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a b s t r a c t

Adenosine triphosphate (ATP), known as a common metabolic product in organism, is not only impor-

tance to provide energy in various cellular activities but also is widely explored in the bio-inspired syn-

thetic supramolecular area which becomes a fascinating topic with the rapid development of biology,

chemistry and materials science. In this review, the recent advances about ATP interacted with functional

small organic compounds and metal coordinated complexes are summarized. The design principles, its

function as an active supramolecular matrix, the associated non-covalent binding modes and assembly

induced properties including the optical properties, morphologies are presented in details. Besides, their

applications for metal ion detecting, enzyme activity monitoring and drug delivery are described due to

their excellently dynamic assembly properties, adjustability, and response to stimuli. Finally, an overview

of the existing challenges and future prospects of ATP-induced supramolecular systems are also discussed.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Phosphate derivatives, for instance, nucleoside polyphosphates,

phosphatide, as well as phosphoproteins, represent vital anionic

entities that assume crucial roles in cellular biology [1–4]. Among

them, adenosine triphosphate (ATP) bearing three phosphate moi-

eties with negative charges, stands as a popular exemplar of a nu-

cleoside polyphosphate. As a ubiquitous substrate in numerous bi-

ological reactions, ATP provides the primary energy, fueling the

molecular motors in living organisms within our bodies [5–8]. Its

indispensability as a metabolite and critical biological signaling

molecule also underscores its pivotal involvement in diverse cel-

lular activities [9,10]. Perturbations in ATP levels have been closely

linked to pathological conditions including cardiovascular diseases,

cerebral ischemia, hypoglycemia, and Parkinson’s disease [11–14].

ATP also assumes the role of an essential neurotransmitter [15] and

exhibits a propensity for assembly [16]. It facilitates fast ligand-

gated synaptic transmission at neuro-neural synapses [17], while

∗ Corresponding authors.

E-mail addresses: aiyeye@huzn.edu.cn (Y. Ai), shenjl@wiucas.ac.cn (J. Shen),

yongguangli@hznu.edu.cn (Y. Li).

Zn2+ appears to regulate ATP’s excitatory effects on mammalian

neurons [18]. ATP also acts as a substrate for signal-regulating

enzymes such as adenylyl cyclase as well as kinases, playing

a critical role in storing and retrieving intracellular biological

information.

Recent advances highlight extensive exploitation of instant self-

assembly processes in nature [19–21] involving molecules like ATP

and guanosine triphosphate (GTP) with functional performances

through dissipative high energy [22,23]. Nature’s vast repertoire

serves as a wellspring of inspiration for novel ideas, particularly

the endeavor to mimic or replicate the intriguing properties of

biological systems in non-living counterparts, which has garnered

significant attention. The study of supramolecular self-assembly,

a ubiquitous process in cellular environments and a prevalent

phenomenon in nature, has witnessed widespread exploration

across various disciplines. At the cellular and molecular scales,

self-assembly represents an orderly arrangement of individual

constituents into specific proteins or functional nanostructures,

facilitated by weak noncovalent interactions in a state of thermo-

dynamic equilibrium [24]. Supramolecular chemistry, focused on

thermodynamically driven non-covalent self-assembly processes,

presents a powerful tool for realizing intricate structures in arti-
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ficial systems that emulate biological constructs. These endeavors

not only advance our understanding of life’s origins in nature but

also enable the development of multiplex structures with bio-

inspired features [25–32]. Consequently, ATP-depletion-mediated

self-assembly has garnered significant interest in supramolecular

chemistry. By employing ATP as a co-assembling component,

multi-responsive systems can be designed, and ATP can serve

as a trigger in self-assembly processes by facilitating structural

transitions. ATP, with its amphipathic chemical structure, primarily

comprises a hydrophobic and planar aromatic pyrimidine base

linked to a moderately polar ribose unit, which, in turn, con-

nects to a highly hydrophilic triphosphate moiety bearing four

ionizable units. Under physiological conditions, ATP is generally

regarded as a hydrotrope [33,34], facilitating the solubilization of

hydrophobic components through self-association. Additionally,

the four ionizable groups demonstrate pH-dependent degrees of

ionization.

The distinctive molecular characteristics of ATP provide excel-

lent design principles for self-assemblies when utilizing ATP as

a component. Various weak non-covalent interactions, including

electrostatic interactions, hydrogen bonding, π–π interactions, and

host-guest interactions, play pivotal roles in self-assembly pro-

cesses. In the realm of synthetic organic supramolecular chem-

istry, similar to DNA/RNA aptamers, the integration of ATP pro-

vides alternative strategies for construction of complexity building

blocks and co-assembly in diverse self-assembly systems. More-

over, ATP-fueled systems feature prominently in the emerging

field of non-equilibrium self-assembly [19,20,23,35–38]. However,

in most cases, the ionic properties of ATPs, featuring up to ATP4−

ions, preferentially form intense electrostatic assemblies with pos-

itively charged polyelectrolytes or receptors [39,40].

Optical signal is highly sensitive, non-invasive and non-contact

remote control, which can be directly observed by naked eyes as

well as optical instruments. Once chromophores are introduced to

the various ATP systems, the self-assembly processes can be con-

veniently monitored, offering an approach to investigate the as-

sembly mechanism [41–46]. Based on the self-assembly of ATP

and chromophores induced optics changes, they are explored as

biosensors including monitoring enzyme activities [47–49] and

ATP-responsive drug carries [50–57]. On the other hand, metal ions

such as Mg(II), Ca(II), Zn(II), Fe(II), Fe(III), Cu(I), and Cu(II) also play

irreplaceable roles in the biological systems of living organisms.

Pathological disorders and neurodegenerative diseases are usually

caused if the metal ions are out of the balance in the biological

system [58–62]. The supramolecular assembly of ATP containing

free organic ligands can cause drastically optical property changes

which can be visualized and detected by instruments, once coordi-

nated with metal ions [63–66]. Importantly, it provides a powerful

strategy to better understand the biochemical processes through

real-time monitoring the spectroscopic changes. Combined with

the anti-cancer drugs, it can be utilized to monitor the release of

drug vectors for cancer treatment due to the remarkably high level

of ATP expression in cancer cells.

So far, ATP-driven assembly systems and materials, especially

their equilibrium and non-equilibrium self-assembly from mecha-

nisms, morphologies, architectures to application in biology, chem-

istry and materials have been reviewed [67–74]. In this concise

review, we mainly focus on ATP-induced supramolecular assem-

bly with chromophoric organic molecules and metal complexes

(Fig. 1). Firstly, we introduce different ATP recognition motifs, pri-

marily centered around cationic receptor groups. We also summa-

rize the photophysical properties and optical activities arising from

ATP-induced self-assembly, including significant spectral changes

and induced circular dichroism. Furthermore, we discuss the di-

verse architectures exhibiting various morphologies under ATP reg-

ulation. The precise modulation of self-assembly morphologies, en-

Fig. 1. Summary of ATP-induced small molecules assembly, optical properties and

sensing applications.

compassing desired geometry, dimension, and shape-modifiable

behavior, can be achieved by controlling ATP stimulation levels. Fi-

nally, we delve into the application areas of ATP, specifically its role

in detecting metal ions, monitoring enzyme activity and drug de-

livery as well as the existing challenges and future prospects.

2. ATP-induced supramolecular assembly properties

2.1. The binding modes of receptors to ATP

Nucleotides are essential biological phosphate molecules that

serve as the building blocks of DNA and RNA. They consist of one

or more phosphate groups connected by phosphoanhydride bonds,

which release significant amounts of energy during hydrolyzed

process. Among nucleotides, ATP shows a key role in cellular en-

ergy transfer, acting as the molecular currency for hundreds of cel-

lular reactions [75]. ATP can be considered to consist of the purine

base adenine, the sugar ribose, and a triphosphate group linked by

phosphodiester bonds [76]. The phosphate moiety of ATP facilitates

multivalent electrostatic interactions, the adenine base contributes

hydrophobic and hydrogen bond interactions, and the ribose group

also participates in hydrogen bonding. The unique structure of ATP,

with its various non-covalent binding modes, makes it an impor-

tant natural supramolecular synthesizer and has been extensively

studied in ATP-induced self-assembly systems. Furthermore, ATP

bearing chiral d-ribose groups is inclined to induce supramolec-

ular chirality [77]. Various receptors exhibit diverse binding modes

with ATP, particularly within the cationic receptor group (Fig. 2).

For instance, ammonium and guanidine groups bind to ATP primar-

ily through electrostatic interactions, with guanidine groups also

forming salt bridges. Metal complexes, such as zinc cations, inter-

act with ATP through a clipping mechanism. The details and pic-

tures reported by some research groups are shown in Supporting

information (Section 2.1).

The design of ATP-induced self-assembly involves the incorpo-

ration of receptor units into the chromophore of fluorescent sig-

nals, enabling the binding of ATP through diverse mechanisms. The

ammonium group serves as an efficient mediator for ATP bind-

ing, primarily through electrostatic interactions. On the other hand,

the guanidinium group forms a “salt bridge” interaction, which

encompasses cumulative hydrogen bonding, electrostatic interac-

tions, together with proton transfer. This unique property allows

for the incorporation of guanidine receptors into various synthetic

monomers, expanding their applicability. Lastly, metal groups facil-

itate ATP binding through a clipping mechanism. These distinct ap-

proaches showcase the versatility and potential of receptor-based

strategies in ATP-induced self-assembly.
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Fig. 2. (a) Chemical structural features and 3D energy minimum structure of ATP. (b) Chemical structure and binding modes of ATP receptor groups.

Fig. 3. (a) Emission spectral changes of 10 upon increasing ATP concentration. Reprinted with permission [90]. Copyright 2013, Royal Society of Chemistry. (b) left: UV–

vis spectra of 11; right: Photographs of 11/ATP under (Top) visible and (Bottom) UV light. Reprinted with permission [91]. Copyright 2022, Wiley-VCH Verlag GmbH.

Co.KCaA.Weinheim. (c) UV–vis spectra of 12 through nucleation-growth self-assembly mechanism induced by ATP. Reprinted with permission [21]. Copyright 2018, Springer

Nature. (d, e) Different methods A and B of CT formation between molecules 8 and 13 driven by ATP. Reprinted with permission [92]. Copyright 2014, John Wiley and Sons.

2.2. ATP assembly induced multiple optical properties

ATP, as a fundamental building block to construct the optical-

active superstructures, is deemed as a standard reference in the

related optical materials field [78,79]. The electrostatic interac-

tion between the four negatively charged triphosphate functional

groups on ATP and positively charged receptors facilitates molecu-

lar proximity, leading to not only supramolecular assembly but also

notable optical changes such as UV–visible (UV–vis) absorption and

near-infrared (NIR) emission, as well as distinct optical activities.

Phosphorescent organoplatinum(II) complexes, for instance, are

renowned for their uniquely square-flat configuration and propen-

sity for the formation of non-covalent metal-metal interactions,

through which molecular aggregation are usually induced result-

ing in variable luminescent properties [80–89]. The ATP-induced

supramolecular assembly of cationic alkynylplatinum(II) terpyri-

dine complex (10) has been investigated by Yam’s research group

[90]. The complex 10 is emissive at visible regions. When 10

was introduced to an aqueous buffer solution containing ATP at

room temperature, the enhanced emission intensity in the low-

energy NIR region at 768 nm was observed accompanying with

the appearance of a broad absorbing shoulder at 510 nm, due to

the formation of metal-metal and π-π packing interactions. Ob-

viously, the NIR emission is originated from the metal-metal-to-

ligand charge transfer (3MMLCT). The emission intensity was also

found to increase gradually upon increasing the ATP concentration

(Fig. 3a).

Zn(II)-coordinated complexes present another typical species

to investigate their optical behaviors in the presence of ATP. Liu

et al. synthesized a series of terpyridine-Zn(II) complexes derived

with furan, thiophene, and pyrrole substitutes [91]. The 11 can be

used to detect ATP from adenosine diphosphate (ADP), adenosine

monophosphate (AMP), cytidine triphosphate (CTP), GTP, and uri-

dine triphosphate (UTP) with the formation of gels, accompanied

by blue fluorescence emission (Fig. 3b). In aqueous media, absorp-

tion bands at approximately 330 and 345 nm were appeared for 11,

originating from π→π ∗ ligand center (LC) transition of the terpyri-

dine moiety. Upon addition of ATP (0.25 equiv.), the observation of

a slight increase in intensity at 368 nm in the 11/ATP system sug-

gests the formation of co-assemblies.

Acceptor-donor-acceptor (A-D-A) molecules are also commonly

explored to construct supramolecular architectures with fascinat-

ing photophysical properties. The A-D-A complex 12, comprising

the π-conjugated oligo(p-phenylacetylene) and DPA-Zn(II) phos-

phate moieties as donor and acceptor, respectively, was designed

and prepared by George and coworkers [21]. Owing to its A-D-
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A structure, the complex exhibited a dormant state by sliding

packing model, however, the reassembly process can be triggered

after the addition of ATP. UV–vis absorption spectroscopy was

employed to investigate the ATP-induced self-assembly process

(Fig. 3c). 12 can well dissolved in CH3CN, while in HEPES/CH3CN

mixtures, short aggregates were formed. Intriguingly, upon intro-

duction of ATP, the reassembly of 12 was induced with a time-

dependent gradual red-shift absorption band from 448 nm to 478

nm, as depicted in Fig. 3c. The UV–vis spectra of 12 suggests

a nucleation-growth self-assembly mechanism was adopted upon

the addition of ATP. Compared with molecular receptors possess-

ing monodentate site, ATP can induce a redshift in the absorp-

tion spectrum when combined with multi-components. The same

group further reported the ATP-induced assembly of 8 and 1,5-

dialkoxynaphthalene (DAN) (13) bearing DPA functional pendants

(Figs. 3d and e) [92]. After addition of ATP to 13, a gradual red-

shift of the UV–vis absorption band was observed with decreas-

ing intensity. Meanwhile, the intensity of the monomer emission

band at 342 nm was gradually decreased, accompanying with the

appearance of a new emission band at 472 nm. The prominent

bathochromic emission band indicate a preassembly of 13 induced

by the stacking of the chromophoric pendants in the ground state

due to the absence of vibrational characteristic of the excimer

emission. Further investigation of the heterodimerization of 13 and

8 was carried out to construct the charge transfer (CT) assemblies.

After addition of 1 equiv. ATP to the preassembled 13 and 8, the

appearance of absorption band at 510 nm suggests the formation

of complexes between the D-A pairs of 8 and 13 with a ground-

state CT characteristic. The in situ assembly of 13 and 8 monomers

and ATP was also observed the ground state CT absorption band

within a few seconds (Fig. 3d). The spectroscopic investigations re-

veal the ATP clippers played a key factor in facilitating appropriate

chromophore preorganization from excimer to ground CT state for-

mation.

Further expanded the π-conjugate donor moiety, perylene

bisimide (PBI) chromophore (14) modified with a terminal DPA-

Zn(II) receptor motif was synthesize (Fig. 4a) [93]. 14 is in the

monomolecular state in CH3CN due to its good solubility, while

the introduction of water induced interchromophoric binding fa-

cilitated by hydrophobic-hydrophobic and π-π stacking interac-

tions. To monitor the spectral changes during ATP titration, the re-

searchers examined the UV–vis absorption spectra. They observed

a gradually decrease in absorbance as well as the broadening of

the absorption band until no significant change in λmax upon ad-

dition of ATP (0.5 equiv.). However, the peak maxima underwent a

redshift, from 499 and 535 nm to 514 and 564 nm, respectively, fi-

nally reaching saturation at 0.8 equiv. ATP exceeding. Additionally,

as the ATP concentration increased from 0.5 equiv. to 1 equiv., the

emission intensity around 550 nm of H1-aggregates was gradually

decreased along with the increasing emission intensity around 675

nm of H2-aggregates, accompanied by a gradual decrease in H1-

aggregate emission (Fig. 4b). These obtained spectra indicate that

the increased concentration of ATP induced conformations trans-

formation from H1- to H2-state. The results provide valuable in-

sights into the impact of ATP on the conformations and behavior

of the PDPA assembly.

The anionic polyphosphate was also found to accelerate the

aggregation of conjugated polymers featuring cationic ammonium

siding groups. This aggregation behavior resulted in a redshift and

quenching of the polymer fluorescence [94,95]. Based on this ob-

servation, Schanze et al. investigated the assembly behaviors of

a porphyrin derivative with ammonium cations (15) induced by

ATP [96]. The self-assembly process occurred under the coopera-

tion of electrostatic and noncovalent interactions between 15 and

polyphosphate negative ions. To characterize the formation of por-

phyrin aggregates, UV–vis absorption and emission spectroscopies

Fig. 4. (a) The molecular structure of 14 and the probably schematic morphologies

transformation of PDPA-assembly inducing by ATP. Reprinted with permission [93].

Copyright 2014, Royal Society of Chemistry. (b) The UV–vis absorption (left) and

emission (right) changes during the transformations form H1 to H2 upon ATP bind-

ing. Reprinted with permission [93]. Copyright 2014, Royal Society of Chemistry.

(c) The molecular structure of 15 and images of 15 and 15-ATP water solution un-

der UV (365 nm) and sunlight illumination. Reprinted with permission [96]. Copy-

right 2019, American Chemical Society. (d) The UV–vis absorption (left) and emis-

sion spectra (right) of 15 in water upon increasing ATP concentrations. Reprinted

with permission [96]. Copyright 2019, American Chemical Society.

were employed. These techniques are well-suited for determining

the aggregate mechanism [97–102]. The addition of ATP induced

self-quenching of porphyrin fluorescence resulting in a reduction

in the Soret transition extinction (Figs. 4c and d). The naked color

drastic changing from colorless to light green provides a visual

method of ATP sensing capabilities (Fig. 4c). The blue-shift of the

Soret band indicates the formation of H-aggregate, accompanied by

fluorescence quenching of the porphyrin molecules (Fig. 4d). The

absorption and fluorescence data suggested the presence of strong

interchromophore interactions within the 15-ATP assembly, poten-

tially arising from the stacking of porphyrin macrocycles to form

“card-wrapped” H-aggregate structures.

2.3. ATP-induced chiroptic transfer and amplification

ATP can also serve as a chiral gene to induce supramolecu-

lar chirality during the assembly process, primarily attributing

to the presence of D-ribose groups. For instance, the cationic

porphyrin 15 also exhibited supramolecular induced chiroptical

properties in the presence of ATP [96]. The positive (402 nm) and

negative (415 nm) circular dichroism (CD) signals with isochronic

point observed at 405 nm, immediately emerged and intensely

increased upon the addition of ATP, which is in line with the

Soret band region in the UV–vis absorption spectra. Additionally,

time-dependent CD spectra of 15-ATP showed that the CD in-

tensity alleviated increasing with time and reached its maximum

after 30 min. These observations suggest that the self-assembly
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Fig. 5. (a, b) CD spectra changes to characterize the transformation of 14 from

H1 to H2 aggregates upon ATP titration. Reprinted with permission [93]. Copyright

2014, Royal Society of Chemistry. (c) The CD curves at 495 nm upon gradually ad-

dition of different kinds of phosphates. Reprinted with permission [103]. Copyright

2015, Royal Society of Chemistry. (d) Above: the scheme of helicity reversal in ar-

chitectures of 14 through binding competition of AMP, ADP and ATP; below: The

chiral behaviors of molecule 8 adopted a majority rules using ATP and ADP mix-

tures. Reprinted with permission [105]. Copyright 2014, Springer Nature.

of 15-ATP complexes can be attributed to the robust electrostatic

interactions between the porphyrin cations and phosphate anions,

yielding supramolecular CD-activity. The CD signals also elucidated

that these assemblies provided an optically active environment for

the porphyrin chromophore, indicative of a helical structure.

George and his colleagues demonstrated that in the ATP-

induced PDPA assembly system, no monomers 14 could be found

indicating its complete assemble [93]. Subsequent CD titration ex-

periments revealed that the CD signal remained almost inactive

until the introduction of ATP (0.5 equiv.) with the formation of H1

state, but the signal abruptly increased upon further adding of ATP

and reached its maximum till the addition of one equiv. of ATP

with the aggregation transformation from H1 to H2 state. The CD

spectra exhibited a positive (518 nm) and negative (480 nm) max-

ima, with a zero crossover (507 nm). The CD spectra were also in

line with the PBI UV–vis absorption spectra (Fig. 5a). This also sug-

gested the right-handed supramolecular helical structures of the

PBI chromophore was formed in the H2 state (Fig. 5b).

Similar to ATP, the phosphate analogues such as Pi, AMP, py-

rophosphoric acid (PPi), were also investigated to study their influ-

ence on the chirality transfer in supramolecular systems. George’s

group demonstrated that a complete cycle of helix mutation could

be realized through the refined modulation of preassembled archi-

tectures via continuously exchanged negative charged phosphate

analogues [103]. Initially, the racemic assembly (rac)-14-Pi was

formed by π-stacking of molecules 14 and electrostatic interaction

among Pi and 14, due to the inorganic monophosphate Pi[(PO4)
3−].

Subsequently, AMP was gradually added to the above system lead-

ing to the formation of (M)-14-AMP, which was confirmed by the

emergence of a negative bisignate CD signals. Upon further addi-

tion of ATP, the CD signal underwent a reversal with the emer-

gence of a positive bisignate signal instead of the negative signal,

accompanying with an isochromatic point with a zero crossover

at 423 nm and yielding a (P)-14-ATP. While, as the diphosphate

PPi was introduced to the (P)-14-ATP stack, the intensity of the

CD spectra was gradual decrease, eventually leading to complete

CD-silence at high PPi concentrations. This transition indicated the

transformation from (P)-14-ATP to (rac)-14-PPi stacks (Fig. 5c). This

dynamic helical inversion among (rac)-14-Pi/PPi, (M)-14-AMP and

(P)-14-ATP helix indicating the counterions exchange strategy to

refine the chirality of the supramolecular is efficient.

Based on the counterions exchange induced chirality transfer

and amplification concept, they further demonstrated the tunable

and dynamic helicity switching of chiral amphiphilic peptides

(APs). Another examples are the chromophores NDI derivatives

8 and 9 could be induced possessing supramolecular helical as-

sembly upon addition of ATP [104]. The compound 8 exhibited an

opposite chirality when bound to ADP or ATP. The presence of AMP

or ADP induced a left-handed (M-helicity) conformation in the

NDPA assembly, according to the negative bisignated CD spectrum.

However, the addition of ATP induced the chiral inversion, result-

ing in a right-handed (P-helicity) arrangement, according to the

positive bisignated CD spectra. The different adenosine phosphates

induced contrasting chirality in the NDI assemblies, prompting

the researchers to investigate dynamic helical inversion through

binding competition among multivalent phosphate derivatives. The

researchers conducted titration experiments using compound 9

in the presence of ADP (0.5 equiv.). To the above supramolecular

systems, ATP were gradually added. As the content of ATP reached

to 0.5 equiv., a positive bisignated CD signal emerged, in accor-

dance with the CD signal obtained from 9-ATP directly assemblies.

Similar chirality reversal experiment was also found of compound

8 [105]. The M-helicity species of 8-AMP and 8-ADP were formed

with intense CD signals. The CD intensity of both (M)-8-AMP

and (M)-8-ADP was increased upon successive addition of small

amounts of ATP (Fig. 5d). CD signal inversion occurred through

progressive increments in intensity during addition of each portion

of ATP. Moreover, the negative to positive signals transition was

indicative of a stereoscopic mutation, further suggesting (P)-8-ATP

aggregates were formed through binding competition of ATP with

AMP or ADP.

Since the ATP is found in organism to provide energy, the bio-

logically inspired synthetic supramolecular systems have also ex-

plored which can be driven by controllable chemically fuels to

achieve transient helical conformational transition, nonequilibrium

dynamics, tunable stereo-mutation rates, and transient conforma-

tional lifetimes [23]. Two “tandem enzymes”, hexokinase (HK) and

creatine phosphokinase (CPK), were employed to catalyze ATP for-

mation and decomposition to regulate the stereoscopic mutational

dynamics between (M)-8-ADP and (P)-8-ATP. Upon the addition of

ATP to the solution of 8 and HK, a positive Cotton effect was im-

mediately formed, indicating the conformation formation of (P)-8-

ATP. Subsequently, the transformation from (P)-8-ATP to (M)-8-ADP

was triggered by HK due to the consumption of ATP and genera-

tion of ADP and glucose-6-phosphate and the process was mon-

itored by time-dependent CD spectra. The transient conformation

persisted for several hours, after which the CD signal gradually re-

versed and exhibited a growing negative bisignated CD signal, cor-

responding to a P-M stereo-mutation. The catalytic reaction was

further confirmed by 31P NMR experiment. Dynamic light scatter-

ing (DLS) measurement showed no obvious scattering size changes

during the reaction process as well as the initial and final states,

demonstrating the conformational change from (P)-8-ATP to (M)-

8-ADP without obviously disassembly of the aggregates of 8. Intro-

duction of the sacrificial agent of phosphocreatine, (P)-8-ATP were

also able to converted to (M)-8-ADP with the reversal Cotton ef-

fect (Fig. 6a). The investigation provides a new way to develop chi-

rotechnological and biomimetic applications.

Rational designed CT complexes were also found to show

remarkable amplified chiroptics [92]. Different from the formation

of excimers from pure compounds 13 or 8, mixed cofacial CT

complexity were formed after mixing 13 and 8 with a molar

ratio of 1:1. The strongly coupled bisignated CD signal of the

5
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Fig. 6. (a) The scheme of the supramolecular helical conversion of 8 controlled

by the competitive electrostatic interaction between ATP and ADP. Reprinted with

permission [23]. Copyright 2017, John Wiley and Sons. (b) Overlaid spectra of CD

changes of the consecutively (red curve) and simultaneously (blue curve) added

ATP and 12 to the pre-grown seed. Reprinted with permission [21]. Copyright 2018,

Springer Nature. (c) Chemical structure of 17, and schemes of the preparation of

SOF-17 via homodimerization between the coumarin moieties in 17 and cucur-

bit[8]uril (CB[8]) and adaptive chirality of SOF-17 induced by ATP. Reprinted with

permission [106]. Copyright 2023, John Wiley and Sons. (d) Scheme of self-assembly

and disassembly of 11 with glum =0.20 induced by ATP and apyrase, respectively.

Reprinted with permission [91]. Copyright 2022, John Wiley and Sons.

mixtures of chromophores 8 and 13 was observed after combining

with ATP through electrostatic interaction (1 equiv.). This CT

complexity exhibited distinct chiroptical spectroscopies compared

to these of individually organized NDI and dipyricloethylenedi-

amine chromophores. A broadening Cotton effect band of 350 nm

was observed, accompanied by the observation of 365–332 nm

zero-crossing, indicating the formation of chiral co-organized CT

complexity. Furthermore, a monosignated Cotton effect band with

a maximum at 500 nm appeared, in line with the absorption re-

gion originating from the CT transition, providing evidence for the

presence of a hybrid CT component with strong exciton coupling

and helical organization [22]. Besides, π-conjugated oligo(p-

phenylacetylene) chromophore with phosphate receptors 12 was

designed to study temporal supramolecular polymerization [21].

The A-D-A molecule 12 could be assembled into small aggregates

in MeCN/HEPES (1:9; v/v). Upon the addition of ATP, the self-

assembly process was triggered via a nucleation elongation mech-

anism with appearance of a positive bisignated CD signal (Fig. 6b).

Besides CD properties, circularly polarized luminescence (CPL)

is another important characteristic to estimate the materials per-

formance. For instance, a supramolecular organic framework (SOF)

prepared from 17 and CB[8] was designed by Cao et al. (Fig. 6c)

[106]. The molecular 17 possessed TPE and coumarin as the chro-

mophore and polymerization functional moieties, respectively. The

dimer of coumarin was formed by adopting a head-to-tail pack-

ing mode in the CB[8] cavity by the host and guest complexa-

tion. Hence, SOF-17 was obtained via homodimerization between

the coumarin moieties in 17 and CB[8]. The chirality was induced

by addition of ATP by electrostatic interactions between ATP and

the methylated pyridine. As the ATP reached 0.4 equiv., a signif-

icantly enhanced CD signal of a negative Cotton effect from 323

nm to 406 nm was detected. This enhancement was attributed to

the formation of chiral P-SOF-17, as a consequence of the stronger

binding affinity between SOF-17 and ATP. The high binding inter-

action limited the corotating conformation of the TPE unit within

the SOF structure, enhancing the chirality transfer and aggregation-

induced emission behaviors. The ATP induced P-SOF-17 exhibited

right-handed supramolecular CPL property with a luminescence

dissymmetry factor (glum) of −10−4. These findings provide com-

pelling evidence that the chiral properties of ATP can be trans-

ferred to the SOF-17, leading to the formation of P-SOF-17 or M-

SOF-17 with dynamic CPL characteristic. Other adenosine deriva-

tives, peptides as well as protein could be also interacted with SOF-

17 with high-performance CPL behaviors.

Liu et al. developed a serials of metal coordinated complexes

with specific identification of ATP with a remarkable glum =0.2

from other nucleotides derivatives including ADP, AMP, UTP, GTP,

CTP and so on [91]. Upon addition of ATP, the furan substituted

terpyridine-Zn(II) complex 11 exhibited Cotton effect with a posi-

tive signal at 368 nm in the CD spectrum and a distinct positive

CPL band at 460 nm indicating the presence of chirality informa-

tion in the excited state. The researchers demonstrated that helical

fibers was formed due to the following factors, including the co-

ordination between the Zn(II)-terpyridinium groups and the phos-

phate anions of ATP, the π-π stacking interactions among the con-

jugated systems of 11, and the intermolecular hydrogen bonding

interactions. Subsequently, the helical fibers intertwining together

with the formation of hydrogel, resulting in the remarkable CPL

emission (Fig. 6d). So far, this is the first example to utilize CPL to

detect ATP from the analogues.

Overall, the interaction between ATP and various rational de-

signed molecular systems can induce supramolecular assembly, al-

ter optical properties, and regulate conformation transformations,

providing a strategy for the development of functional molecular

materials and sensors.

2.4. ATP-regulated self-assembly morphology

The ATP-mediated supramolecular assembly of different func-

tional molecules not only brought distinct optical and chirop-

tical properties, but also showed diverse morphologies, which

might have effect on the optical performances. Some relevant sci-

entific research results are described in Supporting information

(Section 2.4). Study from the activity of living organisms, the dy-

namic assembly of the artificial synthesized organic molecules,

metal coordinated complexes as well as copolymers can be

achieved driven by ATP fuels. The concentration of ATP plays a cru-

cial role in controlling the assembly morphology, while the pres-

ence of ATP hydrolase realizes the reversibility of the architectures.

The research about the bio-responsive materials will be beneficial

to mimic the biological activities.

3. Applications of ATP-induced luminescent materials

3.1. Metal ions detection

It is well-known that metals such as Mg, Ca, Zn, Fe, and Cu play

crucial roles in the biological systems of living organisms [107,108].

For instance, these metals are essential for various biological pro-

cesses, including enzyme catalytic activity and the maintenance of

structural stability in chromosomes [109–111]. However, both defi-

ciency and excess of these metals can lead to variously pathologi-

cal disorders, such as gastrointestinal disturbances, liver or kidney

damage, and neurodegenerative diseases [112]. Therefore, the de-

tection of metals is of great importance in biomedical and environ-

mental science. It is imperative to develop probes that possess high

selectivity and sensitivity to detect metal ions. Hence, in this sec-

tion, we present some simple approaches for metal ion detection

based on the supramolecular complex formation between cationic

polymers and ATP.

In 2013, Wu et al. reported a visualized colorimetric probe

to probe Cu(II) in water. They utilized a cationic polythiophene
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Fig. 7. (a) Scheme of the preparation of the visual probe and the mechanism to detect Cu(II). Reprinted with permission [63]. Copyright 2013, Royal Society of Chemistry.

(b) Scheme of the selectivity and luminescent switch of 18 with ATP and Cu(II). Reprinted with permission [65]. Copyright 2021, Royal Society of Chemistry. (c) Visualized

luminescence changes of 19 for detecting Fe(III). Reprinted with permission [113]. Copyright 2022, Elsevier. (d) The selective detection of Ca(II) by AuNP/ATP particles.

Reprinted with permission [64]. Copyright 2022, John Wiley and sons.

derivative and ATP as chromophore and fuels, respectively, to con-

struct the probe. The probe exhibited a low detection limit of Cu(II)

(0.05 mmol/L) [63]. The interaction between Cu(II) and ATP pro-

pelled the dissociation of the complexity between polythiophene

derivative and ATP. This led to a conformational conversion of the

polymer chain, resulting in a visible color change in the probing

system from pink-red to orange with variable Cu(II) (Fig. 7a). Re-

cently, a luminescence sensor, named Mito-A (18), was designed

and synthesized as shown in Fig. 7b [65]. The luminescence of

Mito-A was quenching upon the coordination between 18 and

Cu(II), resulting in the luminescence turn-off. Upon addition of ATP

the fluorescence was turn-on immediately due to the competed

binding interaction with Mito-A.

Besides the phosphorescence metal coordinated complexes, the

polymers are also explored as luminescent sensor. For example,

diketopyrrolopyrrole pendant poly(carbazole-alt-thiophene) (19), a

π-conjugated luminescent polymer was prepared via Sonogashira

coupling polymerization using Pd(II) as catalyst [113]. This emis-

sive π-conjugated macromolecular probe exhibited selectivity to-

wards Fe(III), resulting in the quenching of the orange emission.

However, upon introducing ATP to the metallopolymer, a signifi-

cant enhancement in emission intensity is observed as illustrated

in Fig. 7c. This emission enhancement of the polymer is due to the

coordination between ATP and Fe(III) through electrostatic interac-

tions.

Ca(II) was also probed by AuNPs in the presence of ATP [64].

These cationic AuNPs overcome the electrostatic repulsion between

ATP molecules, leading to the precipitation of AuNP-ATP aggre-

gates. However, upon the addition of Ca(II) to the system, the

charges are screened and coordination interaction occurred be-

tween ATP and Ca(II). The coordination, in turn, regulated the

strength of electrostatic attraction between negatively charged ATP

and positive charged AuNPs as depicted in Fig. 7d.

The relative studies provide valuable insights into the detection

of metal ions using supramolecular complexes of cationic poly-

mers and ATP. The developed colorimetric and fluorescent probes

exhibit high selectivity and sensitivity for specific metal ions, en-

abling their detection in various biological and environmental con-

texts. These findings contribute to the advancement of metal ion

sensing methodologies and significant potential for diverse appli-

cations.

3.2. Enzyme activity monitoring

ATP, well-known as a nucleoside polyphosphate, is widely rec-

ognized as a critical energy source for various metabolic pathways.

It undergoes hydrolysis catalyzed by ATPase, leading to the forma-

tion of ADP and Pi, thus releasing free energy. ATP also serves as a

phosphate donor in kinase-catalyzed phosphorylated reaction. Ki-

nases, as phosphorylases, utilize ATP to transfer phosphate groups

to specific substrates [114]. Conversely, alkaline phosphatase (ALP),

a membrane-bound enzyme present in almost all living organ-

isms’ tissues, exhibits broad substrate specificity, catalyzing the hy-

drolysis or transphosphorylation of diverse phosphate compounds

in vitro. ALP is known for its non-selective hydrolysis of phospho-

anhydride bonds, decomposing ATP into inorganic Pi and organic

adenosine. Several approaches are explored to study the kinetics of

the crucial enzymes, including radioisotope-based assays, modified

substrates, and laborious sampling and analysis procedures. How-

ever, there is still necessary to develop more convenient prepara-

tion and detection processes. This section focuses on several de-

tection probes that not only determine target substrates but also

facilitate the convenient monitoring of enzyme kinetics involved in

these catalytic transformations.

The terpyridine platinum(II) complex 10 with hydroxyl ligand

was demonstrated to be shown self-assembly properties in aque-

ous solution, which can be governed by the polyanionic nature

of ATP and phosphopeptide [90]. Hence, the self-assembly be-

havior with drastic spectroscopic changes could be designed as a

real-time probe for monitoring the enzymatic activities of ATPase.
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Fig. 8. (a) Scheme of the disassembly of 10 under ATPase-catalyzed reaction of

ATP. Reprinted with permission [90]. Copyright 2013, Royal Society of Chemistry.

(b) Scheme of the assembly/disassembly of 15 induced by ATP and ALP, respec-

tively. Reprinted with permission [96]. Copyright 2019, American Chemical Society.

(c) Scheme of enzymatic action on the transformation of (P)-NDPA-ATP, (M)-NDPA-

ADP and (rac)-NDPA-Pi. Reprinted with permission [105]. Copyright 2014, Springer

Nature. (d) Scheme of nucleation-growth and seeded assembly of 12 and ATP under

enzymatically modulation. Reprinted with permission [21]. Copyright 2018, Springer

Nature. (e) Conformation conversion of 8 controlled by CPK and HK. Reprinted with

permission [23]. Copyright 2016, John Wiley and Sons. (f) Scheme of the trypsin

(Trp) enzymatic activity modulated by GumBAn and ATP. Reprinted with permission

[117]. Copyright 2017, Royal Society of Chemistry.

The experimental results confirmed that ATP was decomposed into

ADP and Pi under the catalyst of ATPase. The aggregates of 10 and

ATP were disassembly with drastic apparent color and emission

changes (Fig. 8a). Schanze et al., in 2019, developed a reversible

double-helix assembly system to investigate the enzymatic activity

monitoring [96]. Their work focused on amino cationic porphyrin

compound 15. Complexation with ATP, double helical superstruc-

ture was formed, which can be disassembly into monomers as ALP

was introduced to catalyze ATP hydrolysis. Subsequently addition

of ATP can trigger the reassembly of the double helical nanostruc-

tures. Meanwhile, the NIR luminescence of 15 switched off induced

by the ATP-induced aggregation accompanying with distinct color

changes from light yellow to green. The emission and naked eye

colors can be mediated by ATP and ALP, thus provide a visualized

sensor for ATP and ALP detection (Fig. 8b).

Liu et al. employed apyrase derived from potatoes ATPase to

investigate the in situ hydrolysis of 11/ATP through the time-

dependent CPL changes [91]. The experimental setup involved the

addition of apyrase to the 11/ATP assembly, with the CPL signal

monitored with time at 25 °C. The CPL signal at 460 nm rapidly

decreased within the initial 10 min, indicative of enzymatic hydrol-

ysis drove ATP to be converted to ADP and AMP. The kinetics of

this process demonstrated that the CPL signal gradually declined

with increasing enzyme concentration. The CPL signaling was re-

sumed upon the subsequent addition of ATP. Thus, the intensity

of the CPL signal could be served as an indirect information for

monitoring the enzyme activity through ATP. Calf intestinal alka-

line phosphatase (CIAP) enzyme is recognized for its ability to cat-

alyze the hydrolysis of all three forms of AP, resulting in the dis-

sociation of adenosine and phosphates. A C3-symmetrical terpyri-

dine Tb(III) probe was developed to monitor the direct enzymatic

reaction of ATP with CIAP via luminescence changes [115]. The

spheroidal structure with enhanced luminescence was formed due

to the noncovalent interaction between Tb(II) complex and ATP.

The luminescence would be quenched upon the addition of CIAP.

CIAP was also employed to elucidate the response of chiral APs

to tunable handedness and dynamically switchable helicity [105].

The experimental design involved a supramolecular helical assem-

bly comprising of self-assembled NDI chromophores that were ter-

minally modified with Zn(II)-coordinated dipyricloethylenediamine

receptor motifs (8). Notably, binding of AMP or ADP induced an

opposite handedness in the helical assembly compared to that of

ATP. Upon the addition of CIAP to the system, the helical hand-

edness of the 8 stacks underwent dynamic reversal, owing to the

conversion of ATP to ADP or AMP via enzymatic hydrolysis. This

reversal of helicity was illustrated in Fig. 8c. The kinetics of this

process exhibited a rapid spiral reversal with increasing enzyme

concentration. In a recent study, a turn-on fluorescent probe based

on AMP and Tb(III) coordinated polymer has been developed. The

probe was successfully used to detect fluoroquinolone residues in

milk samples with the detection limits to 0.01 μmol/L [116].

In an attempt to mimic the growth and dynamics of actin, the

researchers aimed to design a highly selective assembly process for

ATP. They hypothesized that, by implementing time-controlled en-

zymatic hydrolysis of ATP to ADP, rapid assembly similar to actin

could be achieved [21]. To demonstrate this phenomenon, potato

apyrase was chosen as the enzyme for depolymerized investiga-

tion because of its high-performance enzymatic activity. Initially,

the A-D-A compound 12 combined with ATP concentration at low

enzyme concentration facilitated the dominant instantaneous self-

assembly of the target structure. As the enzyme concentration in-

creased, the hydrolysis of ATP became more rapid, resulting in a

concomitant disassembly of the assembly with an accelerated rate.

This relationship between enzyme concentration, ATP hydrolysis,

and assembly disassembly is depicted in Fig. 8d.

ATP can serve as a valuable tool for monitoring the interac-

tion between two enzymes, such as phosphatases and kinases,

in a manner akin to a tandem system. To confirm this concept,

George and colleagues chose NDPA, a derivative of naphthalene

diimide, as a phosphate receptor [23]. They employed two kind

of complementary phosphoryl transferase enzymes (HK and CPK)

to construct the biologically inspired “tandem enzyme” approach.

In addition to the ATP-hydrolyzing enzyme HK, CPK was utilized

to induce biochemical oscillations in the circadian rhythm, lead-

ing to the formation of (P)-8-ATP through non-equilibrium pro-

cesses (Fig. 8e). Specifically, HK facilitated the transfer of a phos-

phate group from ATP to glucose (G), resulting in the formation of

glucose-6-phosphate (G6P) and ADP. Meanwhile, CPK transferred

phosphate from the sacrificial reagent phosphocreatine (PCr) to

ADP with the formation of ATP and the side product of creatine

(Cr).

In a recent report, the diblock copolymer was designed to mod-

ulate enzyme activity (Fig. 8f). The ATP-responsive molecular glues,

named GumBAn, possessed numerous Gu+ on the arm chains to-

gether with large quantities of BA pendants [117]. These molec-

ular glues exhibited high affinities for ATP due to the formation

of multiple Gu+/PO4
− salt bridges and 1,2-diol/BA covalent bonds.

Among them, Gu12BA12 was found to transiently inhibit the activ-

ity of Trypsin (Trp) through hybridization, potentially leading to

the agglomeration of Trp and hindering access to its active site

for enzyme substrates. Conversely, in the presence of ATP, the high

affinity promoted ATP competitively binding to Trp, thereby disso-
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ciating Gu12BA12 and restoring the enzymatic activity of Trp. ATP

and ADP can also be served as effective indicators of enzyme ac-

tivity through competitive interactions with luminescent probes.

A notable example of this approach was demonstrated by Prints

and colleagues in 2015. They utilized AuNP passivated by a ter-

minated thiols monolayer modified with a 1,4,7-triazacyclononane

(TACN)·Zn(II) head group as a fluorescent probe [118]. This probe

exhibited distinct behavior depending on the presence of ATP or

ADP. Specifically, the fluorescent probe remained freely dispersed

in solution in the presence of ATP, while the probe was captured

by the AuNP in the presence of ADP, leading to the luminescent

quenching. The fluorescence signal exhibited a linear response to

different ratios of ATP/ADP, enabling the monitoring of protein ki-

nase activity by introducing an equal amount of enzyme and sub-

sequently measuring the luminescent intensity.

Up to now, various detection probes have been developed to

monitor the kinetics and activities of enzymes involved in ATP

hydrolysis. These probes utilize self-assembly properties, lumines-

cence changes, helical assembly dynamics, and competitive binding

interactions with ATP and ADP. These innovative approaches pro-

vide convenient and efficient means to study enzyme activity and

enable the monitoring of enzymatic transformations in a more ac-

cessible and practical manner.

3.3. Drug delivery and cancer diagnosis

Cancer is one of the hardest diseases to treat [119,120]. ATP,

originating from biology, is essential during the process of phys-

iological metabolism. Especially, intracellular ATP levels is re-

markably higher in the cancer cells due to the enhancement of

glycolytic metabolism [121,122]. ATP are deemed as a powerful

biomarker for cancer diagnosis because of its key role during the

proliferation and spread process of cancer cells [123,124]. Wang et

al., for example, designed a hybridization chain reaction (HCR) am-

plification approach based on extracellular ATP activation to create

three DNA probes, including H1-ATP aptamer duplex, Apt-trigger

and hairpin H2 [125]. A quencher (BHQ1) and a fluorescein (AF488)

were used to labeled the opposite side of the H2 stem. In order

to precisely identify cancer cells, ATP aptamers can bind to acti-

vated ATP as recognition units. The isolated H1 then produces HCR

with H2, amplifying the fluorescence signal. Furthermore, the con-

trol experiments from UTP, GTP, and CTP revealed that only ATP

could cause a noticeable HCR and increased fluorescence intensity

due to the particular site recognition of ATP and aptamers.

Meanwhile, drug delivery systems (DDSs) based on nanocarri-

ers, with the advantages of good stability, high drug loading ca-

pacity, and controlled drug release, provide a promising application

in anti-cancer therapy [126–129]. The primary purpose of DDSs is

to kill cancer cells within the body. Researchers have created ATP-

mediated nanocarrier DDSs because the incredibly high amount of

ATP found in cancer cells can be utilized as an efficient internal

stimulant to control intracellular drug release.

Doxorubicin hydrochloride (Dox) is a significant anthracycline-

based hydrophobic anticancer medication, and its fluorescence

characteristics can be utilized as a foundation for tracking Dox

release levels. As a result, numerous nanocarriers such as meso-

porous silica carriers [130,131], DNA nanocarriers [132,133], li-

posome nanocarriers [134], polymer nanocarriers [135,136], and

nanoporous metal-organic framework (NMOF) carriers [137,138]

are coated with Dox have been thoroughly investigated. Gu

et al. developed an ATP-responsive DNA motif, protamine, and

hyaluronic acid (HA) cross-linked shells to create a nanocarrier-

based DDSs that can encapsulate Dox [54]. The HA shell can se-

lectively be broken down by hyaluronidase as the nanocarriers en-

tered the cancer cells. The exposed DNA motif aptamers attach to

ATP with a high quantity in cancer cells, causing the nanocarri-

Fig. 9. (a) Left: the mechanism diagram of Dox release from ATP-responsive

nanocarrier conformational transformation; Right: fluorescence spectrum of re-

leased Dox from ATP concentration-dependent Dox/Duplex. Reprinted with permis-

sion [54]. Copyright 2014, Springer Nature. (b) Left: ATP-responsive mechanism dia-

gram of releasing Dox and Rhodamine 6G from hydrogel-coated NMOF; Right: Con-

trast fluorescence spectra of a blank control (1), other analogues TTP (2), GTP (3),

CTP (4), and ATP (5) triggered release Dox. Reprinted with permission [139]. Copy-

right 2017, John Wiley and Sons. (c) Schematic diagram of ATP triggering QDs@TA-

PEG/Dox dissociation assembly to release Dox. Reprinted with permission [140].

Copyright 2018, John Wiley and Sons. (d) The mechanism diagram of ATP in cancer

cells triggering the binding of GroEL-Dox to the target protein plectin, leading to

the release of Dox by GroEL conformational conversion. Reprinted with permission

[141]. Copyright 2018, American Chemical Society.

ers to undergo conformational modification and selectively release

Dox. The fluorescence intensity of released Dox was measured by

incubating Dox/Duplex at various ATP concentrations (Fig. 9a). At

the ATP concentration of 8.0 mmol/L, a notable recovery of Dox flu-

orescence was determined, indicating the vector’s robust drug re-

lease capability at high ATP concentrations. They further explored

hybrid nanoaggregates of two single-stranded DNA, graphene ox-

ide (GO), and ATP aptamers cross-linked by graphene as Dox car-

riers [56]. The loading capacity of Dox is greatly increased by π-π
stacking interaction between GO and Dox.

The ATP-responsive NMOF coated with hydrogel was reported

by Willner and co-workers using a cross-linking technique be-

tween two polyacrylamide chains, PA and PB (Fig. 9b). Subse-

quently, the ATP aptamer was loaded in hairpin in Fig. 9b la-

beled as (4), modifying with PA chain [139]. Upon ATP binding

to the ATP aptamer in cancer cells that ATP was overexpressed,

breaking down the hydrogel covering and releasing either the an-

ticancer medication Dox or Rhodamine 6G wrapped in NMOFs. The

NMOFs-loaded medication had been fully released determined by

the time-dependent fluorescence curve of ATP triggered Dox re-

lease. Furthermore, the rates of Dox release can be controlled by

the ATP concentration. A higher degree of loaded medications will

be released with the increase in ATP concentration. It was also

demonstrated that the release of NMOFs and hydrogel-coated Dox

exhibited selectivity because other triphosphate nucleotides, like

GTP and UTP, could not cause the release of Dox. The study also

showed that compared to nucleic acid-gated NMOFs, hydrogels

coated NMOFs have a larger loading capacity and less leakage [57].

Chen’s group used tannic acid (TA) and CdSe@ZnS quantum

dots (QDs) to prepare QDs@TA phenolic nanoclusters (NCs) as
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nanocarriers [140]. Polyethylene glycol (PEG) was introduced to the

carrier surface in order to increase their biocompatibility. The flu-

orescence of NCs was quenched because of the short-distance en-

ergy transfer of self-assembled QDs and the catechol group on TA.

Once the QDs@TA-PEG/Dox was injected into cancer cells, due to

the nature of ATP binding with metal, ATP would replace TA bind-

ing with QDs, further breakdown NCs, and release Dox (Fig. 9c).

Meanwhile, the fluorescence intensity of Dox recovered after the

destruction of NCs by ATP. These ATP-responsive nanocarriers with

fluorescent on-off characteristics showed great benefit for DDSs

and fluorescence imaging applications.

Natural proteins with double cage structures, like GroEL, can

also be employed as Dox carriers. The unique structure makes

GroEL a suitable delivery system for the hydrophobic medication

Dox. Nie et al. discovered that elevated ATP concentrations in can-

cer cells caused GroEL-Dox to specifically bind to plectin, a tar-

get protein that is aberrantly expressed on tumor cell membranes

[141]. Subsequently, GroEL-Dox underwent a conformational tran-

sition resulting in the conversion of a hydrophobic protein cavity

into a hydrophilic one (Fig. 9d). Hydrophobic Dox was extruded

and released into the nucleus, causing cancer cells to undergo

apoptosis.

The chemotherapy medication pemetrexed (PMX) can also be

utilized as a model anticancer agent through host-guest interac-

tion with a water-soluble pillar[6]arene (WP6A) as carrier [142]. In

order to construct a stable complex between ATP and WP6A, over-

expressed ATP can substitute PMX in a competitive manner. It was

discovered that the complex released PMX, which shut off the en-

ergy supply of the efflux pump and gave cancer cells a synergistic

therapeutic benefit. Other studies have demonstrated that ATP can

stabilize amorphous calcium carbonate and act as a source of phos-

phorus for coating anti-cancer medications as calcium carbonate

carriers [143,144]. So far, numerous studies have shown the critical

role that ATP plays in cancer treatment, particularly in the trans-

port of medications. ATP-responsive DDSs is the primary method

which break down carriers by ATP aptamers to release the drugs

at tumor location and improve therapeutic effects.

4. Summary and outlook

ATP as a ubiquitous substrate in various biological reactions, has

garnered significant attention in the field of supramolecular chem-

istry due to its ability to mediate self-assembly processes. Through

the interaction of ATP, a series of monomeric molecular units con-

nected by non-covalent bonds can assemble into supramolecular

polymers. Under physiological conditions and at neutral pH, ATP is

generally considered to be water-soluble. In ATP-induced synthetic

systems, the phosphoric acid components of ATP facilitate multiva-

lent electrostatic interactions, while the adenine bases contribute

hydrophobic and hydrogen bond interactions. Additionally, the ri-

bose groups present in ATP can participate in hydrogen bonding

interactions. Moreover, ATP exhibits non-covalent chiral induction

properties, allowing it to act as a chiral promoter in supramolecu-

lar assemblies due to the presence of chiral d-ribose groups. Var-

ious types of cationic receptors have been developed to bind ATP,

either through electrostatic interactions or through molecular clip-

ping.

The interaction between the positively charged receptor and

the negatively charged triphosphate functional groups in ATP ini-

tiates supramolecular assembly and induces significant changes in

photophysical properties. The presence of ATP leads to redshifts

in the ultraviolet spectrum and enhances fluorescence. Simulta-

neously, ATP can promote the aggregation of luminescent groups

and self-assembly, resulting in fluorescence quenching. Particularly,

ATP exhibits specific binding affinity towards certain organic phos-

phorescent metal complexes, such as Pt(II), which tend to engage

in non-covalent metal-metal and π-π packing interactions, lead-

ing to pronounced color and emission variations upon assembly.

The spectral changes observed in these systems can be utilized to

monitor the extent of self-assembly. Furthermore, due to the chi-

ral d-ribose groups present in ATP, ATP-induced self-assembly can

exert control over chiral signals and even govern helical mutation

cycles from racemic components to both left- and right-handed he-

lices, ultimately transitioning into racemic stacks. This rational de-

sign, enabling unprecedented regulation of spiral mutation cycles,

holds great promise for applications in switchable, enantioselec-

tive, and microtechnological systems. Several ATP-driven chiral as-

sembly systems have also demonstrated specific recognition of ATP

through CPL. The development of adaptive chiral fluorescent mate-

rials exhibiting both CD and CPL responses offers unique insights

into the design of chiral functional materials and expands the po-

tential applications of such materials.

Moreover, the morphology of self-assembled structures can be

intricately controlled by precisely modulating the levels of ATP

stimulation during the assembly process. This precise regulation

empowers the attainment of anticipated geometries, dimensions,

and shape-changing behavior. Additionally, the reversible decom-

position of ATP assemblers in response to phosphatase intro-

duces novel avenues for ion-ion interactions and enzyme-mediated

transient self-assembly nanotechnology. This remarkable capabil-

ity paves the way for the development of complex chiral struc-

tures and the design of active functional materials that emulate

the properties of naturally occurring biomaterials. Such materials

hold the potential to serve as drug release systems with controlled

release capabilities tailored for biological environments.

Certain metal polymers exhibit remarkable sensitivity and se-

lectivity for ATP over other biologically relevant anions such as

ADP and AMP. This pronounced discrimination arises from the

significantly stronger electrostatic interactions between the metal

polymer and ATP. Notably, these metal-polymer systems manifest

noticeable color changes, discernible to the naked eye under 365

nm light, making them promising candidates for ATP detection.

Consequently, ATP-induced self-assembly in the context of metal

ion detection offers a valuable strategy for the design and de-

velopment of simple, selective, and sensitive metal-polymer-based

probes to detect chemical and biologically relevant analytes. How-

ever, it is crucial to acknowledge the limitations of ATP-based

supramolecular assembly. Primarily, its applicability is confined to

water-soluble systems, which restricts its broader use in materi-

als science applications. Moreover, the proposed strategy may be

system-specific and not directly transferable to other synthetic sys-

tems. Additionally, in systems where added enzymes directly hy-

drolyze ATP, complex structural dynamics akin to those observed in

the cytoskeleton might not occur. This phenomenon is influenced

by the presence of excess ATP and the preferential degradation of

ATP based on its solubility.

In conclusion, the field of ATP-induced synthetic supramolecu-

lar assembly has seen considerable development in recent years. It

also encounters substantial challenges in the supramolecular com-

munity. By transforming ATP from a simple structural motif in

supramolecular and host-guest chemistry to a responsive motif, an

exciting opportunity arises for supramolecular chemists to design

synthetic systems with bionic responsiveness and temporal prop-

erties. This advancement holds significant potential for creating in-

novative and adaptable supramolecular architectures with a wide

array of practical applications.
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