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condensation processes that produce water as the only byprod-
uct. Most applications involve a two-step approach that requires
introduction of bioorthogonal reporters by chemical, metabolic,
or genetic means, followed by modification of the biomolecule
with the bioorthogonal labeling reaction (Figure 1). From a
practical point of view, a bioorthogonal process finds useful
application if the reporter group is stable inside the cell and
can be introduced by systemic distribution, metabolically, or
through a promiscuous enzymatic pathway (Sletten and Ber-
tozzi, 2009). Most bioorthogonal reactions reported in the
literature are chemoselective with respect to many, but not all,
biological functionalities, and have been used to label protein
in vitro or at the cell surface. Only a very few have been used
in much more complex systems inside living cells or animals:
the field, therefore, is really only just getting started.
Site-Specific Bioconjugation Based on Native
Functionalities
Intrinsic bioconjugation reactions selectively target side chains
and termini of the 20 naturally occurring proteogenic amino acids
(Ban et al., 2013). Classical reactions such as thiol-maleimide
additions or amine-activated ester acylations are widely used
for derivatizing proteins in vitro, but are typically not sufficiently
specific or rapid to modify a particular biomolecule in a higher
complexity cellular environment. Carbodiimide-based methods
for coupling of carboxylates are much less popular, probably
for reasons of positional selectivity or the potential for undesired
protein crosslinking, although there are certainly exceptions
(Schlick et al., 2005). As applications of bioconjugates become
more complex, the development of reliable chemoselective
methods for introducing functional molecules into the natural

amino acid residues of peptides or proteins with high site selec-
tivity has become important. The addressable functional groups
can be introduced as unnatural amino acids (Wang et al., 2006),
metabolic precursors, or installed by bioconjugation reactions.
In the last category, the traditional processes, which usually pro-
ceed at low coupling rates or with poor chemoselectivity, have
started to yield to new, highly selective organic transformation
and/or mechanistic modifications that improve ligation kinetics
and the stability of the resulting conjugates.
Emerging Approaches for Lysine Modifications. Lysine, argi-

nine, histidine, and N-terminal amines contribute to proteins’
positive charge at neutral pH and are often solvent exposed,
making them amenable to chemical modification via acylation
or alkylation (Table 1, entries 1–4). While primary amines readily
undergo reactions with activated esters, anhydrides, carbon-
ates, isothiocyanates, and a range of other acylating and alkylat-
ing agents at slightly alkaline pH, these reactions are neither site
specific nor protein specific. For example, N-hydroxysuccini-
mide (NHS) esters of a variety of types can cross-react with
the side-chain hydroxyl groups of tyrosine, serine, and threonine
if there is a nearby histidine to take up the NHS ester as an acyl
imidazole, which in turn reacts with the –OH group resulting in an
ester bond (Hermanson, 2013).
A variety of promising alternative approaches have recently

appeared that take advantage of the special reactivity of aniline
groups, imine/iminium intermediates, and diazonium centers.
Thus, a two-stage methodology from Francis and coworkers
connects the primary amine of lysine to an aniline center by
virtue of a reasonably selective reaction with isatoic anhydride,
followed by a highly selective oxidative coupling mediated by

Figure 1. Strategies for Introducing and Conjugating Functionality to Biomolecule Targets
(A) The two-step bioorthogonal labeling strategy: in the first step exogenous functionality is introduced genetically, metabolically or chemically, and the second
step involves highly specific bioorthogonal reaction.
(B) Site-specific bioconjugation based on native functionalities present in proteins.

1076 Chemistry & Biology 21 , September 18, 2014 ª2014 Elsevier Ltd All rights reserved

Chemistry & Biology

Review

condensation processes that produce water as the only byprod-
uct. Most applications involve a two-step approach that requires
introduction of bioorthogonal reporters by chemical, metabolic,
or genetic means, followed by modification of the biomolecule
with the bioorthogonal labeling reaction (Figure 1). From a
practical point of view, a bioorthogonal process finds useful
application if the reporter group is stable inside the cell and
can be introduced by systemic distribution, metabolically, or
through a promiscuous enzymatic pathway (Sletten and Ber-
tozzi, 2009). Most bioorthogonal reactions reported in the
literature are chemoselective with respect to many, but not all,
biological functionalities, and have been used to label protein
in vitro or at the cell surface. Only a very few have been used
in much more complex systems inside living cells or animals:
the field, therefore, is really only just getting started.
Site-Specific Bioconjugation Based on Native
Functionalities
Intrinsic bioconjugation reactions selectively target side chains
and termini of the 20 naturally occurring proteogenic amino acids
(Ban et al., 2013). Classical reactions such as thiol-maleimide
additions or amine-activated ester acylations are widely used
for derivatizing proteins in vitro, but are typically not sufficiently
specific or rapid to modify a particular biomolecule in a higher
complexity cellular environment. Carbodiimide-based methods
for coupling of carboxylates are much less popular, probably
for reasons of positional selectivity or the potential for undesired
protein crosslinking, although there are certainly exceptions
(Schlick et al., 2005). As applications of bioconjugates become
more complex, the development of reliable chemoselective
methods for introducing functional molecules into the natural

amino acid residues of peptides or proteins with high site selec-
tivity has become important. The addressable functional groups
can be introduced as unnatural amino acids (Wang et al., 2006),
metabolic precursors, or installed by bioconjugation reactions.
In the last category, the traditional processes, which usually pro-
ceed at low coupling rates or with poor chemoselectivity, have
started to yield to new, highly selective organic transformation
and/or mechanistic modifications that improve ligation kinetics
and the stability of the resulting conjugates.
Emerging Approaches for Lysine Modifications. Lysine, argi-

nine, histidine, and N-terminal amines contribute to proteins’
positive charge at neutral pH and are often solvent exposed,
making them amenable to chemical modification via acylation
or alkylation (Table 1, entries 1–4). While primary amines readily
undergo reactions with activated esters, anhydrides, carbon-
ates, isothiocyanates, and a range of other acylating and alkylat-
ing agents at slightly alkaline pH, these reactions are neither site
specific nor protein specific. For example, N-hydroxysuccini-
mide (NHS) esters of a variety of types can cross-react with
the side-chain hydroxyl groups of tyrosine, serine, and threonine
if there is a nearby histidine to take up the NHS ester as an acyl
imidazole, which in turn reacts with the –OH group resulting in an
ester bond (Hermanson, 2013).
A variety of promising alternative approaches have recently

appeared that take advantage of the special reactivity of aniline
groups, imine/iminium intermediates, and diazonium centers.
Thus, a two-stage methodology from Francis and coworkers
connects the primary amine of lysine to an aniline center by
virtue of a reasonably selective reaction with isatoic anhydride,
followed by a highly selective oxidative coupling mediated by

Figure 1. Strategies for Introducing and Conjugating Functionality to Biomolecule Targets
(A) The two-step bioorthogonal labeling strategy: in the first step exogenous functionality is introduced genetically, metabolically or chemically, and the second
step involves highly specific bioorthogonal reaction.
(B) Site-specific bioconjugation based on native functionalities present in proteins.

1076 Chemistry & Biology 21 , September 18, 2014 ª2014 Elsevier Ltd All rights reserved

Chemistry & Biology

Review

Bioorthogonal molecular conjugation in cells/ in vivo 4

- visual tag (e.g., fluorescent molecular) →detection of target molecular

- immobilization agent (e.g., magnetic bead) →isolation of target molecular

- therapeutic agent (e.g., radioactive molecular) →pre-targeting therapeutics

- catalyst →selective-modification of target molecular

McKay, C. S.; Finn, M. G. Chem. Biol.
2014, 21 (9), 1075–1101.



Current options: Host-guest chemistry has many advantages. 5

- “Click” reactions (azide-alkyne cycloaddition, Diels-Alder reaction, …)
Wide variety of reactions
Slow reaction rate (kon ~ 101-104 M-1s-1)

- Protein tagging (Halo-tag, CLIP-tag, Snap-tag, …)
High selectivity in mild conditions
Large size (~ 20-30 kDa) and instability of protein

- Biological host-guest pairs (biotin-avidin, eDHFR-TMP, aptamers, …)
Strong and rapid association (kon ~ 109-1010 M-1s-1)
Large size (~ 10-50 kDa) and instability of protein/oligonucleotides

- Synthetic host-guest pairs (β-cyclodextrin, cucurbit[n]uril, …)
Strong and rapid association (kon ~ 109-1010 M-1s-1)
Small(~1 kDa) and stable molecular

Schreiber, C. L.; Smith, B. D. Nat. Rev. Chem. 2019, 3 (6), 393–400.
Sasmal, R.; Das Saha, N.; et al. Anal. Chem. 2018, 90 (19), 11305–11314.



Synthetic host-guest pairs: Cucurbit[n]uril(CB[n]) family is suitable for bioconjugations. 6

- β-Cyclodextrin – hydrophobic molecule
low affinity (Kd ~ 10-6-10-3)

- Pillar[n]ene – hydrophobic molecule
low affinity (Kd ~ 10-6-10-4)

- Tetralactam – squaraine
high affinity (Kd ~ 10-11-10-7)

- Calixarene – hydrophobic cation
low affinity (Kd ~ 10-6-10-4)

- Cucurbit[n]uril(CB[n]) – hydrophobic cation
very high affinity (Kd ~ 10-15-10-9)
wide variety of guests

* (Strept)avidin-biotin: Kd ~ 10-15

Schreiber, C. L.; Smith, B. D. Nat. Rev. Chem. 2019, 3 (6), 393–400.
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Structure of CB[n] 8
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fundamental area.8–11 Biochemical and medicinal-chemical
aspects12–32 are excluded from this review, as are applications
in chemosensing,33–48 which in part have been recently reviewed
elsewhere.49

2. Synthesis
Synthesis of cucurbituril homologues

In 1905, the parent cucurbituril (CB6) was synthesized by
Behrend and coworkers as a sparingly soluble ‘‘condensation
product’’.50 Until today, cucurbiturils are produced by variations
of the old synthesis, which involves acid-catalyzed condensation
of glycoluril (1) and formaldehyde (Fig. 2). The molecular
structure of CB6 was uncovered by Mock and coworkers in
1981; Mock also coined the name ‘‘cucurbituril’’, due to the
resemblance of its structure to a pumpkin, which in turn belongs
to the botanical family cucurbitaceae.51 The group of Kim as well
as that of Day varied the reaction conditions (e.g., 80–100 1C, HCl
or 9 M H2SO4, 10–100 h), which proved to be essential to
successfully isolate other homologues, including CB5, CB6,
CB7, CB8, and CB10!CB5; CB6 remained the major product.52–54

The precise reaction mechanism of CBn was investigated in great
detail by the group of Isaacs.55–58

Recently, the structure of the yet largest CBn member (CB14)
has been reported with 14 normal glycoluril units linked by 28
methylene bridges (Fig. 3).59 The twisted CB14 provided impor-
tant information that larger CBn are actually being formed in
the course of CBn synthesis.

It should be noted that CBn preparation and purification
often introduces various impurities, always water and acid,
frequently acetone and methanol, and, depending on the iso-
lated homologue, ammonium and alkali metal salts.53 A number
of techniques have been used to assess the purity (specifically
the CBn content) of CBn samples, such as NMR, ITC, and TGA.
Kaifer and coworkers have described a practical method to assay
the purity of CB7 and CB8 based on UV-Vis titrations with
cobaltocenium, which forms highly stable complexes with CB7
and CB8.60

Synthesis of cucurbituril derivatives

Functionalized CBn, inverted-CBn, nor-sec-CBn, and various
congeners have also been discovered (Table 1 and Fig. 4), with

Fig. 1 Molecular structures of the three smallest CBn homologues.

Fig. 2 (Top) Synthesis of CBn homologues by condensation of glycoluril (1) and formaldehyde under acidic conditions. (Bottom) Different representations
of the CB7 structure.
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n MW
5 830.7
6 996.8
7 1162.9
8 1329.1

10 1661.4



Host-guest chemistry of CB[n] 9
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group being highest, that of an alkoxy group being lowest, and
that of an alkylthio group being in between.128 It should be
noted that the driving force due to desolvation of convex guests
is mainly related to their surface area. It produces a ‘‘classical’’
hydrophobic effect with a favorable entropic component, which
is different from the ‘‘nonclassical’’ effect due to the removal of
high-energy water from concave cavities, which has a favorable
enthalpic signature.121

Recently, we have reported a size-selective binding of alkyl
versus perfluoroalkyl chains by CBn.45 CB7 shows preferential
binding of perfluoroalkyl residues over normal alkyl groups,
which characterizes this macrocycle as being at least as fluoro-
philic as lipophilic in nature. The 1H and 19F NMR of the ditopic
guest 1-(perfluorobutyl)pentane clearly expose this binding
preference (Fig. 15). The preferential binding of the fluorinated
residue can be reconciled in terms of the sufficiently large
cavity size of CB7 (242 Å3), which snugly fits the perfluoroalkyl
tail and results in an ideal packing of 55%. In contrast, the
smaller CB6 homologue (cavity size 142 Å3) showed a prefer-
ential complexation of the alkyl chain of the same guest,
because the volume of the perfluoroalkyl group is slightly too
large to be accommodated by the smaller host cavity.

High-affinity binding

CBn bind many size/shape complementary guests with very
high affinity (103–1010 M!1). CB7, for example, forms stable 1 : 1
inclusion complexes with adamantanes135,136 and diaman-
tanes,137,138 with bicyclooctanes,110,135,136 and with ferro-
cene98,139–143 as well as with cobaltocene143–145 derivatives
(Table 6). The reported affinities of such residues can
approach146,147 or even exceed137 those of the strongest non-
covalent interactions found in nature, in the biotin–avidin pair.
The ferrocene–CB7 complex was first reported by Kaifer143 and
Kim98 in 2003. Fig. 16 shows two crystallographically independent
ferrocene/CB7 complexes that differ in their co-conformation, i.e.,
the relative alignment of the guest inside the host.148 DFT calcula-
tions in the gas phase (B3LYP/6-31G*) predict that the complex with
perpendicular orientation should be favored.149 We have attributed
this to quadrupole interactions resulting from the high (negative)
quadrapole moment of both, CB7 and ferrocene.8 Further studies
on ferrocene derivatives led to an extremely high affinity of 1015 M!1

by introducing an ammonium unit (Table 6).150

Adamantylammonium was also found to form a very stable
complex with CB7 (Ka = 4.2" 1012 M!1).136 Most recently, Isaacs
and coworkers have reported the tightest binding that was ever
measured for a monovalent molecular recognition event in
water, between CB7 and diamantane diammonium ion, with
Ka = 7.2 " 1017 M!1 in D2O and 1.9 " 1015 M!1 in 50 mM

Fig. 14 (a) Relationship between the binding constant (log Ka) versus chain
length m for H(CH2)mNH3

+ (K) and +H3N(CH2)mNH3
+ (m). (b) Dimensional

comparison between CB6 and various a,o-alkane diammonium ions.

Fig. 15 Representative structures illustrating the residue-selective binding
of 1-(perfluorobutyl)pentane with (a) CB6 and (b) CB7.

Table 6 Binding constants for the complexation of adamantane (A),
bicyclo[2.2.2]octane (B), ferrocene (C), and diamantane (D) derivatives with
CB7 (see Fig. 17 for molecular structures)

Guest K/M!1 Guest K/M!1

A1a 7 " 109 C1d 4106

A2b 2 " 1010 C2e 3 " 109

A3b 2 " 1014 C3b 2 " 1012

A4b 1 " 1014 C4e 4 " 1012

A5b 8 " 1014 C5e 3 " 1015

A6c 2 " 1012 D1a 4 " 109

A7b 5 " 1015 D2 f 3 " 1011

B1b 6 " 109 D3 f 2 " 1015

B2b 2 " 1014 D3 f 7 " 1017 g

B3b 1 " 1015

a Unpublished results, by fluorescent indicator displacement. b From
ref. 135. c From ref. 136. d From ref. 143. e From ref. 150. f From
ref. 137. g Measured in pure D2O.
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for CB7. Indeed, the 242 Å3 large CB7 cavity does not allow the
internal water molecules to arrange in a structurally stable
H-bond network.

However, the energy of each individual internal water mole-
cule is highest for small CBn, such as CB5 and CB6, but the
total energy for releasing all water from the inner cavity of CB7
is higher due to the larger number of water molecules (more
than twice) that are released upon the complexation process.
On the other hand, the large cavity of CB8 allows the optimiza-
tion of the H-bond network to a degree that is structurally
similar to bulk water, with the result that the energy contribu-
tion for water release is less from CB8 than from CB7, despite its
larger cavity. Kim and coworkers have reported another essential
role for water molecules on host–guest recognition.122 After the
transfer of the CBn–alkyldiammonium complexes from aqueous
solution to the gas phase, it was found that the complex
stabilities in the gas phase are different from those in aqueous
solutions. The results were attributed to the fact that water
molecules affect the ion–dipole interactions between the host
and the guest. Indeed, in the absence of solvent, ion–dipole
interactions are the main driving force for complexation. In
contrast, in solution, the hydrophobic effect, and in particular
the release of high-energy water, become dominant.

4. Host–guest Chemistry
The host–guest chemistry of CBn has already been reviewed
extensively.1,4,8,9,24,98,123–125 The hydrophobic effect, with emphasis
on the release of the high-energy water, as well as ion–dipole and
dipole–dipole interactions have been addressed as the main
driving forces for the binding of different guests by CBn. In
1983, Mock and coworkers were the first to study the complexation
of alkylammonium and alkyldiammonium ions with CB6 in
aqueous formic acid and to determine their binding affinities.126

Two years later, Freeman reported the first X-ray diffraction
structure of a host–guest complex of a CBn, that of the
p-xylylenediammonium ion encapsulated by CB6 (Fig. 13).127

The first structure-selectivity relationships between various
alkyl- and aryl-substituted ammonium ions and CB6 were also
established by Mock.128,129 The extensive studies revealed that

CB6 shows a chain length-dependent selectivity (Fig. 14).
Diammonium ions with a pentano or hexano bridge bind
significantly stronger to CB6 than those with shorter or longer
lengths. For 1,6-diammoniumhexane, the alkyl chain contracts
to adopt a slightly folded conformation in order to optimize cavity
filling and to additionally maximize ion–dipole interactions.130 It
was also found that CB6, with a cavity volume of 142 Å3, exhibits
size and shape complementarity.44,128,129,131–134 For example, CB6
can form an inclusion complex with p-tolylmethanamine, but not
with its ortho or meta isomers. Similarly, we have shown that even
though n-pentane, isopentane, and neopentane are equally large
(all 96 Å3, PC = 68%), only the first two guests showed sizable
binding with CB6, while neopentane does not form an inclusion
complex with CB6, likely for kinetic reasons (slow ingression
through the tighter portals).44 A consistent result had been
obtained by Mock for the neopentylammonium ion.126,128 More-
over, CB6 differentiates between saturated and unsaturated hydro-
carbons, with the latter displaying a weaker binding for the same
carbon framework.44

As is the case for all macrocycles that possess a hydrophobic
cavity, the guest hydrophobicity plays also an important role in
the stability of CB complexes. For example, an alkylamine with
a thioether linkage was found to bind more strongly than its
oxygen counterpart, but less than the alkylamine itself. This
result has been attributed to the hydrophobicity of an alkyl

Fig. 12 Schematic illustration of the release of high-energy water molecules from the CB7 cavity upon binding of a hydrophobic guest.

Fig. 13 X-ray structure of the p-xylylenediammonium ion encapsulated
by CB6, the first X-ray diffraction structure of a CBn complex.127
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Main driving forces:
- ion(dipole)-dipole interaction
- hydrophobic effect

→largely depends on the cavity size

congeners.13 The molecular recognition and self-assembly
properties of CB[6]14sthe oldest and most widely studied
member of the CB[n] familyshave been delineated by the
pioneering work of Mock15,16 and Kim.17,18 CB[6] undergoes
high affinity, highly selective, constrictive binding interactions
with cationic species, especially ammonium ions, driven by a
combination of ion-dipole interactions, hydrogen bonds, and
the hydrophobic effect. Aside from well-defined thermodynamic
effects, CB[6] also excels from the viewpoint of kinetic control
of recognition processes.19 For example, CB[6] accelerates the
dipolar cycloaddition between acetylenes and azides.20 Further-
more, Nau has recently demonstrated that the kinetics of binding
can be tuned by guest structure and experimental conditions
(e.g., pH, cation identity, and cation concentration).21 This set
of properties makes CB[6] an attractive component in nano-
technology, including molecular machines, supramolecular self-
assembly, and crystal engineering. In recent work, several groups
have begun to investigate the recognition and catalytic properties
of CB[7]22-26 and CB[8]27-30 and chemical or physical methods

to control those processes, which suggests that CB[7] and CB[8],
independently, will prove as useful as CB[6] for nanotechnology
applications.6,7 In this paper, we argue that the CB[n] family,
collectiVely, constitute prime components for the preparation
of complex self-sorting systems not only because of the well-
defined recognition properties (e.g. affinity and selectivity) of
each member of the family but also because of the high levels
of selectivity exhibited by different members of the family for
a common guest.31

Results

Several groups have determined the binding constants of
CB[7] and CB[8] toward different guest molecules,23-26,29,30,32,33
and some have reported qualitative investigations of the binding
of CB[5]-CB[8] toward a common guest (e.g. guest inclusion
or exclusion).34 In this paper, we report the binding constants
of CB[6], CB[7], and CB[8] toward a variety of guests that
demonstrates that the high selectivity seen by single members
of the CB[n] family also translates between members of the
CB[n] family. For this purpose, we have employed 1H NMR
competition experiments15 referenced to an absolute Ka value
determined by UV/vis titration.
Selection of Guests. Chart 1 shows the chemical structures

of the guests (1-24) studied in this paper. Our selection of these
guests is based on literature precedent and our own experience
with the binding properties of the CB[n] family.2,12,13 Ideally,
guests should experience changes in their UV/vis or fluorescence
spectra upon binding, exhibit slow exchange kinetics between
free and bound guest on the 1H NMR chemical shift time scale,

(12) Lagona, J.; Fettinger, J. C.; Isaacs, L. Org. Lett. 2003, 5, 3745-3747.
(13) Burnett, C. A.; Witt, D.; Fettinger, J. C.; Isaacs, L. J. Org. Chem. 2003,

68, 6184-6191.
(14) Freeman, W. A.; Mock, W. L.; Shih, N. Y. J. Am. Chem. Soc. 1981, 103,

7367-7368.
(15) Mock, W. L.; Shih, N. Y. J. Org. Chem. 1986, 51, 4440-4446.
(16) Mock, W. L.; Shih, N. Y. J. Am. Chem. Soc. 1988, 110, 4706-4710.
(17) Jeon, Y.-M.; Kim, J.; Whang, D.; Kim, K. J. Am. Chem. Soc. 1996, 118,

9790-9791.
(18) Whang, D.; Park, K.-M.; Heo, J.; Ashton, P.; Kim, K. J. Am. Chem. Soc.

1998, 120, 4899-4900. Isobe, H.; Tomita, N.; Lee, J. W.; Kim, H.-J.; Kim,
K.; Nakamura, E. Angew. Chem., Int. Ed. 2000, 39, 4257-4260. Lee, E.;
Heo, J.; Kim, K. Angew. Chem., Int. Ed. 2000, 39, 2699-2701.

(19) Mock, W. L.; Shih, N. Y. J. Am. Chem. Soc. 1989, 111, 2697-2699.
(20) Mock, W. L.; Irra, T. A.; Wepsiec, J. P.; Adhya, M. J. Org. Chem. 1989,

54, 5302-5308; Tuncel, D.; Steinke, J. H. G. Macromolecules 2004, 37,
288-302.

(21) Marquez, C.; Hudgins, R. R.; Nau, W. M. J. Am. Chem. Soc. 2004, 126,
5808-5816; Marquez, C.; Nau, W. M. Angew. Chem., Int. Ed. 2001, 40,
3155-3160.

(22) Ong, W.; Kaifer, A. E. Angew. Chem., Int. Ed. 2003, 42, 2164-2167;
Sindelar, V.; Moon, K.; Kaifer, A. E. Org. Lett. 2004, 6, 2665-2668;
Marquez, C.; Nau, W. M. Angew. Chem., Int. Ed. 2001, 40, 4387-4390;
Marquez, C.; Pischel, U.; Nau, W. M. Org. Lett. 2003, 5, 3911-3914;
Mohanty, J.; Nau, W. M. Angew. Chem., Int. Ed. 2005, 44, 3750-3754;
Lorenzo, S.; Day, A.; Craig, D.; Blanch, R.; Arnold, A.; Dance, I.
CrystEngComm 2001, 49; Blanch, R. J.; Sleeman, A. J.; White, T. J.;
Arnold, A. P.; Day, A. I. Nano Lett. 2002, 2, 147-149; Shen, Y.; Xue, S.;
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CB[7] has wide range of affinity to various types of guests. 10
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- Kd value ranges from 104 to 1015.

congeners.13 The molecular recognition and self-assembly
properties of CB[6]14sthe oldest and most widely studied
member of the CB[n] familyshave been delineated by the
pioneering work of Mock15,16 and Kim.17,18 CB[6] undergoes
high affinity, highly selective, constrictive binding interactions
with cationic species, especially ammonium ions, driven by a
combination of ion-dipole interactions, hydrogen bonds, and
the hydrophobic effect. Aside from well-defined thermodynamic
effects, CB[6] also excels from the viewpoint of kinetic control
of recognition processes.19 For example, CB[6] accelerates the
dipolar cycloaddition between acetylenes and azides.20 Further-
more, Nau has recently demonstrated that the kinetics of binding
can be tuned by guest structure and experimental conditions
(e.g., pH, cation identity, and cation concentration).21 This set
of properties makes CB[6] an attractive component in nano-
technology, including molecular machines, supramolecular self-
assembly, and crystal engineering. In recent work, several groups
have begun to investigate the recognition and catalytic properties
of CB[7]22-26 and CB[8]27-30 and chemical or physical methods

to control those processes, which suggests that CB[7] and CB[8],
independently, will prove as useful as CB[6] for nanotechnology
applications.6,7 In this paper, we argue that the CB[n] family,
collectiVely, constitute prime components for the preparation
of complex self-sorting systems not only because of the well-
defined recognition properties (e.g. affinity and selectivity) of
each member of the family but also because of the high levels
of selectivity exhibited by different members of the family for
a common guest.31

Results

Several groups have determined the binding constants of
CB[7] and CB[8] toward different guest molecules,23-26,29,30,32,33
and some have reported qualitative investigations of the binding
of CB[5]-CB[8] toward a common guest (e.g. guest inclusion
or exclusion).34 In this paper, we report the binding constants
of CB[6], CB[7], and CB[8] toward a variety of guests that
demonstrates that the high selectivity seen by single members
of the CB[n] family also translates between members of the
CB[n] family. For this purpose, we have employed 1H NMR
competition experiments15 referenced to an absolute Ka value
determined by UV/vis titration.
Selection of Guests. Chart 1 shows the chemical structures

of the guests (1-24) studied in this paper. Our selection of these
guests is based on literature precedent and our own experience
with the binding properties of the CB[n] family.2,12,13 Ideally,
guests should experience changes in their UV/vis or fluorescence
spectra upon binding, exhibit slow exchange kinetics between
free and bound guest on the 1H NMR chemical shift time scale,
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Monofunctionalized CB[n] derivatives are accessible. 11
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environment when the dye is encapsulated. A polarity similar to
that of alcohols (n-octanol, e = 10.3) has been reported for CB7,107

similar to the polarity determined for the cavities of other water-
soluble macrocycles such as cyclodextrins or calixarenes. How-
ever, while CBn hosts have a nonpolar inner cavity and are
themselves not dipolar, they display a very high quadrupole
moment,8 which allows higher-order electrostatic interactions.
These have been implicated to account for the equatorial

orientation of dipolar guests, such as ketones, in their cavity
to achieve optimal quadrupole interactions.8,108 In contrast to
the low polarity of the inner cavity of CBn, the portal regions of
CBn have expectedly a more polar microenvironment.109

Beyond the relatively low polarity, we have shown that the
inner cavity of CBn macrocycles has an extremely low polariz-
ability/refractive index, which is closer to the gas-phase than to
that of any other known solvent.110,111 The polarizability was
initially detected using DBO (2,3-diazabicyclo[2.2.2]oct-2-ene),

Fig. 6 Inverted cucurbiturils, iCBn (n = 6 and 7); arrows indicate inverted
glycoluril units; see Fig. 4 for the molecular structure.

Fig. 7 Side and top views of bambus[6]uril; see Fig. 4 for the molecular
structure.

Scheme 2 (a) Synthesis of Me2CB7, CycH2CB7, and MePhCB7. (b) Synthesis of a monofunctionalized CB7 derivative; dots mark connection points to the
second identical half of the symmetric structures.

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 1
5 

O
ct

ob
er

 2
01

4.
 D

ow
nl

oa
de

d 
on

 1
/2

9/
20

20
 4

:1
5:

45
 A

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.

View Article Online

Ayhan, M. M.; Karoui, H.; et al. J. Am. Chem. Soc. 2015, 137 (32), 10238–10245.

Methylene-bridged glycoluril hexamer (6C)

Cucurbit[n]uril (n =  5, 6, 7, 8)

Vinciguerra, B.; Cao, L.; et al. J. Am. Chem. Soc. 2012, 134 (31), 13133–13140.



Synthesis of 6C and CB[n] (1): Mechanism of CB[n] formation 12

17967 dx.doi.org/10.1021/ja208229d |J. Am. Chem. Soc. 2011, 133, 17966–17976

Journal of the American Chemical Society ARTICLE

forming reaction.31 Although the presence of templates does
effect the ratio of CB[n] formed, the effects are generally modest
and the underlying mechanistic reasons for those effects remain
unclear. In this paper, we explore the templated synthesis of
methylene bridged glycoluril hexamer (6C), the transformation
of 6C into monofunctionalized CB[6] derivatives by reaction
with (substituted) phthalaldehydes in the presence of templates,
and demonstrate unique sensing abilities of a CB[6] derivative
covalently functionalized with a naphthalene fluorophore.

’RESULTS AND DISCUSSION

This results and discussion section is subdivided into several
subsections detailing the template synthesis of glycoluril hexamer
6C and bis-ns-CB[10], the transformation of 6C into CB[6]
derivatives, exploration of the basic recognition properties of
these CB[6] derivatives, and their use in creating a turn-on
fluorescence sensor for biologically important histamine.
Mechanism of CB[n] Formation. First, we review the state-

of-the-art understanding of the mechanism of CB[n] formation
(Scheme 1) which is required to understand our hypothesis that

templated formation of CB[n]-type receptors will be possible when
the reactions are conducted with fewer than 2 equiv of formaldehyde.
In brief, the condensation of two molecules of glycoluril (1) with
two molecules of formaldehyde delivers a mixture of C-shaped
2C and its S-shaped diastereomer 2S. Previous model system
studies have shown that the C-shaped diastereomer is more
stable than the S-shaped form by >1.55 kcal mol!1, so isomer-
ization to the more stable 2C occurs readily under the reaction
conditions.29 Dimer 2C can undergo chain growth by the
stepwise addition of glycoluril (1) to deliver trimer!octamer
(3C!8C); at each step along the way, isomerization from the
less stable S-shaped to the more stable C-shaped forms occur. At
this stage, two mechanistic pathways may occur. In the first
pathway, two molecules of oligomer (e.g., pentamer 5C) may
condense with two molecules of formaldehyde via intermediates
(()-9(n = 5) and (()-10(n = 5) which leads to bis-nor-seco-
CB[10] by a step growth process. Similar step growth processes
lead to (()-bis-nor-seco-CB[6] and an acyclic glycoluril dec-
amer that we have studied previously.13,26 A second pathway
involves the condensation of 6C with formaldehyde to initially
deliver (()-9 (n = 6) followed by macrocyclization to give nor-
seco-CB[6]. On the basis of the results of model system studies
and product resubmission experiments, we depict all of these
fundamental steps with reversible equilibrium arrows.27,32 Finally,
the reaction of nor-seco-CB[n] with formaldehyde delivers
CB[n]. Within the CB[n] product manifold, resubmission experi-
ments conducted by Day establish that CB[8] undergoes con-
traction to the smaller CB[n] (n = 5, 6, 7) but that CB[5], CB[6],
and CB[7] are stable to the reaction conditions.2 Therefore,
CB[5]!CB[7] are kinetic traps in the CB[n] forming reaction;
the relative thermodynamic stability of CB[5], CB[6], and
CB[7] have not been established experimentally. This result
implies that the final ring closing transformation of nor-seco-
CB[n] to CB[n] is irreversible under the reaction conditions. On the
basis of this analysis, it is perhaps unsurprising that previous
attempts to use ammonium ions that are good guests for CB[n]
as thermodynamic templates have not been particularly successful.
The key hypothesis explored in this paper is whether substituted
ammonium ions (e.g., p-xylylenediammonium ion 11) are

Chart 1. Structures of Glycoluril (1), CB[n], (()-Bis-nor-
seco-CB[6], and Bis-nor-seco-CB[10]

Scheme 1. Mechanism of CB[n] Formationa

aColor code: reversible equilibria, green arrows; irreversible reactions, red arrows.

Lucas, D.; Minami, T.; Iannuzzi, G.; Cao, L.; Wittenberg, J. B.; Anzenbacher, P.; 
Isaacs, L. J. Am. Chem. Soc. 2011, 133 (44), 17966–17976.

- CB[n] (n = 5, 6, 7, 8, 10) is synthesized by the condensation reaction of 

glycoluril 1 and formaldehyde under strongly acidic conditions.

- Each CB[n] was purified by fractional crystallization and dissolution.
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suitable templates for nor-seco-CB[n] forming reactions con-
ducted between 1 equiv of glycoluril and less than 2 equiv of
formaldehyde. Under these formaldehyde deficient reaction
conditions, irreversible cyclization to CB[n] is slowed down27

allowing thermodynamic effects to become enhanced.
Classification of Templates. Classification of the different

types of template effects thatmay occur in covalent bond forming
reactions has been beautifully reviewed by Anderson and Sanders
and is therefore only briefly described here.33 Template mol-
ecules promote the formation of a specific product by either
kinetic or thermodynamic means. Thermodynamic templates
enhance the yield of reactions under thermodynamic control by
stabilizing one product at the expense of others. Kinetic tem-
plates influence the yield of a particular product by changing the
various transition state energies and therefore the rate of product
formation. Kinetic templates may be further classified as positive
or negative based on whether they speed up or slow down the
rate of formation of a particular product, respectively. Finally,
because kinetic templates, which influence transition state en-
ergies, typically bind to reaction intermediates or products, they
commonly also exert thermodynamic influences on the reaction.
Templated Synthesis of Hexamer 6C and Bis-nor-seco-

CB[10]. Selection of Para-xylylenediammonium Ion as Template
and 1H NMR Probe Guest. On the basis of the hypothesis
described above, we decided to conduct reactions between 1
equiv of glycoluril (1) and less than 2 equiv of formaldehyde in
the presence of an ammonium ion as template. As the template
ammonium ion we selected p-xylylenediammonium ion (11) for
several reasons (Figure 1). First, 11 is known to form well-defined
host!guest complexes with CB[6], CB[7], CB[8], i-CB[6],
i-CB[7], 6C, bis-nor-seco-CB[10], (()-bis-nor-seco-CB[6],
and nor-seco-CB[6] which means that 11 could conceivably act
as a stabilizing template for many different CB[n]-type receptors.
Second, because the kinetics of exchange for complexes of 11
with each of these containers is slow on theNMR time scale, each
different container 3 11 complex gives a diagnostic pattern of
resonances in the 1H NMR spectrum (Figure 1). For example,
for highly symmetric hosts (CB[6], CB[7], i-CB[6], i-CB[7],
and 6C), the 1H NMR resonance for the Ar!H atoms of 11
appears as a sharp singlet in the relatively open 6!7 ppm region
of the 1H NMR spectrum (Figure 1 and Supporting Information).
Conversely, for less symmetric bis-nor-seco-CB[10] 3 112 and
nor-seco-CB[6] 3 11 complexes, the Ar!H (Ha and Hb) atoms
are nonequivalent and appear as a pair of doublets. Finally, for
(()-bis-ns-CB[6] 3 11, the Ar!H (Ha and Hb) atoms are
equivalent and appear as a singlet but the CH2-groups of guest 11
are diastereotopic (Hc and Hc0) and appear as a pair of doublets in
the upfield region of the spectrum. Third, we find that using 11 as
guest tends to result in good dispersion of the host resonances for
the less symmetrical host 3 11 complexes. For these reasons, it was

particularly efficacious to use 11 as template and simultaneously
as an in situ probe for analysis of the content of CB[n] reaction
mixtures.

Discovery of Templated Synthesis of Hexamer 6C. After
much experimentation, we discovered that heating a mixture of
1 (7.1 g, 1 equiv, 5 M), paraformaldehyde (1.67 equiv), and 11
(0.1 equiv) in concentrated HCl at 58 !C for 3!5 days delivers
a thick off-white precipitate that can be isolated by centri-
fugation.34 Analysis of the 1H NMR spectrum of the precipitate
indicates that it contains mainly (≈ 89% purity) the 6C 3 11
complex (Scheme 2). We also analyzed the content of the
supernatant by 1H NMR. The supernatant contains 11% 6C,
10% bis-ns-CB[10], 5% nor-seco-CB[6], 5% CB[6], along with
unidentified species. To obtain free 6C, we dissolved the crude
solid in water, centrifuged away insoluble materials, and then
added 5 M aq NaOH which resulted in the precipitation of 6C.
Hexamer 6C is obtained as a white powder (0.901 g, 10% yield).
Our hypothesis is that the presence of 11 as template served at
least two purposes: (1) to bind to 6C and therefore thermo-
dynamically stabilize it, and (2) to cause precipitation which also
thermodynamically stabilizes 6C toward further transformation.
In an attempt to further optimize this reaction, we changed some
key variables (e.g., temperature, acid concentration, equivalents
of 11, equivalents of formaldehyde) but were unable to further
improve the process.
Templated Synthesis of Bis-nor-seco-CB[10]. Previously, we

have reported that the reaction of 1 (1.42 g, 1 equiv, 2.5 M) and
paraformaldehyde (1.67 equiv) in concd HCl at 50 !C delivers
bis-nor-seco-CB[10] as an insoluble precipitate (0.238 g, 15%).
We found that this reaction is very sensitive to many variables

Figure 1. Illustration of the use of 11 as a probe of CB[n] reaction mixtures by 1H NMR spectroscopy.

Scheme 2. Templated Synthesis of 6C and Bis-nor-seco-
CB[10]

Synthesis of 6C and CB[n] (2): Template synthesis of 6C

Lucas, D.; Minami, T.; Iannuzzi, G.; Cao, L.; Wittenberg, J. B.; Anzenbacher, P.; 
Isaacs, L. J. Am. Chem. Soc. 2011, 133 (44), 17966–17976.

11+H3N

NH3+

- Diammmonium ion 11 acts as template.
- 11 slows down transformation of 6C and paraformaldehyde into CB[6] by 

forming stable 6C·11 complex.

Kd(6C·11) = 4.5 × 10-8 M

Kd(CB[6]·11) = 1.8 × 10-3 M
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available NeutrAvidin which is a deglycosylated derivative of avidin
with near neutral pI.5 A major effort has also been made to produce
a (strept)avidin derivative with monomeric affinity for biotin. This
is a challenging protein design problem because a tryptophan
residue from an adjacent subunit is critical for high affinity biotin
binding. Thus, it is hard to change the monomer primary sequence
in a way that eliminates subunit assembly as a tetramer without
reducing the subunit’s affinity for biotin. An early approach
produced a mutated streptavidin tetramer with only one subunit
having strong monovalent affinity for biotin.1 More recent advances
have produced purely monomeric streptavidin-like proteins with
high biotin affinity.6,7 These monovalent biotin binding systems
have been used to label cell surface proteins without target
aggregation and thus facilitate high resolution microscopy of cell
surfaces.8 In addition, they have been genetically fused with a
second protein of interest to produce an intracellular multifunc-
tional construct that does not oligomerize. Mutagenesis methods
have also produced monovalent Strep-Tactin, a modified form of
streptavidin that binds specifically to the genetically encodable
amino acid sequence, WSHPQFEK. Immobilized Strep-Tactin is
predominantly employed for protein purification, but it also can be
used for protein tethering in biophysics expriments.9 The alter-
native approach to modifying biotin/(strept)avidin affinity is to alter
the biotin structure and a classic example is 2-iminobiotin whose
pH dependent interaction enables easy protein purification.10

Taken together, these various modifications of biotin/(strept)avidin
structure and function are impressive advances, but there is still
room for additional improvement. In particular, there is a great
need for new orthogonal molecular self-assembly systems that
can be used simultaneously within a single analytical sample.
As described below, these complementary molecular recognition
systems can be synthetic or biochemical. But before describing
them, it is worth briefly summarizing the key supramolecular
features of biotin/(strept)avidin assembly that produce the remark-
able thermodynamic and kinetic properties.

A myriad of experimental and computational methods have
been used to study biotin/(strept)avidin assembly as a model of
high affinity protein–ligand energetics.11 The biotin binding
pocket within the folded protein structure has a complementary
shape that is lined with a mixture of polar and hydrophobic
residues. In the case of streptavidin, the hydrophobic region of
the pocket is defined by four tryptophan residues that stack
against the hydrocarbon regions of the tetrahydrothiophene ring
and valeric acid tail of biotin. The complex is also stabilized by
an extensive network of cooperative hydrogen bonds, including
five important hydrogen bonds between the ureido ring of biotin
and the streptavidin protein (Fig. 2). Proximal to the binding
pocket is the flexible loop3–4 that closes over the bound biotin
and enhances affinity.12 The exceptionally slow rate of biotin
dissociation is controlled by the dynamics of loop3–4 and conse-
quently, amino acid point mutations in the loop structure often
have large effects on Ka and koff.

13 Significantly faster dissocia-
tion rate constants are observed with structural analogues of
biotin that bind in the pocket but apparently prevent loop
closure.14 Although there is a significant body of knowledge
concerning the dynamic and cooperative non-covalent processes

that produce the high affinity, recent reports highlight discre-
pancies that suggest the current binding models are not
complete.15 In part, this is due to the large molecular size and
structural complexity of the biotin/(strept)avidin system which
makes it challenging to conduct accurate molecular dynamics
simulations.16

With this background information in mind, the goal of this
tutorial review is to describe the most effective synthetic
mimics of biotin/(strept)avidin that operate in water or bio-
logical media, with a focus on the two generic association
systems shown in Fig. 3. In the first case, two complementary
partners A and B associate to produce a nanoscale complex and
in the second case, a ditopic host molecule is used to link two
partners C and D. In each case, one or both or the association
partners is functionalized by having an attached targeting unit,
reporter group, immobilization site, etc. Since the focus is on
synthetic mimics of biotin/(strept)avidin that achieve one of
the functions or applications listed in Fig. 1, the following
supramolecular topics are not covered in specific detail;
complexation of small molecules inside container molecules,
self-assembly of amphiphilic host/guest complexes into larger
aggregates, and supramolecular catalysis.

2. Achieving high affinity host!guest
complexation in water
In a 2003 review article, Houk and co-workers analyzed the
binding thermodynamics of a wide variety of synthetic and
biological host!guest systems (Table 1).17 Amongst the synthetic
systems, perhaps the most studied class of compounds are
a-, b-, and g-cyclodextrins (CDs) which bind to a variety of

Fig. 3 Two synthetic host/guest systems that mimic the self-assembly of
biotin/(strept)avidin and achieve the functions and applications listed in
Fig. 1. (left) The complementary partners A and B associate to produce a
nanoscale complex, (right) a ditopic host molecule (red oval) links two
partners C and D.

Fig. 2 (left) Picture of biotin/streptavidin complex with loop3–4 closed
like a lid, (right) important hydrogen bonds within the biotin/streptavidin
binding pocket.11
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size and, easily controllable binding affinity. The aforementioned
merits of the CB[7]–guest pairs are retained in cellular conditions;
the most important of these being that the high-affinity
host–guest binding is retained, which enables a ‘supramolecular
latch-on’ between the labeled proteins and Cy3-CB[7]. Interest-
ingly, the host–guest complex can be dissociated (the latch-off
state) by guest exchange with a strong competitor, such as 1,1′-bis
(trimethylammoniomethyl)ferrocene (BAFc), thereby providing
selective conditional visualization of target proteins. Considering
the synthetic nature, their bioorthogonality in binding and con-
ditionally switchable visualization of cellular proteins of interest,
we believe that the Cy3-CB[7]-guest pairs represent a general,
non-protein-based and efficient cellular bioimaging tool for
almost any target proteins which are labeled with AdA (or FcA).

Results
Ultrastable synthetic binding pair as a protein imaging tool. To
demonstrate the versatility of our approach, we targeted several
proteins in a variety of different locations, namely the plasma
membrane, various intracellular compartments (the cytoplasm,
nucleus, and mitochondria), and finally the surface of a live
animal, Caenorhabditis elegans. Prior to imaging with Cy3-CB[7],
using the concept of supramolecular latching, the proteins of
interest were targeted by labeling with AdA (or FcA), a process
we term adamantylation (or ferrocenylation), using various che-
mical and biological approaches as follows: (1) ferrocenylation of
plasma membrane proteins using EDC (1-ethyl-3-(3-dimethyla-
minopropyl)-carbodiimide hydrochloride) coupling; (2) ada-
mantylation of proteins in specific organelles using proximity-
dependent enzyme-assisted labeling using horseradish perox-
idases (HRPs) and an engineered ascorbate peroxidase (APEX);
and (3) adamantylation of specific target proteins through the use
of a self-labeling proteins tag, namely SNAP-tag® (SNAP-tag)
which can be expressed as a fusion with the target protein. To
demonstrate the extra control that our system provides, condi-
tional visualization of proteins was performed by exploiting the
controllable binding of the host–guest complex. Cells were treated
with a strong competing guest (BAFc) at a low temperature (4 °
C), at which BAFc does not internalize, so only the Cy3-CB[7] on
the cell surface was removed since it forms a more stable complex

with BAFc (taking the supramolecular latch-off), while keeping
Cy3-CB[7] inside the cells latched to the proteins.

We first compared the imaging ability of Cy3-CB[7] to that of
Alexa Fluor (AF) 647 (AF647)-SA to validate the ultrastable
binding pairs as a protein imaging tool. As a test system, we
decided to image an organelle, namely the Golgi. We used a
Golgi-specific primary antibody (Golgin97 monoclonal antibody,
CDF4) which selectively interacts with a trans-Golgi network
protein, Golgin97. The primary antibody was recognized by AdA
or BT-conjugated secondary antibody (see Supplementary
Information for synthesis), which was later visualized by treating
with Cy3-CB[7] or AF647-SA, respectively, under a confocal laser
scanning microscope (Fig. 2). For a direct comparison of imaging
ability for target proteins in the cells, AF647- and AF555-
conjugated secondary antibodies were co-administered alongside
Cy3-CB[7] and AF647-SA, respectively. The cells treated with the
BT-secondary antibody showed more spread-out fluorescence
signals from AF647-SA than that of the AF555-secondray
antibody (Fig. 2d, Supplementary Figure 5A and C). This result
indicated that AF647-SA visualized not only target proteins in
Golgi but also off-target proteins in cytosol. This observation of
unintended fluorescence signals over the whole cytoplasm, even
after extensive washing, confirmed that the cells contained a non-
ignorable amount of endogenously biotinylated proteins. How-
ever, in the case of the cells treated with AdA-secondary antibody,
the fluorescence signals of Cy3-CB[7] was well-merged with that
of AF647-secondray antibody (Fig. 2h, Supplementary Figure 5B
and D), in contrast to that of AF647-SA with AF555-secondary
antibody. We calculated the colocalization efficiency (Fig. 2i) of
the fluorescence signals from AF647-SA and AF555-secondary
antibody (49 ± 10%), and Cy3-CB[7] and AF647-secondray
antibody (89 ± 4%) (see Methods for calculation); this quantita-
tive analysis strongly suggested that the synthetic host–guest pair
system provides more accurate and precise imaging of target
proteins.

Visualization of FcA-labeled plasma membrane proteins. Since
many dynamic cellular processes occur at the cell membrane,
such as clustering and endocytosis, visualization of plasma
membrane proteins is important. We have already demonstrated
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Fig. 2 Visualization of Golgi using SA–BT and CB[7]-AdA. Confocal laser scanning microscopy images of Golgin97 monoclonal antibody treated MCF-7
cells a–d after treatment of BT-labeled secondary antibody with AF647-SA and AF555-secondary antibody, and e-h after treatment of AdA-labeled
secondary antibody with Cy3-CB[7] and AF647-secondary antibody, scale bar= 20 μm. i A bar graph of colocalization efficiency of fluorescence signals
between AF647-SA and AF555-secondary antibody, and Cy3-CB[7] and AF647-secondary antibody. The bar represents mean ± s.d. (see Methods for
calculation of the colocalization efficiency and Supplementary Figure 5 for magnification of cells in Fig. 2.)
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secondary antibody. In addition, the absence of a significant
signal caused by non-specific interactions of Cy3-CB[7] in the
fixed cells is encouraging for its potential use as a cellular imaging
tool. Taken together, intracellular proteins can be labeled with
AdA using immunospecifically anchored enzymes and the
adamantylated proteins can be efficiently visualized with Cy3-
CB[7] using the highly selective and ultrastable host–guest
interaction between CB[7] and AdA, without interference by
endogenous biomolecules.

Visualization of spatially resolved proteins. Cells are composed
of diverse specialized subunits, namely organelles, each of which
is usually compartmentalized by a lipid membrane to regulate
intracellular trafficking of proteins and perform metabolic func-
tions33. To understand the role of these subunits in cells, visua-
lization of spatially restricted proteins in such compartments is
crucial. Thus, we examined whether the CB[7]-based ultrastable
binding pair could ‘latch’ Cy3-CB[7] to AdA-labeled proteins in
specific cellular organelles, thereby visualizing proteins in these
compartments. To achieve this, we used two different proximity-
dependent protein adamantylation approaches: (1) an immu-
nospecifically introduced peroxidase (HRP) for fixed cells (Fig. 5);
and (2) an engineered APEX2 for living cells (Fig. 6)34. For
proximity-dependent adamantylation of proteins in fixed cells, we
used a similar strategy as in the previous section. In this case, we
immunospecifically introduced HRP to the nucleus of COS7 cells
by expressing FLAG®-tagged histone H3 protein (FLAG-H3).
Before performing HRP-induced adamantylation, we first con-
firmed the successful expression of FLAG-H3 in the nucleus of
the cells by observing well-overlapped fluorescence signal of
DAPI (a staining dye for the cell nucleus) with that of immu-
nospecifically labeled Alexa 555-conjugated secondary antibody,
which specifically recognizes anti-FLAG primary antibody (Sup-
plementary Figure 8). The COS7 cells were fixed and sequentially

treated with anti-FLAG primary antibody, HRP-conjugated sec-
ondary antibody, and AdA-phenol with H2O2 by following the
same procedure as we performed for the visualization of cyto-
plasmic proteins with FLAG-eGFP. After the cells were treated
with DAPI and Cy3-CB[7], fluorescence microscopy was used to
examine the location of the AdA-labeled proteins. The signal
from Cy3-CB[7] was well-overlapped with that of DAPI (Fig. 5),
suggesting that the proteins were labeled exclusively in the
nucleus and Cy3-CB[7] latches onto those labeled proteins
selectively. In summary, the combination of proximity-based
labeling and an ultrastable host–guest interaction between Cy3-
CB[7] and AdA allows visualization of the proteins in compart-
ments deep inside fixed cells.

Organelle-specific protein labeling in living cells can be
achieved by using an engineered APEX2. Although APEX2 and
HRP seem to work similarly in terms of reaction chemistry, HPR
does not have sufficient reactivity in living cells, but APEX2
does34. We investigated whether APEX2 could be used to label
proximal proteins with AdA and then see if Cy3-CB[7] could
visualize those proteins. We ectopically expressed the mito-V5-
APEX2 fusion protein which was designed to translocate into the
mitochondrial matrix in COS7 cells. The V5 epitope (a
polypeptide protein tag-GKPIPNPLLGLDST) allowed visualiza-
tion of the protein using anti-V5 antibody for immunospecific
fluorescence labeling35. Protein labeling inside the organelle of
the living cells was initiated by treatment with AdA-phenol (for
30 min) and H2O2 (1.0 mM for 2 min, which is endurable for
living cells)34. Immediately after quenching the remaining
radicals with sodium azide and sodium ascorbate, the cells were
fixed and treated with Cy3-CB[7] to visualize the AdA-labeled
proteins in the cells. In parallel, we performed immunofluores-
cence labeling with anti-V5 primary antibody and Alexa647-
conjugated secondary antibody to confirm the subcellular
localization of mito-V5-APEX2 enzyme in the cells. Using
confocal laser scanning microscopy, we observed the fluorescence
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Fig. 6 Visualization of a subcellular organelle (mitochondria). Schematic illustration for proximity-dependent adamantylation to mitochondria proteins
using mito-V5-APEX2 and immunofluorescence labeling of mito-V5-APEX2, and confocal laser scanning microscopy images of living COS7 cells which
have mito-V5-APEX2 expressed in mitochondria. Scale bar= 20 μm
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(NA) 1.40 oil). Fluorescence light was spectrally filtered with
emission filters (MBS-561+EF BP 570−650/LP 750 for laser
line 561 and MBS-642+EF LP 655 for laser line 642) and
imaged using a PCO edge sCMOS camera (quantum yield
>70%). Structured illumination 2D and 3D images were
processed using structured illumination analysis package for
Zen software (Zeiss). Additional softwares have been used for
color adjustment (ImageJ) and data analysis (Origin 9.0).
Immunostaining Protocol for CB[7]−ADA Interaction

Based Imaging. Approximately 25 000 cells/well were plated
in 8-well chamber slides and allowed to grow up to 60%
confluence. Culture media was removed and cells were washed
using PBS (pH 7.4). The cells were immediately fixed using
suitable fixation methods (4% PFA for 15 min or chilled
methanol for 7 min at −20 °C or 0.1% glutaraldehyde and 3%
PFA for 10 min at RT). Afterward, cells were permeabilized
using 0.25% triton X-100 for 10 min (this step is skipped for
methanol fixation) and blocked using 3% BSA and 0.1% triton
X-100 in PBS for 2 h at RT. Cells were then stained with 10 μg
mL−1 primary antibody for 24 h at 4 °C. After removing excess
primary antibody by washing with PBS, the cells were stained
with 10 μg mL−1 CB[7] conjugated secondary antibodies for 2
h at RT. Excess secondary antibodies were removed by
washing with PBS and ADA conjugated fluorophores were
incubated for 30 min. Cells were subsequently used for host−

guest based imaging after removing excess unbound
fluorophores by washing with PBS.

DNA−PAINT Imaging Using Host−Guest Interaction
Based Labeling. HeLa cells were used for the DNA−PAINT
imaging. Methanol fixed cells were treated with primary and
CB[7] conjugated secondary antibodies. Subsequently, ADA
conjugated DNA docking strand was incubated with CB[7]
tagged cells for 30 min. Gold nanoparticle (drift marker) was
deposited on the imaging well by centrifuging the nanoparticle
solution at 450 rcf for 3 min. Atto 655 conjugated DNA (1
nM) in PBS containing 500 mM NaCl was incubated with the
cells for DNA−PAINT imaging. Single molecule blinking was
recorded using a 642 nm excitation laser line. 50% Laser power
has been used for image acquisition using a Zeiss oil-
immersion TIRF objective (alpha Plan-apochromat DIC
100×/1.46 Oil DIC M27, NA 1.46). Fluorescence light was
spectrally filtered with emission filter (MBS-642+EF LP 655
for laser line 642) and imaged on an electron-multiplying
charge-coupled device (EMCCD) camera (Andor iXon
DU897, quantum yield >90%, 512 × 512 pixels). EMCCD
camera gain was kept at 50 during image acquisition. Exposure
time of 100 ms was used for image acquisition. A total 10 000
frames were reconstructed to a super resolution image using
Zen software package (ZEN 2.0).

Figure 1. Host−guest interaction mediated bioorthogonal labeling in cells. (A) Structure of CB[7] and ADA. (B) Schematic showing the strategy
for noncovalent labeling. Microtubules were tagged with CB[7] using CB[7]−antibody. Fluorophore conjugated ADA finds its high affinity host
through molecular recognition, resulting in specific fluorescent labeling of microtubules. (C) SIM image of microtubules from CB[7]−ADA
labeling platform. Scale bar: 5 μm.
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Small Molecule Based Labeling of F-Actin. For labeling
F-actin, fixed (4% PFA) and permeabilized cells were
incubated with 2 μM solution of CB[7] conjugated phalloidin
for 12 h at 4 °C. Excess phalloidin was removed and host−
guest based imaging was performed after addition of ADA
conjugated fluorophores and subsequent washing with PBS.
Multiplexed Imaging Protocol in Cells and Tissues.

Cells or thoracic muscle tissues from adult flies were treated
with primary antibodies against microtubule (or mitochon-
dria). Then CB[7] conjugated secondary antibody (or CB[7]
conjugated phalloidin) were treated for labeling of CB[7] in
cells. The orthogonal pair, TCO conjugated secondary
antibody was also added together with CB[7] secondary
antibody. After removal of excess antibodies, ADA−fluoro-
phores and Tz−fluorophores were added to the cells (or
tissues). Structured illumination images were recorded after
removal of excess unbound fluorophores.
Phalloidin Delivery and Host−Guest Based Live-Cell

Microscopy. HeLa cells were used for the live-cell microscopy
experiment. Approximately 25 000 cells/well were plated in 8-
well chamber slides and allowed to grow up to 60% confluence
over 18 h. Cell culture media was then removed and the cells
were washed using DPBS (pH 7.4). Two μM concentration of
phalloidin-CB[7] conjugate was assembled with HMD
conjugated AuNP at a concentration ratio of 10:1. The
assembly was subsequently added to the cells. Cells were then
maintained at 37 °C with 5% CO2 in a humidified atmosphere
for 3 h. After 3 h incubation, cells were washed twice with
DPBS. The cells were immediately incubated with 100 nM
solution of Rhodamine conjugated ADA imager and kept
inside the microscope at 37 °C and 5% CO2 atmosphere for
host−guest interaction-based imaging. Structured illumination
images were recorded for hours with every 1 min interval.

■ RESULTS AND DISCUSSION
Host−Guest Interaction Mediated Bioorthogonal

Labeling in Fixed Cell. To probe the feasibility of the
CB[7] based host−guest interaction as a tool for bioorthog-
onal labeling, we first used an antibody based targeting
platform and fluorophore as an imaging agent. We selected

ADA as the guest component for this study and harnessed its
ability to form highly selective and ultrastable monovalent
host−guest inclusion complex with CB[7] with a Kd of ∼10−13
M (Figure 1A).24 The microtubule structures in fixed mouse
embryonic fibroblast (MEF) cells were targeted using CB[7]
conjugated antibodies (CB[7]−Ab) and subsequently host−
guest interactions between CB[7] and ADA were used as the
in situ coupling mechanism between fluorophores and
antibodies (Figure 1B). Antibodies were covalently conjugated
with CB[7] through utilization of photochemically function-
alized CB[7] (Scheme S1). Successful antibody conjugation
was verified by MALDI-MS analysis (Figure S5). To evaluate
the effectiveness of the labeling, Structured Illumination
Microscopy (SIM) images were acquired after coupling
CB[7] labeled microtubules with ADA conjugated Cy5 dye
(ADA−Cy5) through CB[7]−ADA host−guest interaction.
Figure 1C shows SIM image from MEF cells that was acquired
with a 642 nm excitation laser. Notably, the CB[7]−ADA
interaction based labeling was highly selective to the
microtubule structure with minimal nonspecific binding. In
addition, the labeling was stable, as multiple washing cycles did
not result in loss of signal intensity (Figure S26). Overall, these
results demonstrate that highly selective and ultrastable host−
guest interactions between CB[7] and ADA offers a novel
noncovalent coupling platform for bioorthogonal labeling of
target molecules in cellular complexities.

In Situ Labeling Kinetics and Stability of Host−Guest
Bioorthogonal Platform. We characterized in situ binding
kinetics of CB[7]−ADA based labeling via time−lapse
fluorescence imaging. After targeting microtubules with
CB[7]−Ab, cells were incubated with ADA−Cy5 for different
time duration. Figure 2A−G shows time−lapse fluorescence
images that confirms fast CB[7]−ADA mediated fluorophore
binding with fluorescence signal reaching saturation in less
than 15 min. Notably, it is clearly evident from Figure 2A that
incubation for only 60 s with 250 nM ADA−Cy5 was sufficient
to clearly visualize microtubule structure, indicating fast and
efficient target labeling with ADA−Cy5. We also observed that
increasing imager concentration to 1 μM resulted in efficient
labeling even with 5 s of incubation time (Figure S27). Next,

Figure 2. In situ binding kinetics of CB[7]−ADA based labeling platform. (A−G) Structured illumination imaging of microtubule after incubation
of the CB[7] targeted cells with 250 nM ADA−Cy5 for different time duration. (H) Plot of fluorescence intensity vs time indicates saturation of
labeling arises within 15 min of incubation with ADA−Cy5 imager. Scale bar 2 μm (A−G).
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(NA) 1.40 oil). Fluorescence light was spectrally filtered with
emission filters (MBS-561+EF BP 570−650/LP 750 for laser
line 561 and MBS-642+EF LP 655 for laser line 642) and
imaged using a PCO edge sCMOS camera (quantum yield
>70%). Structured illumination 2D and 3D images were
processed using structured illumination analysis package for
Zen software (Zeiss). Additional softwares have been used for
color adjustment (ImageJ) and data analysis (Origin 9.0).
Immunostaining Protocol for CB[7]−ADA Interaction

Based Imaging. Approximately 25 000 cells/well were plated
in 8-well chamber slides and allowed to grow up to 60%
confluence. Culture media was removed and cells were washed
using PBS (pH 7.4). The cells were immediately fixed using
suitable fixation methods (4% PFA for 15 min or chilled
methanol for 7 min at −20 °C or 0.1% glutaraldehyde and 3%
PFA for 10 min at RT). Afterward, cells were permeabilized
using 0.25% triton X-100 for 10 min (this step is skipped for
methanol fixation) and blocked using 3% BSA and 0.1% triton
X-100 in PBS for 2 h at RT. Cells were then stained with 10 μg
mL−1 primary antibody for 24 h at 4 °C. After removing excess
primary antibody by washing with PBS, the cells were stained
with 10 μg mL−1 CB[7] conjugated secondary antibodies for 2
h at RT. Excess secondary antibodies were removed by
washing with PBS and ADA conjugated fluorophores were
incubated for 30 min. Cells were subsequently used for host−

guest based imaging after removing excess unbound
fluorophores by washing with PBS.

DNA−PAINT Imaging Using Host−Guest Interaction
Based Labeling. HeLa cells were used for the DNA−PAINT
imaging. Methanol fixed cells were treated with primary and
CB[7] conjugated secondary antibodies. Subsequently, ADA
conjugated DNA docking strand was incubated with CB[7]
tagged cells for 30 min. Gold nanoparticle (drift marker) was
deposited on the imaging well by centrifuging the nanoparticle
solution at 450 rcf for 3 min. Atto 655 conjugated DNA (1
nM) in PBS containing 500 mM NaCl was incubated with the
cells for DNA−PAINT imaging. Single molecule blinking was
recorded using a 642 nm excitation laser line. 50% Laser power
has been used for image acquisition using a Zeiss oil-
immersion TIRF objective (alpha Plan-apochromat DIC
100×/1.46 Oil DIC M27, NA 1.46). Fluorescence light was
spectrally filtered with emission filter (MBS-642+EF LP 655
for laser line 642) and imaged on an electron-multiplying
charge-coupled device (EMCCD) camera (Andor iXon
DU897, quantum yield >90%, 512 × 512 pixels). EMCCD
camera gain was kept at 50 during image acquisition. Exposure
time of 100 ms was used for image acquisition. A total 10 000
frames were reconstructed to a super resolution image using
Zen software package (ZEN 2.0).

Figure 1. Host−guest interaction mediated bioorthogonal labeling in cells. (A) Structure of CB[7] and ADA. (B) Schematic showing the strategy
for noncovalent labeling. Microtubules were tagged with CB[7] using CB[7]−antibody. Fluorophore conjugated ADA finds its high affinity host
through molecular recognition, resulting in specific fluorescent labeling of microtubules. (C) SIM image of microtubules from CB[7]−ADA
labeling platform. Scale bar: 5 μm.
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(NA) 1.40 oil). Fluorescence light was spectrally filtered with
emission filters (MBS-561+EF BP 570−650/LP 750 for laser
line 561 and MBS-642+EF LP 655 for laser line 642) and
imaged using a PCO edge sCMOS camera (quantum yield
>70%). Structured illumination 2D and 3D images were
processed using structured illumination analysis package for
Zen software (Zeiss). Additional softwares have been used for
color adjustment (ImageJ) and data analysis (Origin 9.0).
Immunostaining Protocol for CB[7]−ADA Interaction

Based Imaging. Approximately 25 000 cells/well were plated
in 8-well chamber slides and allowed to grow up to 60%
confluence. Culture media was removed and cells were washed
using PBS (pH 7.4). The cells were immediately fixed using
suitable fixation methods (4% PFA for 15 min or chilled
methanol for 7 min at −20 °C or 0.1% glutaraldehyde and 3%
PFA for 10 min at RT). Afterward, cells were permeabilized
using 0.25% triton X-100 for 10 min (this step is skipped for
methanol fixation) and blocked using 3% BSA and 0.1% triton
X-100 in PBS for 2 h at RT. Cells were then stained with 10 μg
mL−1 primary antibody for 24 h at 4 °C. After removing excess
primary antibody by washing with PBS, the cells were stained
with 10 μg mL−1 CB[7] conjugated secondary antibodies for 2
h at RT. Excess secondary antibodies were removed by
washing with PBS and ADA conjugated fluorophores were
incubated for 30 min. Cells were subsequently used for host−

guest based imaging after removing excess unbound
fluorophores by washing with PBS.

DNA−PAINT Imaging Using Host−Guest Interaction
Based Labeling. HeLa cells were used for the DNA−PAINT
imaging. Methanol fixed cells were treated with primary and
CB[7] conjugated secondary antibodies. Subsequently, ADA
conjugated DNA docking strand was incubated with CB[7]
tagged cells for 30 min. Gold nanoparticle (drift marker) was
deposited on the imaging well by centrifuging the nanoparticle
solution at 450 rcf for 3 min. Atto 655 conjugated DNA (1
nM) in PBS containing 500 mM NaCl was incubated with the
cells for DNA−PAINT imaging. Single molecule blinking was
recorded using a 642 nm excitation laser line. 50% Laser power
has been used for image acquisition using a Zeiss oil-
immersion TIRF objective (alpha Plan-apochromat DIC
100×/1.46 Oil DIC M27, NA 1.46). Fluorescence light was
spectrally filtered with emission filter (MBS-642+EF LP 655
for laser line 642) and imaged on an electron-multiplying
charge-coupled device (EMCCD) camera (Andor iXon
DU897, quantum yield >90%, 512 × 512 pixels). EMCCD
camera gain was kept at 50 during image acquisition. Exposure
time of 100 ms was used for image acquisition. A total 10 000
frames were reconstructed to a super resolution image using
Zen software package (ZEN 2.0).

Figure 1. Host−guest interaction mediated bioorthogonal labeling in cells. (A) Structure of CB[7] and ADA. (B) Schematic showing the strategy
for noncovalent labeling. Microtubules were tagged with CB[7] using CB[7]−antibody. Fluorophore conjugated ADA finds its high affinity host
through molecular recognition, resulting in specific fluorescent labeling of microtubules. (C) SIM image of microtubules from CB[7]−ADA
labeling platform. Scale bar: 5 μm.
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Figure S30. Stability study of CB[7]−ADA interaction based labeling platform. Labeling efficiency 

before (a) and after (b) incubation of the reactive reagents in physiologically relevant condition.  25 

nM ADA−Cy5 and CB[7] labeled microtubules in HeLa cells were kept separately at 37°C in phenol 

red free culture media containing 10% FBS for 16 h. Fluorescence images were acquired after 15 min 

incubation of ADA−Cy5 with CB[7] labeled microtubules. Minimal change in labeling efficiency was 

observed from this experiment. Scale bars: 5 µm (a and b). 

 
Figure S31. Stability study of TCO−Tz interaction based labeling platform. Labeling efficiency 

before (a) and after (b) incubation of the reactive reagents in physiologically relevant condition.  25 

nM Tz−Cy5 and TCO labeled microtubules in HeLa cells were kept separately at 37°C in phenol red 

free culture media containing 10% FBS for 16 h. Fluorescence images were acquired after 15 min 
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Figure S40. Gold nanoparticle (AuNP) assisted delivery strategy for CB[7] conjugated Phalloidin 

derivatives. (A) HMD guest functionalized AuNP (d~2 nm) was used to deliver CB[7] conjugated 

Phalloidin derivative inside live HeLa cell.  (B) HMD guest binds with CB[7] with an affinity of ~10–
7 M-1 (Kd) whereas ADA posses an affinity of ~10–13 M-1 (Kd) towards CB[7]. Therefore, the initial 

complex between HMD-CB[7] can be disassembled by presentation of the orthogonal guest molecule 

1-adamantylamine (ADA), which has relatively high affinity for CB[7]. This guest exchange process 

leads to the formation of more stable CB[7]-ADA complex, leading to efficient target labeling. 

 

 

 

Host−Guest mediated live cell actin labeling protocol: 

1. Culture media was removed from the chamber well and cells were washed twice in DPBS (pH 

7.3).  

2. Cells were incubated in complete cell culture medium containing verapamil hydrochloride (10 

µM) and chloroquine diphosphate (100 µM) with CB[7] conjugated Phalloidin (2 µM) and 

HMD−AuNP (200 nM). Cells were incubated at 37°C in a humid atmosphere (5% CO2) for 3 h. 

3. After 3 h incubation, the cells were washed twice in DPBS (pH 7.3).  

4. 250 nM Rhodamine-ADA in complete cell culture medium was added as imager after removing 

the DPBS. Cells were incubated with the imager for 30−45 min at 37°C in a humid atmosphere 

(5% CO2). 

living cell CB[7]-ADA

Sasmal, R.; Das Saha, N.; et al. Anal. Chem. 2018, 90 (19), 11305–11314.

Figure 5. Multiplexed labeling. (A) Schematic showing the use of CB[7]−ADA and TCO−Tz orthogonal labeling platforms for simultaneous
labeling and multiplexed imaging. (B) Multiplexed SIM imaging of microtubules and mitochondria. Microtubules and mitochondria were labeled
using CB[7] and TCO conjugated antibodies, respectively. Multiplexed images were captured after addition of ADA−Rhodamine and Tz−Cy5.
(C) Multiplexed imaging of actin and microtubule in thoracic muscle tissue of Drosophila using orthogonal labeling pairs. Actin was targeted using
phalloidin−CB[7] and microtubule was targeted using antibody−TCO conjugate. Scale bars: 5 μm (parts B and C).

Figure 6. Live cell imaging using CB[7]−ADA interaction. (A) RFP (pseudo-colored green) transfected SVEC cells. (B) Live cell imaging of
VCAM in SVEC cell surface using CB[7]−ADA interaction. Cells were imaged after exciting with a 642 nm laser line (corresponding to Cy5
excitation). Cells were treated with primary (against VCAM) and CB[7] modified secondary antibodies. Imaging was carried out after incubation
with ADA−Cy5 imager. (C) Intracellular labeling of actin filaments in live HeLa cells using phalloidin−CB[7] and ADA−Rhodamine imager. (D)
Actin dynamics were indicated in the arrowed region from the boxed region in part C. Scale bars: 5 μm (A−C) and 2 μm (D).
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that plasma membrane proteins can be selectively ferrocenylated
with FcA-COOH through EDC coupling at 4 °C at which intra-
cellular uptake of FcA-COOH was significantly reduced25. To test
whether proteins on plasma membranes are selectively visualized
using the CB[7]-based ultrastable binding pair, live COS7 cells
were treated with FcA-COOH as previously reported25, then the
cells were treated with Cy3-CB[7] (100 nM). Confocal laser
scanning microscopy revealed that the signals from Cy3-CB[7]
were mostly observed at the periphery of the cells (Fig. 3a), which
indicated the successful supramolecular latching of Cy3-CB[7] to
the ferrocenylated proteins on the plasma membrane. Hardly any
fluorescence signals (Supplementary Figure 6) were observed
without FcA-COOH treatment, suggesting that the ultrastable
host–guest interaction between Cy3-CB[7] and FcA moiety is
crucial for the imaging of live cells, and that Cy3-CB[7] (100 nM)
rarely adsorb non-specifically to the surface of the live cells.

Selective visualization of proteins translocated into cytosol.
Visualization of the translocation of plasma membrane proteins,
such as epidermal growth factor receptor (EGFR) and G-protein
coupled receptor (GPCR), in cells is necessary to understand their
role in complex and dynamic processes such as endocytosis. By
controlling the binding affinity of the host–guest complex, we
selectively visualized membrane proteins that had been translo-
cated into the cytosol. This was achieved by selectively unlatching
Cy3-CB[7] from FcA-labeled proteins on the cell surface, while
Cy3-CB[7]-latched proteins inside the cells were left untouched.
The cells were treated with BAFc (100 μM), at 4 °C, which has
approximately 3 orders higher binding affinity to CB[7] com-
pared to that of FcA moiety14–16, which causes Cy3-CB[7] to
unlatch from the FcA. The treatment almost completely abolished
the fluorescence signal from Cy3-CB[7] (Fig. 3b) suggesting that
Cy3-CB[7] was unlatched from the FcA-labeled proteins on the
cell surface. After demonstrating the unlatching of Cy3-CB[7]
from the cell surface proteins, we proceeded to selectively
visualize translocated proteins. Another sample of cells labeled
with Cy3-CB[7] was further incubated at 37 °C for 1 h to promote

translocation of proteins, as a part of the normal metabolism of
living cells. After treatment with BAFc at 4 °C, the fluorescence
signal of Cy3-CB[7] was only visible inside the cells (Fig. 3c).
These results indicated that we were observing the translocation
of Cy3-CB[7] anchored plasma membrane proteins into the cells.
In addition, the cells exhibited no significant morphological
changes during the course of the experiment suggesting that the
supramolecular latching system is not severely cytotoxic. Taken
together, the conditional supramolecular unlatching of Cy3-CB
[7] from the FcA labeled proteins on living cells, by guest
exchange with a strong competitor (BAFc), allowed us to visua-
lize, selectively, the proteins that underwent intracellular
translocation.

Visualization of intracellular proteins. Visualization of intra-
cellular proteins is also important since most proteins are found
within the cell. We used COS7 cells that were transfected
(LipofectamineTM 2000) with plasmid DNA for the expression of
FLAG®-tagged enhanced green fluorescent protein (FLAG-eGFP)
in the cytoplasm. FLAG is a polypeptide protein tag
(DYKDDDDK) which can be selectively recognized by a corre-
sponding antibody (anti-FLAG primary antibody)31. After fixa-
tion of the cells with formaldehyde, the anti-FLAG primary
antibody and a HRP-conjugated secondary antibody were
sequentially treated to the cells for immunospecific introduction
of HRP to the cytoplasmic FLAG-eGFP. When the fixed cells
were treated with AdA-phenol (Supplementary Figure3) and
H2O2, the HRP converted the phenol moiety of AdA-phenol to a
phenyloxy radical, which then reacted with tyrosine residues on
nearby proteins, thereby labeling the proteins with AdA (Fig. 4)32.
After quenching the remaining radicals with sodium azide and
sodium ascorbate, the cells were treated with fluorescent dyes,
namely 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI)
and Cy3-CB[7] for fluorescence staining of each cell and the
AdA-labeled proteins in the cells, respectively.

Fluorescence images (Fig. 4) showed the appearance of a green
fluorescence signal spread over the whole cell which indicated
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Fig. 3 Selective visualization of intracellularly translocated proteins. Schematic illustration of the ferrocenylation of plasma membrane proteins and
visualization of those proteins using Cy3-CB[7] and confocal laser scanning microscope images. aCOS7 cells treated with FcA-COOH, EDC, and sulfo-
NHS at 4 °C for 30min, b the cells further incubated with BAFc at 4 °C for 20min after a, and c the cells treated with BAFc at 4 °C for 20min after
additional incubation for 1 h at 37 °C of the cells in a. Scale bar= 10 μm
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complex to maintain recognition specificity in the complexities
of the intracellular environment allows this imaging method to
be applicable for live-cell super-resolution microscopy.

The strategy for real-time probing of the dynamic host–guest
interaction is shown in Fig. 1, which provides the basis for super-
resolution imaging. There are two important components in this
technique: the CB[7] conjugated targeting ligand and the guest
molecule conjugated fluorophore (the ‘imager’). Through specific
interaction (e.g., antigen–antibody), the targeting ligand places the
CB[7] host onto the biomolecule of interest. When a guest imager is
introduced into the medium it interacts transiently with CB[7]
docking sites displayed on the surface of target biomolecules
through host–guest interaction. The host–guest interaction is driven
by weak non-covalent interactions. These interactions are not suffi-
ciently strong to withstand thermal motions that pull the complexes
apart, leading to the dissociation of the complex. In the unbound
state, the free-floating imager only leads to background fluorescence
(OFF state), whereas a bright fluorescence (ON state) is detected
upon transient immobilization of the imager onto the target
biomolecule through host–guest interaction with CB[7]. The
transient immobilization of the guest molecule allows localiza-
tion of its position with nanometer precision via PAINT.27 These
coordinates can then be used to reconstruct a super-resolved
image of the biomolecule of interest.

In order to employ CB[7] for super-resolution imaging, it was
first conjugated with targeting ligands. For this purpose, we first
derivatized CB[7] with amine functionality in three steps.44 CB[7]
with amine functionality was subsequently conjugated with trans-
cyclooctene (TCO). The TCO click handle was used to attach CB[7]
with tetrazine conjugated primary targeting ligands, including anti-
bodies and small molecules (Scheme S5a, ESI†).15 A crucial con-
sideration while developing this imaging strategy was to find suitable
guest molecules that provide an appropriate length of binding events
and ensure collection of sufficient number of photons for precise
single-molecule localization of the binding events. Guest molecules
with very long residence time (i.e., binding time, tb) will result in
overlapping single molecule events, whereas guest molecules with

very short residence time will produce fewer photons, resulting in
reduced resolution and image quality. To search for the appropriate
imager, a set of three different guest molecules with varying Ka was
explored: propylamine (103–104 M!1), HMD (106–107 M!1), and
adamantylamine (ADA, 1012–1013 M!1).45 Considering the literature
reported kon as 108 M!1 s!1, the residence times for the CB[7] host
with propylamine, HMD, and ADA guests were calculated to be
around 0.01–0.001 ms, 10–100 ms, and 107–108 ms, respectively (see
the ESI† for calculation).40–43

We used the CB[7] immobilized glass surface as an in vitro system
to investigate the blinking properties of the Alexa Fluor 647 con-
jugated guest molecules (Fig. S34, ESI†). The propylamine guest,
having the lowest affinity, did not generate any detectable fluores-
cence spots throughout the recording time, presumably due its very
short binding time with CB[7] (Fig. S37, ESI†). On the other hand,
the use of the very high affinity ADA guest molecule resulted in
stable association of the fluorophore with CB[7], as concluded from
the initial appearance of high density fluorescence spots that
bleached irreversibly over time (Fig. S39, ESI†). However, in the case
of the HMD guest, fluorescence intensity traces show autonomous
ON/OFF switching of fluorescence (Fig. 2 and Fig. S41, ESI†). The
blinking events persisted throughout the recording time, demon-
strating transient and repetitive association of the HMD guest with
CB[7]. Overall, the in vitro experiments indicate that the CB[7]-HMD
pair possesses the necessary binding affinity to provide fluorescence
blinking with prescribed brightness and frequency to enable precise
single-molecule localization.

To translate the host–guest mediated blinking to super-resolution
imaging in cells, we used microtubules as an imaging target.
Microtubules in Mouse embryonic fibroblast (MEF) cells were
stained using primary antibodies against a-tubulin followed by
CB[7] conjugated secondary antibodies. 1 nM solution of the
HMD guest conjugated Cy5 (HMD-Cy5) imager was added to
the cells for recording images. As shown in Fig. S44 (ESI†), the
autonomous and stochastic appearance of fluorescent bursts
from single molecules as a result of transient host–guest binding
events was observed from the cells in PBS buffer without any
additives. The average fluorescence ON time is estimated to be
B121 ms (Fig. S45, ESI†). As the imager molecules were con-
tinuously replenished from solution, we did not observe any
photobleaching during imaging. The spontaneous blinking
events continued for hours of imaging under excitation illumi-
nation. Images acquired using B0.138 kW cm!2 laser power and

Fig. 1 Concept of host–guest mediated super-resolution imaging. (a) The
fluorophore conjugated guest molecule interacts transiently with CB[7]
docking sites to produce fluorescence blinking. (b) Accurate coordinates
of the molecules in the ON-state are determined by fitting the point-
spread function (PSF) to a Gaussian function. (c) Accumulation of coordi-
nates from all the frames provides an image representing the organization
of molecules in nanometer resolution.

Fig. 2 Fluorescence blinking via host–guest interaction. (a) Structure of
the CB[7] host and guest imager. (b) Fluorescence trace analysis of a
localized spot derived from the CB[7]-immobilized surface shows transient
and repetitive binding events throughout the recording time.
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guest Kd
[M]

kon
[M-1s-1]

kon·Kd
= koff [s-1]

τb = koff
-1 [ms]

(residence time)
prolylamine 10-4-10-3 108 105-106 0.01-0.001

HMD 10-7-10-6 108 101-102 10-100
ADA 10-13-10-12 108 10-5-10-6 107-108

in vitro CB[7]-HMD
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guest Kd
[M]

kon
[M-1s-1]

kon·Kd
= koff [s-1]

τb = koff
-1 [ms]

(residence time) result

prolylamine 10-4-10-3 108 105-106 0.01-0.001 no fluorescence

HMD 10-7-10-6 108 101-102 10-100 ON/OFF switching

ADA 10-13-10-12 108 10-5-10-6 107-108 bleach

in vitro CB[7]-HMD
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Figure S35| Single-molecule imaging of BSA-CB[7] immobilized surface using Alexa Flour 647 conjugated 

HMD guest (1 nM). Six frames (a-f) correspond to the images at 1 min interval (i.e. 1200 frames apart). Scale 

bar: 5 µm (a-f). 

 
Figure S36| Single-molecule imaging of unmodified BSA immobilized surface using Alexa Flour 647 

conjugated HMD guest (1 nM). Six frames (a-f) correspond to the images at 1 min interval (i.e. 1200 frames 

apart). Scale bar: 5 µm (a-f).  
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integrated over 50 ms of timescale showed a collection of
B505 photons per frame (Fig. S44g, ESI†). To construct a
super-resolved image from the cells, the localizations of the
fluorescent molecules were determined with nanometer precision
by fitting the point spread function (PSF) to a 2D Gaussian function.
Finally coordinates from all the frames were accumulated to
construct an overall super-resolution image. In addition, we have
implemented a drift correction using gold nanoparticles (B100 nm)
as a fiducial marker. Fig. 3a–d clearly demonstrate that the image
from host–guest blinking yields a much-improved resolution as
compared to their diffraction-limited counterpart. To quantitatively
highlight the improvement, the transverse profile of localization of a
single microtubule filament was examined. Importantly, host–guest
blinking based imaging was able to clearly resolve the hollow
cylindrical structure of the microtubule filament with a diameter
of B38 nm (Fig. 3e and Fig. S47, ESI†). On the other hand, the
microtubule from the standard diffraction-limited image appeared
as one peak with a FWHM of B361 nm, clearly highlighting the
enhanced resolution from host–guest imaging. To achieve 3D super-
resolution imaging, we have applied a PSF engineering approach by
introducing a phase ramp over one-half of the detection beam path
with a glass wedge.46 Fig. S48 (ESI†) shows a reconstructed super-
resolved image of the 3D mitochondrial network over a depth of
1.2 mm. Both horizontal and vertical cross-sections revealed the 3D
contour of the hollow-shaped mitochondrial outer membrane.
Importantly, host–guest blinking mediated 3D imaging was able to
resolve the hollowness of the mitochondria that are as small as
137 nm in diameter, demonstrating the significant improvement of
resolution in the z direction due to imaging compared to a standard
diffraction-limited system.

The smaller footprints of small molecule-based targeting ligands
as compared to the antibodies are ideally suited to achieve high
density labelling for improved resolution. To demonstrate host–guest
based imaging based on a small molecular targeting ligand, we used
phalloidin as a highly specific small molecular binder for F-actin and
conjugated it to CB[7]. Autonomous blinking was immediately
observed upon addition of the HMD-Cy5 imager to a cell that was

labeled with phalloidin-conjugated CB[7] (see Fig. S49 and Movie S1,
ESI†). We detected an average of B681 photons per frame using
B0.392 kW cm!2 excitation laser power density (integration time
50 ms, Fig. S50a, ESI†). A lateral localization precision of B13 nm
(Fig. S50b, ESI†) was achieved by fitting the PSF to a 2D Gaussian
function. Upon reconstruction, individual small actin filaments were
clearly resolved in the super-resolved image using the host–guest
blinking technique; by contrast, filaments were impossible to dis-
tinguish in the diffraction-limited image (Fig. 4a). The measurement
of the cross-section of a single filament, as shown in Fig. 4b,
exhibited a FWHM of B18 nm. Similar to the cell culture experi-
ment, specific autonomous blinking was also observed upon addi-
tion of the imager to the Drosophila melanogaster thoracic muscle
tissues. The reconstructed super-resolution image provided a much
better view of the actin network from muscle tissues (Fig. 4c and
Fig. S51, ESI†), clearly indicating the selectivity of the host–guest
based system for nanoscopic imaging in the diversity and complexity
of tissue specimens.

To translate host–guest blinking to live-cell imaging, we first
used a nanoparticle vector to deliver a phalloidin-CB[7] conjugate
to the cytosolic environment.15 Cells were subsequently incubated
with the cell permeable SiR-labeled HMD imager. We observed
spontaneous blinking from the intracellular environment, indicating
specific interaction of the SiR-labeled HMD imager with the CB[7]
host in live cells (see Movie S2, ESI†). The super-resolved image of
phalloidin labeled actin fibers, reconstructed from a 60 s recording
time, is shown in Fig. 5. The corresponding diffraction limited image
clearly indicates the capability of the host–guest probe to enhance
resolution in the context of live cell imaging. The super-resolution
image yielded an apparent width of 46.6 nm (FWHM) for the actin
filament, whereas the standard diffraction limited image shows a
FWHM of 345.1 nm for the same filament (Fig. 5). We continuously
acquired blinking images for 10 min to construct multiple super-
resolution snap-shots. Movie S3 (ESI†) shows a time-lapse video of
reconstructed super-resolution snapshots where actin fibers are
visible with improved resolution. These results clearly establish the
potential of the host–guest based imaging technique in live-cell
super-resolution microscopy.

In conclusion, we demonstrated the use of the transient
interaction between synthetic host–guest molecules to obtain

Fig. 3 Super-resolution imaging of microtubules using host–guest interaction.
(a) The super-resolved image shows much thinner microtubules as compared
to their diffraction-limited counterpart (top left corner). (b) A magnified view of
the selected region in a; showing clearly resolved microtubule filaments.
(c) Diffraction-limited image of the same region shows indistinguishable
filaments. (d) In a highly zoomed-in view of the selected region in b, a single
microtubule is observed as two lines due to its hollow structure. (e) The cross-
sectional histogram shows a separation of 37.7 nm between the lines (micro-
tubule diameter). Scale bars: (a) 1 mm, (b and c) 500 nm, and (d) 100 nm.

Fig. 4 Super-resolution imaging of F-actin in cells and tissues. (a) Super-
resolved image obtained from the host–guest blinking technique resolved
individual actin filaments as compared to the conventional diffraction limited
image (top right corner). (b) Cross-section profile of a single filament (d1) shows
a FWHM of 18.22 nm. (c) Host–guest interaction mediated super-resolution
image of F-actin in thoracic muscle tissues (top right corner shows the
diffracted limited image). Scale bars: (a) 1 mm, (b) 100 nm, and (c) 5 mm.
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fluorescence blinking for super-resolution imaging of biomolecules.
We showed that the CB[7] host and the HMD guest maintain their
interaction specificity even in the complexity of the intracellular
environment of a living cell to facilitate the application of host–guest
based blinking in live-cell super-resolution microscopy, significantly
expanding the scope of host–guest chemistry in in vivo biological
imaging. We also anticipate that this method will be applicable to
study the growth of supramolecular polymers or probing living
supramolecular polymerization processes.
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Fig. 5 Super-resolved image of actin from live cells and the corresponding
diffraction limited image (bottom right). The cross-section profile of an actin
filament (d1) shows a FWHM of 46.6 nm for the super-resolved image as
compared to 345.1 nm for the diffraction limited image. Scale bar: 5 mm.
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- Expanding the limited scope of guests
- Development of CB[n] derivatives will expand the guest scope.
- Acyclic CB[n](Calabadion 1) had high affinity toward a wider range 

of N-terminal amino acids than normal CB[n].
- Further applications

- Application of CB[n] has been limited to relatively simple 
applications.

- Further applications in a wide range of fields are expected.

Ogroupof host1 in the complex (11a). Related changes are
observed during the complexation of the hydrophobic
amino acid amides (Supporting Information) indicating
that side chain cavity inclusion and NH3

+ portal binding is
the dominant geometry. Changes are also observed in the
1H NMR resonance for host 1 in the 1•H-Phe-NH2 complex.
For example, the Hf protons in C2v-symmetric 1 are sym-
metry equivalent and display a sharp singlet (Figure 3(f))
but become broadened and split upon formation of the C1-
symmetric (e.g. no symmetry) 1•H-Phe-NH2 complex. This
observation can be explained by the fact that the chiral
host•guest complex renders all four Hf atoms diastereoto-
pic. In the case of fast kinetics of exchange, typified beauti-
fully by the 1•H-Leu-NH2 complex, two doublets are
observed for Hf (Supporting Information, Figure S86).
Related observations are observed with host 2. None of
the complexes between 1 or 2 and the amino acid amides
displayed slow kinetics of exchange on the 1H NMR time-
scale. Interestingly, for complexes between 1 (2) and the
hydrophobic non-aromatic amino acid amides, we typically
observe a small downfield shift for host aromatic sidewall
resonance Hf, Ht, Hu (1: up to 0.3 ppm; 2: up to 0.5 ppm). As
described previously in related systems, we believe this is
due to a conformational change that hosts1 and2undergo

upon complexation that removes edge-to-face C-H•••π
interactions that occur in the uncomplexed host that result
in upfield shifting (2c). In contrast, for the aromatic amino
acid amides (e.g. H-Trp-NH2, H-Tyr-NH2, H-Phe-NH2) only
very small changes in chemical shift are observed for Hf

which we believe reflects a balance between the expected
downfield shift due to conformational change and upfield
shift due to the shielding effect of the aromatic ring of the
guest. Interestingly, we found no evidence by 1H NMR of

Figure 3. 1H NMR spectra recorded (400 MHz, RT, 20 mM NaH2PO4 buffered D2O, pD 7.40) for: a) H-Phe-NH2 (5 mM), (b) 1 (1 mM)
and H-Phe-NH2 (2 mM), c) 1 (1 mM) and H-Phe-NH₂ (1.5 mM), (d) 1 (1 mM) and H-Phe-NH2 (1 mM), e) 1 (1 mM) and H-Phe-NH2

(0.5 mM), (f) 1 (2 mM).

Figure 4. (Colour online) Schematic illustrations of the geome-
try of (a) 1•H-Phe-NH2 and (b) 1•H-Lys-NH2 complexes.

SUPRAMOLECULAR CHEMISTRY 435

Zebaze Ndendjio, S. A.; Isaacs, L. Supramol. Chem. 2019, 31 (7), 432–441. 



Summary: Host guest chemistry for bioconjugation in cells/ in vivo 34

- Development of methodologies for bioorthogonal molecular 
conjugation is desired.

- Cucurbit[n]uril based host guest chemistry has many 
desirable characteristics for in cell/ in vivo applications.

- Cucurbit[n]uril based bioimaging has several advantages 
over protein based bioimaging.

- Some unique applications are realized by utilizing the 
characteristics of cucurbit[n]uril-guest interaction.

- Expanding the limited scope of guests by developing new 
host molecules and further applications in a wide range of 
fields are expected.
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- Kd value ranges from 104 to 1015.
- Cucurbit[7]uril and cucurbit[8]uril has whole different guest preference.

congeners.13 The molecular recognition and self-assembly
properties of CB[6]14sthe oldest and most widely studied
member of the CB[n] familyshave been delineated by the
pioneering work of Mock15,16 and Kim.17,18 CB[6] undergoes
high affinity, highly selective, constrictive binding interactions
with cationic species, especially ammonium ions, driven by a
combination of ion-dipole interactions, hydrogen bonds, and
the hydrophobic effect. Aside from well-defined thermodynamic
effects, CB[6] also excels from the viewpoint of kinetic control
of recognition processes.19 For example, CB[6] accelerates the
dipolar cycloaddition between acetylenes and azides.20 Further-
more, Nau has recently demonstrated that the kinetics of binding
can be tuned by guest structure and experimental conditions
(e.g., pH, cation identity, and cation concentration).21 This set
of properties makes CB[6] an attractive component in nano-
technology, including molecular machines, supramolecular self-
assembly, and crystal engineering. In recent work, several groups
have begun to investigate the recognition and catalytic properties
of CB[7]22-26 and CB[8]27-30 and chemical or physical methods

to control those processes, which suggests that CB[7] and CB[8],
independently, will prove as useful as CB[6] for nanotechnology
applications.6,7 In this paper, we argue that the CB[n] family,
collectiVely, constitute prime components for the preparation
of complex self-sorting systems not only because of the well-
defined recognition properties (e.g. affinity and selectivity) of
each member of the family but also because of the high levels
of selectivity exhibited by different members of the family for
a common guest.31

Results

Several groups have determined the binding constants of
CB[7] and CB[8] toward different guest molecules,23-26,29,30,32,33
and some have reported qualitative investigations of the binding
of CB[5]-CB[8] toward a common guest (e.g. guest inclusion
or exclusion).34 In this paper, we report the binding constants
of CB[6], CB[7], and CB[8] toward a variety of guests that
demonstrates that the high selectivity seen by single members
of the CB[n] family also translates between members of the
CB[n] family. For this purpose, we have employed 1H NMR
competition experiments15 referenced to an absolute Ka value
determined by UV/vis titration.
Selection of Guests. Chart 1 shows the chemical structures

of the guests (1-24) studied in this paper. Our selection of these
guests is based on literature precedent and our own experience
with the binding properties of the CB[n] family.2,12,13 Ideally,
guests should experience changes in their UV/vis or fluorescence
spectra upon binding, exhibit slow exchange kinetics between
free and bound guest on the 1H NMR chemical shift time scale,

(12) Lagona, J.; Fettinger, J. C.; Isaacs, L. Org. Lett. 2003, 5, 3745-3747.
(13) Burnett, C. A.; Witt, D.; Fettinger, J. C.; Isaacs, L. J. Org. Chem. 2003,
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(17) Jeon, Y.-M.; Kim, J.; Whang, D.; Kim, K. J. Am. Chem. Soc. 1996, 118,
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1998, 120, 4899-4900. Isobe, H.; Tomita, N.; Lee, J. W.; Kim, H.-J.; Kim,
K.; Nakamura, E. Angew. Chem., Int. Ed. 2000, 39, 4257-4260. Lee, E.;
Heo, J.; Kim, K. Angew. Chem., Int. Ed. 2000, 39, 2699-2701.

(19) Mock, W. L.; Shih, N. Y. J. Am. Chem. Soc. 1989, 111, 2697-2699.
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54, 5302-5308; Tuncel, D.; Steinke, J. H. G. Macromolecules 2004, 37,
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5808-5816; Marquez, C.; Nau, W. M. Angew. Chem., Int. Ed. 2001, 40,
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or higher29. More importantly, the in vivo toxicity of CB[7] on a mouse model upon intravenous (i.v.) admin-
istration was previously studied based on body-weight changes only, and the mice exhibited reasonable toler-
ance towards a 250 mg/kg dosage via a slow i.v. injection from a body-weight change perspective30. In the same 
study, oral administration of a 1:1 CB[7]/CB[8] mixture, at a dose of 300 mg/kg:300 mg/kg, into mice did not 
result in any weight loss30. In spite of these previous efforts, there still lacks of systematic examination (beyond 
just body-weight changes) of the safety profile of CB[7] in a suitable preclinical model (such as mouse model) 
when it is administered orally (i.g.) or through i.v., or peritoneally (i.p.). Herein, we report our recent systematic 
evaluation of CB[7]’s biocompatibility profile in mice with i.g., i.p. and i.v. administrations, respectively, by not 
only monitoring the body-weight changes of the mice, but also examining their organ indices, haematological 
parameters, hepatic and renal function biochemical markers, as well as the histopathology of the major organ 
tissues of the mice.

Results
Toxicity evaluation of CB[7] with i.g. administration. In a previous study, mice that were orally 
administered with a single dose of 600 mg/kg of 1:1 CB[7]/CB[8] mixture did not exhibit any weight loss within 
9 days post-administration30, implying that there was a good oral biocompatibility profile of CB[7] at a dose 
of 300 mg/kg. However, this dosage might not be the maximum tolerable oral dose limit, as no dose escalation 
studies were performed in the previous investigation. Indeed, it is suggested by the Globally Harmonized System 
(GSH) that a substance would not be labelled as toxic if its median lethal oral dose was >5 g/kg31. Herein, to 
examine whether CB[7] could meet the criteria of being “non-toxic”, we evaluated the acute oral toxicity of CB[7] 
in mice at the dose of 5 g/kg. Mice were orally administered with a single dose of CB[7] (5 g/kg body weight) or 
saline (100 µL/10 g, control group). Subsequently, they were weighed every two days to monitor their body-weight 
changes and behaviours. All mice in this study remained alive within 21 days, and no unusual behaviours or 
illnesses were observed during the experiment. As shown in Fig. 2, the i.g. administration of CB[7] (5 g/kg dose) 
showed negligible influence on the body weight of the mice, which rose steadily during the 21-day follow-up, 
comparable to that observed for the control group. Thus, all of the mice were sacrificed after 21 days for additional 
systemic toxicity evaluation, including haematological, hepatic and renal function biochemical markers tests, as 
well as for examinations of their organ indices and histological analysis, to examine the potential systemic toxic-
ity of CB[7] at 3-week after acute ingestion. Analysis on the organ indices of the mice sacrificed on Day 21 post 
CB[7] administration suggested that no significant differences existed between the CB[7]-administered group 

Figure 1. Structure of cucurbit[7]uril (CB[7]).

Figure 2. Body weight changes of the mice i.g., i.v. or i.p. administered with CB[7], respectively, monitored for 
21 days post-administration.

molecules are the platinum-based anticancer drugs, where cucur-
bituril encapsulation has been used in an attempt to reduce their
toxicity,31 to act as a drug delivery vehicle that would specifically
target cancerous cells, and to improve drug solubility, stability,
or specificity.32–37 No cytotoxic effects of CB[7] have become
obvious from those studies. The poorly soluble organic cytotoxic
drugs albendazole and camptothecin also showed improved
properties in vitro when encapsulated in CB[7] and CB[8].38,39

Another prominent example is CB[7] complexation of several
drugs administrated through the gastrointestinal tract, such as
lansoprazole and omeprazole; their encapsulation in cucurbituril
shifts the pKa values of these drugs, thereby improving their acti-
vation and stabilization.40 The histamine H2-receptor antagonist
ranitidine shows a pKa shift through encapsulation and is thereby
stabilized.41 Similarly, the local anaesthetics procaine, tetracaine,
procainamide, dibucaine, and prilocaine also increase their pKa

values upon CB[7] encapsulation.42 With respect to peptide-
based drugs, cucurbiturils have also shown preservation effects
on peptide substrates by inhibiting their enzymatic hydrolysis.22

Moreover, cucurbiturils have been proposed as carriers in gene
delivery,43 and in drug delivery by employing multivalent vesicles
formed from amphiphilic CB[6] derivatives.44 Two examples of
CB[7] complexation of the vitamins B2 and B12 have also been
reported.45,46 Furthermore, a recent study has indicated that
CB[n]–dye complexes are able to cross the cell membrane of mouse
embryo cells.47

Surprisingly, although the number of biologically related cucur-
bituril applications is dramatically increasing, the intrinsic toxicity
of cucurbituril macrocycles, which constitutes a critical parameter
for their pharmaceutical use, has not been reported until now.
Herein, we present a toxicity profile of cucurbiturils, in particular
cucurbit[7]uril (CB[7]), based on an in vitrocytotoxicity assay, sup-
ported by live-cell imaging microscopy, and combined with an in
vivooral and intravenous administration study on mice. The CB[7]
homologue has been selected for the cytotoxicity and intravenous
studies since it possesses the highest solubility in aqueous solution
of the known homologues48,49 and is, consequently, an obvious first
choice for drug-related applications. CB[7] is also sufficiently large
to fully or at least partially include numerous common drugs, a
precondition which is not fulfilled for the smaller water-soluble
CB[5] and poorly water-soluble CB[6] homologues. The larger
CB[8] has most potential as an oral drug delivery vehicle, where
dissolution of this poorly water-soluble macrocycle would present

no principal limitation. In general, the thermal stability of CB[7]
and CB[8] in the pH range 1.3–9.0, that of the gastrointestinal
tract, makes them ideal candidates for oral applications.10,50

2. Results and discussion

We have designed our experimental study such that we initially
tested the toxicity of CB[7] and CB[8] in cell culture in order to
determine the subtoxic dosage of the compound. We then worked
in the identified subtoxic range to monitor the effect of CB[7]
incubation on the integrity and metabolic activity of viable cells
by fluorescence microscopy. The scope of the investigation was
augmented by in vivostudies on mice. Firstly, a maximum tolerated
dose (MTD) was determined by performing CB[7] intravenous
injection, and subsequently the effect of oral administration of a
1 : 1 mixture of CB[7] and CB[8] was investigated.

2.1 In vitro cytotoxicity and effect of metabolic activity

The cucurbituril-induced cytotoxicity was measured in an MTT
assay on Chinese Hamster Ovary (CHO-K1) cells. The MTT
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) as-
say presents a quantitative colorimetric method for studying
cytotoxic agents, where the amount of MTT reduced by cells to its
blue formazan derivative is quantified spectroscopically at 570 nm
and is equivalent to the number of viable cells.51,52 In order to
determine the subtoxic levels of CB[7], we screened a broad range
of CB[7] concentrations (0.1–4.5 mM) by dissolving the additive
in the cell culture medium and incubating CHO-K1 cells for a
period of 48 h. Concentrations above 2 mM were found to inhibit
cell proliferation, while concentrations below 1 mM were tolerable
(data not shown). To determine the exact concentration of CB[7]
exhibiting cytotoxic effects, we investigated the subtoxic range
of up to 1 mM for the same time interval of 2 days (Fig. 2A),
relative to a control sample lacking CB[7], and obtained an
IC50 value of 0.53 ± 0.02 mM. The IC50 value, which represents
the concentration of CB[7] at which the cell viability is 50% of
the viability at control conditions, corresponds to approximately
620 mg of CB[7] per kg of CHO-K1 cells, a number that can be
more directly compared to the oral and intravenous studies (see
below). Similar studies were performed over 48 h for CB[8] as
additive, but due to the lower solubility of this macrocycle the
accessible concentration range was limited (Fig. 3). At the highest

Fig. 2 Relative cell viability of CHO-K1 cells in dependence on CB[7] concentration (0–1 mM) and incubation time determined using the MTT assay
by monitoring formazan absorbance at 570 nm. Mean values and standard deviations were obtained from five independent experimental determinations.
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guest Kd [M] kon [M-1s-1] kon·Kd
= koff [s-1]

τb = koff
-1 [ms]

(residence time)
result

prolylamine 10-4-10-3 108 105-106 0.01-0.001 no fluorescence
HMD 10-7-10-6 108 101-102 10-100 ON/OFF switching
ADA 10-13-10-12 108 10-5-10-6 107-108 bleach
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Figure S37| Single-molecule imaging of BSA-CB[7] immobilized surface using Alexa Flour 647 conjugated 

propylamine guest (1 nM). Six frames (a-f) correspond to the images at 1 min interval (i.e. 1200 frames apart). 

Scale bar: 5 µm (a-f). 

 

Figure S38| Single-molecule imaging of unmodified BSA immobilized surface using Alexa Flour 647 

conjugated propylamine guest (1 nM). Six frames (a-f) correspond to the images at 1 min interval (i.e. 1200 

frames apart). Scale bar: 5 µm (a-f). 
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Figure S39| Single-molecule imaging of BSA-CB[7] immobilized surface using Alexa Flour 647 conjugated 

ADA guest (1 nM). Six frames (a-f) correspond to the images at 1 min interval (i.e. 1200 frames apart). Scale 

bar: 5 µm (a-f).  

 
Figure S40| Single-molecule imaging of unmodified BSA immobilized surface using Alexa Flour 647 

conjugated ADA guest (1 nM). Six frames (a-f) correspond to the images at 1 min interval (i.e. 1200 frames 

apart). Scale bar: 5 µm (a-f). 
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Figure S35| Single-molecule imaging of BSA-CB[7] immobilized surface using Alexa Flour 647 conjugated 

HMD guest (1 nM). Six frames (a-f) correspond to the images at 1 min interval (i.e. 1200 frames apart). Scale 

bar: 5 µm (a-f). 

 
Figure S36| Single-molecule imaging of unmodified BSA immobilized surface using Alexa Flour 647 

conjugated HMD guest (1 nM). Six frames (a-f) correspond to the images at 1 min interval (i.e. 1200 frames 

apart). Scale bar: 5 µm (a-f).  
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integrated over 50 ms of timescale showed a collection of
B505 photons per frame (Fig. S44g, ESI†). To construct a
super-resolved image from the cells, the localizations of the
fluorescent molecules were determined with nanometer precision
by fitting the point spread function (PSF) to a 2D Gaussian function.
Finally coordinates from all the frames were accumulated to
construct an overall super-resolution image. In addition, we have
implemented a drift correction using gold nanoparticles (B100 nm)
as a fiducial marker. Fig. 3a–d clearly demonstrate that the image
from host–guest blinking yields a much-improved resolution as
compared to their diffraction-limited counterpart. To quantitatively
highlight the improvement, the transverse profile of localization of a
single microtubule filament was examined. Importantly, host–guest
blinking based imaging was able to clearly resolve the hollow
cylindrical structure of the microtubule filament with a diameter
of B38 nm (Fig. 3e and Fig. S47, ESI†). On the other hand, the
microtubule from the standard diffraction-limited image appeared
as one peak with a FWHM of B361 nm, clearly highlighting the
enhanced resolution from host–guest imaging. To achieve 3D super-
resolution imaging, we have applied a PSF engineering approach by
introducing a phase ramp over one-half of the detection beam path
with a glass wedge.46 Fig. S48 (ESI†) shows a reconstructed super-
resolved image of the 3D mitochondrial network over a depth of
1.2 mm. Both horizontal and vertical cross-sections revealed the 3D
contour of the hollow-shaped mitochondrial outer membrane.
Importantly, host–guest blinking mediated 3D imaging was able to
resolve the hollowness of the mitochondria that are as small as
137 nm in diameter, demonstrating the significant improvement of
resolution in the z direction due to imaging compared to a standard
diffraction-limited system.

The smaller footprints of small molecule-based targeting ligands
as compared to the antibodies are ideally suited to achieve high
density labelling for improved resolution. To demonstrate host–guest
based imaging based on a small molecular targeting ligand, we used
phalloidin as a highly specific small molecular binder for F-actin and
conjugated it to CB[7]. Autonomous blinking was immediately
observed upon addition of the HMD-Cy5 imager to a cell that was

labeled with phalloidin-conjugated CB[7] (see Fig. S49 and Movie S1,
ESI†). We detected an average of B681 photons per frame using
B0.392 kW cm!2 excitation laser power density (integration time
50 ms, Fig. S50a, ESI†). A lateral localization precision of B13 nm
(Fig. S50b, ESI†) was achieved by fitting the PSF to a 2D Gaussian
function. Upon reconstruction, individual small actin filaments were
clearly resolved in the super-resolved image using the host–guest
blinking technique; by contrast, filaments were impossible to dis-
tinguish in the diffraction-limited image (Fig. 4a). The measurement
of the cross-section of a single filament, as shown in Fig. 4b,
exhibited a FWHM of B18 nm. Similar to the cell culture experi-
ment, specific autonomous blinking was also observed upon addi-
tion of the imager to the Drosophila melanogaster thoracic muscle
tissues. The reconstructed super-resolution image provided a much
better view of the actin network from muscle tissues (Fig. 4c and
Fig. S51, ESI†), clearly indicating the selectivity of the host–guest
based system for nanoscopic imaging in the diversity and complexity
of tissue specimens.

To translate host–guest blinking to live-cell imaging, we first
used a nanoparticle vector to deliver a phalloidin-CB[7] conjugate
to the cytosolic environment.15 Cells were subsequently incubated
with the cell permeable SiR-labeled HMD imager. We observed
spontaneous blinking from the intracellular environment, indicating
specific interaction of the SiR-labeled HMD imager with the CB[7]
host in live cells (see Movie S2, ESI†). The super-resolved image of
phalloidin labeled actin fibers, reconstructed from a 60 s recording
time, is shown in Fig. 5. The corresponding diffraction limited image
clearly indicates the capability of the host–guest probe to enhance
resolution in the context of live cell imaging. The super-resolution
image yielded an apparent width of 46.6 nm (FWHM) for the actin
filament, whereas the standard diffraction limited image shows a
FWHM of 345.1 nm for the same filament (Fig. 5). We continuously
acquired blinking images for 10 min to construct multiple super-
resolution snap-shots. Movie S3 (ESI†) shows a time-lapse video of
reconstructed super-resolution snapshots where actin fibers are
visible with improved resolution. These results clearly establish the
potential of the host–guest based imaging technique in live-cell
super-resolution microscopy.

In conclusion, we demonstrated the use of the transient
interaction between synthetic host–guest molecules to obtain

Fig. 3 Super-resolution imaging of microtubules using host–guest interaction.
(a) The super-resolved image shows much thinner microtubules as compared
to their diffraction-limited counterpart (top left corner). (b) A magnified view of
the selected region in a; showing clearly resolved microtubule filaments.
(c) Diffraction-limited image of the same region shows indistinguishable
filaments. (d) In a highly zoomed-in view of the selected region in b, a single
microtubule is observed as two lines due to its hollow structure. (e) The cross-
sectional histogram shows a separation of 37.7 nm between the lines (micro-
tubule diameter). Scale bars: (a) 1 mm, (b and c) 500 nm, and (d) 100 nm.

Fig. 4 Super-resolution imaging of F-actin in cells and tissues. (a) Super-
resolved image obtained from the host–guest blinking technique resolved
individual actin filaments as compared to the conventional diffraction limited
image (top right corner). (b) Cross-section profile of a single filament (d1) shows
a FWHM of 18.22 nm. (c) Host–guest interaction mediated super-resolution
image of F-actin in thoracic muscle tissues (top right corner shows the
diffracted limited image). Scale bars: (a) 1 mm, (b) 100 nm, and (c) 5 mm.
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that FLAG-eGFP was well expressed in the cytoplasm of the
transfected cells. However, some of the cells that were stained
with DAPI, showing blue fluorescence, did not emit the green
fluorescence signal. This indicated that not every cell is
transfected. Pleasingly, when the cells were treated with Cy3-CB
[7], only the FLAG-eGFP expressed cells showed good overlap of
the fluorescence signals from eGFP with that from Cy3-CB[7].
The non-transfected cells rarely showed any signal from Cy3-CB
[7] since FLAG-eGFP was not present. This result suggested that

adamantylation only took place in the presence of the HRP-
secondary antibody, which, in turn, was only present where the
primary anti-FLAG and eGFP were. As a control experiment, we
also used cells that were expressing eGFP without a FLAG-tag, we
observed negligible fluorescence signals from Cy3-CB[7] (Sup-
plementary Figure 7), which indicated that no Cy3-CB[7] was
present due to the absence of AdA in the cells. This result
supports that the specific adamantylation in Fig. 4 was facilitated
by the FLAG-tag-based immunospecifically anchored HRP-
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Figure 5. Multiplexed labeling. (A) Schematic showing the use of CB[7]−ADA and TCO−Tz orthogonal labeling platforms for simultaneous
labeling and multiplexed imaging. (B) Multiplexed SIM imaging of microtubules and mitochondria. Microtubules and mitochondria were labeled
using CB[7] and TCO conjugated antibodies, respectively. Multiplexed images were captured after addition of ADA−Rhodamine and Tz−Cy5.
(C) Multiplexed imaging of actin and microtubule in thoracic muscle tissue of Drosophila using orthogonal labeling pairs. Actin was targeted using
phalloidin−CB[7] and microtubule was targeted using antibody−TCO conjugate. Scale bars: 5 μm (parts B and C).

Figure 6. Live cell imaging using CB[7]−ADA interaction. (A) RFP (pseudo-colored green) transfected SVEC cells. (B) Live cell imaging of
VCAM in SVEC cell surface using CB[7]−ADA interaction. Cells were imaged after exciting with a 642 nm laser line (corresponding to Cy5
excitation). Cells were treated with primary (against VCAM) and CB[7] modified secondary antibodies. Imaging was carried out after incubation
with ADA−Cy5 imager. (C) Intracellular labeling of actin filaments in live HeLa cells using phalloidin−CB[7] and ADA−Rhodamine imager. (D)
Actin dynamics were indicated in the arrowed region from the boxed region in part C. Scale bars: 5 μm (A−C) and 2 μm (D).
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that FLAG-eGFP was well expressed in the cytoplasm of the
transfected cells. However, some of the cells that were stained
with DAPI, showing blue fluorescence, did not emit the green
fluorescence signal. This indicated that not every cell is
transfected. Pleasingly, when the cells were treated with Cy3-CB
[7], only the FLAG-eGFP expressed cells showed good overlap of
the fluorescence signals from eGFP with that from Cy3-CB[7].
The non-transfected cells rarely showed any signal from Cy3-CB
[7] since FLAG-eGFP was not present. This result suggested that

adamantylation only took place in the presence of the HRP-
secondary antibody, which, in turn, was only present where the
primary anti-FLAG and eGFP were. As a control experiment, we
also used cells that were expressing eGFP without a FLAG-tag, we
observed negligible fluorescence signals from Cy3-CB[7] (Sup-
plementary Figure 7), which indicated that no Cy3-CB[7] was
present due to the absence of AdA in the cells. This result
supports that the specific adamantylation in Fig. 4 was facilitated
by the FLAG-tag-based immunospecifically anchored HRP-
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signal corresponding to the immunospecific labeling of the V5-
epitope (Fig. 6). The signal appeared as a punctuated structure
which is a characteristic structural feature of mitochondria,
suggesting that mito-V5-APEX2 is well expressed and located in
the target organelle. We also observed the signal corresponding to
Cy3-CB[7] and found that the signal was well-overlapped with
that of immunofluorescence signal of V5 (Fig. 6). These results
showed that spatially restricted adamantylation of the proteins in
a specific subcellular organelle in living cells can be performed
using mito-V5-APEX enzyme and the adamantylated proteins
can be specifically visualized with Cy3-CB[7] via the ultrastable
host–guest interactions between CB[7] and AdA. In addition, we
found that the cells required at least 25 μM of AdA-phenol
treatment for efficient enzyme-assisted proximity-dependent
protein adamantylation to visualize the target proteins with
Cy3-CB[7]; however, 250 μM of AdA-phenol seemed to be
optimum for the conditions that we tested in this study.

Visualization of target-specific proteins. To understand the
roles of specific proteins involved in cellular functions, visuali-
zation of specific proteins in living cells is of a great interest in
chemical biology36–39. For this purpose, we investigated whether
the supramolecular latching system could be exploited for the
imaging of specific target proteins in living cells (Fig. 7). SNAP-
tag is a mutant of the DNA-repair protein, O6-alkylguanine-DNA
alkyltransferase, and can be ectopically expressed as a fusion
protein with the target protein. SNAP-tag reacts spontaneously
with benzylguanine (BG) derivatives to make a covalent con-
jugation of BG derivative to the SNAP-tag-fusion protein. Into
living cells, we transfected a DNA construct encoding a plasma
membrane receptor that contains an N-terminal SNAP and C-
terminal eGFP-tagged EGFR (SNAP and eGFP recombinant
EGFR, r-EGFR). After transfection, the cells were incubated with
a SNAP-reactive AdA molecule, AdA-BG (Supplementary Fig-
ure 4), and then treated with Cy3-CB[7]. Confocal laser scanning
microscopy revealed that the fluorescence signals from Cy3-CB
[7] mainly arose from the surface of the cells, which is well-
overlapped with that from eGFP. (Fig. 7) This result suggested
that the cell surface-exposed SNAP-tag on r-EGFR was specifi-
cally adamantylated with AdA-BG and Cy3-CB[7] was

successfully latched to the adamantylated protein through the
ultrastable host–guest chemistry.

Visualization of proteins on a living animal (C. elegans). Not
limited to cell-level imaging, we investigated whether the supra-
molecular latching system can be extended to animal-level ima-
ging. As a simple animal model, we choose C. elegans, which is a
nematode (roundworm) about 1 mm in length when it becomes
an adult. Owing to easy cultivation, well-known anatomical
information, and transparency, C. elegans have been widely used
for fluorescence bioimaging studies of multicellular organisms.
After treating C. elegans with AdA-COOH (see Supplementary
Figure 4), activated with N-hydroxysulfosuccinimide sodium salt
(sulfo-NHS) and EDC, we then treated with Cy3-CB[7] and
imaged it under a fluorescence microscope. The fluorescence
signal from Cy3-CB[7] appeared mostly on the surface of
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signal corresponding to the immunospecific labeling of the V5-
epitope (Fig. 6). The signal appeared as a punctuated structure
which is a characteristic structural feature of mitochondria,
suggesting that mito-V5-APEX2 is well expressed and located in
the target organelle. We also observed the signal corresponding to
Cy3-CB[7] and found that the signal was well-overlapped with
that of immunofluorescence signal of V5 (Fig. 6). These results
showed that spatially restricted adamantylation of the proteins in
a specific subcellular organelle in living cells can be performed
using mito-V5-APEX enzyme and the adamantylated proteins
can be specifically visualized with Cy3-CB[7] via the ultrastable
host–guest interactions between CB[7] and AdA. In addition, we
found that the cells required at least 25 μM of AdA-phenol
treatment for efficient enzyme-assisted proximity-dependent
protein adamantylation to visualize the target proteins with
Cy3-CB[7]; however, 250 μM of AdA-phenol seemed to be
optimum for the conditions that we tested in this study.

Visualization of target-specific proteins. To understand the
roles of specific proteins involved in cellular functions, visuali-
zation of specific proteins in living cells is of a great interest in
chemical biology36–39. For this purpose, we investigated whether
the supramolecular latching system could be exploited for the
imaging of specific target proteins in living cells (Fig. 7). SNAP-
tag is a mutant of the DNA-repair protein, O6-alkylguanine-DNA
alkyltransferase, and can be ectopically expressed as a fusion
protein with the target protein. SNAP-tag reacts spontaneously
with benzylguanine (BG) derivatives to make a covalent con-
jugation of BG derivative to the SNAP-tag-fusion protein. Into
living cells, we transfected a DNA construct encoding a plasma
membrane receptor that contains an N-terminal SNAP and C-
terminal eGFP-tagged EGFR (SNAP and eGFP recombinant
EGFR, r-EGFR). After transfection, the cells were incubated with
a SNAP-reactive AdA molecule, AdA-BG (Supplementary Fig-
ure 4), and then treated with Cy3-CB[7]. Confocal laser scanning
microscopy revealed that the fluorescence signals from Cy3-CB
[7] mainly arose from the surface of the cells, which is well-
overlapped with that from eGFP. (Fig. 7) This result suggested
that the cell surface-exposed SNAP-tag on r-EGFR was specifi-
cally adamantylated with AdA-BG and Cy3-CB[7] was

successfully latched to the adamantylated protein through the
ultrastable host–guest chemistry.

Visualization of proteins on a living animal (C. elegans). Not
limited to cell-level imaging, we investigated whether the supra-
molecular latching system can be extended to animal-level ima-
ging. As a simple animal model, we choose C. elegans, which is a
nematode (roundworm) about 1 mm in length when it becomes
an adult. Owing to easy cultivation, well-known anatomical
information, and transparency, C. elegans have been widely used
for fluorescence bioimaging studies of multicellular organisms.
After treating C. elegans with AdA-COOH (see Supplementary
Figure 4), activated with N-hydroxysulfosuccinimide sodium salt
(sulfo-NHS) and EDC, we then treated with Cy3-CB[7] and
imaged it under a fluorescence microscope. The fluorescence
signal from Cy3-CB[7] appeared mostly on the surface of
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living cell CB[7]-AdA
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