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To further advance the development of cucurbit[10]uril-based supramolecular biomaterials, an AIE fluorescent

supramolecular polymer (TPE-B@Q[10]) was constructed from the newly synthesized AIE molecule TPE-B and Q[10] via host-

guest interactions in a host/guest ratio of 1:2. TPE-B@Q[10] not only has excellent blue fluorescence emission properties,

but also possesses good biocompatibility and low toxicity. Therefore, TPE-B@Q[10] was successfully used for cytoplasmic

imaging of cells. Flow cytometry further illustrated that Q[10] is capable of generating an alternative way to increase the

fluorescence of TPE-B and its characteristic pattern for cellular imaging. This work provides a theoretical basis for promoting

the application of cucurbit[n]uril-based supramolecular polymers in cell biology, and promotes the further development of

cucurbit[n]uril chemistry.

Introduction

In 1987, Lehn and co-workers reported that supramolecular
polymers with liquid crystal properties can be assembled by
utilizing triple hydrogen bonding, the field of supramolecular
polymers has rapidly developed and now impacts several other
areas [14. The formation of supramolecular polymers is driven
mainly by non-covalent bonds, such as multiple hydrogen
bonds, m-mt interactions, metal coordination bonds, and host-
guest interactions [5-8], Among these, host-guest interactions are
the commonest force typically utilized by supramolecular
polymers. Cucurbit[n]urils (Q[n]s, n=5-8,10,13-15) are classic
macrocyclic compounds possessing a rigid hydrophobic cavity,
and impart unique characteristics on the construction of
supramolecular polymers due to their high binding constants
with a variety of guest molecules 9151, Indeed, there are now
many examples involving the use of cucurbit[n]uril and their
unique cavities to construct supramolecular polymers [16-18] and
such systems make full advantage of both the Q[n]’s rigid
hydrophobic cavity and its unique host-guest chemistry. Such
work reveals how Q[n]s are an excellent building block for
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connecting organic molecular components to construct
supramolecular  polymers.  Q[n]-based  supramolecular
biomaterials have attracted great attention in recent years [19-
211, Q[10], as the largest cavity Q[n], not only has the traditional
rigid cavity but also has the powerful ability to accommodate
multiple molecules unmatched by other Q[n]s, but has been
slow to be studied in biomaterials especially in bioimaging
research [2226], Therefore, this paper selects the well-known TPE
molecular derivative as the guest molecule and tries to explore
the potential value and superiority of Q[10] in the study of
biomaterials.

The tetraphenylethenes (TPE) are a simple but classic
aggregation-induced emission (AIE) family of compounds first
discovered by Tang et al. 271, They possess such characteristics
as a unique structure with four rotating “arms”, as well as strong
fluorescence after aggregation, which can be used in systems
for biological detection [28-30], These attributes make them an
excellent  choice for  constructing 2D  cross-linked
supramolecular polymers [B132] and particularly for the
construction of supramolecular polymers based on TPE and
Q[n]s B335, For example, a light-tunable 2D SOF
(supramolecular organic framework) based on TPE-4MV, Q[8],
and an azobenzene derivative has been constructed in aqueous
solutions through host-guest interactions, which can be
dissociated under UV light. Tang and coworkers also recently
utilized TPE derivatives and Q[8] to construct supramolecular
polymers and successfully applied them to cell classification [331,
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Given the above, we have synthesized a new water-soluble TPE
derivative, namely TPE-B (Scheme 1 for the structure and
Scheme S1 for the synthesis) to be used as a guest, while the
less researched molecule Q[10] (Figure 1) is selected as the host
[11,123638]  As expected, the huge cavity of the Q[10]
simultaneously encompasses the arms of two TPE-B through
host-guest interactions to construct a 2D cross-linked
supramolecular AIE polymer (TPE-B@Q[10]), which exhibits a
good fluorescence performance. In addition, TPE-B@Q[10] was
found to have not only good cytocompatibility, low biotoxicity,
but most importantly, very good fluorescence imaging in the
cytoplasm of cells, which provides a good basis for subsequent
studies on organelle localization, Q[10] loading of third drug

guest molecules for in vivo tracking, etc.
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Scheme 1. The chemical structures of Q[10] and TPE-B.

Results and discussion

The supramolecular self-assemble behavior between TPE-B and
Q[10] was first investigated by fluorescence spectroscopy
(Figure 1). The unbounded TPE-B emits faint blue emission at
485 nm under excitation at 339 nm due to the constantly
rotating “arm”. Interestingly, the fluorescence intensity of the
AIE compound TPE-B is substantially increasing with the
addition of Q[10] from 327 a. u. up to 985 a. u., i.e. increased
about 3-fold. The root cause of the increase in the FL intensity
is that the intramolecular rotation of the TPE-B becomes
restricted by the presence of additional Q[10]. The increased
amount of Q[10] forces the rotating phenyl rings of TPE-B to
turn into the aromatic planes, which effectively inhibits the non-
radiative annihilation process of the AIE compound TPE-B, and
thus TPE-B can emit a stronger blue fluorescence. In addition,
an obvious fluorescence enhancement can be observed with
the naked eye (insert of Figure 1a). Under the excitation of a 365
nm UV lamp, it can be seen that the solution of TPE-B in the
presence of Q[10] emits stronger fluorescence, while the
fluorescence of free TPE-B is very weak. At the same time, an
obvious blue shift from Aem = 485 nm to 433 nm (AAem = 52 nm)
in fluorescence emission wavelength can be observed. The
reason for this phenomenon is mainly due to the change in the
micro-environment of the TPE-B after it enters the hydrophobic
cavity of the Q[10]. In other words, TPE-B responds to the low-
polarity cavity of Q[10] after binding with it. Strong aggregation
of TPE-B@Q[10] can also be seen from the confocal
fluorescence microscopy images (Figure 1c and d). Moreover,
the molar ratio of TPE-B@Q[10] is calculated as Q[10]:TPE-B =
2:1, which is consistent with Job’s plot (Figure 1b).
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Figure 1 Fluorescence spectra (a) of TPE-B (20 uM) upon addition of Q[10] with Aex=339
nm (the TPE-B/Q[10] molar ratio changed from 1:0 to 1:5). Job’s plot (b) of Q[10] and
TPE-B and the confocal microscopy images of 5 mM TPE-B (c) and 5 mM TPE-B@Q[10]
(d).

IH NMR spectroscopy can be used to further explore the
interaction, and as shown in Figure 2, the characteristic signal
peak of Q[10] shifts to lower field (from & = 5.61 to 5.66 ppm, &
= 5.31 to 5.36 ppm, 6 = 3.99 to 4.05 ppm) due to the micro-
environment change of the cavity. At the same time, all the
proton signals associated with TPE-B shifts significantly to high
field upon addition of Q[10] (from &.= 7.77 to 7.31ppm, &n =
6.78 to 6.24ppm, 61 =6.65 to 6.17ppm, &;=6.53 to 6.09ppm, &4
=3.81to 3.66ppm, 6,=2.98 to 2.75ppm, 6.= 1.80 to 1.39ppm,
6¢=1.51to 1.05ppm). Therefore, it can be concluded that Q[10]
binds the entire alkyl chain and the 4-dimethylaminopyridine
group of TPE-B in a molar ratio of Nq[10) : N tee-s = 2:1. The above
characterization can be interpreted by the preliminary
formation of a networked AIE supramolecular complex (TPE-
B@Q[10]).
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Figure 2. 'H NMR spectra of TPE-B (5 mM) with increasing amounts of Q[10] from
0.0, 0.5, 1.0, 1.5, and 2 recorded in D,0 at 25 °C.
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Next, isothermal titration calorimetry (ITC) was applied to the
thermodynamic analysis of the formation of TPE-B@Q[10].
Using the Multiple Sites model to simulate a series of ITC data
(Figure S8 and Table S1), it was found that when two molar
equivalents of Q[10] enclose one molar equivalent of TPE-B, the
AG; (-17.1KJ/mol) of their interaction is negative. This indicates
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that the formation of the supramolecular polymer TPE-
B@Q[10] can proceed spontaneously and that the elevation of
temperature promotes its formation. Meanwhile, the
corresponding K is calculated as 2.77x108 M-2 indicating that
the TPE-B@Q[10] also has a high binding ability.

The morphology of TPE-B@Q[10] was further verified by the use
of scanning electron microscopy, and a somewhat loose and
porous structure could be observed. In addition, both DLS and
DOSY have also provided further supporting data, among which
the hydrodynamic diameter (Dy) of the supramolecular polymer
increases significantly from 98.732 nm to 312.452 nm, and the
diffusion coefficient of the supramolecular polymer significantly
reduced from 3.599x10-1°m?2s to 2.187x10-10 m?3s.
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Figure 3. The SEM (a) of TPE-B@Q[10]; DLS (b) of TPE-B (1 mM) and TPE-B@Q[10] (1
mM); DOSY (c, d) of TPE-B (1 mM) towards Q[10].

The supramolecular polymer TPE-B@Q[10] cleverly solves the
weak luminescence problem of TPE-B at low concentrations,
which means it can perform better in biological detection
applications, such as cell imaging. Cytotoxicity experiments
have shown that TPE-B@Q[10] does not influence the viability
and morphology of Hela and HUVEC cells, satisfying the basic
experimental conditions for live cell imaging (Figure S11). As
shown in Figure 4, TPE-B was added to the media of HUVEC and
Hela cells. Once entering the cytoplasm, TPE-B can exert the
weak fluorescence under microscopy but was hard to observe.
Extra Q[10] was added to the TPE-B in the molar ratio 2:1, and
this remarkably enhanced the total fluorescence intensity in
spite similar number of cells being counted in the field of view
of the microscope, suggesting the ability of Q[10] to enhance
TPE-B fluorescence and its capability to produce cell images.
The fluorescent images could not be detected until the
concentration of TPE-B in the media is greater than 2 uM, so we
incubated HUVEC and Hela cells with TPE-B at a final
concentration of 2 uM to optimize the fluorescence genesis
condition. The fluorescent signal in both the A channel and B
channel is increased significantly once surplus Q[10] is added
into the media compared with TPE-B staining alone. It is worth
emphasizing that the addition of Q[10] enhances the
fluorescence signal of TPE-B in a relatively short time (becoming
evident in less than 5 minutes and stable for more than 30
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minutes), making it a quick and simple staining material for
identifying different kinds of cells. Meanwhile, the application
of the TPE-B complex needs no equipment upgrade for the
excitation and emission wavelength of TPE-B@Q[10] happens
to meet the normal parameter of DAPI ( Aex = 364 NM, Aem = 454
nm. Therefore, it provides the possibility of applying TPE
derivatives in cell imaging while eliminating the shortcomings of
using TPE alone.

HUVES cells HeLa cells

A channel

B channel

TPE-B@Q[10] TPE-B@Q[10]

TPE-B TPE-B
Figure 4. High Content Analysis System images of HUVEC cells (normal) and Hela cells
(cancer) co-stained with TPE-B (2 uM) and TPE-B@Q[10] (2 uM) at 37 °C. A channel: A«
= 355-385 nm, Aem =430-500 nm; B channel: A, = 355-385 nm, Aey, =470-515 nm. The
scale for each image is 50 um.

Another interesting result was that Q[10] not only promoted
the fluorescence intensity of TPE-B in these two sets of cells, but
also produced an emission light shift from 485 nm to 430 nm.
To prove this phenomenon, a combination of TPE-B and Q[10]
(in the molar ratio of 1:2) was put into the media of Hela and
HUVEC cells, then the cell fluorescence was captured with a 488
nm emission filter of cytometry. In Figure 5, it also can be seen
that there is a shift from the fluorescence peak of TPE-B to the
fluorescence peak of TPE-B@Q[10], implying that the
fluorescence intensity of the TPE-B at 488 nm in the Hela and
HUVEC cells was profoundly reduced when Q[10] was added
despite the continuous accumulation of the TPE-B fluorescence
signal in both the TPE-B and TPE-B@Q[10] groups. This
illustrated that Q[10] interrupted the emission spectrum of TPE-
B, thus generating an alternative way to increase the
fluorescence of TPE-B and improve the characteristic pattern
for cellular imaging.
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Figure 5. Statistical analysis of HUVEC cells (normal) and Hela cells (cancer) stained by
TPE-B (1 uM) and TPE-B@Q[10] (1 uM), respectively, at different time points by flow
cytometry. Aex = 405 nm, Aem = 488 nm. Q[10] promoted the shift of the emission
spectrum of TPE-B.

Conclusions

In this paper, a new type of molecule TPE-B has been designed
based on the classic AIE molecule, and is used to construct a
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fluorescent supramolecular polymer TPE-B@Q[10] through
host-guest interactions. The system has the molar ratio of TPE-
B:Q[10]:=1:2. Moreover, TPE-B@Q[10] overcomes the
disadvantage of poor fluorescence performance of free TPE-B
and has been successfully applied to the cell imaging of normal
cells and Hela cells. Flow cytometry further illustrated that
Q[10] is capable of generating an alternative way to increase the
fluorescence of TPE-B and its characteristic pattern for cellular
imaging. Cytotoxicity experiments show TPE-B@Q[10] can be
used for further in vivo studies, including drug delivery, drug
tracking, organelle localization, etc. This work provides a
theoretical basis for promoting the application of
cucurbit[n]uril-based supramolecular polymers in biology, and
will stimulate further development of cucurbit[n]uril chemistry.
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