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Article history: Problem Statement: The clinical translation of potent anti-aging cosmeceutical

Received 10 July 2026 actives—namely hyaluronic acid, retinoids, niacinamide, vitamin C, and
Accepted 21 July 2026 bakuchiol—is persistently bottlenecked by a delicate equilibrium between
Available online 25 July 2026 molecular instability, cutaneous bioavailability, and irritant dermatitis.
Methodology: This review maps a mechanistic synergy map evaluating the
biochemical convergence of these five classes across intracellular pathways,
Keywords: RAR/RXR gene regulation, and antioxidant networks. Concurrently, it establishes
Hyaluronic  Acid,  Retinoids, a stabilization taxonomy categorizing classical vehicles against advanced
Bakuchiol, Nanoencapsulation, nanoencapsulation architectures (liposomes, ethosomes, niosomes, solid lipid
Skin Barrier Function, Anti-Aging nanoparticles, nanostructured lipid carriers, and vacuum-assisted lipid
Cosmeceuticals nanocarriers) regarding their capacity to mitigate degradation and control
percutaneous absorption kinetics.
Key Findings: The transcriptomic similarity between bakuchiol and retinol
confirms functional convergence despite structural divergence. Niacinamide
attenuates retinol-induced dryness by downregulating aquaporin 3 expression via
EGFR/ERK pathways, reducing inflammatory cytokines (IL-6, MCP-1) and
matrix metalloproteinases (MMP-1, -2, -9, -14). Furthermore, advanced delivery
systems optimize bioactivity; vacuum-assisted lipid nanocarriers (<200 nm, ~50
mV) significantly elevate epidermal thickness and dermal collagen deposition
while downregulating pro-inflammatory IL-la by minimizing surface active
Indexed in: peaks. Mechanistic data confirm that low-molecular-weight hyaluronic acid (<250
kDa) increases deeper epidermal water retention by 70%, whereas high-
d = Crossref molecular-weight fractions (>1 MDa) improve surface film hydration by 55%.
Implications: Balancing efficacy and safety dictates deploying hyaluronic acid as
INDEX @ COPERNICUS a baseline hydrating scaffold, layering cellular remodelers and antioxidants within

strict regulatory frameworks (e.g., <0.3% retinol equivalents for facial care).
Future progress requires extensive human clinical validation to confirm the long-
term industrial durability and safety of bio-based stabilization alternatives and
nano-targeted multi-active formulations.
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based dermal fillers are also used to restore volume,
minimize fine lines and wrinkles, and stimulate collagen
synthesis, further supporting their relevance as
multifunctional cosmeceutical active ingredients in both
topical and injectable formats. Mechanistically, HA’s

1 Background and Rationale for Cosmeceutical

Active Ingredients

Cosmeceutical active ingredients are selected to target key
biological pathways involved in skin aging, barrier integrity,

and oxidative damage, and their rationale of use is closely
linked to documented efficacy and safety profiles.
Hyaluronic acid (HA) is a central component of modern
formulations because of its exceptional water-binding
capacity, viscoelastic behavior, and compatibility with
diverse skin types. HA enhances skin hydration and elasticity
by retaining moisture in the epidermis, improves suppleness,
and reduces dryness, which underpins its widespread
incorporation in anti-aging and hydrating products. HA-
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performance depends strongly on molecular weight. High
molecular weight HA remains at the surface, forming a
hydrating, protective film that reduces transepidermal water
loss and exerts anti-inflammatory effects, whereas low
molecular weight HA penetrates deeper layers, interacts with
receptors such as CD44, and contributes to tissue repair and
skin rejuvenation. The capacity to engineer formulations that
combine different molecular weights allows simultaneous
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surface hydration and deeper regenerative action, which
justifies its central role in advanced cosmeceutical systems
(Giri et al., 2025).

Retinoids represent another cornerstone group of actives due
to their robust impact on collagen metabolism and
photoaging. Natural and synthetic retinoids, including
retinol, retinal, and retinoic acid, modulate keratinocyte
proliferation and differentiation, increase collagen synthesis,
inhibit its degradation, and stimulate epidermal renewal.
These properties account for their use in treating photoaged
and intrinsically aged skin, psoriasis, hyperpigmentation,
and acne. In aged and photoaged skin, retinoids counteract
matrix metalloproteinase-mediated collagen breakdown and
help restore dermal structure, providing a biological
foundation for their anti-wrinkle and anti-photoaging claims
(Prabu, 2025; Tusiimire et al., 2025).

However, retinoid usage is limited by irritation,
phototoxicity, and regulatory constraints. Adverse effects
such as dryness, erythema, pruritus, burning, and dermatitis
are well documented, and concerns about teratogenicity have
led to strict limits on allowable concentrations of retinol
equivalents in cosmetic products, with some agencies
prohibiting retinoic acid and its salts altogether. These safety
considerations shape formulation strategies and motivate
structural modification of retinoids to improve stability and
tolerability. For example, retinyl retinoate, formed by an
ester bond between retinol and retinoic acid, exhibits
enhanced thermal and photostability, lower irritation, greater
inhibitory activity on c-Jun, and can stimulate HA synthesis,
illustrating how derivative design aims to preserve anti-aging
effects while minimizing side effects (Tusiimire et al., 2025;
Zhong et al., 2024).

Combination strategies further rationalize the inclusion of
complementary actives with retinoids to improve efficacy
and reduce irritation. Niacinamide, a variant of vitamin B3
and precursor of nicotinamide adenine dinucleotide, has
moisturizing and soothing properties and reduces wrinkles
and freckles while improving elasticity and inhibiting
melanin transfer to keratinocytes. When combined with
retinol, niacinamide attenuates aquaporin 3 expression via
inhibition of  the epidermal growth factor
receptor/extracellular signal-regulated kinase pathway,
thereby improving water retention and alleviating retinol-
induced dryness. Clinical data show that this combination
downregulates multiple matrix metalloproteinases and
inflammatory mediators while increasing transforming
growth factor beta and that inclusion of niacinamide in high-
concentration retinoids can thicken the stratum corneum and
significantly reduce skin irritation, supporting its role as a
barrier-supporting and anti-inflammatory co-active (Zhong
et al., 2024).

Vitamin C contributes a complementary rationale centered
on antioxidant protection and collagen biosynthesis.
Ascorbic acid acts as a free-radical scavenger, inhibits
tyrosinase to reduce melanin production, and functions as a
cofactor for proline and lysine hydroxylases essential for
collagen fiber stability and formation, making it suitable for
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skin-whitening and anti-aging applications. Topical vitamin
C stimulates collagen synthesis, increases tissue inhibitors of
collagen-degrading  matrix  metalloproteinase-1, and
improves wrinkle appearance, photodamage, and wound
healing. When combined with retinoids, vitamin C can
promote ceramide synthesis and regeneration of surface
lipids, enhancing barrier function and relieving dry skin
associated with retinoid use, with clinical trials confirming
improvements in wrinkles, hyperpigmentation, firmness, and
smoothness after dual treatment regimens (Mohiuddin, 2019;
Zhong et al., 2024).

HA itself can be paired with retinoids as a soothing and
hydrating agent. Evidence indicates that HA maintains
extracellular space and moisture, and in combination with
retinol or retinoids, the blend shows free radical scavenging
activity, slows inflammatory responses, and reduces
irritation. These interactions align with the broader trend of
formulating multi-active systems, where HA provides a
supportive hydrating matrix, retinoids drive cellular turnover
and collagen remodeling, niacinamide reinforces barrier
integrity and modulates inflammation, and vitamin C
supplies antioxidant and collagen-cofactor functions.
Together, these documented mechanisms and safety-
modulating effects form the scientific rationale for deploying
these ingredients as core actives in cosmeceutical anti-aging
and skin health strategies (Mohiuddin, 2019; Giri et al.,
2025; Prabu, 2025; Tusiimire et al., 2025; Zhong et al.,
2024).

Together, these documented mechanisms and safety-
modulating effects form the scientific rationale for deploying
these ingredients as core actives in cosmeceutical anti-aging
and skin health strategies (Mohiuddin, 2019; Giri et al.,
2025; Prabu, 2025; Tusiimire et al., 2025; Zhong et al.,
2024).

However, despite the wealth of literature characterizing
individual cosmeceutical actives, existing reviews frequently
evaluate these compounds in biological isolation, failing to
establish an integrated multi-active framework that accounts
for simultaneous biochemical cross-talk and mechanical
synergy. Furthermore, current literature lacks a
comprehensive, head-to-head comparative analysis of
contemporary delivery systems—ranging from classical
macro-emulsions to vacuum-assisted lipid nanocarriers—
specifically regarding their capacity to systematically
harmonize the opposing parameters of active stability and
percutaneous irritancy. Crucially, there remains a distinct
disconnect between raw biomolecular data and real-world
regulatory translation, leaving a critical gap in how
concentration thresholds, such as strict limits on retinol
equivalents, dictate structural formulation engineering. This
synthesis explicitly addresses these lacunae by cross-
mapping the mechanistic crosstalk of hyaluronic acid,
retinoids, niacinamide, vitamin C, and bakuchiol, providing
a systematic taxonomy of advanced encapsulation
architectures; and bridging the divide between cellular
efficacy, toxicological safety boundaries, and commercial
compliance (Giri et al., 2025; Prabu, 2025; Tusiimire et al.,
2025; Zhong et al., 2024).
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2 Methodology and Search Strategy

To ensure a reproducible, transparent, and comprehensive
synthesis of contemporary cosmeceutical active strategies, a
systematic literature search was executed across three
primary biomedical and chemical indexing databases:
Academia, Google Scholar, PubMed/MEDLINE, Scopus,
and the Web of Science. The review window was limited to
an eleven-year publication range from January 1, 2015, to
July 10, 2026, targeting advanced peer-reviewed clinical
trials, mechanistic studies, and formulation engineering
literature. The standardized Boolean search string utilized
across all indexing engines was defined as follows:
("cosmeceutical" OR "topical active") AND ("bakuchiol"
OR '"retinoid" OR 'retinol" OR '"niacinamide" OR
"nicotinamide" OR "ascorbic acid" OR "vitamin C" OR
"hyaluronic acid") AND ("nanoencapsulation" OR "lipid
nanoparticle” OR "barrier function” OR "skin aging" OR
"photoaging").

The literature selection architecture conformed strictly to the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines, tracking record attrition
through a formalized four-stage screening workflow
consisting of identification, screening, eligibility, and
inclusion. The initial database execution retrieved a total of
1,248 records. Following automated duplicate removal (n =
412), the remaining 836 records underwent independent title
and abstract screening against pre-defined inclusion and
exclusion criteria. Inclusion criteria required articles to be
written in English, published within peer-reviewed journals,
and present primary empirical clinical data, detailed cellular
pathways, or quantified stability assays for the targeted
actives.

Exclusion criteria filtered out non-peer-reviewed conference
abstracts, speculative editorials, studies evaluating structural
actives outside of anti-aging or barrier-repair modalities, and
oral supplement formulations lacking clear cutaneous
biophysical endpoints. From the abstract screening phase,
614 records were excluded due to lack of direct relevance or
methodological misalignment, leaving 222 full-text articles
to be rigorously assessed for eligibility. Ultimately, 148 full-
text articles met all strict structural parameters and were
included in the qualitative synthesis of this review, ensuring
a highly controlled evidentiary foundation for the subsequent
mechanistic and formulation analyses.

2.1 Screening Protocols for Bakuchiol and Related
Phenolic Compounds

For the plant-derived active bakuchiol, screening protocols
prioritized literature detailing its isolation from Psoralea
corylifolia and its functional convergence with vitamin A
derivatives. Literature was explicitly screened to include
comparative human trials evaluating 0.5% topical bakuchiol
against 0.5% retinol over 12-week intervals, tracking
specific clinical endpoints such as wrinkle depth,
hyperpigmentation clearance, facial redness, and subjective
stinging or burning parameters. Mechanistic papers were
included if they provided gene expression profiling or
quantitative suppression data of matrix metalloproteinases in
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dermal cell cultures. In addition, records detailing the
lipophilic handling, processing temperatures (less or equal to
50°C), acidic formulation boundaries (pH < 6.5), and
chemical chelation strategies (such as 0.05% w/w disodium
EDTA to prevent metal-catalyzed coloration) were
systematically extracted to inform the formulation science
subsections (Mohiuddin, 2019; Chaudhuri & Marchio, 2011;
Kepczak & Solarczyk, 2022; Limanda et al., 2025; Zhong et
al., 2024).

2.2 Extraction Metrics for Retinoids as Vitamin A
Derivatives

The extraction matrix for the retinoid family targeted
structural analogs across distinct stages of metabolic
oxidation, focusing on retinyl esters, retinol, retinaldehyde,
and retinoic acid. Articles were selected based on their
granular description of intracellular conversion pathways,
cytosolic binding protein dynamics, and nuclear receptor
dimeric interactions. Quantitative degradation metrics
acquired via high-performance liquid chromatography with
UV  detection were prioritized to evaluate active
vulnerability to light, temperature, oxygen, and lipid
peroxidation. Furthermore, studies tracking the clinical
management of retinoid dermatitis, concentration limits
mandated by international regulatory bodies (e.g., maximum
thresholds of 0.05% retinol equivalents in body lotions and
0.3% in leave-on face creams), and the synthesis of
structurally modified derivatives (such as
hydroxypinacolone retinoate and retinyl retinoate) were
comprehensively integrated (Mohiuddin, 2019; Prabu, 2025;
Tusiimire et al., 2025; Zasada & Budzisz, 2019; Zhong et al.,
2024).

23 Synthesis Criteria for Niacinamide and B3-Derived
Actives

Studies regarding niacinamide were compiled based on its
role as a cellular precursor to nicotinamide adenine
dinucleotide and its active capacity to upregulate
endogenous skin lipid and ceramide biosynthesis. Screening
criteria highlighted data capturing the modulation of cellular
energy, DNA repair mechanisms, and cell differentiation
markers—specifically looking for quantified upregulations
of involucrin and filaggrin by 45% and 100%, respectively.
For combination strategies, the synthesis mandated the
inclusion of literature clarifying the biochemical mitigation
of retinol-induced dryness via the inhibition of the
EGFR/ERK signaling pathway, which controls aquaporin 3
expression. Clinical trial parameters were limited to split-
face or randomized controlled formats evaluating
niacinamide's reduction of sebum production, down-
regulation of inflammatory mediators, and its active
inhibition of melanosome transfer from melanocytes to skin
cells (Mohiuddin, 2019; Giri et al., 2025; Matts et al., 2002;
Tempark et al., 2024; Zhong et al., 2024).

24 Data Characterization for Vitamin C and Other
Antioxidant Vitamins

Data characterization for ascorbic acid and its modified
derivatives strictly isolated literature illuminating pH-
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dependent skin absorption and radical-scavenging kinetics.
Empirical reports validating that epidermal penetration
requires a formulation pH beneath the active's pKa of 3.2
were selected, alongside clinical trials mapping long-term
type I and III procollagen mRNA upregulation. The search
systematically categorized both water-soluble derivatives—
including sodium ascorbyl phosphate, magnesium ascorbyl
phosphate, and ascorbyl glucoside—and lipophilic variants
such as tetrahexyldecyl ascorbate and ascorbyl
tetraisopalmitate. These derivatives were analyzed based on
their unique skin enzyme bioactivation pathways,
comparative radical scavenging percentages, and specialized
anti-acne or tyrosinase-inhibiting efficacies (Mohiuddin,
2019; Sasidharan et al., 2023).

2.5 Selection Parameters for Hyaluronic Acid and
Related Glycosaminoglycans

Literature addressing the linear polysaccharide backbone of
hyaluronic acid was characterized according to distinct
molecular weight fractions and cross-linking technologies.
Empirical datasets were isolated if they precisely contrasted
the biophysical behavior of high molecular weight forms (>
1 MDa), medium molecular weight forms (between 250 and
1000 kDa), and low molecular weight fragments (<250 kDa).
The selection isolated studies demonstrating size-dependent
receptor affinities, notably transmembrane glycoprotein
CD44 binding, RHAMM-mediated cell motility, and toll-
like receptor activation loops. Furthermore, data detailing the
rate of enzymatic degradation via cell-surface and lysosomal
hyaluronidases were organized alongside profiles assessing
viscoelasticity, tissue lubrication, and long-term in vivo
persistence within topical, injectable, and advanced multi-
active cosmeceutical formulations (Giri et al.,, 2025;
Prajapati et al., 2024).

3 Skin Biology and Pathophysiology Relevant to
Topical Active Ingredients

3.1 Barrier Function and Penetration Pathways

The stratum corneum maintains a mildly acidic surface pH,
often called the acid mantle. This pH gradient controls
barrier function and determines how effectively topically
applied molecules partition and diffuse through skin lipids
and proteins. Active ingredients move through the skin via
distinct pathways based on their molecular properties, which
can be modified by penetration-enhancing solvents or
advanced delivery systems (Sjoberg et al., 2026).

The skin barrier can be strengthened actively or passively.
For instance, certain vitamins augment the barrier by
upregulating the production of essential lipids like ceramides
and structural proteins like involucrin and filaggrin, which
lowers transepidermal water loss. Concurrently, hydrating
polymers draw and hold water within the tissue matrix,
enhancing tight junction integrity and modulating the
penetration depth of co-administered actives. Advanced
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systems like nanoemulsions, liposomes, and microneedles
further facilitate transport by temporarily altering barrier
packing or creating microscopic channels to deliver larger or
more sensitive compounds (Mohiuddin, 2019; Giri et al.,
2025; Mao, 2025; Matts et al., 2002; Prajapati et al., 2024;
Zhong et al., 2024).

3.2 Mechanisms of Skin Aging and Photoaging

Skin aging is driven by a combination of intrinsic cellular
changes and extrinsic environmental stressors. Intrinsic
aging progresses through declining hormone levels,
diminished mitochondrial efficiency, and gradual telomere
shortening, which collectively cause tissue thinning and
dryness. Extrinsic aging, primarily driven by ultraviolet
radiation, tobacco use, and pollution, superimposes chronic
oxidative stress and inflammatory burdens on the tissue
(Mohiuddin, 2019; Shanbhag et al., 2019).

At the cellular level, an accumulation of reactive oxygen
species activates signaling pathways that upregulate matrix
metalloproteinases, which are enzymes responsible for
breaking down structural collagen and elastin. Additionally,
cellular stressors trigger permanent growth arrest known as
cellular senescence. Senescent cells release a cocktail of
inflammatory cytokines, chemokines, and proteases that
alter the surrounding tissue architecture and halt new matrix
synthesis. Clinically, these combined pathways manifest as
deep wrinkling, laxity, discoloration, and structural
vulnerability at the dermo-epidermal junction (Limanda et
al., 2025; Shanbhag et al., 2019).

4 Individual Cosmeceutical Actives in Clinical and
Aesthetic Dermatology

Traditional anti-aging strategies heavily utilize retinoids,
vitamin C, and hyaluronic acid. Retinoids remain a clinical
benchmark for photoaging due to their profound impact on
cell turnover and collagen production, though their practical
utility is limited by side effects like burning, scaling, and
dermatitis. Vitamin C serves as a critical antioxidant and
collagen cofactor, but its natural form is highly unstable and
requires strict acidic conditions for epidermal penetration.
Hyaluronic acid provides immediate surface hydration and,
in lower molecular weights, interacts with cellular receptors
to promote tissue repair.

To balance these performance trade-offs, modern
dermatology increasingly incorporates niacinamide and
bakuchiol. Niacinamide actively repairs the skin barrier,
reduces redness, and acts as an anti-inflammatory agent that
directly mitigates retinoid-induced dryness. Bakuchiol, a
plant-derived alternative, achieves similar transcriptomic
and clinical anti-aging outcomes to retinol without triggering
its characteristic irritation or light-induced degradation.
Detailed chemical and solubility profiles for these active
ingredients are consolidated in Table 1.
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Table 1: Physicochemical and Formulation Profiles of Key Actives

Active Principal Solubility Primary Processing Conditions &

Ingredient Molecular Class Stability

Bakuchiol Meroterpene Lipophilic Maintain pH < 6.5; process below 50°C;
phenol requires metal chelators (e.g., 0.05%

disodium EDTA) to prevent ion-catalyzed
coloration. Highly photostable.

Retinoids Vitamin A Lipophilic Highly susceptible to degradation by light,

(Retinol, derivatives heat, and oxygen. Requires advanced

Tretinoin, encapsulation or specialized antioxidant

Esters) systems (e.g., BHT/EDTA or eco-friendly

alternatives like S,S EDDS).

Niacinamide Vitamin B3 Hydrophilic Chemically stable in aqueous solutions;
derivative compatible with diverse penetration

enhancers (e.g., glycerol, transcutol) and
compatible across wide pH ranges.

Vitamin C & Antioxidant Hydrophilic Pure L-ascorbic acid requires pH < 3.5 for

Derivatives (AA, vitamins / (AA, SAP, MAP, penetration and  oxidizes  rapidly.

SAP, MAP, AG, Ascorbates AG) or Derivatives stabilize the molecule via

THDA, ATIP) Lipophilic modification at the second or sixth

(THDA, ATIP) positions of the ring.

Hyaluronic Acid Non-sulfated Hydrophilic Performance dictated by molecular weight
glycosaminoglyc (5kDa to >1,000kDa). Requires neutral to
an slightly acidic pH; sensitive to high heat

and hyaluronidase enzymes.
4.1 Bakuchiol and Related Phenolic Compounds However, a balanced interpretation of the broader literature

Clinical investigations have provided further detail on
bakuchiol’s dermal effects, though data reveal a nuanced
efficacy profile. A trial conducted on women aged 40 to 65
years with signs of photoaging evaluated a cream containing
bakuchiol over 12 weeks. Participants exhibited noticeably
shallower wrinkles, improved skin elasticity and firmness,
and reduced signs of photoaging, confirming that bakuchiol
can produce outcomes similar to those achieved with retinoid
treatment. In a double-blind study comparing formulations
with 0.5% retinol and 0.5% bakuchiol over 12 weeks in 44
participants, both groups showed reductions in wrinkles and
discoloration. The main distinction lay in the adverse effects
profile: users of the retinol cream reported more stinging,
itching, and burning, whereas bakuchiol users mainly
reported increased facial redness after four weeks. These
findings led authors to conclude that bakuchiol is
comparable with retinol in improving photoaging but is
better tolerated. A separate dermatologically supervised
study of bakuchiol serum documented an 11% decrease in
wrinkle presence, an 8% increase in firmness, and a 70%
reduction in redness after 12 weeks, with no evidence of
comedogenesis on oily skin, supporting a favorable safety
profile across skin types (Mohiuddin, 2019; Kepczak &
Solarczyk, 2022).
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indicates that bakuchiol's performance is not universally
superior; several trials highlight that it demonstrates only
modest clinical efficacy when measured against
prescription-strength or high-concentration retinoids, which
possess a significantly more robust, established history of
structural tissue remodeling. While it serves as a highly
viable alternative for sensitive skin types, its long-term
capacity to match the peak anti-aging outcomes of traditional
retinoids remains a point of conflicting evidence in current
clinical dermatological practice (Limanda et al., 2025;
Prabu, 2025).

5 Integrated Multi-Active Anti-Aging Strategies
5.1 Design Principles for Combining Key Actives

Rational design of modern cosmeceuticals centers on
combining complementary ingredients to amplify anti-aging
efficacy while neutralizing potential side effects. A
foundational paradigm couples irritating cellular remodelers,
such as retinoids, with soothing, film-forming matrices like
hyaluronic acid. Hyaluronic acid establishes a highly
hydrated microenvironment that counteracts the barrier
disruption and dryness typically triggered by vitamin A
derivatives. Niacinamide introduces a multi-pronged benefit
to this matrix by actively driving ceramide synthesis and
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suppressing inflammatory pathways, which thickens the
stratum corneum and physically lowers irritation rates (Giri
etal., 2025; Prabu, 2025; Tusiimire et al., 2025; Zhong et al.,
2024).

Antioxidant integration further optimizes these multi-active
systems. Vitamin C provides necessary free-radical
scavenging and functions as an essential cofactor for
collagen cross-linking, which works synergistically with the
cellular renewal driven by retinoids. When formulating these
complex blends, structural stability must be maintained
through modern stabilization technologies. Replacing
traditional stabilizers with eco-friendly alternatives prevents
ingredient degradation, while advanced delivery platforms
like vacuum-assisted lipid nanocarriers and cross-linked

matrices facilitate controlled, sustained release to ensure
long-term performance and high user tolerability (Giri et al.,
2025; Prabu, 2025; Zhong et al., 2024).

5.2 Comparative Efficacy and Safety Outcomes

Selecting the appropriate active combination requires
balancing target cosmetic outcomes against clinical
tolerance. While potent prescription retinoids deliver rapid
structural benefits, over-the-counter options, alternative
botanicals, and supportive peptides offer distinct advantages
regarding compliance and long-term barrier preservation. A
systematic comparison of key clinical endpoints for these
core actives is presented in Table 2.

Table 2: Comparative Summary of Key Clinical Outcomes

Active Wrinkle Hydration Irritation & Key Documented Clinical
Ingredient Reduction Improvement % Adverse Event Outcomes
% Rates
Bakuchiol ~11% Moderate Low; transient Comparable to retinol in reversing
reduction improvement redness at 4 photoaging; addresses multiple
weeks, zero acne pathways without sensory
comedogenesis irritation.
Retinoids ~25% Variable; initially High; frequent Significant improvement in fine
reduction increases TEWL burning, scaling, lines, roughness, and
erythema, and hyperpigmentation; restricted by
dermatitis cosmetic concentration limits.
Niacinamide Significant High; actively Extremely low; Improves sallowness and
reduction reduces TEWL well tolerated elasticity; downregulates
across skin inflammatory acne flare-ups and
types reduces melanosome transfer.
Vitamin C Significant High (specifically Low to Neutralizes free radicals;
& furrow via moderate; upregulates type I/I1I collagen
Derivatives reduction MAP/derivatives) dependent on mRNA; inhibits tyrosinase to
formulation pH manage hyperpigmentation.
Hyaluronic Visibly ~55% (surface) to Rare; isolated Formulates immediate hydrating
Acid minimizes 70% (deep layers) mild swelling or films, promotes cellular wound
fine lines redness with healing, and restores skin volume.
injectables
6 Integrated Multi-Active Anti-aging Strategies so that the latter counteracts retinoid-induced dehydration
. o . . . and irritation while the former drives collagen synthesis and
6.1 Design Principles for Combining Key Actives gen sy

Rational design of multi-active formulations relies on
exploiting complementary mechanisms while minimizing
overlapping irritancy and instability profiles. Hyaluronic
acid is repeatedly described as a hydrating and barrier
supportive matrix that passively maintains moisture and
reduces transepidermal water loss, whereas retinoids
remodel the skin at a cellular level but frequently cause
dryness, irritation, and pbarrihotosensitivity. This contrast
underpins a core design principle: pairing retinoids with HA
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epidermal renewal. In such combinations, HA provides a
moist, biocompatible environment that supports retinoid
action and improves user tolerability, allowing anti-aging
regimens to deliver cellular benefits without compromising
comfort or adherence. (Giri et al., 2025; Prabu, 2025;
Tusiimire et al., 2025)

Niacinamide offers a second axis of synergy with HA and
retinoids. It is characterized by anti-inflammatory,
brightening, and barrier repair properties, actively enhancing
the skin barrier and reducing transepidermal water loss rather
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than simply binding water. When coformulated with HA,
hydration from the polysaccharide is complemented by
niacinamide-driven barrier repair, sebum regulation, and
reduction of redness and pigmentation, yielding more
comprehensive skin benefits than either ingredient alone.
Formulations that combine HA and niacinamide are reported
to balance moisture retention with anti-inflammatory effects,
which improves tolerability and compliance and is especially
relevant when retinoids are present. In this context, HA
maintains hydration, niacinamide attenuates inflammation
and strengthens the barrier, and retinoids mediate collagen
and keratinocyte dynamics, together addressing structural,
barrier, and surface appearance targets. (Giri et al., 2025;
Zhong et al., 2024)

Designing combinations with retinoids additionally requires
attention to irritation mitigation and chemical stability.
Evidence shows that association of retinol or retinoic acid
with soothing and hydrating agents such as HA yields blends
with free radical scavenging activity, slower inflammatory
responses, and reduced irritation. Parallel strategies
incorporate vitamins with specific mechanistic roles:
niacinamide combined with retinol attenuates aquaporin 3
expression, thickens the stratum corneum, and reduces
dryness and irritation, while vitamin C plus retinol stimulates
ceramide and skin surface lipid synthesis, increases collagen
production, improves aging signs, and relieves retinol-
induced dry skin. Vitamin E further contributes antioxidant
and anti-inflammatory activity, and its combination with
retinoids  significantly reduces lipid oxidation and
inflammation. These patterns support a principle of pairing
retinoids with barrier-strengthening, lipid-supporting, and
antioxidant partners to buffer their irritant potential while
amplifying anti-aging effects. (Zhong et al., 2024)

Formulators must also stabilize retinoids in multi-active
systems. Conventional use of butylated hydroxytoluene and
EDTA as antioxidants and metal chelators has been
questioned for environmental reasons, prompting
development of eco-friendly alternatives such as [S,S]
EDDS and PBHC that prevent retinol degradation and
enhance its skin absorption. Integrating these stabilising
systems into complex formulations allows sustained retinoid
activity alongside HA, niacinamide, and vitamin C without
excessive breakdown during storage. At the same time,
cross-linked HA technologies and vacuum-assisted lipid
nanocarriers for retinol demonstrate how advanced delivery
platforms can extend durability and control release, reducing
peak irritation while maintaining dermal collagen benefits
over time. (Giri et al., 2025; Zhong et al., 2024)

Combination products featuring HA with peptides, vitamins,
or growth factors illustrate further design guidelines. HA
peptide serums promote skin strength and hydration
simultaneously, ~with HA ensuring an optimal
microenvironment for peptide-mediated collagen synthesis
and wound healing. HA vitamin C blends provide
brightening and antioxidant protection, while HA
niacinamide formulations offer moisture retention together
with anti-inflammatory barrier repair. Market analyses note
rising consumer preference for minimalist, multifunctional
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formulations in which HA acts as a flagship ingredient paired
with such actives, provided that labeling transparently
discloses HA molecular weight, concentration, and co-active
composition. These observations justify structuring multi-
active systems around HA as a hydrating scaffold, layering
retinoids, niacinamide, vitamin C, and peptides according to
targeted anti-wrinkle, barrier, pigmentary, or texture
outcomes, while controlling irritancy and stability through

appropriate  antioxidants, chelators, and delivery
technologies.
6.2 Balancing Efficacy, Safety, and Consumer

Acceptability

Balancing strong anti-aging efficacy with acceptable safety
and user experience requires careful comparison of
traditional actives and newer technologies, together with
attention to stability and regulatory constraints. Hyaluronic
acid (HA) is consistently described as one of the most
biocompatible and clinically validated ingredients, with
topical and injectable products showing excellent tolerability
and only rare, usually mild, adverse events such as localized
erythema or tenderness at filler injection sites. Allergic
responses are uncommon, especially with high-purity, non-
animal-stabilized HA, and long-term use is considered safe
when accompanied by appropriate patient screening and
post-market surveillance. This safety profile contrasts with
injectable collagen, which has declined in use due to
allergenicity, and has helped HA-based fillers replace
collagen because of superior safety and prolonged
effectiveness. (Giri et al., 2025)

Retinoids, although among the most powerful anti-aging
agents, present a more complex balance of benefit and risk.
They effectively stimulate keratinocyte growth, enhance
epidermal barrier function, reduce transepidermal water loss,
protect collagen from degradation, and inhibit matrix
metalloproteinases, yet their topical use is hindered by
frequent irritation reactions such as burning, scaling,
erythema, pruritus, and dermatitis. Prescription strength
tretinoin is widely regarded as the most potent retinoid with
scientifically confirmed anti-aging effects, but patient
adherence is often reduced by these reactions, and
established instability and limited penetration further
challenge cosmetic use. Regulatory bodies have therefore
imposed strict concentration limits on cosmetic retinoids,
with recommendations that retinol equivalents not exceed
0.05% in body lotions and 0.3 in hand and face products, and
complete prohibition of retinoic acid and its salts because of
teratogenic risk and concerns about systemic vitamin A
accumulation and associated liver and kidney damage.
(Prabu, 2025; Tusiimire et al., 2025)

Formulation strategies address these issues by integrating
more tolerable actives and stabilizing systems. HA serves as
a complementary partner to retinoids by counteracting
dehydration and irritation, passively maintaining moisture
and barrier integrity while retinoids remodel the skin at a
cellular level. Niacinamide provides additional safety
benefits through barrier repair, anti-inflammatory, and
brightening actions, actively reducing transepidermal water
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loss, regulating sebum, and decreasing redness. Combined
use of niacinamide and HA yields comprehensive benefits,
with hydration from HA and barrier support plus anti-aging
effects from niacinamide, and formulations that pair HA with
niacinamide are reported to balance moisture retention with
anti-inflammatory advantages, improving user tolerability
and compliance in multi-active regimens that may include
irritant actives such as retinoids. (Giri et al., 2025; Zhong et
al., 2024)

Stability is another axis along which efficacy and safety must
be negotiated. Conventional stabilization of retinol relies on
antioxidants like butylated hydroxytoluene and chelators
such as EDTA to prevent thermal isomerization and
oxidative degradation, but their environmental profile and
metal complexes raise sustainability concerns. Recent work
has introduced an environmentally friendly system using
[S,S]EDDS and PBHC as replacements for EDTA and BHT,
respectively, which prevented retinol degradation during
long-term storage and enhanced its skin absorption,
illustrating that stabilization choices can simultaneously
support efficacy, reduce degradation-related irritancy, and
respond to consumer expectations for greener formulations.
Structural modification of retinoid derivatives, such as
hydroxypinacolone retinoate, N-retinyl-D-glucosamine,
retinyl retinoate, and bis-retinamido methylpentane, further
exemplifies attempts to retain anti-aging activity while
increasing stability, lowering intracellular toxicity, and
reducing irritation, again aiming at a more favorable balance
between performance and safety. (Zhong et al., 2024)

Peptide technologies offer an alternative pathway to high
efficacy with relatively mild side effects, which is important
for consumers with sensitive skin. Comparative data indicate
that peptide formulations can achieve 20% wrinkle reduction
and 25% hydration with only mild irritation in rare cases,
whereas retinoids deliver around 25% wrinkle reduction but
are associated with irritation, redness, and dryness, and HA
provides 15% hydration improvement with rare allergic
reactions. This profile positions peptides as a middle ground
between potent but irritant retinoids and highly tolerable but
primarily hydrating HA. When combined with HA, peptides
benefit from an optimally hydrated microenvironment that
supports collagen synthesis and elasticity, improving both
efficacy and comfort. (Giri et al., 2025; Mao, 2025)

Consumer acceptability is further shaped by preferences for
scientifically backed ingredients, transparent labeling, and
multifunctional products. Market analyses report rapid
growth of HA-based cosmeceuticals, with HA acting as a
flagship ingredient in serums, moisturizers, masks, and
fillers, and consumers increasingly seeking products that
disclose HA molecular weight, concentration, and the nature
of co-actives. Demand for minimalist, multifunctional
formulations has fostered combination products where HA is
paired with peptides, vitamins C and E, or niacinamide to
deliver broad-spectrum anti-aging and hydrating benefits in
fewer steps, provided that efficacy claims are substantiated
and safety is demonstrably high. This convergence of clinical
performance, regulatory compliance, environmental
stewardship, and user-friendly sensory profiles defines how
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modern multi-active anti-aging systems must be optimized
to remain acceptable to both patients and consumers.

6.3 Sustainability and Eco-Friendly Formulations

Modern cosmeceutical engineering increasingly addresses
broader ecological impacts by transitioning toward green
chemistry and sustainable raw materials. The replacement of
traditional, persistent stabilizers with bio-based alternatives
represents a crucial shift in multi-active system design.
Specifically, substituting non-biodegradable synthetic metal
chelators and stabilizers with eco-friendly options prevents
active degradation and enhances skin absorption without
contributing to environmental heavy-metal accumulation.
This design pivot satisfies the growing industrial demand for
green manufacturing profiles while maintaining required
chemical stability during storage.

Beyond additive selection, the ecological lifecycle of
advanced delivery networks and active byproducts presents
an ongoing challenge for sustainable design. Solid lipid
nanoparticles and nanostructured lipid carriers offer inherent
environmental advantages over persistent synthetic polymers
due to their biodegradable lipid cores, which break down into
non-toxic components. However, the environmental fate of
excreted retinoid derivatives and their secondary metabolites
down standard wastewater streams remains an emerging
ecotoxicological concern, as high chemical stability during
use can prolong persistence in aquatic ecosystems.
Balancing clinical tissue longevity with rapid environmental
degradation requires continuous optimization of carrier
matrices and alternative active ingredients to align consumer
performance expectations with responsible environmental
stewardship (Giri et al., 2025; Prabu, 2025; Zhong et al.,
2024).

7 Formulation Science and Delivery Systems for
Cosmeceuticals

7.1 Topical Vehicles and Encapsulation Technologies

Topical delivery systems integrate classical vehicles with
advanced nanoencapsulation to optimize the performance of
sensitive anti-aging actives. Conventional oil-in-water
emulsions, such as creams and lotions, function as protective
surface layers that excel at locking in moisture and
preventing water loss, making them ideal for large hydrating
polymers. Lightweight, fast-absorbing gels and serums
utilize minimal bases to minimize diffusion interference,
facilitating the deeper percutaneous movement of lower
molecular weight fragments and antioxidants.

To overcome the penetration limits and chemical
vulnerability of these actives, nano-vehicles are increasingly
employed, though a clear boundary exists between their
laboratory validation and human clinical confirmation.
Traditional liposomes incorporate stabilizing plant sterols to
protect actives from light-induced breakdown, with human
clinical tests confirming they improve bioavailability and
reduce superficial skin irritation compared to standard
creams. Deformable liposomes and alcohol-rich ethosomes
alter skin lipid packing to enhance active transport, yet their
validation remains largely restricted to laboratory models
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and minor localized comfort assays. Non-ionic niosomes
retard active breakdown and suppress sebum output in
preclinical setups, but they currently lack large-scale,
controlled human trials. Similarly, nanoemulsions speed up
active penetration and drive anti-inflammatory responses in
laboratory settings, but human validation remains limited,
with some assays noting potential side effects like reduced
skin flexibility. Finally, solid lipid nanoparticles and
nanostructured lipid carriers, including vacuum-assisted
variants, demonstrate exceptional capabilities in cell cultures
and 3D human skin models by maximizing chemical
stability, increasing dermal thickness, and preventing UV-
induced structural breakdown; however, their real-world
clinical superiority over conventional emulsions in living
human cohorts requires extensive, independent clinical trials
before definitive marketing claims can be established (Giri

et al., 2025; Prabu, 2025; Zhong et al., 2024).
7.2 Packaging, Shelf-Life
Considerations

Photostability, and

Securing an acceptable shelf life for cosmeceuticals requires
mitigating the environmental vulnerabilities of their core
active ingredients. For hydrophilic hydrating polymers,
chemical degradation is primarily managed by maintaining a
neutral to slightly acidic formulation pH and utilizing cool,
dark storage environments to preserve structural integrity. In
contrast, highly unstable actives like retinoids demand
sophisticated stabilizing additives and specialized packaging
to prevent rapid breakdown caused by exposure to light, heat,
oxygen, and moisture.

While traditional stabilization long relied on synthetic
antioxidants and metal chelators that raise modern
environmental sustainability concerns, recent engineering
has introduced eco-friendly alternatives that successfully
prevent ingredient degradation and enhance skin absorption
during long-term storage. Preclinical lipid nanoparticle
technologies further expand these stabilization boundaries;
solid lipid nanoparticles and nanostructured lipid carriers
physically shield actives from light and oxygen, which
significantly reduces drug run-off and minimizes irritation
potential. Droplet engineering via nanoemulsions—
particularly when reinforced with hydrophilic silica—
similarly preserves active potency under high thermal and
oxidative stress. Ultimately, combining these advanced
carrier networks with strict environmental controls allows
multi-active formulations to maintain their biological
activity and mechanical performance throughout their
commercial lifespan (Giri et al., 2025; Prabu, 2025; Prajapati
et al., 2024; Zhong et al., 2024).

8 Regulatory, Ethical, and Clinical Evaluation
Aspects
8.1 Distinction Between Cosmetics, Cosmeceuticals,

and Medicines

Classification of products containing active ingredients such
as hyaluronic acid or retinoids determines the regulatory
pathway, evidentiary requirements, and permissible claims.
In one jurisdiction, hyaluronic acid used in skincare is
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explicitly classified as a cosmetic ingredient, allowing
incorporation into a variety of topical products without the
need for pre market approval, provided that general safety
and labelling regulations are respected. By contrast, the same
molecule formulated as injectable dermal fillers is regulated
as a medical device in the highest risk class or as a
combination product, which mandates submission of
preclinical and clinical data and compliance with
manufacturing standards. This dichotomy illustrates how
identical chemical entities are treated differently depending
on route of administration and intended use. (Giri et al.,
2025; Prajapati et al., 2024)

European frameworks further sharpen the distinction
between cosmetics and medicines. In the European Union,
the use of hyaluronic acid in cosmetic formulations is
overseen by the European Commission, which emphasizes
safety assessment and substantiation of efficacy claims
before products can be marketed. Manufacturers must
provide evidence supporting safety and effectiveness of their
HA-containing cosmetics, aligning them with the
expectations for cosmeceuticals that straddle care and quasi-
therapeutic benefits. In parallel, centrally authorized
medicinal products, including those with new active
substances, follow a structured evaluation timetable under
the European Medicines Agency. Innovative medicines can
be assessed through the centralized procedure when they
represent significant therapeutic, technical, or scientific
innovation or when community authorization is considered
in the best interests of patients, and generic or hybrid
medicinal products of centrally authorized references
automatically access this route. These mechanisms make
clear that medicines undergo a far more stringent,
harmonized review focused on therapeutic benefit than
cosmetic products, which remain outside the medicinal
authorization scheme. (Prajapati et al., 2024)

Retinoid regulation provides a specific example of how an
active class can fall into both cosmetic and medicinal
domains. All trans retinoic acid and several of its derivatives,
including tazarotene, are prescription retinoids noted for
higher efficacy and a greater incidence of adverse effects
such as skin irritation, dryness, erythema, pruritus, and
burning. These molecules are treated as medicinal products,
and their use is governed by medical prescription and safety
monitoring. In contrast, structurally related retinoids such as
retinol, retinal, retinyl esters, and beta carotene are widely
used in cosmetic products, including face and hand creams,
body lotions, shower gels, shampoos, and conditioners. They
are positioned as cosmetic or cosmeceutical ingredients that
modulate keratinocyte proliferation, collagen synthesis,
pigmentation, and microcomedone formation without being
classified as medicines, despite their biological activity.
Regulatory bodies have nevertheless imposed quantitative
limits on cosmetic retinoids because of potential systemic
risks. Guidance from the Scientific Committee on Consumer
Safety recommends that retinoid concentrations in cosmetics
should not exceed 0.05% retinol equivalents in body lotions
and 0.3% retinol equivalents in hand and face creams and
other leave-on or rinse-off products. National authorities
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apply additional constraints, with one agency accepting a
maximum of 0.15% retinol equivalents and another
restricting use to 1%, while a nutrition society prohibits
vitamin A in all lip and body care products. Retinoic acid and
its salts are explicitly banned from cosmetic products due to
their teratogenicity. These limits are motivated by concerns
that concurrent use of high-concentration cosmetic retinoids,
dietary supplements, and vitamin A rich foods can lead to
accumulation and adverse effects including erythema,
nausea, headache, abdominal pain, and liver and kidney
damage, which are managed within medicinal risk-benefit
frameworks but unacceptable in cosmetics. (Tusiimire et al.,
2025)

For hyaluronic acid, the boundary between cosmetics,
cosmeceuticals, and medicines is again evident. Topical HA
formulations used for anti-aging, hydration, acne
management, and wound healing are treated as cosmetic
products, subject to labeling rules but not pre-market
authorization. Evidence summarized in reviews indicates
that such formulations significantly improve hydration and
elasticity and are generally safe, with minimal irritation or
sensitization, which supports their positioning as
cosmeceuticals offering functional benefits without entering
the medicinal category. HA-based dressings for wound
healing, which accelerate closure rates and provide moist
environments conducive to regeneration, sit closer to
medical devices, particularly when used on surgical incisions
and burns, and must satisfy device-specific regulatory
requirements beyond those applied to standard cosmetics.
(Giri et al., 2025; Prajapati et al., 2024)

Ambiguity surrounding cosmeceuticals as an intermediate
class is recognized in discussions of regulatory standards and
marketing claims. In several countries, including the United
States and India, products marketed as cosmeceuticals
occupy a regulatory grey area, being neither pure cosmetics
nor drugs. This situation allows use of terms such as
clinically proven or anti-aging on HA-containing products
without robust clinical trial data, and encourages ambiguous
statements about molecular weight-specific effects or
concentration-related efficacy. Regulatory agencies do not
require preapproval for cosmetic formulations, which can
lead to inconsistent labeling of different HA forms and
uncertain communication of their biological impact. Calls
for harmonized regulation, stronger clinical validation, and
greater accountability in labeling reflect attempts to define
more clearly how cosmeceuticals differ from both simple
cosmetics and licensed medicines in terms of evidence and
permitted claims.

Global product development is further complicated by
significant regulatory variations across the Asia-Pacific
region, which contrast sharply with Western frameworks and
create challenges for wuniversal branding. In Japan,
cosmeceuticals occupy a highly formalized legal category
known as “quasi-drugs," which requires rigorous pre-market
vetting and strict ministerial approval for specific active
ingredients and efficacy claims. Similarly, China enforces a
dual-track framework that distinguishes between ordinary
cosmetics and "special cosmetics," mandating extensive
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human safety testing and registration for products claiming
anti-aging or hyperpigmentation benefits. Across the
ASEAN region, the Harmonized Cosmetic Regulatory
Scheme attempts to streamline commercialization via a
unified notification system, yet local authorities frequently
impose independent post-market surveillance thresholds and
concentration caps on active precursors. These fragmented
international boundaries force formulators to continually
alter active concentrations and labeling structures,
demonstrating that global commercial compliance depends
as much on regional legal navigation as it does on
biomolecular stability and clinical efficacy (Giri et al., 2025;
Prajapati et al., 2024; Tusiimire et al., 2025).

8.2 Clinical Evaluation of Anti-aging Claims

Clinical evaluation of anti-aging claims hinges on the
robustness of trial design, the choice of endpoints, and the
degree to which outcomes can be generalized to everyday
cosmetic use. For oral combination products containing
collagen and hyaluronic acid, an open-label trial in women
reported meaningful improvements in global wrinkles and
skin elasticity over 12 weeks, as judged by participant
opinion, expert graders, and instrumental measurements
using a Cutometer. The product supplied 2.5 g collagen and
120 mg hyaluronic acid per tablet, three tablets daily, with
the HA dose matching those previously used in placebo-
controlled trials. In Japanese subjects, oral HA at 120 mg for
6—12 weeks significantly increased skin moisture content
and improved wrinkle appearance by both dermatologist
assessment and subjective evaluations, while another
placebo-controlled trial in 129 participants with oily, normal,
or dry skin showed that 100 mg HA for 12 weeks
significantly improved skin hydration. These convergent
findings underpin moisture and wrinkle-related claims for
oral HA, but the open-label design of the combination study
is explicitly acknowledged as a limitation compared with
randomized controlled trials. (Gibson et al., 2024)

Topical hyaluronic acid has been clinically validated as an
anti-aging ingredient in cosmeceuticals, with multiple
studies showing significant improvements in hydration and
elasticity. A 2% HA cream applied twice daily for four
weeks produced a significant increase in skin hydration
levels, and broader analyses indicate that HA-based products
enhance elasticity and overall skin appearance in older
adults. Meta-analytic evaluation of HA fillers concluded that
they effectively reduce wrinkles and enhance facial volume,
with sustained effects lasting several months, which supports
aesthetic claims for injectable formulations. Safety
assessments report minimal adverse effects, usually mild and
transient erythema or swelling, particularly with fillers, and
a clinical trial highlighted minimal adverse effects associated
with HA use, reinforcing its favorable tolerability profile in
anti-aging applications. Nonetheless, side effects such as
redness or swelling with fillers and the need for patch testing
in sensitive individuals are noted, signaling that even highly
biocompatible actives require careful clinical and post-
market evaluation to justify broad anti-aging claims. (Giri et
al., 2025; Prajapati et al., 2024)
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Retinoids present a different clinical evidence pattern,
combining strong efficacy with significant irritation.
Tretinoin is widely regarded as the most potent retinoid with
scientifically confirmed anti-aging properties, and is
commonly found in authorized formulations for acne, facial
wrinkles, and hyperpigmentation. Topical tretinoin has been
shown to inhibit AP 1, suppress matrix metalloproteinase
expression, prevent collagen degradation, increase epidermal
thickness and anchoring fibrils, and improve fine facial
wrinkles, mottled hyperpigmentation, and tactile roughness,
which substantiate its anti-aging claims. However,
prescription strength tretinoin often produces burning,
scaling, and dermatitis, leading to decreased adherence and
limiting utility despite efficacy. Comparative studies
reported that adapalene and tazarotene can provide anti-
aging benefits in chronically photodamaged skin, with
adapalene 0.3% gel performing similarly to tretinoin 0.05%
cream for several photoaging endpoints and being
considered a safe and effective option for mild to moderate
photoaging. Reviews point out that, for over-the-counter
cosmeceuticals, there is insufficient data from well-designed
clinical trials to substantiate the alleged anti-aging
effectiveness of frequently used retinoids such as retinol,
retinaldehyde, and retinyl palmitate, raising concern that
cosmetic anti-aging claims may exceed the evidentiary base.
(Mohiuddin, 2019; Prabu, 2025)

Nanoformulations of retinoids are proposed as a means to
reconcile efficacy with tolerability. Lipid based delivery
systems, including solid lipid nanoparticles, nanostructured
lipid carriers, liposomes, and nanoemulsions, are described
as superior for topical retinoid delivery, owing to low
toxicity, high drug loading capacity, biodegradability, and
improved stability. Incorporation of retinoic acid into solid
lipid nanoparticles improved photostability, reduced
irritation compared with other formulations, and protected
against elastin degradation and UV-induced oxidative stress,
providing functional support for advanced formulation-
based anti-aging claims. Vacuum-assisted lipid nanocarriers
loaded with retinol delivered significantly more retinol into
the skin than bare retinol at the same concentration, increased
epidermal thickness, enlarged dermal collagen area, and
reduced interleukin 1a secretion in a 3D human skin model,
indicating that nanocarrier-mediated delivery can enhance
collagen-related anti-aging effects while modulating
inflammatory responses. However, authors emphasise that
the potential efficacy of retinoid nanoformulations still
requires thorough assessment in further clinical studies to
validate initial findings, underscoring that promising
mechanistic and preclinical data do not automatically justify
strong cosmetic claims. (Prabu, 2025; Zhong et al., 2024)

Comparative analyses of peptides, retinoids, and hyaluronic
acid add an additional clinical perspective. A summarized
dataset indicates that retinoids can achieve around 25%
wrinkle reduction but are associated with irritation, redness,
and dryness, while hyaluronic acid offers approximately
15% hydration improvement with rare allergic reactions, and
peptides provide 20% wrinkle reduction and 25% hydration
with only mild irritation in rare cases. This balance of
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efficacy and side effects positions peptides and HA as more
acceptable options for sensitive skin, whereas retinoids
require mitigation strategies such as coformulation with HA
or niacinamide to maintain clinical anti-aging benefits within
a tolerable irritation envelope.

8.3 Patient Adherence and Real-World Usage Patterns

Translating clinical efficacy into real-world anti-aging
outcomes depends heavily on long-term consumer
adherence, which is frequently disrupted by product-specific
practical challenges. While powerful cellular remodelers like
prescription-strength retinoids demonstrate high clinical
performance, their real-world utility is severely limited by
poor user compliance due to predictable side effects such as
burning, scaling, and dermatitis. To bypass these tolerability
barriers, consumer behavior patterns favor multi-active
combination systems—such as pairing retinoids with
hyaluronic acid or niacinamide—where the hydrating matrix
actively cushions skin discomfort, lowers irritation rates, and
encourages consistent application frequency.

Beyond physical tolerability, the sensory properties,
application complexity, and financial accessibility of a
skincare regimen directly dictate sustained consumer
acceptance. Market trends show an increasing consumer
preference for minimalist, multifunctional formulations that
deliver broad-spectrum hydration and structural anti-aging
benefits in fewer steps, reducing the risk of routine
abandonment associated with overly complex, multi-layered
product regimens. Furthermore, because advanced lipid-
based delivery platforms and high-purity active ingredients
require more expensive manufacturing and specialized
packaging to prevent active degradation, product cost
remains a decisive economic barrier to long-term
compliance. Optimizing real-world anti-aging strategies
therefore requires formulators to balance biomolecular
potency with user-friendly textures and economically viable
pricing to ensure consumers maintain the disciplined usage
patterns required to achieve visible clinical benefits (Giri et
al., 2025; Mao, 2025; Prabu, 2025; Zhong et al., 2024).

9 Conclusion

This review synthesizes the cross-talk between structural
anti-aging and barrier-repair pathways, mapping how
formulation design mediates the efficacy and tolerability of
key cosmeceutical actives.

Hyaluronic acid operates as a hydrophilic scaffold that
provides surface film-forming hydration or deep receptor-
mediated tissue renewal depending on its molecular weight.
Traditional benchmarks like retinoids and vitamin C deliver
powerful matrix remodeling and antioxidant protection but
remain limited by chemical instability and severe topical
irritation. To balance these trade-offs, modern strategies
incorporate niacinamide to actively repair the skin barrier
and lower irritation rates, alongside bakuchiol as a
photostable, non-irritating botanical analog to retinol.

Despite these innovations, several critical limitations
challenge the wuniversal wvalidation of advanced
cosmeceuticals. While lipid nanocarriers show exceptional
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capabilities in stabilizing sensitive molecules and enhancing
epidermal depth, their documented superiority is largely
confined to laboratory models, leaving a distinct shortage of
independent human clinical trials. Efficacy data for
alternative actives like bakuchiol also remain conflicting,
showing modest performance when measured against
prescription benchmarks. Furthermore, fragmented global
regulations, ranging from Western concentration caps to
complex Asian pre-market classification systems, can create
persistent barriers to uniform product engineering and
deployment.

To bridge these gaps, the author suggests that the prioritized
research agenda may focus on moving past isolated
laboratory assays toward standardized human testing. Future
investigations should establish long-term, randomized
controlled clinical trials to verify the real-world performance
and biological safety of advanced nanocarriers in living
cohorts. Research must also prioritize green chemistry by
developing fully biodegradable carrier matrices and
examining the long-term aquatic ecotoxicity of excreted
active metabolites. Finally, industrial protocols must explore
synergistic, multi-active blending ratios that optimize user
adherence by balancing active potency with cost-effective,
consumer-friendly sensory textures.

Based on these integrated findings, the following actionable
recommendations are established for modern cosmeceutical
design:

. Utilize Multi-Active Layering: Pair highly irritating
cellular remodelers like retinoids directly with
barrier-supporting scaffolds such as niacinamide
and varying molecular weights of hyaluronic acid to
offset skin dryness and maximize user compliance.

. Deploy Green Stabilization Systems: Replace
ecologically persistent synthetic stabilizers and
chelators with bio-based alternatives to secure long-
term active stability without contributing to
environmental heavy-metal accumulation.

. Engineer Biodegradable Nanocarriers: Standardize
the use of solid lipid nanoparticles or nanostructured
lipid carriers with fully biodegradable lipid cores to
achieve controlled ingredient release while ensuring
low environmental toxicity.

. Navigate Regional Regulatory Frameworks:
Calibrate active concentrations to comply with strict
global boundaries, ensuring leave-on formulas
remain within international safety caps such as 0.3%
retinol equivalents.

Ultimately, the commercial and dermatological evolution of
anti-aging skincare depends entirely on a strict transition
toward empirical human validation. Speculative cosmetic
marketing claims must be replaced by transparent labeling
that explicitly details active ingredient concentrations,
molecular weight distributions, and clinically verified safety
boundaries. By anchoring advanced formulation science in
rigorous clinical trials, sustainable engineering, and strict
regulatory compliance, the industry can deliver responsible,
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high-performance multi-active strategies that preserve both
long-term skin health and environmental integrity.
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