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ABSTRACT

Biodegradable peptide hydrogels have emerged as a promising platform for precision
drug release, offering controlled, sustained, and targeted therapeutic delivery. These
hydrogels, formed through the self-assembly of short peptides, exhibit excellent bio-
compatibility, biodegradability, and tunable mechanical properties, making them ideal
carriers for various bioactive molecules. Recent advances in peptide hydrogel design
have enabled enhanced drug loading capacity, stimuli-responsive release, and improved
stability, addressing key challenges in drug delivery systems. This review explores the
molecular design, structural properties, and drug-release mechanisms of biodegrad-
able peptide hydrogels, highlighting their applications in cancer therapy, wound healing,
and antimicrobial treatments. Furthermore, we discuss current challenges and future
perspectives in optimizing these biomaterials for clinical translation. The continued
development of peptide-based hydrogels holds great potential for advancing precision
medicine and personalized drug delivery.
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Introduction formation process [1]. Biological materials with
predetermined mechanical characteristics and spe-
cific structural properties as well as external stim-
ulus responsiveness can be achieved through con-

trolling hydrogel interactions.

Overview of peptide hydrogels

Hydrogels made from peptides have emerged as
important biomaterials that researchers study
extensively because of their exceptional physico-
chemical behavior and wide biomedical function-
ality [1]. Hydrogels consist mainly of short peptide
sequences that form nanostructured three-dimen-
sional structures that function as high water absor-
bents [2]. The realistic simulation of extracellular
matrix (ECM) structure and biological system bind-
ing properties make peptide hydrogels an optimal

Definition and basic properties

Hydrogels based on peptides exist as biomateri-
als that are soft and water-rich because peptides
assemble themselves into nanofibrous three-di-
mensional networks [3]. These hydrogels demon-
strate unique attributes that enable their use in

candidate for medical and pharmaceutical use.
Non-covalent forces between hydrogen bonds

and electrostatic bonds and m-m stacking and

hydrophobic bonds drive the peptide hydrogel

biomedical settings for pharmaceutical delivery
systems and wound care as well as tissue con-
structiveness and biological detection elements
[4]. The ability of these materials to function and
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structurally represent natural ECM enhances bio-
logical integration.

The main distinguishing characteristic of pep-
tide hydrogels is their ability to retain and absorb
almost 99% of water [5]. Water retention ability in
these materials serves as a vital factor for creating
conditions that benefit cellular life and advance bio-
chemical network functions. The biological systems
react minimally to peptide hydrogels because of
their biocompatibility properties thus making them
attractive for clinical implementation.

Peptide hydrogels have a natural breakdown
capability which produces harmless amino acids
that do not accumulate in the body [1]. Controlling
hydrogel degradation requires adjustment of pep-
tide sequences for obtaining the needed therapeu-
tic duration. Inject ability together with self-healing
ability represent key properties of these materials
as reported by Bao et al. [6]. Many peptide hydro-
gels demonstrate both sol-gel transition abilities
that enable them to be useful for minimally invasive
medical applications. Clinicians should consider
these hydrogels because they reconstruct their net-
work framework after injection resulting in a per-
fect delivery platform for local treatment [7].

By adjusting peptide sequence modifications
and both crosslinking density and the influence of
temperature and ionic strength properties hydro-
gels become mechanically adjustable [1]. Hydrogel
peptides possess adjustable properties that enable
their use across various biomedical fields includ-
ing soft tissue regeneration work as well as con-
trolled drug delivery. Hydrogels formed from pep-
tides demonstrate high responsiveness to external
stimuli because they can change their structure and
function when exposed to pH shifts and enzymes
or temperature fluctuations and light exposure [8].
The dynamic nature of these systems permits doc-
tors to achieve exact drug delivery control and pre-
cise therapeutic treatment delivery thus improving
their clinical benefits.

Peptides transform into hydrogel networks
through the forces of hydrogen bonding and elec-
trostatic forces as well as hydrophobic interactions
[1]. Peptide sequence variation allows controlling
the mechanical response together with degradation
pace and biological activity through these forces
during gelation. The biomedical applications of
peptide hydrogels demonstrate outstanding versa-
tility as well as potential in many fields because of
their promising characteristics. The unique attri-
butes comprising biocompatibility together with
biodegradability in addition to injectability and
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property-tunability make peptide hydrogels a crit-
ical foundation for developing precision medicine
methods and personalized drug delivery systems

[9].
Peptide self-assembly in hydrogel formation

The amphiphilic peptides within peptide hydrogels
assembly into nanostructures like fibers, micelles,
and nanotubes until they create a hydrogel matrix
through crosslinking processes [10]. Hydrogel for-
mation results from multiple non-covalent interac-
tions between peptides which include both hydro-
gen bonds as well as m-m stacking and electrostatic
forces combined with hydrophobic effects. Multiple
non-covalent interactions together propel pep-
tide aggregation while resulting in the formation
of structures of a stable and functional hydrogel
network.

Fundamental driving forces of peptide self-
assembly

1. Hydrogen bonding: Stabilizes peptide chains and
facilitates the formation of ordered nanostructures.
The hydrogel stability requires backbone hydrogen
bonds between amide groups in peptide sequences
for forming [3-sheet and helical structures [11].

2. -1 Stacking: The aromatic amino acid residues
in peptides create m-m stacking contacts to enhance
hydrophobic binding forces while they direct the
formation of ordered fibrillary peptide structures.
The mentioned effect significantly contributes to
strengthening both hydrogel stability and mechani-
cal properties of the system [12].

3. Electrostatic interaction: Compositional electri-
cal charges in the sequence of peptides determine
how the material forms gels. Peptide assemblies
keep different arrangements because positively
and negatively charged peptides either attract or
repel one another. A modification in surrounding
ionic strength influences the physical interactions
and changes both gelation formation speed and the
hydrogel creation dynamics [13].

4. Hydrophobic interaction: The amphipathic char-
acter of peptides promotes hydrophobic aggrega-
tion which results in micelle or fibril arrangement
[14]. The separation of hydrophobic from hydro-
philic domains through structural peptide assem-
blies functions as the key requirement for creating
gels.
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Factors influencing self-assembly and hydrogel
formation

The self-assembly behavior of peptides becomes
more controllable through specific functional group
addition as well as external stimuli manipulation
to optimize hydrogel characteristics. These factors
include:

1. Peptide sequence composition: The  posi-
tion of hydrophobic as well as charged and aro-
matic amino acids along peptide sequences directly
affects how these molecules assemble on their own,
how strongly gels form, and how they react to exter-
nal conditions [5].

2.pH sensitivity: Many peptide hydrogels become
sensitive to pH levels because acidic and basic con-
ditions initiate hydrogel assembly and disassembly
[15]. This characteristic enables controlled drug
delivery from such systems.

3. Enzymatic triggers: The hydrogel degrades
through enzyme-sensitive peptides whose response
to biological enzymes controls drug release pro-
cesses and makes them suitable for physiological
needs [16].

4. Temperature dependence: Some pep-
tide hydrogels undergo sol-to-gel transitions in
response to temperature changes, providing addi-
tional control over their formation and application.

5. Light activation: Certain peptides can be engi-
neered with photo-responsive groups that trigger
self-assembly or disassembly when exposed to spe-
cific wavelengths of light, enabling remote control
over hydrogel properties.

Tailoring self-assembly for biomedical
applications

Research teams have demonstrated the capability
to adjust both peptide sequence patterns and envi-
ronmental conditions which allows them to modify
hydrogel characteristics for particular biomedical
applications. Scientists have discovered three main
approaches to enhance peptide hydrogel applica-
tions: they added bioactive motifs, strengthened
the material structure using covalent crosslinks,
and created complex peptide assemblies that serve
multiple purposes [17]. This methodology enables
developers to create adaptive biomaterials as well
as tailored drug delivery systems and tissue engi-
neering scaffolds that respond to physiological
changes in their environments.
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Types of peptide hydrogels

Different types of peptide hydrogels exist according
to their composition as well as their structural for-
mation and functional properties which amount to
Asai et al. [5]. The different types of hydrogels exist
because each configuration possesses unique prop-
erties that match particular application require-
ments. These hydrogels differ mainly through their
molecular design as well as their gelation mecha-
nisms together with their mechanical capabilities
and response to environmental signals.

Short-peptide hydrogels

Short-peptide hydrogels construct themselves into
nanofibrous networks through non-covalent inter-
actions by employing dipeptides as well as tripep-
tides or tetrapeptides [1]. The hydrogels maintain
basic molecular design which allows their quick
transformation into gels when placed under normal
physiological environments. The simple synthesis
process allows short-peptide hydrogels to form
gels efficiently using minimal peptide sequences.
These materials present high biocompatibility and
degradability characteristics which allows their use
in localized medicine delivery and various inter-
vention procedures requiring minimal invasiveness
[18]. Hydrogel types other than short-peptides tend
to possess superior mechanical strength which
restricts their utilization in structural feature-de-
pendent applications.

Peptide-polymer hybrid hydrogels

Short-peptide hydrogels achieve enhanced mechan-
ical stability through their combination with pep-
tide-based structures which unite synthetic or nat-
ural polymers [1]. These hybrid hydrogels surpass
conventional short-peptide hydrogels in terms of
mechanical strength and elasticity since they incor-
porate polymers for reinforcement.

Hydrogel functional lifespan can be extended
through controlled degradation rates which poly-
mers help achieve [19]. Hydrogels can be custom-
ized through a selection of polymers with desig-
nated properties which enables them to adapt to
use in tissue engineering as well as wound healing
applications. The use of polymers affects hydrogel
biodegradability but this effect can be controlled by
selecting appropriate polymer-peptide combina-
tions that strike the right balance between stability
and compatibility.

https://www.wisdomgale.com/ejsrr/
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Enzyme-responsive hydrogels

Hydrogels with enzyme-sensitive properties
undergo breakage and structural variations when
particular enzymes perform enzymatic activities
[20]. Controlled drug release occurs because these
hydrogels possess peptide sequences that specific
enzymes can detect for site-specific degradation.
This hydrogel uses a specific degradation method
which keeps it intact except during activation with
a particular enzyme thus enabling enhanced ther-
apeutic control. While peptide-polymer hybrid
hydrogels degrade because of generic hydrolytic
activities during normal operation time, enzyme-re-
sponsive hydrogels only degrade when purpose-
fully triggered by targeted enzymes [21]. Tumor-
associated enzymes initiate the drugrelease process
in these hydrogels which find applications in cancer
therapy treatments. Their effectiveness depends on
the specificity of target enzymes along with their
concentration level but these conditions can differ
among various physiological environments.

The classification and comparison of different
peptide hydrogel types, including their molecular
complexity, mechanical properties, and biodegrad-
ability, are presented in Table 1.

Stimuli-responsive hydrogels

Structural and functional elements within hydro-
gels respond to outside stimuli including pH fluc-
tuations, changes in temperature, and exposure to
light according to the research of Ezike et al. [22].
The main distinction of pH-sensitive hydrogels
from enzyme-responsive hydrogels comes from
their environmentally activated response instead
of biological enzyme-triggered effects. The con-
trolled drug release in gastrointestinal tracts and
tumor sites benefits from pH-sensitive hydrogel
responsiveness. Thermoresponsive hydrogels have

temperature-sensitive characteristics because they
change from gel to sol states according to tempera-
ture variation thus enabling formulation injec-
tion which solidifies in the body. Hydrogels with
light-sensitive composition include photo-reactive
groups which enable accurate external activation
[23]. The high level of control these hydrogels pro-
vide comes with particular environmental demands
to activate them effectively, limiting their applica-
tion to environments where external stimuli can be
precisely regulated.

Importance in precision drug release

Research shows that peptide hydrogels representan
advanced drug delivery platform since they resolve
the problems observed with traditional drug deliv-
ery methods [24]. The inherent biocompatibility
together with degradability combined with adjust-
able physical and chemical characteristics enables
these materials to deliver drugs safely and precisely
and infrequently require additional medication.

Limitations of conventional drug delivery

Traditional drug delivery systems have persistent
weaknesses in pharmaceutical science advance-
ment that affect treatment effectiveness together
with patient medication compliance [25]. Small
molecules and biologics and many other drugs
experience limited systemic half-life because these
pharmaceutical substances rapidly move through
metabolism then leave the body. The resulting need
for multiple doses throughout the day produces dis-
tress to patients and can lead to them avoiding their
medications during long-term illness care.

The main constraint of drug therapy exists from
the suboptimal quantity of medications available to
the body because of inadequate absorption rates
or quick metabolism and degradation processes in

Table 1. Comparison of peptide hydrogel types [Source: Authors].

Peptide-polymer hybrid

Enzyme-responsive

Stimuli-responsive

Feature Short-peptide hydrogels hydrogels hydrogels hydrogels

Molecular complexity Low High Moderate Moderate

Gelation mechanism Non-covalent self- Peptide-polymer Enzyme-triggered pH, temperature, or light
assembly interactions degradation triggers

Mechanical strength Low High Moderate Variable

Biodegradability High Variable High Variable

Stimuli sensitivity Limited Moderate High (enzyme- High (environment-

Primary application

Injectable drug delivery

Tissue engineering,
wound healing

dependent)

Controlled drug release

dependent)

Smart therapeutic
systems
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biological environments [26]. The body diminishes
the accessible amount of drugs through substan-
tial liver-mediated metabolism when patients take
oral medications. The ability of hydrophilic drugs
to penetrate biological membranes is restricted
as well as the capability of hydrophobic drugs to
dissolve which negatively affects their therapeutic
outcome.

The traditional drug delivery methods experi-
ence unwanted side effects because drugs spread
non-selectively through the body [27]. Drugs that
are distributed widely through the bloodstream
before reaching their target location raise the pos-
sibility of harmful side effects because of improper
drug accumulation at the action site. The therapy
goals of chemotherapy drugs often fail because
these medicines harm healthy tissues along with
cancer cells resulting in serious toxic effects.

A problem with current drug delivery systems
arises because of their uncontrolled drug release
patterns. Drug carriers express a burst release
behavior which releases a high percentage of med-
ication rapidly thus generating body therapeutic
concentration variability [28]. The unpredictable
drug levels reduce both drug effectiveness and
increase possible adverse effects. The problem with
drug delivery becomes severe when treatments
need stable therapeutic drug amounts over pro-
longed periods during chronic pain and hormone
therapy applications.

Advantages of peptide hydrogels for drug delivery

Peptide hydrogels serve as an excellent alternative
to conventional dosage forms since they deliver a
flexible system for encapsulation along with con-
trolled drug distribution [18]. Drugs within these
structures experience gradual release due to their
porous framework which provides sustained diffu-
sion for numerous drugs by minimizing quick-re-
lease aphasia. These properties require fewer drug
dosages which enhances medication adherence
thus preserving therapeutic drug levels [29].
Peptide hydrogels offer a crucial benefit through
their biodegradable nature which leads to amino
acids breaking down into standard components
that the body comfortably metabolizes for excre-
tion. Such drug carriers protect patients from
toxic effects because they avoid both permanent
storage within the body and harmful effects from
foreign materials which commonly appear in syn-
thetic polymer drug carriers. Scientists control the
speed of biodegradation through peptide sequence
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changes, crosslinking density, and external condi-
tions adjustment to create specified drug release
periods [30].

The delivery of drugs through peptide hydrogels
becomes specific due to their ability to incorporate
functional elements that aid site-directed accumu-
lation [31]. Scientific hydrogel design that employs
peptides to detect and attach to specific cell recep-
tors or tissues enables medicine distribution only to
diseased locations for superior therapeutic impacts
alongside reduced unintended impacts. The precise
delivery strategy proved advantageous for cancer
management because it minimizes drug side effects
while enhancing medication access to tumors [32].

Drug delivery through peptide hydrogels
becomes possible because these materials exhibit
external-stimulated release behavior. The hydrogel
materials undergo engineering to create responses
that detect changes both inside the body and exter-
nally, such as pH changes, enzyme activity, tem-
perature fluctuations, or light exposure [33]. For
example, pH-sensitive hydrogels can release their
drug payload in acidic tumor microenvironments,
while enzyme-responsive hydrogels degrade in the
presence of disease-associated enzymes, ensuring
on-demand drug activation. This smart responsive-
ness enhances drug bioavailability and therapeutic
precision [33].

Peptide hydrogels show minimal immune
response which helps their cells interact with bio-
logical systems effectively. Energetic responses
from immune systems become less likely when
using peptide-based materials since they behave
similarly to natural ECM components [25]. Peptides
are particularly suited for extended therapeutic
applications such as regenerative medicine and
implantable drug delivery systems because of their
desirable properties.

Professional drug delivery methods use peptide
hydrogels as an advanced system that conquers
major obstacles in traditional drug delivery sys-
tems [25]. Peptide hydrogels serve modern thera-
peutic applications as an optimal platform because
they enable specific drug delivery and sustained
release as well as targeted drug delivery at a con-
trolled rate alongside biomolecule compatibility
and responsiveness changes with environmen-
tal signals. Scientists can prepare upcoming drug
delivery platforms with improved patient results
through the use of peptide hydrogel systems whose
properties researchers can tune [34].

https://www.wisdomgale.com/ejsrr/
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Benefits of peptide hydrogels

The combination of advantages of peptide hydro-
gels establishes them as strong candidates for med-
ical and pharmaceutical needs [35]. The distinctive
characteristics of peptide hydrogels which include
biocompatible behaviour and adjustable mechan-
ics together with their reaction to environmen-
tal triggers make them an adaptable material for
pharmaceutical delivery systems and therapeutic
field development. The close resemblance of pep-
tide-based hydrogels to the ECM enables them to
serve cells optimally for growth and drug delivery
control [25].

Biocompatibility and immunogenicity

The biological compatibility of peptide hydrogels
provides optimal suitability for biomedical appli-
cations that need tissue-hydrogel contact [35].
Hydrogels made of amino acid-based peptides gen-
erate degradation products that both the human
body tolerates well and break down effortlessly.
The tissue accumulation risk remains minimal
since these compounds do not stay in the body tis-
sue spaces. The degradation products of peptide
hydrogels transform into naturally occurring amino
acids which merge perfectly with biological pro-
cessing systems [35].

Peptide hydrogels demonstrate low immuno-
genicity because it reduces the chances that the
immune system will trigger inflammatory responses
[36]. Synthetic implants along with other biomate-
rials tend to trigger immune responses which cause
tissue scarring along with persistent inflammation
and implant rejection. Peptide hydrogels demon-
strate weak immunogenic potential which makes
them suitable for implantations exceeding short
periods as in regenerative medicine, sustained
therapy, and wound closure applications [37].

These compounds also show great compatibil-
ity with cells and are used as effective scaffolds
for stem cell delivery and cell-based therapeutic
approaches. Due to their three-dimensional struc-
tural capability, peptide hydrogels create an excel-
lent cellular environment thus serving as import-
ant tissue engineering scaffolds for cell adhesion
and growth together with developmental potential
[38]. Stem cell therapy utilizes peptide hydrogels to
deliver protection against hostile conditions which
allows controlled cell dispersion for successful
incorporation into tissue areas under repair.

https://www.wisdomgale.com/ejsrr/

Mechanical strength and tunability

The main benefit of peptide hydrogels derives from
their capability to undergo mechanical adaptations
suitable for particular needs. Multiple strategies
exist to modify the stiffness elasticity and gela-
tion kinetics of these hydrogels which makes them
appropriate for multiple biomedical uses [39].

Hydrogel mechanical properties depend mostly
on the peptide sequence choice together with the
concentration level [39]. Successful addition or
alteration of amino acid sequences allows scien-
tists to alter intermolecular connections including
hydrogen bonds and m-m stacking and hydrophobic
bonds that modify the gel strength and gel forma-
tion mechanisms. The mechanical strength and net-
work stability of peptide-based hydrogels increase
when concentrations rise which makes them suit-
able for fighting physical force yet they become
softer at reduced concentrations that create suit-
able formulations for injections [40].

Additional cross-linking procedures strengthen
both the mechanical properties of peptide hydro-
gels. The stability of peptide networks receives
enhanced reinforcement from covalent cross-links
that create disulfide bonds between cysteine resi-
dues [41]. Non-covalent associations like electro-
static supramolecular assemblies together with
hydrophobic interactions create resilient hydrogel
frameworks that also exhibit self-healing dynamics.
These adjustable characteristics specifically sup-
port gel applications that need to reform their com-
position during administration [42].

Hydrogel strength along with mechanical prop-
erties receives substantial enhancement through
the addition of reinforcing agents. Enhancements
in mechanical strength and conductive properties
together with stability can be achieved through
hydrogel matrix reinforcement with nanoparticles,
graphene, and synthetic polymers [43]. ophone
devices. Scientists have demonstrated the neural
regeneration capability of nanomaterial-reinforced
peptide hydrogels since these materials deliver
structural reinforcement together with bioelectri-
cal characteristics [43].

The ability to precisely alter peptide hydrogels
makes them suitable for differentbiomedical system
requirements. They possess excellent properties for
minimally invasive therapies since they strike the
right equilibrium between soft tissue characteris-
tics and mechanical durability. Hydrogels that adapt
their gelation abilities find application when used
as tissue engineering platforms to offer structural
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backbone functions and stimulate cell prolifera-
tion and tissue regeneration [44]. The rapid gela-
tion characteristics along with adjustable fluidity of
peptide hydrogels promote their use as bioinks for
three-dimensional bioprinting processes.

The promise of peptide hydrogels as drug deliv-
ery platforms intensifies because of their three core
benefits which are their biocompatibility together
with biodegradability and their capacity for mechan-
ical property adjustments [25]. The stimuli-respon-
sive characteristics and precise drug-release abili-
ties of peptide hydrogels create them as excellent
replacement options for traditional drug-delivery
methods. Furthermore, their tunable mechanical
properties enable their application across diverse
fields, from injectable drug formulations to tis-
sue engineering and regenerative medicine [40].
The following sections will delve deeper into their
molecular design, drug-loading mechanisms, and
the various biomedical applications that are shap-
ing the future of peptide hydrogel technologies.

Molecular Design and Structural Properties
Peptide self-assembly mechanisms
Molecular interactions governing self-assembly

The formation of peptide hydrogels results from
multiple non-covalent forces that direct peptides
to assemble themselves into a spatial network. The
studies of non-covalent interactions enable scien-
tists to establish fundamental aspects about hydro-
gel stability as well as mechanical properties and
biomedical application functionality [45].

The process of peptide self-assembly depends
greatly on hydrogen bonding to establish its fun-
damental structure. The peptide structure gains
stability from the formation of (-sheet and a-he-
lix secondary structures that result from hydro-
gen bonds. Amide groups present in the backbone
establish numerous hydrogen bonds which leads to
nanostructure formation with increased order [46].
The hydrogel stiffness, viscoelastic behavior, and
overall mechanical stability depend heavily on the
strength and orientation alongside the density of
these particular bonds. The self-assembly process
depends on hydrophobic interactions since they
drive hydrophobic residues in water to aggregate
toward each other. The structural arrangement of
nanomaterials occurs due to free energy reduction
which attracts peptide molecules into specific geo-
metric forms [47]. The extent of hydrophobic char-
acter in peptide sequences controls how quickly and
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what amount of self-assembly occurs. The hydrogel
protects hydrophobic drugs through hydrophobic
interactions that also boost both the stability and
bioavailability rates of these substances and bioac-
tive molecules.

The peptide sequence incorporates charged
amino acid residues that create electrostatic inter-
actions that control both hydrogel formation along
with its durability [48]. The structural stability
of hydrogels increases because positively and
negatively charged residues create ionic bridges
between them. Clinical applications benefit from
the ability of environmental factors to regulate pep-
tide interactions because these factors control the
gelation properties. Electrostatic repulsive forces
emerging from residues with identical charges lead
to affecting the alignment of fibrils as well as the
shape of hydrogels [49].

- stacking interactions, primarily mediated by
aromatic residues such as phenylalanine, tyrosine,
and tryptophan, contribute to peptide self-assem-
bly by reinforcing peptide alignment. The peptide
concentration between hydrogel chains through
these interactions leads to better structural order
while boosting mechanical strength and rigidity
[50]. m-m stacking behavior enables electron trans-
port behavior in these peptide hydrogel systems
making them applicable for bioelectronics appli-
cations. Hydrogel properties regarding strength
and frequency of interactions can be manipulated
by adjusting the composition of peptide sequences
and aromatic amino acid population.

Self-assembled nanostructures in hydrogels

Once peptides self-assemble into hydrogels their
formed nanostructures control both mechanical
behavior and material compatibility as well as drug
delivery properties [51]. The nanostructures serve
as critical elements that establish the capabilities
of hydrogels used in biomedical applications. The
formation of nanofibers occurs as one of the most
prevalent structural features within peptide hydro-
gels. Long-fibred assemblies with high stability and
porosity form a cell-friendly framework that boosts
cell connection and cell growth as well as cell spe-
cialization [52]. Furthermore, these structures
interact well with biological tissues because of
their large surface area while helping drugs release
over extended periods. Nanofiber networks found
special use in tissue engineering practice because
they provide vital guidance during cellular organi-
zation and ECM development. The hydrogel matrix

https://www.wisdomgale.com/ejsrr/
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benefits from the adjustability of mechanical prop-
erties which allows for exact control of drug release
speed [53].

The self-assembly of amphiphilic peptides leads
to the formation of hollow cylindrical nanostruc-
tures which are classified as vesicles and nano-
tubes. Nanoparticle structures serve as excellent
carriers that deliver drugs while maintaining con-
trol over targeted delivery methods regardless of
drug hydrophilicity or hydrophobicity. Nanotubes
enable drug loading through their enhanced sur-
face area and healthcare providers can connect tar-
geting ligands to the nanotubes for directed medical
treatment [54]. Bioactive molecules inside vesicles
receive protection from degradation because they
exist inside water-filled compartments. The abil-
ity to specify how vesicles function together with
membrane transfer properties lets researchers
accurately control how drugs are released.

Peptide hydrogels contain micelles as signifi-
cant self-assembled nanostructures according to
research in Mandal et al. [55]. The amphiphilic pep-
tide components of micelles create structures with
hydrophobic centers surrounding a hydrophilic
outer surface that enhances drug compounds that
resist water solutions. The drug-release process
from micelles occurs through stimulus-induced
activation that responds to pH changes together
with temperature fluctuations and enzyme molec-
ular actions [55]. Their behavior toward stimuli
helps make these nanostructures optimal candi-
dates for energy-sensitive drug delivery methods.
The dual application of micelles extends to nucleic
acid protection through drug delivery and assisting
cellular uptake of nucleic acids [55].

The modification of nanostructure structures
creates opportunities to develop better peptide
hydrogels that maintain optimal mechanical prop-
erties and achieve therapeutic effects besides con-
trolled degradation rates [56]. Research teams
use modifications in peptide sequence patterns
together with hydrophobicity controls and charge
distribution and incorporation of aromatic groups
to design hydrogels suitable for particular biomed-
ical needs such as drug delivery and wound healing
and regenerative medicine applications.

The in-depth analysis of peptide self-assembly
shows how different molecular forces together
with hierarchical nanostructures control hydrogel
development. The acquired knowledge stands as a
base for creating advanced biomaterials that have
defined functional characteristics for therapeutic
purposes.

https://www.wisdomgale.com/ejsrr/

Rheological and mechanical properties

The elastic and viscous properties that characterize
peptide hydrogels make them suitable for biomed-
ical uses needing adjustments to changing physio-
logical settings [57]. Their mechanical properties
determine their structural integrity, durability, and
ability to support cell growth or facilitate controlled
drug release. These properties are influenced by
factors similar as peptide sequence, cross-linking
viscosity, solvent composition, and external stim-
ulants. Understanding the interplay between these
factors is pivotal for designing peptide hydrogels
with tailored mechanical characteristics for specific
biomedical operations.

Elasticity and viscoelastic behavior

The elasticity of peptide hydrogels is a crucial
parameter impacting their performance in natu-
ral applications, including tissue scaffolding and
wound mending. Their viscoelastic nature allows
them to distort under stress and recover once the
stress is removed, mimicking the mechanical behav-
ior of soft tissues [58]. Several factors contribute to
the elasticity and viscoelastic behavior of peptide
hydrogels.

Peptide length and sequence play an essential
part in defining mechanical properties. Longer
peptides, especially those that favor (-sheet for-
mation, tend to produce further rigid and mechan-
ically stable hydrogels. In contrast, shorter peptide
sequences allow lesser inflexibility, enabling the
hydrogel to conform to irregular tissue shells. The
secondary structures within the peptide network,
particularly 3-sheets and a-helices, influence hydro-
gel elasticity by affecting intermolecular hydrogen
bonding and overall peptide alignment [43].

Cross-linking viscosity directly affects the
mechanical strength and adaptability of the hydro-
gel [59]. An advanced degree of cross-linking
increases the hydrogel’s resistance to distortion,
enhancing its stability and decelerating its decli-
nation [59]. However, extreme cross-linking can
lead to fineness, reducing the hydrogel's rigid-
ity in dynamic natural surroundings. The nature
of cross-linking, whether covalent or non-cova-
lent, also determines the hydrogel’s capability to
respond to external stimulants.

Solvent composition and environmental con-
ditions significantly impact hydrogel stiffness and
mechanical rigidity [60]. Ionic strength influences
electrostatic relations between charged peptide
residues, altering the network’s cohesion and
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rigidity. Changes in pH affect peptide charge dis-
tribution, modifying self-assembly dynamics and
eventually impacting the stiffness of the hydrogel.
Temperature oscillations also play a part in hydro-
gel behavior by altering molecular relations and
hydration states.

The interplay of these factors allows peptide
hydrogels to exhibit tunable mechanical proper-
ties, making them adaptable to different biomed-
ical usages. By fine-tuning peptide sequences,
cross-linking viscosity, and environmental con-
ditions, experimenters can manipulate hydro-
gels with optimal elasticity for specific remedial
requirements [61].

Degradation kinetics and stability

The stability and degradation profile of peptide
hydrogels is critical for their performance in bio-
medical operations, particularly for sustained
drug release and tissue revitalization. The decli-
nation rate must be precisely controlled to match
the intended remedial timeline, ensuring that the
hydrogel remains functional for the needed dura-
tion before being safely resorbed by the body [62].
Enzymatic declination is one of the primary
mechanisms controlling hydrogel breakdown in
natural surroundings. Proteases similar as matrix
metalloproteinases (MMPs) widely stick peptide
bonds, leading to controlled hydrogel decompo-
sition. The vulnerability of peptide hydrogels to
enzymatic declination depends on their amino acid
composition and structural organization. By incor-
porating protease-sensitive motifs, hydrogels can
be designed to degrade in response to specific enzy-
matic exertion, allowing for targeted drug release
or altar resorption at the desired spot [63].
Hydrolytic fractionalization is another factor
governing peptide hydrogel declination. The rate
of hydrolysis depends on the stability of peptide
bonds and the compassing physiological condi-
tions. Certain amino acids are more prone to hydro-
lytic fractionalization, making their inclusion a cru-
cial parameter in designing hydrogels with tailored
declination kinetics. Environmental factors such as
pH, temperature, and the presence of metal ions can
accelerate or decelerate hydrolytic declination [64].
Cross-linking variations offer an important strat-
egy for controlling hydrogel stability. Covalent cross-
links significantly reduce the rate of declination,
extending the hydrogel’s lifetime and ensuring sus-
tained drug release. Again, incorporating hydrolyz-
able or enzymatically cleavable cross-links allows
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for gradational hydrogel breakdown, smoothing
dynamic drug delivery and tissue remodeling. The
balance between stability and declination must be
precisely optimized to ensure that the hydrogel
provides structural support while maintaining its
capability to disintegrate at the applicable rate [53].

External stimulants such as temperature,
mechanical stress, and oxidative conditions can
also impact the declination geste of peptide hydro-
gels [64]. Hydrogels designed with stimulants-re-
sponsive linkages can experience controlled dec-
lination upon exposure to specific physiological
triggers. For example, thermosensitive peptide
hydrogels can dissolve at body temperature, releas-
ing wrapped-up remedial agents in a controlled
manner. Also, oxidative conditions in inflamed tis-
sues can be exploited to accelerate hydrogel decli-
nation for targeted remedial operations.

The combination of these declination mecha-
nisms enables peptide hydrogels to be customized
for a wide range of biomedical uses [58]. By pre-
cisely tuning enzymatic perceptivity, hydrolytic
stability, and cross-linking characteristics, exper-
imenters can develop hydrogels with predictable
declination kinetics suitable for precision medi-
cine delivery, tissue engineering, and regenerative
drugs. The capability to manipulate hydrogels with
controlled mechanical properties and declination
biographies paves the way for advanced biomateri-
als tailored to specific clinical requirements.

Biocompatibility and in vivo behaviour

Biocompatibility is a fundamental demand for pep-
tide hydrogels intended for biomedical operations.
These materials must not provoke an adverse vul-
nerable response, must integrate seamlessly with
surrounding tissues, and should degrade into non-
toxic by-products that can be safely metabolized by
the body. Their in vivo geste, including bioadhesion,
declination, and interactions with cells and vulner-
able factors, determines their fitness for operations
similar to drug delivery, wound mending, and tissue
engineering [65].

Immune response and cytotoxicity

The vulnerable response to implanted biomaterials
plays a critical role in determining their long-term
safety and efficacy. Peptide hydrogels are designed
to minimize vulnerable activation and cytotoxic
effects by capitalizing on their biodegradable and
biocompatible nature [66]. One of the crucial fac-
tors impacting immunogenicity is the amino acid
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composition of the hydrogel. Peptides derived from
naturally occurring sequences in the mortal body
are less likely to activate an immune response,
reducing the threat of inflammation and adverse
vulnerable responses. Also, the absence of synthetic
supplements or immunogenic cross-linkers further
enhances the hydrogel’s biocompatibility [66].

As these hydrogels degrade, they break down
into amino acids and small peptides that are read-
ily metabolized through natural physiological path-
ways [67]. Unlike synthetic polymers that may pro-
duce potentially dangerous degradation products,
peptide-based hydrogels degrade into bioavailable
factors that can be employed in normal cellular
processes. This eliminates the threat of poisonous
accumulation and ensures the material’s safety for
prolonged remedial operations.

Another pivotal aspect of the vulnerable
response is the hydrogel’s interaction with mac-
rophages, which play a central part in modulating
inflammation and tissue recovery [68]. Hydrogels
that activate inordinate macrophage activation may
lead to chronic inflammation, fibrosis, or foreign
body responses. To forestall this, peptide hydro-
gels can be maneuverer to exhibit anti-inflamma-
tory properties by incorporating bioactive motifs
that modulate vulnerable cell geste. Some peptide
sequences can laboriously suppress seditious sig-
naling pathways, promoting a regenerative rather
than a fibrotic response [69].

The implicit cytotoxicity of peptide hydrogels is
another major consideration. Cell viability assays
have demonstrated that duly designed peptide
hydrogels support cellular growth and prolifera-
tion without converting apoptosis or necrosis. The
hydrogels provide a probative medium for reprised
cells, allowing them to maintain normal metabolic
exertion. Also, peptide hydrogels can be optimized
to interact favorably with specific cell types by
modifying their chemical composition and struc-
tural properties [70].

Bioadhesion and tissue integration

For peptide hydrogels to be effective in biomedical
operations, they must interact favorably with nat-
ural tissues. The capability of a hydrogel to stick to
and integrate with surrounding tissue determines
its performance in operations similar as wound
mending, scaffold-based tissue engineering, and
localized medicine delivery [71]. Several crucial fac-
tors impact the bioadhesion and tissue integration
of peptide hydrogels.

https://www.wisdomgale.com/ejsrr/

Surface functionalization plays a significant role
in enhancing bioadhesion. By incorporating bioac-
tive ligands, similar as cell-adhesion motifs derived
from ECM proteins, peptide hydrogels can promote
cell attachment and proliferation. Peptides contain-
ing sequences similar as arginine-glycine-aspartate
(RGD) ease integrin-intermediated cell adhesion,
allowing cells to cleave and spread on the hydro-
gel surface. This biomimetic approach ensures that
peptide hydrogels provide a favorable medium for
tissue rejuvenescence [72].

Another important aspect of tissue integration
is the capability of peptide hydrogels to synopsize
and release bioactive motes. These hydrogels can
serve as reservoirs for controlled delivery of cyto-
kines, growth factors, and other signaling motes
that impact cell geste and tissue shape. By modu-
lating the release kinetics of these factors, peptide
hydrogels can provide sustained remedial effects,
guiding processes similar as angiogenesis, ECM
remodeling, and cell segregation. Hydrogels loaded
with vascular endothelial growth factor (VEGF ), for
illustration, have been shown to promote neovascu-
larization in ischemic tissues, demonstrating their
eventuality in regenerative drugs [73].

The structural properties of peptide hydrogels,
including porosity and network configuration,
are also pivotal for successful tissue integration.
Hydrogels with tunable porosity enable effective
nutrient and oxygen prolixity, creating a probative
medium for cell survival and function [72]. The
aperture size and interconnectivity influence cell
migration and tissue ingrowth, allowing host cells
to insinuate and revise the hydrogel into functional
tissue. By conforming peptide sequence compo-
sition and assembly conditions, hydrogels can be
designed with optimized porosity to suit specific
biomedical operations [71].

Another consideration in tissue integration is the
hydrogel’s mechanical compatibility with the native
tissue. Hydrogels that nearly match the mechanical
properties of the target tissue reduce the threat of
stress-induced damage and ameliorate long-term
functionality. Soft hydrogels may be ideal for oper-
ations involving neural or cardiac tissue, while
stiffer hydrogels are more suited for haul-bearing
tissues similar as cartilage and bone. By fine-tuning
mechanical properties through peptide design and
cross-linking strategies, peptide hydrogels can be
customized to seamlessly integrate with a variety
of tissue types.

One of the crucial challenges in hydrogel-based
tissue engineering is achieving long-term stability
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while allowing for controlled declination. Peptide
hydrogels must remain complete long enough to
support cell growth and tissue health but should
eventually degrade without leaving behind resid-
ual materials [74]. The balance between stability
and biodegradability is essential to ensure that the
hydrogel provides temporary structural support
before being completely resorbed. Incorporating
enzyme-sensitive declination motifs can allow for
hydrogel decomposition in response to specific nat-
ural cues, enabling precise control over the dura-
tion of hydrogel function. The interplay between
bioadhesion, structural properties, and degradation
kinetics determines the overall in vivo geste of pep-
tide hydrogels [75]. By precisely designing these
properties, experimenters can develop hydrogels
that give both mechanical support and bioactive
signaling, easing their use in different biomedical
operations similar as wound mending, regenerative
drug, and localized medicine delivery.

Drug Loading and Release Mechanisms
Strategies for drug encapsulation

Peptide hydrogels provide a protean platform for
medicine encapsulation, allowing controlled and
sustained medicine release. Various techniques are
used to incorporate medicines within these hydro-
gels, ensuring optimal remedial effects while min-
imizing side effects. The choice of encapsulation
strategy influences medicine stability, release kinet-
ics, and bioavailability, making it essential to choose
an applicable system based on the remedial target
and hydrogel properties [76]. Various drug encap-
sulation strategies employed in peptide hydrogels
are summarized in Table 2, highlighting their mech-
anisms and therapeutic applications.

Physical entrapment within the hydrogel network

Physical ruse is one of the simplest techniques for
medicine loading, where the medicine motes are
dispersed within the hydrogel matrix during its
conformation. This strategy relies on the permeable
structure of the hydrogel, which retains the medi-
cine and allows step-by-step diffusion over time.
The release rate is influenced by factors similar as
hydrogel mesh size, medicine solubility, and prolix-
ity coefficients [77].

Also, the degree of crosslinking within the hydro-
gel network plays a pivotal role in modulating med-
icine release. An advanced crosslinking viscosity
results in lower pore sizes, decelerating medicine
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prolixity and extending release, whereas a lower
crosslinking viscosity allows for faster diffusion
and further immediate medicine action. This sys-
tem is particularly favorable for hydrophilic small
motes and proteins that demand unresisting diffu-
sion over an extended period.

Covalent bonding for sustained release

In this approach, medicine motes are chemically
conjugated to the peptide backbone via cleavable
bonds, similar as ester, amide, or disulphide liaison
[78]. The hydrogel degrades under physiological
conditions, leading to a controlled and lengthened
release of the medicine. This system is particularly
useful for delivering small motes and bio macro-
molecules with short half-lives.

Covalent medicine conjugation provides high sta-
bility and reduces the threat of unseasonable med-
icine leakage before reaching the target point. By
incorporating enzyme-sensitive or pH-responsive
bonds, the hydrogel can achieve stimulants-respon-
sive release, where medicinal emancipation is acti-
vated by specific environmental conditions similar
as the acidic growth medium or enzymatic exertion
in diseased tissues [64]. This strategy is extensively
used in cancer remedy, regenerative drug, and the
delivery of growth factors.

Affinity-based drug binding

Affinity-based medicine loading involves the inter-
action between the medicine and specific peptide
motifs within the hydrogel. Electrostatic interac-
tions, hydrophobic forces, and hydrogen adhesion
can be employed to enhance medicine retention
and modulate release Kkinetics. This approach is
generally used for proteins, antibodies, and nucleic
acid-based rectifiers [79].

The advantage of affinity-based binding lies in
its capability to give largely tunable release kinet-
ics by conforming the strength of molecular rela-
tions between the hydrogel and the medicine. For
example, appreciatively charged peptides within
the hydrogel can interact with negatively charged
nucleic acids, ensuring step-by-step and sustained
gene delivery. Also, hydrophobic areas within pep-
tide hydrogels can trap lipophilic medicines, decel-
erating their release while enhancing solubility
and stability. In addition, peptide sequences can be
designed to mimic natural ligand-receptor inter-
actions, enabling targeted medicine retention and
release at specific natural locations. This strategy
has been considerably explored for the controlled
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delivery of cytokines, monoclonal antibodies, and
remedial peptides in precision drug operations
[80].

Stimuli-responsive drug release

Peptide hydrogels can be maneuverer to release
drugs in response to specific environmental stim-
ulants, ensuring place-specific and time-controlled
medicine delivery. These stimulants-responsive
hydrogels ameliorate remedial effectiveness while
reducing systemic toxins by ensuring that the
medicine is only released when and where it is
demanded. The primary stimulants used for con-
trolled medicine release include pH changes, enzy-
matic exertion, temperature oscillations, and exter-
nal light exposure [81].

pH-triggered release

Hydrogels designed for pH-sensitive medicine
release respond to changes in pH by altering their
network structure. This property is particularly
useful for targeting acidic surroundings, similar as
neoplasm tissues or inflamed spots, where pH lev-
els are lower than those in normal physiological
conditions. Peptides containing acid-labile linkers
degrade under low pH conditions, activating med-
icine release.

The mechanism behind pH-sensitive medicine
release frequently involves protonation or depro-
tonation of specific functional groups within the
hydrogel matrix, leading to swelling or declination
[82]. For illustration, hydrogels incorporating his-
tidine-rich peptides display pH-dependent solu-
bility, enhancing their felicity for targeted cancer
remedy and seditious disease treatment. Also, poly-
mer-peptide crossbreed hydrogels incorporating
ionizable groups, similar as carboxyl and amine
groups, further enhance pH-responsive geste for
tailored release kinetics.

Enzyme-sensitive drug release

Peptide hydrogels can be programmed to degrade
in the presence of specific enzymes overexpressed
in diseased tissues. For illustration, MMPs are
largely expressed in cancerous and kindled tissues.
Incorporating MMP-cleavable peptide sequences
into the hydrogel ensures selective medicine release
at the target point [83].

Beyond MMPs, other enzyme-responsive sys-
tems include hydrogels designed to respond to
proteases, phosphatases, and lipases. These hydro-
gels degrade in response to complaint-specific
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enzymatic exertion, leading to precise remedial
action with minimum off-target effects. Enzyme-
cleavable hydrogels are particularly profitable for
regenerative drug and localized cancer remedy, as
they allow for largely selective medicine adminis-
tration in response to pathological enzyme exertion
[84].

Thermo-Responsive and Light-Activated Systems

Thermo-responsive hydrogels experience gel-sol
transitions at physiological temperatures, facilitat-
ing controlled medicine release. These hydrogels
contain temperature-sensitive peptide sequences
that experience conformational changes when
exposed to temperature variations. Generally, ther-
mo-responsive hydrogels show lower critical result
temperature behavior, meaning they remain in a
gel state at body temperature and transition into a
sol state when exposed to advanced temperatures,
allowing medicine diffusion [85].

Light-activated hydrogels use near-infrared
(NIR) light to activate structural changes, enabling
precise spatiotemporal control of medicine release.
Photocleavable peptide linkers within these hydro-
gels enable rapid-fire medicine emancipation upon
exposure to external light stimulants. This approach
is particularly profitable in ophthalmology, local-
ized neoplasm remedy, and wound mending oper-
ations, where external light sources can be used to
control medicine administration precisely.

Further advancements in light-responsive
hydrogels involve the integration of up-conversion
nanoparticles that convert NIR light into ultravio-
letor visible light, setting off hydrogel declination
and medicine release with deeper tissue penetra-
tion [54]. These crossbreed systems enhance the
connection of light-responsive hydrogels for in vivo
remedial operations.

Controlled and targeted drug delivery

Controlled medicine release from peptide hydro-
gels prevents burst release and ensures a harmo-
nious remedial effect over extended periods. By
modifying hydrogel properties, experimenters can
design medicine delivery systems adjusted to spe-
cific operations. The capability to control medicine
prolixity, declination kinetics, and targeting capabil-
ities allows for optimized remedial issues in various
medical operations, including cancer treatment, tis-
sue renewal, and infection control [86].
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Sustained release profiles

The rate of medicine release is governed by hydro-
gel mesh size, cross-linking viscosity, and declina-
tion rate. Hydrogels with slower declination pro-
files give lengthened medicine release, reducing
dosing prevalence and enhancing patient compli-
ance. By confirming the molecular composition and
cross-linking of peptide hydrogels, experimenters
can fine-tune medicine release kinetics to match
the desired remedial window.

Diffusion-controlled, swelling-controlled, and
declination-controlled release mechanisms can be
employed collectively or in combination to achieve
sustained medicine delivery [87]. For example,
hydrogels with a largely cross-linked structure
produce slower prolixity rates, resulting in extend-
ed-release durations. Also, incorporating biode-
gradable linkers sensitive to physiological enzymes
ensures controlled hydrogel declination and poste-
rior medicine emancipation over time. This strat-
egy is particularly valuable for habitual disease reg-
ulation, where long-term medicine administration
is needed.

Ligand-functionalized peptide hydrogels

Functionalization with targeting ligands, similar
as antibodies, peptides, or aptamers, enhances
the particularity of peptide hydrogels. Ligand-
functionalized hydrogels ensure that medicine
motes accumulate preferentially at diseased tis-
sues, enhancing remedial efficacy while minimizing
systemic side effects.

Targeting ligands can be incorporated through
covalent attachment or affinity relations, allowing

for precise control over medicine release at specific
natural spots [88]. For illustration, peptide hydro-
gels functionalized with growth-targeting ligands,
similar as RGD sequences, promote selective bind-
ing to cancer cells, easing localized chemotherapy
with reduced toxin. Also, hydrogels conjugated with
antimicrobial peptides can enhance infection point
targeting, perfecting remedial effectiveness against
bacterial biofilms. Different stimuli-responsive
peptide hydrogels and their mechanisms of drug
release are outlined in Table 3, demonstrating their
adaptability for precision drug delivery.

Advancements in ligand-functionalized hydro-
gels also include binary targeting approaches,
where multiple ligands are incorporated to ame-
liorate particularity and binding affinity [89]. For
example, combining folic acid and transferrin
ligands can enhance hydrogel-intermediated med-
icine delivery to cancer cells that overexpress cor-
responding receptors. Also, stimulants-responsive
ligand-functionalized hydrogels further improve
medicine release kinetics, ensuring optimal medi-
cine bioavailability in response to pathological con-
ditions similar as inflammation or hypoxia. These
targeted hydrogel systems have significant capabil-
ity in precision drug, enabling substantiated cura-
tives conditioned to individual cases based on com-
plaint biomarkers and receptor expression profiles
[90].

Peptide hydrogels offer diverse and adaptable
platforms for drug delivery, integrating responsive
mechanisms for precision medicine. By refining
these systems, researchers can further optimize
drug loading, release kinetics, and targeting capa-
bilities to enhance clinical applications.

Table 2. Drug encapsulation strategies and their applications [Source: Authors].

Encapsulation strategy Mechanism

Advantages

Applications

Physical entrapment Drug diffuses within

hydrogel pores

Covalent bonding Drug conjugated via

cleavable bonds

Affinity-based binding Drug interacts with

hydrogel matrix

Simple preparation, suitable for
various drugs

Prolonged release, prevents
premature degradation
High drug loading efficiency,
controlled release

Small molecule drugs, hydrophilic
compounds

Peptide drugs, proteins, antibodies

Protein-based drugs, nucleic acids

Table 3. Stimuli-responsive peptide hydrogels [Source: Authors].

Stimulus Mechanism

Application

pH-responsive
Enzyme-sensitive Cleaved by disease-associated enzymes
Thermo-responsive Temperature-induced gel-sol transition

Light-activated Photo-induced structural change

Hydrogel degrades under acidic conditions

Tumor-targeted drug delivery, gastric drug release
Cancer therapy, inflammatory diseases
Injectable drug delivery, wound healing

On-demand drug release, localized therapy
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Biomedical Applications of Biodegradable
Peptide Hydrogels

Peptide hydrogels have arose as a protean platform
for biomedical operations, offering unique advan-
tages similar as biocompatibility, tunable declina-
tion rates, and stimulants-responsive geste. These
properties make them ideal for medicine delivery,
tissue engineering, wound mending, and antimicro-
bial operations.

Cancer therapy

Peptide hydrogels have surfaced as a promising tool
in cancer remedy by enabling localized, controlled
medicine release and reducing the systemic toxin
generally associated with conventional chemother-
apy. Their unique properties similar as tunable dec-
lination rates, responsiveness to neoplasm ambient
cues, and ease of functionalization allow them to be
doctored for specific remedial requirements [71]. In
cancer treatment, peptide hydrogels are employed
not only for localized chemotherapy delivery but
also for advanced immunotherapy and gene rem-
edy operations.

Localized chemotherapy delivery

Traditional chemotherapy is frequently hampered
by non-specific medicine distribution, which leads
to significant off-target toxins and adverse side
effects. Peptide hydrogels address these limitations
by delivering a localized medicine depot that grad-
ually releases chemotherapeutic agents directly
at the neoplasm point. This targeted approach
enhances medicine bioavailability within the lump
while sparing healthy tissues.

i. Localized chemotherapy delivery using pep-
tide hydrogels involves several crucial design
rudiments.

ii. Encapsulation of chemotherapeutic agents med-
icines similar as doxorubicin, paclitaxel, and cis-
platin can be physically entrapped or covalently
bonded within the hydrogel network [80]. The
matrix’s fissure size and cross-linking viscosity
are precisely contrived to achieve a sustained
release profile that matches the remedial win-
dow needed for effective lump repression.

iii. Tumor-targeting strategies functionalization of
the hydrogel with lump-targeting ligands simi-
lar as RGD peptides further enhances medicine
retention at the neoplasm point. These ligands
promote specific binding to receptors overex-
pressed on cancer cells, ensuring advanced orig-
inal medicine attention.

iv. Stimuli-responsive release of numerous peptide
hydrogels are designed to be enzyme-respon-
sive. For example, the incorporation of MMP-
cleavable sequences allows the hydrogel to
degrade in response to the high MMP exertion
set up in numerous neoplasms [91]. This results
in precise, point-specific medicine release.

v. Improved patient compliance the sustained
release of chemotherapeutic agents minimizes
the need for frequent dosing, thereby reducing
patient discomfort and enhancing overall treat-
ment adherence. Table 4 presents notable exam-
ples of chemotherapeutic agents successfully
delivered via peptide hydrogels, showcasing
their potential for targeted cancer therapy.
These strategies collectively contribute to a more

effective and safer chemotherapeutic regimen, as

evidenced by improved tumor regression and lower
systemic side effects in preclinical studies.

Immunotherapy and gene therapy applications

In addition to chemotherapy, peptide hydrogels

serve as robust platforms for immunotherapy and

gene remedy, which are fleetly gaining height in the
fight against cancer.

i. Immunotherapy  delivery = immunotherapy
relies on modulating the patient’s vulnerable
system to honor and destroy cancer cells [92].
Hydrogel-based delivery systems for immuno-
therapeutic agents similar as checkpoint inhib-
itors (anti-PD-1,anti-CTLA-4 antibodies) offer
several advantages. By handing a controlled and
localized release, peptide hydrogels help main-
tain remedial levels of these agents at the lump
point while minimizing systemic vulnerable-af-
filiated adverse events. This localized approach
enhances the antitumor-vulnerable response

Table 4. Examples of chemotherapeutic delivery via peptide hydrogels [Source: Authors].

Encapsulation method

Targeting strategy

Observed benefits

Doxorubicin Physical entrapment RGD peptide functionalization
Paclitaxel Covalent bonding pH-sensitive release
Cisplatin Enzyme-responsive system MMP-cleavable linkers

Enhanced tumor retention; reduced toxicity
Sustained release; improved bioavailability

Targeted release in high MMP environments
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by ensuring that vulnerable cells are triggered
directly within the neoplasm medium.

ii. Gene therapy applications and gene remedy
holds great pledges for treating cancer by target-
ing inheritable anomalies within neoplasm cells.
Peptide hydrogels have been contrived to deliver
a variety of inheritable materials, including
small interfering RNA(siRNA), messenger RNA
(mRNA), and CRISPR/Cas9 factors. The hydro-
gel matrix protects these sensitive biomolecules
from declination by nucleases, while its sus-
tained release profile allows for extended reme-
dial action. Cationic peptide sequences incor-
porated into the hydrogel ease the binding and
effective cellular uptake of negatively charged
nucleic acids. This enhances gene silencing or
editing effectiveness, leading to enhanced reme-
dial effects [93].

.Synergistic therapies, especially, peptide hydro-
gels have been explored for combination cura-
tives where immunotherapeutic agents and gene
remedy vectors are co-delivered. This multi-
modal approach can concurrently modulate the
vulnerable system and correct or silence onco-
genic drivers, providing a synergistic attack on
cancer cells.

The applications of peptide hydrogels in immu-
notherapy and gene therapy, including their roles in
localized immune activation and gene silencing, are
summarized in Table 5.

—_

ii

Wound healing and tissue engineering

Peptide hydrogels are uniquely suited for wound
mending and tissue renewal due to their capability
to mimic the natural ECM. Their high water con-
tent, previous structure, and biocompatibility pro-
duce an ideal terrain for cell adhesion, proliferation,
and isolation. In addition, the essential bioactivity
of peptide hydrogels can be further enhanced by
incorporating growth factors, antimicrobial agents,
and other bioactive motes, all of which contribute
to accelerated tissue health and renewal [94].

Peptide hydrogels for skin regeneration

Chronic injuries, including diabetic ulcers and pres-
sure blisters, present a significant clinical challenge
due to their prolonged mending times and vulnera-
bility to infection. Peptide hydrogels offer an inno-
vative result by acting as advanced wound dress-
ings that maintain a damp terrain—a critical factor
for optimal wound mending. This damp terrain
facilitates gas exchange and waste disposal while
forestalling tissue desiccation, thereby promoting
faster re-epithelialization. Table 6 highlights key
bioactive components in peptide hydrogels that
contribute to accelerated wound healing and skin
regeneration.

One of the primary advantages of peptide hydro-
gels in skin regeneration is their capability to
deliver bioactive motes directly to the wound point.
For illustration, the incorporation of epidermal
growth factor (EGF) and transubstantiating growth
factor-beta (TGF-B) into the hydrogel matrix has
been shown to stimulate fibroblast proliferation
and collagen conflation. These growth factors not
only enhance the structural integrity of the regen-
erating tissue but also expedite the conformation of
new blood vessels (angiogenesis), which is essen-
tial for sustained tissue health [95].

In addition to growth factors, antimicrobial pep-
tide (AMP) loaded hydrogels serve a binary pur-
pose. They help bacterial colonization and posterior
infection while concurrently promoting mending.
Some phrasings combine AMPs with spare agents
similar as silverware nanoparticles or chitosan der-
ivations, which give fresh antimicrobial efficacy.
These multifunctional hydrogels have been demon-
strated to reduce infection rates in open injuries
and ameliorate overall mending issues.

These advanced skin regeneration strategies
using peptide hydrogels have shown promise in
preclinical studies and are paving the way for more
effective, patient-friendly wound care solutions.

Table 5. Immunotherapy and gene therapy applications using peptide hydrogels [Source: Authors].

Key benefits

Therapeutic Modality ~ Agent/component Mechanism
Immunotherapy Anti-PD-1/anti-CTLA-4
Gene therapy siRNA/mRNA

release

Combination therapy CRISPR/Cas9 + antibodies

Localized checkpoint inhibition

Gene silencing/editing via sustained

Concurrent gene editing and
immune modulation

Reduced systemic toxicity;
enhanced local immune activation

Protection from degradation;
improved cellular uptake

Synergistic antitumor effects; multi-
target approach
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Table 6. Key components and benefits of peptide hydrogels in skin regeneration [Source: Authors].

Component Function/Mechanism Key Benefits

EGF Stimulates fibroblast proliferation and Accelerated wound closure
re-epithelialization

TGF-B Promotes collagen synthesis and ECM remodeling  Enhanced structural integrity

AMPs Disrupt bacterial membranes Reduced infection risk

Silver nanoparticles/chitosan

Additional antimicrobial action

Synergistic infection control

Bone and cartilage regeneration

In orthopedic operations, peptide hydrogels have
been abused to support the health and regenera-
tion of bone and cartilage tissues. The crucial chal-
lenge in bone and cartilage health lies in recreating
a scaffold that not only provides mechanical sup-
port but also encourages the isolation of cells into
osteoblasts (bone-forming cells) or chondrocytes
(cartilage-forming cells) [96].

Mineralized peptide hydrogels, which are loaded
with inorganic factors similar as calcium phos-
phate or hydroxyapatite, have surfaced as prom-
ising materials for bone renewal. These mineral
complements mimic the natural mineral content of
bone, thereby promoting osteoblast isolation and
accelerating new bone conformation. The previous
network of the hydrogel facilitates nutrient prolix-
ity and waste disposal, while its biodegradability
allows for gradual relief by aboriginal tissue [96].

For cartilage renewal, the focus is on creating a
terrain conducive to the growth and conservation
of chondrocytes or mesenchymal stem cells (MSCs).
Hydrogels that synopsize these cells give a three-di-
mensional scaffold that mimics the cartilage ECM,
thereby supporting cell viability and function. Also,
injectable peptide hydrogels offer a minimally inva-
sive option for delivering these regenerative cura-
tives. Upon injection, these hydrogels experience in
situ gelation, conforming to the shape of the disfig-
urement and filling irregular tissue gaps, which is
critical for effective cartilage repair. Table 7 sum-
marizes strategies for utilizing peptide hydrogels
in bone and cartilage regeneration, including their
role in osteoblast differentiation and defect filling.

The use of peptide hydrogels in bone and car-
tilage regeneration demonstrates their versatility
as both a structural support and a delivery vehicle
for bioactive molecules and cells. These hydrogels
facilitate a controlled healing environment that is
critical for the successful repair of musculoskeletal
tissues.

Antimicrobial and antiviral applications

Peptide hydrogels demonstrate potent antimicro-
bial and antiviral properties, making them high-end
tools for infection control and remedial interven-
tions [97]. By combining the essential bioactivity
of peptides with the controlled release capabilities
of hydrogels, these materials offer a multifaceted
approach to combat bacterial and viral infections
while concurrently supporting tissue renewal.

Antimicrobial peptide-loaded hydrogels

Bacterial infections remain a significant challenge
in wound operation and implant-associated com-
plications. To address this, AMP-functionalized
hydrogels have been developed. These systems
incorporate naturally occurring AMPs similar as
LL-37, defensins, and magainins, which are known
for their broad-spectrum antimicrobial exertion.
AMPs act primarily by interacting with and dis-
membering bacterial cell membranes, leading to
severance conformation and eventual cell lysis.
Within a hydrogel matrix, these peptides can be
incorporated either by physical ruse or covalent
conjugation. The hydrogel not only serves as a
reservoir for sustained AMP release but also pro-
vides a physical hedge that limits bacterial col-
onization. The controlled and gradual release of

Table 7. Strategies for bone and cartilage regeneration with peptide hydrogels [Source: Author].

Regenerative target Strategy

Key benefits

Bone regeneration
hydroxyapatite

Cartilage regeneration Encapsulation of chondrocytes or MSCs

Injectable formulations  In situ gelation for defect filling

Mineralized hydrogels with calcium phosphate/

Promotes osteoblast differentiation; accelerates bone
formation

Provides 3D scaffold; supports cell viability and ECM
synthesis

Minimally invasive delivery; conforms to defect shape
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AMPs maintains remedial attention at the wound
or implant point, minimizing the threat of infection
and reducing the liability of bacterial resistance
development [98].

Advanced phrasings may combine AMPs with
fresh antimicrobial agents similar as silverware
nanoparticles or chitosan derivations to further
enhance antibacterial efficacy. Similarly, bina-
ry-function hydrogels that also retain anti-inflam-
matory properties have been explored to contem-
poraneously address infection and the seditious
response that frequently complicates chronic
injuries.

Peptide hydrogels for antiviral remedy

In the realm of antiviral remedies, peptide hydro-
gels have been delved as platforms for the con-
trolled delivery of antiviral peptides and small-
patch impediments targeting pathogens similar
as HIV, influenza, and SARS-CoV-2. Encapsulation
within the hydrogel matrix protects these sensitive
antiviral agents from enzymatic declination and
enhances their bioavailability.

The sustained release profile of peptide hydro-
gels ensures that antiviral agents remain at effec-
tive attention over prolonged periods, which is
critical for suppressing viral replication [99]. In
addition, these hydrogels can be formulated as
mucoadhesive systems, making them particularly
useful for treating infections in mucosal tissues. For
example, in respiratory or gastrointestinal tracts,
the mucoadhesive properties of the hydrogel help
localize the medicine, enhancing its efficacy and
reducing systemic exposure. A summary of peptide
hydrogels’ antimicrobial and antiviral applications,
including their role in infection control, is provided
in Table 8.

By enabling localized and extended delivery,
peptide hydrogels not only enhance the stability of
antiviral medicines but also allow for combination
curatives. Co-delivery of multiple antiviral agents

may affect in synergistic effects, further enhancing
treatment issues and reducing the threat of medi-
cine resistance.

In summary, the integration of antimicrobial and
antiviral agents into peptide hydrogels represents
a powerful strategy for addressing infectious chal-
lenges in clinical settings. These systems provide
controlled and localized drug delivery while simul-
taneously creating a conducive environment for tis-
sue repair. Their versatility makes them particularly
promising for applications ranging from chronic
wound management to the targeted treatment of
viral infections.

Ophthalmic drug delivery

Peptide hydrogels have shown great pledges in
optical medicine delivery due to their essential bio-
compatibility, optic clarity, and sustained release
properties [100]. The delicate nature of optical tis-
sues requires materials that not only deliver medi-
cines effectively over extended ages but also main-
tain the comfort and physiological function of the
eye. Peptide hydrogels address these requirements
by forming a soft, transparent matrix that conforms
to the eye’s surface while ensuring controlled med-
icine release.

The unique network structure of peptide hydro-
gels enables them to act as budgets for various oph-
thalmic medicines, minimizing the rapid-fire con-
currence that is typical of conventional eye drops.
This sustained release improves medicine reten-
tion time on the optical surface, which is critical for
treating habitual eye conditions similar as uveitis,
dry eye complaint, and retinal diseases. Also, these
hydrogels can be contrived to be mucoadhesive,
ensuring intimate contact with optical tissues and
farther enhancing medicine bioavailability [95].

Table 8. Summary of antimicrobial and antiviral applications using peptide hydrogels [Source: Authors].

Application type Key agents/components

Mechanism of action

Benefits

Antimicrobial therapy  LL-37, defensins, magainins

Dual-function
hydrogels

AMPs + anti-inflammatory agents
Antiviral therapy Antiviral peptides, inhibitors

Mucoadhesive
systems

Hydrogels with mucoadhesive
polymers

Membrane disruption, pore
formation

Infection control and
inflammation reduction

Inhibition of viral replication/
entry

Adherence to mucosal tissues,
localized release

Broad-spectrum activity; sustained
release

Enhanced wound healing; reduced
resistance risk

Improved stability; localized,
sustained delivery

Targeted delivery; enhanced
bioavailability
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Hydrogel-based contact lenses for sustained
medicine release

One of the most innovative operations in ophthal-
mology involves the integration of peptide hydro-
gels into contact lenses. These hydrogel-based
contact lenses are designed to lodge anti-inflam-
matory and anti-glaucoma specifics, among other
rectifiers, to deliver prolonged medicine release
compared to traditional eye drops. The sustained
release medium is achieved by the slow prolixity
of the medicine from the hydrogel matrix, which is
impacted by the cross-linking viscosity and sever-
ance size of the hydrogel.

In this operation, the hydrogels must maintain
high levels of translucency and oxygen permeabil-
ity to ensure that vision is not compromised and
that corneal health is saved. Medicines similar
as corticosteroids, cyclosporine, and anti-vascu-
lar endothelial growth factor (anti-VEGF) agents
can be incorporated into the hydrogel matrix.
These agents are particularly useful for managing
seditious conditions, vulnerable mediated opti-
cal conditions, and retinal diseases. The extended
medicine release delivered by these lenses not
only reduces the need for frequent administration
but also improves patient adherence, eventually
enhancing remedial issues. The potential of hydro-
gel-based contact lenses for sustained ophthalmic
drug release is outlined in Table 9.

Neural tissue engineering and regeneration

Neural tissue engineering aims to restore or replace
damaged neural tissues by supplying a probative
medium for neuronal growth, isolation, and repair.
Peptide hydrogels are particularly well-suited for
this operation due to their capability to mimic the
natural ECM of neural tissues. Their soft, doused
nature provides an optimal scaffold that supports
cell adhesion and facilitates the prolixity of nutri-
ents and signaling motes.

The design of peptide hydrogels for neural oper-
ations frequently involves acclimatizing the materi-
al’s mechanical properties to nearly match those of
the native neural tissue. This harmony is essential
to avoid driving glial scar conformation and to pro-
mote the survival and integration of bedded cells.
In addition, these hydrogels can be functionalized
with bioactive peptides and growth factors that
encourage neurite outgrowth, synapse conforma-
tion, and overall neural connectivity.

Hydrogel scaffolds for spinal cord repair

Spinal cord injuries (SCIs) present a redoubtable
challenge due to the limited regenerative capacity
of central nervous system tissues. Peptide hydro-
gels offer a promising strategy for SCI repair by
acting as injectable platforms that fill the injury
depression and give a conducive terrain for axonal
rejuvenescence. Upon injection, these hydrogels
experience in situ gelation, conforming to the irreg-
ular figures of the injury point and establishing a
physical ground for regenerating axons.

A critical aspect of spinal cord repair involves
the incorporation of neurotrophic factors similar
as brain-derived neurotrophic factor (BDNF) and
nerve growth factor (NGF). These factors support
neuronal survival, promote axonal growth, and
enhance synaptic connectivity. By bedding similar
neurotrophic agents within the hydrogel altar, a
sustained and localized delivery can be achieved,
ensuring that the regenerating neurons admit non-
stop support during the critical phases of form. The
strategies employed in peptide hydrogel scaffolds
for neural tissue engineering, particularly in spinal
cord repair, are detailed in Table 10.

Hydrogel platforms for spinal cord repair can be
designed to give directional cues that guide axonal
extension. Micro-patterning ways or grade-based
delivery systems within the hydrogel matrix can
encourage the alignment of regenerating fibers,
which is essential for the restoration of functional
neural circuits.

Table 9. Below summarizes key features and benefits of hydrogel-based contact lenses for ophthalmic drug delivery

[Source: Authors].

Feature Description

Key benefits

Transparency and comfort

Sustained drug release

Mucoadhesive properties

Oxygen permeability
transmission

High optical clarity and soft mechanical properties

Controlled diffusion of embedded drugs

Enhanced adherence to the ocular surface

Engineered to allow sufficient oxygen

Maintains vision quality; increases comfort

Prolonged therapeutic effect; reduced dosing
frequency

Improved bioavailability and retention time

Supports corneal health and prevents hypoxia
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Together, these approaches highlight the poten-
tial of peptide hydrogels to transform neural tissue
engineering and spinal cord repair. Their capacity
to deliver bioactive molecules in a controlled man-
ner, combined with their structural and functional
compatibility with neural tissues, makes them a
powerful tool for regenerative medicine.

Cardiovascular applications

Peptide hydrogels are utilized in cardiovascular
therapies, including myocardial infarction repair
and vascular graft coatings.

Injectable hydrogels for myocardial infarction repair

Injectable peptide hydrogels are designed to sup-
port cardiac tissue regeneration post-myocardial
infarction. These hydrogels provide a protective
niche for cardiac cells, reducing inflammation and
enhancing angiogenesis. Incorporating angiogenic
factors such as VEGF further promotes new blood
vessel formation [80].

Anti-thrombogenic peptide hydrogels

Hydrogels functionalized with heparin or nitric
oxide-releasing peptides prevent thrombus for-
mation in vascular grafts and stents. The sustained
release of anti-coagulants reduces the risk of
post-surgical complications. Table 11 provides an
overview of the diverse biomedical applications of

peptide hydrogels, ranging from cancer therapy to
cardiovascular interventions.

Peptide hydrogels have demonstrated immense
potential in various biomedical applications. Their
adaptability, tunability, and biocompatibility posi-
tion them as promising candidates for next-gener-
ation therapeutic platforms. Future research will
continue to refine their functionality, improving
their clinical translation and efficacy in diverse
medical fields.

Future Perspectives and Conclusions

The rapid evolution of peptide hydrogel technology
has opened new avenues for precision drug deliv-
ery and regenerative medicine. Despite impressive
advances in design, functionality, and application,
several challenges remain that must be addressed
before these materials can be widely adopted in
clinical settings. Future research is expected to
build upon current successes by overcoming these
limitations, integrating cutting-edge technologies,
and expanding the range of biomedical applications.

Current challenges and limitations

A critical aspect of future development is under-
standing and addressing the existing challenges in
peptide hydrogel research. One major issue is the
scalability of peptide synthesis and hydrogel pro-
duction. Although many peptide hydrogels are syn-
thesized using well-established methods, ensuring

Table 10. Summarizes the key strategies employed in designing peptide hydrogel scaffolds for neural tissue engineering,

particularly for spinal cord repair [Source: Authors].

Strategy Mechanism

Key benefits

In situ gelation

Neurotrophic factor delivery Incorporation of BDNF, NGF, etc.
ECM mimicry

Directional cues

Injectable hydrogels solidify at the injury site

Tailored mechanical and biochemical properties

Micro-patterned or gradient hydrogels

Conforms to irregular injury shapes; minimally
invasive

Promotes neuronal survival and axonal growth
Supports cell adhesion and neurite outgrowth

Guides axonal alignment for functional
connectivity

Table 11. Biomedical applications of peptide hydrogels [Source: Authors].

Application area Function

Key benefits

Cancer therapy
Wound healing Skin & bone regeneration

Antimicrobial therapy Bacterial & viral infections

Ophthalmology Sustained ocular drug release

Neural regeneration Spinal cord & neural repair

Cardiovascular therapy Myocardial repair & vascular grafts

Chemotherapy & immunotherapy delivery

Targeted drug release, reduced toxicity
Moist wound healing, accelerated tissue repair

Prolonged antimicrobial action, reduced resistance
risk

Prolonged retention, improved bioavailability
Axonal growth, neuroprotection

Angiogenesis, thrombosis prevention

148

https://www.wisdomgale.com/ejsrr/



European Journal of Scientific Research and Reviews. 2025; 2(3): 130-153.

batch-to-batch reproducibility and cost-effective-
ness for large-scale manufacturing remains a sig-
nificant hurdle.

Another challenge lies in the long-term stability
and controlled biodegradation of these hydrogels.
While the inherent biodegradability of peptides is
an advantage, achieving a degradation profile that
precisely matches therapeutic timelines is complex.
This requires a delicate balance between maintain-
ing structural integrity for sustained drug release
and ensuring complete resorption without adverse
effects.

Furthermore, the clinical translation of peptide
hydrogels is hindered by regulatory challenges.
Safety, efficacy, and quality control standards must
be rigorously demonstrated through preclinical and
clinical studies. Immune compatibility and potential
inflammatory responses also need a thorough eval-
uation to prevent complications after implantation.

Emerging trends and innovations

Recent advancements in biomaterials research are
driving innovative approaches to overcome these
limitations. Integration with nanotechnology is
enhancing the functionality of peptide hydrogels
by enabling multi-modal drug delivery systems and
improved targeting. For example, incorporating
nanoparticles into hydrogel matrices can facilitate
simultaneous imaging, diagnostics, and therapy.

Another promising trend is the use of stimuli-re-
sponsive and smart hydrogel systems. Advances
in photo-responsive, thermo-responsive, and
enzyme-sensitive designs are enabling hydrogels
that release drugs precisely in response to envi-
ronmental cues. This fine-tuning not only improves
therapeutic efficacy but also minimizes off-target
effects. Artificial intelligence and machine learn-
ing are beginning to play a role in hydrogel design,
allowing researchers to predict and optimize pep-
tide sequences for desired mechanical and bio-
logical properties. This computational approach
accelerates the development of customized,
patient-specific hydrogels that could revolutionize
personalized medicine.

Clinical translation and regulatory considerations

The path to clinical application requires address-
ing both scientific and regulatory challenges. In the
coming years, standardized protocols for the char-
acterization, testing, and quality control of pep-
tide hydrogels will be critical. Collaborative efforts
between researchers, clinicians, and regulatory

https://www.wisdomgale.com/ejsrr/

agencies are needed to develop clear guidelines for
safety and efficacy evaluations.

Pilot clinical trials are beginning to shed light on
the performance of peptide hydrogels in various
applications, from localized chemotherapy to tissue
engineering. These early studies will inform future
regulatory frameworks and help identify optimal
design parameters for clinical success. Moreover,
long-term in vivo studies are essential to assess
the biodegradation, immune response, and overall
therapeutic outcomes in human subjects.

Future research directions

Looking forward, several research avenues are
poised to further enhance the capabilities of pep-
tide hydrogels. One key direction is the develop-
ment of multi-functional hydrogels that can deliver
combinations of drugs, genes, or growth factors
simultaneously. This could be particularly valuable
in complex diseases like cancer, where combination
therapies are often more effective.

Another important areais the refinement of stim-
uli-responsive systems. By incorporating multiple
triggers—such as pH, temperature, and enzymatic
activity—researchers aim to create hydrogels with
ultra-precise control over drug release. The design
of such smart systems will benefit from advances in
material science and computational modeling.

There is also a growing interest in exploring the
potential of peptide hydrogels in emerging fields
such as bioelectronics and 3D bioprinting. The abil-
ity to tailor mechanical and electrical properties
opens up possibilities for constructing neural inter-
faces and customized tissue scaffolds that closely
mimic native tissue architecture.

Conclusions

Peptide hydrogels have established themselves as a
transformative platform for precision drug delivery
and regenerative medicine. Their biocompatibility,
tunable properties, and capacity for stimuli-re-
sponsive behavior make them ideal candidates for
a wide range of biomedical applications. Although
challenges related to scalability, stability, and regu-
latory approval persist, emerging innovations and
interdisciplinary collaborations are rapidly advanc-
ing the field.

In conclusion, the future of peptide hydrogel
technology is exceptionally promising. Continued
research aimed at refining their design, improv-
ing manufacturing processes, and establishing
robust clinical protocols will pave the way for their
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widespread clinical adoption. Ultimately, these
advances hold the potential to revolutionize per-
sonalized medicine and offer new hope for the
treatment of complex diseases.
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