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A B S T R A C T

The abundance of molecules on early Earth likely enabled a wide range of prebiotic chemistry, with peptides 
playing a key role in the development of early life forms and the evolution of metabolic pathways. Among 
peptides, those with enzyme-like activities occupy a unique position between peptides and enzymes, combining 
both structural flexibility and catalytic functionality. However, their full potential remains largely untapped. 
Further exploration of these enzyme-like peptides at the nanoscale could provide valuable insights into modern 
nanotechnology, biomedicine, and even the origins of life. Hence, this review introduces the groundbreaking 
concept of “peptide nanozymes (PepNzymes)”, which includes single peptides exhibiting enzyme-like activities, 
peptide-based nanostructures with enzyme-like activities, and peptide-based nanozymes, thus enabling the 
investigation of biological phenomena at nanoscale dimensions. Through the rational design of enzyme-like 
peptides or their assembly with nanostructures and nanozymes, researchers have found or created PepNzymes 
capable of catalyzing a wide range of reactions. By scrutinizing the interactions between the structures and 
enzyme-like activities of PepNzymes, we have gained valuable insights into the underlying mechanisms gov
erning enzyme-like activities. Generally, PepNzymes play a crucial role in biological processes by facilitating 
small-scale enzyme-like reactions, speeding up molecular oxidation-reduction, cleavage, and synthesis reactions, 
leveraging the functional properties of peptides, and creating a stable microenvironment, among other functions. 
These discoveries make PepNzymes useful for diagnostics, cellular imaging, antimicrobial therapy, tissue engi
neering, anti-tumor treatments, and more while pointing out opportunities. Overall, this research provides a 
significant journey of PepNzymes’ potential in various biomedical applications, pushing them towards new 
advancements.

1. Introduction

Peptides, those concise assemblies of amino acids, boast a storied 
lineage stretching back to the primordial days of early Earth [1,2]. Their 
exploration is rooted in examining protein fragments, a pursuit notably 
championed by Emil Fischer during the latter part of the 19th century 
[3]. Yet, in the mid-20th century, peptide synthesis techniques began to 

advance significantly, thanks to the pioneering work of Bruce Merrifield, 
who developed solid-phase peptide synthesis [4]. This breakthrough 
allowed for the efficient production of peptides, fueling their exploration 
in various fields, including diagnostic tools, drug development, cancer 
therapy, vaccine design, agricultural biotechnology, material science, 
etc. [5–7]. Peptides could be used as therapeutics for a myriad of con
ditions, serving as lead compounds for novel medications, owing to their 
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specificity, low toxicity, and high potency. Examples include insulin for 
diabetes and peptide hormones like oxytocin and vasopressin [8–10]. 
Beyond medicine, their influence extends into materials science, 
enabling versatile materials [11,12]. Amino acid side chains in peptides 
facilitate chemical modification, creating supramolecular nano
structures and hydrogels with properties like shear-thinning, bioac
tivity, self-healing, and shape memory [12].

Peptides have also been found to exhibit enzyme-like activity, 
revealing a profound understanding of peptides as versatile catalysts 
that orchestrate the intricate dance of chemical reactions necessary for 
life [13–15]. This realization has spurred scientists to push the bound
aries of peptide engineering. Their goal is to replicate the catalytic 
abilities of enzymes by developing enzyme-like peptides. These pep
tides, serving as enzyme mimics, offer advantages such as enhanced 
stability under extreme conditions, simpler and more cost-effective 
synthesis, greater adjustability, lower immunogenicity, and multi
functionality compared to traditional enzymes. These attributes make 
them exceptionally promising for applications in biotechnology, 

medicine, and industry, bringing new hope for human health and sus
tainable development [16–18]. Through the intricacies of enzyme-like 
peptides, scientists embark on a journey of discovery that illuminates 
pathways to a more enlightened and prosperous future for all. Recent 
years have witnessed a surge in studies spotlighting ultra-small peptides’ 
rational design and enzymatic efficacy [19–22]. Some nanomaterials 
with enzyme-like catalytic activities (nanozymes) have also been re
ported [23–27]. When coupled with peptides, these nanozymes gain 
specificity, enzyme-like activity regulation, and biocompatibility, mak
ing them a novel class of multifunctional peptide-based nanozymes 
suitable for various biomedical applications [28,29]. Operating at the 
nanoscale empowers precise manipulation of molecular interactions and 
spatial arrangements, unlocking unprecedented prowess and selectivity, 
thus catalyzing the emergence of innovative solutions. Therefore, this 
review introduces the groundbreaking concept of “peptide nanozymes 
(PepNzymes)." This concept includes single peptides that exhibit 
enzyme-like activities, peptide-based nanostructures with enzyme-like 
activities, and peptide-based nanozymes. These advancements enable 

Fig. 1. Overview of PepNzymes covering development, structure, functions, enzyme-like activities, and biomedical applications. (A) Timeline of critical events of 
peptides, enzyme-like peptides, nanozymes, PepNzymes, etc. (B) A possbile evolution from ions, nanoscale minerals/nanozymes, peptides, PepNzymes, to enzymes. 
(C) Types of PepNzymes. (D) Peptide functions in PepNzymes. (E) Enzyme-like activities of PepNzymes. (F) Biomedical applications.
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the investigation of biological phenomena at nanoscale dimensions.
Significantly, PepNzymes stand out as a transformative tool, with its 

enzyme-like activity and structure-activity relationships being of utmost 
importance [30,31]. Imagine a scenario where PepNzymes, engineered 
with precision, navigate through intricate biological pathways within 
the human body. With its peptide, enzyme-like activities, and nanoscale 
dimensions, PepNzymes seamlessly interact with cellular components, 
catalyzing reactions efficiently and precisely. For instance, the ability of 
PepNzymes to mimic enzyme-likereactions allows it to cleave specific 
sequences, facilitating the controlled release of therapeutic agents at the 
desired site [32–34]. Furthermore, a deep understanding of 
structure-activity relationships is crucial for maximizing the effective
ness of drugs, minimizing off-target effects, and improving therapeutic 
outcomes [35–37]. Moreover, by exploiting the enzyme-like activities, 
PepNzymes can detect subtle biomolecular changes associated with 
diseases [38–41]. Through nanoscale interactions, it offers sensitive and 
selective detection methods, enabling early disease diagnosis and 
personalized treatment strategies. Therefore, PepNzymes exemplifies 
the integration of nanotechnology and biocatalysis, transforming 
biomedical applications and ushering in a new era of precision 
medicine.

Considerable advancements have been achieved in the development 
of peptides, enzyme-like peptides (e.g., Pepzymes), nanozymes, etc., 
which have driven pivotal efforts propelling the work of PepNzymes 
forward and laying the groundwork for future innovations (Fig. 1A). In 
this context, we propose a potential evolutionary pathway from ions, 
nanoscale minerals/nanozymes, peptides, PepNzymes, and ultimately 
enzymes, inspired by the metal centers in natural enzymes (Fig. 1B). 
PepNzymes, in particular, may hold a unique position between peptides 
and enzymes, combining the structural characteristics, enzyme-like ac
tivities, and other potential features of peptides and nanomaterials, 
paving the way for innovative applications. Herein, PepNzymes are 
categorized into three distinct types: single peptides with enzyme-like 
activities, peptide-based nanostructures with enzyme-like activities, 
and peptide-based nanozymes (Fig. 1C). Single peptides, such as Pep
zymes, are isolated sequences that exhibit intrinsic enzyme-like activ
ities primarily due to their amino acid sequences and potential 
interactions with ions. Peptide-based nanostructures, including nano
tubes, nanofibers, or nanospheres, serve mainly as carriers or scaffolds 
for peptides, enhancing peptide stability and catalytic efficiency by 
providing structural support and protection. Peptide-based nanozymes 
integrate peptides with nanozymes (e.g., metals, metal oxides, or carbon 
dots) to create composite materials, where nanozymes often serve as the 
primary active sites, and peptides act as scaffolds to enhance stability, 
facilitate functionalization, and improve overall performance. Notably, 
“peptides” in PepNzymes encompass both naturally occurring and arti
ficially synthesized peptides. Together, single peptides provide the 
foundational enzyme-like activities, peptide-based nanostructures 
enhance the stability and efficacy of peptides, and peptide-based 
nanozymes combine peptide and enzyme-like activities with nanotech
nology. These elements share fundamental characteristics of enzyme- 
like catalysis and nanoscale dimensions, balancing the flexibility of 
peptides with the rigidity of nanomaterials, not only complement each 
other but also advance the fields of enzymology and nanotechnology. 
Specifically, PepNzymes offer a customizable approach that balances 
enzyme-like functionality with enhanced versatility, including desig
nability, targeting, biocompatibility, and multifunctional scaffolding, 
among others, distinguishing them from both traditional enzymes and 
conventional nanozymes (Fig. 1D). With rational design, PepNzymes 
can exhibit a range of enzyme-like activities, including but not limited to 
peroxidase, oxidase, catalase, superoxide dismutase, hydrolase, and 
isomerase, as well as novel activities that are either present or can be 
developed (Fig. 1E). These unique features allow PepNzymes to perform 
enzyme-like or other functions in a highly adaptable manner and be 
tailored for specific applications, making them promising tools across 
various fields (Fig. 1F). Hence, this review explores various aspects of 

PepNzymes, including their design, synthesis, and characterization, and 
delves into topics such as structure-activity relationships and enzyme- 
like activities. More significantly, it covers recent biomedical applica
tions of PepNzymes, ranging from diagnostics and cellular imaging to 
antimicrobial therapy, tissue engineering, and anti-tumor treatments. 
Finally, the review provides observations on challenges and perspec
tives, enriching the understanding of PepNzymes.

2. Design, synthesis, and characterization of PepNzymes

PepNzymes require optimization and refinement to enhance their 
performance and expand their applications. Achieving this involves 
precise design and engineering to address their structural complexity. By 
fine-tuning aspects such as catalytic efficiency, stability, selectivity, and 
interactions with biological systems, we can significantly improve their 
functionality across diverse settings. Therefore, in this section, we will 
explore the design, synthesis, and characterization of PepNzymes to 
better understand how these processes contribute to their development.

2.1. Strategies of rational design

The strategies of rational design for PepNzymes are grounded in 
applying specific approaches that have been extensively explored in 
peptide chemistry. These approaches include mimicking the active sites 
or overall structures of natural enzymes, regulating the structural self- 
assembly of peptides, and incorporating ions, metals, or nanozymes to 
enhance functionality [42–45]. The core strategy is to create PepNzymes 
with tailored activity and specificity by drawing inspiration from 
enzyme structures or employing theoretical models.

For example, mimicking enzyme structures involves designing pep
tide sequences that fold or assemble into active sites similar to those of 
natural enzymes, thereby replicating their catalytic functions. This 
strategy benefits from the simpler design rules of peptides compared to 
complex proteins, allowing for the creation of effective structures 
through de novo design [46]. Supramolecular catalysts, such as those 
formed by self-assembling designed molecular components with co
factors, illustrate this approach (Fig. 2A) [47].

Structural self-assembly leverages the inherent properties of peptides 
to form customizable nanostructures with specific functions. An 
example is provided by Rufo et al., who designed peptides functioning as 
Zn2+-dependent esterases. Here, Zn2+ stabilizes the formation of prion- 
like fibrils, which then catalyze acyl ester hydrolysis, demonstrating a 
model for creating self-assembling nanostructured catalysts [48].

Insights from the design of metalloenzyme-like structures further 
inform the strategies for PepNzymes. For instance, Ball et al. integrated 
bioorganic peptide ligand design principles with nonbiological metal 
centers to achieve catalytic functions, addressing stability challenges 
with dirhodium complexes under biological conditions (Fig. 2B) [49]. 
Additionally, Xu et al. developed a supramolecular mimic with catalytic 
abilities that exceed those of reported artificial enzymes, advancing 
PepNzymes’ design strategies (Fig. 2C) [50].

While these strategies represent a broad spectrum of design ap
proaches, there are numerous other methods for developing PepNzymes. 
Each method also requires careful integration of peptides and nano
materials to advance biomedical applications.

2.2. Methods and strategies for synthesis

The method for synthesizing PepNzymes is crucial in defining their 
characteristics. Solid-phase peptide synthesis excels in adding amino 
acids sequentially, offering control over the peptide sequence and effi
ciency, which is beneficial for constructing complex peptide structures 
[51]. In contrast, solution-phase peptide synthesis is advantageous for 
simpler peptides due to its straightforward operation and milder reac
tion conditions [52]. Post-synthetic modifications, including chemical 
or bioconjugation techniques, enable the introduction of functional 
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groups or components, broadening the scope of PepNzymes [53]. 
Furthermore, incorporating structural elements or templates during 
synthesis aids in forming PepNzymes with structures and functions [54]. 
Importantly, the arrangement of amino acid building blocks are critical 
factors that significantly influence the activity or specificity of the 
resulting PepNzymes [55]. Integrating peptides with nanozymes can 
also be achieved through various methods, each offering unique ad
vantages. For example, surface functionalization attaches peptides to 
pre-synthesized nanozymes, providing control over peptide density [38,
39]. Co-assembly allows the simultaneous assembly of peptides and 
nanozymes, resulting in well-integrated structures with synergistic 
properties [14]. Template-assisted synthesis uses peptides to direct 
nanozyme formation, enabling precise control over size and shape [32]. 
These methods collectively enhance the functionality, stability, and 
biocompatibility of peptide-integrated nanozymes.

2.3. Structural characterization techniques

Spectroscopic methods, such as nuclear magnetic resonance (NMR) 
spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, Raman 
spectroscopy, and circular dichroism (CD) spectroscopy, provide infor
mation about the molecular structures of PepNzymes, including peptide 
sequence, secondary structure, and conformational changes [56]. For 
instance, NMR can reveal the arrangement of amino acids, while FTIR 
can detect specific bond vibrations indicative of secondary structures. 
Techniques like X-ray crystallography and cryo-electron microscopy 
(cryo-EM) offer detailed images of PepNzymes, elucidating their 
three-dimensional arrangements and interactions with substrates or 
cofactors [57]. X-ray crystallography can determine the atomic struc
tures, whereas cryo-EM can visualize large complexes in their native 
states. For nanozymes, additional characterization methods such as 

Fig. 2. Some examples of the design of PepNzymes. (A) Catalysts with enzyme-like active sites were created by self-assembly and protein folding. Reproduced with 
permission from Ref. [47], copyright 2020, American Chemical Society. (B) Rhodium (II) metallopeptide design. Reproduced with permission from Ref. [49], 
copyright 2013, American Chemical Society. (C) Copper-dependent catalysts inspired by catechol oxidases. Reproduced with permission from Ref. [50], copyright 
2023, Springer Nature.
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transmission electron microscopy (TEM) and scanning electron micro
scopy (SEM) are crucial. TEM provides high-resolution morphology and 
structure images, while SEM offers detailed surface topology and 
composition analysis [58]. Dynamic light scattering (DLS) is used to 
determine the size distribution and stability of nanozyme suspensions 
[59]. Mass spectrometry techniques, such as matrix-assisted laser 
desorption/ionization and electrospray ionization, enable precise 
determination of the molecular weights of PepNzymes and identification 
of post-translational modifications, facilitating analysis [60]. In addi
tion, computational modeling and simulation techniques also comple
ment methods by predicting the structures and dynamic behaviors of 
PepNzymes, aiding rational design [61,62].

2.4. Active groups influencing activity

Active groups are responsible for the key interactions that govern 
substrate recognition, binding, and catalysis, which ultimately deter
mine the overall activity of PepNzymes. By exploring how different 
functional groups influence these processes, researchers can strategi
cally modify PepNzymes to enhance their performance. Some studies 
have focused on designing PepNzymes with enhanced activity by opti
mizing their active sites and spatial structures [63,64]. For instance, Liu 
et al. developed a hybrid system where a guanine-rich nucleic acid and a 
histidine-rich peptide self-assemble into a ligand environment tailored 
for hemin (Fig. 3A) [63]. In this system, the nucleic acid strand forms a 
stable structure by stacking its bases into quartets, while the 

histidine-rich peptide introduces activating groups that interact with 
hemin, significantly boosting its peroxidase-like activity. The presence 
of residues such as histidine plays a crucial role in mediating the ac
tivities of PepNzymes through mechanisms like nucleophilic attacks, 
proton transfers, and acid-base catalysis [28,63,65]. For example, Liu 
et al. reported a cofactor-free, non-conjugated supramolecular catalyst 
that exhibits redox activity via the cooperative action of neighboring 
functional groups. This catalyst is constructed by assembling 
oligo-histidine peptides into highly ordered nanostructures with a 
crystal-like lattice, demonstrating significant activity in H2O2 reduction 
and disproportionation reactions [28]. Remarkably, the catalytic activ
ity can be fully restored after more than ten cycles of thermal or acid 
treatment, showcasing their superior robustness. Furthermore, amino 
acids can influence the assembly behavior of Fmoc-F-F peptides in 
aqueous conditions through a sonication-standing process, as demon
strated in another study (Fig. 3B) [65]. This process facilitates the for
mation of active sites that enable Aβ1-42 filaments to function 
effectively as nanozymes within physiological environments. The func
tional groups present within the peptide sequence play a pivotal role in 
substrate recognition, binding, and orientation, thereby directly 
affecting the substrate specificity and catalytic efficiency of PepNzymes 
[66,67]. Post-translational or chemical modifications introduced during 
PepNzymes’ synthesis, such as phosphorylation or glycosylation, can 
also further modulate their activity. These modifications can alter the 
properties of PepNzymes or their interactions with substrates, thereby 
fine-tuning their overall catalytic function and expanding their 

Fig. 3. Studies focus on designing PepNzymes with enhanced activity. (A) Nucleic acid and peptide components are designed with complementary characteristics to 
create peroxidase-like hierarchical sites. Reproduced with permission from Ref. [63], copyright 2017, American Chemical Society. (B) Potential interactions during 
the co-assembly of Fmoc-F-F and His. Reproduced with permission from Ref. [65], copyright 2023, Springer Nature.
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applicability [68].

3. Versatile enzyme-like activities and beyond

Over the past few decades, challenges related to the cost, stability, 
processing, storage, and recycling of enzymes have driven the search for 
viable alternatives. While significant progress has been made in artificial 
enzymes, such as nanozymes, their efficacy is often constrained by 
limited diversity compared to natural enzymes. The forthcoming chap
ter will first provide a summary of the diverse natural enzymatic ac
tivities, establishing a baseline for comparison. Following this, the focus 
will shift to exploring the versatile enzyme-like activities of PepNzymes 
and beyond. This includes their internalization mechanisms, 

intracellular trafficking pathways, and the complex dynamics of cellular 
interactions, thereby highlighting the broader potential and versatility 
of PepNzymes in mimicking and even surpassing natural enzyme 
functions.

3.1. Enzyme-like activities

Natural enzymes exhibit a vast array of catalytic activities, including 
those of peroxidases, oxidases, catalases, superoxide dismutases (SODs), 
hydrolases, isomerases, and many others. These enzymes are essential in 
various biological processes, facilitating specific reactions with effi
ciency and selectivity. To replicate these natural enzymatic functions, 
PepNzymes have been developed using diverse strategies aimed at 

Fig. 4. Some typical enzyme-like activities of PepNzymes. (A) The assembly mechanism of Pep-1/hemin nanotubes and peroxidase-like activities displaying a ping- 
pong pathway for ABTS oxidation with H2O2. Reproduced with permission from Ref. [69], copyright 2022, Springer Nature. (B) Self-assembly of flavin adenine 
dinucleotide (FAD), Fmoc-amino acids (e.g., Fmoc-lysine), and Cu2+ to form supramolecular aggregates containing oxidase-like copper cluster active sites. Repro
duced with permission from Ref. [70], copyright 2023, American Chemical Society. (C) The role of cysteine fragments in the nickel binding loop in Ni (II)-containing 
SOD-like activity. Reproduced with permission from Ref. [72], copyright 2020, American Chemical Society. (D) A di-copper peptidyl complex mimicking catalase 
activity. Reproduced with permission from Ref. [74], copyright 2021, American Chemical Society.
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mimicking the activities of these enzyme classes.
For peroxidase-like activity, as one of the most extensively studied 

activities among nanozymes, PepNzymes are designed to catalyze 
oxidation reactions using H2O2 as a co-substrate [23,63,69]. For 
example, Jian et al. developed peptide-based peroxidase mimics with 
tunable activity and high stability by constructing peptides and hemins 
into self-assembled crystalline nanomaterials (Fig. 4A) [69]. The 
peroxidase-like reaction mechanism follows a ping-pong model, where 
H2O2 and 2, 2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) 
react sequentially with the metal center. First, H2O2 oxidizes Fe3+ to 
Fe4+, then Fe4+ oxidizes ABTS. By systematically varying the chemical 
structure of peptoids, the catalytic activity of the Pep/hemin complex 
can be tuned. Adjusting the peptide side chain chemistry allows these 
peptide/hemin nanomaterials to effectively modulate their activity to
ward lignin model substrates, facilitating the depolymerization of bio
refinery lignin. PepNzymes could also emulate oxidase-like activity, 
facilitating direct electron transfer from substrates to molecular oxygen 
and often utilizing metal cofactors [70,71]. For instance, Li et al. 
developed a supramolecular copper-cluster-dependent catechol oxidase 
by self-assembling flavin adenine dinucleotide (FAD), Fmoc-modified 
amino acids, and Cu2+ ions. Fmoc-amino acids form oxidase-mimetic 
copper clusters through fluorenyl stacking (Fig. 4B) [70]. FAD assem
bles with Fmoc-amino acids, creating a coordination sphere around 
Cu2+ and boosting the oxidase-like activity of Cu2+ by over 100-fold. 
There are numerous types of oxidases, each with unique structures 
and functions, which also suggests a multitude of possibilities for the 
future. Similarly, PepNzymes mimicking SOD-like activity facilitate 
superoxide anion (•O2

- ) dismutation into O2 and H2O2, typically by 
incorporating metal-binding sites [72,73]. Lihi et al. elucidate detailed 
equilibrium, spectroscopic, and SOD-like activity studies on metal
lopeptides (Ni2+) containing cysteine in alternative positions (Fig. 4C) 
[72]. Their findings underscore the importance of understanding 
metal-binding motifs and their impact on enzyme-like activity, which 
has implications for the rational design of novel catalysts and thera
peutic agents targeting oxidative stress-related diseases. As another 
crucial antioxidant enzyme, catalase efficiently catalyzes the decom
position of H2O2, converting it into H2O and O2, thereby protecting cells 
from oxidative stress and damage caused by oxidation. For example, 
Coulibaly et al. used a combinatorial approach to discover a peptidyl 
di-copper (Cu) complex mimicking catalase (Fig. 4D) [74]. The complex 
showed catalase-like activity in both solution and on HeLa cells, 
demonstrating the effectiveness in finding peptidyl complexes with 
catalase-like activity. More significantly, PepNzymes also mimic 
hydrolase-like activity for substrate cleavage. Liang et al. developed 
oligopeptide-based nanozymes with intrinsic hydrolase-like activity 
through zinc (Zn)-induced self-assembly of histidine-rich heptapeptides 
[75]. These nanozymes effectively hydrolyzed various p-nitrophenyl 
esters and degraded di(2-ethylhexyl) phthalate, a common plasticizer, 
showing potential for environmental remediation. Extensions to other 
enzyme classes, such as isomerases, transferases, etc., require tailored 
strategies to replicate their specific catalytic mechanisms and substrate 
preferences. This involves a deep understanding of each enzyme’s active 
site architecture, the dynamics of substrate binding, and the specific 
conditions under which they operate optimally.

Currently, several methods like spectroscopy, crystallography, and 
computational modeling, including density functional theory (DFT), 
enable researchers to elucidate the structural and dynamic aspects of 
PepNzymes, providing valuable insights into their catalytic mechanisms 
[76,77]. For instance, the use of X-ray crystallography has revealed the 
precise atomic arrangements in PepNzymes, while DFT calculations 
have helped understand the electronic environments at the active sites 
[78]. Electron spin resonance (ESR) spectroscopy also offers a powerful 
tool to study the electronic properties and radical intermediates 
involved in PepNzyme catalysis [79]. For example, ESR has been 
employed to detect the formation of radical species during the catalytic 
cycles of PepNzymes, offering insights into reaction pathways [80]. The 

structural versatility of peptides allows for incorporating specific func
tional groups or motifs that mimic enzymatic catalysis, enhancing sub
strate recognition and efficiency. Techniques such as peptide synthesis 
and modification, coupled with DFT calculations, facilitate the design 
and engineering of PepNzymes with precise control over their structural 
and functional properties. For example, modifications of peptide side 
chains have been tailored to create specific microenvironments that 
enhance catalytic activity, as demonstrated by DFT studies showing 
optimal binding orientations and activation energies [81]. Moreover, by 
mimicking the dynamic conformational changes observed in enzymes, 
PepNzymes can optimize their performance in response to environ
mental stimuli or substrate binding. Techniques such as molecular dy
namics simulations provide insights into the conformational dynamics 
of PepNzymes and implications for catalysis [82].

3.2. Functional diversification beyond enzyme-like activities

PepNzymes offer a range of functionalities beyond traditional 
enzyme-like activities due to their ability to mimic or enhance various 
biological processes. They exhibit biomolecular recognition capabilities 
similar to antibodies or aptamers, achieved through engineered peptide 
sequences that selectively bind to target molecules such as proteins, 
nucleic acids, or small molecules. This specificity is utilized in applica
tions like biosensors, diagnostics, and targeted therapeutics [83,84]. 
Additionally, PepNzymes possess self-assembly properties, driven by 
non-covalent interactions such as hydrophobic forces, electrostatic in
teractions, and π-π stacking. These properties enable the formation of 
well-defined nanostructures with controlled architectures, which are 
advantageous in drug delivery systems and tissue engineering [85]. 
Many PepNzymes also display stimuli-responsive behavior, where they 
change conformation or activity in response to environmental cues like 
pH, temperature, or specific molecules. This adaptability is facilitated by 
responsive peptide sequences or functional groups incorporated into 
their structure [86]. Furthermore, PepNzymes are designed to be 
biocompatible and biodegradable, ensuring they do not provoke adverse 
immune responses and can break down into non-toxic byproducts after 
their function is complete. This makes them suitable for in vivo appli
cations, such as supporting cell growth and tissue regeneration with 
biocompatible scaffolds or providing sustained drug release with 
biodegradable carriers [87].

3.3. Internalization mechanisms, intracellular trafficking pathways, and 
cellular interactions

Depending on their physicochemical properties and surface modifi
cations, PepNzymes could be internalized via endocytic pathways, such 
as clathrin-mediated endocytosis, caveolae-mediated endocytosis, or 
macropinocytosis [88]. Understanding these endocytic mechanisms can 
inform strategies to enhance cellular uptake efficiency and intracellular 
delivery. Once inside the cell, PepNzymes may undergo trafficking 
through vesicular compartments like early endosomes, late endosomes, 
and lysosomes or be transported along microtubules and actin filaments 
to specific destinations [89]. Moreover, tailoring PepNzymes’ properties 
to exploit disease-specific internalization mechanisms, such as 
receptor-mediated endocytosis in cancer cells, can improve targeting 
specificity and therapeutic potency [90]. PepNzymes can also be engi
neered with stimuli-responsive functionalities for triggered release or 
activation within specific intracellular environments, such as acidic ly
sosomes or reducing cytosolic conditions [91]. Once internalized, 
PepNzymes may interact dynamically with various cellular organelles, 
cytoskeletal components, and signaling pathways, influencing their 
subcellular localization and functional outcomes [92]. Exploring 
cellular interactions and dynamics can uncover the therapeutic potential 
of PepNzymes in modulating cellular processes in health and disease, 
including applications in immunotherapy, vaccine development, and 
immune modulation.
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4. Biomedical applications of PepNzymes

As the understanding of enzyme-like activities and their diverse 
functions deepens, PepNzymes emerge as a groundbreaking innovation 
with the potential to drive significant progress in biomedical fields. 
Continuous efforts are expanding their utility into emerging domains, 
exploring their capabilities and applications. This chapter aims to 
comprehensively uncover the wide-ranging capabilities of PepNzymes 
and their potential to revolutionize biomedical innovation, highlighting 
their versatility and transformative impact on diagnostics, therapeutics, 
and beyond.

4.1. Analysis, diagnostics, and cellular imaging

The convergence of peptides and nanozymes presents a ground
breaking approach in analysis, diagnostics, and cellular imaging [93,
94]. Peptides, with their inherent specificity and ability to mimic natural 
biological interactions, offer precise targeting capabilities. Nanozymes, 
on the other hand, provide robust catalytic properties akin to natural 
enzymes but with enhanced stability and design flexibility. This syner
gistic combination leverages the strengths of both components, enabling 
the development of advanced tools for detecting and analyzing biolog
ical processes at a molecular level. For instance, Gao et al. demonstrated 
that gold nanozymes with peroxidase-like activity bioconjugated by a 
rationally designed peptide could selectively label and accurately 
quantify integrin GPIIb/IIIa on the human erythroleukemia cell line 
(Fig. 5A) [40]. Similarly, Cai et al. reported that the morphology of Cu 
nano-assemblies templated with peptides varies with the number of 

cysteines in the peptide chain [93]. This peptide-templated nanozyme 
system serves as a simple platform for rapidly monitoring trypsin ac
tivity and screening its inhibitors (Fig. 5B). For small molecules, Zhang 
et al. created a dual-functional enzyme-like membrane reactor by in situ 
mineralizing Au nanoparticles on peptide liquid crystals [94]. The 
resulting membrane reactor with peroxidase-like and glucose 
oxidase-like activities immobilized on a cellulose membrane formed a 
biosensor for fast, low-cost, and automatic glucose detection (Fig. 5C). 
Additionally, PepNzymes also demonstrate significant potential in bac
terial detection and identification, serving as versatile biosensors for the 
rapid and specific detection of pathogenic bacteria in clinical, environ
mental, and food safety applications [95,96]. For instance, due to the 
specific recognition between S. aureus and peptides, fluorescein 
isothiocyanate-labeled peptide probes are captured by S. aureus and 
removed from Au/Pt/TiO2 magnetic nanotubes (Au/Pt/MTNTs) 
(Fig. 5D) [95]. This removal leads to the recovery of peroxidase-like 
activity and fluorescence emission of S. aureus. Benefiting from the 
Au-SPR effect and the magnetic properties of Au/Pt/MTNTs, the re
covery of catalytic activity induces an enhanced colorimetric assay with 
a wider linear response for S. aureus quantification and a detection limit 
of four cells. Furthermore, PepNzymes hold promise in the field of 
cancer diagnostics. They enable targeted imaging and treatment of 
tumor cells through selective recognition and binding to cancer-specific 
biomarkers [97–99]. Conjugating PepNzymes with imaging probes or 
therapeutics enables innovative cancer diagnosis strategies. For 
instance, Lian et al. developed an artificial peroxidase by self-assembling 
hemin and fluorenylmethoxycarbonyl-arginine-glycine-aspartate 
(Fmoc-RGD) [97]. The resulting Fmoc-RGD/hemin nanoparticle, with 

Fig. 5. Some typical applications of PepNzymes in analysis, diagnostics, and cellular imaging. (A) Nanozyme-linked immunosorbent assay using peptide-conjugated 
gold nanoprobes for integrin expression on cell membranes. Reproduced with permission from Ref. [40], copyright 2015, American Chemical Society. (B) Copper 
nano-assemblies regulated by peptides for trypsin assays and inhibitor screening. Reproduced with permission from Ref. [93], copyright 2022, American Chemical 
Society. (C) Gold nanoparticles mineralized by peptide liquid crystals with dual-functional enzyme-like activities for glucose detection. Reproduced with permission 
from Ref. [94], copyright 2023, American Chemical Society. (D) Plasmon-mediated peroxidase activity on asymmetric nanotubes with FITC-peptides for rapid visual 
bacteria detection. Reproduced with permission from Ref. [95], copyright 2022, American Chemical Society. (E) 
Fluorenylmethoxycarbonyl-arginine-glycine-aspartate/hemin nanoparticles for cancer cell detection and inhibition of TGF-β-induced EMT in breast cancer cells. 
Reproduced with permission from Ref. [97], copyright 2019, American Chemical Society.
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RGD binding cancer cells and Fmoc enhancing catalytic activity, accu
rately detects cellular H2O2 and cancer cells (Fig. 5E). Moreover, it acts 
as a therapeutic agent by removing excess reactive oxygen species 
(ROS), inhibiting epithelial-mesenchymal transition induced by TGF-β. 
Notably, most applications of PepNzymes in analysis, diagnostics, and 
cellular imaging primarily leverage the recognition capabilities of pep
tides and the peroxidase-like activity of nanozymes. However, there is 
significant potential for expansion. By drawing inspiration from the 
diverse properties of enzymes, future research can develop new 
enzyme-like activities for PepNzymes. These advancements could result 
in more sophisticated and convenient methods for analysis and beyond.

4.2. Antibacterial or antifungal applications

At the forefront of antibacterial innovation, PepNzymes are endowed 
with intrinsic antibacterial properties that enable them to combat bac
terial pathogens. Remarkable PepNzymes utilize various mechanisms, 
including membrane disruption, cell wall degradation, and enzymatic 
inhibition, to neutralize bacterial threats [100–104]. With their diverse 
structural motifs and amino acid sequences, PepNzymes produce potent 
antimicrobial peptides capable of targeting a wide range of bacterial 
strains. Moreover, PepNzymes serve as versatile nanozymes, facilitating 
the catalysis of ROS or other antimicrobial agents to eradicate bacterial 
pathogens. For instance, Soria-Carrera et al. have revealed the 
peroxidase-like activity of self-assembled covalent polyoxometalates 
(POMlymers). These structures with peptides show increased biofilm 
production and ROS generation in bacteria such as Staphylococcus [101]. 
Similarly, Wang et al. have introduced an approach to the development 
of CuS/PAF-26 MN-a hyaluronic acid-based micro-needle loaded with 
both copper sulfide (CuS) nanoparticles and the antimicrobial peptide 
PAF-26 [102]. This innovative system effectively treats deep-cutaneous 

fungal infections by catalyzing ROS production and disrupting fungal 
cell envelopes against fungi (Fig. 6A). Importantly, this strategy reduces 
the risk of drug resistance and offers a promising therapeutic approach 
for combating fungal infections. Due to the emergence of antibiotic 
resistance and the limitations posed by ROS’s short lifespan and 
restricted diffusion distance, conventional single-mode therapies using 
either antimicrobial peptides or nanozymes alone often fail to address 
the intricate challenges in real-world antimicrobial treatment. Enter 
PepNzymes-a pioneering approach that merges the antimicrobial 
prowess of peptides with the catalytic efficiency of nanozymes. This 
integration presents a novel avenue for combating microbial threats and 
opens up exciting prospects for advancing antimicrobial therapy to new 
heights.

4.3. Tissue engineering

Peptides are also versatile in tissue engineering, enabling biomimetic 
scaffolds that support cell adhesion, proliferation, and differentiation 
[105–107]. Incorporating bioactive peptides mimics the native extra
cellular matrix (ECM) environment, promoting tissue formation and 
vascularization. Functionalizing peptides with ligands or growth factors 
enhances bioactivity and control over tissue regeneration. Therefore, 
researchers could create bioactive scaffolds with multifunctional prop
erties by encapsulating PepNzymes with enzyme-like activities within 
biomaterials or surface-modifying scaffold materials. Combining 
peptide-functionalized scaffolds with nanozyme-based delivery systems 
creates versatile platforms for releasing bioactive molecules, growth 
factors, and therapeutic agents in a controlled manner, which helps 
improve tissue regeneration and repair. The combined effects of pep
tides and nanozymes can enhance the effectiveness and precision of 
treatments, allowing targeted delivery of therapeutic substances to 

Fig. 6. Some typical biomedical applications of PepNzymes. (A) CuS/PAF-26 microneedles for treating deep-cutaneous fungal infections without inducing drug 
resistance, using hyaluronic acid (HA) and sodium carboxymethylcellulose (CMC-Na) to deliver copper sulfide (CuS) nanozyme and antimicrobial peptide (PAF-26). 
Reproduced with permission from Ref. [102], copyright 2023, American Chemical Society. (B) Multifunctional nanohybrid peptide hydrogel for enhanced inter
vertebral disc repair, created through hierarchical self-assembly of peptide amphiphile with biodegradable two-dimensional nanomaterials. Reproduced with 
permission from Ref. [105], copyright 2023, American Chemical Society. (C) PMR nano-sonosensitizers for MRI-guided and catalytic oxygen generation-enhanced 
SDT against cancer. Reproduced with permission from Ref. [108], copyright 2018, American Chemical Society. (D) Alkaline phosphatase-like peptide nanofibers for 
osteogenic differentiation. Reproduced with permission from Ref. [110], copyright 2015, American Chemical Society.
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specific cell populations or tissue microenvironments. For instance, 
Conley et al. developed a dynamic and multifunctional nanohybrid 
peptide hydrogel (NHPH) through the hierarchical self-assembly of 
peptide amphiphile modified with biodegradable two-dimensional 
nanomaterials exhibiting enzyme-like activities (Fig. 6B) [105]. This 
NHPH is injectable, biocompatible, and biodegradable while also ther
apeutic by catalyzing the scavenging of pro-inflammatory reactive ox
ygen species and promoting ECM remodeling. Their method facilitated 
the structural and functional recovery of the intervertebral disc (IVD) 
after severe injuries by delivering pro-regenerative cytokines in a sus
tained manner, effectively suppressing immune responses, and restoring 
the regenerative microenvironment of the ECM. Collectively, advanced 
PepNzymes-based nano-scaffold technology offers a promising alterna
tive for tissue engineering by providing enzyme-like activity, enhanced 
bioactivity, precise modulation of responses, etc.

4.4. Anti-tumor strategies

PepNzymes also offer significant advantages in anti-tumor therapy 
[108]. Peptides inherently inhibit tumor growth and metastasis and can 
be modified to target tumor cells while sparing healthy tissues selec
tively. They enhance tumor-targeting specificity and cellular uptake, 
enabling precise drug delivery. As nanozymes, PepNzymes modulate the 
tumor microenvironment and boost anti-tumor immune responses while 
also exerting cytotoxic effects on tumor cells through their enzymatic 
activity. Encapsulation or functionalization with tumor-targeting li
gands allows for direct delivery to tumor cells, inducing cytotoxic effects 
or activating immune cells. Thus, a synergy of peptides and nanozymes 
in PepNzymes combines precise targeting with potent catalytic activity, 
enhancing anti-tumor therapy. For example, Zhu et al. enhanced sono
dynamic therapy (SDT) using catalytic PepNzymes, integrating MnOx 
component with hollow mesoporous organosilica nanoparticles, proto
porphyrin, and cyclic RGD peptide (Fig. 6C) [108]. MnOx component 
acts as a nanozyme, converting H2O2 into O2, boosting tumor O2 levels 
and SDT-induced ROS production. This targeted approach suppressed 
tumor growth in U87 xenograft models, with high biocompatibility and 
efficient excretion, showing potential for clinical translation and 
providing tumor microenvironment-responsive imaging for therapeutic 
guidance with Mn as MRI. In another work, a tumor-targeting peptide 
Arg-Gly-Asp (RGD)-modified platinum nanozyme co-loaded with a 
glutathione (GSH)-responsive prodrug was developed [36]. This system, 
designed for drug release at tumor sites, enhances targeting and 
permeability to bladder cancer cells by peptide, alleviates tumor hyp
oxia, and improves photodynamic therapy. It achieved GSH-responsive 
drug release, enhanced drug accumulation, and increased permeability, 
thereby enhancing chemo-photodynamic therapy in bladder cancer 
models. However, despite significant advancements, cancer treatment 
continues to pose one of the most formidable challenges in modern 
medicine. In this context, PepNzymes offer promising prospects as a 
novel adjunctive therapy in the fight against cancer. By harnessing the 
combined power of peptides and nanozymes, PepNzymes hold the po
tential to enhance the efficacy of existing treatment modalities and 
overcome some of the limitations associated with traditional ap
proaches. Nevertheless, a comprehensive understanding of the intricate 
mechanisms underlying tumor therapy is imperative to exploit the 
therapeutic potential of PepNzymes fully. Further research and explo
ration into the specific interactions between PepNzymes and tumor 
microenvironments are essential for optimizing their effectiveness and 
unlocking new avenues for innovative cancer treatment strategies.

4.5. Others

PepNzymes have further extended beyond traditional applications 
into diverse fields such as inflammation therapy, regenerative medicine, 
and biotechnology [109–113]. For instance, Shi et al. developed an 
engineered nanosponge utilizing the stealth effect of natural 

erythrocytes and the blood-brain barrier crossing ability of the T7 
peptide [109]. This nanosponge efficiently targeted the infarct area in 
ischemic stroke, exerting a therapeutic effect by regulating hypoxia and 
boosting O2 levels. Wang et al. introduced a novel peptide-templated 
manganese dioxide nanozyme designed to integrate thrombolytic ac
tivity with ROS scavenging ability [32]. These PepNzymes prolonged 
blood circulation, exhibited strong thrombolytic action, and reduced 
ischemic brain damage. Additionally, Gulseren et al. enhanced bone 
regeneration efficiency using peptide nanofibers carrying both catalytic 
and matrix-regulatory functions of alkaline phosphatase, facilitating 
osteogenesis for various cell lines (Fig. 6D) [110]. As research advances, 
it is expected that more applications leveraging the capabilities of 
peptides and nanozymes will emerge, leading to significant advance
ments in biomedical and therapeutic interventions. However, to fully 
explore the potential of these PepNzymes in both materials science and 
biomedical fields, increased interdisciplinary exchange and collabora
tion are imperative. This collaborative approach will facilitate the dis
covery and expansion of new applications, or the most suitable 
applications for PepNzymes, ultimately driving progress in healthcare 
and biotechnology.

5. Conclusion and challenge

Our review highlights the crucial role of PepNzymes. By elucidating 
their structure-activity relationships and exploring their versatile 
enzyme-like architectures, we have laid the foundation for biomedical 
applications. These may only scratch the surface, as PepNzymes, serving 
as intermediaries between peptides and enzymes, likely harbor 
numerous novel variants yet to be discovered in nature. This realization 
urges us to explore and uncover new PepNzymes continuously. For 
instance, many naturally occurring nanozymes formed by metals 
ingested by organisms undergo evolution within various organisms, 
potentially exerting either positive or negative effects. Unveiling these 
potential PepNzymes hold infinite possibilities for the future. However, 
to fully harness the potential of PepNzymes, it is essential to overcome 
some existing challenges (Fig. 7). By tackling these obstacles, we can 
unlock fresh avenues for innovative biomedical solutions, paving the 
way for transformative progress.

5.1. Addressing structural design and fabrication challenges

To tackle the challenges associated with structural design and 
fabrication, it is necessary to focus on nanostructure assembly details, 
optimize synthetic protocols, and explore innovative techniques to 
enhance the efficacy and reliability of PepNzymes. Researchers can 
optimize the self-assembly process of PepNzymes by fine-tuning various 
conditions during fabrication, resulting in PepNzymes with function
ality, structure, and activity [114]. Methods like templated synthesis 
and bottom-up fabrication can be employed to control the morphology 
and size of PepNzymes, yielding customized structures with enhanced 
enzyme-like activities and reproducibility [115,116]. Furthermore, ad
vances in synthetic biology can also facilitate the functionalization of 
PepNzymes, thereby enhancing their efficacy in related applications 
[117].

5.2. Enhancing multi-functional integration

Enhancing the multi-functional integration of PepNzymes is essential 
for their efficacy across various domains. Integrating multifunctional 
components like targeting ligands, stimuli-responsive elements, and 
therapeutic payloads into PepNzymes enables tailored properties to 
meet specific needs, facilitating precise targeting, controlled release, 
and synergistic therapeutic effects. For example, researchers could 
develop PepNzymes conjugated with new targeting ligands that recog
nize specific cancer cell receptors, allowing for their selective accumu
lation and internalization into tumor tissues while minimizing off-target 
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effects [118]. Moreover, incorporating stimuli-responsive elements such 
as temperature-sensitive polymers could enable PepNzymes to undergo 
conformational changes in response to external cues, triggering drug 
release at precise locations within the body for enhanced therapeutic 
outcomes [119,120]. Additionally, loading PepNzymes with therapeutic 
payloads, like chemotherapy drugs, monoclonal drugs, or nucleic acids, 
could offer more functionalities, acting both as catalysts for biocatalytic 
reactions and carriers for therapeutic agents, thereby achieving syner
gistic therapeutic effects in cancer treatment or regenerative medicine 
[121].

5.3. Delving into enzyme-like mechanisms

A thorough investigation into the enzyme-like mechanisms govern
ing the catalysis of PepNzymes is crucial for approaching the function
ality of natural enzymes and advancing the development of complex 
synthetic analogs. For now, the enzyme-like mechanisms of PepNzymes 
may differ from each kind, and by thoroughly understanding potential 
processes such as substrate binding, active site chemistry, catalytic ki
netics, and enzyme activity units, we can refine the design principles and 
engineering strategies for PepNzymes’ development [122,123].

5.4. Improving stability, biocompatibility, reproducibility, and 
biodegradation

Optimizing PepNzymes involves prioritizing stability and ensuring 
consistent enzyme-like activity in diverse environments for real-world 
effectiveness. Enhanced biocompatibility is crucial to prevent adverse 
reactions during interaction with biological systems, promoting safe use 
in medical settings. Moreover, reproducibility ensures consistent per
formance across batches, facilitating scalability for large-scale produc
tion. Designing PepNzymes with biodegradable properties minimizes 
long-term effects, enhancing their safety profile.

5.5. Mitigating toxicity and immunogenicity risks

To ensure the safety and regulatory compliance necessary for clinical 
translation, it is crucial to thoroughly address potential toxicity and 
immunogenicity concerns associated with PepNzymes-based therapies. 
This requires comprehensive research to assess their biocompatibility, 
pharmacokinetics, and potential immune responses. Nowadays, some 
peptide-based template materials still pose risks of immune reactions 
[124]. Therefore, rigorous preclinical evaluation and adherence to 
regulatory guidelines are essential to demonstrate the efficacy and safety 
of these PepNzymes-based therapies, paving the way for their successful 
translation into clinical applications [125].

5.6. Exploring novel biomedical applications and therapeutic modalities

Expanding the biomedical application scope of PepNzymes beyond 
traditional domains is crucial for fully harnessing their potential. By 

using their unique features, such as tunable enzyme-like activity, 
PepNzymes hold promise in addressing unmet medical needs and 
advancing personalized medicine. Many rare or specific diseases 
currently lack adequate animal models for clinical trials, presenting an 
opportunity for future exploration of PepNzymes’ applications. Thus, 
through interdisciplinary research and innovative approaches, 
PepNzymes-based platforms could be customized for specific medical 
uses, offering new avenues for diagnosis, treatment, and disease 
management.

5.7. Bridging the bench-to-bedside gap

Researchers can acquire pivotal data to substantiate clinical trial 
applications and secure regulatory approvals by establishing rigorous 
preclinical evaluation protocols encompassing comprehensive efficacy 
and toxicity assessments. Developing scalable manufacturing methods is 
crucial to meet the demand for large-scale production of PepNzymes 
while ensuring consistency and quality. Furthermore, adherence to 
regulatory guidelines and standards is essential for navigating the 
complex regulatory landscape and obtaining approval for clinical trials 
and commercialization. Through these concerted efforts, PepNzymes 
based on nanozymes is poised to effectively advance clinical translation, 
offering significant benefits to patients and healthcare systems 
worldwide.

5.8. Fostering collaboration and interdisciplinary research

Fostering collaboration among scientists, engineers, clinicians, and 
industry partners is essential for advancing PepNzymes and translating 
them into practical solutions. By pooling diverse expertise, collaborative 
efforts can address complex barriers and optimize PepNzymes’ perfor
mance across various applications. Interdisciplinary approaches inte
grating insights from chemistry, biology, materials science, and 
medicine can drive innovation and customization of PepNzymes to meet 
diverse needs. Effective collaboration unlocks opportunities and drives 
progress in PepNzymes for societal benefit.

6. Perspectives

This work is a comprehensive review of recent advancements in 
PepNzyme design, enzyme-like activities, and diverse biomedical ap
plications, revealing significant versatility and innovation. Indeed, our 
current surge in research focusing on PepNzymes is driven by two pri
mary factors. Firstly, the capacity to engineer and manipulate these 
PepNzymes offers innovative solutions to contemporary biomedical 
challenges, which is evident and has been extensively discussed in this 
work. Secondly, we believe that PepNzymes may serve as a unique tool 
for investigating the fundamental principles underpinning the origin 
and evolution of life.

Beyond its immediate biomedical design, this convergence of peptide 
and nanozyme may hold far-reaching implications for the origins of life. 

Fig. 7. Challenges of PepNzymes.
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One example involves self-assembling short peptides resembling prim
itive catalytic centers [2][126]. These peptide assemblies could have 
facilitated early biochemical reactions crucial for the emergence of life 
[127]. Additionally, nanoparticles, particularly metal oxide and sulfur 
nanoparticles, have been proposed to catalyze key prebiotic reactions 
involved in synthesizing essential biomolecules, such as amino acids and 
nucleotides [128,129]. Drawing inspiration from biomineralization 
processes and metal-catalyzed reactions observed in early life forms, 
PepNzymes integrate peptides with enzyme-like activities at the nano
scale, providing fascinating insights into the catalytic behaviors and 
molecular mechanisms that may have played a crucial role in the origin 
and evolution of life [130]. By delving deeper into the behaviors of 
PepNzymes, we could gain invaluable insights into the early chemical 
processes that may have set the stage for the emergence of life-sustaining 
molecules and their subsequent evolution. This is another key aspect we 
eagerly anticipate exploring in future research. However, further theo
retical and mechanistic studies are necessary, as these aspects remain 
underexplored. Such investigations could potentially span interdisci
plinary frontiers, encompassing paleobiology, physics, geology, and 
other cutting-edge research methodologies.

In essence, this review will transcend conventional boundaries in 
biomedical applications, offering the transformative potential of PepN
zymes in addressing pressing healthcare needs while highlighting age- 
old questions about life’s origins, thus forging a profound connection 
between biomedical applications and broader fields.
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