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Abstract: 1 

Out-of-equilibrium patterns arising from diffusion processes are ubiquitous in nature, although 2 

they have not been fully exploited for the design of artificial materials. Here, we describe the 3 

formation of photo-triggered out-of-equilibrium patterns using photo-responsive peptide-based 4 

nanofibers in a self-sorting double network hydrogel. Light irradiation using a photomask 5 

followed by thermal incubation induced the spatially controlled condensation of peptide 6 

nanofibers. According to confocal images and spectroscopic analyses, metastable nanofibers 7 

photo-decomposed in the irradiated areas, where thermodynamically stable nanofibers 8 

reconstituted and condensed with a supply of monomers from the non-irradiated areas. These 9 

supramolecular events were regulated by light and diffusion to facilitate the creation of unique 10 

out-of-equilibrium patterns, including two lines from a one-line photomask and a line pattern 11 

of a protein immobilized in the hydrogel. 12 

  13 
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Introduction 1 

Living organisms generate a myriad of spatially periodic patterns, including dots, stripes, rings, 2 

spirals, and labyrinths, with sizes ranging from ~1 µm (e.g., cellular signal transduction 3 

patterns) to 0.001–1 m (e.g., skin patterns of vertebrate bodies)1. The concentration gradient of 4 

a morphogen, a molecule that interacts with neighboring cells (e.g., growth factors), determines 5 

the position of biological patterns by driving protein expression and cell differentiation2,3. 6 

Various regulatory mechanisms are involved in the formation of the morphogen spatial gradient. 7 

For example, interactions with receptor proteins and the extracellular matrix suppress the 8 

diffusion of morphogens and feedback control affects the production and degradation of 9 

morphogens and signaling receptors4,5. The reaction-diffusion model can describe these 10 

experimental observations6–8. For example, this theoretical model was used to explain the 11 

spontaneous emergence of localized regions of morphogens through mutual interactions 12 

between two morphogens under the far-from-equilibrium reaction conditions to form steady-13 

state dot/stripe patterns. Similar diffusion-coupled reactions produce out-of-equilibrium 14 

patterns that play central roles in sophisticated spatial self-organization, including 15 

embryogenesis and neuronal network formation9,10.  16 

 Out-of-equilibrium patterns exist in the abiotic world11,12. For example, the Liesegang 17 

ring is the most representative stationary pattern to arise from a diffusion-dependent 18 

precipitation reaction13. These periodic band/ring patterns form via diffusion processes coupled 19 

with the nonlinear precipitation of complementary electrolytes (e.g., potassium dichromate and 20 

silver nitrate). Therefore, diffusion-coupled reactions have attracted considerable attention for 21 

the creation of biomimetic out-of-equilibrium structures in synthetic self-assembled 22 

materials14–21. Recent studies have demonstrated that precipitation-based spatial patterning can 23 

be applied to surface-modified nanoparticles22, polymer gels23, and supramolecular 24 

assemblies24–26. Indeed, these reactions are potentially powerful for the fabrication of 25 

hierarchical materials from nano-sized building blocks, although these bottom-up approaches 26 
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are limited in design flexibility and synthesis controllability. Therefore, a development 1 

objective is the control of elaborate and life-like out-of-equilibrium stationary patterns using 2 

supramolecular assemblies via their reaction-diffusion processes involving feedback regulation. 3 

If diffusion-dependent out-of-equilibrium patterns can be triggered by external stimuli, such as 4 

light, then the resultant patterns can be precisely controlled in a spatiotemporal manner 5 

depending on the size, shape, and order of the stimuli. Such efforts remain challenging to date27.  6 

 In this study, we demonstrated the photo-triggered formation of out-of-equilibrium 7 

patterns using peptide-type nanofibers in a self-sorting supramolecular double network (SDN) 8 

hydrogel28,29. In the SDN hydrogel comprising lipid- and peptide-type nanofibers, the peptide 9 

fibers were modified with acylhydrazone to serve as a photoswitch using a post-assembly 10 

fabrication (PAF) protocol30. Confocal laser scanning microscopic (CLSM) images31,32 11 

revealed that the peptide-type nanofibers photo-decomposed through E-to-Z isomerization and 12 

subsequently reformed via thermally induced Z-to-E transformation. Further incubation 13 

provided an unexpected discovery, that is, the spatial condensation of peptide-type nanofibers 14 

in the photo-irradiated areas and concurrent nanofiber depletion in the non-irradiated areas 15 

(Figure 1a). In-depth analyses indicated that the reconstructed peptide nanofibers were 16 

thermodynamically stable and seed-driven nanofiber condensation was enhanced by monomers 17 

diffusing from the kinetically trapped metastable nanofibers prepared by PAF. Complex unique 18 

patterns were constructed from simple photomasks using the present photo/diffusion-coupled 19 

out-of-equilibrium system, namely two-line patterns from a one-line photomask and grid-like 20 

patterns from a one-line photomask by consecutive photo-irradiation. Furthermore, spatially 21 

controlled patterning of proteins without photo-responsive properties embedded in this SDN 22 

hydrogel was also successful. 23 

 24 

Results and discussion 25 

Design strategy for a photo/thermally responsive SDN hydrogel 26 



 5 

 SDN hydrogels are promising as scaffolds for the rational integration of 1 

supramolecular nanofibers that are responsive to multiple stimuli28–30,33–37. Therefore, the 2 

patterning of SDN hydrogels offers the possibility to control multiple functions in a spatially 3 

resolved manner38. While the irreversible formation and degradation of photo-responsive 4 

nanofibers have been demonstrated39–41, the reversible formation of nanofibers in SDN gels 5 

has not been achieved to date. We previously reported that a benzaldehyde-tethered peptide-6 

type gelator (Ald-F(F)F(F)) and a lipid-type gelator (Phos-cycC6) orthogonally self-7 

assembled to form an SDN hydrogel (Figure 1b)42. Using this network as a template, we 8 

installed a photo-responsive module onto the aldehyde terminal of the peptide fiber using a 9 

PAF protocol30,43. The addition of a benzhydrazide solution generates a benzoylhydrazone 10 

group, a reversible photoswitch, in the peptide-type gel fiber (BHz-F(F)F(F)) without 11 

perturbing the SDN structure44–46. The E isomer of benzoylhydrazone transforms into the Z 12 

isomer under UV irradiation, and the Z isomer thermally reverts back into the E isomer by 13 

incubation under darkness at room temperature (rt). If the Z-form disturbs the packing mode of 14 

the peptide fiber, then the fibers may destabilize and thermally reform46. When photo-15 

irradiation is conducted using a photomask, the peptide-type nanofibers are selectively 16 

destroyed in the limited exposed area, and subsequent incubation under darkness causes the 17 

nanofibers to reconstruct in the same area. Because the lipid-type fiber is not photo-responsive, 18 

these fibers serve as the intact gel matrix.  19 

 Prior to the construction of the SDN hydrogel, we first confirmed the photo-and-20 

thermal (photo/thermal) responsiveness of a single component BHz-F(F)F(F) hydrogel 21 

prepared using the PAF protocol. A benzhydrazide solution added to the Ald-F(F)F(F) 22 

hydrogel followed by an incubation period (8 h) converted 95% of the Ald-F(F)F(F) gelator 23 

to BHz-F(F)F(F) in a macroscopic hydrogel (Figure S1 to S3)47. UV irradiation (325 nm LED, 24 

2 h) converted the transparent hydrogel of BHz-F(F)F(F) into a partial gel and subsequent 25 

incubation for 24 h under darkness at rt resulted in a recovered gel. The photo-induced E-to-Z 26 
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isomerization of the benzoylhydrazone moiety was monitored with UV/vis spectral changes, 1 

that is, the appearance of the absorbance at 378 nm characteristic of the Z-form along with a 2 

decrease in the absorbance at 316 nm arising from the E-form (Figure 1c and S4). According 3 

to the increased absorbance at 378 nm and the NMR study, 12% of BHz-F(F)F(F) was photo-4 

converted into the Z isomer (Figure S5). The thermal Z-to-E transformation was also examined 5 

by measuring UV/vis spectra, from which the half-life of the Z isomer (ca. 1 h) was determined 6 

(Figure 1d and S4). CLSM images of the peptide fibers of BHz-F(F)F(F) were obtained using 7 

a fluorescent probe, NP-Alx647, that co-assembled with this gelator (Figure S6). The as-8 

prepared BHz-F(F)F(F) hydrogel comprised well-entangled fibers (Figure S7a). Upon UV 9 

irradiation, most of the long nanofibers disappeared and a few fragmented and unstructured 10 

aggregates were observable (Figure S7b). As expected, most of the entangled nanofibers 11 

regenerated after subsequent incubation under darkness (Figure S7c). These results clearly 12 

revealed that the photo-generated Z isomer, even in a small amount, perturbed the ordered 13 

packing of the self-assembled BHz-F(F)F(F) fibers and thermal Z-to-E isomerization 14 

reversibly repaired the ordered packing of the peptide-type gelators46. 15 
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 1 

Figure 1. Schematic representation of out-of-equilibrium pattern formation and design 2 

of a photo/thermally responsive SDN hydrogel. (a) Photo-triggered out-of-equilibrium 3 

pattern using peptide-type nanofibers in the self-sorting supramolecular double network (SDN) 4 

hydrogel. (b) Chemical structures of the peptide-type gelator (Ald-F(F)F(F)/BHz-F(F)F(F)) 5 

and lipid-type gelator (Phos-cycC6). (c) UV/vis spectra of the BHz-F(F)F(F) hydrogel before 6 

(black line) and after photo-irradiation (blue line) and after subsequent incubation under 7 

darkness (red line). The spectra were obtained after 177-fold dilution of the hydrogels with 8 

DMSO. (d) Time course of the absorbance at 378 nm before and after photo-irradiation. The 9 

data represent the mean ± standard deviation (n = 3). (e) High resolution Airyscan CLSM 10 

images of the SDN hydrogels (top) as-prepared and (middle) immediately after photo-11 
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irradiation (325 nm, 2 h), and (bottom) after thermal incubation. Green: NP-Alx647, magenta: 1 

NBD-cycC6. Scale bar: 5 μm. Line plot analysis along the white lines are shown on the right 2 

side of the images. PCC: Pearson’s correlation coefficient, FL intensity: fluorescence intensity. 3 

Conditions: [Ald-F(F)F(F)] = 0.5 wt% (10.4 mM), [benzhydrazide] = 20.8 mM, [Phos-cycC6] 4 

= 1.0 wt% (16.3 mM) (for e), [NP-Alx647] = 4 µM (for e), [NBD-cycC6] = 20 µM (for e), 100 5 

mM MES buffer (pH 7.0), rt. 6 

 7 

Post-assembly fabrication of a photo/thermally responsive SDN hydrogel 8 

 Having characterized the photo/thermally responsive BHz-F(F)F(F) nanofiber, we 9 

subsequently constructed the SDN hydrogel using the PAF protocol. The lipid-type nanofiber 10 

Phos-cycC6 was not susceptible to UV (325 nm) irradiation (Figure S8). A suspended mixture 11 

of Ald-F(F)F(F) and Phos-cycC6 in 100 mM MES buffer solution (pH 7) was heated until 12 

dissolving and then cooled to rt to form a hydrogel (Figure S9a and S10). Benzhydrazide was 13 

added to this hydrogel followed by 12 h of incubation, thus producing an SDN hydrogel 14 

comprising two components (BHz-F(F)F(F)/Phos-cycC6) (Figure S9a). HPLC analysis 15 

indicated that 99% of Ald-F(F)F(F) was converted into BHz-F(F)F(F), whereas Phos-cycC6 16 

was unaffected (Figure S9b). The SDN structure of the two distinct fibers before and after the 17 

benzhydrazide treatment was evaluated with CLSM images obtained using two different 18 

fluorescent probes, NP-Alx647 and NBD-cycC6, which contained a self-assembled motif 19 

similar to the peptide-type gelators (Ald-F(F)F(F)/BHz-F(F)F(F)) and Phos-cycC6, 20 

respectively (Figure 1e, S6, S11). The CLSM images of the hydrogel without benzhydrazide 21 

and their line plot analysis revealed the existence of interpenetrated self-sorted nanofibers of 22 

Ald-F(F)F(F) and Phos-cycC6, which scarcely overlapped with each other (Figure S12). After 23 

the formation of BHz-F(F)F(F) by the addition of benzhydrazide, the BHz-F(F)F(F) 24 

nanofibers partially overlapped with the Phos-cycC6 nanofibers, and indeed Pearson’s 25 

correlation coefficient increased from 0.07 to 0.32 (Figure 1e, top). This suggested that the 26 
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attached benzhydrazide moiety increased the hydrophobicity of the peptide-type gelator (Table 1 

S1), which enhanced their interactions with the lipid-type nanofibers, while the orthogonal 2 

network was almost maintained. 3 

 The photo/thermal responsiveness of the resultant SDN hydrogels was then evaluated 4 

by using CLSM imaging and UV/vis spectroscopy. In the CLSM image obtained immediately 5 

after photo-irradiation, many long BHz-F(F)F(F) fibers were absent, while the Phos-cycC6 6 

nanofibers remained intact (Figure 1e, middle). Shortened and unstructured aggregates of the 7 

peptide-type nanofibers were observed, a few of which were co-localized within the lipid 8 

nanofiber mesh (Figure 1e, line plot), which suggested that the photo-insensitive lipid-type 9 

nanofiber network served as a reservoir to entrap the photo-fragmented peptide fibers. In the 10 

image obtained after the hydrogel was subsequently incubated under darkness for 24 h, the 11 

SDN structure was reproduced (Figure 1e, bottom), indicating that numerous long BHz-12 

F(F)F(F) nanofibers were regenerated with little perturbation to the Phos-cycC6 network. 13 

Further evidence for the photo-induced E-to-Z isomerization of BHz-F(F)F(F) and the 14 

subsequent recovery of the E-form by thermal Z-to-E isomerization in the SDN hydrogel was 15 

provided by the UV/vis spectra (Figure S13). These results clearly indicated that the reversible 16 

photo/thermal responsiveness of the BHz-F(F)F(F) nanofibers was retained in the presence of 17 

the Phos-cycC6 nanofibers; specifically, morphological changes in the peptide-type assembly 18 

did not adversely affect the Phos-cycC6 network. 19 

 20 

Photo-triggered spatially controlled out-of-equilibrium pattern of the SDN hydrogel 21 

 We next conducted photo-fabrication using a photomask on the SDN hydrogel 22 

containing the BHz-F(F)F(F) nanofibers and then examined the thermal recovery of the photo-23 

patterned hydrogel (Figure 2a and Table S2). Before photo-irradiation, an almost homogeneous 24 

distribution of the two gelators was observed in the CLSM image obtained with a low-25 

magnification objective lens (5´) (Figure 2b). Photo-irradiation using the photomask produced 26 
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dark lines, which was imaged by the Alx647 channel but was not detected by the NBD channel. 1 

Therefore, the BHz-F(F)F(F) hydrogel was selectively transformed in the areas exposed to UV 2 

irradiation, while the Phos-cycC6 nanofibers remained intact. As a result, a spatial pattern 3 

comprising multi-lines of the lipid-type network was constructed in the SDN hydrogel matrix. 4 

As shown in the high-magnification CLSM image, most of the long BHz-F(F)F(F) nanofibers 5 

disappeared in the irradiated areas, while the well-developed Phos-cycC6 nanofibers remained 6 

intact (Figure 2c and S14). A few of the fragmented peptide nanofibers were observed in the 7 

irradiated areas, and these fibers were partially entrapped within the lipid-type nanofibers. The 8 

photo-generated dark lines gradually disappeared during thermal incubation under darkness, 9 

and an almost homogenous image was restored in the Alx647 channel within 30 min after 10 

photo-irradiation, thus demonstrating the reversibility of photo-patterning on the SDN 11 

hydrogel, as we initially designed. (Figure 2b and 2c).  12 

 Unexpectedly, we noticed that the fluorescence of the UV-irradiated lines in the 13 

Alx647 channel increased and became stronger than the initial fluorescence with increasing 14 

incubation time (Figure 2b and Movie S1). A line plot analysis of the time-dependent CLSM 15 

images provided further information (Figure 2d and S15). After photo-irradiation (30 min), the 16 

fluorescence around the photo-irradiated areas was weaker than that within the non-irradiated 17 

areas. During thermal incubation, the bleached fluorescence in the UV-irradiated areas 18 

recovered and became stronger than the initial fluorescence. In contrast, in the non-irradiated 19 

area, the fluorescence was substantially weaker. In the high-magnification CLSM images, 20 

numerous long BHz-F(F)F(F) nanofibers were regenerated in the photo-irradiated areas 21 

(Figure 2c, 2e and S14, and Movie S2). Therefore, the dark gaps gradually accumulated fibers 22 

with fluorescence stronger than the initial fluorescence. In these areas, the overlapping BHz-23 

F(F)F(F) and Phos-cycC6 nanofibers indicated the formation of a parallel SDN matrix. We 24 

thus concluded that the photo-triggered out-of-equilibrium pattern (5–100 μm) originated from 25 

the condensation of regenerated peptide nanofibers in the photo-irradiated areas of the SDN 26 
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hydrogel. Moreover, 3D imaging showed that the photo-degradation and the condensation of 1 

the peptide nanofibers occurred to a depth of ca. 200 µm from the photo-irradiated side (Figure 2 

S16). 3 

 Similar photo-triggered out-of-equilibrium line patterns were created with 4 

photomasks marked with varied line widths, namely 5, 10, and 20 μm (Figure S17 and S18). 5 

Interestingly, the recovery time of the Alx647 fluorescence intensity to the original value was 6 

dependent on the width, that is, recovery was rapid for the thinner line width48. The photo-7 

triggered line pattern also emerged at higher temperature (37 °C), while the condensation 8 

proceeded more rapidly than rt (Figure S19). Both line width- and temperature-dependent 9 

experiments suggested that the pattern formation would depend on diffusion. 10 

 Photo patterns generated by spatial condensation have not been constructed using a 11 

single component BHz-F(F)F(F) hydrogel. The CLSM image of the BHz-F(F)F(F) hydrogel 12 

detected by the Alx647 channel and its line plot analysis showed that dark lines were initially 13 

produced in the irradiated areas upon photo-irradiation, similar to those of the SDN hydrogel 14 

(Figure 2f and S20). Subsequent thermal incubation, however, produced neither fluorescence 15 

recovery nor further intensification of the irradiated lines. Instead, the fluorescence outside the 16 

irradiated areas gradually diminished. The high-magnification CLSM images did not show any 17 

condensed peptide fibers in the irradiated areas (Figure S21 and Movie S3). Similarly, simple 18 

degradation of the photo-patterned lines occurred without condensation when we used a 19 

composite network of BHz-F(F)F(F) and agarose (Alx488-modified agarose, Alx488-20 

Agarose, was used for imaging) (Figure S22 to S24). The densely meshed agarose hydrogel 21 

was reported to be orthogonally blended with the peptide-type nanofibers49, and the agarose 22 

network did not provide any hydrophobic domains, unlike Phos-cycC6. These two control 23 

experiments demonstrated that Phos-cycC6 in the SDN hydrogel suppressed the diffusion of 24 

the photo-fragmented BHz-F(F)F(F) fibers because of the interactions between the two 25 

gelators, which critically promoted the seed-driven reconstruction and enrichment of the 26 



 12 

peptide nanofibers.  1 

 2 
Figure 2. Photo-triggered out-of-equilibrium pattern formation. (a) Experimental setup for 3 

photo-irradiation with a photomask. (b) Time-lapse CLSM imaging of the BHz-4 
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F(F)F(F)/Phos-cycC6 hydrogel before and after photo-irradiation (325 nm, 30 min) using a 1 

photomask (line width: 20 µm, interval: 180 µm). Scale bar: 200 μm. (c) High resolution 2 

Airyscan CLSM imaging of the out-of-equilibrium pattern formation after photo-irradiation 3 

(325 nm, 30 min) using a photomask (line width: 20 µm, interval: 180 µm). (d) Line plot 4 

analysis of the mean FL intensity (Alx647 channel) at each coordinate along the horizontal axis 5 

of the white square shown in Figure 2b. Black line: before, blue line: 0 min after photo-6 

irradiation, red line: 240 min after photo-irradiation. (e) Line plot analysis of the mean FL 7 

intensity (Alx647 channel) at each coordinate along the horizontal axis of Figure 2c. (f) Time-8 

lapse CLSM images of the BHz-F(F)F(F) hydrogel before and after photo-irradiation (325 nm, 9 

30 min) using a photomask (line width: 10 µm, interval: 90 µm). Scale bar: 200 μm. 10 

Conditions: [Ald-F(F)F(F)] = 0.5 wt% (10.4 mM), [benzhydrazide] = 20.8 mM, [Phos-cycC6] 11 

= 1.0 wt% (16.3 mM) (for a-e), [NP-Alx647] = 4 µM, [NBD-cycC6] = 20 µM (for a-e), 100 12 

mM MES buffer (pH 7.0), rt.  13 

 14 

Formation mechanism of the out-of-equilibrium pattern in SDN hydrogel 15 

 On the basis of our experimental results, we postulated that the formation of the photo-16 

triggered and thermally recovered patterns included the following three main steps: (i) spatially 17 

limited decomposition of the peptide-type nanofibers in the photo-irradiated areas by photo-18 

induced E-to-Z isomerization of the BHz-F(F)F(F) gelator; (ii) partially suppressed diffusion 19 

of the photo-fragmented BHz-F(F)F(F) fibers within the Phos-cycC6 nanofiber network of the 20 

SDN hydrogel; and (iii) reconstruction of the BHz-F(F)F(F) nanofibers in the photo-irradiated 21 

areas through thermal Z-to-E isomerization and consequent reassembly. It was not clear how 22 

the condensation of the BHz-F(F)F(F) nanofibers was induced during the prolonged thermal 23 

incubation for the generation of this out-of-equilibrium pattern.  24 

 Circular dichroism (CD) spectroscopy of the BHz-F(F)F(F) hydrogels provided 25 

information for the elucidation of this condensation event. The CD spectrum of the in situ as-26 
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prepared BHz-F(F)F(F) fibers via PAF contained negative Cotton peaks at 204, 276, and 344 1 

nm with weak ellipticity (Figure 3a, black). Photo-irradiation followed by thermal incubation 2 

yielded a significantly altered spectrum containing new strong peaks at 265 (positive) and 296 3 

(negative) nm (Figure 3a red, S25 and S26), indicating that the packing mode of BHz-F(F)F(F) 4 

in the reconstructed hydrogel was different from that of the as-prepared hydrogel. More 5 

importantly, almost the same CD spectral shape was obtained by thermally annealing (from 20 6 

to 90 °C at a rate of 2 °C/min) the as-prepared BHz-F(F)F(F) hydrogels (Figure 3a, yellow). 7 

In addition, the CD spectrum of the photo/thermally reconstructed hydrogel was scarcely 8 

changed by heat treatment even at 90 °C (Figure S25 and S26). Therefore, the as-prepared 9 

BHz-F(F)F(F) nanofibers were metastable and the reconstructed fibers were 10 

thermodynamically stable.  11 

 Because of the PAF protocol, the packing of the Ald-F(F)F(F) template nanofibers 12 

strongly affected the packing mode of the as-prepared BHz-F(F)F(F) nanofibers, which 13 

promoted the generation of kinetically trapped metastable fibers (Figure S27). According to 14 

previous reports, when two different supramolecular assemblies comprising the same monomer 15 

dynamically coexist, the more stable supramolecular polymer can preferentially grow from the 16 

disassembled monomer of the less stable polymer50–52. In our SDN hydrogel, photo-irradiation 17 

followed by thermal incubation destroyed the metastable as-prepared BHz-F(F)F(F) fibers, 18 

and thermodynamically stable fibers were reconstructed predominantly in the photo-irradiated 19 

areas (Figure 3b). The seeds of the thermodynamically stable fibers were provided by the 20 

fragmented BHz-F(F)F(F) fibers retained in these areas. However, the as-prepared peptide 21 

fibers in the non-irradiated areas were dynamically destabilized by the E/Z monomeric and/or 22 

oligomeric BHz-F(F)F(F) diffusing from the photo-irradiated areas. Under these spatially 23 

limited dynamic conditions, monomeric BHz-F(F)F(F) was supplied by metastable as-24 

prepared peptide fibers for the construction of thermodynamically stable BHz-F(F)F(F) fibers. 25 

Therefore, prolonged incubation facilitated the elongation and enrichment of the reconstructed 26 
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peptide fibers in the photo-irradiated area. Indeed, we noticed that the areas containing the 1 

condensed BHz-F(F)F(F) fibers were slightly extended from the line width of the photomask 2 

because these dynamic areas support diffusion-dependent fibers decomposition/rearrangement 3 

(Figure 2c and 2e).  4 

 To further validate the mechanism, we investigated whether the metastable nanofibers 5 

are essential for the out-of-equilibrium pattern formation. We initially converted the metastable 6 

peptide nanofibers to the thermodynamically stable ones by photo-irradiation to the whole area 7 

of the SDN hydrogels followed by incubation at rt. The reconstituted hydrogel was then 8 

irradiated using a photomask (line width: 20 µm). CLSM imaging showed that the 9 

decomposition of the peptide nanofibers occurred at the photo-irradiated area; however, the 10 

regeneration of the peptide nanofibers never be observed (Figure 3c and S28). These results 11 

suggested that supply of peptide monomers from the thermodynamically stable nanofibers was 12 

largely suppressed. On the other hand, the fluorescence intensity at the outer edge of the photo-13 

irradiated area was significantly increased, indicating that the photo-decomposed peptide 14 

monomers/aggregates diffused and reformed there. These results strongly supported our 15 

proposed mechanism of the out-of-equilibrium pattern formation. 16 

 17 
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 1 

Figure 3. Plausible formation mechanism of the out-of-equilibrium pattern. (a) CD spectra 2 

of the BHz-F(F)F(F) hydrogel before and after photo-irradiation. Black line: as-prepraed, red 3 

line: photo/thermal reconstituted, yellow line: thermal annealed. (b) Expected mechanism of 4 

the out-of-equilibrium pattern formation in the SDN hydrogel. (c) CLSM imaging of the 5 

photo/thermally reconstituted BHz-F(F)F(F)/Phos-cycC6 hydrogel before and after photo-6 

irradiation (325 nm, 30 min) using a photomask (line width: 20 µm, interval: 180 µm) followed 7 

by thermal incubation. Scale bar: 200 μm. Conditions: [Ald-F(F)F(F)] = 0.5 wt% (10.4 mM), 8 
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[benzhydrazide] = 20.8 mM, [Phos-cycC6] = 1.0 wt% (16.3 mM) (for c), [NP-Alx647] = 4 µM 1 

(for c), [NBD-cycC6] = 20 µM (for c), 100 mM MES buffer (pH 7.0), rt. 2 

 3 

Unique photo-triggered patterns due to the out of equilibrium 4 

 Using this SDN hydrogel in which photo-activation promotes seed-driven 5 

supramolecular polymerization controlled by diffusion, we finally created unprecedented out-6 

of-equilibrium patterns that cannot be constructed from conventional photo-fabrication 7 

materials. First, double lines were formed within a single UV-irradiated line using a photomask 8 

marked with a wide line (40 μm) (Figure 4a and S29). As shown in Figure 4a, two strong 9 

fluorescence lines were observed proximal to both edges of the irradiated area and the relatively 10 

weak fluorescence was observed along the line center (Figure 4b). Therefore, the diffusion and 11 

polymerization of BHz-F(F)F(F) monomers from the non-irradiated areas was faster to the 12 

edge than to the center of the photo-irradiated area.  13 

 Second, consecutive UV-irradiation using two distinct arrangements of the photomask 14 

produced a unique grid-like pattern. The first photo-irradiation was followed by thermal 15 

incubation for 10 h, and the second irradiation was conducted with a 90° rotation of the same 16 

photomask followed by thermal incubation of the SDN hydrogel in the dark. A grid-like pattern 17 

generated through this photo-thermal fabrication protocol was imaged by the Alx647 channel 18 

(Figure 4c and S30). Remarkably, double fluorescence bands were clearer along the horizontal 19 

direction than along the vertical direction (Figure 4d and 4e). This unique pattern was formed 20 

because the supply of BHz-F(F)F(F) monomers differed between the first and second 21 

irradiation. During the first photo-irradiation, a sufficient amount of peptide gelator diffused 22 

into the irradiated areas and a relatively small amount of peptide gelator remained in the non-23 

irradiated areas. For the second photo-irradiation, BHz-F(F)F(F) monomers were in lower 24 

supply, and BHz-F(F)F(F) mostly condensed at the edge of the horizontal lines.  25 

 Photo-triggered out-of-equilibrium pattern formation is not limited to photo-26 
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responsive peptide gelators. A fluorescent-labeled protein (TMR-streptavidin, TMR: 1 

tetramethylrhodamine) was embedded in this SDN hydrogel. The high-magnification CLSM 2 

images visualized that TMR-streptavidin were well overlapped with the BHz-F(F)F(F) 3 

nanofibers (Pearson’s correlation coefficient: 0.73), but not with the Phos-cycC6 nanofibers 4 

(Pearson’s correlation coefficient: 0.18) (Figure S31). These data indicated that TMR-5 

streptavidin preferentially interacted with the peptide nanofibers rather than the lipid 6 

nanofibers. We subsequently conducted photo-irradiation using a photomask followed by 7 

thermal incubation for 4 h (Figure 4f to 4h and S32). The line pattern constructed via a 8 

condensation of streptavidin was detected by the TMR channel, as shown in Figure 4g. 9 

Importantly, this pattern and that of the condensed BHz-F(F)F(F) fibers (Alx647 channel) 10 

matched in the overlay image (Figure 4h), clearly demonstrating that optically activated 11 

condensation of a protein molecule (unresponsive to UV irradiation) based on this out-of-12 

equilibrium phenomenon was successful. Although the constituents of the SDN hydrogel are 13 

much simpler than those of living organisms, the interplay of photo-activation, kinetic trapping, 14 

and diffusion-controlled aggregation in the present supramolecular assembly can facilitate the 15 

rational design of synthetic materials with spatiotemporally controlled hierarchical structures 16 

and functions. We anticipate that the out-of-equilibrium pattern formation presented here could 17 

be extended to a three-dimensional patterning technique with the aid of photo-triggered 18 

molecular/supramolecular diffusion, which proceeds in three dimensions even if a 2D 19 

photomask is used. Such a research direction is currently underway. 20 



 19 

 1 

Figure 4. Unique pattern formation. (a) CLSM imaging of the BHz-F(F)F(F)/Phos-cycC6 2 

hydrogel before and 4 h after photo-irradiation (325 nm, 30 min) using a wide photomask (line 3 

width: 40 µm, interval: 360 µm). (b) Line plot analysis of the mean FL intensity (Alx647 4 

channel). Region of interests were shown in Figure S29. (c) CLSM imaging of the pre-5 



 20 

patterned BHz-F(F)F(F)/Phos-cycC6 hydrogel before and 4h after 2nd photo-irradiation (325 1 

nm, 30 min) using a wide photomask (line width: 40 µm, interval: 360 µm). (d, e) Line plot 2 

analysis of the mean FL intensity (Alx647 channel). Region of interests were shown in Figure 3 

S30. (f) Experimental setup for protein patterning. (g) CLSM imaging of the BHz-4 

F(F)F(F)/Phos-cycC6 hydrogel containing TMR-streptavidin before and 4 h after photo-5 

irradiation (325 nm, 30 min) using a photomask (line width: 20 µm, interval: 180 µm). TMR: 6 

tetramethylrhodamine. (h) Line plot analysis of the mean FL intensity at each coordinate along 7 

the horizontal axis of Figure 4g. Conditions: [Ald-F(F)F(F)] = 0.5 wt% (10.4 mM), 8 

[benzhydrazide] = 20.8 mM, [Phos-cycC6] = 1.0 wt% (16.3 mM), [NP-Alx647] = 4 µM, 9 

[NBD-cycC6] = 20 µM, [TMR-streptavidin] = 0.1 mg/mL (3.2 dye per protein) (for f-h), 100 10 

mM MES buffer (pH 7.0), rt, yellow dashed square: photo-irradiated area. Scale bar: 200 μm.  11 
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Methods:  2 

The materials, instruments, experimental methods, and syntheses of the compounds are 3 

described in the Supporting Information. The experimental conditions (concentration, pH, and 4 

temperature) are described in the figure captions. 5 

 6 

Associated contents: Synthesis, additional materials and methods and supporting data is 7 

available free of charge on the ACS Publications website. 8 

Movies S1 to S3 (AVI file) are available free of charge on the ACS Publications website. 9 
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