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Synthetic host—guest complexes are inherently dynamic as they employ
weak and reversible noncovalent interactions for their recognition
processes. We strategically exploited dynamic supramolecular recogni-
tion between fluorescently labeled guest molecules to complementary
cucurbit[7]uril hosts to obtain stochastic switching between fluores-
cence ON- and OFF-states, enabling PAINT-based nanoscopic imaging
in cells and tissues.

Supramolecular chemistry facilitates the engineering of molecular
systems by the incorporation of non-covalent recognition motifs.
Among various non-covalent building blocks, host-guest systems
are of specific interest due to their high levels of chemoselectivity,
particularly for recognition processes in aqueous media.'™* The
benefit of employing a host-guest system in engineering molecular
systems arises from the highly selective yet reversible nature of
their interaction. This dynamic interaction allows designing an
approach to control the properties of the systems in a manner
that is programmable, modular, and responsive. These features
have been emphasized in several applications, including func-
tional materials,>™® catalysis,">"" sensing,"”>™"* imaging">'® and
therapeutics.'” >

Super-resolution fluorescence microscopy is a powerful tool for
the visualization of molecular organization beyond the diffraction
limit of light.>*?® PAINT (points accumulation for imaging in
nanoscale topography) represents an easy-to-implement concept
to perform such super-resolution microscopy.>’>° A PAINT based
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strategy benefits from the use of conventional fluorophores
and importantly, the implementation of PAINT does not require
any specialized equipment or experimental conditions. Initially,
PAINT was implemented using non-specifically interacting dye
molecules,”” which hindered the use of this strategy for imaging
any specific target of interest. Recently, to achieve specificity, PAINT
probes were developed by exploiting macromolecular recognition
processes. Most notable examples are DNA and protein-fragment
based probes, called DNA-PAINT and IRIS.>**' However, achieving
such specificity from small molecular probes remains challenging.
Notably, small molecular probes offer several benefits for PAINT,
including minimal localization offset, high labeling density, live
cell imaging capability, and ability to tag and image molecules that
are beyond genetic tagging.

Herein, we introduce a new class of small synthetic PAINT
probes using highly specific yet dynamic interaction between
synthetic host-guest pairs. We developed the dynamic probe
for super-resolution imaging using cucurbit[7]uril (CB[7]) based
synthetic recognition pairs. We selected CB[7] for this study in view
of its ability to form specific inclusion complexes with a variety
of guest molecules in the biological medium with affinities
(K., association constant) that vary from 10° to 10*> M~*.%27°
Importantly, considering close to diffusion-controlled associa-
tion rate (kon, ~ 10° M~ ' s, such a wide affinity range allows
programmable tuning of the binding time (t,, where 1, =
1/dissociation rate (kog)) of CB[7] dynamic host-guest com-
plexation events*®™*® The key aspect of our imaging strategy
was the utilization of this programmable control over the
binding events through proper selection of guest molecules to
obtain stochastic switching between fluorescence ON- and OFF-
states at single-molecule resolution. We demonstrate that the
fluorescently labeled hexamethylenediamine (HMD) guest is
capable of providing the necessary fluorescent blinking with
prescribed brightness and frequency via dynamic complexation
with CB[7] to enable two-dimensional (2D) and 3D super-resolution
imaging of biomolecules with >10x better resolution than the
diffraction limited imaging. We show that the autonomous
blinking feature along with the capability of a host-guest
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Fig. 1 Concept of host—guest mediated super-resolution imaging. (a) The
fluorophore conjugated guest molecule interacts transiently with CBI[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.
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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
CBJ[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.”” 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.** 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, ESIT)."> 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 (ie., binding time, t3,) will result in
overlapping single molecule events, whereas guest molecules with
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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 K, was
explored: propylamine (10°-10* M%), HMD (10°-10" M%), and
adamantylamine (ADA, 10*-10"* M~ ").*® Considering the literature
reported ko, as 10° M~ s, 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 10’-10% ms, respectively (see
the ESIf for calculation).**™*

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, ESIt). 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, ESIT). 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, ESIt). However, in the case
of the HMD guest, fluorescence intensity traces show autonomous
ON/OFF switching of fluorescence (Fig. 2 and Fig. S41, ESIT). 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 (ESIY), 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
~121 ms (Fig. S45, ESIT). 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 ~0.138 kW cm ™ laser power and
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Fig. 2 Fluorescence blinking via host—guest interaction. (a) Structure of
the CBI[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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Fig. 3 Super-resolution imaging of microtubules using host—guest interaction.
(@) 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 um, (b and c) 500 nm, and (d) 100 nm.

integrated over 50 ms of timescale showed a collection of
~505 photons per frame (Fig. S44g, ESIt). 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 (~100 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 ~38 nm (Fig. 3e and Fig. S47, ESIT). On the other hand, the
microtubule from the standard diffraction-limited image appeared
as one peak with a FWHM of ~361 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.*® Fig. S48 (ESIt) shows a reconstructed super-
resolved image of the 3D mitochondrial network over a depth of
1.2 um. 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
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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 (d;) 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 um, (b) 100 nm, and (c) 5 um.

labeled with phalloidin-conjugated CB[7] (see Fig. S49 and Movie S1,
ESIt). We detected an average of ~681 photons per frame using
~0.392 kW cm™? excitation laser power density (integration time
50 ms, Fig. S50a, ESIT). A lateral localization precision of ~13 nm
(Fig. S50b, ESIt) 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 ~18 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, ESIt), 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 nanopatrticle vector to deliver a phalloidin-CB[7] conjugate
to the cytosolic environment."> 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, ESIT). 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 (ESIt) 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

This journal is © The Royal Society of Chemistry 2019
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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 (dy) 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 um.

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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