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Abstract: Peptides are molecules composed of two or more amino acids linked by peptide
bonds, and they play essential biological roles. In recent decades, peptides have become
pivotal bioactive ingredients in pharmaceuticals and cosmetics due to their unique features.
Originally developed for therapeutic purposes, peptides have gained popularity in the
cosmetic field, providing solutions for anti-aging, whitening, moisturizing, and skin repair.
Moreover, innovations such as artificial intelligence-assisted peptide design, efficient deliv-
ery systems, and the integration of multifunctional ingredients have significantly contributed
to the industry’s rapid evolution. This review explores the historical milestones of peptides
in medicine and cosmetics, delves into cutting-edge synthesis technologies, and dissects the
molecular mechanisms behind their cosmetic properties. Research in medicinal peptides
has promoted the development of cosmetic peptides. Despite their potential, challenges
such as stability, bioavailability, and cost-effective production remain barriers to widespread
adoption. Future studies should focus on enhancing peptide stability, developing synergistic
formulations, and conducting large-scale clinical trials to validate long-term efficacy. With
continuous innovation, peptides are poised to redefine the cosmetic industry, bridging the
gap between pharmaceuticals and skincare for safer and more effective solutions.
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1. Introduction

Peptides have emerged as a cornerstone in the pharmaceutical and cosmetic industries
due to their high specificity, biocompatibility, and diverse biological activities. As short
chains of amino acids, peptides have been widely reported to function in critical physiolog-
ical processes, including signaling, repair, and regulation at the molecular level [1]. Their
unique properties have made them indispensable in addressing challenges ranging from
chronic disease management to enhancing skin health.

Since the 1990s when the first peptide was introduced into cosmetics [2], various
natural or synthetic peptides have been utilized as active ingredients for anti-aging, whiten-
ing, and anti-inflammation, et al. [3-6]. Advances in chemical and biochemical synthesis
techniques largely facilitate the industrial-scale production of peptide-based drugs and
promote the integration of peptides into cosmetics [7-11].
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As the global market for peptide-based products, including therapeutic peptides,
cosmetic peptides, and nutraceuticals, continues to experience significant growth, the
cosmetic peptide manufacturing market alone is projected to grow at a compound annual
growth rate (CAGR) of 10.3% through 2034, with its value expected to increase from USD
3770.00 million in 2024 to USD 8259.34 million by 2032 [12]. As the peptide market for
peptide-based products continues to grow, understanding their historical evolution, tech-
nological breakthroughs, and underlying biological mechanisms is crucial for advancing
both research and commercial applications in this rapidly expanding field.

This review aims to explore the multifaceted world of peptides by examining their
historical development, the technologies that have shaped their production and application,
and the mechanisms through which they achieve their effects. By analyzing these aspects,
this article provides a comprehensive understanding of peptides’ roles and potential in
advancing both pharmaceuticals and cosmetics.

2. Historical Discoveries: The Exploration of Peptides in Pharmaceuticals
and Cosmetics

The evolution of peptide science spans more than a century, including both pharma-
ceutical and cosmetic innovations. A timeline of key milestones is illustrated in Figure 1.
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Figure 1. Historical timeline of major breakthroughs in peptide research and development. The
timeline illustrates the evolution of peptide science from the first dipeptide synthesis in 1901 to
recombinant insulin production, the advent of SPPS, phage/mRNA display technologies, and recent
advances in cosmetic applications.

2.1. Early Discoveries and Milestones

Peptide research can be traced back to the early 20th century [13-15]. In 1901, the
dipeptide Gly-Gly was first synthesized by Fischer’s group [14], initiating peptide synthesis
chemistry. Insulin was isolated from dog pancreas in 1921, setting the milestone of the
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therapeutic application of peptides in treating metabolic diseases such as diabetes [16]. After
that, several peptides were identified as bioactive molecules, such as substance P, which
is involved in blood pressure regulation and the induction of corticotropin in endocrine
signaling [17,18]. It is worth mentioning that not until 1951 was insulin fully sequenced by
Frederick Sanger [19], and bovine insulin was successfully chemically synthesized in the
mid-1960s [16,20,21]. This represents the progress of peptide synthesis, thereby enabling
the massive production of peptide-based drugs, shifted from natural extracts.

2.2. Advancements in Synthesis Techniques

The advent of solid-phase peptide synthesis (SPPS) in 1963 revolutionized peptide
production, marking a transformative milestone in synthetic chemistry [7,8,11]. This
groundbreaking technique streamlined the assembly of peptide chains through its inno-
vative stepwise approach on an insoluble polymer support, dramatically enhancing both
synthetic efficiency and cost-effectiveness. The clinical application of SPPS-synthesized
peptides reached a significant milestone in the late 1980s [7,11], as evidenced by the FDA
approval of octreotide in 1988 [22]. This landmark achievement not only validated SPPS as
a robust platform for pharmaceutical production but also demonstrated its unparalleled
capacity for the large-scale synthesis of structurally complex, biologically active molecules
with precise sequence control.

The emergence of recombinant DNA technology in the 1960s marked a new era for
peptide research. A pivotal advancement occurred in 1978 with the successful production
of recombinant insulin by David Goeddel and his colleagues [16,23], which demonstrated
the feasibility of industrial-scale peptide manufacturing through genetic engineering tech-
niques. This breakthrough culminated in the 1982 approval of recombinant insulin, marking
the first commercially available genetically engineered peptide drug and establishing a new
paradigm for therapeutic development [23,24]. The subsequent discovery of glucagon-like
peptide-1 (GLP-1) in 1986 by Mojsov and colleagues further expanded peptides’ therapeu-
tic applications, particularly in metabolic disease management [25]. Recently, the GLP-1
market has experienced rapid expansion, fueled by its applications in type 2 diabetes, obe-
sity, cardiovascular diseases, and beyond. With global leaders like Novo Nordisk and Eli
Lilly dominating the market, along with emerging players from China driving innovation
in oral formulations and multi-target agonists, the GLP-1 sector is on track to become a
multi-billion-dollar industry. These milestones collectively transformed peptide science
from laboratory curiosities to mainstream therapeutic agents, laying the foundation for the
modern biopharmaceutical industry.

Display technologies, particularly phage display, which was awarded the Nobel Prize
in 2018 [26], have greatly enhanced the efficiency and simplicity of peptide screening.
Phage display is a technology based on the presentation of functional exogenous peptides,
enabling the selection and amplification of specific peptides in vitro, like natural selection.
Through multiple rounds of screening under selective pressure, peptides with a high
affinity for target proteins can be enriched and amplified, while those with weak binding
are eliminated.

Both the anti-tumor necrosis factor « (anti-TNF-«) antibody Adalimumab and the
anti-B lymphocyte stimulator antibody Belimumab were discovered using phage display
technology. Meanwhile, the anti-interleukin-13 (anti-IL-13) antibody Tralokinumab was
discovered using RNA display technology. These drugs have all been approved for clinical
use. Display technology has made significant advancements in drug discovery, with several
drugs developed through this technology entering clinical trials [27].

Many peptide drug companies have secured a significant position in the peptide drug
research field by leveraging their proprietary screening technologies. For example, Bicycle
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Therapeutics plc, a biopharmaceutical company, focuses on the development of “Bicycle®
molecules”—a new class of therapeutics composed of small bicyclic peptides. The com-
pany’s unique bicyclic peptide design and synthesis technology is its most representative
asset. Through an innovative combination of phage display and chemical cyclization at
three cysteine sites, Bicycle Therapeutics has established a structurally stable and highly
efficient bicyclic peptide library, forming a distinctive drug discovery platform in the field
of targeted therapies [28].

In Japan, PeptiDream Inc. specializes in mRNA display technology, with its core
platform RaPID (Random non-standard Peptides Integrated Discovery) system that is
used for the high-throughput screening of high-affinity, structurally diverse macrocyclic
peptides. This system covalently links each peptide to its encoding mRNA, enabling the
precise identification of binding sequences. Combined with PeptiDream’s proprietary
FIT (Flexible In Vitro Translation system), RaPID enables the incorporation of a wide
variety of non-standard amino acids during peptide synthesis, allowing the construction
of peptide libraries with a scale of up to 102 unique sequences [29,30]. Due to its high
throughput, chemical diversity, and adaptability to various targets, the RaPID system is the
core competitive advantage of PeptiDream in the global peptide drug discovery field.

Display technology also holds tremendous potential in the cosmetics field, particularly
with the growing trend of peptide-based cosmetics. For instance, in 2018, Malcolm A.
Leissring’s team discovered a novel IDE peptide inhibitor, P12-3A, using phage display
technology. This cyclic dodecapeptide has been shown to enhance several insulin-induced
processes, including the transcription, translation, and secretion of type I collagen in
primary mouse dermal fibroblasts, as well as keratinocyte migration in scratch wound
assays. With these properties, P12-3A exhibits great therapeutic and cosmetic potential for
topical applications [31].

2.3. Transition into Cosmetics

The application of peptides has extended beyond pharmaceuticals into the cosmetic
industry. In 1993, the pentapeptide KTTKS, derived from type I procollagen, was identi-
fied for its ability to stimulate extracellular matrix production, leading to its adoption in
anti-aging skincare products [32]. Similarly, in 1994, substance P antagonists were incorpo-
rated into cosmetic formulations, demonstrating their efficacy in improving skin health
and appearance. These applications exemplify how pharmaceutical peptides have been
repurposed to address cosmetic challenges.

3. Peptide Synthesis Technologies
3.1. Chemical Synthesis of Peptides

Peptide synthesis has advanced through three distinct methodologies—Classical So-
lution Peptide Synthesis (CSPS), Solid-Phase Peptide Synthesis (SPPS), and Liquid-Phase
Peptide Synthesis (LPPS) [8]. Each represents a significant leap in addressing the challenges
of purity, scalability, and sustainability. This evolution reflects the growing demand for
efficient peptide production, particularly in pharmaceutical and industrial applications,
while aligning with the principles of green chemistry.

CSPS, the earliest method of peptide synthesis, relies on stepwise reactions carried
out in solution. The concept dates back to the pioneering work of Fischer and Fourneau in
1901 [14]. A major advancement in peptide synthesis came in 1932 when Bergmann and
Zervas developed the first reversible Nx-protecting group, the carbobenzoxy group, which
enabled stepwise chain elongation with precise protection and deprotection strategies [33].
CSPS ensures precise control of reaction conditions and allows for extensive purification
of intermediates at each stage, yielding products with exceptional purity. However, the
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process is labor-intensive, requiring significant manual effort for intermediate isolation and
characterization and making it inefficient for long peptides or large-scale production [14].
Despite these limitations, CSPS remains valuable for specific applications, such as the
preparation of fragments for convergent synthesis, e.g., oxytocin [34].

The introduction of SPPS by Bruce Merrifield marked a paradigm shift in peptide syn-
thesis [35]. By immobilizing the growing peptide chain on a solid resin, SPPS streamlined
the process, eliminating the need for intermediate isolation. The synthesis process begins
with the attachment of the first amino acid, corresponding to the C-terminal residue, to
the solid-phase resin. Following the successful coupling of the amino acid to the resin, the
resin is thoroughly washed to remove by-products and excess reagents. Subsequently, the
N-terminal protecting group of the immobilized amino acid is removed, typically through
deprotection reactions, and the resin is washed again to ensure the removal of residual
deprotection agents. The next amino acid is then activated in the presence of a coupling
reagent and conjugated to the growing peptide chain on the resin. This cycle of coupling,
washing, and deprotection is repeated iteratively until the desired peptide sequence is
fully assembled. Finally, all side-chain protecting groups are removed, the resin is washed
to eliminate any remaining reagents, and the peptide is cleaved from the resin under ap-
propriate cleavage conditions to yield the final product [35]. SPPS significantly shortened
synthesis times compared to CSPS, with large-scale facilities achieving multi-kilogram
production. SPPS has been instrumental in the synthesis of therapeutic peptides, such as
insulin analogs and GLP-1 receptor agonists like liraglutide and semaglutide. Furthermore,
GHK was synthesized by SPPS before LPPS came out.

SPPS also allowed for automation, reducing manual labor and enabling the production
of peptides at a scale sufficient for clinical and commercial use [36]. Other innovations, in-
cluding microwave-assisted SPPS, have further enhanced its efficiency by reducing reaction
times and solvent usage [37]. However, the widespread use of excess coupling reagents
and solvents, particularly for washing steps, presented environmental concerns. Moreover,
the crude products from SPPS often required extensive downstream purification to achieve
high purity, particularly for complex sequences. Recent advancements in SPPS have in-
troduced a wash-free process that addresses the significant waste and time limitations of
traditional methods [38]. This innovation eliminates the need for solvent-intensive washing
steps between each cycle by employing bulk evaporation of the deprotection base under
elevated temperatures and directed headspace nitrogen flushing to prevent condensation.
Key features include the use of pyrrolidine as a deprotection base, which enhances evapo-
ration efficiency and reduces reagent consumption. The wash-free methodology maintains
high peptide purity and is scalable for both research and production, achieving up to a
95% reduction in waste while preserving product quality. Applications to challenging
peptides and long sequences, including therapeutic peptides like liraglutide, demonstrate
its robustness and potential for sustainable peptide manufacturing.

With the advent of LPPS, more sustainable and scalable methods became available,
offering an alternative to SPPS for producing GHK and similar peptides with reduced envi-
ronmental impact. LPPS combines the strengths of CSPS and SPPS while mitigating their
limitations. In this method, the growing peptide chain is anchored to a soluble polymer
or tag, such as polyethylene glycol (PEG) [39]. This soluble support enables reactions to
occur in solution, preserving the homogeneous reaction kinetics of CSPS while facilitating
purification through simple precipitation or filtration. LPPS has demonstrated its potential
for industrial-scale production, achieving high yields with significantly reduced solvent
consumption compared to SPPS. For example, PEG-tagged LPPS has been effectively em-
ployed to synthesize cyclic peptides like eptifibatide [40], utilizing precipitation-based
purification to minimize waste. Further advancements in LPPS include the integration
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of fluorous tags [41-43] and simplified purification processes for small peptides through
liquid-liquid extractions, while membrane-enhanced peptide synthesis has introduced
nanofiltration to optimize reagent use and reduce environmental impact [44]. These inno-
vations underscore LPPS’s capability to align peptide synthesis with sustainability goals,
making it an attractive choice for large-scale applications [8].

One of the most renowned cosmetic peptides, GHK-Cu (glycyl-L-histidyl-L-lysine
copper complex), exemplifies the application of LPPS in the industry [45]. The synthesis
of GHK tripeptide involves a stepwise process beginning with the acetylation of lysine
(H-Lys(Ac)-OH) using acetic acid p-nitrophenyl acetate in aqueous sodium hydroxide and
tetrahydrofuran (THF). Protected intermediates such as butyloxycarbony (Boc)-Gly-COOSu
and Boc-Gly-His(Boc)-OH are prepared via reactions involving Boc-Gly-OH, N-maloyl
imine, and DCC, followed by coupling with histidine. Boc-Gly-His(Boc)-COOSu is then
reacted with H-Lys (Ac)-OH in an aqueous THF solution to form Boc-Gly-His(Boc)-Lys(Ac)-
OH. Finally, the deprotection of Boc groups using trifluoroacetic acid yields the GHK
tripeptide with high specificity and purity, highlighting a meticulous sequence of activation,
coupling, and deprotection steps.

In addition to the advancements in LPPS, novel peptide synthesis strategies have
emerged to further enhance efficiency, minimize by-product formation, and optimize the
construction of long and complex peptides. One such approach is the ynamide coupling
strategy, which has demonstrated significant potential in both C —+ N and N — C peptide
synthesis [46]. Traditional C — N peptide synthesis often requires precise protection and
deprotection steps to maintain stereochemical integrity. However, ynamide reagents, such
as MYTsA and MYMsA, enable efficient peptide bond formation under mild conditions,
preserving chirality and eliminating the need for additional catalysts or additives. These
reagents facilitate a highly selective two-step, one-pot reaction that integrates hydroacy-
loxylation and aminolysis. More importantly, ynamide chemistry also supports N — C
peptide synthesis, which overcomes solubility and nucleophilicity challenges associated
with zwitterionic amino acids. This strategy employs transiently protected amino acids to
streamline synthesis while reducing operational complexity through a single-pot reaction.
Its broad substrate compatibility, including non-natural amino acids and complex peptide
active pharmaceutical ingredients, makes it a promising approach for advanced peptide
manufacturing [47]. Moreover, this method is compatible with green solvents, significantly
reducing solvent consumption compared to traditional SPPS and LPPS methods and thus
contributing to a more sustainable and scalable peptide synthesis process.

In summary, SPPS remains the dominant method for therapeutic peptide synthesis,
while LPPS offers a more sustainable and scalable alternative for industrial applications.
Simultaneously, the introduction of ynamide-based strategies has further refined C —
N and N — C peptide synthesis, providing a new solution for constructing complex
and long peptides. Moving forward, the integration of these methods may drive the
development of more efficient and environmentally friendly peptide synthesis technologies.
The comparative strengths and limitations of these methods are summarized in Table 1.

Table 1. Comparison of CSPS, SPPS, and LPPS.

Aspect CSPS SPPS LPPS
Scalability Relatively low efficiency =~ Multi-kilogram production = Industrial-scale synthesis
Purity High (stepwise) Moderate (crude product)  High (efficient reactions)
Environmental Impact High solvent use High sol‘/\vfggtte/reagent Lower solvent usage
Convergent synthesis, Therapeutic peptides, Industrial and clinical

Key Applications

specialized peptides analogs peptides
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3.2. Other Methods of Peptide Synthesis

Enzymatic synthesis represents a sustainable alternative, using proteolytic enzymes to
catalyze peptide bond formation under moderate conditions. Immobilized enzyme systems
further enhance this process by allowing enzyme recovery and reuse, which reduces
production costs and minimizes waste. Enzymatic methods are particularly effective for
producing short peptide chains with high specificity. Moreover, these methods avoid harsh
conditions, preserving the bioactivity of sensitive peptides. Despite these advantages,
enzymatic synthesis is often limited by the availability and cost of specific proteases.

The development of enzymatic synthesis in the field of peptide production repre-
sents a pivotal shift toward greener and more selective methodologies. By employing
enzymes such as trypsin [48,49], proteases [49,50], and lipases [51,52], peptide bonds can
be formed under mild conditions that are less harmful to sensitive functional groups. This
method circumvents the need for extensive protection and deprotection steps, a common
requirement in conventional chemical synthesis, thereby reducing process complexity and
environmental impact.

The underlying mechanisms of enzymatic peptide synthesis can be broadly catego-
rized into equilibrium-controlled and kinetically controlled strategies [53,54]. Equilibrium-
controlled methods leverage reaction conditions like pH and solvent composition to shift
the balance toward peptide bond formation, whereas kinetically controlled approaches
often involve activated acyl donors to drive rapid and efficient synthesis. These methods
have been further optimized through the introduction of innovative reaction media, includ-
ing ionic liquids and alternative organic solvents, which enhance enzyme performance and
expand the range of compatible substrates.

Enzymatic peptide synthesis is widely used in the pharmaceutical field. The chemoen-
zymatic synthesis of Endomorphin-1 (EM-1) combines enzymatic and chemical methods
for efficient production [55]. Solvent-stable proteases, such as WQ9-2 and PT121, were
used to synthesize key intermediates with high yields, minimizing the need for purification
and side-chain protection. The final product, EM-1, was obtained with over 99.8% purity
through deprotection and high-speed countercurrent chromatography.

In cosmetics, the synthesis of L-carnosine (3-alanine-L-histidine) [56], an antioxi-
dant to protect skin cells from oxidative stress and environmental damage, has employed
-peptidases as whole-cell biocatalysts. Recombinant yeast and bacterial strains overex-
pressing p-aminopeptidases have been increasingly utilized for the efficient synthesis of
[-peptides, which exhibit enhanced stability and longer half-lives compared to «-peptides.
By optimizing reaction conditions, high yields of up to 71% of L-carnosine were achieved
with E. coli, which also demonstrated stability over five repeated batches. In a fed-batch
process, L-carnosine accumulated to 3.7 g/L, highlighting the scalability and effectiveness
of this enzymatic method for peptide production.

Recombinant DNA technology enables the synthesis of peptides with precise amino
acid sequences through gene cloning and overexpression in microbial systems. This ap-
proach is particularly valuable for the large-scale production of peptides that are difficult
to synthesize chemically. Microorganisms such as Escherichia coli and Pichia pastoris serve as
common hosts for recombinant peptide production. Recombinant techniques also allow for
the incorporation of post-translational modifications, expanding the functional repertoire
of peptides for cosmetic applications. Recombinant collagen offers enhanced stability,
biocompatibility, and tunable properties, making it a sustainable and versatile alternative to
animal-derived collagen for applications in regenerative medicine, tissue engineering, and
cosmetics. Recombinant DNA technology has enabled the production of human collagen
type I «-1 and its 45 kDa fragment using transgenic barley seeds as an expression plat-
form. By employing seed-specific (GluB1), constitutive (Ubi-I), and germination-specific
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(x-amylase) promoters, researchers optimized expression levels and protein stability, with
the GluB1 promoter achieving the highest yield of up to 45 mg/kg in dry seeds [57]. Wang's
study investigates recombinant human collagen (RHC) synthesized through recombinant
DNA technology, emphasizing its superior protective effects on UVA-damaged skin fibrob-
lasts compared to animal-derived collagens [58]. The RHC was expressed in Pichia pastoris
and subjected to simulated gastrointestinal digestion to produce digestates. The study
analyzed the molecular characteristics of RHC digestates, including higher Pro content
and larger average molecular weight, which contributed to enhanced biological activity.
Experimental results demonstrated that RHC digestates significantly improved fibroblast
proliferation, migration, and extracellular matrix expression while reducing oxidative stress
by increasing antioxidant enzyme activity. These findings highlight the potential of RHC
as a safe, effective, and sustainable alternative for anti-skin-aging applications in both
cosmetics and functional foods [58].

The use of DNA recombinant technology has also significantly advanced the pro-
duction of GHK. Recombinant expression systems, including E. coli and yeast, have been
employed to produce high yields of GHK, offering a sustainable alternative to traditional
extraction methods [59]. The recombinant GHK demonstrated enhanced stability, bioavail-
ability, and activity in promoting collagen synthesis and tissue regeneration. These findings
highlight the potential of recombinant DNA technology to optimize peptide production for
therapeutic and cosmetic applications, providing a scalable and cost-effective platform for
GHK and similar peptides.

The development of efficient synthetic strategies for cyclic peptides has significantly
advanced in recent years, driven by their structural rigidity and promising therapeu-
tic applications. Modern approaches focus on overcoming challenges associated with
macrocyclization and the incorporation of complex functional motifs. Techniques such as
SPPS integrated with CSPS have proven particularly effective for constructing large and
structurally constrained cyclic peptides [60].

Various condensation and substitution reactions, such as azide-alkyne cycloaddi-
tion [61] and S(N)Ar substitution [60,62], have been employed for peptide macrocyclization.
Traditional methods like olefin ring-closing metathesis [63] are also effective but often
require additional catalysts and rely on interactions with native amino acids like cysteine,
which play critical roles in protein stability and function. A novel fluorine-thiol displace-
ment reaction (FTDR) addresses these limitations by enabling the selective functionalization
of fluoroacetamide side chains in unprotected peptides [64]. Using benzenedimethanethiol
linkers, FTDR stabilizes «-helical structures, enhances cellular uptake up to ninefold, and
improves protease resistance and cancer cell inhibition, providing a chemoselective, catalyst-
free, and efficient alternative to conventional stapling methods. These advancements in
macrocyclization techniques have greatly expanded the toolbox for constructing complex
cyclic peptides, enabling precise control over their structural and functional properties. Re-
cent applications of these strategies have successfully facilitated the synthesis of biologically
significant cyclic peptides, demonstrating their potential in medicinal chemistry.

For instance, a-amanitin was successfully synthesized by employing an iridium-
catalyzed approach to introduce the challenging 6-hydroxy-tryptathionine unit, followed
by acid-mediated cyclization and oxidation [65]. Similarly, scytonemide A [66] utilized
an imine-driven macrocyclization strategy, demonstrating the efficiency of simple solid-
phase synthesis combined with post-assembly modifications. Another notable example
is callyaerin A [67], where formylglycine was used as a precursor for spontaneous imine
formation, providing a streamlined pathway for generating endiamine-containing rings.
Despite these advances, significant challenges remain in enhancing the efficiency and
yield of these methods, particularly for synthesizing peptides with demanding struc-
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tures like thioenamides or multi-bridged macrocycles. Continued innovation in cyclic
peptide synthesis is critical for expanding their therapeutic potential and enabling their
transition into clinical applications. While these case studies highlight the versatility of
modern synthetic methodologies, significant challenges remain, particularly in improving
reaction efficiency and yields for highly constrained structures such as thioenamides or
multi-bridged macrocycles. Continued innovation in cyclic peptide synthesis, including
catalyst-free and selective transformation strategies, will be essential to further expand
their therapeutic potential and facilitate their clinical translation.

D-peptides have gained considerable attention in both pharmaceutical and cosmetic
applications due to their unique biochemical properties. Unlike L-peptides, which are
susceptible to enzymatic degradation, D-peptides exhibit remarkable proteolytic resistance,
allowing for prolonged biological activity. Their low immunogenicity further enhances
their potential as therapeutic agents, reducing the risk of immune responses commonly
associated with peptide-based drugs [68]. In cosmetics, D-peptides have been explored for
their stability and bioactivity in formulations aimed at skin rejuvenation, anti-aging, and
enhanced wound healing. These advantages make D-peptides highly attractive for drug
development, bioactive skincare formulations, and novel peptide-based therapies.

The synthesis and screening of D-peptides, derived entirely from D-amino acids, have
advanced significantly, driven by their proteolytic resistance and low immunogenicity.
Chemical synthesis, particularly high-efficiency SPPS [69], remains the cornerstone for
producing D-peptides due to the inability of recombinant systems to incorporate D-amino
acids. Techniques like native chemical ligation (NCL) [70,71] enable the efficient assembly
of large peptides, overcoming size constraints inherent to SPPS. NCL is a reaction in which
peptide fragment 1, with a C-terminal thioester, is coupled to peptide fragment 2, with
an N-terminal cysteine residue. The reaction proceeds as follows: under the action of
a catalyst, the thiol group of peptide fragment 2 performs a nucleophilic attack on the
thioester group of peptide fragment 1, resulting in a thiol-thioester exchange reaction at
room temperature to form a new thioester intermediate. This intermediate subsequently
undergoes an intramolecular S, N-acyl shift, yielding a new ligated peptide chain. In
NCL, thiols or imidazoles can serve as catalysts to accelerate the rate-limiting step of the
thiol-thioester exchange reaction [72].

For screening, mirror-image phage display (MIPD) has emerged as a pivotal technol-
ogy. The process begins with the chemical synthesis of the mirror image (D-enantiomer) of
a target protein, a necessary step because natural recombinant methods cannot produce
D-proteins. Using techniques like native chemical ligation, synthetic D-proteins are created,
mirroring the structure of their natural L-protein counterparts. These mirror-image targets
are then used to screen L-peptide libraries displayed on phages. During the screening pro-
cess, phages displaying L-peptides are incubated with the D-protein target. High-affinity
binders are enriched through iterative rounds of binding, washing, and amplification. Be-
cause of the reciprocal nature of molecular chirality [73], the identified L-peptides that bind
D-proteins can be converted into their D-enantiomers, which will specifically bind to the
original L-protein target. MIPD has been successfully applied to discover D-peptides target-
ing key disease-related proteins such as PD-L1 [74], with several candidates demonstrating
potent activity and advancing to clinical trials.

The development of D-protein VEGF-A antagonists highlights advances in chemical
synthesis with potential applications beyond therapeutics, including cosmetics. Using NCL,
mirror-image VEGF-A (D-VEGF-A) was synthesized and employed as a target for phage
display to identify high-affinity binders from a GB1 protein scaffold. The optimized D-
protein ligand, D-RFX001, demonstrated chiral specificity, binding exclusively to L-VEGF-A
and effectively blocking its interaction with VEGFR1 [75]. This activity suggests its potential
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in anti-angiogenic applications, such as reducing vascularization and inflammation, which
are key in cosmetic formulations for anti-aging and skin-calming products. Resistant
to proteolysis and minimally immunogenic, D-RFX001 offers a promising alternative to
traditional peptides for both medical and cosmetic innovations. Notably, these approaches
leverage the reciprocal chirality of D-peptides and L-proteins, ensuring specificity and
robustness in therapeutic applications.

3.3. Peptide Modifications

The natural properties of peptides, such as their specificity and potency, make them
ideal candidates for therapeutic and cosmetic applications. However, their clinical and
cosmetic efficacy is often limited by factors like instability, poor membrane permeability,
and rapid degradation. To overcome these challenges, various peptide modifications
have been developed to enhance their stability, bioactivity, and delivery [1,76]. These
modifications enable peptides to better meet the demands of different applications, from
skin care to targeted therapeutics.

Native GLP-1 demonstrates multifaceted metabolic benefits, including 3-cell prolifera-
tion, suppression of glucagon secretion, and appetite regulation through central nervous
system modulation [77]. However, its therapeutic potential is inherently limited by two
physiological vulnerabilities: rapid enzymatic degradation by dipeptidyl peptidase-4 and
rapid renal clearance (degraded in less than 1 min in the bloodstream), thereby necessitating
continuous intravenous infusion to maintain sustained efficacy [77,78]. To overcome these
limitations and enhance the clinical utility of GLP-1-based therapies, various structural
modifications have been explored.

For example, liraglutide, a GLP-1 analog, incorporates an amino acid substitution at
position 34 (K34 — R34) and has an elimination half-life of approximately 13 h in phase III
clinical trials [79,80]. Another GLP-1 analog, semaglutide, was designed for once-weekly
administration through the introduction of several key modifications. These include the
addition of a fatty acid moiety, two amino acid substitutions (Aib(8) and Arg(34)), and C18
fatty diacid conjugated at Lys(26), which together enhance albumin binding and improve
stability. As a result, semaglutide exhibits a significantly extended plasma half-life of 46.1 h
and a mean residence time of 63.6 h in mini-pigs, compared to liraglutide’s shorter duration.
These modifications ensure prolonged therapeutic action, and semaglutide is currently
undergoing phase III clinical trials [81].

Peptide modifications can be categorized into backbone modifications, side-chain
modifications, lipidation, polymer conjugation, and structural refinements. Backbone
modifications enhance stability and membrane permeability through strategies like cycliza-
tion and the incorporation of D-amino acids. Side-chain modifications improve structural
integrity by introducing non-natural amino acids or stable disulfide bond mimetics. Lipida-
tion and polymer conjugation enhance solubility, pharmacokinetics, and biocompatibility,
while structural refinements, such as truncation and helix stabilization, optimize receptor
binding and resistance to degradation. These strategies collectively improve the functional-
ity, stability, and therapeutic potential of peptides.

Molecular modifications to peptides play a crucial role in enhancing their delivery
and bioactivity for skin care applications. By introducing aminocaproic acid (Ahx) at the
N-terminus of KTTKS, the lipophilicity and skin permeability were significantly increased.
The peptide was purified to over 97% purity using preparative HPLC and characterized
by mass spectrometry [82]. Functional studies showed that Ac-WAhx-KTTKS is non-toxic
at effective concentrations and enhances collagen production in fibroblasts by up to 80%,
underscoring its potential as an advanced anti-aging cosmetic ingredient.
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The synthesis and modification of the cosmetic peptide Eyeseryl (Ac-3 AHSH-OH, B1)
to enhance its copper(Il) ion-binding properties is critical for skin regeneration. Using chem-
ical synthesis, the peptide sequence was modified to create a derivative (Ac-HAEH-OH,
B2) by altering the arrangement of amino acids, introducing glutamic acid, and optimizing
the spacing between histidine residues [83]. These modifications were confirmed through
potentiometric titration, isothermal titration calorimetry, and mass spectrometry, which
demonstrated higher thermodynamic stability of the modified peptide-metal complexes.
The enhanced binding affinity of the modified peptide increases its potential to support
collagen synthesis and tissue repair, highlighting the importance of precise sequence design
in developing advanced cosmetic peptides.

Lim’s study investigated analogs of Argireline (Arg0), a hexapeptide mimetic of Botox,
by introducing esterification and functional group alterations to increase lipophilicity and
reduce the formation of zwitterions [84]. These structural modifications improved skin
permeation, with Arg2 and Arg3 showing significantly higher permeation through human
cadaver skin compared to the parent compound. Additionally, in vitro tests on neuronal
cell cultures demonstrated enhanced inhibition of glutamate release, indicating improved
efficacy for wrinkle reduction. This approach highlights the potential of molecular modifi-
cations to optimize peptide delivery and functionality in cosmetic applications.

4. Targets and Mechanisms of Action

Peptides used in cosmetics exert their effects through multiple biological pathways,
targeting distinct cellular and molecular processes within the skin. As summarized in
Figure 2, these peptides can be broadly categorized based on their primary functions—
anti-aging, whitening, repairing, moisturizing, and antimicrobial—each involving specific
mechanisms such as enhancing collagen synthesis, inhibiting melanin transfer, restoring
the skin barrier, or modulating immune responses.
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Figure 2. Biological functions and mechanisms of action of cosmetic peptides. Peptides exert
multifaceted effects on skin health through distinct mechanisms across five primary functional
categories: anti-aging, whitening, repairing, moisturizing, and antimicrobial.
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4.1. Anti-Aging Peptides
4.1.1. Protect Collagen and Elastin

With aging, the synthesis of collagen and elastin in the skin gradually declines, while
the activity of enzymes responsible for their degradation increases. This imbalance leads
to a reduction in the levels of collagen and elastin, contributing to skin laxity and the
formation of wrinkles [85]. Anti-aging peptides effectively combat these processes by
regulating the synthesis and degradation of collagen and elastin. Some peptides have been
found to stimulate the production of these essential proteins [86].

Palmitoyl Pentapeptide-4 is a bioactive peptide widely used in anti-wrinkle skincare
products. Introduced in 2000, it effectively promotes the synthesis of collagen and elastin
in the dermis. Its core peptide sequence is KTTKS, a fragment derived from the propeptide
of type I collagen [87].

To enhance skin penetration, palmitic acid is conjugated to the N-terminal lysine, form-
ing Pal-KTTKS (Figure 3). This lipidation (palmitoylation) increases the hydrophobicity
of the molecule, improving its stability, reducing enzymatic degradation, and enhancing
membrane permeability [88].
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Figure 3. Mechanism of action of Palmitoyl Pentapeptide-4 (Pal-KTTKS). Pal-KTTKS is a collagen-
derived peptide with enhanced skin penetration due to its palmitoyl group. It promotes extracellular
matrix synthesis, inhibits collagenase, activates TGF-f3 signaling, and contributes to skin repair by
improving texture, reducing wrinkles, and supporting wound healing.

In 1993, researchers at the University of Tennessee identified KTTKS as a potent stim-
ulator of collagen synthesis in human lung fibroblasts during a screening of overlapping
peptides derived from the COOH-terminal propeptide of type I procollagen. Subsequent
studies showed that KTTKS can stimulate the synthesis of type I, III, and IV collagens,
elastin, fibronectin, and glycosaminoglycans, while also inhibiting collagenase activity,
thereby enhancing the extracellular matrix and promoting wound healing [89,90].

In a 4-month double-blind clinical study involving 49 women, Pal-KTTKS significantly
increased the density of elastic fibers, improved the expression of type IV collagen at the
dermal-epidermal junction, and reduced skin roughness, wrinkle volume, and depth [91].

Mechanistically, KITTKS functions as a signal peptide that enhances type I collagen
expression through both transcriptional and post-transcriptional regulation, partly by
upregulating TGF-f3, a key upstream regulator of collagen gene expression that drives
tissue regeneration and skin repair [92].

Hexapeptide-9, a synthetic peptide that also mimics a portion of the collagen sequence
(GPQGPQ), stimulates fibroblasts to enhance collagen production, thereby improving skin
firmness and elasticity [93].

Furthermore, certain cyclic peptides, such as those that inhibit matrix metalloproteinase-
2 (MMP2) activity at low concentrations, can reduce the degradation of collagen and elastin
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by interfering with the protein—protein interaction between proMMP2 and tissue inhibitor
of metalloproteinases-2 [94].

4.1.2. Reduce Wrinkle Formation

During the aging process, the thickness and elasticity of the skin are compromised,
leading to skin atrophy, sagging, and wrinkles. Excessive muscle activity can contribute to
the folding and creasing of the skin. Certain peptides mimic neurotransmitter activity to
alleviate facial muscle contractions, thereby reducing the appearance of dynamic wrinkles.

For example, acetyl hexapeptide-8 and pentapeptide-18 modulate the release of acetyl-
choline at the neuromuscular junction. These peptides can relax facial muscles, diminishing
the formation of dynamic wrinkles such as crow’s feet and frown lines by inhibiting
acetylcholine release. This neuro-modulatory effect provides a non-invasive alternative to
botulinum toxin, offering consumers a safer and more effective approach to minimizing
facial expression lines.

Acetyl hexapeptide-8 is a synthetic anti-wrinkle cosmetics ingredient. It is a peptide
that is a fragment of SNAP25, a substrate of botulinum toxin (Botox). Acetyl hexapeptide-8
is marketed as Argireline® peptide by Lubrizol Corporation (Wickliffe, OH, USA). By mim-
icking a fragment of the SNAP25 protein, the stability of the SNARE complex is disrupted,
thereby interfering with the release of neurotransmitters (Figure 4). This small peptide
exhibits the great advantage of its insignificant acute toxicity as compared with BoNT.
Furthermore, the hexapeptide does not exhibit primary skin irritation in an intracutaneous
test nor genotoxicity as determined by the AMES test, thus making its use highly safe and
physician-independent [95].
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Figure 4. Mechanism of action of a SNAP25-derived peptide inhibitor. A rationally designed peptide
(Ac-EEMOQRR-NH;), mimicking the N-terminal domain of SNAP25, disrupts the assembly of the
SNARE complex by interfering with the interaction between synaptobrevin, SNAP25, and syntaxin.
This inhibition reduces acetylcholine release at the neuromuscular junction, thereby reducing muscle
contraction and softening expression lines.

Pentapeptide-18 (Leuphasyl®) is a less-studied neurotransmitter inhibitor peptide
with promising properties. It decreases neuronal activity and neurotransmitter release due
to a similar mechanism of action with endogenous enkephalins [96].
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4.1.3. Enhance Antioxidant Defense

Reactive oxygen species (ROS) are a class of free radical species produced mainly
by the mitochondrial respiratory chain and are involved in oxidative stress signaling in
normal cells. However, if the accumulation of ROS exceeds the capacity of the cellular
free radical scavenging system, these reactive species trigger uncontrolled reactions with
non-target biomolecules (lipids, proteins, and DNA) and cells, and mediate the subsequent
activation of pro-inflammatory or pro-apoptotic pathways. UV irradiation especially leads
to the genesis of ROS that are, in turn, the main contributors to the aging of skin [97].
Antioxidant peptides can protect the skin from oxidative stress by neutralizing free radicals
and reducing oxidative damage, thereby delaying the appearance of aging.

Glutathione (GSH), a potent antioxidant, helps maintain cellular health by eliminating
reactive oxygen species and serving as a cofactor for glutathione peroxidase in reducing
peroxides to water [98]. GSH plays a key role in protecting skin cells from oxidative damage.
Carnosine, also a naturally occurring dipeptide, has been shown to protect the skin from
UV-induced oxidative damage and photoaging. Carnosine works by scavenging reactive
carbonyl species, such as acrolein and hydroxynonenal, that are produced during UV
exposure, preventing the modification of key skin proteins like elastin and collagen and
thus preserving skin structure and function [97]. Soybean peptides are bioactive substances
derived from soybean proteins. Some special soybean peptides exhibit strong antioxidant
properties, improving skin elasticity and hydration [99]. These peptides help reduce the
damage caused by free radicals and contribute to maintaining a youthful appearance by
enhancing skin resilience and strength.

4.1.4. Delay Cellular Senescence

Cellular senescence is a key factor in body aging. During this process, cells lose
their ability to divide and function optimally. Cellular senescence occurs in response to
endogenous and exogenous stresses, including telomere dysfunction, oncogene activation,
and persistent DNA damage. Peptides designed to delay cellular senescence typically
target these processes, improving cellular longevity and function.

Several peptides have been identified for their ability to rejuvenate cells by addressing
key aging mechanisms such as mitochondrial dysfunction, DNA repair, and the activation
of pro-survival pathways. For instance, Humanin and MOTSc are peptides derived from
mitochondria [100]. They can promote cellular vitality by maintaining energy produc-
tion and preventing oxidative damage within the mitochondria, which naturally decline
with age.

4.2. Whitening Peptides

Traditional pharmacological whitening agents like hydroquinone, corticosteroids, and
aminomercuric chloride have many side effects, including prickling sensation, contact
dermatitis, irritation, and high toxicity and sensitivity. Whitening peptides offer a safer and
milder way of avoiding the irritation and cytotoxicity commonly associated with harsher
chemicals [101].

These peptides primarily act by targeting key steps in the melanogenesis pathway, in-
cluding the inhibition of x-melanocyte-stimulating hormone (x-MSH) and tyrosinase (TYR)
activity. UV radiation induces the binding of x-MSH to melanocortin 1 receptor (MC1R),
activating the cAMP-PKA—CREB/MITF signaling pathway, which promotes the expression
of TYR, thereby enhancing melanin synthesis and pigment transfer [102]. Tetrapeptide-30
and Hexapeptide-2 block the interaction between a-MSH and the MCI1R on skin cells,
preventing melanin synthesis and its transfer to surrounding cells. In vitro studies have
demonstrated that Tetrapeptide-30 significantly suppresses the mRINA expression of in-
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flammatory cytokines, including IL-6, IL-8, and TNF-¢, in human keratinocytes exposed
to UVB irradiation (Figure 5). It also markedly downregulates the expression of proop-
iomelanocortin, which encodes x-MSH, a key upstream regulator of melanin synthesis.
Furthermore, the expression of TYR, a critical enzyme involved in melanogenesis, is also
significantly reduced [103].
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Figure 5. Mechanism of action of Tetrapeptide-30 (PKEK) in pigmentation inhibition. Tetrapeptide-30
(PKEK) suppresses melanogenesis by downregulating inflammatory cytokines (IL-6, IL-8, TNF-o)
and inhibiting the expression of POMC and TYR. It interferes with the UV-induced p53-POMC-
«-MSH-MCIR signaling cascade, reducing cAMP production and downstream activation of the
PKA-CREB/MITF pathway in melanocytes. This leads to decreased tyrosinase (TYR) expression and
inhibition of pigment synthesis and transfer to keratinocytes. Red arrows in the figure indicate the
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inhibitory effects of Tetrapeptide-30 on the expression of inflammatory cytokines, POMC, and TYR.

In addition to directly inhibiting melanin production, certain whitening peptides, such
as Glutathione and Carnosine, enhance skin brightening through antioxidant properties.
By reducing oxidative stress and glycation [104], these peptides help to reduce pigment
formation and support skin whitening [105,106].

A study conducted by Caregen R&D Center in 2021 showed that a novel peptide
mixture effectively inhibited melanin production by modulating factors related to melanin
formation, such as MITF (microphthalmia-associated transcription factor) and TYR. They
also found that the peptide mixture reduced melanosome uptake in keratinocytes by in-
hibiting PAR-2 (protease-activated receptor-2) and promoted melanosome degradation
by activating autophagy. In the skin model, the peptide mixture significantly reduced
melanin content, showing its potential as an effective whitening agent for cosmetic applica-
tions [107].
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4.3. Moisturizing Peptides

Hyaluronic acid (HA) is an important moisturizing component of the skin that helps
to retain moisture and support skin elasticity. Peptides like Syn-Hycan can enhance skin
hydration by promoting the synthesis of hyaluronic acid. HA not only helps maintain skin
moisture but also improves skin elasticity and firmness [108].

Some peptides regulate cellular hydration by influencing water transport and retention
in skin cells. A peptide of the general formula R;-(AA)p-X1-Xp-X3-Pro-Xs-X5-X7-(AA)p-Rp
is reported to activate the synthesis of proteins of the aquaporin family [109], promoting
water transport between skin cells and ensuring proper hydration across skin layers. This
helps address dryness and dehydration issues.

Enhancing the skin’s barrier function is another key role of moisturizing peptides,
as it helps prevent water loss. Collagen peptides have moisturizing properties because
they can absorb water and form a moisturizing film on the skin’s surface, reducing water
evaporation and keeping the skin hydrated.

4.4. Repair Peptides

Repair peptides promote skin repair and regeneration through various mechanisms
to improve skin health. Repair peptides like Tripeptide-1 stimulate the proliferation of
epidermal and fibroblast cells, which stimulates the production of collagen and elastin,
accelerates skin regeneration, and improves skin elasticity and firmness [6].

Repair peptides also restore the integrity of the stratum corneum, reduce water loss,
and enhance the barrier function of the skin. Tetrapeptide-7 reduces the release of inflam-
matory factors, alleviating skin inflammation caused by external stimuli or allergies. It
can help soothe and repair the skin. With these effects, repair peptides become essential
ingredients in soothing and restorative skincare products, especially for sensitive skin.

Repair peptides improve skin texture, smooth rough skin, and fade marks left by
damage or inflammation, such as acne scars. Copper peptide (Cu-GHK) promotes the
synthesis of collagen and elastin, thereby accelerating skin repair and regeneration and
enhancing the self-repair ability of the skin. Copper peptide (GHK-Cu) regulates gene
expression at the molecular level by facilitating the intracellular delivery of bioavailable
copper ions. It upregulates a range of repair-associated genes, including those involved
in the synthesis of collagen, elastin, integrins, and growth factors, while simultaneously
activating the TGF-3 signaling pathway to promote cell proliferation, angiogenesis, and
nerve regeneration. Simultaneously, it downregulates pro-inflammatory cytokines (e.g., IL-
6, TNF-o), blocks the activation of NFkB’s p65 and p38 MAPK (mitogen-activated protein
kinase), enhances antioxidant defenses, and activates the ubiquitin-proteasome system,
thereby stimulating tissue regeneration while suppressing harmful stress responses [110].
Through these actions, repair peptides not only improve overall skin health but also
effectively address skin issues.

4.5. Antimicrobial Peptides

Antimicrobial peptides (AMPs) are a key part of the innate immune system in many
animal species and have broad antimicrobial activity. They work by directly killing mi-
crobes, inhibiting their growth, or acting as immune modulators. In skincare, antimicrobial
peptides are becoming a potential key ingredient in the cosmetics industry due to their
effectiveness against skin pathogens. Since antimicrobial peptides target common skin
microbes, particularly bacteria, fungi, and viruses, they have great potential in treating skin
infections and preventing pathogen-related skin issues [111].

AMPs usually have a short chain of amino acid residues (10-50 aa), and most display
a large number of hydrophobic and cationic residues [112]. Short-chain antimicrobial
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peptides, which are usually less than 20 amino acids, are ideal antimicrobial agents due to
their high activity and ease of chemical synthesis. Unlike long-chain peptides, short-chain
antimicrobial peptides lack disulfide bonds, making them easier to produce and stabilize
on a large scale. They typically do not trigger immune responses, so they are considered
safer for local application and well suited for skincare products [111].

Antimicrobial peptides can serve as preventive skincare ingredients, helping to prevent
pathogen infections and skin issues. For example, Tetrapeptide-7 and Tripeptide-2 have
been shown to effectively inhibit the growth of pathogens like Staphylococcus aureus and
Candida albicans. In addition, insect-derived antimicrobial peptides, such as lucifensin
from the green bottle fly (Lucilia sericata), have shown strong antimicrobial activity against
skin pathogens and can be easily synthesized for large-scale production [113].

To enhance antimicrobial effects and reduce hemolysis, the engineering design of
antimicrobial peptides has become a key research focus. By modifying the amino acid
composition of antimicrobial peptides, their specificity for skin pathogens can be increased
while minimizing toxicity to healthy cells.

Additionally, the use of metal-organic derivatives has been shown to enhance the
efficacy of antimicrobial peptides, providing more diverse mechanisms of action and
helping to delay the development of resistance [114]. Antimicrobial peptides have broad
prospects in cosmetics, particularly in preventing skin pathogen infections and promoting
skin health. Further advances in design and production could make them a key ingredient
in skincare.

5. Discussion

Peptides have emerged as promising functional ingredients in cosmetics, offering
diverse biological activities to improve skin health. Despite their potential, challenges
such as stability, bioavailability, and cost-effective production remain barriers to their
widespread application.

In the United States, the Modernization of Cosmetics Regulation Act of 2022 (MoCRA)
has significantly expanded the FDA'’s authority over cosmetic products. Under MoCRA,
manufacturers are required to ensure the safety of their products, which includes substanti-
ating the safety of ingredients like peptides. This encompasses assessments of stability, skin
penetration efficiency, and potential allergenicity. Additionally, MoCRA mandates facility
registration, product listing, and adherence to good manufacturing practices, aiming to
enhance consumer safety and product transparency [115]. In the European Union, Regu-
lation (EC) No 1223/2009 governs cosmetic products, requiring a comprehensive safety
assessment before market placement. This includes evaluating the physical and chemical
properties, microbiological quality, and toxicological profile of ingredients such as peptides.
The regulation also mandates the maintenance of a Product Information File (PIF) and
prohibits animal testing, promoting alternative methods for safety evaluation [116]. Safety
considerations are paramount in the development of peptide-based cosmetics. Potential
allergenicity is a concern, as peptides can elicit immune responses in some individuals.
Therefore, thorough allergenicity assessments are essential during product development.
Skin penetration efficiency is another critical factor, as peptides must effectively reach target
layers to exert their intended effects. Advanced delivery systems, such as nanocarriers and
cell-penetrating peptides, are being explored to enhance transdermal delivery. Moreover,
the long-term stability of peptides in formulations is crucial to maintain efficacy and safety
throughout the product’s shelf life. Stability testing under various conditions is necessary
to ensure product integrity over time.

The convergence of peptide research in pharmacology and cosmetics has unveiled
a synergistic pathway for innovation. Pharmacological advancements in peptide target
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identification (e.g., receptor-specific agonism/antagonism) and structural optimization (e.g.,
cyclization, PEGylation) have directly inspired cosmetic applications. For instance, anti-
wrinkle peptides like Palmitoyl Pentapeptide-4 mimic collagen fragments to activate dermal
fibroblasts, a concept borrowed from growth factor signaling pathways in drug development.
Similarly, Al-driven peptide design, initially applied in drug discovery (e.g., Paxlovid’s
protease inhibition), now accelerates the creation of high-affinity cosmetic peptides.

Technological cross-pollination is equally transformative. Drug delivery systems
like cell-penetrating peptides and nanocarriers, developed for systemic drug delivery, en-
hance the transdermal efficacy of cosmetic peptides. Moreover, high-throughput screening
methods from pharmacology enable the rapid identification of bioactive peptides for skin
benefits, as seen in antimicrobial peptide Z8's application against acne [117].

China has emerged as a pivotal player in the global cosmetic peptide industry, driven
by its rapidly expanding market, technological innovations, and strategic investments in
research and development. The Chinese cosmetic peptide market has witnessed remarkable
growth, with a CAGR of 17.22% from 2017 to 2022, reaching a market size of 16.54 billion
RMB (investigated by PUHUA POLICY). This growth is fueled by increasing consumer
demand for high-quality, functional skincare products, particularly those targeting anti-
aging, whitening, and hydration. China’s regulatory environment has also played a
crucial role in fostering innovation. The implementation of the Cosmetic Supervision and
Administration Regulation in 2021 has streamlined the approval process for new peptide-
based ingredients, encouraging domestic companies to invest in R&D. As of January
2025, 22 out of 226 new cosmetic ingredients in China are peptide-based, reflecting the
industry’s commitment to innovation (data acquired from National Medical Products
Administration). Moreover, China’s focus on green and sustainable production aligns with
global trends. Companies are increasingly adopting eco-friendly synthesis methods and
biodegradable delivery systems, positioning Chinese cosmetic peptides as both effective
and environmentally responsible.

Future directions should focus on integrating pharmacological precision (e.g., CRISPR-
based target validation) with cosmetic needs while advancing eco-friendly synthesis meth-
ods. Collaborative efforts between pharmaceutical and cosmetic industries could unlock
next-generation peptides with dual functionalities—therapeutic and aesthetic—ushering in
an era of “cosmeceuticals” grounded in rigorous science.
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Abbreviations

The following abbreviations are used in this manuscript:

Ahx Aminocaproic acid
Aib 2-Aminoisobutyric acid
AMPs Antimicrobial peptides

anti-TNF-a  Anti-tumor necrosis factor «
anti-IL-13 Anti-interleukin-1

CAGR Compound annual growth rate
CSPS Classical solution peptide synthesis
EM-1 Endomorphin-1
FIT Flexible in vitro translation system
FTDR Fluorine-thiol displacement reaction
GHK Glycine-histidine-lysine
Gly Glycine
GLP-1 Glucagon-like peptide-1
GSH Glutathione
HA Hyaluronic acid
KTTKS Lysine-threonine- threonine-lysine-serine
MAPK Mitogen-activated protein kinase
MCI1R Melanocortin 1 receptor
MIPD Mirror-image phage display (MIPD)
MMP2 Matrix metalloproteinase-2
MoCRA Modernization of Cosmetics Regulation Act
NCL Native chemical ligation
PEG Polyethylene glycol
RaPID Random non-standard peptides integrated discovery
RHC Recombinant human collagen
ROS Reactive oxygen species
SPPS Solid-phase peptide synthesis
THF Tetrahydrofuran
TYR Tyrosinase
LPPS Liquid-phase peptide synthesis
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