
Strategy to Identify Improved N-Terminal Modifications for 
Supramolecular Phenylalanine-Derived Hydrogelators

Brittany L. Abraham, Wathsala Liyanage, Bradley L. Nilsson
Department of Chemistry, University of Rochester, Rochester, NY 14627-0216, USA.

Abstract

Supramolecular hydrogels formed by self-assembly of low molecular weight (LMW) compounds 

have been identified as promising materials for applications in tissue engineering and regenerative 

medicine. In many cases, the relationship between the chemical structure of the gelator and the 

emergent hydrogel properties is poorly understood. As a result, empirical screening strategies 

instead of rational design approaches are often relied upon to tune the emergent properties of the 

gels. Herein, we describe a novel strategy to identify improved phenylalanine (Phe) derived 

gelators using a focused empirical approach. Fluorenylmethoxycarbonyl (Fmoc) protected Phe 

derivatives are a privileged class of gelators that spontaneously self-assemble into fibrils that 

entangle to form a hydrogel network upon dissolution into water. However, the Fmoc group has 

been shown to have toxicity drawbacks for potential biological applications, requiring the 

identification of new N-terminal modifications that promote efficient self-assembly but lack the 

shortcomings of the Fmoc group. We previously discovered that fibrils in Fmoc-p-

nitrophenylalanine (Fmoc-4-NO2-Phe) hydrogels transition to crystalline microtubes after several 

hours by a mechanism that involves the hierarchical assembly and fusion of the hydrogel fibrils. 

We hypothesized that this hierarchical crystallization behavior could form the basis of a screening 

approach to identify alternative N-terminal functional groups to replace Fmoc in Phe-derived 

LMW gelators. Specifically, screening N-terminal modifying groups for 4-NO2-Phe that stabilize 

the hydrogel state by preventing subsequent hierarchical crystallization would facilitate empirical 

identification of functional Fmoc replacements. To test this approach, we screened a small series 

of 4-NO2-Phe derivatives with various N-terminal modifying groups to determine if any provided 

stable LMW supramolecular hydrogels. All but one of the 4-NO2-Phe derivatives assembled into 

crystalline forms. Only the 1-naphthaleneacetic acid (1-Nap) 4-NO2-Phe derivative self-assembled 

into a stable hydrogel network. Additional Phe derivatives were modified by N-terminal 1-Nap-

Phe groups to confirm the general potential of 1-Nap as a suitable replacement for Fmoc, and all 

derivatives formed stable hydrogels under similar conditions to their Fmoc-Phe counterparts. 

These results illustrate the potential of this approach to identify next-generation Phe-derived LMW 

gelators with improved emergent properties.
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Introduction

Supramolecular hydrogels are attracting increasing interest as biomaterials for applications 

in tissue engineering and regenerative medicine.1–7 Polymer-based materials have been 

widely studied for such applications,8–9 but hydrogels formed from self-assembling 

biomolecules are emerging as next-generation biomaterials due to advantages in emergent 

properties.10–14 Peptide-based hydrogels have garnered special interest due to their 

biocompatibility, shear-responsive performance, and tunable emergent properties via 

sequence modification.15–20 The impressive potential of self-assembling peptide hydrogels 

for tissue engineering in vitro and in vivo has been illustrated in several landmark studies,
21–22 but a major impediment to the widespread adoption of these materials is the high cost 

of peptide production.4,18 As a result, low molecular weight (LMW) supramolecular gelators 

have been investigated as cost-effective alternatives to peptides.23–26 Supramolecular 

hydrogels derived from inexpensive LMW compounds that are biocompatible, optically 

transparent, shear-responsive, and that form rapidly in physiologically relevant conditions 

would be transformative next-generation biomaterials for tissue engineering.27–28 

Unfortunately, most hydrogels derived from LMW gelators are often deficient in one or 

more of these properties.28 The current lack of understanding of how the molecular structure 

of supramolecular LMW gelators correlates with the emergent hydrogel properties has 

complicated the development of materials with all the requisite properties for biological 

applications.29

Modified phenylalanine (Phe) derivatives are privileged LMW supramolecular gelators that 

self-assemble through noncovalent interactions to form fibrils which subsequently entangle 

to trap water and form a hydrogel network.30–34 Phe-derived hydrogels have potential use as 

antibacterial agents, as drug delivery agents, and as scaffolds for tissue engineering.35–45 

The most ubiquitous modification of Phe to promote self-assembly and gelation is the N-
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terminal fluorenylmethyloxycarbonyl (Fmoc) group.46–49 Fmoc plays a critical role in 

promoting self-assembly through aromatic π-π stacking interactions between neighboring 

fluorenyl moieties in self-assembled structures.32,50–51 The well-studied dipeptide Fmoc-

diphenylalanine (Fmoc-FF) forms hydrogels at physiological pH that were shown to be 

suitable for application in drug delivery and tissue engineering by Gazit and coworkers.37 

Subsequently, Ulijn and coworkers demonstrated in vitro three-dimensional tissue culture in 

hydrogels formed from either Fmoc-FF self-assembly or coassembly with fibronectin-

derived Fmoc-Arg-Gly-Asp (Fmoc-RGD), to promote integrin-mediated cell adhesion.38–40 

We have previously shown that Phe-containing dipeptides Fmoc-FR and Fmoc-FD 

coassemble to form a hydrogel where the RGD motif is mimicked on the supramolecular 

fibril surface, enabling successful cell adhesion and proliferation on the hydrogel surface.52 

Despite these achievements, incorporation of Fmoc into supramolecular biomaterials is 

problematic. It has been shown that Fmoc-containing gelators become necrotic to some 

human cell lines over longer incubation periods due to byproducts of Fmoc degradation.53 

Additionally, the chemical instability of the carbamate linker at higher pH can also cause 

partial Fmoc deprotection during the gelation process if performed via pH switching.54–55 

Herein, we report a focused empirical approach that enables identification of suitable 

alternatives to Fmoc for N-terminal modification of Phe derivatives to provide hydrogels 

with robust emergent properties.

We devised an empirical screening strategy based on competing self-assembly processes 

leading to emergent hydrogel or crystal states to identify non-Fmoc N-terminal 

modifications that promote functional gelation. The relationship between hydrogelation and 

crystallization self-assembly pathways is poorly understood, but it has been theorized that 

three-dimensional crystals represent a stable thermodynamic state of assembly while 

unidirectional fibrils or worm-like micelles observed in hydrogel networks represent a 

kinetically trapped state.56–57 We previously reported that the gelator Fmoc-p-

nitrophenylalanine (Fmoc-4-NO2-Phe, 1) spontaneously crystallizes from the hydrogel state 

after several hours (Figure 1).58 This crystallization proceeds by a hierarchical process in 

which initially formed fibrils further align and assemble into crystals over time.59 Similar 

behavior has been reported for a handful of other LMW gelators,56,60–63 but we found that 

among other Fmoc-Phe derivatives studied previously, this behavior was enhanced in the 

Fmoc-4-NO2-Phe derivative.64–66 We leveraged this tendency for 4-NO2-Phe derivatives to 

undergo ultimate crystallization to screen for an N-terminal modification (X) that would 

prevent an X-4-NO2-Phe derivative from proceeding to the crystalline state, thus stabilizing 

a hydrogel state. We hypothesized that a modifying group that afforded a stable hydrogel in 

this screen would be a suitable replacement for Fmoc in other LMW Phe-derived gelators.

Accordingly, we prepared a focused collection of five 4-NO2-Phe derivatives to screen for 

stabilization of hydrogel assemblies. The selection of N-terminal groups was inspired by 

literature precedent for peptide and amino acid gelators. Phenylalanine-based gelators with 

naphthyl groups at the N-terminus have been frequently used by Xu et al. and Adams et al.
43,67 Pyrene is another aromatic moiety that has been conjugated to phenylalanine to 

promote gelation by Banerjee and coworkers.68 Lipid chains and other aliphatic groups have 

also been utilized as a non-aromatic means of inducing gelation of amino acids.41,69–70 Of 
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the five N-terminal groups screened, only the derivative conjugated with 1-naphthaleneacetic 

acid (1-Nap), 1-Nap-4-NO2-Phe, afforded a stable hydrogel. Based on this outcome, we then 

prepared three other 1-Nap modified derivatives from Phe and Phe derivatives that have been 

shown to form stable hydrogels with Fmoc-modification.32,64 All three 1-Nap-Phe 

derivatives were found to form translucent hydrogels with appropriate viscoelastic properties 

for potential biological applications like tissue engineering or drug delivery. Thus, this 4-

NO2-Phe-based screening approach successfully identified an N-terminal modification that 

promotes gelation as efficiently as the frequently employed Fmoc group. This strategy can 

be effectively employed in the empirical identification of next-generation LMW hydrogel 

biomaterials derived from Phe and its derivatives without the need for initial understanding 

of structure-function relationships in the proposed gelators.

Materials and Methods

Materials.

Reagents and organic solvents were purchased commercially and used without further 

purification. Fmoc-amino acids were purchased at the highest available commercial quality 

and used directly in gelation experiments without further purification. Synthetic details and 

characterization data for compounds 2–6 and 10–12 are reported in the Supporting 

Information. Water used for gelation was purified using a nanopure filtration system 

(Barnstead NANOpure, 0.2 μm filter, 18 Ω).

NMR Spectroscopy.

NMR spectra were recorded using Brüker Avance 400 and 500 MHz spectrometers. 1H, 13C, 

and 19F chemical shifts are reported as δ with reference to TMS at 0 ppm for 1H, residual 

solvent for 13C, and CFCl3 at 0 ppm for 19F NMR. See the Supporting Information for NMR 

spectra and tabulated data.

Self-Assembly and Hydrogelation Conditions.

For self-assembly and hydrogelation triggered by the DMSO solvent switch method, each 

compound was dissolved in DMSO at a concentration of 247 mM. To trigger self-assembly 

and hydrogelation, the DMSO stock solution was diluted into water to a final concentration 

of 4.9 mM (2% DMSO/H2O, v/v) and gently mixed with a mechanical pipettor. Immediately 

following mixing, an opaque suspension formed that either became a transparent or 

translucent hydrogel after 1–5 minutes or precipitated from solution depending on the 

compound used.

For self-assembly and hydrogelation triggered by the glucono-δ-lactone (GdL) pH switch 

method, each compound was dissolved in water at a concentration of 7.5 mM using one 

molar equivalent of 0.1 M aqueous NaOH. A fresh aqueous stock solution of GdL was 

prepared at a concentration of 100 mg/mL (561 mM) immediately prior to gelation 

experiments. To trigger gelation, 53.4 μL of the GdL stock solution (two molar equivalents) 

was added to a glass vial containing 2 mL of the 7.5 mM gelator solution and the vial was 

agitated with a vortex mixer for five seconds. The vials were left undisturbed overnight as 

the hydrogels formed over the course of several hours.
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Transmission Electron Microscopy (TEM).

TEM images were obtained using a Hitachi 7650 transmission electron microscope with an 

accelerating voltage of 80 kV. Samples of self-assembled materials (10 μL) were applied 

directly onto 100 mesh carbon-coated copper grids and allowed to stand for 2 minutes. 

Excess sample was carefully removed by capillary action using filter paper, then the grids 

were stained with uranyl acetate (8 μL) for 2 minutes. Excess stain was removed via 

capillary action and the grids were allowed to air dry for 10 minutes. Fibril dimensions were 

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

independent measurements with error reported as the standard deviation about the mean 

value for these measurements.

Scanning Electron Microscopy (SEM).

SEM images were obtained using a Zeiss Supra 40VP FESEM scanning electron 

microscope with an accelerating voltage of 10 kV. A suspension of self-assembled material 

was placed on a glass slide, and excess solvent was carefully removed by capillary action 

using filter paper. Then, air-dried samples were sputter-coated with gold at 1 Å s−1 using a 

low vacuum sputter coating system (100 mTorr pressure, 15 mA current).

Rheology.

Rheological measurements were obtained using a TA Instruments Discovery HR-2 

rheometer. A 20 mm parallel plate geometry was used for the experiments. Hydrogels were 

formed using 1 mL of solution in 1.5 mL plastic microcentrifuge tubes. Immediately prior to 

rheological characterization, the plastic tube containing the hydrogel was cut at the 0.5 mL 

line using a razor blade and the cylindrical hydrogel was placed directly on the rheometer 

stage for characterization (Figure S19, Supporting Information). Experiments were 

performed using a 1.2 mm gap size operating in oscillatory mode. Strain sweep experiments 

were performed from 0.01 to 100 % strain at a frequency of 6.283 rad s−1 to determine the 

linear viscoelastic region for each hydrogel. See the Supporting Information for strain sweep 

data (Figures S20 and S21). Frequency sweep experiments were performed from 0.1 to 100 

rad s−1 at constant strain of 1%, which falls within the linear viscoelastic region for each 

hydrogel. Reported values for storage and loss moduli (G′ and G″, respectively) are the 

average of at least three distinct measurements on separate hydrogels with error reported as 

the standard deviation about the mean. See the Supporting Information for the three 

frequency sweeps averaged for each compound (Figures S22 and S23).

Results and Discussion

The Effect of N-Terminal Functionalization on Self-Assembly, Hydrogelation, and 
Crystallization of 4-NO2-Phe Derivatives.

Five derivatives of N-terminally modified 4-NO2-Phe (2-6, Figure 2) were synthesized by 

coupling 4-NO2-Phe with the corresponding carboxylic acid derivative of the modifying 

group via amide bond formation. Detailed synthetic protocols and characterization data may 

be found in the Supporting Information. Aromatic interactions and the hydrophobic effect 

have been implicated as important interactions in the self-assembly process, so the 
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modifying groups screened were either aromatic/hydrophobic, represented by naphthalene 

and pyrene groups, or aliphatic/hydrophobic, represented by cyclohexyl and hexyl groups. 

These substituents have been previously used to modify short peptide-based gelators.43,68–69 

The hydrogelation capacity of each derivative was assessed via our previously reported 

solvent switch conditions.58 Each compound was dissolved in DMSO to a concentration of 

247 mM and subsequently diluted into water to a final concentration of 4.9 mM (2% 

DMSO/H2O). Upon dilution into water and gentle mixing, an opaque suspension was 

formed. Interestingly, the only derivative that formed a stable hydrogel network of one-

dimensional fibrils was 1-Nap-4-NO2-Phe (3) (Figure 2E and 2F). Compound 1, the parent 

Fmoc-4-NO2-Phe derivative formed an initial hydrogel that underwent hierarchical assembly 

into crystalline microtubes as previously reported (Figure 2A and 2B). The remaining 

derivatives formed either crystalline (compounds 2, 4, and 5; Figure 2C, 2D, and 2G–J) or 

amorphous (compound 6, Figure 2K and 2L) precipitates. In the cases of crystalline 

precipitates, crystal structures were not obtained due to the quality of the crystals obtained 

from the DMSO solvent switch procedure.

To investigate the nanoscale morphology of crystal states formed by each derivative, SEM or 

negatively stained TEM images were obtained of each sample 24 hours after initial 

preparation (Figure 2). Entangled fibrils were only observed in the samples of the 1-

naphthalene-modified compound 3 (Figure 2E and 2F), consistent with the macroscopic 

observation of stable hydrogel formation. Interestingly, compound 2, which is also a 

naphthalene based functional group that differs from 3 only in the position of the attachment 

of the naphthalene group, assembled into microflorettes (Figure 2C and 2D). This is an 

interesting demonstration of the difficulty in predicting the emergent self-assembly 

properties of Phe-derived molecules since even subtle structural changes can dramatically 

modify the assembly characteristics. Compound 1 forms crystalline microtubes as 

previously reported (Figure 2A and 2B). The aliphatic/hydrophobic cyclohexyl and hexyl 

modified derivatives 4 and 5 both assembled into crystalline forms, with 4 forming 

heterogeneous nanocrystals (Figure 2G and 2H) and 5 forming needle-like nanocrystals 

(Figure 2I and 2J). The assemblies of 5 may not be truly crystalline, but may rather be 

relatively rigid nanoribbon fibers that are similar to other self-assembled peptide materials. 

The inability of either of these derivatives to form a hydrogel network is perhaps not 

surprising due to lack of aromaticity in the N-terminal functional group, which has been 

implicated as a critical feature of Fmoc that encourages self-assembly in LMW gelators.31,50 

Compound 6 formed spherical nanostructures, but no emergent hydrogel properties were 

observed.

The failure of compounds 1, 4, and 6 to assemble into stable hydrogel networks indicates 

that aromatic character in the N-terminal functional group is not alone sufficient to provide 

structural geometries that facilitate π-π stacking interactions that lead exclusively to 

assembly into fibril forms. Differences in volume, orientation, and hydrophobicity of the 

functional group also dictates the ultimate structural fate of molecular assemblies. This is 

especially underscored when comparing derivatives 2 and 3, in which the only difference is 

the position of attachment to the naphthalene ring, yet only 3 forms fibrils capable of 

supporting a stable hydrogel network. We note that gelators have been previously identified 
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that incorporate an N-terminal pyrene group conjugated to Phe,68 and a 2-naphthalene group 

conjugated to Phe or Phe-based dipeptides.43–44,71–72 However, in the specific case of 

conjugation of these groups to 4-NO2-Phe we did not observe hydrogel formation under the 

conditions used.

Comparison of Self-Assembly and Hydrogelation Properties of Fmoc-X-Phe and 1-Nap-X-
Phe Derivatives.

Based on the results of this initial focused screening study, we next sought to confirm that 

the 1-naphthalene (1-Nap) functional group from compound 3 is a potential functional 

replacement for Fmoc in other Phe derivatives that have been shown to effectively form 

hydrogel networks. Three Phe derivatives were chosen for modification with 1-Nap based on 

the previously reported gelation properties of the corresponding Fmoc-Phe derivatives. 

Fmoc-Phe (7, Figure 3) fails to form hydrogels under solvent switch conditions (dilution 

from DMSO into water)32 but does form hydrogels after dissolution in basic water followed 

by gradual acidification upon hydrolysis of added glucono-δ-lactone (GdL) (pH switch 

conditions).54 The fluorinated Fmoc-Phe derivatives Fmoc-3F-Phe (8) and Fmoc-F5-Phe (9) 

(Figure 3) form hydrogels with superior viscoelastic properties to Fmoc-Phe under both 

solvent switch and pH switch conditions.32,64 Thus, three derivatives of 1-Nap-X-Phe 

(10-12, Figure 3) were synthesized by coupling 1-naphthaleneacetic acid with the 

corresponding X-Phe amino acid via amide bond formation. Detailed synthetic protocols 

and characterization data may be found in the Supporting Information. We note that 

compound 10 has been previously identified as a LMW gelator by Srivastava et al.73

We first compared self-assembly and gelation of Fmoc and 1-Nap functionalized derivatives 

using the solvent switch method. Compounds 7-12 were dissolved in DMSO as described in 

the screening studies in the previous section and diluted into water to a final concentration of 

4.9 mM (0.5 wt % in 2% DMSO/H2O, v/v). The vials were allowed to stand undisturbed for 

3 hours, then they were inverted to assess formation of self-supporting hydrogel networks 

(see digital images in Figure 4A and 4E). Compound 7 formed an amorphous precipitate 

under these conditions, while compounds 8 and 9 formed transparent hydrogels stable to vial 

inversion after several minutes (Figure 4A). Negatively stained TEM images of the 

precipitate of compound 7 reveals nanoassemblies that vary widely in dimension and 

morphology and have an average width of 220 ± 77 nm (Figure 4B). TEM images of the 

hydrogels of compounds 8 and 9 display thin, high aspect ratio fibrils with fibril diameters 

of 27 ± 3 nm and 16 ± 2 nm, respectively (Figure 4C and 4D). All three 1-Nap modified 

derivatives formed hydrogels of varying opacity that were stable to vial inversion when 

prepared by the DMSO dilution method (Figure 4E). Negatively stained TEM images of all 

three hydrogels showcase the entangled fibril network, with fibril diameters of 95 ± 19 nm, 

41 ± 5 nm, and 14 ± 2 nm for compounds 10, 11, and 12, respectively (Figure 4F–4H). A 

correlation between the opacity of the hydrogel and the fibril diameter was observed for all 

six compounds, in which thinner fibrils corresponded to a more transparent hydrogel. While 

not reported herein, structural analysis of how the packing architecture of each derivative 

dictates the fibril dimensions, and in turn dictates the macroscopic property of hydrogel 

transparency, is the topic of ongoing study and will be reported in due course.
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Hydrogels of 1-Nap-Phe (10) and 1-Nap-3F-Phe (11) were particularly inhomogeneous due 

to rapid assembly (Figure 4E). An opaque suspension was observed upon dissolution of the 

DMSO stock solution into water, which aggregated to form opaque fibrous clumps 

throughout the resulting hydrogel network if not mixed immediately by pipette. Attempts to 

mitigate this effect by immediately agitating the vial using a vortex mixer resulted in only 

fibrous precipitate not stable to vial inversion, likely due to disruption of the rapidly 

assembling network from the intense agitation. In contrast, when diluting a DMSO stock 

solution of 1-Nap-F5-Phe into water, the initial opaque suspension was easily homogenized 

by gentle mixing before it became transparent after approximately 30 seconds. Thus, 

slowing the rate of assembly of these materials was deemed necessary to obtain 

homogeneous, transparent hydrogels required for potential applications in cell culture and 

tissue engineering.

Optically transparent hydrogels are necessary for biological applications in tissue 

engineering.4 To obtain hydrogels with the desired optical transparency, we utilized a 

method described by Adams and coworkers to form highly homogeneous hydrogels through 

slow pH adjustment from basic to mildly acidic using glucono-δ-lactone (GdL).54 Addition 

of GdL to a high pH aqueous solution of gelator causes slow hydrolysis of GdL, inducing a 

slow release of protons over the course of several hours that protonate the C-terminus of the 

gelator to trigger self-assembly. While triggering gelation by this pH method lengthens the 

time required for formation of the hydrogel network, the emergent properties of the 

hydrogel, including viscoelasticity and optical transparency, are often improved.54,74 

Accordingly, we also assessed gelation of these compounds using the GdL pH switch 

method to induce self-assembly and gelation. Compounds 7-12 were dissolved in water to a 

concentration of 7.5 mM by adding one equivalent of 0.1 M aqueous NaOH and the 

resulting solutions were agitated with a mechanical vortex mixer followed by sonication 

until all gelator was dissolved. Two molar equivalents of GdL were then added from a 

freshly prepared 100 mg/mL (561 mM) aqueous stock solution to each gelator solution and 

vials were agitated by vortex mixer for five seconds, then left undisturbed for 24 hours. After 

24 hours elapsed, the vials were inverted and digital images were taken (Figure 5A and E). 

All Fmoc-Phe derivatives formed hydrogels stable to vial inversion under the pH switch 

conditions used here, but compounds 7 and 8 formed opaque hydrogels whereas compound 

9 formed a transparent hydrogel (Figure 5A). Negatively stained TEM images of the opaque 

hydrogels revealed thicker fibers with varying morphology, with a diameter of 127 ± 48 nm 

for compound 7 and 126 ± 41 nm for compound 8 (Figure 5B and C). In contrast, thin fibrils 

with a diameter of 13 ± 2 nm were observed for the transparent hydrogel of compound 9 
(Figure 5D). Remarkably, all three 1-Nap-Phe derivatives formed transparent, homogeneous 

hydrogels stable to vial inversion (Figure 5E). TEM images of the three hydrogels show that 

they are all comprised of thin, high aspect ratio fibrils with diameters of 11 ± 1 nm, 20 ± 3 

nm, and 13 ± 2 nm for compounds 10, 11, and 12, respectively (Figure 5F–H). The superior 

optical transparency observed in all of the 1-Nap-Phe derived hydrogels compared to their 

Fmoc counterparts signals that 1-Nap may be a suitable replacement for Fmoc when 

designing biomaterials for tissue culture applications because transparent hydrogels are 

necessary to image cells seeded on or embedded within a hydrogel.
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The comparative viscoelastic emergent properties of hydrogels of compounds 8-12 formed 

by the GdL pH switch method were investigated using oscillatory rheology (Figure 6A and 

6B). Hydrogels were preformed prior to rheological characterization and placed on the 

instrument stage as a cylindrical hydrogel with an approximate volume of 0.5 mL (Figure 

S19). Hydrogels of compound 7 were very weak and collapsed during the process of moving 

the sample from the vial to the rheometer instrument, so no rheological data were collected. 

Strain sweep measurements were performed on each hydrogel to determine the linear 

viscoelastic region for each material (Figures S20 and S21). Frequency sweep experiments 

were then performed for each hydrogel at 1% strain, which was within the linear viscoelastic 

region for all hydrogels. The viscoelastic parameters measured during each frequency sweep 

were the storage modulus (G′) and the loss modulus (G″) as a function of angular 

frequency. The storage moduli for the Fmoc-Phe derivatives were nearly independent of 

frequency, and G′ exceeded G″ by an order of magnitude in both cases, indicating a 

structurally robust material (Figure 6A and Table 1).75 The observed G′ values for the 1-

Nap-Phe derivatives were lower than the corresponding Fmoc-Phe derivatives, but in all 

cases the materials were robust as G′ exceeded G″ by an order of magnitude (Figure 6B and 

Table 1). In the case of compounds 10 and 11, the storage modulus showed a slight 

frequency dependence, indicating that a fluid-like behavior is present in the system at high 

angular frequency, indicating that the network is more dynamic than the corresponding 

Fmoc-Phe hydrogels.75

Collectively, these results indicate that replacement of Fmoc with 1-Nap in Phe-derived 

gelators produced hydrogels with emergent properties better suited to the demands of certain 

applications, including in vitro cell culture and tissue engineering applications. Using the 

GdL pH switch method, two of the three Fmoc-Phe derived hydrogels were opaque while all 

three 1-Nap-Phe derived hydrogels were transparent. Fmoc-Phe and Fmoc-3F-Phe have been 

shown to form transparent hydrogels using this gelation method under different conditions, 

but the necessity to use an exact combination of gelator, NaOH, and GdL concentrations to 

produce a transparent hydrogel makes the Fmoc gelators less versatile as potential 

biomaterials. The transparency of the Fmoc-F5-Phe hydrogel seems promising, but this 

gelator is very hydrophobic due to the pentafluorophenyl side chain, and the hydrogel 

network precipitates after several days regardless of gelation method used (Figures S24 and 

S25). Comparatively, the 1-Nap-F5-Phe hydrogel remains intact for both gelation methods, 

and only becomes slightly more translucent as time passes (Figures S24 and S25; see Figure 

S26 for a comparison of the optical transparency of selected Fmoc and 1-Nap derivatives). 

Hydrogels of 1-Nap-F5-Phe, as well as the other two 1-Nap-Phe derivatives have been 

continually stable for two years at room temperature. It is not readily apparent why the 

change from Fmoc to 1-Nap produces such a dramatic difference, but we are currently 

initiating interrogation the packing architecture of these systems in order to further 

understand these changes. The outcome of these structural analyses will be reported in due 

course.

Forming hydrogels via the pH switch method requires as a first step the dissolution of the 

gelator at high pH using NaOH. Under these conditions, Fmoc is labile due to the carbamate 

linkage at the N-terminus of the amino acid, and some of the Fmoc can cleave from the Phe 
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derivative while in this high pH aqueous solution prior to gelation. When Fmoc-Phe 

derivatives are dissolved in basic solutions, we observed that careful attention must be paid 

to the precise stoichiometry of NaOH to gelator to avoid the formation of opaque colloidal 

suspensions; even miniscule excesses of NaOH were found to immediately induce this 

effect, presumably due to Fmoc lability. This is particularly concerning because degradation 

of Fmoc-containing hydrogels has been shown to be necrotic to some human cell lines.53 To 

address this stability issue, 1-Nap and the other N-terminal protecting groups screened in 

this study were attached to the amino acid via an amide bond. We found that the 1-Nap-Phe 

derivative, unlike the Fmoc-Phe counterpart, showed no sensitivity to excess NaOH during 

dissolution of the monomer, consistent with this supposition.

Current efforts in the design of next-generation LMW hydrogels attempt to bridge the gap 

between empirical and rational design approaches. For example, Adams and coworkers 

recently reported a computational approach to predict gelation propensity of N-terminally 

protected dipeptides, which identified 9 dipeptide hydrogelators from a library of 2025 

dipeptides that were screened in silico.76 A computational approach was also undertaken by 

Ulijn and coworkers to screen 8,000 tripeptide candidates for self-assembly propensity, 

leading to the discovery of a four unprotected tripeptide sequences that can form hydrogels 

at neutral pH.77 These studies underscore how complex and subtle the correlation between 

molecular structure and gelation propensity is, where the difference of a single atom can 

have tremendous effect. Some structural data regarding potential packing architecture for 

gelators have been obtained using techniques such as cryo-TEM and X-ray diffraction, but 

significant gaps in understanding in structure activity relationships in the phenomenon of 

supramolecular gelation persist. Despite these promising new insights that have the potential 

to advance design of hydrogel materials, empirical approaches and serendipitous discovery 

still play an important role in this field. Thus, the screening strategy reported herein to 

identify functional N-terminal modifications for supramolecular Phe derived LMW gelators 

promises to be of great utility for the empirical evaluation of next-generation materials for 

which completely rational design approaches are not yet possible.

Conclusion

Herein, we have demonstrated an empirical screening approach to identify N-terminal 

functional group modifications that promote efficient self-assembly and hydrogelation of 

LMW Phe derivatives. This approach leverages the tendency of Fmoc-4-NO2-Phe fibrils to 

transition to crystalline microtubes via hierarchical assembly of the initially assembled 

fibrils. From a focused collection of N-terminal functional groups, we identified 1-Nap as 

the only modified 4-NO2-Phe derivative that stabilized a unidirectional fibril state that 

avoided further assembly into crystalline forms, thus providing stable hydrogels. This 

screening method was further validated by using the identified 1-Nap functional group to 

modify three other Phe derivatives in order to determine if the capacity for 1-Nap to promote 

gelation was general to Phe-derived molecules or specific to 4-NO2-Phe. Efficient gelation 

was observed on all Phe derivatives that were modified with 1-Nap in this study. In fact, the 

1-Nap derivatives demonstrated improved emergent properties relative to the corresponding 

Fmoc-modified derivatives, including hydrogel stability and optical transparency. 

Crystallization and hydrogelation are often competing processes in self-assembly and 
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crystallization often impedes the design of effective LMW agents that promote spontaneous 

supramolecular gelation. Thus, exploiting a screening method using molecules that have the 

tendency to crystallize proves to be a stringent test for the identification of functional groups 

that are highly effective at stabilizing hydrogel states. This novel empirical approach will be 

of value in the identification of next-generation Phe-derived gelators for which entirely 

rational design approaches are, as yet, impractical.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structure of Fmoc-4-NO2-Phe (1).
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Figure 2. 
Representative SEM/TEM images of self-assembled nanostructures formed by compounds 

1-6. A, B. SEM images of crystals of 1; C, D. SEM images of crystalline florets of 2; E, F. 

TEM images of fibrils of 3; G, H. SEM images of crystals of 4; I, J. SEM images of crystal-

like assemblies of 5; K, L. TEM images of precipitated material of 6.
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Figure 3. 
Chemical structures of Fmoc-Phe derivatives: Fmoc-Phe (7), Fmoc-3F-Phe (8), Fmoc-F5-

Phe (9). Chemical structures of 1-Nap-Phe derivatives: 1-Nap-Phe (10), 1-Nap-3F-Phe (11), 

1-Nap-F5-Phe (12).
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Figure 4. 
Digital images and representative TEM images of compounds 7-12 self-assembled via the 

DMSO solvent switch method. (A) Digital image of self-assembled materials of compounds 

7, 8, and 9 from left to right; (B) TEM image of assembled structures from compound 7; (C) 

TEM image of fibrils of compound 8; (D) TEM image of fibrils of compound 9; (E) Digital 

image of self-assembled materials of compounds 10, 11, and 12 from left to right; (F) TEM 

image of fibrils of compound 10; (G) TEM image of fibrils of compound 11; (H) TEM 

image of fibrils of compound 12.
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Figure 5. 
Digital images and representative TEM images of compounds 7-12 self-assembled via the 

GdL pH switch method. (A) Digital image of self-assembled materials of compounds 7, 8, 

and 9 from left to right; (B) TEM image of assemblies of compound 7; (C) TEM image of 

fibrils of compound 8; (D) TEM image of fibrils of compound 9; (E) Digital image of self-

assembled hydrogels of compounds 10, 11, and 12 from left to right; (F) TEM image of 

fibrils of compound 10; (G) TEM image of fibrils of compound 11; (H) TEM image of 

fibrils of compound 12.
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Figure 6. 
Representative frequency sweep data collected via oscillatory rheology for compounds 8-12. 

G′ and G″ values (Pa) are represented by closed circles and open circles, respectively. (A) 

Frequency sweeps shown for compound 8 in green and compound 9 in blue. (B) Frequency 

sweeps shown for compound 10 in red, compound 11 in green, and compound 12 in blue.
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Table 1.

Rheological properties of hydrogels of compounds 8-12 formed by the GdL pH switch method.

Compound G′ (Pa) G″ (Pa)

8 3918 ± 338 296 ± 10

9 4786 ± 318 449 ± 17

10 941 ± 8 82 ± 8

11 1548 ± 56 118 ± 6

12 2522 ± 50 336 ± 21
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