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Multi-Level Macrocyclic Assembly Achieving Organic Upconversion 
Delayed Fluorescence for Targeting Cell Imaging
Jie Niu+,b Xuan Wu+,c Jie Yu,a Zhuo Lei,a Ying-Ming Zhang,a,* Li-Hua Wang,a Jing Wu,d Jie Han,c,* and 
Yu Liua,*

Purely organic room-temperature phosphorescence (PORTP) supramolecular materials have been widely explored in 
bioimaging, but their relatively short excitation wavelength limits their further application. Herein, we reported a purely 
organic phosphorescence resonance energy transfer (PRET) assembly, which was constructed by purely organic 
upconversion phosphor 6-bromoisoquinolium-modified permethylated cyclodextrin (BQ-PCD), cucurbit[8]uril (CB[8]) and 
tetra(4-sulfonatophenyl)porphyrin (TPPS), displaying not only CB[8]-confinement enhanced PORTP, but also multi photon-
mediated PRET achieving delayed deep-red luminescence for targeting cell imaging. Compared with BQ-PCD, BQ-PCDCB[8] 
supramolecular assembly remarkably prolongs PORTP lifetime from 13.8 ns to 640 μs, which further assembles with TPPS 
through strong host-guest interaction between PCD and TPPS, achieving delayed deep-red luminescence with a lifetime of 
around 11 μs through high efficient PRET process (94.5%). Taking advantage of the 1:2 stoichiometric ratio, BQ-PCDCB[8] 
efficient enhanced upconversion process compared with BQ-PCDCB[7], leading to the delayed deep-red luminescence 
under multi photon excitation at 920 nm in TPPSBQ-PCDCB[8]. With the further cascade assembly with tumor-targeting 
hyaluronic acid (HA), the upconversion supramolecular nanoparticle could be successfully applied for targeting cell imaging 
through upconversion PRET process. This research offers a novel approach to fabricate long-lived deep-red fluorescence 
materials with upconversion properties via macrocyclic confinement assembly.

Introduction
In recent years, purely organic room-temperature 

phosphorescence (PORTP) materials1-4 have attracted 
significant attention for their long triplet lifetime, large Stokes 
shift, making them highly promising for applications in 
biological imaging,5, 6 sensing,7, 8 anti-counterfeiting,9-11 and 
electrochemical devices.12-14 Particularly, the RTP materials with 
deep-red or near-infrared (NIR) emission features have been 
widely explored in time-resolved imaging and 
chemo/biosensing, due to their intrinsic advantages in excellent 
spatial resolution, deep tissue penetration, and minimal 
background interference.15-19 However, most RTP materials 

have relatively short excitation wavelengths in the UV light 
region (< 400 nm),20, 21 which limits their broader application in 
bio-imaging. Therefore, there is growing interest in developing 
RTP materials that can be excited by NIR light, which could 
reduce potential safety concerns and enhance tissue 
penetration for biomedical applications. To overcome such 
shortcomings, upconversion technology has been considered as 
a promising approach, in which the long excitation wavelength 
with low energy could be converted to high energy emission 
with relative short wavelength.22,23 Therefore, tremendous 
efforts have been focused on the fabrication of long-lived deep-
red or NIR materials by the incorporation of inorganic 
upconversion nanoparticles.24 For example, we reported the 
macrocyclic confinement bromophenylpyrididinium-modified 
HA supramolecular RTP materials, which could be also realized 
under NIR excitation by incorporating with inorganic rare earth 
upconversion nanoparticles.25 However, the realization of 
upconversion RTP materials in purely organic systems remains 
challenge, especially within one organic compound containing 
both RTP and upconversion properties. 

It is well known that the macrocyclic confinement assembly 
has been widely employed to fabricate efficient RTP materials 
in aqueous solution, which could provide the hydrophobic and 
rigid cavities to encapsulate the phosphors with high binding 
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constants, shielding them away from water and oxygen 
molecules, suppressing the non-radiative transition, promoting 
the intersystem crossing efficiency.26 Among all macrocycles, 
cucurbit[8]uril (CB[8]) exhibits a unique ability to encapsulate 
two guest molecules simultaneously, forming a stable 1:2 host-
guest complex by promoting intermolecular charge-transfer 
interaction,27, 28 which could not only enhance 
phosphorescence properties29 but also achieve multi-photon 
absorption properties.30 Moreover, the macrocyclic 
confinement assembly could also result in highly efficient 
phosphorescence resonance energy transfer (PRET) process by 
the cascade encapsulation of different luminescent groups, 
especially in the multi-macrocyclic confinement assembly 
systems. In these systems, different functional groups would be 
encapsulated into respective cavities, not only promoting their 
luminescent performance, but also reducing the distance 
between phosphorescent donors and fluorescent acceptors.31 
Along with this line, some macrocyclic confinement assemblies 
have been successfully constructed by incorporating 
commercially available fluorescent dyes to achieve long-lived 
luminescence emission in the deep-red or NIR region for cell 
imaging, anti-counterfeiting, and biosensing.32-34 However, the 
construction of PORTP materials by using single molecular 
organic compound with both phosphorescence performance 
and upconversion ability to achieve delayed deep-red 
luminescence with high PRET efficiency for targeting cell 
imaging is rarely reported, to the best of our knowledge.

Herein, we wish to report an upconversion PORTP 
supramolecular assembly, in which the 6-bromoisoquinolium-

modified permethylated cyclodextrin (BQ-PCD) is the phosphor 
with upconversion ability, cucurbit[8]uril (CB[8]) could enhance 
both RTP and upconversion performance of BQ-PCD through 
macrocyclic confinement effect, PCD would link the 
phosphorescence donor (BQ motif) and fluorescence acceptor 
(tetra(4-sulfonatophenyl)porphyrin, TPPS) through strong host-
guest interaction, successfully applying for targeting delayed 
deep-red cell imaging excited at 920 nm. The BQ-PCD, designed 
as a phosphor possessing dual host-guest binding sites, the BQ 
moiety could be firstly encapsulated by CB[8] with a 2:1 
stoichiometric ratio, leading to the PORTP emission at 530 nm 
with a prolonged lifetime of 684.0 μs. Furthermore, this BQ-
PCDCB[8] complex also exhibits the enhanced multi-photon 
absorption ability compared with BQ-PCD and BQ-PCDCB[7], 
in which the PORTP at 530 nm could also be achieved under the 
three-photon excitation at 920 nm. Meanwhile, the PCD cavity 
in BQ-PCDCB[8] would bind TPPS with a high binding constant 
up to 10¹² M⁻², resulting in delayed deep-red luminescence at 
645 nm and 710 nm with a high PRET efficiency of 94.5%, and 
this PRET process could also be realized under 920 nm 
irradiation. Furthermore, after co-assembly with tumor-
targeting hyaluronic acid (HA), efficient upconversion PRET was 
achieved the HA/TPPS⊂BQ-PCD⊂CB[8] system for targeting 
delayed fluorescence (DF) imaging of cancer cells. This study 
presents a novel multi-photon absorption approach to achieve 
highly efficient PRET for delayed fluorescence imaging based on 
macrocyclic confinement assembly.

Scheme 1. Schematic illustration of multi-level macrocyclic assembly achieving organic upconversion PRET for targeting delayed 
fluorescence cell imaging.

Results and discussion
Synthesis and structural characterization

The phosphor 6-bromoisoquinolium modified permethylated 
cyclodextrin (BQ-PCD) was synthesized via “click” reaction 
according to the reported method,35 and characterized through 
1H NMR and high-resolution mass spectrometry (HRMS) (Fig. 
S1-S2, ESI†). And the 2D ROESY spectroscopy was employed to 
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further illustrate the molecular binding model of BQ-PCD (Fig. 
S3, ESI†), which indicated no self-inclusion or exclusion 
structure could be formed by BQ-PCD itself.
Binding behaviour of CB[8] and BQ-PCD

Due to the existence of 6-bromoisoquinolium (BQ) and 
permethylated cyclodextrin (PCD) motifs, the BQ-PCD could act 
as the guest molecule for CBs, as well as host molecule for TPPS. 
First, the host-guest complexation between CB[8] and BQ-PCD 
was studied by NMR spectroscopy. From the obtained 1H NMR 
spectra (Fig. 1a), the peaks at 9.57, 8.55, 8.52, 8.36, 8.26, and 
8.19 ppm were assigned to the protons Hc, Hd, Hf, He, Ha, and Hb 
of BQ motif in BQ-PCD, and the peak at 7.93 ppm was assigned 
to Hg on the triazole motif. After the addition of CB[8], the Hc 
signal shifted to 9.49 ppm (Δδ = -0.08 ppm), Hd shifted to 7.09 
ppm (Δδ = -1.46 ppm), Hf shifted to 8.21 ppm (Δδ = -0.31 ppm), 
He shifted to 7.96 ppm (Δδ = -0.40 ppm), Ha shifted to 7.17 ppm 
(Δδ = -1.09 ppm), and Hb shifted to 6.42 ppm (Δδ = -1.72 ppm). 
The proton signals assigned to Ha-f in 6-bromoisoquinolium 
shifted upfield upon the addition of CB[8] into BQ-PCD solution, 
indicating that these protons were encapsulated into the cavity 
of CB[8]. Moreover, the proton of triazole (Hg) shifted towards 
downfield to 8.13 ppm (Δδ = 0.20 ppm), which might result from 
the hydrogen-bonding interaction with the carbonyl groups in 
CB[8], indicating that the triazole group was located outside the 
cavity of CB[8]. The chemical shifts of these protons were no 
longer changed when the amount of CB[8] increased above 0.5 
eq, presenting a slow exchange within NMR timescale. 
Moreover, the 2D ROESY spectroscopy was carried out to 
certificate the binding model. As shown in Fig. S4 (ESI†), strong 
NOE correlation peaks could be observed between Hc’ and Ha’, 
while no NOE correlation peaks could be observed between un-
encapsulated Hc and Ha. These results indicated the head-to-tail 
stacking model of BQ motif in the CB[8] cavity. Meantime, the 
diffusion ordered spectroscopy (DOSY) was also employed. As 
shown in the recorded spectra (Fig. S5-S6, ESI†), the diffusion 
coefficients of BQ-PCD and BQ-PCDCB[8] were determined to 

be 1.99 × 10-10 m2/s, and 1.41 × 10-10 m2/s, respectively. The 
decrease in diffusion coefficiency indicated the formation of 
host-guest complex in the presence of CB[8].

Then, the UV-vis spectroscopy was employed to study the 
host-guest binding behaviour with CB[8]. From the Job plot of 
BQ-PCD and CB[8] complex (Fig. S7, ESI†), the inflection point 
was observed at a molar ratio of 0.67 ([BQ-PCD]/([BQ-PCD] + 
[CB[8]]), indicating the 1:2 stoichiometry binding behaviour 
between CB[8] and BQ-PCD (Fig. 1b). Furthermore, as shown in 
Fig. S8 (ESI†), the peaks at 1194.5026 (m/z, [2BQ-PCD + CB[8]-
2Br + 2Na]4+) could be observed, which certificated the 2:1 host-
guest complex between BQ-PCD and CB[8]. Followingly, the 
binding constant was further determined by UV-vis titration 
experiment. From the obtained UV-vis titration spectra 
between BQ-PCD and CB[8] (Fig. S9, ESI†), the characteristic 
absorption peak of BQ-PCD at 243 nm gradually decreased with 
the addition of CB[8], and the equilibrium was reached at the 
addition of 0.8 eq. CB[8]. Moreover, the BQ-PCDCB[8] 
complex exhibited an increased absorbance band in the range 
from 340 to 361 nm with the iso-absorptive point at 341 nm 
(Fig. S10, ESI†). This result indicated the intermolecular charge 
transfer would occur in the presence of CB[8], which might 
result from the 𝜋–𝜋 stacking of two 6-bromoisoquinolium in the 
cavity of CB[8], and might facilitate the multi-photon 
absorption. And the nonlinear cure fitting was employed to 
determine the binding constants, whose values were K1 = (1.21 
± 0.18) × 105 M-1, K2 = (1.73 ± 0.97) × 105 M-1 (Fig. 1e). The Hill 
equation was also employed to quantitatively evaluate the 
molecular recognition behavior between BQ-PCD and CB[8] 
(Fig. S11, ESI†). The logK values in CB[8] complexes were 
determined to be (9.87 ± 0.24), respectively and the Hill 
coefficient was determined to be 1.83, indicating the 2:1 
stoichiometry for BQ-PCDCB[8], which were well consistent 
with the above results. Overall, the above results indicated the 
strong binding behavior between BQ-PCD and CB[8] could be 
successfully achieved.

Fig. 1 (a) Partial 1H NMR (400 MHz, D2O, 298 K) spectra of BQ-PCD and CB[8] ([BQ-PCD] = 1 mM, [CB[8]] = 0-1 mM), (b) Job plot 
showing 2:1 stoichiometry between BQ-PCD and CB[8] ([BQ-PCD] + [CB[8]] = 10 μM), (c) nonlinear curve fitting of absorption 
intensity change at 243 nm of BQ-PCD versus variant concentrations of CB[8] ([BQ-PCD] = 10 μM, [CB[8]] = 0-15 μM).
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Photophysical properties of BQ-PCDCB[8]
After verifying the binding behavior between BQ-PCD and 

CB[8], the luminescent behavior of BQ-PCDCB[8] in aqueous 
solution was investigated. Initially, the photoluminescence 
spectra of the BQ-PCD exhibited two emission peaks at 377 nm 
and 530 nm (Fig. 2a), giving an average lifetime of 6.7 ns at 377 
nm and 13.8 ns at 530 nm (Fig. S12, ESI†). Upon the gradual 
addition of CB[8] into the BQ-PCD solution, the emission peak 
at 377 nm gradually decreased, and the emission peak at 530 
nm increased, and stabilized when the CB[8] concentration 
reached 0.8 equivalent (Fig. 2a). Additionally, in the delayed 
spectra (delay time = 0.05 ms), only the emission at 530 nm 
gradually increased upon the addition of CB[8] to the BQ-PCD 
solution (Fig. 2b), indicating that the emission at 530 nm 
exhibited a long-lived feature. Moreover, the emission 
spectrum at 530 nm exhibited a significant overlap with the 
normalized gated emission spectrum and the 
photoluminescence spectrum (Fig. 2b insert), indicating the 
long-lived emission with the addition of CB[8]. Through lifetime 
decay testing, the lifetime at 377 nm of BQ-PCDCB[8] 
determined to be 4.3 ns (Fig. S13, ESI†), and the lifetime at 530 
nm increased to 640.0 μs (Fig. 2c), suggesting that the emission 
at 530 nm belonged to long-lived phosphorescence. And the 
phosphorescence QY of BQ-PCDCB[8] was determined to be 
2.4% (Fig. S14, ESI†).

Subsequently, with bubbling N2 into BQ-PCDCB[8] solution, 
the emission intensity at 530 nm significantly enhanced (Fig. 2d), 
which was attributed to the suppression of the triplet electron 
quenching by oxygen, confirming the phosphorescence nature 
of emission at 530 nm in solution. Moreover, it could be 
observed that with the decrease of the temperature from 330 K 

to 77 K, the long-lived emission intensity at 530 nm was steadily 
enhanced (Fig. S15, ESI†), which provided a solid certification 
for the phosphorescence characteristic in the BQ-PCDCB[8] 
complex. The temperature-dependent decay curve was also 
recorded, and the lifetime of BQ-PCDCB[8] at 530 nm was 
remarkably prolonged from 640.0 μs to 8.6 ms at 77 K (Fig. S16, 
ESI†). The amalgamation of these experimental results 
collectively substantiated that both the enhanced 
phosphorescence QY and prolonged phosphorescent emission 
life-time would be achieved taking advantage of the macrocyclic 
confinement effect of CB[8] encapsulating 6-
bromoisoquinolium into its cavities.

In the above study, it was demonstrated that BQ units 
adopted a head-to-tail stacking model in BQ-PCDCB[8] 
complex, which could enhance the π-π stacking interaction and 
promote the intermolecular charge transfer ability, which 
possibly facilitating the multi-photon absorption ability. Then, 
the upconversion property of BQ-PCDCB[8] complex was 
investigated. The multi-photon absorption scan of the BQ-
PCDCB[8] complex was performed over the excitation 
wavelength range of 700–1100 nm and observed the clear 
three-photon absorption peak at 920 nm (Fig. 2e). Under 920 
nm excitation, the BQ-PCDCB[8] complex exhibited an 
emission peak around 530 nm (Fig. 2f), which overlaps well with 
spectrum collected under one-photon excitation at 300 nm, 
further confirming its multi-photon absorption behaviour. Thus, 
the BQ-PCDCB[8] complex featured delayed emission 
property under NIR excitation, enabling it ideal candidate for 
bioimaging due to the reduced photodamage and background 
fluorescence, as well as deep tissue penetration ability under 
the NIR excitation.

Fig. 2 (a) Photoluminescence spectra of BQ-PCD upon adding CB[8] ([BQ-PCD] = 10 μM, [CB[8]] = 0-8 μM), (b) gated emission 
spectra (delay time = 0.05 ms) of BQ-PCD upon adding CB[8] ([BQ-PCD] = 10 μM, [CB[8]] = 0-8 μM, 𝜆ex = 300 nm), (insert) 
normalized photoluminescence and gated emission spectra (delay time = 0.05 ms) of BQ-PCD⊂CB[8], (c) time-resolved 
photoluminescence decay spectrum of BQ-PCD⊂CB[8] at 530 nm, (d) gated emission spectra of BQ-PCD⊂CB[8] with pumping N2 
(delay time = 0.05 ms, [BQ-PCD] = 10 μM, [CB[8]] = 5 μM, λex = 300 nm), (e) two-photon absorption spectrum of BQ-PCDCB[8] 
in water ([BQ-PCD] = 10 μM, [CB[8]] = 5 μM), (f) emission spectra of BQ-PCDCB[8] excited at 300 (black curve) and 920 nm (red 
curve) ( [BQ-PCD] = 10 μM, [CB[8]] = 5 μM).
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Host-guest properties between BQ-PCDCB[8] and TPPS
Long-lifetime emissive materials with large Stokes shifts are 

emerging as promising candidates in the field of optical 
materials, and such properties can be achieved through the 
phosphorescence resonance energy transfer (PRET) process, in 
which the energy of phosphorescence donor would transfer to 
a fluorescent acceptor, leading to the delayed fluorescence with 
large red shift. Efficient PRET requires not only an excellent 
overlap between the emission spectrum of the donor and the 
excitation spectrum of the acceptor, but also the close spatial 
distance between them. TPPS is selected as the fluorescent 
acceptor, as it exhibits the distinctive absorption peaks of the 
Soret band at 411 nm and the Q-band between 450 and 700 nm, 
and the absorption peak of the Q-band overlapped well with the 
phosphorescence emission spectrum of BQ-PCDCB[8] (Fig. 
3a). Meantime, permethylated β-cyclodextrin (PCD) binds TPPS 
in aqueous solution with strong affinity, thereby reducing 
spatial distance between the phosphorescent donor BQ-
PCDCB[8] and the acceptor TPPS. Therefore, the occurrence 
of efficient PRET can be anticipated due to the effective spectral 
overlap and the reduced spatial distance between the donor 
and acceptor.

The previous studies demonstrated that the PCD moiety in 
BQ-PCD can encapsulate TPPS with a 2:1 stoichiometry,35 From 
the UV-vis titration, upon addition BQ-PCD into TPPS, the Soret 
band at 414 nm and the Q-band between 450 and 700 nm both 
increased (Fig. S17, ESI†), indicating the encapsulation of TPPS 
into the cavity of BQ-PCD. To confirm the occurrence of dual 
host-guest interaction in TPPS⊂BQ-PCD⊂CB[8] complex, the 1H 
NMR spectroscopy was employed. As depicted in Fig. S18 (ESI†), 
upon the addition of BQ-PCD, the protons of TPPS split into two 
sets, indicating the successful formation of the host-guest 
complex between PCD and TPPS. And the following addition of 
CB[8], the protons of BQ motif in the ternary system exhibited 
obvious upfield shifts, which was similar with the BQ-
PCD⊂CB[8] complex. Meantime, the protons of TPPS exhibited 
little changes compared with TPPS⊂BQ-PCD, indicating the 
simultaneous existence of dual host-guest complexation 
behavior in TPPS⊂BQ-PCD⊂CB[8]. These results indicated the 
ternary host-guest complexation could be successfully 
constructed.
PRET process between BQ-PCDCB[8] and TPPS

Due to the excellent overlap between the phosphorescence 
emission of BQ-PCDCB[8] at 530 nm and the Q-band of TPPS, 
the efficient PORTP energy transfer was proposed through the 
closer spatial distance within the ternary host-guest complex of 
TPPSBQ-PCDCB[8]. The PRET process was investigated 
under the excitation at 300 nm. As shown in Fig. 3b, when TPPS 
was added into BQ-PCDCB[8] solution, the phosphorescent 
emission at 530 nm gradually diminished, and simultaneously 
an emergency of emission peaks at 645 nm and 710 nm 
appeared in the gated emission spectra (delay time = 0.05 ms). 
The time-gated emission peaks at 645 nm and 710 nm were 
consistent with the characteristic fluorescence emission peaks 
of free TPPS, indicating the successful PRET from phosphor BQ-
PCD to TPPS for long-lived deep-red fluorescence emission. 

Upon addition of 0.5 eq TPPS into BQ-PCDCB[8] solution, the 
phosphorescence emission at 530 nm nearly disappeared, 
indicating a high energy transfer efficiency to TPPS. The time-
resolved decay curves revealed that the phosphorescence 
lifetime at 530 nm decreased from 640.0 μs to 35.1 μs in 
TPPSBQ-PCDCB[8] assemblies (Fig. 3c). In addition, the 
lifetime at 645 nm and 710 nm was determined to be 11.2 μs 
and 11.3 μs in TPPSBQ-PCDCB[8] assemblies, which both 
exhibited the long-lived features in the microsecond range. The 
energy transfer efficiency (ΦPRET) was further calculated by the 
lifetime changes of donor complexes, giving the ΦPRET value of 
94.5% from BQ-PCDCB[8] to TPPS. Meantime, the delayed 
fluorescence quantum yield (QY) of TPPSBQ-PCDCB[8] (Fig. 
S19, ESI†) was determined to be 3.9%. Moreover, the bubbling 
of N2 into the TPPSBQ-PCDCB[8] solution could lead to the 
enhancement in the emission intensity at 530 nm, 645 nm, and 
710 nm (Fig. S20, ESI†), which could suppress the oxygen-
mediated triplet electron quenching process for better RTP 
performance, further confirming the PRET process. The 
lifetimes were measured after the bubbling of N2 (Fig. S21-S22, 
ESI†), and the lifetimes of 645 nm and 710 nm further increased 
to 18.2 μs and 17.3 μs in TPPS⊂BQ-PCD⊂CB[8], indicating that 
the long-lived emission was sensitive to the resolved oxygen in 
aqueous solution. These phenomena demonstrated the 
effective phosphorescent energy transfer process from the 
triplet state of BQ-PCDCB[8] to the singlet state of TPPS, 
leading to the long-lived deep-red luminescence.

To further confirm the macrocycle-mediated efficient 
energy transfer process, a series of control experiments were 
also conducted. Firstly, in the time-gated luminescence spectra 
of TPPS⊂BQ-PCD (Fig. S23, ESI†), almost no delayed emission 
could be detected under the excitation at 300 nm. And with the 
addition of CB[8] into TPPS⊂BQ-PCD solution, delayed 
fluorescence at 645 nm and 710 nm emerged (Fig. S24, ESI†), 
indicating that the delayed deep-red fluorescence of TPPS 
originated from the phosphorescence emission induced by 
CB[8] confinement effect. Furthermore, by investigating the 
excitation wavelength selectivity, we found that under the 
excitation wavelength at 414 nm, no significant enhancement 
in the emission at 645 nm and 710 nm could be observed in the 
time-gated luminescence spectra TPPSBQ-PCDCB[8] (Fig. 
S25, ESI†). According to the time-resolved decay curves, under 
450 nm excitation, the lifetimes of TPPSBQ-PCDCB[8] were 
measured as 13.1 ns (645 nm) and 12.7 ns (710 nm) (Fig. S26, 
ESI†), respectively. Therefore, the TPPSBQ-PCDCB[8] 
exhibited no long-lived emission properties under 414 nm 
excitation. Therefore, through the dual macrocyclic 
confinement effect from CB[8] and PCD, the efficient 
phosphorescent energy transfer system could be successfully 
achieved for the well-overlap in phosphorescence emission 
spectrum and absorbance spectrum of TPPS, as well as the 
closer distance between phosphor donor and TPPS, leading to 
the long-lived PRET deep-red fluorescence system with high 
efficiency.

The transmission electronic microscopy (TEM) was 
employed to investigate the assembly morphologies. 
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Interestingly, the stoichiometric ratio between BQ-PCD and 
CB[8] was determined to be 2:1, along with the2:1 binding 
stoichiometric ratio of BQ-PCD and TPPS, which would result in 
the formation of supramolecular polymer in TPPS⊂BQ-
PCD⊂CB[8], further self-assembled into nanofibers (Fig. S27, 
ESI†).

Subsequently, the upconversion property of the ternary 
host–guest complex (TPPSBQ-PCDCB[8]) was investigated. 
Under 920 nm excitation, the emission spectrum of TPPS⊂BQ-

PCD⊂CB[8] showed a pronounced decrease in the 530 nm 
emission peak compared to BQ-PCD⊂CB[8], along with the 
emergence of characteristic emission peaks at 645 nm and 710 
nm (Fig. 3d), confirming that long-lived deep-red PRET 
fluorescence could also be successfully achieved under the 
three-photon excitation (Fig. 3e). Therefore, the TPPS⊂BQ-
PCD⊂CB[8] supramolecular assemblies with long-lived deep-
red luminescence encouraged us to investigate its potential 
application in bioimaging.

Fig. 3 (a) Normalized phosphorescence emission spectra of BQ-PCD⊂CB[8], and normalized absorption spectra of TPPS, (b) 
phosphorescence emission spectra of BQ-PCD⊂CB[8] in presence of variant concentrations of TPPS (delay time = 0.05 ms, [BQ-
PCD] = 10 μM, [CB[8]] = 5 μM, [TPPS] = 0-6 μM, 𝜆ex = 300 nm), (c) time-resolved photoluminescence decay spectra of TPPS⊂BQ-
PCD⊂CB[8] at 530 nm, 645 nm, 710 nm, (d) diagram of the possible mechanism for RTP energy transfer process (ISC = intersystem 
crossing, TS-FRET = triplet-to-singlet Förster resonance energy transfer), (e) emission spectra of TPPS⊂BQ-PCDCB[8] excited at 
300 (black curve) and 920 nm (red curve) ([BQ-PCD] = 10 μM, [CB[8]] = 5 μM, [TPPS] = 5 μM), (f) TEM images of HA/TPPS⊂BQ-
PCD⊂CB[8].

Upconversion-mediated cell imaging
Hyaluronic acid (HA), which possesses excellent water 

solubility, biocompatibility, biodegradability, and can be 
specifically recognized by CD44 receptor protein overexpressed 
on tumor cell surface,36,37 was introduced for cascade assembly 
through multivalent interactions, anticipating to achieve cancer 
cell-targeting delayed deep-red fluorescence imaging. After 
addition of HA into the TPPS⊂BQ-PCD⊂CB[8] assembly, the 
TEM images of HA/TPPS⊂BQ-PCD⊂CB[8] showed nanoparticles 
with the diameter around 300 nm (Fig. 3f). Firstly, its 
biocompatibility was evaluated on HeLa cell line by CCK-8 assay, 
in which the high survival rates suggested that the 
HA/TPPS⊂BQ-PCD⊂CB[8] assemblies exhibited negligible 
toxicity to HeLa cells (Fig. S22, ESI†), enabling it an ideal 
candidate for bioimaging. After being incubated with 
HA/TPPS⊂BQ-PCD⊂CB[8] assemblies for 12 h, the bright red 
signal could be observed in the cytoplasm of HeLa cells (Fig. 4a), 
which resulted from the PRET-based long-lived deep-red 
fluorescence. Furthermore, from the obtained CLSM images of 
HeLa cells treated with TPPS and TPPS⊂BQ-PCD⊂CB[8] (Fig. S29 

and S30, ESI†), relatively weaker fluorescence in the HeLa cells 
could be observed compared with the HA/TPPS⊂BQ-
PCD⊂CB[8] group, certificating the introduction of HA would 
lead to high uptake efficiency into cancer cells. Moreover, the 
cellular imaging was also conducted in the L929 normal cells 
line, and the weak red signal was detected, indicative of the 
poor uptake efficiency into the normal cells (Fig. S31, ESI†). 
These results jointly certificated the cellular uptake behavior 
might result from the specific recognition between HA and its 
CD44 acceptor overexpressed on HeLa cells. This also indicated 
that the HA/TPPS⊂BQ-PCD⊂CB[8] assemblies can be 
successfully utilized for cancer cell-targeted fluorescence 
imaging.

Furthermore, the cell imaging behaviour of the assemblies 
was also investigated under the irradiation at 920 nm to 
certificate its multi-photon absorption property in vitro. From 
the multi-photon fluorescence microscopy images of BQ-
PCD⊂CB[8], the green fluorescence could be observed (Fig. 4b), 
indicating the multi-photon absorption ability was remained in 
the cellular environment. Compared with the fluorescence 
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images of free BQ-PCD and BQ-PCD⊂CB[7]35 (Fig. S32, ESI†), the 
fluorescence intensity significantly increased in BQ-PCD⊂CB[8], 
which certificated the confinement effect of CB[8] could 
remarkably enhanced the multi-photon absorption ability due 
to the existence of strong intermolecular charge transfer ability 
in the host-guest complex. Meantime, the multi-photon 
imaging ability of TPPS was also investigated, which provided 
very weak red fluorescence in cells (HeLa cell line) under 
excitation at 920 nm (Fig. S33, ESI†). Interestingly, the brighter 
red fluorescence could be observed in the TPPS⊂BQ-
PCD⊂CB[8] group (Fig. 4c), indicating the deep-red fluorescence 
was resulted from the PRET process in this ternary complex. We 
further employed the normal cells (L929 cells) to investigate the 

function of HA in the three-photon absorption properties, 
which could dismiss the HA-enhanced uptake behaviour in cells. 
From the obtained upconversion CLSM images (Fig. S34, ESI†), 
it could be found that the three-photon emission signal of BQ-
PCDCB[8] is almost unaffected in the presence of HA. Finally, 
the HA-enhanced cellular uptake efficiency could also be 
concluded from the multi-photon fluorescence images, in which 
brighter red fluorescence would be observed compared with 
TPPS⊂BQ-PCD⊂CB[8] group (Fig. 4d). These phenomena were 
similar with the one-photon fluorescence imaging. All these 
results collectively certificate the multi-photon absorption 
mediated PRET process could be achieved in vitro, making it 
ideal candidate for bio-imaging.

Fig. 4 (a) One-photon CLSM images of HeLa cells incubated with HA/TPPS⊂BQ-PCD⊂CB[8] ([BQ-PCD] = 10 μM, [CB[8]] =5 μM, 
[TPPS] = 5 μM, [HA] = 20 μg /mL), three-photon CLSM images of HeLa cells incubated with (b) BQ-PCD⊂CB[8] (emission was 
collected at 500–580 nm, [BQ-PCD] = 10 μM, [CB[8]] =5 μM), (c) TPPS⊂BQ-PCD⊂CB[8] (emission was collected at 620–740 nm, 
[BQ-PCD] = 10 μM, [CB[8]] =5 μM, [TPPS] = 5 μM), (d) HA/TPPS⊂BQ-PCD⊂CB[8] (emission was collected at 620–740 nm, [BQ-PCD] 
= 10 μM, [CB[8]] =5 μM, [TPPS] = 5 μM, [HA] = 20 μg/mL).

Conclusions
In summary, we reported a cascade assembly with 

upconversion PRET process, in which the CB[8] could 
encapsulate the upconversion phosphor guest (BQ-PCD) for 
enhanced PORTP at 530 nm. Meantime, due to the macrocyclic 
confinement-enhanced multi-photon absorption ability, the 
PORTP could also be achieved under the excitation at 920 nm in 
BQ-PCD⊂CB[8]. Moreover, the cascade complexation with TPPS 
would result in the delay deep-red fluorescence with highly 
efficient PRET process through strong host-guest interaction, 
which could be realized both under the irradiation at 300 nm 
and 920 nm. This upconversion-based PRET process endowed 
this delayed deep-red fluorescence assembly ideal candidate 
for bioimaging. After the co-assembly with tumour-targeting 
agent (HA), the supramolecular cascade assembly 

(HA/TPPS⊂BQ-PCD⊂CB[8]) also exhibited the efficient 
upconversion PRET process, in which the delayed deep-red 
fluorescence could also be achieved under the excitation at 920 
nm, successfully being applied for targeting cancer cell imaging. 
This macrocyclic confinement assembly to improve both PORTP 
and upconversion abilities of phosphors would provide a 
convenient way to construct the delayed fluorescence materials 
under NIR excitation, which would further expand their 
potential application in bioimaging or biosensing for its deep 
tissue penetration ability and high signal to noise ratio.
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