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Abstract

Supramolecular hydrogels formed by noncovalent self-assembly of low molecular weight 

(LMW) agents are promising next-generation biomaterials. Thixotropic shear response and 

mechanical stability are two emergent properties of hydrogels that are critical for biomedical 

applications including drug delivery and tissue engineering in which injection of the hydrogel 

will be necessary. Herein, we demonstrate that the emergent thixotropic properties of 

supramolecular phenylalanine-derived hydrogels are dependent on the conditions in which they 

are formulated. Specifically, hydrogels formed from fluorenylmethoxycarbonyl (Fmoc) modified 

phenylalanine derivatives, 3-fluorophenylalanine (Fmoc-3F-Phe) and pentafluorophenylalanine 

(Fmoc-F5-Phe), were characterized as a function of gelation conditions to examine how shear 

response and mechanical stability properties correlate to mode of gelation. Two distinct methods 

of gelation were compared.  First, spontaneous self-assembly and gelation was triggered by a 

solvent exchange method in which a concentrated solution of the gelator in dimethylsulfoxide 

was diluted into water.  Second, gelation was promoted by dissolution of the gelator into water at 

basic pH followed by gradual pH adjustment from basic to mildly acidic by the hydrolysis of 

glucono-delta-lactone.  Hydrogels formed under solvent exchange conditions were mechanically 

unstable and poorly shear-responsive whereas hydrogels formed by gradual acidification were 

temporally stable and had highly shear-responsive viscoelastic character. These studies confirm 

that gelation environment and mechanism have a significant influence on the emergent properties 

of supramolecular hydrogels and offer insight into how gelation conditions can be used to tune 

hydrogel properties for specific applications.
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Introduction

Supramolecular hydrogels are formulated through the noncovalent self-assembly of 

gelators into one-dimensional fibrils or worm-like micelles, which then entangle to establish a 

hydrogel network.1-3 This self-assembly arises from noncovalent contacts including hydrophobic, 

Coulombic, hydrogen bonding, and aromatic π-π interactions.4-7 Supramolecular hydrogels, 

which are often composed of bioderived molecules, have advantages as biomaterials compared 

to covalent polymer hydrogels due to enhanced biocompatibility with cells and tissues both in 

vitro and in vivo.8-11 Many supramolecular hydrogels also exhibit superior viscoelastic and 

biochemical properties that position them to be excellent next-generation materials for biological 

applications. Thixotropic shear-responsive self-healing behavior is an important viscoelastic 

property of hydrogels for biological applications like drug delivery and tissue engineering since 

these applications ideally require the hydrogel and any encapsulated cargo to be delivered by 

injection.12-14 Injectable hydrogels must thin upon application of shear forces, as would occur 

when forcing the gel through a needle, and quickly recover after the shear force is removed.13,15-

16

Self-assembled peptides have been engineered to form hydrogel networks that have been 

broadly exploited for biological applications such as tissue engineering, drug delivery, 

hemostasis, and as antimicrobials.3,10,17-22 Peptide-derived hydrogels have been reported that 

exhibit all the requisite emergent properties, including shear-responsive behavior, for these types 

of sophisticated biological applications. However, the high cost of producing synthetic peptides 

on a practically useful scale has impeded the widespread use of supramolecular peptide 

hydrogels.23 Low molecular weight (LMW) supramolecular gelators, often defined as molecules 

with a molecular mass of less than 500 Da, have drawn intense interest as cost-efficient 
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alternatives to peptides as supramolecular hydrogel biomaterials.24-25 Gels formed from the self-

assembly of LMW gelators have now been developed which exhibit comparable properties to 

those formed from self-assembled peptides and covalently linked polymers.26-29 The most 

promising of these LMW gelators include short peptides and modified amino acids.30-39  

Fluorenylmethoxycarbonyl (Fmoc) modified amino acids, particularly those with aromatic 

sidechains such as phenylalanine and tyrosine, are a promising class of LMW hydrogel.7,40-50 

However, tuning the emergent properties of these LMW has been challenging compared to 

longer self-assembling peptides due to the limited chemical space available for modification.11,51-

55 Thus, Fmoc-amino acids remain the subject of research efforts focused on understanding and 

optimizing their emergent viscoelastic and biochemical properties.

The thixotropic shear-responsive behavior demonstrated by Fmoc-amino acid 

supramolecular hydrogels has proven to be idiosyncratic and challenging to modify.56 There is a 

need to more fully understand the fundamental physiochemical parameters that result in shear-

responsive self-healing in order to exploit these materials for applications in tissue engineering 

and drug delivery. Adams and coworkers have shown that hydrogel formulation method can 

exert a profound impact on the emergent properties of hydrogels formed from LMW dipeptide 

gels.57-59 Accordingly, we herein report a systematic study of the influence of gelation conditions 

on the physical properties of Fmoc-amino acid derivatives. Specifically, we have explored the 

emergent thixotropic properties of Fmoc-Phe derivatives, including Fmoc-3-fluorophenylalanine 

(Fmoc-3F-Phe) and Fmoc-pentafluorophenylalanine (Fmoc-F5-Phe) (Figure 1).40,60 There are 

two prominent methods that have been used to initiate assembly and gelation of these LMW 

gelators: solvent exchange24,40,58,61-63 and gradual pH adjustment.64-66 The solvent exchange 

method exploits the differing solubility of gelators in the organic solvent; upon dilution into 

Page 4 of 32Soft Matter



5

water the gelator undergoes assembly and gelation. The pH adjustment method takes advantage 

of the acidic carboxylic acid proton to solubilize the gelator under basic conditions; gradual 

protonation upon acidification initiates assembly and gelation.64-65 When comparing hydrogels 

assembled using the two distinct methods, the gels formed by solvent exchange exhibited poor 

shear-responsive properties and were mechanically unstable, whereas hydrogels assembled using 

the gradual pH adjustment showed increased stability and high shear-responsiveness. The studies 

herein confirm that the method and conditions of gelation significantly change the emergent 

properties of supramolecular hydrogels and can offer a further avenue to tune these properties for 

specific applications.

Figure 1. Chemical structures of Fmoc-phenylalanine derivatives.

Materials and Methods

Materials

Reagents and organic solvents were purchased commercially and used without further 

purification. Fmoc-phenylalanine derivatives were purchased at the highest available commercial 

purity and then used in gelation experiments without further purification. Water was purified by 

filtration prior to use (0.2 m filter, 18 M).
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Hydrogelation by solvent exchange

For self-assembly and hydrogelation via DMSO solvent-exchange, Fmoc- amino acid gelators 

were dissolved in dimethyl sulfoxide (DMSO) at 247 mM. To form hydrogels, this DMSO stock 

solution was diluted into water to give a final concentration of 5 mM gelator (2% DMSO/H2O 

v/v). The dilution was gently mixed via pipette, briefly agitated with a vortex mixer, and then left 

undisturbed to allow gelation. As described previously,7,34,40,56,60,67-70 the solutions were opaque 

suspensions immediately after dilution and became transparent hydrogels after 1–5 minutes, 

depending on the gelator used. Hydrogels reached their most stable hydrogel form after roughly 

three hours. DMSO was chosen as the organic solvent for these studies based on previous studies 

that have demonstrated its convenient use to promote gelation by solvent exchange.7,34,40,56,60,67-70

Hydrogelation by pH adjustment

For hydrogelation by pH adjustment by glucono-δ-lactone (GdL) hydrolysis, Fmoc-amino acid 

gelators were dissolved in water at concentrations of 5 or 15 mM using 0.1 M NaOH at a 1:1 

molar equivalent to aid in dissolution.42,57,65,71-72 A fresh solution of GdL was prepared at a 

concentration of 100 mg mL-1 (561 mM) immediately prior to gelation. Hydrogels were prepared 

by adding 1 molar equivalent of the GdL solution into the amino acid solution (9 µL of GdL 

solution for 1 mL of a 5 mM hydrogel and 27 µL of GdL solution for 1 mL of a 15 mM 

hydrogel, respectively). The solution was mixed by brief agitation by vortex after additional of 

GdL and left undisturbed for approximately 12 h to allow gelation. 

Transmission electron microscopy

Page 6 of 32Soft Matter



7

Transmission electron microscopy images were acquired using a Hitachi 7650 transmission 

electron microscope with an accelerating voltage of 80 kV. Hydrogels (10 µL) were applied 

directly onto 100 mesh carbon-coated copper grids and allowed to stand for 1 minute before 

being removed by capillary action. The grids were then stained with 10 µL of uranyl acetate for 

10 minutes before this too was removed by capillary action. The grids were allowed to dry prior 

to imaging. 

Oscillatory Rheology

Oscillatory rheology was conducted using a TA instruments Discovery HR-2 rheometer. A 20 

mm parallel plate geometry was used for the experiments. The gap was set individually for each 

experiment to accommodate inconsistencies in the size of the hydrogel sample on the plate. 

Strain sweep analyses were first conducted using a constant frequency of 1 Hz and varying 

percent strain from 0.1% to 100% in order to determine the linear viscoelastic region for each gel 

(see Supplementary Information, Figures S1–S6). Solvent exchange method hydrogels were 

formed in two ways. First, they were allowed to form by depositing the suspension formed 

immediately after dilution from DMSO into water on the rheometer stage and gelation occurred 

in situ on the stage under strain and was followed by a dynamic time sweep. Second, the 

hydrogels were formed in tubes and allowed to mature for 3 hours before transfer of the gels to 

the rheometer stage for analysis (see Supplementary Information, Figure S7). In order to ensure 

that the transferred gels provided reliably representative rheological data, it was necessary to 

transfer the hydrogels very cautiously and maintain very precise placement of the hydrogel 

sample on the rheometer stage as well as identical hydrogel volumes for the different samples. 

These different gelation methods produced differing viscoelastic properties in the resulting 
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hydrogels, as described in the Discussion section. For the former methods, a 1 mL suspension of 

the gelator diluted from DMSO into water was formed in an Eppendorf tube and briefly mixed 

before 500 L were transferred to the rheometer stage after which the gap was set. With this 

information, we then conducted dynamic frequency sweep experiments to determine the storage 

(G) and loss (G) moduli for each hydrogel. Frequency sweep experiments were conducted 

from 0.1–100 rad s-1 at 1% strain at 25 ºC (see Supplementary Information, Figures S8–S11. 

These data are consistent with previously reported viscoelastic determinations for these 

hydrogels.40,56,60,73-74

The thixotropic viscoelastic properties of the hydrogels were determined by dynamic 

time sweep experiments that indicated shear recovery after applied strain.  The dynamic time 

sweep for these hydrogels were conducted at a constant frequency of 1 Hz (6.28 rad s-1). The 

strain was held at 0.2% for 85 minutes, followed by a period of 100% strain which lasted 2.5 

minutes, then another period of 0.2% strain which lasted for 60 minutes, another period of 100% 

strain for 5 minutes, and finally a period at 0.2% strain for 60 minutes. Hydrogels made through 

pH adjustment were not formed on plate, as their formation occurred much more slowly. 

Hydrogels (1 mL) were formed in Eppendorf tubes and allowed to mature for 24 hours. The 

tubes were then carefully cut at the 0.5 mL mark and the top portion of the hydrogel was 

transferred to the rheometer plate. The dynamic time sweeps for hydrogels of this type were 

similar, but shorter as they recover much more rapidly. The frequency was held constant at 1 Hz. 

Strain began at 0.2% for five minutes, followed by a 2.5-minute period of 100% strain, then 

0.2% strain for five minutes, then 100% strain for five minutes, and finally 0.2% strain for five 

minutes. All dynamic time sweep experiments were performed in triplicate on separate hydrogel 

samples and all plotted data pointes are presented as the average of the three experiments.
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Results 

Self-healing thixotropic properties of the hydrogels on the bulk scale

In this study, we interrogated the thixotropic properties of hydrogels of two Fmoc-Phe 

derivatives under two comparative gelation conditions. Fmoc-3F-Phe and Fmoc-F5-Phe (Figure 

1) were chosen as representative Phe-derived LMW supramolecular hydrogel systems. We have 

previously shown that halogenation, and in particular, fluorination, has a dramatic impact in 

improving the emergent viscoelastic properties of these hydrogels, with both Fmoc-3F-Phe and 

Fmoc-F5-Phe hydrogels showing enhanced stability relative to Fmoc-Phe hydrogels.7,40,56,60,67-

68,74 We formulated these gels under two comparative gelation conditions. First, we used a 

solvent switch method (see Materials and Methods for details) in which concentrated solutions of 

each gelator in DMSO were diluted into water to a final gelator concentration of 5 mM (2% 

DMSO/water, v/v). After dilution, the gelators initially form insoluble suspensions. In the case of 

Fmoc-3F-Phe and Fmoc-F5-Phe, these suspensions rapidly (< 5 minutes) form optically 

transparent self-supporting hydrogels. In contrast, Fmoc-Phe fails to form a self-supporting 

hydrogel under these conditions; the gelator instead precipitates from solution over time. We 

were limited to studying hydrogels of 5 mM gelator under these conditions since higher 

concentrations of gelator either failed to form hydrogels or formed optically opaque gels. 

Second, we formulated the hydrogels by a pH adjustment method (see Materials and Methods for 

details).42,57,65,71-72  The gelators were dissolved in basic water which solubilizes the gelators by 

deprotonation of the C-terminal carboxylic acid. Gelation was initiated by addition of glucono-δ-

lactone (GdL), which slowly hydrolyzes under basic conditions to generate a carboxylic acid that 

gradually modifies the pH from basic to more acidic. Gelation occurs as the solution neutralizes 
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as a function of GdL hydrolysis. Gelation under these conditions typically requires 

approximately 24 hours, but Fmoc-3F-Phe and Fmoc-F5-Phe form optically transparent 

hydrogels at varying concentrations of gelator. The adjustment of pH by the direct addition of 

acid results in rapid rate of gelation that provides low quality gels of highly variable 

viscoelasticity.64-65 Adjustment of pH by the gradual hydrolysis of GdL has been shown to result 

in much more uniform hydrogels, so this method was adopted for these studies.64-65 We analyzed 

gels of 5 mM (low concentration) and 15 mM (high concentration) for all three gelators. 

We first assessed the thixotropic self-healing behavior of these hydrogels at the bulk 

scale. When these supramolecular hydrogels are mechanically agitated (for example, by vigorous 

mixing by vortex), the applied shear forces disrupt the hydrogel network, resulting in gel-sol 

transitions as a function of the weakened network. In some cases, the hydrogel network is 

reestablished over time and the hydrogels are reformed in an illustration of self-healing behavior. 

In order to assess this self-healing property for each hydrogel formed by either the solvent switch 

or pH adjustment methods, hydrogels were formed in vials and mechanically disrupted by 

mixing by vortex. After allowing time for recovery, the disrupted hydrogels were assessed by 

inversion to determine the self-healing capabilities of each system. Fmoc-3F-Phe and Fmoc-F5-

Phe hydrogels which had been formed by solvent exchange from DMSO showed precipitation of 

the network fibrils immediately upon mechanical disruption (see Figures 2A and 2B for a 

representative example of Fmoc-F5-Phe) as has been previously reported.40,56,60 Precipitation of 

the fibril network was accompanied by a loss in hydrogel integrity. These gels failed to rapidly 

self-heal over a period of two minutes, although weak heterogenous hydrogels were sometimes 

observed several hours after mechanical disruption. Fmoc-3F-Phe and Fmoc-F5-Phe hydrogels 

formulated under solvent switch conditions also displayed poor stability as a function of time, 
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with evidence of precipitation in non-agitated hydrogels beginning within 24 hours. Again, 

Fmoc-Phe fails to form hydrogels altogether using this DMSO solvent switch formulation 

method. 

Figure 2. Representative images of hydrogels subjected to mechanical agitation to assess bulk 
self-healing properties. A) Fmoc-F5-Phe hydrogel (5 mM) formed by the DMSO solvent switch 
method before mechanical agitation. B) Fmoc-F5-Phe (5 mM) formed by the DMSO solvent 
switch method two minutes after mechanical disruption. The fibril network has partially 
precipitated and the hydrogel has failed to reform. C) Fmoc-F5-Phe hydrogel (5 mM) formed by 
the GdL pH adjustment method prior mechanical disruption. D) Fmoc-F5-Phe hydrogel (5 mM) 
formed by the GdL pH adjustment method immediately after mechanical disruption. E) Fmoc-F5-
Phe hydrogel (5 mM) formed by the GdL pH adjustment method, 30 seconds after mechanical 
disruption.

In contrast, hydrogels of Fmoc-3F-Phe and Fmoc-F5-Phe formulated by the GdL pH 

adjustment method uniformly exhibited bulk self-healing properties after mechanical agitation. 

Several advantages of this formulation method for Fmoc-Phe-derived supramolecular hydrogels 

are evident in this analysis. First, while Fmoc-Phe itself fails to form hydrogels altogether by the 

DMSO solvent switch method, it readily forms hydrogels by pH adjustment with GdL, though 

under different conditions that studied in this paper.65,71 Second Fmoc-3F-Phe and Fmoc-F5-Phe 

were found to form hydrogels at a range of concentrations (5 mM and 15 mM hydrogels were 

assessed herein), while hydrogels formed using the DMSO solvent switch strategy were 

Page 11 of 32 Soft Matter



12

observed to form only at concentrations up to 5 mM (precipitation of gelator was observed at 

higher concentrations). It should be noted that gelation under DMSO solvent switch conditions 

occurs within 3–5 minutes, while gelation by GdL pH adjustment requires 12–24 hours. Finally, 

the gels formed by GdL pH adjustment did not immediately precipitate upon mechanical 

disruption. Instead, the gels were found to undergo temporary shear-thinning (see Figures 2C 

and 2D for representative images of Fmoc-F5-Phe hydrogels (5 mM) before and immediately 

after mechanical agitation). These shear-thinned hydrogels rapidly reformed a hydrogel network: 

within 30 seconds after agitation self-supporting hydrogels that were stable to vial inversion 

were observed for all three hydrogels at both low (5 mM) and high (15 mM) concentrations (see 

Figure 2E for a representative image of an Fmoc-F5-Phe (5 mM) hydrogel). 

Thixotropic viscoelastic rheological properties of hydrogels formed by solvent exchange 

from DMSO

Next, we characterized the emergent thixotropic properties of these hydrogels by 

oscillatory rheology. We have previously reported that gels of Fmoc-3F-Phe and Fmoc-F5-Phe 

formed by dilution from DMSO into water are mechanically unstable and are not self-

healing.40,56,60 Specifically, we have previously observed that these hydrogels undergo 

precipitation of the gel network after mechanical agitation or over time and that these 

precipitated fibrils fail to reestablish a network. These observations at the bulk scale were 

confirmed in this study as described in the previous section. However, further investigation by 

oscillatory rheology suggests that these macroscopic bulk observations may be somewhat 

misleading. When shear recovery of these gels is monitored for only a few minutes at the bulk 

scale, it does appear as if there is no self-healing behavior. When recovery is monitored over 
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longer periods of hours, some shear recovery is observed at the bulk scale in cases where a lesser 

degree of network precipitation has occurred. Quantitative characterization of the emergent 

viscoelastic character of these gels will provide further insight into the self-healing behavior of 

these materials.

 Prior to analyzing the thixotropic rheological properties of these gels we first 

characterized the fundamental viscoelastic character of each material to ensure it was similar to 

previously reported data.40,56,60,73-74 Specifically, we first performed strain sweep analyses of 

hydrogels of Fmoc-3F-Phe and Fmoc-5F-Phe formed by dilution from DMSO into water (5 mM 

gelator, 2% DMSO/water, v/v; see Materials and Methods for experimental details). The strain 

sweep analyses (Figures S1 and S4) were used to determine the linear viscoelastic region for 

each material in order to identify an appropriate strain value for subsequent dynamic frequency 

sweep and time sweep experiments. Dynamic frequency sweep experiments are used to 

characterize the viscoelastic storage and loss moduli (G and G, respectively) of each hydrogel 

(see Supplementary Information, Figures S8 and S10 for this data). The hydrogels were 

deposited onto the rheometer plate immediately after dilution of the gelators from DMSO into 

water and gelation was allowed to proceed on the plate for 60 minutes. Once the gels formed, 

frequency sweeps were conducted at 1% strain from 0.1–100 rad s-1. Interestingly, the storage 

moduli of these frequency sweeps exhibited slight non-linearity as increasing frequency, 

consistent with shear-thickening/thinning behavior (Figure S8 and S10). The departure from non-

linearity was subtle, however.

Next, we characterized the thixotropic properties the Fmoc-3F-Phe and Fmoc-F5-Phe 

hydrogels using dynamic time sweep experiments. Dynamic time sweeps were performed by 

depositing the suspension that results immediately after dilution of the gelator from DMSO into 
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water on the rheometer plate and observing gelation at low strain (0.2%) for 85 minutes (Figure 

3). Over this initial gelation period, the storage modulus (G) values increased from 312856,871 

Pa for Fmoc-3F-Phe hydrogels and from 13001750 Pa for Fmoc-F5-Phe hydrogels. The storage 

modulus for Fmoc-3F-Phe hydrogels is significantly higher than reported previously,41 although 

hydrogel viscoelasticity of materials formed by dilution from DMSO into water can be highly 

variable, and in this study, these values accurately reflect the observed viscoelasticity of these 

hydrogels across the replicate experiments (see Supplementary Information Figure S12). The G 

values exceeded the loss modulus (G) values, and the gap between them increases through the 

duration of the initial gelation step. This initial gelation phase was followed by a 2.5-minute 

period at high strain (100%), then an hour at 0.2% strain, then 5 minutes at 100% strain, and 

followed by a final hour at 0.2% strain.  During the short strain period, the storage and loss 

moduli invert with G exceeding G, consistent with the shear-thinning conversion of the 

hydrogel to a fluid. In the recovery period following this strain, the G values again increased 

from 267153756 Pa and 8891544 Pa for Fmoc-3F-Phe and Fmoc-F5-Phe, respectively, 

consistent with self-healing shear recovery. These values are slightly lower than the initial 

formation values. Interestingly, Fmoc-F5-Phe exhibited a much larger difference between the G 

and G values in this recovery period than it had under initial formation, suggesting that it may 

have formed a more stable gel network after initial disruption. During the second strain period, 

the values of G and G once again invert as the material shear thins in response to the applied 

strain. The final recovery period provided G values increased from 96144628 Pa and 

10721718 Pa for Fmoc-3F-Phe and Fmoc-F5-Phe, respectively. This data indicates that 

contrary to observations that these hydrogels at the bulk scale do not display shear 
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thinning/shearing recovery properties, these materials do exhibit slow self-healing shear recovery 

behavior over longer recovery periods. 

Figure 3. Dynamic time sweep of DMSO method gels which were assembled on plate. Data is an 
average of three runs. Fmoc-3F-Phe G (pink), Fmoc-3F-Phe G (green), Fmoc-F5-Phe G (dark 
blue), and Fmoc-F5-Phe G (light blue).

We also attempted to conduct these rheological experiments under conditions in which 

the hydrogels were allowed to form prior to deposition of the gels on the rheometer plate (as 

opposed to allowing the gels for form in situ). These experiments proved to be problematic. It 

was found that the rheological shear-recovery data was inconsistent with the data reported in 

Figure 3 when gelation occurred on the rheometer under strain (see Supplementary Information 

Figures S13–S14 for data on hydrogels formed prior to deposition on the rheometer stage). In 

contrast to the gradual recovery which is reflective of the hydrogel behavior on the bulk scale, 

these data show immediate recovery. Upon close examination it was observed that hydrogels of 

Fmoc-3F-Phe and Fmoc-F5-Phe that were preformed and then deposited on the rheometer stage 

underwent syneresis over the course of the rheological analysis. The gels were found to contract, 

and the liquid separated from the gels; this was often accompanied by precipitation of the fibril 

network. These findings are consistent with the observed instability of these hydrogels 
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formulated under solvent switch conditions at the bulk scale, where the network was found to 

precipitate upon mechanical agitation. It is interesting to note that the rheological properties of 

these supramolecular hydrogels differ when gelation occurs under strain versus under quiescent 

conditions even when the solvent gelation trigger conditions are identical.

Thixotropic viscoelastic rheological properties of hydrogels formed by pH adjustment via 

GdL hydrolysis

Next, we investigated the comparative rheological viscoelastic properties of hydrogels 

formulated by pH modification through GdL hydrolysis (see Materials and Methods for 

experimental details). Hydrogels formed by dilution of the gelator into water from DMSO are 

limited to concentrations of approximately 5 mM, since precipitation was often observed at 

higher concentrations. In contrast, hydrogels formed by the gradual adjustment of pH from basic 

to neutral (or acidic) could be formulated at significantly higher concentrations. Thus, we 

conducted rheological analyses at low (5 mM, identical to the DMSO dilution hydrogel 

concentrations) and high (15 mM) concentrations. Unlike the DMSO gels, which form within 

minutes, hydrogelation triggered by hydrolysis of GdL occurs much more slowly, typically 

requiring up to 24 hours. Thus, rheological analyses could not be conducted by forming the 

hydrogels in situ on the rheometer stage. Instead, these hydrogels were pre-formed in tubes and 

transferred to the rheometer stage for analysis. Interestingly, the GdL gels proved to be 

completely stable to this manipulation whereas the DMSO dilution gels underwent significant 

syneresis upon attempts to transfer them to the rheometer stage. This observation is consistent 

with the GdL hydrogels having significantly enhanced thixotropic shear-responsive properties. 

Hydrogels made from Fmoc-3F-Phe show initial G values of 367413 Pa and 44085613 Pa for 
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5 mM and 15 mM gels, respectively. Following the first short strain period, the G values were 

425479 Pa and 58566717 Pa for 5 mM and 15 mM gels, respectively. The final recovery 

period following the longer strain period showed G values of 465536 Pa and 57857360 Pa for 

5 mM and 15 mM gels, respectively. Hydrogels made from Fmoc-F5-Phe show initial G values 

of 383438 Pa and 55196523 Pa for 5 mM and 15 mM gels, respectively. Following the first 

short strain period, the G values were 385438 Pa and 61716875 Pa for 5 mM and 15 mM 

gels, respectively. The final recovery period following the longer strain period showed G values 

of 425482 Pa and 65637126 Pa for 5 mM and 15 mM gels, respectively.  The strain sweep 

analyses (Figures S2–S3 and S5–S6) were used to determine the linear viscoelastic region for 

each material in order to identify an appropriate strain value for subsequent dynamic frequency 

sweep and time sweep experiments. Dynamic frequency sweep experiments are used to 

characterize the viscoelastic storage and loss moduli (G and G, respectively) of each hydrogel 

(see Supplementary Information, Figures S9 and S11 for this data). As with the hydrogels 

formulated by dilution from DMSO, these hydrogels also showed slight increases in storage 

moduli as frequencies increased, consistent with subtle shear-thickening behavior.

The thixotropic properties of Fmoc-3F-Phe and Fmoc-F5-Phe hydrogels formed by pH 

adjustment were then characterized using dynamic time sweep experiments. Hydrogels were 

transferred to the rheometer stage and dynamic time sweep experiments were conducted a 

constant frequency of 1 Hz (6.28 rad s-1) with a strain of 0.2% for five minutes, followed by a 

2.5-minute period of 100% strain, then 0.2% strain for five minutes, then 100% strain for five 

minutes, and finally 0.2% strain for five minutes. These time sweep experiments clearly 

demonstrate the rapid shear thinning and shear recovery of both high and low concentration of 

each of the hydrogels formed by graduate pH adjustment (Figure 4).  During the short high 
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strain periods, the storage and loss moduli rapidly invert with G exceeding G, indicating shear-

thinning of the hydrogels. Once the high strain was reduced, shear recovery as evidenced by 

reversion of G and G to the initially observed values occurred almost instantaneously for both 

high and low concentration hydrogels. This shear recovery behavior was observed after every 

repeated cycle of low to high to low strain, indicating that these hydrogels have excellent 

thixotropic self-healing properties. These data are especially striking when compared to the weak 

shear recovery observed for these hydrogels when formulated by dilution from DMSO into 

water.

Figure 4. Dynamic time sweep analysis of Fmoc-3F-Phe, and Fmoc-F5-Phe hydrogels 
formulated by pH adjustment by GdL hydrolysis. Data is an average of three runs. G values are 
represented by filled circles and G values are represented by open circles. Fmoc-3F-Phe 5 mM 
gels (pink), Fmoc-3F-Phe 15 mM gels (green), Fmoc-F5-Phe 5 mM gels (dark blue), and Fmoc-
F5-Phe gels (light blue).
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Morphology of the constituent fibrils

Transmission electron microscopy was used to image the fibrils that comprise the 

hydrogel networks in each of these conditions (Figure 5). This was done in order to determine if 

any differences in fibril morphology might be responsible for the dramatic differences in the 

observed thixotropic properties of these differing gelation methods. We found that there were not 

significant morphological differences which would account for the drastic changes in behavior 

exhibited by hydrogels formed by different methods. This indicates that the difference is likely 

less related to packing and more related to the network of the fibrils themselves. Fibrils of Fmoc-

3F-Phe formed by the solvent switch method were 22  3 nm wide (Figure 5A). The fibrils of 

Fmoc-3F-Phe formed by the pH adjustment method were 11  2 nm wide and 19  5 nm wide 

for 5 mM and 15 mM, respectively (Figure 5B and 5C). Fibrils formed from Fmoc-F5-Phe using 

the solvent switch method had a width of 15  2 nm (Figure 5D). The fibrils of Fmoc-F5-Phe 

formed by pH adjustment had widths of 24  8 nm and 16  3 nm for 5 mM and 15 mM, 

respectively. 
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Figure 5. Transmission electron micrographs of Fmoc-Phe derived hydrogels. A) Fmoc-3F-Phe 

5 mM solvent switch method; B) Fmoc-3F-Phe 5 mM pH adjustment method; C) Fmoc-3F-Phe 

15 mM pH adjustment method; D) Fmoc-F5-Phe 5 mM solvent switch method; E) Fmoc-F5-Phe 

5 mM pH adjustment method; F) Fmoc-F5-Phe 15 mM pH adjustment method.

Discussion

Thixotropic shear recovery properties are critical for hydrogels intended for biomedical 

applications. This is especially true for those materials intended for delivery to a biological 

system by injection for applications in drug delivery and regenerative medicine. To date, there 

are many examples of supramolecular hydrogels derived from self-assembled peptides that 

exhibit these thixotropic properties.75-77 The design of inexpensive LMW supramolecular 
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hydrogels that possess shear recovery properties has been more challenging.11,51-53 For example, 

in our initial reports of hydrogels formed by self-assembling halogenated Fmoc-Phe derivatives, 

we observed that the gels did not exhibit robust thixotropic shear recovery. This rendered 

hydrogels of these derivatives unstable upon mechanical agitation which most often resulted in 

precipitation of the hydrogel network. In these early reports, the singular gelation method was 

dilution of the gelator from DMSO into water. In an effort to engineer supramolecular Fmoc-F5-

Phe hydrogels that possessed thixotropic properties that would impart stability to mechanical 

agitation, we formulated multicomponent hydrogels composed of Fmoc-F5-Phe mixed with a 

pegylated derivative, Fmoc-F5-Phe-PEG (Figure 6).56 When Fmoc-F5-Phe and Fmoc-F5-Phe-

PEG were mixed at varying ratios in DMSO and diluted into water the hydrogels that formed 

exhibited the desired thixotropic shear recovery properties. This strategy was later found to 

impart the same shear recovery characteristics to hydrogels of other Fmoc-Phe derivatives that 

were formulated under these solvent switch conditions.78 

Figure 6. Chemical structure of Fmoc-F5-Phe-PEG.
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In several recent reports, Adams and coworkers have articulated the significant effect that 

gelation conditions can exert on the emergent properties of supramolecular hydrogels.57-59,62,79 

They observed that the values of the viscoelastic properties of supramolecular hydrogels formed 

from the N-terminal Fmoc-modified diphenylalanine peptide (Fmoc-FF) varied by over 4 orders 

of magnitude.57 In response to this dramatic variability, they sought to understand the effect of 

gelation conditions on the emergent viscoelasticity of the resulting hydrogels and found that 

differences in solvent conditions, including pH, introduced significant alterations in these 

properties. Our comparative analysis of Fmoc-Phe derived supramolecular hydrogels herein is 

clearly consistent with their findings. Our analysis is specifically focused on thixotropic shear 

recovery properties, and the emergent thixotropic properties of Fmoc-Phe-derived 

supramolecular hydrogels are dramatically impacted by gelation method. Fmoc-3F-Phe and 

Fmoc-F5-Phe hydrogels formulated by dilution from DMSO into water were poorly shear 

responsive at bulk scales and exhibited only slow shear recovery under specific rheological 

conditions (that is, when hydrogels were allowed to form in situ on the rheometer stage under 

strain). In contrast, hydrogels of these same agents that were formulated by dissolution in water 

under basic conditions followed by gradual reduction in pH by GdL hydrolysis had excellent 

thixotropic properties, showing rapid shear recovery at both bulk scales and rheologically. 

Adams and coworkers concluded that the final pH of the gels were responsible for the differing 

properties of Fmoc-FF hydrogels,57 and it is possible that this same effect is at play with Fmoc-

3F-Phe and Fmoc-F5-Phe hydrogels. Hydrogels of Fmoc-3F-Phe and Fmoc-F5-Phe formed by 

DMSO solvent switch have pH values between 3 and 5,67 and those formed by GdL hydrolysis 

have been found have pH values of 4–7, depending on both the concentration of gelator and 

concentration of GdL.74
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We also considered the possibility that additives may play a role in the emergent gelation 

properties. Some additives have been found to impact the viscoelastic properties of Fmoc-FF 

hydrogels.57-58 In this study, hydrogels formulated by the hydrolysis of GdL possess at least one 

molar equivalent of the hydrolyzed by-product, gluconic acid. Adams and coworkers have 

previously investigated whether or not GdL or its hydrolysis product interfere with self-assembly 

and hydrogelation using saturation transfer difference NMR and have concluded that it does 

not.80-81 In order to test the possible effect of gluconic acid on hydrogel shear recovery properties 

we added one molar equivalent of D-glucitol (the reduced alcohol form of gluconic acid was 

used to eliminate issues with pH modification from the acid) was added to Fmoc-F5-Phe in 

DMSO and diluted into water at 5 mM gelator. When these samples were mechanically agitated 

by vortex mixing, the hydrogel network was disrupted and failed to recover as was observed in 

these hydrogels without D-glucitol (Figure 2). Thus, the presence of this additive had no effect 

on thixotropic shear recovery properties under these gelation conditions, with the outcomes 

indistinguishable from the gelator alone in this bulk stability test.

The mechanism of self-assembly can also dramatically impact the emergent 

viscoelasticity of supramolecular hydrogels.58 This may be especially true of the gelation 

methods we discuss herein. We have observed dramatic differences in rate of assembly and 

gelation under the two conditions. Hydrogels formulated using the DMSO solvent switch method 

typically form very rapidly (< 3 minutes) whereas the hydrogels formed by pH reduction through 

GdL hydrolysis require 12–24 hours to fully mature. The dramatically accelerated rate of 

assembly of the Fmoc-Phe derivatives under DMSO dilution conditions may result in a more 

sporadically cross-linked fibril network that exists in a kinetically trapped state. This kinetic state 

may provide a more fragile gel network that cannot undergo shear recovery because the fibrils 
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that form are solvolytically unstable, resulting in precipitation and/or syneresis upon the 

application of shear forces, which represents a more thermodynamically stable state than the 

kinetic hydrogel. The network may be less ordered and more sporadic and idiosyncratic in terms 

of entanglement. In contrast, the hydrogels formed by gradual adjustment of pH assemble much 

more slowly. This slow rate of assembly may result in a hydrogel network that is significantly 

more energetically stable, eliminating complications with precipitation since that state no longer 

represents a more thermodynamically favorable condition. We have no data that suggests that the 

packing mode of the self-assembled derivatives has been altered, and thus the most likely 

explanation for the observed differences in thixotropic properties is at the level of how the self-

assembled fibrils are entangled into a network. Perhaps the slower assembly rate provides a more 

ordered and efficiently entangled network in which more contacts are made between fibrils, 

providing a more stable energetic state.

It is significant that formulation method can be used to tune the properties of Fmoc-Phe 

derived hydrogels. A single gelation method does not, in the case of these materials, represent 

the “ideal” manner of formulation, since different applications have different requirements. For 

example, injectable hydrogels for drug delivery depend on thixotropic shear recovery properties 

to enable delivery of the hydrogel by convenient injection.73-74 Drug delivery applications do not 

require that the carrier gel form rapidly, making the use of the GdL formulation method 

appropriate for the preparation of materials for this purpose. In contrast, in vitro tissue 

engineering applications often require a gel network that can suspend cells throughout the three-

dimensional network. This demands a formulation method that facilitates rapid hydrogelation in 

minutes in order to prevent cell sedimentation during the gelation process, which would provide 

a heterogenous distribution of cells throughout the network. Thus, the GdL pH adjustment 
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method is obviously problematic for this type of application due to the slow rate of gelation as 

well as the need to place cells in a very basic environment for a time period of hours. To date, no 

single gel method is yet universally ideal for all biomedical applications, but a greater 

understanding of how formulation methods correlate to emergent viscoelastic properties is a 

significant step toward optimizing these materials for a broad range of uses.

Conclusion

LMW supramolecular hydrogels are promising next-generation materials for a broad 

range of biomedical applications. They are especially attractive as inexpensive alternatives to 

functionally ideal but cost prohibitive peptide-based materials.23 The limited chemical space 

available for modification in LMW gelators creates significant constraints on strategies to 

modify and optimize the emergent properties of these hydrogel materials. These constraints have 

impeded the more widespread adoption of LMW gelators for in vivo biological applications. The 

work reported herein provides significant insight into a strategy other than chemical modification 

of the gelator to tune the viscoelastic thixotropic properties of LMW hydrogels. Specifically, the 

formulation conditions can be used to dramatically influence these emergent properties. In this 

work, we have compared two methods for the preparation of Fmoc-Phe-derived LMW 

supramolecular hydrogels and found that in one case (solvent switch) the resulting hydrogels are 

poorly shear-responsive and in the other case (pH adjustment) the resulting materials are ideally 

shear-responsive. This confirmation that varying gelation method can be used as a primary 

strategy to alter the desired properties of LMW hydrogels is a significant step toward 

overcoming existing barriers in the practical adoption of these promising materials. Future work 
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that correlates the fundamental physicochemical principles that underlie these empirical studies 

will further reduce these barriers.
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Table of Contents Figure. The method of hydrogel formulation has a significant impact on the emergent 
thixotropic properties of halogenated Fmoc-phenylalanine-derived hydrogels. 
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