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Kinetically Programmed Pathway-Dependent Autonomous 
Reversibility in Biomimetic Self-Assembly of Nanoparticles  
Sumit Roy,a Shreya Tyagi,a and Pramod P. Pillai*a  

Abstract: Autonomous reversibility is fundamental to many natural systems, enabling the formation of dynamic and 
adaptive assemblies without continuous external intervention. Replicating autonomous behavior in artificial systems 
remains challenging, as it demands a kinetic imbalance in the self-assembly process driven by chemically triggered dynamic 
interactions. Here, we demonstrate pathway-dependent autonomous reversibility in a bio–nano hybrid system composed 
of adenosine triphosphate (ATP) and gold nanoparticles (AuNPs), with hexokinase (HK) as an enzymatic disassembling 
trigger. The electrostatic interaction between oppositely charged AuNPs and ATP drives co-assembly, while HK-mediated 
dephosphorylation of ATP to ADP weakens these interactions, inducing rapid disassembly. Autonomous reversibility is 
achieved via two distinct pathways. In pathway I, excess HK promotes autonomous disassembly, with ATP addition triggering 
the transient assembly. Conversely, in pathway II, an excess of ATP maintains autonomous assembly, with transient 
disassembly driven by HK-mediated dephosphorylation. Thus, using the same constituent components under distinct 
conditions, we demonstrate both transient assembly and transient disassembly within a single system. Interestingly, the 
autonomous assembly and disassembly pathways determine the nature of the self-assembled state – either a precipitate or 
a plasmonically active, controlled aggregate is formed. The lifetime of these transient states is tuned from minutes to hours 
by balancing the competing kinetics of ATP and HK triggers, offering a versatile platform for temporal control in applications 
such as transient catalysis and other time-programmed functions. 

Introduction 

Many natural processes employ autonomous reversibility as a key 
mechanism to achieve their functions, including the schooling of fish, 
the operation of molecular machinery, and the repair of self-healing 
tissues.1-6 The realization of autonomous behavior in artificial self-
assembled systems remains a key challenge in supramolecular 
chemistry, as it requires a temporal modulation of assembly and 
disassembly kinetics to enable dynamic and reversible transitions 
with minimal external intervention.7-10 Achieving this level of control 
requires an intricate balance between opposing processes, where 
one trigger dominates the system while the opposing trigger is only 
transiently active.11-14 In principle, such a kinetic imbalance in the 
self-assembly process can be achieved using an excess of 
disassembling trigger (pathway I) or an excess of assembling trigger 
(pathway II), while allowing transient dominance of the counter 
trigger. In biological systems, these pathways are achieved through 
precisely controlled, enzymatic cascade reaction networks that 
dynamically regulate the interactions among molecular building 
blocks.15,16 For instance, the GTP- and ATP-fueled dynamic self-
assembly of microtubules and actin filaments are classic examples of 

pathway I, while fibrin self-assembly during blood clotting and 
collagen organization in the extracellular matrix exemplify pathway 
II.17-20 

Translating such pathways into synthetic systems demands the 
design of programmable platforms in which assembly and 
disassembly cycles can proceed autonomously through chemically 
encoded instructions.21-30 Even though limited, success has been 
achieved in realizing autonomous self-assembly, with complete 
redispersal, using pathway I with both molecular and nanomaterial 
building blocks.31-44 George and co-workers designed a bio-inspired 
artificial supramolecular system that exhibits transient and 
switchable helicity in an autonomous fashion, using an “enzyme-in-
tandem” approach.45 In another study, Klajn and co-workers have 
regulated the ATP-triggered co-assembly with AuNPs in the presence 
of excess dephosphorylating enzyme to achieve an autonomous 
shuttling between dispersed and non-functional amorphous 
aggregates.46 On the other hand, in pathway II, disassembly is 
inherently difficult due to the kinetic bias toward assembly when the 
aggregating trigger is in excess, thereby halting the process at the 
assembled state. This likely could be the reason for the lack of reports 
on autonomous artificial self-assembly systems via pathway II. The 
challenge is further amplified when nanomaterials serve as building 
blocks, as in the case of gold nanoparticles. Owing to the high 
Hamaker constant of gold, the van der Waals interactions within the 
assembled state are especially strong, making disassembly under the 
dominance of assembling trigger conditions via pathway II even more 
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unfavorable.47 As is clear from the literature, mimicking temporal 
control over the kinetics of assembly and disassembly steps in 
artificial systems remains a formidable challenge.48 

Here, we report a pathway-dependent autonomous reversibility 
in an artificial bio–nano hybrid system by controlling the kinetics 
between assembly and disassembly steps using both pathways I and 
II. Oppositely charged AuNPs and ATP were chosen as building block 
and aggregating trigger, respectively, because of their rich properties 
that support the formation of functional assembled states, as well as 
their pH-dependent aggregation behavior (vide infra).45,49 Further, 
their complementary surface charges enable precise modulation of 
assembly and disassembly kinetics through electrostatic interactions. 
Addition of anionic ATP to a solution of [+] AuNPs induced instant co-
assembly, leading to a complete precipitation of the AuNPs within 
~8 h. Disassembly was triggered by hexokinase (HK), which 
enzymatically dephosphorylates ATP to ADP within the co-assembled 
aggregates, thereby weakening the electrostatic interactions and 
rapidly redispersing the AuNPs (Scheme 1). We implemented 
pathway I (transient assembly)-driven autonomous self-assembly 
using HK-disassembling trigger in excess to favor disassembly, while 
allowing transient dominance of ATP-triggered assembly. This 
created a non-equilibrium condition, enabling multiple autonomous 
reversible cycles. In contrast to the conventionally observed 
nanoparticle precipitates in the self-assembled state, discrete, 
colloidally stable, and plasmonically active aggregates were formed 
in Pathway I (transient assembly) via a controlled aggregation 
process. These aggregates are termed “controlled aggregates”. 
Further, we realized autonomous reversibility via pathway II 
(transient disassembly) by using ATP-aggregating trigger in excess to 
promote re-assembly, while allowing transient dominance of HK-
mediated disassembly. This created a non-equilibrium condition 
wherein reversible cycling between aggregated and dispersed states 
occurred autonomously over multiple cycles (typically 3–8 cycles, 
depending on the ATP concentration). The transient activity of the 
opposing trigger in each pathway was achieved by operating the 
dominant trigger under unfavorable conditions. In short, we present 
a nanoparticle system that uniquely integrates both transient 
aggregation and transient dispersion in a single system, conceptually 
inspired by natural systems to achieve diverse functions from a 
limited set of biomolecular building blocks. Interestingly, the 
pathway used for achieving autonomous reversibility determined 
the nature of the self-assembled state: pathway I (transient 
assembly) enabled transitions between completely dispersed and 
plasmonically active, controlled aggregate states (functional), 
whereas pathway II (transient disassembly) facilitated reversible 
switching between completely dispersed and completely 
precipitated states (non-functional). Furthermore, precise control 
over the competing kinetics of ATP-induced aggregation and HK-
triggered disassembly enabled tuning the lifetime of the controlled 
aggregate states from 20 min to 3 h. This offers a new strategy for 
engineering temporal functions in self-assembled systems. Given the 
rich properties of both ATP as well as plasmonic AuNPs and the 
system’s responsiveness to biochemical triggers, such co-assembled 
bio-nano hybrid platforms hold significant promise for achieving 
temporal functions under non-equilibrium conditions. 

Results and Discussion 

Design of biomimetic dynamic self-assembled system  

To achieve autonomous reversibility, a temporal control over the 
dominance of assembly over the disassembly, and vice versa, is 
essential. This kinetic imbalance can be achieved by installing 
dynamic, tunable, and reversible interactions between judiciously 
selected building blocks and stimuli-responsive triggers. Gold 
nanoparticles (AuNPs) were chosen as the building blocks due to 
their rich surface chemistry and distinctive optoelectronic 
properties, which enable functional modulation across both 
assembled and disassembled states.  

 

Scheme 1. Biomimetic dynamic self-assembly of AuNPs. The electrostatic 
attraction between oppositely charged ATP and AuNPs induces the co-
assembly process, leading to the complete precipitation of AuNPs. The 
addition of the HK enzyme initiates the dephosphorylation of ATP to ADP, 
which weakens the electrostatic attraction, resulting in the disassembly of the 
precipitates and complete re-dispersal of AuNPs. This process enables 
reversible shuttling between completely dispersed and completely 
precipitated states of AuNPs. ATP and HK serve as the assembly and 
disassembly triggers, respectively, enabling autonomous dynamic control 
over the self-assembly process.   

Adenosine triphosphate (ATP) was selected as the assembly 
trigger to induce assembly in nanoparticles due to its unique 
biochemical properties and pH-sensitive aggregation behavior, 
allowing precise tuning of assembly and disassembly kinetics. 
Previous studies have established that co-assembly between 
negatively charged ATP and positively charged AuNPs is 
predominantly driven by electrostatic interactions, which are highly 
sensitive to pH conditions.45,49 The assembly kinetics is significantly 
influenced by the net charge on ATP, which in turn can be modulated 
by the pH. At physiological pH (7.4), ATP carries a net charge of –4, 
promoting rapid assembly through strong electrostatic attraction. In 
contrast, under acidic conditions (pH 3.5), protonation at the γ-
phosphate and N1 positions reduces the net charge of ATP to –2, 
which significantly slows the assembly kinetics. Thus, the aggregation 
power of ATP to induce assembly in nanoparticles is intrinsically pH-  
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Figure 1. ATP-triggered dynamic self-assembly of AuNPs. (a) The absorption data depicts an instant aggregation of [+] AuNPs, followed by precipitation upon 
the addition of ~50 μM ATP (red to blue to black). The addition of 5.25 units of HK enzyme breaks the AuNP-ATP precipitate instantly to completely redisperse 
the NPs (green trace). The corresponding (b) variation in the λmax with time for one assembly-disassembly cycle. (c) TEM images and optical photographs of 
the three different stages (dispersed, precipitate, and redispersed) involved in the ATP and HK enzyme-triggered self-assembly process of AuNPs. Impressively, 
a complete shuttling between plasmonically ‘off’ and ‘on’ states of AuNPs was achieved. (d) Time-dependent 31P NMR was performed to monitor the 
phosphoryl transferase activity of the HK enzyme during the dynamic self-assembly process. The conversion of ATP and glucose (G) into ADP and glucose-6-
phosphate (G-6-P), respectively, were monitored with time. 

dependent, exhibiting strong activity at pH 7.4 and significantly 
reduced activity at pH 3.5. Additionally, phosphorylation-
dephosphorylation can be another approach to regulate the 
aggregation ability of nucleotides, as the electrostatic interaction 
primarily emanates from the phosphate groups – the aggregation 
power follows the order ATP > ADP > AMP. Consequently, the 
aggregation power of ATP to induce assembly in nanoparticles can 
be fine-tuned by enzymatic dephosphorylation, adding another layer 
of control. This dual-level modulation, via pH and dephosphorylation, 
enables ATP to function as a programmable assembly trigger, 
capable of introducing temporal control in nanoparticle assembly 
and disassembly processes. These factors make ATP an ideal 
aggregation trigger to achieve autonomous reversibility in artificial 
self-assembly systems.  

Our first objective was to test the suitability of pH modulation 
and enzymatic dephosphorylation as strategies to regulate the self-
assembly of ATP with AuNPs. To this end, we synthesized cationic 
AuNPs functionalized with N,N,N-trimethyl(11-

mercaptoundecyl)ammonium chloride ([+] AuNPs), which provides a 
stable positive surface charge through quaternary ammonium 
groups, enabling electrostatic interaction with anionic ATP (Fig. S1†, 
and S2†). This electrostatic driving force was chosen as the dynamic, 
tunable, and reversible interaction to mediate the assembly–
disassembly processes under external pH or enzymatic stimuli. First, 
the pH dependent aggregation power of ATP was tested. For this, ~5 
µM ATP (aggregating trigger) was added to a 3 mL aqueous 
dispersion of [+] AuNPs (~6 nM in terms of NPs; ~8 µM of TMA) at pH 
3.5, where ATP has an overall -2 charge. No signs of aggregation of 
AuNPs were observed even after ~12 h (Section 2, and Fig. S3a†). 
Then, the pH was raised to ~7.4 where ATP attains -4 charge. As 
hypothesized, an immediate aggregation with a ~12 nm red shift in 
the plasmon maxima was observed, followed by a complete 
precipitation of AuNPs (Fig. S3b†). Interestingly, upon adjusting the 
pH back to 3.5, an immediate and complete redispersion of the 
AuNP-ATP precipitate was observed, with a ~22 nm blue shift in the 
plasmon maxima. These studies confirm that pH can be used as a tool 
to control the kinetics of ATP-triggered self-assembly processes.  
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Next, the suitability of the dephosphorylation pathway to 
achieve the dynamic self-assembly was tested. The minimum 
concentration of ATP required to drive the assembly of AuNPs (6 nM) 
in 3 mL at pH 3.5 was ~10 µM (Fig. S4†). To an aqueous dispersion of 
[+] AuNPs (~6 nM in terms of NPs) at pH 3.5, ~50 µM ATP (aggregating 
trigger) was added. This addition induced immediate aggregation of 
AuNPs, followed by the complete precipitation of the NPs 
(plasmonically off state) within ~8h (Fig. 1a-c and S5†). UV–vis 
absorption studies show an instant red shift (~10 nm) in the plasmon 
band after the addition of ~50 µM ATP, followed by the complete 
disappearance of plasmonic features, confirming the transition from 
dispersed to aggregated and precipitated states (Fig. 1a, b and S5†). 
A concomitant decrease in absorbance at ~259 nm (ΔAbs ~0.37), 
corresponding to the adenine chromophore of ATP, confirmed the 
incorporation of ATP into the AuNP precipitates. As hypothesized 
earlier, the enzymatic dephosphorylation of ATP to ADP would 
reduce the electrostatic attraction within co-assembled AuNPs, 
leading to disassembly and dynamicity in the system (Scheme 1). 
Accordingly, the AuNP-ATP precipitate was incubated at 37 °C with 
Hexokinase (HK, 5.25 units) and glucose (G ~250 equivalents. Glucose 
alone had a negligible effect on the nanoparticle self-assembly 
process. Fig. S6† and S7†). This resulted in an immediate redispersion 
of AuNPs, as evidenced by a blue shift of ~58 nm in the plasmon band 
(Fig. 1b). Interestingly, a complete transition from a ‘plasmonically-
off’ precipitate state to a ‘plasmonically-on’ dispersed AuNP state 
was observed, with a complete revival of the plasmon band (Fig. 1a). 
Dynamic light scattering (DLS) and microscopy (SEM and TEM) 
studies corroborate well with the UV-vis absorption data, confirming 
the dynamicity and complete reversibility in the self-assembly 
process (Fig. 1c, S8†, and S9†). All these studies suggest that ATP 
dephosphorylation to ADP disrupts the ATP–AuNP electrostatic 
network, thereby leading to the complete disassembly. To directly 
monitor the dephosphorylation of ATP to ADP with HK enzyme, time-
dependent 31P NMR studies were performed under reaction 
conditions optimized for signal detection (2 mM ATP, 0.5 M G, and 

70 units of HK/mL) (Fig. 1d). A significant decrease in peak 
corresponding to the β-phosphate of the ATP (at ~23 ppm) was 
observed with time, along with the formation of two new peaks 
corresponding to glucose-6-phosphate (at ~1 ppm) and free 
phosphate (~0.05 ppm). These results unambiguously confirm the 
enzymatic dephosphorylation of ATP into ADP, and the simultaneous 
phosphorylation of G to G-6-P. Thus, it can be concluded that ATP 
and HK act as assembling and disassembling triggers in our system, 
respectively. Their orthogonal and tunable actions provide a 
platform for temporal control over the dominance of assembly and 
disassembly steps, offering a viable route toward autonomous 
behavior in the self-assembly process. These efforts are summarized 
in subsequent sections. 

Autonomous reversibility 

Autonomous reversibility in self-assembly can be realized by 
installing autonomy in either the assembly or disassembly cycle using 
an excess of the respective trigger – referred to as pathway I (excess 
disassembling trigger) and pathway II (excess assembling trigger). 
More importantly, the long-term dominance of the excess trigger 
must be transiently counteracted by the opposing trigger to enable 
multiple, reversible assembly-disassembly cycles. For example, 
pathway I (transient assembly) requires that the dominant 
disassembling trigger be transiently suppressed by the assembling 
trigger to achieve similar autonomous reversibility. Conversely, in 
pathway II (transient disassembly), reaction conditions must be 
optimized such that the action of the excess assembling trigger is 
temporarily overcome by the disassembly trigger, thus permitting 
autonomous cycling between assembled and disassembled states 
(Scheme 2). Hence, the realization of autonomous reversibility 
requires a perfect balance between long-term dominance and 
transient suppression of the respective triggers, enabling dynamic 
control over the self-assembly process without constant external 
intervention.   
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Scheme 2. Attaining autonomous reversibility in dynamic self-assembly process through two different assembly pathways: Pathway I is in the presence of 
excess disassembly trigger (HK enzyme), and pathway II is in the presence of excess assembly trigger (ATP). 

Pathway I (transient assembly): Excess HK-driven autonomous 
reversibility 

Pathway I (transient assembly) involves triggered assembly by ATP 
and autonomous disassembly by an excess of the disassembling 
trigger HK (Scheme 2). An excess of HK was added in the initial stage 
to achieve its long-term dominance over the opposing action of the 
assembling ATP trigger. To ensure the transient assembly in the 
presence of excess disassembling HK trigger, the self-assembly 
process was performed at pH ~7.4, where ATP exhibits strong 
aggregation capability (Fig. 2a). Under these conditions, disassembly 
proceeds autonomously without requiring continuous addition of 
the HK trigger, while assembly is initiated upon ATP addition. This 
interplay between the dominant disassembly pathway and 
transiently activated assembly enables multiple reversible cycles of 
aggregation and redispersion. In a typical experiment, assembly was 
initiated by adding ~5 μM ATP to a 3 mL mixture containing ~6 nM 
[+] AuNPs, ~0.36 units of HK, and ~250 equivalents of G at 37 0C. This 
induced instant aggregation, evidenced by a ~10 nm red shift in the 
plasmon band and a visual color change (Fig. 2b, c, and S10†). Unlike 
in pathway II (vide infra), the ATP-AuNP aggregation did not undergo 
complete precipitation due to the presence of excess disassembling 
HK trigger in solution. This led to the formation of a plasmonically 
active, controlled aggregate state (Fig. 2a-c, and S11†). Subsequently, 
the excess HK enzyme present in the system will disassemble ATP-
AuNP controlled aggregates, leading to a complete redispersal (Fig. 
2b). Notably, the purple color of the ATP-AuNP aggregate solution 
(λmax ~537 nm) persisted for 20 min after ATP addition (representing 
a stagnant phase), before reverting to the original wine-red color 
(λmax ~520 nm) within 40 min. Thus, the dominance of the 
disassembling cycle was regained soon after the transient 

dominance of the assembling ATP trigger. The next cycle was 
initiated by adding a fresh aliquot of 5 μM ATP, which led to the 
immediate aggregation followed by a stagnant phase corresponding 
to the controlled aggregate state (~40 min long-lived state). Now, the 
excess HK present in the solution will dominate the assembling 
action of ATP, ensuring the consistent disassembly of ATP-AuNP 
controlled aggregates. In this way, we were successful in achieving 
five reversible cycles with the triggered-assembly and autonomous-
disassembly in the presence of ~0.36 units of HK (Fig. 2d and S10†). 
Specifically, the shuttling occurred between dispersed and 
plasmonically active, controlled aggregate states of AuNPs in an 
autonomous fashion. It must be noted that the kinetics of the 
autonomous disassembly slowed after each cycle. This can be 
attributed to the electrostatic attraction building between [+] AuNPs 
and the increasing concentration of anionic ADP generated after 
each cycle. Interestingly, the kinetics of the disassembling process 
depends on the activity/amount of HK trigger, allowing modulation 
of the lifetime of the plasmonically active, controlled aggregate 
state. In the presence of 0.06 units of HK enzyme, the controlled 
aggregate state ‘lived’ for ~130 min before disassembly dominated, 
completing redispersion in ~270 min. Thus, only one cycle of 
triggered assembly and autonomous disassembly was observed in 
~270 min with 0.06 units of HK. In comparison, 0.18 and 0.36 units of 
HK enzyme yielded two and three cycles of triggered assembly and 
autonomous disassembly, respectively, within ~270 min (Fig. 2e and 
S12-14†). This tunability of the transiently stable controlled 
aggregated state via control over disassembly kinetics represents a 
significant advance towards achieving temporal functionality in 
dynamic self-assembled systems. 

 

Figure 2. Self-assembly of AuNPs through pathway I (transient assembly). (a) Schematics showing the excess HK-driven autonomous reversibility in ATP-
triggered dynamic self-assembly process. The reaction mixture contained 3 mL of 6 nM AuNPs, 5 µM of ATP, and 0.36 units of HK enzyme (excess). (b) A plot 
showing the temporal change in the λmax of AuNPs during one cycle of the self-assembly process. (c) Time-dependent optical photographs showing the dynamic 
controlled aggregation of AuNPs in pathway I (transient assembly). (d) With 0.36 units of HK enzyme, five cycles of ATP-triggered dynamic self-assembly 
process were achieved. (e) A plot showing the increase in the number of dynamic self-assembly cycles, with an increase in the concentration of HK enzyme, 
within a time of ~270 min. 
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Pathway II (transient disassembly): Excess ATP-driven autonomous 
reversibility 

Pathway II (transient disassembly) involves autonomous assembly 
driven by an excess of the assembling trigger (ATP), coupled with 
triggered disassembly by the disassembling trigger (HK enzyme). In 
this pathway, an excess of ATP was added in the initial stage to 
achieve its long-term dominance over the opposing disassembling 
HK trigger. And, to ensure the transient dominance of the 
disassembling HK trigger and thus enabling disassembly, the entire 
self-assembly process was performed at pH ~ 3.5, where the 
aggregation power of ATP is weak. Under these conditions, assembly 
occurs autonomously without the need for continuous addition of 
ATP, while disassembly is induced upon each addition of the HK 
trigger. This cycle of autonomous assembly and triggered 
disassembly continues until the ATP concentration falls below the 
threshold required for aggregation (Scheme 2). As the assembly cycle 
dominates in pathway II, the aggregation of AuNP proceeds to 
complete precipitation (plasmonically-off state) due to the excess 
ATP present. In a representative experiment, an excess ATP 
concentration (250 μM) was added to a 3 mL solution of ~6 nM 
AuNPs, causing instant aggregation between ATP and AuNP, as 
indicated by a visible color change from wine-red to purple and a red 
shift of ~18 nm in the plasmon band (Fig. 3a,b and S15†). Eventually, 
the ATP-AuNP aggregates fully precipitated from the solution within 
8 h. DLS studies further confirmed rapid aggregation followed by 
precipitation, with hydrodynamic diameters increasing from ~10 to 
~154 nm and eventually to ~1080 nm (Fig. 3c). Subsequent addition 
of 3 units of HK and ~250 equivalents of glucose (G) triggered 
enzymatic dephosphorylation of ATP to ADP, resulting in rapid 
redispersion of the ATP-AuNP precipitates. Based on zeta potential 
studies (Fig. S16†), we anticipated that the electrostatic 
accumulation of negatively charged HK at positively charged AuNP 
interfaces enhances its local concentration, generating a proximity-
driven kinetic advantage that preferentially promoted 
dephosphorylation of surface-bound ATP over ATP in the bulk phase. 
However, redispersion was incomplete due to the excess ATP 
present in the system, which immediately triggered re-assembly 
followed by precipitation of the dispersed AuNPs (Fig. 3b-d). The 
dominance of excess ATP was further favored by the lower activity 
of HK at pH 3.5, as revealed by the pH-dependent stability studies 
(Fig. S17†). As reported before, a partial denaturing of HK was 
observed at pH 3.5.50 But, HK still maintains limited catalytic activity 
at pH 3.5, allowing for occasional, low-affinity binding for ATP to ADP 
conversion. However, due to significant loss of activity over time at 
pH 3.5, HK behaves less as an efficient catalyst and more as a 
stoichiometric reagent. This explains why the addition of HK does not 
monotonically lead to the thermodynamic endpoint of a dispersed 
state, and a complete redispersion of AuNPs was observed only after 
the addition of a threshold amount of HK in the system (Fig. S18†). 
Further, no significant influence of glucose was observed on the 
disassembly step in Pathway II (Fig. S19†). In this way, the dominance 
of the assembling trigger was quickly restored after the transient 
action of the disassembling HK trigger. This autonomous assembly–
triggered disassembly cycle was sustained until ATP amounts 
decreased below the threshold required for inducing aggregation 
(Fig. 3d). In the presence of 250 μM ATP, three cycles of reversible 

assembly and disassembly were achieved (Fig. 3d and S20†), with a 
shuttling between dispersed and completely precipitated states (Fig. 
3).  

 

Figure 3. Autonomous self-assembly of AuNPs through pathway II (transient 
disassembly). (a) Optical photographs show the dispersed (1st stage), self-
assembled (2nd stage), and redispersed (3rd stage) stages of autonomous self-
assembly of AuNPs. The assembly step was triggered by ATP (250 µM), and 
the disassembly step was initiated by the HK enzyme (3 units). The 
corresponding changes in the (b) UV-vs absorption and (c) hydrodynamic 
diameter (DLS data) are shown. (d) Three cycles of autonomous self-assembly 
process were achieved with 250 µM ATP. 

The dynamic interplay between the dominant assembly and 
transiently activated disassembly enables multiple reversible cycles 
of aggregation and redispersion. Now, the number of autonomous-
assembly — triggered-disassembly cycles can be tuned by controlling 
the concentration of the aggregating trigger, ATP. For this, the self-
assembly of AuNPs was performed in the presence of increasing 
concentrations of ATP (250 μM - 1 mM), while the disassembly in 
each cycle was triggered by the addition of 3 units of HK enzyme. (Fig. 
4 and S20-24†). The number of cycles increased from 3 to 8, as the 
ATP concentration was increased from 250 µM to 1 mM (Fig. 4 and 
S20-24†). Interestingly, at 1 mM ATP concentration, a complete 
shuttling between plasmonically-off (aggerated) and plasmonically-
on (dispersed) states was observed, along with negligible damping in 
the AuNP absorbance even after 8 cycles. Also, it was noticed that 
the assembly time increased and the extent of aggregation 
decreased toward the later cycles (Fig. 4). This can be attributed to 
the constant consumption of ATP across cycles, which reduces its 
effective concentration and slows the assembly kinetics over time. 
Notably, pH remained essentially constant throughout the multiple 
assembly-disassembly cycles, confirming that the dynamics of the 
system was controlled primarily by the availability and action of 
chemical triggers. Thus, these results highlight a novel dynamic self-
assembly process wherein, despite the disassembly step proceeding 
faster, the autonomous assembly pathway dominates due to the 
initial excess of the assembling trigger. This system-level design 
enables tunable reversibility and temporal control, key features for 
realizing chemically programmed functions in artificial self-
assembled systems. 
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Figure 4. A plot showing the increase in the number of autonomous assembly 
— triggered disassembly cycles (via pathway II), with an increase in the 
concentration of ATP-trigger. 

Comparative analysis of pathway I (transient assembly) and 
pathway II (transient disassembly) 

Both pathway I (transient assembly) and pathway II (transient 
disassembly) resulted in the autonomous reversibility in ATP-AuNP 
self-assembly by exploiting the transient interplay between 
dominant and opposing triggers. The key difference lies in which 
process (assembly or disassembly) is autonomously driven by the 
excess trigger. Pathway I (transient assembly) features autonomous 
disassembly driven by an excess of HK, with a transient assembly 
triggered by ATP addition. Here, the enzymatic dephosphorylation of 
ATP to ADP maintains AuNPs in a controlled aggregate state 
(plasmonically-on state), and a transient action of ATP induces 
reversible aggregation. The transient dominance of ATP-triggered 
assembly was enabled by reaction conditions (pH ~ 7.4) that 
accelerate the aggregation power of ATP, allowing reversible cycling 
between dispersed and controlled aggregate states. On the contrary, 
in pathway II (transient disassembly), autonomous assembly was 
achieved through an excess of the aggregating trigger (ATP), while 
disassembly was triggered enzymatically via HK. The long-term 
dominance of ATP ensures rapid and complete aggregation of AuNPs, 
resulting in their precipitation (plasmonically off state). The transient 
dominance of HK-mediated disassembly was enabled by reaction 
conditions (pH ~ 3.5) that moderate the aggregation power of ATP, 
allowing reversible cycling between aggregated and dispersed states 
until ATP is depleted below the threshold required for aggregation 
(HPLC analysis reveals that a quantitative conversion of 250 µM ATP 
to ADP occurs after the third addition of HK, enabling the complete 
redispersal of AuNPs after three cycles. Fig. S25†). This comparative 
framework shows the versatility of self-assembly control, achieved 
by tuning the relative concentrations and activities of assembly and 
disassembly triggers under carefully optimized reaction conditions. 

Conclusions 

A biomimetic dynamic self-assembled system based on AuNP and 
ATP was developed that exhibits multiple autonomous, reversible 
assembly–disassembly cycles. Assembly occurs through electrostatic 

attraction between oppositely charged ATP and AuNPs, while 
disassembly is driven by HK-catalyzed dephosphorylation of ATP to 
ADP, which weakens this attraction. The system shows complete and 
reversible transitions between dispersed and precipitated AuNP 
states, a rare among nanoparticle-based dynamic assemblies. 
Autonomous reversibility was achieved via two pathways by pre-
establishing the dominance of either the assembling or 
disassembling trigger. Appropriate pH conditions balanced the 
dominant and transient actions of the triggers, enabling autonomous 
reversibility in the self-assembly process. In pathway I (transient 
assembly), excess HK maintained autonomous disassembly, with 
transient assembly triggered by ATP addition. In pathway II (transient 
disassembly), excess ATP sustained autonomous assembly, with 
transient disassembly induced by HK addition. Notably, the nature of 
the self-assembled states was different in the two pathways: 
pathway I (transient assembly) produced switching between 
dispersed and plasmonically active, controlled aggregate states of 
AuNPs, whereas pathway II (transient disassembly) yielded 
reversible transitions between dispersed and fully precipitated states 
of AuNPs. Further, balancing the competing kinetics of the triggers 
allowed tuning of aggregate lifetimes from minutes to hours, a 
feature crucial for realizing temporal functions from dynamic self-
assembled states. Our work demonstrates how careful regulation of 
trigger concentrations and kinetic balance can install autonomous 
reversibility in a self-assembly process. Overall, this study presents a 
versatile model for understanding pathway-dependent autonomous 
reversibility in synthetic and biomimetic self-assembled systems. 
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