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acceptors along with a corresponding high 
donor/acceptor ratio.[5] Generally, organic 
fluorescent molecules with aggregation-
induced emission property are adopted 
as ideal donors to mitigate fluorescence 
quenching and guarantee the significant 
enhancement of fluorescence emission 
after forming noncovalent supramolecular 
assembly in aqueous media.[6] However, 
most of these reported artificial light-har-
vesting systems are restrained to the inevi-
table short fluorescence lifetimes of donor 
chromophores, which limit their practical 
application, such as time-resolved lumi-
nescence imaging that can eliminate the 
background signals of autofluorescence 
or scattered lights.[7] Therefore, it is highly 
desirable to discover alternative long-lived 
emitters as suitable donors to perform 
energy transfer process.

To this end, organic room-temperature 
phosphorescence (RTP) featuring longer 
emission lifetime and larger Stokes shift 
because of involving intersystem crossing 
(ISC), is identified as ideal candidate to 
address above issues.[8] Based on this, 
RTP energy transfer system has gradually 
become a new growth point, which can 

allow for the long lifetime of commercial fluorescent acceptors 
via a delayed sensitization process, showing great application 
prospect in biolabeling,[9] information security,[10] and stimulus-
responsive materials.[11] In particular, a supramolecular strategy 
including host−guest complexation and assembly-induced 
emission has been demonstrated to be a feasible approach to 
realize efficient purely organic aqueous RTP emission and 
then conduct phosphorescence energy transfer.[12] For example, 
George et al. reported an efficient light-harvesting supramolec-
ular phosphor scaffold in water, which achieved energy-transfer-
mediated long-lived delayed fluorescence after the introduction 
of sulforhodamine acceptor dyes.[13] To date, although consider-
able endeavors have been undertaken to develop RTP energy 
transfer systems, near-infrared (NIR) emissive supramolecular 
phosphorescence-harvesting system concurrently featuring 
cancer cell-targeted imaging capacity and long lifetime perfor-
mance is still rare in aqueous solution.

In this work, we constructed a noncovalent confinement 
assembly consisting of a dodecyl-chain-bridged 6-bromoisoqui-
noline derivative (abbreviated as G), cucurbit[7]uril (abbreviated 

Noncovalent macrocycle-confined supramolecular purely organic room-
temperature phosphorescence (RTP) is a current research hotspot. Herein, 
a high-efficiency noncovalent polymerization-activated near-infrared (NIR)-
emissive RTP-harvesting system in aqueous solution based on the stepwise 
confinement of cucurbit[7]uril (CB[7]) and β-cyclodextrin-grafted hyaluronic 
acid (HACD), is reported. Compared with the dodecyl-chain-bridged 6-bro-
moisoquinoline derivative (G), the dumbbell-shaped assembly G⊂CB[7] 
presents an appeared complexation-induced RTP signal at 540 nm via the first 
confinement of CB[7]. Subsequently, benefitting from the stepwise confine-
ment encapsulation of the β-cyclodextrin cavity, the subsequent noncova-
lent polymerization of the binary G⊂CB[7] assembly enabled by HACD can 
contribute to the further-enhanced RTP emission intensity approximately 
eight times in addition to an increased lifetime from 59.0 µs to 0.581 ms. 
Moreover, upon doping a small amount of two types of organic dyes, Nile blue 
or tetrakis(4-sulfophenyl)porphyrin as an acceptor into the supramolecular 
confinement assembly G⊂CB[7] @ HACD, efficient RTP energy transfer occurs 
accompanied by a long-lived NIR-emitting performance (680 and 710 nm) with 
a high donor/acceptor ratio. Intriguingly, the prepared RTP-harvesting system 
is successfully applied for targeted NIR imaging of living tumor cells by uti-
lizing the targeting ability of hyaluronic acid, which provides a new strategy to 
create advanced water-soluble NIR phosphorescent materials.

ReseaRch aRticle

1. Introduction

Supramolecular macrocyclic-confinement artificial light-har-
vesting luminescent materials have received an increasing 
attention in recent years, which displayed ingenious applica-
tions in miscellaneous fields, such as bioimaging,[1] optical 
probes,[2] light-emitting materials,[3] and photochemical catal-
ysis.[4] This light-harvesting process depends primarily on 
Förster resonance energy transfer (FRET) mechanism, where 
the energy transfers from excited singlet donors to singlet 
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as CB[7]), and β-cyclodextrin-grafted hyaluronic acid (abbrevi-
ated as HACD), with the final goal of achieving high-efficiency 
supramolecular phosphorescence-harvesting process and dem-
onstrating its potential applicability for NIR cancer cell-targeted 
imaging (Scheme 1). Specifically, benefitting from the first con-
finement effect of CB[7], phosphor G gave an emerging phos-
phorescence at 540 nm after the formation of dumbbell-shaped 
assembly G⊂CB[7]. Next, the noncovalent polymerization of 
such binary assembly enabled by HACD facilitated the enhance-
ment of original phosphorescence intensity approximately 
eight  times and lifetime from 59.0  µs to 0.581  ms due to the 
secondary confinement of HACD. Intriguingly, the long-lived 
NIR-emissive phosphorescence-harvesting system can be easily 
acquired after introduction of two different organic dyes Nile 
blue (NiB) or tetrasodium 5,10,15,20-tetrakis(4-sulfophenyl)por-
phyrin (TPPSS) as an acceptor into the G⊂CB[7] @ HACD co-
assembly by virtue of the sufficient overlap between the absorp-
tion band of NiB or TPPSS and the phosphorescence emission 
band. Ultimately, due to the overexpressed HA receptors on the 
surface of cancer cells, the final assemblies were able to target 
cancer cells and especially achieve lysosome NIR imaging.

2. Results and Discussion

Two types of 6-bromoisoquinoline derivatives were selected 
as phosphorescent guest molecules in which the N-termini 
were, respectively, bridged with hexyl chain (abbreviated as G′) 
or dodecyl chain (abbreviated as G) to endow the molecules 
with diverse amphipathy. The specific synthetic routes of the 
two molecules and their detailed characterizations including 
1H NMR, 13C NMR, and HR-MS (Figures S1–S7, Supporting 
Information) are supplied in the Supporting Information. 
1H NMR titration experiments were first performed to reveal 
the host–guest binding mode between CB[7] and G′ or G. As 
shown in Figure S9, Supporting Information, upon increasing 
the amount of CB[7] from 0 to 1.0 equivalent into the aqueous 
solution of G′, all hexyl-chain protons (Hg–Hi) gradually shifted 
upfield due to the shielding effect, while the aromatic protons 
(Ha–Hf) of the isoquinoline moiety slightly shifted downfield, 
indicating that the hexyl-chain part was deeply included in 
the cavity of CB[7] and isoquinoline moiety was located out-
side of CB[7].[14] However, when >1.0  equivalent CB[7] was 
added, the aromatic protons underwent obvious upfield shifts 
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Scheme 1. Schematic illustration of the construction of polysaccharide supramolecular RTP-harvesting system with NIR emission in aqueous solution 
and corresponding chemical structures of the compounds used.
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concurrently accompanied by significant downfield shifts of 
hexyl-chain protons, revealing that CB[7] moved from hexyl 
chain to isoquinoline part to form the dumbbell-shaped struc-
ture. All proton chemical shifts remained basically unchanged 
when the amount of CB[7] increased to >2.0  equivalents, con-
firming the 1:2 binding mode for G′⊂CB[7]. Similarly, protons 
of G went through a similar process (Figure 1a and Figure S10,  
Supporting Information). All the dodecyl-chain protons  
(Hg–Hl) first moved upfield with the gradual addition of CB[7] 

up to 1.2  equivalents, implying that the dodecyl chain docked 
to CB[7] via hydrophobic interactions and CB[7] shuttled rap-
idly on it. Then, upon increase of the CB[7] concentration to 
2.0 equivalents, dodecyl-chain protons exerted a downfield shift 
while the aromatic protons exhibited a noticeable upfield shift, 
suggesting the tight encapsulation of isoquinoline moiety by 
CB[7] in virtue of the good binding affinity of CB[7] with isoqui-
nolinium group.[15] Notably, both bound and free guest mole-
cules could be simply discriminated on the 1H NMR time scale 
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Figure 1. a) Partial 1H NMR spectra (400 MHz, D2O, 298 K) of G ([G] = 1.0 × 10−3 m) with 0 (I), 1.2 (II), and 4.0 (III) equivalents of CB[7]. b) UV–vis 
absorption spectra of G in water upon the gradual addition of CB[7] at 298 K ([G] = 1.0 × 10−5 m and [CB[7]] = 0–5.0 × 10−5 m). Inset: Absorbance intensity 
changes of G at 244 nm. c) Phosphorescence emission spectra (delay = 50 µs) of G at 540 nm in water upon the addition of 0, 0.5, 1.0, 1.5, 2.0, 2.5, 
3.0, 3.5, 4.0, 5.0, and 6.0 equivalents of CB[7] at 298 K ([G] = 1.0 × 10−5 m, λex = 300 nm). Inset: Phosphorescence emission intensity changes of G at 
540 nm. Photograph of the aqueous solutions of free G (I) and G⊂CB[7] (II) upon illumination with UV light under ambient conditions. d) Normalized 
prompt photoluminescence spectrum and gated emission spectrum (delay 50 µs) of G⊂CB[7] in water at 298 K. e) Phosphorescence emission spectra 
(delay 50 µs) of G⊂CB[7] in water before and after N2 bubbling at 298 K ([G] = 1.0 × 10−5 m, [CB[7]] = 3.0 × 10−5 m, λex = 300 nm). Inset: Time-resolved 
photoluminescence decay spectrum of G⊂CB[7] at 540 nm in water at 298 K.
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because of the slow exchange equilibria for the molecular rec-
ognition between CB[7] and G′. In contrast, fast exchange equi-
libria were found in the molecular recognition process between 
CB[7] and G. The possible binding mode between CB[7] and G 
is shown in Scheme 1.

Next, the CB[7]-confined optical properties of the host–guest 
complexes including G⊂CB[7] and G′⊂CB[7] were, respectively, 
investigated in aqueous solution. As shown in Figure 1b, three 
major absorption peaks at 244, 292, and 335 nm were observed 
for free G, which all showed a certain wavelength shift and 
intensity change upon the stepwise addition of CB[7]. Notably, 
there were two obvious inflection points for the absorbance 
intensity changes at 244 nm which were approximately located 
at the addition of 1.0  and 2.0  equivalents CB[7], also indica-
tive of the change of host–guest inclusion mode in such addi-
tion process (Figure  1b, inset). Similar absorbance intensity 
changes can also be found in the process of addition CB[7] 
into G′ aqueous solution (Figure S11, Supporting Information). 
According to the UV–vis titrations, a two-stage binding process 
occurred during titration of G′ or G with CB[7], implying the 
final formation of a stable 1:2 host–guest complex (Figure S12, 
Supporting Information). Initially, CB[7] was located at the non-
chromophore part dodecyl-chain of G or G′ within 0–1.0 eq, and 
then gradually moved to the chromophore isoquinoline part 
when more than 1.0 eq. Therefore, by using a nonlinear curve-
fitting method, the association constant (Ka) was calculated to 
be 1.75 ×  105 and 7.99 ×  105 m−1, respectively (Figure S13, Sup-
porting Information). In the photoluminescence spectra, upon 
the continuous addition of CB[7], the original emission of G at 
≈385 nm declined along with a remarkable increase for the new 
emission peak at 540 nm (Figure S14, Supporting Information). 
Different from the photoluminescence spectra, there was only 
one emission peak centered on 540 nm in the gated spectrum 
(Figure  1d, delay time  =  50  µs), illustrating its long-lived fea-
ture. The gated emission spectrum revealed that the emission 
at 540 nm were almost silent in the presence of 0–1.0 equiva-
lent of CB[7]; however, this emission gradually emerged and 
increased upon the further addition of CB[7], whose intensity 
began to level off when adding 3.0 equivalents of CB[7] simulta-
neously with the color change from initial blue to green under 
UV light irradiation (Figure 1c). According to the time-resolved 
decay profiles, the emission collected at 385 nm and 540  nm 
gave an average lifetime of 1.15 ns  and 59.0  µs, respectively 
(Figure S15, Supporting Information, and Figure  1e, inset). 
Moreover, after the introduction of N2  into the aqueous solu-
tion of G⊂CB[7], the emission intensity at 540 nm was greatly 
enhanced and the corresponding lifetime increased to 0.732 ms 
because of the avoidance of triplet electron quenching caused 
by oxygen, confirming the phosphorescence nature of emis-
sion at 540  nm (Figure  1e and Figure S16, Supporting Infor-
mation). For G′, the addition of CB[7] from 0 to 1.0 equivalent 
barely induced any phosphorescence, hinting the invalid encap-
sulation of CB[7] toward isoquinoline part (Figure S17, Sup-
porting Information). Continuing to add CB[7] to 3.0  equiva-
lents, the phosphorescence intensity gradually increased and 
reached equilibrium. Based on the above experimental results, 
we can deduce that in the presence of 1.0 equivalent of CB[7], 
the guest molecule hardly produced any phosphorescent emis-
sion because CB[7] wrapped in the alkyl chain part. When the 

equivalent of CB[7] further increased, CB[7] moved to the iso-
quinoline part, which was conducive to the restriction of the 
phosphor motion and reduction of the non-radiative decay 
thereby resulting in effective phosphorescence due to the con-
finement effect of rigid cavity.

Recently, the secondary assembly strategy by using functional 
macrocyclic molecules has evolved into an important method 
to enhance the luminescence performance, especially for phos-
phorescent emission.[16] Therefore, after clarifying the CB[7]-
confined phosphorescence emission, HACD was introduced 
to further co-assemble with G⊂CB[7] by virtue of its excellent 
water solubility, biocompatibility, and biodegradability. The sub-
stitution degree of the β-cyclodextrin (β-CD) was determined 
to be as 26.4% by comparing the integral area of the N-acetyl 
protons (Hb) of HA at 1.97 ppm with that of the H1 proton of 
β-CD at 5.04 ppm (Figure S7, Supporting Information). And the 
molecular weight of HACD was calculated as 1.73 × 105 under 
this substitution degree based on the 1H NMR spectrum, which 
was basically in coincidence with the weight-average molecular 
weight determined by gel permeation chromatography as 
1.91 × 105 (Figure S8, Supporting Information). As depicted in 
Figure 2a, the phosphorescence intensity of G⊂CB[7] at 540 nm 
was gradually enhanced with the stepwise addition of HACD, 
which was almost in equilibrium when increasing the amount 
of HACD to 0.32  mg  mL−1. Ultimately, the original phospho-
rescence intensity was improved approximately eight  times, 
and the phosphorescence lifetime was greatly extended from 
59.0 µs to 0.581 ms (Figure 2b). The photoluminescence spectra 
also displayed similar results (Figure S18, Supporting Infor-
mation). And the lifetime of emission at 385  nm was deter-
mined to be 1.73  ns (Figure S19, Supporting Information). 
Moreover, the aqueous solution of G⊂CB[7] @ HACD emitted 
greater bright green phosphorescence than G⊂CB[7] under UV 
light irradiation (Figure 2a, inset). In addition, compared with 
G⊂CB[7] whose phosphorescence quantum yield was 1.15%, 
the phosphorescence quantum yield of G⊂CB[7] @ HACD was 
dramatically increased to 10.42% (Figure S20, Supporting Infor-
mation). It was worth noting that the co-assembly between G 
and HACD cannot generate any phosphorescence (Figure S21,  
Supporting Information), thereby indicating that the confine-
ment effect of CB[7] toward G performed an extremely impor-
tant role in inducing phosphorescence, elaborating that the 
addition of HACD would indeed improve the phosphores-
cent performance rather than destroying the G⊂CB[7] com-
plex. Based on the measured lifetimes and quantum yields 
of G⊂CB[7] and G⊂CB[7] @ HACD, the ISC rate constants 
(kisc) and the quantum yields of ISC (Φisc) could be calculated 
according to the standard methods,[12b] where the kisc and Φisc 
of G⊂CB[7] @ HACD were 6.02 × 107 S−1 and 0.12, respectively, 
which were higher than that of G⊂CB[7] (1.00  ×  107  S−1  and 
0.013), indicating that G⊂CB[7] @ HACD displayed an enhanced 
ISC process (Table S1, Supporting Information).

In control experiments, the addition bare HA into G⊂CB[7] 
solution cannot obviously enhance phosphorescence inten-
sity and phosphorescence lifetime like HACD, highlighting 
the important role of β-CD in secondary assembly process  
(Figures S22 and S23, Supporting Information). In order to fur-
ther investigate the influence of aliphatic chain length of guest 
molecules on secondary assembly-induced optical changes, 1H 
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NMR experiments were first performed by using β-CD as a refer-
ence host. All protons assigned to G′ showed no obvious chemical 
shifts for G′ or G′⊂CB[7] upon addition of β-CD, proving that 
there was no interaction between β-CD and them (Figure S24, 
Supporting Information). Similar phenomenon could also be 
observed for bare G after the addition of β-CD (Figure S25a,b, 
Supporting Information). Conversely, the dodecyl-chain pro-
tons for G⊂CB[7] underwent a significant downfield shift, veri-
fying that the hydrophobic dodecyl chain that could function 
as binding site for β-CD (Figure S25c,d, Supporting Informa-
tion).[17] The different chemical shifts between β-CD and G or 
G⊂CB[7] were probably derived from the shielding of positive 

charge part of G after encapsulation with CB[7] which was ben-
eficial to the interaction between dodecyl chain and β-CD. Simi-
larly, upon the addition of HACD into G⊂CB[7], an obvious 
downfield shift of the dodecyl-chain protons for G⊂CB[7] was 
found (Figure S26, Supporting Information), directly con-
firming the co-assembly process owing to the multivalent inter-
actions. Moreover, G′⊂CB[7] was also utilized to co-assemble 
with HACD for comparison. The original phosphorescence 
emission of G′⊂CB[7] showed an overall downward trend after 
gradual addition of HACD under the same experimental con-
ditions (Figure S27, Supporting Information). And the phos-
phorescence lifetime of G′⊂CB[7] was roughly comparable to 
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Figure 2. a) Phosphorescence emission spectra (delay = 50 µs) of G⊂CB[7] at 540 nm upon the addition of 0, 0.04, 0.08, 0.12, 0.16, 0.20, 0.24, 0.28, 
and 0.32 mg mL−1 of HACD in water at 298 K ([G] = 1.0 × 10−5 m, [CB[7]] = 3.0 × 10−5 m, λex = 300 nm). Inset: Photographs of the aqueous solutions of 
G⊂CB[7] (I) and G⊂CB[7] @ HACD (II) upon illumination with UV light under ambient conditions. b) Time-resolved photoluminescence decay spec-
trum of G⊂CB[7] @ HACD at 540 nm in water at 298 K. c) The optical transmittance of G, HACD, G⊂CB[7], and G⊂CB[7] @ HACD at 450 nm in water 
([G] = 1.0 × 10−5 m, [CB[7]] = 3.0 × 10−5 m, [HACD] = 0.32 mg mL−1). Inset: Tyndall effects of G (I), G⊂CB[7] (II), and G⊂CB[7] @ HACD (III). d) Size 
distribution determined by scattered light intensity of G⊂CB[7] @ HACD measured by dynamic light scattering. Inset: Transmission electron micros-
copy image of G⊂CB[7] @ HACD in water. e) Diagram of the possible mechanism for supramolecular RTP energy transfer process (Abs. = absorption, 
Fluo. = fluorescence, Non. rad. = non-radiation, ISC = intersystem crossing, TS-FRET = triplet-to-singlet Förster resonance energy transfer).
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that of G′⊂CB[7] @ HACD, which were measured as 0.137 and 
0.149 ms, respectively (Figures S28 and S29, Supporting Infor-
mation). These experimental results consistently indicated that 
the possession of longer aliphatic chain length for G could 
provide extra binding sites to assemble with β-CD due to the 
hydrophobic interaction, which further facilitated the secondary 
assembly process between G⊂CB[7] and HACD. The excel-
lent phosphorescent performance of G⊂CB[7] @ HACD was 
mainly ascribed to the stepwise encapsulation of the part of 
hydrophobic dodecyl chain by β-CD cavity and the subsequent 
noncovalent polymerization effect enabled by HACD, thereby 
leading to the formation of multivalent interactions including 
hydrophobic interaction, electrostatic attraction interactions, 
and multiple hydrogen bonding interactions, and ultimately 
achieving the further inhibition of non-radiative relaxation 
attenuation and the generation of hydrophobic environment 
after secondary assembly that protected the phosphor from 
attack of dissolved oxygen species.

Additionally, the changes of optical transmittance in such 
assembly process were also monitored. Compared with 
blank sample (pure water), there were no obvious changes 
of optical transmittance for free G, HACD, and G⊂CB[7]; 
however, the optical transmittance of G⊂CB[7] at 450  nm 
dramatically decreased after the subsequent assembly with 
HACD (Figure  2c). Both G and G⊂CB[7] showed slight Tyn-
dall effect, whereas an obvious Tyndall effect can be found for 

G⊂CB[7] @ HACD, further indicative of the existence of large 
assemblies (Figure 2c, inset). Subsequently, dynamic light scat-
tering (DLS), transmission electron microscopy (TEM), and zeta 
potential experiments were carried out to explore the specific 
morphologic structure after the co-assembly of G⊂CB[7] and 
HACD. DLS measurements suggested that G⊂CB[7] @ HACD 
assemblies had an average hydrodynamic diameter of 212 nm 
with a narrow size distribution (Figure 2d). Besides, according 
to the number distribution of particles, the majority of obtained 
assemblies were ≈224  nm in diameter while the free HACD 
showed diameter from 100  to 1000  nm (Figures S30  and 
S31, Supporting Information). The TEM images of G⊂CB[7] 
showed a number of small irregular nanoaggregates, while 
G⊂CB[7] @ HACD presented as numerous solid spherical 
nanoparticles with a diameter ranging from 200  to 220  nm, 
which matched well with the DLS results (Figure S32, Sup-
porting Information, and Figure  2d, inset). Moreover, in con-
trast with G⊂CB[7] with a positive zeta potential as 39.1 mV, a 
negative surface potential value (−30.2  mV) was observed for 
G⊂CB[7] @ HACD, implying the distribution of anionic HACD 
on the surface of nanoparticles (Figure S33, Supporting Infor-
mation). Combining above experimental results, we proved that 
the binary complex G⊂CB[7] can definitely further continue 
to co-assemble with HACD to form homogeneous nanoparti-
cles benefiting from the multivalent interactions consisting of 
hydrogen-bond, electrostatic, and hydrophobic interactions.

Adv. Mater. 2022, 2203534

Figure 3. a) Normalized phosphorescence emission spectrum of G⊂CB[7] @ HACD, and the absorption and emission spectra of NiB. b) Phosphores-
cence emission spectra of G⊂CB[7] @ HACD with increasing the doping concentration of NiB in water based on the normalization of phosphorescence 
emission peak at 540 nm. c) Phosphorescence emission spectra of G⊂CB[7] @ HACD (λex =  300 nm), G⊂CB[7] @ HACD/NiB (λex =  300 nm), and 
G⊂CB[7] @ HACD/NiB (λex = 640 nm) in water ([G] = 1.0 × 10−5 m, [CB[7]] = 3.0 × 10−5 m, [HACD] = 0.32 mg mL−1, [NiB] = 6.0 × 10−7 m). d) Time-resolved 
photoluminescence decay spectra of G⊂CB[7] @ HACD/NiB at 540 and 680 nm in water at 298 K.
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Subsequently, given that G⊂CB[7] @ HACD assembly pos-
sessed excellent RTP performance and inner hydrophobic 
layer, it might serve as a potential RTP-harvesting platform 
by loading suitable dye molecules into the assembly. An NIR 
emissive organic dye NiB with positive charge was adopt as the 
acceptor to probe the phosphorescence energy transfer process 
as a result of a clear spectral overlap between the RTP emis-
sion band of G⊂CB[7] @ HACD and the absorption band of NiB 
(Figure 3a). When NiB was added into the aqueous solution of 
G⊂CB[7] @ HACD with the donor/acceptor ratio of 150:1, an 
emerging NIR emission at 680 nm was observed in the gated 
spectra (Figure 3b). Moreover, upon increasing donor/acceptor 
ratio from 150:1  to 150:9, the phosphorescence emission of 
donor intensity at 540  nm was gradually quenched accompa-
nied by a concomitant enhancement of NIR emission intensity 
with a phosphorescence quantum yield of 14.96% (Figure  3c 
and Figure S34a, Supporting Information). Time-resolved decay 
measurements showed that the phosphorescence lifetime at 
540  nm decreased from 0.581 to 0.385  ms, further indicating 
the occurrence of phosphorescence energy process (Figure 3d). 
Accordingly, the efficiency of energy transfer (ΦET) was calcu-
lated to be 34% based on the decreased donor lifetime. Inter-
estingly, the lifetime of this gated NIR emission from the final 
G⊂CB[7] @ HACD/NiB system was a microsecond lifetime as 
64.0 µs, while the HACD/NiB exhibited a nanosecond lifetime 
as 1.95 ns (Figure 3d and Figure S35, Supporting Information). 

And such gated emission peak was consistent with the fluores-
cence emission of bare NiB, demonstrating its characteristic 
NIR delayed fluorescence emission. In addition, negligible 
delayed fluorescence emission was detected when selectively 
exciting G⊂CB[7] @ HACD/NiB system with the optimal wave-
lengths of NiB at 640 nm (Figure 3c). These results clearly illus-
trated that the high-efficiency RTP energy transfer took place 
within the assembly based on the delayed sensitization process 
from triplet of G⊂CB[7] @ HACD to singlet of NiB via the FRET 
mechanism.[18]

In order to verify that G⊂CB[7] @ HACD can function as a 
general phosphorescence-harvesting platform, another anionic 
dye TPPSS was also selected as a receptor to explore the pos-
sibility of RTP energy transfer. Although G⊂CB[7] @ HACD 
assembly showed negative zeta potential, a small amount of ani-
onic dye TPPSS can be still loaded into assembly on account of 
the host–guest interaction between β-CD and TPPSS.[19] TPPSS 
showed a sharp peak at 412 nm and a broad absorption in the 
450–700 nm range, which were assigned to the Soret band and 
Q-band, respectively (Figure S36, Supporting Information). 
Notably, all the Q-band absorptions fall into the RTP emission 
band of G⊂CB[7] @ HACD, suggesting an efficient RTP energy 
transfer process could occur (Figure 4a). In the gated spectra, 
the RTP emission peak at 540  nm markedly declined upon 
continuous addition of TPPSS with the donor/acceptor ratio 
from 150:1  to 150:12, while two new peaks at 645 and 710  nm 

Adv. Mater. 2022, 2203534

Figure 4. a) Normalized phosphorescence emission spectrum of G⊂CB[7] @ HACD, and the Q-band absorption and emission spectra of TPPSS. 
b) Phosphorescence emission spectra of G⊂CB[7] @ HACD with increasing the doping concentration of TPPSS in water based on the normaliza-
tion of phosphorescence emission peak at 540 nm. c) Phosphorescence emission spectra of G⊂CB[7] @ HACD (λex = 300 nm), G⊂CB[7] @ HACD/
TPPSS (λex =  300 nm), and G⊂CB[7] @ HACD/TPPSS (λex =  410 nm) in water ([G] =  1.0 ×  10−5 m, [CB[7]] =  3.0 ×  10−5 m, [HACD] = 0.32 mg mL−1, 
[TPPSS] = 8.0 × 10−7 m). d) Time-resolved photoluminescence decay spectra of G⊂CB[7] @ HACD/TPPSS at 540, 645, and 710 nm in water at 298 K.



© 2022 Wiley-VCH GmbH2203534 (8 of 10)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2022, 2203534

corresponding to the characteristic emission peaks of TPPSS 
formed at the same time and the phosphorescence quantum 
yield was determined to be 16.74% after energy transfer pro-
cess (Figure  4b,c and Figure S34b, Supporting Information). 
No appreciable delayed emission of G⊂CB[7] @ HACD/TPPSS 
was observed when directly excited at 410 nm (Figure 4c). The 
phosphorescence lifetime at 540 nm was shortened to 0.332 ms 
according to the time-resolved decay curves and the ΦET was 
calculated to be 43% (Figure  4d). Importantly, the lifetimes at 
645 and 710 nm for G⊂CB[7] @ HACD/TPPSS were found to be 
0.101 ms and 96.1 µs, respectively, which were distinctly longer 
than the lifetimes of HACD/TPPSS that located at nanosecond 
level as 9.66 and 7.62 ns (Figure S37, Supporting Information). 
These phenomena undoubtedly demonstrated the efficient 
phosphorescence energy transfer process from the triplet state 
of G⊂CB[7] @ HACD to the singlet state of TPPSS. The possible 
mechanism for such supramolecular RTP energy transfer pro-
cess is presented in Figure 2e.

In the light of the excellent delayed NIR emission perfor-
mance of such supramolecular phosphorescence-harvesting 
system, the targeted imaging of cancer cells is attempted to illus-
trate its potential applicability by taking G⊂CB[7] @ HACD/NiB  

as an example. Two types of cancer cells including human 
lung adenocarcinoma cells (A549  cells) and human cervical 
carcinoma cells (HeLa cells) were, respectively, incubated with 
G⊂CB[7] @ HACD/NiB for 24  h, followed by the visualization 
of intracellular NIR emission signal utilizing confocal laser 
scanning microscopy. As shown in Figure 5, both of these 
two cancer cells exhibited bright red signal in the cytoplasm 
and evenly distributed around the nucleus, whereas almost no 
red emission signal was found for normal human embryonic 
kidney cells (293T cells). These imaging results implied that 
G⊂CB[7] @ HACD/NiB was preferentially internalized by cancer 
cells than normal cells by virtue of the HA receptor mediated-
endocytosis.[20] Compared with the traditional cell dyes, such 
phosphorescence energy transfer system concurrently pos-
sesses NIR-emissive property and long microsecond-scale life-
time, which would avoid the interference from background 
fluorescence or autofluorescence for cell imaging. In addition, 
the subcellular localization of such supramolecular assembly 
was probed by employing a commercial lysosome marker 
LysoTracker Green. The co-localization analysis revealed that 
the NIR red luminescence signal overlapped well with the green 
signal of LysoTracker Green as indicated by the emergence of 

Figure 5. a,b,d) Cellular imaging of A549 cancer cells (a), HeLa cancer cells (b), and 293T normal cells (d) after co-staining with the G⊂CB[7] @ HACD/
NiB assembly ([G] =  1.0 ×  10−5 m, [CB[7]] =  3.0 ×  10−5 m, [HACD] =  0.32  mg  mL−1, [NiB] =  6.0 ×  10−7 m). c) Lysosomes co-localization images of 
G⊂CB[7] @ HACD/NiB in living A549 cancer cells. The nuclei were stained by 4,6-diamidino-2-phenylindole (DAPI, blue), which was collected from 420 
to 470 nm. The lysosomes were stained by commercial LysoTracker Green, which was collected from 500 to 550 nm. The NIR channel was collected 
from 650 to 700 nm (Scale bar = 20 µm).
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yellow areas in the merged image, simultaneously presenting 
a high Pearson’s correlation coefficient of 0.88  in A549  cells 
(Figure  5c and Figure S38, Supporting Information). In addi-
tion, the cytotoxicity of such assembly was also evaluated via 
Cell Counting Kit-8 assay. The assay results displayed that the 
viability of these three kinds of cells could all still keep above 
92% after 24 h incubation with G⊂CB[7] @ HACD/NiB ranging 
from 0 to 40 × 10−6 m, indicative of its relatively low cellular tox-
icity (Figure S39, Supporting Information). These results illus-
trated that G⊂CB[7] @ HACD/NiB not only had low cytotoxicity, 
but also possessed specific lysosome-targeting ability of cancer 
cells, which had potential application in NIR imaging of living 
cells for biological research.

3. Conclusion

An aqueous-phase supramolecular phosphorescence-harvesting 
system was successfully constructed by the cascaded assembly of 
G, CB[7], and HACD, which ultimately achieved long-lived NIR 
emission by doping a small amount of NiB or TPPSS and suc-
cessfully being applied in targeted imaging of cancer cells. The 
first confinement of CB[7] promoted the ISC of G due to the 
strong host–guest complexation, meanwhile the secondary con-
finement of HACD derived from the noncovalent polymerization 
further synergistically suppressed the non-radiative transition 
and finally contributed to efficient phosphorescent performance 
because of the formation of multivalent interactions. Signifi-
cantly, benefiting from the delayed sensitization process, the 
efficient phosphorescence energy transfer endowed the doped 
organic dyes with long-lived NIR feature, thereby making it suit-
able for NIR targeted imaging of cancer cells. This study not only 
contributes to the construction of phosphorescence-harvesting 
system concurrently accompanied by long-lived NIR-emission 
performance and targeted biological function in aqueous solu-
tion, but also has potential application values in photocatalysis, 
chemical sensing, photodynamic therapy, and so forth.
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