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ABSTRACT  

Peptide-based encapsulation systems have gained significant 
attention in recent years as a promising strategy for the 
stabilization, storage, and preservation of biomolecules. These 
systems offer distinct advantages over traditional encapsulation 
methods due to the unique properties of peptides, such as 
biocompatibility, tunable structure, and the ability to form stable 
complexes with various biomolecules. This study provides a 
comprehensive overview of peptide-based approaches for 
encapsulating proteins, enzymes, nucleic acids, and other 
biomolecules, focusing on their mechanisms, design principles, 
and applications. The study explores the underlying 
physicochemical interactions between peptides and 
biomolecules, such as hydrogen bonding, electrostatic 
interactions, and hydrophobic forces, which are essential for 
achieving effective encapsulation and stabilization. Moreover, the 
study examines several types of peptide-based systems, 
including hydrogels, self-assembled structures, nanoparticles, 
and peptide coatings, highlighting their respective advantages, 
challenges, and current applications in drug delivery, enzyme 
preservation, vaccine storage, and diagnostics. This study also 
discusses the key challenges in scaling these systems for industrial 
use, such as cost-effectiveness, long-term stability, and 
biocompatibility, while identifying future research directions 
aimed at enhancing the performance of peptide-based systems. 
In particular, the integration of peptide encapsulation with 
nanotechnology and gene editing holds great promise for 
advancing therapeutic and diagnostic applications. Despite 
current limitations, peptide-based encapsulation is poised to play 
a transformative role in biopreservation, biotechnology, and 
medicine in the coming years. 
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Introduction 

Biomolecule encapsulation refers to the process of 
enclosing sensitive biomolecules (such as proteins, 
peptides, enzymes, or nucleic acids) within 
protective structures to shield them from environ- 
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mental factors that could compromise their integrity, 
such as temperature, pH, and oxidation. Storage and 
preservation are essential processes that maintain the 
biological activity and functional properties of these 
biomolecules over time. Effective preservation 
methods are crucial for ensuring the usability and 
stability of biomolecules, especially in fields such as 
pharmaceuticals, diagnostics, and biotechnology. 
Several traditional preservation methods are 
employed, including freeze-drying (lyophilization), 
refrigeration, and chemical additives. However, these 
techniques often have limitations, such as 
degradation of biomolecules over time, and reduced 
efficacy (1). Encapsulation through various materials, 
including liposomes, polymers, and peptides, is 
gaining attention as a more controlled and versatile 
strategy. These methods not only protect the 
biomolecules from external stress but also offer 
controlled release profiles, which are particularly 
important for targeted delivery systems (2). 

The stability of biomolecules is pivotal in various 
biotechnological and biomedical applications. In 
drug delivery, for example, the instability of proteins 
and enzymes can lead to therapeutic failure, reduced 
bioactivity, and diminished shelf life (3). In 
diagnostics, the accurate detection of biomarkers 
depends on the preservation of the biomolecular 
integrity of proteins or nucleic acids, which could 
degrade or lose functionality under harsh 
environmental conditions (4). Moreso, the production 
of vaccines requires stable proteins and antigens to 
maintain their immunogenicity during transport and 
storage (5). In biotechnology, maintaining the stability 
of enzymes and biocatalysts is critical for optimizing 
industrial processes, particularly in large-scale 
production (6). Stability is also crucial in gene 
therapies, where vector systems such as DNA or RNA 
are prone to degradation by nucleases. The 
development of novel strategies that enhance the 
stability of biomolecules can address these 
challenges and lead to more effective and reliable 
biotechnological and medical solutions. 

Peptides, short chains of amino acids linked by 
peptide bonds, have emerged as promising 
candidates for biomolecule encapsulation, storage, 
and preservation due to their unique properties, 
including biocompatibility, biodegradability, and 
structural versatility (7). Peptide-based systems can 
interact with biomolecules through various 
mechanisms, including hydrophobic interactions, 
electrostatic forces, and hydrogen bonding, which 
enhances the stability and longevity of encapsulated 
biomolecules (8). Moreso, peptides can be 
engineered for specific functionalities, such as 
targeted binding to biomolecules, which improves 
the efficacy of the encapsulation process. In peptide-
based systems, peptides can be designed to form 
self-assembling nanostructures, hydrogels, or 

micelles that encapsulate biomolecules effectively. 
These systems protect from environmental stresses 
such as oxidation, temperature fluctuations, and pH 
changes. The tunability of peptides allows for the 
development of systems with tailored release profiles, 
offering significant advantages in controlled drug 
release, vaccine storage, and gene therapy (9). 
Moreover, peptide-based encapsulation can 
overcome limitations associated with synthetic 
polymers and other materials, such as 
immunogenicity and toxicity, making peptides an 
attractive alternative for biomolecule preservation in 
medical and biotechnological applications (10). 

This study aims to provide a comprehensive overview 
of peptide-based approaches for the encapsulation, 
storage, and preservation of biomolecules, focusing 
on the mechanisms, design principles, and practical 
applications of these systems. Specifically, this review 
examines the underlying mechanisms that enable 
peptides to encapsulate and stabilize biomolecules 
through various physicochemical interactions, 
discusses the different types of peptide-based 
systems such as hydrogels, nanoparticles, self-
assembled structures, and peptide coatings, along 
with their respective advantages and challenges. It 
further explores the current applications of peptide-
based encapsulation in areas like drug delivery, 
protein stabilization, enzyme preservation, and 
vaccine storage, while addressing emerging 
biomedical applications. This study also highlights 
the limitations of peptide-based systems, such as 
scalability, cost-effectiveness, and long-term stability 
under extreme conditions, and identifies key research 
gaps, particularly in enhancing the performance of 
these systems for large-scale applications and 
improving the stability of encapsulated biomolecules 
under varying environmental stresses. 

Mechanisms of Peptide-Based Encapsulation 

Peptide properties for effective encapsulation 

Peptides possess unique physicochemical properties 
that make them highly effective for biomolecule 
encapsulation. These properties include their small 
size, flexibility, and the ability to form diverse 
secondary structures, such as α-helices, β-sheets, and 
β-turns. Peptides can be designed to have hydrophilic 
or hydrophobic regions, allowing them to interact 
favorably with both hydrophilic biomolecules (like 
proteins and nucleic acids) and hydrophobic 
substances (such as lipophilic drugs or enzymes) (11). 
One key property of peptides is their ability to self-
assemble into nanoscale structures, such as 
nanofibers, hydrogels, or micelles, which can 
encapsulate biomolecules effectively. This self-
assembly is driven by non-covalent interactions such 
as hydrogen bonding, van der Waals forces, and 
electrostatic interactions, allowing peptides to form 
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stable and responsive structures that can protect 
biomolecules from degradation (12). Furthermore, 
peptides can be modified with functional groups to 
enhance their stability, targeting specificity, and 
responsiveness to environmental stimuli, such as pH 
or temperature changes, making them suitable for 
controlled release applications (13). Figure 1 below 
illustrates the encapsulation of biomolecules, such as 
proteins, nucleic acids, and lipophilic drugs, within 
peptide-based systems, including hydrogels, 
nanoparticles, and micelles. These systems are 
depicted as versatile carriers that protect sensitive 
biomolecules from degradation while enabling 
controlled release for therapeutic applications.  

Mechanisms of peptide interactions with 
biomolecules 

The encapsulation of biomolecules by peptides 
involves several types of molecular interactions, 
including electrostatic forces, hydrophobic 
interactions, hydrogen bonding, and van der Waals 
forces. Peptides with charged residues can interact 
with biomolecules through ionic bonds, helping to 
stabilize and encapsulate charged biomolecules like 
proteins, peptides, and nucleic acids. For example, 
cationic peptides can bind to anionic biomolecules, 
forming stable complexes that prevent biomolecular 
degradation (14). In addition, peptides can 
encapsulate biomolecules within self-assembled 
structures, such as micelles or nanoparticles. These 

structures typically have a hydrophobic core that can 
encapsulate lipophilic biomolecules (such as small 
drugs) and a hydrophilic exterior that stabilizes the 
structure in aqueous environments. The interactions 
between peptide backbones and the encapsulated 
biomolecule’s surface can significantly influence the 
efficiency of encapsulation and the release profile of 
the biomolecule (15). Furthermore, peptides may 
exhibit enzymatic or pH-sensitive properties that 
trigger the release of encapsulated biomolecules in 
response to specific environmental cues, offering 
potential for targeted delivery applications (16). 

Advantages of Peptides over Traditional 
Encapsulation Methods 

Peptide-based encapsulation offers several 
advantages over traditional biomolecule preservation 

methods, such as lyophilization, encapsulation in 
synthetic polymers, or inorganic nanoparticles. 

Biocompatibility and biodegradability 

Peptides are biocompatible and biodegradable, 
meaning they do not induce harmful immune 
responses when used in biomedical applications. 
Unlike synthetic polymers, which may elicit 
cytotoxicity or inflammatory responses, peptides are 
often well-tolerated by biological systems, making 
them ideal candidates for drug delivery and 
therapeutic applications (17). 

Figure 1. Encapsulation of biomolecules in peptide-based systems. 
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Enhanced stability 

Peptide-based encapsulation can significantly 
enhance the stability of biomolecules under harsh 
conditions, such as extreme pH, temperature 
fluctuations, or oxidative environments. For example, 
peptide-based nanostructures can protect 
encapsulated biomolecules from degradation, 
thereby extending their shelf life and functionality. 
This is particularly valuable in applications such as 
vaccine storage, where stability over time and 
temperature is critical (18). 

Tailored design and functionalization 

Peptides can be easily synthesized and engineered 
with specific sequences, enabling the design of 
systems with tailored properties. For instance, 
peptide sequences can be modified to improve 
binding affinity, promote self-assembly, or increase 
stability, providing a high degree of control over the 
encapsulation process. This flexibility in design offers 
a significant advantage over traditional encapsulation 
materials like liposomes or polymers, which may 
require more complex synthesis and optimization 
(19). 

Controlled release and targeted delivery 

Peptide-based encapsulation systems can be 
designed to release encapsulated biomolecules in a 
controlled and regulated manner. The release can be 
triggered by changes in environmental conditions, 
such as pH, temperature, or the presence of specific 
enzymes, making peptide systems highly adaptable 
for targeted drug delivery applications (20). However, 
peptides can be engineered to target specific cells or 
tissues, providing a more precise and efficient 
delivery of biomolecules compared to traditional 
methods. 

Scalability and cost-effectiveness 

The synthesis of peptides is generally simpler and 
more cost-effective than the production of synthetic 
polymers or liposomes. Moreover, peptide-based 
systems can be easily scaled up for large-scale 
production without compromising their efficiency or 
stability, making them more viable for industrial and 
commercial applications (21). 

Types of Peptide-Based Systems for Encapsulation 
and Preservation 

Peptide hydrogels 

Structure and encapsulation efficiency 

Peptide hydrogels are three-dimensional networks 
formed by peptides in aqueous environments. These 
hydrogels are created through self-assembly, where 
peptides aggregate into fibrous or mesh-like 
structures due to hydrophobic interactions, hydrogen 
bonding, and electrostatic forces (22). The unique 
feature of peptide hydrogels is their ability to retain 
large amounts of water, making them suitable for 
encapsulating hydrophilic biomolecules such as 
proteins, nucleic acids, and enzymes. The 
encapsulation efficiency of peptide hydrogels is 
determined by factors such as the peptide 
concentration, the presence of functional groups, and 
the physical characteristics of the biomolecules being 
encapsulated. Studies have shown that by modifying 
the peptide sequence, the hydrogel's network can be 
fine-tuned for better biomolecule encapsulation, 
providing a more efficient and stable delivery system 
(23). The physical properties of the hydrogel, such as 
gelation time, elasticity, and mechanical strength, can 
be adjusted to achieve the desired encapsulation and 
release profiles. 

Current applications and limitations 

Peptide hydrogels are increasingly used for a variety 
of applications, including drug delivery, tissue 
engineering, and protein stabilization. In drug 
delivery, they can encapsulate therapeutic peptides 
or small-molecule drugs, protecting them from 
degradation and controlling their release (24). In 
tissue engineering, peptide hydrogels serve as 
scaffolds for cell growth and tissue regeneration due 
to their biocompatibility and ability to mimic the 
extracellular matrix (25). Despite their advantages, 
peptide hydrogels also face limitations. One 
challenge is the potential for rapid degradation in 
vivo, especially under enzymatic conditions. Moreso, 
the scalability and reproducibility of peptide hydrogel 
synthesis remain a concern for large-scale 
applications (26). The cost of peptide synthesis and 
the potential for peptide toxicity or immunogenicity 
are also factors that need to be carefully evaluated. 

3.2. Self-Assembling Peptides 

Mechanisms of Self-Assembly 

Self-assembling peptides are designed to 
spontaneously organize well-defined structures such 
as nanofibers, sheets, or micelles without the need for 
external stimuli. This process is driven by non-
covalent interactions, including hydrophobic forces, 
hydrogen bonding, and π-π stacking interactions (27). 
Self-assembling peptides often contain specific 
motifs, such as the β-sheet or α-helix that promote 
self-organization in solutions. The mechanism of self-
assembly is influenced by peptide sequence and 
environmental factors such as pH, ionic strength, and 
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temperature. For example, peptides with alternating 
hydrophobic and hydrophilic residues can form 
amyloid-like fibrils, which serve as a template for 
encapsulating biomolecules (28). This ability to form 
stable, self-assembled structures enables the 
peptides to encapsulate and protect sensitive 
biomolecules, allowing for controlled release in 
response to environmental triggers. 

Stability and preservation potential 

The stability of self-assembled peptide systems 
depends on their structural integrity and 
environmental conditions. These systems can be 
highly stable, offering protection against oxidative 
damage, enzymatic degradation, and other 
environmental stresses (29). However, the stability 
can be influenced by factors such as the 
concentration of peptides, the specific sequence 
used, and the pH of the surrounding environment. For 
biomolecule preservation, self-assembling peptides 
offer an innovative approach due to their ability to 
protect encapsulated molecules from degradation 
and enhance their shelf life. They have demonstrated 
promise in stabilizing proteins, enzymes, and even 
nucleic acids for therapeutic and diagnostic 
applications (30). However, challenges such as the 
need for precise control over the assembly process 
and potential aggregation of peptides in certain 
conditions must be addressed. 

Peptide nanoparticles and micelles 

Role in controlled release and preservation 

Peptide nanoparticles and micelles are formed when 
peptides self-assemble into nanoscale structures that 
can encapsulate both hydrophobic and hydrophilic 
biomolecules. These structures typically feature a 
hydrophobic core that traps lipophilic drugs or 
biomolecules and a hydrophilic shell that stabilizes 
the particles in an aqueous environment (31). Peptide 
nanoparticles and micelles are particularly useful for 
controlled-release applications. Their size and surface 
properties can be optimized to control the rate of 
release of encapsulated biomolecules, allowing for 
sustained release over time. This is especially 
important in drug delivery, where prolonged release 
can enhance therapeutic efficacy and reduce side 
effects (32). Furthermore, the surface of peptide 
nanoparticles can be modified with targeting ligands 
to direct the particles to specific cells or tissues, 
increasing the precision of the delivery system. 

Comparative performance and challenges 

Compared to traditional encapsulation systems such 
as liposomes or polymeric nanoparticles, peptide 
nanoparticles, and micelles offer several advantages, 

including improved biocompatibility, 
biodegradability, and ease of synthesis (33). They are 
less likely to provoke immune responses, and their 
peptide composition allows for fine-tuning of 
properties like size, surface charge, and functionality. 
However, challenges include the scalability of 
peptide nanoparticle production and the need for 
high peptide concentrations, which can increase 
costs. However, peptide nanoparticles may face 
stability issues in complex biological environments, 
such as enzymatic degradation or aggregation, which 
could affect their performance (34). 

Peptide coatings and films 

Applications in surface encapsulation 

Peptide coatings and films are created by applying 
peptide layers onto various substrates, such as 
nanoparticles, solid surfaces, or medical devices. 
These coatings can serve to encapsulate 
biomolecules, enhancing their stability and 
protecting them from environmental factors such as 
oxidation or microbial contamination (35). Peptide 
coatings are particularly useful for biomedical 
applications, such as in drug delivery systems, wound 
healing, and tissue engineering, where surface 
modification is essential for improving 
biocompatibility and functionality. The application of 
peptide films also extends to vaccine storage, where 
peptides can coat antigen particles, enhancing their 
stability and preserving immunogenicity during 
transport and storage (36). Furthermore, peptide 
coatings can be engineered to respond to 
environmental stimuli such as pH or temperature, 
allowing for controlled drug release or activation of 
encapsulated biomolecules when needed. 

Durability and biocompatibility concerns 

While peptide coatings offer many advantages, their 
durability and biocompatibility remain concerns in 
certain applications. The stability of peptide coatings 
in physiological environments can be affected by 
factors such as enzymatic degradation or the 
harshness of external conditions (37). In addition, the 
long-term safety of peptide-based coatings needs to 
be evaluated, particularly in medical applications, 
where chronic exposure to materials might lead to 
immune responses or toxicity. To address these 
concerns, researchers are exploring the use of 
peptides with increased stability or modifying 
peptide sequences to improve their resistance to 
degradation. Furthermore, strategies such as 
crosslinking peptides or incorporating other 
stabilizing agents are being investigated to enhance 
the durability and longevity of peptide coatings and 
films (38). Figure 2 below illustrates the process of 
peptide molecules self-assembling into functional 
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nanostructures such as micelles, nanofibers, and 
hydrogels. It highlights the key molecular 
interactions—hydrogen bonding, electrostatic forces, 
and hydrophobic interactions—that drive the 
assembly process. These interactions enable 
peptides to organize into well-defined nanostructures 
capable of encapsulating biomolecules, 
demonstrating their potential in drug delivery, tissue 
engineering, and biomaterial design. 

Evaluating Encapsulation Efficiency and Stability 

Parameters influencing efficiency 

The efficiency of peptide-based encapsulation 
systems depends on various factors, including 
peptide properties, biomolecule characteristics, and 
the system design. The following parameters play a 
critical role in encapsulation efficiency: 

• Peptide Sequence and Composition: The 
specific sequence and 
hydrophobic/hydrophilic balance of the 
peptides are crucial in determining how well 
they can interact with and encapsulate 
biomolecules. Peptides with alternating 
hydrophobic and hydrophilic residues typically 
have better encapsulation efficiency as they can 
self-assemble more effectively into stable 
structures (39). 

• Biomolecule Characteristics: The size, charge, 
and hydrophobicity of the biomolecules being 
encapsulated are critical. For instance, 
hydrophilic biomolecules such as proteins or 
nucleic acids may require a different peptide 
structure than hydrophobic small molecules to 
achieve efficient encapsulation (40). 

• Concentration and Formulation Conditions: 
Peptide concentration, pH, ionic strength, and 
temperature all influence the encapsulation 
process. Optimizing these conditions is 
necessary to achieve the highest encapsulation 

Figure 2. Pathways of peptide self-assembly and nanostructure formation. 
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efficiency while maintaining the stability of both 
the peptides and the encapsulated 
biomolecules (40). 

Methods for Assessing Biomolecule Stability 

The stability of encapsulated biomolecules within 
peptide-based systems is a key determinant of the 
system's practical applicability. Several methods are 
employed to assess this stability, including: 

• Enzyme Activity Assays: For protein-based 
biomolecules, activity assays are often used to 
measure the preservation of functional activity 
after encapsulation. These assays help 
determine if the encapsulation protects the 
biomolecule from degradation or denaturation 
(41). 

• Circular Dichroism (CD) Spectroscopy: This 
technique is used to monitor changes in the 
secondary structure of proteins, such as α-
helices and β-sheets, upon encapsulation. A 
shift in the CD spectrum indicates 
conformational changes or loss of structural 
integrity, providing insight into stability (42). 

• Size-Exclusion Chromatography (SEC): SEC is 
commonly used to evaluate the size and 
distribution of encapsulated biomolecules. This 
method can detect aggregation or 
degradation of the encapsulated biomolecule 
by observing changes in its elution profile over 
time (43). 

• In Vitro Release Studies: Release studies under 
physiological conditions (e.g., in buffers 
mimicking blood or cell culture environments) 
help assess the long-term stability of 
encapsulated biomolecules. These studies 
track the release kinetics and integrity of the 
encapsulated substance, revealing if it remains 
stable or degrades over time (44). 

• Thermogravimetric Analysis (TGA) and 
Differential Scanning Calorimetry (DSC): These 
techniques assess the thermal stability of 
peptide-based systems and their encapsulated 
contents. Significant weight loss or shifts in 
thermal behavior can indicate instability under 
elevated temperatures, which is crucial for 
storage and transportation applications (45). 

Comparative analysis of peptide-based versus 
conventional methods 

When comparing peptide-based encapsulation 
systems to conventional methods such as polymeric 
nanoparticles or liposomes, several factors come into 
play: 

• Biocompatibility and Biodegradability: 
Peptide-based systems often outperform 

traditional systems in terms of biocompatibility 
and biodegradability. Peptides, being natural 
or semi-synthetic polymers, are generally more 
compatible with biological systems, reducing 
the risk of immune response or toxicity. In 
contrast, conventional systems like liposomes 
or polymeric nanoparticles can sometimes 
trigger adverse reactions, especially if synthetic 
materials are used (46). 

• Encapsulation Efficiency: Peptide-based 
systems tend to offer higher encapsulation 
efficiency for certain biomolecules, especially 
proteins and enzymes, as peptides can form 
highly specific interactions with these 
molecules, promoting stable encapsulation. 
Traditional methods may require additional 
stabilizers or co-polymers to achieve similar 
efficiency, which can complicate their synthesis 
and increase the risk of instability (47). 

• Control over Release Profiles: Peptide-based 
systems are more versatile in terms of 
controlling the release of encapsulated 
biomolecules. The peptide sequences can be 
engineered to respond to specific triggers, 
such as pH changes or temperature shifts, 
allowing for more precise and sustained 
release profiles compared to conventional 
methods (48). 

• Scalability and Cost: One of the major 
challenges for peptide-based systems is the 
scalability of peptide synthesis. While small-
scale synthesis can be achieved with relative 
ease, scaling up to industrial levels can be cost-
prohibitive, especially for high-purity peptides. 
In contrast, conventional methods like 
liposome or polymer production can be more 
easily scaled using established manufacturing 
processes, though they may not always offer 
the same level of control over biomolecule 
release and stability (49). 

• Stability Under Harsh Conditions: Conventional 
encapsulation methods, such as liposomes or 
polymer nanoparticles, tend to have better 
stability under extreme conditions, including 
high temperatures and acidic environments. 
However, peptide-based systems are 
continuously being optimized for improved 
stability under a broader range of conditions. 
The challenge remains to ensure that peptides 
retain their structural integrity and 
encapsulation capability under physiological 
stresses (50). 

Applications of Peptide-Based Encapsulation in 
Biomedical and Biotechnological Fields 

Drug delivery systems 

Peptide-enhanced stability and targeting 
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Peptide-based encapsulation systems have emerged 
as promising platforms for drug delivery due to their 
ability to stabilize biomolecules and improve the 
targeting of specific tissues or cells. Peptides can 
interact with biomolecules in a way that enhances 
their solubility, protects them from enzymatic 
degradation, and prolongs their half-life in 
circulation. This is especially crucial for biologics, such 
as proteins and peptides, which are susceptible to 
degradation and denaturation in physiological 
environments. By incorporating peptides into drug 
delivery systems, these challenges can be mitigated, 
ensuring that the therapeutic payload remains intact 
and functional until it reaches its target site. Moreso, 
peptides can be engineered to bind to specific 
receptors on the target cells, enhancing the precision 
of drug delivery. For example, targeting peptides can 
be conjugated to the surface of nanoparticles or 
micelles to improve the selective accumulation of the 
drug at the site of disease, such as cancerous tissues, 
where the presence of specific receptors facilitates 
efficient cellular uptake (51). This targeting not only 
improves therapeutic efficacy but also reduces off-
target effects and systemic toxicity. 

Case studies and clinical implications 

Several case studies have highlighted the potential of 
peptide-based systems for drug delivery. For 
instance, peptide-functionalized nanoparticles have 
been used to deliver anticancer agents with reduced 
side effects and enhanced bioavailability. One such 
study demonstrated that peptide-based 
nanoparticles encapsulating the chemotherapy drug 
doxorubicin showed increased drug accumulation in 
tumor tissues, thereby improving the therapeutic 
outcome in animal models (52). Similarly, peptide-
based hydrogels have been used to deliver growth 
factors for wound healing, where the peptides 
stabilized the active biomolecules and facilitated 
controlled release over an extended period (53). 
These advances suggest that peptide-based systems 
hold significant promise in the treatment of various 
diseases, with ongoing clinical trials exploring their 
efficacy and safety in humans. 

Enzyme and protein preservation 

Role of peptides in industrial enzyme stability 

The stability of enzymes and proteins is critical in 
many industrial and biotechnological applications, 
such as biocatalysis, food production, and 
pharmaceuticals. Peptides can be used to 
encapsulate enzymes, protecting them from 
environmental stresses such as temperature 
fluctuations, pH variations, and oxidation. Peptide-
based encapsulation improves the long-term stability 
of enzymes, enabling their reuse in industrial 

processes and reducing the need for frequent 
replenishment. For example, peptides have been 
shown to prevent denaturation and aggregation of 
enzymes like lipases and proteases, which are 
commonly used in detergents and food processing 
(54). Encapsulation can also enhance the activity of 
enzymes by preventing unwanted interactions with 
contaminants, ensuring that the enzymes remain in 
their active form and functional. This is particularly 
beneficial in cases where enzyme activity is sensitive 
to environmental conditions, such as in the 
production of biofuels or biopolymers, where 
maintaining enzyme integrity over extended 
operational periods is crucial for cost-effectiveness. 

Vaccine stabilization 

Potential for peptide-based vaccine delivery 

Peptide-based encapsulation systems have also 
found applications in vaccine delivery and 
stabilization. One of the major challenges in vaccine 
development is the instability of antigens during 
storage and transportation. Peptides can stabilize 
vaccine components by encapsulating antigens in 
peptide matrices, preventing degradation due to 
heat, oxidation, or microbial contamination. For 
example, peptide-based hydrogels have been used 
to encapsulate and stabilize viral proteins, ensuring 
that the vaccine remains effective over a longer shelf-
life, especially in remote areas with limited 
refrigeration capabilities (55). Furthermore, peptide-
based systems can be tailored to enhance the 
immunogenicity of vaccines. By embedding antigens 
in self-assembling peptide nanostructures or 
functionalizing peptides with immune-stimulating 
sequences (such as TLR ligands), researchers can 
create adjuvant-free vaccines that boost the immune 
response without the need for additional chemical 
adjuvants. This approach has the potential to make 
vaccines safer and more cost-effective (56). 

Diagnostic applications 

Use of peptide encapsulation in biosensors 

Peptide-based encapsulation also plays a vital role in 
diagnostic applications, particularly in the 
development of biosensors for disease detection. By 
incorporating peptides into biosensor platforms, the 
sensitivity and specificity of the sensors can be 
enhanced. For example, peptide-coated 
nanoparticles or peptide-functionalized electrodes 
can improve the capture of target biomolecules, such 
as disease biomarkers, in biological fluids like blood 
or urine. Peptide-based biosensors have been used 
for the detection of a wide range of diseases, 
including cancer, infectious diseases, and metabolic 
disorders. In one study, peptide-functionalized gold 
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nanoparticles were used in a sensor for detecting the 
presence of biomarkers for breast cancer, achieving a 
high sensitivity level compared to traditional 
detection methods (57). The high specificity of 
peptides, combined with the ease of synthesis and 
modification, makes them ideal candidates for the 
development of point-of-care diagnostic tools that 
are both cost-effective and rapid. In addition, peptide 
encapsulation can protect sensitive biomolecules or 
diagnostic agents, ensuring their stability during 
storage and use, and potentially extending the shelf 
life of diagnostic kits, especially in resource-limited 
settings. 

Challenges and Limitations 

Scalability and cost-effectiveness issues 

One of the primary challenges in the widespread 
adoption of peptide-based encapsulation systems 
lies in scalability and cost-effectiveness. While small-
scale peptide synthesis and encapsulation techniques 
have been well established in research settings, 
translating these systems into large-scale industrial 
applications is fraught with difficulties. Peptides are 
often synthesized using solid-phase peptide synthesis 
(SPPS) or other synthetic methods that can be 
expensive, particularly when high purity is required 
(58). The cost of reagents, solvents, and equipment 
needed for peptide synthesis, as well as the labor-
intensive nature of the process, can make large-scale 
production of peptide-based systems economically 
unfeasible, especially when compared to more 
traditional encapsulation methods such as liposomes 
or polymeric nanoparticles, which can be produced 
on a larger scale more cost-effectively (59). In addition 
to the high synthesis costs, optimizing the formulation 
of peptide-based systems for commercial 
applications can require significant resources. For 
example, the incorporation of peptides into 
nanoparticles or hydrogels often necessitates the use 
of specialized techniques such as crosslinking or self-
assembly, which can add to both the complexity and 
the cost of production. To overcome these 
challenges, research into more cost-effective and 
scalable synthesis methods, such as the use of 
recombinant expression systems or optimized 
automated peptide synthesizers, is needed (60). 

Environmental sensitivity and long-term stability 

Environmental sensitivity is another major limitation of 
peptide-based encapsulation systems. Peptides, 
while effective in stabilizing biomolecules, can 
themselves be susceptible to degradation under 
certain conditions, such as changes in pH, 
temperature, or the presence of enzymes (61). This is 
particularly problematic for applications requiring 
long-term storage or transport of encapsulated 

biomolecules, such as vaccine delivery or 
biopharmaceutical storage. Peptides can denature or 
lose their function when exposed to extreme 
environmental conditions, and their stability often 
depends on the matrix or system they are 
encapsulated in. For instance, peptides in aqueous 
solutions or hydrogels may undergo hydrolysis or 
oxidation, which can reduce their structural integrity 
and destabilize encapsulated biomolecules. 
Moreover, some peptides, especially those with 
hydrophobic residues, may aggregate or form 
undesired structures under unfavorable conditions, 
further compromising the stability of the 
encapsulated biomolecule (62). This sensitivity limits 
the potential applications of peptide-based systems 
in environments with fluctuating temperatures or 
systems requiring long shelf lives without 
refrigeration. Efforts to improve the long-term 
stability of peptide-based systems include the 
incorporation of stabilizing agents, such as sugars or 
polyols that can protect both the peptides and the 
encapsulated biomolecules during storage and 
handling. Moreso, the development of peptide 
sequences that are more resistant to environmental 
degradation, such as those incorporating stabilizing 
amino acids or cyclized structures, holds promise for 
improving the stability of these systems under a wider 
range of conditions (63). 

Biocompatibility and immunogenicity 
considerations 

While peptides are generally considered 
biocompatible and biodegradable, the 
biocompatibility of peptide-based encapsulation 
systems in vivo can vary depending on the peptide 
sequence and the method of delivery. In some cases, 
peptides can elicit immune responses, especially if 
the peptide sequences are perceived as foreign by 
the immune system. For example, peptides derived 
from non-human sources may trigger immune 
reactions that could lead to inflammation or other 
adverse effects (64). This is a significant concern for 
peptide-based vaccines and drug delivery systems, 
where the safety and tolerance of the system must be 
carefully evaluated. Peptide aggregation or the 
presence of contaminants in the peptide-based 
formulations can also impact biocompatibility, as 
aggregated peptides may be more likely to provoke 
immune responses or induce toxicity (65). 
Furthermore, the use of certain adjuvants or 
stabilizers in peptide-based formulations may also 
cause immune responses or toxicity, complicating the 
overall safety profile of the system. To address these 
concerns, researchers are focusing on developing 
peptide sequences that are less likely to provoke 
immune reactions, as well as improving the 
purification methods to minimize contamination and 
aggregation. The incorporation of non-immunogenic 
amino acid sequences or the use of synthetic 
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modifications to improve the peptide’s resistance to 
immune detection is a promising approach to 
enhancing the biocompatibility of peptide-based 
systems (66). 

Regulatory and manufacturing challenges 

Regulatory approval is a critical barrier to the 
commercialization of peptide-based encapsulation 
systems, particularly in biomedicine and 
biotechnology. Regulatory agencies, such as the FDA 
and EMA, require rigorous safety and efficacy data 
before approving new drug delivery systems, 
vaccines, or diagnostic applications. Peptide-based 
systems often face challenges in meeting these 
regulatory requirements due to the complexity of 
their formulations and the variability in the properties 
of synthetic peptides (67). For example, ensuring the 
consistency and purity of peptides in large-scale 
production is a significant concern. The variability in 
peptide sequence and structure can lead to batch-to-
batch inconsistencies, which must be carefully 
controlled during manufacturing to ensure safety and 
efficacy. Furthermore, the regulatory landscape for 
peptide-based formulations is still evolving, and 
standardized testing methods for assessing the safety 
and stability of peptide encapsulations are not yet 
fully established. The lack of well-defined guidelines 
for the approval of peptide-based delivery systems 
can delay product development and increase the 
time and cost associated with bringing these 
products to market (68). To address these challenges, 
there is a need for clearer regulatory frameworks and 
standardized testing protocols for peptide-based 
systems. Moreso, advances in peptide synthesis 
technologies and automation could help ensure 
batch consistency and improve the scalability of 
manufacturing processes. The development of more 
efficient and reproducible manufacturing processes 
will be essential for ensuring the widespread use of 
peptide-based systems in clinical and commercial 
applications. 

Research Gaps and Future Directions 

Need for cost-effective peptide synthesis methods 

While peptide-based encapsulation systems show 
immense potential for applications in drug delivery, 
biomolecule preservation, and diagnostics, one of 
the most significant research gaps lies in the 
development of cost-effective peptide synthesis 
methods. Currently, the cost of peptide synthesis 
remains a barrier to large-scale applications, as 
traditional methods such as solid-phase peptide 
synthesis (SPPS) and liquid-phase synthesis can be 
expensive and time-consuming. These methods often 
require specialized equipment and high-purity 
reagents, leading to high production costs, which is a 

major limitation for their commercialization in the 
pharmaceutical and biotechnology industries (69). 
Future research should focus on the development of 
alternative, more affordable synthesis techniques that 
are scalable for industrial production. Approaches 
such as recombinant peptide synthesis, which uses 
genetically engineered microorganisms to produce 
peptides, could offer a more cost-effective and 
sustainable option for large-scale peptide production 
(70). Furthermore, automation in peptide synthesis 
and improvements in peptide purification 
technologies could reduce costs and make peptide-
based systems more accessible for various 
applications, including personalized medicine and 
global healthcare. 

Enhancing stability in extreme environmental 
conditions 

Peptide-based encapsulation systems are often 
susceptible to environmental stressors such as heat, 
pH changes, and oxidative conditions. The inherent 
sensitivity of peptides limits their use in applications 
where long-term storage or exposure to extreme 
environmental conditions is required, such as in 
vaccine preservation and biopharmaceutical 
transport (71). Despite recent advances in peptide 
stability, there remains a need to enhance the 
resilience of peptide-based systems, particularly in 
extreme conditions. Research is needed to identify 
new peptide sequences or modifications that are 
more resistant to thermal degradation, oxidation, or 
hydrolysis, which could enhance the stability of 
encapsulated biomolecules. Moreso, the 
development of stabilizing agents, such as 
cryoprotectants or lyoprotectants, could help 
preserve peptide systems during storage and 
shipment (72). Peptides that can withstand harsher 
conditions, such as those used in hot climates or for 
long-distance transport, would have significant 
implications for the global distribution of vaccines 
and therapeutic proteins. 

Integration with nanotechnology for enhanced 
delivery 

Nanotechnology holds considerable promise for 
enhancing the efficacy of peptide-based drug 
delivery systems. The integration of peptides with 
nanomaterials—such as nanoparticles, nanogels, and 
nanocarriers—could address key challenges, 
including controlled release, targeted delivery, and 
improved therapeutic outcomes. Nanoparticles can 
improve the bioavailability and solubility of peptides, 
ensuring that they can deliver biomolecules more 
efficiently to target tissues, including hard-to-reach 
sites such as tumors or brain cells. Moreso, 
nanotechnology can aid in the encapsulation of 
hydrophobic peptides, improving their stability and 
solubility in physiological environments (73). 
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However, there are gaps in understanding how 
peptides interact with nanomaterials at the molecular 
level, which affects the efficiency and stability of these 
hybrid systems. Further research is needed to explore 
the optimal size, surface charge, and morphology of 
nanoparticles for enhancing peptide stability and 
targeting. Combining peptide-based systems with 
nanotechnology for controlled drug release, such as 
stimuli-responsive delivery systems, will also require 
extensive studies to optimize the release profiles and 
minimize premature drug leakage (74). 

Exploration of peptide combinations for multi-
functionality 

Another promising research direction is the 
exploration of peptide combinations to achieve multi-
functional properties. Single peptides often lack the 
necessary diversity of functions required for complex 
biomedical applications, such as drug delivery, 
diagnostics, and tissue engineering. By combining 
different peptides—each with distinct properties, such 
as targeting, stabilization, and immunogenicity—
researchers could create systems with enhanced 
functionality and versatility (75). For example, 
peptides could be designed to possess both drug-
binding and cell-targeting capabilities, or they could 
be engineered to include both antigenic and 
stabilizing sequences for improved vaccine efficacy. 
The combination of peptides with complementary 
functions would improve the overall performance of 
encapsulation systems, particularly in complex 
therapeutic scenarios where multi-target treatments 
are necessary, such as in cancer therapy or multi-drug 
resistant infections. This approach also holds promise 
in the creation of multi-functional diagnostic 
platforms capable of simultaneously detecting 
multiple disease markers (76). 

Long-term data on safety and efficacy 

While peptide-based encapsulation systems have 
shown promise in various applications, there is still a 
lack of comprehensive long-term safety and efficacy 
data. Most studies to date have focused on short-term 
results in vitro or animal models, with limited 
translation to human clinical trials. Long-term safety 
and efficacy are critical factors in determining the 
viability of these systems for widespread use in 
therapeutic and diagnostic applications. Future 
research must prioritize long-term studies that 
evaluate the potential risks of peptide-based systems, 
such as toxicity, immunogenicity, and off-target 
effects. These studies should also assess the durability 
and consistency of peptide-based systems over 
extended periods, particularly in real-world 
conditions where storage, handling, and delivery may 
vary (77). Moreso, clinical trials that demonstrate the 
safety, efficacy, and scalability of peptide-based 
systems will be essential for regulatory approval and 

commercialization. Data from these long-term studies 
will help establish the therapeutic index and optimize 
dosing regimens for various peptide-based drug 
delivery systems. 

Conclusion  

Peptide-based encapsulation systems have emerged 
as a groundbreaking solution for the stabilization, 
storage, and preservation of biomolecules, 
addressing some of the key limitations of traditional 
methods. Peptides offer unique advantages due to 
their biocompatibility, tunable structure, and ability to 
form stable complexes with biomolecules. These 
properties make peptides ideal for a wide range of 
applications, including drug delivery, enzyme 
preservation, vaccine storage, and diagnostic 
technologies. By utilizing peptides, systems can 
encapsulate a variety of biomolecules, such as 
proteins, enzymes, and nucleic acids, providing 
controlled release, protection against degradation, 
and enhanced bioactivity. The mechanism of peptide-
based encapsulation is primarily driven by the 
physicochemical interactions between peptides and 
the biomolecules they encapsulate. These 
interactions—such as hydrogen bonding, electrostatic 
interactions, and hydrophobic forces—are essential in 
stabilizing the biomolecules and ensuring their 
integrity under varying environmental conditions. 
Peptide-based systems can take different forms, 
including hydrogels, self-assembled structures, 
nanoparticles, and coatings. Each system offers 
distinct advantages, such as higher stability or 
targeted delivery, but also faces challenges such as 
scalability, cost-effectiveness, and long-term stability 
under storage conditions. Addressing these 
challenges will be critical for realizing the full potential 
of peptide-based encapsulation. The integration of 
peptide-based encapsulation systems into 
biopreservation and biotechnology offers 
transformative potential across various industries. In 
biopreservation, peptides play a crucial role in 
stabilizing biomolecules during storage and 
transportation, particularly in vaccines and biologics, 
which are sensitive to environmental conditions. This 
is of particular importance in global health initiatives, 
where maintaining the stability of vaccines and 
pharmaceuticals is essential for their effectiveness 
and accessibility. In biotechnology, peptide-based 
systems have the potential to revolutionize drug 
delivery by providing precise targeting and sustained 
release of therapeutics. Peptides are also expected to 
enhance personalized medicine by tailoring drug 
delivery systems to individual patients. As research 
progresses, integrating peptide-based encapsulation 
with emerging technologies like nanotechnology and 
gene editing could open up new opportunities for 
targeted and more effective biomolecule delivery in 
the treatment of diseases such as cancer and 
neurodegenerative disorders. However, overcoming 
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challenges related to scalability and long-term 
stability will be crucial for the widespread adoption of 
these systems in practical applications. 
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