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Abstract: Living systems are essentially out of equilibrium, where concentration gradients 10 

are kinetically controlled by reaction networks that provide spatial recognitions for 11 

biological functions. They have inspired life-like systems using supramolecular dynamic 12 

materials and systems chemistry. Upon pursuing ever more complex life-inspired systems, 13 

mimicking the ability to learn would be of great interest to be implemented in artificial 14 

materials. We demonstrate a soft hydrogel model system that is programmed to 15 

algorithmically mimic some of the basic aspects of classical Pavlovian conditioning, the 16 

simplest form of learning, driven by the coupling between chemical and physical processes. 17 

The gel can learn to respond to a new, originally neutral, stimulus upon classical conditioning 18 

with an unconditioned stimulus. Further subtle aspects of Pavlovian conditioning, such as 19 

forgetting and spontaneous recovery of memory, are also achieved by driving the system out-20 

of-equilibrium. The present concept demonstrates a new approach towards dynamic 21 

functional materials with “life-like” properties. 22 

Biological systems have inspired biomimetic materials with fascinating properties, e.g., 23 

toughness, structural colors, catalytic activity, and superhydrophobicity1,2. In future, materials are 24 

foreseen to mimic ever more complex functional and responsive properties of dynamic biological 25 

systems. Various model systems for dynamic dissipative out-of-equilibrium self-assemblies have 26 

been presented3–6. To allow a major progress towards “life-like” materials, the importance of 27 
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systems chemistry has been emphasized for the structural and temporal programming of the 28 

functionalities by coupled chemical reactions under out-of-equilibrium conditions7–11. 29 

One of the most relevant biological functions deals with the concept of “learning”12. In its 30 

full biological form, it involves formidable complexity. However, systematic approaches have 31 

shed light on its simplest forms, i.e., habituation, sensitization, and classical conditioning13. 32 

Adopting a still more reductionist approach, a generic question could be posed: whether even 33 

inanimate materials could be designed to show programmed responses mimicking some 34 

elementary aspects of learning, in resemblance to systems based on synaptic electronics or 35 

biochemical circuits14–17.  36 

To address the above question, we explore whether artificial materials could be designed 37 

to show responses that algorithmically mimic the classical (Pavlovian) conditioning18,19. In 38 

Pavlov’s seminal experiment, an unconditioned dog salivates (unconditioned response, UR) upon 39 

seeing food (unconditioned stimulus, US), while ringing a bell (neutral stimulus, NS) does not lead 40 

to salivation. However, upon conditioning by simultaneously ringing the bell and showing the 41 

food, a conditioned response (CR) to the neutral signal is associatively learned, after which 42 

salivation can be triggered also by the bell. The process involves the association of the two stimuli 43 

stored in the memory, so that the original response can be triggered by a new stimulus.  44 

Hydrogels have been shown to be relevant model systems for out-of-equilibrium and 45 

systems chemistry5,9. Here we introduce a hydrogel that is programmed to mimic classical 46 

conditioning, which allows melting of the gel in response to an originally neutral stimulus (light) 47 

upon associating the light with an unconditioned stimulus (heat). Further aspects of the classical 48 

conditioning, such as forgetting and spontaneous recovery of memory after extinction, were 49 
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mimicked by temporally programming the gel response using coupled chemical reactions, which 50 

drives the hydrogel out-of-equilibrium.  51 

Results and discussion 52 

Programming hydrogel with classical conditioning algorithm. The hydrogel consists of pH-53 

sensitive gold nanoparticles (AuNPs) embedded in a soft hydrogel network of agarose, and a 54 

merocyanine-based photoacid (Fig. 1a). The photoacid allows reversible photo-switching of the 55 

solution pH between 5.4 and 3.8 in the aqueous solution (0.2 mM) upon irradiation in the visible 56 

range (Supplementary Fig. 1)20,21. The AuNPs are modified by lipoic acid chosen to respond to pH 57 

changes caused by the photoacid22. The composition of the system, such as the size of AuNPs and 58 

the gel concentration, has been optimized for fast response under mild conditions (Supplementary 59 

Fig. 2–6). The Pavlovian response of the hydrogel is shown in Fig. 1 b-e. Heating (US) above the 60 

melting temperature (Tm ~ 33 °C, Supplementary Fig. 7) induces gel melting as the unconditioned 61 

response (Fig. 1b), whereas the AuNPs remain well dispersed as confirmed by TEM imaging and 62 

UV-Vis measurement. A clear plasmonic band can be seen at 520 nm before and after heating 63 

(Fig. 1b, right panel). This is due to the sufficient electrostatic stabilization of the carboxyl groups 64 

at pH above 5, since heating doesn’t affect the pH of the gel significantly (Supplementary Fig. 1). 65 

As the neutral stimulus we used laser irradiation at 635 nm (140 mW cm-2), mixed with 455 nm 66 

LED light (25 mW cm-2). The photoacid absorbs strongly in the range between 380 nm and 460 67 

nm, so that efficient photoacid activation can be achieved by the LED light. Besides, the intensity 68 

of the LED is chosen to be just sufficient for the activation of photoacid, in order to avoid 69 

contributing significantly to the photothermal heating inside the gel. Under irradiation, the original 70 

unconditioned gel does not melt due to the low absorption at 635 nm and thus insufficient heating 71 

(Fig. 1c, Supplementary Fig. 8). Note that in this case the interparticle electrostatic repulsion is in 72 
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fact also reduced upon the pH decrease, but the plasmonic band remains at 520 nm, suggesting 73 

dispersed particles due to the stabilizing gel matrix. The presence of the gel network hinders the 74 

diffusion of the AuNPs, and thus no significant self-assembly into chains takes place even when 75 

the photoacid is activated.  76 

The crucial step to achieve conditioning is the self-assembly of the AuNPs by simultaneous 77 

exposure to light and heat (Fig. 1d). Once the gel melts upon heating, the AuNPs regain mobility 78 

and self-assemble into linear aggregates triggered by the irradiation-induced pH change 79 

(Supplementary Fig. 9, 10). The formation of linear assemblies of AuNPs is dependent on different 80 

parameters such as ligand composition, pH, solvent, or salt23. In our system, the use of lipoid acid 81 

is important to achieve the linear self-assembly. It has been proposed that anisotropic electrostatic 82 

repulsion of AuNP dimers formed in the initial aggregation stage accounts for the rather linear 83 

configuration of the aggregates24. In the gel, the linear self-assemblies of AuNPs remain stable 84 

even after the pH recovery (light off) and re-gelation of the agarose (Fig. 1d), which we attribute 85 

mainly to interparticle hydrogen bonding and/or van der Waals attraction25. The self-assembled 86 

AuNPs can be only separated by increasing the pH of the solution to above 8, as we show in the 87 

later sections. The resulting spectral change of self-assembly is the appearance of a new plasmonic 88 

band around 635 nm due to the coupling of the AuNPs in the linear self-assemblies26. Note that 89 

non-specific aggregation would not result in a defined new band at longer wavelengths. This 90 

spectral change serves as the memory, which enables significantly enhanced photothermal heating 91 

at 635 nm due to the thermoplasmonic properties of AuNPs27,28, and the gel thus melts upon 92 

irradiation (Fig. 1d,e). Hence the system has evolved to a new state, where upon conditioning the 93 

AuNPs are self-assembled from individual particles into chains, and the gel melting occurs upon 94 

the newly learned stimulus, i.e. light irradiation (CS). 95 
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 96 

Figure 1 | Programming hydrogel with classical conditioning algorithm. (a) Lipoic acid-97 
modified gold nanoparticles (AuNPs), photoacid, and agarose hydrogel. (b) Melting of the 98 
unconditioned gel upon heating above Tm. Inset: Transmission electron microscopy (TEM) image 99 
of initially dispersed AuNPs in the gel. Right panel: UV-Vis spectra of the unconditioned gel after 100 
irradiation or heating and photographs illustrating the gel melting by cuvette inversion. (c) 101 
Unconditioned gel after irradiation at 635 nm. Right panel: the minor temperature increase and 102 
photograph of the unconditioned gel upon irradiation. (d) Conditioning by simultaneous heating 103 
and irradiation. Inset: TEM image of AuNPs self-assembled in chains. Right panel: UV-Vis 104 
spectrum featuring enhanced absorbance at 635 nm and photograph of the conditioned sample 105 
after re-gelation. (e) Melting of the conditioned gel upon irradiation at 635 nm. Right panel: 106 
temperature increase and photographs of the conditioned gel upon irradiation.  107 
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For the generalization of the Pavlovian concept, Fig. 2 suggests the underlying logic circuit 108 

for the Pavlovian gel. In order to “learn”, the material must possess a memory module that can be 109 

triggered by external stimuli, and a read-out mechanism that modifies the behavior upon switching 110 

of the memory16. In the gel, the memory is the spectral change due to the linear self-assembly of 111 

AuNPs that can be switched on by conditioning (“learning” AND gate). This AND gate is achieved 112 

by the incorporation of the AuNPs/photoacid pair into the gel network, so that the self-assembly 113 

of the AuNPs is only possible when light and heat are both present. This ensures that learning is 114 

exclusively based on the association of two stimuli. The OR gate is necessary to sustain the 115 

memory once it has been switched on, which is accomplished by the stable self-assembly of AuNPs 116 

in the gel. On the other hand, the “recalling” AND gate is achieved by the photothermal effect due 117 

to the coupled surface plasmon resonance of the AuNPs, through which the material is able to 118 

respond to irradiation. Importantly, the Pavlovian gel can be distinguished from the conventional 119 

shape memory materials, where the memory is the equilibrium permanent shape that can be 120 

recovered from a temporary shape in the kinetically trapped non-equilibrium state. Shape memory 121 

materials do not really “learn” to respond to a new stimulus. 122 

 123 

Figure 2 | Logic circuits of the Pavlovian conditioning. The logic chart allows to search other 124 
materials with different stimuli and responses that follow Pavlovian logic. 125 

 126 
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Timing dependence of the conditioning process. In biological systems undergoing Pavlovian 127 

conditioning, the efficiency of learning is highly dependent on the timing between applied stimuli. 128 

US and NS may take place simultaneously, the NS may precede the US, or the US may precede 129 

the NS, denoted as simultaneous, forward, or backward conditioning, respectively. Forward and 130 

simultaneous conditioning are the fastest, while backward conditioning is less effective or even 131 

inhibitory29. This is presumably because that the NS no longer predicts the appearance of US in 132 

the case of backward conditioning, where the NS is applied after the US29, so that such an 133 

association will not be beneficial to the organism. The association process in the Pavlovian gel 134 

shown in Fig. 3a-c is in line with such observations. When the irradiation (NS) precedes or 135 

coincides with the onset of heat (US), the “learning efficiency”, as manifested by the increase in 136 

absorbance at 635 nm of the gel, is comparable in forward and simultaneous conditioning (Fig. 137 

3a,b). In contrast, backward conditioning is less effective, and the increase of absorbance is 138 

roughly 70% of that resulting from the simultaneous conditioning process (Fig. 3c). This can be 139 

attributed to the viscosity increase of the solution upon removal of the heat30, which slows down 140 

the diffusion and thus the self-assembly of the AuNPs. Consequently, after backward conditioning 141 

the gel does not melt upon irradiation, since the temperature stays below the Tm of the gel, though 142 

the photothermal effect is stronger compared to the unconditioned gel (Supplementary Fig. 11). 143 

The ability to differentiate the temporal relationship between the unconditioned and neutral stimuli 144 

is intriguing, reminiscent to the timing dependence of classical conditioning29.  145 
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 146 
Fig. 3. Timing dependence of the conditioning process. Forward (a), simultaneous (b), and 147 
backward (c) conditioning of the gel. The absorbance at 635 nm is normalized to the absorbance 148 
of the gel after simultaneous conditioning. 149 

Forgetting and spontaneous recovery of the memory using out-of-equilibrium processes. The 150 

above results allow to mimic some aspects of the classical conditioning in equilibrium state, where 151 

the memory stays unchanged after conditioning. In a step further, we expect that programming the 152 

time domain of the response and potentially driving the system out-of-equilibrium are needed to 153 

mimic more subtle aspects. The classical conditioning may involve several stages, such as 154 

acquisition, extinction, and spontaneous recovery18,31. In Fig. 4, we show the possibility of 155 

temporally programming the memory of the Pavlovian gel to achieve “forgetting” and 156 

“spontaneous recovery” using coupled chemical reactions. In Fig. 4a-c, the gel contains additional 157 

20 mM of urea and 5 µg mL-1 of urease as an internal “clock” to trigger the forgetting process. The 158 

urease catalyzes the hydrolysis of urea, resulting in the production of 2 eq. of ammonia and 1 eq. 159 

of carbon dioxide. The temporal profile of the solution pH can thus be programmed depending on 160 

the ratio and concentration of the two components32. In the gel, the pH remains almost unaffected 161 

by the presence of urea/urease on the time scale of conditioning (~ 10 min), which thus enables 162 

acquisition of the memory. Yet the conditioned gel is not in the equilibrium state. The forgetting 163 

process takes place as the result of urea hydrolysis, which slowly increases the pH to around 8.8 164 

in 12 hours. The gel was left in the liquid state to facilitate the disassembly of the AuNPs triggered 165 

by the pH change, resulting in the drop of absorbance (memory) as shown in Fig. 4b,c. The high 166 
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pH required for the disassembly could be the result of interparticle van-der-Waals attraction / 167 

hydrogen bonding that has to be counter-balanced by strong electrostatic repulsion from the 168 

deprotonation of the carboxyl groups on the AuNP surfaces. The recovery of the absorbance at 169 

635 nm is significant, indicating that the AuNPs are well protected by the ligands during the self-170 

assembly process. In addition, the absorbance around 450 nm dropped as a result of the 171 

deprotonation of photoacid at high pH. The forgetting profile is reminiscent of the Ebbinghaus’ 172 

forgetting curve: the memory decreases with time, yet a small portion of it is retained over an 173 

extended period33. As a result, the gel no longer melts upon irradiation (Supplementary Fig. 11), 174 

and can be considered as having forgotten the conditioning.  175 

 176 

Figure 4 | Programming the time domain for the Pavlovian hydrogel using coupled chemical 177 
reactions. (a)-(c) Forgetting of the conditioned memory. (d)-(f) Extinction and spontaneous 178 
recovery of the memory. (a) Schematic illustration of coupled chemical reactions for the forgetting 179 
of the conditioning. (b) The absorption spectra showing the conditioning of the gel and subsequent 180 
“forgetting” with time. (c) The normalized absorption at 635 nm as a function of time, showing 181 
the partial disassembly of the AuNPs due to increased pH. (d) Schematic illustration for the 182 
extinction and recovery of the memory. (e) The absorption spectra showing the conditioning of 183 
the gel and subsequent extinction and spontaneous recovery of the memory. (f) The normalized 184 
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absorption at 635 nm as a function of time, showing the initial disassembly of the AuNPs upon 185 
chemical cue and subsequent recovery of the memory. Dashed lines are to guide the eye. 186 
Conditioning starts at t = 0 min. 187 

The conditioned memory can also be extinguished by an external stimulus followed by a 188 

spontaneous recovery (Fig. 4d-f). The extinction is induced by a chemical cue containing a 189 

potassium phosphate buffer (K3PO4) and methyl formate, offering a new possibility to control the 190 

memory inspired by the extinction process in biological systems, which is triggered by repeated 191 

exposure to the NS without US. After addition of the chemical cue to the conditioned gel, the pH 192 

of the melted gel increases instantaneously to 11.8 due to the buffer (20 mM), which leads to 193 

disassembly of the AuNPs and thus fast extinction of the memory. Subsequently, the spontaneous 194 

hydrolysis of the methyl formate (240 mM) results in the formation of formic acid and thus a 195 

controlled decrease of the pH to below 5.0 in 20 hours34. As the pH decreases, self-assembly of 196 

the AuNPs again takes place spontaneously, where the gel was kept in liquid state to allow 197 

diffusion of the AuNPs. The absorbance at 635 nm therefore gradually recovers after the extinction 198 

(Fig. 4e). The decrease of the absorbance around 530 nm is due to the protonation of the photoacid 199 

during the recovery. This kinetically controlled pH change using phosphate buffer and methyl 200 

formate thus enables the extinction of the memory and the following spontaneous recovery. After 201 

extinction, the gel does not respond to irradiation, but subsequently regains the ability to melt upon 202 

irradiation once recovered (Supplementary Fig. 11).  203 

The memory processes shown in Fig.4 are essentially out-of-equilibrium, in contrast to the 204 

equilibrium “learning” demonstrated in Figs. 1-3, where the memory remains unchanged after 205 

conditioning. The acquired memory through conditioning is only in a temporally stable state in 206 

Fig. 4a-c, which gradually decays with time due to the kinetically controlled chemical reaction. 207 

The system reaches equilibrium only after the memory is mostly lost (disassembly of the AuNPs). 208 
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The same applies to the process in Fig.4d-f, where the memory is temporarily extinguished and 209 

then recovers spontaneously. These results demonstrate the possibility to further manipulate the 210 

(primitive) memory of the gel system, inspired by real cognitive processes that operates under out-211 

of-equilibrium conditions.  212 

Conclusion 213 

Summarizing, we have shown that an inanimate soft hydrogel can be designed to exhibit 214 

responses resembling classical conditioning, which has been considered as one of the elementary 215 

forms of learning. Therein, the material learns to respond to an initially neutral stimulus (light) 216 

through an associative conditioning process, during which the material is exposed to both neutral 217 

(light) and unconditioned (heat) stimuli. Forgetting and recovery of memory can be achieved by 218 

introducing kinetically controlled coupled chemical reactions to the system, which can be 219 

discussed in the context of systems chemistry and out-of-equilibrium processes. The Pavlovian-220 

type sol-gel transition in hydrogels may find applications, e.g., in intelligent drug delivery or cell 221 

culture, and the concept may be extended to other material systems beyond gels following the 222 

demonstrated logic flow diagram, based on other functional groups and fields, e.g., using magnetic 223 

fields. Admittedly, the content of learning in the demonstrated Pavlovian hydrogel is prescribed to 224 

preselected stimuli when compared to the complex adaptive behavior in biological systems capable 225 

of responding to a wide variety of stimuli35. Yet our systems offer selectivity towards stimuli, and 226 

allow considerable flexibility for new properties and functions to be engineered (e.g., 227 

forgetting/recovery). The possibility to program Pavlovian conditioning in a hydrogel, even 228 

including forward and backward conditioning, as well as forgetting/recovery under out-of-229 

equilibrium conditions, is conceptually intriguing. We envision that designing complex 230 

conditioning behaviors coupled with engineered physical properties of materials may provide 231 
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unforeseen routes and applications eventually mimicking living systems that can autonomously 232 

adapt.  233 

Methods 234 

Preparation and conditioning of Pavlovian hydrogel. 13 nm AuNPs were synthesized using a 235 
seed-mediated method36 and characterized using transmission electron microscope (Tecnai 12). 236 
AuNPs of other sizes were synthesized according to literature37,38. Photoacid was prepared 237 
according to literature20,21 and stored under nitrogen at -20 °C. 20 µL of 1M NaOH solution was 238 
added to 10 mL of the AuNP solution to adjust the pH to 11. Then 1 mL of freshly prepared lipoic 239 
acid solution in ethanol (10 mM) was added dropwise under stirring. The solution was shaken 240 
overnight and centrifuged three times for purification, resulting in 1 mL of concentrated AuNPs 241 
solution. 30 mg of agarose (ultra-low gelling temperature, A5030, Sigma-Aldrich) was dissolved 242 
in 10 mL of water in a pre-rinsed glass vial by heating to 70 °C and vortexing. 0.78 mg of photoacid 243 
was added to this solution and sonicated at 35 °C until full dissolution. 1.92 mL of this solution 244 
was mixed with certain amount of 1 M NaCl solution (30 µL for the gels in Fig. 1, and 40 µL for 245 
the gels in Fig. 4 for faster self-assembly) in a disposable cuvette (BRAND, Sigma-Aldrich). 246 
Subsequently, 35 µL of the AuNPs solution was added and mixed thoroughly. The cuvette was 247 
sealed by Parafilm M and stored in fridge (4 °C) overnight for gelation. The reference gel was 248 
prepared in the same way except that water was added instead of AuNP. For Fig. 4a-c, additional 249 
1 M urea solution and 1 mg mL-1 urease from Canavalia ensiformis (1 U mg-1, Sigma-Aldrich) 250 
solution was added so that the final concentration was 20 mM for urea and 5 µg mL-1 for urease. 251 
This gel was conditioned directly after preparation. For Fig. 4d-f, certain amount of 1 M K3PO4 252 
solution and liquid methyl formate were injected after conditioning, so that the final concentration 253 
after mixing equaled 20 mM for the phosphate and 240 mM for methyl formate. The gel was kept 254 
at room temperature for the recovery process. Conditioning was done in a water bath at 50 °C 255 
under irradiation that consists of a 635 nm laser (140 mW cm-2, Roithner Lasertechnik) and a 455 256 
nm LED (25 mW cm-2, Thorlabs). Photothermal experiments were done in air and the temperature 257 
was monitored by an infrared camera (T62101, FLIR). Optical images were taken using a digital 258 
camera (5D Mark III, Canon). 259 

 260 

Data availability. The data that support the findings of this study are available from the 261 

corresponding authors upon request. 262 
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Materials and Methods 
Materials 

The following chemicals were purchased from Sigma-Aldrich: gold(III) chloride trihydrate 
(HAuCl4·3H2O, >99.9% trace metals basis), sodium citrate tribasic dihydrate (BioUltra, 99.5%), 
tannic acid (TA, ACS reagent), potassium carbonate (K2CO3, 99.995% trace metals basis), 
potassium phosphate tribasic (K3PO4, 98%), silver nitrate (AgNO3, 99.9999% trace metals basis), 
methyl formate (anhydrous, 99%), 1,3-propanesultone (>99%), 2,3,3-trimethylindolenine (98%), 
salicylaldehyde (>99.0%), (±)-α-lipoic acid (>99%), sodium chloride (NaCl, BioXtra, >99.5%), 
sodium hydroxide (NaOH, 98%), pH 4 buffer solution (citric acid/sodium hydroxide/hydrogen 
chloride, Certipur), agarose (ultra-low gelling temperature, SKU: A5030), urea (powder, 
BioReagent), urease from Canavalia ensiformis (1 U/mg).  

Hydrochloric acid (HCl) solution 1M (NIST standard solution) was purchased from Fisher 
Scientific. Ethanol (99.5%) was purchased from ALTIA Oyj (Finland). MilliQ water (18.2 MΩ, 
DirectQ 3 UV, Millipore) was used in all experiments. 

 
 
Methods 
Gold nanoparticles: 

To synthesize gold nanoparticle with an average diameter of 10 nm and 13 nm, the seeded 
growth method in the presence of tannic acid was used36. All solutions were freshly prepared 
before the reaction. Briefly, 150 mL of 2.2 mM aqueous solution of trisodium citrate dihydrate 
was mixed with 0.1 mL of 2.5 mM tannic acid and 1 mL of 150 mM potassium carbonate in a 250 
mL three-neck flask. The solution was heated to 70 °C in an oil bath. Subsequently, 1 mL of 25 
mM HAuCl4·3H2O solution was quickly injected under vigorous stirring, and the solution was 
kept at 70 °C for another 5 min. In this way, gold seeds with an average diameter of 3.5 nm were 
prepared. Directly after the formation of gold seeds, 55 mL of this solution was extracted, and 55 
mL of 2.2 mM citrate solution was added. After the temperature of the solution reached again 70 
°C, 0.5 mL of 25 mM HAuCl4·3H2O solution was injected to initiate the growth of the seed. After 
10 min, an identical injection was carried out. This growth procedure including extraction, addition 
of citrate and two injections of gold precursor was repeated for 4 times in total for 10 nm AuNPs 
and 6 times for 13 nm AuNPs. 

To synthesize gold nanoparticles with an average diameter of 16 nm, the classical citrate 
reduction method was used37. Briefly, 100 mL of freshly prepared 0.01 wt% aqueous solution of 
HAuCl4·3H2O was brought into boiling under reflux in an oil bath. Then 3 mL of 1.0 wt% 
trisodium citrate dihydrate solution was quickly injected under vigorous stirring. The solution was 
further refluxed for 10 min under stirring and left cooling at room temperature.  

To synthesize gold nanoparticles with an average diameter of 20 nm and 43 nm, the citrate 
reduction method in the presence of silver nitrate was used38. All stock solutions were prepared 
freshly before synthesis. Briefly, to certain volume of 1.0 wt% citrate aqueous solution (1.1 mL 
for 20 nm and 0.3 mL for 43 nm), 1 mL of 0.5 wt% HAuCl4 aqueous solution and 42.5 µL of 0.1 
wt% AgNO3 aqueous solution were added consecutively under stirring. Water was then added to 
bring the volume of the mixture solution to 2.5 mL, which was further stirred for 5 min. Note that 
the sequence of mixing and the duration of incubation are important. The solution was then quickly 
injected into 47.5 mL of boiling water under reflux in an oil bath. The solution was further refluxed 
for 1 h to ensure complete consumption of gold precursor. 
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Characterization of the AuNPs was carried out by transmission electron microscope (Tecnai 
12). The size of the particles was analyzed using the “Analyze Particle” function of ImageJ 
(version 1.51s). The diameter was calculated from the area of the particles assuming that the 
particles are perfect spheres. More than 150 particles were analyzed for each sample. 

For modification of the citrate protected AuNPs, lipoic acid was first dissolved in ethanol to 
make a 10 mM solution. 20 µL of 1M NaOH solution was added to 10 mL of the AuNP solution 
to adjust the pH of the solution to ~11. Then 1 mL of the freshly prepared lipoic acid solution was 
added dropwise under stirring. The solution was then shaken overnight on an orbital shaker. 
Subsequently, the solution was centrifuged at 15 °C for three times (30 min, Avanti J-26XP 
centrifuge, Beckman Coulter), each time with removal of the supernatant after centrifugation, 
dilution with water to 20 mL and addition of 20 µL of 1 M NaOH solution. The centrifugation 
conditions are: 30,000 g, 24,000 g, 22,000 g, 16,000 g, and 4,000 g for 10 nm, 13 nm, 16 nm, 20 
nm, and 43 nm AuNPs respectively. After the last centrifugation, the sediment was collected and 
diluted with water to a final volume of 1 mL. The modified AuNPs were always prepared freshly 
for the Pavlovian gel. 
 
Photoacid: 

The photoacid was synthesized according to literature20,21. Briefly, 2,3,3- trimethylindolenine 
(3.18 g, 20 mmol) was mixed with 1,3-propanesultone (2.44 g, 20 mmol) and then heated to 90 °C 
for 6 h under nitrogen protection. The product was collected as a purple solid by filtration and 
washed thoroughly with diethyl ether. 600 mg (2.14 mmol) of the dried product and 292 mg of 2-
hydroxybenzaldehyde (2.4 mmol) were then added to 12.0 mL of anhydrous ethanol, and the 
solution was refluxed overnight. The resulting orange solid was collected by filtration and rinsed 
thoroughly with ethanol (5 × 10 mL). The final product was dried in vacuum and stored in freezer 
(-20 °C) under nitrogen protection. The pH of the photoacid solution was measured by a Mettler 
Toledo SevenExcellence pH meter. 
 
Pavlovian gel: 

The composition of the gel was optimized for strong spectral change under mild conditions 
(Supplementary Fig. 2 – 6). The melting point of the Pavlovian gel was determined by inverting 
the cuvette after incubation at different temperatures (Supplementary Fig. 7). To prepare the 
Pavlovian gel, 10 mL of water was added to 30 mg of agarose (for 0.3 wt% gel) in a pre-rinsed 
glass vial. The mixture was then heated to 70 °C and vortexed until the agarose was fully dissolved. 
After the clear agarose solution cooled down to room temperature, 0.78 mg of photoacid was 
added. The solution was then sonicated at 35 °C until complete dissolution of the photoacid. 
Subsequently, 1.92 mL of this solution was mixed with certain amount of 1 M NaCl solution (30 
µL for the gels in Fig. 1, and 40 µL for the gels in Fig. 4 for faster self-assembly) in a disposable 
cuvette (BRAND, Sigma-Aldrich). Finally, 35 µL of the lipoic acid modified AuNP solution was 
added and mixed thoroughly. The cuvette was sealed by parafilm and stored in fridge (4 °C) 
overnight for gelation. The reference gel was prepared in the same way except that water was 
added instead of AuNP solution. For Fig. 4a-c, additional 1 M urea solution and 1 mg/mL urease 
from Canavalia ensiformis solution was added so that the final concentration is 20 mM for urea 
and 5 µg/mL for urease. This gel was conditioned directly without storage overnight. For Fig. 4d-
f, certain amount of 1 M K3PO4 solution and liquid methyl formate were injected after conditioning 
so that the final concentration after mixing is 20 mM for K3PO4 and 240 mM for methyl formate. 
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For the conditioning process, the gel was irradiated at 50 °C in a water bath for 60 min (Fig. 
1). Unless otherwise mentioned, the irradiation for the gel always consists of a 635 nm laser (140 
mW cm-2, RLTMRL-635-1W-5, Roithner Lasertechnik) and a collimated 455 nm LED (25 mW 
cm-2, M455L3-C2, Thorlab). The intensity of the LED light was determined according to the 
minimal required intensity to fully activate the photoacid at 50 °C (Supplementary Fig. 1). Finally 
the cuvette was stored in fridge (4 °C) overnight for re-gelation. 

The photothermal heating was done by irradiating the cuvette in air (635 nm laser + 455 nm 
LED). The temperature of the cuvette was recorded simultaneously by an infrared camera (T62101, 
FLIR). After irradiation, the sample was left undisturbed for 10 minutes to ensure comparable 
coloration of the sample (color recovery of the photoacid). Afterwards the cuvette was carefully 
inverted for photographing with a digital camera (Canon EOS 5D Mark III, EF 100 mm f/2.8L).  
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Supplementary Figure 1 | Light-triggered responses of photoacid. (a) UV-Vis spectra of the 
photoacid solution showing recovery after irradiation. (b) Enlarged view of (a). The black curve 
is not visible due to complete overlap with the purple curve (20 min after irradiation). (c) pH 
change of a 0.2 mM photoacid solution upon irradiation and recovery in 5 cycles at room 
temperature. The irradiation was carried out for 5 min, followed by 20 minutes of recovery in 
darkness. Irradiation: 25 mW cm-2 at 455 nm. (d) pH change of a 0.2 mM photoacid solution at 
different temperatures upon irradiation. The temperature of the solution was controlled by a water 
bath, which was heated stepwise from 22 °C to 55 °C. The solution was equilibrated for 5 min 
before irradiation. The duration of irradiation and recovery was 5 min and 20 min respectively. 
The irradiation intensity was 25 mW cm-2 at 455 nm. Dashed lines are to guide the eye. (e) pH of 
the 0.2 mM photoacid solution at 50 °C under different irradiation intensities. The pH was 
measured after 5 min of irradiation at each intensity. Dashed line is to guide the eye. 
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Supplementary Figure 2 | Representative TEM images of different AuNPs and the 
corresponding size distributions (lower panel). Particle size: (a) 10 nm (10.0 ± 0.9 nm), (b) 13 
nm (13.3 ± 1.5 nm), (c) 16 nm (15.7 ± 0.8 nm), (d) 20 nm (19.8 ± 2.9 nm), and (e) 43 nm (43.1 ± 
5.1 nm).   
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Supplementary Figure 3 | UV-Vis spectra of lipoic acid-modified AuNPs in solution before 
and after adding pH 4 buffer solutions. (a) 10 nm AuNPs, (b) 13 nm AuNPs, (c) 16 nm AuNPs, 
(d) 20 nm AuNPs, and (e) 43 nm AuNPs. Dashed lines indicate the position of the absorbance 
maximum after incubation. The buffer solution was added at a volume ratio of 1:19 (i.e., 20 × 
dilution of the buffer, final pH of the solution ~ 4.2), and the spectra was taken after incubation 
for 60 min. 
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Supplementary Figure 4 | UV-Vis spectra of 13 nm AuNPs in 0.2 mM photoacid solution at 
different salt concentrations upon irradiation. (a) 0 mM NaCl, (b) 5 mM NaCl, (c) 10 mM 
NaCl, (d) 15 mM NaCl, and (e) 20 mM NaCl. The black curves show the original spectra of the 
solution (0 min). The irradiation was 455 nm LED (25 mW cm-2). The spectra were taken 
immediately after the solution has been irradiated for a certain duration. The position of the 
maximum of the plasmonic band after 20 min irradiation is indicated by dashed lines.  
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Supplementary Figure 5 | Influence of gel composition on the self-assembly of 16 nm AuNPs. 
(a) UV-Vis spectra of the gel after incubated at 50 °C for 60 min. pH 4 buffer was added at a 
volume ratio of 1:19 before the incubation (20 × dilution). (b) The position of the new plasmonic 
band maximum depending on the gel concentration shown in (A). Dashed line is to guide the eye. 
The 0.3 wt% was chosen for the Pavlovian gel as the 0.1 wt% and 0.2 wt% solutions did not form 
proper gels. 
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Supplementary Figure 6 | Screening of AuNP size and temperature for conditioning. (a) – (c) 
UV-Vis spectra of 10 nm AuNPs in agarose gel at 45°C, 50°C and 55°C upon addition of pH 4 
buffer (20 × dilution). (d) – (f) UV-Vis spectra of 20 nm AuNPs in agarose gel at 45 °C, 55 °C 
and 65 °C upon addition of pH 4 buffer (20 × dilution). (g) – (i) UV-Vis spectra of 43 nm AuNPs 
in agarose gel at 45 °C, 55 °C and 65 °C after addition of pH 4 buffer (20 × dilution). The gels 
containing AuNPs were immersed in water bath at different temperature for 5 min, after which 5 
vol% of pH 4 buffer was added. The spectra were taken after incubation for indicated duration.  
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Supplementary Figure 7 | Photographs of the Pavlovian gels in inverted cuvettes after 
incubation for 30 min at different temperatures. After preparation, the gels were melted at 60 
°C and then re-gelled overnight to mimic the conditioning process. Afterwards the gels were 
immersed in water baths at different temperatures and incubated for 30 min. Note that at 33°C the 
gel already showed sign of melting, i.e. droplet on the wall. 
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Supplementary Figure 8 | Photothermal heating on gels. (a) Temperature change of the 
conditioned gel upon irradiation. (455 nm LED and 455 nm LED + 635 nm Laser). (b) 
Temperature increase after 30 min irradiation for reference gel (gel containing photoacid without 
AuNPs), unconditioned gel, and conditioned gel.  
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Supplementary Figure 9 | Kinetics of the Pavlovian gel. Kinetics of the conditioning. (a) UV-
Vis spectra of the Pavlovian gel during conditioning. The position of 635 nm is marked by dashed 
line. (b) UV-Vis spectra of the Pavlovian gel under irradiation at room temperature. The spectra 
were taken immediately after the irradiation for certain duration. The recovery curve was measured 
20 min after the irradiation was switched off. (c) UV-Vis spectra of the Pavlovian gel upon heating 
at 50 °C without irradiation. (d) Change of absorbance at 635 nm for Pavlovian gel during 
conditioning (irradiation at 50 °C), under irradiation at room temperature, and upon heating at 50 
°C. Dashed lines are to guide the eye. 
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Supplementary Figure 10 | Representative TEM images of AuNPs in gels. (a) - (c) Pavlovian 
gel after irradiation for 60 min at room temperature. (d) - (f) Conditioned gel. Samples were 
prepared by pipetting 3 µL of the gels onto a TEM grid and removing the excess of the liquid. 
Scale bar: 100 nm. 
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Supplementary Figure 11 | Temperature increase of Pavlovian gels upon irradiation. (a) 
Normalized absorbance at 635 nm of forward, simultaneous, and backward conditioning. (b) 
Photothermal temperature increase of the gels after forward, simultaneous, and backward 
conditioning. (c) Normalized absorbance at 635 nm during the forgetting process. The gel contains 
urea/urease. (d) Photothermal temperature increase of the gels at different points during the 
forgetting process, indicated in (c), as a, b, and c. (e) Normalized absorbance at 635 nm during the 
extinction and recovery process. The chemical cue is a mixture of K3PO4 buffer solution and 
methyl formate. (f) Photothermal temperature increase of the gels at different points during the 
forgetting process, indicated in (e) as a, b, c, and d. Melting point is indicated as Tm. Dashed lines 
are to guide the eye. Irradiation: 635 nm laser (140 mW cm-2) and 455 nm LED (25 mW cm-2). 
Duration of irradiation: 30 min. 
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