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a b s t r a c t 

A phosphorescent supramolecular foldamer is conveniently constructed by the 1:1 host–guest complex- 

ation with cucurbit[8]uril and 1,2-diaminocyclohexane-bridged 4-(4-bromophenyl)-pyridinium salt. The 

tightly compact host–guest complexation in molecular foldamer can greatly suppress the fluorescence 

emissive channel and promote the intersystem crossing from singlet to triplet states, thus leading to 

the green phosphorescence at ambient temperature in aqueous solution. More intriguingly, the phospho- 

rescence emission shows very rapid and sensitive responsiveness to different antibiotics in both inan- 

imate milieu and living cells. Remarkably, the limit of detection of such binary inclusion complex to- 

ward sulfamethazine can reach as low as 1.86 × 10 −7 mol/L. Thus, it is envisaged that this supramolec- 

ular nanoplatform featuring unique complexation-enhanced phosphorescence emission may hold great 

promise in sensing and detecting many other biological targets under physiological environment. 

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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Light-emitting nanoconstructs based on cavity-bearing macro- 

yclic compounds have drawn extensive attention due to their 

nique photophysical performance and promising applications in 

aterial science [1–3] and biological technology [ 4 , 5 ]. The stud- 

es on photoactive supramolecular assemblies have been recently 

xtended from fluorescence- to phosphorescence-based purely or- 

anic nanosystems with persistent room-temperature lumines- 

ence [ 6 , 7 ], because the latter has more immense advantages, such 

s longer lifetime [8] , larger Stokes shift [9] , and their reliabil- 

ty and practicability under biological environments [10] . In this 

ontext, host–guest complexation with cucurbiturils (CBs), a fam- 

ly of carbonyl-rich macrocycles with rigidified molecular skele- 

ons [ 11 , 12 ], can greatly reduce the nonradiative decay and pro-

ote the intersystem crossing (ISC) from singlet to triplet states 

hrough multiple cooperative noncovalent interactions [ 13 , 14 ], thus 

acilitating the enhancement of phosphorescence emission in solu- 

ion [15] and solid state ( Scheme 1 a) [16] . Consequently, diverse 

B-enhanced phosphorescent nanostructures with peculiar topo- 

ogical features and physicochemical functionalities have been in- 

estigated over the past few years, which have greatly broadened 

he research scope for photoactive supramolecular nanoassem- 

lies. Nevertheless, besides the optimization of photophysical per- 
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ormance, the utilization of macrocycle-binding-induced room- 

emperature phosphorescence (RTP) for effective sensing and de- 

ection under aqueous/physiological environments is still challeng- 

ng. 

Antibiotics are a type of medications directed against bacterial 

nfection. Although they have anti-pathogen and other vital bioac- 

ivities in the life process, the extensive misuse and abuse of an- 

ibiotics can eventually lead to severe drug resistance and environ- 

ental pollution. Therefore, the development of advanced and ef- 

cient sensing and detection methods toward antibiotics is highly 

mperative. However, most popular antibiotic-sensing methods 

nd technologies are derived from liquid chromatography, mass 

pectrometry, and capillary electrophoresis [17] , which are time- 

onsuming and require installation and operation of costly instru- 

ents. In this work, a supramolecular foldamer was constructed 

y the host–guest complexation between 1,2-diaminocyclohexane- 

ridged 4-(4-bromophenyl)-pyridinium salt ( G ) and cucurbit[8]uril 

CB[8]), which can produce strong complexation-induced RTP in 

queous media. The linear G molecule can be driven by the CB[8]- 

nvolved complexation to adopt a foldamer-like secondary struc- 

ure [18] . Significantly, the phosphorescence emission has ultra- 

igh sensitivity toward selected antibiotics ( Scheme 1 b). Moreover, 

hosphorescence imaging results showed that the biocompatible 

 ⊂CB[8] supramolecular foldamer can be further applied in the 

etection of excessive antibiotics in living cells. Since there is a rel- 

tive paucity of studies on the supramolecularly RTP-based sensing 
stitute of Materia Medica, Chinese Academy of Medical Sciences. 

]uril-mediated phosphorescent supramolecular foldamer for an- 
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Scheme 1. (a) Illustration of the Jablonski diagram for radiative and non-radiative 

processes via CB-based supramolecular regulation strategy. (b) Schematic represen- 

tation and proton designation of 1:1 host–guest complex between G and CB[8] and 

its phosphorescent sensing toward antibiotics. 

Fig. 1. Partial 1 H NMR spectra of G upon addition of CB[8] in D 2 O at 25 °C 
([ G ] = 0.2 mmol/L). 
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Fig. 2. (a) Photoluminescence spectra of G (50 μmol/L) with 0–1.0 equiv. of CB[8] 

in water ( λex = 340 nm). (b) The CIE 1931 chromaticity diagram of G with different 

molar ratios of CB[8] in water in accordance with (a). Inset: photographs of G before 

(left) and after (right) addition of 1.0 equiv. of CB[8] in water. (c) Phosphorescence 

emission spectra of G (50 μmol/L) in the presence of 0–1.0 equiv. of CB[8] in water 

(delayed by 0.1 ms, λex = 340 nm). (d) Normalized excitation, photoluminescence 

and phosphorescence (delayed by 0.1 ms) spectra of G ⊂CB[8] complex in water. 
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latforms toward antibiotics, our work may open up a new direc- 

ion for the application of purely organic RTP in the bio-related 

elds. 

The homoditopic pyridinium guest G was synthesized by 

he reaction of 4-(4-bromophenyl)pyridine and chlorinated 1,2- 

iaminocyclohexane (Figs. S1–S3 in Supporting information). The 

roton signals of aromatic moieties (H a–d ) underwent a dramatic 

omplex-induced upfield shift upon addition of CB[8] with slow 

ynamics, indicating that the 4-(4-bromophenyl)-pyridinium moi- 

ty was encapsulated in the cavity of CB[8]. The chemical shift 

hanges of proton signals of G reached the equilibrium state with 

 equiv. of CB[8] ( Fig. 1 ). After validating the 1:1 binding stoi-

hiometry by Job plot, the binding constant ( K S ) was measured as 

.59 × 10 6 L/mol using the nonlinear least-squares curve-fitting 

ethod (Figs. S4 and S5 in Supporting information). 
2 
Diffusion-ordered NMR spectra (DOSY) showed that the diffu- 

ion coefficients of G and G ⊂CB[8] at 1.0 mmol/L were determined 

s 3.62 × 10 −10 and 2.83 × 10 −10 m 

2 /s, respectively (Fig. S7 in Sup- 

orting information). These diffusion coefficients indicate the quite 

imilar molecular sizes between G and G ⊂CB[8] complex [19] . In 

ddition, no change in chemical shifts of the guest molecule G was 

bserved in the 1 H NMR spectra of G ⊂CB[8] complex at different 

oncentrations (Fig. S8 in Supporting information). These results 

emonstrated that the structure of G ⊂CB[8] complex was fairly 

table in the diluted solution and no large-sized polymeric species 

as formed even at relatively higher concentration. Moreover, after 

crutinizing the peak pattern of G ⊂CB[8] complex, the resonance 

eaks of interior protons (H x–y ) in CB[8] host were split into two 

dentical sets. This phenomenon indicates that two carbonyl-laced 

ortals of CB[8] were located in an asymmetric environment dom- 

nated by different positive-charge distribution. 

The formation of a 1:1 binary species was further evaluated 

y mass spectrometry. The intense m / z peak at 996.2459 could 

e assigned to [ G + CB[8] − 2Cl] 2 + and the interval of two ad- 

acent peaks was observed as 0.5 in the electrospray-ionization 

ass spectrometry (Fig. S9 in Supporting information). In addi- 

ion, no discrete n:n complex with CBs (n > 1) was found in the 

on-mobility mass spectrum (Fig. S10 in Supporting information) 

 20 , 21 ]. Taken together, we can reasonably propose a foldamer- 

ased 1:1 binding mode for the binary G ⊂CB[8] complex, in which 

wo pyridine moieties of the guest molecule make close contact 

ith each other at one carbonyl-laced portal of CB[8] and may 

dopt partially overlapping conformation in the CB[8] cavity, thus 

eaving the cyclohexyl center outside the cavity [22] . This 1:1 bind- 

ng mode is largely contributed to the existence of flexible cyclo- 

exyl moiety, which is distinctive from the 2:2 host–guest system 

ossessing a rigidified linker group [15] . 

Subsequently, the photophysical behaviors of 1:1 foldamer-like 

 ⊂CB[8] complex was investigated. As shown in Fig. 2 a, the emis- 

ion peak of G initially appeared at 390 nm, accompanied by the 

teady enhancement at 510 nm upon addition of CB[8]. No simi- 

ar phenomenon was observed for G with the homologue of cucur- 

it[7]uril (CB[7], Fig. S11 in Supporting information). The CIE 1931 

hromaticity diagram further showed the emission color changes, 
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Fig. 3. (a) Molecular structure of SMZ. (b) Photoluminescence spectra of G ⊂CB[8] 

complex ([ G ] = [CB[8]] = 10 μmol/L) with addition of SMZ (0–5 μmol/L) in aque- 

ous solution ( λex = 340 nm, Inset: photographs of G ⊂CB[8] complex before and 

after addition of SMZ). (c) Stern-Volmer plot of G ⊂CB[8] complex upon addition of 

SMZ in aqueous solution. (d) ( I max - I )/( I max - I min ) vs. Log[SMZ] plots in aqueous solu- 

tion. 
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xhibiting weak blue and strong green photoluminescence before 

nd after addition of CB[8], respectively ( Fig. 2 b). Time-resolved 

hotoluminescence spectroscopy (delayed by 0.1 ms) further cor- 

oborates the strong phosphorescence emission by G ⊂CB[8] com- 

lex at 510 nm ( Figs. 2 c and d). To confirm whether the new peak

t 510 nm came from phosphorescence emission, the steady-state 

pectrum was recorded after argon was bubbled into the solu- 

ion. As expected, when bubbling with argon, the G ⊂CB[8] solution 

howed an enhanced emission peak at 510 nm, whereas no appre- 

iable change was observed for the oxygen-insensitive fluorescence 

mission at 390 nm, indicating that the photoluminescence in the 

ong-wavelength region is originated from triplet state (Fig. S12 

n Supporting information). Furthermore, as shown in Figs. S13a 

nd b (Supporting information), as the temperature decreased, the 

hosphorescence intensity and lifetime gradually increased, from 

hich the possibility of thermally activated delayed fluorescence 

hould be excluded [ 23 , 24 ]. Therefore, we can clearly refer that the

avorable RTP in aqueous solution is achieved in the supramolecu- 

ar foldamer. 

To better understand the phosphorescence generation mech- 

nism of G ⊂CB[8] foldamer, quantitative calculations were per- 

ormed using the density functional theory (DFT) and time- 

ependent DFT (TD-DFT). As shown in Fig. S13c, (Supporting in- 

ormation) the optimized structure showed that the phenylpyri- 

inium moiety of guest molecule was wrapped in the CB[8] cav- 

ty, which could prohibit the non-radiative transition and deter the 

uest molecule from self-quenching in aqueous solution. Mean- 

hile, the guest molecules adopted a head-to-head form with fa- 

orable π-stacking interaction in the cavity of CB[8]. All these 

avorable molecular conformations are believed to enhance the 

SC pathway. Indeed, theoretical calculations showed that there 

ere many feasible ISC channels between the involved singlet 

tate and triplet states (S 1 → T n ) and the energy gaps between S 1 
nd T n ( �E ST , n = 3–6) were lower than 0.3 eV (Fig. S13d in

upporting information). Therefore, the combination of low �E ST 

nd relatively larger spin-orbit coupling (SOC) coefficients could 

e jointly contributed to the favorable RTP emission in aqueous 

olution [25] . 

Time-resolved fluorescence and phosphorescence decay curves 

f G ⊂CB[8] complex were then measured (Figs. S14 and S15 in 

upporting information). The lifetime ( τ ) of the emission at 390 

m was determined to be 176.9 ps, corresponding to the short- 

ived fluorescence-emission species. In contrast, the emission at 

10 nm gave a much longer lifetime on the order of microseconds 

nder ambient condition ( τ = 0.77 ms) and the τ value further 

ncreased to 3.18 ms under argon atmosphere. Meanwhile, quan- 

um yield ( �) tests showed the G ⊂CB[8] complex had strong phos- 

horescent emission of 8.4% quantum yield. Also, lacking oxygen 

s quencher, the quantum yield of G ⊂CB[8] complex could be en- 

anced to 15.1% under argon atmosphere (Figs. S16 and S17 in Sup- 

orting information). The ISC rate constant ( k isc ), and the radiative 

nd nonradiative decay rate constants ( k 
phos 
r and k 

phos 
nr ) phospho- 

escence were accordingly calculated as 4.76 × 10 8 , 1.09 × 10 2 , 

nd 1.19 × 10 3 s −1 , respectively (Table S1 in Supporting informa- 

ion) [26] . 

We next tested the photoluminescence spectral changes 

n the presence of some antibiotics. Sulfamethazine (SMZ), a 

ulfanilamide-derived anti-infective agent and an environmental 

ontaminant, was selected as the drug analyte ( Fig. 3 a). As judged 

rom Fig. 3 b, the photoluminescence emission of G ⊂CB[8] complex 

as seriously quenched upon addition of SMZ. The phosphores- 

ence emission at 510 nm could be sharply declined upon the ad- 

ition of 0.5 equiv. of SMZ, while no obvious change was observed 

or the fluorescence emission at 390 nm. The luminescent color 

f the SMZ@( G ⊂CB[8]) solution simultaneously turned from light 

reen to blue. In addition, the phosphorescent sensing behaviors of 
3 
 ⊂CB[8] complex toward SMZ was also investigated by the Stern- 

olmer relationship. The quenching constant ( K S-V ) and the limit 

f detection (LOD value) were calculated as 1.59 × 10 5 L/mol and 

.86 × 10 –7 mol/L, respectively ( Figs. 3 c and d). 

The investigation on photoluminescent sensing behaviors of 

 ⊂CB[8] complex has been extended to other antibiotics, including 

itrofurazone (NFZ), nitrofurantoin (NFT), metronidazole (MNZ), 

mipenem (IPN) and thiamphenicol (TPN, Fig. S18 in Supporting 

nformation). As shown in Fig. S19 (Supporting information), the 

hotoluminescence titration spectra and quenching efficiency of 

 ⊂CB[8] complex toward different analytes were obtained, reveal- 

ng that SMZ, NFT and NFZ gave much higher quenching efficiency. 

he absorption of the G ⊂CB[8] foldamer had small spectral over- 

ap with most of used antibiotics at 340 nm (Fig. S20 in Sup- 

orting information). However, given that the fluorescence inten- 

ity of G ⊂CB[8] complex at 390 nm was almost unchanged in the 

ntibiotics-sensing process, the attenuation of excitation energy 

rising from the overlapped absorption bands as a predominant 

ole can be ruled out. Also, the UV-vis absorption of selected an- 

ibiotics was not significantly changed before and after addition of 

B[8], suggesting that the guest molecule G could not be expelled 

rom the CB[8] cavity by the competitive binding of antibiotics 

Fig. S21 in Supporting information). Therefore, the mechanism be- 

ind the antibiotics-induced quenching of G ⊂CB[8] phosphores- 

ence probably results from the photoinduced electron transfer 

PET) from G ⊂CB[8] in an excited state to antibiotics, which is gen- 

rally accepted as one of main sensing pathways in the lumines- 

ence detection for antibiotics [ 27 , 28 ]. 

In order to verify this PET mechanism, the phosphorescence 

ifetimes ( τ ) were measured after adding different concentrations 

f SMZ. As shown in Fig. S22 (Supporting information), the fitting 

f 1/ τ vs. [SMZ] gave a good linear plot and the slope of the Stern-

olmer plot ( k q ) was obtained as 1.08 × 10 9 L mol –1 s –1 , corre-

ponding to a typical electron transfer reaction controlled by dif- 

usion [29] . Then, quantum chemical calculations were performed 

o confirm the electron-transfer pathway. As shown in Figs. S23–

25 (Supporting information), the highest occupied molecular or- 

ital (HOMO) of the antibiotics lay at a higher energy level than 

he lowest unoccupied molecular orbital (LUMO) of G ⊂CB[8] com- 

lex. Thus, upon excitation at the T 1 state, it is favorable to real- 

ze electron transfer from antibiotics to the G ⊂CB[8] complex and 
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Fig. 4. Confocal laser scanning microscopic images of 293T cells incubated with 

(a–c) G ⊂CB[8] complex ([ G ] = [CB[8]] = 10 μmol/L) and (d–f) SMZ and G ⊂CB[8] 

complex ([SMZ] = 10 μmol/L). 
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ause the phosphorescence quenching [30] . Besides, it is found that 

he energy gaps between the calculated S 0 state and the antibi- 

tics were too large to allow the electron transfer or concomitant 

uorescence quenching. The energy gaps between the HOMO of 

ifferent antibiotics and the β-LOMO of G ⊂CB[8] complex were 

lso calculated (Fig. S26 and Table S2 in Supporting information). 

aking NFZ and TPN as examples, the former with low value of en- 

rgy gap could result in strong quenching effect toward the phos- 

horescence of G ⊂CB[8] complex, whereas the latter with high 

alue ( > 0.6 eV) had no obvious quenching ability. These theoreti- 

al calculation results are basically consistent with the experimen- 

al observation. 

Finally, the applicability of phosphorescent antibiotics sensing 

as examined in the living cells. The safety of G ⊂CB[8] foldamer 

as evaluated by measuring the cellular viability of human em- 

ryonic kidney cell line (293T). After incubation at different con- 

entrations ranging from 10 to 150 μmol/L for 12 h, over 90% cell 

iability was maintained, due to the nontoxicity and good bio- 

ompatibility of G ⊂CB[8] complex (Fig. S28 in Supporting infor- 

ation). Meanwhile, strong green phosphorescence was observed 

n the 293T cells under laser irradiation by confocal laser scan- 

ing microscopy, indicating that the obtained G ⊂CB[8] complex 

ould be easily internalized in cells and showed unconventional 

hosphorescent bioimaging ability without undesired interference 

 Figs. 4 a–c). In keen contrast, when the cell line was co-incubated 

ith SMZ and G ⊂CB[8] complex, the phosphorescence emission 

as effectively quenched under the same experimental condi- 

ion ( Figs. 4 d–f). These results demonstrate that the phosphores- 

ent sensing of G ⊂CB[8] complex toward antibiotics could be well 

pplied under cellular environment. Since the phosphorescence- 

ased detection methods have lower background interference and 

onger lifetime, the complexation-induced phosphorescence may 

ave more potential applications in many other biological fields. 

In conclusion, the present study demonstrates that benefitting 

rom the tight encapsulation with CB[8], the homoditopic pyri- 

inium guest G can adopt an intramolecular folding mode with 1:1 

ost–guest complexation, which can produce strong RTP emission 
4 
n aqueous solution ( τ = 0.77 ms, � = 8.4%). Significantly, the ob- 

ained phosphorescent G ⊂CB[8] foldamer could selectively detect 

MZ, NFZ and NFT via PET process in both inanimate milieu and 

iving cells. Thus, we can envision that the unique phosphorescent 

ntibiotics-sensing properties can not only promote our molecular- 

evel understanding of the nature of purely organic RTP phenom- 

na but also expedite the development of supramolecularly self- 

ssembled RTP materials for environmental monitoring and disease 

reatments. 
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