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Herein, a triphenylamine derivative (TP-3PY) possessing 4-(4-bromophenyl)pyridine (PY) as an electron-
accepting group and tris[p-(4-pyridylvinyl)phenyllamine (TPA) with large two-photon absorption cross-
sections as an electron-donating group was obtained, and showed intense absorption in the visible light
region (Anax = 509 nm) and weak near-infrared (NIR) fluorescence emission at 750 nm. After
complexation with cucurbit[8]uril (CB[8]), TP-3PY showed bright NIR fluorescence emission at 727 nm
and phosphorescence emission at 800 nm. When the supramolecular assembly (TP-3PY C CBI8]) further
interacted  with  dodecyl-modified  sulfonatocalix[4larene  (SC4AD), the fluorescence and
phosphorescence emissions were further enhanced at 710 and 734 nm, respectively. However, only the
fluorescence emission of TP-3PY was enhanced in the presence of cucurbit[7]uril (CB[7]) and SC4AD.
More interestingly, the photoluminescence of TP-3PYCCB[8]@SC4AD and TP-3PYcCCB[7]@SC4AD
assemblies could be excited by both visible (510 nm) and NIR light (930 nm). Finally, these ternary
supramolecular assemblies with bright NIR light emission were applied to lysosome imaging of tumor
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Introduction

Construction of optical materials through controlling the
conformation of molecules is an interesting research field. The
common construction strategies are involvement of stimuli-
responsive groups, rational design of molecules to tune inter-
molecular w-7 stacking, host-guest interaction and so on.*”
The covalent methods often need tedious synthesis, have poor
biocompatibility and inevitable biotoxicity. Fortunately, the
encapsulation with macrocyclic hosts via host-guest interaction
can efficiently regulate the molecular conformation and lead to
a dramatic makeover of the photophysical properties of guest
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cells and real-time biological imaging of mice.

chromophores.*® Thus, host-guest interaction has been proved
to be an efficient method to obtain supramolecular optical
materials. In this regard, compared to cucurbit[7]uril (CB[7]),
cucurbit[8]uril (CB[8]) possessing a large cavity can encapsulate
more than one molecule with high selectivity and binding
constants and can lead to the formation of various supramo-
lecular assemblies,'®™* such as saddle-shaped joints,** supra-
molecular pins,” interlocked molecular necklaces,"
supramolecular network polymers'” and so on. For instance,
Tian and Ma et al reported a triazine derivative with two
branches modified by 4-(4-bromophenyl)pyridine (PY), which
formed a quaternary stacking structure with tunable
photoluminescence after complexation with CB[8]."® Ni et al.
reported a type of color-tunable optical material through
the reversible conformational changes of supramolecular
assemblies.” Park et al. reported a supramolecular nanoring
with high fluorescence yield enhanced by the encapsulation
with CB[8].*° Bhasikuttan et al. reported the structure-tuning
emissions of coumarin derivatives by changing the
conformations after binding to CB[8].** Zhao et al. reported
a triphenylamine derivative (vinyl-pyridinium triphenylamine)
to form a three-branched structure after encapsulation by CB[8]
which worked as an excellent biological label.>* Our group also
reported a series of phosphorescent molecular foldamers with
high phosphorescence yields upon binding with CB[8].*** The
excellent optical properties can be attributed to the different
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electronic distributions of chromophores in guest molecules
caused by the conformational confinement with the rigid
hydrophobic cavity of CB[8].

PY as a star phosphorescent chromophore*®” has been
widely used to construct anti-counterfeit materials,*® biological
imaging materials® and probes.** Although more and more
aqueous room-temperature phosphorescent materials have
been reported, it is still a great challenge to obtain near-infrared
(NIR) phosphorescence emission excited by visible or NIR
light.**** Herein, we conjugated PY as electron-accepting
group to tris[p-(4-pyridylvinyl)phenyllamine (TPA) as an
electron-donating group and thus obtained the guest molecule
TP-3PY, which showed a weak fluorescence emission at 750 nm.
After binding with CB[8], enhanced fluorescence emission at
727 nm and weak phosphorescence emission at 800 nm
were achieved (Scheme 1). Further, we introduced lower-rim
dodecyl-modified sulfonatocalix[4]arene (SC4AD) into the
TP-3PYCCB[8] complex and the ternary assembly showed
both bright NIR fluorescence emission (710 nm) and
phosphorescence  emission (734 nm). The ternary
supramolecular assembly was used for tumor cell imaging
and optical imaging of mice in vivo. In this work, the
complexation-induced multiple folding and hierarchical
assembling with different macrocycles can be utilized as
a co-regulatory strategy for optimizing molecular conformation
and photophysical performance.

Results and discussion

Compound TP-3PY was obtained through a simple synthetic
route (Scheme S1, ESIt) and its corresponding characterization
is shown in Fig. S1-S4 (ESI{). Due to the poor solubility of TP-
3PY in aqueous solution, A-PY containing a single PY arm was
synthesized as a reference compound. The synthetic route and
corresponding characterization of A-PY are shown in Scheme S2
and Fig. S5-S7 (ESIf). First, we investigated the assembling
mode of TP-3PYCCB[8]. Considering that the CB[8] with
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Scheme 1 (a) Schematic diagram of the ternary supramolecular

assembly TP-3PYc CBI[8]@SC4AD with NIR fluorescence and phos-
phorescence emission. (b) Applications of TP-3PYCCB[8]@SC4AD
(FL: fluorescent luminescence, PL: phosphorescent luminescence).
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a larger cavity can bind two pyridinium moieties and TP-3PY
possesses six positively charged pyridinium groups, the binding
ratio between TP-3PY and CB[8] was explored by UV/vis
absorption spectra. The Job plot indicated that the CB[8]
encapsulated TP-3PY with a ratio of 3:1 (Fig. 2d). As shown in
Scheme 2, there are three possible binding modes of TP-
3PY C CB[8] assembly: (1) molecular foldamer with a 1 : 3 ratio,
(2) dimer formed by molecular stacking with a 2 : 6 ratio, and (3)
supramolecular polymer networks with an n : 3n ratio. In view of
the dimer mode with a 2 : 6 ratio being an H-aggregate which is
a poor emitter accompanying photoluminescence quenching,?
the dimer assembly mode was tentatively excluded. Moreover,
the aggregate sizes of TP-3PY, TP-3PY C CB[8] and TP-3PY CCB
[7] were evaluated by diffusion ordered spectroscopy (DOSY) in
aqueous solution. As shown in Fig. S11 (ESIf), when the
concentration of TP-3PY was fixed as 0.3 mM, the diffusion
coefficients of TP-3PY, TP-3PY C CB[8] and TP-3PY C CB[7] were
calculated to be 1.86 x 107 m? s, 1.55 x 107 m? s~ and
149 x 107" m? s', respectively. The higher diffusion
coefficient of TP-3PY C CB[8] than TP-3PY C CB[7] indicated that
there was no supramolecular polymer formed in the assembly
of TP-3PY C CB[8]. Thus, the polymer assembly mode was ruled
out. To confirm the molecular folding conformation of TP-
3PYCCB[8], a series of "H NMR spectra were recorded. The
binding behaviors of TP-3PY CCB[8] were investigated by "H
NMR spectroscopy, revealing that the aromatic protons of TP-
3PY shifted upfield after binding with CB[8] (Fig. 1). To give
more details of the binding mode, 2D rotating-frame
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Scheme 2 Schematic diagram of three possible binding modes of TP-
3PYCCBI8I.
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Fig.1 'H NMR spectra of (a) CB[8], (b) TP-3PYCCB[8] and (c) TP-3PY
(ITP-3PY] = 3 x 10™* M, [CBI8]] = 9 x 10~* M, 400 MHz, D,O, 298 K).
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Overhauser effect spectroscopy (ROESY) of TP-3PY C CB[8] was
employed. There are strong correlated signals between Hy, and
H;, H;, H, and H,, (Fig. S10, ESI{) indicating the possible
assembly mode of the molecular folding conformation with
a 1:3 ratio. To further confirm the assembling mode, the
assembly mode of A-PY C CB[8] was explored. First, the binding
stoichiometry of A-PYCCB[8] was confirmed by the mass
spectrum and Job plot of A-PY C CB[8], giving evidence of the 1:
1 binding ratio (Fig. S12, ESIt). As shown in Fig. S13 (ESIT), all
the protons of A-PY shifted to higher field except for the
styrylpyridinium protons (Hg, Ho) and the alkyl protons (Hs, He
and H) after binding with CB[8]. And the protons of CB[8] split
into two double peaks, indicating the different chemical
environments, which excluded the linear polymer formed by the
head-to-tail binding mode. Therefore, we speculated that the A-
PYC CBJ[8] formed a folded conformation. Further, the ROESY
of A-PYCCB[8] was performed and some significant
correlations between Hg and Hj, as well as H, and Hy were
observed (Fig. S16, ESIf). The intramolecular correlation
suggested that the distance between the phenylpyridine group
and the styrylpyridine group became shorter, which means the
folded molecular conformation of A-PY was caused by the
encapsulation of CB[8]. All the evidence above indicated that
the binding mode of TP-3PYC CB[8] adopted a three-armed
folded conformation. We also simulated the structure of
supramolecular assembly TP-3PYC CB[8] (Fig. S19, ESIf) and
further confirmed the triple foldamer conformation.

Further, the assembling behaviors of TP-3PYC CB[8] were
investigated by UV/vis absorption spectra. As shown in Fig. 2a,
the UV/vis absorption spectrum of TP-3PY showed peaks at
around 315 nm and 509 nm, which were assigned to the PY
moiety and the TPA moiety, respectively. Upon the addition of
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Fig. 2 (a) UV/vis absorption spectra and (b) photographs of TP-3PY (2

x 107> M) with different concentrations of CBI[8] (0-96 uM), (c) the
nonlinear least-squares analysis of the variation of absorbance at
509 nm with the concentrations of CBI[8] to calculate the binding
constant from the corresponding absorbance in (a). (d) Job plot
according to the method for continuous variations, indicating 3:1
stoichiometry for CBI[8] and TP-3PY ([CBI[8]] + [TP-3PY] = 2.083 x
107° M).
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different equivalents of CB[8] to the solution of TP-3PY, the
peaks around 315 nm and 509 nm showed a bathochromic shift
to 332 nm and 556 nm, respectively. The color of the solution
changed from red to purple to blue (Fig. 2b), which evidenced
the formation of J-aggregates in TP-3PYCCB[8].** This
phenomenon also implied the formation of a strong charge
transfer (CT) assembly upon binding with CB[8]. Based on the
above observations, we speculated that the encapsulation of CB
[8] can enhance the electron-withdrawing effect of pyridinium
from TPA by neutralizing its positive charge. As a reference host
molecule, 6 equivalents of CB[7] were added into the aqueous
solution of TP-3PY. And the UV/vis absorption spectrum of TP-
3PYCCB[7] showed a slight red shift compared to TP-3PY
(Fig. S20b, ESIf). Moreover, the association constant between
TP-3PY and CB[8] was calculated to be 5.98 x 10*> M (Fig. 2c)
based on the UV/vis absorption spectroscopic titration. The
association constant between reference molecule A-PY and CB
[8] was also calculated using the same method (K; = 8.1 x 10°
M, Fig. S12b, ESIY).

Photoluminescence experiments of TP-3PY after assembling
with CB[8] were explored. As shown in Fig. 3a, the
photoluminescence emission of TP-3PY at 750 nm shifted to
727 nm and increased upon titration with CB[8] in aqueous
solution. Upon titration with CB[8], the phosphorescence
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Fig. 3 (a) Photoluminescence emission spectra and (b) phosphores-

cence emission spectra (delayed 50 ps) of TP-3PY (2 x 107> M) with
different concentrations of CB[8] (0-60 puM, Aex = 510 nm, 298 K), (c)
photoluminescence emission spectra and (d) phosphorescence
emission spectra (delayed 50 ps) of TP-3PY, TP-3PYCCBI8] and TP-
3PYCCBI[8]@SCAAD ([TP-3PY] =2 x 107> M, [CBI8]] = 6 x 107> M,
[SC4AD] = 4 x 107> M, Aex = 510 nm, 298 K). (e) Phosphorescence
emission spectra (delayed 50 ps) and (f) time-resolved PL decay curves
of TP-3PYCCBI8] at different temperatures ([TP-3PY] = 2 x 107> M,
CBI8] = 6 x 107> M, ey = 510 nm).
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emission spectra (delayed 50 ps) of TP-3PY showed a weak peak
at 800 nm and increased gradually and reached the maximum
with 3 equivalents of CB[8] (Fig. 3b). To further enhance the
photoluminescence intensity, the amphipathic sulfonatocalix
[4]arene (SC4AD) was introduced into the TP-3PYCCB[8]
to form a ternary supramolecular assembly. The
photoluminescence emission of TP-3PYCCB[8] at 727 nm
shifted to 710 nm and increased 11-fold with the addition of 2
equivalents of SC4AD (Fig. S21a, ESIt). The phosphorescence
emission spectra (delayed 50 ps) of TP-3PYCCB[8] at 800 nm
shifted to 734 nm. The time-resolved phosphorescence decay
curves of TP-3PY C CB[8] and TP-3PY C CB[8]@SC4AD are shown
in Fig. S22 (ESIt), giving the phosphorescence lifetimes of 4.59
us (800 nm) and 4.26 us (730 nm), respectively. The fluorescence
lifetimes of TP-3PY, TP-3PY C CB[8] and TP-3PY C CB[8]@SC4AD
were determined to be 0.8 ns (750 nm), 2.66 ns (730 nm) and
1.16 ns (710 nm), respectively (Fig. S22, ESIf). To further
confirm the photophysical properties of the emission peak of
TP-3PY C CB[8] at 800 nm and the emission peak of TP-3PY C CB
[8]@SC4AD at 734 nm, the photoluminescence experiments
(delayed 50 ps) of TP-3PYCCB[8] and TP-3PY C CB[8]@SC4AD
were performed at different temperatures. As shown in Fig. 3
and S21 (ESIt), both the intensity and lifetime of the long-lived
emission enhanced greatly when the temperature reached 126 K
and 177 K, which is consistent with the view that the
non-radiative relaxation from the triplet to the ground state
could be suppressed at low temperature.** As a control, the
fluorescence spectra of TP-3PY were measured with different
concentrations of CB[7]. The results indicated a blue shift of the
fluorescence maximum peak from 750 nm to 690 nm, due to the
weakened CT effect caused by the increased distance between
the donor and acceptor (Fig. S23a, ESIf). Similarly, the
introduction of SC4AD caused a large enhancement of the
fluorescence intensity of TP-3PYCCB[7] (Fig. S23b, ESIf).
Compared to our previous work,* this ternary supramolecular
assembly showed fluorescence and phosphorescence emissions
in the NIR-I region (700-900 nm), which is more suitable for
biological imaging® (Fig. S24, ESI{). Subsequently, the
assembling behaviors were investigated by dynamic light
scattering (DLS), { potential, and transmission electron
microscopy (TEM) experiments. As shown in Fig. S17 and S18
(ESIf), both TP-3PYCCB[7]@SC4AD and TP-3PYCCB[7]
@SC4AD formed negatively charged fragments with diameter of
hundreds of nanometers.

It was reported that TPA possesses large two-photon
absorption cross sections.’”*® The UV/vis absorption of TP-3PY
in different solvents and density functional theory (DFT)
calculations (Fig. 4a) were implemented to shed light on the
inherent intramolecular charge transfer (ICT) of TP-3PY. The
solvent-dependent absorbance implied the internal charge
transfer nature of TP-3PY upon excitation (Fig. S25, ESIt). The
occupied molecular orbital is mainly localized at the TPA core,
and the unoccupied molecular orbital is localized at the PY
branches, indicating electron transfer from TPA to PY may
occur as TP-3PY is excited.”® We speculated that the ternary
supramolecular assemblies TP-3PY C CB[8]@SC4AD with strong
NIR-I emission may have the property of two-photon
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Fig. 4 (a) HOMO/LUMO of TP-3PY. (b) Two-photon excitation

spectra and (c) photoluminescence emission spectra of TP-3PYCCB
[8]1@SC4AD and TP-3PY c CB[7]@SC4AD.

absorption. As expected, the ternary assemblies TP-3PYC CB
[8]@SC4AD and TP-3PY C CB[7]@SC4AD could reach maximal
NIR emission with the femtosecond laser excitation wavelength
ranging from 760 to 1200 nm (Fig. 4b). Further, upon the
excitation at 930 nm with a femtosecond laser, the fluorescence
spectra of TP-3PY C CB[8]@SC4AD and TP-3PY C CB[7]@SC4AD
showed a similar spectral band and position with one-photon
excitation at 510 nm (Fig. 4c). The visible and NIR light
excitation property can endow the ternary supramolecular
assembly with features of higher penetrability in tissue and
lower phototoxicity.***

By virtue of the above functional characteristics of the
ternary supramolecular assembly TP-3PYC CB[8]@SC4AD, we
applied it to the targeted imaging of HeLa cells and in vivo
bioimaging of mice. First, the cytotoxicity experiments of TP-
3PYCCB[8]@SC4AD were evaluated by cell counting kit-8
(CCK-8) assay with HeLa cells as a model. HeLa cells were
treated with various concentrations of TP-3PY C CB[8]@SC4AD
(from 0 to 25 pM) for 24 h and then the cell viability was
measured by a standard CCK-8 assay. The results of cell
cytotoxicity  experiments showed that the ternary
supramolecular assembly TP-3PYC CB[8]@SC4AD showed
negligible cytotoxicity even when the concentration reached 25
uM (Fig. S26, ESI}). Further, confocal laser scanning
microscopy (CLSM) experiments were executed to observe the
distribution of TP-3PY C CB[8]@SC4AD in cells. HeLa cells were
treated with TP-3PY C CB[8]@SC4AD for 12 h. Then, the HeLa
cells were co-incubated with Mito-Tracker Green or Lyso-
Tracker Green for 30 min. Subsequently, the CLSM
experiments were performed to observe the intracellular
distribution of the ternary supramolecular assembly. As shown
in Fig. 5, bright NIR luminescence could be observed in a red
channel (650-750 nm) in cells when excited by a 488 nm laser.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Lyso tracker TP-3PYCCB[8]@SC4AD

Fig. 5 CLSM images of Hela cells co-stained with TP-3PY (2 x 107°
M) and (a) Mito Tracker Green and (b) Lyso Tracker Green, respectively.
CLSM images of Hela cells co-stained with TP-3PY C CB[8]@SC4AD
(ITP-3PY] =2 x 10 > M, [CBI8]] = 6 x 10> M, [SC4AD] = 6 x 107> M)
and (c) Mito Tracker Green and (d) Lyso Tracker Green, respectively.
The emission of TP-3PY and TP-3PYCCB[8]@SC4AD was obtained
using excitation at 488 nm. Scale bar: 30 um.

Further, colocalization assays were executed to observe the
subcellular distribution of TP-3PY C CB[8]@SC4AD. As shown in
Fig. 5d, the NIR emission of TP-3PY C CB[8]@SC4AD monitored
from 650 nm to 750 nm showed good overlapping with Lyso-
Tracker Green (Pearson's correlation coefficient, p = 0.91)
(Fig. S28, ESI{), indicating that TP-3PY C CB[8]@SC4AD could
preferentially accumulate in lysosome. In the control group,
no obvious overlapping between the NIR emission and Mito-
Tracker Green was observed (Fig. 5c¢), implying that the
ternary supramolecular assembly was not accumulated in
mitochondria. For comparison, the same cell imaging
experiments were executed using TP-3PY and TP-3PYC CB[7]
@SC4AD. Experimental results showed that both TP-3PY and
TP-3PY C CB[7]@SC4AD overlapped with Lyso-Tracker Green
(Fig. 5 and S27, ESIt) with high Pearson's correlation
coefficients, p = 0.85 and 0.67, respectively (Fig. S28, ESIt).
Benefiting from the bright NIR emission excited by visible
light of the ternary supramolecular assemblies (TP-3PY C CB[8]
@SC4AD, TP-3PY C CB[7]@SC4AD), real-time in vivo imaging of
intact animals was implemented using a nude mouse model.
The TP-3PY C CB[8]@SC4AD and TP-3PY C CB[7]@SC4AD were
injected intravenously into the tail vein of nude mice,
respectively, and then the images were scanned at different time
points using an in vivo imaging system. The control groups were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 In vivo bioimaging of the mice after injection of (a) saline, (b)
TP-3PY, (c) TP-3PYCCB[8]@SC4AD and (d) TP-3PYC CB[7]@SC4AD
for 30 min (up) and 6 h (down) (Aex = 510 nm, optical imaging windows
in Cy5.5 mode, 298 K).

injected with saline and TP-3PY, respectively. Considering the
inspiring imaging of the assembly in live cells and its ideal NIR-I
optical imaging window, the fluorescence of the mice was
monitored after the injection for 30 min and 6 h. In the two
control groups (i.e., the groups injected with saline or TP-3PY),
the mice exhibited no or only quite low levels of emitted
fluorescence (Fig. 6a and b). In contrast, as depicted in Fig. éc,
after 30 min injection, the NIR-I emission signal of TP-3PY C CB
[8]@SC4AD (Aer, = 710 nm) was clearly observed in vivo, which
has preferential accumulation in the liver and lymph nodes,
indicating an excellent NIR-I imaging ability of the assembly.
When it comes to TP-3PY C CB[7]@SC4AD, the NIR-I emission
was stronger and more durable (Fig. 6d). These results
suggested that the enhanced NIR-I emission caused by the
cascade assembly made the real-time imaging of intact animals
possible.

Conclusions

In summary, we have developed a ternary supramolecular
assembly constructed by the three armed folding of TP-
3PYCCB[8] and further assembled with SC4AD in water,
which showed bright NIR-I fluorescence emission and room-
temperature phosphorescence emission. TP-3PY showed very
weak fluorescence emission at 750 nm, which was too weak to
be used for optical imaging of animals in vivo. After the first
assembling with CB[8], the intensity of the NIR-I emission of
fluorescence was enhanced and phosphorescence emission
appeared. After introducing of amphipathic SC4AD, the NIR-I
emission of fluorescence and phosphorescence
subsequently enhanced. In contrast, the photophysical
behaviors of TP-3PY after assembling with CB[7] were
investigated. When complexed with CB[7], the fluorescence
emission of TP-3PY shifted to 690 nm and the intensity was
enhanced greatly. Further introduction of SC4AD caused
a secondary enhancement of the fluorescence emission
intensity at 690 nm. Considering the large two-photon

was
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absorption cross-sections of TPA derivatives, the ternary TP-
3PYCCB[8]@SC4AD and TP-3PYCCB[7]@SC4AD assemblies
could be excited at 930 nm with a femtosecond laser, and the
fluorescence spectra of TP-3PY C CB@SC4AD and TP-3PYCCB
[7]@SC4AD showed a similar spectral band and position with
one-photon excitation at 510 nm. Furthermore, the ternary
supramolecular assemblies were successfully used for optical
imaging of HeLa cell lysosome and mice in vivo. Our work
demonstrates the power of supramolecularly conformational
confinement, which can be developed as a feasible strategy for
obtaining highly compatible and efficient bioimaging agents.
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