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ABSTRACT: Possessing four cationic pyridium groups, phenyl- 538nm 810 nm enhanced

Compared with the short rigid aromatic bridged bis-
(triphenylamine) derivative (G2), the supramolecular assembly
derived from G1 with long flexible cationic arms gives a larger
Stokes shift, which further coassembles with the phosphorescent
bromophenylpyridinium derivative/CB[8] pseudorotaxane, leading to efficient phosphorescent resonance energy transfer
(PRET). Especially, the nanoparticle showed delayed NIR fluorescence under 308 nm light excitation with an ultralarge Stokes
shift up to 502 nm, which was successfully applied in targeted NIR cell imaging.

bridged bis(triphenylamine) derivatives (G1, G2) were encapsu- T .
lated by cucurbit[8]uril (CB[8]) at a 1:2 stoichiometry to form \ ™ 5 =5
the network-like organic two-dimensional nanosheet, which could b&“’w b m
efficiently enhance the near-infrared (NIR) luminescence and 475nm 750 nen weak e :Z’%e,]
companies with a red-shift from 750 to 810 nm for G1. Benefiting } * ; .
from the supramolecular multivalent interaction, a-cyclodextrin L 308{" 39""' LD\
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nanoparticles to further enhance NIR luminescence behaviors. pes s e SN ﬁw donor,/ IS
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INTRODUCTION lar structure and fluorescence properties. George'® found that

Recently, aggregation-induced emission (AIE),' photon- cationic bromophthalimide derivatives emit efficient blue
- . 3 phosphorescence under the confinement of CB[7], especially,

upconversion,” aggregation-induced photocatalytic activity, . . .

and nanosupramolecular cascade assembly based on macro- which could cascade assemble with laponite and dye acceptors,

cyclic confinement have become the hot topics in supra- giving multicolor luminescent supramolecular hydrogels. Li et

16 o : o
molecular chemistry and are widely applied in biological al.”” reported that pyridine-modified carbazolyl derivatives
P 7 . S8 19 > 10 could assemble with different molar ratios of CB[8] to form
imaging,” energy transfer,” sensing detection,” gel,” catalysis,

and nanofilms." Especially, the strategy of macrocyclic and one-dimensional nanobelt, two-dimensional nanoplate, and
. three-dimensional polyhedron, accompanied by the color of
assemble confinement can not only realize the noncovalent

I o ¢ . ) the fluorescence change from blue to orange. We constructed a
polymerization of assemble units to form ordered nanostruc

tures but also improve their photophysical properties. In the supriamolecular assemblyA f)f. CB([8] Conﬁnefi anthracer.le-
process of investigating macrocyclic confinement, cucurbit[n]- modified bromf)phenylpyrldlmum at 1:2 stoichiometry, Whlclh
uril (CB[n]) and cyclodextrin could act as excellent when located in the nucleus gave red fluorescence and in
candidates. First, the CB[n] with a hydrophobic cavity was
synthesized by the condensation of glycoluril and form- Received:  July 20, 2023
aldehyde, which could encapsulate neutral and cationic guests Accepted:  September 26, 2023
to form supramolecular assemblies.'”"* For example, Scher-

man'* and co-workers reported that CB[8] included the guest

molecules with pyridine salts at a 2:2 stoichiometry to form

dimeric stacked fluorophores, achieving tunable supramolecu-
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Scheme 1. Aromatic Bridged Bis(triphenylamine) Cascade Assembly Achieved Tunable Nanosupramolecular Morphology and

NIR Luminescence
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Figure 1. (a) UV—vis spectra of G1, G1/CB[7] and G1/CB[8] in H,O, Inset: (1) G1, (2) G1/CB[8]. (b) UV—vis spectra of G2, G2/CB[7]
and G2/CB[8] in H,O0, Inset: (3) G2, (4) G2/CB[8] ([G1] = [G2] = 0.01 mM, [CB[7]] = 0.04 mM, [CB[8]] = 0.02 mM).

lysosomes gave green phosphorescence, respectively, showing
double organelle imaging ability-driven by a photoreaction.'”
As compared with CB[n], cyclodextrin (CDs) possess
hydrophobic cavities and hydrophilic surfaces, which could
encapsulate anionic or neutral guest molecules."®'” For
example, Tang et al. reported that S-cyclodextrin induced p-
biphenylboronic acid to give second-level lifetime phosphor-
We found that y-cyclodextrin could
encapsulate a triphenylene boronic acid derivative unit grafted
noncovalent polymer based on poly(vinyl alcohol) to give an
ultralong phosphoresce lifetime up to 5.84 s, and then after
being further doped with dyes as acceptors, forms the full-color
delayed fluorescence afterglow materials.”’ Therefore, taking
different advantage of the CB[n] and CDs binding with
anionic, cationic guest molecules to achieve the secondary
assembly, not only regulates the topological morphology of the
nanosupramolecules but also is conducive to the modulation of
luminescence properties. We also reported the configuration-
ally confined cascade nanosupramolecular assembly, which was
constructed by CB[8], cationic tetraphenylpyridium derivative,
and negatively charged p-cyclodextrin, modulating the
topological morphology change from nanoparticles to nano-
sheets and realized the multicolor fluorescence by the energy
transfer Process.22 However, adopting CB[n] and CDs, two
kinds of hydrophobic macrocycle cascade confinement, to

. 20
escence In water.

enhance the PRET and NIR luminescence with a large Stokes
shift has not been reported, to the best of our knowledge.

In the present work, we reported that when phenyl-bridged
dual triphenylamine derivatives were encapsulated by CB[8] at
a 1:2 stoichiometry, the macrocyclic confinement not only
efficiently achieves the NIR emission with a 60 nm red-shift
but also gives a positive network-like organic two-dimensional
nanosheet, which can undergo a secondary assemble with
targeted agent HACD to form three-dimensional nano-
particles, boosting the NIR fluorescence emission. Especially,
this endows the nanoparticles with the ability to load energy
donor or acceptor by the host—guest interaction of a-
cyclodextrin, leading to the delayed NIR luminescence and
photoregulation red fluorescence emission from an efficient
energy transfer process. The NIR supramolecular nanoparticles
were successfully applied in targeted lysosome cell imaging,
photoregulated logic gate, and information encryption, which
provided a convenient method for tunable multidimensional
supramolecular assembly with large Stokes shift (Scheme 1).

RESULTS AND DISCUSSION

Two kinds of phenyl-bridged dual triphenylamine derivatives
with four flexible (G1) or rigid cationic pyridium groups (G2)
were synthesized by the Suzuki—Miyaura coupling reaction
and further quaternization of pyridine groups to give water-
soluble guests (Scheme S1), which were characterized by
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Figure 2. (a) Fluorescence spectra of G1 in the presence of CB[8] (i, = 538 nm). (b) Fluorescence spectra of G2 in the presence of CB[8]
(Aex = 468 nm, [G1] = 0.01 mM). (c) Fluorescence spectra of G1/CB[8] in the presence of HACD (4., = 538 nm). (d) Fluorescence spectra
of G2/CB([8] in the presence of HACD (A, = 468 nm, [G1] = [G2] = 0.01 mM, and [CB[8]] = 0.02 mM).

nuclear magnetic resonance ("H NMR, *C NMR) and high-
resolution mass spectrometry (Figures S1—S6). UV—vis
spectroscopy experiments were performed to investigate the
binding behavior between CB[8] and two guests. The
absorption peak of G1 was red-shifted from 47S to 538 nm
(Figure 1a), and the solution of G1 was changed from yellow
to purple after adding CB[8], which was probably due to the
pyridinium groups of G1 being penetrated in CB[8] cavities to
give _]—aggregates.23 In sharp contrast with G1/CB[8], the
absorption peak of G1 gave a 20 nm red-shift after the addition
of CB[7], which may be attributed to the obtained
supramolecular complexes being different from G1/CB[8]
under the confinement of CB[7]. Possessing short rigid
cationic arms, G2 was also encapsulated by CB[8], and the
absorption signal was red-shifted from 43S to 468 nm (Figure
1b). The Job plot showed that the inflection point occurred at
a molar fraction of 0.33, indicating a 1:2 stoichiometry
between G1 (or G2) and CB[8] (Figure S11). In this system,
CB[8] could bind two pyridinium units by the “head to tail”
mode in Gl or G2, avoiding positive charge repulsion, and
then give supramolecular complexes, which is also consistent
with the 1:2 stoichiometry obtained from the Job plot.
Furthermore, according to the result of UV—vis titration
experiments (Figures S12—S13), the binding constants (Kj)
between the two guest molecules and CB[8] were measured to
be 2.23 X 10° M™* and 3.79 x 10° M~ and the equilibrium
concentrations of CB[8] were 11.34 uM and 17.68 uM (when
the total concentration of CB[8] = 0.02 mM), respectively,
indicating two kinds of guests were encapsulated by CB[8] to
give stable host—guest complexes. It is noteworthy that the
binding constant between CB[8] and Gl is obviously larger

than that between CB[8] and G2, which may be attributed to
the G1 with the flexible longer conjugated arms then easy to
form J-aggregates under the confinement of CB[8].

NMR experiments were also performed to explore the
binding model between the guests and CB[8] in solution. In
the presence of 0.5 eq. CB[8] (Figure S14), the protons of H_4
gave larger upfield shifts than H,;. in GI, indicating the
flexible conjugated cationic pyridium groups of Gl were
encapsulated by the host.”*™® With the continuous addition of
CB[8], the protons of the G1 were broadened and difficult to
identify, which may be ascribed to the formation of more
extended supramolecular noncovalent polymers in solu-
tion.”””® The signals of the protons in G2 were also broadened
and upfield shifted, manifesting the formation of the
supramolecular conjugate of G2/CB[8] (Figure S15). 2D
NOESY data of G1/CB[8] and G2/CB[8] (Figures S16—S17)
showed that the protons of the cationic pyridium groups
correlated to the protons of CB[8] (3.8—4.2 ppm), which
further confirmed that the cationic arms of guests were located
in CB[8] cavities and may further assemble to give a large
extent conjugates. Furthermore, the 2D DOSY result
manifested that the diffusion coefficient values of G1 and G2
decreased from 1.50 X 1071° m?/s to 1.07 X 107'° m?/s, and
2.26 X 107" m*/s to 1.23 X 107'° m*/s, respectively (Figures
$18—S19), indicating supramolecular complexes assemble to
form larger assemblies than the guests. The hydrodynamic
sizes of G1/CB[8] and G2/CB[8] were measured to be 1.31
and 1.63 pum, respectively (Figures $20), and these
experimental results basically exclude simple dimeric stacked
type host—guest complexes.'”
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Figure 3. (a) TEM and (b) SEM images of G1. (c¢) TEM and (d, e) AFM images of G1/CB[8]. (f) TEM and (g) SEM images of G1/CB[8]/

HACD.

In order to confirm the influence of the CBs confinement
effect on the luminescence properties of aromatic bridged
bis(triphenylamine) derivatives, fluorescence titration experi-
ments were performed. As shown in Figure 2a, the guest G1
showed a very weak fluorescence signal at 750 nm; however, a
NIR fluorescence peak was generated and gradually increased
at 810 nm in the presence of CB[8], leading to a large Stokes
shift up to 272 nm. Compared with G1, possessing short rigid
arms, G2 also showed enhanced fluorescence at 670 nm but
only gave a 25 nm red-shift and a minor Stokes shift (202 nm)
under the confinement of CB[8] (Figure 2b), which may
ascribed to the G1 with longer flexible structure being
beneficial to the deep inclusion of CB[8], and then formed a
more extended and conjugated supramolecular polymer. The
fluorescence quantum yields (QY) of G1 and G2 were also
increased from 0.01% and 0.06% to 0.10% and 1.26% under
the confinement of CB[8] (Figure S21). Additionally, the
CB[7] was also applied to investigate the macrocyclic
confinement effect on guests; although the fluorescence
intensity of the two guests was enhanced (Figure $22), no
red-shift signal was observed, which may be due to the fact that
CB[7] included the guests to restrict the movement of the
guests but could not form more conjugated structures.

Therefore, the macrocyclic confinement effect of CB[8] can
not only effectively induce the guests to generate strong
luminescence but also lead to the large red-shift of emission
peak of the guests. The nanosupramolecular assembly has a
large number of positive charges, which may coassemble with
the negatively charged hosts to form the functional NIR
luminescent system. Therefore, a-cyclodextrin modified
hyaluronic acid (Figure S7) was selected as the secondary
assembly unit to investigate the cascade confinement effect for
the luminescence properties of nanosupramolecular assemblies.
Figure 2c,d show that after the addition of HACD, the
fluorescence intensity of the two supramolecular conjugates
was enhanced 1.8 and 2.3 times, respectively. Furthermore, by
the cascade assembly of HACD, the QY of G1 and G2 were
further increased from 0.10% and 1.26% to 0.19% and 1.59%,
respectively (Figure S21). The effect of assembly confinement
on the fluorescence intensity enhancement of G1/CB[8] is
inferior to that of G2/CB[8], which may be due to the weaker
binding interaction between G2 and CB[8] is easier to further
coassemble with HACD by electrostatic interaction to form
more compacted nanostructures with further enhanced
fluorescence. The other two kinds of anionic macrocycles-
amphiphilic calix[4]arene (SC4A) and sulfobutylether-f-cyclo-
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Figure 4. (a) The phosphorescent donor of G/CB[8] (PD). (b) The photoluminescence and phosphorescence spectra (gated emission,
delayed 50 us) of PD (4, = 308 nm, [G] = 0.01 mM, [CB[8]] = 0.005 mM). (c) The normalized UV—vis spectrum of G1/CB[8] and
phosphorescence spectrum of PD. (d) Delayed photoluminescence spectra of PD, G1/CB[8]/HACD/PD (1.0 and 2.0 equiv) and G1/
CB[8]/HACD (4., = 308 nm, [G1] = 0.01 mM, [CB[8]] = 0.02 mM, [HACD] = 0.006 mM). (e) Phosphorescence lifetime of PD and G1/
CB[8]/HACD/PD (1.0 equiv) at 510 nm (4, = 308 nm). (f) Fluorescence lifetime of G1/CB[8]/HACD/PD (1.0 equiv) at 810 nm (4., =

308 nm).

dextrin (SBu-CD) were also used to explore the effect of
secondary assemble confinement for the luminescence proper-
ties of the systems (Figure S23). Figure S24 showed that the
fluorescence signal of conjugates was almost unchanged (G1/
CB[8]) or enhanced only 1.3 times (G2/CB[8]) in the
presence of SC4A. However, with the addition of SBu-CD, the
fluorescence intensity of two kinds of supramolecular
conjugates decreased to some extent (Figure S25). Therefore,
the polysaccharide HACD with carboxyl and hydroxyl groups
shows the best assemble confinement enhanced fluorescence
effect, which may have occurred because HACD could
coassemble with positive nanoassemblies by electrostatic
interaction and hydrogen bond to form more favorable
confined microenvironment for fluorescence emission. Fur-
thermore, HACD was also added to the solution of guests
alone (Figure $26), the fluorescence intensity of guests was

also enhanced to some extent, and no red-shift signal was
observed, which may be ascribed to the aggregation-induced
fluorescence emission enhancement derived from electrostatic
interaction between negatively charged HACD and cationic
guests. From the above experimental results, it can be seen that
the cascade confinement can effectively improve the
luminescent properties of the assembly.

Subsequently, transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and atomic force
microscopy (AFM) were employed to study the topological
morphology changes of the supramolecular cascade assembly
of two macrocycles. As can be seen from the TEM image
(Figure 3a), the Gl was self-assembled to form nanofibers,
which gave the same morphology in the SEM test. After the
guest was encapsulated by CB[8], the morphology transferred
from nanofiber to organic two-dimensional nanosheet as
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Figure S. Confocal microscopy images of Hela cells in the presence of G1/CB[8]/HACD/PD and (a) LysoTracker green (lysosome tracker)
and (b) Hoechst (the nuclei dye) ([G1] = [PD] = 0.01 mM, [HACD] = 0.006 mM, [CB[8]] = 0.02 mM).

shown in TEM (Figure 3c) and SEM (Figure S27). The
performed AFM experiments further confirmed the formation
of nanosheets in G1/CB[8]. In particular, the height between
the upper and lower layer was measured as 1.78 nm (Figure
3d,e), which was very close to the external diameter (1.75 nm)
of CB[8],>*° corresponding to the monolayer lamellar
assemblies (Figure S28). Although the G2 with short rigid
arms was not assembled to form a nanofiber as G1, which was
also encapsulated by CB[8] to form the network-like conjugate
(Figures S29—S30). Therefore, we can reasonably infer that
CB[8] could induce G1 to give “head to tail” like host—guest
complexes and noncovalently polymerize into the more
extended network-type nanosheet (Figure 3c, inset) and then
further layer by layer assembled to form the large thin lamellar
assemblies. Assuming the assembly was spherical particles, the
sizes of G1/CB[8] and G2/CB[8] calculated from the NMR
diffusion coeflicients were 3.73 and 3.74 nm, respectively,
according to the Stokes—Einstein equation, which was
completely different from the sizes measured by DLS
experiments. Combining the results of DLS, TEM, SEM, and
AFM, we further confirmed that the obtained supramolecular
assembly should be the nanosheet. Next, we further explored
the influence of HACD assemble confinement on the
morphology of the supramolecular conjugates. In sharp
contrast with network-like assemblies of G1/CB[8] and G2/
CB[8], many irregular nanoparticles were found in the TEM
and SEM images of G1/CB[8]/HACD (Figure 3f,g) and G2/
CB[8]/HACD (Figure S31), respectively. Therefore, by the
cascade confinement, the topological morphology of the
assembly was transferred from one-dimensional nanofiber to
two-dimensional network-like nanosheet and then to three-
dimensional nanoparticles, which also improved the under-
standing of the relationship between assembly structures and
photophysical properties.

From the obtained experimental results, it can be seen that
CB[8] confined guests could effectively enhance the
fluorescence properties and further coassemble with HACD
by multivalent interaction to form nanoparticles, which could
not only load energy donors or acceptors but also boost

phosphorescent energy transfer, realizing the regulation of NIR
luminescence. The highly efficient energy transfer process
mainly depended on the phosphorescence behavior of the
benzoic acid group modified bromophenylpyridinium salt
derivative (G, Figure 4a) under the confinement of CB[8].
Figure 4b demonstrated that the fluorescence signal of G/
CB[8] (PD) at 380 nm was not found, and the strong signal
still existed (510 nm) in phosphorescence spectroscopy
(delayed SO us), indicating that the peak at 510 nm should
be the long lifetime species. After nitrogen was bubbled in PD
solution, the phosphorescence intensity of PD was obviously
enhanced (Figure $32a), and the lifetime was increased from
530.60 to 780.92 us (Figures S32b and S33), indicating the
long lifetime signal at 510 nm should be the phosphorescence
peak.’*” The UV—vis spectroscopy experiments (Figure $34)
showed that CB[8] could include G to form a stable 2:1
supramolecular complex (K, = 1.06 X 10" M™2), and was
propitious to the phosphorescence emission of PD. In
addition, we also investigated the binding model between the
G and CB[8] or a-cyclodextrin (a-CD) by NMR experiments.
In Figure S35, the protons of H,}, . in G/a-CD gave downfield
shifts, indicating the benzoic acid group was included by a-
CD.* Especially, after a-CD was added in the pseudorotaxane
(G/CB[8]), the H,},. also gave downfield shifts, which should
ascribe to the benzoic acid group of the G/ CB[8] was included
by a-CD, and leading to the positive circular dichroism signal
at 225 nm further confirmed that a-CD could bind with PD
(Figure S36), then benefiting to the coassemble with the G1/
CB[8]/HACD to form a compacted assembly. In Figure 4c,
the phosphorescence spectrum of PD well overlapped with the
UV—vis spectrum of G1/CB[8], indicating PD may be used as
an energy donor.>* When PD was added into the G1/CB[8]/
HACD, a NIR fluorescence signal (810 nm) was observed in
delayed photoluminescence spectrum (delayed SO us) under
the excitation of 308 nm light, but the assembly alone without
luminescence peak was observed under the same conditions
(Figure 4d). Furthermore, the phosphorescence lifetime of PD
(510 nm) decreased from 530.60 to 97.58 us (Figures 4e and
$33), and the lifetime of NIR luminescence peak at 810 nm
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Figure 6. (a) Schematic diagram of isomerization of the photoswitch molecule. (b) The normalized absorption spectrum of DC and
fluorescence spectrum of G2/CB[8]/HACD. (c) The fluorescence spectra of G2/CB[8]/HACD/DO with 254 nm light irradiation (4., = 468
nm, [G2] = [DO] = 0.01 mM, [HACD] = 0.006 mM, and [CB[8]] = 0.02 mM). (d) The fluorescence spectra of G2/CB[8]/ HACD/DC with
visible light (>520 nm) irradiation (A, = 468 nm, [G2] = [DC] = 0.01 mM, [HACD] = 0.006 mM, [CB[8]] = 0.02 mM). (e) Scheme
representation for photoregulated INHIBIT logic gate. (f) The photoresponsive supramolecular fluorescent ink was written in different
positions of the numerals (I: G2/CB[8]/HACD; II: G2/CB[8]/HACD/DO).

was measured to be 11.10 us (Figures 4f and S33), which
should ascribe to the energy transfer from long-lived triplet
donor to the singlet acceptor then lead to delayed fluorescence
emission.”” According to the change in phosphorescence
intensity at 510 nm, the energy transfer efficiency was
calculated to be 82.2%, which was very close to the value
calculated from the change in donor lifetime (81.5%). After the
addition of acceptor, the photoluminescence QY of PD also
decreased from 12.46% to 2.67% (Figure S37). In sharp
contrast with the above highly efficient energy transfer system,
only fairly low energy transfer was observed when HACD was

instead used by HA or competitive binder was added (Figure
S38). Based on these results, we can reasonably infer that the
efficient energy was transferred from phosphorescent PD to
noncovalent conjugate in nanoparticles, leading to delayed
NIR luminescence at 810 nm with an ultralarge Stokes shifts
up to 502 nm.

The NIR luminescent nanoparticles showed the advantages
of large Stokes shifts and possessed a targeted cancer moiety
(HA), which should be suitable for biological imaging. First,
the supramolecular assembly was added in 293T and Hela
cells, respectively, and then observed by confocal laser
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scanning microscopy. Compared with 293T cells (Figure S39),
Hela cells (Figure Sa) gave bright red luminescence, which
may be attributed to the fact that the nanoparticle has the
hyaluronic acid moiety for targeting cancer cells’® and then is
conducive to the endocytosis of G1/CB[8]/HACD/PD.
Furthermore, after incubation with the NIR Iuminescent
nanoparticle, Lyso Tracker green, Hoechst, or Mito Tracker
green were added in Hela cells, respectively, to study the ability
for targeted organelle imaging. As shown in Figure Sa, the
nanoparticle displayed colocalized sites with Lyso Tracker,
indicating which could target lysosomes. Figure Sb and S40
showed that this nanoparticle rarely gave colocalization signals
with the Hoechst and Mito tracker, indicating that the
assembly hardly enters the cell nucleus and mitochondria.

This system takes advantage of the reversible photo-
isomerization of the diarylethene derivative (Figures 6a and
S41), which could act as a photoswitch in the nanoparticle to
realize the photoregulation of NIR luminescence. As shown in
Figure 6b, the absorption spectrum of the ring-closed DC has a
good overlap with the emission peak of G2/CB[8], indicating
that the energy transfer process may occur between DC and
the luminophore. After the addition of DO, the NIR
luminescence of the system gradually decreased with 254 nm
light irradiation (Figure 6c), which may be ascribed to the
energy transfer from the luminescent noncovalent conjugate to
the ring-closed DC (Figure $41).” When the system was
irradiated with visible light (>520 nm), the fluorescence signal
at 670 nm was gradually increased (Figure 6d), which should
be attributed to the excited energy of conjugates not being
transferred to the ring-opened photoswitch DO. The
fluorescence lifetime experiments showed that the lifetime of
the assembly at 670 nm was decreased from 3.34 to 1.62 ns
after 254 nm light irradiation (Figure S42), and the QY of the
system was also decreased from 1.59% to 1.02% (Figure S43),
and these results further proved that the energy transferred
from noncovalent conjugates to DC. The NIR supramolecular
assembly based on cascade confinement showed good
photoregulated properties, which may be applied in photo-
responsive logic gates, information encryption, and anti-
counterfeiting materials. The NIR luminescent supramolecular
assembly and different wavelength light irradiation were
defined as inputs; the red luminescence was defined as outputs
(Figure 6e). The fluorescence intensity at 670 nm more than
200 k was defined as “1”, and below that was “0”. After 254 nm
light irradiation, the fluorescence intensity of the supra-
molecular assembly was no more than 200 k, and the signal
could not output; thus, the 254 nm light was set as “NOT”
gate. This simple photoresponsive logic gate can output more
information and is possibly used as a complex logic gate circuit.
Furthermore, we also explored it as photocontrolled
fluorescent ink for information encryption. As shown in Figure
6f, the assemblies of G2/CB[8]/HACD and G2/CB[8]/
HACD/DO were written in different positions of the
numerals, and the signal “888” was found under 450 nm
light. After 254 nm irradiation, the real number “906” was
observed, which was also concealed after visible light
treatment.

CONCLUSION

In conclusion, NIR luminescence and morphology tunable
supramolecules were successfully fabricated by the cascade
confinement strategy of CB[8] and a-cyclodextrin-grafted
hyaluronic acid. Based on strong host—guest interaction, the

confinement effect of CB[8] could effectively activate aromatic
bridged bis(triphenylamine) derivatives to generate strong
NIR luminescence and induce nanofibers of Gl or
unaggregated G2 to assemble to form network-like supra-
molecular conjugates. By the secondary assembly with HACD,
the organic two-dimensional nanosheets were transferred to
nanoparticles with enhanced NIR emission, which further
coassemble with phosphorescent bromophenylpyridine deriv-
ative/CB[8] pseudorotaxane or photoswitch diarylethene
derivatives to give delayed NIR fluorescence and realize
photoregulation of red luminescence, respectively. The tunable
nanoassemblies based on cascade confinement were success-
fully applied in targeted lysosome imaging, photoregulated
logic gate, and information encryption, which provide a
convenient path for functional NIR luminescent materials.

EXPERIMENTAL SECTION

Materials. The chemicals and solvents were purchased from
HEOWNS. Silica gel (200—300 mush) and thin layer chromatog-
raphy (TLC, GF254) were applied to chromatographic purification
and monitoring of the reaction, respectively. The 293T cells and Hela
cells were purchased from the Cell Resource Center, China Academy
of Medical Science Beijing, China.

Measurements. The NMR data were collected from the Bruker
Avance spectrometers; chemical shifts (5) were labeled as parts per
million, and the internal standard compound was TMS. The
fluorescence and quantum vyield experiments were studied on
Edinburgh Instrument FSS. The JEOL JSM-7500F instrument with
an accelerating voltage of 30 keV was applied to collect the SEM
pictures. The Philips Tecnai G2 20 S-TWIN microscope (HRTEM)
was used to study the TEM experiments. AFM images were carried
out with Bruker Dimension Ion AMF. Olympus FV1000 Laser
scanning confocal microscope and Leika S8 microscope were applied
to observe the cell images. Hydrodynamic sizes were collected from a
laser light scattering spectrometer (BI-200SM).

The Synthesis of Compound 2 (Scheme S1). Compound 1
(1.00 g, 1.37 mmol) and 4-vinylpyridine (1.16 g, 10.99 mmol) were
added to the anhydrous DMF, and then the palladium(II) acetate
(123 mg, 0.5S mmol), trio-tolylphosphine (167 mg, 0.55 mmol), and
TEA (5 mL) were added in the above solution under N,, which was
refluxed for 48 h, then cooled to room temperature, added to the
water, and extracted by dichloromethane. The obtained dichloro-
methane solution was further treated with water and sodium chloride
solution, then evaporated under vacuum, and purified by column
chromatography to give 2 (0.32 g, yield: 24.6%). "H NMR (400 MHz,
CDCl,) 6 8.56 (s, 8H), 7.47 (d, J = 8.5 Hz, 8H), 7.35 (d, J = 5.0 Hz,
8H),7.27 (t, ] = 16.3 Hz, 4H), 7.15 (d, ] = 8.5 Hz, 8H), 7.09 (s, 4H),
6.93 (d, ] = 16.3 Hz, 4H).

The Synthesis of G1. Compound 2 (200 mg, 0.24 mmol) was
dissolved in DMF, and then CH,I (2 mL) was injected and heated at
50 °C for 12 h under N,, which was further poured in ethyl acetate to
obtain the precipitate, which was further dissolved in water and
saturated KPF solution was added to give hexafluorophosphate salt of
G1 as precipitate. Then, Bu,NBr was added to the CH;CN solution
of hexafluorophosphate salt of G1 to give a red precipitate, filtrated,
and then dried to give G1 (213 mg, yield 72.9%). '"H NMR (400
MHz, (CD;),SO): & 8.83 (d, ] = 6.5 Hz, 8H), 8.19 (d, ] = 6.2 Hz,
8H), 8.01 (d, J = 16.1 Hz, 4H), 7.74 (d, ] = 8.3 Hz, 8H), 741 (d,] =
16.1 Hz, 4H), 7.19 (d, ] = 6.4 Hz, 12H), 424 (s, 12H). 3C NMR
(100 MHz, (CD;),SO): & 153.13, 148.69, 145.43, 142.76, 140.61,
130.46, 130.31, 127.44, 123.79, 123.64, 122.11, 47.26. HR-MS (ESI):
m/z for C,Hg(N(Br, caled. [M-4Br]* = 211.1136, found: 221.1138.

The Synthesis of G. 4-(4-Bromophenyl) pyridine (0.17 g, 0.73
mmol) and 4-(2-bromoethyl) benzoic acid (0.20 g, 0.87 mmol) were
dissolved in CH;CN and heated at 80 °C in a sealed tube for 12 h.
After cooling to room temperature, diethyl ether was added to the
above mixture to give precipitate, filtrated, and then dried to give G
(0.20 g, yield: 59.5%). '"H NMR (400 MHz, (CD,),SO) &: 9.07 (d, J

https://doi.org/10.1021/acsnano.3c06697
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c06697/suppl_file/nn3c06697_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c06697/suppl_file/nn3c06697_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c06697/suppl_file/nn3c06697_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c06697/suppl_file/nn3c06697_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c06697/suppl_file/nn3c06697_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c06697/suppl_file/nn3c06697_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c06697/suppl_file/nn3c06697_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c06697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

= 6.9 Hz, 2H), 8.54 (d, ] = 6.9 Hz, 2H), 8.04 (d, J = 8.7 Hz, 2H),
7.88—7.85 (m, 4H), 7.39 (d, ] = 8.2 Hz, 2H), 4.88 (t, ] = 7.4 Hz, 2H).
13C NMR (100 MHz, (CD,),SO) §: 167.56, 154.08, 145.42, 141.95,
133.11, 133.06, 130.66, 130.09, 130.03, 129.72, 126.80, 124.79, 60.66,
36.75. HR-MS (ESI): m/z for C,H;;NBr,0, caled. [M-Br]* =
382.0437, found: 382.04366.

Cell Imaging Experiments. Hela cells were precultured for 24 h,
and then G1/CB[8]/HACD/PD was added and further incubated for
12 h. After that, the Hoechst, LysoTracker green, or MitoTracker
green were added in cells, respectively, washed with PBS three times,
and then further investigated by confocal laser scanning microscopy.
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