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The Art of “Customized” Modification in Self-
Assembling Peptides

In the microscopic world of living organisms, proteins and peptides
can spontaneously fold and aggregate to form intricate cellular structures
that perform complex biological functions. Inspired by this phenomenon,
scientists have engineered self-assembling peptides that mimic this process.
These specially designed short peptide sequences behave like “intelligent
building blocks” under specific conditions, spontaneously arranging and
stacking to form diverse biomaterials ranging from nanofibers and
hydrogels to complex three-dimensional structures. However,
transforming these fundamental “building blocks” into sophisticated
components tailored for specific medical or materials science applications
hinges on modification. Through precise chemical or physical
modifications of self-assembling peptides, we can “program” them with
novel properties and functions, unlocking pathways to cutting-edge fields
such as regenerative medicine, drug delivery, and biosensing.
I. Foundation: Core Principles of Self-Assembling Peptides and Why

Modification Is Necessary
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The magic of self-assembling peptides lies in their carefully encoded
amino acid sequences. The most common designs, such as the widely used
RADAI16-1I, employ a simple “hydrophilic-hydrophobic” alternating
pattern (e.g., Ac-RADARADARADARADA-CONH:). In aqueous
solutions, hydrophobic surfaces attract each other while repelling water,
driving the peptides to spontaneously assemble into nanofiber networks
rich in B-sheet structures, ultimately forming hydrogels.

However, unmodified self-assembled peptide gels, despite their
excellent biocompatibility, are often functionally limited to providing
simple physical scaffolds. To make them smarter and more capable,
modifications must be introduced. The primary goals of modification are
threefold:

1. Functionalization: Endowing it with biological activity (e.g.,
promoting cell adhesion, growth, or differentiation).

2. Intelligence: Enabling it to alter behavior in response to
environmental changes such as temperature, pH, or enzymes.

3. Composite: Integrating properties of other materials (e.g.,
nanoparticles, drug molecules) to achieve synergistic effects.

II. Modification Strategy Library: A Chemical Toolkit for
Empowering Peptides
Scientists have developed a series of sophisticated modification

strategies to engineer self-assembling peptides at multiple levels.
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1. Covalent Chemical Modification: The Most Stable and Precise
“Genetic Engineering”

This is the most direct modification method, involving the covalent
attachment of functional groups to specific amino acid side chains or
termini of peptides through chemical reactions.

Side-Chain Modification: Utilizes active sites such as the g-amino
group of lysine, the sulthydryl group of cysteine, or the carboxyl group of
aspartic acid/glutamic acid for linkage. For example, grafting the cell
adhesion signal RGD tripeptide onto self-assembling peptides via lysine
side-chain amine significantly enhances cell adhesion, spreading, and
proliferation within gels—a core technique for constructing tissue
engineering scaffolds.

Terminal Modification: Functional molecules are attached to the N-
or C-terminus of the peptide chain. For instance, attaching a hydrophobic
pyrene group at the N-terminus enhances the assembly driving force of the
peptide and alters its fluorescence properties, enabling imaging and tracing.

Block Copolymer Design: This represents a more advanced “de novo
design” approach. This involves attaching hydrophilic polymer segments
(e.g., polyethylene glycol) or other functional peptide segments to one or
both ends of a self-assembling peptide sequence. For instance, “peptide-
polyethylene glycol-peptide” triblock copolymers can form more ordered

nanogels with tunable mechanical properties, suitable for controlled drug
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release.

2. Physical Blending and Host-Guest Assembly: “Modular” Non-
Covalent Fusion

This approach does not alter the peptide's chemical structure itself, but
instead “piggybacks” or “weaves” functional molecules into the assembly
system via non-covalent interactions.

Simple Blending: Directly mixing functional molecules (e.g., growth
factors, small-molecule drugs) with the peptide solution, physically
encapsulating them during self-assembly into a gel. This approach is
straightforward but may allow rapid diffusion and loss of molecules.

Host-Guest Inclusion: Utilizes macrocyclic molecules like
cyclodextrins or cucurbiturils to form supramolecular complexes with
specific modified groups on peptides (e.g., adamantane, ferrocene). This
stable, reversible binding enables precise control over functional molecule
loading and release, offering an elegant strategy for achieving stimulus-
responsive delivery.

Electrostatic Layer-by-Layer Self-Assembly: Charged self-assembled
peptide fibers serve as templates. Oppositely charged functional
polyelectrolytes or nanoparticles are sequentially adsorbed via electrostatic
attraction, constructing multilayer functional coatings on the fiber surface.

3. Environmentally Responsive Modifications: Creating “Smart”

Responsive Materials
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Through modifications, the self-assembly process or the assembly
itself can sense and respond to external signals.

Enzyme Responsiveness: Inserting cleavage sites within the peptide
sequence that can be recognized by specific proteases (such as matrix
metalloproteinases highly expressed in the tumor microenvironment).
Stable under normal conditions, these assemblies disassemble upon
enzymatic cleavage at the target site, enabling targeted drug release.

pH/Ion Responsiveness: Incorporating pH-sensitive amino acids like
histidine (protonated and positively charged under acidic conditions) or
phosphorylated serine. Changes in environmental pH alter the peptide's
charge and hydrophilicity, triggering assembly or disassembly.

Light/Thermal Responsiveness: Incorporate photosensitive groups
(e.g., azobenzene) or thermoresponsive polymers (e.g., poly(N-
isopropylacrylamide)). Under specific wavelengths of light or temperature
changes, these groups undergo dramatic conformational or hydrophilicity
shifts, enabling remote, precise regulation of sol-gel transitions or drug
release.

4. Functional Molecular Integration Modification: Constructing
Multifunctional Platforms

Directly incorporating molecular units with specialized functions as
“modules.”

Drug/Contrast Agent Conjugation: Covalently linking chemotherapy
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drugs like doxorubicin or MRI contrast agents (e.g., Gd*>* complexes) to
peptides via degradable linker arms. Following self-assembly, the drug or
contrast agent becomes highly concentrated within the nanofiber network,
enabling integrated diagnosis and therapy.

Conductive/Magnetic Nanoparticle Composites:

By introducing conductive polymers (e.g., polypyrrole) or magnetic
nanoparticles (e.g., magnetite) during or after self-assembly, conductive or
magnetically responsive composite hydrogels can be prepared for
applications in neural tissue engineering or magnetothermotherapy.

III. Application Blueprint: How Will Modification Illuminate the
Future?

Modified self-assembling peptides are transitioning from laboratories
to vast application realms.

1. Tissue Engineering and Regenerative Medicine: RGD-modified
gels promote cellular repair; gels conjugated with growth factors guide
neural and vascular regeneration; enzyme-responsive gels precisely
construct scaffolds at pathological sites.

2. Smart Drug Delivery: pH- or enzyme-responsive nanogels act like
“Trojan horses,” releasing high-concentration drugs at tumor sites to
enhance efficacy while reducing toxicity. For instance, in drug delivery
systems, integrated targeting ligands and environmental response elements

have enabled the construction of smart self-assembling peptide systems
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that recognize specific cell receptors and release therapeutics within the
tumor microenvironment.

3. Biosensing and Diagnostics: Coupling fluorescent groups or
enzymes with peptides enables signal amplification or quenching upon
assembly, facilitating highly sensitive detection of specific biomarkers or
enzymatic activity.

4. Antimicrobial and Wound Dressings: Integrating natural
antimicrobial peptide sequences into self-assembling peptides creates gel
dressings that function as physical barriers while continuously releasing
antimicrobial components to combat drug-resistant bacterial infections.
IV. Challenges and Future Directions

Despite promising prospects, overcoming key hurdles remains
essential for achieving mature applications:

Precision and Uniformity: Complex modifications may impact
assembly, necessitating precise control over modification sites and extent.

Long-Term Stability and Safety: Comprehensive evaluation of
metabolic pathways and long-term biocompatibility of modified molecules
within the body is required.

Large-Scale Production Processes: Economical and reliable scaled-up
production and purification processes must be developed for complex
modification steps.

Future trends in this field include:
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Spatio-temporal precision control: Developing smarter systems
capable of assembling or disassembling according to preset spatiotemporal
programs in response to multiple signals.

Dynamic interactive interfaces: Designing “living” materials that
enable dynamic bidirectional information exchange with surrounding cells
and tissues.

Computational and Al-driven approaches: Leveraging molecular
simulations and artificial intelligence to reverse-engineer ideal “blueprints”
with targeted properties from vast sequences and modification
combinations.

V. Conclusion

The modification of self-assembling peptides represents a
sophisticated art that integrates synthetic chemistry, molecular self-
assembly, materials science, and biomedicine. Through the continually
expanding “modification toolkit,” we are transitioning from passively
observing and utilizing natural self-assembly phenomena to actively
designing and creating novel biomaterials with customized functions. This
process not only propels the emergence of next-generation medical devices
and therapies but profoundly embodies humanity's extraordinary wisdom
in mimicking, surpassing, and ultimately empowering life's natural
processes at the molecular level. From molecular blueprints to functional

materials, the path of modifying self-assembling peptides is paving the way
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toward a future where materials and life systems seamlessly integrate and

work in concert.
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