
Citation: Veloso, S.R.S.; Rosa, M.;

Diaferia, C.; Fernandes, C. A Review

on the Rheological Properties of

Single Amino Acids and Short

Dipeptide Gels. Gels 2024, 10, 507.

https://doi.org/10.3390/gels10080507

Academic Editor: Chengtao Yu

Received: 10 July 2024

Revised: 26 July 2024

Accepted: 29 July 2024

Published: 1 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 gels

Review

A Review on the Rheological Properties of Single Amino Acids
and Short Dipeptide Gels
Sérgio R. S. Veloso 1 , Mariangela Rosa 2, Carlo Diaferia 2 and Célio Fernandes 3,4,*

1 Physics Centre of Minho and Porto Universities (CF-UM-UP), Laboratory of Physics for Materials and
Emergent Technologies (LaPMET), University of Minho, Campus of Gualtar, 4710-057 Braga, Portugal;
sergioveloso96@gmail.com

2 Department of Pharmacy, Centro Interuniversitario di Ricerca sui Peptidi Bioattivi “Carlo Pedone” (CIRPeB),
University of Naples “Federico II”, Via Tommaso de Amicis 95, 80131 Naples, Italy;
mariangela.rosa@unina.it (M.R.); carlo.diaferia@unina.it (C.D.)

3 Transport Phenomena Research Centre (CEFT), Department of Mechanical Engineering, Faculty of
Engineering, University of Porto (FEUP), Rua Dr. Roberto Frias s/n, 4200-465 Porto, Portugal

4 Centre of Mathematics (CMAT), School of Sciences, University of Minho, Campus of Gualtar,
4710-057 Braga, Portugal

* Correspondence: cbpf@fe.up.pt

Abstract: Self-assembled peptide-based hydrogels have attracted considerable interest from the
research community. Particularly, low molecular weight gelators (LMWGs) consisting of amino
acids and short peptides are highly suitable for biological applications owing to their facile synthesis
and scalability, as well as their biocompatibility, biodegradability, and stability in physiological
conditions. However, challenges in understanding the structure–property relationship and lack
of design rules hinder the development of new gelators with the required properties for several
applications. Hereby, in the plethora of peptide-based gelators, this review discusses the mechanical
properties of single amino acid and dipeptide-based hydrogels. A mutual analysis of these systems
allows us to highlight the relationship between the gel mechanical properties and amino acid sequence,
preparation methods, or N capping groups. Additionally, recent advancements in the tuning of
the gels’ rheological properties are reviewed. In this way, the present review aims to help bridge
the knowledge gap between structure and mechanical properties, easing the selection or design of
peptides with the required properties for biological applications.

Keywords: peptide hydrogels; peptide materials; amino acid hydrogels; mechanical properties;
self-assembly

1. Introduction

Hydrogels consist of three-dimensional networks of cross-linked chains in which a
substantial amount of water is entrapped. Among the several materials, self-assembled
peptide-based hydrogels have gained significant attention in recent years for biomedical
applications, including drug delivery [1], wound healing [2], bioimaging [3], biosensors [4],
and tissue engineering [5]. This can be attributed to the suitable properties of peptide-based
gels, such as low immunogenicity, biocompatibility, biodegradability, low toxicity, high
water content, and stability in physiological conditions [6–8]. In particular, low molecular
weight gelators (LMWGs) have attracted attention due to their straightforward synthesis,
high scalability, cost-effective production, spontaneous self-assembly, responsiveness to
stimuli, and ease of injectability [9]. These compounds, consisting of amino acids (Figure 1)
and small peptides, constitute the building blocks that self-assemble into anisotropic
structures, which, under appropriate conditions, interact (through entanglement or cross-
linking) to form a gel matrix [10,11].
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Figure 1. Structure of the amino acids that constitute the building blocks of peptides. 

The assembly process relies on the synergistic effect of non-covalent interactions, 
including hydrogen bonding, van der Waals forces, electrostatic interactions, and 
hydrophobic and/or aromatic π-π interactions [12,13]. Consequently, the amino acid 
sequence can strongly influence the self-assembly properties, making it a challenging task 
to predict gel formation for a given peptide structure [14–22]. Generally, gel formation is 
straightforward and can be induced by different stimuli such as adjusting the pH, 
heating/cooling, exposure to light, solvent switch, sonication, enzymatic reactions, and 
the addition of (metal) salts to a solution or dispersion of gelator molecules (Figure 2A) 
[23,24]. Additionally, because the self-assembly process is too rapid for the structures to 
achieve their targeted or global thermodynamic minimum, the self-assembled structures 
commonly consist of kinetically-trapped or metastable states (Figure 2B) [13,25].  

 
Figure 2. (A) Schematic representation of LMWG self-assembly into a hydrogel. The LMWGs may 
initially exist as monomers and/or aggregates. Upon triggering, the LMWGs self-assembles into 
hierarchical anisotropic structures, such as fibrils. These structures further develop into 
entangled/crosslinked mature fibers, entrapping the solvent and forming a gel. (B) Schematic 
representation of the possible self-assembly energy landscapes. In “in-equilibrium assembly”, the 
assembled peptides can easily reach a low-energy state due to the fast exchange of building blocks, 
enabling rearrangement into a more favorable state. However, since self-assembly is usually a high-
rate process, kinetically trapped structures are often formed rather than the most stable state. 
Additionally, the negligible exchange of molecules trapped in a local energy minimum prevents 

Figure 1. Structure of the amino acids that constitute the building blocks of peptides.

The assembly process relies on the synergistic effect of non-covalent interactions, in-
cluding hydrogen bonding, van der Waals forces, electrostatic interactions, and hydropho-
bic and/or aromatic π-π interactions [12,13]. Consequently, the amino acid sequence can
strongly influence the self-assembly properties, making it a challenging task to predict gel
formation for a given peptide structure [14–22]. Generally, gel formation is straightforward
and can be induced by different stimuli such as adjusting the pH, heating/cooling, expo-
sure to light, solvent switch, sonication, enzymatic reactions, and the addition of (metal)
salts to a solution or dispersion of gelator molecules (Figure 2A) [23,24]. Additionally,
because the self-assembly process is too rapid for the structures to achieve their targeted
or global thermodynamic minimum, the self-assembled structures commonly consist of
kinetically-trapped or metastable states (Figure 2B) [13,25].

Hereby, the gel properties are significantly affected by the self-assembly pathway [13,23,26,27],
which encompasses various factors such as gelling temperature, cooling rate during ther-
mal annealing, type and concentration of salt, final pH, rate of pH change, and the sol-
vent used [23,28–32]. Thus, the self-assembly conditions can lead to different shapes,
including micelles, vesicles, and nanotubes, in addition to fibers [33–36]. The proper-
ties can be further controlled by combining with other peptide (non-)gelators, known
as multicomponent gels [29,37–40], or by including nanomaterials to obtain composite
gels [41–43]. Additionally, depending on the peptide structure, the resulting hydrogels can
exhibit stimuli-responsiveness (pH, temperature, light, ionic strength, mechanical), sol–gel
transition, thixotropy, and the capability to entrap drugs through physical or chemical
linkage [28,44,45]. Among these, thixotropic gels are particularly important in various
biomedical fields. Thixotropy involves fast shear thinning and recovery, associated with
the reversible breaking and recovery of the network after mechanical disruption owing to
the non-covalent interactions between LMWGs [44]. However, only a few peptide gelators
display this property, and its association with the structure is still not understood. Com-
prehensive reviews were carried out by Zanna et al. [44] and Pramanik [9], in which the
thixotropic peptide gels are noted to commonly display a storage moduli of 102–103 Pa,
which is a suitable range for application in biological soft tissues [46,47].

Therefore, understanding the relation between peptide structure and gelation capa-
bility, along with the thixotropic behavior, remains a challenging task. Moreover, compre-
hending the structure–mechanical properties relationship is crucial for designing peptides
with the desired mechanical behavior for various biological applications.

In this way, this review focuses on the mechanical properties commonly exhibited
by different peptide structures, emphasizing the studies on self-assembly and mechanical
properties. The rheological properties of gels derived from single amino acids and dipep-
tides are discussed. Specific and characteristic gel features (including preparation approach,
pH, applications, or supramolecular elements) are summarized in Tables. Furthermore, re-
cent advancements in tuning the rheological properties for different biological applications
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are reported, and current challenges are discussed. This review aims to help bridge the
knowledge gap concerning the structure–property relationship, thereby contributing to the
design of new peptides for biological applications.

Gels 2024, 9, x FOR PEER REVIEW 2 of 42 
 

 

 
Figure 1. Structure of the amino acids that constitute the building blocks of peptides. 

The assembly process relies on the synergistic effect of non-covalent interactions, 
including hydrogen bonding, van der Waals forces, electrostatic interactions, and 
hydrophobic and/or aromatic π-π interactions [12,13]. Consequently, the amino acid 
sequence can strongly influence the self-assembly properties, making it a challenging task 
to predict gel formation for a given peptide structure [14–22]. Generally, gel formation is 
straightforward and can be induced by different stimuli such as adjusting the pH, 
heating/cooling, exposure to light, solvent switch, sonication, enzymatic reactions, and 
the addition of (metal) salts to a solution or dispersion of gelator molecules (Figure 2A) 
[23,24]. Additionally, because the self-assembly process is too rapid for the structures to 
achieve their targeted or global thermodynamic minimum, the self-assembled structures 
commonly consist of kinetically-trapped or metastable states (Figure 2B) [13,25].  

 
Figure 2. (A) Schematic representation of LMWG self-assembly into a hydrogel. The LMWGs may 
initially exist as monomers and/or aggregates. Upon triggering, the LMWGs self-assembles into 
hierarchical anisotropic structures, such as fibrils. These structures further develop into 
entangled/crosslinked mature fibers, entrapping the solvent and forming a gel. (B) Schematic 
representation of the possible self-assembly energy landscapes. In “in-equilibrium assembly”, the 
assembled peptides can easily reach a low-energy state due to the fast exchange of building blocks, 
enabling rearrangement into a more favorable state. However, since self-assembly is usually a high-
rate process, kinetically trapped structures are often formed rather than the most stable state. 
Additionally, the negligible exchange of molecules trapped in a local energy minimum prevents 

Figure 2. (A) Schematic representation of LMWG self-assembly into a hydrogel. The LMWGs
may initially exist as monomers and/or aggregates. Upon triggering, the LMWGs self-assembles
into hierarchical anisotropic structures, such as fibrils. These structures further develop into entan-
gled/crosslinked mature fibers, entrapping the solvent and forming a gel. (B) Schematic representa-
tion of the possible self-assembly energy landscapes. In “in-equilibrium assembly”, the assembled
peptides can easily reach a low-energy state due to the fast exchange of building blocks, enabling
rearrangement into a more favorable state. However, since self-assembly is usually a high-rate
process, kinetically trapped structures are often formed rather than the most stable state. Additionally,
the negligible exchange of molecules trapped in a local energy minimum prevents rearrangement
into a more favorable state. Thus, kinetically trapped structures may reside in sufficiently deep
energy wells, resulting in stable gel states. However, if there is some exchange with the environment,
a slow rearrangement into a thermodynamically favored state can occur, which is referred to as a
metastable assembly.

2. Rheological Characterization Techniques

Rheological characterization is widely used to study the mechanical properties of bulk
hydrogels, such as changes in the mechanical behavior induced by stimuli, the effect of
combining different peptides or incorporating composites, and the gel’s ability to recover
after experiencing shear flow or a large strain. Common rheometric experiments include
monitoring the storage (G′) and loss (G′′) moduli as a function of time (oscillatory time
sweep), applied angular frequency (frequency sweep), and applied oscillatory strain (strain
sweep measurements), which are commonly measured by bench-top rheometers. As a
rule of thumb, a gel is generally characterized by a lack of frequency dependence in a
frequency sweep and a G′ value nearly an order of magnitude greater than G′′ (G′ >> G′′),
mainly at low frequencies [48–50]. For instance, a material may exhibit solid-like behavior
(G′ >> G′′) at high frequencies (short time scales) but behave more like a liquid (G′′ > G′)
at low frequencies (long time scales). Other techniques include micro-rheology [51,52],
cavitational rheology [53,54], and large amplitude oscillatory dilation (LAOD) to study
interfaces [55].
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Strain sweep measurements are employed to determine the linear viscoelastic regime
(LVR) for a given material, which, along with frequency sweep, should be among the first
steps in the rheological characterization of a hydrogel [49]. Posteriorly, G′ and G′′ values
can be measured during an oscillatory time sweep at constant frequency and strains within
the LVR, providing information about the mechanism and kinetics of network formation
(e.g., during the initial gelation or recovery after a large strain). Additionally, nonlinear
rheological measurements, such as large-amplitude oscillatory strain (LAOS) tests, are
commonly performed to gain further insight into the hydrogel network. These studies
are crucial for developing tissue engineering scaffolds and cell culturing substrates since
scaffolds’ mechanical properties should closely match the healthy tissue or extracellular
matrix to ensure cellular viability, differentiation, proliferation, and migration, among other
cellular processes [56–58].

As mentioned, rheology has been commonly employed to study the gelation of peptide-
based gels [59,60]. Chen et al. [61] demonstrated that various functionalized dipeptides
(including naphthalene rings and alkyl chains) could form gels at pH 11.7 through the
addition of Ca2+, as well as trivalent and polyvalent salts. The viscosity was found to
correlate with the peptide’s hydrophobicity and to be aging dependent, with N-capped
diphenylalanine forming gels with G′ values near 104–155 Pa. The gels could recover after
disruption but were not thermoreversible. Interestingly, the structures that afforded viscous
solutions in the range of 40–60 mPa s−1 could form the strongest gels.

In short peptides, the magnitude of the stimulus usually influences the self-assembly
and sometimes the resulting hydrogel mechanical properties [26,60,62,63]. Gels prepared
with glucono-δ-lactone (GdL), which provides a slower pH decrease than HCl, demonstrate
improved homogeneity and mechanical properties (in which G′ values can increase more
than an order of magnitude) [64–68]. Temperature enhances the hydrolysis rate of GdL to
gluconic acid, affecting the pH decreases and kinetics of self-assembly. Cardoso et al. [63]
reported similar mechanical properties regardless of the gelation temperature, though
other works reported significant changes in the gelation kinetics [26,69]. Higher enzyme
content in enzyme-triggered gels has commonly resulted in faster gelation and larger G′

values [70–73], which can also be achieved with higher ionic force [60,62,74–76]. For example,
Stendahl et al. [62] reported a storage modulus increase of over three orders of magnitude
with increasing Ca2+ content and cation valence as follows: M+ < M2+ (s block) < M3+ (d, p, f
block) < M2+ (d block), forming gels with G′ values up to ~104 Pa. The authors analyzed this
dependence based on the Irving–Williams series for ionic binding affinity, with d-block ions
displaying greater potential for coordination bonding and forming stronger gels. Veloso
et al. [69] observed faster gelation kinetics and lower storage modulus for dehydropeptide-
based gel prepared at higher temperatures. Other parameters, such as concentration and
pH, can also strongly influence the mechanical properties [77].

Despite similar G′ and G′′ values and large frequency independence, gels produced by
different methods may exhibit differences in the strain sweeps. Therefore, it is important to
conduct a comprehensive rheological characterization of the gels. For example, Colquhoun
et al. [78] reported that gels prepared through pH- and solvent-switch showed similar
frequency sweep profiles, but the pH-induced gels broke sharply at low strain, while the
solvent-switch gels exhibited a gradual decrease at larger strains without moduli crossover.
In addition, evaluating the gel’s heterogeneity is important to ensure the reproducibility
of the gel preparation method, which cannot be determined from bulk rheological mea-
surements. Alternatively, this can be probed with cavitation rheology, which involves
monitoring the pressure dynamics of a bubble (or cavity) pumped into a gel [49,54,79].
Measuring the maximum pressure sustained by the internal void allows for comparing dif-
ferent gels and probing local points to assess the mechanical homogeneity and/or gradients,
enabling the study of layer-by-layer structures.

The exponent x of the G′ dependence on concentration c, G′ ≈ cx, has been associated
with a specific network type in various studies [80–88]. However, different networks
have shown similar values of x [88,89], making it unclear how x relates with the network
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type. Multicomponent gels further complicate rheological characterization, as gelators
can co-assemble or form self-sorted structures that interact with each other [50,53]. These
systems can display increased [90–92], similar, or weaker stiffness [93,94] compared to single
components. A stronger multicomponent gel may result from more gelators in the system or
new fiber formation that increases stiffness. A stiffer gel can be achieved through more cross-
links [91] or favorable interactions between fibers in a self-sorted system [92]. Conversely,
a similar or weaker stiffness than single-component gels can result from a weaker second
network, weaker or less entangled co-assembled fibers, or unfavorable interactions in
self-sorted fibers, which can include steric crowding. Thus, the G′ and G′′ values are
insufficient to determine the assembly type, such as whether it is a self-sorted or co-
assembled system. Lyanage et al. [95] reported this lack of correlation between the assembly
type and mechanical properties for several self-assembled/coassembled Fmoc-protected
phenylalanine derivatives. Additionally, the causes of the changes in mechanical properties
are difficult to deconvolute, such as in the case that the multicomponent gel displays
both a larger storage modulus and faster kinetics [96]. Generally, more homogenous gels
have better mechanical properties, but LMWGs can also gel quickly due to higher cross-
linking numbers, leading to more inhomogeneities. Nonetheless, network changes can be
identified through differences in rheological properties, such as in the strain sweeps [97,98]
or time sweeps [99,100]. These changes may include a multi-step breakdown behavior,
sharp break or creaming behavior, a large strain to break the gel network, or the gelation
exhibiting a multi-step increase in G′ and G′′ [53]. However, determining the network
type remains a challenging task. For example, Cornwell et al. [101] showed that one
gelator could assemble by lowering the pH, and a second component could assemble under
UV irradiation, resulting in a self-sorted system. However, it remains unclear whether
this consists of an interpenetrating network or if the second network grows on the first.
Therefore, rheology can provide insight into the dynamics and changes of gel systems,
but offers limited information on the network morphology and structure, particularly in
multicomponent gels.

3. Overview of the Mechanical Properties of Single Amino Acids and
Dipeptide-Based Gels
3.1. Single Amino Acids
3.1.1. Uncapped Amino Acids

Shorter peptides lower the production cost and facilitate the scalability of production.
Among the amino acid-based gels, phenylalanine stands out in the development of new
hydrogels. Both the L- and D- uncapped phenylalanine are reported to form gels upon
a heating/cooling cycle in a wide pH range [102]. These gels consist of a polymorphic
system comprising both crystals and gel phases, in which the properties can be tailored
by co-assembly with non-gelling additives [103,104]. However, co-assembling both enan-
tiomers is described as not yielding gels, forming flake-like structures that phase out from
solution [102]. The uniqueness of phenylalanine is further highlighted by the inability of
alpha-phenylglycine to form fibrous gels [102], making phenylalanine the smallest known
amino acid capable of forming gels. These gels are thermoreversible, and their rheological
properties can be tuned by co-assembling with other amino acids such as leucine, serine,
tryptophan, and tyrosine [104]. Importantly, phenylalanine gels display G′ values in the
order of 105 Pa (~2.0 × 105 Pa), nearly twice larger than G′′ values (~4.5 × 104 Pa), in
which significant changes could be obtained by mixing with tryptophan (increasing G′ to
~3.5 × 105 Pa) or serine (decreasing G′ to ~7.5 × 104 Pa) (see Figure 3). The self-assembly
of other (non-)aromatic amino acids has also been explored, resulting in different nanos-
tructures, including nanotubes, nanoribbons, nanosheets, etc., but these structures do not
form gels [105–107].
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3.1.2. Fluorenylmethyloxycarbonyl N-Capped Phenylalanine (Fmoc-Phe) and Derivatives

Fmoc-AAs are among the most widely studied low-molecular-weight gelators, bene-
fitting from their wide commercial availability. Gels with either a single or a mixture of
Fmoc-AAs have been reported [108–111]. These LMWGs have also been combined with
composites such as graphene oxide, carbon nanotubes, and silver nanoparticles to improve
the tunability of the gel properties and increase the storage modulus of the native hydro-
gel [112–114]. However, as in other supramolecular gels, the self-assembly pathway can
strongly affect the mechanical properties. For example, Fmoc-Phe can form gels through a
heating/cooling cycle [113,114], slow pH decrease by adding glucono-δ-lactone [115,116],
and solvent exchange [95,117]. As summarized in Table 1, varying the preparation method
can affect the gel morphology, gel–sol temperature, and the storage modulus by up to
three orders of magnitude. Furthermore, even a small change in the final pH after adding
GdL can affect the critical strain. Hence, continuous efforts to improve the control of
these properties have included modifications of the phenylalanine aromatic ring and the
carboxylic acid. For instance, Nilsson et al. [108] reported that decreasing the electron
density of the phenyl ring in the penta-fluorinated analog (Fmoc-F5-Phe) enabled the rapid
formation of gels (~3–5 min) through solvent exchange, resulting in a high storage modulus
(~3000 Pa), while Fmoc-Phe precipitated from solution. The same group also demonstrated
that the penta-fluorinated and meta-fluorinated (Fmoc-3F-Phe) derivatives could form gels
with thixotropic shear response for both slow pH decrease and solvent exchange [118].
Additonally, modifying the carboxylic acid with diaminopropane (DAP) led to fluorinated
Fmoc-Phe derivatives that could assemble in physiologically relevant sodium chloride con-
centrations, assisted by a heating/cooling cycle, forming gels with larger storage modulus
(~104 Pa), shear thinning behavior, and enabling the sustained release of diclofenac [119].
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Table 1. List of amino acid-based hydrogels self-assembly parameters, mechanical properties, melting temperature (Tm), fibril cross-section, highlights and
application. The critical gelation concentration (CGC) and gelator concentration employed in the rheological assays [Gel] are included. The orders (or range) of the
limit strain of the linear viscoelastic regime (LVR), critical strain (γ), storage (G′), and loss (G′′) moduli are indicated unless the values were not detailed in the
respective manuscript.

Gelator Method Media pH CGC
(mM)

[Gel]
(mM) G′ (Pa) G′′ (Pa) LVR

(%) γ (%) Tm (◦C) Fibril (nm) Highlights Application Ref.

D-Phe HC PBS - 184 300 - - - - - - - - [102]
L-Phe HC PBS - 99 300 - - - - - - - - [102]

HC Water 6.45 - 303 ~200,000 ~45,000 - - 323.6–326.6 437 - - [104]

Fmoc-Phe HC PB 7.4 2.58 - ~103 ~102 - - 38 4.54–7.24 Tuneable Tm - [113,
114]

GdL Water 6.1 9.68 25.8 ~104 ~102 1 10 - - - - [115]
GdL Water 6.6 7.74 25.8 50,199 ~2000 0.1 0.2 55 - Stringed nanoparticles - [116]

SE Water/DMSO (98:2
v/v%) - - 4.9 39 5 - - - 295 - - [95,117]

Fmoc-Phe-DAP NaCl + HC Water - 20 33.7 383 59 1 1 - 500–1000 Thixotropic
fibrils and nanotubes Drug delivery [119]

Fmoc-4-NO2-Phe SE Water/DMSO (98:2
v/v%) - - 4.9 410 66 - - - 12 - - [95]

Fmoc-4-CN-Phe SE Water/DMSO (98:2
v/v%) - - 4.9 140 17 - - - 25 - - [95]

Fmoc-4-F-Phe SE Water/DMSO (98:2
v/v%) - - 4.9 102 9 - - - 26 - - [95]

Fmoc-4-NH2-Phe SE Water/DMSO (98:2
v/v%) - - 4.9 527 61 - - - 11 - - [95]

Fmoc-4-CH3-Phe SE Water/DMSO (98:2
v/v%) - - 4.9 280 53 - - - 21 - - [95]

Fmoc-3-F-Phe GdL Water - - 7.5 3918 296 - - - 126 - - [117]
GdL Water - - 5–15 102–103 101–102 - - - 11–19 Thixotropic - [118]

SE Water/DMSO (98:2
v/v%) - - 5 103–104 ~104 - - - 22 Thixotropic - [118]

Fmoc-3F-Phe-DAP NaCl + HC Water - 20 33.7 21,311 3973 0.1 1 - 20–30 Thixotropic
fibrils and tapes Drug delivery [119]

Fmoc-F5-Phe GdL Water - - 7.5 4786 449 - - - 13 - - [117]
GdL Water - - 5–15 102–103 101–102 - - - 24–16 Thixotropic - [118]

SE Water/DMSO (98:2
v/v%) - - 5 103 102 - - - 15 Thixotropic - [118]

Fmoc-F5-Phe-DAP NaCl + HC Water - 20 33.7 10,776 2273 1 1 - 10–20 Thixotropic Twisted
fibers and tapes Drug delivery [119]
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Table 1. Cont.

Gelator Method Media pH CGC
(mM)

[Gel]
(mM) G′ (Pa) G′′ (Pa) LVR

(%) γ (%) Tm (◦C) Fibril (nm) Highlights Application Ref.

Fmoc-Tyr SE Water/DMSO (98:2
v/v%) - - 4.9 506 59 - - - 13 - - [95]

GdL Water 5.2 <0.1 21.7 104–105 ~104 1 1 80 - Thermoreversible - [115]

HC PB 7.4 0.47 20 ~3000 ~800 1 1–10 - 20 Flexible entangled fibers Antimicrobial
activity [120]

Fmoc-Tyr(PO4) HC Water 2.5 - 40 ~1000 ~100 - - - 20–25 Bundles (50–100 nm) - [121]
Enzyme Water 6 - 40 ~5000 ~2000 - - - 20–25 Thermoreversible - [121]

Fmoc-Tyr(3NO2) HC PB 5 2 15.6 ~7000 ~800 - - - - No recovery Antimicrobial
activity [122]

HC PB 7 5.6 15.6 ~1000 ~500 - - - - Thixotropic Antimicrobial
activity [122]

HC PB 8 11.2 15.6 ~1000 ~300 - - - - Thixotropic Antimicrobial
activity [122]

Fmoc-Tyr
/Fmoc-Tyr(Bzl) SE Water/DMSO (98:2

v/v%) - - - ~900 ~300 - - - 10–50 & 50–80 - Photothermia
Drug delivery [123]

Fmoc-Phe/Fmoc-
Tyr(Bzl) SE Water/DMSO (98:2

v/v%) - - - ~900 ~200 - - - 10–100 - Photothermia
Drug delivery [123]

Fmoc-Trp GdL Water 5.2 1.9 19 ~104 ~103 1 10 75 - - - [115]
HC PB 7.4 0.03 - 100 10 0.1 1 - ~20 - Antibacterial [120]

Fmoc-Met GdL Water 5.2 <0.13 27 ~103 ~102 1 10 - - Syneresis - [115]
HC PB 7.4 0.12 - 1000 100 0.1 1 - ~20 - Antibacterial [120]

Fmoc-Gly GdL Water 5.2 26.9 33.6 ~102 ~101 0.1 100 - - - - [115]
Fmoc-Ile GdL Water 5.2 19.8 28.3 ~102 ~101 1 100 - - - - [115]

Fmoc-His Metal Tris-HNO3 9.1 - 10.6 ~2000 ~100 0.01 0.1 - ~20 - Antimicrobial
activity [124]

Fmoc-Pro Metal Tris-HNO3 9.1 - 11.9 ~300 ~10 0.01 0.1 - ~20 - Antimicrobial
activity [124]

Fmoc-Ala Metal Tris-HNO3 9.1 - 12.8 ~1000 ~100 0.01 0.1 - ~20 - Antimicrobial
activity [124]

Fmoc-Leu Metal Tris-HNO3 9.1 - 11.3 ~2000 ~400 0.01 0.1 - ~20 - Antimicrobial
activity [124]

Fmoc-Lys-Bct US PB 7.4 5 - ~6000 ~100 - - 60 - Thixotropic Antimicrobial
activity [125]

Fmoc-Lys(Fmoc) SE Water/DMSO (99:1
v/v%) 6 5 - ~5000 ~300 1 1–10 - - Thixotropic - [126]

SE Water/DMSO (99:1
v/v%) 7.4 5 - ~500 ~20 1 10 - - Thixotropic - [126]
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Table 1. Cont.

Gelator Method Media pH CGC
(mM)

[Gel]
(mM) G′ (Pa) G′′ (Pa) LVR

(%) γ (%) Tm (◦C) Fibril (nm) Highlights Application Ref.

Fmoc-Dap(Fmoc) SE Water/DMSO (97:3
v/v%) 4.9 5.5 - 100 10 10 10 - 150–250 Thixotropic Drug delivery [127]

SE Water/DMSO (97:3
v/v%) 7.4 18.2 - 10 1 1 10 - 250–300 Thixotropic Drug delivery [127]

SE Water/DMSO (97:3
v/v%) 9.1 23.7 - 1 1 0.1 10 - 250–600 Thixotropic Drug delivery [127]

1-NapAc-Phe GdL Water - - 7.5 941 82 - - - 11 - - [117]
1-NapAc-3F-Phe GdL Water - - 7.5 1548 118 - - - 20 - - [117]
1-NapAc-F5-Phe GdL Water - - 7.5 2522 336 - - - 13 - - [117]

2-NapAc-Phe GdL Water 5.7 15 30 4849 ~100 0.1 0.26 45 - - - [116]
2-Nap-Phe GdL Water 5.9 19 27 7820 ~300 0.1 0.56 48 - - - [116]

Pyr-Phe HC PB 7.4 0.85 118.3 ~200 ~60 - - 66.4 30–55 Thixotropic
Helical fibers Drug delivery [128]

Cin-Phe GdL Water 4.6 33.9 33.9 2519 ~100 1 0.85 41 - - - [116]

Lauroyl-Phe HC Water - 43.2 - ~2000 ~100 0.1 0.1–
10 - - Flat 2D sheets - [129]

Bz(4-NO2)-Phe HC PBS 6 20 20 2000 200 40 100 ~40 - 5 Antimicrobial [130]

BP-Phe SE CH4/H2O - 2 5 102–103 101–102 1 10–
100 - - 50 Imprinting [131]

Myr-L-Phe HC PB 7 6.7 - 102 102 - - 37 56 Thixotropic Enzyme
entrapment [132]

Myr-D-Phe HC PB 7 6.7 - 102 10 - - 37 58 Thixotropic Enzyme
entrapment [132]

CGC: critical gelation concentration; Tm: gel–sol transition temperature; G′: storage modulus; G′′: loss modulus; Fmoc: fluorenyl-9-methoxycarbonyl; 1-NapAc: 2-(Naphth-1-yl)acetic
acid; 2-NapAc: 2-(Naphth-2-yl)acetic acid; 2-Nap: 2-(Naphth-2-yloxy)acetic acid; Pyr: 4-(1-Pyrenyl)butyric acid; Cin: cinnamic acid; Bz: benzyl; BP: 4,4′-dipyridyl; Bct: biocytine; Myr:
myristic acid; Lys: lysine; Pro: proline; Gly: glycine; Tyr: tyrosine; Ile: isoleucine; Leu: leucine; His: histidine; Ala: alanine; Met: methionine; Trp: tryptophan; Phe: phenylalanine;
Phe(3F): 3-fluoro-phenylalanine; Phe(4F): 4-fluoro-phenylalanine; Phe(4NO2): 4-nitro-phenylalanine; Phe(4CN): 4-cyano-phenylalanine; Phe(4NH2): 4-amino-phenylalanine; Phe(4CH3):
4-methyl-phenylalanine; Tyr(PO4): 4-phospho-L-tyrosine; Tyr(3NO2): 3-nitro-L-tyrosine; Tyr(Bzl): 4-benzyl-L-tyrosine; Phe(F5): 2,3,4,5,6-Pentafluoro-phenylalanine; PB: phosphate
buffer; PBS: phosphate buffer saline; DAP: diaminopropane; DMSO: dimethyl sulfoxide; SE: solvent exchange; US: ultrasound; HC: heating/cooling; GdL: glucono-δ-lactone.
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The steric effect and electronic character of halogen (F, Cl, Br) substitution at ortho,
meta, and para positions were found to influence the resulting storage modulus in the
order meta > ortho > para, while the halogen ion led to a decreasing rigidity in the order
F > Cl > Br. Thus, a smaller and more electronegative halogen was associated with an
increased storage modulus (Figure 4) [133]. The storage modulus could vary by one order
of magnitude, from Fmoc-4-Br-Phe (~130 Pa) to Fmoc-3-F-Phe (~4200 Pa). However, the
self-assembly rate did not correlate predictably with the halogen identity, following the
order para > meta > ortho, with a faster gelation associated with a weaker gel, influenced
by the interplay between electronic effects and steric perturbation.
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Nilsson’s group also studied the influence of other substituents in the para posi-
tion, including NO2, CN, F, NH2, OH, and CH3, in gels obtained through solvent ex-
change [95]. Concerning the kinetics of gelation, electron-withdrawing groups (such
as NO2, CN, and F) facilitated a faster gelation process (ranging from 0.5 to 5 min)
compared to Fmoc-Phe (25 min), and electron-rich derivatives (NH2, OH, CH3), which
gelled within 10 min to 24 h. The observed trend in gelation rates followed the se-
quence NO2 > F > CN > CH3 > OH > NH2. This effect was attributed by the authors to
a reduction in electrostatic repulsion between the aromatic π-systems of adjacent ben-
zyl groups within the assembled fibrils, which aligns with the Hunter/Sanders electro-
static model. However, the electron-donating substituents generally displayed higher
G′ values than the derivatives with electron-withdrawing substituents, with the order
NH2 > OH > NO2 > CH3 > CN > F > H. Additionally, the gel rigidity decreased with both
electron-donating (NH2 > OH > CH3) and electron-withdrawing (NO2 > CN > F) capa-
bilities, indicating that both steric and electronic effects significantly influence the self-
assembly process.

The C-terminus of fluorinated Fmoc-Phe gelators also plays a critical role in self-
assembly and hydrogel formation, as demonstrated by Ryan et al. [134]. To evaluate the
effect of the C-terminus, the carboxylic acid was converted to amide and methyl ester
groups, modifying the hydrophobicity and hydrogen bond capability of the C-terminus.
The C-terminal esters were observed to assemble into fibrils at a slow rate and were unable
to form gels. In contrast, the amide derivatives assembled more rapidly than the parent
carboxylic acids at both acidic and neutral pH. However, these amide-derived hydrogels
were unstable under shear stress, a limitation attributed to the reduced water solubility
of the amide group. Importantly, co-assembled gels of acid and amide functionalized
monomers could form gels in phosphate-buffered saline (G′ ~100 Pa), while the parent
acids could not, though more rigid co-assembled gels (G′ ~700–800 Pa) were obtained in
un-buffered water, highlighting the complex role of the solvent interactions.

Fmoc-Tyr and its derivatives have also been explored as gelators, including the phos-
phorylated precursors to obtain gels upon enzymatic [70,121,135–137] or catalytic [138]



Gels 2024, 10, 507 11 of 37

dephosphorylation. Draper et al. [115] showed that the OH group in the para position
induced different assemblies compared to Fmoc-Phe, with the latter forming metastable
gels that easily crystallize with a similar phase, while Fmoc-Tyr displayed different fiber
and crystal phases. The crystal phase was a result of the interactions between the planar
Fmoc groups, while the hydrogen bonding drove the self-assembly into the fibrillar struc-
tures. Nevertheless, gels obtained through a heating/cooling cycle, slow pH decrease,
and solvent switch have also been described, with the storage modulus varying nearly
two orders of magnitude [95,115,120]. The substitution in the meta position with the
electron-withdrawing NO2 led to thixotropic gels that could be prepared in a wide pH
range (4.5–8.5) [122]. Similarly to Fmoc-Phe, co-assembled gels comprising Fmoc-Tyr were
also developed to improve the mechanical properties and combined with composites, such
as carbon nanotubes or graphene oxide, to enable photothermia upon near-infrared light
irradiation [123].

3.1.3. Fluorenylmethyloxycarbonyl N-Capped Amino Acids (Fmoc-AAs)

Other Fmoc-AA hydrogels obtained through a heating/cooling cycle or slow pH
decrease have also been reported in the literature, including Fmoc-Trp and non-aromatic
amino acids, such as Fmoc-Met, Fmoc-Gly, and Fmoc-Ile, with storage moduli ranging
from 102 to 104 Pa [115,120,139]. Interestingly, hydrogels based on Fmoc-Trp, Fmoc-Met,
and Fmoc-Tyr were observed to selectively inhibit the growth of Gram-positive bacteria,
following the order Fmoc-Trp > Fmoc-Met > Fmoc-Tyr [120]. Generally, non-aromatic
amino acids are unable to form hydrogels, leading to other assemblies such as micelles
and tubes [107,140]. However, attempts have been made to form hydrogels with these
amino acids. For instance, Song et. [124] reported several Ag+-coordinated Fmoc-AAs
hydrogels, including Fmoc-Pro, Fmoc-His, Fmoc-Leu, and Fmoc-Ala, with G′ values in the
range ~102–103 Pa. These gelators could induce the detachment of the plasma membrane
and consequent leakage of the cytoplasm upon interaction with the bacteria cell walls and
membrane, leading to significant antibacterial effects in both Gram-negative (Escherichia coli)
and Gram-positive (Staphylococcus aureus) bacteria. The co-assembly has also been proposed
as a method to obtain gels with non-aromatic Fmoc-AAs. For example, Yang et al. [141]
reported the formation of gels based on Fmoc-Leu and Fmoc-Lys through the addition
of sodium carbonate, which could not form gels independently. Additionally, structural
modification of the Fmoc-lysine side chain with biotin [125] and Fmoc group [126,142]
was demonstrated to afford thixotropic hydrogels. Alternatively, non-proteinogenic amino
acids, which are proteolytically unstable, were proposed by Arokianathan et al. [127].
These peptides included 2,3-diaminopropionic acid (Dap), a precursor in the synthesis of
antibiotics such as viomycin and capreomycin, and were functionalized with Fmoc at both
amino terminals. Hydrogels could be obtained across a wide pH range, with mechanical
strength (in the range of 100–102 Pa) and thermal stability decreasing with increasing
pH. Furthermore, the gels displayed thixotropy and could enhance cell proliferation at
physiological pH (7.4).

3.1.4. Other N-Capped Amino Acids

Despite advancements with Fmoc-AAs, concerns remain about the potential toxicity
of polyaromatic cycles, requiring careful evaluation, as cell viability is negatively affected
by Fmoc derivatives [143,144]. Consequently, other capping groups have been explored.
Naphthalene is a particularly popular choice, with the fluorinated Phe derivates also dis-
playing a larger storage modulus (G′ ~103) than the parent compound (1-NapAc-Phe,
G′ ~102) [117]. Additionally, the linkage between the amino acid and naphthalene influ-
ences the mechanical properties, with 2-(Naphth-2-yloxy)acetic acid providing stiffer gels.
Other examples include the use of naphthaleneimide [145], pyrene [128], bipyridine [131],
and alkyl chains [129]. Notably, N-capped Lauroyl-Phe formed hydrogels (~2000 Pa) com-
prising flat 2D sheets, while Palmitoyl-Phe formed fibrils that yield a viscous solution [129].
Additionally, while carboxybenzyl-protected amino acids generally fail to form hydrogels,
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leading to other nanostructures [146], N-capping with cinnamoyl can afford gels a slow pH
decrease and achieve a G′ ~103 Pa. This makes cinnamoyl the minimum structure motif
for N-capped phenylalanine to form hydrogels. Garcia et al. [147] also reported hydrogels
of Phe N-capped with 4-nitrobenzoyl, showing fast gelation, high resistance to applied
stress, and thermal reversibility. These gels also enabled high fibroblast and keratinocyte
cell viability and displayed mild antimicrobial activity against E. coli.

3.2. Dipeptides: Chemical Structure of Dipeptide-Based Hydrogels

As with single amino acids, the matrix formation of dipeptide-based hydrogels is
closely related to the elongated one-dimensional (1D) supramolecular architectures, such
as ribbons or fibers. These assemblies fill the space and form mutual non-covalent entan-
glements, thereby entrapping water in a three-dimensional (3D) network. Chemically, in
dipeptide sequences, the amide bond drives intermolecular hydrogen bonding, which can
induce self-assembly. Additional functional groups at the C-terminus, N-terminus, or in
the amino acid side chain generally support the formation of non-Newtonian matrices
by providing auxiliary chemical points to enlarge the intermolecular force network. The
aromatic moieties, in particular, are associated with improved gelation capability, stabiliz-
ing favorable conformations for the initial steps of self-assembly. Among all dipeptides,
Fmoc-FF represents the paradigm of a dipeptide-based gelator and is, thus, reviewed sepa-
rately. Other Fmoc-capped dipeptide sequences and differently N-capped diamino acid
gelators are also discussed. In the following section, the amino acid sequence in N-capped
dipeptides is mentioned with the letter codes for a matter of simplicity.

3.2.1. Uncapped Dipeptides

Although less explored than other gelators, uncapped dipeptides can also form gels,
often containing at least one phenylalanine residue, as summarized in Table 2. Kralj
et al. [148] studied the effect of heterochirality and halogenation in the self-assembly of
Phe-Phe. Unlike L-Phe-Phe, which formed heterogeneous microtubes, the stereoisomer
D-Phe-Phe could form stable, thermoreversible hydrogels consisting of homogeneous
nanofibrils approximately 4 nm thick, comprising a water channel covered by two layers of
peptides. The authors attributed the differences to the stereoconfiguration, which dictates
the handedness of the screw-sense from N- to C-terminus. In D-Phe-Phe, this handedness
is right-handed, increasing the intramolecular hydrophobic contact area between Phe
side chains, reducing interchannel hydrophobic contacts, and consequently reducing fiber
bundling. Halogenation was also found to enable the tunability of intra- and intermolecular
hydrophobic interactions while preserving the water channels. An intermediate level of
fiber bundling was observed compared to L-Phe-Phe and D-Phe-Phe, influencing the
mechanical properties. Interestingly, the substitution with the bulky iodine disrupted
the water channel assembly, leading instead to the packing into an amphipathic layer.
Additionally, no halogen bonding was observed, indicating that iodine only increased
hydrophobicity and steric hindrance, stabilizing the interdigitation of Phe zippers.

Conte et al. [149] demonstrated that Phe-Phe and the C-terminal aminated derivative
could form metastable hydrogels through a solvent switch method followed by ultrasonica-
tion. Sonication led to the formation of nanofibers in addition to the remaining nanotubes,
whereas only amorphous aggregates appeared when the solvent switch was done alone.
The authors proposed that the sonication may induce a fast change in solubility after the
solvent switch, facilitating the formation of numerous nucleation sites, which favors the
organization into nanofibers instead of extended 2D β-sheets that are obtained without son-
ication. Notably, similar to the amino acid derivatives, the C-terminal aminated derivative
displayed lower mechanical strength than the unmodified Phe-Phe.

The replacement of phenylalanine with leucine (both L and D isomers) was reported
to enable gelation, except for L-Phe-L-Leu [150]. Heterochirality was observed to promote
hydrogelation, as D-Phe-L-Leu could form gels, and in the case of Leu-Phe, it led to a
decrease in the gelation time. The authors associated this effect with a change in the
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hydrophobicity arising from the amphipathic conformation in heterochiral peptides, in
which the segregation between hydrophilic and hydrophobic regions enables the self-
assembly into stable structures. Additionally, the formation of extended networks of
hydrogen bonds and Phe zippers was found to be a distinctive feature of stable gels,
commonly absent in non-gelling peptides.

Other uncapped dipeptide-based gelators include the use of α,β-dehydrophenylalanine,
in which the conformation constrain in the peptide backbone favors the self-assembly into
hydrogels. For instance, Chauhan et al. [151] reported the formation of mechanically strong
Phe-∆Phe gels near physiological pH, displaying a low critical gelation concentration.
Vesicle-like structures were observed at the end nodes of fibers and were suggested as
structural precursors to the fibril branching. The same group also reported the formation
of stable, strong Leu-∆Phe gels under mild physiological conditions [152].

3.2.2. The Case of Fmoc-FF

Diphenylalanine homopeptide (FF), representing the core of Aβ1-40 and Aβ1-42 pri-
mary sequences, is a minimal aromatic motif for aggregation in Alzheimer’s β-amyloid [153].
FF can self-assemble through a hierarchical pathway to generate nanotube architecture
with a length of ~100 µm, driven by π-π staking and H-bonding interactions [154]. As a
consequence of a simple chemical structure, aggregative versatility, and simplicity, dipheny-
lalanine is considered the molecular paradigm for the analysis of phenomena related to
peptide self-organization. This prospective reference was reinforced by the possibility of
chemical modifications, leading to a library of FF-based analogs [155–158], including the
fluorenylmethoxycarbonyl (Fmoc) N-capped sequences (Fmoc-FF, Figure 5A) [159–161].
Fmoc-FF is among the most studied ultra-short peptides to develop hydrogels, enabling sta-
ble, self-supporting matrices at pH values compatible with physiological applications (e.g.,
drug delivery, nanogels production, tissue engineering, and optical engineering) [162–164].
Fmoc-FF can also serve as a structural component for multicomponent hydrogels [165,166].

Structurally, Fmoc-FF monomers assemble into fibrillary architectures due to favorable
molecular stacking, with dimensions and an ultrastructure very similar to amyloid fibrils.
The Fmoc-FF multiscale aggregation model, based on circular dichroism (CD) and Fourier-
transformed infrared spectroscopies (FT-IR) and supported by scattering gel diffraction
studies [167], shows that the monomers initially arrange in an anti-parallel β-sheet sec-
ondary structure (Figure 5B) with π-stacking of the Fmoc- groups (Figure 5C). Subsequently,
four twisted anti-parallel β-sheets interlock through lateral π-π interactions, forming a
nanocylindrical structure characterized by an external diameter of ~3.0 nm. These fibrillar
aggregates further self-assemble laterally, generating large flat ribbons (detected using TEM
microscopy, Figure 5D), which form macroscopic gels via mutual entanglements.

Fmoc-FF gelation can be induced using three major methodologies: pH exchange,
solvent switch, and catalytic methods. These approaches involve changing the initial physic-
ochemical environmental conditions to trigger gelation. Specifically, the pH switch method
consists of dissolving the Fmoc-FF in an aqueous solution at elevated pH (pH ~ 10.5),
followed by progressively lowering the pH using HCl or glucono-δ-lactone (GdL) [65,167].
At high pH, the peptide’s C-terminal carboxylic acid is deprotonated. As the solution
acidifies, protonation occurs, leading to gelation (Figure 5E,F). Fmoc-FF gelation can also be
achieved via the solvent switch method. In this approach, the peptide is dissolved by using
an organic phase able to produce a high concentration solution (generally 100 mg/mL),
and gelation is trigged by adding water. Common solvents for Fmoc-FF dissolution include
DMSO and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) [168,169]. Lastly, self-aggregation can
be induced by the chemical conversion of precursors (unable to self-assemble) into gelling
building blocks via catalytic conversion, such as the hydrolysis of charged or steric groups
blocking fiber formation [170].
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Table 2. List of unprotected dipeptide hydrogels self-assembly parameters, mechanical properties, melting temperature (Tm), fibril cross-section, highlights and
application. The critical gelation concentration (CGC) and gelator concentration employed in the rheological assays [Gel] are included. The orders (or range)
of the limit strain of the linear viscoelastic regime (LVR), critical strain (γ), storage (G′), and loss (G′′) moduli are indicated unless the values are detailed in the
respective manuscript.

Gelator Method Media pH CGC
(mM)

[Gel]
(mM) G′ (Pa) G′′ (Pa) LVR

(%)
γ

(%) Tm (◦C) Fibril (nm) Highlights Application Ref.

L-Phe-Phe pHE Buffer 7.3 20 20 22 3.7 10 10 46 200–1000 - - [148]
SE + US HFIP/ANS 8 8 8 1780 102 - - - ~10 - - [149]

Phe-∆Phe HC Buffer 7 6.4 6.4 209,000 19,700 - - - 15–20 - Drug
delivery [151]

D-Phe-Phe pHE Buffer 7.3 20 20 22.9 1.5 100 100 44 4.3 Thermoreversible - [148]
2-F-Phe-Phe pHE Buffer 7.3 15 15 8 0.5 10 10 44 11.4 Thermoreversible - [148]
3-F-Phe-Phe pHE Buffer 7.3 10 10 6.1 0.3 100 100 47 50–500 Thermoreversible - [148]
4-F-Phe-Phe pHE Buffer 7.3 7 7 20.7 1.2 100 100 42 26.9 Thermoreversible - [148]
4-I-Phe-Phe pHE Buffer 7.3 4 4 17.7 1.3 100 100 74 63 Thermoreversible - [148]

Phe-Phe-NH2 SE + US HFIP/ANS 8 4 4 30,100 103 - - - ~10 - - [149]
Leu-∆Phe US Buffer 7 15.2 19.1 12,000 103 - - - >100 - - [152]
L-Leu-Phe HC PBS 7.4 40 40 104 103 10 100 - - - - [150]
D-Leu-Phe HC PBS 7.4 40 40 104 103 10 100 - 12 - - [150]
D-Phe-Leu HC PBS 7.4 20 20 103 102 - 0.1 - - Not stable - [150]

CGC: critical gelation concentration; Tm: gel–sol transition temperature; G′: storage modulus; G′′: loss modulus; mM = millimol/L. pHE = pH-exchange (“pH-switch), SE: solvent
exchange; US: ultrasound; HC: heating/cooling.
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Figure 5. (A) Fmoc-FF chemical formula. (B) Dipeptide monomers arranged into antiparallel β-sheet.
(C) Interlocking of Fmoc- chemical groups from alternate β-strands. In the model, Fmoc and the
phenyl groups are identified using orange and purple colors, respectively. (D) TEM (transmission
electron microscopy) microphoto of Fmoc-FF xerogel (scale bar reported is for 500 Å). In the TEM
photo, the labeled ribbon was used by the authors for other morphological analyses [167]. The figure
is adapted from Ref. [167]. Copyright with permission from Wiley-VCH. (E) From high to low pH,
the carboxylic acid is protonated, decreasing electrostatic repulsion and, thus, favoring self-assembly.
(F) Schematic representation of the self-assembly mechanism of Fmoc-FF as a function of the peptide
degree of ionization, α. The figure is adapted from Ref. [161].

Regardless of the formulation strategy, Fmoc-FF generally forms a reproducible and
similar supramolecular structure. The self-assembling conditions and/or pathways con-
stitute the parameters that affect the macroscopic and microscopic architecture, which in
turn modifies the rheological response and functional matrix features [171]. For example,
more homogeneous matrices are obtained by controlling the pH homogeneity in pH switch
procedures. A fast decrease in pH by using HCl can result in local fiber formation and inho-
mogeneous gels as a consequence of faster gelation kinetics compared to the mixing kinetics.
Reproducible and more homogeneous matrices can be formulated by coupling acidification
with a heating/cooling cycle [161]. The heating step can dissolve the kinetically trapped
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aggregates formed during the local acidification, which after cooling can increase the G′

value of Fmoc-FF gels from 1–10 Pa to 104 Pa. Agitation, whether low shear or high shear,
can also affect the mechanical response, increasing the G′ value from ~1000 Pa for high
shear-prepared gels to ~4000 Pa for low shear-prepared gels [166]. Regarding the organic
solvent in the solvent switch method, no differences in mechanical response were reported
for Fmoc-FF gels using DMSO or HFIP [172].

3.2.3. Fmoc-Capped Dipeptides

The Fmoc-FF gelation and the use of Fmoc as a standard solid-phase peptide synthesis
capping group promoted the study of the self-assembling propensity of other dipeptides
(Table 3). The chemical structures of the discussed sequences in this section are collected in
Figure 6.

Vergners et al. [173] designed a library of seven Fmoc N-capped dipeptides. Three of
these (Fmoc-Leu-Asp, Fmoc-Ala-Asp, and Fmoc-Ile-Asp at 0.5, 6.7, and 0.4 wt%, respec-
tively) could form gels by dissolving the peptide in water at 100 ◦C, producing gels after
cooling down below 60 ◦C, which displayed a thermoreversible behavior [173]. Rheological
analysis showed a G′ of 80 Pa for Fmoc-Leu-Asp (2 mg/mL, ν = 1 rad/s, 60 ◦C) in line with
the macroscopic gel disassembly by mechanical agitation. The other Fmoc-capped peptides
(Fmoc-Gly-Gly, Fmoc-Ala-Gly, Fmoc-Leu-Gly, Fmoc-Phe-Gly, Fmoc-Ala-Ala, Fmoc-YL,
Fmoc-YA, Fmoc-YS) could also form gels, but the rheological characterization was not
completed [160,174].
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Synthesized as an intermediate, Fmoc-aa (a represent Ala in D-configuration) inspired
the analysis of different Fmoc-capped dipeptides, specifically Fmoc-AA, Fmoc-GG, Fmoc-
Ga, Fmoc-GT, and Fmoc-GS) [175]. Fmoc-aa and Fmoc-AA efficiently formed gels around
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4 mmol/L, and the substitution of the two alanine residues with glycine (Fmoc-GG) in-
creased the critical gelation concentration (CGC) to 11 mmol/L, while 46 mmol/L and
56 mmol/L were reported for Fmoc-Ga and Fmoc-GS, respectively. Interestingly, Fmoc-GT
failed to gel, possibly as a consequence of a relatively large side chain of threonine. This
analysis suggested that an increased steric hindrance can reduce the hydrogel formation
ability. Additionally, for Fmoc-aa, Fmoc-AA, and Fmoc-GG, a sol–gel transition was de-
tected as a function of pH and temperature, with the pH = 3 found to be optimal for gel
formation. The dipeptides precipitated at pH < 3 and dissolved immediately at pH = 6,
with the pH responsiveness being completely reversible.

An antiparallel β-sheet hydrogen bonding arrangement was identified as a sec-
ondary structure element for the Fmoc-YL amphiphile hydrogelator, supported by Fmoc-
interlocked aromatic stacking. An achiral supramolecular organization was detected, and
AFM analysis showed that fibers mutually entangle, forming a dense bundle of fibers
(40−200 nm in width). Viscoelastic characterization highlighted the soft nature of the gel,
with a G′ = 190 Pa [176].

To explore the possibility of hydrogel printing, Fmoc-tyrosine-aspartic acid (Fmoc-YD)
and Fmoc-tyrosine-lysine (Fmoc-YK) were synthesized [177]. Both peptides displayed
self-assembly behavior, producing transparent and self-supporting hydrogel (10 mM)
formed by helical fibrils. Fmoc-YD fibrils had a thickness of ~18 nm and a helical pitch of
~450 nm, while Fmoc-YK fibrils had a thickness of ~5 nm and a helical pitch of ~65 nm.
Rheological data suggested that the presence of a positive charge disturbs more than a
negative one [177].

A series of Fmoc-capped leucine-containing dipeptides (Fmoc-FL, -YL, -LL) and Fmoc-
YA were used to obtain self-healing, shear-thinning hydrogels and studied for their ex-
trusion properties. Interestingly, the rheological response of the four Fmoc-dipeptide
hydrogels strongly correlated with the log P value of each sequence. Enhanced hydropho-
bic interactions in Fmoc-FL correlated with a higher G′ value and immediate self-healing
property. Additionally, the Fmoc-FL hydrogel displayed a mixture of nanofibers and
straight rods, which contributed to the enhanced mechanical rigidity [178].

The Fmoc-FV sequence could also self-assemble, forming a gel consisting of a fibrous
network with a fibril thickness of ~30 nm, in which G′ increases with temperature. The
analogs Fmoc-FG and Fmoc-GF formed fibers with 30 nm and 10 nm fibril thickness,
respectively, indicating that the isopropyl side chain of valine positively impacted fiber
thickness, forming a more rigid matrix [179].

The combination of intermolecular interactions and molecular packing was assumed
to explain the higher gel strength of Fmoc-YS compared to Fmoc-YT and the non-gelling
Fmoc-YQ. The inability of asparagine-containing sequences to form hydrogels (producing
nanosphere architectures) highlighted that the side chain properties and length at position
two of the dipeptide sequence can strongly impact the molecular packing. Additionally, the
weaker nature of the Fmoc-YT hydrogel further indicated that amino acid order determines
the mechanical properties [180].

A significative increase in G′ response was detected in Fmoc-FG, Fmoc-FA, and Fmoc-
LG when GdL was used to induce gelation through acidification instead of HCl. In line
with other dipeptide-based gels, this suggested that the acidifier impacts the homogeneity,
reproducibility, and mechanical strength. The higher density of long fibers formed using
GdL was further related to the final mechanical properties and preparation procedure [65].

A minimalistic dipeptide-based low molecular weight gelator, namely Fmoc-Lys
(Fmoc)-Asp (Figure 7A), was reported as a molecular starting point for designing a novel
Fmoc-based dipeptide. This building block can gel, forming unbranched fibers via a two-
step assembly (Figure 7B), at a very low 0.002 wt% concentration. A concentration-related
rheological response was also demonstrated [181].
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3.2.4. Other N-Capped Dipeptides

Following the success of Fmoc-modified dipeptides, other aromatic chemical entities
were explored as N-terminus modifiers to enhance gelation properties. This approach has
led to the development of several self-assembling entities. Given their chemical similarity
to Fmoc derivatives, these dipeptides are expected to display similar aggregation and
gelation features.

One such moiety, benzyloxycarbonyl-(Z-, Figure 8A), is a simple aromatic group
that can replace the Fmoc group in solid-phase peptide synthesis (SPPS) and that can
be employed to obtain gelators. For example, Z-FF was found to produce hydrogels at
0.2 wt% [182]. Rheological characterization of these hydrogels, prepared at concentrations
of 0.5 and 1.0 wt% after a solvent switch (HFIP/H2O or acetic acid/H2O), revealed no
significant differences in gelation based on the solvent used. At a concentration of 1.0 wt%,
the storage modulus (G′) was higher than 105 Pa, while at 0.5 wt%, it was lower, indicating
a dependence on peptide concentration. This finding could be correlated with the contact
number between fibers forming the matrices. At 4.8 mM, Z-FF formed opaque gels with
a critical gel concentration (CGC) of 0.14 wt%. The gel exhibited a G′ of 2000 Pa when
prepared at 25 ◦C, though this value decreased to 300 Pa following a heating/cooling
cycle from 50 ◦C [129]. Additionally, a library of dehydrodipeptides Z-L-Xaa-Z-∆Phe-OH
(Xaa = Met, Phe, Tyr, Ala, Gly) was also synthesized and screened for hydrogel formation by
Veloso et al. [183]. Derivatives with Xaa = Met, Phe, and Tyr were found to form hydrogels
through pH exchange by GdL. Importantly, at a concentration of 0.3 wt%, the gels based on
the dehydropeptide with Xaa = Phe (G′ ~100 kPa) were 100× and 10,000× stronger than the
peptides with Met and Tyr, respectively. Additionally, the gels were frequency-independent,
and the dehydropeptide with Xaa = Phe could also form gels through a heating/cooling
cycle in phosphate buffer (0.1 M, pH = 7.3).

Derivatives containing diphenylalanine N-capped with lauric (C12-FF), myristic (C14-
FF), or palmitic acid (C16-FF) were also reported. Among these compounds, only C16-FF
demonstrated the ability to form a gel at a concentration of 0.1 wt% with a storage modulus
(G′) of 300 Pa [129]. The gelation was studied through the addition of either calcium or
magnesium nitrate salts [61]. At pH = 11.7 and a concentration of 0.5 wt%, viscosity values
of 44, 17 and 509 η/mPa s−1 for C12-, C14-, and C16-FF, respectively, were reported. Turbid
gels were formed only with C14-FF (G′ = 3400 Pa, G′′ = 732 Pa) and C16-FF (G′ = 2361 Pa,
G′′ = 334 Pa).

Further studies of the gelation propensity involved fluorinated benzyloxycarbonyl-
(Z-) analogs, specifically benzyl-FF (Bz-FF) and its 4-fluorobenzyl-FF (Figure 8B, BzF4-
FF) related analog. [184]. BzF4-FF formed fibrillary architectures and self-supporting
hydrogels in the range of 1.5 wt% to 5.0 wt%, while Bz-FF resulted in a viscous solution
with simultaneous precipitate formation. Rheological studies demonstrated that only the



Gels 2024, 10, 507 19 of 37

fluorinated analog formed a gel, with a G′ value exceeding 5700 Pa. Geometry optimization
revealed that the gelation propensity was influenced by the “sandwich” configuration of
BzF4-FF compared to the T-shaped configuration of Bz-FF.

An N-4-azidobenzylcarbamate-FF (Az-FF, Figure 8C) was proposed as a building block
for stimuli-responsive matrices for drug delivery applications due to its ability to induce a
gel–sol transition through radical modification of the non-covalent interactions [185]. Az-FF
could form gels at 0.5 wt% through the solvent-switch method with DMSO and water or
buffers (PBS or acetate). Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) analyses showed the formation of highly dense and thin fibers (SEM,
Figure 8D). Despite this, Az-FF gels exhibited a low storage modulus (200 Pa) as measured
by frequency sweep experiments (Figure 8E). The authors explored a trans-cyclooctene
(TCO) triggered hydrogel by substituting the N-4-azidobenzylcarbamate group with
4-azido-2,3,5,6-tetrafluorobenzyl carbamate (AzF4-FF, Figure 8F). Synthesized similarly
to Az-FF, AzF4-FF formed hydrogels with elongated fibrillar aggregates (Figure 8G) with
a lower CGC of 0.1 wt%. Additionally, it displayed an improved rigidity (G′ = 1500 Pa,
Figure 8H) compared to the Az-FF derivative, even at lower concentrations [186].

N-protected cinnamoyl diphenylalanine dipeptide (Cin-FF) was found to self-assemble
into helical fibers, forming a self-supporting semi-transparent matrix through a thermally
triggered gelation followed by sonication [187]. The assembly consisted of elongated flat
ribbons, approximately ≈50 nm wide, which interconnected into broader fibers (~144 nm)
that then fold to form helical structures. The major (two-fold) and minor (one-fold) helix
turns were ~1.2 µm and ~870 nm, respectively, with a G′ value of ~226 Pa. Compared to
Fmoc-FF (G′ ~9500 Pa), it was noted that the preparation method significantly influenced
the mechanical response, resulting in different stiffnesses despite similar elasticity and
comparable G′-G′′ cross points in their amplitude sweep profiles.
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The FF sequence was also modified at N-terminus with indolacetic acid (In-FF), result-
ing in the formation of architecture rich in β-sheet secondary structuration. In-FF gels can
be prepared using several approaches, such as dissolution at 90 ◦C in PBS, pH switching, or
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DMSO solvent switching. When prepared using the pH switch method, these gels exhibited
extremely high G′ values. This high G′ was associated with additional hydrogen bonding
from the indole moiety, π-π interactions between the indole and phenylalanine residues,
and the formation of large fibrous networks visible to the naked eye. TEM micrographs
revealed that fiber thickness ranged from 100 to 400 nm, with isolated nanofibers approxi-
mately 2 nm in height. Notably, no fiber branching was observed in either TEM or AFM
images; instead, it displayed a high degree of fiber bundling. As with Fmoc-FF, the G′

values for In-FF gels depended on the preparation method: pH switch method gels had
G′ values around 3 × 105 Pa, whereas gels prepared by solvent switch or temperature
methods had G′ values around or below 104 Pa [188].

A comparative study about strictly related building blocks of FF N-capped via indole
heterocyclies, (indole-FF (In-FF), N-methylindole-FF (NMeI-FF), benzimidazolone-FF (BIm-
FF), and benzimidazole-FF (B-FF)) highlighted that mechanical properties are strongly
influenced by the nitrogen substitution in the heterocyclic capping group (Figure 9) [189].
All peptides formed hydrogels through pH switch using GdL, with ultimate gel pH values
around 4–5. Interestingly, the clog p values of the peptides correlated with the respective
CGC. Circular dichroism studies suggested that the methylated indolic nitrogen in NMeI-
FF interfered with β-sheet formation (absent in In-FF), underscoring the role of the capping
group in the structural properties. In-FF and NMeI-FF displayed a similar linear viscoelastic
region (LVR) up to a strain of 1% and showed reversibility. In contrast, the hydrogels based
on BIm-FF and B-FF displayed LVRs extending to 3% and 10%, respectively. The peptides
with a larger degree of nitrogen substitution in their capping group led to softer hydrogels
and greater strain tolerance. The crossover point value varies from 60% for B-FF to as low
as 3% for BIm-FF. The storage moduli of the indole-based hydrogels, In-FF and NMeI-FF,
exceeded 105 Pa, indicating a significant stiffness. Despite the previously reported rigidity
of In-FF hydrogels, the high storage modulus of the NMeI-FF derivative was unexpected.
This suggested that mechanical properties are influenced less by hydrogen bonding and
more by the degree of nitrogen substitution. For instance, BIm-FF and B-FF, though
displaying similar stiffness, had an order of magnitude lower stiffness compared to indole-
based gels, further highlighting the impact of nitrogen substitution on the heterocyclic
capping group.

Gels 2024, 9, x FOR PEER REVIEW 23 of 42 
 

 

of the capping group in the structural properties. In-FF and NMeI-FF displayed a similar 
linear viscoelastic region (LVR) up to a strain of 1% and showed reversibility. In contrast, 
the hydrogels based on BIm-FF and B-FF displayed LVRs extending to 3% and 10%, re-
spectively. The peptides with a larger degree of nitrogen substitution in their capping 
group led to softer hydrogels and greater strain tolerance. The crossover point value var-
ies from 60% for B-FF to as low as 3% for BIm-FF. The storage moduli of the indole-based 
hydrogels, In-FF and NMeI-FF, exceeded 105 Pa, indicating a significant stiffness. Despite 
the previously reported rigidity of In-FF hydrogels, the high storage modulus of the 
NMeI-FF derivative was unexpected. This suggested that mechanical properties are influ-
enced less by hydrogen bonding and more by the degree of nitrogen substitution. For 
instance, BIm-FF and B-FF, though displaying similar stiffness, had an order of magnitude 
lower stiffness compared to indole-based gels, further highlighting the impact of nitrogen 
substitution on the heterocyclic capping group. 

 
Figure 9. Rheological characterization and chemical structure of indole-FF (In-FF), N-methylindole-
FF (NMeI-FF), benzimidazolone-FF (BIm-FF), and benzimidazole-FF (B-FF) derivatives. The figure 
is adapted from Ref. [189]. Copyright with permission from RSC. 

Carbazole-capped (Figure 10A) diphenylalanine (CBz-FF) was found to self-assem-
ble into hydrogels via a pH switch, forming a β-sheet secondary structure [190]. CBz-FF 
is noted as a “supergelator,” with a critical gelation concentration of 0.03 w/v%. This low 
gelation concentration is attributed to the carbazole group, which allows CBz-FF to gel at 
concentrations where Fmoc-derivatives cannot. The carbazole group favors the formation 
of smaller molecular fibers, averaging 1.7 ± 0.3 nm in diameter, compared to the 2 nm 
fibers of Fmoc analogs. Despite the comparable fiber size, their morphologies differ sig-
nificantly: CBz-FF forms a highly branched network of nanofibrils that are disjointed ra-
ther than continuous. At 1.0 wt%, CBz-FF hydrogels displayed a storage modulus (G′) of 
0.5–0.7 kPa. 

Aldilla et al. [191] introduced a new class of short peptides with a glyoxylamide cap-
ping group (5X-GL). The glyoxylamide group includes two carbonyl groups oriented in 
different spatial directions, enhancing hydrogen bonding interactions. Various deriva-
tives could form gels through different methods, such as solvent switch, heating/cooling, 
and pH switch. However, 5-H-glyoxylamide-FF (5H-GL-FF) was unique in forming hy-
drogels through a slow pH decrease with GdL, producing a softer hydrogel (G′ ~103 Pa) 
compared to the other derivatives (5F, 5CH3, and 5Br). These results were correlated with 
the LogP values, emphasizing the importance of the hydrophobic/hydrophilic balance. 
Notably, 5F, 5CH3, and 5Br derivatives could produce organogels in toluene and isopro-
pyl alcohol. 

A pyrene (Pyr)-YL amphiphile hydrogelator was compared with its Fmoc-protected 
analog, revealing that the increased aromaticity volume of pyrene contributed to the 

Figure 9. Rheological characterization and chemical structure of indole-FF (In-FF), N-methylindole-FF
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adapted from Ref. [189]. Copyright with permission from RSC.

Carbazole-capped (Figure 10A) diphenylalanine (CBz-FF) was found to self-assemble
into hydrogels via a pH switch, forming a β-sheet secondary structure [190]. CBz-FF is
noted as a “supergelator”, with a critical gelation concentration of 0.03 w/v%. This low
gelation concentration is attributed to the carbazole group, which allows CBz-FF to gel at
concentrations where Fmoc-derivatives cannot. The carbazole group favors the formation
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of smaller molecular fibers, averaging 1.7 ± 0.3 nm in diameter, compared to the 2 nm fibers
of Fmoc analogs. Despite the comparable fiber size, their morphologies differ significantly:
CBz-FF forms a highly branched network of nanofibrils that are disjointed rather than
continuous. At 1.0 wt%, CBz-FF hydrogels displayed a storage modulus (G′) of 0.5–0.7 kPa.

Aldilla et al. [191] introduced a new class of short peptides with a glyoxylamide
capping group (5X-GL). The glyoxylamide group includes two carbonyl groups oriented in
different spatial directions, enhancing hydrogen bonding interactions. Various derivatives
could form gels through different methods, such as solvent switch, heating/cooling, and
pH switch. However, 5-H-glyoxylamide-FF (5H-GL-FF) was unique in forming hydrogels
through a slow pH decrease with GdL, producing a softer hydrogel (G′ ~103 Pa) compared
to the other derivatives (5F, 5CH3, and 5Br). These results were correlated with the LogP
values, emphasizing the importance of the hydrophobic/hydrophilic balance. Notably, 5F,
5CH3, and 5Br derivatives could produce organogels in toluene and isopropyl alcohol.

A pyrene (Pyr)-YL amphiphile hydrogelator was compared with its Fmoc-protected
analog, revealing that the increased aromaticity volume of pyrene contributed to the
superior mechanical properties and recovery of Pyr-YL (G′ = 390 Pa) compared to the Fmoc
analog (190 Pa) [176].

ThNap-FF building block, N-capped with a tetrahydronaphthalene (ThNap), could
form gels upon salt addition, forming a rigid matrix (G′ ~5.5 × 104 Pa) and demonstrating
recovery from shear stress (66% over 5 min). An analog sequence, ThNap-VG, did not
gel, indicating a sequence-dependent behavior [61]. When prepared using a DMSO/H2O
(80/20, v/v) solvent switch, ThNap-FF produced more homogeneous and reproducible
gels. This approach enabled the creation of gel noodles with tunable mechanical responses
(from 5 to 20 kPa) depending on the production flow rate [13].

The conjugation of nucleobases, specifically thymine, adenine, cytosine, and guanine,
was explored to design supramolecular nanofibers and hydrogels. Rheological characteriza-
tion at 2.0 wt% indicated that purine bases generate stronger matrices, and the differences
were associated with the pKa nucleobases [192].

A 7-hydroxycoumarin-capped diphenylalanine (Cou-FF) formed gels through a pH
switch with GdL, comprising a fibril network with a storage modulus of 82 kPa [193].

Ferrocene-FF (Fc-FF) was observed to undergo a conversion from nanospheres to
nanofibers under shaking, forming a yellow self-supporting hydrogel with a G′ of 1000 Pa.
Although the mechanical response was lower compared to Fmoc-FF, the ferrocene group
was proposed as a molecular kinetical determinant of aggregation.

Novel UV-Vis-responsible peptide-based hydrogels were developed by modifying
different dipeptide sequences with the azobenzene (Azo-) moiety [194]. The Azo group, con-
sisting of two phenyl rings linked by an N=N double bond, facilitated the self-aggregation
of Azo-FF through intermolecular π-π stacking. Upon light irradiation at λ = 365 nm,
Azo groups reversibly switch between E- and Z- conformations, altering aromatic interac-
tions and affecting gelation. The library of peptides included several dipeptide sequences
(Phe-Glu, Gln-Tyr, Glu-Phe, Gln-Gln, Phe-Ser, Gln-Ala, Ser-Phe, Glu-Ala, Phe-Ala, Arg-
Ala, Ala-Phe, Arg-Phe, Phe-Phe, Arg-Gln, Phe-Tyr, Ser-Ala, Tyr-Ala, Lys-Ala, Ala-Tyr,
Arg-Lys, Tyr-Tyr, Glu-Lys, Glu-Tyr, and Tyr-Lys) that were evaluated for hydrogelation
ability. Charged amino acids were found to inhibit gelation, while aromatic residues sup-
ported hydrogel formation. However, comprehensive rheological characterization was not
carried out.

BPmoc (borono-phenylmethoxycarbonyl), NPmoc (p-nitro-phenylmethoxycarbonyl),
and Bhcmoc (6-bromo-7-hydroxycoumarin-4-ylmethoxycarbonyl) derivatives were also
used as Fmoc- alternatives for diphenylalanine capping (Figure 10). These compounds
formed self-supporting gels with redox, thermal, and pH-responsiveness. Although rhe-
ological data were not reported, peptides capped with the more hydrophobic NPmoc
and Bhcmoc groups exhibited low critical gelation concentrations of 0.35 and 0.40 wt%,
respectively, highlighting a significant role of the capping group in gel formation [195].
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Similarly, to Fmoc-FF, 6-nitroveratryloxycarbonyl-diphenylalanine (Nvoc-FF) gener-
ates a 3D, self-supporting, nanofibrous hydrogel using a DMSO/water solvent switch
approach. Additionally, the Nvoc-FF hydrogel exhibited good mechanical properties with
a G′ value of 40 kPa and a gel–sol transition under UV-Vis exposure at 365 nm [45].

To create more biocompatible molecular hydrogelators, Xu et al. [196] developed a
class of hydrogelators based on (naphthalen-2-yloxy)acetic acid, naphthalen-, and methyl-
naphthalen-conjugated dipeptides (GG, GA, Ga, GS, GV, and GL sequences). Only the
(naphthalen-2-yloxy)acetic acid derivatives were able to form gels, suggesting that the
-OCH2- spacer can promote the correct conformations in the molecular entities and act
as a positive hydrogen bond acceptor. Excellent hydrogelation abilities were noted for
Nap-Ga and Nap-GaA, with a CGC of 0.07 wt% and a gel–sol transition around 50 ◦C.
Transmission electron micrographs (TEMs) revealed uniform helical nanofibers in both
gels, with a diameter of ~30 nm and pitches near 60 nm. Comparing the gelation abilities
of GG, Ga, and GA sequences, the alanine methyl group decreased the backbone flexibility
and, in turn, the conformational entropy. For Nap-GS, the steric hindrance induced by
the hydroxylmethyl group affected the intermolecular interactions, leading to less stable
hydrogels. The role of steric hindrance is further highlighted by the relatively large and
hydrophobic side chains of valine and leucine in the GV and GL derivatives, which did
not afford gels. Thus, increased steric hindrance and total hydrophobicity can reduce the
gelation tendency.

Using a combinatory approach, a library of 34 dipeptides (sequences Val-Val, Val-Ala,
Val-Gly, and Val-Phe) N-capped with different aromatic groups (2-(naphthalen-2-yloxy), 2-
(naphthalen-1-yl)acetamido, 2-(phenanthren-9-yloxy), 2-(anthracene-9-carboxamido), and
their Br or diBr substituted analogs) was studied [197]. As mentioned, the self-assembly
is strongly affected by the preparation method (pH- or solvent-triggered approach). A
larger number of the dipeptides are known to assemble into a fibrillar network through
a pH-triggered approach rather than the solvent switch. From this expanded library, it
was found that dipeptides containing at least one phenylalanine are significantly more
likely to form gels. The likelihood of gelation increased when the naphthalene ring was
replaced with phenanthrol. All dipeptides N-capped with carbazole formed gels through
the pH-triggered method, while anthracene-capped dipeptides could not form gels. Some
examples from the library are included in Table 4 and represented in Figure 11.
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Table 3. List of Fmoc-dipeptide hydrogels self-assembly parameters, mechanical properties, melting temperature (Tm), fibril cross-section, highlights and application.
The critical gelation concentration (CGC) and gelator concentration employed in the rheological assays [Gel] are included. The orders (or range) of the limit strain of
the linear viscoelastic regime (LVR), critical strain (γ), storage (G′), and loss (G′′) moduli are indicated unless the values are detailed in the respective manuscript.

Gelator Method Media pH CGC
(mM)

[Gel]
(mM) G′ (Pa) G′′ (Pa) LVR

(%)
γ

(%) Tm (◦C) Fibril (nm) Highlights Application Ref.

Fmoc-AA pHE Water <4 1.6–16.9 - - - - - - 68 ±1 8 - - [160]
Fmoc-AD HC PBS 7.4 142.3 10 - - - - - - - - [173]
Fmoc-AG pHE Water <4 4.3-17.9 - - - - - - 30 ± 6 [d] - Cell growth [160]
Fmoc-FA GdL Water 3.75 - 14.6 95,600 - - - - - - - [65]
Fmoc-FG pHE Water <4 4.0–17.8 - - - - - - 25 ± 6 [d] - Cell growth [160]
Fmoc-FG GdL Water 3.75 - 14.6 41,000 - - - - - - - [65]

Fmoc-FL D PBS ~8 - 20 11,500 >1100 <2 ~6 100–150 Fiber and straight
rods Fillers [178]

Fmoc-FV pHE Water 7.4 - 20 800 650 >100 - - 30 [t] - 3D cell culture [179]
Fmoc-GG pHE Water <4 4.2–16.9 - - - - - - 33 ± 8 [d] - Cell growth [160]
Fmoc-ID HC PBS 7.4 8.5 10 - - - - - - - - [173]

Fmoc-K(Fmoc)-D SE Water/DMSO 0.03 7 - - <100 - - - Conductive gel DNA binding [181]
Fmoc-LD HC PBS 7.4 10.7 10 80 ~15 <0.3 >10 - - - Drug delivery [173]
Fmoc-LG pHE Water <4 8.5–17.8 - - - - - - 22 ± 5 [d] - Cell growth [160]

pHE −
HCl Water 3.75 - 14.6 5900 - - - - - - - [65]

GdL Water 3.75 - 14.6 184,000 - - - - - - - [65]
Fmoc-LL D PBS ~8 - 20 1500 ~300 <1 ~10 - 20–50 - Fillers [178]
Fmoc-YA D PBS ~8 - 20 800 ~300 <0.5 ~5 - 20–50 - Fillers [178]
Fmoc-YD D Water - - 10 ~4500 ~2000 <100 ~50 - 18 [t] Helical fibrils 3D Bioprinting [177]
Fmoc-YK D Water - - 10 20 8 <2 ~30 - 5 [t] Helical fibrils 3D Bioprinting [177]

Fmoc-YL pHE Water ~7.3 - 10 ~390 ~190 <0.1 - - 40–200 Stable
ν = 0.1–15.8 Hz [176]

D PBS ~8 - 20 6000 ~1000 <2 ~10 - - Shear-thinning Fillers [178]
Fmoc-YN Enz/pHE PBS 8 - 10 3010 949 - - - - - - [180]
Fmoc-YS Enz/pHE PBS 8 - 10 3400 100 - - - - - - [180]

CGC: critical gelation concentration; Tm: gel–sol transition temperature; G′: storage modulus; G′′: loss modulus. Amino acids are reported as one letter code. mM = millimol/L;
ν = frequency; pHE= pH-exchange (“pH-switch); D = dissolution; [t] = thickness; [d] = diameter; [w] = width; [p] = pitch; Enz = enzymatic deprotection; PB: phosphate buffer;
DMSO: dimethyl sulfoxide; SE: solvent exchange; US: ultrasound; HC: heating/cooling; GdL: glucono-δ-lactone. AA: acetic acid; Fiber dd = relationship between fiber dimension and
concentrations.
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Table 4. List of N-capped dipeptide gelators, including self-assembly parameters, mechanical properties, melting temperature (Tm), fibril cross-section, highlights
and application. The critical gelation concentration (CGC) and gelator concentration employed in the rheological assays [Gel] are included. The orders (or range)
of the limit strain of the linear viscoelastic regime (LVR), critical strain (γ), storage (G′), and loss (G′′) moduli are indicated unless the values are detailed in the
respective manuscript.

Gelator Method Media pH CGC
(mM)

[Gel]
(mM) G′ (Pa) G′′ (Pa) LVR

(%)
γ

(%) Tm (◦C) Fibril (nm) Highlights Application Ref.

Z-FF SE Water/HFIP - <11.2 22.4 >100,000 <10,000 - - - - Thixotropic - [182]
SE Water/AA - - 11.2 <100,000 ~1000 - - - - - - [182]
D Water - 3.1 - 2000 ~150 <10 <30 - - - - [129]

HC Water - - - 300 ~30 <10 >100 - - - - [129]
CBz-FF pHE PBS 7.2 0.7 22.4 500 50 - - - 1.7 - - [190]
C16-FF D Water - 1.8 - ~300 ~70 <1 10 - 20 [d] Helical fibers - [129]

HC Water - - - ~300 ~150 <1 - - - - [129]
D Water/salt 11.7 - 9.1 2361 334 >20 ~80 - - - [61]

C14-FF D/Ca2+ Water/salt 11.7 - 9.6 3400 732 <10 ~20 - - - - [61]

Bz4F-FF HC Water 7.89 33.5 44.8 5700 ~1000 >100- - - 8 [d] Tm dependence Cell growth [184]

Az-FF SE Water/DMSO 3.4 10.2 10.2 200 ~30 - - - - - Drug
delivery [185]

AzF4-FF SE Water/DMSO 7.5 1.8 8.9 1500 ~200 - - - - - Drug
delivery [185]

Cin-FF HC PBS 7.4 4.5 4.5 226 - - - ~45 Ribbon Helical fibers Cell growth [187]
In-FF pHE GdL Water - 8.5 21.2 300,000 ~5000 - - - 100–400 [t] - - [188]

pHE GdL Water 4–
5 6.4 12.8 100,000 10000 <1 >70 - - Fiber dd - [189]

NMeI-FF pHE GdL Water 4–
5 12.4 12.4 200,000 20000 <1 ~9 - - Fiber dd - [189]

Bim-FF pHE GdL Water 4–
5 4.1 12.3 30,000 2000 <3 ~4 - - Fiber dd - [189]

B-FF pHE GdL Water 4–
5 2.1 12.7 50,000 4000 <10 ~70 - - Fiber dd - [189]

5H-GL-FF pHE GdL Water - 2 4 ~1000 - - - - - - - [191]

Pyr-YL pHE Water ~7.3 - 10 ~190 ~45 0.1–
1 - - 40–200 Stable ν 0.1–5.0 - [176]

ThNap-FF D/Ca2+ Water/salt 11.7 - 10 54,944 8786 <1 >10 - - - - [61]

SE Water:DMSO
(80:20 v/v) ~4.3 - 4 ~10,000 ~1000 >10 - - - Annealing Molding [13]

a-FF pHE Water 5 20.5 40.9 8090 - - 1 - 16 [w] - - [192]
g-FF pHE Water 5 19.9 39.7 12,613 - - 0.8 - 15 [w] - - [192]
t-FF pHE Water 5 20.9 41.8 6345 - - 1.2 - 9 [w] - - [192]
c-FF pHE Water 5 21.6 43.2 26 - - 0.6 - 10 [w] - - [192]

Cou-FF pHE GdL Water - - 9.7 82,000 10,000 - 1 - 42 [d] - - [193]
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Table 4. Cont.

Gelator Method Media pH CGC
(mM)

[Gel]
(mM) G′ (Pa) G′′ (Pa) LVR

(%)
γ

(%) Tm (◦C) Fibril (nm) Highlights Application Ref.

Fc-FF D Water/MeOH
(90:10 v/v) - - 5.7 ~1000 ~40 - - - 40–90 [d] - -Redox [198]

BPmoc-FF D MES buffer - 1.0 - - - - - 43 10–30 [d] Bundled tape-like Stim. Resp [195]
NPmoc-FF D MES buffer - >0.35 - - - - - - - - Stim. Resp [195]
Bhcmoc-FF D MES buffer - >0.40 - - - - - - - - Stim. Resp [195]

Nvoc-FF SE Water 3.8 - 9 40,000 - <10 - - - - Stim. Resp [45]
Nap-GG D Water ~2 3.2 15.8 ~500 ~40 - - 46 30 [w] - - [196]
Nap-Ga D Water ~2 2.1 15.1 ~5000 ~450 - - 51 30, 60 [p] Left helical - [196]
Nap-GA D Water ~2 2.1 15.1 ~5000 ~450 - - 52 30, 60 [p] Right helical - [196]
Nap-GS D Water ~2 2.3 14.4 ~5000 ~450 - - 50 50 [w] - - [196]

NapBr-VF pHE GdL
SE

Water
Water/DMSO

(95/5)

10–
12 - 9.5

9.5
27,250
13,710

2610
1870 - - - - - - [197]

NaAc-VF pHE GdL
SE

Water
Water/DMSO

(95/5)

10–
12 - 11.5

11.5
3610
455

495
510 - - - - - - [197]

Fen-VF pHE GdL
SE

Water
Water/DMSO

(95/5)

10–
12 - 10

10
24,250
2460

2530
270 - - - - - - [197]

Pyr-VV pHE GdL
SE

Water
Water/DMSO

(95/5)

10–
12 - 10.1

10.1
25,010
14,250

4760
2640 - - - - - - [197]

CGC: critical gelation concentration; Tm: gel–sol transition temperature; G′: storage modulus; G′′: loss modulus. Amino acids are reported as one letter code. mM = millimol/L;
ν = frequency; pHE = pH-exchange (“pH-switch); D = dissolution; [t] = thickness; [d] = diameter; [w] = width; [p] = pitch; Enz = enzymatic deprotection; PB: phosphate buffer;
DMSO: dimethyl sulfoxide; SE: solvent exchange; US: ultrasound; HC: heating/cooling; GdL: glucono-δ-lactone. AA: acetic acid; Fiber dd = relationship between fiber dimension and
concentrations.
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4. Perspective on the Structure-Property Relationship

The mechanical properties of hydrogels can be affected by different parameters, in-
cluding the network morphology, stiffness of the network chains, and cross-linking den-
sity [199,200]. Adding to the complexity, different networks may exhibit similar scaling
behavior with concentration [88,89]. Regarding morphology, the amino acid and dipeptide-
based gels commonly display an entangled fibrillar network, which can also include helical
fibers, rigid rods, bundles, nanotubes, 2D sheets, stringed nanoparticles, and tape-like
structures. However, many studies lack detailed characterization of these gels, such as
strain sweep data or specific rheological conditions, complicating the understanding of how
morphology affects mechanical properties. The inherent complexity of peptide-based gels
and lack of experimental detail makes it difficult to understand the relationship between
morphology and mechanical properties. However, despite these challenges, the influence of
some parameters can be understood from the more in-depth studies found in the literature.

4.1. Influence of the Self-Assembly Pathway

Considering that LMWG-based gels commonly consist of kinetically trapped or
metastable states, the self-assembly conditions can strongly impact the resulting properties.
The self-assembly conditions include the stimulus magnitude, charge screening, homo-
geneity, and aging. For example, using GdL instead of HCl can improve gel homogeneity
and mechanical properties due to a slower, more uniform pH decrease [64–68]. A larger
concentration of enzymes in enzyme-triggered gels [70–73], or ionic force [60,62,74–76],
commonly lead to a faster gelation and larger G′ values. The incremental Ca2+ content
and cation valence as follows: M+ < M2+ (s block) < M3+ (d, p, f block) < M2+ (d block)
were also demonstrated to increase the storage modulus [62]. This trend aligns with the
Irving–Williams series for ionic binding affinity, as well as with the greater coordination
and covalent character achieved with d-block ions. Other parameters that can influence
the mechanical properties include the concentration and pH [77]. A larger concentration of
peptide leads to more fibers available to entangle/crosslink and a lower pH in N-terminal
protected peptides leads to a larger storage modulus [127].
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In addition to the mentioned conditions, the self-assembly pathway can influence the
morphology of the gel and resulting properties. This is a well-known concept in other
supramolecular materials but less explored peptide-based gels. For instance, a slow pH
decrease typically leads to a network with more uniform fibers, whereas a rapid pH de-
crease with HCl results in inhomogeneities [64–68]. Regarding the solvent switch method,
peptides often assemble in spherulitic domains of fibers [201,202]. Under strain, the connec-
tions between these spherulites can break, but the spherulitic domains remain unaffected
and can reassemble after the strain is removed. Conversely, gels prepared with GdL tend
not to recover well, potentially due to the fibers being too hydrophobic, which prevents the
re-entanglement after removal of the strain. Based on these differences, Draper et al. [10]
suggested that gel recovery depends more on fiber distribution than on specific gelator or
solvent conditions. However, the literature here summarized in tables reveals some key
insights: (1) thixotropic gels can be obtained through both slow pH decrease and solvent
switch methods, as well as a heating/cooling cycle; (2) different assemblies, including
spherulitic domains, helical fibers, and networks of fibers and tapes, can form thixotropic
gels; (3) the apparent assembly pKa and final pH are crucial in determining the recovery
capability of the gels. Regarding the latter point, recently, an injectable and reversible gel
was reported [43], which could be prepared by dispersing the peptide in a basic solution
followed by pH exchange with a buffer solution at physiological pH. Additionally, the
Fmoc-Tyr (3NO2) could form reversible gels through a heating/cooling cycle near neutral
pH, except at more acidic conditions (pH = 5) [122], while Fmoc-Dap (Fmoc) could provide
thixotropic gels in a wider pH range (4.9 to 9.1) [127]. Therefore, instead of only the fiber
distribution, the revised literature suggests that a specific gelator and solvent, and associ-
ated peptide–peptide, solvent–solvent, and peptide–solvent interactions, can determine
the range of conditions in which the gel is reversible, as well as the associated morphology
and properties. In this way, a peptide such as Fmoc-Tyr (3NO2) can provide reversible
gels if the gelation is carried near the apparent assembly pKa, but lowering the pH further
may turn it too hydrophobic and hinder the structure recovery after strain. Understanding
the impact of structural parameters on assembly, morphology, and resultant properties is
crucial. However, many studies have only evaluated the frequency-dependence of G′ and
G′′ values, which is insufficient. Gels developed by different methods can show similar
G′ and G′′ values and frequency independence but differ significantly in strain sweeps.
Therefore, it is important to conduct a comprehensive rheological characterization of the
gels for a complete understanding.

4.2. Influence of the Chemical Structure

Aromaticity and hydrophobicity are two chemical concepts often recalled for the
design of gelling sequences or to improve the mechanical response of gels. Balancing these
parameters is essential to prevent precipitation and enable self-assembly. Notably, pheny-
lalanine, the smallest gelling unit, plays a crucial role in the self-assembly into anisotropic
structures, as the presence of at least one phenylalanine residue increases the likelihood of
forming a hydrogel. Hydrophobic peptides generally lead to greater mechanical rigidity
and lower critical gelation concentrations [178], possibly by promoting peptide participa-
tion in fiber formation. To modulate hydrophobicity and rigidity, several strategies can
be employed. For example, (charged or uncharged) residues can alter hydrophobicity but
often limit gel formation conditions, as evidenced by the rare examples of gels based on
dipeptides with such residues. Another possibility includes the modification of the aromatic
rings with electron-withdrawing or donor groups. However, this modification implies the
steric effect and electronic character of the aromatic substituents, which can also strongly
influence the resulting properties. For instance, using electron-withdrawing substituent
groups has produced thixotropic and/or stronger amino acid-based gels compared to gela-
tors with non-substituted phenylalanine, while electron-donating groups typically improve
rigidity more effectively. Halogen substituents on dipeptides could also influence the me-
chanical properties by adjusting intra- and intermolecular hydrophobic interactions while
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preserving water channels [148]. However, excessive hydrophobicity or steric hindrance,
such as with bulky iodine substituents, can disrupt water channel formation and alter gel
properties, though gels may still be achievable. It is noteworthy that, despite the benefit
of increasing the steric hindrance, total hydrophobicity, and aromaticity, if not balanced,
these parameters can also reduce the gelation tendency. Heterochirality can also promote
hydrogelation by creating amphipathic conformations with segregated hydrophilic and
hydrophobic regions. Increasing the intramolecular hydrophobic contact area between
phenylalanine side chains in heterochiral dipeptides was found to reduce the interchannel
hydrophobic contacts and, consequently, diminish fiber bundling [148,150]. These findings
were also reported for N-capped dipeptides [196], highlighting the importance of steric
effects and aromatic–aromatic interactions.

The incorporation of an N-capping group increases the complexity of the parameters
that affect the mechanical properties. For instance, additional parameters include the
volume of the capping group, the degree of nitrogen substitution in the case of a heterocyclic
capping group, the pKa of the nucleobases for nucleic acid base-protected dipeptides, and
the flexibility of the peptide backbone. For instance, a larger aromatic volume in the
N-capping group generally leads to more robust mechanical properties and self-healing
capabilities. Overall, the peptide structure requires a polarity balance, as replacing the
carboxylic acid groups with esters eliminates the gelation capability. Moreover, the presence
of amines (positive charge) is known to disrupt gel formation or lead to unstable gels with a
weaker storage modulus compared to their counterparts with carboxylic acid. The backbone
flexibility also plays a critical role, which generally leads to gels with a larger critical
gelation concentration and weaker mechanical rigidity. Thus, decreasing the flexibility by
including conformation constraints, such as α,β-dehydroamino acids, was found to favor
the self-assembly into hydrogels, resulting in mechanically strong gels near physiological
pH and with a low critical gelation concentration [151,152,203,204]. The N-capping with
a more conformationally restrained aromatic group, such as 1-naphthaloyl, was reported
to form stronger gels than dehydropeptides N-capped with 2-naphthylacetyl, though the
latter were prepared at a higher pH [205], which can affect the properties. Instead, larger
conformation flexibility in the capping group spacer, such as the -OCH2- in (naphthalen-
2-yloxy)acetic acid derivatives, have commonly resulted in improved self-assembly and
stronger gels [116,196].

5. Conclusions and Challenges

The development of materials for innovative applications and the comprehension
of their functional performances is strictly related to their self-assembling process. This
review shows that unprotected and single protected amino acids, Fmoc- and other differ-
ently capped peptides can serve as chemical entities for the development of hydrogels.
Distinguished by a multiscale aggregation and self-supporting features, these systems were
analyzed from the rheological point of view, looking for a connection between chemistry,
sequence, and mechanical response. Regarding the influence of different self-assembly
pathways, cavitation rheology is anticipated as a key method to improve the understand-
ing of peptide gels, including the effect of confinement and the vial in which the gel is
prepared, as well as the study of gradients and layer-by-layer structures, which are crucial
for 3D printing applications. However, more studies are required to fully understand
this relationship.

Despite the mentioned advancements, challenges remain in fully understanding
the impact of the different structural parameters. Several works do not report essential
data such as the mechanical properties of gels, the conditions in which the gels were
prepared or measured, detailed mechanical characterization (LVR region and strain sweeps),
pH, or critical gelation concentration data. Additionally, some studies compare peptide
libraries under different conditions. In addition to the variable preparation methods and
concentrations, these pitfalls challenge a consistent understanding of the influence of
structural parameters on peptide-based gels and the self-assembly phenomena. Thus, the
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design of new gelators with the desired properties remains complex. However, it is clear
that a general effective structure to obtain gels consists of phenylalanine N-capped with
a bulky aromatic group, which can be further modified at the C-terminus with other AA
residues. The mechanical rigidity can be easily modified with the halogenation of aromatic
groups, aromatic N-capping groups, heterochirality and dehydroamino acids. Furthermore,
exploring various self-assembly pathways and conditions is crucial to achieving the desired
gel properties. The attention to these points in future works may facilitate a comprehensive
analysis of the peptide-based gels material class, opening a venue to a possible predictive
mathematical model.

Author Contributions: Conceptualization, S.R.S.V., M.R., C.D. and C.F.; methodology, S.R.S.V.,
M.R., C.D. and C.F.; formal analysis, S.R.S.V., M.R. and C.D.; investigation, S.R.S.V., M.R. and C.D.;
resources, C.F.; data curation, S.R.S.V., M.R. and C.D.; writing—original draft preparation, S.R.S.V.,
M.R. and C.D.; writing—review and editing, S.R.S.V., M.R., C.D. and C.F.; visualization, S.R.S.V., M.R.
and C.D.; supervision, C.F.; project administration, C.F.; funding acquisition, S.R.S.V., C.D. and C.F.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by project “Biomaterials from peptide self-assembling gen-
erated by mimicking protein amyloid-like structures”—Ministero dell’Università e della Ricerca—
NextGenerationEU (European Union), grant number PRIN_2022TSLMHR”, and by the Portuguese
Foundation for Science and Technology (FCT) in the framework of the Strategic Funding of CF-UM-
UP (UIDB/04650/2020, UIDP/04650/2020), of CMAT (Centre of Mathematics of the University of
Minho) projects UIDB/00013/2020 and UIDP/00013/2020, and through CEFT (Transport Phenomena
Research Center of the University of Porto) projects UIDB/00532/2020 and UIDP/00532/2020.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Zhang, Z.; Ai, S.; Yang, Z.; Li, X. Peptide-Based Supramolecular Hydrogels for Local Drug Delivery. Adv. Drug Deliv. Rev. 2021,

174, 482–503. [CrossRef]
2. Guan, T.; Li, J.; Chen, C.; Liu, Y. Self-Assembling Peptide-Based Hydrogels for Wound Tissue Repair. Adv. Sci. 2022, 9, e2104165.

[CrossRef] [PubMed]
3. Liu, X.; Sun, X.; Liang, G. Peptide-Based Supramolecular Hydrogels for Bioimaging Applications. Biomater. Sci. 2021, 9, 315–327.

[CrossRef]
4. Binaymotlagh, R.; Chronopoulou, L.; Haghighi, F.H.; Fratoddi, I.; Palocci, C. Peptide-Based Hydrogels: New Materials for

Biosensing and Biomedical Applications. Materials 2022, 15, 5871. [CrossRef] [PubMed]
5. Bakhtiary, N.; Ghalandari, B.; Ghorbani, F.; Varma, S.N.; Liu, C. Advances in Peptide-Based Hydrogel for Tissue Engineering.

Polymers 2023, 15, 1068. [CrossRef]
6. Habibi, N.; Kamaly, N.; Memic, A.; Shafiee, H. Self-Assembled Peptide-Based Nanostructures: Smart Nanomaterials toward

Targeted Drug Delivery. Nano Today 2016, 11, 41–60. [CrossRef]
7. Ni, M.; Zhuo, S. Applications of Self-Assembling Ultrashort Peptides in Bionanotechnology. RSC Adv. 2019, 9, 844–852. [CrossRef]
8. Das, S.; Das, D. Rational Design of Peptide-Based Smart Hydrogels for Therapeutic Applications. Front. Chem. 2021, 9, 770102.

[CrossRef]
9. Pramanik, B. Short Peptide-Based Smart Thixotropic Hydrogels. Gels 2022, 8, 569. [CrossRef]
10. Draper, E.R.; Adams, D.J. Controlling the Assembly and Properties of Low-Molecular-Weight Hydrogelators. Langmuir 2019, 35,

6506–6521. [CrossRef]
11. Raghavan, S.R.; Douglas, J.F. The Conundrum of Gel Formation by Molecular Nanofibers, Wormlike Micelles, and Filamentous

Proteins: Gelation without Cross-Links? Soft Matter 2012, 8, 8539. [CrossRef]
12. De Leon Rodriguez, L.M.; Hemar, Y.; Cornish, J.; Brimble, M.A. Structure-Mechanical Property Correlations of Hydrogel Forming

β-Sheet Peptides. Chem. Soc. Rev. 2016, 45, 4797–4824. [CrossRef] [PubMed]
13. Panja, S.; Fuentes-Caparrós, A.M.; Cross, E.R.; Cavalcanti, L.; Adams, D.J. Annealing Supramolecular Gels by a Reaction Relay.

Chem. Mater. 2020, 32, 5264–5271. [CrossRef] [PubMed]
14. Xu, T.; Wang, J.; Zhao, S.; Chen, D.; Zhang, H.; Fang, Y.; Kong, N.; Zhou, Z.; Li, W.; Wang, H. Accelerating the Prediction and

Discovery of Peptide Hydrogels with Human-in-the-Loop. Nat. Commun. 2023, 14, 3880. [CrossRef] [PubMed]
15. Gupta, J.K.; Adams, D.J.; Berry, N.G. Will It Gel? Successful Computational Prediction of Peptide Gelators Using Physicochemical

Properties and Molecular Fingerprints. Chem. Sci. 2016, 7, 4713–4719. [CrossRef] [PubMed]
16. Zhou, P.; Yuan, C.; Yan, X. Computational Approaches for Understanding and Predicting the Self-Assembled Peptide Hydrogels.

Curr. Opin. Colloid Interface Sci. 2022, 62, 101645. [CrossRef]

https://doi.org/10.1016/j.addr.2021.05.010
https://doi.org/10.1002/advs.202104165
https://www.ncbi.nlm.nih.gov/pubmed/35142093
https://doi.org/10.1039/D0BM01020K
https://doi.org/10.3390/ma15175871
https://www.ncbi.nlm.nih.gov/pubmed/36079250
https://doi.org/10.3390/polym15051068
https://doi.org/10.1016/j.nantod.2016.02.004
https://doi.org/10.1039/C8RA07533F
https://doi.org/10.3389/fchem.2021.770102
https://doi.org/10.3390/gels8090569
https://doi.org/10.1021/acs.langmuir.9b00716
https://doi.org/10.1039/c2sm25107h
https://doi.org/10.1039/C5CS00941C
https://www.ncbi.nlm.nih.gov/pubmed/27301699
https://doi.org/10.1021/acs.chemmater.0c01483
https://www.ncbi.nlm.nih.gov/pubmed/32595268
https://doi.org/10.1038/s41467-023-39648-2
https://www.ncbi.nlm.nih.gov/pubmed/37391398
https://doi.org/10.1039/C6SC00722H
https://www.ncbi.nlm.nih.gov/pubmed/30155120
https://doi.org/10.1016/j.cocis.2022.101645


Gels 2024, 10, 507 30 of 37

17. Ferguson, A.L.; Tovar, J.D. Evolution of π-Peptide Self-Assembly: From Understanding to Prediction and Control. Langmuir 2022,
38, 15463–15475. [CrossRef]

18. Frederix, P.W.J.M.; Scott, G.G.; Abul-Haija, Y.M.; Kalafatovic, D.; Pappas, C.G.; Javid, N.; Hunt, N.T.; Ulijn, R.V.; Tuttle, T.
Exploring the Sequence Space for (Tri-)Peptide Self-Assembly to Design and Discover New Hydrogels. Nat. Chem. 2015, 7, 30–37.
[CrossRef]

19. Toledano, S.; Williams, R.J.; Jayawarna, V.; Ulijn, R.V. Enzyme-Triggered Self-Assembly of Peptide Hydrogels via Reversed
Hydrolysis. J. Am. Chem. Soc. 2006, 128, 1070–1071. [CrossRef]

20. Ramachandran, S.; Tseng, Y.; Yu, Y.B. Repeated Rapid Shear-Responsiveness of Peptide Hydrogels with Tunable Shear Modulus.
Biomacromolecules 2005, 6, 1316–1321. [CrossRef]

21. Haines-Butterick, L.; Rajagopal, K.; Branco, M.; Salick, D.; Rughani, R.; Pilarz, M.; Lamm, M.S.; Pochan, D.J.; Schneider, J.P.
Controlling Hydrogelation Kinetics by Peptide Design for Three-Dimensional Encapsulation and Injectable Delivery of Cells.
Proc. Natl. Acad. Sci. USA 2007, 104, 7791–7796. [CrossRef] [PubMed]

22. Jia, X.; Chen, J.; Xu, W.; Wang, Q.; Wei, X.; Ma, Y.; Chen, F.; Zhang, G. Molecular Dynamics Study of Low Molecular Weight Gel
Forming Salt-Triggered Dipeptide. Sci. Rep. 2023, 13, 6328. [CrossRef] [PubMed]

23. Levin, A.; Hakala, T.A.; Schnaider, L.; Bernardes, G.J.L.L.; Gazit, E.; Knowles, T.P.J.J. Biomimetic Peptide Self-Assembly for
Functional Materials. Nat. Rev. Chem. 2020, 4, 615–634. [CrossRef]

24. Jonker, A.M.; Löwik, D.W.P.M.; van Hest, J.C.M. Peptide- and Protein-Based Hydrogels. Chem. Mater. 2012, 24, 759–773. [CrossRef]
25. Panja, S.; Adams, D.J. Stimuli Responsive Dynamic Transformations in Supramolecular Gels. Chem. Soc. Rev. 2021, 50, 5165–5200.

[CrossRef]
26. Raeburn, J.; Zamith Cardoso, A.; Adams, D.J.; Cardoso, A.Z.; Adams, D.J.; Zamith Cardoso, A.; Adams, D.J. The Importance of

the Self-Assembly Process to Control Mechanical Properties of Low Molecular Weight Hydrogels. Chem. Soc. Rev. 2013, 42, 5143.
[CrossRef] [PubMed]

27. Ardoña, H.A.M.; Draper, E.R.; Citossi, F.; Wallace, M.; Serpell, L.C.; Adams, D.J.; Tovar, J.D. Kinetically Controlled Coassembly
of Multichromophoric Peptide Hydrogelators and the Impacts on Energy Transport. J. Am. Chem. Soc. 2017, 139, 8685–8692.
[CrossRef] [PubMed]

28. Shao, T.; Falcone, N.; Kraatz, H.B. Supramolecular Peptide Gels: Influencing Properties by Metal Ion Coordination and Their
Wide-Ranging Applications. ACS Omega 2020, 5, 1312–1317. [CrossRef] [PubMed]

29. Raymond, D.M.; Nilsson, B.L. Multicomponent Peptide Assemblies. Chem. Soc. Rev. 2018, 47, 3659–3720. [CrossRef]
30. Chivers, P.R.A.; Smith, D.K. Shaping and Structuring Supramolecular Gels. Nat. Rev. Mater. 2019, 4, 463–478. [CrossRef]
31. Jervis, P.J.; Amorim, C.; Pereira, T.; Martins, J.A.; Ferreira, P.M.T.T. Exploring the Properties and Potential Biomedical Applications

of NSAID-Capped Peptide Hydrogels. Soft Matter 2020, 16, 10001–10012. [CrossRef] [PubMed]
32. Jervis, P.J.; Amorim, C.; Pereira, T.; Martins, J.A.; Ferreira, P.M.T.T. Dehydropeptide Supramolecular Hydrogels and Nanostruc-

tures as Potential Peptidomimetic Biomedical Materials. Int. J. Mol. Sci. 2021, 22, 2528. [CrossRef] [PubMed]
33. Lee, S.; Trinh, T.H.; Yoo, M.; Shin, J.; Lee, H.; Kim, J.; Hwang, E.; Lim, Y.-B.; Ryou, C. Self-Assembling Peptides and Their

Application in the Treatment of Diseases. Int. J. Mol. Sci. 2019, 20, 5850. [CrossRef] [PubMed]
34. Naskar, J.; Roy, S.; Joardar, A.; Das, S.; Banerjee, A. Self-Assembling Dipeptide-Based Nontoxic Vesicles as Carriers for Drugs and

Other Biologically Important Molecules. Org. Biomol. Chem. 2011, 9, 6610. [CrossRef] [PubMed]
35. Parween, S.; Misra, A.; Ramakumar, S.; Chauhan, V.S. Self-Assembled Dipeptide Nanotubes Constituted by Flexible β-

Phenylalanine and Conformationally Constrained α,β-Dehydrophenylalanine Residues as Drug Delivery System. J. Mater.
Chem. B 2014, 2, 3096. [CrossRef] [PubMed]

36. James, J.; Mandal, A.B. Micelle Formation of Tyr-Phe Dipeptide and Val-Tyr-Val Tripeptide in Aqueous Solution and Their
Influence on the Aggregation of SDS and PEO–PPO–PEO Copolymer Micelles. Colloids Surf. B Biointerfaces 2011, 84, 172–180.
[CrossRef]

37. Tanaka, W.; Shigemitsu, H.; Fujisaku, T.; Kubota, R.; Minami, S.; Urayama, K.; Hamachi, I. Post-Assembly Fabrication of a
Functional Multicomponent Supramolecular Hydrogel Based on a Self-Sorting Double Network. J. Am. Chem. Soc. 2019, 141,
4997–5004. [CrossRef] [PubMed]

38. Li, R.; Boyd-Moss, M.; Long, B.; Martel, A.; Parnell, A.; Dennison, A.J.C.; Barrow, C.J.; Nisbet, D.R.; Williams, R.J. Facile Control
over the Supramolecular Ordering of Self-Assembled Peptide Scaffolds by Simultaneous Assembly with a Polysacharride. Sci.
Rep. 2017, 7, 4797. [CrossRef]

39. Du, E.Y.; Ziaee, F.; Wang, L.; Nordon, R.E.; Thordarson, P. The Correlations between Structure, Rheology, and Cell Growth in
Peptide-Based Multicomponent Hydrogels. Polym. J. 2020, 52, 947–957. [CrossRef]

40. Falcone, N.; Shao, T.; Andoy, N.M.O.; Rashid, R.; Sullan, R.M.A.; Sun, X.; Kraatz, H.B. Multi-Component Peptide Hydrogels-a
Systematic Study Incorporating Biomolecules for the Exploration of Diverse, Tuneable Biomaterials. Biomater. Sci. 2020, 8,
5601–5614. [CrossRef]

41. Gomes, V.; Veloso, S.R.S.; Correa-Duarte, M.A.; Ferreira, P.M.T.; Castanheira, E.M.S. Tuning Peptide-Based Hydrogels: Co-
Assembly with Composites Driving the Highway to Technological Applications. Int. J. Mol. Sci. 2022, 24, 186. [CrossRef]

42. Gila-Vilchez, C.; Rodriguez-Arco, L.; Mañas-Torres, M.C.; Álvarez de Cienfuegos, L.; Lopez-Lopez, M.T. Self-Assembly in
Magnetic Supramolecular Hydrogels. Curr. Opin. Colloid Interface Sci. 2022, 62, 101644. [CrossRef]

https://doi.org/10.1021/acs.langmuir.2c02399
https://doi.org/10.1038/nchem.2122
https://doi.org/10.1021/ja056549l
https://doi.org/10.1021/bm049284w
https://doi.org/10.1073/pnas.0701980104
https://www.ncbi.nlm.nih.gov/pubmed/17470802
https://doi.org/10.1038/s41598-023-40759-5
https://www.ncbi.nlm.nih.gov/pubmed/37608063
https://doi.org/10.1038/s41570-020-0215-y
https://doi.org/10.1021/cm202640w
https://doi.org/10.1039/D0CS01166E
https://doi.org/10.1039/c3cs60030k
https://www.ncbi.nlm.nih.gov/pubmed/23571407
https://doi.org/10.1021/jacs.7b04006
https://www.ncbi.nlm.nih.gov/pubmed/28578581
https://doi.org/10.1021/acsomega.9b03939
https://www.ncbi.nlm.nih.gov/pubmed/32010800
https://doi.org/10.1039/C8CS00115D
https://doi.org/10.1038/s41578-019-0111-6
https://doi.org/10.1039/D0SM01198C
https://www.ncbi.nlm.nih.gov/pubmed/32789370
https://doi.org/10.3390/ijms22052528
https://www.ncbi.nlm.nih.gov/pubmed/33802425
https://doi.org/10.3390/ijms20235850
https://www.ncbi.nlm.nih.gov/pubmed/31766475
https://doi.org/10.1039/c1ob05757j
https://www.ncbi.nlm.nih.gov/pubmed/21833387
https://doi.org/10.1039/c3tb21856b
https://www.ncbi.nlm.nih.gov/pubmed/32261685
https://doi.org/10.1016/j.colsurfb.2010.12.029
https://doi.org/10.1021/jacs.9b00715
https://www.ncbi.nlm.nih.gov/pubmed/30835456
https://doi.org/10.1038/s41598-017-04643-3
https://doi.org/10.1038/s41428-020-0351-8
https://doi.org/10.1039/D0BM01104E
https://doi.org/10.3390/ijms24010186
https://doi.org/10.1016/j.cocis.2022.101644


Gels 2024, 10, 507 31 of 37

43. Veloso, S.R.S.; Vázquez-González, M.; Spuch, C.; Freiría-Martínez, L.; Comís-Tuche, M.; Iglesias-Martínez-Almeida, M.; Rivera-
Baltanás, T.; Hilliou, L.; Amorim, C.O.; Amaral, V.S.; et al. An Injectable Composite Co-Assembled Dehydropeptide-Based
Magnetic/Plasmonic Lipogel for Multimodal Cancer Therapy. Adv. Funct. Mater. 2024, 2402926. [CrossRef]

44. Zanna, N.; Tomasini, C. Peptide-Based Physical Gels Endowed with Thixotropic Behaviour. Gels 2017, 3, 39. [CrossRef]
45. Roth-Konforti, M.E.; Comune, M.; Halperin-Sternfeld, M.; Grigoriants, I.; Shabat, D.; Adler-Abramovich, L. UV Light-Responsive

Peptide-Based Supramolecular Hydrogel for Controlled Drug Delivery. Macromol. Rapid Commun. 2018, 39, 1800588. [CrossRef]
[PubMed]

46. Liu, J.; Zheng, H.; Poh, P.S.P.; Machens, H.-G.G.; Schilling, A.F. Hydrogels for Engineering of Perfusable Vascular Networks. Int. J.
Mol. Sci. 2015, 16, 15997–16016. [CrossRef]

47. Amorim, C.; Veloso, S.R.S.; Castanheira, E.M.S.; Hilliou, L.; Pereira, R.B.; Pereira, D.M.; Martins, J.A.; Jervis, P.J.; Ferreira, P.M.T.
Bolaamphiphilic Bis-Dehydropeptide Hydrogels as Potential Drug Release Systems. Gels 2021, 7, 52. [CrossRef]

48. Yan, C.; Pochan, D.J. Rheological Properties of Peptide-Based Hydrogels for Biomedical and Other Applications. Chem. Soc. Rev.
2010, 39, 3528. [CrossRef] [PubMed]

49. Sathaye, S.; Mbi, A.; Sonmez, C.; Chen, Y.; Blair, D.L.; Schneider, J.P.; Pochan, D.J. Rheology of Peptide- and Protein-based Physical
Hydrogels: Are Everyday Measurements Just Scratching the Surface? WIREs Nanomed. Nanobiotechnol. 2015, 7, 34–68. [CrossRef]

50. Adams, D.J. Personal Perspective on Understanding Low Molecular Weight Gels. J. Am. Chem. Soc. 2022, 144, 11047–11053.
[CrossRef]

51. Frith, W.J.; Donald, A.M.; Adams, D.J.; Aufderhorst-Roberts, A. Gels Formed from Amino-Acid Derivatives, Their Novel Rheology
as Probed by Bulk and Particle Tracking Rheological Methods. J. Nonnewton. Fluid Mech. 2015, 222, 104–111. [CrossRef]

52. Aufderhorst-Roberts, A.; Frith, W.J.; Kirkland, M.; Donald, A.M. Microrheology and Microstructure of Fmoc-Derivative Hydrogels.
Langmuir 2014, 30, 4483–4492. [CrossRef] [PubMed]

53. Draper, E.R.; Adams, D.J. How Should Multicomponent Supramolecular Gels Be Characterised? Chem. Soc. Rev. 2018, 47,
3395–3405. [CrossRef] [PubMed]

54. Fuentes-Caparrós, A.M.; Dietrich, B.; Thomson, L.; Chauveau, C.; Adams, D.J. Using Cavitation Rheology to Understand
Dipeptide-Based Low Molecular Weight Gels. Soft Matter 2019, 15, 6340–6347. [CrossRef] [PubMed]

55. Carbonell-Aviñó, F.; Clegg, P.S. Non-Linear Dilational Rheology of Liquid-Liquid Interfaces Stabilized by Dipeptide Hydrogels.
Rheol. Acta 2023, 62, 45–55. [CrossRef]

56. Binaymotlagh, R.; Chronopoulou, L.; Palocci, C. Peptide-Based Hydrogels: Template Materials for Tissue Engineering. J. Funct.
Biomater. 2023, 14, 233. [CrossRef] [PubMed]

57. Mitrovic, J.; Richey, G.; Kim, S.; Guler, M.O. Peptide Hydrogels and Nanostructures Controlling Biological Machinery. Langmuir
2023, 39, 11935–11945. [CrossRef] [PubMed]

58. Li, J.; Xing, R.; Bai, S.; Yan, X. Recent Advances of Self-Assembling Peptide-Based Hydrogels for Biomedical Applications. Soft
Matter 2019, 15, 1704–1715. [CrossRef] [PubMed]

59. Haines, L.A.; Rajagopal, K.; Ozbas, B.; Salick, D.A.; Pochan, D.J.; Schneider, J.P. Light-Activated Hydrogel Formation via the
Triggered Folding and Self-Assembly of a Designed Peptide. J. Am. Chem. Soc. 2005, 127, 17025–17029. [CrossRef]

60. Ozbas, B.; Kretsinger, J.; Rajagopal, K.; Schneider, J.P.; Pochan, D.J. Salt-Triggered Peptide Folding and Consequent Self-Assembly
into Hydrogels with Tunable Modulus. Macromolecules 2004, 37, 7331–7337. [CrossRef]

61. Chen, L.; McDonald, T.O.; Adams, D.J. Salt-Induced Hydrogels from Functionalised-Dipeptides. RSC Adv. 2013, 3, 8714.
[CrossRef]

62. Stendahl, J.C.; Rao, M.S.; Guler, M.O.; Stupp, S.I. Intermolecular Forces in the Self-Assembly of Peptide Amphiphile Nanofibers.
Adv. Funct. Mater. 2006, 16, 499–508. [CrossRef]

63. Cardoso, A.Z.; Alvarez Alvarez, A.E.; Cattoz, B.N.; Griffiths, P.C.; King, S.M.; Frith, W.J.; Adams, D.J. The Influence of the Kinetics
of Self-Assembly on the Properties of Dipeptide Hydrogels. Faraday Discuss. 2013, 166, 101. [CrossRef] [PubMed]

64. Wang, H.; Yang, Z.; Adams, D.J. Controlling Peptidebased Hydrogelation. Mater. Today 2012, 15, 500–507. [CrossRef]
65. Adams, D.J.; Butler, M.F.; Frith, W.J.; Kirkland, M.; Mullen, L.; Sanderson, P. A New Method for Maintaining Homogeneity during

Liquid–Hydrogel Transitions Using Low Molecular Weight Hydrogelators. Soft Matter 2009, 5, 1856. [CrossRef]
66. Fortunato, A.; Mba, M. A Peptide-Based Hydrogel for Adsorption of Dyes and Pharmaceuticals in Water Remediation. Gels 2022,

8, 672. [CrossRef] [PubMed]
67. Ben Messaoud, G.; Le Griel, P.; Hermida-Merino, D.; Roelants, S.L.K.W.; Soetaert, W.; Stevens, C.V.; Baccile, N. PH-Controlled

Self-Assembled Fibrillar Network Hydrogels: Evidence of Kinetic Control of the Mechanical Properties. Chem. Mater. 2019, 31,
4817–4830. [CrossRef]

68. Vilaça, H.; Hortelão, A.C.L.; Castanheira, E.M.S.; Queiroz, M.-J.R.P.; Hilliou, L.; Hamley, I.W.; Martins, J.A.; Ferreira, P.M.T.
Dehydrodipeptide Hydrogelators Containing Naproxen N -Capped Tryptophan: Self-Assembly, Hydrogel Characterization, and
Evaluation as Potential Drug Nanocarriers. Biomacromolecules 2015, 16, 3562–3573. [CrossRef] [PubMed]

69. Veloso, S.R.S.; Silva, J.F.G.; Hilliou, L.; Moura, C.; Coutinho, P.J.G.; Martins, J.A.; Testa-Anta, M.; Salgueiriño, V.; Correa-
Duarte, M.A.; Ferreira, P.M.T.; et al. Impact of Citrate and Lipid-Functionalized Magnetic Nanoparticles in Dehydropeptide
Supramolecular Magnetogels: Properties, Design and Drug Release. Nanomaterials 2021, 11, 16. [CrossRef]

70. Thornton, K.; Smith, A.M.; Merry, C.L.R.; Ulijn, R.V. Controlling Stiffness in Nanostructured Hydrogels Produced by Enzymatic
Dephosphorylation. Biochem. Soc. Trans. 2009, 37, 660–664. [CrossRef]

https://doi.org/10.1002/adfm.202402926
https://doi.org/10.3390/gels3040039
https://doi.org/10.1002/marc.201800588
https://www.ncbi.nlm.nih.gov/pubmed/30276909
https://doi.org/10.3390/ijms160715997
https://doi.org/10.3390/gels7020052
https://doi.org/10.1039/b919449p
https://www.ncbi.nlm.nih.gov/pubmed/20422104
https://doi.org/10.1002/wnan.1299
https://doi.org/10.1021/jacs.2c02096
https://doi.org/10.1016/j.jnnfm.2014.09.008
https://doi.org/10.1021/la5005819
https://www.ncbi.nlm.nih.gov/pubmed/24684622
https://doi.org/10.1039/C7CS00804J
https://www.ncbi.nlm.nih.gov/pubmed/29419826
https://doi.org/10.1039/C9SM01023H
https://www.ncbi.nlm.nih.gov/pubmed/31289805
https://doi.org/10.1007/s00397-022-01380-x
https://doi.org/10.3390/jfb14040233
https://www.ncbi.nlm.nih.gov/pubmed/37103323
https://doi.org/10.1021/acs.langmuir.3c01269
https://www.ncbi.nlm.nih.gov/pubmed/37589176
https://doi.org/10.1039/C8SM02573H
https://www.ncbi.nlm.nih.gov/pubmed/30724947
https://doi.org/10.1021/ja054719o
https://doi.org/10.1021/ma0491762
https://doi.org/10.1039/c3ra40938d
https://doi.org/10.1002/adfm.200500161
https://doi.org/10.1039/c3fd00104k
https://www.ncbi.nlm.nih.gov/pubmed/24611271
https://doi.org/10.1016/S1369-7021(12)70219-5
https://doi.org/10.1039/b901556f
https://doi.org/10.3390/gels8100672
https://www.ncbi.nlm.nih.gov/pubmed/36286173
https://doi.org/10.1021/acs.chemmater.9b01230
https://doi.org/10.1021/acs.biomac.5b01006
https://www.ncbi.nlm.nih.gov/pubmed/26443892
https://doi.org/10.3390/nano11010016
https://doi.org/10.1042/BST0370660


Gels 2024, 10, 507 32 of 37

71. Yang, Z.; Liang, G.; Ma, M.; Gao, Y.; Xu, B. In Vitro and In Vivo Enzymatic Formation of Supramolecular Hydrogels Based on
Self-Assembled Nanofibers of a B-Amino Acid Derivative. Small 2007, 3, 558–562. [CrossRef] [PubMed]

72. Coulter, S.M.; Pentlavalli, S.; Vora, L.K.; An, Y.; Cross, E.R.; Peng, K.; McAulay, K.; Schweins, R.; Donnelly, R.F.; McCarthy, H.O.;
et al. Enzyme-Triggered L-α/D-Peptide Hydrogels as a Long-Acting Injectable Platform for Systemic Delivery of HIV/AIDS
Drugs. Adv. Healthc. Mater. 2023, 12, 2203198. [CrossRef] [PubMed]

73. Guilbaud, J.-B.; Rochas, C.; Miller, A.F.; Saiani, A. Effect of Enzyme Concentration of the Morphology and Properties of
Enzymatically Triggered Peptide Hydrogels. Biomacromolecules 2013, 14, 1403–1411. [CrossRef] [PubMed]

74. Otsuka, T.; Maeda, T.; Hotta, A. Effects of Salt Concentrations of the Aqueous Peptide-Amphiphile Solutions on the Sol–Gel
Transitions, the Gelation Speed, and the Gel Characteristics. J. Phys. Chem. B 2014, 118, 11537–11545. [CrossRef] [PubMed]

75. Fichman, G.; Schneider, J.P. Utilizing Frémy’s Salt to Increase the Mechanical Rigidity of Supramolecular Peptide-Based Gel
Networks. Front. Bioeng. Biotechnol. 2021, 8, 594258. [CrossRef] [PubMed]

76. Mañas-Torres, M.C.; Gila-Vilchez, C.; González-Vera, J.A.; Conejero-Lara, F.; Blanco, V.; Cuerva, J.M.; Lopez-Lopez, M.T.; Orte, A.;
Álvarez de Cienfuegos, L. In Situ Real-Time Monitoring of the Mechanism of Self-Assembly of Short Peptide Supramolecular
Polymers. Mater. Chem. Front. 2021, 5, 5452–5462. [CrossRef]

77. Wychowaniec, J.K.; Patel, R.; Leach, J.; Mathomes, R.; Chhabria, V.; Patil-Sen, Y.; Hidalgo-Bastida, A.; Forbes, R.T.; Hayes,
J.M.; Elsawy, M.A. Aromatic Stacking Facilitated Self-Assembly of Ultrashort Ionic Complementary Peptide Sequence: β-Sheet
Nanofibers with Remarkable Gelation and Interfacial Properties. Biomacromolecules 2020, 21, 2670–2680. [CrossRef] [PubMed]

78. Colquhoun, C.; Draper, E.R.; Schweins, R.; Marcello, M.; Vadukul, D.; Serpell, L.C.; Adams, D.J. Controlling the Network Type in
Self-Assembled Dipeptide Hydrogels. Soft Matter 2017, 13, 1914–1919. [CrossRef] [PubMed]

79. Zimberlin, J.A.; Sanabria-DeLong, N.; Tew, G.N.; Crosby, A.J. Cavitation Rheology for Soft Materials. Soft Matter 2007, 3, 763.
[CrossRef]

80. MacKintosh, F.C.; Käs, J.; Janmey, P.A. Elasticity of Semiflexible Biopolymer Networks. Phys. Rev. Lett. 1995, 75, 4425–4428.
[CrossRef]

81. Shih, W.-H.; Shih, W.Y.; Kim, S.-I.; Liu, J.; Aksay, I.A. Scaling Behavior of the Elastic Properties of Colloidal Gels. Phys. Rev. A
1990, 42, 4772–4779. [CrossRef]

82. Wu, H.; Morbidelli, M. A Model Relating Structure of Colloidal Gels to Their Elastic Properties. Langmuir 2001, 17, 1030–1036.
[CrossRef]

83. Morse, D.C. Viscoelasticity of Concentrated Isotropic Solutions of Semiflexible Polymers. 2. Linear Response. Macromolecules
1998, 31, 7044–7067. [CrossRef]

84. Veerman, C.; Rajagopal, K.; Palla, C.S.; Pochan, D.J.; Schneider, J.P.; Furst, E.M. Gelation Kinetics of β-Hairpin Peptide Hydrogel
Networks. Macromolecules 2006, 39, 6608–6614. [CrossRef]

85. Terech, P.; Sangeetha, N.M.; Maitra, U. Molecular Hydrogels from Bile Acid Analogues with Neutral Side Chains: Network
Architectures and Viscoelastic Properties. Junction Zones, Spherulites, and Crystallites: Phenomenological Aspects of the Gel
Metastability. J. Phys. Chem. B 2006, 110, 15224–15233. [CrossRef] [PubMed]

86. Gao, J.; Tang, C.; Elsawy, M.A.; Smith, A.M.; Miller, A.F.; Saiani, A. Controlling Self-Assembling Peptide Hydrogel Properties
through Network Topology. Biomacromolecules 2017, 18, 826–834. [CrossRef] [PubMed]

87. Hashemnejad, S.M.; Kundu, S. Probing Gelation and Rheological Behavior of a Self-Assembled Molecular Gel. Langmuir 2017, 33,
7769–7779. [CrossRef]

88. Adams, D.J.; Mullen, L.M.; Berta, M.; Chen, L.; Frith, W.J. Relationship between Molecular Structure, Gelation Behaviour and Gel
Properties of Fmoc-Dipeptides. Soft Matter 2010, 6, 1971. [CrossRef]

89. Fuentes-Caparrós, A.M.; McAulay, K.; Rogers, S.E.; Dalgliesh, R.M.; Adams, D.J. On the Mechanical Properties of N-Functionalised
Dipeptide Gels. Molecules 2019, 24, 3855. [CrossRef]

90. Li, D.; Shi, Y.; Wang, L. Mechanical Reinforcement of Molecular Hydrogel by Co-Assembly of Short Peptide-Based Gelators with
Different Aromatic Capping Groups. Chin. J. Chem. 2014, 32, 123–127. [CrossRef]

91. Boothroyd, S.; Saiani, A.; Miller, A.F. Controlling Network Topology and Mechanical Properties of Co-Assembling Peptide
Hydrogels. Biopolymers 2014, 101, 669–680. [CrossRef] [PubMed]

92. Nagy, K.J.; Giano, M.C.; Jin, A.; Pochan, D.J.; Schneider, J.P. Enhanced Mechanical Rigidity of Hydrogels Formed from Enan-
tiomeric Peptide Assemblies. J. Am. Chem. Soc. 2011, 133, 14975–14977. [CrossRef]

93. Chen, G.; Li, J.; Song, M.; Wu, Z.; Zhang, W.; Wang, Z.; Gao, J.; Yang, Z.; Ou, C. A Mixed Component Supramolecular Hydrogel to
Improve Mice Cardiac Function and Alleviate Ventricular Remodeling after Acute Myocardial Infarction. Adv. Funct. Mater. 2017,
27, 1701798. [CrossRef]

94. Horgan, C.C.; Rodriguez, A.L.; Li, R.; Bruggeman, K.F.; Stupka, N.; Raynes, J.K.; Day, L.; White, J.W.; Williams, R.J.; Nisbet, D.R.
Characterisation of Minimalist Co-Assembled Fluorenylmethyloxycarbonyl Self-Assembling Peptide Systems for Presentation of
Multiple Bioactive Peptides. Acta Biomater. 2016, 38, 11–22. [CrossRef]

95. Liyanage, W.; Nilsson, B.L. Substituent Effects on the Self-Assembly/Coassembly and Hydrogelation of Phenylalanine Derivatives.
Langmuir 2016, 32, 787–799. [CrossRef] [PubMed]

96. Halperin-Sternfeld, M.; Ghosh, M.; Sevostianov, R.; Grigoriants, I.; Adler-Abramovich, L. Molecular Co-Assembly as a Strategy for
Synergistic Improvement of the Mechanical Properties of Hydrogels. Chem. Commun. 2017, 53, 9586–9589. [CrossRef] [PubMed]

https://doi.org/10.1002/smll.200700015
https://www.ncbi.nlm.nih.gov/pubmed/17323399
https://doi.org/10.1002/adhm.202203198
https://www.ncbi.nlm.nih.gov/pubmed/36880399
https://doi.org/10.1021/bm4000663
https://www.ncbi.nlm.nih.gov/pubmed/23506527
https://doi.org/10.1021/jp5031569
https://www.ncbi.nlm.nih.gov/pubmed/25196562
https://doi.org/10.3389/fbioe.2020.594258
https://www.ncbi.nlm.nih.gov/pubmed/33469530
https://doi.org/10.1039/D1QM00477H
https://doi.org/10.1021/acs.biomac.0c00366
https://www.ncbi.nlm.nih.gov/pubmed/32401499
https://doi.org/10.1039/C6SM02666D
https://www.ncbi.nlm.nih.gov/pubmed/28186211
https://doi.org/10.1039/b617050a
https://doi.org/10.1103/PhysRevLett.75.4425
https://doi.org/10.1103/PhysRevA.42.4772
https://doi.org/10.1021/la001121f
https://doi.org/10.1021/ma980304u
https://doi.org/10.1021/ma0609331
https://doi.org/10.1021/jp060425t
https://www.ncbi.nlm.nih.gov/pubmed/16884239
https://doi.org/10.1021/acs.biomac.6b01693
https://www.ncbi.nlm.nih.gov/pubmed/28068466
https://doi.org/10.1021/acs.langmuir.7b01531
https://doi.org/10.1039/b921863g
https://doi.org/10.3390/molecules24213855
https://doi.org/10.1002/cjoc.201300814
https://doi.org/10.1002/bip.22435
https://www.ncbi.nlm.nih.gov/pubmed/26819975
https://doi.org/10.1021/ja206742m
https://doi.org/10.1002/adfm.201701798
https://doi.org/10.1016/j.actbio.2016.04.038
https://doi.org/10.1021/acs.langmuir.5b03227
https://www.ncbi.nlm.nih.gov/pubmed/26717444
https://doi.org/10.1039/C7CC04187J
https://www.ncbi.nlm.nih.gov/pubmed/28808707


Gels 2024, 10, 507 33 of 37

97. Che, X.; Bai, B.; Zhang, T.; Zhang, C.; Zhang, C.; Zhang, P.; Wang, H.; Li, M. Gelation Behaviour and Gel Properties of
Two-Component Organogels Containing a Photoresponsive Gelator. New J. Chem. 2017, 41, 8614–8619. [CrossRef]

98. Xing, P.; Chu, X.; Li, S.; Xin, F.; Ma, M.; Hao, A. Switchable and Orthogonal Self-Assemblies of Anisotropic Fibers. New J. Chem.
2013, 37, 3949. [CrossRef]

99. Draper, E.R.; Eden, E.G.B.; McDonald, T.O.; Adams, D.J. Spatially Resolved Multicomponent Gels. Nat. Chem. 2015, 7, 848–852.
[CrossRef]

100. Morris, K.L.; Chen, L.; Raeburn, J.; Sellick, O.R.; Cotanda, P.; Paul, A.; Griffiths, P.C.; King, S.M.; O’Reilly, R.K.; Serpell, L.C.; et al.
Chemically Programmed Self-Sorting of Gelator Networks. Nat. Commun. 2013, 4, 1480. [CrossRef]

101. Cornwell, D.J.; Daubney, O.J.; Smith, D.K. Photopatterned Multidomain Gels: Multi-Component Self-Assembled Hydrogels
Based on Partially Self-Sorting 1,3:2,4-Dibenzylidene- d -Sorbitol Derivatives. Stoch. Process. Their Appl. 2016, 126, 337–359.
[CrossRef]

102. Singh, V.; Rai, R.K.; Arora, A.; Sinha, N.; Thakur, A.K. Therapeutic Implication of L-Phenylalanine Aggregation Mechanism and
Its Modulation by D-Phenylalanine in Phenylketonuria. Sci. Rep. 2014, 4, 3875. [CrossRef]

103. Hsu, W.-P.; Koo, K.-K.; Myerson, A.S. The Gel-Crystallization of 1-Phenylalanine and Aspartame from Aqueous Solutions. Chem.
Eng. Commun. 2002, 189, 1079–1090. [CrossRef]

104. Ramalhete, S.M.; Nartowski, K.P.; Sarathchandra, N.; Foster, J.S.; Round, A.N.; Angulo, J.; Lloyd, G.O.; Khimyak, Y.Z. Supramolec-
ular Amino Acid Based Hydrogels: Probing the Contribution of Additive Molecules Using NMR Spectroscopy. Chem. Eur. J. 2017,
23, 8014–8024. [CrossRef] [PubMed]

105. Bera, S.; Xue, B.; Rehak, P.; Jacoby, G.; Ji, W.; Shimon, L.J.W.; Beck, R.; Král, P.; Cao, Y.; Gazit, E. Self-Assembly of Aromatic Amino
Acid Enantiomers into Supramolecular Materials of High Rigidity. ACS Nano 2020, 14, 1694–1706. [CrossRef] [PubMed]

106. Babar, D.G.; Sarkar, S. Self-Assembled Nanotubes from Single Fluorescent Amino Acid. Appl. Nanosci. 2017, 7, 101–107. [CrossRef]
107. Singh, P.; Pandey, S.K.; Grover, A.; Sharma, R.K.; Wangoo, N. Understanding the Self-Ordering of Amino Acids into Supramolec-

ular Architectures: Co-Assembly-Based Modulation of Phenylalanine Nanofibrils. Mater. Chem. Front. 2021, 5, 1971–1981.
[CrossRef]

108. Ryan, D.M.; Anderson, S.B.; Senguen, F.T.; Youngman, R.E.; Nilsson, B.L. Self-Assembly and Hydrogelation Promoted by
F5-Phenylalanine. Soft Matter 2010, 6, 475–479. [CrossRef]

109. Ryan, D.M.; Doran, T.M.; Nilsson, B.L. Complementary π–π Interactions Induce Multicomponent Coassembly into Functional
Fibrils. Langmuir 2011, 27, 11145–11156. [CrossRef]

110. Ryan, D.M.; Doran, T.M.; Nilsson, B.L. Stabilizing Self-Assembled Fmoc–F5–Phe Hydrogels by Co-Assembly with PEG-
Functionalized Monomers. Chem. Commun. 2011, 47, 475–477. [CrossRef]

111. Liu, Y.; Kim, E.; Ulijn, R.V.; Bentley, W.E.; Payne, G.F. Reversible Electroaddressing of Self-assembling Amino-Acid Conjugates.
Adv. Funct. Mater. 2011, 21, 1575–1580. [CrossRef]

112. Xing, P.; Chu, X.; Li, S.; Ma, M.; Hao, A. Hybrid Gels Assembled from Fmoc–Amino Acid and Graphene Oxide with Controllable
Properties. ChemPhysChem 2014, 15, 2377–2385. [CrossRef] [PubMed]

113. Roy, S.; Banerjee, A. Functionalized Single Walled Carbon Nanotube Containing Amino Acid Based Hydrogel: A Hybrid
Nanomaterial. RSC Adv. 2012, 2, 2105. [CrossRef]

114. Roy, S.; Banerjee, A. Amino Acid Based Smart Hydrogel: Formation, Characterization and Fluorescence Properties of Silver
Nanoclusters within the Hydrogel Matrix. Soft Matter 2011, 7, 5300. [CrossRef]

115. Draper, E.R.; Morris, K.L.; Little, M.A.; Raeburn, J.; Colquhoun, C.; Cross, E.R.; McDonald, T.O.; Serpell, L.C.; Adams, D.J.
Hydrogels Formed from Fmoc Amino Acids. CrystEngComm 2015, 17, 8047–8057. [CrossRef]

116. Shi, J.; Gao, Y.; Yang, Z.; Xu, B. Exceptionally Small Supramolecular Hydrogelators Based on Aromatic–Aromatic Interactions.
Beilstein J. Org. Chem. 2011, 7, 167–172. [CrossRef] [PubMed]

117. Abraham, B.L.; Liyanage, W.; Nilsson, B.L. Strategy to Identify Improved N-Terminal Modifications for Supramolecular
Phenylalanine-Derived Hydrogelators. Langmuir 2019, 35, 14939–14948. [CrossRef]

118. Raymond, D.M.; Abraham, B.L.; Fujita, T.; Watrous, M.J.; Toriki, E.S.; Takano, T.; Nilsson, B.L. Low-Molecular-Weight Supramolec-
ular Hydrogels for Sustained and Localized in Vivo Drug Delivery. ACS Appl. Bio Mater. 2019, 2, 2116–2124. [CrossRef]

119. Quigley, E.; Johnson, J.; Liyanage, W.; Nilsson, B.L. Impact of Gelation Method on Thixotropic Properties of Phenylalanine-Derived
Supramolecular Hydrogels. Soft Matter 2020, 16, 10158–10168. [CrossRef]

120. Xie, Y.-Y.; Zhang, Y.-W.; Qin, X.-T.; Liu, L.-P.; Wahid, F.; Zhong, C.; Jia, S.-R. Structure-Dependent Antibacterial Activity of Amino
Acid-Based Supramolecular Hydrogels. Colloids Surf. B Biointerfaces 2020, 193, 111099. [CrossRef]

121. Yang, Z.; Xu, B. A Simple Visual Assay Based on Small Molecule Hydrogels for Detecting Inhibitors of Enzymes. Chem. Commun.
2004, 21, 2424. [CrossRef] [PubMed]

122. Singh, P.; Misra, S.; Das, A.; Roy, S.; Datta, P.; Bhattacharjee, G.; Satpati, B.; Nanda, J. Supramolecular Hydrogel from an Oxidized
Byproduct of Tyrosine. ACS Appl. Bio Mater. 2019, 2, 4881–4891. [CrossRef] [PubMed]

123. Guilbaud-Chéreau, C.; Dinesh, B.; Schurhammer, R.; Collin, D.; Bianco, A.; Ménard-Moyon, C.; Guilbaud-che, C.; Bianco, A.
Protected Amino Acid–Based Hydrogels Incorporating Carbon Nanomaterials for Near-Infrared Irradiation-Triggered Drug
Release. ACS Appl. Mater. Interfaces 2019, 11, 13147–13157. [CrossRef] [PubMed]

124. Song, J.; Yuan, C.; Jiao, T.; Xing, R.; Yang, M.; Adams, D.J. Multifunctional Antimicrobial Biometallohydrogels Based on Amino
Acid Coordinated Self-Assembly. Small 2020, 16, 1907309. [CrossRef] [PubMed]

https://doi.org/10.1039/C7NJ01215B
https://doi.org/10.1039/c3nj00984j
https://doi.org/10.1038/nchem.2347
https://doi.org/10.1038/ncomms2499
https://doi.org/10.1021/jacs.5b09691
https://doi.org/10.1038/srep03875
https://doi.org/10.1080/00986440213473
https://doi.org/10.1002/chem.201700793
https://www.ncbi.nlm.nih.gov/pubmed/28401991
https://doi.org/10.1021/acsnano.9b07307
https://www.ncbi.nlm.nih.gov/pubmed/31944667
https://doi.org/10.1007/s13204-017-0551-5
https://doi.org/10.1039/D0QM00784F
https://doi.org/10.1039/B916738B
https://doi.org/10.1021/la202070d
https://doi.org/10.1039/C0CC02217A
https://doi.org/10.1002/adfm.201002020
https://doi.org/10.1002/cphc.201402018
https://www.ncbi.nlm.nih.gov/pubmed/24789749
https://doi.org/10.1039/c2ra00763k
https://doi.org/10.1039/c1sm05034f
https://doi.org/10.1039/C5CE00801H
https://doi.org/10.3762/bjoc.7.23
https://www.ncbi.nlm.nih.gov/pubmed/21448260
https://doi.org/10.1021/acs.langmuir.9b02971
https://doi.org/10.1021/acsabm.9b00125
https://doi.org/10.1039/D0SM01217C
https://doi.org/10.1016/j.colsurfb.2020.111099
https://doi.org/10.1039/b408897b
https://www.ncbi.nlm.nih.gov/pubmed/15514797
https://doi.org/10.1021/acsabm.9b00637
https://www.ncbi.nlm.nih.gov/pubmed/35021488
https://doi.org/10.1021/acsami.9b02482
https://www.ncbi.nlm.nih.gov/pubmed/30865420
https://doi.org/10.1002/smll.201907309
https://www.ncbi.nlm.nih.gov/pubmed/31994844


Gels 2024, 10, 507 34 of 37

125. Reddy, S.M.M.; Augustine, G.; Ayyadurai, N.; Shanmugam, G. Biocytin-Based PH-Stimuli Responsive Supramolecular Multivari-
ant Hydrogelator for Potential Applications. ACS Appl. Bio Mater. 2018, 1, 1382–1388. [CrossRef] [PubMed]

126. Ramya, K.A.; Reddy, S.M.M.; Shanmugam, G.; Deshpande, A.P. Fibrillar Network Dynamics during Oscillatory Rheology of
Supramolecular Gels. Langmuir 2020, 36, 13342–13355. [CrossRef] [PubMed]

127. Arokianathan, J.F.; Ramya, K.A.; Janeena, A.; Deshpande, A.P.; Ayyadurai, N.; Leemarose, A.; Shanmugam, G. Non-Proteinogenic
Amino Acid Based Supramolecular Hydrogel Material for Enhanced Cell Proliferation. Colloids Surf. B Biointerfaces 2020, 185,
110581. [CrossRef] [PubMed]

128. Nanda, J.; Biswas, A.; Banerjee, A. Single Amino Acid Based Thixotropic Hydrogel Formation and PH-Dependent Morphological
Change of Gel Nanofibers. Soft Matter 2013, 9, 4198. [CrossRef]

129. Martí-Centelles, R.; Escuder, B. Morphology Diversity of L-Phenylalanine-Based Short Peptide Supramolecular Aggregates and
Hydrogels. ChemNanoMat 2018, 4, 796–800. [CrossRef]

130. Garcia, A.M.; Lavendomme, R.; Kralj, S.; Kurbasic, M.; Bellotto, O.; Cringoli, M.C.; Semeraro, S.; Bandiera, A.; De Zorzi, R.;
Marchesan, S. Self-Assembly of an Amino Acid Derivative into an Antimicrobial Hydrogel Biomaterial. Chem. Eur. J. 2020, 26,
1880–1886. [CrossRef]

131. Xing, P.; Chen, H.; Xiang, H.; Zhao, Y. Selective Coassembly of Aromatic Amino Acids to Fabricate Hydrogels with Light
Irradiation-Induced Emission for Fluorescent Imprint. Adv. Mater. 2018, 30, 1705633. [CrossRef] [PubMed]

132. Falcone, N.; Shao, T.; Rashid, R.; Kraatz, H.-B. Enzyme Entrapment in Amphiphilic Myristyl-Phenylalanine Hydrogels. Molecules
2019, 24, 2884. [CrossRef] [PubMed]

133. Ryan, D.M.; Anderson, S.B.; Nilsson, B.L. The Influence of Side-Chain Halogenation on the Self-Assembly and Hydrogelation of
Fmoc-Phenylalanine Derivatives. Soft Matter 2010, 6, 3220. [CrossRef]

134. Ryan, D.M.; Doran, T.M.; Anderson, S.B.; Nilsson, B.L. Effect of C -Terminal Modification on the Self-Assembly and Hydrogelation
of Fluorinated Fmoc-Phe Derivatives. Langmuir 2011, 27, 4029–4039. [CrossRef] [PubMed]

135. Yang, Z.; Gu, H.; Fu, D.; Gao, P.; Lam, J.K.; Xu, B. Enzymatic Formation of Supramolecular Hydrogels. Adv. Mater. 2004, 16,
1440–1444. [CrossRef]

136. Schnepp, Z.A.C.; Gonzalez-McQuire, R.; Mann, S. Hybrid Biocomposites Based on Calcium Phosphate Mineralization of
Self-Assembled Supramolecular Hydrogels. Adv. Mater. 2006, 18, 1869–1872. [CrossRef]

137. Yang, Z.; Liang, G.; Xu, B. Enzymatic Hydrogelation of Small Molecules. Acc. Chem. Res. 2008, 41, 315–326. [CrossRef] [PubMed]
138. Patil, A.J.; Kumar, R.K.; Barron, N.J.; Mann, S. Cerium Oxide Nanoparticle-Mediated Self-Assembly of Hybrid Supramolecular

Hydrogels. Chem. Commun. 2012, 48, 7934. [CrossRef] [PubMed]
139. Kleiner, S.; Wulf, V.; Bisker, G. Single-Walled Carbon Nanotubes as near-Infrared Fluorescent Probes for Bio-Inspired Supramolec-

ular Self-Assembled Hydrogels. J. Colloid Interface Sci. 2024, 670, 439–448. [CrossRef]
140. Koshti, B.; Swanson, H.W.A.; Wilson, B.; Kshtriya, V.; Naskar, S.; Narode, H.; Lau, K.H.A.; Tuttle, T.; Gour, N. Solvent-Controlled

Self-Assembly of Fmoc Protected Aliphatic Amino Acids. Phys. Chem. Chem. Phys. 2023, 25, 11522–11529. [CrossRef]
141. Yang, Z.; Gu, H.; Zhang, Y.; Wang, L.; Xu, B. Small Molecule Hydrogels Based on a Class of Antiinflammatory Agents. Chem.

Commun. 2004, 2, 208. [CrossRef] [PubMed]
142. Reddy, S.M.M.; Shanmugam, G.; Duraipandy, N.; Kiran, M.S.; Mandal, A.B. An Additional Fluorenylmethoxycarbonyl (Fmoc)

Moiety in Di-Fmoc-Functionalized L-Lysine Induces PH-Controlled Ambidextrous Gelation with Significant Advantages. Soft
Matter 2015, 11, 8126–8140. [CrossRef] [PubMed]

143. Wojciechowski, J.P.; Martin, A.D.; Mason, A.F.; Fife, C.M.; Sagnella, S.M.; Kavallaris, M.; Thordarson, P. Choice of Capping Group
in Tripeptide Hydrogels Influences Viability in the Three-Dimensional Cell Culture of Tumor Spheroids. Chempluschem 2017, 82,
383–389. [CrossRef] [PubMed]

144. Truong, W.T.; Su, Y.; Gloria, D.; Braet, F.; Thordarson, P. Dissolution and Degradation of Fmoc-Diphenylalanine Self-Assembled
Gels Results in Necrosis at High Concentrations in Vitro. Biomater. Sci. 2015, 3, 298–307. [CrossRef] [PubMed]

145. Hsu, S.; Wu, F.; Cheng, H.; Huang, Y.; Hsieh, Y.; Tseng, D.T.; Yeh, M.; Hung, S.; Lin, H. Functional Supramolecular Polymers:
A Fluorescent Microfibrous Network in a Supramolecular Hydrogel for High-Contrast Live Cell-Material Imaging in 3D
Environments. Adv. Healthc. Mater. 2016, 5, 2406–2412. [CrossRef] [PubMed]

146. Koshti, B.; Kshtriya, V.; Naskar, S.; Narode, H.; Gour, N. Controlled Aggregation Properties of Single Amino Acids Modified with
Protecting Groups. New J. Chem. 2022, 46, 4746–4755. [CrossRef]

147. Torres-Gómez, N.; Nava, O.; Argueta-Figueroa, L.; García-Contreras, R.; Baeza-Barrera, A.; Vilchis-Nestor, A.R. Shape Tuning
of Magnetite Nanoparticles Obtained by Hydrothermal Synthesis: Effect of Temperature. J. Nanomater. 2019, 2019, 7921273.
[CrossRef]

148. Kralj, S.; Bellotto, O.; Parisi, E.; Garcia, A.M.; Iglesias, D.; Semeraro, S.; Deganutti, C.; D’Andrea, P.; Vargiu, A.V.; Geremia, S.; et al.
Heterochirality and Halogenation Control Phe-Phe Hierarchical Assembly. ACS Nano 2020, 14, 16951–16961. [CrossRef] [PubMed]

149. Conte, M.P.; Singh, N.; Sasselli, I.R.; Escuder, B.; Ulijn, R.V. Metastable Hydrogels from Aromatic Dipeptides. Chem. Commun.
2016, 52, 13889–13892. [CrossRef]

150. Bellotto, O.; Kralj, S.; De Zorzi, R.; Geremia, S.; Marchesan, S. Supramolecular Hydrogels from Unprotected Dipeptides: A
Comparative Study on Stereoisomers and Structural Isomers. Soft Matter 2020, 16, 10151–10157. [CrossRef]

151. Panda, J.J.; Mishra, A.; Basu, A.; Chauhan, V.S. Stimuli Responsive Self-Assembled Hydrogel of a Low Molecular Weight Free
Dipeptide with Potential for Tunable Drug Delivery. Biomacromolecules 2008, 9, 2244–2250. [CrossRef]

https://doi.org/10.1021/acsabm.8b00340
https://www.ncbi.nlm.nih.gov/pubmed/34996242
https://doi.org/10.1021/acs.langmuir.0c02641
https://www.ncbi.nlm.nih.gov/pubmed/33107300
https://doi.org/10.1016/j.colsurfb.2019.110581
https://www.ncbi.nlm.nih.gov/pubmed/31677412
https://doi.org/10.1039/c3sm27050e
https://doi.org/10.1002/cnma.201800202
https://doi.org/10.1002/chem.201905681
https://doi.org/10.1002/adma.201705633
https://www.ncbi.nlm.nih.gov/pubmed/29226605
https://doi.org/10.3390/molecules24162884
https://www.ncbi.nlm.nih.gov/pubmed/31398913
https://doi.org/10.1039/c0sm00018c
https://doi.org/10.1021/la1048375
https://www.ncbi.nlm.nih.gov/pubmed/21401045
https://doi.org/10.1002/adma.200400340
https://doi.org/10.1002/adma.200502545
https://doi.org/10.1021/ar7001914
https://www.ncbi.nlm.nih.gov/pubmed/18205323
https://doi.org/10.1039/c2cc33351a
https://www.ncbi.nlm.nih.gov/pubmed/22763813
https://doi.org/10.1016/j.jcis.2024.05.098
https://doi.org/10.1039/D2CP05938J
https://doi.org/10.1039/b310574a
https://www.ncbi.nlm.nih.gov/pubmed/14737552
https://doi.org/10.1039/C5SM01767J
https://www.ncbi.nlm.nih.gov/pubmed/26338226
https://doi.org/10.1002/cplu.201600464
https://www.ncbi.nlm.nih.gov/pubmed/31962021
https://doi.org/10.1039/C4BM00244J
https://www.ncbi.nlm.nih.gov/pubmed/26218120
https://doi.org/10.1002/adhm.201600342
https://www.ncbi.nlm.nih.gov/pubmed/27390271
https://doi.org/10.1039/D1NJ05172E
https://doi.org/10.1155/2019/7921273
https://doi.org/10.1021/acsnano.0c06041
https://www.ncbi.nlm.nih.gov/pubmed/33175503
https://doi.org/10.1039/C6CC05821C
https://doi.org/10.1039/D0SM01191F
https://doi.org/10.1021/bm800404z


Gels 2024, 10, 507 35 of 37

152. Thota, C.K.; Yadav, N.; Chauhan, V.S. A Novel Highly Stable and Injectable Hydrogel Based on a Conformationally Restricted
Ultrashort Peptide. Sci. Rep. 2016, 6, 31167. [CrossRef] [PubMed]

153. Reches, M.; Gazit, E. Casting Metal Nanowires Within Discrete Self-Assembled Peptide Nanotubes. Science 2003, 300, 625–627.
[CrossRef] [PubMed]

154. Görbitz, C.H. Nanotube Formation by Hydrophobic Dipeptides. Chem. Eur. J. 2001, 7, 5153–5159. [CrossRef] [PubMed]
155. Reches, M.; Gazit, E. Designed Aromatic Homo-Dipeptides: Formation of Ordered Nanostructures and Potential Nanotechnologi-

cal Applications. Phys. Biol. 2006, 3, S10–S19. [CrossRef] [PubMed]
156. Diaferia, C.; Avitabile, C.; Leone, M.; Gallo, E.; Saviano, M.; Accardo, A.; Romanelli, A. Diphenylalanine Motif Drives Self-

Assembling in Hybrid PNA-Peptide Conjugates. Chem. Eur. J. 2021, 27, 14307–14316. [CrossRef] [PubMed]
157. Yang, X.; Fei, J.; Li, Q.; Li, J. Covalently Assembled Dipeptide Nanospheres as Intrinsic Photosensitizers for Efficient Photodynamic

Therapy in Vitro. Chem. Eur. J. 2016, 22, 6696. [CrossRef]
158. Diaferia, C.; Gianolio, E.; Sibillano, T.; Mercurio, F.A.; Leone, M.; Giannini, C.; Balasco, N.; Vitagliano, L.; Morelli, G.; Accardo,

A. Cross-Beta Nanostructures Based on Dinaphthylalanine Gd-Conjugates Loaded with Doxorubicin. Sci. Rep. 2017, 7, 307.
[CrossRef]

159. Reches, M.; Gazit, E. Self-assembly of Peptide Nanotubes and Amyloid-like Structures by Charged-termini-capped Diphenylala-
nine Peptide Analogues. Isr. J. Chem. 2005, 45, 363–371. [CrossRef]

160. Jayawarna, V.; Ali, M.; Jowitt, T.A.; Miller, A.F.; Saiani, A.; Gough, J.E.; Ulijn, R.V. Nanostructured Hydrogels for Three-
Dimensional Cell Culture Through Self-Assembly of Fluorenylmethoxycarbonyl–Dipeptides. Adv. Mater. 2006, 18, 611–614.
[CrossRef]

161. Tang, C.; Smith, A.M.; Collins, R.F.; Ulijn, R.V.; Saiani, A. Fmoc-Diphenylalanine Self-Assembly Mechanism Induces Apparent p
K a Shifts. Langmuir 2009, 25, 9447–9453. [CrossRef] [PubMed]

162. Rosa, E.; Diaferia, C.; Gallo, E.; Morelli, G.; Accardo, A. Stable Formulations of Peptide-Based Nanogels. Molecules 2020, 25, 3455.
[CrossRef] [PubMed]
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