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Abstract: Over the last couple of decades, stimuli-responsive supramolecular gels comprising syn-
thetic short peptides as building blocks have been explored for various biological and material
applications. Though a wide range of stimuli has been tested depending on the structure of the pep-
tides, light as a stimulus has attracted extensive attention due to its non-invasive, non-contaminant,
and remotely controllable nature, precise spatial and temporal resolution, and wavelength tunability.
The integration of molecular photo-switch and low-molecular-weight synthetic peptides may thus
provide access to supramolecular self-assembled systems, notably supramolecular gels, which may be
used to create dynamic, light-responsive “smart” materials with a variety of structures and functions.
This short review summarizes the recent advancement in the area of light-sensitive peptide gelation.
At first, a glimpse of commonly used molecular photo-switches is given, followed by a detailed
description of their incorporation into peptide sequences to design light-responsive peptide gels
and the mechanism of their action. Finally, the challenges and future perspectives for developing
next-generation photo-responsive gels and materials are outlined.

Keywords: peptide; stimuli responsive; gel; trans-cis isomerization; azobenzene; arylazopyrozoles;
spiropyran

1. Introduction

Supramolecular self-assembly, governed by multiple non-covalent interactions, has
been explored as a powerful and elegant strategy for the hierarchical bottom-up synthesis of
soft materials across length scales [1-5]. Though the individual supramolecular interactions
are weak, the resultant interaction is strong enough to make soft materials with different
nanostructures, functions, and elegant properties when they work in tandem. An extreme
case of higher order self-assembly is the formation of supramolecular gels, basically, semi-
solid materials composed of three-dimensional (3D) networked structures with a large
amount of entrapped solvents (water in the case of hydrogels and other solvents for
organogels) [6-13]. Due to the reversible nature of the supramolecular interactions, such as
hydrogen bonding, m—m stacking, hydrophobic interactions, van der Waals interactions,
charge-transfer interactions, etc., the resultant gels are highly sensitive to different external
stimuli and thus making those gels highly dynamic in nature [14-16]. Over the past couple
of decades, a plethora of supramolecular gels with structural sophistication and functional
variations, particularly aromatic peptides because of their built -interactions environment,
have been reported [17-21].

In light of this, peptides, because of their unique properties, are proven to be an excel-
lent class of building blocks for devising supramolecular gels [22-25]. They offer a wide
range of structural diversity, self-assembling propensities, and morphological variations
due to large possible combinations of amino acids which form peptide sequences [26-32]. In
addition, the design rules for the self-assembly of peptides are well documented. Moreover,
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peptides offer bioactive functionalities, biocompatibility [33,34], and biodegradability [35].
In addition to this, they can possess unique specific functions like cell targeting and envi-
ronmental responsiveness owing to their bio-active nature [36]. Chemically, the side chains,
free amino (-NHy), and carboxyl (-COOH) terminus further open up ample opportunities
to integrate drugs [37,38], carriers [39,40], and other functional molecules of interest. Due
to the chiral nature of the amino acids (except Glycine (Gly)), often, molecular chirality
gets transferred to the supramolecular level causing nano-structures with specific chiral-
ity [41-43]. Additionally, peptides are synthetically accessible due to the well-established
straightforward, efficient procedure of Solid Phase Peptide Synthesis (SPPS) that makes
them a promising candidate for assembling, programming, and recognizing with utmost
efficacy and minimum toxicity [44,45]. Additionally, peptides are well-known for their
smaller size (length ranging from 10 to 15 amino acids), even smaller than antibodies, and
they are less immunogenic and highly stable in physiological conditions, making them a
reliable candidate for conjugation with various kinds of nano-carriers for biological appli-
cation [46]. Finally, peptides are well-known for their co-assembling and co-aggregating
propensity with a wide range of molecular entities such as other peptide sequences, pro-
teins, polymers, drug molecules, inorganic and other molecules [47-55]. Co-assembly can
occur at the molecular level in mainly four different ways, viz. (a) cooperative co-assembly,
(b) self-sorting (or orthogonal co-assembly), (c) random co-assembly, and (d) destructive co-
assembly [50]. These newly generated multicomponent co-assembled systems give access
to tailored features, enhanced mechanical and architectural scope, desired morphology,
improved bioavailability, and functional complexity with emergent behavior [48-59]. In
fact, in recent years, a considerable amount of effort have been dedicated in the direction
of designing peptide-based multicomponent systems decorated with desired structures,
properties, and functions with multitasking abilityies via co-assembly, which is difficult for
a monocomponent peptide assembly to realize [48,57-61].

One potentially helpful feature of supramolecular gels is their switchable behavior
in different physical states in response to various external stimuli. Although a plethora
of incentives, for example, ionic strength [62-64], pH [44,64], enzyme [65—69], tempera-
ture [14,70-72], mechanical stress [73], light [74,75], etc., have been reported extensively
to show the switching ability, among them, light has received extensive attention because
of its non-invasive nature and more importantly, light permits to target a specific area of
gel remotely by using photo masks with a high level of spatiotemporal resolution causing
patterned gel surfaces and rapid phase transitions reversibly [17,18,76-78]. On top of that,
the system is free from waste generation/chemical contaminants hence closed systems
can be stimulated without introducing any foreign chemicals, and finally, the light can
be conveniently switched on and off with specific wavelengths and tunable intensities
to modulate and program supramolecular gelation [18,77,79]. Considering the utmost
advantages of peptides and light, in recent years, a variety of photo-responsive moieties
has been incorporated into the peptides to design photo-responsive gelators which can
display switchable, smart, and emergent features [15,80-84].

This short review features the recent advancement toward developing low molecular
weight supramolecular light-responsive peptide gels. Although a massive number of
light-responsive peptide assemblies have been documented in recent years, considering
the scope of this short review, we have only included the special cases where ‘gels” are
involved, as shown in Scheme 1.
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Scheme 1. Schematic representation of light-responsive supramolecular gels.

2. Light-Responsive Molecular Switches

In view of light-responsive supramolecular gels, azobenzene [55,85-88], arylazopy-
rozole [89-91], benzoylhydrozone [92,93], stilbene [60,94], etc., are more frequently used
photoisomerizable molecules that switch between trans- and cis-isomeric forms under the
illumination of light (Figure 1). Spiropyran [24,78,80] is another critical photo-sensitive unit
for light-induced ring-opening and closing behavior. The 2-nitrobenzyl (NB) group [95-98],
coumarin [99-101], anthracene [102-104], and diarylethene [105,106] units are also used to
create light-responsive gels (Figure 1). The molecular structure and light-induced structural
changes of the most well-studied and explored photo-switches in recent years are shown in
Figure 1. Additionally, in view of chemical approaches, a schematic illustration is depicted
to synthesize the photo-switchable peptide monomers (Figure 1F).

2.1. Azobenzene Conjugated Peptide Derivatives and Light-Assisted Self-Assembly/Disassembly
Phenomenon

Azobenzene core is the most common photo-responsive moiety incorporated in
peptide sequences to design low molecular weight peptide gelators to develop numer-
ous functional soft materials [78,107-113]. Under UV-light irradiation, the azobenzene
core undergoes trans- (E-) to cis- (Z-) isomerization, while the reverse cis to trans iso-
merization process is carried out by visible light or thermally in a dark environment
(Figure 1A) [78,107-113]. The trans-isomer is a thermodynamically favored state. The
photoisomerization leads to the change in molecular planarity, which in turn affects t—m
stacking interaction amongst the azobenzene moieties causing alteration of the molecular
packing of azobenzene-incorporated peptides, which ultimately results in the formation or
disruption of gels [109,113,114]. Hence, it is fascinating to incorporate azobenzene into short
peptide sequences to create light-responsive peptide hydrogels with variable properties
and functions due to light-induced changes in the steric profile of the installed azobenzene.

Following the light responsiveness of azobenzene, Prof. Rein Ulijn and coworkers
demonstrated the integration of light switching with enzymatic amide formation/hydrolysis
to form and manipulate low-molecular-weight peptide gelation [112]. In this work, they
started with a non-gelator molecule frans-Azo-Y (Y for tyrosine, Figure 2) and synthesized
a series of peptides, Pyuns-azo—1, Ptrans-az0—2, and Pyans-az0—3, using thermolysin cat-
alyzed amidation with X (X represents the side chain of phenylalanine (F), leucine (L) and
valine (V)). These dipeptides exhibit gelation at different time intervals after adding the
enzyme thermolysin. The contributing interactions of the gelation can be accredited to 7t—7
stacking between trans-azobenzene moieties and aromatic amino acids, combined with
hydrogen bonding among dipeptide units. Rheological analysis revealed that the storage
modulus (G') of the dipeptide hydrogels (10*~10° Pa) is higher than their corresponding
loss modulus (G”, 103-10* Pa), suggesting the gel property of the hydrogels (Table 1).
Among the dipeptides, Pryns-az0—1 gel was tested for displaying light responsiveness, and
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when it was exposed to a UV lamp (365 nm), the hydrogel disintegrated and dissolved
after 48-72 h of illumination (Figure 2). This gel to sol transition of Ptgns-az0—1 was ob-
served due to the conformational switching of the azobenzene from planar trans-(E) to
non-planar cis-(Z) form. The cis-isomer prohibits adequate — stacking and hydrophobic
interaction between azobenzene moieties required for gelation. On further exposure to
visible light (450 nm), the reverse isomerization, i.e., cis- to trans-form, restored gelation due
to reinstatement of the favorable supramolecular interactions. The authors claimed that
this light-induced trans-cis isomerization also results in a condition where the thermolysin
catalyzed hydrolysis favors condensation. They validated this behavior by comparing the
high-performance liquid chromatography (HPLC) yields of the bio-catalytic condensation
reaction of amidated F with trans-Azo-Y and cis-Azo-Y.

Figure 1. Molecular structure of: (A) Azobenzene; (B) Arylazopyrazoles; (C) Benzoylhydrazone
derivatives and light-induced reversible trans- and cis- isomerization; (D) Chemical structure and
light-assisted reversible equilibrium between Spiropyran and Merocyanine derivatives; (F) Schematic
illustration for synthesis of photo-responsive peptide conjugates using SPPS.
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Table 1. Parameters of the photo-switchable peptide gels and photo-responsive behavior.
Minimum
gelation conc. . . Moduli (Before Light Moduli (After UV-Light =~ Moduli (After Vis-Light
SL.No System (MGC, wt% and Media Light irradiation) Pa irradiation) Pa irradiation) Pa Morphology
mg mL—1)
G/ G// G/ G// G/ G//
Azobenzene (Azo) derivatives
Nanofibers
1. Pirans-azo—1 [112] 17 mM Phosphate buffer 365 nm (UV) ~104-10° ~10%-10% NR NR NR NR Micellar aggregates (UV)
(pH 8.0) 450 nm (Vis) ) .
Nanofibers (Vis)
0.13 wt% of OGAC Long nanofibers
OGAC/ AzoC,Py (5:1) and accordingly 365 nm (UV) Helical nanofibers (UV)
2 [115] AzoCyPy Water >400 nm (Vis) NR NR NR NR NR NR Thick and straight
Fibers (Vis)
ey Water 365 nm (UV) 5 5 3 5 Thin fibers
3. Ptrans-Azo—6 [74] 16.2mM (pH~10) ~10 10 ~10 ~10 NA NA Long rod (UV)
_ 530 nm (GL) C
4. Pirans-Azo—7 [87] 15 mg mL~! PBS (pH 7.4) 410 nm (Vis) ~10* ~103 NR NR NR NR Fine fibers
Arylazopyrazoles (AAP) derivatives
2.5 wt% of P-1 and
P-1+ PAAp-l o 365 nm (UV) 5 1 5 2 3 2 4 5 1 Re .
5. +CDV [116] 0%5 wt /olof Water 520 nm (Vis) ~10 10*-10 10--10 ~10 10*-10 ~10 Cross-linked fibers
AAP—
P-2+ Ppap—2+ 1.0 wt% of P-2 and 365 nm (UV) 5 ~24 x 10 5
6. CDVs [117] 20 % of Pasp—2 Water 520 nm (Vis) ~27 x 10 NR NR ~26.5 x 10 NR NR
_ o 365 nm (UV) 3 5 3 3 B
7 Paap—3[118] 5.0 wt% Water 520 nm (Vis) ~7.8 x 10 10 ~6.3 x 10 >1 ~8 x 10 100 NR
5.0 wt% of
8. Paap—3 +Agarose 73 ond 1.7 wt Water 365 nm (UV) ~6.8 x 10° -1 ~6.3 x 10° >1 8.3 x 10° ~100 NR
[118] o 520 nm (Vis)
% of Agarose
_ 365 nm (UV)
— 1 ~ _ ~ _ ~ — ~
9. Paap—41[90] 2mgmL Water (pH~5) 520 nm (Vis) 325-350 25 125-225 50 150-300 50 Aggregate
_ 365 nm (UV) . .
— 1 ~ _ _ ~ . _ _
10. Paap—5[90] 2mgmL Water (pH~5) 520 nm (Vis) 140-180 <25 140-170 25 200-300 50-75 Cross-linked fibers
Spiropyran (SP) derivatives
254 nm (UV) .
11. Ppc—4 [119] 11 mM Water (pH 3) £20 nm (Vis) NR NR NR NR NR NR Fibers
_ 365 nm (UV) .
- 1 ~ ~ ~315=
12. SPI-RGD [120] 4.0 mgmL Water (pH 5.2) 420 nm (Vis)/A 300 80 2.3 NR 315-335 NR Fibers
13. Pep—5[121] 10 mM Water 254 nm (UV) NA NA NR NR NA NA No discernible structures

420 nm (Vis)/A

Twisted nanofibrils (Vis)
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Table 1. Cont.

Minimum
gelation conc. . . Moduli (Before Light Moduli (After UV-Light =~ Moduli (After Vis-Light
SL.No System (MGC, wt% and Media Light irradiation) Pa irradiation) Pa irradiation) Pa Morphology
mg mL—1)
G/ G// G/ G// G/ G//
Coumarin (Cou) and anthracene (Anth) derivatives
14. Pcou—1[122] 10mM 365 nm Water (pH 7) ~20 (Pa) ~10 (Pa) ~150 (Pa) ~70 (Pa) NA NA Fibers
15. Pcou—2[22] 5mg mL 365 nm Water (pH) 10%-10* 102-103 ~10% ~103 NA NA Fibers
Spiral-shaped fibers
_ -1 . —1- P p
16. Pcou—3 [123] 2.7 mg mL 365 nm PEG200:H,0 = 1:2. NR NR NA NA NA NA Fibers (UV)
17. Panin—11[102] 5mgmL"! 350 nm (UV) water 1022103 1012102 0.1-10 0.01-1.0 NA NA Nanoribbons
Other derivatives (Benzoylhydrazone (BHz), Nitrobenzyl (NB) and 6-nitroveratryloxycarbonyl (Nvoc))
MES Nanofibers
18. BHz-F(F)(F) [92] 0.5 wt% 325 nm buffer ~10* ~103 NR NR 103-10* ~103 NR (UV)
(pH 7.0) Nanofibers (Dark)
19. MAX7CNB [124] 2 Wt <(§28 < ri‘l ) Water (pH 9) 103104 ~102 10 102 NA NA Fibers
Quadruple helix
20. Pnp—1[125] 40 x 10° M 350 nm (UV) Water NA NA ~105 ~10% NA NA (Before UV)
Cylindrical fibrils
21. Png—2[126] 40 x 10° M 350 nm (UV) Water NA NA ~10° 104 NA NA Sphere;flf:rf:re uv)
_ Long and tangled fibers
22. Png—3 [127] 1.70 mM 350 nm (UV) Water (pH 7.4) 1-2 1 NA NA NA NA Less and finer Hibers (UV)
2. NVOC-FF [128] 5 mg mL~! 365 nm (UV) DMSO:Water 10°-10¢ 10210 -1 NR NA NA Fibers

(5:95)
N.B: G': Storage modulus; G”: Loss modulus; NR: Not reported; NA: Not applicable; GL (Green Light); A: heat.
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Figure 2. Molecular structure of the synthesized peptides (Pyuns-azo—1, Prans-azo—2, and

Ptrans-Azo—3). Light-induced gel-sol-gel transition (When X = side chain of F) and TEM images
of Ptrans-azo-1, Prrans-Azo—2, and Prans_az0—3. Adapted from Ref. [112]. Copyright 2014 Royal Society
of Chemistry.

Minghua Liu and coworkers adopted a co-assembly approach to realize supramolec-
ular dendron gel, which shows shrinking/swelling behavior upon photoirradiation and
thermal switch (Figure 3) [115]. In this case, mixing an amphiphilic dendron terminated
with three L-glutamic acid groups (OGAc) and a positively charged azobenzene derivative,
AzoC,Py (Figure 3A), produced Gel-1 (Figure 3B). Gel-1, when kept at 20 °C, shrank to
form a shrunken gel (S-gel, Figure 3B) by expelling water molecules due to the aggregation
of the hydrophobic trans-azobenzene moiety. On exposure to UV light, the trans- to cis- iso-
merization occurred, which led to the swelling of the shrunken gel to form Gel-2. The Gel-2
is relatively stable at room temperature unless the gel is subjected to visible light leading
to regeneration of S-gel due to cis- to trans- isomerization, and this swelling between the
S-gel and Gel 2 can be reversibly switched by alternate Vis/UV irradiation several cycles
(Figure 3B). Moreover, S-Gel to Gel-1 interconversion can be achieved by a thermal switch,
thereby making a system dual responsive, exhibiting three gel states. At the microscopic
level, Gel-1 exhibited nanofiber morphology, whereas for S-gel, thick and straight, and
Gel-2, helically entangled fibrous structures were observed (Figure 3C). Based on different
spectroscopic and microscopic observations, the authors proposed a possible mechanism,
as shown in Figure 3D-F, where OGAc adopted an interdigitated bilayer structure and
AzoC,Py occupied the head position of the bilayer leading to the formation of a fibrous
structure. Due to its hydrophobic nature and —m staking ability, the trans-azobenzene
aggregated over time, and consequently, the water molecules were expelled, causing the
shrinking of the gel. The UV light-induced trans- to cis- isomerization resulted in a volume
change of the azobenzene moiety. Consequently, the water molecules were taken into
the bilayer, and swelling occurred to form Gel-2. Next year, the same group utilized the
aforementioned co-assembly approach to demonstrate a series of photo-responsive gels
with the help of alkylated-L-Histidine and carboxylic acid substituted-azobenzenes [129].

In an exciting work, Zhonghui Chen et al. reported a pair of dipeptide appended-
azobenzene photo-responsive reversible chiral gelators (Prans-azo—4 and Prans-azo—5,
Figure 3H), where the chirality plays an essential role in the photo-induced gel-sol tran-
sition [130]. The gelators are composed of an azobenzene flanked between L-Asp-L-
Phe (Ptrans-azo—4) and D-Asp-D-Phe (Ptrans-az0—5). The L-gel (i.e., the gel formed from
Ptrans-azo —4) converted into sol much faster upon UV irradiation than the D-gel (i.e., the
gel formed from Ptans-pz0—5). The authors claimed that the dipeptide units’ molecular
chirality determines the molecules” orientation and molecular packing. These eventually
modulate the photo-induced trans- to cis- isomerization rates of azobenzene moiety, caus-
ing dissimilar disassembly kinetics of the two gels. The gels also exhibited light-induced
multiple gel-sol transitions, but at different rates for the L-gel and D-gel systems (Figure 3I).
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Figure 3. (A) Chemical structure of the precursors; (B) Stimuli-responsive gel-sol-gel transition;
(C) AFM images of the physical states mentioned in (B); Schematic illustration of hierarchical co-
assembly: (D) Thin layer fibril formation in fresh hydrogel; (E) Thick fibrous bundles in shrunken
gel; (F) Helices formation in light-induced swollen gel. Adapted from Ref. [115]. Copyright 2016
The Royal Society of Chemistry. (G) Molecular structure of the peptide gelators (Prans-az0—4 and
Ptrans-azo—5); Redrawn from Ref. [120]. Copyright is not applicable here; (H) Light-responsive gel-
sol-gel transition of Ptans-az0 —4 and Prrans-az0—5; (I) Reversibility test for gel-sol-gel transition, black
and red curves represent L gel and D gel respectively. Adapted from Ref. [130]. Copyright 2017 The
Royal Society of Chemistry.

In 2020, Das and co-workers showcased a short peptide-based water insoluble and
thixotropic hydrogel, which exhibits syneresis and expel water when exposed to UV
irradiation (Figure 4A) [74]. In this work, an azobenzene functionalized short peptide,
Ptrans-Azo —6, undergoes self-assembly in fresh aqueous NaOH solution through different
non-covalent interactions like 7-stacking, H-bonding, hydrophobic, and disulfide bond
formation to form a self-supporting hydrogel (H-Gel, Figure 4A). Surprisingly, the formed
H- Gel is insoluble in water, and as a result, it restricts the movement of water to and from
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the gel. When illuminated with UV light (365 nm), the H-Gel displayed an irreversible
shrinkage by 50% of its volume by expelling water and formed S-Gel (Figure 4A). There
was a shift of morphology from fibers to mixed fibers and rods. Moreover, the S-gel was so
strong that neither the Vis light nor the standard disulfide breakers could disrupt the gel due
to more robust packing than the H-Gel. The mechanical superiority of the S-Gel over H-Gel
was further confirmed by rheological experiments where the G’ value S-Gel and G-Gel lie in
the range of ~103 Pa and ~10? Pa, respectively, in the linear viscoelastic region (Table 1). The
authors thoroughly investigated the unusual behavior of light-induced syneresis and gel
state morphology transfer where the dynamics of the constituent molecules remained highly
restricted. It was claimed that during the trans- to cis- isomerization, the Pryps-A70—6 dimer
adopted a new arrangement where the gel requires less water to sustain the assembly and
consequently expelled excess water. Finally, the authors exploited this syneresis property
of the gel to remove model dye molecules from water. In another report, azobenzene
incorporated collagen model peptide hydrogels having light-triggered phase transition
behavior was reported by Koga’s group [131].
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Figure 4. (A) Molecular structure, self-assembly mechanism, photographs of formed gel and UV-light
induced possible molecular arrangement of the Azo-peptide hydrogelator, Pns-az0—6. Adapted
from Ref. [74]. Copyright 2020 Royal Society of Chemistry. (B) Light-induced trans- to cis- isomeriza-
tion of the cyclic peptide; (C) Photographs of light-sensitive gel-sol transition. Adapted from Ref. [87]
Copyright 2021 Royal Society of Chemistry.

Recently, Pianowski and co-workers presented a cyclic dipeptide-conjugated azoben-
zene hydrogelator (Pyans-az0—7) that exhibited photo-induced reversible gel-sol transition
(Figure 4B) [87]. In this work, they synthesized a tetra-ortho-fluorinated azobenzene-cyclic
dipeptide hydrogelator conjugate considering the fact that aromatic C-F bonds improve
supramolecular interactions in the proximity of the fluorine atoms to reduce the minimum
gelation concentration (MGC) of the gelator. The gelator forms stable and homogenous
hydrogels in aqueous solutions under physiological conditions (PBS buffer, pH 7.4) with an
MGC of 17 g/L. The existence of strong hydrogel was confirmed by the rheometric analysis,
where the G’ and G values were found to be around 10* Pa and 103 Pa, respectively,
within the linear viscoelastic region (Table 1). Upon irradiation with green light (530 nm),
the hydrogel dissolved and formed a homogeneous solution which, on further treatment
with violet light (410 nm) followed by incubation at room temperature in darkness, con-
verted back to the transparent hydrogel again. This phase transition was again due to
photo-induced isomerization of the azobenzene moiety. Finally, the authors exploited this
hydrogel to encapsulate an anti-cancer drug, plinabulin, for light-induced release without
any significant passive diffusion (leaking).
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2.2. Arylazopyrazoles Conjugated Peptide Derivatives with Light-Sensitive
Gelation Characteristics

Although a lot of progress has been made with azobenzene as a light-responsive
molecular switch, certain disadvantages restrict their application [132]. For example, the
UV-light used to trigger E—Z isomerization is harmful and can be vastly distributed in
biological tissue or nanomaterials [132-134]. Additionally, most azobenzene derivatives
exhibited low thermodynamic stability of the Z-form in comparison with other molecular
photo-switches [132]. Consequently, incomplete photoisomerization behavior is noticed
owing to the overlapping absorbances of both E- and Z-isomers. The photostationary
state (PSS) for classic azobenzene derivatives is about 80% for the E—Z and 70% for the
Z—E isomerization [132,135]. Because of this drawback, in highly multivalent systems,
a substantial fraction of the remaining E-isomer can still dictate the material properties,
causing partial switching [132,135-137].

For the last few decades, researchers have been trying to develop azobenzene deriva-
tives that can undergo visible light-induced isomerization to aim either to move the m—m*
transition to a longer wavelength or to acquire a splitting n—7* transition of the E- and
Z-isomer that typically fuse in 400-500 nm wavelength window [132,138]. Therefore, to
solve the issue, the pyrazole hetero cycle was introduced [132,139]. The replacement of
one benzene ring in azobenzene with a pyrazole ring resulted in arylazopyrazoles (AAP,
Figure 1B), as an alternative and a new light-responsive molecular switch. Introduced by
Fuchter et al. they have received enormous attention to the peptide chemist and pharmacist
because of their ease and scalable synthesis, good water solubility, and superior photophys-
ical properties [139,140]. As expected, APP displayed a noteworthy red shift of the n—7*
transition band of the Z-isomer, enabling almost quantitative isomerization by UV(E—Z)
or green light (Z—E) irradiation [132]. Additionally, AAP showed half-life times up to 1000
days, which can be attributed to the decreased steric repulsion within the Z-form [132].

Based on these outstanding properties of AAP, in 2017, Ravoo’s group introduced
a unique hierarchical supramolecular hydrogel utilizing both self-assembly and host—
guest interaction of the designed amphiphilic peptides [116]. The peptides comprise a
tetrapeptide building block, Fmoc-RGDS (P1, Figure 5A), owing to its good water solubility
and excellent biocompatibility. The serine side chain was functionalized with AAP through
a TEG spacer with the help of click chemistry to design another peptide (Paap—1, Figure 5B)
to create a light-responsive stable gel. The gel was fabricated with the combination of P1,
Paap-1, and cyclodextrin vesicles (CDV). CDV is a macrocyclic host towards trans-AAP
as a guest with multivalent non-covalent crosslinking properties. The entanglement of
self-assembled supramolecular nanofibers and host-guest interaction between the trans-
AAP and CDV creates self-supportive hydrogels (Figure 5C, D). UV light irradiation forces
trans-AAZ to convert its cis- form and hence, destroy the host-guest interaction as cis-AAP
is very reluctant to bind CDV (Figure 5C). Therefore, a very soft non-supporting gel was
reached. The reversibility of the hydrogel was achieved either by storing the gel in the
dark for four days or by visible light irradiation. This can be ascribed to the non-covalent
host-guest interaction, which was restored under experimental conditions. Unfortunately,
the reversible gel failed to reach its initial moduli (G’ and G”, Table 1). Next, the same group
established another light-responsive hydrogel utilizing a co-assembly approach [117]. The
beauty of their finding is that the formed gel is labile towards both light and magnet and, as
aresult, it showed different rheological behavior (Table 1). The co-assembly between P2 and
AAP-modified photo responsive peptide, Poap—2, and superparamagnetic nanoparticles
(CoFey0O4) embedded CDVs creates the distinctive gel (Figure 2E, F). The gel showed
around a 10% decrease of the storage modulus (G’) in response to UV light irradiation
(350 nm). The gel exhibited a continuous decline in its G’ value compared with the initial
value during the reversibility experiment (UV-Vis-UV, Figure 5G) and continued up to
four cycles. Next year, Ravoo et al. again presented a hybrid, photo-responsive dual gel
network without any external crosslinker made of AAP anchored LMWG, Poap—3, and
agarose, a covalent polymer network (Figure 5H) [118]. In response to light, the peptide
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exhibited reversible gel-to-sol transition with 1 Equiv. of KOH. Although, in the presence
of agarose, the storage modulus of Pyap—3 displayed two-fold higher magnitude, no signs
of Paap—3 leakage out of the non-responsive agarose network was tracked. Surprisingly,
in the presence of agarose, there are no macroscopic changes of the formed hybrid gel upon
UV and Vis light irradiation, which can be observed from photo responsive rheological
experiment also (Table 1). This can be attributed to the formation of the dual network by
the precursor gelator components.
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Figure 5. (A) Chemical structure and plausible self-assembly mechanism of peptide, P1; (B) Molecular
structure of AAP modified peptide; (C) Gel-sol-gel transition under illumination of UV- and Vis-light
respectively; (D) Microscopic images of the resulting gel. Adapted from Ref. [116] Copyright 2017
Royal Society of Chemistry. (E) Chemical structure of the peptides (without AAP and with AAP)
for co-assembly; (F) Schematic presentation of the stimuli-responsive hydrogel formation through
co-assembly approach; (G) Light-responsive rheological behavior of the resultant gel. Adapted from
Ref. [117] Copyright 2019 Royal Society of Chemistry. (H) Molecular structure of AAP modified
peptide; (I) Light-triggered gel-sol-gel transition; (J) Schematic visualization of the created network.
Adapted from Ref. [118] Copyright 2020 Royal Society of Chemistry.

Interestingly, Ravoo and co-workers masterminded a family of tripodal photo-responsive
hydrogelators in which cyclohexane-1,3,5-tricarboxamide (CTA) and a cyclohexanetrishy-
drazide (CTH) act as a central core to provide sufficient m—m stacking and a terminal alanine
as an arm to provide water solubility and additional hydrogen bonding (Figure 6) [90].

For CTH-based LMWG, an aldehyde terminated AAP peptide (AAP-CHO) under-
goes glucono-d-lactone (GdL) induced dynamic hydrazone linkage formation with CTH-
hydrazide to form a gel (Figure 6C). At room temperature, G’ was found to be higher than
G”, indicating gel characteristics. Under the influence of UV light (A = 365 nm), the gel
(Figure 6E) showed a 50% drop in G’ value, emphasizing the AAP unit’s photoisomeriza-
tion (Table 1). It is important to highlight that although the gel recovered the G’ value
under Vis light irradiation, for reaching a plateau, more time is needed compared with
UV irradiation. However, G” value remains constant throughout the experiment. This can
be explained by the oscillation and network behavior of the fibers. In contrast to PAap—5
gel, dynamic covalent hydrogel displayed a 30% decrease in G’ value after the first UV
irradiation (Figure 6B, Table 1). The photo-responsive rheology experiment showed similar
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behavior to Paap—4, but the gel becomes stiffer after Vis irradiation, reflecting a higher G/
value (Figure 6E).
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Figure 6. (A) Molecular structure of the hydrogelator, Pa op—4; (B) UV-Vis light-induced rheological
experiment; (C) In situ gel formation through GdL hydrolysis; (D) Microscopic fibrous network of
the in-situ gel; (E) Light-activated rheological analysis of in-situ hydrogel. Adapted from Ref. [90]
Copyright 2019 John Wiley and Sons.

2.3. Spiropyran Conjugated Peptide Derivatives and Light-Induced Gelation Behaviour

In light of the molecular photo-switches, spiropyrans have received extraordinary
attention from photo chemists and peptide chemists because of their outstanding pho-
tophysical properties [141]. Depending on the nature of illuminating light, two distinct
structural thermodynamically stable isomers exist with the gigantic difference in properties:
(i) colored planar merocyanine (MC) form, a charged hydrophilic ring-open form, and
(ii) colorless non-planar spiropyran (SP) form, a non-charged hydrophobic ring-closed form
which ultimately make spiropyran a unique photo-switch (Figure 1D) [119,141,142]. Be-
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cause of the planar structure, SP shows a high propensity to form aggregate-like structures
through intermolecular t—7t stacking (Figure 1D) [119,121,143]. It is well-documented
in literature that a range of stimuli such as temperature, solvents, redox potential, acids,
bases, metal ions, mechanical forces, etc., can stimulate spiropyran’s reversible isomer-
ization [144-149]. Based on the properties mentioned above, increasing effort has been
made to create spiropyran appended novel materials over the decades [150-152]. In 2014,
Chen and Zhu et al. created a family of antibacterial peptides (Psp—1, Psp—2, and Psp—3,
Figure 7A), of which SP units were linked to both ends of the sequence in accordance
with varying chain lengths [153]. Under exposure to light, these peptides adopt different
thermodynamically stable states (MC and SP) at physiological pH.
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Figure 7. (A) Molecular structure of SP-conjugated peptides (Psp—1, Psp—2, and Psp—3); Redrawn
from Ref. [153]. Copyright is not applicable here. (B) Light-induced sol-gel transformation of SP
and MC appended peptides. Adapted from Ref. [119] Copyright 2009 Royal Society of Chemistry
(C) Chemical structure of the SP analogs and connecting peptide motifs; Redrawn from Ref. [120].
Copyright is not applicable here. (D) Photographs of sol and gel because of the light-instructed
structural change from SP to MC form. Adapted from Ref. [120] Copyright 2015 The Royal Society
of Chemistry. (E) Schematic illustration of light-induced dissipative self-assembly of an SP-peptide
conjugate. Adapted from Ref. [121] Copyright 2021 The Royal Society of Chemistry.

In this context, an SP-linked dipeptide (SP-D-Ala-D-Ala, Psp—4, Figure 7B) hydrogela-
tor was reported by Zhang et al., which forms hydrogel (pH 3) with a fibrous network in
response to light [119]. Under UV light exposure, the non-planar SP form gets converted
to planar MC form and undergoes intermolecular m—7t stacking to form an aggregated
structure. The gel turned into a yellow slurry upon visible light irradiation, owing to
disassembly. Later, the same group created a library of peptides (VPP, RGD, YDV, SDKP,
VVPQ, YIGSR, TIGYG, IKVAV, VYGGG, and LGAGGAG) conjugated with SPs (SPI, SPII,
and SPIII), which form hydrogel at a particular pH based on the connecting sequence
(Figure 7C) [120]. Amusingly, the MC form can be achieved at 70 °C with 80% yield within
3 min, and exposure to sunlight for 0.5 min reverts to its SP form (Figure 7D). Remark-
ably, such amazing heat-light-induced isomerization is completely reversible and can be
repetitive for more than five cycles. The rheology cycle also confirms the reversibility
of the gel (Table 1). As an application, the authors employed the MCI-RGD gel for an
erasable photolithograph material. In 2020, Stupp and Schatz et al. engineered a hybrid
photo-responsive soft material to mimic the mechanical actuation [154]. The material was
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prepared from peptide amphiphile supramolecular polymers covalently anchored with
SP. Upon UV irradiation, the formed gel expelled water to shrink to 84% of its original
volume, and that is only because of the isomerization phenomenon. Interestingly, the
shrunken gel reverts to its original swollen shape when kept in a dark place. Last year,
a tetrapeptide (Fmoc-KK(SP)KF-NH,, Psp—5, Figure 7E) was reported by Parquette in
which nitro-SP connected to the e-amino lysine sidechain of the sequence to provide the
light-responsive hydrogelator [121]. The peptide remains in a solution state, but under
the illumination of light, the solution readily transforms into a gel with a fibrous network.
The gel achieved a free-flowing state when the light was switched off. Interestingly, the
cycle can be repeated for multiple cycles. Thus, the system was put under the category
of dissipative self-assembly, where the system needs a continuous source of energy in the
form of light to sustain. Once the light irradiation is stopped, the system disassembles.

2.4. Other Photo-Responsive Peptide Derivatives and Light-Induced Gel-Sol Transition or
Vice-Versa

Coumarins are well-known for their photodimerization tenacity when irradiated with
light of wavelength greater than 280 nm (Figure 1E) [22,155]. The photo-induced nature
of the coumarins has inspired scientists to prepare stimuli-responsive LMWGs [22,122].
As anticipated, the solubility of the light-induced dimerized coumarin decreases as the
coumarin monomer becomes double in size. As a result, hydrophobicity of the system in-
creases, which disrupt the gel network and, eventually, decreases in rheological parameters
observed [122,123,156].

As a proof-of-principle, in 2015, Parquette and Grinstaff et al. reported an LMWG
(Pcou—1) in which two coumarin moieties are connected to both the N-terminal and N-
¢ side chain free amine (-NH;) of a well-explored B-sheet forming dipeptide, dilysines
(Figure 8A) [122]. The gelator undergoes self-assembly in pure water, saline, and PBS to
form a bright yellow-colored gel which collapses to an insoluble precipitate upon prolonged
irradiation (>7 days) at 365 nm because of the enhanced dimerization between coumarin
units (Figure 8A). As a consequence, the storage modulus (G'= ~150 Pa) was enhanced
compared with the original gel (G'= ~20 Pa), indicating UV-light induced enhanced stiff-
ness in dimerized gel (Table 1). Inspired by this, Adam’s group reported a self-supporting,
transparent gel made of a popular Phe-Phe dipeptide motif and N-terminal protected
coumarin unit in the same year (Pco, —2, Figure 8B) [22]. Under UV light, the gel fluoresces
blue light. Interestingly, the gel only experiences turbidity followed by opacity when ex-
posed to UV light irradiation (Figure 8C). Interestingly, light irradiation (15 min) enhanced
both storage (G’) and loss (G”) modulus in comparison to the primary gel (Table 1). The
amplified moduli value can be ascribed to both the photodimerization (covalent bonding)
and dimerization (non-covalent bond) of the coumarin moieties in the gelator. In 2019,
Wu and Gao et al. demonstrated a photocleavable LMWG based on 7-amino coumarin
(Pcoy—3, Figure 8D) [123]. The gelator forms an opaque gel through 71— stacking between
Phe units and coumarin. Interestingly, the gel exhibits a spiral-shaped three-dimensional
fibrous network formed via intermolecular H-bonding (Figure 8D). The gel undergoes gel
to yellow colored sol when irradiated with 365 nm wavelength light. Surprisingly, the gel is
stable at 420 nm and 630 nm light. Another exciting feature of this gel is the photocleavage
property of the C-N bond in the 7-amino position of coumarin, which makes the gelator
from the conventional dimerized coumarin gels.
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Figure 8. (A) Molecular structure of a coumarin-based hydrogelator followed by light-induced self-

assembly to form a gel with nanofibrous structure. Adapted from Ref. [122] Copyright 2015 The Royal
Society of Chemistry. (B) Chemical structure and photo-induced dimerization of a coumarin-peptide
conjugate; (C) Photographs of gel: (i) under normal and UV light, (ii) Microscopic image displays
the fibrous network, (iii) Photographs of dimerized gel under normal and UV light, (iv) Microscopic
image of photo-induced dimerized gel. Adapted from Ref. [22] Copyright 2015 The Royal Society of
Chemistry. (D) Chemical structure and plausible self-assembly of a coumarin-peptide conjugate and
the light-sensitiveness. Adapted from Ref. [123] Copyright 2019 Elsevier.

In a similar vein, anthracene also undergoes a light-triggered [4 + 4] photodimerization
mechanism in which the short-life excimer of photoexcited diene undergoes a transition
into the cyclooctane structure (Figure 1E) [104,157-159]. Additionally, the self-assembly
nature of anthracene through hydrophobic and 7t-7t interactions inspires the researchers to
create anthracene-based hydrogelators [102,160-162]. For example, Adam'’s group demon-
strated anthracene dipep-tidedipeptide-based co-assembled hydrogel [163]. Later, Das
et al. reported 9-anthracenemethoxycarbonyl (Amoc)- protected dipeptides consisting of
PheLeu, PheTyr, and PhePhe that undergo self-assembly under physiological conditions
(pH 7.4, 37 °C) to smart, robust hydrogels with injectable and self-healable characteris-
tics [160,161]. In recent years, although there have been few examples of anthracene-linked
peptide hydrogels, light-induced self-assembly is very limited. In 2020, Webb et al. reported
modified amino acid to prepare light-responsive hydrogel (Figure 9A) [102]. To achieve that
N-terminal of the amino acid (here Phenylalanine, tyrosine) was protected with anthracene
moieties, and undergoes self-assembly to form a supramolecular self-supporting transpar-
ent gel in the presence of different triggers such as glucono-6-lactone (GdL), a range of salts
(NHy4 +, Na+, K+, GlcN-HCl and GlyNH;-HCI), cell culture media and heating-cooling
process (Figure 9A) [102]. The pH of the resultant gel was found to be around pH 11,
and to achieve the physiologically relevant pH, glycinamide (GlyNH;-HCI, trigger A) and
glucosamine (GlcN HCI) were added to the mixture. Rheological analysis revealed that the
metal-induced gel exhibited elastic modulus around 70 Pa, whereas B-(cell-culture media)
and C- (GlcN HCl in cell-culture media) triggered gel showed around 2000 Pa, implying
more stiffness (Figure 9B, Table 1). To check its light sensitivity, the C-triggered formed
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hydrogel in the cuvette was irradiated with 365 nm LED, and eventually, the irradiated
regions appeared yellow with decreased emission intensity. The gel to sol transition ap-
peared only in irradiated areas after ca. 15 min. In contrast, the other areas remain in gel
form even after 1 h of irradiation, indicating chemical changes induced disassembly. The
dimerization was confirmed with the help of NMR spectroscopy and mass spectrometric
techniques. Finally, the light-induced property was employed to release encapsulated cells
for standard biochemical analysis.
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Figure 9. (A) Chemical structure and schematic light-induced dimerization of anthracene-based
peptide gelators (Panm —1 and Pang, —2); (B) Photographs of gels before and after UV-light irradiation,
the irradiated zone is marked with a dotted line; (C) Rheological analysis of Py, —1 gel before
and after UV-light irradiation. Adapted from Ref. [102]. Copyright 2020 The Royal Society of
Chemistry is not applicable here as this Ref. is licensed under a Creative Commons Attribution
3.0 Unported Licence. (D) Molecular structures of the peptide-type gelator (Ald-F(F)F(F)/BHz-
F(F)F(F)) and lipid-type gelator (Phos-cycCg); Redrawn from Ref. [92]; (E) Schematic illustration of
the phototriggered out-of-equilibrium pattern formation utilizing peptide-type nanofibers in the
SDN hydrogel network; (F) UV-Vis spectra of the above-mentioned schematic (E); (G) Time course
UV data at 378 nm before and after photoirradiation; (H) High-resolution Airyscan CLSM images of
the SDN hydrogels; (I) Time-lapse CLSM images of the BHz-F(F)F(F) /Phos-cycCgy hydrogel before
and after photoirradiation using a photomask. Adapted from Ref. [92] Copyright 2021 American

Chemical Society.
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Benzoylhydrazone is another interesting moiety that also exhibits reversible E-Z
isomerization on photoirradiation, but this moiety is less explored in the context of peptide-
based gelators (Figure 1C) [92]. Recently, the group of Itaru Hamachi demonstrated a
benzoylhydrazone-based photoresponsive peptide-based self-sorting supramolecular dou-
ble network (SDN) hydrogel system capable of showing photo triggered out of equilibrium
patterns generation (Figure 9D-I) [92]. They exploited the previously developed SDN
hydrogel composed of orthogonally self-assembled benzaldehyde-tethered peptide-type
gelator (Ald-F(F)F(F)) and a lipid-type gelator (Phos-cycCg) as a template to install photo
responsive module onto the aldehyde terminal of the peptide using a post assembly fabri-
cation (PAF) approach [164] (Figure 9D) without disturbing the SDN network structure.
This newly generated benzoylhydrazone moiety of the peptide [BHz-F(F)F(F)] in the SDN
hydrogel can undergo E-Z isomerization under UV light illumination, causing a perturba-
tion in the packing mode resulting in destabilization of the fibrous network. On thermal
agitation, the destabilized network could again get re-stabilized due to thermal Z-E iso-
merization, and this fiber destruction and reconstruction were assessed by Confocal Laser
Scanning Microscopic (CLSM) images (Figure 9H). Moreover, as the other network of the
SDN hydrogel is composed of lipid-type gelator (Phos-cycCg), it could not show such light
responsiveness. Thus lipid-type gelator fibers remain intact (Figure 9E,H). At this point,
it is worth mentioning that before applying their hypothesis of photo and light-induced
changes in the developed SDN system, they separately synthesized [BHz-F(F)F(F)] using
the PAF approach and tested its photo-thermo responsiveness (Figure 9D,F,G). Following
the selective photoresponsive behavior of the benzoylhydrazone-containing network of the
SDN hydrogel, when photoirradiation is conducted using a photomask, the peptide-type
nanofibers are selectively destroyed in the limited exposed area, and subsequent incuba-
tion under darkness causes the nanofibers to reconstruct in the same area. Furthermore,
additional thermal incubation causes spatial condensation of [BHz-F(F)F(F)] nanofibers in
the photoirradiated areas and concurrent nanofiber depletion in the nonirradiated areas
(Figure 9I). Finally, they fabricated unique complex patterns, namely (1) two-line pat-
terns from a one-line photomask and (2) grid-like patterns from a one-line photomask by
photomasks using their developed photo/diffusion-coupled out-of-equilibrium approach.

In the same context, 2-nitrobenzyl and 6-nitroveratryloxycarbonyl (Nvoc) photo-
cleavable groups were reported by Pochan and Schneider [124], Stupp [126], Shabat and
Adler-Abramovich’s group [128], who created a pathway to understand and design light
responsive self-assembly/disassembly. In a pioneering work by Schneider, the unfolded
gelator (MAX7CNB) transforms into a B-hairpin folded conformation followed by effi-
cient self-assembly (both facial and lateral) to form a transparent gel when exposed to
UV irradiation (A > 300 nm) (Figure 10A) [124]. In this process, the rheological moduli
of decaged hydrogel (G’ (~10% Pa), G” (~10? Pa)) were found to be lower in comparison
to the original one (G’ (10°~10* Pa), G” (~10? Pa), Table 1). Later, Stupp and co-workers
explored the self-assembly/disassembly process of 2-nitrobenzyl group appended peptide
amphiphiles (PAng—1, Figure 10B) [125]. In response to UV light (350 nm), the quadruple
helical fibers transformed into cylindrical fibrils. Based on this work, the same group
engineered another 2-nitrobenzyl conjugated PA (PAxg—2, Figure 10C), which experiences
a sol-to-gel transition in the presence of light (Figure 10D) [126]. Intriguingly, under the
self-assembly condition, PA remains as a solution, but it forms a gel in the presence of
charge-screening Ca* salts when triggered with light. The sol nature of the PA is because
of the combined effect of the bulkiness of the photo caging 2-nitrobenzyl group and the
use of a weaker B-sheet-forming motif in comparison to the previously reported sequence
((GA3E) vs. (GV3A3E3)). The storage modulus (G’ = ~10°) was found to be higher than
the loss modulus (G” = ~10%), indicating the gel behavior and which is comparable to
previously reported PAxg—2 (Table 1). Considering all the above-mentioned references
into consideration, in 2020, Chen et al. demonstrated an advanced LMWG (Png—3), which
undergoes sol-gel-sol transition under the influence of sequential metal and light induction
(Figure 10E) [127]. The peptide is composed of a well-established Phe-Phe dipeptide motif,
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o-nitrobenzyl protected phosphonated serine, and a short PEG chain with a C-terminal-free
carboxylic acid. The classical Fmoc moiety protects the N-terminal of the sequence. The
gelator forms soluble fibers in pure water (pH 7.4). However, the peptides solution (1.7 mM)
transforms into a transparent gel in the presence of Ca®* ions (1.7-3.4 mM). This can be
attributed to the peptide crosslinking through coordination interaction between carboxylate
anions and divalent metal ions. Under UV-light irradiation (365 nm), the protected group
on phosphonate gets removed, resulting in the decaging of the negative charges. Therefore,
the gel again is dissolved. The rheological analysis confirmed the gel character (G' > G”,
Table 1), and interestingly, the moduli value belongs to the soft peptide hydrogel category,
indispensable for drug delivery applications. Inspired by the self-assembly of Fmoc-FF,
Adler-Abramovich and Shabat et al. reported Nvoc protected LMWG, Nvoc-FF, which en-
dures self-assembly in water to form 3D stable, self-supporting, transparent hydrogel [128].
In response to light, the hydrophobic aromatic Nvoc group gets cleaved, and thus, the gels
completely degrade (Figure 10EG). The higher value of G’ compared with G” confirmed
gel properties. Under UV-light irradiation, the G’ value continuously decreased because of
the gel decomposition, and after some time, the gel liquified.
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Figure 10. (A) Molecular structure of photo-sensitive peptides; Adapted from Ref. [124] Copyright
2005 American Chemical Society. (B, C) Light-induced photocleavable peptide amphiphiles; (D) Light-
assisted sol-gel transition of photocleavable PA. Adapted from Ref. [126] Copyright 2009 John Wiley
and Sons. (E) Plausible self-assembly behavior of nitro benzyl-conjugated peptide. Adapted from
Ref. [127] Copyright 2020 Royal Society of Chemistry. (F) Chemical structure of Nvoc capped peptide
and its photo-induced behavior; (G-I) Gel photographs and respective microscopic images. Ref. [128]
Copyright 2018 John Wiley and Sons.
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3. Challenges, Future Prospective, and Conclusions

Over the past decades, stimuli-responsive peptide gelators have taken the spotlight
as powerful building blocks to fabricate numerous molecular and biomolecular systems
and smart materials using supramolecular self-assembly strategies in both aqueous and or-
ganic media. Among the stimulus, light has received considerable attention in developing
peptide-based photo-responsive systems and materials. Unlike pH, heat, ionic strength,
etc., peptides are not usually responsive toward light; thus in order to make them photore-
sponsive, linking with light-sensitive chromophoric units is necessary. The light-sensitive
unit, on illumination with light having a specific wavelength, undergoes photoreactions
such as molecular switching (E-Z/Z-E isomerization), bond rupture, or bond formation
leading to a change in physical and chemical properties like dipole moment, conjugation,
geometric structures, and electronic properties, etc. These physicochemical changes dictate
the modified peptide to undergo assembly/disassembly or any other phase transition,
thus making the peptides responsive toward the light. Hence, in order to achieve the
photoresponsiveness in the peptide, proper selection of photoresponsive units is crucial not
only from the point of system development but also for desired properties and functions to
achieve. Indeed, the cross-fertilization of peptide chemistry with photo-chemistry not only
provides biocompatibility to the hybrid materials (gel) but also facilitates the structural
control of peptide assemblies at the microscopic and macroscopic levels using light. In
this short review, we have highlighted the recent developments made in the field of photo-
sensitive peptide gelators, where a variety of photo-sensitive units are integrated with
peptides either covalently or non-covalently. Many recent developments in this direction
allow us to think about new possibilities and opportunities in advanced systems devel-
opment and applications such as controlled drug delivery, modulation of cell behavior,
development of adaptive and self-healing materials, catalysis, etc. Although a substantial
effort has been devoted to designing and developing light-responsive peptide gelators with
varying peptide sequences and molecular photo-switches, however, the present systems
are restricted to proof-of-concept studies in the context of applications, particularly in the
area of biomedical applications, and the clinical trial seems to be a bit away. One of the
most common challenges is that majority of the light-responsive units need UV light to
respond. This UV-irradiation can damage tissue, making this system imperfect for cellular
applications. Moreover, UV light has poor penetration depth into human cells. To overcome
these challenges, new photo-responsive units must be designed and developed to respond
to low-energy light such as NIR light and to perform on-demand tasks. However, the use of
low-energy light can slow down the drug release kinetics. Additionally, the heat generated
by light irradiation can also cause cell mortality, which should also be considered while
designing photo-responsive peptide gelators for biomedical applications. On the other
side, the photoswitches are organic molecules. Due to their poor solubility in an aqueous
medium, the majority of the systems are developed either in pure organic solvents or in the
mixtures of organic-aqueous milieu, thus limiting in vitro and in vivo biological applica-
tions. Maturity in design principal and evaluation of biotoxicity, biostability, bioavailability,
and drug release kinetics of the developed system can improve the biological applications
step by step. Most of the developed photo-sensitive peptide gelators comprise only one
type of photo-switch to respond to a specific wavelength. However, peptide gelators having
two or multiple different photo-switch that can smartly respond to several wavelengths is
still to be developed to achieve selective and precise control over multifunctional respon-
siveness or orthogonal photo-modulation, which can give access to two or more properties
in a single peptide gel system. Currently, supramolecular assembly is moving towards the
non-equilibrium approach where ‘chemical fuels’ are being exploited to device adaptive
systems with multiple interactions, complex structures, and functions with spatio-temporal
control, in short, ‘life-like” systems [165,166]. In this context, light as a fuel could be a better
alternative of ‘chemical fuel’ to device ‘life-like” autonomous functional systems because
of its special resolution, lack of waste production, and wavelength selectivity. In fact, a
few ‘light fueled” dynamic and autonomous peptide assemblies and gels are reported,
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which are limited to the system development only [121,167]. Development of transient
and self-abolishing color and ink, a temporary memory device, transient electric circuit,
signal transduction and catalysis, pre-programmed loading and release of pharmaceuticals,
etc., could be future applications of such dynamic light responsive (fueled) peptide gels.
We believe that with the proper synthetic toolbox, light responsive peptide gelators could
create a new avenue to achieve next-generation advanced systems with emergent behaviors
and to mimic properties and behaviors of living systems.

Although many challenges need to be addressed, we believe that the rational de-
sign of photoactive units and peptides, better understanding of gelation mechanism and
photoswitching kinetics, and introduction of a non-equilibrium approach can collectively
offer new generation peptide-based photo-responsive materials for practical applications.
Therefore, this field still demands a good amount of advanced research.

Author Contributions: B.P. and S.A. wrote the original draft. B.P. drew the figures and graphical
abstract. B.P. and S.A. revised and approved the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: S.A. is thankful to DST, India, for financial support through INSPIRE Faculty
Grant (No: DST/INSPIRE/04/2020/000216). BP is grateful to Gels editorial office for APC charges.

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

References

1. Das, S,; Das, D. Rational Design of Peptide-based Smart Hydrogels for Therapeutic Applications. Front. Chem. 2021, 9, 770102.
[CrossRef] [PubMed]

2. Okesola, B.O.; Wu, Y.; Derkus, B.; Gani, S.; Wu, D.; Knani, D.; Smith, D.K.; Adams, D.].; Mata, A. Supramolecular Self-Assembly
to Control Structural and Biological Properties of Multicomponent Hydrogels. Chem. Mater. 2019, 31, 7883-7897. [CrossRef]
[PubMed]

3. Dasgupta, A.; Mondal, J.H.; Das, D. Peptide hydrogels. RSC Adv. 2013, 3, 9117-9149. [CrossRef]

4. Busseron, E.; Ruff, Y,; Moulin, E.; Giuseppone, N. Supramolecular self-assemblies as functional nanomaterials. Nanoscale 2013,
5,7098-7140. [CrossRef]

5. Makam, P; Gazit, E. Minimalistic peptide supramolecular co-assembly: Expanding the conformational space for nanotechnology.
Chem. Soc. Rev. 2018, 47, 3406-3420. [CrossRef]

6. Ahmed, S.; Mondal, ].H.; Behera, N.; Das, D. Self-Assembly of Peptide-Amphiphile Forming Helical Nanofibers and in Situ
Template Synthesis of Uniform Mesoporous Single Wall Silica Nanotubes. Langmuir 2013, 29, 14274-14283. [CrossRef]

7. Singha, N.; Gupta, P; Pramanik, B.; Ahmed, S.; Dasgupta, A.; Ukil, A.; Das, D. Hydrogelation of a Naphthalene Diimide
Appended Peptide Amphiphile and Its Application in Cell Imaging and Intracellular pH Sensing. Biomacromolecules 2017,
18, 3630-3641. [CrossRef]

8.  Seow, W.Y;; Hauser, C.A.E. Short to ultrashort peptide hydrogels for biomedical uses. Mater. Today 2014, 17, 381-388. [CrossRef]

9.  Tsutsumi, H.; Tanaka, K.; Chia, ].Y.; Mihara, H. Short self-assembling peptides with a urea bond: A new type of supramolecular
peptide hydrogel materials. Pept. Sci. 2021, 113, e24214. [CrossRef]

10. Falcone, N.; Shao, T.; Andoy, N.M.O,; Rashid, R.; Sullan, RM.A_; Sun, X.; Kraatz, H.-B. Multi-component peptide hydrogels—A
systematic study incorporating biomolecules for the exploration of diverse, tuneable biomaterials. Biomater. Sci. 2020, 8, 5601-5614.
[CrossRef]

11. Ligorio, C.; Hoyland, J.A.; Saiani, A. Self-assembling peptide hydrogels as functional tools to tackle intervertebral disc degenera-
tion. Gels 2022, 8, 211. [CrossRef] [PubMed]

12.  Pramanik, B.; Singha, N.; Das, D. Sol-, Gel-, and Paper-Based Detection of Picric Acid at Femtogram Level by a Short Peptide
Gelator. ACS Appl. Polym. Mater. 2019, 1, 833-843. [CrossRef]

13. Singha, N.; Srivastava, A.; Pramanik, B.; Ahmed, S.; Dowari, P; Chowdhuri, S.; Das, B.K.; Debnath, A.; Das, D. Unusual
confinement properties of a water insoluble small peptide hydrogel. Chem. Sci. 2019, 10, 5920-5928. [CrossRef]

14. Pramanik, B.; Ahmed, S; Singha, N.; Das, B.K.; Dowari, P,; Das, D. Unorthodox Combination of Cation—7 and Charge-Transfer
Interactions within a Donor—Acceptor Pair. Langmuir 2019, 35, 478-488. [CrossRef] [PubMed]

15. Liu, C.; Zhang, Q.; Zhu, S.; Liu, H.; Chen, ]J. Preparation and applications of peptide-based injectable hydrogels. RSC Adv. 2019,

9, 28299-28311. [CrossRef] [PubMed]


http://doi.org/10.3389/fchem.2021.770102
http://www.ncbi.nlm.nih.gov/pubmed/34869218
http://doi.org/10.1021/acs.chemmater.9b01882
http://www.ncbi.nlm.nih.gov/pubmed/31631941
http://doi.org/10.1039/c3ra40234g
http://doi.org/10.1039/c3nr02176a
http://doi.org/10.1039/C7CS00827A
http://doi.org/10.1021/la4024986
http://doi.org/10.1021/acs.biomac.7b01048
http://doi.org/10.1016/j.mattod.2014.04.028
http://doi.org/10.1002/pep2.24214
http://doi.org/10.1039/D0BM01104E
http://doi.org/10.3390/gels8040211
http://www.ncbi.nlm.nih.gov/pubmed/35448112
http://doi.org/10.1021/acsapm.9b00071
http://doi.org/10.1039/C9SC01754B
http://doi.org/10.1021/acs.langmuir.8b03820
http://www.ncbi.nlm.nih.gov/pubmed/30561205
http://doi.org/10.1039/C9RA05934B
http://www.ncbi.nlm.nih.gov/pubmed/35530460

Gels 2022, 8, 533 21 of 26

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Xie, X.; Gao, B.; Ma, Z; Liu, ].; Zhang, J.; Liang, J.; Chen, Z.; Wu, L.; Li, W. Host-Guest Interaction Driven Peptide Assembly into
Photoresponsive Two-Dimensional Nanosheets with Switchable Antibacterial Activity. CCS Chem. 2021, 3, 1949-1962. [CrossRef]
Panja, S.; Adams, D.J. Stimuli responsive dynamic transformations in supramolecular gels. Chem. Soc. Rev. 2021, 50, 5165-5200.
[CrossRef]

Draper, E.R.; Adams, D.]. Photoresponsive gelators. Chem. Commun. 2016, 52, 8196-8206. [CrossRef]

Fatas, P; Bachl, J.; Oehm, S.; Jiménez, A.L; Cativiela, C.; Diaz Diaz, D. Multistimuli-Responsive Supramolecular Organogels
Formed by Low-Molecular-Weight Peptides Bearing Side-Chain Azobenzene Moieties. Chem. Eur. ]. 2013, 19, 8861-8874.
[CrossRef]

Diaferia, C.; Balasco, N.; Sibillano, T.; Ghosh, M.; Adler-Abramovich, L.; Giannini, C.; Vitagliano, L.; Morelli, G.; Accardo, A.
Amyloid-Like Fibrillary Morphology Originated by Tyrosine-Containing Aromatic Hexapeptides. Chem. Eur. ]. 2018,
24, 6804-6817. [CrossRef]

Diaferia, C.; Rosa, E.; Balasco, N.; Sibillano, T.; Morelli, G.; Giannini, C.; Vitagliano, L.; Accardo, A. The Introduction of a Cysteine
Residue Modulates the Mechanical Properties of Aromatic-Based Solid Aggregates and Self-Supporting Hydrogels. Chem. Eur. ].
2021, 27, 14886-14898. [CrossRef] [PubMed]

Draper, E.R.; McDonald, T.O.; Adams, D.J. Photodimerisation of a coumarin-dipeptide gelator. Chem. Commun. 2015,
51, 12827-12830. [CrossRef] [PubMed]

Fichman, G.; Gazit, E. Self-assembly of short peptides to form hydrogels: Design of building blocks, physical properties and
technological applications. Acta Biomat. 2014, 10, 1671-1682. [CrossRef] [PubMed]

Jones, C.D.; Steed, ].W. Gels with sense: Supramolecular materials that respond to heat, light and sound. Chem. Soc. Rev. 2016,
45, 6546-6596. [CrossRef]

Li, Z.; Zhou, Y,; Li, T.; Zhang, J.; Tian, H. Stimuli-responsive hydrogels: Fabrication and biomedical applications. View 2022,
3,20200112. [CrossRef]

Ahmed, S.; Pramanik, B.; Sankar, K.N.A; Srivastava, A.; Singha, N.; Dowari, P; Srivastava, A.; Mohanta, K.; Debnath, A.;
Das, D. Solvent Assisted Tuning of Morphology of a Peptide-Perylenediimide Conjugate: Helical Fibers to Nano-Rings and their
Differential Semiconductivity. Sci. Rep. 2017, 7, 9485. [CrossRef]

Ahmed, S.; Amba Sankar, K.N.; Pramanik, B.; Mohanta, K.; Das, D. Solvent Directed Morphogenesis and Electrical Properties of a
Peptide-Perylenediimide Conjugate. Langmuir 2018, 34, 8355-8364. [CrossRef]

Wang, J.; Tao, K.; Zhou, P.; Pambou, E.; Li, Z.; Xu, H.; Rogers, S.; King, S.; Lu, ].R. Tuning self-assembled morphology of the
ApB(16-22) peptide by substitution of phenylalanine residues. Colloids Surf. B Biointerfaces 2016, 147, 116-123. [CrossRef]

Zhao, Y.; Li, X.; Zhang, L.; Wang, D.; Wang, W.; Wang, L.; Chen, C. Tuning the self-assembled nanostructures of ultra-short bola
peptides via side chain variations of the hydrophobic amino acids. ]. Mol. Lig. 2020, 315, 113765. [CrossRef]

Li, L.; Sun, R.; Zheng, R. Tunable morphology and functionality of multicomponent self-assembly: A review. Mater. Des. 2021,
197,109209. [CrossRef]

Pashuck, E.T.; Cui, H.; Stupp, S.I. Tuning Supramolecular Rigidity of Peptide Fibers through Molecular Structure. J. Am. Chem.
Soc. 2010, 132, 6041-6046. [CrossRef] [PubMed]

Edwards-Gayle, C.J.C.; Hamley, L.W. Self-assembly of bioactive peptides, peptide conjugates, and peptide mimetic materials. Org.
Biomol. Chem. 2017, 15, 5867-5876. [CrossRef] [PubMed]

Jonker, AM.; Lowik, D.W.PM.; van Hest, ].C.M. Peptide- and Protein-Based Hydrogels. Chem. Mater. 2012, 24, 759-773.
[CrossRef]

Habibi, N.; Kamaly, N.; Memic, A.; Shafiee, H. Self-assembled peptide-based nanostructures: Smart nanomaterials toward
targeted drug delivery. Nano Today 2016, 11, 41-60. [CrossRef] [PubMed]

Ashwanikumar, N.; Kumar, N.A.; Nair, S.A.; Kumar, G.S.V. Phenylalanine-containing self-assembling peptide nanofibrous
hydrogel for the controlled release of 5-fluorouracil and leucovorin. RSC Adv. 2014, 4, 29157-29164. [CrossRef]

Wang, L.; Wang, N.; Zhang, W.; Cheng, X.; Yan, Z.; Shao, G.; Wang, X.; Wang, R.; Fu, C. Therapeutic peptides: Current applications
and future directions. Signal Transduct. Target. Ther. 2022, 7, 48. [CrossRef]

He, R.; Finan, B.; Mayer, ].P.; DiMarchi, R.D. Peptide Conjugates with Small Molecules Designed to Enhance Efficacy and Safety.
Molecules 2019, 24, 1855. [CrossRef]

Pethd, L.; Kasza, G.; Lajké, E.; Lang, O.; Kéhidai, L.; Ivan, B.; Mez6, G. Amphiphilic drug—peptide—polymer conjugates based on
poly(ethylene glycol) and hyperbranched polyglycerol for epidermal growth factor receptor targeting: The effect of conjugate
aggregation on in vitro activity. Soft Matter 2020, 16, 5759-5769. [CrossRef]

Jeong, W.-].; Bu, J.; Kubiatowicz, L.J.; Chen, S.S.; Kim, Y.; Hong, S. Peptide-nanoparticle conjugates: A next generation of
diagnostic and therapeutic platforms? Nano Converg. 2018, 5, 38. [CrossRef]

Wei, G.; Wang, Y.; Huang, X.; Hou, H.; Zhou, S. Peptide-Based Nanocarriers for Cancer Therapy. Small Methods 2018, 2, 1700358.
[CrossRef]

Zheng, Y.; Mao, K; Chen, S.; Zhu, H. Chirality Effects in Peptide Assembly Structures. Front. Bioeng. Biotechnol. 2021, 9, 703004.
[CrossRef] [PubMed]

Garifullin, R.; Guler, M.O. Supramolecular chirality in self-assembled peptide amphiphile nanostructures. Chem. Commun. 2015,
51, 12470-12473. [CrossRef]


http://doi.org/10.31635/ccschem.020.202000312
http://doi.org/10.1039/D0CS01166E
http://doi.org/10.1039/C6CC03485C
http://doi.org/10.1002/chem.201300796
http://doi.org/10.1002/chem.201800351
http://doi.org/10.1002/chem.202102007
http://www.ncbi.nlm.nih.gov/pubmed/34498321
http://doi.org/10.1039/C5CC03817K
http://www.ncbi.nlm.nih.gov/pubmed/26165822
http://doi.org/10.1016/j.actbio.2013.08.013
http://www.ncbi.nlm.nih.gov/pubmed/23958781
http://doi.org/10.1039/C6CS00435K
http://doi.org/10.1002/VIW.20200112
http://doi.org/10.1038/s41598-017-09730-z
http://doi.org/10.1021/acs.langmuir.8b01750
http://doi.org/10.1016/j.colsurfb.2016.07.052
http://doi.org/10.1016/j.molliq.2020.113765
http://doi.org/10.1016/j.matdes.2020.109209
http://doi.org/10.1021/ja908560n
http://www.ncbi.nlm.nih.gov/pubmed/20377229
http://doi.org/10.1039/C7OB01092C
http://www.ncbi.nlm.nih.gov/pubmed/28661532
http://doi.org/10.1021/cm202640w
http://doi.org/10.1016/j.nantod.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/27103939
http://doi.org/10.1039/C4RA04393F
http://doi.org/10.1038/s41392-022-00904-4
http://doi.org/10.3390/molecules24101855
http://doi.org/10.1039/D0SM00428F
http://doi.org/10.1186/s40580-018-0170-1
http://doi.org/10.1002/smtd.201700358
http://doi.org/10.3389/fbioe.2021.703004
http://www.ncbi.nlm.nih.gov/pubmed/34239866
http://doi.org/10.1039/C5CC04982B

Gels 2022, 8, 533 22 of 26

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Hu, K; Jiang, Y.; Xiong, W.; Li, H.; Zhang, P-Y,; Yin, E; Zhang, Q.; Geng, H.; Jiang, F;; Li, Z.; et al. Tuning peptide self-assembly by
an in-tether chiral center. Sci. Adv. 2018, 4, eaar5907. [CrossRef] [PubMed]

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]

Dowari, P,; Saha, S.; Pramanik, B.; Ahmed, S.; Singha, N.; Ukil, A.; Das, D. Multiple Cross-Linking of a Small Peptide to Form
a Size Tunable Biopolymer with Efficient Cell Adhesion and Proliferation Property. Biomacromolecules 2018, 19, 3994—4002.
[CrossRef] [PubMed]

Apostolopoulos, V.; Bojarska, J.; Chai, T.-T.; Elnagdy, S.; Kaczmarek, K.; Matsoukas, J.; New, R.; Parang, K.; Lopez, O.P;
Parhiz, H.; et al. A Global Review on Short Peptides: Frontiers and Perspectives. Molecules 2021, 26, 430. [CrossRef]

Hirst, A.R.; Huang, B.; Castelletto, V.; Hamley, LW.; Smith, D.K. Self-Organisation in the Assembly of Gels from Mixtures of
Different Dendritic Peptide Building Blocks. Chem. Eur. J. 2007, 13, 2180-2188. [CrossRef]

Rosa, E.; Diaferia, C.; Gianolio, E.; Sibillano, T.; Gallo, E.; Smaldone, G.; Stornaiuolo, M.; Giannini, C.; Morelli, G.; Accardo, A.
Multicomponent Hydrogel Matrices of Fmoc-FF and Cationic Peptides for Application in Tissue Engineering. Macromol. Biosci.
2022, 22,2200128. [CrossRef]

Jain, R.; Roy, S. Designing a bioactive scaffold from coassembled collagen-laminin short peptide hydrogels for controlling cell
behaviour. RSC Adv. 2019, 9, 38745-38759. [CrossRef]

Giraud, T.; Bouguet-Bonnet, S.; Stébé, M.-J.; Richaudeau, L.; Pickaert, G.; Averlant-Petit, M.-C.; Stefan, L. Co-assembly and
multicomponent hydrogel formation upon mixing nucleobase-containing peptides. Nanoscale 2021, 13, 10566-10578. [CrossRef]
Jain, R.; Pal, V.K,; Roy, S. Triggering Supramolecular Hydrogelation Using a Protein-Peptide Coassembly Approach. Biomacro-
molecules 2020, 21, 4180-4193. [CrossRef] [PubMed]

Tang, W.; Yang, J.; Zhao, Z.; Lian, Z.; Liang, G. Intracellular coassembly boosts the anti-inflammation capacity of dexamethasone.
Nanoscale 2017, 9, 17717-17721. [CrossRef] [PubMed]

Radvar, E.; Azevedo, H.S. Supramolecular Nanofibrous Peptide/Polymer Hydrogels for the Multiplexing of Bioactive Signals.
ACS Biomater. Sci. Eng. 2019, 5, 4646-4656. [CrossRef] [PubMed]

Wang, Q.; Hou, X,; Gao, J.; Ren, C.; Guo, Q.; Fan, H,; Liu, J.; Zhang, W.; Liu, J. A coassembled peptide hydrogel boosts the
radiosensitization of cisplatin. Chem. Commun. 2020, 56, 13017-13020. [CrossRef]

Ji, W,; Tang, Y.; Makam, P;; Yao, Y,; Jiao, R.; Cai, K.; Wei, G.; Gazit, E. Expanding the Structural Diversity and Functional Scope of
Diphenylalanine-Based Peptide Architectures by Hierarchical Coassembly. |. Am. Chem. Soc. 2021, 143, 17633-17645. [CrossRef]
Halperin-Sternfeld, M.; Ghosh, M.; Sevostianov, R.; Grigoriants, I.; Adler-Abramovich, L. Molecular co-assembly as a strategy for
synergistic improvement of the mechanical properties of hydrogels. Chem. Commun. 2017, 53, 9586-9589. [CrossRef]

Okesola, B.O.; Mata, A. Multicomponent self-assembly as a tool to harness new properties from peptides and proteins in material
design. Chem. Soc. Rev. 2018, 47, 3721-3736. [CrossRef]

Diaferia, C.; Morelli, G.; Accardo, A. Fmoc-diphenylalanine as a suitable building block for the preparation of hybrid materials
and their potential applications. . Mater. Chem. B 2019, 7, 5142-5155. [CrossRef]

Diaferia, C.; Ghosh, M.; Sibillano, T.; Gallo, E.; Stornaiuolo, M.; Giannini, C.; Morelli, G.; Adler-Abramovich, L.; Accardo, A.
Fmoc-FF and hexapeptide-based multicomponent hydrogels as scaffold materials. Soft Matter 2019, 15, 487-496. [CrossRef]
Raymond, D.M.; Nilsson, B.L. Multicomponent peptide assemblies. Cherm. Soc. Rev. 2018, 47, 3659-3720. [CrossRef]

Jorgensen, M.D.; Chmielewski, J. Co-assembled Coiled-Coil Peptide Nanotubes with Enhanced Stability and Metal-Dependent
Cargo Loading. ACS Omega 2022, 7, 20945-20951. [CrossRef]

Carrick, L.M.; Aggeli, A.; Boden, N.; Fisher, ].; Ingham, E.; Waigh, T.A. Effect of ionic strength on the self-assembly, morphology
and gelation of pH responsive 3-sheet tape-forming peptides. Tetrahedron 2007, 63, 7457-7467. [CrossRef]

Lee, S.; Trinh, TH.T.; Yoo, M.; Shin, J.; Lee, H.; Kim, J.; Hwang, E.; Lim, Y.-b.; Ryou, C. Self-Assembling Peptides and Their
Application in the Treatment of Diseases. Int. J. Mol. Sci. 2019, 20, 5850. [CrossRef] [PubMed]

Lopez-Silva, T.L.; Leach, D.G; Li, I.C.; Wang, X.; Hartgerink, J.D. Self-Assembling Multidomain Peptides: Design and Characteri-
zation of Neutral Peptide-Based Materials with pH and Ionic Strength Independent Self-Assembly. ACS Biomater. Sci. Eng. 2019,
5,977-985. [CrossRef] [PubMed]

Tan, W.; Zhang, Q.; Quifiones-Frias, M.C.; Hsu, A.Y.; Zhang, Y.; Rodal, A.; Hong, P; Luo, H.R.; Xu, B. Enzyme-Responsive Peptide
Thioesters for Targeting Golgi Apparatus. . Am. Chem. Soc. 2022, 144, 6709-6713. [CrossRef] [PubMed]

Liu, S.; Zhang, Q.; Shy, A.N.; Yi, M.; He, H; Lu, S.; Xu, B. Enzymatically Forming Intranuclear Peptide Assemblies for Selectively
Killing Human Induced Pluripotent Stem Cells. . Am. Chem. Soc. 2021, 143, 15852-15862. [CrossRef]

Li, J.; Xu, B. 19—Enzyme-mediated self-assembly. In Self-Assembling Biomaterials; Azevedo, H.S., da Silva, RM.P,, Eds.; Woodhead
Publishing: Sawston, UK, 2018; pp. 399-417.

Zhou, J.; Xu, B. Enzyme-Instructed Self-Assembly: A Multistep Process for Potential Cancer Therapy. Bioconjug. Chem. 2015,
26,987-999. [CrossRef]

Xie, Y.; Huang, R.; Qi, W.; Wang, Y.; Su, R.; He, Z. Enzyme-substrate interactions promote the self-assembly of amino acid
derivatives into supramolecular hydrogels. J. Mater. Chem. B 2016, 4, 844-851. [CrossRef]

Huang, R.; Wang, Y.; Qi, W.; Su, R.; He, Z. Temperature-induced reversible self-assembly of diphenylalanine peptide and the
structural transition from organogel to crystalline nanowires. Nanoscale Res. Lett. 2014, 9, 653. [CrossRef]

Kopecek, J.; Yang, ]. Peptide-directed self-assembly of hydrogels. Acta Biomater. 2009, 5, 805-816. [CrossRef]


http://doi.org/10.1126/sciadv.aar5907
http://www.ncbi.nlm.nih.gov/pubmed/29756036
http://doi.org/10.1007/s12034-019-2027-6
http://doi.org/10.1021/acs.biomac.8b00950
http://www.ncbi.nlm.nih.gov/pubmed/30119603
http://doi.org/10.3390/molecules26020430
http://doi.org/10.1002/chem.200601665
http://doi.org/10.1002/mabi.202200128
http://doi.org/10.1039/C9RA07454F
http://doi.org/10.1039/D1NR02417E
http://doi.org/10.1021/acs.biomac.0c00984
http://www.ncbi.nlm.nih.gov/pubmed/32786522
http://doi.org/10.1039/C7NR07197C
http://www.ncbi.nlm.nih.gov/pubmed/29130461
http://doi.org/10.1021/acsbiomaterials.9b00941
http://www.ncbi.nlm.nih.gov/pubmed/33448837
http://doi.org/10.1039/D0CC05184E
http://doi.org/10.1021/jacs.1c07915
http://doi.org/10.1039/C7CC04187J
http://doi.org/10.1039/C8CS00121A
http://doi.org/10.1039/C9TB01043B
http://doi.org/10.1039/C8SM02366B
http://doi.org/10.1039/C8CS00115D
http://doi.org/10.1021/acsomega.2c01669
http://doi.org/10.1016/j.tet.2007.05.036
http://doi.org/10.3390/ijms20235850
http://www.ncbi.nlm.nih.gov/pubmed/31766475
http://doi.org/10.1021/acsbiomaterials.8b01348
http://www.ncbi.nlm.nih.gov/pubmed/31404449
http://doi.org/10.1021/jacs.2c02238
http://www.ncbi.nlm.nih.gov/pubmed/35404599
http://doi.org/10.1021/jacs.1c07923
http://doi.org/10.1021/acs.bioconjchem.5b00196
http://doi.org/10.1039/C5TB02149A
http://doi.org/10.1186/1556-276X-9-653
http://doi.org/10.1016/j.actbio.2008.10.001

Gels 2022, 8, 533 23 of 26

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Dehsorkhi, A.; Castelletto, V.; Hamley, LW. Self-assembling amphiphilic peptides. J. Pept. Sci. 2014, 20, 453-467. [CrossRef]
[PubMed]

Pugliese, R.; Gelain, F. Programmable stiffness and stress—relaxation of cross-linked self-assembling peptide hydrogels. J. Appl.
Polym. Sci. 2022, 139, 51759. [CrossRef]

Das, B.K.; Pramanik, B.; Chowdhuri, S.; Scherman, O.A.; Das, D. Light-triggered syneresis of a water insoluble peptide-hydrogel
effectively removes small molecule waste contaminants. Chem. Commun. 2020, 56, 3393-3396. [CrossRef] [PubMed]

Mondal, J.H.; Ahmed, S.; Ghosh, T.; Das, D. Reversible deformation—formation of a multistimuli responsive vesicle by a
supramolecular peptide amphiphile. Soft Matter 2015, 11, 4912-4920. [CrossRef]

Li, L.; Scheiger, ].M.; Levkin, P.A. Design and Applications of Photoresponsive Hydrogels. Adv. Mater. 2019, 31, 1807333.
[CrossRef]

Jia, S.; Fong, W.-K.; Graham, B.; Boyd, B.]. Photoswitchable Molecules in Long-Wavelength Light-Responsive Drug Delivery:
From Molecular Design to Applications. Chem. Mater. 2018, 30, 2873-2887. [CrossRef]

Volari¢, J.; Szymanski, W.; Simeth, N.A.; Feringa, B.L. Molecular photoswitches in aqueous environments. Chem. Soc. Rev. 2021,
50, 12377-12449. [CrossRef]

Yao, X.; Li, T.; Wang, J.; Ma, X.; Tian, H. Recent Progress in Photoswitchable Supramolecular Self-Assembling Systems. Adv. Opt.
Mater. 2016, 4, 1322-1349. [CrossRef]

Wu, D.; Xie, X.; Kadi, A.A.; Zhang, Y. Photosensitive peptide hydrogels as smart materials for applications. Chin. Chem. Lett. 2018,
29,1098-1104. [CrossRef]

Garifullin, R.; Guler, M.O. Electroactive peptide-based supramolecular polymers. Mater. Today Bio 2021, 10, 100099. [CrossRef]
Devika, V.; Sreelekshmi, PJ.; Rajeev, N.; Aiswarya Lakshmi, S.; Chandran, A.; Gouthami, G.B.; Sadanandan, S. Recent Advances
in Peptides-Based Stimuli-Responsive Materials for Biomedical and Therapeutic Applications: A Review. Mol. Pharm. 2022,
19, 1999-2021. [CrossRef]

Jervis, P].; Hilliou, L.; Pereira, R.B.; Pereira, D.M.; Martins, J.A.; Ferreira, PM.T. Evaluation of a Model Photo-Caged Dehydropep-
tide as a Stimuli-Responsive Supramolecular Hydrogel. Nanomaterials 2021, 11, 704. [CrossRef]

Smith, D.J.; Brat, G.A.; Medina, S.H.; Tong, D.; Huang, Y.; Grahammer, J.; Furtmdiiller, G.J.; Oh, B.C.; Nagy-Smith, K.J;
Walczak, P; et al. A multiphase transitioning peptide hydrogel for suturing ultrasmall vessels. Nat. Nanotechnol. 2016, 11, 95-102.
[CrossRef] [PubMed]

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

Navarro-Barreda, D.; Angulo-Pachén, C.A.; Galindo, E;; Miravet, ].F. Photoreversible formation of nanotubes in water from an
amphiphilic azobenzene derivative. Cheml. Commun. 2021, 57, 11545-11548. [CrossRef]

Karcher, J.; Kirchner, S.; Leistner, A.-L.; Hald, C.; Geng, P.; Bantle, T.; Godtel, P.; Pfeifer, J.; Pianowski, Z.L. Selective release of a
potent anticancer agent from a supramolecular hydrogel using green light. RSC Adv. 2021, 11, 8546-8551. [CrossRef]

Li, L,; Chen, J.; Wang, Z.; Xie, L.; Feng, C.; He, G.; Hu, H.; Sun, R.; Zhu, H. A supramolecular gel made from an azobenzene-based
phenylalanine derivative: Synthesis, self-assembly, and dye adsorption. Colloids Surf. A Physicochem. Eng. Asp. 2021, 628, 127289.
[CrossRef]

Larik, FA.; Fillbrook, L.L.; Nurttila, S.S.; Martin, A.D.; Kuchel, R.P,; Al Taief, K.; Bhadbhade, M.; Beves, J.E.; Thordarson, P.
Ultra-Low Molecular Weight Photoswitchable Hydrogelators. Angew. Chem. Int. Ed. 2021, 60, 6764-6770. [CrossRef]

Chu, C.-W,; Stricker, L.; Kirse, T.M.; Hayduk, M.; Ravoo, B.]. Light-Responsive Arylazopyrazole Gelators: From Organic to
Aqueous Media and from Supramolecular to Dynamic Covalent Chemistry. Chem. Eur. J. 2019, 25, 6131-6140. [CrossRef]
Sallee, A.; Ghebreyessus, K. Photoresponsive Zn2+—specific metallohydrogels coassembled from imidazole containing phenylala-
nine and arylazopyrazole derivatives. Dalton Trans. 2020, 49, 10441-10451. [CrossRef]

Nakamura, K.; Tanaka, W.; Sada, K.; Kubota, R.; Aoyama, T.; Urayama, K.; Hamachi, I. Phototriggered Spatially Controlled
Out-of-Equilibrium Patterns of Peptide Nanofibers in a Self-Sorting Double Network Hydrogel. J. Am. Chem. Soc. 2021,
143, 19532-19541. [CrossRef] [PubMed]

Weyandt, E.; ter Huurne, G.M.; Vantomme, G.; Markvoort, A.J.; Palmans, A.R.A.; Meijer, E.W. Photodynamic Control of the
Chain Length in Supramolecular Polymers: Switching an Intercalator into a Chain Capper. J. Am. Chem. Soc. 2020, 142, 6295-6303.
[CrossRef] [PubMed]

Behanna, H.A.; Rajangam, K.; Stupp, S.I. Modulation of Fluorescence through Coassembly of Molecules in Organic Nanostructures.
J. Am. Chem. Soc. 2007, 129, 321-327. [CrossRef] [PubMed]

Nakayama, K.; Heise, I.; Gorner, H.; Gértner, W. Peptide Release upon Photoconversion of 2-Nitrobenzyl Compounds into
Nitroso Derivatives. Photochem. Photobiol. 2011, 87, 1031-1035. [CrossRef] [PubMed]

Peters, EB.; Brock, A.; Wang, J.; Schultz, P.G. Photocleavage of the Polypeptide Backbone by 2-Nitrophenylalanine. Chem. Biol.
2009, 16, 148-152. [CrossRef]

Tatsu, Y.; Nishigaki, T.; Darszon, A.; Yumoto, N. A caged sperm-activating peptide that has a photocleavable protecting group on
the backbone amide. FEBS Lett. 2002, 525, 20-24. [CrossRef]

Grunwald, C.; Schulze, K.; Reichel, A.; Weiss, V.U.; Blaas, D.; Piehler, J.; Wiesmiiller, K.-H.; Tampé, R. In situ assembly of
macromolecular complexes triggered by light. Proc. Natl. Acad. Sci. USA 2010, 107, 6146-6151. [CrossRef]


http://doi.org/10.1002/psc.2633
http://www.ncbi.nlm.nih.gov/pubmed/24729276
http://doi.org/10.1002/app.51759
http://doi.org/10.1039/C9CC09225K
http://www.ncbi.nlm.nih.gov/pubmed/32100740
http://doi.org/10.1039/C5SM00491H
http://doi.org/10.1002/adma.201807333
http://doi.org/10.1021/acs.chemmater.8b00357
http://doi.org/10.1039/D0CS00547A
http://doi.org/10.1002/adom.201600281
http://doi.org/10.1016/j.cclet.2018.04.030
http://doi.org/10.1016/j.mtbio.2021.100099
http://doi.org/10.1021/acs.molpharmaceut.1c00983
http://doi.org/10.3390/nano11030704
http://doi.org/10.1038/nnano.2015.238
http://www.ncbi.nlm.nih.gov/pubmed/26524396
http://doi.org/10.1002/adma.201705633
http://www.ncbi.nlm.nih.gov/pubmed/29226605
http://doi.org/10.1039/D1CC04319F
http://doi.org/10.1039/D0RA08893E
http://doi.org/10.1016/j.colsurfa.2021.127289
http://doi.org/10.1002/anie.202015703
http://doi.org/10.1002/chem.201806042
http://doi.org/10.1039/D0DT01809K
http://doi.org/10.1021/jacs.1c09172
http://www.ncbi.nlm.nih.gov/pubmed/34767720
http://doi.org/10.1021/jacs.0c00858
http://www.ncbi.nlm.nih.gov/pubmed/32167302
http://doi.org/10.1021/ja062415b
http://www.ncbi.nlm.nih.gov/pubmed/17212411
http://doi.org/10.1111/j.1751-1097.2011.00957.x
http://www.ncbi.nlm.nih.gov/pubmed/21699543
http://doi.org/10.1016/j.chembiol.2009.01.013
http://doi.org/10.1016/S0014-5793(02)03000-4
http://doi.org/10.1073/pnas.0912617107

Gels 2022, 8, 533 24 of 26

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Mason, M.L.; Lalisse, R.F,; Finnegan, T.J.; Hadad, C.M.; Modarelli, D.A.; Parquette, ].R. pH-Controlled Chiral Packing and
Self-Assembly of a Coumarin Tetrapeptide. Langmuir 2019, 35, 12460-12468. [CrossRef]

Wang, C.; Fu, L.; Hu, Z.; Zhong, Y. A mini-review on peptide-based self-assemblies and their biological applications.
Nanotechnology 2021, 33, 062004. [CrossRef]

Zhong, Y.; Zhan, ].; Xu, G.; Chen, Y;; Qin, Q.; Liao, X.; Ma, S.; Yang, Z.; Cai, Y. Enzyme-Instructed Self-Assembly Enabled Monomer-
Excimer Transition to Construct Higher Ordered Luminescent Supramolecular Assembly for Activity-based Bioimaging. Angew.
Chem. Int. Ed. 2021, 60, 8121-8129. [CrossRef]

Chivers, PR.A.; Dookie, R.S.; Gough, J.E.; Webb, S.J. Photo-dissociation of self-assembled (anthracene-2-carbonyl)amino acid
hydrogels. Chem. Commun. 2020, 56, 13792-13795. [CrossRef] [PubMed]

Mondal, S.; Chakraborty, P; Das, S.; Bairi, P; Nandi, A K. A Comparative Account of the Kinetics of Light-Induced E-Z
Isomerization of an Anthracene-Based Organogelator in Sol, Gel, Xerogel, and Powder States: Fiber to Crystal Transformation.
Langmuir 2016, 32, 5373-5382. [CrossRef] [PubMed]

Truong, V.X; Li, F;; Forsythe, ].S. Versatile Bioorthogonal Hydrogel Platform by Catalyst-Free Visible Light Initiated Photodimer-
ization of Anthracene. ACS Macro Lett. 2017, 6, 657-662. [CrossRef] [PubMed]

Nishitani, N.; Hirose, T.; Matsuda, K. Self-assembly of photochromic diarylethene—peptide conjugates stabilized by {3-sheet
formation at the liquid/graphite interface. Chem. Commun. 2019, 55, 5099-5102. [CrossRef] [PubMed]

Cheng, H.-B.; Zhang, S.; Bai, E.; Cao, X.; Wang, J.; Qi, J.; Liu, J.; Zhao, J.; Zhang, L.; Yoon, J. Future-Oriented Advanced Diarylethene
Photoswitches: From Molecular Design to Spontaneous Assembly Systems. Adv. Mater. 2022, 34, 2108289. [CrossRef]

de Loos, M.; van Esch, J.; Kellogg, R.M.; Feringa, B.L. Chiral Recognition in Bis-Urea-Based Aggregates and Organogels through
Cooperative Interactions. Angew. Chem. Int. Ed. 2001, 40, 613-616. [CrossRef]

Bandara, H.M.D.; Burdette, S.C. Photoisomerization in different classes of azobenzene. Chem. Soc. Rev. 2012, 41, 1809-1825.
[CrossRef]

Doran, T.M.; Ryan, D.M.; Nilsson, B.L. Reversible photocontrol of self-assembled peptide hydrogel viscoelasticity. Polym. Chem.
2014, 5, 241-248. [CrossRef]

Pianowski, Z.L.; Karcher, J.; Schneider, K. Photoresponsive self-healing supramolecular hydrogels for light-induced release of
DNA and doxorubicin. Chem. Commun. 2016, 52, 3143-3146. [CrossRef]

Samai, S.; Sapsanis, C.; Patil, S.P; Ezzeddine, A.; Moosa, B.A.; Omran, H.; Emwas, A.-H.; Salama, K.N.; Khashab, N.M. A light
responsive two-component supramolecular hydrogel: A sensitive platform for the fabrication of humidity sensors. Soft Matter
2016, 12, 2842-2845. [CrossRef]

Sahoo, J.K.; Nalluri, S K.M.; Javid, N.; Webb, H.; Ulijn, R.V. Biocatalytic amide condensation and gelation controlled by light.
Chem. Commun. 2014, 50, 5462-5464. [CrossRef] [PubMed]

Huang, Y,; Qiu, Z.; Xu, Y;; Shi, J.; Lin, H.; Zhang, Y. Supramolecular hydrogels based on short peptides linked with conformational
switch. Org. Biomol. Chem. 2011, 9, 2149-2155. [CrossRef] [PubMed]

Matsuzawa, Y.; Tamaoki, N. Photoisomerization of Azobenzene Units Controls the Reversible Dispersion and Reorganization of
Fibrous Self-Assembled Systems. J. Phys. Chem. B 2010, 114, 1586-1590. [CrossRef] [PubMed]

Xie, F; Qin, L.; Liu, M. A dual thermal and photo-switchable shrinking—-swelling supramolecular peptide dendron gel. Chem.
Commun. 2016, 52, 930-933. [CrossRef]

Chu, C.-W,; Ravoo, B.J. Hierarchical supramolecular hydrogels: Self-assembly by peptides and photo-controlled release via
host-guest interaction. Chem. Commun. 2017, 53, 12450-12453. [CrossRef]

Nowak, B.P; Ravoo, B.J. Magneto- and photo-responsive hydrogels from the co-assembly of peptides, cyclodextrins, and
superparamagnetic nanoparticles. Faraday Discuss. 2019, 219, 220-228. [CrossRef]

Nowak, B.P.; Ravoo, B.]. Photoresponsive hybrid hydrogel with a dual network of agarose and a self-assembling peptide. Soft
Matter 2020, 16, 7299-7304. [CrossRef]

Qiu, Z.; Yu, H,; Li, J.; Wang, Y.; Zhang, Y. Spiropyran-linked dipeptide forms supramolecular hydrogel with dual responses to
light and to ligand-receptor interaction. Chem. Commun. 2009, 23, 3342-3344. [CrossRef]

Wang, W.; Hu, ].; Zheng, M.; Zheng, L.; Wang, H.; Zhang, Y. Multi-responsive supramolecular hydrogels based on merocyanine—
peptide conjugates. Org. Biomol. Chem. 2015, 13, 11492-11498. [CrossRef]

Liu, M.; Creemer, C.N.; Reardon, T.J.; Parquette, ].R. Light-driven dissipative self-assembly of a peptide hydrogel. Chem. Commun.
2021, 57, 13776-13779. [CrossRef]

Kim, S.H.; Sun, Y.; Kaplan, J.A.; Grinstaff, M.W.; Parquette, ].R. Photo-crosslinking of a self-assembled coumarin-dipeptide
hydrogel. New J. Chem. 2015, 39, 3225-3228. [CrossRef]

Liu, Q.; Wang, H,; Li, G.; Liu, M,; Ding, J.; Huang, X.; Gao, W.; Huayue, W. A photocleavable low molecular weight hydrogel for
light-triggered drug delivery. Chin. Chem. Lett. 2019, 30, 485-488. [CrossRef]

Haines, L.A.; Rajagopal, K.; Ozbas, B.; Salick, D.A.; Pochan, D.J.; Schneider, J.P. Light-Activated Hydrogel Formation via the
Triggered Folding and Self-Assembly of a Designed Peptide. J. Am. Chem. Soc. 2005, 127, 17025-17029. [CrossRef] [PubMed]
Muraoka, T.; Cui, H.; Stupp, S.I. Quadruple Helix Formation of a Photoresponsive Peptide Amphiphile and Its Light-Triggered
Dissociation into Single Fibers. J. Am. Chem. Soc. 2008, 130, 2946—2947. [CrossRef]

Muraoka, T.; Koh, C.-Y.; Cui, H.; Stupp, S.I. Light-Triggered Bioactivity in Three Dimensions. Angew. Chem. Int. Ed. 2009,
48, 5946-5949. [CrossRef]


http://doi.org/10.1021/acs.langmuir.9b01939
http://doi.org/10.1088/1361-6528/ac2fe3
http://doi.org/10.1002/anie.202014278
http://doi.org/10.1039/D0CC05292B
http://www.ncbi.nlm.nih.gov/pubmed/33078185
http://doi.org/10.1021/acs.langmuir.6b01053
http://www.ncbi.nlm.nih.gov/pubmed/27159227
http://doi.org/10.1021/acsmacrolett.7b00312
http://www.ncbi.nlm.nih.gov/pubmed/35650867
http://doi.org/10.1039/C9CC02093D
http://www.ncbi.nlm.nih.gov/pubmed/30968929
http://doi.org/10.1002/adma.202108289
http://doi.org/10.1002/1521-3773(20010202)40:3&lt;613::AID-ANIE613&gt;3.0.CO;2-K
http://doi.org/10.1039/C1CS15179G
http://doi.org/10.1039/C3PY00903C
http://doi.org/10.1039/C5CC09633B
http://doi.org/10.1039/C6SM00272B
http://doi.org/10.1039/C4CC01431F
http://www.ncbi.nlm.nih.gov/pubmed/24714972
http://doi.org/10.1039/c0ob01057j
http://www.ncbi.nlm.nih.gov/pubmed/21298187
http://doi.org/10.1021/jp909460a
http://www.ncbi.nlm.nih.gov/pubmed/20058919
http://doi.org/10.1039/C5CC08076B
http://doi.org/10.1039/C7CC07859E
http://doi.org/10.1039/C9FD00012G
http://doi.org/10.1039/D0SM00835D
http://doi.org/10.1039/b822840j
http://doi.org/10.1039/C5OB01912E
http://doi.org/10.1039/D1CC04971B
http://doi.org/10.1039/C5NJ00038F
http://doi.org/10.1016/j.cclet.2018.06.009
http://doi.org/10.1021/ja054719o
http://www.ncbi.nlm.nih.gov/pubmed/16316249
http://doi.org/10.1021/ja711213s
http://doi.org/10.1002/anie.200901524

Gels 2022, 8, 533 25 of 26

127.

128.

129.

130.

131.

132.

133.
134.

135.

136.

137.

138.

139.

140.

141.

142.
143.

144.

145.

146.
147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Zhang, Y.-L.; Chang, R.; Duan, H.-Z.; Chen, Y.-X. Metal ion and light sequentially induced sol-gel-sol transition of a responsive
peptide-hydrogel. Soft Matter 2020, 16, 7652-7658. [CrossRef]

Roth-Konforti, M.E.; Comune, M.; Halperin-Sternfeld, M.; Grigoriants, I.; Shabat, D.; Adler-Abramovich, L. UV Light-Responsive
Peptide-Based Supramolecular Hydrogel for Controlled Drug Delivery. Macrom. Rapid Commun. 2018, 39, 1800588. [CrossRef]
Ji, L.; Ouyang, G.; Liu, M. Binary Supramolecular Gel of Achiral Azobenzene with a Chaperone Gelator: Chirality Transfer, Tuned
Morphology, and Chiroptical Property. Langmuir 2017, 33, 12419-12426. [CrossRef]

Chen, Z; Lv, Z.; Qing, G.; Sun, T. Exploring the role of molecular chirality in the photo-responsiveness of dipeptide-based gels. J.
Mater. Chem. B 2017, 5, 3163-3171. [CrossRef]

Higashi, N.; Yoshikawa, R.; Koga, T. Photo-responsive azobenzene interactions promote hierarchical self-assembly of collagen
triple-helical peptides to various higher-order structures. RSC Adv. 2020, 10, 15947-15954. [CrossRef]

Stricker, L.; Fritz, E.-C.; Peterlechner, M.; Doltsinis, N.L.; Ravoo, B.J. Arylazopyrazoles as Light-Responsive Molecular Switches in
Cyclodextrin-Based Supramolecular Systems. |. Am. Chem. Soc. 2016, 138, 4547-4554. [CrossRef] [PubMed]

Browne, W.R.; Feringa, B.L. Making molecular machines work. Nat. Nanotechnol. 2006, 1, 25-35. [CrossRef] [PubMed]

Wegner, H.A. Molecular Switches. Second Edition. Edited by Ben L. Feringa and Wesley R. Browne. Angew. Chem. Int. Ed. 2012,
51, 2281. [CrossRef]

Nalluri, S.K.M.; Voskuhl, J.; Bultema, ].B.; Boekema, E.J.; Ravoo, B.]. Light-Responsive Capture and Release of DNA in a Ternary
Supramolecular Complex. Angew. Chem. Int. Ed. 2011, 50, 9747-9751. [CrossRef] [PubMed]

Moratz, J.; Samanta, A.; Voskuhl, J.; Mohan Nalluri, S.K.; Ravoo, B.J. Light-Triggered Capture and Release of DNA and Proteins
by Host-Guest Binding and Electrostatic Interaction. Chem. Eur. J. 2015, 21, 3271-3277. [CrossRef] [PubMed]

Roling, O.; Stricker, L.; Voskuhl, J.; Lamping, S.; Ravoo, B.J. Supramolecular surface adhesion mediated by azobenzene polymer
brushes. Chem. Commun. 2016, 52, 1964-1966. [CrossRef] [PubMed]

Knie, C.; Utecht, M.; Zhao, F.; Kulla, H.; Kovalenko, S.; Brouwer, A.M.; Saalfrank, P.; Hecht, S.; Bléger, D. ortho-Fluoroazobenzenes:
Visible Light Switches with Very Long-Lived Z Isomers. Chem. Eur. . 2014, 20, 16492-16501. [CrossRef]

Weston, C.E.; Richardson, R.D.; Haycock, P.R.; White, A.J.P.; Fuchter, M.]. Arylazopyrazoles: Azoheteroarene Photoswitches
Offering Quantitative Isomerization and Long Thermal Half-Lives. . Am. Chem. Soc. 2014, 136, 11878-11881. [CrossRef]
Stricker, L.; Bockmann, M.; Kirse, T.M.; Doltsinis, N.L.; Ravoo, B.J. Arylazopyrazole Photoswitches in Aqueous Solution:
Substituent Effects, Photophysical Properties, and Host-Guest Chemistry. Chem. Eur. |. 2018, 24, 8639-8647. [CrossRef]
Kortekaas, L.; Browne, W.R. The evolution of spiropyran: Fundamentals and progress of an extraordinarily versatile photochrome.
Chem. Soc. Rev. 2019, 48, 3406-3424. [CrossRef]

Klajn, R. Spiropyran-based dynamic materials. Chem. Soc. Rev. 2014, 43, 148-184. [CrossRef] [PubMed]

Moldenhauer, D.; Grohn, F. Water-Soluble Spiropyrans with Inverse Photochromism and Their Photoresponsive Electrostatic
Self-Assembly. Chem. Eur. J. 2017, 23, 3966-3978. [CrossRef] [PubMed]

Parthenopoulos, D.A.; Rentzepis, PM. Three-Dimensional Optical Storage Memory. Science 1989, 245, 843-845. [CrossRef]
[PubMed]

Rosario, R.; Gust, D.; Hayes, M.; Jahnke, F,; Springer, ]J.; Garcia, A.A. Photon-Modulated Wettability Changes on Spiropyran-
Coated Surfaces. Langmuir 2002, 18, 8062-8069. [CrossRef]

Raymo, FM.; Giordani, S. Signal Processing at the Molecular Level. ]. Am. Chem. Soc. 2001, 123, 4651-4652. [CrossRef] [PubMed]
Minkin, V.I. Photo-, Thermo-, Solvato-, and Electrochromic Spiroheterocyclic Compounds. Chem. Rev. 2004, 104, 2751-2776.
[CrossRef]

Wojtyk, ].T.C.; Wasey, A.; Xiao, N.-N.; Kazmaier, PM.; Hoz, S.; Yu, C.; Lemieux, R.P; Buncel, E. Elucidating the Mechanisms of
Acidochromic Spiropyran-Merocyanine Interconversion. J. Phys. Chem. A 2007, 111, 2511-2516. [CrossRef]

Wagner, K.; Byrne, R.; Zanoni, M.; Gambhir, S.; Dennany, L.; Breukers, R.; Higgins, M.; Wagner, P.; Diamond, D.; Wallace, G.G.;
et al. A Multiswitchable Poly(terthiophene) Bearing a Spiropyran Functionality: Understanding Photo- and Electrochemical
Control. J. Am. Chem. Soc. 2011, 133, 5453-5462. [CrossRef]

Chen, L.; Wu, ]J.; Schmuck, C.; Tian, H. A switchable peptide sensor for real-time lysosomal tracking. Chem. Commun. 2014,
50, 6443-6446. [CrossRef]

Keyvan Rad, J.; Balzade, Z.; Mahdavian, A.R. Spiropyran-based advanced photoswitchable materials: A fascinating pathway to
the future stimuli-responsive devices. J. Photochem. Photobiol. C Photochem. Rev. 2022, 51, 100487. [CrossRef]

Yang, Y,; Li, Y.,; Chen, Y.; Wang, Z.; He, Z.; He, ].; Zhao, H. Dynamic Anticounterfeiting Through Novel Photochromic Spiropyran-
Based Switch@Ln-MOF Composites. ACS Appl. Mater. Interfaces 2022, 14, 21330-21339. [CrossRef] [PubMed]

Chen, L,; Zhu, Y,; Yang, D.; Zou, R.; Wu, J; Tian, H. Synthesis and Antibacterial Activities of Antibacterial Peptides with a
Spiropyran Fluorescence Probe. Sci. Rep. 2014, 4, 6860. [CrossRef] [PubMed]

Li, C.; Iscen, A.; Sai, H.; Sato, K.; Sather, N.A.; Chin, S.M.; Alvarez, Z.; Palmer, L.C.; Schatz, G.C.; Stupp, S.I. Supramolecular—
covalent hybrid polymers for light-activated mechanical actuation. Nat. Mater. 2020, 19, 900-909. [CrossRef] [PubMed]

Zhu, C.N,; Li, C.Y,; Wang, H.; Hong, W.; Huang, F.; Zheng, Q.; Wu, Z.L. Reconstructable Gradient Structures and Reprogrammable
3D Deformations of Hydrogels with Coumarin Units as the Photolabile Crosslinks. Adv. Mater. 2021, 33, 2008057. [CrossRef]
[PubMed]

Zheng, Z.; Hu, ].; Wang, H.; Huang, J.; Yu, Y.; Zhang, Q.; Cheng, Y. Dynamic Softening or Stiffening a Supramolecular Hydrogel
by Ultraviolet or Near-Infrared Light. ACS Appl. Mater. Interfaces 2017, 9, 24511-24517. [CrossRef]


http://doi.org/10.1039/D0SM00442A
http://doi.org/10.1002/marc.201800588
http://doi.org/10.1021/acs.langmuir.7b02285
http://doi.org/10.1039/C7TB00402H
http://doi.org/10.1039/D0RA02906H
http://doi.org/10.1021/jacs.6b00484
http://www.ncbi.nlm.nih.gov/pubmed/26972671
http://doi.org/10.1038/nnano.2006.45
http://www.ncbi.nlm.nih.gov/pubmed/18654138
http://doi.org/10.1002/anie.201108931
http://doi.org/10.1002/anie.201103707
http://www.ncbi.nlm.nih.gov/pubmed/21898730
http://doi.org/10.1002/chem.201405936
http://www.ncbi.nlm.nih.gov/pubmed/25585879
http://doi.org/10.1039/C5CC08968A
http://www.ncbi.nlm.nih.gov/pubmed/26685989
http://doi.org/10.1002/chem.201404649
http://doi.org/10.1021/ja505444d
http://doi.org/10.1002/chem.201800587
http://doi.org/10.1039/C9CS00203K
http://doi.org/10.1039/C3CS60181A
http://www.ncbi.nlm.nih.gov/pubmed/23979515
http://doi.org/10.1002/chem.201605621
http://www.ncbi.nlm.nih.gov/pubmed/28042662
http://doi.org/10.1126/science.245.4920.843
http://www.ncbi.nlm.nih.gov/pubmed/17773360
http://doi.org/10.1021/la025963l
http://doi.org/10.1021/ja005699n
http://www.ncbi.nlm.nih.gov/pubmed/11457272
http://doi.org/10.1021/cr020088u
http://doi.org/10.1021/jp068575r
http://doi.org/10.1021/ja1114634
http://doi.org/10.1039/C4CC00670D
http://doi.org/10.1016/j.jphotochemrev.2022.100487
http://doi.org/10.1021/acsami.2c01113
http://www.ncbi.nlm.nih.gov/pubmed/35485831
http://doi.org/10.1038/srep06860
http://www.ncbi.nlm.nih.gov/pubmed/25358905
http://doi.org/10.1038/s41563-020-0707-7
http://www.ncbi.nlm.nih.gov/pubmed/32572204
http://doi.org/10.1002/adma.202008057
http://www.ncbi.nlm.nih.gov/pubmed/33788313
http://doi.org/10.1021/acsami.7b07204

Gels 2022, 8, 533 26 of 26

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.
167.

Zheng, Y.; Micic, M.; Mello, S.V.; Mabrouki, M.; Andreopoulos, EM.; Konka, V.; Pham, S.M.; Leblanc, R M. PEG-Based Hydrogel
Synthesis via the Photodimerization of Anthracene Groups. Macromolecules 2002, 35, 5228-5234. [CrossRef]

Froimowicz, P.; Frey, H.; Landfester, K. Towards the Generation of Self-Healing Materials by Means of a Reversible Photo-induced
Approach. Macromol. Rapid Commun. 2011, 32, 468-473. [CrossRef]

Bullen, G.A.; Tucker, ].H.R.; Peacock, A.F.A. Exploiting anthracene photodimerization within peptides: Light induced sequence-
selective DNA binding. Chem. Commun. 2015, 51, 8130-8133. [CrossRef]

Pramanik, B.; Das, D. Aggregation-Induced Emission or Hydrolysis by Water? The Case of Schiff Bases in Aqueous Organic
Solvents. J. Phys Chem. C 2018, 122, 3655-3661. [CrossRef]

Gavel, PK,; Dev, D.; Parmar, H.S.; Bhasin, S.; Das, A K. Investigations of Peptide-Based Biocompatible Injectable Shape-Memory
Hydrogels: Differential Biological Effects on Bacterial and Human Blood Cells. ACS Appl. Mater. Interfaces 2018, 10, 10729-10740.
[CrossRef]

Gavel, PK.; Kumar, N.; Parmar, H.S.; Das, A.K. Evaluation of a Peptide-Based Coassembled Nanofibrous and Thixotropic
Hydrogel for Dermal Wound Healing. ACS Appl. Bio Mater. 2020, 3, 3326-3336. [CrossRef] [PubMed]

Chen, L.; Revel, S.; Morris, K.; Adams, D.J. Energy transfer in self-assembled dipeptide hydrogels. Chem. Commun. 2010,
46,4267-4269. [CrossRef] [PubMed]

Kubota, R.; Nagao, K.; Tanaka, W.; Matsumura, R.; Aoyama, T.; Urayama, K.; Hamachi, I. Control of seed formation allows two
distinct self-sorting patterns of supramolecular nanofibers. Nat. Commun. 2020, 11, 4100. [CrossRef] [PubMed]

van Rossum, S.A.P,; Marta, T.-S.; van Esch, ].H.; Eelkema, R.; Boekhoven, J. Dissipative out-of-equilibrium assembly of man-made
supramolecular materials. Chem. Soc. Rev. 2017, 46, 5519-5535. [CrossRef]

Wang, G.; Liu, S. Strategies to Construct a Chemical-Fuel-Driven Self-Assembly. ChemSystemsChem 2020, 2, €1900046. [CrossRef]
Cissé, N.; Kudernac, T. Light-Fuelled Self-Assembly of Cyclic Peptides into Supramolecular Tubules. ChemSystemsChem 2020,
2,€2000012. [CrossRef]


http://doi.org/10.1021/ma012263z
http://doi.org/10.1002/marc.201000643
http://doi.org/10.1039/C5CC01618E
http://doi.org/10.1021/acs.jpcc.7b12430
http://doi.org/10.1021/acsami.8b00501
http://doi.org/10.1021/acsabm.0c00252
http://www.ncbi.nlm.nih.gov/pubmed/35025375
http://doi.org/10.1039/c003052j
http://www.ncbi.nlm.nih.gov/pubmed/20461244
http://doi.org/10.1038/s41467-020-17984-x
http://www.ncbi.nlm.nih.gov/pubmed/32796855
http://doi.org/10.1039/C7CS00246G
http://doi.org/10.1002/syst.201900046
http://doi.org/10.1002/syst.202000012

	Introduction 
	Light-Responsive Molecular Switches 
	Azobenzene Conjugated Peptide Derivatives and Light-Assisted Self-Assembly/Disassembly Phenomenon 
	Arylazopyrazoles Conjugated Peptide Derivatives with Light-Sensitive Gelation Characteristics 
	Spiropyran Conjugated Peptide Derivatives and Light-Induced Gelation Behaviour 
	Other Photo-Responsive Peptide Derivatives and Light-Induced Gel-Sol Transition or Vice-Versa 

	Challenges, Future Prospective, and Conclusions 
	References

