CH»2);NH7 ] added to the ini-
tial reaction mixture is included in the cavity of (R).CBJ[6],
resulting in the mutual electrostatic repulsion between the
layers. This is the first example of the production of
monolayer polymer surfaces in solution. Such ultrathin
monolayer polymers (for example, graphene) are of great
interest because of their unique properties. However, simple
and effective methods for the preparation of such materials
are lacking.

V. Methods of attaching cucurbit|z]urils to the
surface

The attachment of receptors to the surface is of great
importance in many areas of application, particularly for
the manufacture of chemical sensors and biosensors. There

are the following three main methods for binding CB[#x] to
the surface: 1) through noncovalent interactions between
the portal carbonyl groups and the surface (usually, the
gold surface); 2) through noncovalent interactions between
the guest molecule and the cavity of CB[#n], the other part of
the guest molecule being bound to the surface; 3) through
covalent binding of functionalized (R).CB[n] molecules to
the surface (Fig. 9).

A simple, facile and effective method for the attachment
of CB[n] (n = 6—38) to the surface without pre-modification
of either the macrocycles or the substrate was proposed in
2008.73 The immersion of a gold electrode in saturated
aqueous solutions of CB[n] results in the formation of
monolayers of CB[n] molecules through noncovalent inter-
actions between the carbonyl groups and the gold electrode
surface (see Fig. 9 a). Due to multiple C=0---Au interac-
tions, the gold coating is rather stable. Thus, the washing of
the electrode with different solvents does not lead to
desorption of CB[xn].

The second method of attaching CBJ[#] to the surface is
based on the ability of these macrocycles to form stable
inclusion complexes. In this case, an additional guest
molecule serves as a linker. One moiety of this guest
molecule can form a stable host—guest complex with
CBJ[n], whereas the other one can bind to the surface (see
Fig. 9b). For instance, the immobilization on the gold
surface can be performed using inclusion compounds of
guest molecules with CBJ[#], in which the moiety that is not
included in the cavity bears a sulfur-containing group
capable of forming strong S— Au linkages.”*~77

Another method for anchoring cucurbiturils on the
surface was made possible due the development of the facile
synthesis of functionalized CBJ[n]. Perallyloxycucurbit[6]uril
(HC=CHCH:0),CB[6] was attached to the modified
glass surface through the binding of allyloxy groups to
(CH>)3SH groups anchored on the substrate (see Fig. 9 ¢).%*

The hydrophobic cavity in surface-immobilized CB[#n]
remains accessible to guest molecules and retains the unique
recognition ability. Therefore, such materials hold great
promise for the application in diverse fields: in separation

Figure 9. Methods of attach-
ing CB[n] to the surface: the
interaction between the surface
and the CB[n] portals (a), the
formation of inclusion com-

pounds (b), the binding of
modified (R)CB[#n] to the sur-
face (c).
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and extraction processes, chromatography, catalysis, drug
delivery, construction of artificial ion channels, design of
sensors and biochips and so on. The use of CB[n]-containing
materials for the further surface modification and the
separation of complex mixtures is covered in the literature
in most detail.

VI. Immobilization on cucurbit|r]uril-containing
surfaces

VIL.1. Methods of material immobilization

The immobilization on the CB[n]-containing surface is
based on the ability of CB[#] to form highly stable inclusion
compounds, for example, of CB[7] with ferrocene deriva-
tives (Fc) or of CB[8] with two guests to form highly stable
ternary inclusion complexes (Fig. 10). Guest molecules,
which decorate the surface of the material to be adhered,
are included in the cavities of the macrocycles of the CB[n]-
containing substrate and both surfaces are rather tightly
stuck together through multiple host — guest interactions.

Figure 10. Immobilization of materials (A) on CB[n]-containing
surfaces (B) through the formation of inclusion compounds with
CB[7] (a, ¢) and CBI[8] (b).

The size and shape complementarity between the rigid
host and guest molecules is responsible for high values
(10'2—10'3 litre mol—!') of the association constants for
inclusion compounds of different substituted ferrocenes
FcR (R = COO—, CH,OH, CH,NHMe;, CH,NMej, etc.)
with CB[7].11-78-80 Recently, it has been found?® that this
constant for the inclusion compound of the diamantane-4,9-
diammonium cation with CB[7] is as high as
7.2x10'7 litre mol—'. These values of association con-
stants are comparable with or even higher than the corre-
sponding constant for the biotin—avidin interaction
(10'3—10'3 litre mol—!), which is the strongest noncovalent
interaction known in nature.8! The biotin—avidin pair is
widely used for the surface immobilization of biomolecules.
However, this system has some drawbacks. For example, it
is denatured by organic solvents or at elevated temper-
atures.

One of the most beautiful examples of the utilization of
a strong interaction between CB[n] and a guest molecule
that demonstrates the above-mentioned effect at the macro
level refers to so-called ‘supramolecular velcros’.$%-83 Two
substrates functionalized with CB[7] and ferrocene, respec-
tively, being immersed in water, were stuck together using
fingers, with a contact area of as small as 1 cm?; never-
theless, due to the formation of multiple strong host— guest
interactions, such small pieces can hold a weight of 2 kg in

Figure 11. Formation of ‘supramolecular velcros’ based on
Fc@CB[7] from two substrates (I cm?) functionalized with CB[7]
and Fc, respectively, that are adhered with each other under water
(the inset in Fig. a).82

The holding power of the substrates stuck together is 2 kg in water
(a) and up to 4 kg in the air after drying (b).

water (Fig. 11 a). After drying in air, adhesive forces are
enhanced, and the holding power increases to 4 kg (see
Fig. 115). This value is substantially larger than the lap
shear adhesion strength of commercial Velcro widely used
in light industry (1.12 and 0.74 MPa for the ‘supramolecular
velcro’ Fc@CBJ[7] and commercial Velcro, respectively).
The adhesion of the substrates is mechanically reversible
and chemically switchable (thus, Fc@CB[7] can be unfas-
tened by means of an interaction between CB[7] and the
guest with a higher association constant for the formation
of inclusion complexes, for example, with adamantane). In
addition, the manufacture of ‘velcros’ in an aqueous sol-
ution solves the major challenge in the synthesis of stuck
surfaces in an aqueous medium — the exclusion of water
molecules between the adhesive and adherent surfaces.

The immobilization on the CB[8]-containing surface
occurs through the formation of ternary inclusion com-
plexes (see Fig. 105). The inclusion of two organic mole-
cules — electron-deficient (for example, methyl viologen)
and electron-donating (for example, 2,6-dihydroxynaphtha-
lene or 1,4-dihydroxybenzene) — in CB[8] provides a tight
contact between these molecules inside the cavity, resulting
in a strong charge-transfer interaction (the association
constant is 10— 10! litre?> mol —2), which is much stronger
compared to that when these organic molecules are not
included in the cavity.’# 3% In these cases, the CB[8] mole-
cule is often referred to as a molecular ‘handcuff’. There-
fore, one of the surfaces to be adhered should contain an
inclusion complex of a macrocycles with a guest, for
example, an electron-deficient molecule, whereas the adher-
ent surface should contain molecules of another guest acting
as an electron donor.

VI1.2. Immobilization of biomolecules

Biochips play an important role in modern diagnostic
techniques. A method commonly used for producing bio-
chips is based on the immobilization of biomolecules on the
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surface with the retention of their biological activity. A
great advantage of supramolecular immobilization over the
covalent binding of biomolecules to the surface is the
formation of noncovalent bonds, which can be more easily
broken, if it is necessary, to detach biomolecules from the
surface.

The immobilization of biomolecules on the CB[#n]-modi-
fied surface was proposed for the first time by the research
team headed by Professor K. Kim in 2007.85 A ferrocene
molecule bound to the protein glucose oxidase, which is a
well-known sensor for glucose, was employed as a guest.
Perallyloxycucurbit[7]uril molecules anchored to a gold
substrate served as hosts (see Fig. 10 ¢). The immobilization
of the protein was implemented by the direct immersion of
this substrate in a solution of Fc glucose oxidase. It was
shown that in this case, the properties of glucose oxidase as
a sensor for glucose are maintained.

Yellow fluorescent protein (YFP), which is well-known
as a fluorescent label in cell and molecular biology, was
immobilized on the surface using supramolecular inclusion
compounds with CB[7] and CB[8]. In the former case,
monolayers of CB[7] molecules anchored to a gold substrate
(hosts) were prepared by spontaneous adsorption of these
macrocycles on the surface.®¢ Upon the immobilization of
Fc-YFP on the CB[7]-attached Au surface (see Fig. 10a),
the protein molecules form a monolayer; other protein
molecules bound to the surface in any other mode are
absent in the space between the anchored protein molecules.
In the latter case, where CB[8] was used, YFP monolayers
were formed through the inclusion of the appropriate
moieties of two guests in the cavity (see Fig. 105): violo-
gen-functionalized SiO» nanoparticles (or glass surface) and
the 2-naphthyloxy-functionalized protein YFP.%7 The pro-
tein-modified surface was rather stable, as evidenced by the
fact that only a slight decrease in the fluorescence was
observed over several days.

An important feature of such inclusion compounds is
the reversible encapsulation of guests and, correspondingly,
the reversible immobilization of biomolecules. The treat-
ment of the CB[7]-Au/Fc-YFP surface with a FcCH,NMesl
solution, which has a higher association constant with CB[7]
compared to that of Fc-YFP, results in the displacement of
the latter from the cavity and the release of the protein.®¢ In
the case of the system with CB[8], YFP is released upon the
reduction of viologen, resulting in the destruction of the
guest charge-transfer complex, and the subsequent oxida-
tion of viologen returns the system to the initial state.®”

The surface immobilization with the RGD peptide
(RGD is arginylglycylaspartic acid; the amino acid motif
of the RGD peptide is responsible for the recognition and
protein —protein interactions in cells) through the formation
of inclusion compounds with CB[7] and CBJ[8] was success-
fully used for the spatial resolution of cell adhesion. The
RGD peptide was attached to the CB[7]-Au surface by
including Fc-RGD in the cavity of CB[7];%® and attached
to the CB[8] surface, via the CB[8] ‘handcuff’ that links the
appropriate moieties of two guests: a viologen-functional-
ized hydrocarbon chain (which is bound to the gold sub-
strate surface via the thiol group at the other end of the
chain) and the tryptophan-functionalized RGD peptide.?®
Arrays of gold stripes on glass substrates rather than solid
gold substrates were employed in the cited works. The
interaction between the RGD-peptide-modified surface
and HUVEC cells (HUVEC are human umbilical vein

endothelial cells) results in that the adhesion occurred only
at gold stripes, thus providing the spatial resolution of cell
adhesion according to the pattern specified by the gold
array. This supramolecular control of the cell distribution is
of great importance for the design of biomaterials for cell
engineering.

The ‘handcuff’ effect was successfully used for the
immobilization of living organisms — bacterial cells.”?
E. coli outer membrane proteins modified with a trypto-
phan-containing peptide were attached to the gold stripes
pre-immobilized with a CB[8] monolayer (by inserting a
methyl viologen chain containing the terminal thiol group
into CBJ[8]). It is important that bacteria retain activity
upon this supramolecular immobilization.

VII. Cucurbit|z]uril-containing surfaces for
separation of mixtures

Due to the unique recognition properties, CB[n]-modified
surfaces hold promise for the separation of complex mix-
tures through the selective binding only of such components
that form stable inclusion compounds with these cavitands.
Examples of the use of the CB[6]-modified silica surface as
the stationary phase in high-performance liquid chromato-
graphic separation of alkaloids are available in the liter-
ature.”! 93

The CBJ[8]-containing surface has proved to be partic-
ularly efficient for the peptide separation.’* The modified
gold substrate surface consists of CB[8] containing a viol-
ogen molecule in the cavity (Fig. 12). Due to the effect of a
CBJ8] ‘handcuff’, the treatment with a mixture of peptides
results in the selective immobilization of tryptophan-con-
taining peptides on the surface. The electrochemical reduc-
tion of viologen triggers the release of the anchored peptides
from the surface, the process being reversible and reprodu-
cible. The problem of protein purification has attracted
great interest in the past decades. Therefore, procedures
using CB[#n]-immobilized surfaces hold great promise since
they do not require, as opposed to conventional methods,
large amounts of eluents and additional ligands.

A3E8

Figure 12. Use of the CB[8]-immobilized surface modified with
viologen for the separation of peptides A and B.%*

(1) Selective inclusion of peptide B and release of peptide A; (2)
electrochemical reduction of viologen included in the cavity of
CB[8] and release of peptide B.
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Figure 13. Use of CB[7] for the selective isolation of cell membrane proteins.®>
(1) Functionalization of cell membrane proteins with ferrocene; (2) cell disruption; (3) selective anchoring of Fc-labelled proteins to the

CBJ[7]-immobilized surface; (4) release of proteins.

The ability of CB[7] to form highly stable inclusion
complexes with ferrocene derivatives served as the basis
for the selective isolation of cell membrane proteins
(Fig. 13).95 The separation and identification of these pro-
teins is a challenge in modern proteomics concerned with
functions of proteins and their interactions in living organ-
isms. In the state-of-the-art analysis of proteins in the cell
membrane, streptavidin is commonly used as a receptor for
the extraction of biotinylated protein molecules. The use of
CB[7]-modified Sepharose granules (Sepharose is a poly-
saccharide for gel filtration of high-molecular-mass com-
pounds) and Fc-labelled membrane proteins showed the
efficient protein trapping comparable with that provided by
the streptavidin—biotin system. The proteins extracted by
this method are free from biotinylated by-products.
Another advantage of CB[n] is that proteins trapped by
CBJ7] can easily be isolated from Sepharose granules by the
treatment with a FcCH,NMesl solution at room temper-
ature, as opposed to the extraction from streptavidin-
modified granules, which requires much more drastic con-
ditions.

Therefore, the synthetic but biocompatible cucur-
bit[n]uril-based host—guest system may be a useful alter-
native for membrane proteomics, as well as for other
biological and biotechnological applications.

VIII. Cucurbit|r]uril-modified electrodes for
analytical applications

The attachment of CB[#n] to the surface of different electro-
des is of particular interest for analytical applications.
Mono- or multilayer CB[n]-immobilized surfaces can be
prepared, for example, by the immersion of a gold electrode
in an aqueous CB[n] solution,”-%¢ the adsorption of CB[5]
on a mercury electrode in a Na,SOy4 solution,’’ the coating
of a glassy carbon or any other electrode with a mixture of
CB[n] and Nafion or polyvinyl chloride (PVC) 28~ 102 or with
a graphene—CB[n] suspension.'3 Using semipermeable
CBJ[6]/PVC membranes as ionic conductors on the electrode
surface, it is possible to perform highly efficient electro-
chemical studies of insoluble substrates and, in the authors’
opinion,®® in some cases such membranes can easily replace
widely used Nafion and carbon-paste electrodes.
Electrodes modified with CB[7] and CBJS§] are of interest
as electrochemical sensors. The ability of CB[n] to be
involved in host— guest interactions provides high sensitiv-
ity and selectivity of the method. Furthermore, no addi-
tional pre-treatment of the sample is required. This was
demonstrated by an example of the detection of tryptophan
using a CB[8]/Nafion-modified glassy carbon electrode.®®
Electrodes modified with a suspension of graphene with
CB[7] or CB[8] combine the molecular recognition proper-

ties of CB[#n] and high electrical conductivity of graphene,
which allows the electrochemical detection of biomolecules.
For example, tryptophan was detected in a solution at a
concentration of 0.69 x 10~7 mol litre—! using a graphe-
ne — CBJ[8] electrode.!03

An interesting use of a CB[8]-modified electrode as an
electrochemical transducer in a flow injection analysis was
proposed.'®! This electrode was utilized for the determina-
tion of dopamine (a neurotransmitter released in the human
and animal brains) in blood serum samples, the method
being characterized by a rather low detection limit, selectiv-
ity and reproducibility.

IX. Cucurbit|z]urils and metal nanoparticles

Nanoparticles (1-100 nm) have properties substantially
different from those observed in the bulk, including the
crystal lattice parameters, electronic structure, magnetic,
optical, catalytic and other properties. Metals in a highly
dispersed state are often active in such reactions, in which
bulk metals are barely active, if at all. For example,
although bulk gold is known as one of the most inert
metals, its dispersions with a particle size of <5-10 nm
exhibit higher catalytic activity in the oxidation of CO than
metallic palladium and platinum conventionally used as
catalysts for this reaction.' Gold nanoparticles have
attracted attention due to their high chemical stability and
low toxicity. Commercial silver nanoparticle-based biolog-
ically active additives exhibit antibacterial, antiviral and
fungicidal activities. The major obstacle to the use of metal
nanoparticles is their tendency to form agglomerates, result-
ing in an increase in the particle size and, consequently, in a
decrease in their activity. Nanoparticles can be stabilized
against agglomeration by chemically anchoring the particles
on the surface or by means of surrounding by different
protecting reagents (encapsulation), such as surfactants,
dendrimers and polymers.!05. 106

IX.1. Cucurbit[z]urils and gold nanoparticles
Cucurbit[n]urils were used for the first time to stabilize
nanoparticles in 2007. Thus, the reduction of chloroauric
acid with sodium borohydride in the presence of CB[7]
produced gold nanoparticles (Au-NP).197 The stabilization
of gold nanoparticles by cucurbit[r]urils is usually attrib-
uted to the fact that nanoparticles are surrounded by
molecules of the macrocycle through interactions between
the portal oxygen atoms and the gold surface (see Fig. 9 a).
This prevents agglomeration. Thus, the CB[n]—Au-NP
particles are stable over several months.

The possibility of the formation of gold nanoparticles
inside the cavity of cucurbit[r]urils was mentioned in a
number of publications. The reduction of HAuCly in the
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presence of CB[7] gave two types of nanoparticles with
diameters in the ranges of 0.4—1.2 and 4—9 nm.'97-198 The
authors hypothesized that smaller nanoparticles are located
inside the cavity of CB[7]. In the case of CB[5] and CBJ6],
the formation of nanoparticles of these sizes was not
observed, which is consistent with much higher stability of
the CB[7]— Au-NP system compared to CB[5]—Au-NP and
CB[6]—-Au-NP. Thus, the former system remains
unchanged in the presence of cyanide anions and gold is
not extracted with toluene and is not precipitated upon
heating. It was shown that, upon photolysis, CB[7]— Au-NP
nanoparticles (~1 nm) cause a 7-fold increase in the rate of
dimerization of phenylacetylene to 1,3-diphenylbuta-
diene.!%° The electronic structure and microstructure of the
CBJ7]— Au-NP nanoparticles prepared by this method were
studied by X-ray absorption spectroscopy (Au Ls-edge
EXAFS, XANES and HERFD)." These studies showed
that gold nanoparticles are characterized by 0.01-0.02 A
smaller interatomic distances compared to bulk gold. Spe-
cific properties of atoms on the surface of such nano-
particles may be associated with structural disorder,
deformations and strain, which increase with a decrease in
the particle size.!!0

In the case of the stabilization of nanoparticles through
interactions between the cucurbit[n]uril portals and the gold
surface, the cavitand molecule can be attached to Au-NP by
either one (1:1) or both portals (1:2). In the latter case, this
gives rise to supramolecular aggregates, in which Au-NP are
linked together to form chains (1D) or three-dimensional
(3D) structures (Fig. 14).!''! The formation of such aggre-
gate is a unique situation and is not observed for other
macrocycles (for example, cyclodextrins or calixarenes).
The stability of aggregates is influenced by the presence of
sodium cations in the reaction solution. These ions block
(through the coordination of the cation) the free portal of
CB[n] (n = 5—8) bound to Au-NP (1:1), thus hindering the
further aggregation of nanoparticles.!!?

The CB[n]—Au-NP aggregates with a repeatable, fixed
(the value is strictly specified by the height of the CB[#n]
molecule, i.e., ~0.9 nm) and rigid nanojunction proved to
be convenient objects for the SERS (surface-enhanced
Raman scattering, giant Raman scattering) method. Con-
ventional SERS experiments are performed using molecules
adsorbed on specially prepared rough metal surfaces or on
small (10—100 nm) metal particles. The effect is manifested
as an increase in the intensity of the lines due to the
enhancement of the electromagnetic field between tightly
connected nanoparticles (up to 10'* times for colloidal
gold), thus making it possible to sense single molecules.!!?
The SERS spectra of CB[n]—Au-NP (n = 5—-8) show an
enhancement of the signals of both CB[#x] itself and mole-
cules included in the cavity of these cavitands. For example,
the inclusion of methyl viologen in CB[6] led to the enhance-
ment of the SERS signals by about 103; the inclusion of
ferrocene in CBJ[7] resulted in the SERS enhancement up to
109 114-117

The unique ability of cucurbit[z]urils to act as synthetic
molecular vessels, in which bimolecular reactions between
the specially selected guests proceed with high regio- and
stereoselectivity, was successively employed in the design of

T HERFD is high-energy resolution fluorescence detected spin-polarized
X-ray absorption spectroscopy.

9A

Figure 14. Formation of supramolecular aggregates through the
interaction between gold nanoparticles and CB[#] portals.'!!

SERS nanoreactors.!'® The SERS method can be used to
monitor in real time the photoisomerization and photo-
dimerization of stilbene inside the cavities of CB[7] and
CBI8], respectively.

An original strategy was proposed for the synthesis of
gold nanoparticle chains with CB[7] junctions.!!® The spon-
taneous 3D aggregation of nanoparticles is redirected into
chain growth by the electrokinetic control of the interac-
tions between Au-NP and CB[7] at the interface of a nano-
porous  polycarbonate membrane (Fig. 15). One-
dimensional (1D) or branched (2D) chains are formed
depending on the supply rate of CB[7] molecules to a
compartment containing nanoparticles (Fig. 16). The
chains, in which nanoparticles are at an equal specified
distance from each other (in this case, the value is deter-
mined by the height of the CB[xn] molecule, ~0.9 nm), are of
great interest due to the unique plasmonic and electronic
properties.

The CB[n]—Au-NP aggregates can be employed as
optical probes for the detection of proteins by enzyme-
linked immunoassay (based on the specific antigen —anti-
body reaction).!?% It is well known that CB[n] portals are
bound to alkylammonium ions through ion—dipole inter-
actions.® The enzyme urease was chosen as a label in
enzyme-linked immunoassay. This protein is responsible

Au-NP

o o 3¢

O o U

Figure 15. Assembly of supramolecular Au-NP-CB[7] chains
based on the electrokinetic control of the interactions between
CBJ[7] and gold nanoparticles at the interface of a nanoporous
membrane.'!?
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Figure 16. Images of one-dimensional (1D) (a) and branched (2D)
(b) CB[7]—Au-NP chains calculated from cryogenic transmission
electron microscopy (TEM) data.!'!®

d ~ 60 pm

Figure 17. Microcapsule with a shell comprised of a polymer
containing gold nanoparticles (held together by CB[8] as a supra-
molecular ‘handcuff’) dispersed in the polymer network.!?3

for the biological generation of ammonium ions. Urease-
labelled antibodies were added to a CB[7]— Au-NP-contain-
ing solution of the antigen (mouse IgG) to be assayed.
Ammonium ions that are produced due to the enzymatic
activity of urease successfully competed with nanoparticles
for CB[7] portals, CB[7]— Au-NP aggregates were disrupted,
resulting in a shift of the line in the surface plasmon
resonance spectrum proportionally to the IgG concentra-
tion. The use of the non-biological CB[n] molecule reduces
the risk of false signals in the spectrum. Taking into account
this fact, along with a good detection limit and a broad
dynamic range of detectable concentrations characteristic of
enzyme-linked immunoassay, this approach can be consid-
ered as alternative to colorimetric assay techniques for the
determination of proteins.

The ability of CBJ[8] to form stable inclusion complexes
is utilized both for the attachment of nanoparticles to the
surface or organic polymers (see Fig. 10 5) and for adhesion
of nanoparticles to each other.74-121-124 A gstable materials
containing gold nanoparticles on a silicon substrate was
produced by immobilization of naphthyloxy-functionalized
gold nanoparticles onto the viologen-functionalized surface
using CBJ[8] as a supramolecular ‘handcuff’.’7# This method
can be applied to attach nanoparticles at definite sites on
the surface and provides a tool to reversibly control the
binding events. Therefore, the materials prepared by this
method are of interest for integration into photonic devices,
chemical and biological sensors and single molecule detec-
tors.

The formation of inclusion compounds (methyl violo-
gen — trans-4-hydroxyazobenzene)@CB[8] underlies the
preparation of unique colloidal systems containing large
particles (SiO, microspheres with a diameter of ~280 nm,
TEM data) decorated with smaller gold nanoparticles at the
surface.!?! The reversible assembly and diassembly of gold
nanoparticles is provided by the ability of the trans-4-
hydroxyazabenzene molecule to undergo, under light irra-
diation, a reversible transformation to the cis form, which
cannot form inclusion compounds with CBJ[8].

Polymer films with a controlled dispersion of gold
nanoparticles were assembled from a 2-naphthyloxy-func-
tionalized organic copolymer and viologen-functionalized
Au-NP held together by CB[8] as a supramolecular ‘hand-
cuff’.122 This system (CB[8]—2-naphthyloxy-copolymer—
methyl viologen-Au-NP) served as a platform for the
unique technique for the fabrication of monodisperse
microcapsules (diameter ~60 pm), the shell of which is
comprised of a polymer containing gold nanoparticles
dispersed in the polymer network and which contain water

in the cavities (Fig. 17).123 Due to the formation of a highly
stable inclusion compound with CB[8], the microcapsules
are resistant to heating to 100 °C. This technique can be
applied to insert different compounds in the cavity of the
capsule. The latter can be released by destroying the capsule
shell (reversible encapsulation of guests in CB[8]). Due to
the presence of gold nanoparticles, the microcapsules
exhibit strong plasmonic properties and can be used as a
SERS substrate for encapsulated materials.

IX.2. Cucurbit[z]urils and nanoparticles of other metals and
their compounds
The stabilization of nanoparticles of other metals with
cucurbit[n]urils has received less attention in the literature
as compared with gold nanoparticles. Silver nanoparticles
were synthesized by the reduction of an AgNO3; aqueous
solution with sodium borohydride.'?> The cucurbiturils
CBJ5] and CBJ6] induce the rapid formation of aggregates
with a diameter of > 13 nm followed by their sedimenta-
tion, whereas CBJ[7] and CBJ8] facilitate the formation of
nanoparticles with a narrow size distribution and with
diameters of ~5.3 and ~3.7 nm, respectively. The com-
puter modelling (in terms of the density functional theory
with the hybrid functional B3LYP) provided evidence that
there are interactions between silver nanoparticles and the
oxygen atoms of CB[n] portals, although the IR spectra do
not display a shift of the C=0 stretching band character-
istic of coordination. Silver bromide nanoparticles
CB[n]—-AgBr-NP (n =5, 7) were obtained in the presence
of trace amounts of bromide anions in the reaction solution
of silver nitrate and CB[n].'?° The irradiation of these
nanoparticles with an electron beam produced in an elec-
tron microscope leads to the partial reduction of silver and
the formation of so-called Janus particles composed of two
components with different composition (AgBr and Ag).
Cucurbit[r]uril molecules are bound to the surface of both
silver and AgBr (the diameter of Janus particles is ~25 and
~10 nm in the case of CB[5] and CBJ7], respectively)
(Fig. 18). First investigations of the possibility of using
silver nanoparticles stabilized with cucurbit[r]urils in bio-
medicine demonstrated that these nanoparticles hold
promise for cancer therapy. Thus, the cytotoxicity of
CBJ[7]—-Ag-NP against breast adenocarcinoma cells and
bronchiolar lung cancer cell attests to higher efficiency of
these nanoparticles compared to the currently used gluta-
thione-stabilized silver nanoparticles.!?”
Cucurbit[r]uril-stabilized palladium nanoparticles were
synthesized by the reduction of a PdCl, aqueous solution
with sodium borohydride or other reducing agents in the
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Figure 18. Stabilization of nanoparticles composed of two compo-
nents with different composition (AgBr and Ag) with CBJ[5] or
CB[7] molecules.!?¢

presence of CB[n] (n =5-8) (~3.3 nm for CB[6] and
~2.5nm for CB[7]).'?®-132 The CB[n]-Pd-NP system
proved to be a highly efficient catalyst for reactions com-
monly used in organic chemistry, such as the Suzuki and
Heck reactions, direct C—H functionalization of fluori-
nated aromatic hydrocarbons, reduction of 4-nitrophenol
and so on.

The reduction of an aqueous solution of H,PtCls with
ethylene glycol or ascorbic acid in the presence of CBJ[6]
gives rise to platinum nanoparticles (~35 nm).!'33 The
CBJ[6]—Pt-NP nanoparticles exhibit higher activity in the
methanol electrooxidation than the commercial Pt/C cata-
lyst and they are also more resistant to inhibition due to the
ability of CB[6] to include small molecules, thus facilitating
the methanol and CO oxidation.

A nanocapsule composed of CB[6] molecules linked
together can be decorated with Pd, Au or Pt nanopar-
ticles.!3* Advantages of this material are high stability and
dispersibility in aqueous solutions, a specified nanoparticle
size, as well as (for a Pd-containing system), excellent
catalytic activity and recyclability in C—C and C—N
bond forming reactions in an aqueous medium.

The size of Fe;O4 nanoparticles (redution with sodium
acetate; the diameter is 150—500 nm) can be controlled by
varying the CB[n] (n =5-8) to FeCl; molar ratio in
solution.!3% Such biocompatible (tested in the HEK293 cell
line) magnetic nanoparticles are of interest for various
medical applications.

Stabilization of ZnO nanoparticles, which are produced
from a Zn(NOs)> aqueous solution by the addition of
NaOH in the presence of CB[7], is a facile route to this
semiconductor with a particle size of ~ 150 nm.!3¢

The reaction of Pb(NO3),, KI and CB[7] gave Pbl»
nanodiscs with a diameter of ~5—-34 nm and a thickness
of ~0.7 nm.'37 The disc thickness is comparable with the
layer thickness in the crystal structure of lead iodide. It was
hypothesized that CB[7] prevents the packing of Pbl, layers,
which restricts the growth of nanoparticles in the z direc-
tion.

The thermal decomposition of supramolecular inclusion
compounds is an example of the unusual application of
CB[n] (n = 7, 8) for the preparation of nanoparticles.!38-139
In the inclusion compound of the copper acetate complex
[Cu2(0OACc)4(H20)2] with CBJ[7], the binuclear complex is
located between two cavitands, two opposite acetate ligands
being included in the cavities of CB[7].13® The heating of
this compound to 600 °C affords CuO nanoparticles having
a much narrower particle size distribution and a smaller
diameter (~4-6 nm) compared to CuO nanoparticles,

which were prepared by heating copper acetate in the
absence of cucurbit[7]uril.

Therefore, the simple one-pot reduction of metal salts in
an aqueous solution in the presence of CB[n] is most often
used to stabilize metal nanoparticles with cucurbit[n]urils.
The size of the nanoparticles thus formed depends on the
ratio of the reagents and is, on the average, <10 nm. The
interaction between CB[#n] and metal particles prevents their
agglomeration, but it does not block the properties specific
to nanoparticles, as exemplified by the cytotoxicity of
CB[7]—Ag-NP or the catalytic activity of CB[6]—Pd-NP,
CB[7]-Pd-NP and CB[6]—Pt-NP. All this is evidence that
CB[n]-containing nanoparticles hold promise in medicine
and catalysis. The CB[n]—Au-NP aggregates, in which
nanoparticles are kept at a fixed distance from each other,
are convenient objects for the SERS detection of molecules
included in CB[n]. Taking into account a huge range of
guest molecules for cucurbit[n]urils, these cavitands are
highly promising for the design of chemical sensors and
biosensors based on SERS detection.

X. Cucurbit|r]uril-based hydrogels

The similarity of hydrogels — three-dimensional frame-
works formed by cross-linking of polymers — to soft bio-
logical tissues makes them increasingly important for the
drug delivery, tissue engineering and other biomedical
applications. Supramolecular hydrogels formed through
noncovalent binding of polymers show rapid responsiveness
to external stimuli, e.g. changes in the concentrations of the
reagents, solvent, pH, temperature, illumination and so on.
Systems based on natural and synthetic receptors (strepta-
vidin — biotin, cyclodextrin—adamantane, etc.) are used for
the supramolecular assembly of polymers. However, the
application of the former receptors is limited by difficulties
in performing chemical modification and producing these
compounds on an industrial scale; besides, the mechanical
properties of the resulting materials are in some cases
unsatisfactory because of low binding constants of guest
molecules to cyclodextrins.!#0~ 142 Cucurbit[n]urils are
attractive for the preparation of hydrogels because of their
ability to form stable inclusion compounds in an aqueous
medium. Thus, polymers bearing appropriate functional
groups can be linked together by the encapsulation of
these groups in the cavity of CB[8].

Upon the addition of CB[8], a colourless aqueous
solution containing two polymers — a polymer bearing
methyl viologen moieties in side chains (polymer A) and a
polymer bearing 2-naphthoxy groups (polymer B) — is
transformed into a viscous dark-red hydrogel, the colour
of which is associated with visible light absorbance on
account of the formation of a charge-transfer complex in
the cavity of CB[8] (Fig. 19).!43 [Copolymers of N-(4-vinyl-
benzyl)-N’-methyl-4,4'-bipyridinium chloride iodide with
N-hydroxyacrylamide, 4-vinylbenzyltrimethylammonium
chloride or sodium styrene sulfonate prepared by free
radical polymerization were used as the polymer A; a
copolymer of N-(2-napthoxyethyl)acrylamide with dimety-
lacrylamide prepared by the chain-transfer radical polymer-
ization was used as the polymer B.] Upon the addition of
CBJ[8], the viscosity of the medium increases more than
103-fold. The process is thermally reversible, the viscosity
and pore size depend on the CB[8] concentration and
thermal treatment of the hydrogel (Fig. 20). The mechanical
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Figure 19. Hydrogel formation through the association of poly-
mers via surpamolecular CB[8] ‘handcuff>.!43

(a) Polymer A bearing naphthoxy groups; (b) polymer B bearing
methyl viologen moieties; (¢) a mixture of polymers A + B; (d) the
addition of CBJ[8] to a mixture of polymers A + B.

properties and viscosity of the resulting material are similar
to those of supramolecular hydrogels used in practice.
CBJn]-Modified hydrogels with extremely high water
content (up to 99.7%) were prepared from commercially
available precursors — cellulose and poly(vinyl alco-
hol).144.145 The starting compounds were functionalized
with moieties (naphthalene and methyl viologen, respec-
tively) that form inclusion compounds with CB[8]. The
resulting material retains high elasticity even at an
extremely high water content, undergoes rapid self-healing

after damage caused by deformation, displays responsive-
ness to changes in the temperature, chemical potential and
to the presence of competing guests in the solution. The
protein release characteristics of the hydrogel were inves-
tigated.!*> The sustained drug release is of great importance
in the therapy of different diseases and makes it possible to
replace the regular drug therapy with a single injection of a
drug having a prolonged duration of action. Complete and
extremely sustained (over the course of 160 days) release of
bovine serum albumin from the above-described hydrogel
containing only 1.5% polymeric constituents far surpasses
the corresponding characteristics for other known hydro-
gels.

Supramolecular hydrogel based on CB[8] can also be
prepared by the inclusion of two guests of the same type in
the cavitand. The viologen groups of the copolymer of
acrylamide with N-(4-vinylbenzyl)-4,4'-bipyridinium
dichloride form a 1:2 inclusion compound with CB[8] only
in an alkaline medium (in the presence of NaOH).!4¢ This
hydrogel is responsive to changes in the temperature (rever-
sible gel —sol transition takes place) and the CB[8] concen-
tration. In an acidic medium, hydrogel of the 1:2
composition was produced via the inclusion of diethylami-
nobenzyl groups of functionalized chitosan in CB[8].!147 The
distinguishing features of this hydrogel are high pH sensi-
tivity and a very low rate of release, in an acidic medium, of
the anticancer drug S5-fluorouracil embedded into this
hydrogel. Therefore, this hydrogel holds promise for the
pH-controlled drug delivery.

Smaller cucurbit[z]uril, CB[6], is also used for the
preparation of hydrogels.'#%-14% Biocompatible hydrogel
based on hyaluronic acid (polysaccharide that is present in
human tissues) was prepared via the supramolecular assem-
bly of two polymers — hyaluronic acid modified with CBJ[6]
and hyaluronic acid modified with aminohexylamino
groups (Fig. 21).'48 The reaction proceeds in situ in
NIH3T3 fibroblast cells upon the addition of modified
polymers without additional reagents or stimuli. Hydrogels
with different physical and mechanical properties can be

heating

cooling

| _

CBI8]

Figure 20. Dependence of the viscosity and pore size of the surpamolecular CB[8]-containing hydrogel on the thermal treatment and CB[§]

concentration.!43
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Figure 21. Formation of NIH3T3 cell-entrapped hydrogel via the
supramolecular assembly of hyaluronic acid modified with CB[6]
and of hyaluronic acid modified with polyamine.!8

produced by replacing diaminohexane moieties with other
groups, which can also form inclusion compounds with
CB[6] (for example, spermine moieties). Park et al.!48
showed that in the case of subcutaneous injections of the
starting polymers in mouse tissues, hydrogel was formed
within a few minutes post-injection and it remained stable
and kept its shape for longer than 2 weeks. It was also
demonstrated that the finished hydrogel can be modified.
For example, after the insertion of a solution of CBJ[6]
modified with fluorescein isothiocyanate in the hydrogel,
the fluorescence of the dye was observed in vivo for 11 days,
whereas no fluorescence of carboxyfluorescein bound to
CBJ[6] was observed in 1 day (Fig. 22). These results attest to
the feasibility of the use of this hydrogel for cell therapy and
3D tissue engineering.

As opposed to other homologues, CB[7] is by itself able
to form hydrogels in aqueous solutions of mineral acids due
to rather strong interactions between the portals and the
hydroxonium cations.!'>® The hydrogel formation is ther-
mally reversible, sensitive to changes in pH and is blocked
in the presence of alkali metal cations. The inclusion of
diaminostilbene in CB[7] leads to the controlled reversible
gel—sol transition depending on the frans or cis configura-
tion of the guest.

The hydrogel formation was observed upon cooling of
an aqueous solution of CB[6] and n-butylammonium tosy-
late. In this case, hydrophobic, t—= and van der Waals
interactions between the tosylate moieties and CB[6] are
responsible for the gel formation.!>!

Therefore, taking into account the simplicity of the
synthesis of hydrogels based on cucurbit[n]urils, their rapid
responsiveness to external stimuli, high elasticity, controlled
viscosity, biocompatibility and the ability to provide sus-
tained drug release, hydrogels can be considered as promis-
ing candidates for biomedical and other applications.

XI. Cucurbit[r]urils for gas sorption and
separation

Microporous materials efficient for sorption and separation
of different gases are mostly polymeric compounds, such as
zeolites, metal-organic structures and porous organic poly-
mers. These materials are chemically stable and have a high
specific surface area. Meanwhile, examples of porous mate-
rials derived from discrete organic molecules linked together
through multiple van der Waals interactions to form a
framework are scarce. Such supramolecular frameworks
are usually not quite stable and do not retain porosity
after the removal of guest molecules. However, the possi-
bility of controlling the properties of materials, including
porosity, via different packing modes of large molecules in
the solid material has attracted ever-increasing attention.
A porous material based on cucurbit[z]uril molecules as
a framework was obtained by the recrystallization of CB[6]
from hydrochloric acid.' 153 In the material with the
composition CB[6]:-0.5HCI-11 H,O, the CB[6] molecules
form a honeycomb-like structure comprising channels
~6 A in diameter through van der Waals interactions and
C—H---O hydrogen bonds between adjacent macrocycles.
The inner cavities of CB[6] and the channels are filled with
water and HCI molecules, which can be almost completely
removed upon heating to 200 °C, the supramolecular frame-
work composed of cucurbit[6]uril molecules being retained.
The surface area (Brunauer — Emmett— Teller method using
nitrogen adsorption, 77 K) of this ‘activated” CBJ[6] is
210 m? g—!, and the pore volume is 0.13 cm?® g—!. These

1 day

4 days

7 days 11 days

Figure 22. In situ formation of supramolecular CB[6]-containing hydrogel after subcutaneous injections in mouse tissues and the

observation of fluorescence of the modifying dye.!4®

The labels A and B refer to carboxyfluorescein and fluorescein isothiocyanate, respectively, bound to CB[6].
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values are comparable with the data for the metal-organic
polymers Mg(HCO>), and Mn(HCO5)> (284 and 0.14, 297
and 0.13, respectively '>#155). This microporous material is
thermally and chemically stable and has high sorption
characteristics with respect to acetylene (52 cm?® g—! at
298 K, 1 atm) and CO> (45cm? g—! at 298 K, 1 atm),
which are also comparable with the corresponding values
for a number of metal-organic coordination polymers. The
most important and interesting property of this material is
its highly selective sorption of carbon dioxide. The X-ray
diffraction study of the structure of CB[6] with adsorbed
CO; showed that carbon dioxide molecules are located both
in intermolecular channels [held by hydrogen bonds and(or)
dipole —quadrupole interactions with the CB[6] molecule]
and inside the cavity (Fig. 23). It was hypothesized that
these multiple surpamolecular interactions are responsible
for a high enthalpy of CO; adsorption (33.0 kJ mol—"'). The
selectivity of CO,/CHy adsorption (Henry constant is 14.8)
is attributed to the absence of interactions between methane
molecules and the portal oxygen atoms.

The recrystallization of CB[6] from hydrochloric acid in
an aqueous ethanol solution afforded three structurally
different forms of CBJ[6], in the crystal structures of which
the macrocycles are packed in layers.!3® One layered struc-
ture retains the supramolecular framework after the
removal of guest molecules, and this ‘activated” form
adsorbs 76 cm?® g—! (298 K, 1 atm) of carbon dioxide,
which corresponds to 15 wt.%. This value is substantially
higher than the corresponding characteristics of any porous
molecular material.

In the amorphous state, a material based on CBJ[#n] larger
than CB[7] also has high thermal stability and porosity and
is able to selectively adsorb CO, (50 cm? g—!, 10 mass %,
297 K, 1 atm) and SO, (105 cm? g—!, 30 mass %, 297 K,
1 atm).!>7 High adsorption characteristics toward SO, are
attributed to a strong dipole—dipole interaction between
these polar molecules and the CB[7] portals. The enthalpy
of CO, adsorption (40.0 kJ mol—1!) is substantially higher
than the corresponding values for porous organic materials

Figure 23. Arrangement of carbon dioxide molecules in intermo-
lecular channels and inside the cavity of the cavitands in the
structure of CB[6] with adsorbed CO,.!%3

and is comparable with the values for some metal-organic
polymers.

Therefore, porous materials based on CB[n] are highly
promising for gas sorption and separation. The presence of
both intramolecular and intermolecular cavities in the
structures of these materials provides high adsorption
performance, and the interactions with the portal oxygen
atoms are responsible for the selectivity of separation of
different gas molecules. The selective adsorption properties
of CB[n] make it useful for the separation of CO; in
metallurgical industry, processing technologies for CO»
removal from natural gas (separation of CO, and CHy)
and so on. Of particular interest is the use of CB[xn] in
materials for the purification of flue gases from SO, taking
into account that most of metal-organic and porous organic
polymers are sensitive to water, which is the main compo-
nent of combustion products of carbon-containing fuels.!>”

XII. Proton conductivity of cucurbit|[r]urils

The fact that organic molecular materials can exhibit pro-
ton-conducting properties was demonstrated for the first
time for CB[n]-based porous organic materials.!'>® The
conductivity value of these materials is comparable with
that of known proton-conducting materials, for example,
metal-organic coordination polymers. Materials having
high proton conductivity have attracted great attention
because of their potential applications as solid electrolytes,
catalysts, proton sensors, proton-conducting membranes in
fuel cells and so on. In the compounds
CB[6]-1.1HCI-11.3H,0, CBJ[6]-1.2H>S04-6.4H>,0 and
CBJ8]:-6.8 HCO;H - 13 H>O, which were prepared by the
recrystallization of CB[xn] from hydrochloric, sulfuric and
formic acids, respectively, the macrocycles form a honey-
comb-like structure comprising channels ~7.5A in diame-
ter, which are filled with acid and water molecules linked to
each other by hydrogen bonds. The proton conductivity
depends on the nature of the acid that fills the channels and
is 1.1x1073, 1.3x10=3 and 1.3x10~-*Scm~! (298 K),
respectively. These values are comparable with the largest
value found for coordination polymers
8x10=3S ecm~—1).15 Although these values are smaller
that those for the widely used organic proton-conducting
material Nafion, single-crystal studies of CB[n]-based com-
pounds showed that the latter have highly anisotropic
proton conductivity (the conductivity along the channels is
much higher than that in the perpendicular direction). The
compound CB[6]-1.2H>SO4-6.4 H,O containing sulfuric
acid in the channels shows the highest anisotropy among
known polymer materials (o) :01 = 8600). Therefore, the
latter compound has potential applications in devices with
highly directed proton conductivity.

* * *

More than a century ago, Robert Behrend and co-workers,!
when studying the condensation of glycoluril and form-
aldehyde, discovered a new compound, which was later
named cucurbituril. The second ‘discovery’ of cucurbituril
was made in 1981, when Mock and co-workers 2 determined
the structure of this compound by X-ray diffraction. Recent
advances in the chemistry of these macrocycles, particularly
with the availability of homologues of different sizes, as well
as of soluble functionalized derivatives, disclosed various
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potential applications of cucurbit[r]urils. Although the
chemistry of inclusion compounds of these cavitands has
been studied for a relatively short period, researchers
already obtained results significant for medicine. Thus, the
inclusion in CB[n] leads to a substantial decrease in toxicity
of platinum complexes, enhances anticancer activity of
metal cyclopentadienyl complexes and ensures the con-
trolled release of biologically active guest molecules. All
this gives promise that cucurbit[n]urils have a considerable
potential for the design of a new generation of long-acting
pharmaceuticals. Due to a wide range of applications of
CBJ[n] in various materials with unique properties — poly-
mers, nanoparticles, hydrogels and so on — these macro-
cycles are very attractive for researchers. In just one year,
2015, several reviews concerning the chemistry of cucurbit[-
n]urils appeared, most of them being published during the
preparation of the present review for publication.!6-160-164
Taking into account growing interest in the prospects of the
use of cucurbit[n]urils, it would be expected that these
compounds will occupy a proper place among new func-
tional materials in the foreseeable future.

This review has been written with the financial support
of the Council on Grants at the President of the Russian
Federation (Project NSh-7178.2016.3).
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