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Biaxial pseudorotaxane secondary assembly for
phosphorescent cellular imagingf

Yao-Hua Liu, Mian Tang, Xiaolu Zhou and Yu Liu @2 *

Herein, we report a biaxial pseudorotaxane supramolecular optical probe, which was constructed from
cucurbit[8]uril (CB[8]) encapsulating a double cationic bromophenol pyridinium salt derivative (BPTN)
and co-assembled with disulfide-pillar[4]arene (SSP[4]). Compared with BPTN, the biaxial pseudo-
rotaxane obtained with a binding ratio of 1:2 between CB[8] and BPTN not only effectively induced the
phosphorescence of BPTN through macrocyclic confinement, but also further assembled with SSP[4]
leading to the quenching of phosphorescence. Interestingly, the non-phosphorescent supramolecular
assembly can respond to pH 6.5 or excess glutathione (GSH) to disassemble, resulting in recovery of
phosphorescence. Cell experiments showed that this process can be specifically achieved in the
microenvironment of cancer cells rather than normal cells, performing as a dual-responsive
phosphorescent supramolecular probe for the targeted imaging of cancer cells. Therefore, this work
provides a convenient supramolecular strategy for the construction of phosphorescent probe targeting

rsc.li/materials-advances cancer cells.

Introduction

Supramolecular stimuli-response systems have been widely
studied for drug delivery, bio-imaging, and theranostics based
on dynamic and reversible noncovalent interactions."”” Among
various stimulations, those systems responsive to internal
endogenous stimuli, including pH, glucose, glutathione, ade-
nosine triphosphate (ATP), hypoxia and enzymes, provide an
efficient way to mimic the processes of natural biological
systems.® Considering different pathological profiles in normal
cells/tissues and tumour microenvironment, those systems can
obtain enhanced imaging or treatment results in the targeted
cells or tissues compared to the surrounding environment.*”
Such a strategy makes smaller lesions and abnormalities easier
to detect compared with traditional methods.® Therefore, the
endogenous stimuli-response supramolecular assembly sys-
tems can detect pathological properties in the diseased area
and provide disease progression.”*°

On the other hand, purely organic room temperature phos-
phorescent (RTP) materials have attracted the attention of
many researchers and have achieved a series of results in
bioimaging, sensing, organic light-emitting diodes and data
encryption.”' > However, most RTP materials are solid-state
and water-insoluble, while amorphous RTP systems in aqueous
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solution are seriously affected by quenching by oxygen and
water.*® Despite these headwinds, researchers have still put in
the effort and have successfully developed a variety of RTP
systems in aqueous solution.’”° A series of strategies, such as
aggregation,”™*' a rigid matrix®® and supramolecular host-
guest interactions,'”?*** have been proposed. In particular,
amorphous host-guest RTP systems using supramolecular
macrocyclic compounds (e.g., cucurbiturils (CBs) or cyclodex-
trins (CDs)) have attracted wide attention owing to their
simple preparation, diverse molecular structures and tunable
performance.”®> For example, George and co-workers have
reported a supramolecular assembly with efficient RTP in
aqueous solution using host-guest encapsulation with CB[7]
or an electrostatic supramolecular scaffolding using LAPO-
NITE® clays.'® In addition, we have designed a supramolecular
nanosystem composed of CB[8] and an anthracene derivative,
which can achieve fluorescence-phosphorescence conversion
and a dual organelle imaging response to UV irradiation.>® In
particular, RTP systems show a greater advantage in achieving
high signal-to-noise ratio in bioimaging compared to tradi-
tional fluorescence imaging systems.>” Benefiting from their
long lifetime and large Stokes shift, RTP systems may obtain
clearer and more accurate images by filtering out background
fluorescence from biological tissue or cells.”"*® Regardless of
these remarkable studies, the development of efficient endogen-
ous stimuli approaches to regulate phosphorescent behavior still
remains an urgent challenge at the supramolecular level.

In line with this idea, we have constructed a supramole-
cular assembly with RTP emission responding to reduced
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glutathione (GSH) or a weakly acidic environment. In this
work, a bromophenyl pyridinium derivative (BPTN) with
double cations can form a supramolecular pseudorotaxane
with CB[8] via host-guest interaction emitting green RTP in
aqueous solution. The addition of an S-S bond bridged
pillar[4]arene®®° (SSP[4]) made the pseudorotaxane further
assemble into supramolecular nanoparticles through electro-
static interaction and at the same time led to the quenching of
phosphorescence. Moreover, weak acidity leading to partial
protonation of SSP[4] or the addition of GSH resulting in the
destruction of the macrocyclic structure of SSP[4] can both
cause the supramolecular nanoparticles to disassemble. Thus,
the RTP of the pseudorotaxane was restored. More interest-
ingly, such endogenous stimuli responsive RTP can be achieved
in cancer cells rather than normal cells. Therefore, it is believed
that such supramolecular strategies provide a convenient
method for phosphorescence imaging and disease diagnosis.

Results and discussion

The synthesized bromophenyl pyridinium derivative (BPTN)
with double cations is shown in the Scheme 1, whose synthesis
and characterization are detailed in the supporting information
(Fig. S1-S4, ESIY). Firstly, nuclear magnetic resonance (NMR)
spectroscopy was carried out to explore the nature of the host-
guest interaction between two kinds of CBs (CB[7] and CB[8])
and BPTN. With the addition of CB[7], protons H,, Hy,, H, and
Hy on the bromophenyl pyridinium shifted to high field with
passivation showing the bromophenyl pyridinium group was in
the cavity of CB[7] (Fig. S5, ESIt). There was no change in the
chemical shift of H;, H; or He. The proton signals of the
methylene group (H;) adjacent to the pyridyl group were
covered by HDO, so it cannot be accurately analyzed. Never-
theless, we can still judge that CB[7] enveloped the bromophe-
nyl pyridinium group of BPTN. As for CB[8], new signals
were present in the low-field region of BPTN, and the old
signals were reduced to disappearance, showing a representa-
tive slow exchange phenomenon where both free BPTN and a
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Fig. 1 (a) 'H NMR spectroscopy of BPTN with (i) O, (i) 0.25 and (iii) 0.5 eq.
CBI8] in D,O at 298 K; (b) Job's plot of BPTN and CBI[8] in PBS solution
([BPTN] + [CB[8]] = 50 uM) at 298 K; (c) nonlinear least-squares fit of the
change in absorbtion of the BPTN (10 uM) peaks as a function of CBI[7]
concentration (0-60 pM) in PBS solution at 298 K; (d) nonlinear least-
squares fit of the change in absorbtion of the BPTN (10 pM) peaks as a
function of CBI[8] concentration (0—-50 uM) in PBS solution at 298 K.

BPTN < CB[8] complex exist in solution (Fig. 1a). In detail,
upfield shifts of 1.22, 0.96, 0.93 and 0.10 ppm for the bromo-
phenyl pyridinium protons H,, H,, H. and Hgq, respectively,
were observed in the "H NMR spectrum, indicating that the
bromophenyl pyridinium group was in the cavity of CB[8].
Simultaneously, downfield shifts of 0.17, 0.15 and 0.08 ppm
for the protons Hj, H; and H., respectively, were observed,
showing that the alkyl chain was in the deshielding region of
the carbonyls. Those chemical shift changes suggest the bro-
mophenyl pyridinium group was completely encapsulated in
the cavity of CB[8] while the alkyl chain was outside the cavity,
similar to CB[7]. As the NMR spectrum exhibited slow
exchange, it was feasible to estimate the binding ratio of the
BPTN c CB[8] complex to be 2:1 (Fig. S6, ESIT).

Subsequently, in order to further confirm the binding ratio
of the host-guest complex, a Job’s plot was performed using
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Scheme 1 Schematic illustration of biaxial pseudorotaxane supramolecular assembly and disassembly.
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UV-Vis spectra. BPTN was determined to adopt a 1:1 stoichio-
metry ratio with CB[7] (Fig. S7, ESIt). Accompanied by the
addition of CB[7], the band at 310 nm in the UV-Vis spectrum
of bromophenyl pyridinium derivatives gradually decreased
and exhibited a slight red shift (Fig. S8, ESIf). In contrast,
consistent with the results of the NMR experiments, BPTN was
determined to adopt a 2:1 stoichiometric ratio with CB[8]
(Fig. 1b). That is to say, BPTN and CB[8] formed biaxial
pseudorotaxane by host-guest interaction. With the gradual
addition of CB[8], the adsorption bands of BPTN around
310 nm decreased with a slight red-shift (Fig. S9, ESIT). Next,
the optical properties of BPTN and its complexes with CB[7]
and CB[8] were examined by photoluminescence spectra,
fluorescence spectra and time-lapse photoluminescence spec-
tra. Simultaneously, the binding constant (K) was determined
using the nonlinear least-squares fitting method according to
the photoluminescence spectra. The binding constant of BPTN
and CB[7] was K = (2.02 + 0.52) x 10” M~ (Fig. 1c), while the
binding constants of BPTN and CB[8] were K; = (1.09 =+ 0.42) x
10° M™' and K, = (3.00 + 0.20) x 10° M~ ' (Fig. 1d). The
photoluminescence spectra and excitation spectrum of BPTN
upon addition of CB[8] are shown in Fig. 2a and Fig. S10 (ESIY).
For free BPTN, the photoluminescence spectra only showed
fluorescence at around 380 nm, which was consistent with its
fluorescence spectrum (Fig. S11, ESIf). Exhilaratingly, the
intensity of fluorescence gradually decreased, and a new emis-
sion peak appeared around 505 nm with the addition of CB[8].
Further time-lapse photoluminescence spectra (delayed by 0.2
ms) preliminarily confirmed that the emission peak around
505 nm was the phosphorescent emission of BPTN < CB[8]
(Fig. 2b). The intensity of green emission increased markedly
under an argon atmosphere, indicating that argon shielded the
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Fig. 2 (a) Photoluminescence spectra of BPTN (10 uM) and CBI8] at

concentrations of 0, 2.5 and 5 uM in PBS solution; (b) time-lapse photo-
luminescence spectra of BPTN (10 pM) and CBI8] at concentrations of 0,
2.5 and 5 uM (delayed by 0.2 ms) in PBS solution; (c) time-lapse photo-
luminescence spectra of BPPY = CB[8] under atmosphere and argon in PBS
solution; (d) time resolved photoluminescence decay curves of
BPTN < CBI[8] at 505 nm ([BPTN] = 2[CBI[8]] = 10 pM) in PBS solution.
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oxygen and reduced the quenching of triplet electrons (Fig. 2c).
With a decrease in temperature, the green emission was also
significantly enhanced, which ruled out the possibility of
thermally activated delayed fluorescence (Fig. S12, ESIT). Then,
the time-resolved fluorescence decay curves were tested
(Fig. 2d). Based on this, the lifetime at 505 nm of
BPTN = CB[8] was found to be 602 ps. Moreover, the phosphor-
escence quantum yield was measured to be 2.10% (Fig. S13,
ESIt). As for CB[7], with the addition of CB[7], the bands
around 380 nm and 505 nm in the photoluminescence spectra
of BPTN were slightly increased (Fig. S14, ESIt). By analyzing
the fluorescence spectra and time-lapse photoluminescence
spectra of BPTNcCB[7], the emission peaks at 380 nm and
505 nm could be attributed to fluorescence emission and
phosphorescence emission, respectively (Fig. S15, ESIT). Com-
bining the above experimental results, effective RTP in water
could be achieved with a complex of CB[8] and BPTN, which
was much stronger than the complex with CB[7].

In order to further study the co-assembly behavior between
BPTN = CB[8] and SSP[4], we first studied the optical transpar-
ency of the co-assembly. With the addition of SSP[4] to a PBS
solution of BPTN — CB[8], the transmittance decreased signifi-
cantly (Fig. 3a). At the same time, the obtained solution of the
ternary assembly showed an obvious Tyndall effect, which also
proved the generation of aggregates (Fig. S16, ESIt). Further-
more, dynamic light scattering (DLS) experiments were carried
out to study the size distribution of the assembly (Fig. 3b).
Initially, the inclusion complex was only distributed in the
small size region. However, after adding SSP[4], the ternary
assembly had a larger size, showing that the average hydro-
dynamic diameter of BPTN < CB[8]@SSP[4] was about 430 nm.
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Fig. 3 (a) Optical transmittance of BPTN<=CBI[8] and BPTN<=CBI[8]l@
SSP[4] in PBS solution ([BPTN] = 2[CB[8]] = 10 pM, [SSP[4]] = 20 uM);
(b) DLS data of BPTN<=CB[8] and BPTN =CBI[8]@SSP[4] in PBS solution
(IBPTN] = 2[CBI[8]] = 10 pM, [SSP[4]] = 20 pM); (c) TEM images of
BPTN = CBI[8]@SSP[4] (the inserted image is an image of the nanoparticles
at a different scale); (d) zeta potential of BPTN<=CBI[8] and
BPTN<=CB[8]@SSP[4] in PBS solution ([BPTN] = 2[CBI[8]] = 10 uM,
[SSP[4]] = 20 uM).
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In addition, a transmission electron microscope (TEM) gave
intuitive morphological information, displaying spherical
nanoparticles (Fig. 3c) with diameters of about 250 nm. Thus,
the supramolecular biaxial pseudorotaxane co-assembled with
SSP[4] forming nanoparticles. With the addition of SSP[4], the
zeta potential of the assembly changed from positive 22.20 mV
at the beginning to negative 32.26 mV (Fig. 3d), which also
indicated the formation of a ternary supramolecular assembly.

Next, we studied the effect of BPTN — CB[8] after co-assembly
with SSP[4] on phosphorescent emission behavior. With the
gradual addition of SSP[4], the phosphorescence of
BPTN < CB[8] gradually decreases to disappearance (Fig. 4a).
To quantify the sensitivity of the supramolecular assembly to

P, ' . . .
SSP[4], ?0 was defined as the ratio of phosphorescence intensity
at 505 nm (P,) to that with different concentrations of SSP[4]

P
(P). The dependence 0f70 as a function of the concentration of

SSP[4] ([SSP[4]]) was quantitatively analyzed according to the
Stern-Volmer equation

P,
5 = 1+ K [SSP[4]

where K, is the Stern-Volmer constant showing the quenching
efficiency of SSP[4] towards BPTN < CB[8] (Fig. S17, ESIT). On
the other hand, the sensitivity of the supramolecular assembly
toward SSP[4] can be expressed by the overall quenching
response to SSP[4]
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Fig. 4 (a) Photoluminescence spectra of BPFTN < CBI[8] (10 pM) and SSP[4]
at concentrations in the range from 0 to 20 uM in PBS solution; (b) Time-
lapse photoluminescence spectra of BPTN = CBI8] and
BPTNcCBI[8]@SSP[4] in PBS solution ([BPTN] = 2[CB[8]] = 10 uM,
[SSP[4]] = 20 pM); (c) Photoluminescence spectra of BPTN<CBI8],
BPTN < CB[8]@SSP[4], BPTN<CB[8]@SSP[4] with GSH in PBS solution
and BPTN<CBI[8]@SSP[4] in PBS solution (pH = 6.5) (IBPTN] = 2[CBI8]] =
10 pM, [SSP[4]] = 20 uM, [GSH] = 2 mM); (d) time-resolved photolumines-
cence decay curves of BPTN<CB[8]@SSP[4] with GSH in PBS solution
(IBPTN] = 2[CB[8]] = 10 uM, [SSP[4]] = 20 pM, [GSH] = 2 mM).
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where Q is the quenching efficiency, and P, and Psgpy4) are the
phosphorescence intensities of BPTN — CB[8] and BPTN < CB[8]@
SSP[4] in PBS solutions, respectively. In consequence, the quench-
ing efficiency (Q) was calculated to be 92.4%, indicating that the
supramolecular assembly was extremely sensitive to SSP[4]. When
the concentration of SSP[4] was greater than 15 uM, the phos-
phorescence of the system was almost completely quenched. The
time-lapse spectroscopy (delayed by 0.2 ms) also showed that the
ternary supramolecular aggregates showed no phosphorescent
emission (Fig. 4b).

Considering that the carboxyl unit and disulfide bond of
SSP[4] are responsive to pH and a reduction in GSH, respec-
tively, we speculated that a weakly acidic environment or the
addition of GSH could restore the phosphorescence emission of
the supramolecular system. Firstly, we studied the effect of a
weakly acidic environment and GSH on the assembly behavior
of the supramolecular aggregates. Regardless of adjusting the
pH of the system to 6.5 or adding GSH, disassembly of
supramolecular aggregates occurred, manifested in the size
distribution around 200 nm, as shown by the DLS experiment
(Fig. S18, ESIt). In addition, the Tyndall phenomenon of the
solution had significantly weakened (Fig. S19, ESIt). Then, as
expected, after adjusting the pH to 6.5 or adding GSH, both
systems regained an emission peak around 505 nm (Fig. 4c). In
order to confirm that this emission peak was phosphorescent
emission, time-lapse spectra under a nitrogen atmosphere were
obtained (Fig. S20, ESIt). In an argon atmosphere, the intensity
of the emission peak around 505 nm increased significantly,
which means that the phosphorescent emission was restored in
the supramolecular stimuli-responsive system. Moreover, the
phosphorescence lifetime of this assembly was determined to
be 7 =4.03 ms from the time-resolved photoluminescence decay
curve, much longer than for the complex of BPTN cCB[8]
(Fig. 4d), which was an order of magnitude transition from
microseconds to milliseconds. The increase in phosphorescent
lifetime may be attributed to the assembly formed by the
BPTN = CB[8] complex and fragmented SSP[4] through electro-
static interaction. Compared with the initial phosphorescence
of BPTN<CBJ[8], the recovery of phosphorescence quantum
yield was reduced, but the lifetime expectancy was increased
(Fig. S21, S22 and Table S1, ESIt). In summary, the supramo-
lecular ternary assembly we constructed can emit effective
phosphorescence with a long lifetime in response to a weakly
acidic environment and GSH.

Encouraged by the above experimental results, we envi-
sioned applying this supramolecular multilayer assembly to
the phosphorescence imaging of living cells. A tumor micro-
environment usually has acidic intercellular pH, high cytosolic
GSH concentration and so on.>'** Therefore, such endogenous
stimuli provide a prerequisite for our supramolecular nano-
particles to be used for phosphorescent imaging in targeted
cancer cells. Human lung cancer (A549) cells, human cervical
cancer (HeLa) cells, human breast cancer (MCF-7) cells and
human kidney (293T) cells were selected for laser confocal
imaging and cytotoxicity experiments using a standard CCK-8
assay. Although the guest BPTN displayed slight cytotoxicity,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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BPTNcCB[8]@SSP[4] Brlght Fleld

Fig. 5 Confocal fluorescence images of living (a) A549, (b) Hela, (c) MCF-
7 and (d) 293T cells incubated with BPTN = CB[8]@SSPI[4] (scale bar = 20

m). Figures (I) are green channel (lex = 405 NM, Aem = 450-550 nm)
corresponding to the phosphorescent emission of the supramolecular
assembly; figures () are the images of cells in the bright field; figures (Ill)
are overlay images of green channels and bright field.

this assembly showed good biocompatibility, with no obvious
toxicity to cells in the concentration range of this work
(Fig. S23, ESIY). Even if the concentration of the assembly was
increased to 50 uM, this system showed only negligible cyto-
toxicity with about a 90% cell survival rate. After which, all
cancer cells were incubated with BPTN < CB[8]@SSP[4] for
24 hours, showing bright green phosphorescence in the cyto-
plasm by laser confocal microscopy (Fig. 5a-c). As a compar-
ison, A549 cells treated with BPTN or BPTN@SSP[4] did not
exhibit obvious green phosphorescence (Fig. S24, ESIT).
Remarkably, there was no observable green phosphorescence
in 293T cells treated with BPTN < CB[8]@SSP[4] (Fig. 5d), show-
ing that the process of phosphorescence recovery can only be
achieved in cancer cells. Those cell experiments manifested
that this supramolecular probe provides a unique and efficient
pathway for efficient targeted phosphorescent imaging in living
cancer cells.

Conclusion

In summary, we have constructed a supramolecular stimuli-
response probe via host-guest and multivalent electrostatic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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interaction for targeted imaging in cancer cells. Under com-
plexation with CB[8], a double cationic bromophenol pyridi-
nium salt derivative showed strong green phosphorescence at
505 nm in aqueous solution. Then, the host-guest complex
was further co-assembled with SSP[4] forming nanoparticles,
accompanied by the quenching of the green phosphorescence.
Remarkably, once exposed to the environment of a weak acid or
a large amount of GSH, the phosphorescence of the supramo-
lecular assembly was restored. As expected, such a supramole-
cular assembly can respond to the microenvironment of cancer
cells rather than normal cells, achieving targeted imaging of
cancer cells. Therefore, we believe that this work is valuable and
will contribute to the field of targeted phosphorescence ima-
ging and the construction of smart biomaterials.

Experimental
Materials and instruments

All chemicals were commercially available reagent grade and
used without further purification, unless otherwise noted.
SSP[4] was prepared according to the procedure reported in the
literature.>**° PBS solution (pH 7.2, 0.01 M) was purchased
from Solarbio Science & Technology Co., Ltd (Beijing). The PBS
solution (pH 6.5) was regulated with hydrochloric acid. NMR
spectra were recorded on a Bruker 400 MHz instrument. High
resolution mass (HRMS) spectra were performed on a Varian
7.0T FTMS with an ESI source. TEM images were acquired by a
high-resolution transmission electron microscope (Philips Tec-
nai G2 20S-TWIN microscope) operating at an accelerating
voltage of 200 keV. The samples were prepared by placing a
drop of solution onto a carbon-coated copper grid and air-
dried. UV-Vis absorption and transmission spectra were
recorded on a Shimadzu UV-3600 spectrophotometer in a
quartz cell (light path 10 mm) at 298 K with a PTC-348WI
temperature controller. Dynamic light scattering (DLS) was
recorded on BI-200SM (Brookhaven Company) at 298 K. Photo-
luminescence spectra were measured on an FLS980 instrument
(Edinburgh Instruments, Livingstone, UK). Fluorescence spec-
tra and time-lapse photoluminescence spectra (delayed by
0.2 ms) were recorded in a conventional quartz cell (light path,
10 mm) at 298 K. Absolute phosphorescence and fluorescence
quantum yields and lifetimes by means of time-correlated
single photon counting were measured on an FS5 instrument
(Edinburgh Instruments, Livingstone, UK). The zeta potentials
were determined on a NanoBrook 173Plus at 298 K. Confocal
florescence imaging was recorded with an Olympus FV1000.

Synthesis of BPTN

4-(4-Bromophenyl)-1-(3-bromopropyl)pyridinium® (100 mg, 1 mmol)
was dissolved in dry DMF (30 mL), and trimethylamine (1 mL,
2 mol L") in THF was added dropwise to the reaction solution
at 273 K under argon. Then the solution was stirred overnight
at room temperature. The obtained suspension was filtered,
and the precipitate was washed with dried CH;CN and ethyl
ether yielding BPTN as a white solid (70 mg, 63%).
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"H NMR: (400 MHz, D,0) é = 8.86 (d, J = 7.2 Hz, 2H), 8.33 (d,
J =7.2 Hz, 2H), 7.79-7.84 (m, 4H), 4.69 (t, J = 8.0 Hz, 2H), 3.50~
3.54 (m, 2H), 3.16 (s, 9H), 2.58-2.64 (m, 2H) ppm. *C NMR
(100 MHz, D,0) & = 156.31, 144.25, 132.82, 132.68, 129.62,
126.80, 125.28, 62.49, 57.15, 53.10, 24.43 ppm. HR-MS (m/z):
(ESI, H,0) calculated for [M-2Br ]*": 167.0517, found 167.0520.

Cell viability assay

To investigate the toxicity of BPTN < CB[8]@SSP[4], BPTN < CB[8]
and BPTN to A549, HeLa, MCF-7 and 293T cells, the cells were
cultured in 96-well plates in corresponding media containing 10%
FBS and 1% pen strep for 24 h, and then the corresponding
compounds with different concentrations were added into the
wells. The cells were further cultured for 24 h, and then cell
viability was examined using a CCK-8 assay kit (NCM Biotech,
China).

Confocal laser imaging

The cells were precultured in confocal dishes with glass bot-
toms of size 20 mm for 24 h and then incubated with
BPTN c CB[8]@SSP[4] ([BPTN] = 2[CB[8]] = 10 pM, [SSP[4]] =
20 uM) for another 24 h. The cells were washed three times with
PBS solution and observed using the confocal laser scanning
microscope.
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