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Abstract

The skin surface is a dynamic biochemical interface where proteins, polysaccharides, lipids,
and microbial or environmental molecules are continuously exposed to ultraviolet(UV) ra-
diation, oxidative stress, mechanical stimulation, pH variation, host-derived enzymes, and
microbial enzymes. These factors can generate heterogeneous macromolecular fragments
on the skin surface through cleavage, oxidation, structural modification, or enzymatic
degradation. However, current evidence does not support interpreting these fragments
uniformly as active regulatory molecules. Instead, they should be considered a mixed
molecular population that may include passive degradation products, stress-associated
markers, host- or microbiome-derived cleavage products and, in some contexts, molecules
with potential biological activity. This review summarizes current knowledge on the for-
mation mechanisms, analytical detection, and possible biological relevance of skin surface
macromolecular fragments, with emphasis on hyaluronic acid, collagen, keratin, lipids,
and microbiome-associated fragments. Evidence from in vitro, ex vivo, and in vivo studies
is distinguished to clarify the strengths and limitations of current interpretations. Partic-
ular attention is given to contradictory findings, concentration-dependent effects, source
attribution, contamination, matrix interference, lack of reference standards, and insufficient
functional validation. Overall, skin surface macromolecular fragmentation is better viewed
as an emerging analytical and biological framework rather than as a proven regulatory
mechanism. Future studies should combine standardized sampling, validated mass spec-
trometry(MS) workflows, multi-omics integration, reconstructed skin models, microbiota-
related models, and controlled human studies to determine whether specific fragments are
degradation products, biomarkers, or context-dependent functional molecules.

Keywords: skin surface; macromolecular fragmentation; fragmentomics; skin homeostasis;
skin microecology

1. Introduction
As the largest organ of the human body and the primary interface with the external

environment, the skin is composed of multiple structural layers, mainly including the
epidermis, dermis, and subcutaneous tissue. The epidermis forms the outermost protective
compartment, while the dermis provides mechanical support through extracellular ma-
trix(ECM) components such as collagen, elastin, and glycosaminoglycans [1]. The stratum
corneum, located at the outermost part of the epidermis, is a key structure of the skin barrier
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and is mainly composed of corneocytes embedded in an intercellular lipid matrix [2,3]. This
barrier not only limits transepidermal water loss and prevents the penetration of harmful
external substances, but it also provides a dynamic surface microenvironment characterized
by weak acidity, hydration gradients, sebum, sweat, antimicrobial peptides, and resident
microorganisms [4–6]. Therefore, the skin surface should not be regarded as an inert outer
layer, but rather as an active biological interface where structural components, secreted
molecules, environmental factors, and the skin microbiome interact continuously.

At the molecular level, epidermal biomolecules include proteins that provide the basic
structural framework, lipids, and moisturizing factors that form the biological protective
barrier, enzymes, and immune factors that support metabolism and renewal, as well as
antimicrobial peptides and cytokines that contribute to cutaneous defense, and water,
electrolytes, and specific metabolites, such as melanin, that constitute the basic biochemical
environment. The macromolecules involved include structural proteins derived from the
skin itself, functional proteins in secretions, polysaccharides produced by epidermal cell
metabolism, complex lipids secreted by sebaceous glands, as well as exogenous environ-
mental molecules and skincare ingredients. Together, these substances provide the material
basis for normal skin surface growth, exogenous protection, and nutritional support. These
macromolecules do not remain static on the skin surface; instead, they continuously un-
dergo degradation, modification, and recombination under multiple influences, thereby
forming fragment molecules with different potential biological activities.

Recent studies have suggested that some fragments may represent passive degrada-
tion products or serve as molecular markers of tissue stress, and a subset may participate
in context-dependent biological responses [1,7]. Fragmentation products have been re-
ported to exhibit biological activities distinct from those of their parent molecules and may
be involved in physiological and pathological processes of the skin. For example, high-
molecular-weight hyaluronic acid has anti-inflammatory and immunosuppressive effects,
whereas its degradation into low-molecular-weight fragments under inflammatory or ox-
idative stress conditions may be associated with inflammatory responses [8]. The biological
activity of natural antimicrobial peptides depends on structural characteristics; fragments
with different functions can be generated by regulating peptide chain length or amino acid
composition. In some cases, intact antimicrobial peptides show only moderate antimicrobial
activity, whereas specific fragments may show altered antimicrobial or immunomodulatory
activities [9]. This potential phenomenon of “fragmentation-mediated activation” suggests
that the molecular dynamics of the skin surface need to be re-examined. As illustrated in
Figure 1, macromolecular fragmentation on the skin surface is not an isolated degradation
event, but a dynamic process shaped by endogenous and exogenous signals and is suitable
for systematic investigation using modern fragmentomics technologies.

Multiple factors drive macromolecular fragmentation on the skin surface [1]. Mecha-
nistically, this process is mediated by converging physicochemical and biological pathways
rather than by a single degradation route. Physical factors, such as ultraviolet radiation
and solar exposure, can directly break chemical bonds and induce photo-oxidative stress,
thereby promoting the cleavage, oxidation, or rearrangement of proteins, lipids, polysaccha-
rides, and other surface macromolecules [10–12]. Chemical factors, including pH changes,
oxidative stress, and metal ion catalysis, can induce the cleavage of specific chemical
bonds, thereby causing degradation or rearrangement of macromolecules [6,13,14]. In
particular, the acidic mantle and local pH microenvironment regulate stratum corneum
enzyme activity; changes in skin surface pH may affect kallikrein-related serine proteases,
lipid-processing enzymes, and corneodesmosome turnover, thereby promoting either con-
trolled physiological desquamation or excessive protein fragmentation [5,6,10]. Biological
factors include enzymes produced by resident skin microbiota, proteases secreted by host

https://doi.org/10.3390/cosmetics13040180

https://doi.org/10.3390/cosmetics13040180


Cosmetics 2026, 13, 180 3 of 32

cells, and metabolites derived from environmental microorganisms [15]. These host- and
microbiota-derived enzymes or metabolites may participate in the cleavage of structural
proteins, glycoproteins, polysaccharides, and lipid-associated macromolecules [15,16]. In
addition, airborne pollutants, particulate matter, topical skincare products, cleansing agents,
and other exogenous substances may modify hydration, pH, ionic strength, and microbial
composition on the skin surface, indirectly influencing fragmentation patterns [13,17,18].
These factors often act synergistically, making the fragmentation process on the skin surface
highly complex. Although related research remains at a relatively early stage, further
clarification of the mechanisms underlying skin surface macromolecular fragmentation can
provide necessary support for deeper research in dermatological science.

 

Figure 1. Schematic overview of induction factors, associated biological pathways, fragment gen-
eration, and analytical identification of skin surface macromolecular fragments. The red arrows
indicate the convergence of the four categories of induction factors on skin surface macromolecular
fragmentation, whereas the black arrows indicate the proposed biological or analytical relationships.
The numbered sections represent: (1) microbial and immune factors; (2) environmental stressors;
(3) enzymatic regulation; and (4) endogenous factors. Abbreviations: UV, ultraviolet; ROS, reactive
oxygen species; miRNA, microRNA; lncRNA, long non-coding RNA.

From a mechanistic perspective, macromolecular fragmentation on the skin surface
may have multiple interpretations. In some cases, fragments may simply represent passive
degradation products or molecular markers of tissue stress. In other cases, under specific
molecular-size ranges, concentrations, and microenvironmental conditions, certain frag-
ments may be associated with biological responses such as antimicrobial defense, hydration
regulation, or tissue repair. Therefore, skin surface fragmentation should be interpreted as
a context-dependent process rather than as a uniformly adaptive or regulatory mechanism.
For example, fragments of certain structural proteins can be transformed into antimicrobial
peptides during pathogen invasion [9], while specific polysaccharide fragments have been
associated with repair-related responses following ultraviolet-induced damage [19]. How-
ever, these observations should not be interpreted as evidence that fragmentation itself is
necessarily a primary regulatory mechanism because fragment formation may also occur
secondary to environmental stress, inflammation, enzymatic cleavage, or tissue damage.
Research on skin surface fragmentation still faces several technical challenges. First, the
skin surface is an open system, and fragment molecules are easily lost or further degraded,
making their capture and identification difficult. Second, fragmentation products are usu-
ally present at low concentrations and therefore require highly sensitive detection methods.
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In addition, distinguishing endogenous fragments from exogenous contamination and
identifying the exact sources of fragments remain potential technical problems [15].

With the development of high-sensitivity analytical technologies, multi-omics ap-
proaches such as mass spectrometry-based analysis, proteomics, and metabolomics are
increasingly being applied to the study of skin surface molecules, providing new technical
tools for systematic investigation of the fragmentation of major macromolecules on the
skin surface. By integrating multidimensional analytical methods, the identification and
functional characterization of fragmentation products may further clarify the potential
roles of these fragments in skin barrier regulation, as well as inflammatory responses and
microecological homeostasis [18]. In the future, such research may deepen the under-
standing of dynamic regulation in the skin microenvironment and provide an important
theoretical basis for developing new skincare strategies. Furthermore, in the context of the
shift towards non-animal testing in cosmetic science, identifying these molecular fragments
could facilitate the establishment of mechanism-based in vitro alternative methods and
provide data support for Next-Generation Risk Assessment (NGRA) frameworks.

Therefore, the present review uses the second line of logic: instead of describing all
skin surface constituents in isolation, it focuses on how representative macromolecules
are fragmented, how these fragments are detected, and how their functional changes may
be associated with skin homeostasis. This approach allows the discussion to examine the
possible biological relevance of fragmentation without assuming a primary regulatory role
while still retaining the technical and translational value of fragmentomics.

2. Literature Search Strategy and Evidence Appraisal
2.1. Search Strategy

A structured literature search was conducted using PubMed/MEDLINE, Web of
Science, Scopus, and Google Scholar. The search focused on studies related to skin sur-
face macromolecular fragmentation, hyaluronic acid degradation, collagen peptides, ker-
atin degradation, lipid oxidation, skin microbiome enzymes, proteomics, peptidomics,
lipidomics, metabolomics, and non-invasive skin sampling. Search terms included com-
binations of “skin surface”, “stratum corneum”, “macromolecular fragmentation”, “frag-
mentomics”, “hyaluronic acid fragments”, “collagen-derived peptides”, “keratin degrada-
tion”, “oxidized lipids”, “skin microbiome”, “microbial protease”, “lipase”, “peptidomics”,
“lipidomics”, “metabolomics”, “liquid chromatography–tandem mass spectrometry (LC-
MS/MS)”, and “mass spectrometry”. Priority was given to studies published from 2024
to 2026, while older foundational studies were retained when necessary for established
biochemical mechanisms or analytical principles.

2.2. Inclusion and Exclusion Criteria

Studies were included if they provided mechanistic, analytical, or biological infor-
mation relevant to macromolecular fragmentation on the skin surface or in skin-related
models. Eligible evidence included human in vivo studies, ex vivo skin models, recon-
structed skin models, in vitro biochemical or cellular experiments, microbiome-related
studies, and analytical-method papers. Studies were excluded when they focused only on
systemic connective tissue degradation, injectable biomaterials, unrelated wound dressings,
non-skin tissues, or cosmetic claims without mechanistic or analytical evidence.

2.3. Evidence Appraisal and Interpretation

Because the included studies differed substantially in model systems, analytical plat-
forms, and outcome measures, a formal meta-analysis was not performed. Instead, evidence
was narratively synthesized and stratified according to model relevance. Human in vivo
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studies and controlled clinical sampling studies were considered the strongest evidence
for physiological relevance. Ex vivo skin and reconstructed skin models were considered
intermediate evidence. In vitro biochemical or cellular studies were interpreted as mecha-
nistic or hypothesis-generating evidence. Particular caution was applied when interpreting
fragment addition experiments, high-concentration exposure models, non-validated mass
spectrometry signals, or studies lacking source attribution.

3. Research Models and Analytical Strategies for Macromolecular
Fragmentation on the Skin Surface
3.1. Research Models and Induction Techniques

To systematically investigate the mechanisms and regulatory patterns of macromolec-
ular fragmentation on the skin surface, existing studies have established a multi-level
research system. According to differences in experimental controllability and physiological
relevance, these models can be broadly divided into in vitro biochemical and cellular mod-
els, ex vivo and reconstructed skin models, and in vivo human sampling and controlled
exposure studies. These models are not interchangeable but complementary. In vitro mod-
els are suitable for analyzing defined degradation reactions and concentration-dependent
changes; ex vivo and reconstructed skin models preserve more structural features of the
skin; and in vivo studies are closer to the dynamic state of the real skin surface [20,21].

3.1.1. In Vitro Biochemical and Cellular Models

In vitro simulation systems mainly investigate the stability and degradation behavior
of macromolecules by constructing biomimetic skin surface environments. Common
systems usually contain major components such as squalene, triglycerides, free fatty acids,
and cholesterol, together with electrolyte solutions that mimic sweat, in order to reproduce
the basic physicochemical conditions of the skin surface [22]. The system pH is usually
adjusted to a weakly acidic state close to that of the skin to improve the physiological
relevance of the simulation [6]. On this basis, typical macromolecules such as purified type
I collagen, hyaluronic acid, and keratin can be added to study their degradation behavior
under different conditions.

In addition to simple biochemical systems, keratinocytes, fibroblasts, and immune-
related cell models can also be used to examine the associations between specific macro-
molecular fragments, inflammation-related responses, differentiation-related processes, or
repair-related signaling. Because fragment size, concentration, and exposure time can be
controlled, in vitro cellular models are useful for analyzing possible size-dependent and
concentration-dependent effects. However, even relatively complex in vitro skin models
cannot fully reproduce the barrier structure, skin appendages, vascular supply, neural
regulation, immune microenvironment, and microbial dynamics of living skin [21].

In the in vitro models, commonly used induction methods include ultraviolet ir-
radiation, oxidative stress, enzymatic degradation, and mechanical stimulation. ultra-
violet A (UVA) and ultraviolet B (UVB) can be used to simulate structural changes in
macromolecules such as proteins and polysaccharides under light exposure. Ultravio-
let irradiation may not only directly affect macromolecular structures but also further
promote macromolecular degradation by inducing the generation of reactive oxygen
species(ROS) [11,12,23]. Hydrogen peroxide systems or reactions involving metal ions
are often used to simulate reactive oxygen species-related degradation processes. Highly
reactive free radicals can promote macromolecular chain scission, thereby accelerating
degradation and fragmentation [14,24,25]. Proteases, hyaluronidases, and lipases derived
from host tissues or skin microorganisms can be used to analyze potential enzymatic cleav-
age pathways [10,26,27]. In addition, mechanical stimulation, such as friction, pressure, and
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shear force, can also be used as an auxiliary induction factor to simulate the physical effects
experienced by the skin surface in daily environments [28,29]. Therefore, in vitro models
are useful for identifying possible cleavage mechanisms and concentration-dependent re-
sponses, but they cannot independently demonstrate the physiological relevance or causal
function of these changes in living skin.

3.1.2. Ex Vivo and Reconstructed Skin Models

Ex vivo skin models are research models that preserve the complete skin structure
under in vitro conditions. They can partly overcome the limitation of simple solution-based
simulation systems, which lack tissue structure. These models are typically maintained
using an air–liquid interface culture system, in which the skin surface is exposed to air while
the dermal side remains in contact with culture medium [20,30,31]. Compared with simple
in vitro biochemical systems, ex vivo skin models better preserve the spatial relationships
among the stratum corneum, viable epidermis, and dermal components. Therefore, ex
vivo skin models are suitable for studying macromolecular degradation, migration, and
fragment release under conditions where the skin structure remains intact.

Ex vivo skin models are also commonly used to simulate skin surface molecular
changes after ultraviolet irradiation, oxidative stress, barrier disruption, topical product
treatment, or microbial enzyme exposure. Previous studies have used ex vivo human skin
models to evaluate changes in barrier-related structures and molecular states after broad-
spectrum ultraviolet exposure, suggesting that these models can be used for research on
environmental stress-related skin responses. By collecting skin surface wash fluids, culture
media, or tissue samples, these models can be further combined with mass spectrometry,
omics, or histological methods to analyze fragment generation and source attribution.

Reconstructed skin models, such as reconstructed human epidermis and full-thickness
skin equivalents, provide relatively standardized alternatives when fresh human or animal
skin samples are limited. These models can be used to study changes in skin surface macro-
molecules under ultraviolet irradiation, oxidative stress, topical formulations, microbial
enzymes, or controlled friction. Compared with in vitro biochemical models, reconstructed
skin models are closer to tissue-level barrier status and epidermal renewal processes. How-
ever, their physiological relevance still depends on model construction, culture duration,
differentiation status, and whether immune cells or microbial components are included [21].
Therefore, ex vivo and reconstructed skin models provide higher structural relevance
than simple in vitro systems, but they still lack complete vascular, immune, neural, and
microbiome dynamics.

3.1.3. In Vivo Research Models

In vivo studies are mainly used to observe the dynamic changes in skin surface macro-
molecules under real physiological conditions. Compared with in vitro and ex vivo mod-
els, in vivo studies can more accurately reflect the combined effects of the skin barrier,
sebum secretion, sweat composition, skin pH, microbiota, and external environmental
factors. Therefore, in vivo studies are important for validating in vitro experimental re-
sults, analyzing individual differences, and evaluating the actual biological significance of
macromolecular fragmentation on the skin surface.

In the in vivo studies, non-invasive sampling techniques are widely used for dynamic
research on skin surface macromolecules. Among them, tape stripping is an important
method for studying the composition of the stratum corneum surface. This method can
collect the outermost layer of skin material without obvious damage to living cells, and
repeated sampling can be used to analyze changes in fragment profiles [32,33]. In addition,
skin surface swabbing, wash fluid collection, and sebum sampling can also be used to ob-
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tain molecular information from the skin surface, providing sample sources for subsequent
mass spectrometry, lipidomics, metabolomics, and microbiome-related analyses [21,34].
Sebum sampling is particularly suitable for the study of lipid-derived fragments and oxi-
dized lipid products, but the results may also be affected by inter-individual differences,
sampling sites, extraction methods, and instrumental analysis workflows [21,34]. The
induction factors in in vivo studies usually come from real environmental exposure or con-
trolled exposure conditions. For example, ultraviolet irradiation, environmental pollutants,
skincare product use, frictional stimulation, skin microbial metabolism, and changes in
skin pH may all affect the stability of skin surface macromolecules and the process of frag-
ment formation [11,13,17,18]. In practical research, in vivo models place more emphasis on
dynamic monitoring and the analysis of inter-individual differences, such as comparing
changes in skin-surface macromolecular fragments among different ages, skin conditions,
exposure conditions, or before and after skincare interventions. Therefore, in vivo studies
provide the most direct evidence for skin surface fragment profiles, but they are often
limited by the low sample amount, high inter-individual variability, contamination risk,
and difficulty in determining whether fragments are causes, consequences, or markers of
skin changes [22,32–34].

3.2. Analytical and Detection Technologies

At present, the identification and characterization of macromolecular fragments on the
skin surface require the combined use of mass spectrometry, chromatographic separation,
spectroscopic analysis, and multi-omics technologies. Since skin surface samples contain
proteins, peptides, lipids, polysaccharides, microbial metabolites, and exogenous environ-
mental residues at the same time, it is difficult to fully cover all types of fragments using a
single analytical method. Therefore, appropriate detection technologies should be selected
according to the molecular weight, chemical properties, and research purposes of the
fragments (Table 1). In recent years, skin omics and multi-omics studies have increasingly
emphasized the integration of metabolomics, lipidomics, proteomics, and microbiomics
to more comprehensively explain skin homeostasis, barrier function, and disease-related
molecular changes [35,36]. Relevant reviews have also pointed out that the skin system is
jointly influenced by host, microbial, and environmental factors. Therefore, the integration
of metabolomics, lipidomics, microbiomics, and proteomics helps explain the biological
significance of molecular changes in the skin.

Table 1. Summary of research models and analytical technologies for skin surface macromolecular
fragments.

Research
Level/Technology Applicable Object Advantages Limitations Suitable Research

Questions

In vitro
simulation system

Single macro-
molecule/simulated
sebum environment

High controllability
Limited

physiological
relevance

Studying basic
degradation

mechanisms under
controlled physical,

chemical, or
enzymatic conditions

Ex vivo skin model Near-real skin
environment

Preserves tissue
structure

Limited sample
availability and
inter-individual

variability

Investigating
fragment formation

under relatively
physiological skin

conditions
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Table 1. Cont.

Research
Level/Technology Applicable Object Advantages Limitations Suitable Research

Questions

Tape
stripping/in vivo

sampling

Human stratum
corneum surface Non-invasive

Low sample amount
and prone to

contamination

Monitoring dynamic
changes in skin

surface fragments
in vivo

HRMS

Unknown peptide,
lipid, and

polysaccharide
fragments

High sensitivity and
high resolution

Complex data
processing and

annotation; limited
absolute

quantification

Non-targeted
discovery and

preliminary
identification of

unknown fragments

LC-MS/MS/UPLC-
MS/MS

Low-abundance
peptides, oxidized
lipid products, and

small molecular
fragments

High sensitivity and
qualita-

tive/quantitative
capability

Requires method
optimization and

reference standards

Targeted detection,
quantification, and

biomarker validation

Chromatographic
separation
techniques

Peptide, lipid,
sugar-related, and
charged fragments

Improves separation
efficiency and
reduces matrix

interference

Requires optimized
mobile phase and

gradient conditions

Improving the
reliability of

fragment
identification and

quantification

MALDI-TOF
MS/MALDI-MS

Medium-sized
peptide and

protein-derived
fragments

Rapid molecular
weight profiling

Relatively limited
quantitative accuracy

Rapid evaluation of
molecular weight
distribution and

degradation patterns

SEC-MALS/SEC-MS

Larger
macromolecular

fragments, especially
>10 kDa

Provides
molecular-size and
absolute-molecular-
weight information

Less suitable for very
small or

low-abundance
fragments; requires

optimized separation

Evaluating
degradation degree

and molecular
weight changes in

larger
macromolecules

Proteomics Protein-derived
fragments

Links fragments back
to parent proteins

and related
pathways

May require complex
sample preparation
and data analysis;

incomplete sequence
coverage

Identifying protein
sources such as

collagen, keratin,
filaggrin, and elastin

Peptidomics
Endogenous and

naturally generated
peptide fragments

Preserves natural
fragmentation

signatures; useful for
cleavage-pattern

analysis

Low-abundance
peptides may be
difficult to detect;

susceptible to
sample-handling

bias

Identifying natural
cleavage events and

endogenous
fragmentation

patterns

Lipidomics Lipid fragments and
oxidation products

Sensitive detection of
lipid hydroperoxides,

hydroxylated fatty
acids, and aldehydes

Lipid-rich matrix
may cause

ion suppression

Studying lipid
oxidation, sebum
degradation, and
oxidative damage

Metabolomics

Small-molecule
metabolites from

host, microbes, and
environmental

exposure

Provides broad
metabolic

information

Metabolite
identification can

be challenging

Linking fragment
changes with

microbial
metabolism and

the skin
microenvironment
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Table 1. Cont.

Research
Level/Technology Applicable Object Advantages Limitations Suitable Research

Questions

Microbiome
sequencing

Skin surface
microbial

communities

Reveals microbial
composition and

potential functional
capacity

Cannot directly
quantify molecular

fragments

Exploring microbial
contributions to
macromolecular
fragmentation

NMR/CD/FT-IR
spectroscopy

Structural features of
proteins, peptides,

lipids, and
polysaccharides

Provides structural
and functional

group information

Lower sensitivity
than MS-based

methods

Confirming
conformational

changes, chemical
modifications, and
functional group

alterations

Method validation
Analytical methods

for skin
surface fragments

Improves reliability
and reproducibility

Requires standards,
repeated tests, and
matrix evaluation

Validating specificity,
linearity, precision,

recovery, matrix
effects, LOD,

and LOQ
Abbreviations: HRMS, high-resolution mass spectrometry; LC-MS/MS, liquid chromatography–tandem mass
spectrometry; UPLC-MS/MS, ultra-performance liquid chromatography–tandem mass spectrometry; MALDI-
TOF MS, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry; MALDI-MS, matrix-
assisted laser desorption/ionization mass spectrometry; SEC-MALS, size-exclusion chromatography coupled with
multi-angle light scattering; SEC-MS, size-exclusion chromatography–mass spectrometry; NMR, nuclear magnetic
resonance; CD, circular dichroism; FT-IR, Fourier-transform infrared spectroscopy; MS, mass spectrometry; LOD,
limit of detection; LOQ, limit of quantification.

3.2.1. High-Resolution Mass Spectrometry

High-resolution mass spectrometry (HRMS) is one of the core technologies for dis-
covering unknown macromolecular fragments on the skin surface. High-resolution mass
spectrometry systems, such as Orbitrap and Q-Exactive instruments, have high mass accu-
racy and resolution, allowing trace fragments to be detected in complex biological matrices.
Data-dependent acquisition (DDA) is suitable for exploratory identification of unknown
fragments, while data-independent acquisition (DIA) can provide broader and more stable
fragment coverage [37].

The main significance of HRMS lies in its non-targeted screening capability. This
technology can discover previously unidentified peptide fragments, oxidized lipid products,
and low-molecular-weight degradation products. Therefore, HRMS has important value for
establishing the fragment profile of skin surface macromolecules and screening potential
biomarkers related to skin barrier damage, oxidative stress, and skin aging. In recent
years, high-resolution mass spectrometry acquisition strategies such as narrow-window
data-independent acquisition(nDIA) have further improved the coverage, reproducibility,
and quantitative ability of protein and peptide detection in complex samples, providing
a technical basis for the discovery of low-abundance fragments. The study by Guzman
et al. [37] in 2024 showed that nDIA combined with the Orbitrap Astral platform can
achieve high-resolution, high-throughput, and highly reproducible proteome coverage,
making it suitable as recent evidence for the technical development of HRMS/DIA.

3.2.2. LC-MS/MS and UPLC-MS/MS

Liquid chromatography–tandem mass spectrometry (LC-MS/MS) and ultra-performance
liquid chromatography–tandem mass spectrometry (UPLC-MS/MS) are important technolo-
gies for targeted and semi-targeted analyses of skin surface fragments. Liquid chromatography
or ultra-performance liquid chromatography can reduce interference from complex matrices,
while tandem mass spectrometry can provide structural information based on fragment ions.
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These methods are particularly suitable for detecting low-abundance peptides, oxidized lipid
products, and small molecular fragments derived from proteins or polysaccharides [22,37–39].

The significance of LC-MS/MS is that it can provide both qualitative and quantitative
information. In peptide analysis, this technology can be used to identify peptide sequences,
infer potential cleavage sites, and compare fragmentation patterns among different skin
surface samples. In targeted analysis, UPLC-MS/MS can improve the sensitivity and
reproducibility of detecting specific bioactive fragments. Therefore, this technology plays an
important role in verifying whether certain fragments can be used as functional indicators
or biomarkers. For sebum and lipid-related fragments on the skin surface, ESI-MS- and
LC-MS-related methods are also regarded as important tools for non-invasive molecular
analysis of the skin surface. The review by Isom and Desaire [22] in 2024 pointed out
that skin surface sebum samples can be used for lipidomics and potential non-invasive
biomarker research, but sample collection, preparation, and data processing all affect the
reliability of the results.

3.2.3. Chromatographic Separation Techniques

Chromatographic separation is an important step before mass spectrometric analysis.
Reversed-phase liquid chromatography (RP-LC) is commonly used to separate peptide
and lipid fragments according to differences in hydrophobicity. Hydrophilic interaction
chromatography (HILIC) is suitable for highly polar fragments, such as sugar degrada-
tion products. Ion-exchange chromatography can separate charged fragment molecules
according to their charge properties [40].

The significance of chromatographic separation lies in improving detection sensitivity
and reducing interference from the complex skin surface matrix. Since sebum, sweat,
corneocyte components, and microbial metabolites may coexist in the same sample, effective
chromatographic separation is necessary to obtain reliable fragment identification and
quantitative results.

3.2.4. MALDI-TOF MS and MALDI-MS

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) is suitable for rapidly analyzing the molecular weight distribution of macro-
molecular fragments. Compared with LC-MS/MS, MALDI-TOF MS has relatively simple
sample preparation and a faster detection speed. It is suitable for observing medium-
molecular-weight fragments, especially peptide- and protein-derived fragments in the
range of approximately 1–10 kDa [39,41].

The significance of MALDI-TOF MS lies in its ability to quickly determine whether
macromolecules have undergone degradation. For example, changes in molecular weight
distribution can reflect whether collagen, keratin, or polysaccharides have undergone
fragmentation. In addition, when MALDI-MS is combined with imaging technology, it
can also provide spatial distribution information of fragments on the skin surface, thereby
providing complementary evidence for understanding the local formation and distribution
characteristics of fragments.

3.2.5. SEC-MALS and SEC-MS

Size-exclusion chromatography coupled with multi-angle light scattering (SEC-MALS)
is commonly used to analyze larger macromolecular fragments, especially fragments
with molecular weights greater than 10 kDa. SEC separates molecules according to their
hydrodynamic size, while MALS can provide absolute-molecular-weight information
without completely relying on external standards. SEC-MS further combines the advantages
of molecular-size separation and mass spectrometric detection.
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The significance of SEC-MALS and SEC-MS lies in their suitability for evaluating the
degree of degradation of larger molecules. For collagen, hyaluronic acid, glycoproteins, and
other skin-related macromolecules, these technologies can show whether high-molecular-
weight components are degraded into smaller fragments. Therefore, they can be used to
monitor macromolecular stability and degradation patterns.

3.2.6. Proteomics

Proteomics is mainly used to analyze the protein origin of skin surface fragments.
Based on LC-MS/MS protein identification methods, protein-derived fragments can be
traced back to their parent proteins, such as collagen, keratin, filaggrin, elastin, and other
proteins related to skin structure and barrier function [38,39].

The significance of proteomics lies in helping explain the origin of fragments. In
the study of skin surface macromolecular fragmentation, proteomics can reveal whether
fragment changes are associated with extracellular matrix remodeling, keratinocyte differ-
entiation, barrier damage, or inflammatory responses. Therefore, proteomics provides an
important biological background for explaining the mechanisms of fragment formation.

3.2.7. Peptidomics

Peptidomics mainly focuses on naturally occurring endogenous peptides and small
protein fragments. Unlike traditional bottom-up proteomics, peptidomics usually avoids
the addition of exogenous enzymes for digestion during sample preparation, thereby
preserving the original endogenous fragmentation pattern as much as possible [39].

The significance of peptidomics lies in its ability to directly reflect natural cleavage
events on the skin surface. This technology can identify peptide sequences, cleavage sites,
and changes in fragment abundance under different conditions, such as ultraviolet exposure,
oxidative stress, microbial metabolism, and pH changes. Therefore, peptidomics is particularly
suitable for studying the true fragmentation characteristics of skin macromolecules.

3.2.8. Lipidomics and Metabolomics

Lipidomics is mainly used to detect lipid-related fragments and oxidation products,
including lipid hydroperoxides, hydroxylated fatty acids, aldehyde compounds, and other
products generated during sebum oxidation or membrane lipid degradation [22,42,43].
Metabolomics can further detect small-molecule metabolites derived from host cells, mi-
croorganisms, and environmental exposure [35,36].

The significance of lipidomics and metabolomics lies in their ability to provide in-
formation on oxidative damage, microbial metabolism, and changes in the skin surface
microenvironment. Since lipid oxidation and microbial metabolism are important factors
driving macromolecular fragmentation on the skin surface, these omics technologies help
link molecular fragment changes with biological processes such as skin barrier dysfunction,
inflammation, aging, and microbial imbalance. In recent years, skin surface sebum analysis
and skin multi-omics research have further shown that lipidomics and metabolomics can
not only be used to describe the molecular composition of the skin surface, but they can
also be combined with microbiome data to explain molecular mechanisms in skin diseases
or changes in skin conditions [22,44]. For example [35], a 2025 acne study integrating
metagenomic and lipidomic data found that skin microbial dysbiosis was associated with
changes in lipid metabolism, providing evidence for explaining inflammation and barrier
abnormalities in sebaceous gland-rich areas.

3.2.9. Microbiome Sequencing

Microbiome sequencing, especially 16S rRNA gene sequencing and metagenomic
sequencing, can be used to analyze the composition and potential functions of skin surface
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microorganisms. Since skin microorganisms can secrete enzymes, metabolize lipids and
proteins, and change the local pH microenvironment, they may directly or indirectly
participate in the fragmentation of macromolecules on the skin surface [35,44,45].

The significance of microbiome sequencing lies in helping explain the biological
sources and regulatory factors of skin surface fragments. By combining microbiome data
with peptidomics, lipidomics, or metabolomics results, researchers can further analyze
whether specific microbial communities are associated with certain fragmentation pat-
terns. This is important for understanding the relationship between skin microorganisms,
macromolecular degradation, and skin homeostasis. In recent skin multi-omics studies,
16S rRNA sequencing is often used together with LC-MS metabolomics to analyze the
correlation between changes in skin microbial composition and metabolite alterations.
Huang et al. [45] used 16S rRNA gene sequencing and LC-MS metabolomics in a 2024 study
on atopic dermatitis to analyze the relationship between skin microbiota and metabolites,
providing a recent example for combined “microbiome–metabolome” analysis.

3.2.10. NMR, CD and FT-IR Spectroscopy

Nuclear magnetic resonance spectroscopy (NMR), circular dichroism (CD), and Fourier
transform infrared spectroscopy (FT-IR) are commonly used for structural characterization
of fragments. NMR can provide information on molecular structure and chemical envi-
ronment; CD is suitable for evaluating changes in the secondary structure of proteins and
peptides; and FT-IR can be used to identify functional groups and chemical bond changes
in proteins, lipids, and polysaccharides [39,46].

The significance of these spectroscopic techniques lies in providing structural evidence
to support mass spectrometry results. Although MS-based methods have advantages in
molecular identification, NMR, CD, and FT-IR can further confirm conformational changes,
chemical modifications, and functional group alterations after fragmentation. Therefore,
these techniques not only help determine which fragments are present in the sample, but
they also help explain how their structures change after fragmentation.

3.2.11. Method Validation

Although the above technologies provide important tools for the analysis of skin
surface fragments, method validation remains a key step in ensuring the reliability of results.
Skin surface samples have complex matrices and are rich in lipids, sweat components,
corneocyte residues, salts, cosmetic residues, and environmental contaminants. Isom and
Desaire’s 2024 review clearly emphasized [22] that the entire workflow from skin sample
collection to data analysis can affect the robustness and reproducibility of lipidomics
results. In addition, newly discovered fragments often lack stable isotope-labeled standards,
and these factors can affect recovery, matrix effects, detection limits, and quantitative
accuracy [22].

Second, contamination is difficult to completely avoid during skin surface sampling.
Non-invasive sampling methods such as tape stripping and swabbing may collect not
only endogenous skin-derived molecules, but also exogenous substances from cosmet-
ics, cleansers, textiles, air pollutants, and laboratory handling. This makes it difficult to
distinguish true skin surface fragments from external contaminants. In particular, pep-
tide, lipid, and polysaccharide fragments may have physicochemical properties similar to
environmental residues, thereby increasing the risk of false-positive identification.

Third, the detection of low-abundance fragments remains technically challenging.
Many biologically active fragments are present at very low levels in skin surface samples
and can be masked by highly abundant lipids, proteins, or salt signals. Even when HRMS
or LC-MS/MS is used, weak signals, co-elution, incomplete fragmentation, and insufficient
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spectral library coverage may limit reliable fragment identification [38,39]. For newly
discovered fragments, because authentic standards or stable isotope-labeled reference
materials are often lacking, their identification and quantification results still need to be
interpreted with caution.

Fourth, reproducibility is an important limiting factor in skin fragmentomics research.
The composition of the skin surface is easily affected by sampling site, age, sex, cleansing
habits, cosmetic use, circadian rhythm, humidity, temperature, and microbial status. In
addition, differences in sampling pressure, sampling area, extraction solvent, storage
conditions, and data processing methods may also lead to inconsistent results among
different studies. Therefore, before comparing data across studies, standardized sampling
procedures and quality control systems must be established.

Fifth, source attribution of fragments remains difficult. The detected fragments may
originate from host structural proteins, sebaceous lipids, microbial metabolism, environ-
mental exposure, or cosmetic ingredients. For example, a peptide detected on the skin
surface may be derived from keratinocyte proteins, generated by microbial protease activity,
or even come from exogenous protein contamination. Similarly, oxidized lipid products
may reflect endogenous sebum oxidation, microbial lipid metabolism, or environmental
oxidative exposure. Therefore, relying only on LC-MS/MS results is usually insufficient to
determine the exact biological source of fragments. It is necessary to integrate proteomics,
peptidomics, lipidomics, metabolomics, and microbiome sequencing results to improve the
accuracy of source attribution and biological interpretation.

Therefore, before these fragments can be evaluated as reliable biomarkers, analytical
methods need to be validated in terms of specificity, linearity, precision, recovery, matrix
effects, limits of detection, and limits of quantification. Rigorous method validation can
improve the reliability of fragment identification and support a comparison of results across
different studies. For skin surface sebum or other non-invasive samples, sample collection
methods, pretreatment procedures, ionization efficiency, data processing methods, and
biological variation may all affect the final results. Therefore, standardized workflows are
particularly important for comparing results across subsequent studies. The 2024 review
by Isom and Desaire clearly emphasized [22] that the entire workflow from sebum sample
collection to data analysis can affect the robustness and reproducibility of lipidomics results.

Finally, skin surface LC-MS/MS analysis itself has specific limitations. Non-invasive
samples usually provide only small amounts of material, while lipid-rich matrices may
reduce chromatographic separation efficiency and ionization stability. At the same time, the
lack of standardized extraction methods and reference databases also limits the compara-
bility of results across different studies. Therefore, before these fragments can be evaluated
as reliable biomarkers, analytical methods need to be systematically validated in terms
of specificity, linearity, precision, recovery, matrix effects, limits of detection, and limits
of quantification. Rigorous method validation can improve the reliability of fragment
identification and support the application of skin surface fragments in mechanistic studies
and biomarker research [22].

4. Fragmentation Characteristics of Major Macromolecules
To facilitate an overall understanding of the objects discussed in this chapter and their

fragmentation characteristics, Table 2 summarizes and compares four major types of skin
surface macromolecules: hyaluronic acid, collagen, keratin, and lipids. The fragmentation
processes and functional changes in these substances are then discussed in detail.

To clarify the evidential basis for different classes of skin surface macromolecular
fragments, Table 3 summarizes the distinction between model-based findings and in vivo
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or human observations. This distinction helps avoid overinterpreting associative evidence
as direct causality.

Table 2. Sources, induction modes, and reported biological associations of major skin surface
macromolecular fragments.

Macromolecule
Class Main Source Main Fragmentation

Mode
Representative

Fragment Features
Reported Biological

Associations

Hyaluronic acid
extracellular matrix
(ECM)/skin surface
hyaluronic acid (HA)

HYAL, reactive
oxygen species

(ROS), mechanical
stress

HA fragments of
different molecular

weights

Moisturizing capacity,
migration-related

responses,
inflammation-related

associations

Collagen

Dermis/basement
mem-

brane/exogenous
collagen

MMP, KLK,
oxidation Collagen peptides

ECM turnover,
repair-related responses,

antimicrobial activity
reported in model

systems, signaling-related
associations

Keratin Stratum corneum

Caspase-14, KLK,
ultraviolet radiation

(UV) exposure,
friction

Keratin frag-
ments/nanofragments

Cornification,
desquamation, barrier
turnover, NMF source,
inflammation-related

associations

Lipids Sebum/membrane
lipids

Photooxidation, ROS,
enzymatic or

microbial lipid
metabolism

Squalene oxides,
OxPL, LPC

Sebum oxidation,
oxidative stress,

barrier-related changes,
inflammation-related

associations
Abbreviations: ECM, extracellular matrix; HA, hyaluronic acid; HYAL, hyaluronidase; ROS, reactive oxygen
species; MMP, matrix metalloproteinase; KLK, kallikrein-related peptidase; UV, ultraviolet; NMF, natural moistur-
izing factor; OxPL, oxidized phospholipids; LPC, lysophosphatidylcholine.

Table 3. Evidence levels and interpretation limits for skin surface macromolecular fragments.

Fragment Class In Vitro/Ex Vivo Evidence In Vivo/Human Evidence Safe Interpretation

Hyaluronic
fragments

Low-molecular-weight HA
fragments have been reported to

activate CD44- or TLR-related
signaling and to induce

inflammation- or repair-associated
responses in cell and tissue models.

HA can also be generated by
hyaluronidases, ROS, and tissue
injury-associated degradation.

HA fragmentation has
been observed in

inflammatory, injured,
photoaged, or

repair-related skin contexts,
but most human evidence
remains associative rather

than directly causal.

HA fragments are
associated with

inflammation, tissue injury,
and repair-related

responses, but their
detection does not prove

that they initiate
inflammation in vivo.

Collagen-derived
peptides

Collagen can be cleaved by matrix
metalloproteinases (MMPs),

cathepsins, ROS-related damage,
and other proteolytic processes.
Some collagen-derived peptides

have shown repair-related,
antimicrobial, or signaling-related

activities in model systems.

Collagen fragments or
turnover-related markers
have been associated with
wound repair, photoaging,
aging, and inflammatory
remodeling in human or

animal skin studies.

Collagen fragments may
reflect ECM turnover,
injury-induced MMP

activity, or topical collagen
degradation; functional

roles in human skin require
further validation.
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Table 3. Cont.

Fragment Class In Vitro/Ex Vivo Evidence In Vivo/Human Evidence Safe Interpretation

Keratin fragments

Keratin fragments are generated
during keratinocyte differentiation,

cornification, and desquamation.
Their abundance may change under
protease activity, barrier stress, or
altered stratum corneum turnover.

Keratin-derived fragments
are frequently detected in
human stratum corneum

samples and may vary
with skin site, barrier

status, dryness, irritation,
aging, or

environmental exposure.

Keratin fragments mainly
reflect cornification,

desquamation, and barrier
turnover; their role as

active regulators remains
insufficiently

demonstrated.

Oxidized lipid
fragments

Sebum lipids, fatty acids,
cholesterol derivatives, and

squalene can undergo oxidation
under UV, pollution, ROS, or

microbial metabolic conditions.
Some oxidized lipid products have
shown inflammation-related effects

in experimental models.

Oxidized lipid products
have been detected in

human sebum and skin
surface samples, especially
in contexts related to UV

exposure, pollution,
acne-prone skin, barrier

stress, or altered
lipid metabolism.

Oxidized lipid products
may indicate sebum

oxidation, UV exposure,
pollution, or microbial

lipid metabolism; causality
in acne or inflammation

remains
context-dependent.

Microbiome-
derived fragments

Microbial proteases and lipases can
degrade host proteins, peptides,

and lipids in culture, enzyme
assays, and host–microbe

co-culture models.

Human skin studies have
linked microbial

community structure with
peptide, lipid, or

metabolite profiles, but
direct assignment of

individual fragments to
specific microbial enzymes

remains limited.

Microbial proteases and
lipases may contribute to
fragment generation, but

source attribution requires
integration of microbiome,
peptidome, lipidome, and

metabolome data.

Abbreviations: HA, hyaluronic acid; CD44, cluster of differentiation 44; TLR, Toll-like receptor; ROS, reactive
oxygen species; MMP, matrix metalloproteinase; MMPs, matrix metalloproteinases; ECM, extracellular matrix;
UV, ultraviolet.

Overall, this evidence profile indicates that skin-surface macromolecular fragments
should be interpreted as heterogeneous molecular signatures rather than uniformly active
regulators. Some fragments may participate in biological signaling under specific condi-
tions, whereas others may primarily represent degradation products, turnover markers, or
stress-associated byproducts.

4.1. Degradation and Functional Transformation of Hyaluronic Acid

Hyaluronic acid is a major glycosaminoglycan in the skin, and its degradation can
generate fragments with size-dependent biological associations. These fragments have been
linked to hydration, tissue repair, and inflammation-related responses, but their interpreta-
tion depends on molecular weight, receptor context, degradation route, and experimental
model [2,47]. Under normal physiological conditions, hyaluronic acid is mainly degraded
enzymatically by hyaluronidases, particularly HYAL1 and HYAL2. Studies have found
that hyaluronidase activity on the skin surface shows circadian rhythmic changes, which
are thought to be related to skin repair and renewal cycles [48]. The fragments produced by
enzymatic degradation are mainly concentrated in the 20–100 kDa range. These fragments
retain good water-binding capacity while potentially acquiring new biological activities,
such as promoting cell migration and regulating local immune responses [7,49].

Hyaluronic acid degradation under oxidative stress exhibits markedly different charac-
teristics. Reactive oxygen species attack the glycosidic bonds of hyaluronic acid, producing
a highly polydisperse mixture of fragments [50]. Further studies have shown that frag-
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ments of specific sizes, such as those containing 4–6 disaccharide units, have been reported
to exhibit pro-inflammatory activity and can activate Toll-like receptor-related signaling
pathways (Toll-like receptor 2 and Toll-like receptor 4) [51,52]. In ultraviolet-injured or
inflamed skin, HA fragmentation may also occur downstream of ROS accumulation and
hyaluronidase- or enzyme-mediated degradation [50,52,53]. Therefore, the detection of
low-molecular-weight HA fragments should not be interpreted as direct evidence that
they initiate inflammation; rather, these fragments may act as both bioactive mediators
and biochemical indicators of ongoing matrix disruption [52,54]. Mechanical stress is also
an important factor affecting hyaluronic acid. Rheological measurements have shown
that shear and fluid forces are sufficient to induce the breakage of high-molecular-weight
hyaluronic acid (>1000 kDa), producing fragments in the 200–500 kDa range. Although
their molecular weight is reduced, these fragments still show viscoelastic characteristics.
Mechanical stress-induced fragmentation appears to be reversible, and certain fragments
may reaggregate through non-covalent interactions [55].

The biological activity of hyaluronic acid fragments shows clear size dependence. Frag-
ments in different molecular weight ranges have different functional characteristics. Among
them, 20–50 kDa fragments show relatively good moisturizing activity, possibly because
this size range can both penetrate the spaces of the stratum corneum and effectively bind
water [8,54]. Fragments of 10–20 kDa have been reported to promote keratinocyte prolifera-
tion and migration and may play an important role in wound healing [56]. In contrast, frag-
ments smaller than 6 kDa may be associated with inflammatory responses under specific
conditions and therefore require control and optimization in applications [57]. However,
the interpretation of HA fragments remains controversial. Some studies report that low-
molecular-weight HA fragments activate TLR-related inflammatory pathways, whereas oth-
ers associate HA fragments with tissue repair, cell migration, or wound-healing responses.
These divergent findings may be explained by differences in molecular weight, fragment
purity, endotoxin contamination, concentration, receptor context, cell type, and tissue
condition. Therefore, HA fragments should not be classified simply as pro-inflammatory or
repair-promoting molecules. Their biological interpretation requires careful consideration
of the degradation route, fragment size distribution, and experimental model.

4.2. Surface Degradation and Remodeling of Collagen

Although collagen is mainly located in the dermis, its degradation products can reach
the skin surface through multiple pathways and may contribute to the molecular ecology
of the surface [58–60]. These surface-detectable collagen fragments may originate from
normal dermal collagen turnover and transport via interstitial fluid, degradation of type
IV and type VII collagen in the epidermal basement membrane, or degradation of topical
collagen-containing ingredients. However, their presence should also be interpreted in
relation to upstream tissue injury and proteolytic remodeling. During cutaneous injury,
inflammation, or photo-damage, fibroblast activation and inflammatory signaling can
increase MMP expression and activity, which subsequently promotes collagen degradation
and fragment formation [52,61–63]. Thus, collagen-derived peptides may participate in
repair-related signaling, antimicrobial defense, or matrix remodeling, while also serving as
indicators of pre-existing tissue damage and enzymatic activity [64–66].

The degradation pattern of collagen on the skin surface differs markedly from that
in the dermis. The skin surface pH of approximately 5.5, low water activity, and the
presence of various proteases create a unique degradation environment. Studies have
found that skin surface serine proteases, such as kallikrein-related peptidases KLK5 and
KLK7, play important roles in the degradation of stratum corneum proteins and some
collagen components [26,67]. These enzymes preferentially cleave substrates to produce
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peptides of 10–30 amino acids. Mass spectrometry analysis has shown that these peptides
are enriched in glycine–proline–hydroxyproline (Gly-Pro-Hyp) repeats and retain some
structural features of the collagen triple helix [64].

Recent studies have also found that some peptides derived from non-triple-helical
regions of collagen molecules have antimicrobial activity and are rich in positively charged
amino acids. In vitro antimicrobial experiments have shown that certain peptides have
been reported to exhibit selective bactericidal activity against Staphylococcus aureus and
Staphylococcus epidermidis. Their antibacterial mechanism may be related to their ability
to insert into bacterial membranes and disrupt membrane structure [64]. This finding
suggests that collagen degradation may contribute to the skin’s natural defense system
under specific conditions.

In addition, collagen fragments may interact with other skin surface molecules; direct
evidence for collagen-fragment–hyaluronic-acid complexes on the human skin surface
remains limited. Therefore, their moisturizing-related relevance should be interpreted cau-
tiously unless supported by direct skin-surface or formulation-specific validation. Similarly,
collagen-derived peptides have been investigated for repair-related or antimicrobial prop-
erties, but many of these findings are derived from in vitro peptide-addition experiments.
In vivo detection of collagen fragments may instead reflect upstream ECM degradation
caused by injury, inflammation, photoaging, or MMP activation. Therefore, collagen frag-
ments should be interpreted first as indicators of matrix turnover unless direct functional
validation is available.

4.3. Keratin Fragmentation and Barrier Function

As the main structural protein of the epidermis, keratin is closely associated with
skin barrier function through its fragmentation process. Studies have shown that keratin
degradation may contribute to stratum corneum renewal while regulating its structural
stability and barrier function [68,69].

Keratin degradation during normal desquamation is a precisely programmed process.
Studies have shown that caspase-14 plays a key role during stratum corneum formation
by mediating the initial cleavage of keratin and generating larger keratin fragments of
approximately 10–40 kDa [70]. During outward migration, these primary fragments are
further degraded by kallikreins and other serine proteases, forming terminal fragments of
2–10 kDa on the skin surface. This stepwise degradation ensures a gradual decrease in the
mechanical strength of the stratum corneum while promoting normal shedding [71].

Environmental stress significantly alters keratin fragmentation patterns. Ultraviolet
exposure induces photooxidation of keratin, changes its sensitivity to proteases, and leads
to abnormal degradation patterns [71]. In particular, UVB-induced keratin fragments
may exhibit pro-inflammatory properties, possibly involving NLR family pyrin domain-
containing 3 (NLRP3) inflammasome-related signaling in keratinocytes and promoting the
release of interleukin-1β (IL-1β) and interleukin-18 (IL-18) [63].

Mechanical friction is another physical factor that may influence keratin organiza-
tion and stratum corneum turnover in daily life. Rather than proving the generation of
specific keratin nanofragments, current evidence more cautiously suggests that friction
may alter stratum corneum cohesion, corneocyte shedding, and barrier-related parameters.
Therefore, friction-associated keratin fragments should be interpreted mainly as indica-
tors of mechanical stress and barrier turnover unless direct fragment-level evidence is
available [72].

Some keratin-derived peptides have been reported to show antimicrobial or hydration-
related associations in experimental systems. However, most keratin fragments detected on
the skin surface are more conservatively interpreted as products of cornification, desqua-
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mation, and barrier turnover. Keratin- and filaggrin-related degradation products may
also be linked to natural moisturizing factor formation and hydration-related parameters,
but their biological relevance should be evaluated together with fragment source, size,
concentration, and model type [73,74].

4.4. Oxidative Fragmentation of Lipid Macromolecules

Lipid macromolecules in sebum, particularly squalene, ceramides, and phospholipids,
also undergo significant fragmentation on the skin surface. This fragmentation is mainly
driven by oxidative stress, and the resulting oxidized lipid fragments may be involved
in skin homeostasis and inflammation regulation [43]. Squalene, as a major component
of sebum, is highly susceptible to photooxidation. Under ultraviolet exposure or envi-
ronmental oxidative conditions, squalene can form various oxidation products, including
peroxides, aldehydes, and ketone derivatives. These products may be associated with skin
inflammation and oxidative stress responses but may also further affect the functional state
of keratinocytes.

Oxidative fragmentation products of phospholipids are also important sources of skin
lipid changes. Under oxidative conditions, phosphatidylcholine (PC), lysophosphatidyl-
choline (LPC), oxidized phospholipids (OxPL), and other active molecules can be generated.
These oxidized phospholipids have been reported to affect cellular signaling pathways and
may show context-dependent effects in inflammatory and oxidative stress responses [43].

A clinically relevant example is acne-prone skin, in which lipid fragmentation may
help explain the connection between sebum alteration, oxidative stress, and local inflamma-
tion. Sebum-rich areas contain high levels of squalene and other oxidizable lipids. Under
ultraviolet exposure, air pollution, or microbial enzyme activity, these lipids may generate
oxidized fragments, free fatty acids, and other bioactive lipid products [44,75]. These
fragments may influence keratinocyte responses, inflammatory signaling, and the local
microbial environment. Therefore, lipid fragments are not only degradation products, but
may also serve as molecular indicators of sebum oxidation and acne-related microenvi-
ronmental changes [22]. However, their interpretation requires caution because similar
oxidized lipid products may originate from host sebum metabolism, microbial activity, envi-
ronmental oxidation, or cosmetic residues. In addition, microbial dysbiosis may precede or
amplify lipid fragmentation rather than simply resulting from it. Bacterial lipases and other
microbial enzymes can modify sebum composition, increase free fatty acid production, and
contribute to oxidized lipid-related products [15,43,44,75]. Therefore, acne-associated lipid
fragments should be interpreted as part of a reciprocal host–microbe–environment process
rather than as independent causal markers [22,44,75].

For oxidized lipid fragments, the causal direction is also difficult to define. Oxidized
squalene, free fatty acids, and related lipid products may contribute to inflammation-related
signaling in experimental systems, but their presence on acne-prone or photoaged skin may
also reflect UV exposure, pollution, microbial lipase activity, or altered sebum composition.
Thus, lipid fragments are better interpreted as components of a host–microbe–environment
network rather than independent causal markers.

5. Reported Biological Associations and Evidence Limitations of
Fragmentation Products
5.1. Associations with Barrier-Related Parameters

These findings suggest that microbial-derived active metabolites may be relevant to the
maintenance of skin microecological balance [76]. These associations may involve several
barrier-related dimensions, including physical, chemical, and immune-related parameters,
but direct causal effects on human skin barrier function remain insufficiently established.
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In terms of the physical barrier, some macromolecular fragments derived from
hyaluronic acid and stratum corneum proteins have been associated with hydration-related
and barrier-related parameters. For example, hyaluronic acid fragments of different molec-
ular weights have been reported to affect water retention and gel-network formation in
the stratum corneum, which may be related to reduced transepidermal water loss under
specific experimental or formulation conditions [22,49]. Some protein fragments may also
be associated with lipid organization in the stratum corneum, although their direct contri-
bution to barrier integrity in vivo requires further validation [77]. In addition, hyaluronic
acid fragments of different molecular weights have been reported to penetrate deeper
layers of the stratum corneum to form a hydrated gel network, which may help reduce
transepidermal water loss and improve skin hydration [49]. Some protein fragments may
also be involved in lipid organization of the stratum corneum and further enhance skin
barrier integrity [77].

Chemical barrier-related parameters are influenced by skin surface pH, oxidative sta-
tus, and local biochemical conditions. Some protein fragments have been reported to show
buffering or free radical-scavenging capacity in experimental settings, suggesting a possi-
ble association with skin surface pH stability and oxidative stress-related changes [72,78].
Some protein fragments have been reported to possess buffering or free radical-scavenging
capacity, suggesting that they may help stabilize skin surface pH and reduce oxidative
damage [43,72,78].

At the immune-related barrier level, macromolecular fragments have been reported
to be associated with changes in antimicrobial peptide expression and related signaling
readouts [79]. However, these findings are mainly derived from defined experimental
systems, and their relevance to immune homeostasis on the human skin surface should
be interpreted cautiously [54]. Some extracellular matrix-derived fragments may also
correlate with immune-cell-related responses under specific conditions, but they should
not be interpreted as universal regulators of cutaneous immune homeostasis.

5.2. Model-Dependent Associations with Cell Proliferation and Differentiation

Macromolecular fragments have been associated with epidermal cell proliferation
and differentiation in several experimental models, but the strength and direction of these
associations may vary by fragment type, molecular size, and model system [68,69,80].

In the basal layer, some extracellular matrix fragments have been reported to correlate
with stem-cell-related proliferation and renewal markers in model systems. Degrada-
tion fragments of macromolecules such as collagen and hyaluronic acid may influence
cell–matrix interactions, but whether these effects directly support continuous epidermal
renewal in vivo remains to be clarified [65,66,70].

During migration toward the upper epidermal layers, different fragment molecules
may be associated with keratinocyte differentiation programs. Low-molecular-weight
hyaluronic acid fragments (10–20 kDa) have been reported to correlate with proliferative
responses in some models, whereas larger fragments (100–300 kDa) may be associated
with differentiation-related processes in the granular layer [54,56]. Keratinization-related
fragments may also show stage-specific expression during epidermal differentiation and
may serve as indicators for evaluating differentiation status [26,68].

Reported associations between macromolecular fragments and keratinocyte differ-
entiation may involve several signaling pathways, but most evidence remains model-
dependent. Transcriptomic studies have shown that different fragments have been asso-
ciated with different transcriptional responses. Hyaluronic acid fragments may mainly
contribute to early differentiation through the epidermal growth factor receptor–mitogen-
activated protein kinase (EGFR–MAPK) pathway and also promote epidermal barrier
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formation by modulating lipid synthesis-related signaling pathways [1,81]. These pathway-
level observations suggest possible links between fragment exposure and differentiation-
related responses, but they do not establish that macromolecular fragments directly main-
tain epidermal differentiation or ensure barrier stability in vivo.

5.3. Inflammation- and Stress-Related Responses: Association, Model Dependence, and
Reverse Causality

Fragment molecules have been reported to show dual properties in inflammatory
regulation associations depending on the molecular size, concentration, source, and experi-
mental model. In some experimental settings, fragments have been associated with pro-
inflammatory signaling, whereas in other contexts, they have been linked to inflammation-
resolution or tissue-remodeling-related responses [14,50].

In the early stage of inflammation, some low-molecular-weight hyaluronic acid frag-
ments (<10 kDa) and lipid-related fragments have been reported to interact with pattern
recognition receptors or damage-associated molecular pattern-related pathways, including
Toll-like receptor-mediated signaling [54,64]. These observations suggest possible links
with innate immune activation, but they should not be taken as evidence that these frag-
ments initiate inflammation in vivo. In inflamed or damaged skin, such fragments may
also be generated secondarily through oxidative stress, enzymatic degradation, or matrix
remodeling [82].

As inflammation progresses, certain extracellular matrix-derived degradation frag-
ments have been associated with immune-cell activation, cytokine release, and matrix
remodeling in experimental models [1,66]. However, collagen fragments and related degra-
dation products may also arise as downstream consequences of injury-induced fibroblast
activation, MMP activity, and extracellular matrix turnover [60]. Therefore, their presence
should be interpreted as a possible marker of remodeling or inflammation-associated degra-
dation rather than as direct proof of an anti-inflammatory or repair-regulating function.

During tissue repair, macromolecular fragments may be detected in association with
extracellular matrix remodeling, fibroblast migration, and wound-related biochemical
changes. Hyaluronic acid and collagen degradation products have been reported to pro-
mote fibroblast migration to injured sites and enhance extracellular matrix resynthesis,
thereby facilitating wound healing [52,56].

In addition to inflammatory regulation, macromolecular fragments may also appear
during environmental stress responses and may reflect oxidative damage, enzymatic
remodeling, or stress-associated biochemical changes [43]. The skin is exposed for long
periods to ultraviolet radiation, pollutants, and oxidative environments. Some protein and
polysaccharide degradation fragments have strong free radical-scavenging capacity and
may help reduce oxidative damage to skin structures by directly capturing reactive oxygen
species (ROS) or chelating transition metal ions [42,78]. Further studies have shown that
some extracellular matrix degradation fragments not only have antioxidant capacity but
can also enhance the adaptability of skin cells to environmental changes by regulating
antioxidant-related signaling pathways.

Meanwhile, under dry or low-humidity conditions, certain polysaccharide or glyco-
protein degradation fragments show strong hydrophilicity, helping to maintain stratum
corneum hydration and improve skin barrier function, thereby increasing the skin’s tol-
erance to extreme environmental changes [49,73]. Some lipids and their degradation
products also play important roles in environmental adaptation. For example, lipid oxi-
dation products can participate in the regulation of inflammatory responses and barrier
repair processes, thus maintaining the stability of the skin microenvironment [72].

Overall, macromolecular fragments may have bidirectional regulatory effects in in-
flammation regulation and tissue repair. On the one hand, some low-molecular-weight
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fragments may contribute to pathogen clearance and damaged tissue recognition. On the
other hand, certain extracellular matrix-derived fragments can promote tissue repair and
prevent the continued expansion of inflammatory responses. Therefore, skin macromolecu-
lar fragments should not be interpreted as a single functional category. Current evidence
supports a more cautious interpretation: many fragments may be degradation products or
stress-associated markers, whereas only a subset may have context-dependent biological
activity under defined experimental conditions.

5.4. Potential Microbiome-Mediated Fragment Generation

In addition to host-derived enzymatic cleavage and oxidative degradation, microor-
ganisms on the skin surface may also directly or indirectly participate in the generation
of macromolecular fragments. This process may involve microbial proteases, lipases, and
other extracellular enzymes, and may also indirectly promote the cleavage of proteins,
lipids, and polysaccharides by altering local pH, inflammatory status, and host enzyme
activity. Therefore, the skin surface fragmentome should not be simply regarded as a molec-
ular pool generated entirely by host cell metabolism, but rather as a combined outcome of
host metabolism, microbial metabolism, and their local interactions.

In inflammatory skin diseases, Staphylococcus aureus represents a relatively important
microbial factor. Abnormal colonization by S. aureus is closely associated with atopic
dermatitis and may aggravate skin barrier damage and inflammatory responses [18]. Mech-
anistically, S. aureus can secrete various extracellular proteases and virulence-associated
factors, which may affect keratinocyte-associated proteins, filaggrin processing, and cor-
neodesmosomal proteins such as desmoglein-1 and corneodesmosin. These changes may
promote abnormal desquamation, weaken intercellular cohesion in the stratum corneum,
and increase transepidermal water loss [5,26,83–85]. However, the detection of protein frag-
ments in S. aureus-colonized skin does not directly indicate that these fragments are entirely
caused by S. aureus. A more cautious interpretation is that these fragments may reflect the
combined effects of microbial protease activity, host kallikrein activation, increased skin
surface pH, and pre-existing barrier damage.

Microbial lipid metabolism may also participate in the formation of lipid-derived
fragments. In sebum-rich areas, Cutibacterium acnes can express extracellular lipases that
hydrolyze sebum triglycerides and related lipid substrates, thereby releasing free fatty acids
and other lipid-derived products [86]. These products may alter follicular lipid composition,
affect keratinocyte responses, and participate in acne-associated inflammation. Similarly,
Malassezia species rely on secreted lipases to metabolize host sebum lipids. The saturated
or unsaturated fatty acids, lipid peroxidation products, and related metabolites generated
through this process may disturb skin surface lipid organization and contribute to local
irritation or inflammatory responses in lipid-rich areas such as the scalp and face [87,88].

Microorganisms may also amplify fragment generation through indirect pathways. Mi-
crobial dysbiosis may increase local pH, alter nutrient availability, stimulate the release of in-
flammatory cytokines, and affect host protease or lipase activity. These changes may create
a microenvironment that is more prone to the degradation of proteins, lipids, and polysac-
charides. Conversely, host-derived fragments may further influence microbial growth and
metabolic activity, thereby forming a feedback relationship among barrier damage, micro-
bial metabolism, and fragment accumulation. Therefore, microbiome-mediated fragment
generation should be interpreted as a skin-context-dependent process that includes both
microbial enzymatic cleavage and indirect effects arising from host–microbe interactions.
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5.5. Bidirectional Associations Between Skin Surface Fragments and the Microbiome

Skin homeostasis depends not only on the barrier, immune, and repair capacities of
host cells, but also on the stability of the microbial community on the skin surface. The
macromolecular fragments generated during barrier turnover, inflammatory responses,
oxidative stress, or microbial metabolism may influence nutrient availability, antimicrobial
pressure, and signaling communication within the skin microenvironment. Conversely, mi-
crobial dysbiosis may also influence fragment generation by altering local enzyme activity,
pH conditions, and lipid or protein metabolism. This bidirectional relationship suggests
that skin surface fragments and the microbiome may influence each other, although their
causal direction is often difficult to determine separately under complex disease conditions.

Some fragments derived from host proteins and the extracellular matrix have been
reported to exhibit selective antimicrobial activity, with potentially different effects on com-
mensal and pathogenic bacteria [89]. This observation suggests that certain degradation
fragments are not merely passive breakdown products; however, they do not demonstrate
that these fragments actively shape microbial community structure on human skin. Micro-
bial extracellular products may also provide peptide-like components or small molecules
relevant to host–microbe interactions. For example, extracellular products from Heyn-
drickxia coagulans contain low-molecular-weight peptide components and other postbiotic
metabolites, and have been reported to inhibit Staphylococcus aureus growth, disrupt biofilm
formation, damage bacterial membrane integrity, and affect bacterial metabolic activity [76].
However, this evidence is mainly derived from an experimental model rather than di-
rect skin surface fragmentome analysis. Therefore, host- or microbe-derived fragments
should be interpreted as candidate interaction signals or metabolic substrates rather than
established microecological regulators.

Atopic dermatitis provides a representative example in which fragmentation, barrier
dysfunction, and microbial dysbiosis overlap. In atopic skin, increased skin surface pH,
abnormal protease activity, and Staphylococcus aureus colonization may jointly accelerate the
degradation of corneodesmosomal proteins and keratin-related components, thereby weak-
ening stratum corneum cohesion and increasing transepidermal water loss [5,26,83–85].
At the same time, altered microbial communities may further disturb the local metabolic
environment and promote inflammation-related responses [9,90]. Therefore, the fragment
profile in atopic dermatitis should not be interpreted as the result of a single degradation
pathway. Rather, it may reflect the combined effects of altered pH, excessive protease
activity, impaired barrier structure, immune activation, and microbiome imbalance. Some
protein, peptide, or polysaccharide fragments may affect bacterial signaling or substrate
availability under specific experimental conditions [59]. Such effects may reduce bacterial
virulence rather than directly kill bacteria, but direct evidence that they maintain human
skin microecological balance remains limited. In addition, some degradation products may
serve as potential metabolic substrates for commensal microorganisms, thereby possibly
influencing microbial community composition [58]. Metabolites generated after micro-
bial utilization of these substrates, such as short-chain fatty acids, may further affect host
immune responses [15]. However, these associations should be described as possible
microbiome-associated interactions rather than proven regulatory functions.

Overall, the relationship between skin fragments and the microbiome is better in-
terpreted as a dynamic network rather than a unidirectional linear pathway. Microbial
enzymes may generate protein- or lipid-derived fragments; host barrier damage may
provide additional substrates for microbial metabolism; and host- or microbe-derived frag-
ments may, in turn, affect microbial growth, biofilm formation, inflammatory status, and
barrier repair. Future studies combining metagenomics, metabolomics, peptidomics, and
lipidomics are still needed to further distinguish host-derived fragments from microbiome-
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derived fragments and to clarify whether these molecules primarily function as degradation
products, disease markers, or skin-context-dependent modulators of the microecology.

5.6. Aging, Photoaging Associated with Aging, and Photoaging and Skin Conditions

Macromolecular fragmentation has been increasingly associated with intrinsic aging
and photoaging. During aging, the antioxidant capacity of the skin decreases, while oxida-
tively modified proteins, lipids, and polysaccharides gradually accumulate. Under chronic
ultraviolet exposure, reactive oxygen species and UV-induced signaling pathways have
been reported to promote collagen and elastin degradation, increase matrix metallopro-
teinase activity, and alter lipid oxidation patterns [12,23,43,59]. These changes may reduce
skin elasticity, weaken barrier repair, and contribute to persistent low-grade inflammation.
Therefore, fragmentation patterns may be viewed not only as consequences of aging but
also as potential molecular indicators of the aging process.

Fragmentation imbalance may also participate in the development of inflammatory
and barrier-related skin disorders. Photoaging is a representative case in which environ-
mental exposure directly reshapes skin surface fragmentation patterns. Chronic ultraviolet
exposure can induce reactive oxygen species, activate MAPK/MMP-related pathways,
and promote extracellular matrix degradation [59]. In parallel, keratin proteins may un-
dergo oxidative modification, while sebum lipids such as squalene and phospholipids may
generate oxidized lipid fragments [43,44,53,75]. Solar radiation may also affect the skin
microbiome and barrier-related microenvironment, further complicating the interpreta-
tion of fragment profiles [11]. From this perspective, collagen-derived peptides, oxidized
lipid products, and keratin-related fragments may provide complementary molecular
information for evaluating photoaging severity. Nevertheless, these fragment markers
should be interpreted together with barrier measurements, oxidative stress indicators,
and inflammatory parameters because ultraviolet exposure affects multiple molecular
pathways simultaneously.

In atopic dermatitis, increased skin surface pH, abnormal protease activity, and Staphy-
lococcus aureus colonization may amplify the degradation of barrier proteins and aggravate
inflammation [26,91]. In acne-prone skin, lipid oxidation and microbial lipase activity
can change sebum composition and generate pro-inflammatory lipid fragments [43]. In
psoriasis and rosacea, abnormal processing of antimicrobial peptides and extracellular
fragments may be associated with innate immune pathway activation. These examples
suggest that disease-related fragmentation should be interpreted as a network process
involving barrier damage, immune activation, and microbial dysbiosis rather than a single
degradation event.

From a translational perspective, specific fragment profiles may provide useful
biomarkers for evaluating skin damage, photoaging severity, barrier status, and treatment
response. For example, the relative abundance of collagen-derived peptides, low-molecular-
weight hyaluronic acid fragments, oxidized lipid products, or keratin-related fragments
may reflect different dimensions of skin stress. However, these indicators still require
standardized sampling, quantitative validation, and functional confirmation before they
can be used as reliable diagnostic or skincare evaluation tools.

In summary, hyaluronic acid fragments appear to be more closely related to hydration,
migration, and inflammation control; collagen- and ECM-derived peptides are mainly
linked to matrix remodeling and repair signaling; keratin-related fragments reflect bar-
rier renewal and hydration-related changes; and oxidized lipid fragments are associated
with oxidative stress, inflammation, and sebum-related disorders. These fragment cate-
gories may support different application scenarios, but their interpretation must remain
dependent on molecular size, sequence, concentration, and skin context.
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5.7. Case-Based Evidence Synthesis

This section summarizes three representative case scenarios. These cases are not in-
tended to demonstrate that skin-surface macromolecular fragments are primary regulatory
molecules in specific skin conditions, but rather to illustrate how fragment profiles may
reflect interactions among environmental exposure, barrier status, host enzymatic activity,
and microbial metabolism.

Case 1: Photoaging
In the context of photoaging, ultraviolet exposure may induce oxidative stress and is

associated with ROS accumulation, increased matrix metalloproteinase (MMP) expression
or activity, and extracellular matrix remodeling. The resulting collagen-derived fragments
and oxidized lipids may therefore be interpreted as molecular traces of UV-induced ox-
idative damage, matrix degradation, and lipid peroxidation [23,92]. Thus, the detection of
collagen fragments or oxidized lipids in photoaged skin should not be directly interpreted
as evidence that these fragments actively cause photoaging. A more cautious interpretation
is that they may also reflect the combined consequences of oxidative stress and matrix
remodeling after UV exposure.

Case 2: Atopic dermatitis
In the context of atopic dermatitis (AD), barrier impairment, increased skin pH,

enhanced Staphylococcus aureus colonization, and elevated host- or microbe-derived
protease activity may jointly promote abnormal degradation of keratin, filaggrin, and
corneodesmosome-associated structures [33,93,94]. Therefore, the protein or peptide frag-
ment profile on AD skin is more appropriately interpreted as a molecular manifestation of
overlapping barrier disruption, microbial dysbiosis, and inflammatory background rather
than as direct evidence of a single causal factor. This interpretation helps avoid equating
the presence of fragments with fragment-driven inflammation or barrier damage.

Case 3: Acne-prone skin
In acne-prone skin, the sebum-rich follicular environment may influence the metabolic

activity of Cutibacterium acnes. C. acnes lipases can participate in the hydrolysis of sebum
triglycerides, leading to the formation of free fatty acids. Meanwhile, sebum oxidation and
strain-associated microbial metabolism may also contribute to the generation of oxidized
lipids or other small lipid fragments [86,95,96]. These lipid fragments may represent
downstream consequences of sebum remodeling, microbial lipolysis, and oxidative stress.
In certain concentrations and microenvironmental contexts, they may also participate in
amplifying inflammatory responses. However, the detection of free fatty acids or oxidized
lipids alone is insufficient to establish them as primary causal factors in acne-prone skin,
and interpretation still requires consideration of temporal sequence, model type, and
functional validation.

6. Mechanistic Context, Analytical Translation, and
Validation Requirements

Macromolecular fragmentation on the skin surface involves different substrates, exter-
nal triggers, cleavage products, and biological outcomes.

Rather than representing a simple degradation process, fragmentation may serve as a
dynamic interface between environmental exposure, tissue remodeling, and skin home-
ostasis. Hyaluronic acid fragments, collagen- and ECM-derived peptides, keratin-related
fragments, and oxidized lipid fragments may arise under different conditions and partici-
pate in distinct biological responses, including inflammation, barrier alteration, photoaging,
and repair-associated signaling. Therefore, skin surface fragmentation should be inter-
preted as a spectrum ranging from passive molecular breakdown and stress-associated
byproduct formation to regulated cleavage events with potential biological relevance.

https://doi.org/10.3390/cosmetics13040180

https://doi.org/10.3390/cosmetics13040180


Cosmetics 2026, 13, 180 25 of 32

At the mechanistic level, fragment generation may be influenced by gene expression,
non-coding RNA regulation, protease and hyaluronidase activity, oxidative stress, microbial
metabolism, and multiple signaling pathways. These factors may shape the abundance
and composition of fragments under different conditions, but they do not by themselves
establish whether the fragments are causal drivers or secondary markers of skin changes.
Understanding this regulatory context is important for translating fragmentomic findings
into diagnostic markers, skincare evaluation tools, and targeted intervention strategies.

6.1. Factors Influencing Fragment Generation

Studies have revealed that macromolecular fragmentation on the skin surface does not
appear to be entirely random and may be subject to biological regulation. This regulation in-
volves multiple mechanisms, including gene expression, post-transcriptional modification,
protease activity regulation, and environmental signaling. These mechanisms contribute
to the dynamic regulation of fragmentation processes under different physiological and
pathological states and together form a complex regulatory network [62,97].

At the gene expression level, the expression of fragmentation-related enzymes may
be influenced by circadian regulation, hormonal status, and inflammatory signaling. The
epidermal circadian clock may influence epidermal turnover, barrier-related physiology,
and enzyme-associated remodeling processes, but direct evidence linking the circadian
locomotor output cycles kaput (CLOCK)–brain and muscle ARNT-like 1 (BMAL1) axis to
HYAL1-mediated skin surface HA fragmentation remains limited. The expression of serine
protease family members, such as the kallikrein-related peptidase family, is also affected
by hormone levels. Studies have shown that estrogen can regulate KLK-related gene
expression, thereby participating in the regulation of skin structure and function [5,10].

Post-transcriptional regulation may provide a rapid response mechanism for changes
in fragmentation-related enzyme expression. A variety of microRNAs are involved in
regulating the expression of fragmentation enzymes. For example, microRNA-146a can
target the messenger RNAs of multiple proteases and can be induced through the nuclear
factor kappa B(NF-κB) signaling pathway under inflammatory conditions, thereby enhanc-
ing protease activity through NF-κB-dependent induction. Some long non-coding RNAs
(lncRNAs) regulate protease mRNA stability by forming double-stranded structures with
these mRNAs [98]. This multi-level regulation may help fragmentation patterns change in
response to environmental stimuli [92].

Regulation at the protein level involves zymogen activation, cofactor regulation, and
endogenous inhibitors. Many studies have shown that matrix metalloproteinases (MMPs)
are important contributors to skin matrix degradation, and their activity is controlled by a
complex cascade regulatory network [61]. Endogenous inhibitors, such as tissue inhibitors
of metalloproteinases (TIMPs), bind to proteases and inhibit their overactivation, thereby
maintaining tissue structural stability [61]. Differences in the expression and distribution of
these inhibitors may influence the spatial specificity of the fragmentation process, allowing
different skin regions to exhibit different fragmentation patterns.

Environmental factors may influence fragmentation through multiple signaling path-
ways. UV irradiation activates the p38 mitogen-activated protein kinase (p38 MAPK)
and c-Jun N-terminal kinase (JNK) pathways and upregulates the expression of multiple
proteases, thereby promoting extracellular matrix (ECM) degradation [62,63]. Oxidative
stress not only induces antioxidant responses through the NF-κB pathway but also affects
the expression of certain fragmentation-related enzymes [43]. Mechanical stress regulates
the fragmentation of cytoskeleton-associated proteins through the YAP/TAZ pathway [99].
The synergy among these signaling pathways may allow the fragmentation process to
respond rapidly to changes in the external environment.
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6.2. Analytical Development and Standardization of Fragmentomics

To comprehensively analyze the fragmentation characteristics of macromolecules on
the skin surface, a multi-omics analytical strategy that focuses on fragments as research
objects has gradually developed in recent years. This approach is referred to as “frag-
mentomics.” It generally relies on the combined application of multiple high-throughput
analytical methods and bioinformatics tools to achieve systematic analysis of complex
fragment systems [100].

In sample preparation, multidimensional sampling and standardized processing work-
flows are regarded as key to improving fragment enrichment efficiency and data reliability.
Sampling materials with different physicochemical properties can be used to enrich specific
types of molecular fragments. For example, charged surface materials are useful for enrich-
ing charged polysaccharide fragments, whereas hydrophobic materials are more suitable
for collecting lipid and protein fragments [40]. Standardized sample processing workflows
are important for reducing human error and improving the comparability of experimental
results [100].

In analytical technology, mass spectrometry (MS) has become a core tool in frag-
mentomics research. Ion mobility mass spectrometry (IM-MS) enables high-resolution
separation of fragments based on ion shape and charge characteristics, thereby improv-
ing the ability to distinguish structurally similar fragments in complex samples [37]. For
complex mixtures, two-dimensional liquid chromatography (2D-LC) combined with high-
resolution mass spectrometry can further improve separation efficiency and increase the
detection sensitivity of low-abundance fragments [40]. In recent years, DIA strategies have
been widely applied in proteome and peptidome research and can significantly improve
the coverage and reliability of fragment identification [101].

With the rapid increase in data volume, many researchers have constructed specific
fragment databases to systematically organize fragment sequences, sources, and poten-
tial functions, thereby enabling automated analysis of high-throughput data [102]. The
complexity of data generated by HRMS often requires the application of advanced com-
putational tools. Machine learning algorithms and related data-driven structural analy-
sis systems are increasingly utilized in fragmentomics. By analyzing sequence features,
MS/MS fragmentation patterns, and microenvironmental variables, these computational
models can assist in predicting potential cleavage sites and performing data deconvolution,
thereby aiding in the distinction between endogenous bioactive fragments and background
noise [103]. Network analysis methods are also widely used to analyze interactions be-
tween fragments and receptors and to reveal their potential roles in signal regulation at the
systems level [104].

Standardization is an important direction for the development of fragmentomics. In
recent years, international research institutions have gradually established unified data
formats and analytical workflows and improved the reproducibility of research results
through multicenter validation. This standardization trend not only promotes data sharing
but also provides a foundation for cross-laboratory comparison in functional studies of
fragments [102].

6.3. Potential Analytical Applications and Validation Requirements

At the current stage, fragment profiles should primarily be considered as analytical
indicators and hypothesis-generating readouts rather than direct intervention targets.
Before they are used for product evaluation or skin-condition assessment, their molecular
identity, source attribution, concentration range, reproducibility, and biological relevance
must be validated.
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In activity screening, fragments can be evaluated as candidate molecules in defined
experimental systems. Short peptides derived from collagen or elastin have been reported
to affect fibroblast-related readouts and matrix-associated markers in model systems [105].
However, these findings should be interpreted as model-based evidence and require dose–
response testing, formulation stability assessment, and controlled human validation before
practical application [105].

A more cautious application is to use fragment profiles as supplementary molecular
readouts in product-related evaluation settings. For example, antioxidant-containing
formulations may be associated with lower levels of oxidized lipid products, barrier-
supporting formulations may be associated with changes in keratin- or protein-derived
fragments, and microbiome-oriented formulations may be associated with changes in
enzyme-related fragment profiles [18,22]. These associations should be used as supportive
analytical evidence rather than as independent evidence of a formulation efficacy.

Fragment signatures may also provide auxiliary data for mechanism-based non-animal
evaluation or NGRA frameworks. However, their use should depend on standardized
sampling, validated quantitative methods, source attribution, and biological interpretation
within defined models [104].

7. Conclusions and Outlook
Macromolecular fragmentation on the skin surface should be regarded as a heteroge-

neous molecular phenomenon rather than a single regulatory mechanism. Skin surface
fragments may originate from passive molecular degradation, stress-associated byproduct
formation, enzymatic cleavage, oxidation reactions, microbial metabolism, or physical
disruption. Environmental exposure, ultraviolet irradiation, oxidative stress, mechanical
friction, changes in skin surface pH, host-derived enzymes, and microbiota-derived en-
zymes may all contribute to the cleavage or structural modification of hyaluronic acid,
collagen, keratin, lipids, and other skin-related macromolecules.

Current evidence suggests that different classes of macromolecular fragments may
have distinct biological associations, but their interpretation should remain cautious.
Hyaluronic acid fragments have been associated with hydration, cell migration, and
inflammation-related responses; collagen-derived peptides may reflect extracellular ma-
trix remodeling or repair-related processes; keratin fragments may be linked to stratum
corneum turnover and barrier status; and oxidized lipid fragments may indicate oxidative
stress, sebum alteration, or inflammation-related biochemical changes. However, these asso-
ciations do not necessarily demonstrate that these fragments are primary causal regulators
of skin homeostasis. Their biological relevance may be influenced by molecular size, se-
quence, concentration, source, modification status, and the specific skin microenvironment
in which they are generated.

Recent advances in HRMS, LC-MS/MS, UPLC-MS/MS, proteomics, peptidomics,
lipidomics, metabolomics, and microbiome sequencing have improved the detection and
characterization of skin surface fragments. Nevertheless, this field remains at a relatively
early stage. Many current conclusions are still based on in vitro models, ex vivo systems,
or indirect associations rather than direct functional confirmation in human skin. In
addition, skin surface samples are characterized by low sample amounts, complex matrices,
high contamination risks, and rapid molecular turnover. These features make it difficult
to accurately distinguish endogenous fragments from exogenous cosmetic ingredients,
environmental residues, or microbiota-derived metabolites. Therefore, source attribution,
quantitative reliability, and functional validation remain major challenges in this field.

Future studies should prioritize standardized sampling procedures, rigorous method
validation, source attribution analysis, and quantitative confirmation. Integrated multi-
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omics analysis, reconstructed skin models, microbiota co-culture systems, and controlled
human studies may help improve the reliability and comparability of research findings.
Functional validation should also be strengthened by combining fragment purification,
synthetic fragment testing, receptor-related experiments, dose–response analysis, and
controlled biological models to determine whether specific fragments truly participate in
barrier function, inflammatory responses, cell migration, tissue repair, or microecological
balance. Before fragment profiles are used as biomarkers or cosmetic efficacy evaluation
endpoints, their molecular origins, stability, biological relevance, and safety boundaries
should be more clearly defined.

Overall, skin surface macromolecular fragmentation is an emerging research area that
may help describe molecular changes associated with environmental exposure, barrier
disturbance, microbiome activity, and skin aging. However, the current evidence base
remains insufficient to define most fragments as causal regulators of skin homeostasis.
Future studies should prioritize standardized sampling, source attribution, quantitative
validation, and controlled human studies before fragment profiles are used as reliable
biomarkers or evaluation endpoints.

Author Contributions: K.J.; literature search, K.J.; data curation, X.N.; writing—original draft
preparation, K.J.; writing—review and editing, K.J., X.N., L.S. and J.C.; visualization, K.J.; supervision,
L.S. and J.C.; project administration, L.S. and J.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Theocharis, A.D.; Skandalis, S.S.; Gialeli, C.; Karamanos, N.K. Extracellular Matrix Structure. Adv. Drug Deliv. Rev. 2016, 97, 4–27.

[CrossRef] [PubMed]
2. Bouwstra, J.A.; Nadaban, A.; Bras, W.; McCabe, C.; Bunge, A.; Gooris, G.S. The Skin Barrier: An Extraordinary Interface with an

Exceptional Lipid Organization. Prog. Lipid Res. 2023, 92, 101252. [CrossRef] [PubMed]
3. Berdyshev, E. Skin Lipid Barrier: Structure, Function and Metabolism. Allergy Asthma Immunol. Res. 2024, 16, 445–461. [CrossRef]

[PubMed]
4. Hu, X. Research Progress on Skin Barrier Damage and Repair Mechanisms. J. Diagn. Ther. Derm.-Venereol. 2026, 33, 154–160.

(In Chinese)
5. Choi, E.H.; Kang, H. Importance of Stratum Corneum Acidification to Restore Skin Barrier Function in Eczematous Diseases.

Ann. Dermatol. 2024, 36, 1–8. [CrossRef] [PubMed]
6. Fukuda, K.; Ito, Y.; Furuichi, Y.; Matsui, T.; Horikawa, H.; Miyano, T.; Okada, T.; van Logtestijn, M.; Tanaka, R.J.; Miyawaki, A.;

et al. Three Stepwise Ph Progressions in Stratum Corneum for Homeostatic Maintenance of the Skin. Nat. Commun. 2024, 15, 4062.
[CrossRef] [PubMed]

7. Litwiniuk, M.; Krejner, A.; Grzela, T. Hyaluronic Acid in Inflammation and Tissue Regeneration. Wounds 2016, 28, 78–88.
[PubMed]

8. Fallacara, A.; Baldini, E.; Manfredini, S.; Vertuani, S. Hyaluronic Acid in the Third Millennium. Polymers 2018, 10, 701. [CrossRef]
[PubMed]

9. Adnan, S.B.; Maarof, M.; Fauzi, M.B.; Md Fadilah, N.I. Antimicrobial Peptides in Wound Healing and Skin Regeneration: Dual
Roles in Immunity and Microbial Defense. Int. J. Mol. Sci. 2025, 26, 5920. [CrossRef] [PubMed]

10. Stamatas, G.N. Protein Degradation in the Stratum Corneum. Int. J. Cosmet. Sci. 2024, 46, 590–597. [CrossRef] [PubMed]

https://doi.org/10.3390/cosmetics13040180

https://doi.org/10.1016/j.addr.2015.11.001
https://www.ncbi.nlm.nih.gov/pubmed/26562801
https://doi.org/10.1016/j.plipres.2023.101252
https://www.ncbi.nlm.nih.gov/pubmed/37666282
https://doi.org/10.4168/aair.2024.16.5.445
https://www.ncbi.nlm.nih.gov/pubmed/39363765
https://doi.org/10.5021/ad.23.078
https://www.ncbi.nlm.nih.gov/pubmed/38325428
https://doi.org/10.1038/s41467-024-48226-z
https://www.ncbi.nlm.nih.gov/pubmed/38750035
https://www.ncbi.nlm.nih.gov/pubmed/26978861
https://doi.org/10.3390/polym10070701
https://www.ncbi.nlm.nih.gov/pubmed/30960626
https://doi.org/10.3390/ijms26135920
https://www.ncbi.nlm.nih.gov/pubmed/40649700
https://doi.org/10.1111/ics.12974
https://www.ncbi.nlm.nih.gov/pubmed/39113293
https://doi.org/10.3390/cosmetics13040180


Cosmetics 2026, 13, 180 29 of 32

11. Gilaberte, Y.; Piquero-Casals, J.; Schalka, S.; Leone, G.; Brown, A.; Trullas, C.; Jourdan, E.; Lim, H.W.; Krutmann, J.; Passeron,
T. Exploring the Impact of Solar Radiation on Skin Microbiome to Develop Improved Photoprotection Strategies. Photochem.
Photobiol. 2025, 101, 38–52. [PubMed]

12. Bang, E.; Kim, D.H.; Chung, H.Y. Protease-Activated Receptor 2 Induces Ros-Mediated Inflammation through Akt-Mediated
Nf-Kb and Foxo6 Modulation During Skin Photoaging. Redox Biol. 2021, 44, 102022. [CrossRef] [PubMed]

13. Han, H.S.; Seok, J.; Park, K.Y. Air Pollution and Skin Diseases. Ann. Dermatol. 2025, 37, 53–67. [CrossRef] [PubMed]
14. Sies, H.; Jones, D.P. Reactive Oxygen Species (Ros) as Pleiotropic Physiological Signalling Agents. Nat. Rev. Mol. Cell Biol. 2020,

21, 363–383. [CrossRef] [PubMed]
15. Byrd, A.L.; Belkaid, Y.; Segre, J.A. The Human Skin Microbiome. Nat. Rev. Microbiol. 2018, 16, 143–155. [CrossRef] [PubMed]
16. Woo, Y.R.; Kim, H.S. Interaction between the Microbiota and the Skin Barrier in Aging Skin: A Comprehensive Review. Front.

Physiol. 2024, 15, 1322205. [CrossRef] [PubMed]
17. Schuetz, R.; Claypool, J.; Sfriso, R.; Vollhardt, J.H. Sunscreens Can Preserve Human Skin Microbiome Upon Erythemal Uv

Exposure. Int. J. Cosmet. Sci. 2024, 46, 71–84. [PubMed]
18. Janssens-Bocker, C.; Doberenz, C.; Monteiro, M.; de Oliveira Ferreira, M. Influence of Cosmetic Skincare Products with Ph < 5 on

the Skin Microbiome: A Randomized Clinical Evaluation. Dermatol. Ther. 2025, 15, 141–159.
19. Meng, D.; Liu, Q.; Guo, Y.; Fan, Z.; Yang, R.; Sheng, J. Research Progress on Molecular Structure and Functional Characteristics of

Natural Antimicrobial Peptides. J. Chin. Inst. Food Sci. Technol. 2019, 19, 342–350. (In Chinese)
20. Atwood, S.X.; Plikus, M.V. Fostering a Healthy Culture: Biological Relevance of in Vitro and Ex Vivo Skin Models. Exp. Dermatol.

2021, 30, 298–303. [CrossRef] [PubMed]
21. Quilez, C.; Bebiano, L.B.; Jones, E.; Maver, U.; Meesters, L.; Parzymies, P.; Petiot, E.; Rikken, G.; Risueno, I.; Zaidi, H.; et al.

Targeting the Complexity of in Vitro Skin Models: A Review of Cutting-Edge Developments. J. Investig. Dermatol. 2024, 144,
2650–2670. [CrossRef] [PubMed]

22. Isom, M.; Desaire, H. Skin Surface Sebum Analysis by Esi-Ms. Biomolecules 2024, 14, 790. [CrossRef] [PubMed]
23. Feng, C.; Chen, X.; Yin, X.; Jiang, Y.; Zhao, C. Matrix Metalloproteinases on Skin Photoaging. J. Cosmet. Dermatol. 2024, 23,

3847–3862. [CrossRef] [PubMed]
24. Rinnerthaler, M.; Bischof, J.; Streubel, M.; Trost, A.; Richter, K. Oxidative Stress in Aging Human Skin. Biomolecules 2015, 5,

545–589. [CrossRef] [PubMed]
25. Halliwell, B. Commentary for “Oxygen Free Radicals and Iron in Relation to Biology and Medicine: Some Problems and

Concepts”. Arch. Biochem. Biophys. 2022, 718, 109151. [CrossRef] [PubMed]
26. Caubet, C.; Jonca, N.; Brattsand, M.; Guerrin, M.; Bernard, D.; Schmidt, R.; Egelrud, T.; Simon, M.; Serre, G. Degradation of

Corneodesmosome Proteins by Two Serine Proteases of the Kallikrein Family, Scte/Klk5/Hk5 and Scce/Klk7/Hk7. J. Investig.
Dermatol. 2004, 122, 1235–1244. [CrossRef] [PubMed]

27. Chua, W.; Poh, S.E.; Li, H. Secretory Proteases of the Human Skin Microbiome. Infect. Immun. 2022, 90, e00397-21. [CrossRef]
[PubMed]

28. Delalleau, A.; Josse, G.; Lagarde, J.M.; Zahouani, H.; Bergheau, J.M. Characterization of the Mechanical Properties of Skin by
Inverse Analysis Combined with the Indentation Test. J. Biomech. 2006, 39, 1603–1610. [CrossRef] [PubMed]

29. Gefen, A. How Do Microclimate Factors Affect the Risk for Superficial Pressure Ulcers: A Mathematical Modeling Study. J. Tissue
Viability 2011, 20, 81–88. [CrossRef] [PubMed]

30. Wurbs, A.; Karner, C.; Vejzovic, D.; Singer, G.; Pichler, M.; Liegl-Atzwanger, B.; Rinner, B. A Human Ex Vivo Skin Model Breaking
Boundaries. Sci. Rep. 2024, 14, 24054. [CrossRef] [PubMed]

31. Jacobi, U.; Kaiser, M.; Toll, R.; Mangelsdorf, S.; Audring, H.; Otberg, N.; Sterry, W.; Lademann, J. Porcine Ear Skin: An in Vitro
Model for Human Skin. Skin. Res. Technol. 2007, 13, 19–24. [PubMed]

32. Chen, H.; Chen, Y.; Zhou, Y.; Cao, S.; Lu, J.; Han, L.; Worzfeld, T.; Krutmann, J.; Wang, J.; Xia, J. Optimizing Skin Surface
Metabolomics: A Comprehensive Evaluation of Sampling Methods, Extraction Solvents, and Analytical Techniques. J. Investig.
Dermatol. 2025, 145, 1166–1179. [CrossRef] [PubMed]

33. Stanisic, T.; Olesen, C.M.; Christensen, M.O.; Dyring-Andersen, B.; Lovendorf, M.B.; Vreeken, J.; de Boer, F.; Kezic, S.; Kongsbak-
Wismann, M. Optimization of Protein Extraction from Skin Tape Strips for Biomarker Assessment. Sci. Rep. 2026, 16. [CrossRef]
[PubMed]

34. Gehin, C.; Tokarska, J.; Fowler, S.J.; Barran, P.E.; Trivedi, D.K. No Skin Off Your Back: The Sampling and Extraction of Sebum for
Metabolomics. Metabolomics 2023, 19, 21. [CrossRef] [PubMed]

35. Dessi, A.; Pintus, R.; Fanos, V.; Bosco, A. Integrative Multiomics Approach to Skin: The Sinergy between Individualised Medicine
and Futuristic Precision Skin Care? Metabolites 2024, 14, 157. [CrossRef] [PubMed]

36. Long, B.; Pan, W.; Wu, S.; Nong, Q.; Li, W.; Chen, S.; Guo, H. Advances in the Application of Multi-Omics Analysis in Skin Aging.
Front. Aging 2025, 6, 1596050. [CrossRef] [PubMed]

https://doi.org/10.3390/cosmetics13040180

https://www.ncbi.nlm.nih.gov/pubmed/38767119
https://doi.org/10.1016/j.redox.2021.102022
https://www.ncbi.nlm.nih.gov/pubmed/34082382
https://doi.org/10.5021/ad.24.159
https://www.ncbi.nlm.nih.gov/pubmed/40165563
https://doi.org/10.1038/s41580-020-0230-3
https://www.ncbi.nlm.nih.gov/pubmed/32231263
https://doi.org/10.1038/nrmicro.2017.157
https://www.ncbi.nlm.nih.gov/pubmed/29332945
https://doi.org/10.3389/fphys.2024.1322205
https://www.ncbi.nlm.nih.gov/pubmed/38312314
https://www.ncbi.nlm.nih.gov/pubmed/37664974
https://doi.org/10.1111/exd.14296
https://www.ncbi.nlm.nih.gov/pubmed/33565670
https://doi.org/10.1016/j.jid.2024.10.582
https://www.ncbi.nlm.nih.gov/pubmed/39127929
https://doi.org/10.3390/biom14070790
https://www.ncbi.nlm.nih.gov/pubmed/39062504
https://doi.org/10.1111/jocd.16558
https://www.ncbi.nlm.nih.gov/pubmed/39230065
https://doi.org/10.3390/biom5020545
https://www.ncbi.nlm.nih.gov/pubmed/25906193
https://doi.org/10.1016/j.abb.2022.109151
https://www.ncbi.nlm.nih.gov/pubmed/35181351
https://doi.org/10.1111/j.0022-202x.2004.22512.x
https://www.ncbi.nlm.nih.gov/pubmed/15140227
https://doi.org/10.1128/iai.00397-21
https://www.ncbi.nlm.nih.gov/pubmed/34606369
https://doi.org/10.1016/j.jbiomech.2005.05.001
https://www.ncbi.nlm.nih.gov/pubmed/15990103
https://doi.org/10.1016/j.jtv.2010.10.002
https://www.ncbi.nlm.nih.gov/pubmed/21115351
https://doi.org/10.1038/s41598-024-75291-7
https://www.ncbi.nlm.nih.gov/pubmed/39402181
https://www.ncbi.nlm.nih.gov/pubmed/17250528
https://doi.org/10.1016/j.jid.2024.08.027
https://www.ncbi.nlm.nih.gov/pubmed/39306031
https://doi.org/10.1038/s41598-026-44234-9
https://www.ncbi.nlm.nih.gov/pubmed/41965769
https://doi.org/10.1007/s11306-023-01982-3
https://www.ncbi.nlm.nih.gov/pubmed/36964290
https://doi.org/10.3390/metabo14030157
https://www.ncbi.nlm.nih.gov/pubmed/38535317
https://doi.org/10.3389/fragi.2025.1596050
https://www.ncbi.nlm.nih.gov/pubmed/40822678
https://doi.org/10.3390/cosmetics13040180


Cosmetics 2026, 13, 180 30 of 32

37. Guzman, U.H.; Martinez-Val, A.; Ye, Z.; Damoc, E.; Arrey, T.N.; Pashkova, A.; Renuse, S.; Denisov, E.; Petzoldt, J.; Peterson, A.C.;
et al. Ultra-Fast Label-Free Quantification and Comprehensive Proteome Coverage with Narrow-Window Data-Independent
Acquisition. Nat. Biotechnol. 2024, 42, 1855–1866. [CrossRef] [PubMed]

38. Marcus, K.; Eisenacher, M.; Sitek, B. Quantitative Methods in Proteomics, 2ed.; Methods in Molecular Biology; Humana Press: New
York, NY, USA, 2021; Volume 2228.

39. Yates, J.R.; Ruse, C.I.; Nakorchevsky, A. Proteomics by Mass Spectrometry: Approaches, Advances, and Applications. Annu. Rev.
Biomed. Eng. 2009, 11, 49–79. [CrossRef] [PubMed]

40. van den Hurk, R.S.; Lagerwaard, B.; Terlouw, N.J.; Sun, M.; Tieleman, J.J.; Verstegen, A.X.; Samanipour, S.; Pirok, B.W.J.; Gargano,
A.F.G. Comprehensive Two-Dimensional Liquid Chromatography-High-Resolution Mass Spectrometry for Complex Protein
Digest Analysis Using Parallel Gradients. Anal. Chem. 2024, 96, 9294–9301. [CrossRef] [PubMed]

41. Karas, M.; Hillenkamp, F. Laser Desorption Ionization of Proteins with Molecular Masses Exceeding 10 000 Daltons. Anal. Chem.
1988, 60, 2299–2301. [CrossRef] [PubMed]

42. Pullar, J.M.; Carr, A.C.; Vissers, M.C.M. The Roles of Vitamin C in Skin Health. Nutrients 2017, 9, 866. [CrossRef] [PubMed]
43. Li Pomi, F.; Gammeri, L.; Borgia, F.; Di Gioacchino, M.; Gangemi, S. Oxidative Stress and Skin Diseases: The Role of Lipid

Peroxidation. Antioxidants 2025, 14, 555. [CrossRef] [PubMed]
44. Qi, X.; Han, Z.; Meng, J.; Zhao, H.; Zhou, M.; Wang, M.; Kang, S.; Shi, Q.; Li, H.; Lu, F.; et al. Integrated Metagenomic and

Lipidomic Profiling Reveals Dysregulation of Facial Skin Microbiome in Moderate Acne Vulgaris. Microorganisms 2025, 13, 2674.
[CrossRef] [PubMed]

45. Huang, K.; Li, F.; Liu, Y.; Liang, B.; Qu, P.; Yang, L.; Han, S.; Li, W.; Mo, X.; Dong, L.; et al. Multi-Omics Analyses Reveal
Interactions between the Skin Microbiota and Skin Metabolites in Atopic Dermatitis. Front. Microbiol. 2024, 15, 1349674. [CrossRef]
[PubMed]

46. Wishart, D. Nmr Spectroscopy and Protein Structure Determination: Applications to Drug Discovery and Development. Curr.
Pharm. Biotechnol. 2005, 6, 105–120. [CrossRef] [PubMed]

47. Chylinska, N.; Maciejczyk, M. Hyaluronic Acid and Skin: Its Role in Aging and Wound-Healing Processes. Gels 2025, 11, 281.
[CrossRef] [PubMed]

48. Janich, P.; Pascual, G.; Merlos-Suarez, A.; Batlle, E.; Ripperger, J.; Albrecht, U.; Cheng, H.Y.; Obrietan, K.; Di Croce, L.; Benitah,
S.A. The Circadian Molecular Clock Creates Epidermal Stem Cell Heterogeneity. Nature 2011, 480, 209–214. [CrossRef] [PubMed]

49. Papakonstantinou, E.; Roth, M.; Karakiulakis, G. Hyaluronic Acid: A Key Molecule in Skin Aging. Dermatoendocrinol 2012, 4,
253–258. [CrossRef] [PubMed]

50. Hawkins, C.L.; Davies, M.J. Generation and Propagation of Radical Reactions on Proteins. Biochim. Biophys. Acta 2001, 1504,
196–219. [CrossRef] [PubMed]

51. Termeer, C.; Benedix, F.; Sleeman, J.; Fieber, C.; Voith, U.; Ahrens, T.; Miyake, K.; Freudenberg, M.; Galanos, C.; Simon, J.C.
Oligosaccharides of Hyaluronan Activate Dendritic Cells Via Toll-Like Receptor 4. J. Exp. Med. 2002, 195, 99–111. [CrossRef]
[PubMed]

52. Jiang, D.; Liang, J.; Noble, P.W. Hyaluronan in Tissue Injury and Repair. Annu. Rev. Cell Dev. Biol. 2007, 23, 435–461. [CrossRef]
[PubMed]

53. Stern, R. Hyaluronan Catabolism: A New Metabolic Pathway. Eur. J. Cell Biol. 2004, 83, 317–325. [CrossRef] [PubMed]
54. Stern, R.; Asari, A.A.; Sugahara, K.N. Hyaluronan Fragments: An Information-Rich System. Eur. J. Cell Biol. 2006, 85, 699–715.

[CrossRef] [PubMed]
55. Laurent, T.C.; Fraser, J.R.E. Hyaluronan. FASEB J. 1992, 6, 2397–2404. [CrossRef] [PubMed]
56. Chen, W.Y.; Abatangelo, G. Functions of Hyaluronan in Wound Repair. Wound Repair. Regen. 1999, 7, 79–89. [CrossRef] [PubMed]
57. Asari, A.; Miyauchi, S.; Matsuzaka, S.; Ito, T.; Kominami, E.; Uchiyama, Y. Molecular Weight-Dependent Effects of Hyaluronate

on the Arthritic Synovium. Arch. Histol. Cytol. 1998, 61, 125–135. [CrossRef] [PubMed]
58. Rutherford, S.T.; Bassler, B.L. Bacterial Quorum Sensing: Its Role in Virulence and Possibilities for Its Control. Cold Spring Harb.

Perspect. Med. 2012, 2, a012427. [CrossRef] [PubMed]
59. Liu, E.; Xue, Z.; Li, Y.; Liao, Y. Photoaging Decoded: Extracellular Matrix Alterations and Mechanisms Via Mitogen-Activated

Protein Kinase/Matrix Metalloproteinase, Transforming Growth Factor-Beta Pathways, and Glycosaminoglycan Metabolism.
Tissue Eng. Part B Rev. 2025, 31, 479–491. [PubMed]

60. Port, H.; Andelic, M.; Nystrom, A.; Haack, A.M.; Kalogeropoulos, K.; Nielsen, V.W.; Van den Heuvel, A.P.; Bihlet, A.R.; Thomsen,
S.F.; Holm Nielsen, S. Extracellular Matrix Alterations in Inflammatory Skin Diseases: Emerging Biomarkers and Clinical
Implications. Clin. Exp. Dermatol. 2025, 50, 2118–2132. [CrossRef] [PubMed]

61. Nagase, H.; Visse, R.; Murphy, G. Structure and Function of Matrix Metalloproteinases and Timps. Cardiovasc. Res. 2006, 69,
562–573. [CrossRef] [PubMed]

62. Page-McCaw, A.; Ewald, A.J.; Werb, Z. Matrix Metalloproteinases and the Regulation of Tissue Remodelling. Nat. Rev. Mol. Cell
Biol. 2007, 8, 221–233. [CrossRef] [PubMed]

https://doi.org/10.3390/cosmetics13040180

https://doi.org/10.1038/s41587-023-02099-7
https://www.ncbi.nlm.nih.gov/pubmed/38302753
https://doi.org/10.1146/annurev-bioeng-061008-124934
https://www.ncbi.nlm.nih.gov/pubmed/19400705
https://doi.org/10.1021/acs.analchem.4c02172
https://www.ncbi.nlm.nih.gov/pubmed/38758734
https://doi.org/10.1021/ac00171a028
https://www.ncbi.nlm.nih.gov/pubmed/3239801
https://doi.org/10.3390/nu9080866
https://www.ncbi.nlm.nih.gov/pubmed/28805671
https://doi.org/10.3390/antiox14050555
https://www.ncbi.nlm.nih.gov/pubmed/40427437
https://doi.org/10.3390/microorganisms13122674
https://www.ncbi.nlm.nih.gov/pubmed/41471878
https://doi.org/10.3389/fmicb.2024.1349674
https://www.ncbi.nlm.nih.gov/pubmed/39917267
https://doi.org/10.2174/1389201053642367
https://www.ncbi.nlm.nih.gov/pubmed/15853690
https://doi.org/10.3390/gels11040281
https://www.ncbi.nlm.nih.gov/pubmed/40277717
https://doi.org/10.1038/nature10649
https://www.ncbi.nlm.nih.gov/pubmed/22080954
https://doi.org/10.4161/derm.21923
https://www.ncbi.nlm.nih.gov/pubmed/23467280
https://doi.org/10.1016/s0005-2728(00)00252-8
https://www.ncbi.nlm.nih.gov/pubmed/11245785
https://doi.org/10.1084/jem.20001858
https://www.ncbi.nlm.nih.gov/pubmed/11781369
https://doi.org/10.1146/annurev.cellbio.23.090506.123337
https://www.ncbi.nlm.nih.gov/pubmed/17506690
https://doi.org/10.1078/0171-9335-00392
https://www.ncbi.nlm.nih.gov/pubmed/15503855
https://doi.org/10.1016/j.ejcb.2006.05.009
https://www.ncbi.nlm.nih.gov/pubmed/16822580
https://doi.org/10.1096/fasebj.6.7.1563592
https://www.ncbi.nlm.nih.gov/pubmed/1563592
https://doi.org/10.1046/j.1524-475x.1999.00079.x
https://www.ncbi.nlm.nih.gov/pubmed/10231509
https://doi.org/10.1679/aohc.61.125
https://www.ncbi.nlm.nih.gov/pubmed/9650887
https://doi.org/10.1101/cshperspect.a012427
https://www.ncbi.nlm.nih.gov/pubmed/23125205
https://www.ncbi.nlm.nih.gov/pubmed/39656105
https://doi.org/10.1093/ced/llaf308
https://www.ncbi.nlm.nih.gov/pubmed/40632820
https://doi.org/10.1016/j.cardiores.2005.12.002
https://www.ncbi.nlm.nih.gov/pubmed/16405877
https://doi.org/10.1038/nrm2125
https://www.ncbi.nlm.nih.gov/pubmed/17318226
https://doi.org/10.3390/cosmetics13040180


Cosmetics 2026, 13, 180 31 of 32

63. Fisher, G.J.; Kang, S.; Varani, J.; Bata-Csorgo, Z.; Wan, Y.; Datta, S.; Voorhees, J.J. Mechanisms of Photoaging and Chronological
Skin Aging. Arch. Dermatol. 2002, 138, 1462–1470. [CrossRef] [PubMed]

64. Hancock, R.E.; Sahl, H.G. Antimicrobial and Host-Defense Peptides as New Anti-Infective Therapeutic Strategies. Nat. Biotechnol.
2006, 24, 1551–1557. [CrossRef] [PubMed]

65. Shoulders, M.D.; Raines, R.T. Collagen Structure and Stability. Annu. Rev. Biochem. 2009, 78, 929–958. [CrossRef] [PubMed]
66. Ricard-Blum, S. The Collagen Family. Cold Spring Harb. Perspect. Biol. 2011, 3, a004978.
67. Borgono, C.A.; Diamandis, E.P. The Emerging Roles of Human Tissue Kallikreins in Cancer. Nat. Rev. Cancer 2004, 4, 876–890.

[CrossRef] [PubMed]
68. Eckhart, L.; Lippens, S.; Tschachler, E.; Declercq, W. Cell Death by Cornification. Biochim. Biophys. Acta 2013, 1833, 3471–3480.

[CrossRef] [PubMed]
69. Proksch, E.; Brandner, J.M.; Jensen, J.M. The Skin: An Indispensable Barrier. Exp. Dermatol. 2008, 17, 1063–1072. [CrossRef]

[PubMed]
70. Denecker, G.; Hoste, E.; Gilbert, B.; Hochepied, T.; Ovaere, P.; Lippens, S.; Van den Broecke, C.; Van Damme, P.; D’Herde, K.;

Hachem, J.P.; et al. Caspase-14 Protects against Epidermal Uvb Photodamage and Water Loss. Nat. Cell Biol. 2007, 9, 666–674.
[CrossRef] [PubMed]

71. Rittié, L.; Fisher, G.J. Uv-Light-Induced Signal Cascades and Skin Aging. Ageing Res. Rev. 2002, 1, 705–720. [PubMed]
72. Rawlings, A.V.; Matts, P.J. Stratum Corneum Moisturization at the Molecular Level: An Update in Relation to the Dry Skin Cycle.

J. Investig. Dermatol. 2005, 124, 1099–1110. [CrossRef] [PubMed]
73. Rawlings, A.V.; Harding, C.R. Moisturization and Skin Barrier Function. Dermatol. Ther. 2004, 17, 43–48. [CrossRef] [PubMed]
74. Brown, S.J.; McLean, W.H. One Remarkable Molecule: Filaggrin. J. Investig. Dermatol. 2012, 132, 751–762. [CrossRef] [PubMed]
75. Cheng, Y.; Sun, Q.; Gao, J.; Liu, Q.; Tian, H.; Ding, H.; Qiao, J.; Chen, H. Quantitative Lipidomics Profiling of Skin Surface Lipids

and Skin Barrier Function Evaluation in Patients with Acne Vulgaris. Arch. Dermatol. Res. 2025, 317, 349. [CrossRef] [PubMed]
76. Belkaid, Y.; Segre, J.A. Dialogue between Skin Microbiota and Immunity. Science 2014, 346, 954–959. [CrossRef] [PubMed]
77. Madison, K.C. Barrier Function of the Skin: “La Raison D’etre” of the Epidermis. J. Investig. Dermatol. 2003, 121, 231–241.

[CrossRef] [PubMed]
78. Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.; Mazur, M.; Telser, J. Free Radicals and Antioxidants in Normal Physiological

Functions and Human Disease. Int. J. Biochem. Cell Biol. 2007, 39, 44–84. [CrossRef] [PubMed]
79. Mookherjee, N.; Anderson, M.A.; Haagsman, H.P.; Davidson, D.J. Antimicrobial Host Defence Peptides: Functions and Clinical

Potential. Nat. Rev. Drug Discov. 2020, 19, 311–332. [CrossRef] [PubMed]
80. Uhm, C.; Jeong, H.; Lee, S.H.; Hwang, J.S.; Lim, K.M.; Nam, K.T. Comparison of Structural Characteristics and Molecular Markers

of Rabbit Skin, Pig Skin, and Reconstructed Human Epidermis for an Ex Vivo Human Skin Model. Toxicol. Res. 2023, 39, 477–484.
[CrossRef] [PubMed]

81. Frantz, C.; Stewart, K.M.; Weaver, V.M. The Extracellular Matrix at a Glance. J. Cell Sci. 2010, 123, 4195–4200. [CrossRef] [PubMed]
82. Berdiaki, A.; Neagu, M.; Spyridaki, I.; Kuskov, A.; Perez, S.; Nikitovic, D. Hyaluronan and Reactive Oxygen Species Signaling-

Novel Cues from the Matrix? Antioxidants 2023, 12, 824. [CrossRef] [PubMed]
83. Kim, B.E.; Leung, D.Y.M. Significance of Skin Barrier Dysfunction in Atopic Dermatitis. Allergy Asthma Immunol. Res. 2018, 10,

207–215. [CrossRef] [PubMed]
84. Thyssen, J.P.; Rinnov, M.R.; Vestergaard, C. Disease Mechanisms in Atopic Dermatitis: A Review of Aetiological Factors. Acta

Derm. Venereol. 2020, 100, adv00162. [CrossRef] [PubMed]
85. Kline, S.N.; Saito, Y.; Archer, N.K. Staphylococcus Aureus Proteases: Orchestrators of Skin Inflammation. DNA Cell Biol. 2024, 43,

483–491. [CrossRef] [PubMed]
86. Nakase, K.; Momose, M.; Yukawa, T.; Nakaminami, H. Development of Skin Sebum Medium and Inhibition of Lipase Activity in

Cutibacterium Acnes by Oleic Acid. Access Microbiol. 2022, 4, acmi000397. [CrossRef] [PubMed]
87. Pagac, M.P.; Gempeler, M.; Campiche, R. A New Generation of Postbiotics for Skin and Scalp: In Situ Production of Lipid

Metabolites by Malassezia. Microorganisms 2024, 12, 1711. [CrossRef] [PubMed]
88. Park, M.; Park, S.; Jung, W.H. Skin Commensal Fungus Malassezia and Its Lipase. J. Microbiol. Biotechnol. 2021, 31, 637–644.

[CrossRef] [PubMed]
89. Jia, K.; Yan, Y.; Yin, J.; Wang, C.; Wang, D.; Zhao, D.; Zhang, J.; Li, M. The Antibacterial Mechanism of the Extracellular Product

Derived from Heyndrickxia Coagulans against Staphylococcus Aureus. Arch. Microbiol. 2026, 208, 131. [CrossRef] [PubMed]
90. Kim, S.; Suh, D.H.; Lee, S.; Kim, H.S.; Cho, S.H.; Woo, Y.R. Associations between Skin Microbiome and Metabolome in the

Pathogenesis of Atopic Dermatitis Patients with Scalp Involvement. Allergy Asthma Immunol. Res. 2024, 16, 668–681. [CrossRef]
[PubMed]

91. Kobayashi, T.; Glatz, M.; Horiuchi, K.; Kawasaki, H.; Akiyama, H.; Kaplan, D.H.; Kong, H.H.; Amagai, M.; Nagao, K. Dysbiosis
and Staphylococcus Aureus Colonization Drives Inflammation in Atopic Dermatitis. Immunity 2015, 42, 756–766. [CrossRef]
[PubMed]

https://doi.org/10.3390/cosmetics13040180

https://doi.org/10.1001/archderm.138.11.1462
https://www.ncbi.nlm.nih.gov/pubmed/12437452
https://doi.org/10.1038/nbt1267
https://www.ncbi.nlm.nih.gov/pubmed/17160061
https://doi.org/10.1146/annurev.biochem.77.032207.120833
https://www.ncbi.nlm.nih.gov/pubmed/19344236
https://doi.org/10.1038/nrc1474
https://www.ncbi.nlm.nih.gov/pubmed/15516960
https://doi.org/10.1016/j.bbamcr.2013.06.010
https://www.ncbi.nlm.nih.gov/pubmed/23792051
https://doi.org/10.1111/j.1600-0625.2008.00786.x
https://www.ncbi.nlm.nih.gov/pubmed/19043850
https://doi.org/10.1038/ncb1597
https://www.ncbi.nlm.nih.gov/pubmed/17515931
https://www.ncbi.nlm.nih.gov/pubmed/12208239
https://doi.org/10.1111/j.1523-1747.2005.23726.x
https://www.ncbi.nlm.nih.gov/pubmed/15955083
https://doi.org/10.1111/j.1396-0296.2004.04s1005.x
https://www.ncbi.nlm.nih.gov/pubmed/14728698
https://doi.org/10.1038/jid.2011.393
https://www.ncbi.nlm.nih.gov/pubmed/22158554
https://doi.org/10.1007/s00403-025-03840-9
https://www.ncbi.nlm.nih.gov/pubmed/39912955
https://doi.org/10.1126/science.1260144
https://www.ncbi.nlm.nih.gov/pubmed/25414304
https://doi.org/10.1046/j.1523-1747.2003.12359.x
https://www.ncbi.nlm.nih.gov/pubmed/12880413
https://doi.org/10.1016/j.biocel.2006.07.001
https://www.ncbi.nlm.nih.gov/pubmed/16978905
https://doi.org/10.1038/s41573-019-0058-8
https://www.ncbi.nlm.nih.gov/pubmed/32107480
https://doi.org/10.1007/s43188-023-00185-1
https://www.ncbi.nlm.nih.gov/pubmed/37398575
https://doi.org/10.1242/jcs.023820
https://www.ncbi.nlm.nih.gov/pubmed/21123617
https://doi.org/10.3390/antiox12040824
https://www.ncbi.nlm.nih.gov/pubmed/37107200
https://doi.org/10.4168/aair.2018.10.3.207
https://www.ncbi.nlm.nih.gov/pubmed/29676067
https://doi.org/10.2340/00015555-3512
https://www.ncbi.nlm.nih.gov/pubmed/32412642
https://doi.org/10.1089/dna.2024.0134
https://www.ncbi.nlm.nih.gov/pubmed/38957987
https://doi.org/10.1099/acmi.0.000397
https://www.ncbi.nlm.nih.gov/pubmed/36415741
https://doi.org/10.3390/microorganisms12081711
https://www.ncbi.nlm.nih.gov/pubmed/39203553
https://doi.org/10.4014/jmb.2012.12048
https://www.ncbi.nlm.nih.gov/pubmed/33526754
https://doi.org/10.1007/s00203-025-04693-6
https://www.ncbi.nlm.nih.gov/pubmed/41556987
https://doi.org/10.4168/aair.2024.16.6.668
https://www.ncbi.nlm.nih.gov/pubmed/39622690
https://doi.org/10.1016/j.immuni.2015.03.014
https://www.ncbi.nlm.nih.gov/pubmed/25902485
https://doi.org/10.3390/cosmetics13040180


Cosmetics 2026, 13, 180 32 of 32

92. Gruber, F.; Marchetti-Deschmann, M.; Kremslehner, C.; Schosserer, M. The Skin Epilipidome in Stress, Aging, and Inflammation.
Front. Endocrinol. 2020, 11, 607076.

93. Moosbrugger-Martinz, V.; Leprince, C.; Mechin, M.C.; Simon, M.; Blunder, S.; Gruber, R.; Dubrac, S. Revisiting the Roles of
Filaggrin in Atopic Dermatitis. Int. J. Mol. Sci. 2022, 23, 5318. [CrossRef] [PubMed]

94. Wang, Z.; Hulpusch, C.; Traidl-Hoffmann, C.; Reiger, M.; Schloter, M. Understanding the Role of Staphylococcus Aureus in Atopic
Dermatitis: Strain Diversity, Microevolution, and Prophage Influences. Front. Med. 2024, 11, 1480257. [CrossRef]

95. Kim, H.J.; Lee, B.J.; Kwon, A.R. The Grease Trap: Uncovering the Mechanism of the Hydrophobic Lid in Cutibacterium Acnes
Lipase. J. Lipid Res. 2020, 61, 722–733. [CrossRef] [PubMed]

96. van Steensel, M.A.M. The Evolving Microbial Paradigm in Acne. Biomolecules 2026, 16, 430. [CrossRef] [PubMed]
97. Overall, C.M.; Blobel, C.P. In Search of Partners: Linking Extracellular Proteases to Substrates. Nat. Rev. Mol. Cell Biol. 2007, 8,

245–257. [CrossRef] [PubMed]
98. Statello, L.; Guo, C.J.; Chen, L.L.; Huarte, M. Gene Regulation by Long Non-Coding Rnas and Its Biological Functions. Nat. Rev.

Mol. Cell Biol. 2021, 22, 96–118. [CrossRef] [PubMed]
99. Dupont, S.; Morsut, L.; Aragona, M.; Enzo, E.; Giulitti, S.; Cordenonsi, M.; Zanconato, F.; Le Digabel, J.; Forcato, M.; Bicciato, S.;

et al. Role of Yap/Taz in Mechanotransduction. Nature 2011, 474, 179–183. [CrossRef] [PubMed]
100. Aebersold, R.; Mann, M. Mass-Spectrometric Exploration of Proteome Structure and Function. Nature 2016, 537, 347–355.

[CrossRef] [PubMed]
101. Gillet, L.C.; Navarro, P.; Tate, S.; Rost, H.; Selevsek, N.; Reiter, L.; Bonner, R.; Aebersold, R. Targeted Data Extraction of the Ms/Ms

Spectra Generated by Data-Independent Acquisition: A New Concept for Consistent and Accurate Proteome Analysis. Mol. Cell
Proteom. 2012, 11, O111 016717. [CrossRef]

102. Vizcaino, J.A.; Deutsch, E.W.; Wang, R.; Csordas, A.; Reisinger, F.; Rios, D.; Dianes, J.A.; Sun, Z.; Farrah, T.; Bandeira, N.; et al.
Proteomexchange Provides Globally Coordinated Proteomics Data Submission and Dissemination. Nat. Biotechnol. 2014, 32,
223–226. [CrossRef] [PubMed]

103. Libbrecht, M.W.; Noble, W.S. Machine Learning Applications in Genetics and Genomics. Nat. Rev. Genet. 2015, 16, 321–332.
[CrossRef] [PubMed]

104. Ebmeyer, J.; Najjar, A.; Lange, D.; Boettcher, M.; Voss, S.; Brandmair, K.; Meinhardt, J.; Kuehnl, J.; Hewitt, N.J.; Krueger, C.T.; et al.
Next Generation Risk Assessment: An Ab Initio Case Study to Assess the Systemic Safety of the Cosmetic Ingredient, Benzyl
Salicylate, after Dermal Exposure. Front. Pharmacol. 2024, 15, 1345992. [CrossRef] [PubMed]

105. Tang, Y.; Nie, T.; Zhang, L.; Liu, X.; Deng, H. Peptides in Cosmetics: From Pharmaceutical Breakthroughs to Skincare Innovations.
Cosmetics 2025, 12, 107. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cosmetics13040180

https://doi.org/10.3390/ijms23105318
https://www.ncbi.nlm.nih.gov/pubmed/35628125
https://doi.org/10.3389/fmed.2024.1480257
https://doi.org/10.1194/jlr.ra119000279
https://www.ncbi.nlm.nih.gov/pubmed/32165394
https://doi.org/10.3390/biom16030430
https://www.ncbi.nlm.nih.gov/pubmed/41897366
https://doi.org/10.1038/nrm2120
https://www.ncbi.nlm.nih.gov/pubmed/17299501
https://doi.org/10.1038/s41580-021-00330-4
https://www.ncbi.nlm.nih.gov/pubmed/33353982
https://doi.org/10.1038/nature10137
https://www.ncbi.nlm.nih.gov/pubmed/21654799
https://doi.org/10.1038/nature19949
https://www.ncbi.nlm.nih.gov/pubmed/27629641
https://doi.org/10.1074/mcp.o111.016717
https://doi.org/10.1038/nbt.2839
https://www.ncbi.nlm.nih.gov/pubmed/24727771
https://doi.org/10.1038/nrg3920
https://www.ncbi.nlm.nih.gov/pubmed/25948244
https://doi.org/10.3389/fphar.2024.1345992
https://www.ncbi.nlm.nih.gov/pubmed/38515841
https://doi.org/10.3390/cosmetics12030107
https://doi.org/10.3390/cosmetics13040180

	Introduction 
	Literature Search Strategy and Evidence Appraisal 
	Search Strategy 
	Inclusion and Exclusion Criteria 
	Evidence Appraisal and Interpretation 

	Research Models and Analytical Strategies for Macromolecular Fragmentation on the Skin Surface 
	Research Models and Induction Techniques 
	In Vitro Biochemical and Cellular Models 
	Ex Vivo and Reconstructed Skin Models 
	In Vivo Research Models 

	Analytical and Detection Technologies 
	High-Resolution Mass Spectrometry 
	LC-MS/MS and UPLC-MS/MS 
	Chromatographic Separation Techniques 
	MALDI-TOF MS and MALDI-MS 
	SEC-MALS and SEC-MS 
	Proteomics 
	Peptidomics 
	Lipidomics and Metabolomics 
	Microbiome Sequencing 
	NMR, CD and FT-IR Spectroscopy 
	Method Validation 


	Fragmentation Characteristics of Major Macromolecules 
	Degradation and Functional Transformation of Hyaluronic Acid 
	Surface Degradation and Remodeling of Collagen 
	Keratin Fragmentation and Barrier Function 
	Oxidative Fragmentation of Lipid Macromolecules 

	Reported Biological Associations and Evidence Limitations of Fragmentation Products 
	Associations with Barrier-Related Parameters 
	Model-Dependent Associations with Cell Proliferation and Differentiation 
	Inflammation- and Stress-Related Responses: Association, Model Dependence, and Reverse Causality 
	Potential Microbiome-Mediated Fragment Generation 
	Bidirectional Associations Between Skin Surface Fragments and the Microbiome 
	Aging, Photoaging Associated with Aging, and Photoaging and Skin Conditions 
	Case-Based Evidence Synthesis 

	Mechanistic Context, Analytical Translation, and Validation Requirements 
	Factors Influencing Fragment Generation 
	Analytical Development and Standardization of Fragmentomics 
	Potential Analytical Applications and Validation Requirements 

	Conclusions and Outlook 
	References

