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Abstract 

The formation of hydrogels by low molecular weight building blocks results in important 

supramolecular assemblies for technological applications. N-modified amino acids are especially 

interesting components for the organization of such structures due to the high efficiency of 

association, inherent biocompatibility, and structural diversity. The fluorenylmethoxycarbonyl 

(Fmoc)-modified tyrosine (Fmoc-Tyr) has been extensively studied as a notably simple yet 

highly efficient hydrogelator. Here we present the ability to use a combination of Fmoc-Tyr and 

the catechol-containing Fmoc-3,4-dihydroxyphenylalanine (Fmoc-DOPA) to form a functional 
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two-component hydrogel which combines the physical characteristics as observed with Fmoc-

Tyr hydrogels together with the functionality of the catechol groups. We demonstrate that a 

combination of the two building blocks results in the rapid formation of three-dimensional self-

supporting gels. Rheological analysis indicated that the observed hybrid gel has very high 

storage modulus, in the same order of magnitude as that of the Fmoc-Tyr gel. In addition to the 

envisioned mechanical properties, the combined gel also displayed a clear silver ion reduction 

activity. Taken together, we illustrate the ability to utilize two-component gels to achieve 

synergetic properties, combining rigidity and functionality.           

 

Introduction 

The formation of supramolecular assemblies from peptide building blocks has drawn significant 

attention over the last decade due to the attractive functional and diverse properties exhibited by 

these systems, including responsiveness to stimuli, unique physicochemical traits and the facile 

decoration by desired functional groups using various biological and chemical methods.1-5 

Different classes of supramolecular peptide assemblies possess the ability to form visco-elastic 

hydrogels with underlying nano-scale order.6-9 In these systems, the self-assembled fibrillar 

structures are formed via non-covalent interactions between low molecular weight (LMW) 

peptide building blocks. These fibrillar structures entangle and interact, thus leading to 

immobilization of water molecules in a gel phase that results in a distinctive three-dimensional 

macroscopic structure. Supramolecular hydrogels formed by different building blocks vary in 

their physical properties. The mechanical properties could also be affected by the gelation 

triggering method.10-12 These methods include enzymatic triggering,13 temperature-dependent 

gelation14 or gelation following a change in the molecular environment of the hydrogelator, such 

as modulation of the ionic strength,15 the pH,16, 17 or the identity of the solvent.18 The diverse 
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rheological characteristics and gel functionalities represent attractive properties for drug 

delivery,19 tissue engineering,20  and other potential technological applications.21  

A subset of peptide building blocks which possess a distinct propensity to form supramolecular 

hydrogels comprises the very short aromatic N-fluorenylmethoxycarbonyl (Fmoc)-modified 

peptides and the related Fmoc-modified aromatic single amino acids (FASAA). This class of 

hydrogelators holds key advantages which include simple and cost-effective synthesis, efficient 

gelation at low concentrations (around 0.1-2 % wt) and rapid gelation kinetics, with the resulting 

hydrogels being potentially biocompatible,22, 23 biodegradable and endowed with anti-

inflammatory properties.24, 25 Fmoc-modified aromatic peptides and amino acids are simple 

amphiphilic molecules whose self-assembly is driven by a combination of π-π interactions 

between planar aromatic moieties and hydrogen bonding, leading to the formation of β-sheet-like 

ordered structures.26 FASAAs are the minimal representation of this class of hydrogelators and 

studies of these compounds have focused on FASAA analogues of coded amino acids, namely 

Fmoc-phenylalanine (Fmoc-Phe) and Fmoc-tyrosine (Fmoc-Tyr). Fmoc-Tyr was the first 

investigated FASAA and was shown to form hydrogel following the enzymatic 

dephosphorylation of Fmoc-Tyr phosphate.13 Later studies reported the pH-dependent gelation of 

Fmoc-Tyr, where a gradual decrease in pH from alkaline to acidic led to protonation of the 

carboxylate group and to the subsequent conversion of solubilized Fmoc-Tyr to ordered fibrillar 

assemblies in a gel matrix.17, 27-29 Additionally, solvent-switch gelation triggering of Fmoc-Tyr 

was reported, where Fmoc-Tyr was initially solubilized in dimethyl sulfoxide (DMSO) followed 

by dilution into water.30 FASAAs derivatives of non-coded amino acids have also been 

investigated as hydrogelators. Several examples include the fluorinated Fmoc-Phe derivatives,30 

naphthyl-modified Fmoc-alanine31 and Fmoc-3,4-dihydroxyphenylalanine (Fmoc-DOPA).32, 33 
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Fmoc-DOPA is especially interesting due to the multifunctional nature of the catecholic moiety, 

which is capable to act as an antioxidant, radical trapper, metal chelator, oxidizable reducing 

agent, etc.34, 35 Self-assembling DOPA-containing short peptides have been reported36-38 and 

Fmoc-DOPA was recently shown to act as a minimal DOPA-containing gelator which forms 

mechanically weak hydrogels.32 

In this work, we examined the self-assembly and combined hydrogelation of the structurally-

related Fmoc-Tyr and Fmoc-DOPA (Fig. 1). Multicomponent supramolecular gels, composed of 

more than one LMW component that can undergo self-assembly and gelation, have been 

relatively unexplored and are the subject of current research in this field.39 It has been 

demonstrated that hybrid supramolecular gels can possess improved or synergistic traits with 

regard to the mechanical strength of the gel,40-43 the gelation efficiency44 and the functionality of 

the resulting material.45, 46 Fmoc-modified short peptides, as well as single amino acids, were 

used for the formation of two-component hydrogels, with the second component being an Fmoc-

modified or unmodified short peptide or  amino acid.13, 31, 47-50 Here, we demonstrate the ability 

to obtain hybrid gels which combine chemical properties of one building block and physical 

properties of the other. Specifically, we designed rigid redox-active hydrogels based on the well-

known Fmoc-Tyr hydrogelator and the recently introduced Fmoc-DOPA hydrogelator. The 

characterization of the two-component hydrogels was performed using electron microscopy, 

vibrational and fluorescence spectroscopy and rheological assays. Furthermore, we examined the 

ability of the hydrogels to reduce ionic silver using UV-Vis spectroscopy and electron 

microscopy. The hybrid hydrogels mechanically resembled the Fmoc-Tyr hydrogels, which are 

superior to those of Fmoc-DOPA from the rheological aspect, while bearing the functionality 

presented by the catecholic group of Fmoc-DOPA. 
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Fig. 1 Chemical structures of N-fluorenylmethoxycarbonyl-tyrosine (Fmoc-Tyr) and N- 

fluorenylmethoxycarbonyl-3,4-dihydroxyphenylalanine (Fmoc-DOPA) low molecular weight 

(LMW) hydrogelators. 

 

Experimental  

Preparation of Assemblies 

The Fmoc-Tyr and Fmoc-DOPA modified amino acids were purchased from Sigma-Aldrich and 

AnaSpec, respectively. The FASAA building blocks were purified to 97–98%. For the formation 

of Fmoc-Tyr and Fmoc-DOPA assemblies, lyophilized FASAA were dissolved in DMSO to a 

concentration of 100 mg/mL then diluted with Milli-Q water to the desired final concentration 

(1.25, 1.67, 3.5 or 5 mg/mL). For the formation of hybrid assemblies, lyophilized building blocks 

were separately dissolved in DMSO to a concentration of 100 mg/mL then mixed accordingly to 

the desired Fmoc-Tyr:Fmoc-DOPA ratio (1:1 when the final concentration of the mixed building 
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blocks was 10 mg/mL, and 3:1 when the final concentration of the mixed building blocks was 

either 5 or approximately 6.7 mg/mL). 

Transmission electron microscopy (TEM)  

TEM analysis was performed by applying 10 µL samples to 400-mesh copper grids covered by 

carbon-stabilized Formvar film (SPI, West Chester, PA). The samples were allowed to adsorb for 

2 min before excess fluid was blotted off. For samples that were negatively stained, 10 µL of 2% 

uranyl acetate was then deposited on the grid and allowed to adsorb for 2 min before excess fluid 

was blotted off. TEM micrographs were recorded using Tecnai-12 electron microscope (Tokyo, 

Japan) operating at 120 kV. 

Rheology 

Rheological measurements for in situ-formed hydrogels were performed using an ARES-G2 

rheometer (TA Instruments, New Castle, DE, USA). Time-sweep oscillatory tests in 20 mm 

parallel plate geometry were conducted at 0.7% strain and 10 rad/sec frequency on 200 µL of 

fresh solutions (resulting in a gap size of about 0.6 mm), 1 min after their  preparation. In order 

to determine the linear viscoelastic region, oscillatory strain (0.01–100%) and frequency sweep 

(0.01–100 Hz) tests were conducted 40 min after diluting the DMSO stock solution into Milli-Q 

water. All rheology tests were done in triplicates and averaged. To investigate the mechanical 

properties of silver-containing hydrogels, rheological measurements were performed on hybrid 

gels that were pre-prepared in the presence or absence of silver nitrate. Stock solution of the 

desired Fmoc-Tyr:Fmoc-DOPA ratio was diluted into either silver nitrate aqueous solutions or 

into water and immediately deposited into Press-To-Seal silicone isolators (Sigma Aldrich, 

Israel) adhered to glass surfaces. Prior to measurements, all gels were incubated for 2 days at 
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room temperature in the presence of ambient light. Incubation was performed in sealed humid 

containers to avoid dehydration. Rheological measurements were made using 8 mm parallel plate 

geometry where frequency-sweep measurements were performed under a strain of 0.2% and 

strain amplitude measurements were conducted at a frequency of 1 Hz.    

Turbidity Analysis 

Turbidity analysis for Fmoc-Tyr, Fmoc-DOPA and Fmoc-Tyr:Fmoc-DOPA hybrids preparations 

was conducted for freshly prepared solutions. 240 µL aliquots were pipetted into a 96-well plate 

and absorbance at 405 nm was measured for 2 h, starting 1 min after the preparation of the 

solutions. All measurements were performed using a Biotek Synergy HT plate reader (Winooski, 

VT, USA) at 25 °C.  

Fourier-transform infrared (FTIR) spectroscopy 

FTIR spectroscopy was performed with a portion of pre-prepared samples of gels, prepared as 

described above, 3 days after the initiation of assembly. The samples (5 mg/mL Fmoc-Tyr gel, 

1.67 mg/mL Fmoc-DOPA gel and 3:1 Fmoc-Tyr:Fmoc-DOPA hybrid gel at 6.67 mg/mL) were 

deposited onto disposable KBr IR sample cards (Sigma-Aldrich, Israel), which were then 

allowed to dry under vacuum. Transmission infrared spectra were collected using Nexus 470 

FTIR spectrometer (Nicolet, Offenbach, Germany) with a deuterated triglycine sulfate (DTGS) 

detector. Measurements were performed using the atmospheric suppression mode, by averaging 

64 scans in 4 cm−1 resolution. 

Fluorescence spectroscopy 

The emission spectra of gels at concentrations of 3.5 or 5 mg/mL for Fmoc-Tyr, 1.25 or 1.67 

mg/mL for Fmoc-DOPA and 3:1 Fmoc-Tyr:Fmoc-DOPA for at 5 or 6.67 mg/mL for the hybrid 
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gels were recorded 3 days after the initiation of assembly using a Horiba Jobin Yvon FL3-11 

fluorimeter (Horiba Jobin Yvon, NJ, USA). A quartz cuvette with an optical path length of 1 cm 

was used. The experiments were carried out using an excitation wavelength of 280 nm and 5 nm 

excitation and emission slits. 

Ionic silver reduction 

Silver reduction assay was performed with gels prepared from the individual Fmoc-Tyr and 

Fmoc-DOPA gelators and their 3:1 hybrid. To examine silver reduction using UV-Vis 

spectroscopy, samples were prepared as described above when 200 µL aliquots of solution were 

pipetted into 96-well UV-Star UV transparent plates (Greiner BioOne, Frickenhausen, 

Germany). After 1 day of incubation at room temperature, 40 µL of either 2 mM silver nitrate 

solution or Milli-Q water were pipetted into the pre-prepared gel samples, resulting with 5 

mg/mL Fmoc-Tyr, 1.67 mg/mL Fmoc-DOPA and 3:1 hybrid at 6.67 mg/mL gel including or 

excluding 0.33 mM silver nitrate. The samples were then incubated at room temperature either 

exposed to or sheltered from light and their UV-Vis spectra were collected after 5 days using a 

Biotek Synergy HT plate reader over the range of 350-550 nm. To monitor the kinetics of ionic 

silver reduction, the assay was performed as described above when following the addition of 40 

µL silver nitrate or water, absorbance at 445 nm was monitored over five days for gels pre-

prepared from either 1.67 mg/mL Fmoc-DOPA gelator or Fmoc-Tyr:Fmoc-DOPA 3:1 gelators at 

6.67 mg/mL. The gels were incubated while exposed to ambient light. Each data point represents 

the subtraction result of samples incubated without silver nitrate from the silver nitrate-added 

samples and is an average of four repeats. The time-dependent increase in absorbance at 445 nm 

over five days, for both the Fmoc-DOPA and hybrid gels, fitted the Boltzmann equation:  
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(1)  ∆�(�) =
∆��	
∆��					

��

�
���
��

+ ∆�� 

where ∆A(t) is the absorbance at 445 nm at incubation time t, ∆Ai is the ∆A at the initial data 

point, ∆Af is the ∆A at infinite time and t50 is the time at which the ∆A is equal to one-half the 

∆Af. During the first 8 hours, the time-dependent increase in absorbance at 445 nm for Fmoc-

DOPA fitted the Boltzmann equation, whereas the time-dependent increase in absorbance at 445 

nm in the case of the hybrid gels fitted the exponential equation:  

(2) ∆�(�) = 0.08799 − 0.08165�� .!"  #$ 

where ∆A(t) is the absorbance at 445 nm at incubation time t. 

Results and discussion 

The assembly of each FASAA and the subsequent formation of the hybrid gels was induced by 

employing the solvent-switch method. Specifically, the self-assembly of the individual Fmoc-Tyr 

and Fmoc-DOPA building blocks was triggered by solvent-switch of a 100 mg/mL DMSO stock 

solution into water and the gelation of the hybrid gels was initiated similarly, with a DMSO 

stock solution containing a mixture of the dissolved FASAAs at molar ratios of 1:1 and 3:1 

(Fmoc-Tyr:Fmoc-DOPA). A turbidity change accompanied the dilution of Fmoc-Tyr, Fmoc-

DOPA and the hybrid stock solutions into water, as all samples instantly became opaque and 

gradually appeared clearer. In parallel to this turbidity change, the Fmoc-Tyr and hybrid 

solutions exhibited self-supporting gel characteristics within minutes after triggering of the 

assembly, as was indicated by simple qualitative vial-inversion observations (Fig. 2a), while the 

Fmoc-DOPA preparations did not form a self-supporting architecture under these conditions. 

Following these observations, we investigated the individual Fmoc-DOPA and Fmoc-Tyr 

hydrogelators. The Fmoc-DOPA preparations were viscous and presented weak gel-like 
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behavior, as previously reported.32 TEM imaging of the weak Fmoc-DOPA gel revealed fibrillar 

assemblies which appeared linear, unbranched and extending to the length of micrometers (Fig. 

2b). The width of the fibers ranged from 5 to 10 nm and lateral bundling was observed. The 

obtained Fmoc-Tyr hydrogels were semi-transparent and presented similar underlying fibers, 

albeit wider, with an approximated width of 15 nm, as imaged by TEM (Fig 2b). These 

observations are in line with previous reports concerning the hydrogelation of Fmoc-Tyr by 

using the solvent-switch method.30 Next, we examined the hybrid hydrogels. These gels 

presented similar macroscopic behavior to those of Fmoc-Tyr and similar fibrillar assemblies of 

15 nm in width were imaged by TEM (Fig. 2b).  
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Fig. 2 Macroscopic observation and imaging of hybrid gels; (a) Photographs of inverted vials 
containing preparations of 5 mg/mL Fmoc-Tyr and Fmoc-Tyr:Fmoc-DOPA two-component gels 
at different concentrations. (b) Transmission electron microscopy (TEM) micrographs of an 
Fmoc-Tyr hydrogel, Fmoc-DOPA preparation, and the two-component hydrogel. 

 

To better understand the organization and assembly kinetics, we monitored the change in 

turbidity over time of the individual and combined gelators by measuring the absorbance at 405 

nm (Fig. 3). While the turbidity of Fmoc-DOPA preparations showed little change during the 

experimental time frame of 100 minutes, Fmoc-Tyr preparations presented a gradual step-wise 
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decrease, resulting in a significantly lower turbidity already within less than 10 minutes. 

Furthermore, the turbidity kinetics and end-point values did not seem to change markedly for the 

concentrations tested albeit the higher initial value for the higher concentration. Interestingly, the 

hybrid preparations presented a unique, third behavior with an apparent lag period, a gradual 

decrease in turbidity and an end-point value in the range between that of the individual 

hydrogelators (Fig. 3). This behavior was observed for both Fmoc-Tyr:Fmoc-DOPA ratios 

tested. Similar gradual clearance of hydrogel preparations after an initial opaque stage was 

observed with other cases of peptide-based LMW hydrogelators. Two alternative models were 

suggested to explain the mechanism of decrease in absorbance. The first model suggests that this 

behavior may reflect a slow process of organization following a rapid phase of hydrophobic 

collapse.38 According to the second model, it may be the result of a phase separation process 

where a fibrous network is formed at the expanse of unstable spherical assemblies.51  
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Fig. 3 Kinetics of absorbance at 405 nm for Fmoc-Tyr gels, Fmoc-DOPA preparations and 
Fmoc-Tyr:Fmoc-DOPA 3:1 hybrid gels at different concentrations. Absorbance values were 
normalized. Logarithmic axis is used due to time-scale differences in the optical clearance rate of 
the different compounds. 

 

Next, we characterized the visco-elastic properties of the Fmoc-Tyr and hybrid hydrogels; 

preparations of Fmoc-DOPA alone did not present sufficient mechanical rigidity as required for 

this assay. Time-sweep rheological measurements at the linear regime (Fig. S1) were performed 
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to monitor the gelation kinetics and to measure the storage modulus of the fully-formed gels at a 

time frame of 30 min (Fig. 4); this time frame was selected in order to avoid dehydration-related 

artifacts. For 5 mg/mL Fmoc-Tyr, the gelation was rapid with the final storage modulus of 

approximately 30 kPa measured after about 20 min. The measured storage modulus is of the 

highest measured for Fmoc-Tyr hydrogels11, 30 and this is likely due to the higher concentration 

of the gelator used in this work. Similar rheological behavior was observed for the 3:1 Fmoc-

Tyr:Fmoc-DOPA hybrids, at 5 and 6.67 mg/mL, which presented storage moduli in the same 

order of magnitude of Fmoc-Tyr and similar gelation kinetics. However, a marked difference in 

the overall kinetics profile of the hybrids, compared to that of Fmoc-Tyr, was observed. Unlike 

the prompt gelation of the Fmoc-Tyr, there was a lag phase for both hybrids, especially in the 

case of the Fmoc-Tyr:Fmoc-DOPA at 5 mg/mL concentration. The lag-phase may reflect an 

internal organization of the two-component system in which the ratio of the two hydrogelators 

dictates the rate of assembly and subsequent gelation.  

 

Fig. 4 Rheological properties of the hydrogels. Gelation kinetics of Fmoc-Tyr and Fmoc-
Tyr:Fmoc-DOPA 3:1 hybrid at different concentrations at 25 °C. Measurements were conducted 
at 0.7% strain and 10 rad/sec frequency. 
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To compare the internal organization of the hydrogels we employed FTIR spectroscopy (Fig. 

5a). For all three gels, peaks were present at 1411 and 1445 cm-1 and may be assigned to tyrosine 

carboxylate and aromatic ring stretching vibrations, respectively.52 In the amide II region, the 

peak position was 1516 cm-1 for Fmoc-Tyr and the hybrid gel, as opposed to 1528 cm-1 for 

Fmoc-DOPA. In the amide I region, a peak at 1616 cm-1 was present for Fmoc-Tyr and the 

hybrid gel, while appearing relatively attenuated and shifted to 1610 cm-1 in the Fmoc-DOPA 

spectrum. The amide I band corresponds to amide C=O stretching and in proteins and peptide the 

β-sheet conformation is usually linked to the above specific positions,53 yet in the case of 

FASAA such interpretation may not be straightforward. Two closely positioned bands were 

present in all spectra, at approximately 1695 and 1718 cm-1, ascribed respectively to the Fmoc 

carbamate group54 and to hydrogen-bonded tyrosine carboxyl.55 Finally, a broad band was 

present in all three spectra above 3000 cm-1, with the band centered at 3328 cm-1 for Fmoc-Tyr 

and at 3408 cm-1 for Fmoc-DOPA and the hybrid gel; this region corresponds to stretching 

vibrations of NH and OH.52 Interestingly, all features observed for the hybrid hydrogel were also 

present in either individual gel, with no other, unique features appearing in the spectrum of the 

hybrid gel. This implies that the combined presence of the individual gelators in the hybrid gel 

does not significantly alter their molecular organization. To further structurally compare the gels, 

we used fluorescence spectroscopy. All three hydrogels gave resembling spectra, with an 

emission peak at 316 nm and no significant broadening of the peak (Fig. 5b). Taken together, 

these data indicate a general similarity in the internal organization of the hybrid hydrogel and the 

individual hydrogels. 
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Fig. 5 Spectroscopic characterization of individual and hybrid gels; (a) Fourier transform 
infrared (FTIR) and (b) fluorescence emission spectra of gels prepared from the individual 
Fmoc-Tyr and Fmoc-DOPA gelators and from their 3:1 hybrid at different concentrations. 
Spectra were taken 3 days after the initiation of assembly. All spectra were normalized. FTIR 
spectra were vertically offset for clarity.  

 

Finally we studied the functional properties of the hybrid hydrogels and examined their ability to 

reduce ionic silver. Reduction of silver ions into silver nanoparticles (AgNP) may have various 

technological applications.56, 57 There are several inductive and spontaneous methods for the 
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preparation of AgNP.57, 58 One simple spontaneous method utilizes the redox-active catechol 

group of DOPA.34 Catechol-modified polyethylene glycol (PEG)-based polymers are capable of 

spontaneous redox activity at alkaline pH that leads to the formation of silver nanoparticles.59, 60 

DOPA-containing supramolecular peptide assemblies were demonstrated to facilitate both 

spontaneous silver nanoparticles formation37, 38 and seamless metallic coating of the 

assemblies,38 under mildly acidic conditions. In the context of supramolecular peptide assemblies 

and hydrogels, inductive AgNP and silver nanoclusters preparation by exposure to ambient light 

has been reported.61, 62, 63 In these studies, the reduction of ionic silver was ascribed to 

carboxylate moieties in the peptides which were able to bind silver ions and enable their 

reduction when exposed to ambient light. The existing accounts concerning AgNP production by 

supramolecular peptide assemblies and hydrogels motivated us to test whether the individual 

Fmoc-Tyr and Fmoc-DOPA hydrogels and the combined hybrid hydrogel were able to reduce 

ionic silver to AgNP. To this end, we added silver nitrate solution to fully-formed hydrogels 

which were then incubated in the presence or absence of ambient light for five days (Fig. 6, Fig. 

S2). Following incubation, UV-Vis spectra revealed a significant absorption peak at 

approximately 467 nm for the light-exposed Fmoc-DOPA and a weaker lower peak at 453 nm 

for the hybrid gels, which was not present in the spectra of light-exposed Fmoc-Tyr hydrogel 

(Fig. 6a, Fig. S2). Moreover, these peaks were not present in the hydrogels unexposed to light or 

in respective control gels to which silver nitrate was not added (Fig. 6a, Fig. S2). Furthermore, 

corresponding appearance of a yellow-brown color was apparent for the light-exposed Fmoc-

DOPA hydrogels and, to a lower extent, for the hybrid hydrogels, whereas no color change was 

observed for wells containing the other gels (Fig. 6b, Fig. S2). Similar absorption peaks have 

been reported for AgNP which were formed in the presence of various reducing agents, 
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including catechol-containing compounds.38, 59, 64. Indeed, AgNP were detected in the Fmoc-

DOPA and hybrid gel samples, as imaged by TEM, with the particles presenting distinct crystal-

like morphology (Fig. 6c). Since AgNP did not form in case of the Fmoc-Tyr or the light-

unexposed gels, their formation can be attributed to the functionality of the catechol moiety in 

the presence of light. Importantly, the hybrid gels presented similar functionality to that of the 

Fmoc-DOPA hydrogels, providing indication that this hybrid material is conferred with the 

redox capabilities observed for the hydrogels composed exclusively by Fmoc-DOPA.  

To obtain a more detailed account of the redox-active hybrid gels, we monitored the kinetics of 

AgNP formation following the addition of silver nitrate to pre-formed gels (Fig. S3). We 

observed an increase in the absorbance at 445 nm, associated with the presence of AgNP in the 

gel. This signal increased over several hours and a plateau was reached approximately two days 

after the addition of silver nitrate (Fig. S3). This time period was longer than that observed for 

the Fmoc-DOPA individual gels, which reached a plateau after approximately one day (Fig. S3). 

In both cases, the overall kinetics of AgNP formation fitted the Boltzmann equation (Fig. S3, see 

Experimental section). Yet, in the first 8 hours, AgNP formation in the hybrid gel exhibited 

exponential behavior, while in the case of Fmoc-DOPA, a sigmoidal behavior was presented 

(Fig. S3 inset, see Experimental section). This may reflect a difference in the accessibility of the 

catechol functional groups in the two gel systems. Next, we compared the rheological properties 

of AgNP-containing and AgNP-absent hybrid gels. In this experiment, the hybrid gels were 

formed by diluting the combined stock solution into silver nitrate aqueous solutions or into 

water. To ensure the formation of AgNP, the gels were incubated for 2 days prior to 

measurement while exposed to ambient light. Frequency-sweep measurements at the linear 

regime (Fig. 6d, Fig. S4) revealed similar storage moduli for gels formed in the presence or 
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absence of silver nitrate, which were higher than their respective loss moduli by an order of 

magnitude (Fig. S4). This direct comparison of rheological properties shows that the high 

mechanical rigidity of the Fmoc-Tyr:Fmoc-DOPA hybrid gels is retained in their redox-active 

state, further demonstrating the functional synergy of the two gelators.  
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Fig. 6 Ionic silver reduction by pre-prepared hydrogels. (a) UV-Vis spectra of hydrogels 
prepared from the individual Fmoc-Tyr and Fmoc-DOPA gelators (5 and 1.67 mg/mL 
respectively) and their 3:1 hybrid at 6.67 mg/mL after 5 days of incubation with 0.33 mM silver 
nitrate, in the presence or absence of light. The spectra are subtraction result of samples 
incubated without silver nitrate from the silver nitrate-added samples. (b) Photograph of a 96-
well plate corresponding to the previous panel. (c) TEM micrographs of silver nanoparticles 
detected in samples of 1.67 mg/mL Fmoc-DOPA (left panel) and Fmoc-Tyr:Fmoc-DOPA 3:1 
hybrid at 6.67 mg/mL (right panel) gels, following incubation with silver nitrate in the presence 
of light. Negative staining was not applied. (d) Frequency sweep characterization of Fmoc-
Tyr:Fmoc-DOPA 3:1 hybrid gels at 5 or 6.7 mg/mL, formed in the presence or absence of  22  or 
33 mM silver nitrate, respectively.  

 

In summary, we demonstrated the ability to from Fmoc-Tyr:Fmoc-DOPA two-component 

hydrogels with mechanical properties that resemble those of Fmoc-Tyr gel, yet with functional 

properties of the catechol groups. This is a clear demonstration of the ability to utilize 

complementary properties of more than one building block to obtain novel functionalities. 

Beyond the reduction activity, such multicomponent organization should potentially allow to 

benefit from other functionalities of the Fmoc-DOPA building block including antioxidant 

activity, radical trapping and metal chelation. We believe that the combination of several 

building blocks to form complex non-covalent structures will be a central avenue in the field of 

peptide self-assembly in general and peptide hydrogel formation in particular.    

 

Conclusion 

The ability to form multi-component hydrogels is an important step in the field of bio-inspired 

supramolecular assemblies. The molecular integration of building blocks with differential time-

scale of organization and diverse characteristics allows to obtain functional assemblies of desired 

properties. The combination of the rapid Fmoc-Tyr hydrogelator and the functional Fmoc-DOPA 

component resulted in a progressive organization of the two components into functional 
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macroscopic structure with characteristics different from those of hydrogels formed by each of 

the modified amino acids separately.         
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Hybrid hydrogels composed of the Fmoc-Tyr and Fmoc-DOPA building blocks present mechanical rigidity and 
redox activity  
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