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Abstract

Conformational transition of proteins and peptides into highly stable, β-sheet-rich structures is 

observed in many amyloid-associated neurodegenerative disorders, yet the precise mechanism 

of amyloid formation at the molecular level remains poorly understood due to the complex 

molecular structures. Short peptides provide simplified models for studying the molecular basis of 

the assembly mechanism that governs β-sheet fibrillation processes underlying the formation and 

inhibition of amyloid-like structures. Herein, we report a supramolecular coassembly strategy for 

the inhibition and transformation of stable β-sheet-rich amyloid-derived dipeptide self-assemblies 
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into adaptable secondary structural fibrillar assemblies by mixing with bipyridine derivatives. 

The interplay between the type and mixing ratio of bipyridine derivatives allowed the variable 

coassembly process with stimuli-responsive functional properties, studied by various experimental 

characterizations and computational methods. Furthermore, the resulting coassemblies showed 

functional redox- and photoresponsive properties, making them promising candidates for 

controllable drug release and fluorescent imprint. This work presents a coassembly strategy not 

only to explore the mechanism of amyloid-like structure formation and inhibition at the molecular 

level but also to manipulate amyloid-like structures into responsive supramolecular coassemblies 

for material science and biotechnology applications.
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Supramolecular self-assembly of biological macromolecules is a ubiquitous phenomenon 

in living systems.1–9 However, the self-assembly of misfolded proteins and peptides into 

highly ordered β-sheet-rich oligomeric structures and further into fibrillar aggregations, 

which are known as amyloid fibrils, is associated with various degenerative disorders such 

as Alzheimer’s disease, Parkinson’s disease, and type II diabetes.10–19 The conformational 

transitions from random coils and α-helix to β-sheet occur during the misfolding processes. 

However, the precise mechanism of amyloid formation at the molecular level remains 

poorly understood due to the complex molecular structures of biological proteins and 

peptides comprising long sequence of amino acid residues and in some cases a mixture 

of secondary structural conformations.20–24 To simplify this complexity, significant effort 

has been devoted to develop suitable models of amyloid-like β-sheet-rich fibrillar structures 

formed by short peptide fragments,25–30 allowing us to study the underlying molecular 

details of conformational changes and potentially setting the basis for rational molecular 

design of inhibitors as therapeutic agents to treat amyloid-associated disorders.

External stimuli have been utilized to initiate and control the structural transition of 

model amyloid assembly, including temperature,31 pH,32,33 metal ions,34,35 chemical 

reactions,22 and coassembled additives.36–38 Among these, the coassembly strategy has 

gained considerable attention due to the specific hydrogen bonding and π-π interactions 

between amyloidderived peptides and inhibitors that facilitate in-depth understanding of 

the molecular processes of amyloid formation and inhibition.39 While the design of 

multiple responsive molecular self-assemblies by single component molecules is still an 

unmet challenge in materials science, coassembly provides avenues to fine-tune the stimuli-

responsive behavior by readily incorporating functional interacting segments. These modules 

can undergo physical or chemical conformational changes in response to external stimuli 

such as pH, light, redox, electricity, and magnetic field.40–43 Therefore, coassembly with 

inhibitor molecules could not only disrupt the formation of amyloid-like structures but also 

generate functional supramolecular materials.

Herein, the extensively studied Fmoc-protected diphenylalanine (FmocFF) dipeptide 

containing the core recognition FF motif of the Alzheimer’s β-amyloid polypeptide was 
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selected as an ultrashort amyloid model.44 FmocFF can self-assemble to form highly 

ordered and stable β-sheet-rich fibrous nanostructures via intermolecular hydrogen bonding 

and aromatic stacking interactions,45,46 which, similarly to amyloid fibrils, show the 

characteristic morphology, secondary structure conformation, and Congo red/ThT binding 

signatures.47–49 Based on the strong intermolecular hydrogen bonding between pyridine 

and carboxylic acid,50 two simple bipyridine derivatives, namely 1,2-bis(4-pyridyl)ethylene 

(BPE) and 4,4’-dipyridyl disulfide (DPDS), were examined for binding to the carboxylic 

acid of FmocFF and for manipulation of the conformational change of β-sheet-rich amyloid 

fibrils (Figure 1). The coassembly between BPE/DPDS and FmocFF was fully investigated 

by assembly kinetics, mechanical properties analysis, transmission electron microscopy 

(TEM), power X-ray diffraction (PXRD), Fourier transform infrared (FTIR), and nuclear 

magnetic resonance (NMR). By fine-tuning the type and molar ratio of bipyridine/dipeptide, 

a transition of the β-sheet into an unstructured conformation was observed at FmocFF/BPE 

ratios of 1:0.5 and 1:1 by circular dichroism (CD) and ThT assays, demonstrating reduced 

amyloid signatures. Furthermore, the molecular mechanism of coassembly and structural 

transition were studied by density functional theory (DFT) calculations and all-atom 

molecular dynamics (AAMD) simulations, suggesting intermolecular hydrogen bonding to 

be the predominant driving force of the formation of new molecular arrangements. Due to 

the nature of redox- and photoresponsive bipyridine derivatives (BPE/DPDS), responsive 

gel materials were fabricated by coassembly with FmocFF. These results demonstrate the 

coassembly induced conformational transition of β-sheet rich amyloid-like structures and 

provide insights into the design and development of functional coassembled gel materials for 

future applications in drug delivery, cell culture, and fluorescent imprint.

Results and Discussion

Based on the strong intermolecular hydrogen-bonding interactions between carboxylic acid 

and pyridine, we selected two bipyridine derivatives and studied the inhibition of amyloid-

like structures for FmocFF/BPE and FmocFF/DPDS at three molar ratios (1:0.25, 1:0.5, and 

1:1). Gel formation was performed by the “heating-cooling” switch method and assessed by 

the “inverted-vial” method. The formation of self-supported and invertible gels was observed 

for all mixture solutions, as well as for FmocFF alone, while no gel was formed by either 

BPE or DPDS. We further recorded time-lapse optical images during the gel formation and 

studied the dynamic kinetics of assembly by turbidity change of the solutions (Figure 2a). 

For FmocFF alone, a transparent−opaque−transparent turbidity change was observed from 

0 to 100 s. For FmocFF/BPE at different ratios, a similar turbidity change was observed, 

though a longer time was required to complete the transparency change (160-210 s). For 

FmocFF/DPDS at different ratios (Figure S1), the transparent−opaque−transparent transition 

(except the 1:1 ratio) and higher turbidity were observed for all of the solutions, requiring 

a longer time for the 1:0.25 and 1:0.5 ratios (150 and 180 s), compared to the 1:1 ratio (60 

s). All of the examined solutions formed stable gels after 0.5 h. These results suggest that 

coassembly indeed occurred in both FmocFF/BPE and FmocFF/DPDS mixtures, and the 

assembly kinetics was influenced by the ratio of the two components.

Rheology was employed to evaluate the mechanical properties of the FmocFF gel and 

the FmocFF/pyridine-coassembled gels. The storage (G′) and loss modulus (G″) of a 
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viscoelastic material, representing the deformation energy stored and dissipated during the 

shear process, respectively, were measured. First, strain sweep experiments were performed 

to determine the linear viscoelastic regime (LVR) of the hydrogels (Figure 2b and Figure 

S2). A breakage strain of 40% was observed for the FmocFF hydrogel. Interestingly, the 

breakage strain of the FmocFF/DPDS hydrogels increased from 53% to 90% by increasing 

the fraction of DPDS from 1:0.25 to 1:1. However, for the FmocFF/BPE hydrogels, even 

though the breakage strain increased to 65% at the lower BPE concentration (1:0.25 

FmocFF/BPE), a reduction to 30% and 16% was observed for 1:0.5 and 1:1 FmocFF/

BPE, respectively. Next, dynamic frequency sweep experiments within the LVR were 

performed (Figure 2c and Figure S3), allowing us to compare the G′ and G″ values of 

the FmocFF and coassembled hydrogels, thus indicating their mechanical rigidity. The 

frequency-independent G′ and G″ values along with G′ > G″ established the solid-like 

nature of the FmocFF and the coassembled hydrogels. Compared to the pure FmocFF 

gel, the coassembled hydrogels exhibited increased modulus values at every molar ratio, 

indicating the formation of stiffer coassembled gels. The highest G′ value was observed for 

the 1:1 FmocFF/BPE hydrogels (Figure S3e), although it underwent breakage at the lowest 

strain value. This behavior may indicate that the FmocFF/BPE coassembled structures 

are likely more rigid and hence unable to withstand higher strain values. The difference 

in modulus values indicated different networks of micro/nanostructures inside the gels, 

potentially influencing their mechanical properties.52 Therefore, compared to FmocFF 

self-assembly, FmocFF coassembled with DPDS/BPE to produce improved mechanical 

properties of the coassembled gels.

To investigate the coassembly effect on FmocFF assembly by the addition of bipyridines, 

the morphologies of the gels were studied by TEM. Well-defined nanofibrous structures 

were observed for FmoFF alone, with a statistical fibril width of 21.0 ± 2.2 nm (Figure 2d, 

Figure S4a). No obvious change of nanofibrils was found for the 1:0.25 FmocFF/BPE gel 

(Figure 2e, Figure S4b). However, significant morphological transition from nanofibrils to 

nanorod-like structures was observed by increasing the BPE concentration to either 1:0.5 

or 1:1 FmocFF/BPE (Figure 2f,g, Figure S4c,d). The size of the structures was increased 

compared to that of FmocFF alone, with a width of 37.7 ± 8.9 nm and 82.8 ± 10.6 nm 

for 1:0.5 and 1:1 FmocFF/BPE, respectively, indicating that coassembly contributed to the 

mechanical rigidity of the gels as demonstrated in rheology measurements. The FmocFF/

DPDS gels showed nanofibrous structures with a slightly increased width compared to 

FmocFF alone, namely 24.1 ± 2.9, 23.2 ± 3.7, and 21.9 ± 2.3 nm for 1:0.25, 1:0.5, and 1:1 

FmocFF/DPDS, respectively (Figure S5).

To further study the coassembly in the two-component gels, we examined the PXRD 

patterns of hybrid xerogels and individual compounds (Table S1). The BPE alone structures 

displayed sharp diffraction peaks (14.01° (6.3 Å), 16.66° (5.3 Å), 17.54° (5.1 Å), 20.46°(4.3 

Å), 21.28° (4.2 Å), 21.95° (4 Å), 22.63° (3.9 Å), 24.20° (3.7 Å), 26.84° (3.3 Å), 28.20° (3.2 

Å), 33.84° (2.6 Å)). However, FmocFF xerogel did not exhibit significant diffraction signals, 

signifying the amorphous molecular organization. On the other hand, FmocFF/BPE xerogel 

displayed sharp and intense new low-angle diffraction peaks (7.15° (12.4 Å), 10.88° (8.1 

Å) and 13.54° (6.5 Å)) along with the higher-angle BPE signals attributed to the crystalline 

arrangement of molecules and the preferred orientation of molecular planes within the 
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coassembled structures. A similar finding was observed in the case of 1:1 FmocFF/DPDS 

coassembled xerogels (Figure S6). These results demonstrate that new aggregate phases 

were formed and coassembly indeed occurred in the two-component gels. The formation of 

intermolecular hydrogen bonding between the carboxylic acid of FmocFF and the pyridine 

of BPE/DPDS was studied by FTIR and 1H NMR. The FTIR peak at 1746 cm−1 was 

ascribed to the carboxylic acid of FmocFF. This peak was decreased and shifted to 1729 and 

1715 cm−1 in 1:1 FmocFF/BPE and 1:1 FmocFF/DPDS, respectively, suggesting hydrogen 

bonding between carboxylic acid and pyridine in the coassembled gels (Figure 2i and Figure 

S7). In 1H NMR experiments (Figure 2j and Figure S8), the proton signal assigned to the 

carboxylic acid group of FmocFF was broadened and weakened by adding bipyridines (BPE 

and DPDS), demonstrating the hydrogen bonding interactions between the carboxylic acid 

and pyridine.38

To explore the potential inhibitory effect of bipyridine derivatives on the formation 

of amyloid-like β-sheet conformation of FmocFF assembly, CD spectra and higher 

magnification TEM images of the coassemblies were recorded.53 One positive and one 

negative Cotton effects at 193 and 208 nm, respectively, were observed for FmocFF alone, 

suggesting β-sheet rich self-assemblies (Figure 3a).54 The flat ribbon-like fibril was also 

observed in the FmocFF gel (Figure 3b), which was reported in the previous study.45 The 

negative peak at 308 nm was assigned to the π-π interactions between Fmoc aromatic 

groups, which contributed to stabilize the packing of supramolecular self-assemblies. By 

coassembly with BPE at a 1:0.25 ratio (Figure 3c-d), the intensity of the β-sheet Cotton 

effect peaks was greatly decreased and slightly red-shifted to 196 and 210 nm, yet still 

indicating the presence of β-sheet assemblies with ribbon structures inside the sample. 

Upon further increasing the molar ratio of FmocFF/BPE to 1:0.5 and 1:1, the β-sheet 

Cotton effect peaks completely vanished (Figure 3e and 3g), demonstrating a secondary 

structure transition from β-sheet to unstructured conformation as a result of coassembly. 

Moreover, a significant morphological transition from ribbon-like to rod-like fibril structures 

was observed for 1:0.5 and 1:1 FmocFF/BPE (Figure 3f and 3h). The red-shifted negative 

peaks (321-331 nm) for π-π interactions between the Fmoc aromatic groups were found 

for the three ratios of FmocFF/BPE coassemblies. In contrast, the nature of the β-sheet 

conformation of FmoccFF was not changed after coassembly with DPDS at the three molar 

ratios (Figure 3i-j and Figure S9), with the positive and negative Cotton effects of ribbon 

structures showing a different shift for 1:0.25 FmocFF/DPDS (192, 212 nm), 1:0.5 FmocFF/

DPDS (192, 204 nm), and 1:1 FmocFF/DPDS (194, 206 nm). No assembly was observed 

for either BPE or DPDS alone (Figure 3k-l). Peak separation calculations were carried out 

through peak fitting of FTIR spectrum and the proportion of estimated secondary structures 

is obtained in Figure S10. For individual FmocFF, 59.9% of β-sheet conformation (1695 

cm−1) and 40.1% of disordered conformation (1655 cm−1) was observed. However, the 

lower proportion of β-sheet was found in the coassemblies of 1:1 FmocFF/BPE (30.3%, 

1690 cm−1) and 1:1 FmocFF/DPDS (50.1%, 1703 cm−1), the shifted peaks indicated the new 

arrangement of β-sheet conformation in the coassemblies.

To further study the inhibition of amyloid fibrils by coassembly, assays employing 

Thioflavin T (ThT), a commonly used indicator to quantify amyloid fibrils,55 were 

performed. Upon binding to amyloid fibrils, ThT exhibits an enhanced fluorescence signal at 
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482 nm under excitation at 450 nm. As shown in Figure 3m,n, no fluorescence was detected 

for all the gels without the addition of ThT. However, significantly enhanced fluorescence 

was observed for the FmocFF gel in the presence of ThT, indicating the formation of 

β-sheet-rich amyloid-like fibrils. The intensity of ThT fluorescence was greatly decreased 

in the coassembled gels upon increasing the amount of bipyridines, thus demonstrating 

the inhibition of amyloid-like structure formation in the presence of BPE and DPDS. 

The β-sheet conformation of FmocFF/DPDS coassembly showed lower amyloid signature 

compared to the FmocFF self-assembly. Compared to the strong ThT fluorescence observed 

for FmocFF fibrils, the coassembled fibrous structures displayed decreased green emission, 

as observed by fluorescence microscopy (Figure 3o,p and Figure S11).

To gain further insight into the inhibition mechanism of the FmocFF β-sheet-rich structure 

through coassembly with BPE, DFT calculations and AAMD simulations were performed, 

allowing us to analyze the intermolecular interactions and molecular organizations between 

FmocFF (Figure S12) and BPE molecules. FmocFF/BPE dimers connected through different 

types of hydrogen bonds were first constructed and optimized by the DFT calculations 

(Figure 4a), indicating that strong hydrogen-bonding interactions dominate the dimers. 

Moreover, the dimer connected through an O-H⋯N hydrogen bond between carboxylic 

acid and pyridine showed the strongest binding energy, consistent with the experiment 

results (Table S2). It should be noted that an FmocFF/BPE trimer stabilized by O-H⋯N 

hydrogen bonds also exhibited the largest binding energy (Figure 4b and Figure S13). 

Therefore, the strong intermolecular hydrogen-bonding interactions between FmocFF and 

BPE would affect the molecular arrangements of FmocFF and further induce the structural 

transition. Next, we explored the effect of BPE on the molecular organization of FmocFF 

through AAMD simulations by tracking the dynamic evolution of FmocFF self-assembly 

as well as FmocFF/BPE coassembly. Tightly packed and stable assemblies of FmocFF 

were found to form after a 100 ns AAMD simulation, comprising β-sheet hydrogen bonds 

between the amide groups of FmocFF (Figure 4c and Figure S14). In the presence of BPE, 

however, an entangled network of FmocFF and BPE was observed due to the driving force 

of intermolecular hydrogen-bonding interactions (Figure 4d, left). Further insights into the 

molecular arrangements of FmocFF within the coassemblies demonstrated a loose molecular 

stacking network (Figure 4d, right), which is distinct from the dense packing modes of 

individual FmocFF assemblies. Moreover, comparison between the typical FmocFF clusters 

in self-assemblies versus coassemblies revealed that the classical β-sheet hydrogen bonds 

between FmocFF molecules were inhibited and random hydrogen bonds formed between 

FmocFF, inducing the secondary structure transformation of FmocFF assemblies (Figure 4e 

and Figure S14).

We further studied the stimuli-responsive properties of the two coassembled gels following 

the incorporation of functional bipyridines. Disulfide bonds have been widely used as 

a redox-responsive linkage that can be specifically cleaved by redox agents through thiol-

disulfide exchange reactions,56 such as 1,4-dithio-DL-threitol (DTT), glutathione (GSH), 

and tris(2-carboxyethyl) phosphine (TCEP). Notably, the concentration of GSH, a cellular 

reducing tripeptide, is 2-10 mM in tumor cells, 100-1000 times higher than the extracellular 

concentration (~ 2-20 μM) and at least 4-fold higher compared to normal cells.57 Therefore, 

much effort has been put into the development of different disulfide-containing nanovehicles 
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(e.g., polymeric hydrogels) for controllable drug release in tumor cells, based on their 

high reducing potential. The potentially promising of fabricating redox responsive gels by 

simple organic molecules through supramolecular assembly has so far remained poorly 

explored. The redox-response reaction of disulfide-containing DPDS in the presence of 

GSH is depicted in Figure 5a. The disulfide bond of DPDS is cleaved by GSH to 

produce disulfide-containing oxidized glutathione (GSSH) and 4-mercaptopyridine (PS), 

as confirmed by 1H NMR and mass spectrometry (MS) spectra. The Ha and Hb of DPDS 

and the Hc of GSH decreased and almost disappeared by adding increasing amounts of 

GSH up to a molar ratio of 1:2 DPDS/GSH, with a new upfield shifted peak of Ha′ 
and downfield shifted peaks of Hb′ and Hc′ observed for PS and GSSH (Figure 5b). 

MS spectra of 1:2 DPDS/GSH showed strong new peaks at m/z 111.9 and 613.3, further 

confirming the production of PS and GSSH. Moreover, the UV-vis absorption spectrum of 

DPDS exhibited two absorption peaks at 289 and 253 nm, which decreased significantly 

at 1:1 and 1:2 DPDS/GSH (Figure S15). A strong new peak at 337 nm was ascribed 

to the absorption peak characteristic of PS,58 indicating the occurrence of thiol−disulfide 

exchange reactions. Due to the redox-responsiveness of molecular DPDS, we further studied 

the redox-sensitivity of the coassembled FmocFF/DPDS gel in a reductive environment. 

As shown in Figure 5d, increasing transparency of the coassembled gel was observed 

over 4 h following the addition of 1 mL PBS buffer containing the GSH reducing agent 

on top of the gel, while the coassembled gel kept stable with observed no transparency 

change in PBS without GSH. Furthermore, individual FmocFF gel cannot be dis-assembled 

in the presence of redox agent (Figure S16). A suggested mechanism of the coassembly 

and disassembly of the FmocFF/DPDS gel is shown in Figure 5e. FmocFF and DPDS 

coassemble and form supramolecular packing networks through intermolecular hydrogen 

bonding. After the disulfide cleavage by GSH, DPDS is transformed into PS and the 

intermolecular hydrogen bonding is broken, inducing the network disassembly. TEM images 

of the FmocFF/DPDS gel networks before and after the addition of the reducing agent 

also confirmed the disassembly of the entangled nanofibrils after dithiol−disulfide exchange 

reactions (Figure S17). The redox-responsive property of the FmocFF/DPDS coassembled 

gel holds potential applications in drug encapsulation and controllable release (Figure S18).

Photoresponsive materials have gained increasing interest in optical and biological fields 

since light allows noncontact remote control on the temporal and spatial resolution of 

the response.59 Various photochromic groups have been incorporated into polymeric and 

supramolecular materials that in response to light undergo a cis-trans isomerization to 

serve as optical and photoelectric switches.60 We investigated the UV light responsiveness 

of molecular BPE with a similar structure of photochromic stilbene derivatives61 by 

UV-vis absorption and fluorescence spectra (Figure 5f). The absorption intensity of BPE 

decreased over the time of UV light irradiation at 365 nm, indicating a photodegradable 

property (Figure S19). Very weak fluorescence was detected before UV light irradiation, 

while the fluorescence intensity was significantly increased in the blue emission range 

after 90 min of UV light irradiation, suggesting enhanced fluorescence during the cis-

trans isomerization (Figure 5g). The steric hindrance of cis-BPE with a smaller dihedral 

angle hinders and restricts the free rotation of the ethylene bond, resulting in enhanced 

fluorescence.62 We next explored the photoresponsiveness of BPE in the Fmoc-FF/BPE 
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coassembled gel (Figure 5h). Before UV irradiation, the coassembled gel showed no 

visible fluorescence under a 365 nm excitation. Interestingly, significantly enhanced 

fluorescence was imprinted in the coassembled gel using a star-shaped photomask of tinfoil 

after 1 h UV light irradiation. As a control, individual FmocFF hydrogel could not be 

imprinted after 1 h of UV light irradiation (Figure S20). Furthermore, the coassembled 

gel exhibited a self-erasing property after 3 days, indicating potential applications of BPE-

containing coassembled gels in rewritable fluorescent patterning. The biocompatibility of 

the FmocFF/BPE and FmocFF/DPDS coassemblies was also evaluated via an 2,3-bis(2-

methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT)-based cell viability 

assay for the 3T3 mouse fibroblast cell line (Figure S21). After culturing for 24 h, over 

90% of the 3T3 mouse fibroblast cells survived, demonstrating the good biocompatibility of 

FmocFF based assemblies.

Conclusion

In summary, we report the coassembly directed inhibition and secondary structure 

transformation of amyloid-like β-sheet-rich dipeptide nanofibrils through intermolecular 

hydrogen bonding between bipyridines and dipeptides. The coassembly and induced 

conformational transition from β-sheet to unstructured stacking were fully studied by 

various experimental characterizations and computational methods. Furthermore, the 

coassemblies exhibit redox- and photoresponsive properties due to the incorporated 

functional bipyridines, making them promising candidates for future applications in 

controllable drug release and fluorescent patterning. The present work not only provides 

insights into the mechanism of the formation and inhibition of amyloid-like structures at the 

molecular level using short peptide models, but also provides a proof-of-concept strategy to 

manipulate amyloid-like structures into smart responsive materials.

Methods

Gel Preparation

A “heating-cooling” method was used for gel preparation. The powder of FmocFF, FmocFF/

BPE, or FmocFF/DPDS was dissolved in water containing 30% methanol by heating at a 

final concentration of 2.0 mg/mL. After cooling for several hours at ambient temperature, 

gel formation was observed. The total gelator concentration was 2.0 mg/mL. Gel formation 

was evaluated by the “inverted-vial” method showing that the gel can support its own weight 

against gravity.

TEM Analysis

Hydrogel samples of 20 μL were drop-casted onto a glow discharge copper grid (400 mesh), 

coated with thin carbon film and absorbed for 2 min. Excess sample solution was removed, 

and the copper grid was washed three times with deionized water and stained with one drop 

of 2.0% (w/v) uranyl acetate for 2 min. TEM images were viewed using a JEOL 1200EX 

electron microscope operating at 80 kV.
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Powder X-ray Diffraction (PXRD)

PXRD patterns of the dried gels were recorded using a BRUKER d8 Advance diffractometer 

equipped with Goebels mirrors to parallelize the beam and LYNXEYE-XE linear detector.

FTIR Spectroscopy

To obtain the FTIR spectra, 50 μL of each gel was deposited onto a real crystal KBr IR 

card (International Crystal Laboratories, Garfield, NJ) and allowed to dry under vacuum 

overnight. The dried sample was then wetted with 500 μL of D2O three times. The FTIR 

spectra were recorded on a Nicolet 6700 FTIR spectrometer (Thermo Scientific, Waltham, 

MA), from 1800 to 1500 cm−1, at room temperature. The background baseline was recorded 

using D2O and subtracted to obtain each FTIR spectrum. The FTIR spectra were fitted by 

multiple Gaussian peaks, and the estimated proportion of secondary structure constituent 

was calculated using the OriginPro software.

CD Spectroscopy

CD spectra of all of the gels were recorded on an Applied Photophysics Chirascan 

spectrometer with a bandwidth of 1.0 nm in the ultraviolet (UV) region (190-350 nm) using 

a 0.1 mm quartz cuvette. All of the scans were carried out at a scan speed of 50 nm/min 

with a data pitch of 0.5 nm at room temperature. All spectra were obtained following solvent 

background subtraction. The reported spectra represent the average of three scans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic presentation of coassembly modulated secondary structure transformation of 

FmocFF amyloid-like self-assembly into stimuli-responsive supramolecular materials by 

functional bipyridine derivatives (BPE and DPDS). Molar ratios of 1:1 FmocFF to BPE or 

DPDS are depicted in the scheme. The ID number of amyloid-beta-42 structure is PDB 

1IYT.51
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Figure 2. 
(a) Time lapse optical images of FmocFF, 1:0.25 FmocFF/BPE, 1:0.5 FmocFF/BPE, and 1:1 

FmocFF/BPE. (b) Rheological measurements of dynamic frequency sweep of the FmocFF 

gel and the 1:1 FmocFF/BPE and 1:1 FmocFF/DPDS coassembled gels at a strain of 0.1% 

over a range of 0.01−10 Hz. (c) Rheological measurements of dynamic strain sweep of 

the FmocFF gel and the 1:1 FmocFF/BPE and 1:1 FmocFF/DPDS coassembled gels at a 

constant frequency of 1 Hz over a strain range of 0.1%−200%. (d−g) TEM images of (d) 

FmocFF gel, (e) 1:0.25 FmocFF/BPE, (f) 1:0.5 FmocFF/BPE, and (g) 1:1 FmocFF/BPE. 

The statistical average diameters of the nanofibrils in each gel are indicated. Scale bar is 200 

nm. (h) PXRD patterns of the FmocFF gel, BPE powder, and 1:1 FmocFF/BPE gel. (i) FTIR 

spectra of the FmocFF gel, BPE powder, and 1:1 FmocFF/BPE gel. (j) 1H NMR spectra of 

FmocFF alone, BPE alone, and the 1:1 FmocFF/BPE mixture in DMSO-d6. The left part is 

the proton signal of COOH corresponding to the right spectra after magnification.
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Figure 3. 
(a−1) CD spectra and higher magnification TEM images of the FmocFF gel and 

coassembled FmocFF gels at a concentration of 2 mg/mL. (a, b) FmocFF, (c, d) 

1:0.25 FmocFF/BPE, (e, f) 1:0.5 FmocFF/BPE, (g, h) 1:1 FmocFF/BPE, (i, j) 1:0.25 

FmocFF/DPDS, (k, l) BPE and DPDS alone. (m) Fluorescence emission of FmocFF 

and FmocFF/BPE at different molar ratios with and without ThT excited at 450 nm. 

(n) Fluorescence emission of FmocFF/DPDS at different molar ratios with and without 

ThT excited at 450 nm. (o, p) Fluorescence microscopy images of (o) FmocFF and (p) 

FmocFF/BPE (1:1) assembled structures incubated with ThT.
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Figure 4. 
Multiple (a) dimers and (b) trimers of FmocFF and BPE connected by different hydrogen-

bonding interaction modes, as demonstrated by DFT calculations. Corresponding binding 

energy of FmocFF/BPE is shown below the molecular packing patterns. (c) Snapshots 

of FmocFF assemblies at different intervals obtained from AAMD simulations from 0 to 

100 ns. (d) Snapshot of stable FmocFF/BPE coassemblies after AAMD simulations at 100 

ns (left); molecular arrangements of FmocFF within the coassemblies after omitting BPE 

molecules (right). (e) Typical molecular cluster showing the intermolecular hydrogen bonds 

between FmocFF molecules in FmocFF/BPE coassemblies. The dashed blue lines denote the 

intermolecular hydrogen bonds between FmocFF molecules. The carbon atoms in FmocFF 

and BPE molecules are labeled in green and brown, respectively.
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Figure 5. 
(a) Proposed chemical reaction of DPDS into PS in the presence of GSH. (b) 1H NMR 

spectra of DPDS, GSH, and DPDS/GSH mixtures in 1:1 and 1:2 ratios. (c) MS spectrum of 

1:2 DPDS/GSH in H2O. The molar concentration of DPDS is 100 μM. (d) Responsiveness 

of 1:1 FmocFF/DPDS in the absence and presence of GSH (100 mM) in PBS. (e) 

Proposed assembly and disassembly of FmocFF/DPDS assembly networks before and after 

cleavage of disulfide bonds by GSH. (f) Photoinduced enhanced emission of BPE after 

trans−cis transition. (g) Fluorescence emission traces of BPE (50 μM) in water under UV 
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irradiation with varying irradiation durations, from 0 to 90 min. Sample was analyzed 

after the specified irradiation time by a hand-held UV lamp (6 W) at 365 nm. The insets 

show fluorescent images of BPE sample before and after UV irradiation for 90 min. The 

excitation wavelength is 365 nm for all the specified fluorescence emissions. (h) Star-shaped 

fluorescent imprint of the FmocFF/DPDS gel by 1 h UV irradiation and its self-erasing 

property following rest in visible light.
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