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Ermei Mäkilä, Jianwei Li

Correspondence

lijianwei@must.edu.mo

In brief

Yang et al. present an oxidation-driven

synthetic molecular network that

undergoes reversible macrocyclization

and co-assembly with an aggregation-

induced emission luminogen to

autonomously assemble inside living

cells. The system adaptively responds to

intracellular redox fluctuations, enabling

dynamic fluorescence modulation and

real-time monitoring of cellular redox

states.

Yang et al., 2025, Cell Reports Physical Science 6, 102922

November 19, 2025 © 2025 The Author(s). Published by Elsevier Inc.

https://doi.org/10.1016/j.xcrp.2025.102922 ll

mailto:lijianwei@must.edu.mo
https://doi.org/10.1016/j.xcrp.2025.102922
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2025.102922&domain=pdf


Article

Oxidation-driven synthetic molecular networks 
enable dynamic assembly and fluorescence 
modulation in living cells

Jinghui Yang,1,2,3 Xin Wang,1,2,3 Xiaoxia Wu,3 Yonglei Lyu,1,2,3 Anastassios C. Papageorgiou,4 Ermei Mäkilä,5
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SUMMARY

Systems chemistry explores emergent properties from interacting molecular networks, although extending 

these systems into biologically relevant environments remains challenging. Here, we report a synthetic 

molecular network that functions dynamically inside living cells by responding autonomously to oxidative 

stimuli. The network is built from dithiol precursors that undergo oxidation-driven macrocyclization and 

co-assemble with an aggregation-induced emission luminogen to form fluorescent nanostructures 

selectively under oxidative conditions. This process is reversible, allowing repeated cycles of fluorescence 

modulation. By exploiting intracellular oxidation as a stimulus, the system links systems chemistry with 

biological complexity and enables real-time monitoring of cellular redox dynamics through fluorescence. 

The fluctuations in signal directly reflect oxidative levels in living cells, providing a tool for tracking redox 

states. Our work demonstrates adaptive molecular self-assembly in a biological context and opens oppor

tunities for redox bioimaging, diagnostics, and therapeutics regulated by cellular oxidative environments.

INTRODUCTION

Systems chemistry investigates networks of interacting molecules 

capable of exhibiting emergent properties such as adaptability, 

responsiveness, and dynamic self-organization.1–3 Such chemical 

networks are fundamentally distinct from classical single- 

molecule studies, as their properties arise not merely from 

individual components but from their collective interactions and 

interdependencies.4 While substantial progress has been made 

in understanding and designing synthetic molecular networks in 

controlled laboratory environments,5,6 extending these principles 

into complex biological contexts—particularly within living cells— 

remains largely uncharted territory.

Intracellular environments provide an inherently dynamic and 

heterogeneous milieu characterized by crowdedness, spatial 

compartmentalization, and continuous biochemical fluctua

tions.7,8 Oxidative processes within cells exemplify such 

complexity, playing critical roles in metabolic regulation,9 cellular 

differentiation,10 programmed cell death,11 and response to 

oxidative stress. Imbalances in these redox networks are 

implicated in various pathological states, including cancer,12,13

neurodegeneration,14 and chronic inflammation.15 However, 

current analytical techniques such as electrochemical sensing 

and mass spectrometry are predominantly invasive, requiring 

cell lysis or endpoint analyses,16,17 and thus fail to capture the 

dynamic interplay of molecular networks at subcellular scales 

in real time.

In this context, fluorescence imaging provides a compelling 

approach due to its sensitivity, spatial resolution, and minimal 

invasiveness.8 Conventional fluorescence-based tools predom

inantly consist of small-molecule probes or pre-synthesized 

nanomaterials. Despite their utility, small molecules frequently 

suffer from photobleaching and environmental instability, 

whereas nanomaterials often require elaborate pre-functionali

zation and exhibit limited cellular compatibility.18,19 Thus, these 

approaches fail to leverage the dynamic network behaviors 

intrinsic to systems chemistry.

Recent advances have demonstrated that synthetic molecular 

systems can undergo dynamic reconfiguration driven by 

enzymatic or ionic stimuli20 and even achieve supramolecular 

assembly inside living cells,21 thereby establishing the feasibility 

and functional promise of operating chemical networks within 

biological environments. Disulfide-based dynamic self-assem

bly, including redox-controlled macrocyclization and network 

formation, has emerged as an important strategy.22–24 Here, 

we introduce a systems chemistry approach designed explicitly 
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to explore dynamic synthetic molecular networks within the 

intracellular environment. Our strategy employs a redox-respon

sive chemical network capable of undergoing spontaneous, 

stimulus-driven transformation directly inside living cells. Specif

ically, we developed molecular precursor 1 containing dithiol 

functionalities,25–28 which upon intracellular oxidation spontane

ously macrocyclize into dynamic disulfide-linked networks. 

These macrocyclic assemblies subsequently co-assemble with 

an aggregation-induced emission (AIE) luminogen,29–34 specif

ically a tetraphenylethylene-derived quaternary ammonium salt 

(TPEA),35 forming fluorescent nanostructures exclusively in 

response to oxidative conditions encountered within cells.

A distinctive feature of our approach lies in shifting the network 

assembly from controlled laboratory conditions into the complex 

biological context, allowing the chemical network to autono

mously and adaptively respond to intracellular redox stimuli. 

Importantly, this oxidation-driven, intracellular self-assembly is 

reversible, as the formed disulfide networks can be readily 

reduced back to their original thiol-based precursors, thereby 

enabling dynamic and repeated fluorescence modulation. 

Such reversibility further emphasizes adaptability and respon

siveness intrinsic to synthetic molecular networks within cellular 

environments. By successfully demonstrating dynamic intracel

lular assembly driven by oxidation-triggered molecular transfor

mations, this work broadens the scope of systems chemistry, 

bridging synthetic chemical networks and living biological sys

tems. This approach provides a framework for investigating 

emergent molecular behaviors directly within cells, providing 

fundamental insights into the design and functionality of adap

tive chemical networks in biologically relevant contexts. This 

concept is schematically illustrated in Scheme 1.

RESULTS AND DISCUSSION

Oxidation-driven macrocycle formation and 

fluorescence activation

To explore the aggregation behavior of the AIE luminogen TPEA 

in the presence of molecular precursor 1, we began by analyzing 

its fluorescence properties in PBS buffer (Figure S1). The critical 

aggregation concentration (CAC) of TPEA was determined to be 

1.26 × 10− 4 M. Below this threshold, no significant fluorescence 

was observed, indicating that free TPEA molecules did not 

aggregate sufficiently to restrict intramolecular phenyl ring rota

tions, which is a prerequisite for AIE activation. The complex 

chemical system was then prepared by mixing TPEA (0.5 mM) 

with molecular precursor 1 (1.0 mM) in PBS buffer. Upon oxida

tion over 72 h, the fluorescence intensity of TPEA increased 

significantly (Figure 1A), suggesting the formation of supramo

lecular assemblies that restricted intramolecular motions. To 

elucidate the chemical composition of the fluorescent assem

blies, matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-TOF) mass spectrometry analysis identified species 

trimer and tetramer (designated as Dyn[13+14]) as predominant, 

both in the presence and absence of TPEA (Figure S2). The 

Scheme 1. Intracellular oxidation-driven assembly of fluorescent nanostructures 

(Left) Upon intracellular or in vitro oxidation, dithiol-containing precursor 1 spontaneously macrocyclizes into dynamic disulfide-linked networks (Dyn[13+14]). In 

the presence of the AIE luminogen TPEA, these macrocyclic assemblies co-assemble into fluorescent nanostructures via synergistic electrostatic and host-guest 

interactions. (Right) In living cells, precursor 1 and TPEA are internalized and trafficked into lysosomes, where oxidative stimuli trigger progressive macro

cyclization and co-assembly, leading to stepwise fluorescence activation. This dynamic process enables real-time visualization of intracellular redox states 

through reversible and adaptive molecular self-assembly.
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measured trimer-to-tetramer ratios (1.30:1 without TPEA; 1.33:1 

with TPEA) indicated that TPEA had no discernible effect on the 

product distribution. Since the oxidized products of precursor 1 

exhibit no detectable peaks by high-performance liquid chroma

tography (HPLC) under the current conditions (Figure S3), which 

is likely attributable to both their aggregation into nanoscopic as

semblies and the conformational diversity of the resulting macro

cycles,26,36 diffusion-ordered spectroscopy (DOSY) nuclear 

magnetic resonance (NMR) was employed to characterize the 

macrocycle distribution. The measurements revealed diffusion 

coefficients corresponding to the trimer (2.45 × 10− 10 m2/s) 

and tetramer (1.82 × 10− 10 m2/s) with an approximate ratio of 

1:3 (25.47% vs. 74.53%, Figure S4). These findings demonstrate 

that the presence of TPEA does not exert a discernible effect on 

the distribution of oxidation products, while oxidative macrocyc

lization proceeds efficiently.

To better understand the mechanism underlying the pro

nounced fluorescence activation of TPEA upon oxidative assem

bly, a series of systems was prepared by varying the concentra

tion of molecular precursor 1 while maintaining TPEA at a 

constant concentration. After 72 h of oxidation, TPEA fluores

cence exhibited a sharp increase, reaching a maximum at molar 

ratios close to charge compensation (2:1) relative to Dyn[13+14] 

(Figure 1B). In contrast, TPEA alone showed negligible fluores

cence change over the same time period, despite being used 

at a concentration above its critical aggregation concen

tration. Furthermore, immediate fluorescence enhancement was 

observed when Dyn[13+14] was directly added to a TPEA solu

tion, as shown in Figure S5 and Video S1 (a time-lapse recording 

showing fluorescence activation of Dyn[13+14] and TPEA), 

providing additional evidence that the fluorescence activation is 

specifically induced by the interaction between TPEA and Dyn 

[13+14]. At this optimal ratio, dynamic light scattering (DLS) 

measurements revealed the formation of nanoparticles with an 

average hydrodynamic diameter of approximately 560 nm 

(Figure S6). Scanning electron microscopy (SEM) further 

confirmed the development of well-defined tetragonal prism 

structures with heights ranging from 500 to 600 nm (Figure 1C), 

while transmission electron microscopy (TEM) confirmed 

square cross-sections of approximately 150 nm (Figure 1D). As 

a control, precursor 1 was oxidized in the absence of TPEA, which 

showed neither fluorescence nor Tyndall effect, confirming that 

oxidative assembly requires the presence of both components 

(Figure S7). Despite their well-defined prism-like morphology, 

powder X-ray diffraction (PXRD) analysis of the assemblies re

vealed no detectable diffraction peaks, indicating a lack of long- 

range crystallinity and supporting the non-crystalline nature of 

the supramolecular network. Beyond the optimal charge balance, 

a progressive decrease in fluorescence intensity was observed, 

suggesting partial disassembly of the supramolecular network. 

In systems prepared with higher initial concentrations of precursor 

1, oxidation produced an excess of Dyn[13+14], which destabi

lized the electrostatic and host-guest interactions critical for 

network integrity. DLS analysis revealed the emergence of a 

new particle population centered at approximately 80 nm, while 

zeta-potential measurements showed a decrease in surface po

tential to − 48.5 mV. These findings indicate that while controlled 

oxidative assembly enables the formation of ordered, fluorescent 

supramolecular structures, excess oxidation products disrupt the 

delicate dynamic balance, leading to disassembly into smaller, 

less organized complexes.

Supramolecular interactions promote oxidation- 

induced network formation

To monitor the dynamic evolution of the oxidation-induced as

sembly, a system comprising molecular precursor 1 (1.0 mM) 

and TPEA (0.5 mM) was prepared in PBS buffer (pH 7.4). At 

the initial stage, negligible fluorescence was detected, indicating 

that TPEA molecules remained freely dispersed. As oxidation 

progressed, a sharp 10-fold increase in fluorescence intensity 

was observed after 12 h of incubation (Figure 2A). HPLC analysis 

revealed that precursor 1 was rapidly consumed during this 

period and was nearly completely oxidized after 12 h of oxida

tion. This consumption profile closely resembled that of precur

sor 1 alone (Figure S8), indicating that the presence of TPEA 

does not markedly affect the oxidation of precursor 1. Notably, 

no distinct oxidation product peaks were detected, likely due 

to the stabilization of oxidized species within nanoparticle 

assemblies, rendering them insoluble and inaccessible to chro

matographic separation. Consistent with these observations, 

fluorescence spectra showed that fluorescence saturation coin

cided with the complete oxidation of precursor 1 (Figure 2A). 

Simultaneously, optical density (OD) measurements revealed a 

gradual increase during the oxidation process, stabilizing after 

12 h (Figure 2B), further confirming the formation and stabiliza

tion of oxidation-induced supramolecular aggregates. Together, 

Figure 1. Oxidation-induced fluorescence activation and supramo

lecular aggregation of TPEA mediated by molecular precursor 1 

(A) Fluorescence spectra of TPEA (0.5 mM) in the presence of precursor 1 

(1.0 mM) before (0 h) and after (72 h) oxidation, showing significant emission 

enhancement upon oxidation-driven co-assembly in 50 mM PBS buffer (pH 

7.4). Fluorescence spectra were recorded after dilution to 50 μM TPEA. 

(B) Fluorescence intensity at 480 nm of TPEA at varying [1]/[TPEA] molar ratios 

after 72 h, with a maximum observed near the charge-balanced ratio (2:1), 

corresponding to optimal co-assembly in 50 mM PBS buffer (pH 7.4). The 

concentration of TPEA is 0.5 mM. 

(C) SEM image of Dyn[13+14]-TPEA aggregates, exhibiting prism-like nano

structures. Scale bar, 1 μm. Sample prepared in aqueous solution at pH 7.4. 

(D) TEM image of Dyn[13+14]-TPEA, showing densely packed nanostructures 

formed upon oxidation in 50 mM PBS buffer (pH 7.4). Scale bar, 500 nm.
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these results demonstrate that oxidative conversion of precursor 

1 triggers a dynamic aggregation process that restricts intra

molecular motions of TPEA, thereby activating fluorescence 

through network assembly.

Since NMR signals disappeared after complete oxidation due 

to nanoparticle formation, we focused on the initial stages of the 

oxidation process to investigate the molecular events leading to 

dynamic network assembly. HPLC and DOSY NMR experiments 

identified a peak at 7.37 ppm corresponding to precursor 1, with 

a diffusion coefficient of 7.35 × 10− 10 m2/s (Figure S9). Further 

insights into the early-stage interactions were obtained via 1H 

NMR spectroscopy (Figure 2C). Upon addition of TPEA, the 

signal of precursor 1 shifted downfield, while all proton signals 

associated with TPEA shifted upfield, consistent with electro

static and host-guest interactions that precede oxidation-driven 

assembly. Two-dimensional nuclear Overhauser effect spec

troscopy (NOESY) experiments revealed NOE correlations 

between the aromatic proton of precursor 1 and the trimethylam

monium group (Hg) of TPEA (Figure 2D), confirming spatial 

proximity during the early oxidation stage. Concurrently, the T2 

relaxation times of both precursor 1 and TPEA decreased 

significantly, particularly in the low-field region of TPEA 

(Table S1).37,38 These results suggest that electrostatic 

complexation restricts intramolecular motions of TPEA at an 

early stage, pre-organizing the system for subsequent oxidative 

network formation. Comparison with the oxidation behavior of 

precursor 1 alone revealed that in the presence of TPEA, oxida

tion proceeded with exclusive consumption of the precursor 

without detectable formation of discrete oxidized species or 

free macrocycles (Figure S10). This behavior highlights that 

strong electrostatic and host-guest interactions actively direct 

the oxidative assembly pathway, stabilizing dynamic aggregates 

and preventing uncontrolled network expansion. To validate the 

generality of this interaction mechanism, a phenol-derived qua

ternary ammonium salt (PQAS) was employed as a model for 

TPEA.35 Upon complexation, PQAS exhibited uniform upfield 

shifts in proton signals and pronounced reductions in T2 relaxa

tion times, particularly in the aromatic region (Figure S11). These 

results collectively demonstrate that early electrostatic and host- 

guest interactions between TPEA and precursor 1 pre-organize 

the system at the onset of oxidation, while progressive oxidative 

assembly further restricts the intramolecular motions of TPEA. 

This dynamic reorganization ultimately leads to the formation 

of Dyn[13+14]-TPEA assemblies, stabilizing fluorescent supra

molecular networks through oxidation-driven aggregation.

Gradual oxidation enables functional network assembly

Based on these experimental findings, we propose that the 

oxidation of precursor 1 triggers the aggregation of TPEA 

through electrostatic and host-guest interactions, leading to 

fluorescence activation. To further assess the importance of 

the oxidation-driven dynamic assembly process, we compared 

the in situ oxidation system with a control prepared from TPEA 

and pre-oxidized trimer 13 and tetramer 14 (collectively referred 

to as Sta[13+14]). The Sta[13+14]-TPEA sample exhibited initial 

fluorescence; however, within 30 min, a marked decrease in 

fluorescence intensity and a concomitant increase in OD were 

observed, indicating uncontrolled aggregation and precipitation, 

which rendered further analysis infeasible (Figure S12). In 

contrast, in situ oxidation of precursor 1 in the presence of 

TPEA produced stable fluorescence and well-dispersed nano

structures, highlighting that gradual oxidative assembly enables 

controlled nanoparticle formation while preventing excessive 

aggregation. To further verify the necessity of thiol-driven oxida

tive assembly, terephthalic acid (TA), a dicarboxylic molecule 

lacking thiol groups, was introduced as a control. The TA-based 

system failed to induce fluorescence enhancement (Figure S13), 

confirming the essential role of thiol functionalities in initiating the 

oxidation-induced aggregation process. Together, these results 

demonstrate that gradual oxidation, rather than pre-oxidation, is 

critical for directing the formation of stable and functional 

supramolecular nanostructures, aligning with the design princi

ples of dynamic systems chemistry.

Redox-responsive reconfiguration of the 

supramolecular network

The redox responsiveness of the Dyn[13+14]-TPEA system was 

systematically evaluated by exploiting the reducibility of disulfide 

bonds to thiols using dithiothreitol (DTT). Controlled disassembly 

experiments were performed under varying DTT concentrations 

to monitor the corresponding fluorescence responses. Upon 

Figure 2. Time-dependent oxidation and supramolecular interaction 

drive fluorescence activation in the precursor 1-TPEA system 

(A) Simultaneous monitoring of molecular precursor 1 (1.0 mM) consumption 

(HPLC peak area, black) and TPEA (0.5 mM) fluorescence intensity at 480 nm 

(red) over time in 50 mM PBS buffer (pH 7.4). Fluorescence spectra were 

recorded after dilution to 50 μM TPEA. Logistic fitting reveals synchronous 

oxidation and fluorescence enhancement reaching saturation after approxi

mately 12 h. 

(B) Optical density (OD) changes of 1-TPEA (1.0 mM/0.5 mM) in 50 mM PBS 

buffer (pH 7.4) mixture over time, indicating nanoparticle formation driven by 

oxidation. No significant OD change is observed for TPEA alone. 

(C) Partial 1H NMR spectra (600 MHz) of (a) TPEA (0.5 mM), (b) TPEA (0.5 mM) 

mixed with precursor 1 (1.0 mM), and (c) precursor 1 (1.0 mM) alone, showing 

chemical-shift changes indicative of electrostatic interactions. The spectra 

were recorded at 298 K in 50 mM phosphate buffer (pD 7.4, D2O). 

(D) 2D NOESY spectrum (600 MHz) of the 1-TPEA mixture (1.0 mM/0.5 mM), 

confirming intermolecular proximity between precursor 1 and the trimethy

lammonium groups of TPEA. The spectra were recorded at 298 K in 50 mM 

phosphate buffer (pD 7.4, D2O).
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DTT addition, fluorescence intensity exhibited a consistent 

decline. At lower DTT concentrations (10 μM and 20 μM), fluores

cence stabilized after approximately 60 min, indicating the 

establishment of a redox equilibrium. In contrast, at a higher 

DTT concentration (40 μM), fluorescence intensity was signifi

cantly quenched within 120 min, reflecting more extensive disul

fide bond reduction (Figure 3A). Concurrently, SEM revealed a 

complete disappearance of the quadrangular prism morphology 

of the Dyn[13+14]-TPEA assemblies upon reduction, further 

confirming aggregate disassembly induced by disulfide cleav

age (Figure 3D). Given the slow reoxidation rate mediated by 

atmospheric oxygen, hydrogen peroxide (H2O2) was introduced 

to accelerate the reassembly process. Remarkably, fluores

cence intensity was nearly fully restored within 2 h at an H2O2 

concentration of 50 μM (Figure 3B). To further assess the dura

bility and reversibility of the system, a recyclable redox cycling 

experiment was conducted,39 involving sequential reduction 

with DTT and reoxidation with H2O2. Over six cycles, fluores

cence intensity displayed only minor variations, demonstrating 

the excellent robustness and stability of the oxidation-induced 

dynamic network (Figure 3C).

Stimulus-responsive network assembly enables 

intracellular redox imaging

Before assessing the Dyn[13+14]-TPEA system in cellular envi

ronments, the cytotoxicity of the molecular precursor 1, TPEA, 

and Sta[13+14] were evaluated using MTT assays. MCF-7S 

breast cancer cells were treated with varying concentrations of 

molecular precursor 1, TPEA, and Sta[13+14]. As shown in 

Figures 4A and S14, the IC50 of the molecular precursor 1, 

TPEA, and Sta[13+14] are 2.06 mM, 1.05 mM, and 2.42 mM, 

respectively, indicating low inherent cytotoxicity for all compo

nents. Given that pre-formed Dyn[13+14]-TPEA assemblies 

formed large aggregates unsuitable for direct cellular uptake 

(Figures S15 and S16), a stepwise assembly strategy was adop

ted. In this approach, TPEA and precursor 1 were sequentially 

introduced into cells, enabling intracellular aggregation under 

biologically relevant oxidative conditions (Scheme 2). Impor

tantly, we confirmed that precursor 1 remains oxidizable even 

in the presence of 5.0 mM glutathione (Figure S17), supporting 

its compatibility with intracellular redox environments. Based 

on cytotoxicity evaluations, a TPEA concentration of 0.2 mM 

was selected for subsequent studies. At this lower concentra

tion, a pronounced fluorescence enhancement was observed 

both in PBS buffer and in complete cell-culture medium, 

Figure 3. Redox responsiveness and recyclability of the Dyn 

[13+14]-TPEA assembly system 

(A) Fluorescence intensity at 480 nm changes over time after addition of 

different concentrations (10–80 μM) of DTT in 50 mM PBS buffer (pH 7.4), 

showing concentration-dependent fluorescence quenching due to disulfide 

bond reduction. Fluorescence spectra were recorded after dilution to 50 μM 

TPEA. 

(B) After reduction by 40 μM DTT for 2 h, subsequent reoxidation by H2O2 (10– 

100 μM) in PBS buffer (pH 7.4) restores fluorescence in a dose- and time- 

dependent manner. 

(C) Fluorescence intensity at 480 nm over six redox cycles (DTT/H2O2), 

demonstrating excellent reversibility and system stability. 

(D) SEM image of Dyn[13+14]-TPEA assemblies in aqueous medium (pH 7.4) 

after DTT treatment, showing that the original nanostructures are disrupted 

and disassembled upon reduction. Scale bar, 5 μm.

Figure 4. Cytocompatibility and intracellular assembly of precursor 

1-TPEA fluorescent nanostructures 

(A) Cell viability of MCF-7S cells treated with increasing concentrations of 

precursor 1 and TPEA, measured by MTT assay, showing low cytotoxicity for 

both components. Data are presented as mean ± SD from three independent 

experiments (n = 3). Cells were incubated for 24 h under standard culture 

conditions (37◦C, 5% CO2, complete culture medium). 

(B) Flow-cytometry analysis of Pacific Blue-A fluorescence in MCF-7S cells 

under different conditions: (a) untreated; (b) TPEA only (0.2 mM, 30 min in

cubation); (c) Dyn[13+14]-TPEA, prepared by sequential incubation with TPEA 

(0.2 mM, 30 min) followed by precursor 1 (0.4 mM, 12 h); (d) same as (c) with 

additional DTT treatment (50 μM, 120 min); and (e) same as (d) with subsequent 

H2O2 treatment (50 μM, 120 min). All incubations were conducted at 37◦C in 

complete culture medium (5% CO2), with PBS washes between each step. 

Fluorescence enhancement upon oxidation and reversible modulation by 

redox stimuli confirm the redox responsiveness of the intracellular assemblies. 

(C) Confocal fluorescence image of MCF-7S cells after sequential incubation 

with TPEA (0.2 mM, 30 min) followed by precursor 1 (0.4 mM, 12 h) in complete 

culture medium. Cells were washed with PBS before imaging, showing 

punctate lysosomal fluorescence. Scale bar, 50 μm. 

(D) Bio-TEM image of MCF-7S cells treated by the same sequential incubation 

protocol (TPEA 0.2 mM, 30 min; precursor 1, 0.4 mM, 12 h) in complete culture 

medium, revealing electron-dense nanoparticles localized within lysosomal 

compartments. Scale bar, 500 nm.
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confirming effective aggregation under physiological conditions 

(Figure S18).

To experimentally validate intracellular dynamic assembly 

under these conditions, TPEA was first incubated with MCF-7S 

cells for 0.5 h, followed by the addition of precursor 1. Confocal 

laser scanning microscopy (CLSM) revealed a significant 

enhancement of TPEA fluorescence after 12 h of incubation, 

confirming successful oxidation-induced aggregation within the 

cellular environment (Figure 4C).40 In untreated cells, no fluores

cence enhancement was observed. Similarly, when Sta[13+14] 

was introduced into cells, no intracellular fluorescence was 

detected, likely due to its highly charged structure that impedes 

membrane permeation. In contrast, precursor 1 underwent intra

cellular oxidation to form fluorescent assemblies, as confirmed by 

bio-TEM analysis showing electron-dense nanoparticles localized 

within lysosomes (Figure 4D). In control experiments, no nanopar

ticles were observed (Figure S19). Following confirmation of intra

cellular assembly, the redox responsiveness of the system was 

further explored using flow cytometry and CLSM. MCF-7S cells 

incubated with TPEA and the molecular precursor 1 exhibited 

increased Pacific Blue-A fluorescence compared to untreated 

cells or cells treated with TPEA alone, indicating successful 

intracellular assembly of Dyn[13+14]-TPEA. Treatment with DTT 

resulted in a significant decrease in fluorescence, reflecting disul

fide bond reduction, while subsequent addition of H2O2 restored 

fluorescence, confirming the redox activity of the system within 

living cells (Figure 4B). Notably, 2-h incubation with either DTT 

or H2O2 showed negligible cytotoxicity, as evidenced by cell 

viability exceeding 95% (Figure S20).

Adaptive and reversible behavior of the synthetic 

network in living cells

To explore the dynamic behavior of Dyn[13+14]-TPEA within 

living cells, real-time CLSM with continuous imaging was em

ployed.41 Cells were first incubated with TPEA for 0.5 h, followed 

by treatment with molecular precursor 1, enabling gradual intra

cellular fluorescence activation under physiological oxidative 

conditions (Scheme 2).42 Time-lapse imaging was conducted 

every 5 min, capturing the progressive increase in fluorescence 

intensity. By plotting the relative fluorescence intensity over 

time, a distinct evolution profile was observed: fluorescence 

remained relatively stable during the first 6 h, followed by a 

significant increase around 8 h and reaching a plateau be

tween 10 and 12 h (Figures 5A [top] and 5B). This delay is likely 

attributed to the endocytic uptake and intracellular processing 

of precursor 1, postponing oxidation-induced aggregation. 

Notably, at the plateau phase, the fluorescence intensity 

reached approximately three times its initial value, confirming 

substantial oxidation-driven assembly within the cellular envi

ronment. Consistent with this delayed profile, the observed 6- 

to 8-h fluorescence activation likely arises from both the intrinsic 

oxidation kinetics of precursor 1 and its gradual trafficking into 

acidic intracellular compartments. This is supported by NH4Cl 

treatment,43,44 which elevates endolysosomal pH and effectively 

suppresses intracellular fluorescence activation, whereas oxida

tion and fluorescence activation proceed efficiently under in vitro 

conditions (Figure S21).

To dynamically monitor the redox behavior of Dyn[13+14]-TPEA 

at the cellular level, real-time CLSM with continuous imaging 

was employed, enabling non-invasive visualization of intracellular 

redox dynamics while avoiding cell disruption and organelle isola

tion (Scheme 2). Cells were pre-incubated with TPEA, followed by 

the addition of molecular precursor 1, allowing fluorescence acti

vation before sequential treatment with DTT and H2O2 to induce 

reduction and oxidation processes, respectively. Time-lapse 

imaging was performed every 2.5 min over a 240-min period, 

revealing distinct fluorescence dynamics. Upon DTT addition, a 

rapid ‘‘brightness-to-darkness’’ transition was observed, with 

Scheme 2. Stepwise cellular incubation strategy for the in situ construction and redox control of fluorescent assemblies 

MCF-7S cells were first incubated with the AIE luminogen TPEA (0.2 mM, 30 min) in complete culture medium to facilitate membrane integration (step 1), followed 

by treatment with molecular precursor 1 (0.4 mM, 12 h) in complete culture medium (step 2). Precursor 1 readily entered cells and underwent intracellular 

oxidation, triggering the in situ formation of fluorescent Dyn[13+14]-TPEA assemblies, similar to other in situ dynamic covalent transformations in living cells. In 

contrast, the static macrocycle Sta[13+14] failed to generate intracellular fluorescence under confocal imaging, suggesting limited cellular uptake or insufficient 

assembly capability. Preformed Dyn[13+14]-TPEA particles exhibited strong aggregation behavior and led to significant cytotoxicity under imaging conditions. 

These observations underscore the importance of in situ activation for achieving functional intracellular assembly. The resulting structures responded reversibly 

to oxidative (O2, H2O2, and PMA) and reductive (DTT and glutathione [GSH]) stimuli.
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fluorescence intensity sharply decreasing during the initial 30 min 

due to the reduction of Dyn[13+14]-TPEA and the subsequent 

disruption of oxidation-induced aggregates. In the second phase 

(30–120 min), fluorescence gradually recovered, reaching a 

plateau around 1.5–2 h (Figures 5A [middle] and 5C), correspond

ing to spontaneous reoxidation within the intracellular environ

ment and resembling the fluorescence evolution trend observed 

in Figure 5A (top). In the final phase (120–240 min), the introduction 

of exogenous H2O2 further promoted the oxidation of molecular 

precursor 1, leading to accelerated fluorescence enhancement 

and the formation of additional oxidation-induced aggregates 

(Figures 5A [bottom] and 5C). These findings offer insight into 

the redox kinetics of molecular precursor 1 and its interaction 

with TPEA, demonstrating the dynamic and reversible nature of 

the system in living cells.45

As a comparison, we investigated the redox-responsive 

behavior of Dyn[13+14]-TPEA in human dermal fibroblasts 

(HDFs), which are known to exhibit lower intracellular reactive 

oxygen species (ROS) levels.46 In contrast, MCF-7 cells possess 

relatively high basal ROS levels, with the predominant species 

being superoxide (O2
⋅− ) and hydrogen peroxide (H2O2).12 At 

the same concentrations used for MCF-7S cells, HDF cells 

maintained over 80% viability, indicating acceptable cytocom

patibility under these conditions. However, real-time CLSM 

imaging revealed no appreciable fluorescence enhancement 

throughout the imaging period, suggesting that insufficient 

oxidative stress in HDF cells fails to trigger the intracellular 

assembly process (Figure S22). These results highlight the 

importance of the cellular redox environment in regulating the 

activation and dynamics of the Dyn[13+14]-TPEA system.

To further assess the responsiveness of the Dyn[13+14]-TPEA 

system to intracellular oxidative stimuli, ROS production was 

stimulated using phorbol 12-myristate 13-acetate (PMA). PMA 

treatment had a negligible effect on fluorescence in the 

cell-free solution but markedly enhanced fluorescence in living 

cells (Figure S23), indicating that the enhancement originates 

from intracellular ROS production. Cells pre-incubated with 

TPEA and precursor 1 initially exhibited fluorescence activation, 

which significantly decreased upon DTT treatment, likely reflect

ing disulfide bond reduction. Subsequent PMA stimulation 

(10–50 μM, 2 h) induced a substantial fluorescence recovery, 

confirming that the system could dynamically respond to 

Figure 5. Real-time confocal imaging of intracellular redox dynamics using the precursor 1-TPEA system 

(A) CLSM images of MCF-7S cells showing (top) time-dependent fluorescence activation during intracellular oxidation, with images taken at 0 h, 6 h, and 12 h after 

sequential incubation with TPEA (0.2 mM, 30 min) followed by precursor 1 (0.4 mM, 12 h) in complete culture medium; (middle) fluorescence quenching in cells 

subjected to the same initial treatment as in the top panel, followed by incubation with DTT (50 μM) in complete culture medium, with images recorded at 0 h, 1 h, 

and 2 h post treatment; and (bottom) fluorescence recovery upon subsequent treatment of the same cells with H2O2 (50 μM) in complete culture medium, with 

images taken at 2.1 h, 3 h, and 4 h relative to initial DTT treatment. Middle and bottom panels were acquired from the same batch of cells. Scale bar, 50 μm. 

(B) Fluorescence intensity profile corresponding to the oxidation stage in (A [top]), showing progressive fluorescence enhancement associated with intracellular 

oxidation. 

(C) Fluorescence intensity profile corresponding to the reduction and reoxidation stages in (A [middle and bottom]), demonstrating reversible fluorescence 

modulation in response to intracellular redox changes. Black dots represent experimental measurements; red lines correspond to fitted fluorescence intensity 

curves.
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intracellular ROS generation (Figure S24). These results further 

support the robust reversibility and adaptability of the Dyn 

[13+14]-TPEA network, enabling real-time visualization of redox 

processes under physiologically relevant conditions.

In conclusion, we have established an oxidation-driven syn

thetic molecular network capable of dynamic self-assembly 

within living cells, initiated by intracellular oxidative stimuli. 

Through the design of dithiol-based molecular building blocks 

that undergo oxidative macrocyclization and co-assemble with 

an aggregation-induced emission luminogen, we achieved a 

controlled transformation from small molecular units into adap

tive supramolecular networks under biologically relevant condi

tions. The dynamic modulation of fluorescence provides a direct 

readout of the reversible assembly and disassembly of the 

molecular network, highlighting the system’s responsiveness 

to intracellular redox fluctuations. By demonstrating stimulus- 

responsive assembly and reversible functional emergence within 

living cells, this work broadens the scope of systems chemistry 

into complex biological environments and offers a versatile 

framework for investigating adaptive molecular networks and 

emergent behaviors in living systems.
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