Sccs

Chemistry

MINI REVIEW

Received: July 18, 2023 | Accepted: Sept. 19, 2023 | Published: Oct. 27, 2023

Oligopeptide Self-Assembly:
Mechanisms, Stimuli-Responsiveness,
and Biomedical Applications

Lei Ge"?, Hanyan Xu", Xin Jiang' & Jing Yu"?*

'School of Materials Science and Engineering, Nanyang Technological University, Singapore 637553, 2Institute for
Digital Molecular Analytics and Science, Nanyang Technological University, Singapore 637553

*Corresponding author: yujing@ntu.edu.sg, 'L. Ge and H. Xu contributed equally to this work.

Cite this: CCS Chem. 2024, 6, 69-90
DOI: 10.31635/ccschem.023.202303209

Oligopeptide self-assembly materials have emerged
as a promising class of biomaterials with diverse
applications in biomedicine. This review highlights
the recent progress in comprehending the self-
assembly mechanisms intrinsic to oligopeptides and
their behavior in response to specific stimuli. By
methodically structuring the amino acid sequence
and managing external stimuli such as pH levels,
redox conditions, or enzymatic activity, we can exer-
cise unprecedented control over the self-assembly
process. By controlling the self-assembly process of
oligopeptides, various structures with extraordinary
versatility can be obtained, including micelles, nano-
fibers, and coacervate droplets, each possessing
modifiable mechanical and chemical properties.
Furthermore, these self-assembled constructs
demonstrate immense potential within varied bio-
medical applications. The stimuli-sensitive nature of
oligopeptide assembly materials facilitates timely
encapsulation and release of therapeutic cargos,
consequently eliciting desired cellular responses.
This approach paves the way for more precise tumor
targeting, personalized medicinal treatments, and
well-regulated drug dispensation. Their innate
biocompatibility and proficiency in replicating the
extracellular matrix (ECM) render them ideally suited
for applications such as tissue engineering, wound
remediation, and regenerative medicine. In summary,
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oligopeptide self-assembling materials show tre-
mendous potential as adaptable platforms for cut-
ting-edge biomedical applications, thereby bridging
the divide between fundamental research and prac-
tical clinical application.
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Introduction

Oligopeptides, typically ranging from 2 to 20 amino acid
residues in length, are integral components engaged in
an array of biological processes, encompassing vital
functions such as cellular signaling, enzymatic activities,
and protein structure.! Their compact sizes allow for
easier synthesis and modification, positioning them as
optimal building blocks for the creation and synthesis of
functional materials. Interestingly, oligopeptides can
spontaneously arrange themselves into highly-defined
nano or microstructures. These possess controlled sizes,
shapes, and functionalities, thereby forming what we
term oligopeptide self-assembly materials.?*

The self-assembly process of oligopeptide self-
assembly materials is predominantly directed by their
primary and secondary structures.>” The primary struc-
ture, defined by the distinct sequence of amino acids
(AAs), lays the foundation of their self-assembly.
Secondary structures, such as a-helices and p-sheets,
emerge from the folding and interplay of the amino acid
residues. Manipulating these primary and secondary
structures allows for control over the self-assembly
behaviors of oligopeptides, enabling the creation of func-
tional materials suitable for an array of biomedical appli-
cations.®® The permutations and combinations of diverse
modular primary and secondary structures yield a broad
spectrum of morphologies in oligopeptide self-assembly,
including micelles,” wormlike micelles,” nanofibers,?"
nanotubes,” liquid droplets,”® and more. Understanding
the relationship between oligopeptide structure and
morphology provides valuable insights for the develop-
ment of novel biomaterials with enhanced functionality
and performance.

The self-assembly of oligopeptides exhibits remark-
able stimulus-responsive behavior, enhancing their ver-
satility in biomedical applications. These materials are
capable of structural alterations in response to a variety
of external stimuli®” such as pH, temperature, redox
conditions, and enzymes. The inherent design and com-
position of oligopeptides allow for precise control over
their responsiveness to specific triggers. By integrating
specific functional groups or sequences into the oligo-
peptide structure, the self-assembling materials can
exhibit reversible or irreversible transformations. These
transformations result in changes in physical properties
such as morphology, stability, and drug release
kinetics.”® Furthermore, the responsiveness of oligopep-
tide self-assembly materials can be engineered to echo
physiological cues, enabling interactions with biological
systems, including cell adhesion, migration, and tissue
regeneration. The ability of these materials to adapt and
respond to their environment makes them promising
candidates for the development of advanced drug deliv-
ery systems, biosensors, and tissue engineering scaffolds
with enhanced functionality and therapeutic efficacy.?°%
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Compared to artificial materials governed by thermo-
dynamic parameters, kinetic controls take precedence
in oligopeptide self-assembly, providing the potential
to create life-like, programmable, and “intelligent” mate-
rials.?® These materials implement nonequilibrium con-
cepts typically found in biological systems. Living
systems exist out of equilibrium, experiencing formation
and degradation processes driven by constant energy
input. The input energy supports integrated reaction
networks that, in dynamic behavior, uphold concentra-
tion gradients and facilitate an active transport of func-
tional molecules over time and space.?*

The oligopeptide self-assembling process demon-
strates both thermodynamic and kinetic behaviors."?* The
energy and entropy contributions of the assembly deter-
mine the equilibrium status, while the kinetic aspects can
complicate the assembly process, resulting in kinetic
traps. These kinetically trapped states might relax into
the global free-energy minimum within accessible time-
scales, although some might fail to do so throughout
experimental observation time. Changes in solvent prop-
erties such as pH* and salt concentration? can permit
kinetic controls as associated interactions and energy
barriers are modified. Furthermore, differences in the
preparative pathway can yield several distinct assembled
architectures as kinetically trapped products.® Unlike
isolated systems, the self-assembly kinetics of oligopep-
tides can be regulated by energy input and the rates of
related dynamic reaction cycles.?® Such kinetic control
can orchestrate spatiotemporal organization over struc-
tures and properties through the tunable lifetime of
intermediates in reaction cycles. Liquid-liquid phase sep-
aration (LLPS) mediated self-assembly represents a non-
classical nucleation and growth process. Its structural
evolution is highly dynamic, and the associated energy
barrier depends on the diffusion and relaxation of inter-
mediates.*® Understanding and reproducing the growth
of fibrillar structures inside liquid condensate will aid in
deciphering the pathological causes underlying neuro-
degenerative diseases.

Oligopeptide materials have been applied broadly
in various areas of biomedicine, from drug delivery sys-
tems to biosensors and tissue engineering.®*? They have
been utilized as drug delivery systems, where the self-
assembled nanostructures encapsulate therapeutic
agents and release them at specific sites or in response
to specific stimuli. The structural changes associated
with self-assembly can induce alterations in optical, elec-
trical, or mechanical properties, providing a signal read-
out for analyte detection. The adaptability of these
materials allows them to mimic the natural extracellular
matrix (ECM), making them ideal for creating biomimetic
environments for cell culture and tissue regeneration.

This review explores the multifaceted world of oligo-
peptide self-assembly materials, illuminating both the
potential and challenges that lie ahead. We discuss their
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customized primary and secondary structures across
various length scales, their stimuli-responsive behaviors,
and dynamic transformations. Despite the vast applica-
tions and potential of these materials, we still lack a
comprehensive understanding of the nonequilibrium
self-assembly processes and structure-function relation-
ships of oligopeptides. The introduction of machine
learning offers promising opportunities for advance-
ments in this field.

The self-assembly of oligopeptides with
designed primary and secondary structures
across various length scales

The self-assembly of oligopeptides can generate a
multitude of structures across varying length scales,
endowed with desired functionalities, utilizing a modest
palette of just 20 AAs and simple motifs of secondary
structures.? AAs, with their diverse physicochemical
characteristics—polar or nonpolar, charged or non-
charged—serve as minimal building blocks, enabling the
design of peptide sequences in a programmable manner
with predictable properties. Secondary structures in pep-
tides such as p-sheet and a-helix can influence the as-
sembly behavior kinetically and thermodynamically,
further facilitating the formation of complex frameworks
(Figure 1).

The delicate balance of noncovalent intermolecular
interactions, including hydrogen bonds, hydrophobic
interactions, n-r and cation-r interactions, and electro-
static interactions, plays a crucial role in guiding the
collective self-organization in peptide assembly.’? This
interplay produces variations in the morphologies and
dimensions of assembled structures (Table 1).
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Figure 1| Length scales of the hierarchical complex struc-
tures involved in oligopeptide self-assembly.
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Among these interactions, hydrogen bonding, which
originates from backbones and/or side chains, is the most
pervasive.*®* The formation of secondary structures or
disordered conformations arises from intramolecular hy-
drogen bonding between proximal AAs.** Hydrogen
bonding is oriented and, with a strength of 10-40 kJ mol~,
it is stronger than van der Waals forces.? Fibrillar assem-
blies created by peptide amphiphiles or amyloid-like pep-
tides are associated with ordered p-sheet interactions.®**®
The formation of LLPS can be influenced by extensive
H-bonding.™*’

Hydrophobic interaction is another primary driving
force, which encourages peptides to aggregate together
and expel water molecules away. This interaction is typi-
cally long-range attractive, entropy-dominated, and gen-
erally less potent than hydrogen bonding. A specific form
of hydrophobic interaction is n-r stacking, which is often
involved with AAs with aromatic residues, particularly
phenylalanine (F). Contrasting with typical hydrophobic
interactions that are nonoriented, n-r stacking exhibits a
high degree of organization and directionality in peptide
assembly.*® This characteristic contributes to the preva-
lence of fibril structures in certain short amyloid peptides
and their analogues. Electrostatic interaction, specific to
AAs with charged residues and highly dependent on
solution environments like ionic strength and pH, is an-
other essential long-range force that is easily regulated.””

In addition to primary forces, other interactions like
cation-r interactions play a significant role. For instance,
they are evident in the lysine (K)-3,4-dihydroxy-L-phe-
nylalanine [(K)-DOPA] sequence found in mussel-in-
spired peptides.’’” Another example is the arginine (R)-
tyrosine (Y) interactions in DNA/RNA-binding protein
FUS,”® which facilitate LLPS. Also, metal-coordination
interactions are often present and applied in the assem-
bly of higher-order structural frameworks through the
spontaneous metal-coordinated crossings and folding of
peptidyl linkers.””7®

The self-assembly of oligopeptides can generate a
wide array of morphologies, including spherical micelles,
worme-like micelles, fibrils, and nanosheets.>*>* The scale
of these assemblies can range from nanometers to sub-
millimeters.*®*’° The principle of assembly shares similari-
ties with that of conventional block copolymers, which
can be determined using the packing parameter, p = ﬁ
where v is the volume of the hydrophobic domain, O, is
the effective area of the hydrophilic head domain, ¢, is
the length of the hydrophilic segment.”> When p < 1/3,
spherical micelles are favored, whereas cylindrical
micelles are preferable when 1/3 < p < 1/2. When
1/2 < p < 1, a transition to bilayer lamellae or vesicles
occurs, and planar lamella is achieved at p = 1. Forp > 1,
inverted structures may occur.

However, the secondary structures folded during as-
sembly can alter the expected assembly results. Peptide
amphiphiles such as CigVzAzKz, due to the p-sheet


https://doi.org/10.31635/ccschem.023.202303209
https://doi.org/10.31635/ccschem.023.202303209

MINI REVIEW

@CCS

Chemistry

VLS uoljesiusduod ‘yes ‘Hd SuoI3oeI9}UI D138}S0J108|8 ‘Bulpuog-H Nk Ax Ax AAADA D« A AN OANAD 191-MD
/LTl uoljesjusouod ‘gjes ‘Hd (souejeq) Buiyoels r-x 445544 S931eAJ80R0D
asde||0d d1goydoipAy
VA AdUBA|0S0D Q99ays-g ‘Bupoels 1-1 34H94¢3
asde||02 d1goydoipAy
0.'69 }jes ‘Hd ‘suoljoelalul 013e350.4309|3 %D s199ysS
8965 Ayjediys ‘Hd asde||od olgoydoupAy ‘xijay-o gy
Aylediyo
£9°99 ‘swiy ‘sunjesadwsy ‘Hd suol3oRISIUl D11RISOLIOD|D 19dYs-( CHN-3AM434M4-0V
G9-29 3o8ys-¢ CHN-TVA4ATH (-ov /W)
z9'19 auwll| asde||od d1qoydoipAy 19ays-g MA44-°D sagnjoueN
uol3eJ3usduU0d
09 ‘@injesadway yjes ‘Hd SUOIORJDIUI D11R]S0U}09[D ‘199ys-¢ Slyv3
65'8S dwAzuz asde||0d dlqoydoapAy Xijay-o AM1T71¢-agnd
SWAZUS ‘ADUBA|OSOD
£LS-¢CS ‘suol-jeyawl ‘Ayjjediyo ‘Hd pupoels -1 ‘}o8ys-g 44(-o0w)
LS-8v dwAzus ‘Hd }o8ys-¢ CHN-TVA4ATIN-OY
uo|3eJ3uaduo0d asde||0o d1goydoipAy
[Y-SP'SS ‘@anjesadwa] ‘yes ‘Hd ‘suOIjorJI9IUI D11R1S04109| 198Ys-g EMEVEAOD s|qi4
a4 2w} ‘AOUBA|0SOD 199ys-¢ ‘Bupjoels x-x 44 (-z/209)
or'6s Hd ‘suol-|e1s UOI1RUIPJIOOD UOI-|R}dW ‘©sde||0d 21qoydolpAH 9(SIH)1SO S9||921IN
Joy SJ030e4 suoljoesalu| seduanbasg so1bojoydio|n

$10)084 paduadNjjul Se [|dM Se 'S8040+ BUIAIg JueuluIog Sa160joydio p3|quUIsSSYy subiseg aousnbas [eaidA ] Jo Alewwns ay/ | L dlqel

Link to VoR: https://doi.org/10.31635/ccschem.023.202303209

DOI: 10.31635/ccschem.023.202303209

Citation: CCS Chem. 2024, 6, 69-90


https://doi.org/10.31635/ccschem.023.202303209
https://doi.org/10.31635/ccschem.023.202303209

@CCS

MINI REVIEW

Chemistry

forming Val-Ala repeated domain show a strong propen-
sity to form one-dimensional (1D) assemblies like those of
fibers and nanoribbons.*>**8° Amyloid-forming oligopep-
tides such as Lys-Leu-Val-Phe-Phe-Ala-Leu (KLVFFAL),
and the dipeptide FF also tend to form fibers and nano-
tubes due to the directional B-sheet patterns.®®’°# In
contrast, surfactant-like peptide sequences, like CigK,
and oStHg, can form a range of structures, including
micelles and membranes (vesicles). These structures are
achieved by simply adjusting the size of the head group
due to the absence of folded conformation.®*¢°

While the self-assembly of p-sheet structures is well-
established in the construction of various assembled
structures, that of helical peptides has been far less
explored, even though many native protein filaments
comprise protomers that adopt an a-helical conforma-
tion.*®2 This lack of study is due to several challenges: (1)
the need for longer peptide sequences (20 or more AAs)
to ensure stable helical folding, (2) the difficulties asso-
ciated with de novo sequence design, and (3) the unpre-
dictability of the self-association model.®* Despite these
challenges, peptides with helical structures can be pre-
cisely programmed into tertiary structures of cross-a
architecture or/and quaternary structures of coiled-coils
domains, which can further arrange into protofilaments
and nanotubes.?*®> Additionally, some surfactant-like oli-
gopeptides and rod-coil diblock polypeptides based on a
poly(L) helical motif have been designed.®®5®” The as-
sembly of these structures can be adjusted through
packing parameters, leading to the formation of fibrils,
nanotubes, and vesicles.

In contrast to the organization and order found in
structured proteins, intrinsically disordered proteins
(IDPs) can exhibit LLPS in disordered phases. These IDPs
usually have repeating motifs of low sequence complex-
ity with multivalency, which allows for multiple weak and
transient contacts among the repeated units.” Oligopep-
tide sequences derived or inspired from IDPs aim to
recreate the phase separation and to understand the
molecular-level mechanisms underlying coacervation.
Examples include peptides derived from mussel foot
proteins (GK-16*: GYKGKYYGKGKKYYYK), histidine-rich
peptides from squid beak proteins (GY-23: GHGLY
GAGFA GHGLH GFA GHGLY), and other designed oligo-
peptide motifs.”>®® Phase separation is driven and/or
regulated by electrostatic, hydrophobic, or cation-n
interactions, or a combination thereof. In addition to
LLPS triggered by a single peptide, the attraction of a
peptide with other molecules into a phase can also occur.
The propensity for phase separation can be tuned
through the length and charge density, as well as the
ionic strength, with typical examples, including polyly-
sine/nucleotides®® and polylysine/polyglutamate.®®

Many functional proteins in biological systems fold into
specific, ordered, and stable 3D structures, leading to
macroscopic materials with hierarchical architecture that
DOI: 10.31635/ccschem.023.202303209
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possess remarkable mechanical properties.” Current re-
search on the self-assembly of oligopeptides is primarily
focused on optimizing ordered structures such as fibers
and their resulting functionalities to mimic these proteins.
This approach is largely driven by thermodynamic con-
siderations. However, IDPs, which lack specific secondary
or tertiary structures but are highly flexible and adapt-
able play distinct roles in functional phenomena like
allosteric regulation and enzymatic catalysis.®> Recent
research has leveraged the integration of order and
disorder, applying kinetic control over the ordered struc-
tures and creating accessibility to systems with dynamic
and temporal features.®® The self-assembly of oligopep-
tides is now evolving towards dynamic responsiveness
and adaptability to applied stimuli, enabling self-organi-
zation in a more kinetically controlled manner, which can
be regulated in a precise space and a specific time frame.

Stimuli-responsive assembly
of oligopeptides

The specific morphology of assembled peptides is a
result of the balance and competition among various
noncovalent interactions. External stimuli such as pH,
salt, redox conditions, enzymes, and temperature can
manipulate these self-assembled morphologies. pH and
ionic strength have great impacts on electrostatic inter-
actions. This is a reflection of the intricate interplay of
driving forces being affected. pH and ionic strength
significantly impact electrostatic interactions, while in-
creasing temperature can enhance hydrophobic interac-
tions and weaken hydrogen bonding between water and
the amide carbonyls.”® Thermal annealing can prompt a
transition from nanofibers to nanosheets in specific pep-
tide amphiphiles due to heightened hydrophobic inter-
actions and stronger H-bonding among peptides, which
results in more organized p-sheet arrangements.?® More-
over, certain short peptide motifs undergo LLPS when
the temperature rises, attributed to increased hydropho-
bic interactions.®”? The escalation in desolvation from
elevated temperatures can further initiate their assembly
into nanofibers or nanobelts.8°* Additionally, while co-
valent bond formation augments structural integrity,**%
it also acts as a chemical stimulus to catalyze the self-
assembling process.®®®” A recent example of this is the
precursor peptide reacting with a hydrophobic tail to
form a covalent oxime bond, producing a peptide am-
phiphile that subsequently assembles into fibers.*®

lonic AAs such as lysine (K), histidine (H), and gluta-
mate (E) can undergo protonation and deprotonation in
response to pH changes. For instance, protonation of
glutamate residues at pH 6.8 can induce the assembly
of a peptide amphiphile into nanofibers and hydrogela-
tion due to the suppression of electrostatic repulsion at
head groups. However, these structures cannot form at
pH 7.4 (Figure 2a).%®
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Figure 2 | (a) pH-induced deprotonation or/and protonation of certain AAs (such as lysine, histidine, glutamate, etc.)
which stimulates self-assembly of peptide amphiphiles. For example, the protonation of glutamate residues at pH 6.8
induces the assembly of an oligopeptide amphiphile into nanofibers and hydrogelation.®® (b) Redox-controlled
oligopeptide self-assembly. Reduction of Fc* to Fc by the reductant ascorbic acid leads to the increase of its
hydrophobicity and aromaticity, thus leading to the formation of cylindrical fibrils. Meanwhile, oxidation into Fc* by

the oxidant Fe(CIO4)z with enhanced head charges induces

the assembly of spherical micelles.”® (c) Reactive oxygen

species (ROS)-responsive oligopeptide self-assembling systems. Cleavage of a ROS-sensitive thioketal group induces

fiber formation due to the loss of the hydrophilic PEG chain

9% () Enzymes are mostly exploited for the intracellular

transformation of synthetic oligopeptide precursors into activated monomers for self-assembly. The phosphopenta-
peptide, self-assembling to form micelles, which transforms into nanofibers upon the dephosphorylation catalyzed

by ALP?>®

Redox-sensitive peptides can be triggered to change
their morphology in oxidative-reductive environments.
The redox moieties utilized include thiol-ether bonds,
ferrocene (Fc), thioketal, and others.”” The conversion
of Fc to ferrocenium (Fc*) through oxidation alters its
hydrophobicity and aromaticity. Fco,FKFFFRGDR with
the Fc* terminals assembled into spherical micelles, but
it formed fibrils with the reduction of Fc' into Fc
(Figure 2b).*° Redox conditions naturally occur in inter
and intracellular environments, enabling spatiotemporal
control over the formation of intracellular nanostructures
and targeted functionalities. Glutathione (GSH), rich in
DOI: 10.31635/ccschem.023.202303209
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eukaryotic cells, acts as a reducing agent to induce the
cleavage of disulfide bonds.”*? Reactive oxygen species
(ROS) are overproduced in abnormal cells and can pro-
mote tumorigenesis and proliferation. Thus, ROS-oxida-
tion-driven self-assembly can specifically target cancer
cells, creating advanced delivery systems and prodrugs
that can distinguish between normal and abnormal cells
or between intra- and extracellular compartments.”*? A
polymer-peptide conjugate (PPC) was synthesized with
B-sheet-forming peptide KLVFF that coupled with a
hydrophilic poly(ethylene glycol) (mPEG) via thioketal
moiety (Figure 2c¢).°° The conjugate collapsed into


https://doi.org/10.31635/ccschem.023.202303209
https://doi.org/10.31635/ccschem.023.202303209

@CCS

MINI REVIEW

Chemistry

nanoparticles at normal physiological conditions, where-
as transformed into fibrillar nanostructures due to the
cleavage of mPEG upon the oxidation of thioketal by the
overgenerated ROS (measured in pM) in tumor cells.

Intracellular transformation of peptide precursors into
self-assembling monomers, directed by enzymes, is spe-
cific to their cellular localization and substrate recogni-
tion motifs. The variety of intracellular enzymes allows
for spatiotemporal tailoring of enzyme-triggered self-
assembly.”® A good example is the phosphopentapep-
tide NBD-LLLL,Y, containing a leucine-rich segment and
phosphotyrosine. The peptide can be catalyzed by the
enzyme alkaline phosphatase (ALP) to undergo dephos-
phorylation (Figure 2d).%® During this process, the surface
charges decrease, which triggers a change in the confor-
mation of the peptide to an a-helical structure. The
change in conformation and surface charge promotes
the transformation of the peptide’s self-assembled struc-
tures from spherical micelles to more elongated struc-
tures such as fibrils or nanotubes.

The stimuli-responsiveness of peptide assembly in
response to pH, redox conditions, and enzymes is par-
ticularly attractive for diagnostic and therapeutic appli-
cations. The transition from spherical aggregates to
fibrillar structures triggered by specific intracellular cues
can enhance their accumulation within tumors, inducing
self-cytotoxicity. As a result, they serve as promising
nanomedicines with sustained prodrug release and im-
proved drug efficacy.

Nonequilibrium self-assembly of
oligopeptides

Nonequilibrium self-assembly is essential in biological
systems for the creation of dynamic, adaptable, and
functional architectures. This mechanism allows biologi-
cal systems to actively respond to stimuli, utilize energy,
process information, and adapt to changing environ-
ments. While equilibrium self-assembly has its impor-
tance in generating stable structures, it often lacks the
dynamic and functional capabilities observed in nonequi-
librium systems. As such, there is a growing need to
develop assembly systems with life-like properties such
as dynamism and adaptability.*®

By exploring the energy landscapes of assembled pro-
ducts, we can gain insight into the influence of thermo-
dynamic and kinetic factors on molecular organization
and aggregated structures. Peptide self-assembling sys-
tems can be categorized into four states: equilibrium,
kinetically trapped, metastable, and dissipative states
(Figure 3a).251°41%5 The state of thermodynamic equilibri-
um is found at the lowest energy valley in the landscape.
However, this state is not static, but enables the continu-
ous exchange of substances at an equal rate during the
formation and dismantling of assembled structures.
Kinetically trapped and metastable assemblies are found
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at the local energy minimum, with the energy barrier of
the kinetically trapped state being higher than the meta-
stable one.”® Kinetically trapped systems generally have
a longer stability duration than the timescale of experi-
mental observation, often requiring external triggers to
escape from the trapped state. In contrast to these
closed systems, dissipative nonequilibrium systems need
a continuous energy flux to drive the assembly process.
The assembly can only take place when energy fuel is
presented, and the system will revert to the precursor
when the fuel is used up™’ (Figure 3b).

Time-dependent assembling is a key characteristic of
nonequilibrium assembly.®® Rapid condensation of
monomers may result in ‘erroneous’ binding due to non-
specific and weak noncovalent interactions, which lead
the assembly into a kinetically trapped state. This even-
tually transitions into the most stable aggregates over
the annealing period. This is observed in the transition of
gels to crystals in diphenylalanine (FF) derivatives over
time, as well as in assemblies that evolve from liquid
condensates. The self-assembly of Z-FF evolved from
the initial liquid droplet to several intermediates and
finally to the thermodynamically stable nanofibrils
(Figure 3c).”® These instances of time-dependent evolu-
tion involve a rearrangement from random intermolecu-
lar interactions into more robust and long-ordered
organizations.*® Additionally, the association and growth
of these aggregates into larger sizes and dimensions is
also a time-dependent process. This has been observed
in the Ostwald ripening of Boc-FF, in which a multistep
nucleation and growth process was noted, including the
structural transformation from soluble monomers to
spherical assemblies, then to nanofibers, and ultimately
to nanotubes.”

Solvation plays a crucial role in peptide folding and
stabilization. Even trace amounts of osmolytes like urea
can modify the stability and function of peptides, primar-
ily through favorable interactions with protein back-
bones via hydrogen bonding.®” The presence of a
cosolvent during the assembly process can prompt the
formation of kinetically-trapped intermediates. More-
over, variations in the sequence of sample preparation
can lead to different morphologies. For example, the
assembling of a peptide amphiphile (FgCy) transited
from nanosheets to fibrils with increasing methanol
(MeOH) concentration (Figure 3d).”" The solvency of
MeOH can reduce the polarity of the solvent, thereby
weakening the hydrophobic interactions that occur dur-
ing peptide association. Interestingly, the preformed
nanosheets did not disassemble or transform into fibrils
in over 2-month observation when the cosolvent solution
was added. This highlights the stability of some kineti-
cally-trapped assemblies and the dependency of the
assembly process on specific pathways.

Biological systems regulate their structures and
functions through chemical reaction cycles. A classic
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Figure 3 | (a) Schematic illustration of Gibbs free energy landscape.®? Reproduced with permission from ref 104.
Copyright 2017 Royal Society of Chemistry. (b) Schematic illustration of a self-assembling system at equilibrium or in a
kinetically trapped state (or metastable) and a chemical energy flux driving the equilibrium towards the aggregated
state.’® (c) Z-FF self-assembly with time-lapse. The structural evolution of Z-FF from the metastable liquid droplets at
initial status to nanofibrils after 1 h time-aging.”” Adapted with permission from ref 73. Copyright 2019 John Wiley &
Sons, Inc. (d) The nanosheet-to-nanofibril (2D-to-1D) structural evolution occurs with an increased methanol concen-
tration. A diagram showing the energy landscape of solvation-directed self-assembly, where pathway | underwent the
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nanosheets (state 2) at a kinetically trapped state.”” Adapted with permission from ref 71. Copyright 2019 ACS
Publications. (e) The intramolecular anhydrides are formed when the building blocks (such as Fmoc-AVD) bearing two
carboxylic groups are activated by fuel chemical EDC. The activated building blocks can assemble into fibrils while at
the same time, it can be hydrolyzed back to its precursor with carboxylic acid by reacting with water.’°® Adapted with
permission from ref 106. Copyright 2020 ACS Publications. (f) The pH-regulated electrostatic repulsion between Lys
residues can tune the liquid-to-gel transition of the coacervate.’” Adapted with permission from ref 37. Copyright 2022

Springer Nature Limited.
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example of this is the cycle of catastrophe and rescue in
tubulin, driven by reaction cycles between guanosine
triphosphate (GTP) and guanosine diphosphate (GDP).?®
This process is intrinsically regulated by the free energy
liberated from reaction conversions. To mimic such dy-
namic processes, oligopeptide systems that can facilitate
chemically fueled self-assembly are created to exercise
spatial and temporal control over material structures and
properties.”*® The Boekhoven group has designed a series
of carbodiimides-based reaction cycles in which carbo-
diimides act as fuels to drive peptide coupling. The intra-
molecular anhydrides at the sequence terminus (such as
Fmoc-AVD) can be activated using 1-ethyl-3-(3-(dimethy-
lamino)propy!) carbodiimide (EDC) (Figure 3e).°® The
deactivation process involves the hydrolyzation of the
activated monomer back to its carboxylic acid form.
These activated monomers, serving as intermediate pro-
ducts, can assemble into fibers. The kinetics of assembly
and disassembly, as well as the lifespan of the building
blocks, depend on the associated reaction rates, resulting
in a dynamic assembly system.

Oligopeptides were also engineered to replicate the
pathological states observed in neurodegenerative dis-
eases, which are thought to be related to the transition of
DNA/RNA-binding FUS proteins from a liquid droplet
population into fibrillar structures.™ The peptides first
form LLPS, followed by the nucleation and growth of
fibers. This research seeks to better understand the fun-
damental principles that govern order and disorder in a
biological context. Minimalistic amphiphilic peptides,
consisting of positively charged components from a
mixture of LVFFAR9 and R9 and negatively charged
counterparts such as adenosine triphosphate (ATP),
were designed.™ Interactions among R9/ATP triggered
the formation of liquid droplets. The coassembly of these
three components led to a local increase in the concen-
tration of LVFFAR9, which further organized into
thermodynamically stable fibers inside coacervates. The
R9 terminal is proposed to stabilize the interface be-
tween the amyloid fibrils and the condensate. The kinet-
ics of assembly can be regulated by the ratio of
components, and the nucleation and growth of fibers
occur over time.

Liguid-to-solid transition in the LLPS system can also
be initiated by manipulating the interactions. The LLPS
behavior formed by mussel-inspired GK-16* can be con-
trolled through fine-tuning electrostatic interactions and
DOPA-mediated H-bonding.®” Suppressing electrostatic
repulsion by increasing the pH from 3 to 7 triggers the
solidification of liquid droplets (Figure 3f).

Oligopeptides have been engineered to construct
complex supramolecular systems, incorporating multiple
dynamic features such as molecular recognition, preor-
ganization, induced fit, and spatiotemporal control.
These advancements aim to develop active and adaptive
life-like materials. Such systems are poised to
DOI: 10.31635/ccschem.023.202303209
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revolutionize biomedical applications in terms of
programmability, automation, and intelligence. By har-
nessing the principles of nonequilibrium self-assembly,
researchers aim to design new functional materials, drug
delivery systems, and artificial molecular machines, all
with enhanced capabilities and adaptability.

Biomedical application of oligopeptide
self-assembling materials

The biomedical field is seeing the emergence of an in-
triguing area driven by the use of self-assembling oligo-
peptide materials.®?> These impressive biomaterials, with
their natural tendency towards spontaneous organiza-
tion, hold immense promise for revolutionizing multiple
aspects of medicine. Self-assembling oligopeptide
materials have created new pathways for transformative
interventions in various biomedical applications from
targeted drug delivery and regenerative therapies to
tissue engineering and bioimaging.™ By harnessing their
unique physicochemical properties and intricate self-as-
sembly mechanisms, these materials offer unprecedent-
ed opportunities to address complex biomedical
challenges in a sophisticated and precise manner.

Tumor therapy

Cancer has persisted as a significant threat to human
health, necessitating the development of various thera-
peutic strategies such as chemotherapy, photodynamic
therapy (PDT), and immunotherapy, among others.™ ™
Self-assembling oligopeptide materials have emerged as
a prominent platform in cancer therapy, thanks to
their inherent superior biocompatibility, biodegradabili-
ty, and structural and functional versatility."™ They show
extraordinary potential in addressing the complexities of
cancer treatment by facilitating precise and controlled
interventions.

Chemotherapy remains a cornerstone in cancer treat-
ment."®2° Self-assembling oligopeptide materials pos-
sess the ability not only to deliver chemotherapeutic
drugs to tumors but also to leverage their responsive
properties within the tumor microenvironments (TME)
for effective drug release, thereby enabling targeted
cancer treatment.?%522"22 Hou et al.'””® designed an oligo-
peptide, named polysaccharide peptide (PSP), consist-
ing of a hydrophobic N-terminal pentavaline (VVVVV)
moiety, a pH-responsive segment (HH), and a hydrophilic
C-terminal sequence (RGDC) (Figure 4a). By conjugating
it to a p-peptide activator of tumor suppressor p53
termed PPMI (sequence: TPAPWPYPAPNPFPEPAP| PLPR),
a self-assembling peptide with tumor microenvironment
(TME) stimuli responsiveness named PSP-PPMI| were
generated. Under physiological conditions (pH 7.4),
PSP-PPMI could self-assemble into nanoshells, facilitated
by the presence of the PSP module. However, at pH 6.5,
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Adapted with permission from ref 123. Copyright 2018 ACS Publications. (b) Schematic illustration of self-assembly
and fibrillar transformation of the acid-activated peptide-porphyrin (PWG) nanoparticles and their application in
photodynamic therapy (PDT).?* Adapted with permission from ref 124. Copyright 2020 John Wiley & Sons, Inc.
(c) Schematic illustration of the cascade-targeted enzyme-instructed peptide and the proposed mechanism to boost
immunogenic cell death (ICD).”> Adapted with permission from ref 125. Copyright 2023 John Wiley & Sons, Inc.

protonation of histidine (His) residues within the PSP
triggered the disintegration of the nanoshells. After be-
ing internalized through RGD (Arg-Gly-Asp)-integrin-
mediated endocytosis, the PSP peptide, functioning as
a degradable accessory, was expected to undergo rapid
degradation by endosomal/lysosomal peptidases. This
degradation process would subsequently lead to the
release of PPMI, enabling its activation of the p53 signal-
ing pathway for anticancer therapy.

Moreover, oligopeptides have been employed to coas-
semble with photosensitizers utilizing multiple weak in-
termolecular interactions to construct self-assembled
nanostructures for PDT.*#126730 pDT has attracted consid-
erable attention in recent decades as an emerging ther-
apeutic modality. It utilizes photosensitizers to produce
cytotoxic ROS under specific wavelengths of light effec-
tively killing cancer cells.®"? For example, a pH-respon-
sive dipeptide, tryptophan-glycine (WG), was coupled to
a hydrophobic photosensitizer, porphyrin (P), through
the process of amidation, resulting in a porphyrin-
DOI: 10.31635/ccschem.023.202303209
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tryptophan-glycine (PWG) oligopeptide-photosensitizer
coassembled nanostructure for PDT (Figure 4b).”* Under
normal physiological conditions (pH = 7.4), PWG self-
assembled into nanoparticles. Upon reaching the tumor
tissue, the enhanced acidity of the TME facilitates the
protonation of PWG, leading to the formation of inter-
molecular hydrogen bonds and subsequent transforma-
tion of the nanoparticles into nanofibers. Thanks to
enhanced intersystem crossing, the fibrillar transforma-
tion of PWG nanostructures results in higher ROS pro-
duction and improved PDT therapeutic efficacy.

In recent years, the utilization of oligopeptide
self-assembled materials in cancer immunotherapy has
witnessed a remarkable surge.?>"**73¢ This innovative ap-
proach has shown significant success in treating diverse
malignant tumors, particularly in the realms of adoptive
T-cell immunotherapy and immune checkpoint therapy.
Oligopeptide self-assembling materials offer several
advantages for tumor immunotherapy: Firstly, they en-
hance the efficiency of immune checkpoint blockade by
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providing improved affinity and spatial hindrance
through self-assembling peptide inhibitors. Secondly,
when combined with immune checkpoint blockade or
vaccines, oligopeptide self-assembling nanocarriers can
address challenges such as poor immune response, high
relapse rates, and limited target population; thus, im-
proving overall therapeutic outcomes. A tetra-peptide
self-assembling motif of -GPFPFPY-, as the core self-
assembling skeleton, was conjugated with a mitochon-
dria-specific drug lonidamine, a mitochondria-targeting
motif triphenylphosphonium (TPP) and a programmed
death ligand 1 (PD-L1)-specific sequence (NTYYEDQG)
to construct the cascade-targeted enzyme-instructed
peptide (Figure 4c).””® Worthwhile, after dephosphoryla-
tion of -GPFPFPY- by overexpressed ALP in tumors, this
peptide self-assembled into nanofibrils and precisely de-
livered lonidamine into mitochondria. The inclusion of
the PD-L1-specific motif in the self-assembling peptides
allowed for precise targeting and interaction with cancer
cell membranes, effectively guiding their delivery to in-
tracellular mitochondria. This self-assembling peptide
leads to mitochondrial dysfunctions, triggering immuno-
genic cell death (ICD) responses and creating an immu-
nogenic TME achieving favorable anticancer efficiency.
In addition to the above-mentioned peptide self-
assembly materials that are indirectly involved in tumor
therapy as therapeutic agent carriers, some oligopep-
tides can form supramolecular assemblies through self-
assembly induced by enzymes and selectively inhibit
tumor cells through various mechanisms.'°*"*7*° For ex-
ample, a carbohydrate phosphate derivative, reported by
Pires et al.* undergoes intracellular self-assembly to
form nanofibers to selectively inhibit the metabolic ac-
tivity of osteosarcoma (Saos-2) cells. Xu et al." reported
that intranuclear nanoribbons formed upon dephosphor-
ylation of leucine-rich L- or b-phosphopeptide catalyzed
by ALP to selectively kill osteosarcoma cells. One notable
advantage of the enzyme-instructed self-assembly of
oligopeptides for cancer cell eradication is its selective
targeting ability, specifically aimed at cancer cells while
sparing normal cells. Moreover, as peptide assemblies do
not rely on traditional chemotherapeutic drugs, they
circumvent the issue of drug resistance commonly
encountered in conventional cancer treatments. The de-
velopment of enzyme-responsive oligopeptide self-
assembly systems holds significant promise for the
advancement of precision cancer therapy and has the
potential to revolutionize the field of oncology.

Bioimaging

Bioimaging plays a pivotal role in the field of biomedical
research and clinical diagnostics by providing noninva-
sive visualization and characterization of biological
structures and processes at various scales."? It encom-
passes a wide range of imaging techniques and
DOI: 10.31635/ccschem.023.202303209
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modalities such as fluorescence imaging (FLI),"*™® mag-
netic resonance imaging (MRI),“¢ and photoacoustic im-
aging (PAD.*""8 Oligopeptide self-assembling materials
have emerged as promising candidates in the field of
bioimaging due to their unique properties and versatile
functionalities. By incorporating imaging agents such as
fluorescent dyes or magnetic nanoparticles into the pep-
tide assembilies, they can be transformed into functional
nanoprobes for various bioimaging applications.

FLI is a powerful imaging technique that utilizes fluo-
rescent probes to visualize and track specific molecules
or biological processes in live organisms. It offers high
sensitivity, real-time imaging capabilities, and excellent
spatial resolution, allowing for noninvasive monitoring in
vivo. Oligopeptide self-assembling materials could pro-
vide a stable and controlled environment for the encap-
sulation or conjugation of fluorescent dyes to protect the
probes from degradation and enhance their photostabil-
ity, enabling long-term and high-quality imaging.'*™
More importantly, through the incorporation of stimuli-
responsive oligopeptide sequences such as pH-sensitive
or enzyme-cleavable motifs, the fluorescence emission
of the probes can be modulated in response to specific
microenvironmental changes. Nitroreductase (NTR) is an
enzyme overexpressed in hypoxic regions such as solid
tumors, capable of catalyzing the reduction of nitro
groups to (hydroxy)amino groups.®? Inspired by this,
Yu et al.”™ prepared an NTR-responsive dye-functional
oligopeptide based on histidine modified with nitroimi-
dazole units (Figure 5a). Upon interaction with NTR,
this oligopeptide underwent a transformative process,
transitioning from its initial nanofiber structure to the
formation of nanospheres. After the morphology-trans-
formation process of the oligopeptide, the fluorescence
of the conjugated dye, IR780, was recovered from the
guenched state. These oligopeptide-based probes could
penetrate solid tumors; thus, allowing for efficient FLI of
hypoxic tumors. Apart from the direct incorporation of
fluorescent molecules into oligopeptide self-assembly
materials, the inherent photoluminescent phenomenon
generated by the formation of nanoscale quantum
confinement structures within the internal hydrogen
bonding and aromatic interaction regions of these oligo-
peptide self-assembly materials can also find application
in the field of bioimaging.”™®'*® For example, Zhang et al.”™
drew inspiration from naturally occurring organized as-
semblies to create tryptophan-phenylalanine nanoparti-
cles. These nanoparticles exhibited a remarkable ability
to shift the peptide’s intrinsic fluorescence signal from
the ultraviolet to the visible range. This shift allowed the
dipeptide nanoparticles (DNPs) to serve as versatile im-
aging and sensing probes.

With their remarkable properties and controllable
assembly, oligopeptide self-assembling materials have
exhibited exceptional promise in the realm of MRI.
By ingeniously engineering these materials, one can
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embed paramagnetic or superparamagnetic agents like
gadolinium-based complexes or iron oxide nanoparti-
cles, which effectively amplify the contrast in MRI scans.
This unigue amalgamation of oligopeptides and the
MRI technique offers an extraordinary avenue to acquire
intricate and highly detailed images of the body’s internal
structures, harnessing the power of potent magnetic
fields and contrast agents.®™®™ Through chelating with
paramagnetic Gd*" as T1 signaling unit and conjugating
with Vancomycin as target ligand, the oligopeptide,
FFYEGK (FF), could self-assemble into a nanoaggregate
probe (named as GFV) due to the - stacking of “Phenyl-
alanine-Phenylalanine” (Figure 5b).** Thanks to the
nanostructure, the GFV probes had a high longitudinal
relaxivity rate (r1). The GFV probe exhibited specific
imaging of Staphylococcus aureus at the infection site
by specifically binding to the cell walls of S. aureus
through hydrogen-bonding interactions between Vanco-
mycin and the p-alanyl-p-alanine dipeptide to distinguish
between bacterial infections from sterile inflammations.
DOI: 10.31635/ccschem.023.202303209
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Moreover, the GFV probe could monitor the efficacy of
Daptomycin for S. aureus-infected mouse models, prov-
ing the potential clinical application of this oligopeptide
self-assembling probe.

Excluding the aforementioned applications in FLI and
MRI, oligopeptide self-assembly materials find extensive
utility in other imaging modalities such as PAI and radi-
ology imaging (RI)."*°™® For example, Wang et al."’ intro-
duced a novel strategy involving the use of photothermal
molecules to accelerate the transformation process of
transformable PPCs (Figure 5¢). The designed reduction-
responsive PPC, named as PKK-S-PEG, was composed of
four key components: a therapeutic peptide targeting
mitochondria, a hydrogen-bonding peptide motif, GSH-
responsive disulfide bonds, and a photothermal/PA mol-
ecule (P18). Once inside the cancer cells, the disulfide
bonds are cleaved by overexpressed GSH, leading to the
transformation of NPs into nanofibers, driven by hydro-
gen bonding. Notably, the morphological transformation
was controllably accelerated by the photothermal unit
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P18 under laser irradiation. The transformation process
was monitored using PAI, enabling the evaluation of the
nanofibers formation rate at the targeted site. Ultimately,
this strategy enhanced the accumulation and retention in
the tumor site, resulting in improved therapeutic efficacy,
thereby offering a promising approach for tumor diag-
nosis and treatment through oligopeptide in vivo self-
assembly.

Tissue engineering

Oligopeptide self-assembly materials, owing to their abil-
ity to mimic the ECM and offer precise molecular design,
have emerged as a fascinating platform with immense
potential in the field of tissue engineering.?'®? For in-
stance, researchers have successfully applied these
materials in bone tissue engineering.’®*'** By designing
oligopeptide sequences, it is possible to promote the
adhesion and proliferation of bone cells, while providing
the necessary cues for osteogenic differentiation. This
results in the formation of tissue-engineered constructs
that closely resemble native bone tissue.

Moreover, oligopeptide self-assembly materials hold
significant promise for promoting axonal outgrowth,
neuronal cell adhesion, and guidance.”® One such exam-
ple is the development of peptide-based scaffolds that
mimic the composition and architecture of the ECM,
providing a supportive environment for neuronal regen-
eration.®®®” These scaffolds can enhance axonal out-
growth and guide the reconnection of damaged neural
circuits. Another example is the incorporation of neuro-
trophic factors into oligopeptide self-assemblies. Neuro-
trophic factors such as nerve growth factor (NGF) or
brain-derived neurotrophic factor (BDNF) play crucial
roles in neuronal survival, growth, and differentia-
tion.'®®®° By encapsulating or immobilizing these factors
within self-assembled peptide structures, their controlled
release can be achieved, promoting the survival and
regeneration of neurons in damaged areas. Furthermore,
oligopeptide self-assembly materials can be functiona-
lized with cell-adhesive peptides or ligands such as RGD
(arginine-glycine-aspartic acid) motifs to enhance neu-
ronal cell adhesion and guidance.”® These functionalized
materials provide specific cues for cell attachment and
direct neurite extension along desired pathways, en-
abling the directed growth of neurites and the establish-
ment of functional neural networks.

Other biomedical applications

Furthermore, oligopeptide self-assembling materials
still have other biomedical applications such as antimi-
crobial,”" bioprinting,”? bioadhesive,*” and so on. These
diversified applications are mainly attributed to the ex-
cellent biocompatibility of oligopeptide and its various
self-assembling structures and formes.
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Oligopeptides, with their intriguing ability to form self-
assembling structures and their inherent antimicrobial
properties, emerge as compelling contenders for com-
bating microbial infections. These infections have long
been acknowledged as a formidable menace to human
health, wreaking havoc by instigating diseases like in-
flammation, sepsis, and impairment of vital physiological
processes such as wound healing. Capitalizing on the
remarkable attributes of oligopeptides and their propen-
sity to organize into self-assembling configurations adds
an extra layer of allure to their antimicrobial potential.
This exceptional amalgamation of oligopeptides and
their antimicrobial prowess offers a distinctive avenue
for addressing microbial infections, safeguarding human
well-being, and mitigating the detrimental impact of such
infections on vital bodily functions.””*"* The self-assem-
bling nanostructures of oligopeptide could provide sev-
eral advantages such as increased stability, enhanced
drug delivery, and prolonged release of antimicrobial
agents. Furthermore, the design flexibility of oligopep-
tide sequences allows for the incorporation of specific
targeting motifs to selectively kill pathogens while
minimizing harm to healthy cells or tissues. Enzyme-
instructed self-assembly (EISA) is a unique approach that
integrates enzyme catalysis with peptide self-assembly,
enhancing antimicrobial efficiency and imparting addi-
tional physicochemical properties to antimicrobial pep-
tide particles. Tyrosinase, an enzyme that is widely
presented in the human skin, controls the production of
melanin and provides the possibility of in situ enzymatic
oxidation and self-assembly. An in situ tyrosinase-
induced self-assembly antimicrobial oligopeptide pow-
der with the sequence, WRWRWY, was prepared by Du
et al.”® to effectively heal the infected wound (Figure 6a).
The hydrophobic tryptophan (W) within the antimicro-
bial peptide contains an indole ring that exhibits lipophil-
ic properties, providing stability in bacterial membranes
and facilitating its adherence to them. Upon spraying the
aqueous oligopeptide solution at a wound site, the pres-
ence of tyrosinase resulted in the oxidation of antimicro-
bial peptide monomers, leading to their self-assembly
into MWRWRWY nanoparticles due to the reduced sol-
ubility following oxidation. The mMWRWRWY nanoparti-
cles, in comparison with WRWRWY, demonstrated an
amplified positive charge density on their surface, result-
ing in a superior antimicrobial effect.

Three-dimensional (3D) bioprinting is an innovative
and rapidly evolving technology that has garnered sig-
nificant attention in recent years. It has the potential to
revolutionize the field of tissue engineering and regener-
ative medicine by enabling the precise fabrication of
complex, functional, and biomimetic 3D structures. With
its ability to create intricate architectures using bioinks
composed of living cells, biomaterials, and growth fac-
tors, 3D bioprinting holds great promise for applications
such as organ transplantation, drug screening, and


https://doi.org/10.31635/ccschem.023.202303209
https://doi.org/10.31635/ccschem.023.202303209

@CCS

Chemistry e
(a) Peptide powder Peptide solution
L 1
( Dissolution -
Antibacterial effect I
-—— :
| S Antioxidant effett * I
Tyrosinase - A :
i
i
I
1
i
:g i
Cg g I
1
i
{
w ) |
< < ~red
'3 Tyrosinase I} . 0 ROS Savenged % Live coccus
W oxidation (W Self-assembly - ROS
&L S — L —
R \R * Dead coccus () Live bacillus ) Dead bacillus
\W \W Nanoparticles
Y, ;i A
(b)
,/’-------------------“"\"{n-h._,..m L
|I Hydrophobic Hydrophilic ‘. ‘-- b —p
! i/ Ultrashort  Pair Se'f assembly
: o) JOL : I,.-"' peptides  formation
I i | ) 1/
! )LNH’ L F K7 N, Ir/ 3D bioprinting
1 1
| JOL |
1 1
P A L Z KA,
1 1
1 1
1 o) 1
1 (o) ]
1 JL | ]
N )LNH’ P Z) Z K NH, ’ i Cells insided printed hydrogel
~ -7 Printed scaffold

Figure 6 | (a) Schematic illustration of in situ preparation of peptide nanoparticles to kill bacteria and promote wound
healing.”® Adapted with permission from ref 175. Copyright 2023 John Wiley & Sons, Inc. (b) Schematic illustration of
self-assembling amphiphilic ultrashort peptides used for 3D bioprinting.”® Adapted with permission from ref 176.

Copyright 2021 ACS Publications.

personalized medicine.”” As programmable biomaterials,
oligopeptide self-assembling materials can be utilized as
the building blocks of bioinks, providing a structural
framework for the 3D bioprinting process. The self-
assembly behavior of oligopeptides allows precise
control over the microenvironment within the bioink,
influencing cell behavior and tissue development.”®7°
Three aromatic and nonaromatictetrapeptide amphi-
philes sequences, including IIFK 11IZK, and 1ZZK, were
developed as potential bioinks for 3D bioprinting appli-
cations (Figure 6b).7¢ All three peptides were able to
form transparent hydrogels with high water content by
self-assembling. The incorporation of these three oligo-
peptides into the bioink formulation enabled the creation
of tissue scaffolds. The experimental findings demon-
strated that the cell-containing bioinks effectively safe-
guarded the structural integrity of the cellular constructs
throughout the demanding printing process, exhibiting
long-term stability over several weeks. To address the
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challenges posed in improving the printing accuracy of
peptide nanomaterials, fabricating multiscale scaffolds,
and enhancing long-term biostability, researchers have
employed several innovative strategies®®? such as op-
timized 3D bioprinting parameters, developed hybrid
printing approach, surface modifications with bioactive
molecules and growth factors, and so on.

Outlooks and Future Perspectives

Oligopeptide self-assembling materials show immense
promise, with a wealth of untapped potential for future
advancements. With the advent of novel design strate-
gies and cutting-edge techniques, we find ourselves on
the brink of uncharted territories in the realm of func-
tional supramolecular assemblies. Researchers are delv-
ing deeper into the intricate molecular mechanisms
governing self-assembly, setting the stage for
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revolutionary breakthroughs in diverse areas such as
tissue engineering, drug delivery, biosensing, and more.
By harnessing the synergistic interplay between struc-
ture, function, and stimuli responsiveness, oligopeptide
self-assembling materials are poised to reshape the bio-
materials landscape, offering unprecedented control, ver-
satility, and tailor-made solutions to complex biomedical
challenges. We anticipate a future where these materials
pave the way for groundbreaking applications, ultimately
improving human health and quality of life. Nonetheless,
there are significant challenges and limitations that oligo-
peptide self-assembly materials must overcome.

A major limitation is our lack of comprehensive
understanding of the nonequilibrium self-assembly
mechanisms and structure-function relationships of oli-
gopeptides. Despite significant progress in characteriz-
ing their assembly behaviors, there is a need for in-depth
studies to elucidate the molecular interactions and kinet-
ics involved in the nonequilibrium self-assembly process.
This knowledge will facilitate the rational design of pep-
tide sequences with improved assembly properties and
tailored functionalities. Moreover, our incomplete under-
standing of the assembly mechanisms behind more com-
plex methods such as multistage and gradient assembly
complicates the precise control of these processes. The
intricate interplay between molecular interactions, kinet-
ics, and thermodynamics remains elusive in multistage
and gradient assembly, impeding our ability to engineer
complex and hierarchical structures with desired func-
tionalities. The ability to precisely tune assembly para-
meters such as concentration, pH, temperature, and
external stimuli is crucial for obtaining predictable and
reproducible assembly outcomes.

Another significant challenge faced by the field of
oligopeptide self-assembly materials is achieving scal-
ability and reproducibility. The processes of synthesis
and purification required to produce large quantities
of high-quality oligopeptides can be intricate and
expensive, thereby hindering the transition from labora-
tory-scale research to large-scale industrial production.’®®
It is crucial to develop cost-effective and scalable
manufacturing techniques that can satisfy the demand
for these materials in clinical applications. Additionally,
the stability and degradation properties of oligopeptide
self-assemblies need to be thoroughly investigated. The
long-term stability and biodegradability of these materi-
als hold significant implications for their practical appli-
cation in vivo."®® A comprehensive understanding of the
degradation kinetics, potential toxicity, and clearance
pathways of oligopeptide assemblies is essential to
ensure their safety and biocompatibility. Overcoming
these challenges necessitates the use of cutting-edge
analytical methods and advanced characterization tech-
nigues to evaluate the structural integrity and perfor-
mance of oligopeptide assemblies. Novel strategies
aimed at improving synthesis efficiency, enhancing
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reproducibility, and simplifying purification processes
need to be explored. Moreover, the establishment of
robust quality control measures and standardized pro-
tocols will be indispensable to ensure consistent and
reliable production of oligopeptide self-assemblies on
a large scale.™®

Addressing these limitations and advancing the field of
oligopeptide self-assembly will pave the way for their
widespread use in biomedical applications. Successfully
transitioning these materials from research laboratories
to clinical practice has the potential to revolutionize drug
delivery systems, tissue engineering, and regenerative
medicine, ultimately leading to improved patient out-
comes and quality of life.

Machine learning and artificial intelligence (Al) techni-
gues can uncover hidden correlations and patterns by
learning from extensive data. Such techniques present
new opportunities and potential breakthroughs for oli-
gopeptide self-assembly materials. Machine learning
algorithms can analyze and predict the relationship be-
tween peptide sequences and assembly behavior.’®¢88
Using existing experimental data, these models can iden-
tify specific patterns and structural features within pep-
tide sequences, facilitating predictions about the
assembly capabilities and modes of different sequences.
Such Al tools provide researchers with a more efficient
and precise method for designing and optimizing pep-
tide materials with specific functionalities.

Additionally, Al techniques can expedite the screening
and optimization processes for oligopeptide materials.
By training on large-scale datasets, Al models can rapidly
evaluate the assembly potential of various peptide
sequences and predict material properties and function-
alities.”® This ability allows researchers to identify opti-
mal peptide sequences and assembly conditions more
quickly, thereby increasing the pace and efficiency of
material development. For example, Li et al.'®° success-
fully developed a machine learning approach in 2019 to
study the correlation between chemical features and the
ability to form self-assembled dipeptide hydrogels.
Sankaranarayanan et al.'®' reported an innovative ma-
chine learning workflow called Al-expert that integrated
Monte Carlo tree search and random forest techniques
with molecular dynamics simulations, enabling the de-
velopment of a fully autonomous computational search
engine for the exploration of peptide sequences with
exceptional potential for self-assembly.

However, it is important to note that building and
training Al models require abundant high-quality data
and precise experimental measurements as inputs.
Additionally, the interpretability of machine learning
models can be a challenge, as they often rely on statisti-
cal correlations rather than fundamental physical princi-
ples.® Hence, it is crucial to combine machine learning
results with experimental and theoretical considerations
to assess their feasibility and reliability.
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With the continuing advancements in understanding
the assembly mechanisms of oligopeptide self-assembly
materials, exploring their diverse functionalities, and har-
nessing the power of computational approaches, we
anticipate breakthroughs in designing and tailoring these
materials for a broad range of applications. The integra-
tion of emerging technologies such as Al tools, bioinfor-
matics, and nanotechnology will enhance our ability to
engineer sophisticated peptide-based systems with un-
precedented precision and control. By overcoming the
current limitations and leveraging their unique proper-
ties, oligopeptide self-assembly materials are set to rev-
olutionize fields such as biomedicine, nanotechnology,
and materials science, heralding new frontiers for inno-
vation and discovery.
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