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ABSTRACT

Supramolecular hydrogels composed of self-assembled fluorenylmethoxycarbonyl phenylalanine 

(Fmoc-Phe) derivatives have been the focus of intense study as novel materials for biological 

applications that include drug delivery, tissue engineering, and regenerative medicine. Cationic 

Fmoc-Phe derivatives functionalized with diaminopropane (Fmoc-Phe-DAP) have been shown to 

undergo self-assembly and hydrogelation upon an increase in solution ionic strength by the 

addition of inorganic salts that provide cation-shielding counterions. Further, the identity of the 

inorganic salts modifies the assembly morphology and emergent viscoelastic properties of the 

resulting materials. Herein, we report multicomponent hydrogels composed of Fmoc-Phe-DAP 

derivatives in which hydrogelation is promoted by the addition of anionic amino acids, 

monosodium aspartate or monosodium glutamate. Aspartate and glutamate salts both support 

supramolecular gelation of Fmoc-Phe-DAP derivatives, although only the glutamate gels remain 

stable over periods longer than one hour. The assemblies formed by Fmoc-Phe-DAP derivatives 

in the presence of aspartate and glutamate are morphologically distinct relative to those formed in 

the presence of sodium chloride. The viscoelastic properties of stable glutamate/Fmoc-Phe-DAP 

derivative hydrogels are sensitive to the ratios of glutamate to Fmoc-Phe-DAP derivative, with 
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increased concentrations of glutamate corresponding to higher viscoelastic strength. These 

multicomponent systems demonstrate that comixing unfunctionalized amino acids with self-

assembling Fmoc-Phe-DAP derivatives is yet another effective method to modify the emergent 

properties of the resulting materials.

1. INTRODUCTION

Hydrogels are valued biomaterials for applications that include drug delivery, tissue engineering, 

and regenerative medicine.1-4 A broad range of polymer-derived hydrogels have been extensively 

used for these types of applications,5-8 but many of these materials suffer from problems with 

biocompatibility and immunogenicity.9 Supramolecular hydrogels composed of self-assembling 

proteins and peptides have been found to have improved emergent properties relative to non-

natural polymer counterparts, including improved viscoelastic and thixotropic character and 

enhanced biocompatibility.10-14 The high cost of synthetic peptides has been a barrier to the 

widespread adoption of supramolecular peptide hydrogels,15-17 inspiring the development of more 

cost-effective low molecular weight (LMW) supramolecular hydrogels formulated from short self-

assembling peptides (three amino acids or less in length) or modified amino acid derivatives.18-25 

Phenylalanine (Phe) and related aromatic amino acid derivatives are particularly effective as self-

assembling hydrogel agents.26-30

Phe-derived hydrogels have been adopted both as models for the study of supramolecular self-

assembly and hydrogelation and as materials for advanced biotechnology applications. 

Fluorenylmethoxy (Fmoc)-modified Phe derivatives have been extensively studied as hydrogel 

agents.31-39 We have designed cationic derivatives of Fmoc-Phe in which the C-terminal carboxylic 

acid has been modified with diaminopropane (DAP) (Figure 1). Aqueous solutions of these Fmoc-

Phe-DAP derivatives undergo spontaneous hydrogelation upon the addition of screening 
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counterions.40 The properties of the resulting self-assembled hydrogels are sensitive to the side 

chain structure of the Phe derivative41 and to the identity of the screening counterions, with 

differing structures and conditions affording unique self-assembled morphologies that include 

fibers, nanotubes, and amorphous aggregates that are self-supporting hydrogels, colloidal 

suspensions, or precipitates, respectively.42 Among these Fmoc-Phe-DAP materials are hydrogels 

that exhibit ideal properties for sustained, localized drug delivery of both small molecule and 

protein cargo.43, 44

Figure 1. Chemical structures of cationic fluorenylmethoxy (Fmoc)- and diaminopropane (DAP)-

modified phenylalanine derivatives and anionic amino acid gelation agents. Phenylalanine 

derivatives include phenylalanine (Fmoc-Phe-DAP, 1), 3-fluorophenylalanine (Fmoc-3F-Phe-

DAP, 2), and pentafluorophenylalanine (Fmoc-F5-Phe-DAP, 3). Anionic amino acids in the 

monosodium salts of aspartic acid and glutamic acid.

Herein, we report the effect of anionic amino acids, glutamic acid and aspartic acid, as 

screening agents to promote the self-assembly and hydrogelation of Fmoc-Phe-DAP derivatives. 
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It has been demonstrated that coassembly of LMW amino acid derivatives with other agents often 

leads to the formulation of hybrid, multicomponent materials with unique and/or improved 

properties relative to the viscoelastic characteristics of hydrogels the individual components.32, 33, 

45-49We hypothesized that cationic Fmoc-Phe-DAP derivatives would effectively assemble in the 

presence of anionic glutamate and aspartate salts as counterion partners to provide novel 

multicomponent hydrogel materials. Further, we also wished to understand the emergent 

morphological and viscoelastic properties of these coassembled hybrid hydrogel materials. 

Accordingly, we characterized the self-assembly and hydrogelation of aqueous solutions of three 

Fmoc-Phe-DAP derivatives, Fmoc-Phe-DAP (1), Fmoc-3F-Phe-DAP (2), and Fmoc-F5-Phe-DAP 

(3) (Figure 1), upon addition of varying amounts of glutamate and aspartate salts. We discovered 

that these anionic amino acids influence both the morphology of the resulting assemblies as well 

as the properties of these assemblies. Interestingly, only Fmoc-3F-Phe-DAP (2)/glutamate 

mixtures formed stable, self-supporting hydrogels. Mixtures of glutamate with Fmoc-Phe-DAP (1) 

and Fmoc-F5-Phe-DAP (3) underwent self-assembly, but the resulting solution assemblies failed 

to form strong hydrogel networks. In contrast, mixtures of aspartate with all Fmoc-Phe-DAP 

derivatives self-assembled into weak hydrogel networks that quickly precipitated within 30 

minutes. These studies demonstrate that hybrid supramolecular amino acid materials elicit unique 

emergent properties relative to materials derived from the individual components. Further, these 

results invite further study to determine the mechanistic basis for these unique properties and to 

characterize the biochemical properties of these hydrogels for drug delivery and tissue engineering 

applications.

2. MATERIALS AND METHODS
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Materials.  Fmoc protected amino acids, monosodium amino acids and organic solvents were 

purchased commercially and used without further purification. Compounds 1−3 were synthesized 

in accordance with previously reported protocols.40  Water used for self-assembly and 

hydrogelation studies was purified using a nanopure filtration system (Barnstead NANOpure, 0.2 

μm filter, 18.2 MΩ cm).

Self-Assembly Conditions. All self-assembly experiments were prepared at a total volume of 1 

mL and with a final Fmoc-Phe-DAP derivative (compound 1, 2, or 3) concentration of 15 mM.  

Stock solutions (500 mM) of the monosodium salts of glutamic acid and aspartic acid were used 

to create mixtures with compounds 1–3. Briefly, compounds 1–3 (0.21 mmol) were each dissolved 

in 7 mL of water and heated to 80 °C to obtain 30 mM stock solutions of compounds 1–3. The 

volume of these solutions was adjusted with varying amounts of water (see Table S1) prior to the 

addition of anionic amino acids in order to ensure the final volume of each mixture was 1 mL. 

Self-assembly was initiated by the addition of 30 µL of the stock solutions of either glutamic acid 

or aspartic acid to 0.5 mL of the solutions of Fmoc-Phe-DAP-derived compounds 1–3. Self-

assembly of compounds 1–3 (15 mM) was evaluated at varying concentrations of aspartate and 

glutamate, including 15 mM (1 equivalent relative to Fmoc-Phe-DAP derivative), 30 mM (2 

equivalents), 45 mM (3 equivalents), 60 mM (4 equivalents), 75 mM (5 equivalents), 90 mM (6 

equivalents), 105 mM (7 equivalents), 120 mM (8 equivalents), 135 mM (9 equivalents), and 150 

mM (10 equivalents). Upon addition of aspartate or glutamate salts to compounds 1–3, each 

solution was briefly agitated using a vortex mixer and the mixtures were allowed to stand at room 

temperature for 30 minutes. Hydrogel formation was confirmed when the resulting mixtures did 

not flow upon vial inversion. Detailed procedures for preparing the assemblies are summarized in 

Table S1 (Supporting Information).
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Of compounds 1–3, only Fmoc-3F-Phe (2) was found to form stable hydrogel networks in the 

presence of glutamate or aspartate salts. Accordingly, comparison hydrogels of compounds 2 were 

prepared by the addition of NaCl to solutions of 2, consistent with our prior reports for self-

assembly and hydrogelation of these compounds.40 Fmoc-3F-Phe (2)/NaCl hydrogels for this study 

were prepared at 15 mM concentrations of 2 and 114 mM NaCl (7.6 equivalents with respect to 

compound 2).  To prepare these hydrogels, compound 2 was dissolved in 0.8 mL of water with 

heating. Gelation was triggered by addition of 0.2 mL of a 570 mM NaCl solution followed by 

brief agitation of the solution using a vortex mixer. Hydrogelation was observed within one 

minute.

Transmission Electron Microscopy. Transmission electron microscopy (TEM) images of the 

assemblies were obtained using a Hitachi 7650 transmission electron microscope with an 

accelerating voltage of 80 kV.  Aliquots of assembled materials (5 μL) were applied directly onto 

200 mesh carbon-coated copper grids and allowed to stand for 2 minutes. Remaining liquid was 

carefully removed by capillary action using filter paper. This was followed by addition of a second 

5 μL aliquot of the material and the grid was again allowed to stand for 2 minutes. The remaining 

liquid was removed, and the grids were then stained with 2% (w/v) uranyl acetate (5 μL) for 2 

minutes. Remaining stain solution was again removed by capillary action, and the grids were 

allowed to air-dry for 10−15 minutes. TEM images of each assembly was recorded at 4 hours, 24 

hours, and 1 week after initiation of self-assembly. Dimensions of the nanostructures were 

determined using ImageJ software and are reported as the average of at least 100 independent 

measurements with error reported as the standard deviation value. 

Oscillatory Rheology. Rheological measurements were performed using a TA Instruments 

Discovery HR-2 rheometer. A 20 mM parallel plate geometry was used for the experiments. To 
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perform the rheological experiments, hydrogels at a final volume of 1 mL were prepared in a 1.5 

mL microcentrifuge tube. Deposition of the hydrogel onto the rheometer plate was performed by 

cutting the centrifuge tube at the 0.5 mL line using a razor blade and the cylindrical hydrogel was 

placed directly onto the Peltier plate by gently pushing it out of the bottom of the tube from the 

top. The gap for each individual experiment was adjusted to 1 mm. Strain sweep experiments were 

performed first to determine the linear viscoelastic region for each hydrogel. Strain sweep 

measurements were performed from 0.01−100% strain at a constant frequency of 6.283 rad s−1. 

Next, frequency sweep experiments were performed at a constant strain within the linear 

viscoelastic region. The frequency sweep experiments for each sample were performed from 

0.1−100 rad s-1 at a constant strain of 0.2%, which falls within the linear viscoelastic region for all 

the hydrogels. Values at the upper end of the frequency sweep experiments were eliminated for all 

the data points for which the raw phase angle increased above 175° as recommended for the TA 

DHR series of rheometers. The values beyond this point are dominated by the instrument inertial 

torque instead of the sample torque41. The reported values for storage and loss moduli (G′ and G′′, 

respectively) are the average of five distinct measurements on separate hydrogels and all five 

associated measurements are shown on the associated plots. Finally, the average G values were 

used to calculate the mesh size of the hydrogels according to equation 1 below where  is the 

mesh size, kB is the Boltzman constant, and T is temperature.50, 51

𝜉 =
𝐺′

𝑘𝑩 𝑇

―1
3

Equation 1
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3. RESULTS AND DISCUSSION

Multicomponent assembly of Fmoc-Phe-DAP derivatives and anionic amino acids. We have 

previously demonstrated that Fmoc-Phe-DAP derivatives, including Fmoc-Phe-DAP (1), Fmoc-

3F-Phe-DAP (2), and Fmoc-F5-Phe-DAP (3) (Figure 1), undergo effective self-assembly into 

hydrogels that have the appropriate emergent properties for functional drug delivery.43, 52 These 

compounds are soluble in water due to the positively charged ammonium cation of the C-terminal 

diaminopropane group. However, these cationic compounds do not form self-supporting 

supramolecular hydrogels without solution screening counterions that reduce charge repulsion 

between the ammonium groups. Compounds 1–3 spontaneously form hydrogel networks in 

presence of NaCl (114 mM) as an initiating agent.40Further, we have also examined the variations 

in the properties of these self-assembled materials in the presence of different inorganic salts as 

counterions.42 The nature of the screening counterion can direct the self-assembly of Fmoc-Phe-

DAP derivatives into a broad range supramolecular architectures, including nanotubes, fibrils, and 

nanosheets of various dimensions and morphologies. These various assemblies in turn have a range 

of emergent properties, with some forming stable hydrogel networks, while others form 

precipitates or colloidal suspensions. The sensitivity of these Fmoc-Phe-DAP derivatives to the 

environment to tune supramolecular properties provides interesting opportunities for the 

development of novel hybrid biomaterials composed of Fmoc-Phe-DAP derivatives mixed with 

other agents with complementary properties.

Based on the observation that the solvent counterions dramatically affect the self-assembly of 

compounds 1–3, we initiated a study to explore a multicomponent approach to develop hybrid 

hydrogels composed of charge complementary amino acids, cationic Fmoc-Phe-DAP derivatives 
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and anionic amino acids. Specifically, we have studied the assembly behavior and emergent 

properties of a series of Fmoc-Phe-DAP derivatives, compounds 1–3, in the presence of anionic 

monosodium glutamate acid and monosodium aspartic acid. We hypothesized that the negative 

charge of glutamate and aspartate would provide complementary interactions with Fmoc-Phe-DAP 

derivatives that would enable effective assembly. We also hypothesized that the complementary 

charge interactions would give rise to Fmoc-Phe-DAP assemblies with unique properties relative 

to the hydrogels that are formed from these amino acids in the presence of inorganic salts, 

including NaCl. We interrogated these hypotheses by characterizing the assembly of compounds 

1–3 in the presence of varying amounts of monosodium glutamate and monosodium aspartate. We 

first determined if any of these mixtures resulting in self-supporting hydrogel networks. Next, we 

examined the resulting morphology of the resulting assemblies using transmission electron 

microscopy imaging. Finally, we characterized the emergent viscoelasticity for mixtures that 

formed hydrogels compared to our previously reported hydrogels of these compounds formed in 

the presence of NaCl. 

Multicomponent assembly of compounds 1–3 with glutamate or aspartate was explored in 

simple aqueous solutions without other explicitly added materials. Compounds 1–3 were dissolved 

in water by heating followed by sonication, followed by addition of aqueous solutions of anionic 

amino acids to promote self-assembly. The concentration of compounds 1–3 was maintained at 15 

mM for these studies and the concentration of the anionic amino acids was varied from 1 equivalent 

(15 mM) to 10 equivalents (150 mM) with respect to the Fmoc-Phe-DAP derivatives. All 

hydrogels had pH values ranging from 6.6-7. Interestingly, the assemblies formed by these various 

mixtures was sensitive to both the structure of the cationic Fmoc-Phe-DAP derivative and to the 

specific anionic partner, glutamate or aspartate. 
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First, we found that compounds 1–3 exhibited different assembly and gelation behavior in the 

presence of glutamate ions (Figure 2). At lower concentrations of glutamate ions (15 mM and 30 

mM glutamate), compounds 1 and 2 (15 mM) failed to form self-supporting hydrogels (Figure 2A 

and 2B). The mixtures of compound 1 and glutamate formed suspensions/precipitates at 1 and 2 

equivalents of glutamate while the mixtures of compound 2 and glutamate at the same glutamate 

concentrations were transparent solutions. Upon increasing the concentration of glutamate ions to 

3 equivalents (45 mM), mixtures compounds 1 and 2 with glutamate formed self-supporting 

hydrogels (Figure 2A and 2B) as indicated by resistance to flow of these materials upon vial 

inversion. Mixtures of compounds 1 and 2 with 3–10 equivalents of glutamate all formed self-

supporting hydrogels. The hydrogels of compound 1 with glutamate developed a cloudy 

appearance over 24 hours while the hydrogels of compound 2 with glutamate remained transparent 

over 24 hours. These observations are consistent with our previous reports in which the 

fluorination of the benzyl side chain of Fmoc-3F-Phe-DAP (2) provides enhanced self-assembly 

and hydrogelation capacity relative to the parent Fmoc-Phe-DAP (1) derivative.40
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Figure 2. Digital images of assemblies of Fmoc-Phe-DAP derivatives 24 hours after addition of 

glutamate. Assemblies are composed of 15 mM Fmoc-Phe-DAP derivative with 1–10 equivalents 

of glutamate (1 equivalent of glutamate to 10 equivalents of glutamate from left to right, 

respectively). A. Compound 1/glutamate, B. Compound 2/glutamate, C. Compound 3/glutamate. 

 Interestingly, the perfluorinated Fmoc-F5-Phe-DAP derivative, compound 3, fails to form self-

supporting hydrogels at any of the concentrations of glutamate ions studied up to 10 equivalents 

of glutamate relative to 3 (Figure 2C).  All the 3/glutamate mixtures, from 1–10 equivalents of 

glutamate, instead formed colloidal suspensions. Prior studies of compound 3 have often shown 

that this derivative has superior gelation capacity relative to compounds 1 and 2 upon addition of 

NaCl.40, 42 Thus, it was unexpected that compound 3 would fail entirely to form hydrogels when 

mixed with glutamate. The appearance of these solutions as colloidal suspensions upon addition 

of glutamate to solutions of 3 is suggestive of supramolecular assembly, although the reasons that 
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these assemblies do not entangle into hydrogel-forming networks was not apparent. Some insight 

was gained by characterizing the morphology of these assemblies using TEM imaging as described 

in the following section.

Next, we found that the assembly behavior of compounds 1–3 varied dramatically when 

aspartate was used as an initiating agent instead of glutamate (Figure 3). Compound 1 rapidly 

forms precipitates upon the addition of aspartate even at only 1 equivalent of added aspartate 

(Figure 3A). In contrast, compound 2 forms self-supporting hydrogels in the presence of aspartate 

ions, although these hydrogels are stable only for a very brief period; the assemblies of compound 

2 with aspartate begin to precipitate within 30 minutes (Figure 3B). An example of the progression 

of precipitate formation in mixtures of compound 2 and aspartate (7 equivalents) is shown in 

Figure S1 (Supporting Information). The formation of precipitates in hydrogels of compound 2 

with aspartate increases with time; after 12 hours, these assemblies completely precipitate and the 

hydrogel network is disrupted. As with the glutamate mixtures, mixtures of compound 3 with 

aspartate exhibited unique assembly behavior compared with the aspartate mixtures of compounds 

1 and 2. Solutions of compound 3 formed turbid colloidal suspensions upon addition of aspartate 

(Figure 3C). At final aspartate concentrations of 5 equivalents or higher, compound 3 was 

observed to form weak, partial hydrogels that were not highly stable to mechanical disruption.
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Figure 3. Digital images of assemblies of Fmoc-Phe-DAP derivatives 24 hours after addition of 

aspartate. Assemblies are composed of 15 mM Fmoc-Phe-DAP derivative with 1–10 equivalents 

of aspartate (1 equivalent of asparate to 10 equivalents of aspartate from left to right, respectively). 

A. Compound 1/aspartate, B. Compound 2/ aspartate, C. Compound 3/ aspartate. 

Morphological properties of multicomponent hydrogels of Fmoc Phe-DAP derivatives. 

Transmission electron microscopy (TEM) was used to characterize the morphology of the 

assemblies formed from mixtures of compounds 1, 2, and 3 with glutamate and aspartate. TEM 

images were recorded after 4 hours, 24 hours, and 7 days of initiation of assembly by addition of 

anionic amino acids. Representative TEM images were obtained from mixtures containing 7 

equivalents of anionic amino acid relative to Fmoc-Phe-DAP derivatives 1, 2, or 3 (15 mM). We 

also evaluated the morphological properties of assemblies of compounds 1–3 in the presence of 

NaCl (114 mM, 7.6 equivalents of chloride ions) as a comparison of our previously reported 
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assemblies of these derivatives to those formed from mixtures with glutamate and aspartate. TEM 

images of these mixtures reveal unique assembly morphologies in the presence of NaCl, glutamate, 

or aspartate screening partners. It should be noted that all TEM images were obtained under 

conditions where the samples were dried during the sample deposition process. As such, some of 

the observed morphologies may be subject to drying artifacts, particularly assemblies that have 

nanotube morphologies. 

The TEM images of assemblies of compound 1 under these various conditions show unique 

features as a function of assembly partner (Figure 4A and 4B, Figure S2). Fmoc-Phe-DAP (1) 

formed various morphological structures in presence of NaCl. Consistent with our previous 

reports,40 upon addition of NaCl, compound 1 self-assembled to form twisted nanoribbons that 

ranged from 30–90 nm wide with some ribbons as wide as 200–300 nm also observed (Figure 

S2A). After 24 h, these nanotube structures of average width 319 ± 80 nm begin to appear along 

with the twisted nanoribbons (Figure S2B). Over 7 days, the sheets twist further and entangle to 

form mature nanotubes of diameter up to 500 nm (Figure S5A, Supporting Information). In 

contrast, in the presence of glutamate ions, compound 1 forms an entangled network of thin twisted 

nanoribbons 40 ± 14 nm wide (Figure S2C). No significant changes in the assembly morphology 

were observed for the assembly of compound 1 in the presence of glutamate ions over a period of 

24 hours (Figure 4A, Figure S2D). Twisted ribbons remain as the dominant morphology for 

compound 1/glutamate mixtures even after 7 days (Figure S5B, Supporting Information).  

Mixtures of compound 1 with aspartate rapidly form nanotubes within a few hours of addition of 

glutamate (Figure S2E and S2F). These nanotubes are highly polymorphic and vary in diameter 

from 172 nm to 695 nm. After 7 days, even larger nanotubes with diameters up to 1 m are also 

observed (Figure 4B, Figure S5C).
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Figure 4. TEM images of Fmoc-Phe-DAP (1), Fmoc-3F-Phe-DAP (2), and Fmoc-F5-Phe-DAP (3) 

(15 mM) with glutamate (7 equivalents) or asparate (7 equivalents) after 24 hours of assembly. A. 

Fmoc-Phe-DAP (1)/glutamate after 24 hours, B. Fmoc-Phe-DAP (1)/aspartate after 24 hours, C. 

Fmoc-3F-Phe-DAP (2)/glutamate after 4 hours, D. Fmoc-3F-Phe-DAP (2)/aspartate after 24 

hours, E. Fmoc-F5-Phe-DAP (3)/glutamate after 4 hours, F. Fmoc-F5-Phe-DAP (3)/aspartate after 

24 hours.

TEM images of assemblies of compound 2 in the presence of NaCl, glutamate, and aspartate 

also showed that assembly of compound 2 is sensitive to the added counterion partner (Figure 4C 

and 4D, Figure S3). In the presence of NaCl, formation of a dense network of nanofibers of 

average diameter 7.3 ± 4.2 nm is observed after 4 hours of addition of NaCl (Figure S3A). These 

nanofibers further assemble over 24 hours to form twisted bundles of fibrils. The average width of 
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these bundles was found to be 16.4 ± 7.3 nm (Figure S3B). The formation of nanofibers is also 

observed in the presence of glutamate ions. However, these fibers are much narrower in diameter 

with an average diameter of 4.8 ± 1.8 nm. In contrast to the fibers formed by 2 with NaCl, the 

2/glutamate fibers do not entangle to form bundles of fibrils over time (Figure 4C, Figure S3C 

and S3D). A similar nanofibrous network is observed over a period of 7 days with no significant 

change in the morphology (Figure S5E, Supporting Information). The presence of aspartate 

significantly alters the morphological features of the assemblies of compound 2. As stated above, 

self-assembly of compound 2 in the presence of counterions generally results in nanofibrous 

morphology. However, in the presence of aspartate a range of polymorphic structures are observed 

for compound 2. Nanotubes that vary in diameter from 100 nm to 2 m are observed within 4 

hours of addition of aspartate to compound 2 (Figure S3E) and these persist after 24 hours (Figure 

4D and Figure S3F). Along with these nanotube structures, thin fibers of average width 7.5 ± 2.4 

nm in diameter are also observed (Figure S6, Supporting Information), although nanotubes are by 

far the more dominant morphology. In addition, over a period of 7 days, no significant change in 

morphology is observed (Figure S5F, Supporting Information).

Fmoc-F5-Phe-DAP (3) has been previously shown to form self-supporting hydrogels in the 

presence of NaCl (114 mM).34, 40 In the presence of NaCl, compound 3 self-assembles to form 

nanofibers 13.0 ± 4.6 nm in diameter at 15 mM concentrations of 3 (Figure S4A and S4B). The 

morphological features remain unaffected over a period of 7 days (Figure S5G, Supporting 

Information). Interestingly, herein we have demonstrated that compound 3 fails to form self-

supporting hydrogels in the presence of anionic amino acids, even up to 10 molar equivalents of 

anionic amino acid. TEM images reveal that mixtures of compound 3 with glutamate or aspartate 

show distinct assembly features. Although a self-supporting hydrogel is not formed in presence of 
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glutamate or aspartate ions, a nanofibrous morphology is observed for the assemblies of compound 

3 4 hours after addition of glutamate that remain unchanged over 24 hours (Figure 4E, Figure 

S4C and S4D). The average width of the fibers in mixtures of 3 and glutamate is 14 ± 4 nm. Similar 

fibers 17 ± 5 nm in diameter are formed in mixtures of compound 3 and aspartate (Figure 4F, 

Figure S4E and S4F). After 7 days, the fibers of 3/glutamate and 3/aspartate mixtures maintain 

similar morphologies (Figure S5H and S5I, Supporting Information).

Viscoelastic properties of multicomponent hydrogels. The Fmoc-Phe-DAP derivatives 1 and 2 

formed self-supporting hydrogels stable for long time periods in the presence of glutamate ions. 

Therefore, we performed oscillatory rheology experiments to evaluate the viscoelastic properties 

of these hydrogels. All experiments were performed 24 hours after initiation of gelation. Frequency 

sweep experiments were performed at a constant strain of 0.2%, which falls within the linear 

viscoelastic region of the hydrogels as evident from initially performed amplitude sweep 

experiments (Figure S7 and S8, Supporting Information). Frequency sweep experiments provided 

values for the viscoelastic storage (G’) and loss (G’’) moduli, which are reported herein from the 

average of five frequency sweep experiments for each hydrogel. Error is reported as the standard 

deviation of these averages.

Representative rheological characterization experiments were performed using hydrogels with 

a final glutamate concentration of 105 mM (7 equivalents relative to the Fmoc-Phe-DAP 

derivative, which was at 15 mM). This concentration of glutamate ions was chosen because is it 

comparable to the concentration of chloride ions of our previously reported hydrogels (114 mM 

NaCl). The G’ value was greater than G” for all the evaluated hydrogels of mixtures of compounds 

1 and 2 with glutamate.  The G’ value for hydrogels of compound 1/glutamate mixtures was lower 
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than 100 Pa (Figure S9, Supporting Information). Thus, compound 1/glutamate hydrogels are 

viscoelastically quite weak. Similarly, hydrogels of compound 1 formed with NaCl have also been 

previously shown to be weak relative to hydrogels of compounds 2 and 3 with NaCl.40 Here, we 

again found that Fmoc-Phe-DAP (1)/NaCl hydrogels were stable only for a short time, forming 

precipitates within 24 h. These hydrogels did not retain water when placed on the Peltier plate; 

rheological measurements were therefore not performed for these hydrogels. 

In contrast, hydrogels of Fmoc-3F-Phe-DAP (2)/glutamate mixtures were found to be stable. 

The storage moduli of these hydrogels are significantly higher than the hydrogels of compound 

1/glutamate formulated under identical conditions. We characterized the viscoelasticity of 

compound 2/glutamate hydrogels at a constant concentration of compound 2 (15 mM) and a range 

of glutamate concentrations, including 45 mM (3 molar equivalents relative to 2), 75 mM (5 

equivalents), 105 mM (7 equivalents), and 135 mM (9 equivalents). These hydrogels were 

compared a hydrogel of compound 2 (15 mM) with 115 mM NaCl, which were found to have an 

average G’ value of 7414.34 ± 425.3 Pa and a G’’ value of 1372.29 ±170.6 Pa (Figure 5A). The 

hydrogels of compound 2/glutamate were found to increase in viscoelasticity as a function of 

increasing glutamate concentrations (Table 1). At lower glutamate concentrations of 45 mM (3 

equivalents relative to compound 2), the storage moduli of these hydrogels are lower than 100 Pa 

(Figure S10, Supporting Information). Upon increasing the concentration of glutamate to 5–9 

molar equivalents relative to 2, an upward trend is observed for the storage moduli of these 

hydrogels (Figure 5, Table 1). The average G’ value for hydrogels of compound 2/glutamate (15 

mM 2, 75 mM (5 equivalents) glutamate) were 209 ± 43 Pa (Figure 5B). The average G’ value for 

hydrogels of compound 2/glutamate (15 mM 2, 105 mM (7 equivalents) glutamate) were 770 ± 
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105 Pa (Figure 5C). Finally, the average G’ value for hydrogels of compound 2/glutamate (15 mM 

2, 135 mM (9 equivalents) glutamate) were 2000 ± 173 Pa (Figure 5D). Thus, increasing glutamate 

concentrations served to strengthen the viscoelasticity of these multicomponent hydrogels.

Figure 5. Comparative oscillatory rheology frequency sweep viscoelasticity data for Fmoc-3F-

Phe-DAP (2)/NaCl (15 mM compound 2, 114 mM NaCl) and Fmoc-3F-Phe-DAP (2)/glutamate 

(15 mM compound 2, varying glutamate concentrations) hydrogels. A. Fmoc-3F-Phe-DAP 

(2)/NaCl, B. Fmoc-3F-Phe-DAP (2)/5 equivalents glutamate, C. Fmoc-3F-Phe-DAP (2)/7 

equivalents glutamate, D. Fmoc-3F-Phe-DAP (2)/9 equivalents glutamate.
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Table 1. Oscillatory rheology frequency sweep evaluation of storage modulus (G), loss modulus 

(G), and average hydrogel mesh size for hydrogels of Fmoc-3F-Phe-DAP (2)/glutamate mixtures. 

Rheology experiments were performed on hydrogels with a constant concentration of compound 

2 (15 mM) and concentrations of glutamate at 3, 5, 7, and 9 molar equivalents. 

Glutamate 
concentration 
(mM)

G (Pa) G (Pa) Mesh size

(nm)

45 (3 equivalents) 21 ± 5 8 ± 2 58

75 (5 equivalents) 209 ± 43 26 ± 5 27

105 (7 equivalents) 770 ± 105 67 ± 14 18

135 (9 equivalents) 2000 ± 173 186 ± 16 13

We also calculated the approximate mesh size of the Fmoc-3F-Phe-DAP (2)/glutamate 

hydrogels using the storage moduli values using equation 1 (see Materials and Methods). The 

mesh size, an inherent property of nanofibrous networks, is an important parameter that influences 

the potential of these materials to be used for biological applications like drug delivery, where the 

mesh size in part determines diffusion parameters of materials through the hydrogel. Table 1 

summarizes the calculated mesh size of the hydrogels of compound 2 in presence of glutamate. In 

For comparison, the calculated mesh size of Fmoc-3F-Phe-DAP (2) hydrogels with 114 mM NaCl 

is 8.2 nm. A decrease in the mesh size is observed upon increasing the concentration of glutamate 

ions. Further, a clear variation is observed between the mesh size of the hydrogels in presence of 

glutamate and chloride as screening molecules. It is evident from our rheological experiments that 

the multicomponent approach to design novel hybrid hydrogels results in the development of 

materials with tunable properties. Such materials with unique and tunable properties have potential 
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as useful self-assembled systems for various biological applications that include drug delivery and 

tissue engineering.

Discussion. These studies provide interesting insights into the influence of anionic amino acids on 

the assembly of cationic Fmoc-Phe-DAP derivatives. First, it is interesting that the assembly 

morphologies of both Fmoc-Phe-DAP (1) and Fmoc-3F-Phe-DAP (2) are so highly sensitive to 

counterion identity, while the assembly morphology of Fmoc-F5-Phe-DAP (3) is seemingly 

unaffected by the counterion. For example, Fmoc-3F-Phe-DAP (2) forms thin fibers in the 

presence of both NaCl and glutamate. Strikingly, when aspartate is added as a counterion, the 

resulting Fmoc-3F-Phe-DAP (2) mixtures form markedly different nanotube structures. In 

contrast, Fmoc-F5-Phe-DAP (3) forms thin fibers of similar morphology regardless of the 

counterion partner. This is consistent with our prior work in which Fmoc-F5-Phe-DAP (3) 

assembly morphology was likewise insensitive to the identity of inorganic counterion salts that 

otherwise had a significant impact on the morphology of assemblies of compounds 1 and 2. This 

observation strengthens the case that the perfluorinated benzyl ring of Fmoc-F5-Phe-DAP (3) plays 

a dominant directing role in the self-assembly of this derivative that overcomes environmental 

effects on assembly pathways. Fmoc-F5-Phe-DAP (3) is significantly more hydrophobic than 

either Fmoc-Phe-DAP (1) or Fmoc-3F-Phe-DAP (2), which may play a role in the differing self-

assembly properties. The dramatically different electronics of the highly electron-deficient benzyl 

side chain of Fmoc-F5-Phe-DAP (3) may also play a significant role in these effects.

In this study, the only the Fmoc-3F-Phe-DAP (2)/glutamate mixtures formed stable, self-

supporting hydrogel networks. The fact that these assemblies were all found to be thin, highly 

entangled fibers is consistent with a material that effectively forms a network that elicits emergent 

viscoelastic gelation. The ribbon, sheet, and nanotube morphologies observed with mixtures of 
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Fmoc-Phe-DAP (1) and the aspartate mixtures with both Fmoc-Phe-DAP (1) and Fmoc-3F-Phe-

DAP (2) appear to be less efficient at forming entangled networks resulting in hydrogelation. The 

larger dimension of these types of assemblies is consistent with this reasoning, as is the observation 

that these assemblies tend to be prone to lower solubility or even precipitation, which complicates 

establishment of hydrogel networks. However, based on this reasoning it is curious that the various 

mixtures of Fmoc-F5-Phe-DAP (3) with glutamate and aspartate, which are all fibrous assemblies 

do not form stable hydrogel networks (although the Fmoc-F5-Phe-DAP (3)/aspartate mixtures were 

weakly viscoelastic at the higher concentrations of aspartate, these mixtures were not self-

supporting upon mechanical agitation). 

These observations raise interesting questions about the relationships between assembly 

morphology and emergent hydrogel network formation. The simplifying assumption is that 

materials that form flexible, fibrous assemblies will most effectively form hydrogel network. 

Materials that form larger, non-fibrous assemblies (including nanosheets and nanotubes) will less 

effectively form entangled networks. Why then do the Fmoc-F5-Phe-DAP (3)/aspartate or 

glutamate mixtures, which appear to be thin, relatively flexible fibrous assemblies, not also form 

hydrogels? We posit a few hypothetical possibilities. First, the fibers formed in the hydrogels of 

Fmoc-3F-Phe-DAP (2) mixed with glutamate are <10 nm in diameter, whereas the fibers formed 

by Fmoc-F5-Phe-DAP (3) with glutamate are 14–18 nm in diameter and appear less flexible than 

the Fmoc-3F-Phe-DAP (2) counterparts. These subtle morphological differences may be sufficient 

to alter the network to such an extent that explain the variance in emergent viscoelastic properties 

between the two materials. Second, the greater hydrophobicity of the Fmoc-F5-Phe-DAP (3) 

materials relative to the Fmoc-3F-Phe-DAP (2) assemblies is likely to have a significant impact 

on the interactions of these materials with water, making the network of the Fmoc-F5-Phe-DAP 
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(3) mixtures less able to immobilize water within the network. Finally, perhaps the dramatically 

different electronic properties of Fmoc-F5-Phe-DAP (3) facilitate anion- interactions with the 

partner glutamate or aspartate amino acids that result in surface passivation of these amino acids 

on the assemblies to an extent that fiber-fiber interactions that mediate the entangled networks are 

impeded. These various possibilities invite exciting possibilities for future study to gain additional 

insight into the mechanistic basis by which the constituents of these multicomponent materials 

interact to influence both assembly and emergent assembly properties.

Finally, there are additional unanswered questions raised by these studies. Why do aspartate 

and glutamate exert such different effects on the assembly and emergent properties of these 

mixtures? How are glutamate and aspartate incorporated into the assemblies and resulting 

networks? Are they interspersed within the packing structure of the assemblies with the Fmoc-

Phe-DAP derivatives or are they playing a surface role, primarily interacting with the cationic 

surface of self-assembled Fmoc-Phe-DAP derivative assemblies? These questions invite 

additional future interrogation of these and related systems to gain deeper fundamental 

understanding of the interactions between the cationic and anionic components of these materials 

and how these interactions influence the properties of the assemblies.

4. CONCLUSION

Herein we have reported novel multicomponent supramolecular materials composed of cationic 

Fmoc-Phe-DAP derivatives and complementary anionic amino acids, aspartate and glutamate. 

These mixtures form assemblies that are sensitive to the structure of the Fmoc-Phe-DAP derivative 

and to the structure of the anion amino acid. The matrix of possible combinations that arise from 

the various combinations of the three cationic Fmoc-Phe-DAP derivatives and the two anionic 

amino acids result in a variety of observed assemblies, including nanofibers, nanoribbons, and 
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nanotubes. Further, these various assemblies exhibit a range of emergent materials properties, 

including hydrogel viscoelasticity, colloidal suspension, and precipitated supramolecular 

scaffolds. These studies illustrate the versatility that combining even small sets of supramolecular 

building can provide in the development of novel biomaterials and invite further study to define 

the mechanistic basis and functional scope of these and related materials.

DATA AVAILABILITY

TEM and additional oscillatory rheology data are available in the Electronic Supplemental 

Information file (Supporting Information). Data from oscillatory rheology experimental results 

presented in Figure 5A, Figure 5B, Figure 5C, Figure 5D, Figure S7A (Supporting Information), 

Figure S7B (Supporting Information), Figure S8 (Supporting Information), Figure S9 (Supporting 

Information), Figure S10 (Supporting Information) are included in a second supplemental 

spreadsheet file entitled “Ghosh Rheology Data 2024.”
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