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Abstract: Thixotropy is a fascinating feature present in many gel systems that has garnered a lot of
attention in the medical field in recent decades. When shear stress is applied, the gel transforms
into sol and immediately returns to its original state when resting. The thixotropic nature of the
hydrogel has inspired scientists to entrap and release enzymes, therapeutics, and other substances
inside the human body, where the gel acts as a drug reservoir and can sustainably release therapeutics.
Furthermore, thixotropic hydrogels have been widely used in various therapeutic applications, in-
cluding drug delivery, cornea regeneration and osteogenesis, to name a few. Because of their inherent
biocompatibility and structural diversity, peptides are at the forefront of cutting-edge research in this
context. This review will discuss the rational design and self-assembly of peptide-based thixotropic
hydrogels with some representative examples, followed by their biomedical applications.

Keywords: peptide; hydrogel; thixotropy; injectability; co-assembled hydrogel; composite hydrogel

1. Introduction

Thixotropy is an amazing mechanical property observed in many gel systems where
the gels break into a quasi-liquid or solution-like state under mechanical strain and re-
cover their original form (here, gel) under static conditions (Scheme 1) [1–6]. In layman’s
terms, thixotropy is a reversible, isothermal, time-dependent shear thinning behavior of
gel systems distinguished by reversible transformation from gel-sol-gel structural tran-
sition [2,6–10]. Self-healing is another important rheological term recurrently connected
to thixotropy and may be demarcated as the tendency of a gel system to eccentrically
reorganize the bonding interactions after mechanical deformation [7,11]. The self-healing
process can be visually established when separate pieces of gel connect to form an entity of
hydrogel [4,5,12,13].

Thixotropic property can be examined with the help of different techniques. The most
common classic procedure is the three intervals thixotropic test (3ITT), in which three zones
were created in the whole cycle with “OFF–ON–OFF” modes [14–16]. In the first cycle
(OFF state), a low strain is applied, i.e., within the linear viscoelastic region (LVR) [10,11] in
which storage modulus (G′) is higher than loss modulus (G′′) [11,13]. In the second cycle
(ON state), a higher strain is applied, i.e., above the LVR region [10,11,17], and the change
in dynamic mechanical moduli (G′ and G′′) is monitored. G′ and G′′ are the most critical
rheological parameters and are generally employed to dictate the viscoelastic character
of gels. G′ value is always greater than G′′ value for an ideal gel system, but the inverse
phenomenon is noticed when the gels undergo liquefaction [14,18]. In the last step of the
cycle (OFF state), the same parameters are used as in the first cycle to restore the gel state.
On this subject, the determination of gel strength recovery after the cessation of high strain
is essential to know for their therapeutic applications, and that can be expressed in terms of
the % Recovery parameter (% R) by employing the following equation [10]:

% R = (Gi/Ga) × 100 (1)
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where Gi and Ga represent the storage modulus values of the gel before and after the
disintegration of the gel network. At a lower strain, the gel strength recovery was found
because of the reformation of the gel network by temporarily disturbed non-covalent
interactions [10].

The hysteresis loop area test is another technique employed to measure the gel’s
thixotropy in which the hysteresis area was formed by ramping up (structural break down)
and ramping downward (recovery of deformed structure) protocol of shear rate [8,10].

In this context, self-assembling amino acids (AA), peptide-based (nature’s preferred
building blocks) supramolecular hydrogels are at the forefront of advanced biomaterials ow-
ing to their fascinating properties such as exclusive biocompatibility, biodegradability, low
toxicity, and bioactivity as well as their remarkable applications in biomedicine, including
drug delivery, in vivo feedbacks in targeted tissue niches, regenerative medicine, etc. [19–
24]. Hydrogels are three-dimensional (3D) cross-linked polymeric networks in which a
substantial amount of water is entrapped and have been universally accepted biomaterials
for tissue engineering applications [24–29]. The 3D fibrous networks of these hydrogels
efficiently mimic the fibrous part of the extracellular matrix (ECM) protein architectures
and are capable of sustaining cell differentiation and growth when applied as coatings or
3D matrices [30]. Among them, low molecular weight gelators (LMWGs) have attracted
enormous attention in the field of medicine compared to other materials such as polymers,
such as polymers, polypeptides [31,32], and nanocomposites, owing to their facile synthesis,
high scalability, low-cost production, spontaneous self-assembly, stimuli responsiveness,
injectability, etc. [9,19,23,27,33]. In comparison, most of other materials except for LMWGs
rely on organic synthesis and polymerization. Tedious procedure and high-cost value of
the chemical reactions and purification steps are other limitations that restrict their appli-
cation in the biomedicine field [34]. Additionally, amino acid/peptide-based hydrogels
have garnered great attention due to the fine-tuning ability of their gelation behavior and
mechanical properties without disturbing their biocompatibility [19,35,36]. LMWGs usu-
ally form 3D fibrous networks through the self-assembly of the building blocks in which
non-covalent interactions such as H-bonding, hydrophobic interactions, van der Walls
forces, electrostatic interactions, and π-π stacking play a vital role (Scheme 1) [9,36–38].
The reversible breaking and restructuring of the self-assembled network mediated by the
above-mentioned weak physical bonds offer thixotropic properties, i.e., rapid shear thin-
ning and shear recovery (Scheme 1) [33,37,39]. Furthermore, the entire fabrication process
for preparing these LMW supramolecular hydrogels is more straightforward and easier
compared to chemically cross-linked polymeric materials, ideal for biomedical applications.

Only few of them are blessed with this unique thixotropic property, making them a
fascinating class of dynamic self-assembled biomaterials and paving the way for applica-
tion in various biological fields. It is still not well understood why some gels are thixotropic
in nature but others are not. Unfortunately, there is no way to predict whether a hydro-
gelator will be thixotropic. In the same perspective, in 2017, Tomasini et al. published an
outstanding review highlighting the thixotropic behaviors of peptide building blocks [33].
The review outlined some representative thixotropic hydrogels’ preparation and biological
applications, particularly in cell culture and encapsulation. Thereafter, there has been
a prolonged deficiency of comprehensive reviews on the usage of LMWGs as smart hy-
drogels endowed with thixotropic and injectable behavior, except for Tomasini’s one [33].
Therefore, there is still much room for exploring the thixotropic properties of peptides with
more useful information and, ultimately, applications in the field of tissue engineering and
regenerative medicine. In this review, the representative examples of thixotropic peptide
hydrogelators are restricted up to tetrapeptides. The peptides, i.e., dipeptide, tripeptide,
and tetrapeptide, were assigned D2P, T3P, and T4P, respectively, throughout the manuscript.
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Scheme 1. (A) Molecular structure and schematic representation of the involved noncovalent interac-
tions to achieve hierarchical amino acid/short peptide-based self-assembled thixotropic hydrogel.
(B) Schematic illustration of gel-sol-gel transition under applied mechanical stress and stress-free con-
ditions, respectively, with representative microstructures. (C) Applications of thixotropic hydrogels.
The pictures are adapted either from the internet or research articles. Enzyme storage [40]; 3D cell
culture [41]. Both Refs. [40,41] are an open access article distributed under the Creative Commons
Attribution License; antimicrobial agent [42]; cargo-delivery vehicle [43]; atherosclerosis [44]; wound
dressing [45]; wound repair [46]. This article is licensed under a Creative Commons Attribution
4.0 International License; tissue engineering [47]; bone tissue engineering [48]. This article is licensed
under a Creative Commons Attribution 4.0 International License.
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Under a high applied shear force, the fibrous network diminished because of the
mechanical disruption of the physically weak non-covalent bonds associated with the
network and exhibited a loop-sided curl structure [7,11]. As a result, the entrapped solvent
molecules become free to flow, resulting in a gel-to-sol transition state [7,49]. However,
reorganization of the fibrillar network entrapping solvent molecules was observed at a
lower shear force. The recovery of the hydrogel network is highly dependent on shear rate,
shear duration, and stiffness of the gels before shear. In addition, the thixotropic nature
relies highly on the strength of interactions among the non-covalently cross-linked motifs.
Depending on the recovery time of the non-covalent cross-links, these gels can be classified
as strongly thixotropic (a considerable amount of time needed), moderate thixotropic and
weakly thixotropic (rapid recover time) [28]. The thixotropic behavior of gels dictates the
gels’ injectability nature, i.e., the rapid gel formation after being extruded through a high
gauze syringe needle, which is indispensable for clinical operation [4,50,51]. These LMWGs
usually showed storage moduli in the range of 102–103, which perfectly matches with
native biological soft tissues, making them a good candidate for injectable hydrogels [51].

In particular, therapeutics/cells loaded with these novel peptide thixotropic gels can
be utilized as a promising injectable drug delivery platform for local drug delivery because
these gels can be directly injected at the site of interest through a syringe needle [25].
Injectable hydrogels are promising biomaterials in the field of regenerative medicines,
including brain injury and wound dressing owing to their plentiful advantages such as easy
incorporation of cargos/cells, easiness in implantation, in situ formability, and nominal
invasiveness [25,51,52]. In addition, thixotropic hydrogels exhibited their importance
compared to existing implantation methods for cell delivery applications, as they evade the
plausible risks of cell loss as well as protect the cells from shear damage during injection
and sustain the retrieval of the injected hydrogels [51].

This review presents the most recent examples (last five years) of LMWGs with
thixotropic properties with an overview. The rational design and self-assembly of these
LMWGs with thixotropic features are well focused. The detailed thixotropic rheologi-
cal parameters of the representative amino acid, dipeptide, cyclic dipeptide, tripeptide,
tetrapeptide, co-assembled, and composite hydrogels are displayed in tabular form. Finally,
these thixotropic hydrogels’ biological applications, challenges, and future directions are
thoroughly discussed. This is a much-improved review with much more helpful infor-
mation for designing new thixotropic peptide molecules to apply in tissue engineering
applications.

2. Amino Acid (AA)-Based Thixotropic Hydrogel

In light of LMWGs, AA-based supramolecular gels are an ideal example [53]. Lysine
(Lys) is an essential basic amino acid widely used to prepare LMW hydrogelators [3,54,55].
Lys plays a vital role in maintaining the hydrophilicity of the system, and side-chain
free amine (–NH2) takes part in pH sensitivity [56,57].Taking these into consideration,
in 2018, Shanmugam et al. reported biocytin based LMWG (AA1, Figure 1), made of
9-fluorenylmethyloxycarbonyl (Fmoc)-Lys and D-biotin, which undergoes self-assembly
through H-bonding between NH and C=O of the peptide backbone, hydrophobic inter-
actions between the amino acid backbones and π-π stacking intermolecular interactions
between aromatic Fmoc moieties in a wide pH range (5.5–9.8) to form a supramolecular
gel (Figure 1A, Table 1) with thixotropic behavior [54]. Biocytin is an amidation product
of D-biotin and Lys, used as an intracellular marker and neuroanatomical tracer. Over
the last several decades, Fmoc moiety has been widely used to promote peptide-based
hydrogelators owing to their hydrophobic and π-π stacking interactions within fluorenyl
rings, methoxycarbonyl-assisted steric optimization, and finally, the tendency of a carbonyl
group for additional H-bonding [55,58–60]. Thixotropic behavior of the gel was evaluated
by applying alternating low and high strain on it (Figure 1B). At a low magnitude of strain
(γ = 0.1%), a characteristic feature of G′ > G′′ was noted, indicating the viscoelastic nature of
the gel. However, when the strain was enhanced (γ = 100%), the gel underwent liquefaction
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(G′ < G′′). The liquid-like state recovered its gel state (G′ > G′′) within a few minutes upon
removing high strain, indicating the self-healing nature of the hydrogel (Table 1). The
measurement was continued for another two cycles. The gel almost completely recovered
its moduli value, confirming the excellent self-healing ability of the hydrogel (Figure 1B).
The phenomenon can be attributed to the noncovalent aspects of interactions to promote
self-assembly. Furthermore, Nanda et al. demonstrated the self-assembly behavior of modi-
fied tyrosine derivative, Fmoc-Tyr(3-NO2) (AA2, Figure 1C), which forms a self-supporting
hydrogel in PBS (pH 4.5–8.0) [61]. 3-nitro tyrosine (3-NT) is well known as a marker of
cell damage and inflammation and is found in biological fluids such as lung aspirates
(bronchoalveolar lining fluid), plasma, and urine. The presence of the nitro group enhanced
the gelation ability in a broad pH window. The hydrogel starts to flow under either the
presence of heat or mechanical stress and reforms again under stress-free conditions. The
gels formed at pH 5.5–8.5 displayed thixotropic behavior. Still, out of these prepared hy-
drogels, the gel at pH 7 showed the best thixotropic response with the excellent recovery of
the moduli owing to its relatively lesser recovery time than other gels (Figure 1D, Table 1).
The gel exhibited injectable properties, as shown in Figure 1E. In the same year, Kraatz
et al. reported myristic acid (CH3(CH2)12COOH)-capped L- and D-Phenylalanine (Phe)
(AA3 and AA4, Figure 1F), which are much more prone to form a hydrogel in a monobasic
phosphate buffer at pH 7 [62]. Phe is a well-known aromatic hydrophobic amino acid that
can readily undergo a self-assembly process within a network through hydrophobic and
π-π interactions to form supramolecular gels [55,59,63–67]. Both gels showed thixotropic
behavior, as confirmed by cyclic step-strain rheological measurement (Figure 1G, Table 1).

Figure 1. (A) Chemical structure of the hydrogelator (AA1) and possible self-assembly schematic.
(B) Thixotropy test of AA1 hydrogel; reproduced with permission from Ref. [54]. Copyright (2018)
American Chemical Society. (C) Chemical structure and stimuli-responsive behavior of the AA2
gelator. (D) Rheology experiment confirming the thixotropic behavior of AA2. (E) Injectability
behavior of AA2; reprinted with permission from Ref. [61]. Copyright (2019) American Chemical
Society. (F) Self-assembly and hydrogel formation of amino acids, AA3 and AA4. (G) Shear-recovery
cycle of AA3 and AA4; reproduced with permission from Ref. [62]. Copyright (2019) MDPI.
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Table 1. List of amino acid (AA)-based thixotropic hydrogelators and respective gelation parameters.

SL
No.

Peptide
Sequence

MGC
(wt%)

Gelation
Media

Tgel
(◦C)

Moduli
(Before Mechanical Stress)

Moduli
(After Mechanical Stress)

Moduli
(Stress-Free Conditions) Morphology Application

G′ G′′ G′ G′′ G′ G′′

1. Fmoc-Lys-Bct
(AA1) [54] 0.30 Water

(pH 7.4) 60 103–104 102–103 ~101 101–102 103–104 102–103 Fibrous
networks

Cell
proliferation
and bacterial

activity

2. Fmoc-Tyr-3NO2
(AA2) [61] 0.25 Water

(pH 7.0) NR ~103 ~102 ~100 ~101 ~103 ~102 Fibrillar
networks

Antimicrobial
activity

3 Myr-Phe-COOH
(AA3, L-form) [62] 0.25 PB

(pH 7.0) 37 ~102 ~102 100–101 100–101 101–102 101–102 Long fibers Enzyme
entrapment

4. Myr-Phe-COOH
(AA3, D-form) [62] 0.25 PB

(pH 7.0) 37 102–103 102–103 100–101 ~101 101–102 101–102 Long fibers Enzyme
entrapment

5. Fmoc-Phe-DAP
(AA5) [53] 1.42 Water NR ~103 ~102 100–101 ~101 ~103 ~102 Flat, tape-like

structures
In Vivo Drug

delivery

6. Fmoc-3F-Phe-DAP
(AA6) [53] ~1.48 Water NR ~104 103–104 101–102 102–103 ~104 103–104 Fibrils/tapes In Vivo Drug

delivery

7. Fmoc-F5-Phe-DAP
(AA7) [53] 1.71 Water NR 103–104 102–103 101–102 102–103 103–104 102–103 Twisted fibers

and tapes
In Vivo Drug

delivery

8. Fmoc-Phe-COOH
(AA8) [68] 0.19 Water: DMSO

(98:2, v/v) NR NR NR NR NR NR NR NR NR

0.19 Water
(NaOH-GdL) NR NR NR NR NR NR NR NR NR

9.
Fmoc-3F-Phe-
COOH (AA9)

[68]
0.20 Water: DMSO

(98:2, v/v) NR 103–105 103–104 ~102 102–103 103–105 103–104 Fibrillar
networks NR

0.20 Water
(NaOH-GdL) NR 102–103 101–102 ~101 101–102 102–103 101–102 Fibrillar

networks NR

10.
Fmoc-F5-Phe-

COOH (AA10)
[68]

~0.24 Water: DMSO
(98:2, v/v) NR 103–104 ~103 100–101 ~102 ~103 ~102 Fibrillar

networks NR

~0.24 Water
(NaOH-GdL) NR 102–103 101–102 ~101 101–102 102–103 101–102 Fibrillar

networks NR

11.
Fmoc-Lys

(Fmoc)-COOH
(AA11) [69]

0.30 PB
(pH 6.0) NR 103–104 ~102 ~101 101–102 ~103 ~102 Fibrous

networks NR

0.30 PB
(pH 7.4) NR ~103 101–102 ~100 ~100 101–102 100–101 Fibrous

networks NR

MGC: minimum gelation concentration; wt%: mg/100 µL; Tgel: gel transition temperature; G′: storage modulus; G′′: loss modulus; Fmoc: fluorenyl-9-methoxycarbonyl; Lys: lysine;
Bct: biocytine; Tyr: tyrosine; Myr: myristic acid; Phe: phenylalanine; 3F-Phe: 3-fluoro-phenylalanine; F5-Phe: 2,3,4,5,6-Pentafluoro-phenylalanine; PB: phosphate buffer; DAP:
diaminopropane; DMSO: dimethyl sulfoxide; NaOH: sodium hydroxide; GdL: glucono-δ-lactone; NR: not reported.
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It is well documented in the literature that the presence of Phe in Fmoc-capped pep-
tides facilitated synergism with Fmoc moiety through π-π stacking during the self-assembly
process [68,70,71]. For example, Nilsson et al. engineered Fmoc-capped cationic derivatives
of Phe (AA5, AA6 and AA7, Figure 2A) in which the C-terminal of the amino acid is
protected with diamino propane (DAP) [53]. Halogen molecules are also introduced to
form self-assembled self-supporting hydrogels with fibrillar architectures (Figure 2B). The
presence of a halogen group (here fluorine (F)) amplified the self-assembly by perturbing
intermolecular aromatic interactions. All these gels showed rapid and good gel recovery ex-
cept for AA5, as shown in Figure 2C–F, where the gradual increment of G′ over one minute
was observed to reform the gel network (Table 1). Despite being the weakest gel in the
series, AA5 demonstrated better moduli recovery than the original moduli, which can be
attributed to the more stable gel formation following the first deformation. In a similar con-
text, the same group anticipated the emergent thixotropic properties of Fmoc-capped Phe
derivatives (AA8, AA9, and AA10, Figure 2A) [68]. The derivatives undergo self-assembly
to form a supramolecular gel through two comparative gelation conditions: solvent switch
and gradual pH adjustment. The thixotropy property of the solvent switch-induced gels
was measured with the help of dynamic time sweep rheological experiments (Figure 2G).
At a low magnitude of strain (γ = 0.2%) for 85 min, both AA9 and AA10 exhibited a higher
G′ value compared to G′′, indicating the viscoelastic nature of the hydrogel (Table 1). G′

was found to be significantly higher in the case of AA9. The inversion of the moduli value
was observed (G′ < G′′) at a higher strain (γ = 100%) for 2.5 min, owing to the disruption
of the gel network, implying a quasi-liquid state. However the gel recovered its structure
(G′ > G′′) when again the strain was decreased to its initial value (γ = 0.1%) with enough
time of 1 h. In the case of AA10, the gap value between G′ and G′′ was enhanced more
during the recovery window than in the initial formation. This may be attributed to a
more stable gel network after the first deformation. On average, the gel regained 86% of its
initial moduli value, showing delayed self-healing shear recovery behavior across longer
recovery times. Next, the thixotropic properties of pH-induced gels were evaluated with
the alternating cyclic strain experiment in which a low strain (γ = 0.2%) was applied for
five minutes, followed by a high strain (γ = 100%) for 2.5 min, and then again low strain
(γ = 0.2%) for five minutes and continued for the rest of the cycle (Figure 2H). The gel
exhibited a viscoelastic nature at a lower magnitude strain (G′ > G′′). However, when the
strain was increased, the moduli values were inverted (G′ < G′′) owing to gel network
destruction to reach the quasi-liquid state. However, when the strain was removed to its
initial value, the reconstruction of the gel network was observed immediately, confirming
excellent self-healing ability.

In advanced studies, Shanmugam’s group already established that the presence of
an additional Fmoc group (AA11) to prepare the hydrogelator of twin Fmoc-capped L-
Lys induced thixotropicity in the hydrogel [9]. Later, in 2020, Deshpande’s group, in
collaboration with Shanmugam’s group, reported the same Fmoc-functionalized L-Lys,
which forms a supramolecular gel at pH 6 and 7.4 with a three-dimensional fibrillar network
(Figure 2I) [69]. The gels are thixotropic in nature and exhibited a slow improvement in
recovery percentage from 73.9 to 76.5, while the deformation percentage decreased from
26.1 to 23.6 (Figure 2J, Table 1). In contrast, the gel at pH 7.4 showed poor recovery of moduli
at the low strain stage, followed by the deformation step (Figure 2K). The deformation
percentage value upgraded from 90.4 to 91.3 and 92.8%, whereas the recovery percentage
value kept falling from 9.6 to 8.7 and 7.2%. The recovery rate can be improved when the
high strain value is fixed at 20%. The opposite trend was observed for recovery (92.8 to 95.5
and 99.94%) and deformation percentage (7.2 to 4.5 and 0.06%), confirming the transient
nature of the gels.

Based on the reported amino acid-based thixotropic hydrogels, Fmoc-Lys-Fomc
showed good recovery (>92%) at the end of four cycles. Still, the toxicity of the Fmoc-
group limits their practical applications in the biomedicine field. It is documented that the
presence of the Fmoc unit makes the hydrogelators necrotic to some human cell lines over
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prolonged incubation times owing to the Fmoc-degraded byproducts [58]. In addition, the
chemical instability of the carbamate group at higher pH causes partial deprotection during
pH-switched gel formation. Therefore, aliphatic hydrocarbon-capped Phe hydrogelators
are preferred for biological applications.

Figure 2. (A) Molecular structure of the amino acid hydrogelators (AA5–AA10); redrawn from
Refs. [53,68]. Copyright issue is not applicable here. (B) TEM images of the representative pure and
co-assembled hydrogelators. (C–F) Step-strain rheological test of the representative hydrogel; repro-
duced with permission from Ref. [53] Copyright (2019) American Chemical Society. (G,H) Thixotropy
cycle of the amino acid gelators; reproduced with permission from Ref. [68]. Copyright (2020) Royal
Society of Chemistry. (I) Schematic illustration of possible self-assembly and network formation of
AA8 hydrogelator. (J,K) Rheology experiment confirming the thixotropic behavior of AA8 at pH
6 and 7.4, respectively. Reproduced with permission from Ref. [69]. Copyright (2020) American
Chemical Society.

3. Dipeptide (D2P)-Based Thixotropic Hydrogel

Inspired by the Phe properties (discussed in the amino acid-based thixotropic hydrogel
section), in 2017, Banerjee et al. reported a series of dipeptides in which the C-terminal of
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the amino acid is coupled with dodecyl (C12) amine, whereas the N-terminal is protected
with different chain lengths (1: glycine, D2P1; 2: β-alanine, D2P2; 3: 4-aminobutyric
acid, D2P3; 4: 5-aminovaleric acid, D2P4; and 5: 6-aminocaproic acid, D2P5) free amine
(–NH2) [72]. The peptides experience self-assembly in ultrapure water at pH 6.6 with
a nanofibrillar network (Table 2). All these peptides form self-supporting thixotropic
hydrogels (transparent in nature for D2P1-D2P4, and translucent for D2P5, Figure 3A)
except for D2P1 with intertwined nanofibrillar architectures. The gel recovery time after
the first cessation of high magnitude strain is highly dependent on the chain length of
N-terminal residue and follows the order D2P5 (680 sec) > D2P4 (520 sec) > D2P3 (480 sec)
> D2P2 (420 sec), confirming high mechanical strength of D2P5 (Figure 3B). This can be
attributed to the profound van der Waals interactions within the D2P5 peptides in their
gel state.

Figure 3. (A) Molecular structure and self-assembly of the dipeptide hydrogelators (D2P1-D2P5),
FE-SEM images and vial containing hydrogel photographs. (B) Rheological step-strain measurements
of the respective dipeptide hydrogels; reproduced with permission from Ref. [72]. Copyright (2017)
American Chemical Society. (C) Chemical structure, gelation studies and SEM image of the dipeptide
(D2P6) xerogel. (D) Thixotropy test of the D2P6 hydrogel. (E) Macroscopic self-healing ability of
D2P6; reproduced with permission from Ref. [73]. Copyright (2018) American Chemical Society.
(F) Molecular structure. (G–I) TEM image. (J) Recovery test of the dipeptide, D2P7 at different
experimental conditions; reproduced with permission from Ref. [74]. Copyright (2017) Royal Society
of Chemistry. (K) Chemical structure. (L) Thixotropic analysis of the dipeptide hydrogelators (D2P8
and D2P9); reproduced with permission from Ref. [75]. Copyright (2018) American Chemical Society.
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Table 2. List of dipeptide (D2P)-based thixotropic hydrogelators and respective gelation parameters.

SL
No.

Peptide
Sequence

MGC
(wt%)

Gelation
Media

Tgel
(◦C)

Moduli
(Before Mechanical Stress)

Moduli
(After Mechanical Stress)

Moduli
(Stress-Free Conditions) Morphology Application

G′ G′′ G′ G′′ G′ G′′

1.
H2N-Gly-Phe-

C12 (D2P1)
[72]

0.83 Water
(pH 6.6) 48 NA NA NA NA NA NA

Intertwined
nanofibrillar

networks

Antimicrobial
activity

2.
H2N-β-Ala-

Phe-C12 (D2P2)
[72]

1.12 Water
(pH 6.6) 52 ~102 ~101 ~10−1 10−1–100 100–102 100–101

Intertwined
nanofibrillar

networks

Antimicrobial
activity

3.
H2N-GABA-

Phe-C12 (D2P3)
[72]

0.99 Water
(pH 6.6) 58 ~102 ~101 ~10−1 10−1–100 100–102 100–101

Intertwined
nanofibrillar

networks

Antimicrobial
activity

4.
H2N-AVAB-

Phe-C12 (D2P4)
[72]

0.90 Water
(pH 6.6) 64 ~102 ~101 ~10−1 10−1–100 100–102 100–101

Intertwined
nanofibrillar

networks

Antimicrobial
activity

5.
H2N-EACA-

Phe-C12 (D2P5)
[72]

0.77 Water
(pH 6.6) 68 102–103 101–102 ~10−1 10−1–100 100–103 100–102

Intertwined
nanofibrillar

networks

Antimicrobial
activity

6. Boc-Phe-Aib
(D2P6) [73] 0.4 Water 67.8 ~3 × 105 ~0.0–0.5 × 105 ~0.0 × 105 ~0.5 × 105 ~2.5–3 × 105 ~0.5 × 105

Rod-like
fibrillar
network

HCl sensing

7.
Nap-Phe-Phe-
COOH (D2P7)

[74]

0.1 Water/Ca2+

(pH 3.9) NR ~105 ~104 ~102 ~102 104–105 103–104 Mat of fibrous
networks NR

0.1 Water/GdL
(pH 3.9) NR 104–105 103–104 ~102 ~102 104–105 103–104 Mat of fibrous

networks NR

0.1 Water/DMSO
(pH 3.9) NR 104–105 103–104 ~101 ~102 ~103 ~102 Crystalline

morphology NR

8.
Cbz-Phe-Phe-
COOH (D2P9)

[75]
0.5 Water: MeOH

(3:1, v/v) NR 102–103 101–102 100–101 ~101 ~103 101–102 Nanofibers NR

Cbz-Phe-Phe-
COOH (D2P9)

[76]
~1.78 Water

(pH 7.4) NR ~102 101–102 ~100 ~100 101–102 100–101 Fibrous
networks NR

Cbz-Phe-Phe-
COOH (D2P9)

[77]
1.3

PB
(pH ~8)

Heat-Cool
50 ~104 ~103 ~102 102–103 103–104 ~103

Long
entangled

nanofibrous
networks

Cellular
adhesion

Cbz-Phe-Phe-
COOH (D2P9)

[77]
1.3

PB
(pH ~8)

Sonication 40 ~102 NR NR NR NR NR Short twisted
ribbons

Cellular
adhesion

9.
Ste-DVal-DAla-

COONa
(D2P11) [78]

0.02 Water NR ~4–5 × 102 ~2 × 102 ~100 ~101 ~5 × 102 ~2 × 102
Left-handed

twist
nanoribbons

NR

10.
Amoc-Phe-
Leu-COOH
(D2P12) [79]

20 mM Water
(pH 7.4) NR 104–105 ~103 ~102 102–103 ~104 ~103 Nanofibrillar

networks

Cell
proliferation

and
antibacterial

efficacy
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Table 2. Cont.

SL
No.

Peptide
Sequence

MGC
(wt%)

Gelation
Media

Tgel
(◦C)

Moduli
(Before Mechanical Stress)

Moduli
(After Mechanical Stress)

Moduli
(Stress-Free Conditions) Morphology Application

G′ G′′ G′ G′′ G′ G′′

11.
Amoc-Phe-Tyr-
COOH (D2P13)

[79]
20 mM Water

(pH 7.4) NR 103–104 102–103 101–102 101–102 103–104 102–103 Nanofibrillar
networks

Cell
proliferation

and
antibacterial

activity

12.
Fmoc-Phe-Phe-
COOH (D2P14)

[76]
~0.13 Water

(pH 7.4) NR 103–104 ~103 101–102 ~102 103–104 ~103 Fibrous
networks NR

13.
Nap-Phe-Phe-

COOH (D2P15)
[76]

~0.25 Water
(pH 7.4) NR ~103 102–103 ~102 ~102 ~103 102–103 Fibrous

networks NR

14.
Fmoc-Phe-Tyr-
COOH (D2P16)

[76]
~0.54 Water

(pH 7.4) NR ~103 ~102 NR NR NR NR Nanotubes NR

15.
Nap-Phe-Tyr-

COOH (D2P17)
[76]

~1.02 Water
(pH 7.4) NR ~103 ~102 NR NR NR NR Fibrous

networks NR

16.
Cbz-Phe-Tyr-

COOH
(D2P18)

NA Water
(pH 7.4) NA NA NA NA NA NA NA Spherical

aggregates NR

17.
Fmoc-Phe-Leu-
COOH (D2P19)

[76]
~0.50 Water

(pH 7.4) NR ~103 ~102 NR NR NR NR Fibrous
networks NR

18.
Nap-Phe-Leu-

COOH (D2P20)
[76]

~0.92 Water
(pH 7.4) NR 101–102 101–102 NR NR NR NR Nanoribbons NR

19.
Cbz-Phe-Leu-
OH (D2P21)

[76]
NA Water

(pH 7.4) NA NA NA NA NA NA NA Spherical
aggregates NR

20.
Fmoc-Phe-Ser-
COOH (D2P22)

[76]
~0.71 Water

(pH 7.4) NR 102–103 ~102 NR NR NR NR
Interwoven

fibrous
network

NR

21.
Nap-Phe-Ser-

COOH (D2P23)
[76]

~1.74 Water
(pH 7.4) NR 101–102 ~101 NR NR NR NR Fibrous

networks NR

22.
Cbz-Phe-Ser-

COOH (D2P24)
[76]

NA Water
(pH 7.4) NA NA NA NA NA NA NA Spherical

aggregates NR

23.
Myr-Phe-Phe-

COOH (D2P25)
[80]

0.05 Water
(pH 7.4) 48 ± 4 ~104 ~103 ~10−1 100–101 103–104 102–103 Nanofiber

networks Biocompatibility

24.
Myr-Trp-Phe-

COOH (D2P26)
[81]

0.25 Water
(pH 7.46) NR ~103 102–103 ~100 ~101 ~103 102–103

Cross-linked
nanofiber
network

NR
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Table 2. Cont.

SL
No.

Peptide
Sequence

MGC
(wt%)

Gelation
Media

Tgel
(◦C)

Moduli
(Before Mechanical Stress)

Moduli
(After Mechanical Stress)

Moduli
(Stress-Free Conditions) Morphology Application

G′ G′′ G′ G′′ G′ G′′

25.
Py-Lys-Cys-

CONH2(D2P27)
[40]

1.0 Tris buffer
(pH 8) 75 ± 0.5 ~102 101–102 NR NR NR NR

Densely
packed thin
nanofibrous

network

Enzyme
entrapment

26.
Azo-Lys-Cys-

CONH2(D2P28)
[82]

1.15 Water
(pH 10) 57 103–104 102–103 ~102 ~101 103–104 102–103

Thin
nanofibrous

network
Dye removal

27.

Fmoc-
Lys(Fmoc)-
Asp-COOH
(D2P29) [83]

0.002 Water NR 102–103 ~102 ~10−1 ~100 102–103 ~102
Entangled

fibrous
networks

NR

28.
Fmoc-Phe-Leu-
COOH (D2P30)

[84]
1.001 PBS

(pH ~8) NR ~104 ~103 NR NR NR NR
A mixture of

nanofibers and
straight rods

Endoscopic
submucosal

dissection filler

29.
Fmoc-Tyr-Leu-
COOH (D2P31)

[84]
1.033 PBS

(pH ~8) NR ~104 ~103 NR NR NR NR
Long nano

fibrous
networks

30.
Fmoc-Leu-Leu-
COOH (D2P32)

[84]
0.933 PBS

(pH ~8) NR ~103 102–103 NR NR NR NR

Long nano
fibrous

networks

31.
Fmoc-Tyr-Leu-
COOH (D2P33)

[84]
0.949 PBS

(pH ~8) NR ~103 ~102 NR NR NR NR

Long nano
fibrous

networks

32.
Naproxen-Phe-

Phe-COOH
(D2P34) [85]

0.5 Water: DMSO
(98:2, v/v) 202 ~104 ~103 NR NR NR NR Nanofibrous

networks NR

33.
Py-Val-Val-

COOMe(D2P35)
[86]

1.0
PB: DMSO
(90:10, v/v),

pH 8
NR ~103 102–103 100–101 101–102 ~103 102–103

Entangled
nanofibrous

networks
NR

34.
Py-Leu-Leu-

COOMe(D2P36)
[86]

0.528
PB: DMSO
(90:10, v/v),

pH 8
NR ~102 101–102 NR NR NR NR

Entangled
nanofibrous

networks
NR

35.
Py-Phe-Phe-

COOMe(D2P37)
[86]

0.298
PB: DMSO

(90:10, v/v) pH
8

NR ~103 ~102 100–101 101–102 ~103 ~102
Entangled

nanofibrous
networks

NR

36.
Fmoc-Phe-Val-
COOH (D2P38)

[87]
0.972 Water

(pH 7.4) NR 104–106 104–106 NR NR NR NR Fibrous
networks 3D cell culture

MGC: minimum gelation concentration; wt%: mg/100 µL; Tgel: gel transition temperature; G′: storage modulus; G′′: loss modulus; C12: dodecyl amine; β-Ala: β-alanine;
GABA: gamma-aminobutyric acid; AVAB: 5-aminovaleric acid betaine; EACA: 6-aminocaproic acid; Boc: tert-butyloxycarbonyl; Aib: 2-aminoisobutyric acid; Phe: phenylala-
nine; Fmoc: fluorenyl-9-methoxycarbonyl; Nap: naphthoic acid; Cbz: benzyloxycarbonyl; Ste: stearic acid; Val: valine; Ala: alanine; Amoc: 9-anthracenemethoxycarbonyl; Leu:
leucine; Tyr: tyrosine; Ser: serine; Lys: lysine; Trp: tryptophan; Asp: aspartic acid; Myr: myristic acid, Py: pyrene butyric acid; Azo: azobenzene acid; PB: phosphate buffer;
Tris: tris(hydroxymethyl)aminomethane; PBS: phosphate buffer saline; DMSO: dimethyl sulfoxide; MeOH: methanol; NaOH: sodium hydroxide; GdL: glucono-δ-lactone; NR:
not reported.
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Based on the outstanding self-assembly ability of Phe, Haldar et al. demonstrated a
dipeptide (D2P6) composed of Phe and a non-natural amino acid, α-aminoisobutyric acid
(Aib), which undergoes self-assembly into freshly prepared NaOH solution through non-
covalent interactions to form a transparent hydrogel (Figure 3C) [73]. The gel is thixotropic
in nature, as confirmed by the rheological loop test (Table 2). The gap between G′ and G′′

is higher, indicating a stable gel network, but the gap continuously decreased after the
disintegration of the gel network with the applied high strain (Figure 3D). Therefore, the
gel failed to recover its initial moduli value, confirming moderate self-healing ability. The
gel showed various self-supporting geometrical shapes, as shown in Figure 3E.

Diphenylalanine (PhePhe) is the most used minimalistic dipeptide motif ever for
the creation of different self-assembled nanoarchitectures by peptide chemists as well as
by material chemists and biologists [5,57,88–95]. The noncovalent interactions such as
H-bonding, hydrophobic, and π-π stacking interactions between PhePhe building blocks
are primarily responsible for offering well-defined nanoarchitecture such as nanofibrils,
nanotubes, nanowires, nanospheres, etc. [88–90,96–98]. In addition, PhePhe-based peptides
with a nanofibrous network are highly desirable owing to their functional similarity with
natural extracellular matrices. Utilizing this self-assembly approach of PhePhe, in 2017,
Adams et al. demonstrated the gelation behavior of a naphthalene (Nap)-capped dipeptide,
D2P7 (Figure 3F), by employing three different ways such as metal (Ca2+), acid-, and
solvent-triggered processes with thixotropic behavior [74]. To form the gels, (i) D2P7
was dissolved at high pH followed by the addition of Ca2+ salt (metal-induced); (ii) the
reduction of pH after dissolution at high pH (acid triggered); and (iii) the dilution by
water after dissolution at high concentration in water-miscible organic solvent (here DMSO,
solvent-induced). Nap’s presence enhanced the gelator molecule’s self-assembly propensity
through additional π-π stacking among the Nap units (Figure 3G–I). The rheological step-
strain experiment indicated that the Ca2+-triggered gel recovered only 32% of its original G′

value after the first applied higher strain and an average of 50% after five cycles (Figure 3G,
Table 2). In comparison, the acid-triggered gels almost completely recover their original
G′ value after the first high magnitude strain and an average of 58% after five cycles,
whereas solvent-triggered gel recovers only 10% of the initial value and maintains the
value over the cycles (Figure 3G, Table 2). In the same context, in the same year, Fan and
Sun et al. reported biphenyl acetic acid (BPAA)-capped dipeptide, D2P8 (Figure 3K), that
self-assembles to form transparent thixotropic hydrogels by temperature switching or ion
induction with a nanofibrillar network structure [99]. The biphenyl group is composed
of two adjacent phenyl rings. The delicacy of the group is that the rings cannot adopt a
stable plane but can quickly adopt a twisted equilibrium geometry with a dihedral angle
and create a new aromatic capping group along with Nap, Fmoc, pyrene, etc., to serve as a
building block for LMWGs. In addition, in this context, Gazit et al. showed the self-healing
thixotropic hydrogel of carboxybenzyl (Cbz)-capped dipeptide, D2P9, by adopting β-sheet
arrangements (Figure 3L) [75].

To explore the role of other amino acids to prepare thixotropic hydrogels, Yang and
Li et al. utilized two homochiral (L, D) amino acids such as valine (Val) and alanine (Ala)
sodium salts to prepare D2P10 and D2P11 in which the N-terminal of the sequence was-
capped with palmitic acid (C17H35COOH) to form translucent hydrogels with twisted
nanoribbons and thixotropic behavior (Figure 7A,B, Table 2) [78]. Thixotropic behavior can
be explained in terms of strong H-bonding interactions between the monomer molecules.
Remarkably, the gel prepared from D-version displayed good injectability behavior, as
can be reflected in the longer gel thread in 1.0 mM HCl solution. In the same connection,
Das and co-workers reported a series of 9-anthracenemethoxycarbonyl (Amoc)-capped
dipeptides employing Phe, Tyr, and isoleucine (Ile) amino acid [79]. The Amoc group is
typically used to create peptide-based hydrogelators because of the unique self-assembling
nature through their inherent aromaticity and hydrophobicity of anthracene unit [100,101].
The synthesized peptides (D2P12 and D2P13) forms injectable and self-supporting hy-
drogels at pH 7.4 through antiparallel β-sheet-like structural arrangement, endowed by
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noncovalent interactions such as H-bonding, hydrophobic, and π-π stacking (Figure 7C).
G′ was found to be higher than G′′ for D2P12 (γ = 0.5%) and D2P13 (γ = 0.1%), respectively,
suggesting a viscoelastic nature with a cross-linked gel network (Table 2). However, the
rupture of the gel network followed by a liquid-like sol state was observed when the strain
was increased to 40% for both gels, as confirmed by the lower G′ value compared to G′′

from strain-sweep experiments (Figure 7D,E). Again, when the lower strain was applied
to these gels for 100 s, immediate reformation of the cross-linked network was observed,
and as a result, the mechanical properties (G′ > G′′) of these hydrogels were restored. This
process was continued for another five cycles, confirming the good self-healing abilities
of these hydrogels. However, D2P12 exhibited better self-healing, as can be ensured by
almost 100% recovery of their moduli than D2P13, which can be attributed to the dynamic
deformation–reconstruction of the three-dimensional fibrillar network. The injectability
properties and shape-memory hydrogels are shown in Figure 7F–H.

In 2019, Roy et al. demonstrated a series of ultrashort amyloid-like peptides in which
the N-terminal of the peptide was capped with different aromatic groups such as Cbz, Nap,
and Fmoc, with Phe as the common amino acid (D2P9, D2P14-D2P24, Figure 7I) [76]. C-
terminal with different functional amino acids, including aromatic Phe, polar aromatic Tyr,
nonpolar aliphatic leucine (Leu), and polar aliphatic serine (Ser), covering a broad range
of hydrophobicity, undergoes self-assembly to form thixotropic hydrogels with fibrillar
nanostructures (Figure 7I). To enlighten the importance of sequence hydrophobicity, the
peptides were rationally designed to drive the self-assembly propensity in an aqueous
medium. The thixotropy property of the gels was established with the help of the step-
strain experiment, and it was observed that Fmoc-capped molecules recovered 73% value
of G′ and G′′, whereas 93% and 95% recovery was observed after 60 sec for Nap- and
CbZ–capped peptides (Table 2). This can be explained in terms of the hydrophobicity of
the capped aromatic group, which is inversely proportional to the recovery rate of the gels.
In the same direction, the myristic group-capped dipeptides self-organized into thixotropic
hydrogels at physiological conditions reported by Kraatz [80] and Banerjee [81] (D2P25,
D2P26, Figure 7J).

Cysteine (Cys) is one of the vital amino acids and is prone to form disulfide bonds
(–S–S–) in basic pH or under aerobic conditions, or by oxidation of dissolved oxygen in
solvents (Figure 4A) [40,82,102,103]. Disulfide chemistry has been found to be of significant
importance in biological systems in order to stabilize the protein’s secondary and tertiary
structures [3]. By considering this, our group explored pyrene-capped dipeptide, D2P27
(Figure 4B), which forms a self-supporting hydrogel in tris buffer at pH 8 (Table 2) through
H-bonding, -S-S-dimerization in addition to π-π stacking of pyrene units [40]. The beauty
of the gel is its insolubility in water. Inspired by this unique property, in 2020, our group de-
signed and reported azobenzene-capped dipeptide, D2P28, which undergoes self-assembly
in a fresh NaOH solution to afford a self-supporting hydrogel (Figure 4C) [82]. The gel is
thixotropic by virtue, as confirmed by the time-dependent strain-sweep rheological experi-
ment. At a constant strain (γ = 0.1%), the gel exhibited its elastic behavior (G′ > G′′), but the
gel lost its elasticity when a higher strain (γ = 1000%) was applied. The gel transformed into
a quasi-liquid state, and the material recovered its mechanical properties almost completely
within a short stretch of time after the release of strain (Table 2). This step-strain experiment
was continued for another four cycles, confirming good injectability, as shown in Figure 4D.

In the same year, Gazit, Wei and co-workers reported an Fmoc-capped minimalistic
de novo dipeptide hydrogelator, composed of Lys with an additional Fmoc group and
aspartic acid (Asp). D2P29 forms a hydrogel at 0.002 wt% (28.3 × 10−6 M), the lowest
critical gelation concentration (CGC) ever (Figure 5A, Table 2) [83]. The gelator was
found to be thixotropic in nature, as revealed by the time-dependent rheological step-
strain measurement (Figure 5B). Next, Bai, Li, and co-workers reported a series of Fmoc-
capped dipeptides, D2P30, D2P31, D2P32 and D2P33, which self-assembled into PBS buffer
solution to form colorless and transparent (D2P32 and D2P33), semi-transparent (D2P30),
and opalescent (D2P31) hydrogels (Figure 5C, Table 2) [84]. When the hydrogels were
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injected through a 26-gauge syringe needle to give a tetrahedral shape, the D2P32 hydrogel
retained the shape well, whereas D2P33 displayed a slightly collapsed structure, D2P31
exhibited a weak gel state, and phase separation was observed in the case of D2P30.
This can be explained by differential mechanical behaviors as accessed by rheological
measurements. The presence of the phenolic -OH group in Tyr offered more H-bonding
interaction, strengthening the mechanical properties. As shown in Figure 5E, 1% methylene
blue staining D2P32 hydrogel showed injectable properties and stability in PBS solution.
In addition, the D2P32 exhibited good self-healing abilities, as the two dissected parts
conglutinated immediately into an integrated block when they were kept closer (Figure 5F).

Figure 4. (A) Dimerization of two cysteine units. (B) Chemical structure of the pyrene-capped dipep-
tide hydrogelator (D2P27); redrawn from Ref. [40]. Copyright is not applicable here. (C) Molecular
structure and possible self-assembly of the Azo-capped dipeptide hydrogelator (D2P28). (D) Rheolog-
ical step-strain analysis of D2P28, confirming thixotropicity. Inset: injectability behavior; reproduced
with permission from Ref. [82]. Copyright (2020) Royal Society of Chemistry.

Figure 5. (A) Chemical structure and TEM image of the dipeptide hydrogelator (D2P29).
(B) Thixotropy test of D2P29 hydrogel; reproduced with permission from Ref. [83]. Copyright (2020).
John Wiley and Sons. (C) Molecular structures and schematic representation of the dipeptide gelators
(D2P30-D2P33) for the self-thinning and self-healing behavior. (D) AFM images and photographs
of 26-gauge needles injected into dipeptide hydrogels. (E) Injectability behavior of methylene blue-
stained hydrogel (D2P32). (F) Self-healing behavior of D2P32 hydrogel; reproduced with permission
from Ref. [84] Copyright (2020) American Chemical Society.
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The naproxen-capped PhePhe dipeptide (D2P34, Figure 6A, Table 2) also experiences
metal ion-induced thixotropic hydrogel formation developed by Chen and colleagues [85].
In the same year, Roy et al. utilized the PhePhe dipeptide motif in which the N-terminal
of the sequence is capped with Cbz moiety (D2P9), which self-assembles in PBS buffer at
pH 8 by employing different pathways (heating–cooling method and sonication) to form
self-supporting thixotropic gels as shown in Figure 6D [77]. The gel was transformed into
a solution owing to vigorous shaking, and upon free-standing, the gel state reappeared,
which can be reflected from AFM images as well, indicating a self-healing ability (Figure 6E).
At a constant strain (γ = 0.1%), the gel maintained its viscoelastic nature (G′ > G′′) due
to the nanofiber’s architecture. However, when the strain was increased (γ = 100%), the
gel structure ruptured due to the dissolution of the long fibers to give a liquid-like state
(G′ < G′′), and upon rest, the short fibers came together to reform the fiber network followed
by gel (G′ > G′′) formation (Figure 6F, Table 2). The gel failed to regain its initial G′ value
after each step, and the recovery percentage was found to be 72% and 82% for gel I and gel
II, respectively.

Figure 6. (A) Chemical structure of the dipeptide hydrogelator (D2P34). (B) Metal-induced self-
assembly and hydrogel formation. (C) TEM images of the respective metallogel; reproduced with
permission from Ref. [85] Copyright (2020) Royal Society of Chemistry. (D) Schematic illustration of
gel formation and the AFM images of the resultant gels. (E) Self-healing behavior of the hydrogel with
the representative AFM images. (F) Rheology experiment confirming the thixotropic behavior of the
hydrogels; reproduced with permission from Ref. [77]. Copyright (2020) American Chemical Society.
(G) Molecular structures of the hydrogelators, representative self-assembly process followed by gel
formation with AFM image. (H) Step-strain rheological analysis for thixotropicity. (I) Self-healing
ability of the gel with demonstrative AFM images. Reproduced with permission from Ref. [86]
Copyright (2021) American Chemical Society. (J) Chemical structure of the dipeptide hydrogelator;
redrawn from Ref. [87]. Copyright is not applicable here.
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Figure 7. (A) Molecular structures and FE-SEM images of the lipodipeptide hydrogelators (D2P10 and
D2P11); Schematic illustration of twisted nanoribbons. (B) Rheological step-strain measurements of
the respective lipodipeptide hydrogels; reproduced with permission from Ref. [78]. Copyright (2018)
Royal Society of Chemistry. (C) Chemical structures, schematic illustration for self-assembly to form
the gels and TEM images of the resultant hydrogels. (D,E) Thixotropy test of the dipeptide (D2P12
and D2P13) hydrogel. (F,G) Self-supporting hydrogel images: (i) inverted vial confirming gelation
character; (ii) injectable nature of the hydrogels; (iii) macroscopic hydrogel block; (H) macroscopic-
shaped (triangular and pentagonal) hydrogel; reproduced with permission from Ref. [79]. Copyright
(2018) American Chemical Society. (I) Molecular structure of the self-assembled peptide hydrogelators
(D2P14-D2P24); redrawn from Ref. [76]. Copyright is not applicable here. (J) Chemical structure and
photographs of vial containing hydrogels; reproduced with permission from Ref. [80]. Copyright
(2020) Royal Society of Chemistry. (K) Chemical structure and photographs of vial containing
hydrogels; reproduced with permission from Ref. [81]. Copyright (2020) American Chemical Society.

To expand the scope, the same group explored a series of pyrene-capped dipeptides
(D2P35, D2P36 and D2P37) methyl ester as a molecular switch motif [17]. In the pres-
ence of subtilisin, a hydrolytic enzyme from Bacillus licheniformis, the peptide derivatives
undergo hydrolysis of methyl ester to form the corresponding acid derivatives, which
self-assembled through noncovalent interactions to form a thixotropic hydrogel (Figure 6G,
Table 2). The D2P35 hydrogel showed excellent moduli recovery after removing high
strain, whereas the D2P37 hydrogel displayed 93.58% recovery, indicating good self-healing
ability (Figure 6H,I). Najafi and Tamaddon et al. demonstrated the self-assembly behav-
ior of D2P9, which adopted antiparallel β-sheet arrangement to form a self-supporting
thixotropic hydrogel with an entangled fibrillar network in alkaline NaOH solution fol-
lowed by HCl treatment [87]. In the same year, the same group stated the injectable
behavior of self-supporting hydrogel formed by the Fmoc-capped dipeptide, Fmoc-Phe-Val
(D2P38, Figure 6J, Table 2) in PBS at pH 7.4 by a pH-titration procedure through β-sheet
nanofiber arrangements [104].

In this section, a dipeptide-based supramolecular hydrogel with its structural and
functional diversity is discussed. The synergistic effect of the capped aromatic units with
the monomer units’ noncovalent interactions help form self-assembled peptide hydrogels
with thixotropic behavior. It was noted that many stimuli, including pH, temperature,
metal ions, sonication, solvents, ionic strength, etc., played a vital role in creating hydrogels
with nanoscale architectures. Out of the above-mentioned dipeptide hydrogelators, some
are showing (D2P12, D2P28, D2P37) excellent recovery of their initial moduli value after
removing high strain with good injectable property.

4. Cyclic Dipeptide (CDP)-Based Thixotropic Hydrogel

Along with linear dipeptides, cyclic dipeptides (CDPs) have also received consider-
able interest in the biological and pharmacological field. CDPs are a distinct type of
small cyclic form of peptides with heterocyclic 2,5-diketopiperazines building blocks
(Figure 8) [105–107]. In recent years, CDP has gained increasing attention in the field
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of self-assembly to form supramolecular gels owing to the presence of four H-bonding sites
(two donors and two receptors) and other noncovalent forces, including electrostatic inter-
actions, π-π stacking, hydrophobic effect, van der Waals forces [105,107,108]. In addition,
CDPs are molecularly rigid in nature, conformationally constrained structures, and they
exhibit low enzymatic degradation as well as high physiological stability in comparison to
their linear analogues, which make CDPs ideal building blocks for self-assembly studies to
create unique and unusual assemblies [107,109,110]. Therefore, dissimilar self-assembly
performances and stability of peptides with linear and cyclic analogues can be expected.
For example, Lim et al. reported the different self-assembly behavior between linear and
cyclic peptide [110]. Considering all these facts, Feng, Bezuidenhout, and co-workers
designed two thixotropic chiral CDP supergelators, namely cyclo[LGlu(OFmoc)-L-Glu]
(CDP-1) and cyclo[D-Glu(OFmoc)-D-Glu] (CDP-2) (Figure 8A) [105]. Both the chiral CDPs
undergo self-assembly to form a hydrogel (MGC 0.4 wt%, Table 3) with a uniform densely
packed tangled nanofiber, whereas the racemate, D, L (MGC 0.6 wt%) forms comparatively
loosely clumped fibers with a large width, indicating the impact of chirality on the self-
assembled structure (Figure 8B). The gels were mechanically stirred into a sol state to test
the thixotropic properties (Figure 8C). The CDP-2 and racemate gel recovered around 93%
and 89% of their original G′ value upon resting for 67 and 4 min, respectively. Thereafter,
in case of the racemate hydrogel, it was observed that in the second and third cycle, the
G′ value increased gradually, even higher than the native ones, implying high stability
of the gel after disintegration. The pristine hydrogel’s comparatively lower G′ value can
be attributed to the random arrangements of chiral enantiomers of racemate hydrogels to
form nanocrystalline self-assemblies.

Figure 8. (A) Molecular structure. (B) FE-SEM images. (C) Vial containing hydrogel photographs of
the cyclic dipeptide hydrogelators (CDP-1 and CDP-2); reproduced with permission from Ref. [105].
Copyright (2017) American Chemical Society. (D) Chemical structure and self-assembly schematic
illustration of the cyclic dipeptide hydrogelators (CDP-3). (E) FESEM images of CDP-3 at different pH.
(F,G) Rheological step-strain measurements of the respective hydrogels; reproduced with permission
from Ref. [108]. Copyright (2019). Elsevier. (H) Chemical structure, gelation studies and FE-SEM
image of the CDP-4. (I,J) Thixotropy test of the CDP-4 hydrogel; reproduced with permission from
Ref. [106]. No copyright is needed, as this is an Open Access article under the terms of the Creative
Commons Attribution License.
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Table 3. List of cyclic dipeptide (CDP)-based thixotropic hydrogelators and respective gelation parameters.

SL
No.

Peptide
Sequence

MGC
(wt%)

Gelation
Media

Tgel
(◦C)

Moduli
(Before Mechanical Stress)

Moduli
(After Mechanical Stress)

Moduli
(Stress-Free Conditions) Morphology Application

G′ G′′ G′ G′′ G′ G′′

1. Cyclo[L-Glu(OFmoc)-L-Glu]
(CDP-1) [105] 0.4

PBS:
DMSO

(5:1, v/v)
161 ~103 ~102 NR NR ~103 ~102

Tangled
fibrous

networks
NR

2. Cyclo[D-Glu(OFmoc)-D-Glu]
(CDP-2) [105] 0.4

PBS:
DMSO

(5:1, v/v)
160 NR NR NR NR NR NR

Tangled
fibrous

networks
NR

3. Cyclo-(Leu-Phe) (CDP-3) [108] 0.2
Water:
DMSO

(9:1, v/v)
NR 104–105 ~103 ~101 101–102 104–105 ~103 Fibrous

networks NR

4. Cyclo-(Trp-Tyr) (CDP-4) [106] 0.5 Water NR ~104 ~104 ~101 ~102 ~104 ~104 Fibrous
networks NR

Minimum gelation concentration; wt%: mg/100 µL; Tgel: gel transition temperature; G′: storage modulus; G′′: loss modulus; Fmoc: fluorenyl-9-methoxycarbonyl; Glu: glutamic acid;
Leu: leucine; Phe: phenylalanine; Trp: tryptophan; Tyr: tyrosine; PBS: phosphate buffer saline; DMSO: dimethyl sulfoxide; NR: not reported.
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Later, another CDP, cyclo-(Leu-Phe) (CDP-3, Figure 8D), was reported by Yan et al.,
which experiences self-assembly to form a nontransparent thixotropic hydrogel with crystal
features and close-knit three-dimensional fibrous network structures (Table 3) [106]. The
intrinsic intermolecular hydrogen bonding ability between CDP-3 peptides imparts super
gelation capability to the CDP with almost complete recovery of their original moduli
values, confirming a self-healing ability. Intuitively, the mechanical stability of the su-
pergelator is enhanced with an increase in gelator concentration because of the greater
H-bonding between CDP-3 nanofibers and water molecules, but it does not affect the
self-healing propensity of the hydrogel (Figure 8F). In addition, CDP-3 forms a transparent
thixotropic hydrogel at different pH, from acidic (pH 3) to basic (pH 11), with intertwined
long nanofibers (Figure 8E), indicating the versatility of the gelator (Figure 8G). Further-
more, CDP-3 maintains the thixotropic nature even in the physiological solutions containing
phosphate buffer saline (PBS), Dulbecco’s Modified Eagle Medium (DMEM), or trypsin.
Therefore, CDP-3 can be used as a unique biomaterial for biomedical applications in harsh
biological or chemical environments. Later, in the same year, the same group demonstrated
the self-assembly of cyclo-(Trp-Tyr), CDP-4 to form a thixotropic hydrogel with crystal
features and close-knit three-dimensional network structures (Figure 8H, Table 3) [108].
The CDP displayed better mechanical properties upon aging. The alternate high (γ = 500%)
and low (γ = 1%) step-strain rheological experiment exemplified that the recovery time is
highly dependent on aging time. Therefore, the hydrogel at 240 h exhibited a comparatively
quicker recovery speed than the gel at 48 h (Figure 8I,J).

CDP3 demonstrated outstanding self-healing properties among the cyclic dipeptides
discussed. The capacity to self-heal is invariant primarily to gelator concentration, pH (3–11),
and even buffer, making them excellent gelators with thixotropic properties. Compared to
linear analogs, it is difficult to compare the thixotropic behavior of these CDPs. Both type
of peptides showed 3D fibrous structures in the gel network with good gel recovery. The
complex and monotonous purification process of CDPs and higher MGC compared to the
linear part makes them less explored in terms of thixotropic properties.

5. Tripeptide (T3P)-Based Thixotropic Hydrogel

Typically, peptide-based LMWGs are made of N-terminal-capped aromatic moieties
such as benzene, Nap, pyrene, Fmoc, Amoc, etc., for π-π interactions and a β-sheet-
forming peptide motif to drive the self-assembly process [5,26,35,40]. Thus, by taking
those interactions into attention and inspired by the well-known β-sheet forming tripep-
tide motif, GlyPhePhe, in 2017, Thordarson et al. anticipated different aromatic (Fmoc
and PTZ)-capped tripeptides (T3P1 and T3P2), which undergo self-assembly in DMEM
to form a supramolecular hydrogel with thixotropic properties (Figure 9A, Table 4) [111].
Phenothiazine-10-acetic acid (PTZ) is a crucial heterocyclic ring and is widely used in
pharmaceuticals owing to its good biocompatibility. It is well documented in the literature
that the presence of a PTZ unit endowed the super gelation ability in LMWGs [112]. In
addition, the metal ions in the DMEM medium promoted the gelation through charge
screening, and a critical gelation concentration for PTZ and Fmoc-capped hydrogel was
found to be 0.05 (w/v) and (0.1 w/v), respectively. Both hydrogels displayed moderate
thixotropic behavior, as can be seen from Figure 9B,C. After withdrawal of high shear
force, the gel recovers only 21% and 79% of the G′ value for Fmoc and PTZ-capped gels,
respectively. Unfortunately, PTZ-capped hydrogel lost the recovery rate from 79% to 60%
to 53% in the subsequent cycles (Figure 9C). In contrast, the Fmoc-capped hydrogel showed
a nominal improved recovery rate from 21% to 22% to 25% (Figure 9B), implying the
role of the capping group. However, the thixotropic properties were raised from the gel
microstructures from the GlyPhePhe unit. The ordered β-sheet structure in the PTZ-capped
hydrogel may be responsible for such a type of mechanical behavior. Likewise, in 2019, our
group reported a pyrene-capped tripeptide, Py-PhePheLys (T3P3, Figure 9D, Table 4), form-
ing a self-supporting thixotropic hydrogel in 1:1 ACN:water with a fibrous network [57].
PhePheLys is another well-studied β-sheet-forming sequence. In the same year, Banerjee’s
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group described a C-terminal-protected tripeptide sequence, composed of His, Ile, and an
unnatural amino acid, 11-aminoundecanoic acid (AUDA), for the self-assembly in PBS in
a broad pH range from 5.5–8.5 to form a transparent hydrogel with thixotropic behavior
(Figure 9E) [113].

Figure 9. (A) Chemical structure and self-assembly of the tripeptide hydrogelators (T3P1 and
T3P2). (B,C) Thixotropic step-strain experiment of the tripeptide gelators; reproduced with per-
mission from Ref. [111]. Copyright (2017) John Wiley and Sons. (D) Molecular structure, TEM
image of the tripeptide (T3P3) hydrogelator; reproduced with permission from Ref. [57]. Copy-
right (2019) American Chemical Society. (E) Chemical structure, hydrogel and recovery test of
the hydrogelator T3P4; reproduced with permission from Ref. [113]. Copyright (2019) Ameri-
can Chemical Society. (F) Chemical structure. (G)Thixotropic analysis and injectability of the hy-
drogelator T3P5; reproduced with permission from Ref. [114]. Copyright (2019) The Royal Soci-
ety of Chemistry. (H) Molecular structure and photographs of the hydrogelator (T3P6 and T3P7).
(I,J) Rheology experiment confirming the thixotropic behavior of T3P6 and T3P7. (K) Self-healing test
of macroscopic hydrogels; reproduced with permission from Ref. [115]. Copyright (2020) American
Chemical Society.
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Table 4. List of tripeptide (T3P)-based thixotropic hydrogelators and respective gelation parameters.

SL
No.

Peptide
Sequence

MGC
(wt%)

Gelation
Media

Tgel
(◦C)

Moduli
(Before Mechanical Stress)

Moduli
(After Mechanical Stress)

Moduli
(Stress-Free Conditions) Morphology Application

G′ G′′ G′ G′′ G′ G′′

1. Fmoc-Gly-Phe-Phe-COOH (T3P1)
[111] 0.1 DMEM

(pH 7.4) NR 103–104 ~102 ~100 ~100 102–103 101–102 Nanofibrous
networks

3D Cell
Culture of

Tumor
Spheroids

2. PTZ-Gly-Phe-Phe-COOH (T3P2) [111] 0.05 DMEM
(pH 7.4) NR 103–104 102–103 ~101 ~101 ~103 102–103 Nanofibrous

networks

3D Cell
Culture of

Tumor
Spheroids

3. Py-PhePhe-Lys-CONH2 (T3P3) [57] 1.8 1:1 Water:ACN 51 ~103 ~102 100–101 101–102 ~103 ~102
Tightly knitted

fibrous
networks

PA sensing

4. NH2-His-Ile-AUDA-COOMe (T3P4)
[113] 0.4 PBS

(pH 7.46) 44 ~104 ~103 ~101 ~102 ~104 ~103 Nanospheres
3D Cell

Culture of
Fibroblasts

5. Fmoc-Phe-Phe-Cys-COOH (T3P5)
[114] 2.8 Water

(pH 11) NR 104–105 103–104 ~102 ~103 104–105 103–104

Coiled and
interlaced

fibrous
networks

Printable
Hydrogels

6. Fmoc-His-DPhe-DPhe-CONH2 (T3P6)
[115] 1.0 Water:DMSO

(35:65, v/v) NR ~103 102–103 ~102 ~102 ~103 ~102
Thin and long

wavy
threads/fibers

Bactericidal
Activities

7. Fmoc-Arg-DPhe-DPhe-CONH2 (T3P7)
[115] 1.0 Water:DMSO

(35:65, v/v) NR ~104 ~103 101–102 101–102 103–104 102–103
Nanofiber/thread-

like
structures

Bactericidal
Activities

8. BPAA-β-Ala-Phe-Phe-COOH (T3P8)
[116] 0.023 PBS

(pH 7) NR 103–104 ~103 100–101 ~101 103–104 ~103 Nanotubes
Cartilage

tissue
engineering

9. BPAA-Phe-Phe-β-Ala-COOH (T3P9)
[116] 0.023 PBS

(pH 7) NR 101–102 100–101 NR NR NR NR Fibrous
networks

Cartilage
tissue

engineering

10. BPAA-Phe-Phe-Ala-COOH (T3P10) [117] 0.023 Water
(pH 7) NR ~104 ~103 100–101 101–102 ~104 ~103 Short

nanoribbons
Tissue

engineering

11. BPAA-Phe-Phe-Gly-COOH (T3P11) [117] 0.002 Water
(pH 7) NR 102–103 101–102 ~101 101–102 ~103 ~102 Nanofibrous

networks
Tissue

engineering
12. BPAA-Phe-Gly-Phe-COOH (T3P12) [117] NA NA NA NA NA NA NA NA NA NA NA

13. BPAA-Gly-Phe-Phe COOH (T3P13) [117] 0.002 Water
(pH 7)

NR 103–104 102–103 ~101 101–102 103–104 102–103 Nanofibrous
networks

Tissue
engineering

14. BPAA-Ala-Phe-Phe-COOH (T3P14) [117] 0.023 Water
(pH 7) NR ~104 ~103 ~101 ~102 ~104 ~103 Nanofibrous

networks
Tissue

engineering
15. BPAA-Phe-Ala-Phe-COOH (T3P15) [117] NA NA NA NA NA NA NA NA NA NA NA

16. Boc-Ava-Phe-Phe-COOH (T3P16) [118] PB
pH 7.5 0.07 33 103–104 102–103 ~101 ~102 103–104 102–103 Fibrillar

networks

Anti-
Inflammatory

and
Anti-bacterial

activity
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Table 4. Cont.

SL
No.

Peptide
Sequence

MGC
(wt%)

Gelation
Media

Tgel
(◦C)

Moduli
(Before Mechanical

Stress)

Moduli
(After Mechanical

Stress)

Moduli
(Stress-Free
Conditions)

Morphology Application

G′ G′′ G′ G′′ G′ G′′

17. Boc-Ava-LPhe-DPhe-COOH
(T3P17) [118]

PB
pH 7.5 0.15 32 ~103 102–103 ~101 ~101 ~103 102–103 Fibrillar

networks

Anti-
Inflammatory

and Anti-
bacterial
activity

18. Boc-Ava-DPhe-LPhe-COOH
(T3P18) [118]

PB
pH 7.5 0.15 35 103–104 ~103 101–102 100–101 ~103 ~103 Fibrillar

networks

Anti-
Inflammatory

and Anti-
bacterial
activity

19. Boc-Ava-DPhe-DPhe-COOH
(T3P19) [118]

PB
pH 7.5 0.08 34 104–105 103–104 ~102 ~103 104–105 103–104 Fibrillar

networks

Anti-
Inflammatory

and Anti-
bacterial
activity

MGC: minimum gelation concentration; wt%: mg/100 µL; Tgel: gel transition temperature; G′: storage modulus; G′′: loss modulus; Fmoc: fluorenyl-9-methoxycarbonyl; Boc:
tert-butyloxycarbonyl; PTZ: phenothiazine-10-acetic acid; DMEM: Dulbecco’s Modified Eagle Medium; Gly: glycine; Phe: phenylalanine; Lys: lysine; His: histidine; Ile: isoleucine; Arg:
arginine; AUDA: 12-(3-Adamantan-1-yl-ureido) dodecanoic acid; Cys: cysteine; Py: pyrene butyric acid; BPAA: 4-biphenylacetic acid; Ava: δ-amino valeric acid; NA: not applicable; NR:
not reported.
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Next, Qi and Wang et al. fabricated a tripeptide in which the N-terminal of the peptide
was capped with an Fmoc group. The central part is composed of a well-known self-
assembling PhePhe motif, and Cys at the C-terminal for the crosslinking of the sulfhydryl
group undergoes self-assembly in 0.5 M NaOH solution to form a stable, self-supporting
hydrogel with a helical network (Figure 9F, Table 4) [114]. The thixotropic behavior of the
hydrogel was evaluated with the help of a time-dependent step-strain experiment in which
alternation of low (γ = 1.0%) and high (γ = 100%) strain was applied to check gel-sol-gel
transitions (Figure 9G). The hydrogel completely recovered its initial moduli after four
cycles, indicating good self-healing ability. In 2020, Singh et al. reported an Fmoc-capped
tripeptide composed of a popular dipeptide motif, PhePhe in the D form, owing to its
high proteolytic stability and tendency for enhanced gelation, and a cationic amino acid
Arg or His in L-form because of the potent bactericidal activities (Figure 9H, Table 4) [115].
These peptides displayed self-assembled fibrillar morphology with thixotropic behavior. A
time-dependent alienating step-strain experiment showed that at a lower strain (γ = 0.1%),
the system perseveres its gel character (G′ > G′′). When the high strain was applied to
the system (γ = 50%), the gel collapsed to form a liquid state (G′ < G′′). However, as
the strain was dropped to the original one, the system regained its 3D fiber network,
confirming the self-healing behavior. The process was repeated for another five cycles
(Figure 9I,J). The gel failed to recover its initial G′ value after the first destruction of the
gel, and after that, the gel maintained the G′ value for the rest of the cycles, as can be
seen in Figure 9I,J. In addition, the self-healing ability of the hydrogel was established
macroscopically (Figure 9K). Therefore, the gels were cut into two equal halves with the
help of a surgical blade, one of the parts was stained with a dye, and the other part was
kept intact. After 9 h of rest, the gel showed excellent self-healing properties, as the dye
was diffused from the stained region to the unstained one. However, the T3P6 gel failed to
retain its strength after 9 h of self-healing.

Within this context, 4-biphenyl acetic acid (BPAA)-capped tripeptides (T3P8 and T3P9,
Figure 10A) were reported by Sun, Jiang, Wang and co-workers, which are composed of
beta-alanine (β-Ala), a well-studied PhePhe dipeptide motif forming a thixotropic hydrogel
(Table 4) via a pH switch method through β-sheet arrangement promoted by intermolecular
H-bonding and π-π stacking interactions [116]. Both hydrogels almost completely recover
the moduli at the end of the cycle, as confirmed by the rheological time sweep analysis,
confirming good self-healing ability. More recently, a series of BPAA-capped tripeptides
(T3P10-T3P15) was reported by Sun et al. The PhePhe dipeptide motif was introduced as a
core segment with different C-terminal amino acids such as Gly, Ala, and Phe followed by
an alternative position of Gly and Ala in the sequence (Figure 10B) [117]. All these peptides
encounter self-assembly through the pH switch procedure to form a self-supporting gel
(Table 4). It was found that T3P10 exhibited almost complete recovery of its initial moduli
(G′ and G′′) compared to T3P11, T3P13 and T3P14. The good self-healing nature of T3P10
can be attributed to the presence of a methyl group in Ala, which impeded the flexibility of
the T3P10 unit, and consequently, conformational entropy of the T3P10 peptides decreased
(Figure 10C). More recently, Li et al. presented drug–peptide conjugates made of the
anti-inflammatory drug, dexamethasone (Dex), and either the ArgGlyAsp or ArgGlyGlu
peptide motives undergo self-assembly in PBS at pH 7.4 to form a supramolecular hydrogel
with nanotube morphology [119]. The ArgGlyAsp peptide motif was chosen owing to
the brilliant trans-corneal permeability and pharmacological activity, which work through
ligand-receptor interaction. Both the gels exhibited nice thixotropic behavior with more
than 90% recovery of the initial modulus values.
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Figure 10. (A) Chemical structure of the hydrogelator (T3P8 and T3P9) with the hydrogel vials;
reproduced with permission from Ref. [116]. Copyright (2021) Elsevier. (B) Molecular structures of
BPAA-capped tripeptide hydrogelators (T3P10-T3P15). (C) Thixotropy test of the above mentioned
in (B) hydrogels; reproduced with permission from Ref. [117]. No copyright is needed, as this is an
Open Access article under the terms of the Creative Commons Attribution License.

Aligned to the context, Konar et al. fabricated a series of tripeptide gelators (T3P16,
T3P17, T3P18 and T3P19) by fine tuning the configuration of the building amino acid Phe to
investigate the tendency of this construct in rigidifying the solvent system (Figure 11) [118].
The gelators form a supramolecular hydrogel with thixotropic and injectable properties,
as can be seen in Figure 11B. The non-covalent interactions and supramolecular β-sheet
secondary arrangements provide a nanofibrillar morphology to stabilize the hydrogel.
Among the series, T3P16 (L,L) exhibited the lowest minimum gelation concentration (MGC;
0.7 mg/mL), whereas T3P17 (L,D), T3P18 (D,L) and T3P19 (D,D) showed MGC 1.5, 1.5
and 0.8, respectively (Table 4). The rheological moduli of the hydrogels follow the trend:
hydrogelators T3P19 (D,D) > T3P17 (L,D) > T3P16 (L,L) > T3P18 (D,L). The trend can be
explained in terms of the presence of D-isomers, which strengthen the gels. During the
thixotropic recovery test, T3P16 (L,L) and T3P19 (D,D) completely recovered the moduli
within 25 s; however, T3P17 (L,D) and T3P18 (D,L) took around 100 s to recover the moduli
as can be seen from Figure 11C. The difference in their recovery could be attributed to the
delayed restoration of non-covalent interactions in the heterochiral derivatives.
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Figure 11. (A) Chemical structure. (B) Self-assembly, self-healing, injectability schematic illustration
of the tripeptide hydrogelators (T3P16-T3P19). (C–F) Rheology step-strain experiment confirming
the thixotropic behavior of the tripeptide hydrogelators (T3P16-T3P19); reproduced with permission
from Ref. [118]. Copyright (2021) American Chemical Society.

The peptide hydrogels, especially drug–peptide supramolecular hydrogelators, are
at the forefront of therapeutic biomaterials owing to their brilliant biodegradability, bio-
compatibility, minimum gelation concentration, thixotropicity, and above all, precise and
comparatively high drug payload. In the above-mentioned tripeptide systems, although
various aromatic capping groups were employed, it was found that the thixotropy be-
havior is independent of the capped group. Phe/PhePhe plays a vital role in designing
tripeptide-based thixotropic hydrogels, as can be observed from the literature mentioned
above. Among the reported tripeptide thixotropic hydrogels, T3P5 showed good recovery,
but the gelation medium (0.5 Mol NaOH) can be one of the limitations for biomedical
applications, whereas the hydrogelator T3P10 showed the best recovery and self-healing
properties. Out of these tripeptide gelators, the T3P16 gelator is the best in terms of both
thixotropy and biological applications.

6. Tetrapeptide (T4P)-Based Thixotropic Hydrogel

LMW hydrogels have attracted considerable attention in biomedical sciences as an
ideal biomaterial because of their high porosity with a large amount of entrapped water and
inherent biocompatibility, such as human tissue [120,121]. Tetrapeptides are also universally
considered as LMWGs. In 2017, Yang, Gong, Li, and co-workers reported naphthyl acetic
acid-capped tetrapeptides (T4P1 and T4P2, Figure 12A) composed of Gly, PhePhe dipeptide,
and Tyr [122]. The peptide forms a hydrogel in PBS buffer at pH 7.4 with thixotropic
behavior with injectable properties (Table 5). The D-enantiomeric gel (T4P2) also exhibited
thixotropic properties. Furthermore, Li and co-workers modified the above-mentioned
tetrapeptide sequence in which phosphate-protected Tyr was used for enzyme sensitivity,
and Asp was functionalized with D-glucosamine (T4P3, Figure 12B) [123]. The peptide
T4P3 undergoes alkaline phosphatase (ALP)-induced self-assembly through hydrogen
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bonding and π-π stacking to form an injectable supramolecular transparent thixotropic
hydrogel (Figure 12C) under physiological conditions with 85% recovery of their original
one (Figure 12C–G, Table 5). When the gel was extruded through a 0.4 mm diameter of the
needle (Figure 12D), the sample transformed into a stable gel within 15 min, confirming
the injectable property (Figure 12F). In the same year, Huang et al. reported the same
naphthyl acetic-capped tetrapeptide (T4P5), comprising PhePhe with high self-assemble
propensity. Di-His for metal ion binding in proteins undergoes self-assembly in PBS to form
thixotropic-transparent hydrogels with a nanofibrous network (Figure 12I, Table 5) [124].

Figure 12. (A) Chemical structure of the tetrapeptide hydrogelators (T4P1 and T4P2); redrawn from
Ref. [122]. Copyright is not applicable here. (B) Molecular structure of a glycopeptide with self-
assembly schematic to form an injectable hydrogel. (C–F) Injectability and self-healing photographs
of the hydrogel. (G)Thixotropy test of the T4P4 hydrogel; reproduced with permission from Ref. [123].
Copyright (2018) American Chemical Society. (H) Chemical structure and an inverted vial containing
the hydrogel and TEM image; reproduced with permission from Ref. [124]. Copyright (2018) Ameri-
can Chemical Society. (I) Molecular structure. (J) SEM images. (K) Rheology experiment confirming
the thixotropic behavior. (L) Injectability behavior of the tetrapeptide hydrogelator; reproduced with
permission from Ref. [103]. Copyright (2020) American Chemical Society.
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Table 5. List of tetrapeptide (T4P)-based thixotropic hydrogelators and respective gelation parameters.

SL
No.

Peptide
Sequence

MGC
(wt%)

Gelation
Media

Tgel
(◦C)

Moduli
(Before Mechanical Stress)

Moduli
(After Mechanical Stress)

Moduli
(Stress-Free Conditions) Morphology Application

G′ G′′ G′ G′′ G′ G′′

1. Nap-Gly-Phe-Phe-Tyr-COOH (T4P1) [122] NR PBS
(pH 7.4) NR 101–102 ~101 NR NR NR NR Nanofibrillar

structures
Vaccine

Adjuvant

2. Nap-DGly-DPhe-DPhe-DTyr-COOH (T4P2)
[122] NR PBS

(pH 7.4) NR 101–102 100–101 NR NR NR NR Nanofibrillar
structures

Vaccine
Adjuvant

3. Nap-Phe-Phe-Asp (GlCN)Tyr-COOH
(T4P4) [123] 0.6 Water

(pH 7.4) NR 101–102 ~101 100–10−1 ~100 101–102 ~101 Nanofibrous
structures Vascularization

4. Nap-His-His-Phe-Phe-COOH (T4P5) [124] 0.5 PBS
(pH 8.5) NR 101–102 100–10−1 10−1–10−2 10−1–100 101–102 100–10−1 Nanofibrous

networks

In Vivo Boosts
Immune
Response

5. Ac-Phe-Phe-Lys-Cys-CONH2 (T4P6) [103] 0.5 Tris buffer
(pH 8) 69 ~104 ~103 101–102 ~102 ~104 ~103 Nanofibrous

networks
3D Cell

Proliferation

6. Ac-Val-Val-Lys-Cys-CONH2 (T4P7) [103] 0.5 Tris buffer
(pH 8) 61 101–102 ~101 ~10−2 ~10−1 101–102 ~101 Nanofibrous

networks
3D Cell

Proliferation

7. Nap-Phe-Glu-Phe-Lys-COOH (T4P8) [125]

1.51 Water
(pH 2) NR 102–103 NR NR NR NR NR Nanofibrous

networks NR

1.13 Water
(pH 5) NR 103–104 NR NR NR NR NR Nanofibrous

networks NR

0.75 Water
(pH 6) NR ~104 NR NR NR NR NR Nanofibrous

networks NR

0.75 Water
(pH 7) NR ~104 ~103 102–103 102–103 ~104 ~103 Nanofibrous

networks NR

0.75 Water
(pH 8) NR 104–105 NR NR NR NR NR Nanofibrous

networks NR

1.51 Water
(pH 10) NR 103–104 NR NR NR NR NR Nanofibrous

networks NR

1.88 Water
(pH 12) NR 103–104 NR NR NR NR NR Nanofibrous

networks NR

8. NH2-Lys-Leu-Ile-Ile-COOH (T4P9) [126] NA Water NA NA NA NA NA NA NA NA NA

9. NH2-Lys-Leu-Ile-Ile-COOH (T4P10) [126] 0.5% Water NR ~3 × 104 ~9 × 103 NR NR NR NR NR Antibacterial
activity

10. NH2-Lys-Leu-Ile-Ile-COOH (T4P11) [126] NA Water NA NA NA NA NA NA NA NA NA
11. Ca-Lys-Leu-Ile-Ile-COOH (T4P12) [126] NA Water NR NA NA NA NA NA NA NA NA

MGC: minimum gelation concentration; wt%: mg/100 µL; Tgel: gel transition temperature; G′: storage modulus; G′′: loss modulus; Nap: naphthoic acid; Gly: glycine; Phe: phenylalanine;
Tyr: tyrosine; GlCN: glucosamine; His: histidine; Cys: cysteine; Ac: acetyl; Ile: isoleucine; PBS: phosphate buffer saline; Tris: tris(hydroxymethyl)aminomethane; NA: not applicable; NR:
not reported.
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Inspired by the LysCys peptide hydrogelator series [40,82] in 2020, our group demon-
strated a library of unprotected or acetyl-protected tetrapeptides composed of GlyGly,
AlaAla, PhePhe, LeuLeu, IleIle, ValVal at the N-terminal and a common LysCys dipeptide
unit at the C-terminal experience self-assembly in Tris buffer at pH 8 through dimerization
of a sulfhydryl group, H-binding, and hydrophobic interactions [103]. Only acetylated
PhePhe (T4P6) and ValVal (T4P7) form self-supporting thixotropic hydrogels with fibrous
networks (Figure 12K,L). π-π stacking interaction plays an essential role in the case of T4P6.
The injectability nature of these hydrogels is shown in Figure 12L.

In the same year, Roy’s group anticipated a tetrapeptide, T4P8 (Figure 13A), made
of alternating hydrophobic (Phe) and hydrophilic (-Lys (positive), -Glu (negative)) amino
acids, and the N-terminal of the peptide is capped with a Nap group [125]. The tetrapep-
tide forms a stable, self-supporting supramolecular hydrogel over a broad pH range of
2.0–12.0 (Table 5). The gel formed at pH 7.0 was employed to measure the thixotropy
of the gel (Figure 13B). The gel lost its three-dimensional network to form a quasi-liquid
state (G′ < G′′) at a higher applied strain (γ = 100%), and when the strain was lowered
to the initial value (γ = 0.1%), reconstruction of the gel network occurred (G′ > G′′) with
70% recovery of the initial moduli, indicating a modest self-healing behavior. The group
presented the thixotropic behavior both optically and microscopically, as shown in Fig-
ure 13C–F). Next, Dewangan and colleagues reported a series of aromatic-capped (phloretic
acid, p-coumaric acid, and caffeic acid) conjugated tetrapeptides (T4P9, T4P10, T4P11 and
T4P12) by employing an amyloidal protein-originated LysLeuIleIle peptide motif [126]. Out
of these peptides, T4P10 forms a supramolecular self-supportive stiff nanofibrous hydrogel
network through π-π stacking of an aromatic-capped group in addition to hydrophobic
and H-bonding interactions. The thixotropy property of the gel was checked mechanically
(Table 5). When the gel was forcefully shaken by hand, the gel immediately broke down to
form a clear solution, but upon standing for 1 h, the solution immediately recovered its gel
character, indicating injectability behavior.

Figure 13. (A) Chemical structure of the tetrapeptide hydrogelator (T4P8) and possible self-assembly
schematic illustration showing formation of different nanoarchitectures at different pH. (B) Thixotropy
test of the tetrapeptide hydrogel at pH 7.0. (C) Stimuli-responsive gel-sol-gel transition of T4P8.
(D–F) AFM images of the stimuli-responsive gel-sol-gel state; reproduced with permission from
Ref. [125]. Copyright (2020) American Chemical Society. (G) Molecular structure of the tetrapeptide
hydrogelators. The structures were redrawn from Ref. [126].
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This section explores a diversity of amino acids with different chemical facilities
to prepare tetrapeptide hydrogelators, which undergo self-assembly through different
noncovalent interactions to form supramolecular nanostructures with thixotropic behavior.
Therefore, these peptide hydrogels can be a suitable biomaterial for tissue engineering
applications. The hydrogelator reported by Roy et al. showed a wide range of pH tuning
with self-recovery behavior. Therefore, the gel may be an ideal candidate to entrap cargoes
that can be released at the site of interest.

7. Co-Assembled Thixotropic Hydrogel

Co-assembly is a special type of self-assembly process where more than one molecule
participates in creating supramolecular nanoarchitectures [127–130]. In recent years,
supramolecular co-assembled gels, i.e., gels made of two or more molecules, have gained
enormous attention in supramolecular chemistry and biomedical sciences due to their
tunability in physical properties [131,132].

Host–guest chemistry is one of the leading techniques to create a supramolecular
peptide hydrogel [133–137]. The peptide sequence, Fmoc-ArgGlyAspSer (T4P13), was
chosen by Ravoo’s group owing to its good water solubility and high biocompatibility
nature [138]. In addition, ArgGlyAspSer is a well-known cell adhesive peptide motif used
for many biological applications [56,139]. To explore the stimuli responsiveness, a light-
responsive group, arylazopyrazole (AAP) [140,141], was introduced to the side chain of
Ser because of the photo-isomerization property as well as a high binding affinity toward
beta-cyclodextrin (β-CD) [142,143] through host–guest chemistry. In advanced studies,
compared to orthodox CD-decorated polymers, cyclodextrin vesicles (CDVs) [144,145] are
generally used to create supramolecular polymers because of non-covalent cross-linkers.
Among the available stimuli, light as a trigger is worthy of mention due to the specific
targeting ability of the gel with high resolution in space and time and in tandem with
its non-invasive nature [146–148]. On account of this, a light-responsive supramolecular
self-supporting hydrogel was established by the mingling of Fmoc-ArgGlyAspSer (T4P13,
25%, 38 mM), Fmoc-ArgGlyAspSer-AAP (T4P14, 0.25%, 2.3 mM), CDPs (50 µM), which
undergoes self-assembly through π-π stacking between Fmoc units, H-bonding as well
as this host–guest interaction to form entangled nanofibers (Figure 14A–C, Table 6) [138].
Under UV light irradiation, the gel experiences a weak self-supporting nature because
of the loss of host–guest supramolecular interaction. This can be explained in terms of
isomerization of trans-AAP to cis-AAP, which cannot bind with β-CD, and as a consequence,
weak noncovalent interaction within the network was observed (Figure 14C). As expected,
the gel recovered its initial rheological properties upon resting at dark light or visible light
irradiation, although the gel failed to recover the initial moduli value. The rheological data
also support the moderate thixotropic nature of the gelator (Figure 14D).
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Figure 14. (A,B) Chemical structure and schematic illustration of the self-assembly of the hy-
drogelators (T4P13 and T4P14). (C) Reversible photo-responsive experiment between trans-
and cis-isomerization of an AAP unit, possible schematics and SEM images of the resultant
gel. (D) Thixotropy test of the resultant hydrogel; reproduced with permission from Ref. [138]. Copy-
right (2017) Royal Society of Chemistry. (E) Chemical structures of the co-assembled precursors.
(F) Pictorial representation of co-assembly process to form the hydrogel. (G) Digital images of so-
lution and gel containing vials. (H) Shear-recovery cycle of the resulted co-assembled hydrogel;
reproduced with permission from Ref. [149]. Copyright (2020) Royal Society of Chemistry.
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Table 6. List of co-assembled hydrogelators and respective gelation parameters.

SL
No.

Peptide
Sequence

MGC
(wt%)

Gelation
Media

Tgel
(◦C)

Moduli
(Before Mechanical Stress)

Moduli
(After Mechanical Stress)

Moduli
(Stress-Free Conditions) Morphology Application

G′ G′′ G′ G′′ G′ G′′

1. Fmoc-Arg-Gly-Asp-Ser-COOH(T4P13)
[138]/ 2.5 Water NR NR NR NR NR NR NR NR NR

Fmoc-Arg-Gly-Asp-Ser-COOH (T4P14)
[138] 0.25 NR NR NR ~10−2 NR 100–101 NR

Cross-linked
Fibrous
network

Payloads
release

2. Nap-Gly-Phe-Phe-Tyr (H2PO3)-OH/
SF [149]

0.08
0.1

Water
(pH 7.4) NR 103–104 ~103 ~101 ~102 103–104 102–103

Entangled
nanofibrous

networks

Bone
regeneration

3. Py-Phe-Phe-Lys-CONH2 (T3P3)/
NDTA [5] 1.0 Water ∼64 103–104 102–103 ~100 ~101 ~104 102–103 Sheetlike

structures NR

4. Cbz-Phe-Leu-COOH/
Lipase 1 [17] 2.06 Water

(pH 7.4) NR 103–104 ~103 ~102 ~102 103–104 102–103 Nanofibrous
networks NR

Cbz-Phe-Leu-COOH/Lipase 2 [17] 2.06 Water
(pH 7.4) NR ~104 ~103 ~102 ~102 ~104 ~103 Nanofibrous

networks NR

Cbz-Phe-Leu-COOH/Thermolysin [17] 2.06 Water
(pH 7.4) NR 103–104 102–103 ~102 ~102 103–104 102–103 Nanofibrous

networks NR

5. Cbz-Phe-Val-COOH/
Lipase 1 [17] 3.19 Water

(pH 7.4) NR ~103 ~102 NR NR NR NR Nanofibrous
networks NR

Cbz-Phe-Val-COOH
/Lipase 2 [17] 3.19 Water

(pH 7.4 NR NR NR NR NR NR NR NR NR

Cbz-Phe-Val-COOH/Thermolysin [17] 3.98 Water
(pH 7.4 NR NR NR NR NR NR NR NR NR

6. Cbz-Phe-Ile-COOH/
Lipase 1 [17] 4.26 Water

(pH 7.4) NR 102–103 101–102 NR NR NR NR Nanofibrous
networks NR

Cbz-Phe-Ile-COOH/
Lipase 2 [17] NR NR NR NR NR NR NR NR NR NR NR

Cbz-Phe-Ile-COOH/
Thermolysin [17] NR NR NR NR NR NR NR NR NR NR NR

7. Cbz-Phe-Tyr-COOH/
Lipase 1 [17] 3.7 Water

(pH 7.4) NR ~103 ~102 NR NR NR NR Nanofibrous
networks NR

Cbz-Phe-Tyr-COOH
Lipase 2 [17] NR NR NR NR NR NR NR NR NR NR NR

Cbz-Phe-Tyr-COOH/Thermolysin [17] NR NR NR NR NR NR NR NR NR NR NR

8. NH2-Leu-Phe-COOH/
N-Form-Met-Leu-Phe-COOH [150]

1
0.25

Sodium acetate
buffer (pH 7.4) NR ~200 0–50 ~1 ~1 ~200 0–50 Nanofibrous

networks
Wound
dressing

9. Amoc-Phe-Phe-COOH/β-CD [151] 20 mM Water
(pH 7.4) NR ~102 101–102 100–102 ~101 ~102 101–102

Entangled
fibrillar

networks
Wound healing

MGC: minimum gelation concentration; wt%: mg/100 µL; Tgel: gel transition temperature; G′: storage modulus; G′′: loss modulus; Nap: naphthoic acid; Gly: glycine; Phe: phenylalanine;
Tyr: tyrosine; GlCN: glucosamine; His: histidine; Cys: cysteine; Ac: acetyl; Ile: isoleucine; PBS: phosphate buffer saline; Tris: tris(hydroxymethyl)aminomethane; NA: not applicable; NR:
not reported.
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Enzymes are another well-known biocompatible external stimulus utilized to pre-
pare hydrogels from representative precursors or substrates via molecular transforma-
tions [152,153]. For instance, Li et al. demonstrated the co-assembled hydrogel from a
well-recognized phosphorylated peptide sequence, Nap-GlyPhePheTyr (H2PO3) (T4P15),
and a fibrous protein, silk fibroin (SF) [149,154] (Figure 14E–G). SF hydrogels are remark-
able candidates for tissue engineering applications due to similar fibrous structures to
native ECM, tuneful porosity, and high water content, and above all, they allow for easy
encapsulation of cells, enzymes, and cargoes of interest [155]. Additionally, SF exhibited
good biocompatibility, low immunogenicity, slow biodegradability, and notable strength
and toughness, a primary concern of biomedical applications [149]. The peptide pre-
cursor undergoes enzymatic catalysis in the presence of ALP [156,157], resulting in the
formation of self-assembled molecules that later develop into a self-supporting hydrogel
(Figure 14E,F; Table 6). ALP removes the hydrophilic phosphate groups from the peptide
precursors to create Nap-GlyPhePheTyr (T4P1), thereby tweaking the balance of multiple
noncovalent interactions such as H-bonding, hydrophobic interactions, and electrostatic
interactions to activate the self-assembly, which eventually leads to a 1D nanofibrillar
followed by gelation of the ensuing product (Figure 14F). During this process, the self-
assembled peptide synergistically induces the secondary conformation of SF from a random
coil to a stable β-sheet-ordered arrangement, and as a result, a stable hydrogel (SF-T4P1)
is formed. The resultant gel recovered around 66% of the initial G′ value because of the
dynamic non-covalent interactions between SF and the dephosphorylated peptide unit,
indicating self-healing propensity under physiological conditions (Figure 14H).

Charge-transfer (CT) interaction is a special kind of noncovalent interaction between
an electron-rich donor molecule and an electron-deficient acceptor molecule, which has
shown its potential to develop soft biomaterials [158–162]. The interaction differs from
the conventional supramolecular noncovalent forces such as H-bonding, hydrophobic
interactions, and π-π stacking. In addition to the CT interaction, cation–π interaction
is another critical noncovalent interaction recognized in biological systems to stabilize
the tertiary or quaternary structures in proteins [5,163]. Taking together an unorthodox
combination of the above-mentioned interactions, in 2019, our group explored the co-
assembly of pyrene-capped tripeptides (Py-PhePheLys:T3P3 (Py = 1 pyrene butyric acid)
and T3P20 (Py = 1 pyrene carboxylic acid); Figure 15A,B), which undergo self-assembly with
cationic naphthalene diimide (NDI) through CT interactions between the donor (pyrene)
and acceptor (NDI) molecules (Figure 15A,B), cation-π interaction between pyrene and
quaternary ammonium group from NDI, and β-sheet arrangement of the PhePheLys unit
to form a self-supporting thixotropic hydrogel [5] (Figure 15A, Table 6). The G′ value was
found to be increasing in the second and third cycle of the time-dependent step-strain
cycle. This might be because of the formation of a more stable gel network after the first
deformation step, substantiating a fast self-healing ability of the gel. Additionally, the gels
exhibited excellent self-healing properties at elevated temperatures (Figure 15C). When the
gel was extruded through a syringe, the extruded liquid immediately transformed into a
gel, indicating an injectable nature (Figure 15D). Furthermore, the self-healing property
was explored macroscopically. A piece of hydrogel was cut into two parts with the help of
a surgical blade and put together. The gel self-healed completely after 20 min (Figure 15E).

Following, Roy et al. reported a series of PhePhe dipeptide analogs in which different
amino acids replaced C-terminal Phe with different polarities such as Leu, Val, Ile, and
Tyr, and the N-terminal was capped by the Cbz group [17] (Figure 16A). The dipeptides
are unable to form a gel under experimental conditions, but in the presence of hydrolytic
enzymes (here, lipase or thermolysin), the nongelator molecules undergo self-assembly to
form a thixotropic hydrogel through protein–peptide interactions (Table 6). Protein–peptide
interactions are omnipresent in nature and play a vital role in various cellular processes,
and the imbalance of the interaction causes several human diseases [17]. In addition, the
interaction holds great promise to enhance the efficacy of peptide therapeutics. The devel-
oped hydrogel loses its gel character upon vertexing and is transformed into a sol state.
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Upon resting, the gel state is regained, confirming the thixotropic behavior of the gel. The
thixotropic properties are independent of the nature of the proteins used. Ironically, all the
resultant hydrogels can recover almost entirely in a period of the first 60 secs, confirming
the injectable behavior for biomedical applications. Later, in the same year, Koksch et al.
introduced a nonproteinogenic amino acid, α,β-dehydrophenylalanine (∆Phe), containing
a dipeptide hydrogelator (Leu∆Phe, Figure 16B), which experiences co-assembly with
N-formyl-MetLeuPhe in 0.8 Mol sodium acetate buffer through intermolecular π-π stacking
between the dehydrophenyl groups (Leu∆Phe) and a phenyl (f-MLF) unit to generate a
self-supporting injectable hydrogel (Table 6) [150]. The presence of ∆Phe triggers hydrogel
formation in the ultrashort peptide sequence. In this direction, Das et al. demonstrated the
co-assembly of an Amoc-capped dipeptide, Amoc-PhePhe [151]. The peptide itself under-
goes self-assembly in PBS (pH 7.4, 37 ◦C) to form a thixotropic hydrogel, but the gel lacks in-
jectability. Therefore, to bring the injectability naturally, the hydrogelator was co-assembled
with the help of β-CD. The presence of CD greatly affects the physical properties of the hy-
drogel. The consequent co-assembled hydrogel (Figure 16C, Table 6) displayed nearly 95%
recovery compared to pure hydrogel as confirmed from the periodical low (γ = 1.0%)–high
(γ = 40%)–low (γ = 1.0%) step-strain rheological experiment (Figure 16C,D). This can be
attributed to noncovalent interactions such as H-bonding in the co-assembled state. In a
similar attempt to generate a co-assembled hydrogel, Gazit and co-workers also reported
an N-terminal-capped PhePhe motif, in particular, Cbz-protected peptide, which undergoes
self-assembly with different bipyridine derivatives, namely BPY, DPS, BPA, DPDS, TDP,
2,2′-BPY, 2,2′-BPE (Figure 17A) to form self-supporting thixotropic hydrogels via strong
intermolecular H-bonding between a free –COOH group at the C-terminal of the peptide
sequence and the pyridine N [98]. The co-assembled hydrogels are mechanically weak in
comparison to pure hydrogel and can be explained in terms of a more ordered arrangement
of nanofibers in the pure gel. The co-assembled hydrogels offer mechanoresponsive gel-sol-
gel transition, an indication of thixotropicity. In the same perspective, Shanmugam et al.
reported 4,4′-azopryidine (APy)-induced supramolecular thixotropic hydrogels utilizing
well-known LMW-based gelators, Fmoc-Phe and Fmoc-Tyr [164]. Due to the presence of
two pyridyl moieties at the end of the azo group, Apy forms strong H-bonding with the
carboxylic acid (–COOH) group present in Fmoc-Phe/Fmoc-Tyr molecules in a single as
well as in two-component gel systems. It was found that both G′ and G′′ almost fully
recovered their initial value after the end of the periodical step-strain cycle, confirming
the self-healing nature of the hydrogels. Out of these hydrogels, the recovery rate of the
FmPhe:Apy hydrogel was uninterruptedly reduced after the end of each cycle, implying
the low self-healing ability of the gel.



Gels 2022, 8, 569 35 of 55

Figure 15. (A,B) Chemical structure of the pyrene-protected tripeptides (T3P3 and T3P20) and NDI
derivatives (NDTA, NDI-2 and NDI-3).; schematic illustration of the self-assembly of T3P3 and co-
assembly with NDTA; an inverted vial showing the co-assembled hydrogel. (C) Thixotropy test of the
co-assembled hydrogel at different temperature. (D) Injectable behavior. (E) Macroscopic self-healing
property of the co-assembled hydrogel; reproduced with permission from Ref. [5]. Copyright (2019)
American Chemical Society.
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Figure 16. (A) Chemical structure of the co-assembled hydrogelators (D2P39-D2P42); reproduced
with permission from Ref. [17]. Copyright (2020) American Chemical Society. (B) Molecular structure,
gel photograph, pictorial fibrous networks and SEM images of co-assembled hydrogels between
D2P43 and D2P44 [150]. No copyright is needed, as this is an Open Access article under the terms of
the Creative Commons Attribution License. (C) Molecular structure of β-CD, D2P12 hydrogelator;
schematic co-assembly between β-CD and D2P12 hydrogelator; an inverted vial and TEM image of
the resulted hydrogel. (D,E) Thixotropy test of D2P12 and co-assembled hydrogel; reproduced with
permission from Ref. [151]. Copyright (2020) American Chemical Society.
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Figure 17. (A) Molecular structures of bipyridine derivatives; redrawn from Ref. [98]. Copyright
is not applicable here. (B–O) Multiple-responsive (pH, redox reagents, light, heat, acid and base)
co-assembled hydrogels produced between D2P16 and bipyridine derivatives; reproduced with
permission from Ref. [98]. Copyright (2021) American Chemical Society.
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In this section, co-assembled thixotropic hydrogels were discussed in which charge
transfer interactions, H-bonding, and host-guest interactions play vital roles in the self-
assembly process. Charge-transfer and a cation-π-induced thixotropic hydrogel reported
by Das et al. appeared to have good recovery of the rheological properties even at elevated
temperature with excellent self-healing ability. Host-guest-induced co-assembled hydrogels
are also in the same queue for their outstanding self-recovery ability.

8. Thixotropic Composite Hydrogel

Composite hydrogels made of peptide building blocks and biocompatible polymers
have been at the helm of advanced research for the last few decades [165–167]. It is well-
documented in the literature that Fmoc-Phe-Phe (D2P14) can undergo self-assembly under
physiological conditions to form well-organized fibrous hydrogels by a chronological
change in pH [35,67,168]. At pH > 3.5, deprotonation of a free acid (–COOH, pKa~3.5)
group resulted in electrostatic repulsion between the anionic Fmoc-PhePhe unit, which
inhibited the formation of a self-supporting gel. However, at pH 7.8, the –COOH group
remains as an ionizable form, whereas the free amino (–NH2, pKa~8.8) group becomes
protonated [167,169]. However, the mechanical properties of the hydrogel are not satisfac-
tory for biomedical applications [170]. Therefore, to improve the mechanical properties
of the hydrogel, in 2017, Yan’s group demonstrated a composite hydrogel composed of
D2P14 and a well-known biocompatible cationic biomacromolecule, poly-L-lysine (PLL),
which formed a hydrogel through electrostatic interactions with improvised mechanical
properties [171] (Figure 18A,B, Table 7). The presence of a thiol unit (–SH) in PLL stabilizes
the nanostructures through disulfide (–S–S–) bond formation. The composite hydrogel
exhibited thixotropic properties with good recovery of their moduli. When the gel was
injected through a needle of 26-gauge (ϕ = 260 µm), the solution state restored its gel
state after 30 secs, indicating a self-healing ability (Figure 18C). The main reason for en-
hanced mechanical properties is the highly ordered supramolecular arrangement and high
cross-linking between the self-assembled nanofibers induced by PLL. In advanced studies,
the same group anticipated photodynamic antitumor therapy based on the previously
reported injectable behavior of D2P14/PLL hydrogels (Figure 18D) [172]. Therefore, to
reach their target, a photosensitive drug, Chlorin e6 (Ce6), was incorporated within the
fibrous network, and the resultant hydrogel maintained the thixotropic and injectable
properties. Paralleling this, the same group fabricated a hybrid hydrogel of D2P14 and a
fullerene derivative, C60 pyrrolidine Tris–acid (C60-PTC), for photodynamic antibacterial
therapy (Figure 18E, Table 7) [173]. The presence of C60-PTC induced the appearance
of gel from transparent to yellowish. The formed hydrogel showed a better mechanical
property than pure gel, which can be attributed to the nonvalent interactions between the
peptides and nanoparticles. In addition, the hybrid gel showed a 92% recovery of its initial
moduli value. In contrast, the pure peptide exhibited only 84%, confirming the superior
mechanical behavior of the hybrid gel and making it a better candidate for injectable appli-
cations. Gazit and co-workers also employed a D2P14 dipeptide to prepare a composite
hydrogel [174]. In this case, the D2P14 dipeptide was polymerized with aniline to form the
gel by utilizing the solvent-switch procedure (Figure 18F). In brief, a concentrated DMSO
solution of Fmoc-PhePhe was diluted with the help of an aqueous solution of aniline
followed by oxidative polymerization by employing ammonium persulfate (APS) to yield
a deep green-colored D2P14-PAni composite hydrogel with self-healing properties (Fig-
ure 18G, Table 7). When the blocks of the D2P14-PAni hydrogels were fused, within 5 min,
one monolith of hydrogel was formed without any external agent, implying macroscopic
self-healing behavior (Figure 18H). Similar macroscopic self-healing behavior was noted
when two separate blocks of semitransparent D2P14 and dark D2P14-PAni hydrogels were
fused, attributable to the excellent self-healing ability of D2P14 (Figure 18I). In line with the
context, Adler-Abramovich et al. investigated a composite hydrogel with sodium alginate
using the solvent-switch method while keeping the same peptide unit [175]. The gel was
thixotropic, and the resulting gel recovered an average of 80% of its initial moduli.
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Figure 18. (A) Schematic illustration of the D2P14/PLL-SH composite hydrogel. (B) D2P14 hy-
drogel showing separation of water and gel; D2P14/PLL-SH hydrogel. (C) Injectability behavior
of the D2P14/PLL-SH hydrogel; reproduced with permission from Ref. [171]. Copyright (2017)
American Chemical Society. (D) Schematic representation of injectable D2P14/PLL hydrogels for
delivery of Ce6 and anti-tumor PDT; reproduced with permission from Ref. [172]. Copyright (2018)
American Chemical Society. (E) Schematic sketch of D2P14/PLL-SH injectable hydrogel with vial
inverted photograph; reproduced with permission from Ref. [173]. Copyright (2018) Royal Society of
Chemistry. (F) Chemical structure, photographs of D2P14/PAni composite hydrogel. (G) Rheology
experiment confirming the thixotropic behavior of D2P14/PAni. (H,I) Self-healing behavior of D2P14
and D2P14/PAni hydrogels; reproduced with permission from Ref. [174]. Copyright (2019) American
Chemical Society.
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Table 7. List of composite hydrogelators and respective gelation parameters.

SL
No.

Peptide
Sequence

MGC
(wt%)

Gelation
Media

Tgel
(◦C)

Moduli
(Before Mechanical Stress,

Pa)

Moduli
(After Mechanical Stress, Pa)

Moduli
(Stress-Free Conditions, Pa) Morphology Application

G′ G′′ G′ G′′ G′ G′′

1. Fmoc-Phe-Phe-COOH/PLL-SH 0.4
Na2B4O7-

EDTA
buffer

NR ~103 ~102 ~101 ~101 ~103 ~102 Nanofibrous
networks

Antitumor
Immune
Response

2. Fmoc-Phe-Phe-COOH/PLL 0.4 Tris-HCl buffer
(pH 7.8) NR ~103 ~102 ~101 ~101 ~102 ~101 Nanofibrous

networks

Antitumor
Photodynamic

Therapy

3. Fmoc-Phe-Phe-COOH/C60-PTC 0.4 Water NR ~104 ~103 NR NR ~104 ~103

Nanofibrous
Networks and

dispersed
nanoparticles

Antibacterial
therapy

4. Fmoc-Phe-Phe-COOH/Aniline 0.5 Water NR ~106 ~105 ~102 ~104 ~106 ~105 Fibrous
networks

Pressure
Sensor and

Electrogenic
Cell Soft
Substrate

5. Fmoc-Arg-Gly-Asp-COOH/Chitosan 1.0 Water NR ~104 ~103 ~101 ~101 ~104 ~103 Nanofibrous
networks

Antibacterial
activity

6. Boc-D-Phe-γ4-L-Phe-PEA/Chitosan 1.0 Water:DMSO
(50:50, v/v) NR 104–105 103–104 102–103 ~102 ~104 ~103

Porous
networks with

lettuce-like
morphology

Antibacterial
activity

7. Boc-L-Phe-γ4-L-Phe-PEA/Chitosan 1.0 Water:DMSO
(50:50, v/v) NR ~104 ~103 ~102 ~102 ~104 ~103

Porous
networks with

lettuce-like
morphology

Antibacterial
activity

8. Fmoc-Phe-COOH/Dextran 0.6 PBS
(pH 7.4) NR ~103 102–103 ~101 ~101 103–104 ~103 Fibrous

networks NR

9. Py-Lys-Cys-CONH2/Alg 1.0 Tris-buffer
(pH 8.0) 80 ~103 102–103 ~100 ~101 ~103 102–103 Bundle-like

morphology Osteogenesis

10. Py-Lys-Cys-CONH2/Chitosan 1.0 Tris-buffer
(pH 8.0) 72 ~102 ~102 ~101 101–102 ~102 ~102

Entangled
fibrillar

networks
Osteogenesis

11. Py-Lys-Cys-CONH2/Gelatin 1.0 Tris-buffer
(pH 8.0) ~90 103–104 ~103 100–10−1 ~101 103–104 ~103 Bundle-like

morphology Osteogenesis

12. Py-Lys-Cys-CONH2/HA 1.0 Tris-buffer
(pH 8.0) ~90 ~104 ~103 ~100 ~101 ~104 ~103 Brick-like

structures Osteogenesis

MGC: minimum gelation concentration; wt%: mg/100 µL; Tgel: gel transition temperature; G′: storage modulus; G′′: loss modulus; Fmoc: fluorenyl-9-methoxycarbonyl; Phe:
phenylalanine; EDTA: ethylenediaminetetraacetic acid; PLL: poly-L-lysine; (Ce6): chlorin e6; Tris: tris(hydroxymethyl)aminomethane; C60-PTC: C60 pyrrolidine tris–acid; Arg: arginine;
Gly: glycine; Boc: tert-butyloxycarbonyl; DMSO: dimethyl sulfoxide; PBS: phosphate buffer saline; Lys: lysine; Cys: cysteine.
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Next, Gazit and co-workers anticipated another composite hydrogel with thixotropic
properties [176]. However this time, the dipeptide was upgraded to a tripeptide, Fmoc-
ArgGlyAsp (T3P21, Figure 19A), which undergoes self-assembly with a biodegradable,
biocompatible, antibacterial biopolymer chitosan through H-bonding interactions with a
free terminal carboxylic acid group of the tripeptide. The composite hydrogels exhibited
209% recovery of the moduli value, implying a stable hydrogel with high strength after
the deformation, whereas pure hydrogel showed only 85% (Figure 19B, Table 7). This
unique behavior is exciting and has hardly ever been noticed. In 2019, PVA and an
Fmoc-capped tripeptide composite hydrogel was reported by Weiss et al. with thixotropic
properties [177]. Singh et al. also fabricated chitosan-based composite gels by employing
Boc-L-Phe-γ4-L-Phe-PEA (D2P45) and Boc-D-Phe-γ4-L-Phe-PEA (D2P46) and a peptide,
which undergoes complexation with chitosan separately to form a self-supporting opaque
gel [178] (Figure 19C, Table 7). At the end of the step-strain cycle, the gels recovered almost
>90% of the initial value, confirming a promising self-healable nature (Figure 19D,E). The
chitosan complexation may be responsible for such nice properties. Furthermore, the self-
healing behavior was established macroscopically, as shown in Figure 19F. The prepared
gels were cut into two halves, one of which was stained with rhodamine dye, and the
other half was left intact, and the two halves were then stacked together. The dye diffused
from the stained part to the untreated part, and the gel was healed after 36 h of incubation,
owing to its self-healing ability.

Figure 19. (A) Chemical structure of the tripeptide biopolymer, chitosan; schematic model
of self-assembly process to form fibrous nanostructures and digital photographs of T3P20 and
T3P20/Chitosan hydrogel. (B) Rheological step-strain analysis of T3P20 and T3P20/chitosan hydro-
gel; reproduced with permission from Ref. [176]. Copyright (2019) John Wiley and Sons. (C) Molecular
structure of the dipeptides (D2P45 and D2P46) and digital photographs of D2P45-46/chitosan hy-
drogel. (D,E) Rheological thixotropic measurement of D2P45-46/chitosan hydrogel. (F) Self-healing
characteristics of the gels; reproduced with permission from Ref. [178]. Copyright (2020) Elsevier.

In this context, a polysaccharide-based composite hydrogel was reported by
Abraham et al. in which Fmoc-Phe and non-toxic, hydrophilic, and bacterially derived
dextran undergoes self-assembly in PBS buffer at pH 7.4 with a three-dimensional fiber
network (Figure 20, Table 7) [179]. The presence of dextran improved the mechanical
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properties of the composite hydrogel compared to the pure gel of Fmoc-Phe. Both gels
displayed thixotropic behavior, as confirmed by the rheological step-strain experiment.
This is attributed to the supramolecular association through restructuring the fibrous net-
works. The recovered moduli value for composite hydrogel was found to be three times
higher than pure gel, indicating good self-healing properties. The injectable nature of the
composite hydrogel is shown in Figure 20. In 2021, Das et al. demonstrated two-component
thixotropic composite hydrogels made of biopolymers such as gelatin, chitosan, hyaluronic
acid, sodium alginate, and a self-assembling pyrene-capped dipeptide unit [167]. The
presence of the dipeptide unit enhanced the mechanical stabilities of these composite
hydrogels, as confirmed by the rheological experiment. This can be explained in terms
of the tight woven network of the peptide molecule. At a higher strain (γ = 1000%), G′

was found to be lower than G′′, indicating the demolishing of these composite hydrogels
into a solution state, whereas at a lower strain (γ = 0.1%), the solution state restored its
original gel state, and as a result, G′ became higher than G′′, as can be seen from the
time-dependent step-strain rheological experiment (Table 7). The experiment was contin-
ued for up to the fifth cycle, and no noticeable change was observed. The injectability
nature of these hydrogels was also confirmed when the hydrogels were injected through
a syringe in bulk water. Next, the mixture of Fmoc-PhePhe and glycol chitosan (GCS)
was employed to form a self-supporting hybrid hydrogel in Tris-HCl buffer at pH 7.8
through electrostatic interaction by Yun’s group [169]. As expected, the thixotropic prop-
erty endowed the gel to be simply injected through a syringe and then returned to its
gelled stated after injection. Deng et al. also demonstrated the self-healing behavior of a
composite hydrogel made of a series of aromatic-capped group (benzene, naphthalene,
2-anthracene, 9-anthracenemethoxycarbonyl, and 1-pyrene), with the most-studied being
diphenylalanine (PhePhe) unit and a biocompatible natural polysaccharide, hyaluronic
acid (HA) [180]. Out of these composite hydrogels, the N-PhePhe/HA gel showed better
injectability and self-healing ability.

Figure 20. (A) Chemical structure of the Fmoc-capped amino acid (AA12) and dextran. (B) Pho-
tographs of inverted vial of AA12 hydrogel. (C) Detran solution and (D) AA12/dextran hydrogel
in an inverted vial and syringe. (E) TEM images of AA12 and AA12/dextran hydrogel. (F) Stimuli-
responsiveness and injectability nature of AA12/dextran hydrogel; reproduced with permission
from Ref. [179]. Copyright (2021) John Wiley and Sons. (G) Molecular structure of the biopolymers.
(H) Rheological step-strain measurement showing thixotropicity in the composite gels; reproduced
with permission from Ref. [167]. Copyright (2021) MDPI AG; MDPI.
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The development of composite materials for biomedical sciences is still demanding
because of their fast gelation time, high mechanical stability, good self-healing abilities,
injectable properties, high drug loading capacity, and above all, biological safety. Fmoc-
PhePhe is the most studied self-assembled dipeptide gelator to create composite hydrogels
with various biocompatible polymers such as chitosan, hyaluronic acid, sodium alginate,
etc. The composite hydrogels of a pyrene-capped dipeptide, Py-LysCys with gelatin,
chitosan, hyaluronic acid, and sodium alginate reported by Das et al. can be alternative
choices to explore more owing to their stimuli-responsive dimerization unit.

9. Biological Applications

Due to their inherent biocompatibility, biodegradability, and morphological similari-
ties to ECM’s fibrous proteins, self-assembled supramolecular peptide hydrogels have
emerged as a leading class of biomaterials for biomedical sciences over the last few
decades [25,80,123,179,181]. Among the peptide hydrogels, the hydrogels with injectable
behavior have gained enormous attention in the field of drug delivery, wound dressings,
cell encapsulation, etc., because of plentiful advantages, including in situ formability, easy
incorporation of drugs/cells, tissue repair and regeneration, surgical fillers, and triflingly
invasive delivery [25,28,76,81,85]. Many of these reported hydrogels showed their potential
applications, such as a scaffold to mimic the extracellular matrix (ECM) for cell growth in a
2D/3D cell culture under physiological conditions [99], 3D cell culture for tumor spheroids
and fibroblasts, and some of them are exploited for antibacterial activities [61,72] and en-
zyme storage [40,62]. In addition, some thixotropic hydrogels showed controlled delivery
of their payloads, as conventional drug delivery systems always suffer burst release and
repeated cargo administration.

Nilsson et al. employed a diclofenac-loaded thixotropic and injectable hydrogel for
in vivo drug delivery [53] (Figure 21A). Diclofenac is a well-known nonsteroidal anti-
inflammatory drug used to efficiently relieve pain in vivo in a mouse model. To reach
the target, the diclofenac encapsulated hydrogel was administrated through the injection
into the afflicted ankle joint of numerous animal groups with the help of anesthesia (1%
isoflurane). The drug-loaded hydrogel exhibited sustained drug release for nearly 2 weeks
post-injection for effective pain mitigation (Figure 21B). Endoscopic submucosal dissection
(ESD), a minimally invasive operation, showed its potential to remove polyps and early-
stage tumors. However, cushions are elevated by traditional fluids. Therefore, in situ
hydrogel formation is an effective approach to solving the problem and in vivo applications.
In connection with this, Bai et al. injected the peptide hydrogel in fresh resected and
living mini-pig’s stomachs along with Pluronic F-127 (PF-127, commercial thermosensitive
polymer) and sodium hyaluronate (HA, a clinical ESD filler NS) to check the submucosal
injection performance [84]. The data suggested that Fmoc-TyrLeu (D2P32) can be an ideal
filler, as shown in Figure 21D,E. The fractional inflammatory cell infiltration was noted
in muscular tissues adjacent to injection sites of PF-127 and HA, whereas D2P32 showed
nominal pathological changes. It was observed that filling the D2P32 hydrogel exhibited
higher mucosal elevation compared to the PF-127 hydrogel and HA after instant injection
and was more intense at the injection site. In addition, D2P32 showed good ESD filler when
the gel was injected through an endoscopic entry needle to make submucosal cushions in
porcine stomachs, as can be seen from Figure 21.

Despite progress in peptide-based biomaterials in biomedicine, the supramolecular
injectable peptide hydrogel for acute inflammation is still challenging [118]. Therefore,
to shed light on the therapeutic efficacy of the injectable hydrogels, Konar et al. showed
the in vitro and in vivo anti-inflammatory and anti-bacterial properties of the hydrogels
(T3P16–T3P19) (Figure 21G) [118]. To check the effectiveness of the hydrogel, a set of
five groups of animals was prepared in which normal mice belonged to Group 1. In
contrast, Group 2 and Group 3 were divided into air pouch-developed mice and standard
drug dichlorofenac sodium-treated diseased mice, respectively. Groups 4 and 5 were
divided based on hydrogel dose, diseased mice with a low and high dose of hydrogel.
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It was observed that the number of inflammatory cells decreased to a greater extent in
hydrogel-injected mice (Group 4 and 5) in comparison to diseased mice (Figure 21H,I).
As a result, the tissue regained its normal architecture. The anti-inflammatory response
was dose dependent, and therefore, the higher dose showed better efficacy. In addition,
the hydrogel is a potent and safe anti-inflammatory agent as revealed from WBC counts
and lipid peroxidation (LPO) assay. Similarly, Li et al. employed the hydrogel for the anti-
inflammatory response in the LPS-activated RAW 264.7 macrophages in vitro, followed
by in vivo application in an experimental autoimmune uveitis (EAU) rat model [119]. The
hydrogel displayed a significant alleviated response with less accumulation of pus. In
addition, the gel showed a superior inhibitor effect along with inflammatory infiltration in
the posterior segments (Figure 21J,K). Since the pioneer demonstration by Jenner about
vaccination in the eighteenth century, scientists worldwide have been trying to develop
vaccines to treat chronic infections and cancers. To be effective toward chronic infections
and cancers, a strong CD8+ T-cell response is always desirable for the vaccines; therefore,
there is an increasing interest to develop a vaccine adjuvant with the available licensed
vaccine adjuvants, such as aluminum salts, and oil-in-water emulsion MF59 properties.
Therefore, Yang et al. applied the resulting thixotropic hydrogel as a vaccine adjuvant [122].
For that, an antigen, ovalbumin (OVA), was mixed during the gel preparation, and the
formed gel showed injectable properties owing to its non-covalent interactions. Similarly,
the enantiomeric gel was prepared, as D-peptides are well known for their better stability
in biological media. Subcutaneously injected D-gel exhibited better anti-OVA IgG titers
than L-gel and the other control. It was observed that its vaccine adjuvant potency is
highly dependent on its peptide sequence and the appropriate aromatic capping unit. In
a similar framework, Huang et al. showed the enhanced (~2.1 fold) antigen uptake by
antigen encapsulated hydrogel in comparison to free OVA on bone marrow dendritic cells
(BMDCs) through the endocytic pathway [124]. This can be explained in terms of strong
interactions between the gel and protein to form the hybrid nanostructure. The gel showed
potent anti-OVA IgG production when the gel was subcutaneously injected into C57 mice.
In addition, the group utilized hydrogel splenocyte proliferation.

To replace or regenerate the damaged or diseased tissue, tissue engineering showed
its ability in the field of biotechnology and nanomedicine [25]. In light of this engineering
process, in vivo, the vascularization process comprises a cascade of actions regulated by
the complex signals from both ECM and growth factors and the spatial and temporal
architectures. Hence, Li et al. implanted deferoxamine (DFO)-loaded T4P4 gel through
subcutaneous injection into the dorsal side of mice because of their nice shear-shining and
recovery properties such as pure gel [123]. DFO is a well-known organic drug used to
provoke vascularization. The presence of the DFO-loaded hydrogel showed generation of
new red blood cells within the blood vessels. The implantation helped the surrounding
connective tissues enhance the blood vessels compared to pure gel at day 3, which further
increased over time, as can be seen from H&E staining data (Figure 22A,B). This can be
attributed to the bioavailability and biostability of DFO sustainably released from T4P4
gel in vivo. Chen et al. employed the hydrogel for the biological application in the field of
atherosclerosis, and for that, the drug T0901317 was encapsulated into the hydrogel [182].
Atherosclerosis is one kind of cardiovascular disease triggered by chronic lipid metabolic
disorders, which is ultimately the root of morbidity and mortality worldwide. The encap-
sulated hydrogel selectively attacks only the macrophages of proatherogenic mice, causing
activation of cholesterol metabolism without no lipogenic adverse effect, confirmed from
in vitro and in vivo studies. As a biological application, Das et al. performed the cutaneous
wound healing assay to check the in vivo wound healing efficiency [151]. To do so, in vivo
wounds were formed in Wistar albino male rats, and as expected, the hydrogel displayed
satisfactory results as compared to controls (Figure 22C,D). This can be explained in terms
of nonfibrillar architectures (as a sealant) and inherent antibacterial efficacy.



Gels 2022, 8, 569 45 of 55

Figure 21. (A) Schematic illustration for injectable amino acid gel for in vivo experiment. (B) Ankle
circumference graph of all four groups of mice with marked statistical differences; reproduced with
permission from Ref. [53]. Copyright (2019) American Chemical Society. (C) ESD filler graphic
of the D2P33 hydrogel. (D) Photographs of mucosal elevation of resected stomach altered over
time at 37 ◦C. (E) Photographs of endoscopic elevation of injected hydrogel in a living mini-pig’s
stomach. (F) Post-injectable ESD procedure of D2P32 hydrogel; reproduced with permission from
Ref. [84]. Copyright (2020) American Chemical Society. (G,H) Schematic illustration of injectable
hydrogels for in vitro and in vivo applications. (I) Histopathological images of endothelial tissue:
(i) normal rat; (ii) carrageenan treated; (iii) dichlorofenac sodium treated; (iv,v) after treating with
the nanogels at lower (0.25%) and higher concentrations (0.5%), respectively.; reproduced with
permission from Ref. [118]. Copyright (2021) American Chemical Society. (J) Slit-lamp and OCT
images of EAU rats treated by intravitreal injection of PBS, Dexp solution, and Dex-GGD hydrogel
at the 12th day after immunization (blue circle indicates hypopyon, and magenta circle indicates
inflammatory cells infiltration). (K) Histological observation of the retina and optic disc from EAU
rats treated by intravitreal injection of PBS, Dexp solution, and Dex-GGD hydrogel at the 15th day
post-immunization (the black arrow indicates retinal folds, and the red arrow indicates inflammatory
exudate); reproduced with permission from Ref. [119]. Copyright (2021) Elsevier.
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Figure 22. (A) Schematic illustration of in vivo angiogenesis employing a tetrapeptide supramolecular
hydrogel; (B) (i), (ii), and (iii) H&E stained images of the DFO excluded implanted T4P4 gel at 3,
7, and 10 days, respectively; (iv), (v), and (vi) high amplification images of the boxed areas shown
in (i), (ii), and (iii), respectively; (vii), (viii), and (ix) H&E stained images of the DFO included
implanted T4P gel at 3, 7, and 10 days, respectively; (x), (xi), and (xii) high amplification images of the
boxed areas shown in (vii), (viii), and (ix), respectively; reproduced with permission from Ref. [123].
Copyright (2018) American Chemical Society. (C) H&E stained epithelial tissue histology images;
a, epidermis layer; b, dermis layer; c, sweat gland; and d, sebaceous gland; (D) Digital images of
D2P12 abd β-CD co-assembled hydrogel that assisted in vivo wound healing at day 1, 7, and 12,
respectively; reproduced with permission from Ref. [151]. Copyright (2020) American Chemical
Society. Osteogenenic response on the Alginate/D2P12 composite hydrogel. (E) Alkaline phosphatase
(ALP) activity. (F) Calcification quantification of Alizarin red stained MC3T3-E1 preosteoblast cells
3 days after seeding on alginate/D2P14 composite hydrogel and following 14 days of osteogenic
differentiation; optical images of Alizarin red stained MC3T3-E1 preosteoblast cells; (G) after 3 days;
(H) after 14 days. (I) Quantification of relative mRNA expression of osteogenic genes (ALP, OCN,
RUNX2, BMP-2, and Col-I) of MC3T3-E1 preosteoblast cells 3 days after seeding on alginate/D2P14
composite hydrogel and following 14 days of osteogenic differentiation; reproduced with permission
from Ref. [175]. Copyright (2019) MDPI AG; MDPI. Osteogenic response of MC3 T3-E1 cells on the
HA/D2P27 composite hydrogel. (J) Optical images of Alizarin red stained MC3 T3-E1 preosteoblast
cells prior to (pre-differentiation) and after (post-differentiation) 14 days of osteogenic differentiation
on HA/D2P27 composite hydrogel; reproduced with permission from Ref. [167]. Copyright (2021)
MDPI AG; MDPI. (K) Calcification. (L) Alkaline phosphatase (ALP) activity quantification of Alizarin
red stained of MC3 T3-E1 preosteoblasts before and after 14 days of osteogenic differentiation on
HA/D2P27 composite hydrogel; reproduced with permission from Ref. [167]. Copyright (2021) MDPI
AG; MDPI.
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Bone tissue engineering is a promising process in which restoration of damaged bone
architecture and function is maintained with the help of a biomimetic scaffold. Injectable
peptide hydrogels showed their potential owing to their minimally invasive nature. There-
fore, Li and co-workers demonstrated the biomedical application of the hydrogel in vitro
as a scaffold to promote bone marrow MSC adhesion, cell proliferation, and osteogenic
differentiation. Furthermore, the gel showed in vivo applications in a rat femoral defect
model in which a healing process was observed near bone tissues. Adler-Abramovich ap-
plied the composite hydrogel as a platform for bone tissue regeneration (Figure 22E–I) [175].
In this regard, Das and co-workers also employed a composite hydrogel for osteogenesis
(Figure 22J–L) [167].

In this section, biomedical applications were discussed employing thixotropic hydro-
gels based on amino acid, di-, tri-, tetra-peptide, co-assembled, and finally composite ones
in various fields from 3D cell culture to tissue engineering.

10. Challenges and Future Directions

Although short peptide-based thixotropic hydrogels have shown great promise in the
field of biomedicine, several limitations remain. The precise mechanism underlying such
a unique behavior is yet unclear, and it is critical to consider whether thixotropic activity
in peptide hydrogels is caused solely by H-bonding and π-π stacking or by something
else. If this is the case, why are no hydrogels naturally thixotropic? Furthermore, many
thixotropic hydrogelators contain aromatic capping moieties, which can reduce solubility
and promote cytotoxicity in biological media, limiting their practical applicability. In some
cases, additives/external factors such as temperature, light, salt, solvent, and so on are
required to generate thixotropic hydrogels. Apart from these issues, it has been found
that in many cases, the thixotropic behavior cannot be replicated in more than one cycle.
In some cases, CDs are utilized to make supramolecular thixotropic hydrogels via host–
guest chemistry. To do this, AAP is inserted into the peptide sequence, and the hydrogel is
irradiated with light to produce the thixotropic response, limiting its biological applications,
as UV-light-triggered E→Z isomerization is hazardous and can be vastly distributed in
biological tissue or in nanomaterials. As a result, there is plenty of room to investigate host–
guest-induced thixotropic supramolecular gels using various host compounds, particularly
cucurbituril (CB). Throughout the review, except for the co-assembled hydrogel described
by Das et al., which can a demonstrate thixotropic reaction at elevated temperatures, it is
difficult to discover thixotropic hydrogelators. As a result, it is preferable to create a short-
peptide-based thixotropic hydrogel that addresses all of the difficulties stated. Covalent
interactions between peptide building blocks, such as disulfide bond formation and imine
bond formation, can be investigated to produce durable thixotropic hydrogels. Only a
few have been created and researched. Despite the advances and potential uses of these
thixotropic hydrogels, there is still much to learn about the precise control of thixotropic
gel formation.

11. Conclusions

Supramolecular thixotropic peptide hydrogels have received a growing interest in the
field of nanomedicine owing to their various biological applications in, e.g., 3D cell culture,
anti-inflammatory, anti-bacterial, drug delivery, tissue engineering, regenerative medicine,
to name a few, and therefore, it is essential to identify the short-peptide-based hydrogels
with thixotropic behavior. In this review, recently reported (within 5 years) low molecular
weight-based thixotropic hydrogels were compiled comprehensively, followed by self-
assembly-induced thixotropy and their biological application. The thixotropy property of
the hydrogels was characterized with the help of a rheometer in which continuous high-
and low-magnitude strain was applied alternatively to disrupt the 3D gel network followed
by reconstruction at a time frame. The weak noncovalent interaction within the gel network
is solely responsible for obtaining the thixotropy. In addition, injectable behavior was also
demonstrated by injecting the gel through a syringe in which the quasi-liquid transforms
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into a gel after coming out through the needle, confirming the self-healing nature. This
review will provide ample opportunity not only to the peptide chemist but also to all
scientists related to biology to design and execute short peptide-based thixotropic injectable
hydrogels for future regenerative medicine.

Funding: This research received no external funding.

Acknowledgments: The author acknowledges the “MDPI” office for discount vouchers.

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

References
1. Yang, L.; Li, H.; Yao, L.; Yu, Y.; Ma, G. Amyloid-Based Injectable Hydrogel Derived from Hydrolyzed Hen Egg White Lysozyme.

ACS Omega 2019, 4, 8071–8080. [CrossRef] [PubMed]
2. 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]

3. Dowari, P.; Pramanik, B.; Das, D. pH and secondary structure instructed aggregation to a thixotropic hydrogel by a peptide
amphiphile. Bull. Mater. Sci. 2020, 43, 70. [CrossRef]

4. Kuddushi, M.; Pandey, D.K.; Singh, D.K.; Mata, J.; Malek, N. An ionic hydrogel with stimuli-responsive, self-healable and
injectable characteristics for the targeted and sustained delivery of doxorubicin in the treatment of breast cancer. Mater. Adv. 2022,
3, 632–646. [CrossRef]

5. Pramanik, B.; Ahmed, S.; Singha, N.; Das, B.K.; Dowari, P.; Das, D. Unorthodox Combination of Cation−π and Charge-Transfer
Interactions within a Donor–Acceptor Pair. Langmuir 2019, 35, 478–488. [CrossRef] [PubMed]

6. Basu, K.; Nandi, N.; Mondal, B.; Dehsorkhi, A.; Hamley, I.W.; Banerjee, A. Peptide-based ambidextrous bifunctional gelator:
Applications in oil spill recovery and removal of toxic organic dyes for waste water management. Interface Focus 2017, 7, 20160128.
[CrossRef]

7. Zhuang, P.; Greenberg, Z.; He, M. Biologically Enhanced Starch Bio-Ink for Promoting 3D Cell Growth. Adv. Mater. Technol. 2021,
6, 2100551. [CrossRef] [PubMed]

8. Jain, M.; Matsumura, K. Thixotropic injectable hydrogel using a polyampholyte and nanosilicate prepared directly after cryop-
reservation. Mater. Sci. Eng. C 2016, 69, 1273–1281. [CrossRef]

9. 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]

10. Shaheen, A.; Maswal, M.; Dar, A.A. Synergistic effect of various metal ions on the mechanical, thixotropic, self-healing, swelling
and water retention properties of bimetallic hydrogels of alginate. Colloids Surf. A Physicochem. Eng. Asp. 2021, 627, 127223.
[CrossRef]
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