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The journey of short peptides: from molecules
to materials

Sampurna Routray, Malay Kumar Baroi,† Priyam Das† and Debapratim Das *

Peptide-based supramolecular systems consisting of conserved sets of building blocks and chemical

reactions play a crucial role in the fabrication of supramolecular soft materials. Their inherent capacity

for self-assembly, biocompatibility, and molecular tunability make them attractive candidates for creating

peptide-based materials. This feature article primarily focuses on the modelling strategy of short

peptides based on their desired applications. We explored their applications across various areas,

including therapeutics, ECM mimics, drug delivery, scaffolds for tissue engineering, chemosensing,

creating life-like systems, and in organic electronic devices, to name a few. In this review, emphasis

is placed on highlighting the journey of these short peptides from their molecular level to the

material state.

1. Introduction

Molecular self-assembly refers broadly to the bottom-up
formation of hierarchical supramolecular materials through
interactions between molecular building blocks, driven
mainly by noncovalent forces and, less commonly, by cova-
lent bond formation. Designing such materials requires not
only an understanding of the full range of intermolecular
interactions but also the ability to precisely tune them to
achieve targeted structures and functions. In recent years,

self-assembled short peptides have emerged as powerful and
versatile building blocks in the development of advanced
soft materials.1,2 These minimalist biomolecules, typically
composed of just a few amino acid residues, can sponta-
neously organise into a wide range of nanostructures, includ-
ing fibres, tubes, sheets, and hydrogels. The driving force
behind these self-assemblies is non-covalent interactions,
including hydrogen bonding, p–p stacking, hydrophobic inter-
actions, and electrostatic forces.3 Despite their structural
simplicity, short peptides exhibit a remarkable capacity for
functional diversity, tunability, and responsiveness to envir-
onmental changes.

As our understanding of peptide self-assembly advances,
new strategies are being explored to control their hierarchical
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organisation, dynamic behaviour, and multifunctionality,
paving the way for next-generation soft materials that are
both smart and sustainable. The availability of various func-
tional groups as side-chain functionalities of amino acids
(natural and synthetic), in combination with proper design
and folding of the synthesised peptides, also allows one to
create small peptide assemblies for targeted applications.
Their inherent biocompatibility, ease of synthesis, and modu-
larity make them particularly attractive for applications
across biomedicine, tissue engineering, drug delivery, sen-
sing, organo-electronics, and nanotechnology, to name a few.
Furthermore, their ability to mimic features of the extra-
cellular matrix (ECM) and facilitate cell adhesion and signal-
ling has placed them as key candidates in the design of
bioinspired materials.

Such peptides, when appropriately designed, have emerged
as attractive alternatives to proteins and longer peptides
across a range of applications. Our group has focused on
designing hierarchical assemblies of short peptides, particu-
larly peptide amphiphiles (PAs), and has developed peptide-
based assemblies and hydrogels for various applications,
including organocatalysis, drug delivery, sensing, tissue engi-
neering, water remediation, organoelectronics, and transient
life-like systems. The breadth of research in this field necessi-
tates a concise overview of progress to date, alongside an
outlook on future directions. While recent review articles offer
valuable insights into peptide- and protein-based systems,
many of them primarily focus on the self-aggregation beha-
viour and mechanism of peptides.2,4–8 In contrast, in the
present feature article, we restrict our discussion to short
peptides (2–10 amino acids), with a major emphasis on the
diverse applications enabled by these small peptide systems.
For the ease of reading, Charts 1 and 2 present the chemical
structures of the peptides discussed, and Table 1 summari-
ses their self-assembled architectures and corresponding
applications.

2. Self-assembling short peptides:
from sequence to application
2.1. Design principle

When designing short peptides for a targeted application, the
peptide’s primary sequence, particularly the choice of amino
acids, is the first aspect to consider. With the wide variety of
geometric structures, side-chain polarities, hydrogen bonding
tendencies, ionised states, and functional groups present
among amino acids, it is essential to select the appropriate
amino acids for the peptide sequence. For example, in many
applications, aqueous solubility is essential, and to achieve
solubility at neutral pH, the incorporation of Lys into the
sequence is beneficial, as its pKa (B10.5) keeps the side-chain
amine protonated at neutral pH. On the other hand, introdu-
cing amino acids with side-chain carboxylic acid functionality
requires a basic pH for solubilisation, whereas Arg adds a
permanent charge to the peptide. All these amino acids in a
peptide work cooperatively to provide the required supramole-
cular interactions, such as hydrophobic interactions, p–p stacking,
hydrogen bonding, ionic interactions, and metal-ion coordina-
tion. These interactions are crucial for achieving the desired
secondary structures required for self-assembly. For example,
Ile shows stronger b-sheet hydrogen bonding propensity and
hydrophobicity compared to that of Leu.54 Proline, having a
ring structure and no hydrogen bonding possibility, is not
favoured for b-sheet peptides. However, the DPro-LPro segment
is successfully utilised for b-hairpin generation.55

The sequence modification, with N- or C-terminal protection
or the attachment of application-based groups, is important.
For short peptides, as few interactions are possible, appropriate
terminal protection helps provide the required aromatic stack-
ing and hydrogen bonding. Moreover, the desired applications
may also demand the attachment of such groups. The attach-
ment of these groups can also be done on the side chains of the
peptide sequence, depending on the application. For example,
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Fmoc, derivatives of naphthalene, phenothiazine, carboxyben-
zyl, azobenzene, and pyrene are examples of aromatic groups
that are successfully used to create self-assembling short pep-
tides. Attachment of long hydrocarbon chains to either term-
inal to create PAs is another important strategy.56 By achieving
this, the desired hydrophilic–lipophilic balance (HLB) of the
short peptide is attained, leading to effective self-assembly.
Similarly, the attachment of chromophoric groups, such as
pyrene, arylene diimides (ADIs), coumarin, dansyl, anthracene,
and rhodamine, is required when designing chemosensors.57

In the case of peptide-based drug delivery systems, ligands to
the overexpressed receptors of the targeted cells/tissues are
often attached to the peptide sequence.8 In this context, alter-
ing the chirality of a peptide provides significant protection
from proteolytic enzymes because most biological proteases are
highly stereoselective for L-amino acid chains.58

Smart materials are advanced materials that can signifi-
cantly change their properties (shape, colour, stiffness, etc.) in
a controlled manner in response to external stimuli, such as
temperature, light, pH, or electric fields. For short peptides, the
response to a change in pH can be easily achieved by incorpor-
ating amino acids such as His, Lys, Asp, or Glu through fine-
tuning the sequence.59 To incorporate light-responsive beha-
viour, the peptides can be functionalized with light-responsive
azobenzene, spiropyran or light-cleavable nitroveratryl or simi-
lar groups.60 Similarly, redox-response can be achieved by
incorporating Cys residues that can form disulfide linkages
and respond to biomolecules like glutathione (GSH). To create

a 3D cell culture medium, a 3-dimensional network that
mimics the ECM is essential. To provide such a network with
short peptides, the peptide must be designed in a manner that
allows it to self-assemble in a hierarchical fashion to form a
hydrogel. This can be achieved by maintaining an appropriate
HLB, incorporating amino acids that provide optimum solubi-
lity in water, as well as hydrogen bonding sites and aromatic
groups that allow p�p stacking. Multicomponent assembly is
another approach wherein a non-assembling sequence or other
molecule is combined with a self-assembling sequence. Even
two self-assembling sequences can also be mixed together to
achieve the final required property.

In this context, Artificial intelligence (AI) and machine
learning (ML) are evolving as powerful tools for the rational
design of peptides tailored to specific applications.61,62

By learning patterns from large datasets of peptide sequences,
structures, and experimentally measured properties, ML tools
can predict key characteristics such as self-assembly pro-
pensity, secondary structure, stability, bioactivity, toxicity,
and cell permeability. Generative models further enable the
creation of novel peptide sequences optimised for predefined
targets, while multi-objective optimisation allows for the
simultaneous balancing of competing parameters, such as
activity, stability, and solubility. Coupled with high-through-
put synthesis and experimental validation, AI- and ML-guided
design can significantly reduce trial-and-error, accelerate
discovery, and expand the accessible chemical space for func-
tional short peptides.

Chart 1 Molecular structures of peptides used as chemosensors and for organic electronics applications.
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The design strategies for short peptides span multiple
dimensions and are largely dictated by the intended application.
A schematic flowchart illustrating the progression from peptide
design to application is presented in Fig. 1. Several excellent
recent reviews comprehensively discuss the design principles
governing self-assembling peptides, providing valuable insights
into this rapidly evolving field.63,64

2.2. Self-assembly driven chemosensing

Essentially, a chemosensor functions as a molecular probe that,
upon binding with the analyte, generates a detectable signal.
The signals could be a change in the visible colour, lumines-
cence, or an electric signal.65–67 Supramolecular aggregation
between molecules offers ample opportunities for designing
and developing new chemosensors. The reversible processes
of aggregation and disaggregation generate detectable signals
that can be readily quantified and correlated with the analyte
concentration.

2.2.1. Emissive chemosensors. Sequence-dependent recog-
nition is one of the main advantages of short peptide-based
chemosensors. The binding affinity and selectivity toward
target analytes, such as metal ions, anions, small organic
molecules, and biomolecules, can be significantly changed by
minute changes in amino acid composition, chirality, and
terminal functionalities. Analyte recognition relies heavily on
noncovalent interactions, such as hydrogen bonding, electro-
static forces, p–p stacking, and metal coordination, which
frequently convert molecular binding events into quantifiable
optical or electrical signals.

Chromogenic groups and analyte-binding motifs can easily
be attached to the peptide that forms aggregates with the
specific analytes. The aggregation leads to certain changes in
the electronic environment around the chromogenic groups,
thereby producing a signal (turn on or off) that can be corre-
lated with the analyte concentration. A number of photophysi-
cal mechanisms for fluorescent probes, like photo-induced

Chart 2 Molecular structures of peptides used for biomedical, catalysis and other applications.
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electron transfer (PET), resonance energy transfer (RET), and
intramolecular charge transfer (ICT), excimer formation etc.
have been reported. Based on these strategies, several chemo-
sensors utilising a variety of fluorogenic groups have been
designed for various important analytes.57

The design principle for a chemosensor involving such a
signal transduction mechanism includes three components: a

fluorophore, a linker and a receptor.57 A classic example of
signal transduction upon analyte binding was reported by Tang
et al.9 Peptide 1 was designed by connecting the fluorophore
(fluorescein isothiocyanate) to the ionophore His-Gly-Pro-Ser
through a hydrophobic linker. Upon binding with Cu2+, the
initial fluorescence quenches, providing a ‘‘turn-off’’ signal.
The Cu2+ bound sensor was highly selective toward H2S, and

Table 1 Self-assembled nano-structures formed by different short peptides and their applications discussed in this article

Peptide
Number Medium/solvent/condition

Nanostructure
formed Application Ref.

1 Water — Cu2+ and H2S sensing 9
2 10 mM phosphate buffer pH 7.4 — Hg2+ sensing 10
3 1 : 1 ACN–water Fiber Picric acid sensing 11
4 Water Fibrous network Imaging and apoptosis induction

in cancer cells by utilizing endogenous
hydrogen sulfide

12

5 1 : 1 DMF–water in the presence of Pd2+ Sphere Pd2+ and CN� sensing 13
6 MeOH Sphere Picric acid sensing 14

MeOH in the presence of picric acid Tape
7 Water Fibrous network

(hydrogel)
Intracellular pH sensing 15

8 Phosphate buffer pH7, CB[8], heparin Sphere Heparin and protamine sensing 16
9 Electric field growth Microrod Piezoelectric power generator 17
10 Water–DMF Nanoribbon

and nanotape
Organic electronic 18

11 THF Helical fiber Organic electronic 19, 20
THF–Water Nanoring
HFIP Sphere
MeOH Sphere
ACN Sphere
Acetone Sphere
Chloroform Fiber
THF Fiber

12 Water Fibrous network p-Xylene gas sensing 21
13 Water Fibrous network Protection of oxygen-sensitive enzymes 22

Water pH 7.5 and PLL-SH Hydrogel Triggering antitumor immune response 23
14 Water Fibrous network Asymmetric disulfide synthesis 24

TRIS buffer pH 8 Fibrous network Enzyme protection 25
TRIS buffer pH 8, surface coating
with 5-ACl and BPEI. Functionalized
with Au-nanostructures

Core–shell bead Drug delivery 26
Tissue engineering 27, 28
Transient coacervation 29
Dye degradation, uric acid detection,
water remediation

30–32

15 Buffer Hydrogel Vascularization and tissue repair 33
16 Buffer, PEDOT Film Regeneration of damaged sciatic nerves 34
17 Water, CB[8], HRP Nano particle 3D cell-proliferation of Raw 264.7 macrophages 35
18 buffer Spheroids Cell proliferation of neural stem cells 36
19 Buffer Hydrogel

micropatterns
Nerve regeneration

20 TRIS buffer pH 8 Fibrous network 3D cell-proliferation 37
21 and 22 PBS 2� Hydrogel Protein delivery 38
23 Water Hydrogel Drug delivery 39
24 Water Hydrogel Aldol reaction 40
25 and 26 Water Hydrogel Nitro-aldol reaction 41
27 and 28 Water Hydrogel Nitro-aldol reaction 42
29 Water Micelle Hydrolase mimic 43
30 and 31 Water Fibers Esterase like activity 44, 45
32 ACN–water Nanotube Retro Aldol catalysis 46
33 Water Fibril Electrocatalysis of O2 reduction
34 Water Helical fiber

(hydrogel)
Hollow silica nanotube synthesis 47

35 Water Hydrogel Transient hydrogel 48
36 Buffer Hydrogel Transient hydrogel 49
37 Buffer Hydrogel Transient hydrogel for information encryption 50
38 50 mM HEPES pH8 Coacervate Transient coacervation 51
40 Water, CB[8] Vesicle Transient vesicle 52
41 Water, CB[8] Vesicle Self-abolishing transient vesicle 53
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the presence of H2S led to the recovery of the emission, thereby
making the sensor act as a ‘‘turn-on’’ sensor for H2S. The
chemo-sensor can detect naturally occurring H2S within HeLa
cells and zebrafish larvae. A plethora of similar fluorescent
chemosensors have been reported in the literature, and it is
beyond the capacity of this article to discuss about them in
detail.

As mentioned earlier, self-assembly- and disassembly-
induced changes in the emission property can also be utilised
to develop chemosensors. Lee et al. utilised the aggregation-
induced emission (AIE) of tetraphenylethylene (TPE) to effi-
ciently detect ions.10 TPE was connected to the Hg2+ binding
motif, Ser-His (2). The binding of the analyte triggered the AIE
effect of TPE, thereby enhancing fluorescence (Fig. 2A). Charge
transfer (CT) complex formation between an electron-rich fused
aromatic moiety and an electron-deficient group has also been
exploited to create an efficient sensor. Peptide 3 was designed

by attaching pyrene to the well-established self-assembling
unit ‘‘Phe–Phe’’ followed by a Lys to achieve the required
solubility.11 The Phe–Phe unit exhibits self-assembling propen-
sity, and through self-assembly, the pyrene units form p–p
stacking, resulting in excimer emission (Fig. 2B).68 In the gel
state, detection relied on the excimer band of pyrene. In the
presence of picric acid (PA), the CT complex formed between
pyrene and PA that quenched the excimer emission (Fig. 2C).
On the other hand, in the solution state, sensing was based
entirely on the monomer emission of pyrene. In the sol state,
the peptide molecules existed in a non-aggregated form, show-
ing only monomeric emission. When PA was introduced, the CT
complexation resulted in a sharp reduction in the emission
intensity of the monomer (Fig. 2D). The detection limits were
found to be 115.24 ppt and 22.91 ppb in the sol and gel states,
respectively. The gel-coated paper strips also showed a reduction
in the excimer emission in the presence of nitrophenols, thereby

Fig. 1 Schematic illustration of the hierarchical peptide self-assembly to different nano-structures and for various applications.

Feature Article ChemComm

Pu
bl

is
he

d 
on

 1
2 

Fe
br

ua
ry

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 1

1:
22

:0
8 

A
M

. 
View Article Online

https://doi.org/10.1039/d5cc05199a


6010 |  Chem. Commun., 2026, 62, 6004–6028 This journal is © The Royal Society of Chemistry 2026

selectively detecting picric acid at a femtogram level with a
minimum detection limit of 11.45 fg cm�2.

Due to their outstanding photochemical stability and high
quantum yields, arylenemono- and diimides have been extensively
used in the design of new chemosensors.69,70 For example, Verma
et al. reported a naphthalene monoimide (NMI) functionalized
Phe–Phe peptide (4).12 The diphenylalanine segment is responsible
for the self-aggregation, the NMI provides fluorescence, and the
dinitrophenyl group acts as the sensing group (Fig. 2E). The
initially non-emissive peptide undergoes a chemical transforma-
tion in the presence of H2S and becomes emissive. It is successfully
activated by endogenously produced H2S of cancer cells and could
be applied for specific imaging of cancer cells.

Similarly, peptides 5 and 6 were designed to utilise analyte-
binding-driven assembly–disassembly, with the consequent
changes in emission used for sensing.13,14 Probe 5 exhibited
high selectivity toward Pd2+ ions over other metal cations, with
a sensitivity of 0.55 ppb – significantly lower than that of
comparable chemosensors.13 Binding with Pd2+ induced aggre-
gation of the ligand, leading to quenching of its emission. This
quenched emission can be restored in the presence of CN�

ions, as cyanide forms a stronger complex with Pd2+, leading
to the disaggregation of the system. The sensor displayed
exceptional selectivity for CN�, with a detection limit as low
as 0.226 ppb. The tetra-pyridine containing probe, 6, was found
to be an efficient sensor for picric acid.14 The probe displayed
typical aggregation-caused quenching (ACQ) behaviour and
exhibited a fluorescence ‘‘turn-off’’ response toward picric acid.
The response was found to be unaffected by the presence
of other interfering nitroaromatic compounds. The sensing
mechanism involved hydrogen bonding between picric acid
and the pyridine groups of 6, inducing the aggregation of the
probe into higher-order, tape-like structures and consequent
emission quenching. The probe demonstrated a low detection
limit of 5.6 nM (1.28 ppb) and a remarkably high Stern–Volmer
constant of 6.87 � 104 M�1.

Utilising the intrinsic emissive behaviour of naphthalene
diimide (NDI),71 DI PA (7) was designed for cellular internalisa-
tion and local pH sensing.15 The asymmetric PA was designed
by attaching a C6H13-alkyl chain to one end of the NDI moiety,
while a GKRGDS sequence was connected to the other. The
RGDS fragment has been purposefully introduced for tumour

Fig. 2 (A) Proposed binding mode of 2 with Hg2+. (B) Graphical presentation of the aggregation of PyFFK and picric acid detection mechanism. (C) The
change in emission of PyFFK in the presence of picric acid in (C) solution and (D) gel state. (E) Proposed mechanism of H2S sensing by peptide 4. Adapted/
reproduced with permission from ref. 10–12. Copyrights 2016 and 2019 American Chemical Society and 2021 Royal Society of Chemistry.
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homing and cell adhesion properties and, henceforth, to play
the dual role of a structural component as well as a biological
ligand.72 Under physiological conditions, 7 efficiently self-
assembled into a self-supporting hydrogel. The presence of
two positively charged amino acid residues (Lys and Arg) and
one negatively charged amino acid (Glu) in the peptide-
conjugate induced pH responsiveness in the system, as the
gel dissolved under acidic conditions. At higher pH, due to the
strong p–p stacking of the NDI groups, a broad emission peak
centred around 500 nm appeared, which disappears under
acidic conditions. The peptide also showed easy internalisation
within RAW264.7 cells and was found to be noncytotoxic.
The pH-responsive emission behaviour was further utilised to
determine the pH at different cellular locations.

Although fluorescence-based sensing probes are widely used,
they face limitations such as photobleaching, autofluorescence,
and potential phototoxicity. Supramolecular phosphorescence

sensing offers advantages, including millisecond lifetimes, large
Stokes shifts, and minimal background interference; yet, RTP-
based probes remain relatively underexplored, particularly in
solution.73

In this regard, our group has developed a cucurbituril[8]
(CB[8])74–76 based room-temperature phosphorescent sensing
probe (BPR@CB[8]) that can be used to detect heparin
and protamine under physiological conditions (Fig. 3A).16

An Arginine-rich 4-(4-Bromophenyl)-pyridine (BP) derivative
(BPR, 8) was synthesised.77 In the presence of CB[8], a 2 : 1
homoternary complex78 (BPR@CB[8]) is formed that produces a
minor phosphorescence due to supramolecular confinement
of the BP unit. In the presence of heparin, BPR@CB[8], which
has multiple positive charges, forms a nano-assembly through
electrostatic interactions, thereby significantly enhancing its
phosphorescence (Fig. 3B). This ‘‘turn-on’’ emission proves to be
the key to sensing heparin. Excellent selectivity toward Heparin

Fig. 3 (A) Schematic presentation of the sensing mechanism of Heparin and PS using BPR@CB[8]. (B) Heparin sensing: the enhancement of
phosphorescence when BPR@CB[8] was titrated with increasing concentration of Heparin. (C) Selectivity of the BPR@CB[8] toward heparin over various
other negatively charged molecules. Reproduced with permission from ref. 16. Copyright 2025 American Chemical Society.
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was obtained when compared to other anionic probes (Fig. 3C).
The reverse assembly mechanism was applied to efficiently
detect Protamine sulfate (PS), the antidote of heparin. With
several arginine residues, PS had a higher affinity toward Heparin
compared to BPR@CB[8]. When added to the Heparin-BPR@CB
[8] solution, it displaces BPR@CB[8] through binding with
Heparin, and consequently, ‘‘turn-off’’ phosphorescence sensing
of PS was achieved. Further, the detection limits for heparin and
protamine were determined to be 61 and 82 ng mL�1 in 10% HBS,
respectively. The phosphorescence sensing of both analytes was
found to be effective in biofluids such as human blood serum
(HBS) and human urine (HU).

Despite these developments, challenges still remain.
Ongoing concerns include enhancing long-term stability under
physiological and environmental conditions, as well as achieving
high selectivity in complex, real-world environments. Further-
more, further experimental and theoretical research is needed
to fully understand the mechanistic relationship between mole-
cular recognition and supramolecular reorganisation. In the
future, exciting opportunities will arise to integrate short peptide
chemosensors with wearable or implantable devices, smart mate-
rials, and microfluidic platforms. It is anticipated that develop-
ments in machine learning-guided sequence optimisation and
computational peptide design will further accelerate discovery.
All things considered, short peptide-based chemosensors offer a
flexible and promising platform that connects functional materials
and molecular recognition for next-generation sensing applications.

2.3. Short peptides in organic electronics

The growing demand for environmentally friendly organic semi-
conductors that are easily fabricated and tunable has motivated
the development of self-assembling peptide nanostructures with
enhanced semiconducting properties.79 Recently developed bio-
inspired peptide semiconductors exhibit a wide range of supra-
molecular morphologies with diverse optical and electrical
characteristics. These peptide assemblies have also been explored
for applications in piezoelectric devices and ultrasensitive electro-
chemical sensors.

Aromatic short peptides are the most widely studied self-
associating systems for semiconducting nanomaterials.7

Diphenylalanine (FF, 9), a minimal aromatic dipeptide derived
from b-amyloid (Ab), forms diverse semiconducting supra-
molecular architectures.7 Its self-assembly can be modulated
through the choice of solvent, external fields, and controlled
solute convection, enabling the formation of aligned nanotubes
and ordered nanoarrays with varied morphologies. Notably,
these superstructures share an identical crystallographic lattice,
indicating that complex architectures can be achieved through
the simple control of the dewetting process.79 Studies show that
FF dimers act as quantum dot-like building blocks during self-
assembly. The aggregation proceeds through multiple supra-
molecular phases driven by T-shaped aromatic stacking, head-
to-tail interpeptide interactions, and peptide–water hydrogen
bonding.80 This process yields porous nanotubular crystals fea-
turing amide backbone channels surrounded by ‘‘zipper-like’’
aromatic interlocks, which promote p-electron delocalisation.79

Importantly, the reversible transformation between quantum dots
and nanotubes controlled by solution conditions, such as con-
centration and solvent, underpins the semiconductivity of FF
assemblies. Using these FF nanotubes, several devices have been
successfully constructed for light-induced electricity generation,
biosensing, energy storage etc.79,81–83 For example, Yang et al.
reported the microrod array of FF peptide utilized for piezo-
electricity generator. Fig. 4A shows the prototypical generator
using vertical FF arrays as a direct source of power for an LCD.
The open-circuit voltage and short-circuit current obtained from
this generator upon multiple tapping is shown in Fig. 4B.17

To this end, arylenemono and diimides are well-established
as n-type organic semiconductors. Numerous studies have been
conducted to explore their conductive characteristics and their
applications in organic electronic devices.84 It has been found
that the aggregation of these semiconductors plays a significant
role in influencing their electrical characteristics and overall
performance.84 Rybtchinski and co-workers demonstrated the
kinetically controlled self-assembly of perylene diimide (PDI) –
peptide conjugates to form various organic nanostructures in a
stepwise manner.85 In a similar study, Faul et al. synthesised
a symmetric sugar–PDI conjugate (10) and studied its aggre-
gate morphologies and formation mechanisms in detail in the
mixed solvent system water/N,N-dimethylformamide (H2O/DMF)
with varying volume ratios.18 The peptide self-assembled into
planar ribbons in both 20% and 40% water in DMF (Fig. 4C and
D). However, the supramolecular chirality of these ribbons was
found to be opposite. Interestingly, only left-handed helical
nanofibers were obtained in 60% and 80% water in DMF
(Fig. 4E and F). Experimental evidence, combined with DFT
calculations, suggests that kinetic and thermodynamic factors
play key roles in tuning the structures and helicity. The self-
assembled structures were further investigated for their gas-
sensing properties. Devices based on single nanoribbons for
hydrazine sensing exhibit better performance than nanofiber
bundles (Fig. 4G and H).

A similar pathway-dependent self-assembled nanostructure
and consequently the semiconducting property were observed
for peptide 11.20,86 In THF, right-handed helical fibres were
formed, while in a 10% THF–water solution, the morphology
changed to nano-rings with a switch in helicity to left-
handedness. A combination of experimental results and DFT
calculations revealed that both thermodynamic and kinetic
factors play a pivotal role in directing these differential self-
assembly processes. In THF, right-handed helical fibres are
formed in a kinetically controlled fashion. On the other hand,
in the case of 10% THF–water, the initial nucleation of
the aggregate is controlled kinetically. Due to the molecule’s
differential solubility in the two solvents, elongation of the
nuclei into fibres was arrested beyond a critical length, resulting
in nanoring formation governed by thermodynamic control.
Importantly, the helical fibres showed superior semi-conducting
property to the nano-rings as confirmed by conducting-AFM and
conventional I–V characteristics. The same peptide (11) exhibited
a fibre-like structure when dissolved in nonpolar solvents such as
THF and CHCl3, whereas it demonstrated a spherical morphology
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in more polar solvents like HFIP, MeOH, ACN, and acetone.19 The
direct current (DC) of nanostructures (spheres and fibres)
remained relatively constant, whereas the alternating current
(AC) displayed variation in the low-frequency range. The impe-
dance characterisation has also been used to assess the AC
conductivities of the nanostructures. A frequency scan from
20 Hz to 2 MHz was applied to measure the AC conductivities
of the PDI-peptide conjugate in the presence of different solvents.

Further, we have utilised the conducting properties of ADI-
peptide conjugates for gas sensing. Considering the significant
risks associated with inhaling harmful volatile organic compounds
(VOCs) found in the environment, it is necessary to develop a
portable monitoring device. In this regard, a shorter analogue of
ADIs, NDI, being electron-deficient, has demonstrated effective

binding to aromatic compounds through a charge-transfer
interaction.87 We anticipated that aromatic VOCs could similarly
interact with the NDI group and produce a measurable electrical
signal. Hence, an NDI-peptide-based conjugate, 12, has been
developed for an ultrafast, selective, and efficient detection
of p-xylene at room temperature (Fig. 5).21 A short self-
assembling peptide sequence (KEK) was attached to NDI,
resulting in the formation of supramolecular polymers with
an ordered arrangement of the NDI core. These aggregates
thereafter underwent elongation along the long axis to form
nanofibers. The nanofibers thus formed enabled the attain-
ment of semiconducting properties due to the ordered stacking
of the NDI groups. Additionally, we doped the system with
conductive carbon dots (CD) to enhance the conductivity of the

Fig. 4 (A) Photograph of the prototypical generator using vertical FF arrays as a direct power source for an LCD. (B) Open-circuit voltage (top) and short-
circuit current (bottom) from the generator in (A). (C)–(F) TEM images of 10 (0.06 mg mL�1) nanostructures obtained from (C) 20%; (D); 40% (E) 60% and
(F) 80% water in DMF. The inserts in E and F indicate the left-handed helical sense of the nanofibers. (G) sensing properties of devices prepared from a
single nanoribbon and bundled nanofibers, 10 minutes after the injection of hydrazine. (H) I–V curves of the nanoribbon before and after the injection of
hydrazine. Nanofibers and nanoribbons were obtained from 60 and 40% water in DMF, respectively. Reproduced with permission from ref. 17 and 18.
Copyrights 2016, Springer Nature and 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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sensing material as a whole. A device was fabricated by combin-
ing PVA, 12, and CD for sensing purposes (Fig. 5A). The device
specifically detected p-xylene in the presence of different other
VOCs (Fig. 5B). The detection limit for p-xylene was found to be
50 ppm, yielding a response of 96% (Fig. 5C). Moreover, the
sensor also demonstrated successful application in crude oil,
with its rapid detection of VOCs at ambient temperature being
a significant advantage over other sensors reported.

Peptide-based systems offer several benefits, including solution
processability, environmental responsiveness, and structural
adaptability, despite their intrinsic conductivity being lower
than that of conventional organic semiconductors. Despite all
these advantages, peptide-based organic electronic devices
remain relatively rare. These semiconducting systems can be
incorporated in next-generation organic electronic devices,
especially in wearable electronics.88,89 With the advancement
of peptide design strategies and hybrid peptide-organic archi-
tectures, there is significant potential in this area that warrants
further exploration in the future.

2.4. Self-assembled peptides for biomedical applications

Because self-assembling peptides can incorporate diverse func-
tional domains such as cell-adhesion motifs, signalling sequences,
vaccine epitopes, and therapeutic moieties, they enable the for-
mation of complex nanostructures with broad biomedical applica-
tions. In this section, an overview of the literature will be provided
on recent studies on peptide self-assembly for applications in

platforms for cell proliferation, drug delivery, and protective envel-
opes for biomolecules.

2.4.1. Peptide-hydrogel as a protective envelope for
enzymes. Proteins utilise a variety of supramolecular interac-
tions to attain their optimal three-dimensional structures, a
process known as protein folding.90 In the case of enzymes,
proper folding creates the reactive pocket required for substrate
binding. Even minor environmental changes, such as a rise in
temperature or a change in pH, can trigger unfolding, leading
to denaturation or loss of activity.91 It is a challenging task to
protect enzymes from denaturation while keeping them under
ambient conditions. Several methods, including immobilisa-
tion on solid supports and the use of chaperones, have been
utilised to protect proteins from denaturation.92–94 However,
there are several limitations, including the shorter shelf life of
enzymes under adverse conditions.

Hydrogels have also been used to protect enzymes from
denaturants. Abramhovich et al. demonstrated that Fmoc-FF
(13) hydrogels can selectively encage O2 and restrict its diffu-
sion beyond the inherent gas-barrier properties of gels, without
requiring metal-ion binding.22 Importantly, O2 encaging in
Fmoc-FF gels was shown to passively protect the O2-sensitive
enzyme HydA1, enabling sustained hydrogen production, even
when the hydrogel was prepared in aqueous buffer. Similarly, on
several occasions, protein-based hydrogels have been utilised for
effective biocatalysis or as a nanocarrier.95,96 An exciting oppor-
tunity emerged to apply one of our peptide-based hydrogelators,

Fig. 5 (A) Experimental arrangement for gas-sensing measurements with circuit diagram. Conductance change (DG/G0) of the sensor developed from
12 with (B) different VOCs (50 ppm) and (C) with varying concentrations of p-xylene. Reproduced from ref. 21. Copyright 2018, American Chemical
Society.
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PyKC (14), for this purpose.24,25 Unlike other supramolecular
hydrogels, the PyKC-hydrogel remained insoluble in water,
most of the water-miscible organic solvents, and, importantly,
in human blood serum (HBS) for more than three years.
However, disulfide bond breakers such as glutathione (GSH),
tris(2-carboxyethyl)phosphine (TCEP), or Dithiothreitol (DTT)
can easily dissolve the hydrogel within minutes (Fig. 6A and B).
Additionally, the hydrogel showed remarkable impermeability
as it does not allow the movement of any molecule, including
water, into or out of the gel. Moreover, a tightly knit fibrous
network was observed in the gel matrix. We rationalised
that, with the insolubility and unique confinement properties,
PyKC-hydrogel could be an ideal candidate for the encapsula-
tion and protection of enzymes. We assumed that the tightly
knit network can encapsulate enzymes, restricting the space
needed for them to unfold in response to external stimuli.
Two different lipases were encapsulated within PyKC-hydrogel,
and their catalytic performances were assessed in the presence
of denaturing agents, including time (Fig. 6C), high tempera-
ture (Fig. 6D), urea and methanol (Fig. 6E), and change in
pH (Fig. 6F). Interestingly, the encapsulated enzymes retained
more than 75% activity while the free enzymes lost the acti-
vity completely under the influence of these denaturants. These
results support that the PyKC hydrogel functions as a protective
matrix for enzymes and other biomolecules, preserving
their structural and catalytic function under destabilising
conditions.

2.4.2. Platform for cell proliferation. The development
of synthetic biomaterials for use in tissue engineering and
regenerative medicine upholds academic and commercial
significance.97 The artificial ECM serves as a framework for

cell adhesion and proliferation, thereby facilitating tissue
regeneration.98 Peptides are especially fascinating due to their
natural compatibility with biological systems and non-
cytotoxicity, along with a diverse array of functionalities that
can be fine-tuned to develop the desired ECM-mimicking
matrix. A significant amount of work has been conducted in
the last few decades in this field.64,99–101

Fibrous proteins such as collagens, elastins, laminins, and
fibronectins make various tissue-specific ECMs. The most
widely used sequence is RGD, an integrin-binding peptide
derived from fibronectin. Other cell-adhesive peptide (CAP)
sequences employed to impart cell-adhesion properties include
VAPG (elastin); YIGSR, KQAGDV, and REDV (fibronectin);
LGTIPG, IKVAV, PDGSR, LRE, LRGDN, and IKLLI (laminin);
and DGEA and GFOGER (collagen).

These CAPs are often incorporated with hydrogel-forming
polymers to create composite hydrogels. The hydrogel network
mimics the 3D structure of the ECM, while the CAPs allow
effective cell binding. For example, Yang et al. developed an
injectable hydrogel composed of chitosan, gelatin, b-glycero-
phosphate, and RGD peptide (15).33 The RGD motif provides a
favourable microenvironment for endothelial, smooth muscle,
and mesenchymal stem cells. Loading stromal cell-derived
factor 1 (SDF-1) and endothelial growth factor (VEGF) nano-
particles mimics ECM signalling and promotes angiogenesis.
In vitro co-culture studies, chick embryo assays, and a rat
myocardial infarction model demonstrated enhanced cell
migration, blood vessel formation, and improved cardiac func-
tion, highlighting the potential of this approach for tissue
engineering applications. In another work, Huang et al. developed
a hydrogel film (ChT-PEDOT-p) by incorporating conductive

Fig. 6 (A) Photographs of vials containing different aqueous solutions where small portions of the hydrogel (1 wt% PyKC, 14) containing rhodamine B
were immerged and stirred for 10 min showing the insolubility of PyKC. (B) Percentage dissolution of a 1 wt% PyKC hydrogel (20 mM Tris-buffer, pH 8) in
different media after 168 h. (C) Retention of the catalytic activities (%) of the gel-trapped and free enzymes at different time intervals when incubated at
room temperature. (D) Retention of the catalytic activities (%) of CV and CR lipases as a function of temperature under PyKC hydrogel-trapped and free
conditions. (E) Retention of activity (%) at different time intervals by the gel-trapped CR-lipase when dispersed in methanol or 6 M urea solutions.
(F) Comparison of retention of activity by the CR-lipase under free and gel-trapped conditions when exposed to buffer solutions of different pH for 1 h.
Reproduced from ref. 25 with permission. Copyright 2019, Royal Society of Chemistry.
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poly(3,4-ethylenedioxythiophene) nanoparticles and the cell-
adhesive tetrapeptide CRGD (16). The resulting film exhibited
enhanced mechanical strength, supported Schwann cell attach-
ment and proliferation, promoted vascularisation, and effectively
induced regeneration of damaged sciatic nerves.34 Since the shape
and size of the polymer implemented is also important for their
use as ECM, we hypothesised that multiple cross-linking stra-
tegies could offer a way to create cross-linked peptide-based
polymers with adjustable shape and size. To this end, we have
designed a peptide (17) with multiple possible cross-linking
sites.35 The peptide was cross-linked through disulfide linkages,
horseradish peroxidase (HRP) -catalysed oxidation of Tyr units,
and Cucurbit[8]uril (CB[8]) assisted supramolecular conjugation
through FGG units. The crosslinked polymers demonstrated effec-
tive proliferation of RAW 264.7 macrophage cells, with 52.4 � 5%
greater efficiency compared to cells incubated for 48 hours.

Another short peptide segment from laminin commonly used
to develop a synthetic cell proliferation platform is IKVAV (18).
This peptide enhances neural regeneration, neuronal survival and
maturation by binding to the b1-integrin subunit, thereby promot-
ing the differentiation of neural progenitor cells into neurons.
IKVAV-containing hydrogels have been shown to induce rapid
neuronal and neurite differentiation. Jiang et al. developed a
three-dimensional IKVAV-functionalized poly(lactide-ethylene
oxide fumarate) (PLEOF) hydrogel, which exhibited excellent cell
and tissue compatibility and supported the adhesion, prolifera-
tion, and differentiation of neural stem cells (NSCs) into
neurons (Fig. 7A–C).36 In vivo implantation for four weeks
demonstrated good biocompatibility, highlighting its potential
for spinal cord repair.

YIGSR (19), another pentapeptide with strong relevance to
neural regeneration, has also been extensively investigated.
Incorporation of YIGSR into composite hydrogels has been
shown to enhance Schwann cell growth in vitro and promote
sciatic nerve regeneration in vivo (Fig. 7A–D). Moreover, YIGSR-
based anisotropic hydrogel micropatterns can effectively direct
the alignment of Schwann cells.102 Yang et al. further demon-
strated that a bioactive YIGSR-based hydrogel catheter implanted
into rat sciatic nerve gaps significantly promoted nerve regenera-
tion, underscoring its therapeutic potential.103

Various natural polysaccharide-based hydrogels, such as
chitosan (Cht), gelatin (Gel), hyaluronic acid (HA), and alginate
(Alg), are widely utilised as scaffolds in the field of tissue
engineering.104 These materials meet the fundamental require-
ments of biocompatibility, hydrophilicity, and the ability to
retain a large volume of water within their extensively entangled
structure. However, they exhibit lower mechanical strength, ren-
dering them weaker than the natural ECM and thus unsuitable for
cell binding and differentiation. In this regard, we have incorpo-
rated our well-established PyKC (14) into these biopolymeric
systems to design an ECM-mimicking matrix (Fig. 7E–G).27 The
ability of PyKC to create a very tightly woven network could
improve the mechanical properties of the resulting hydrogels,
rendering them a promising material for bone tissue engineering.
The viability of the MC3 T3-E1 preosteoblast cells after 3 days of
growth on the HA/PyKC hydrogel was found to be 85–90% based

on the MTT assay, demonstrating the hydrogel’s high biocompat-
ibility. The extent of differentiation and matrix mineralization of
these cells was also evaluated with Alizarin red assay. The cellular
matrix exhibited a strong red stain after 14 days of differentiation
on the HA/PyKC hydrogel (Fig. 7F). Quantification of the Alizarin
red staining and alkaline phosphatase activity of the cells showed
that the cells were grown efficiently on the matrix (Fig. 7G).
Another library of peptides with the KC unit was evaluated for
the ability of 3D cell culture. The screening of these peptides
revealed that peptide 20 formed a suitable hydrogel matrix with
the required rheological properties for 3D cell culture. We demon-
strated that both differentiated RAW macrophages and undiffer-
entiated THP-1 monocytes proliferated significantly within the 3D
hydrogel matrix without exhibiting cytotoxic effects.37

Further, the efficient and unique hydrogelation by PyKC was
explored to create an artificial cornea. A crosslinker-free supramo-
lecular gelation strategy using PyKC and collagen was established.28

In this system, collagen molecules were seamlessly integrated
within the PyKC network without requiring any modification of
the collagen. The resulting collagen implants (Coll-PyKC) were
optically transparent, UV-blocking, mechanically robust, enzymati-
cally stable, and amenable to suturing. Importantly, these implants
supported the growth and function of all corneal cell types,
promoted anti-inflammatory differentiation, and suppressed pro-
inflammatory differentiation of human monocytes. In addition,
they restricted the propagation of human adenoviruses.

2.4.3. Peptide hydrogels for drug delivery. Over the past
few decades, soft materials such as self-assembled supramole-
cular hydrogels have garnered significant interest due to their
potential applications in the fields of drug delivery and
therapeutics.8,64,101,105 However, although several reports have
shown potential applications of these hydrogels for targeted
drug delivery, the use of hydrogel-based delivery systems is
currently restricted to topical applications.3,64 To achieve loca-
lised sustained drug release within the body, these hydrogels
must: (a) possess injectable properties (shear thinning); (b)
maintain low solubility in biological fluids to prevent post-
administration washout; (c) ensure biocompatibility; (d) release
the therapeutic agent in response to specific stimuli that are
elevated or expressed at the affected site. Developing systems
that meet all these requirements is a challenging task. Several
recent review articles provide comprehensive discussions of
these issues for further reading.8,106,107 In this section, we will
focus solely on short peptide-based injectable systems used for
the localised delivery of drugs.

Hydrogels formed from the hexapeptides H-FEFQFK-NH2

(21) and H-FQFQFK-NH2 (22), as reported recently by Madder
et al. provide a versatile platform for sustained protein
delivery.38 Electrostatic interactions between the ionic peptide
fibres and protein cargos strongly govern hydrogel formation,
loading capacity, and release behaviour, enabling high protein
loading while retaining thixotropic injectability and controlled
release. Encapsulated enzymes preserve their activity during
and after release. Notably, this injectable peptide hydrogel
formulation of L-asparaginase for sustained delivery in a mouse
model achieves a reduced initial bolus peak that may lower
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dose-related toxicity. With further optimisation of hydrogel
erosion and cargo–matrix interactions to extend release times,
this simple ‘‘mix-and-go’’ system holds broad potential for
enzyme replacement therapies and cancer treatment applications.
Another example is the work by Xing et al., who exploited the

composite thixotropic hydrogel formed by 13 and thiol-
functionalized poly-L-lysine (PLL-SH) (Fig. 8A).23 Due to its
helical nanofibrous architecture, resembling fimbrial antigens,
the hydrogel effectively activated T-cell responses and suppressed
tumour growth in B16 melanoma mouse models. Treated mice

Fig. 7 (A)–(C) The neural stem cell attachment, growth, proliferation, and differentiation by IKVAV-PLEOF hydrogel. (A) Fabrication of the pre-gel
mixture. Evaluation of cell viability (B), adhesion (C), and differentiation (D) on the IKVAV-PLEOF hydrogel surface. (E)–(G) Osteogenic response of MC3
T3-E1 cells on the HA/PyKC composite hydrogel. Adapted/reporduced with permission from ref. 27 and 36. Copyrights 2021 Royal Society of Chemistry
and 2021 MDPI.
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exhibited significantly elevated CD4+, CD8+, and CD3+ T-cell
populations. Overall, the chemical functionality of peptide hydro-
gels can modulate host immune responses, particularly during
the early stages of inflammation. A new approach in this regard is
to construct nucleobase-functionalized self-aggregating peptide

hydrogels. Ade-FFF (23) self-assembles into a nano-fibrous inject-
able hydrogel. Doxorubicin (DOX) loaded Ade-FFF hydrogel
showed a linear DOX release in response to proteinase K, and
mice treated by injection of a DOX-containing Ade-FFF hydrogel
showed a significant decrease in tumour size.39

Fig. 8 (A) Schematic diagram of the formation of 13/PLL-SH thixotropic hydrogel for drug delivery. (B)–(E) Effect of a single injection of DOX-loaded PyKC
hydrogel. (B) Images of euthanized mice with tumors and isolated dissected tumors. (C) The weight of the tumors from different groups of mice. (D) The graph
represents the volume of the dissected tumors at various time points during treatment. (E) Phase contrast microscopic images of tissues from different organs
of the treated mice. The images are with 20� and 10� magnification. Reproduced and reproduced from ref. 23 and 26. Copyrights 217 American Chemical
Society and 2019 Royal Society of Chemistry.
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In this regard, we observed that the PyKC (14) hydrogel
fulfils all the criteria mentioned above for localised delivery.
The hydrogel exhibited excellent thixotropic and injectable
properties, enabling direct administration at the target tumour
site. Its insolubility in HBS prevents leaching in biological
fluids, while it has been found to be biocompatible and non-
toxic. Owing to its unique confinement property, the encapsu-
lated drug remains sequestered until the hydrogel network is
disrupted.25 Most importantly, the GSH responsiveness of the
system makes it highly suitable for localised drug delivery, as
elevated GSH levels in the tumour microenvironment facili-
tate a slow and sustained release of the trapped drug from the
hydrogel matrix. Following this idea, DOX-loaded PyKC-
hydrogel was injected directly on top of breast tumours in a
mouse model, and the reduction in the tumour size was
monitored (Fig. 8B).26 Notably, the administration of a single
dose of hydrogel containing DOX (5 mg kg�1) resulted in
significantly better tumour reduction (around 75% within
18 days, Fig. 8B–D) compared to the traditional treatment with
doxorubicin alone and the control group. Furthermore,
the persistent existence of the hydrogel containing the drug
in proximity to the tumour for as long as 18 days post-
administration emphasised its lasting efficacy. Additionally,
no apparent side-effects were noticed on different organs like
liver, kidney, lung and spleen (Fig. 8E). In general, this research
emphasised the effectiveness and promise of the PyKC-
hydrogel as a targeted drug delivery method for breast cancer
therapy, setting the stage for future clinical uses and treatment
strategies in oncology.

Despite tremendous advancements, several issues prevent
self-assembled peptide-based biomaterials from being widely
used in clinical settings. Due to their rapid clearance and
susceptibility to enzymatic degradation, short peptides have
limited in vivo stability, which can impair long-term function-
ality. The mechanical weakness of many peptide hydrogels
prevents them from being used in load-bearing tissues unless
they are reinforced or combined with other materials. Repro-
ducibility and scalability may also be impacted by batch-to-
batch variability and the sensitivity of self-assembly to slight
variations in pH, ionic strength, or temperature. To improve
proteolytic stability and mechanical robustness without com-
promising biocompatibility, sequence engineering and chemical
modification are key components in the future of self-assembled
peptides in biomedicine. It is anticipated that hybrid systems,
which combine peptides with polymers, inorganic elements, or
bioactive molecules, will produce multifunctional platforms
with enhanced functionality. Peptides with predictable assem-
bly and biological outcomes will be identified more quickly due
to advancements in machine learning, high-throughput screen-
ing, and computational design. Crucially, closing the gap
between laboratory innovation and clinical application will
require a move toward in vivo-relevant models and translational
research. With these advancements, self-assembled peptide
systems have the potential to transform from sophisticated
supramolecular structures into useful and significant biomedi-
cal materials.

2.5. Peptide-based catalytic scaffolds

The availability of different functional groups on the amino
acid side chains makes the peptide nano-structures an attrac-
tive platform for catalysis. There are some excellent recent
reviews available on peptide-assisted catalysis.6,108,109 In this
section, we will discuss some recent works in which peptide-
based assemblies have been utilised as catalytic scaffolds.

2.5.1. Peptide nano-structures for catalysis. Over the last
couple of decades, a significant amount of work has been
conducted on catalysis by proline-based peptide aggregates.
In one of the early examples, Clarke et al. have shown that
proline–naphthyridine peptide conjugates can co-assemble via
hydrogen bonding with pyridinones that can act as a catalyst
for nitro-Michael addition reaction.110 Escuder and group have
shown that the lipopeptide ProValDoc (24) forms catalytically
active hydrogels that can direct aldol reactions of aliphatic
ketones with 4-nitrobenzaldehyde with improved selectivity
(anti/syn 95 : 5) and the yield is dependent on the hydrophobi-
city of the ketone.40 Hamley and coworkers have shown that the
position of the Pro and the lipid chain in the lipopeptide plays a
crucial role in the catalytic activity. Peptide, C16-IKPEAP (25)
forms spherical micelles with a disordered peptide conforma-
tion, whereas its reverse sequence, PAEPKI-C16 (26) assembles
into b-sheet fibrils across a wide pH range. Peptide 26 exhibits
higher conversion and improved anti: syn diastereoselectivity
in a model nitro-aldol reaction.41 Additionally, the peptide–
lipid linker also affects catalysis. For example, although PRW-
NH-C16 (amide, 27) and PRW-O-C16 (ester, 28) both form
spherical micelles, the amide-linked lipopeptide shows enhan-
ced catalytic activity, likely due to differences in local confor-
mation or linker polarisation.42

By replicating the structural and functional features of
enzymatic pockets that govern chemical transformations, it
becomes possible to create enzyme mimics capable of perform-
ing similar reactions outside biological systems.For example,
esterases utilise the Asp–Ser–His triad as the catalytic centre,
and arranging such a triad in the peptide nanostructure can
lead to an efficient esterase mimic. Following this strategy, a
hydrolase-mimicking PA (29) has been reported, which shows
stereoselective and repeatable enhanced catalysis.43 The PA was
designed by keeping the catalytic triad, along with an Arg
residue that stabilises the catalytic pocket. Varying combina-
tions of the amino acid positions and the tail length were
analysed. The PA 29 was found to provide the highest catalytic
activity. The branched peptide sequence, together with micelle
formation, facilitated the three-dimensional organization of
the catalytic triad, thereby enhancing substrate binding and
improving catalytic performance through cooperative effects.
The PA was further immobilised on a silica surface, and the PA-
functionalized SiNP showed superior hydrolase activity com-
pared to the free peptide as well as Chromobacterium Viscosum
lipase (CV-lipase). Moreover, high stereoselective catalysis was
observed, yielding 95% ee for the enantioselective hydrolysis of
esters.

To this end, amyloid peptides are common in the field of
catalysis. Simple, short amyloid peptides have been reported as
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metalloprotease mimics. For example, Korendovych et al. ana-
lysed a library of seven residue peptides based on the ‘‘mini-
mal’’ b-sheet sequence LKLKLKL with alternating hydrophobic
and charged residues for the Zn2+-dependent esterase-like
activity. Lysine residues at positions 2 and 4 were replaced
with histidine to enable Zn2+ binding and catalysis, while the
influence of acidic, basic, or neutral residues at position 6 was
systematically explored. The peptides form antiparallel b-strands
that fold to coordinate Zn2+ ions, which act as catalytic cofactors
and stabilise the b-sheet structure. Using pNPA as a substrate for
ester hydrolysis, the peptide Ac-LHLHLQL-NH2 (30) exhibited a
Michaelis–Menten catalytic efficiency of kcat/KM = 30 � 3 M�1 s�1,
exceeding that of carbonic anhydrase on a per-weight basis.45

Similarly, another peptide, (31) containing a histidine and an
alternating b-sheet-promoting sequence (HSGQQKFQFQFEQQ-
NH2), self-assembles into fibrils and exhibits esterase activity,
which is further enhanced upon co-assembly with its arginine-
containing analogue (H1R variant). The increased activity was
attributed to the stabilisation of the substrate transition state
by the arginine guanidinium group at the fibril binding site.44

Lynn’s group utilised the KLVFF motif from the Ab peptide
and demonstrated that Ac-KLVFFAL-NH2 (32) catalyses the
retro-aldol cleavage of methodol to 6-methoxy-2-naphth-
aldehyde (Fig. 9). The peptide assembles into nanotubes in a
water-acetonitrile mixture, with walls composed of antiparallel

b-strands.46 Catalytic activity was further probed by varying the
cationic side chain length through substitution of Lysine with
Ornithine, Arginine, and related residues. Reaction details,
fluorescence-based product detection, initial rate data, and a
model of methodol arrangement on the nanotube b-strand
surface are illustrated in Fig. 9. The catalytic activities of short
peptides were also explored in the context of transient catalysis
and are discussed in Section 2.6

Short PAs have been used as templates to catalyse and
control the shape, size and composition of nanostructures of
various metals and silica. Templating peptide aggregates help
cap metal nanoparticles and can enhance their catalytic activ-
ity. The formation of nano-fibrillar structures can be decorated
with metal particles, which boost the catalytic activity. For
example, the aniline functionalized peptide 33 readily self-
assembles into positively charged fibrils, which were used to
adsorb negatively charged citrate-functionalized Pt nano-
particles. The Pt-nanoparticle-coated fibrils were employed to
modify the electrode, which exhibits high electrocatalytic activ-
ity towards oxygen reduction.111

Our group reported a simple lysine-containing PA 34 that
self-assembles in water to form helical nanofibers, thereby
forming a self-supporting hydrogel. The nanofibers were used
as a template for the synthesis of silica, where the presence of
free amine groups on the surface of the nanofibers acted as a

Fig. 9 (A) Retro-aldol reaction of (�)-methodol to generate the fluorescent 6-methoxy-2naphthaldehyde. (B) Fluorescence emission spectra (lex =
330 nm) of 50 mM (�)-methodol (black line), 50 mM (�)-methodol with 1 mM Ac-KLVFFAL-NH2 (32) nanotubes (red line), and 50 mM methodol with 1 mM
Ac-RLVFFAL-NH2 nanotubes (green line) incubated in 50 mM sodium phosphate buffer with 300 mM NaCl at pH 7.5 for 36 h at room temperature. Each
sample contains 5% 6-methoxy-2-naphthaldehyde at zero time to establish baseline fluorescence. (C) Initial rate of production of 6-methoxy-2-
naphthaldehyde by the indicated peptide assembly where the peptide concentration is 500 mM and the starting (�)-methodol concentration is 80 mM.
(D) 1.2 ns molecular dynamics simulation of (S)-methodol docked onto the surface of K1 anti-parallel out-of-register amyloid assembly. In the space
filling models the hydrophobic, LVFFAL residues are coloured grey, the lysines blue and methodol drawn as sticks with carbons coloured green, oxygen
red and hydrogen white. (E) and (F) Expansions of methodol (space filling) on tube surface with peptides drawn as sticks. Adapted from ref. 46 with
permission, copyright 2017, Springer Nature.
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catalyst for the hydrolysis of tetraethoxysilane (TEOS) without
the need for any additional reagent. The nano-fibre templates
were removed by heating the samples at elevated temperature,
leaving the hollow silica nanotubes.

2.5.2. Preparing hydrogel beads for catalytic conversions
on the surface. In recent years, micro- and nanoscale spherical
colloidal gel networks have garnered significant attention, as
they retain essential gel-like characteristics, including high
solvent content, tunable porosity, and the ability to encapsulate
molecular cargo.112 Additionally, they offer features such as
large surface area, adjustable dimensions, and rapid respon-
siveness to external stimuli.112,113 Furthermore, several studies
have demonstrated that even bulk hydrogels can be engineered
into defined shapes and sizes without compromising their
inherent properties, thereby serving as versatile platforms for
diverse applications such as ion and molecular recognition,
oral drug delivery, tissue engineering, cell/protein encapsula-
tion, and catalysis.113 However, creating such macro-sized
beads with supramolecular hydrogels is a challenging endea-
vour owing to their weak mechanical strength.

In this regard, Smith et al. reported a hybrid self-assembled
microgel bead by combining a low-molecular-weight gelator
and a calcium alginate polymer gelator. The hybrid beads
contained interpenetrated networks formed by both the low-
molecular-weight gelator and the polymer. The beads were
prepared by an emulsion method, allowing the preparation of
spherical gel particles of controllable sizes with diameters in
the mm or mm range.113 The microbeads were used for the
delivery of bioactive agents. The same group also reported the
preparation of core–shell hydrogel beads using the same gela-
tor, using the extrusion method. In this case, the core was
formed by the low-molecular-weight hydrogel, while the shell
was prepared using calcium alginate.114 Similarly, microfluidic
techniques have been employed to fabricate microbeads from
supramolecular hydrogels.115

Since the hydrogel beads are formed through the process of
extrusion, emulsification or microfluidic technique, the hydro-
gels also need to be insoluble in bulk solvents and possess
thixotropic properties. In this regard, PyKC (14) is a suitable
candidate because of its unique properties as discussed in
detail (Section 2.4.1). A rational approach was taken for the
creation of a PyKC-based macro-sized gel bead using a simple
extrusion method (Fig. 10).30 To enhance the durability and
applicability, the PyKC beads were further encased in a thin
polymeric shell, thereby resulting in a core–shell configuration.
The free Lysine groups on the surface of the beads enabled
their easy modification. The beads were functionalised with
dipentaerythritol penta-/hexa-acrylate (5ACl) and branched
polyethylene imine (BPEI) alternatively, with the help of the
well-known Michael addition. The possibility of keeping either
acrylate or amine functionality on the surface of these beads
allowed us to easily attach various functional groups and
molecules to decorate the beads (Fig. 10). Utilizing the solubi-
lity of the PyKC-hydrogel (the core) in DMSO, treatment of these
core–shell beads in this solvent resulted in hollow macro
capsules (Fig. 10).

Exploiting the mild reducing property of BPEI, the BPEI-
coated beads were surface decorated with gold nanoparticles
(AuNPs), where no additional reducing agents were required.
Nanoparticles of noble metals like gold has been of high
interest because of its size and shape-dependent catalytic
activities.116 Utilising NaBH4 as a hydrogen donor, the AuNPs
acted as a catalyst for the reductive degradation of hazardous
nitroaromatics. The work was further extended, where gold
nanostars (AuNSs) were formed on the surface of the BPEI-
coated beads, and their catalytic activity was analysed.31 Gold
nanostars are promising enzyme mimetic catalysts owing to
their ability to interact with light and catalytic efficiency. Due to
the localized surface plasmon resonance (LSPR), the BPEI-
stabilized AuNSs showed remarkable photo-oxidase-like activity.
LSPR, originating from the branched structure of the nanostars,
enhanced the light absorption and further permitted the photo-
induced catalytic processes. Its catalytic activity was then utilized
in the detection and quantification of uric acid with the help of a
colorimetric sensing assay. This technique worked on the strategy
involving the oxidation of TMB in the presence of the AuNSs
encapsulated core–shell beads, followed by its decoloration upon
interacting with uric acid. AuNS@BPEI beads maintained their
catalytic efficiency (approx. 70%) even after 10 cycles and an
excellent detection limit of 6.2 mM. Additionally, using smart-
phone technology, a point-of-care testing (POCT) method was
developed for real-time measurement. This increased the acces-
sibility and convenience by enabling quick and precise on-site
measurement of uric acid in urine and blood serum samples.

To this end, water remediation is a crucial field of research,
as it has a direct impact on human health, ecosystems, and
economic stability. Effective remediation ensures the availabil-
ity of safe drinking water and reduces the burden of waterborne
illnesses. Various approaches have been employed to address
this issue, including peptide and protein-based systems.117–119

We realised that the gold nanostructures and their catalytic
activities can be fine-tuned through their preparation process.
Thus, the presence of amine functionalities on the BPEI-coated
beads can be used to create a negatively charged surface
that alters the properties of the AuNS synthesised on it. The
BPEI-coated core–shell bead was functionalized with 1,3-
propanesultone solution, and the sulfate-functionalized surface
allowed the formation of AuNS on the surface.32 However, the
AuNPs in this case showed non-plasmonic oxidase-like catalytic
property. The AuNPs, confined to the bead surface, ensure
rapid substrate access by eliminating diffusion barriers,
thereby enabling efficient catalytic oxidation of a wide range
of contaminants. The resulting AuNP@Beads exhibited excel-
lent activity against phenolic pollutants, azo dyes, and bio-
logically relevant catecholamines, including dopamine and
epinephrine. In addition, they exhibited strong antibacterial
efficacy against both Gram-negative and Gram-positive patho-
gens by generating reactive oxygen species. These catalytic
beads are reusable, structurally stable under ionic stress, and
exhibit negligible nanoparticle leaching. Importantly, waste-
water treated with AuNP@Beads supports healthy plant growth,
highlighting their environmental compatibility.
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Implementing this methodology, we gave shape, dimension,
and durability to a peptide-based supramolecular hydrogel.
Surfaces were modified effortlessly, allowing us to append
desired functional groups, including those for complex systems
like metallic nanoparticles. Besides convenient handling and
repeatable cycles, we circumvented the chief problem asso-
ciated with agglomeration in nanoparticles through this tech-
nique of immobilisation on hydrogel beads.

The applications of these peptide-derived catalytic scaffolds
are, however, hindered by certain limitations. Firstly, they have
lower efficiency compared to biocatalysts and metal ions, which
often require less control over their precise structural configu-
ration at the active site. Their instability against harsh reaction
conditions (pH, temperature, and organic solvents), as well as
susceptibility to proteolysis, further limits their use. Further-
more, it is also very difficult to obtain high specificity against
their substrates and high reproducibility for their turnover
number. Scaling up their synthesis can also prove to be very
expensive. Future studies are, however, envisioned to ensure
better rationalization of their sequences and introduction of a

suitable secondary structure to better place their catalytic
residues and enhance stability to active on-forms. Future break-
throughs can also arise through hybrid approaches by fusing
these peptides-derived scaffolds either to metal ions/cofactors
or to solid supports to greatly promote their efficiency and
stability. The application of computational models, studies on
directed evolution, and machine learning will also accelerate
their discovery for high-efficiency motifs. With improved stabi-
lity, efficiency, and scalability, peptide-based catalytic scaffolds
have the potential to evolve into sustainable and tunable
alternatives for next-generation catalytic applications.

2.6. Life-like materials using short peptides

Supramolecular aggregates exhibiting life-like attributes have
emerged as a vibrant area of research over the past decade.120–123

This relatively new field aims at designing biomimetic assemblies
that obey the non-equilibrium thermodynamic pathways, which
are central to biological assemblies. Introduction of a chemical
trigger disrupts the equilibrium of a system, stimulating a
chemical or environmental change that leads to the formation

Fig. 10 (A) Schematic presentation of the stepwise formation of core–shell PyKC beads, hollow capsule, surface functionalized beads. The schematics
also show the formation of gold nanoparticles (AuNS) and nanostars (AuNS) on the core–shell bead surface, as well as their catalytic reactions to reduce
nitro-aromatics and exhibit photo-oxidase-like activity, respectively. (B) FESEM image of hollow capsule formed following the scheme depicted in (A).
(C) Time dependent catalytic reduction of p-nitrophenol by AuNP@beads showing the efficacy of the systems to reduce nitro-aromatic dyes.
(D) Catalytic reduction of different dyes by the AuNS-decorated sulfate functionalized core–shell beads. Reproduced from ref. 30 and 32. Copyright
2023 Elsevier and 2025 American Chemical Society.
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of molecular assemblies. The assemblies are an outcome of the
chemically triggered process and are maintained as long as
the induced conditions persist. Once the chemical trigger is
consumed, the assemblies are deactivated and disintegrate over
time. It is worth mentioning that peptide-based self-assemblies
have found a special place in unravelling the advanced spatio-
temporal chemistry of chemically triggered and auto-regulated
self-assemblies.124,125

These life-like attributes and adaptive systems can be
achieved through the smart design of PAs, which can be built
to respond to multiple stimuli as well. Thordarson and co-
workers have demonstrated the kinetic control over the lifetime
of a transient supramolecular hydrogel using a very simplistic
design for a PA responsive to multiple stimuli. They have shown
that a clear solution of anionic dibenzoyl cysteine (DBC2�) can
be triggered into gelation through the addition of an acid buffer
containing TCEP (Fig. 11A).48 Quick protonation of the pre-
gelator solution led to DBC (35) formation and subsequent
gelation. However, over time, TCEP reduced the disulfide
bonds that disrupted the gel network, resulting in a sol of
BC. Herein, the ultrashort PA was activated through a pH trigger
but deactivated autonomously in the presence of a reducing
agent. The lifespans of the transient hydrogel could be modu-
lated by varying the pH or concentration of the reductant. The
transient hydrogelation was also repeatable through reactivation
of the solution over several cycles. In the context of dual stimuli,
we observed that PyKC (14) contained the prerequisites needed
to generate two orthogonally dynamic covalent linkages. The
terminal Cys can form redox-responsive disulfides, while the
side chain amine from Lys can participate in a pH-reversible
imine bond. To construct a dual stimulus-responsive complex
coacervate, we synthesised an aldehyde-functionalised water-
soluble polymer (Poly-CHO).29 When the polymer was combined
with PyKC (below its CGC), turbidity appeared under basic pH
due to complex coacervation initiated by dynamic covalent cross-
linking from imine and disulfide bonds. The coacervates
were highly adaptive towards any alterations in pH or redox

conditions. The execution of pH clocks (TRIS:GdL) and redox
clocks (H2O2/TCEP) produced transient coacervates with modul-
able lifetimes. The breaking of imine bonds under acidic condi-
tions or disulfide cleavage under reductive environments
dissolved the coacervates and inhibited LLPS.

Sometimes the assembly process can be driven by small
molecules, whose consumption or dissipation over time can
induce adaptive properties under non-equilibrium conditions.
For example, a recent report has shown the formation of
transient superstructures with PAs through activation with
ATP (a biologically relevant small molecule) and deactivation
through enzymatic consumption of ATP. They demonstrated
that ATP aided the formation of b-sheet superstructures in a
solution of polydisperse morphologies of C16V3A3K3 (36,
Fig. 11B).49 ATP provided proper charge screening and stabi-
lised bundled nanofibers. Gradual enzymatic degradation of
ATP by ATPase temporally disassembled the superstructures.
Another popular method for creating transient peptide-based
self-assemblies involves regulating the hydrophobicity of acidic
side chain residues through carbodiimide chemistry. Boekhoven
and coworkers have made significant contributions through their
extensive work on PAs with terminal aspartic acid residues.126–128

In this family of PAs, the addition of carbodiimide EDC generates
active building blocks capable of supramolecular assemblies. The
precursors are otherwise hydrophilic and fail to show assemblies.
The terminal acid groups are locked into activated anhydride
groups with EDC, which hydrophobized the overall molecule,
enabling aggregations. These building blocks and their self-
assembled structures were transiently formed as anhydrides were
dissipated over time under a hydrolytic medium. A recent report
utilising this chemistry has been put forward by Ahmed and
coworkers employing an NMI functionalized ultrashort peptide
amphiphile (NI-VD) (37, Fig. 12A).50 When chemically fuelled with
EDC, NI-VD formed NI-VD-An, which underwent hydrogelation.
Entrapment of suitable energy acceptor dyes, such as DBT and
NR, led to sequential energy transfer, resulting in multicolour
gels with a transient nature under dissipative environments.

Fig. 11 Schematic representation of (A) kinetically controlled transient hydrogels with redox-reversible disulfide bond-based PA. (B) ATP-regulated
assembly-disassembly of transient PA superstructures. Adapted from ref. 48, 49 Copyrights 2018, American Chemical Society; 2025 Wiley-VCH GmbH.
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The multicoloured transient gels were further exploited in strate-
gising information encryption techniques with anti-counterfeiting
properties.

Since chemical fuels generate waste, repeatability is increas-
ingly hindered by the accumulation of waste in chemically
triggered systems over multiple cycles. The light-mediated
assembly process is significant in this aspect. Generation
of temporal properties through photo-responsive assemblies
of PA is unique in its reproducibility. This can be achieved by
integrating photo-responsive groups, such as spiropyran (SP)
and azobenzene, into the design of PA. Such an example can
be observed in the light-mediated gelation of a spiropyran-
functionalized PA.129 Normal conditions make the PA hydro-
philic when the charged merocyanine (MC) form persists.
Light-triggered MC to SP conversion provided a proper amphi-
philic balance to the molecule, enabling the hydrogelation
process. When irradiation was stopped, the molecule reverted
to its equilibrium state, making the gel unstable again, and
thus a transient gel was formed.

Over the past decade, Das and coworkers have rigorously
investigated peptide-based assemblies to create temporally
controlled functional nanostructures. They have thoroughly
explored the non-equilibrium temporal regulation of catalytic
and structural properties of active amyloid polymers based on
short peptides.130,131 In their most recent reports, they have
demonstrated peptide-based catalytically active coacervates
that are sustained out of equilibrium.51 When a monocationic
aldehyde (Ar-CHO) was mixed with a free amine containing a
tetrapeptide (38, Fig. 12B) under basic conditions, it immedi-
ately formed passive coacervates after the generation of imine
bonds in Ar-38 (Fig. 12B). They showed coalescence with time.
Active coacervates were obtained when the two components
were mixed in the presence of cyclohexanone (CH). In this case,
although large coacervates were produced immediately, they
reduced in size over time and showed much lower coalescence.
The free amine here catalyses the aldol condensation between
CH and Ar-CHO through enamine reactions generated from
the imines inside active droplets. This consumed a molecular

Fig. 12 (A) EDC-fueled time-gated luminescent transient hydrogels with multicolour emission. (B) Schematic representation showing the formation of
(a) passive coacervate in the presence of 38 and Ar-CHO; and (b) active coacervate in the presence of 38, Ar-CHO, and CH. (c) Chemical structures of
peptide, in situ formed imine, control peptide, and aldehydes. Adapted from ref. 50, 51 Copyrights 2025 Wiley-VCH GmbH.
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component necessary for the formation and sustenance of
coacervates over time. Hence, the droplets reduced in size
instead of coalescing. When CH and Ar-CHO were added in
batches again, active coacervates with temporally dynamic
dissolution and regeneration cycles were observed. Suppression
of coalescence could modulate the lifetime of a system that
demonstrated compartmentalisation along with intrinsic cata-
lytic potential. The concept was also extrapolated into a more
complex system that utilised similar chemistry to show demix-
ing (phase separation) and dissolution of chiral coacervates
under non-equilibrium conditions.132 Here, active coacervates
were formed from aromatic aldehydes containing esters and a
free amine containing a tetrapeptide that exhibited enantio-
selective esterase activity. Active corcervates contained intrinsic
catalytic properties that enabled them to cleave ester bonds,
leading to the dissolution of droplets. Low-molecular-weight
active coacervates provided a chiral microenvironment that
facilitated kinetic resolution in chemical transformations, as
observed in the dynamic nature of complex, membraneless
organelles.

Supramolecular host–guest chemistry allows ample oppor-
tunities to create stimuli-responsive smart materials. However,
this particular area is not very well explored for creating
transient assemblies. We relied on the hetero-ternary complexa-
tion by CB[8] that lead to the formation of supramolecular
peptide amphiphiles (SPA)and their vesicular aggregates.133–137

First, we established a SPA, which was reversible with respect to
an imine bond (Fig. 12A).52 The SPA was constructed from two
parts – an aldehyde-functionalized peptide-based head group
and a long-chain aliphatic amine. The peptide head group was
fully assembled by applying stable ternary complexation of
CB[8] with the two aromatic guests – one functionalised with

the aldehyde derivative (MV-CHO), while the other having the
peptide head group (Nap-P, 39 Fig. 13A). The head group (Nap-
P) contained a naphthalene unit as a guest for CB[8] appended
to a hydrophilic sequence (GGGRGD) that could act as the polar
head group. When a pH clock comprising urea-urease (a fast
activator) and glucono-d-lactone (GdL) (a slow deactivator)
was initiated, the pH increased rapidly due to the release of
ammonia from urea hydrolysis. This prompted the instanta-
neous formation of the imine bond between the two halves of
the SPA, which assembled into vesicles. Saponification of
GdL reduced the pH gradually over time, which caused the
rupture of the dynamic covalent (imine) bonds.138 The vesicular
arrangement lost its integrity as the SPA disintegrated over
time. The pH clock was repeated over multiple cycles, and time-
programmable transient vesicles were formed. The temporal
regulation of vesicles through host–guest chemistry has been
rarely explored in this manner.

The work was further extended to create transient vesicles
with more complex functionalities (Fig. 13B).53 The head group
of Nap-P was altered with GRSH (Nap-His, 41 Fig. 13B). This
sequence is a well-reported catalytic triad that is capable of
hydrolysing esters. A library of esters was studied as substrates,
and a self-abolishing vesicle was created. The addition of alka-
line TRIS buffer (pH 9.0, 1 mM) generated the vesicles.139 The
esters were hydrolysed at the surface of the vesicular nanozyme
from the cooperative effect of catalytic triads in proximity.
Hydrolysis of the esters released acids and phenols from vari-
ous substrates (pNPA, pNPCAA and DNPA). The acids produced
in situ were themselves responsible for pH reduction and
disruption of vesicular aggregates. This is an example of bio-
mimetic auto-regulation where products of a particular reac-
tion inhibit their own production through negative feedback.

Fig. 13 Chemical structures and graphical presentation of (A) a pH-clock-driven temporal formation of a CB[8]-assisted SPA and its vesicles. (B) The
formation of CB[8]-assisted SPA and the self-inhibitory feedback-driven temporal formation of nanozymes showing hydrolase-like catalytic activity.
Reproduced from ref. 52 and 53. Copyrights 2019 and 2022 Royal Society of Chemistry.
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The lifetime of the transient vesicles was controlled through the
rate of catalytic activity and the hydrolytic propensity of the
substrate studied. In a parallel study involving a similar system,
a cascade reaction was investigated using a transient vesicle
that followed a dual feedback loop.140 A similar vesicular
components were maintained, including a similar peptide
sequence for hydrolase activity. The chemoenzymatic pH cycle
consisted of a TRIS buffer as the activator and glucose-glucose
oxidase (GOx) as the deactivator. The alkaline buffer triggered
the formation of transient vesicular nanozymes. Hydrolysis
of an ester of guaiacol produced hydrophobic guaiacol, which
was effectively sequestered in the vesicular bilayer. The vesicles
were activated in the presence of Hemin, which was also
retained preferentially in the bilayer. In the same system, the
enzymatic oxidation of glucose generated gluconic acid as the
deactivator and H2O2 as the by-product. The H2O2 promoted
the oxidative formation of tetraguaiacol from guaiacol by the
peroxidase activity of hemin, while the gluconic acid lowered
the pH to disrupt the vesicles. This peptide-based nanozyme
demonstrated several complex life-like features. They include
in situ generation of deactivator leading to self-regulating vesicles,
tandem reactions where the product of one reaction (H2O2 and
guaiacol) serves as the reactant for another (peroxidase), bidirec-
tional positive (through H2O2) and negative (through gluconic
acid) feedback loop operated in controlling both the lifetime and
kinetics, nano-compartmentalisation through selective sequestra-
tion in a hydrophobic domain. All these attributes enabled the
vesicles to act as tandem nanozymes, exhibiting selectivity,
enhanced activity, substrate specificity, and repeatability, simi-
lar to cellular systems. The strategy employed here, using pH-
responsive PA, can be extended to combine incompatible
catalysts in multicompartment nanozymes for efficient one-
pot tandem transformations.

These studies suggest that peptide-functionalized assem-
blies can be rationally designed to generate innovative, adap-
tive, and life-like systems. Beyond exhibiting contemporary
biomimetic characteristics, such platforms offer valuable
insight into early evolutionary processes by employing biologi-
cally relevant, primitive molecular building blocks. While
recreating truly life-like behaviour remains a distant goal due
to the inherent complexity of living systems, current advances
represent an important first step. With continued technological
progress and the integration of machine-learning–driven
design, the future of this field appears highly promising.

Conclusions and outlook

This review underscores the significant potential of self-assembled
short peptides across diverse applications. Effective application-
specific design requires a clear understanding of the intended use,
followed by careful selection and positioning of amino acids within
the peptide sequence to meet those requirements. In sensing
applications, the ligand and chromophore are arranged such that
analyte binding induces a measurable spectral change. Likewise,
for catalysis, the display of catalytic motifs on the surface of

ordered peptide assemblies is crucial, as this organisation enables
efficient catalysis through a persistently high density of functional
sites. For tissue engineering and 3D cell culture, the aggregation of
the peptides must fulfil the criteria of forming a three-dimensional
network mimicking the ECM, and the sequences should be
designed in a way to effectively adhere the cells. It has been a
long-standing goal of supramolecular chemists to create self-
assembled systems in which molecules can be arranged to allow
for the directed and controlled flow of electrons. Small peptide-
based systems hold high potential in the field of organic electro-
nics. However, the goal is yet to be achieved. In drug delivery,
injectable hydrogel systems that resist dissolution in biofluids and
respond to local biological cues are essential for effective in vivo
performance, and advances in peptide design increasingly enable
these requirements to be met. Finally, the emerging field of life-like
systems illustrates how small peptides can be precisely tailored to
form dissipative, transient assemblies.

In the era of AI and ML, future research is likely to be highly
impacted by AI and ML in a positive way. Reports are surfacing
on artificial intelligence-driven approaches for the rational design
of peptides with predictable aggregation propensity.61,62 With
advanced ML tools, combined with input from state-of-the-art
computational modelling, it will be easier to predict, design, and
prepare new peptides for targeted applications. The applications
will no longer be restricted to the one mentioned in this article.
Rather, we can expect applications in several new fields. For
instance, energy storage and battery technologies are areas where
peptides have seen limited presence so far. However, the emer-
ging catalytic efficiency of peptide-based aggregates suggests that
small peptides could become viable components in such systems.
These small peptides often face significant challenges related to
stability, cellular uptake, and overall bioavailability. While indivi-
dual modifications may not adequately address all these limita-
tions, macrocyclisation could be one powerful strategy capable of
simultaneously enhancing affinity, selectivity, proteolytic stability,
and membrane permeability.141 In this regard, AI and ML-based
tools could be of significant help, as they will enable the easy
identification of biocompatible sequences and their modifica-
tions. Another major concern is the scalability of these peptides.
Scaling peptide production from milligram to kilogram scales
entails many technical and operational challenges. However, with
newer technologies like microwave-assisted peptide synthesis,
contract development & manufacturing organisations (CDMOs)
across the world are handling this issue successfully. Overall,
supported by accumulated knowledge and advancing technolo-
gies, small peptide-based systems hold a promising future.
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