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Abstract

Impaired skin-barrier function and delayed wound healing arise from interacting disturbances in redox homeostasis, inflammation,
keratinocyte migration, fibroblast activity, extracellular-matrix remodelling, vascular responses, microbial ecology, and cutaneous
lipid organisation. Palm-derived tocotrienols and squalene are lipid-soluble phytonutrients with complementary properties that
make them attractive for topical dermatologic and wound-care development. This qualitative literature review synthesises recent
evidence published primarily from 2020 onward and evaluates nanoenabled delivery as a translational strategy. Tocotrienols
show comparatively strong mechanistic evidence for antioxidant and anti-inflammatory activity, protection of keratinocyte barrier
proteins, modulation of cellular migration, and support of experimental wound repair. Squalene has a complementary profile
related to skin-surface lipid physiology, emolliency, redox interactions, formulation compatibility, and limited but encouraging
experimental repair data. Nanoemulsions, ethosomes, solid lipid nanoparticles, nanostructured lipid carriers, and nanoemulgels
can improve dispersion, stability, local deposition, controlled release, and retention of lipophilic bioactives. However, the evidence
base remains dominated by in vitro, ex vivo, and animal studies, while randomized human evidence is scarce. Chronic and
diabetic wound care represents a compelling translational opportunity because oxidative stress, persistent inflammation, cellular
dysfunction, vascular impairment, and infection coexist. Future development should prioritize standardized raw materials,
mechanistically controlled formulations, human-relevant skin models, safety and pharmacokinetic studies, and indication-specific
randomized trials using clinically meaningful endpoints.
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Introduction

The skin is simultaneously a mechanical shield, water-retaining
barrier, immunological interface, sensory organ, and metaboli-
cally active surface. Failure of this barrier can range from sub-
tle increases in transepidermal water loss to inflammatory der-
matoses and open wounds in which loss of structural integrity
increases the risks of infection, persistent inflammation, fibro-
sis, and delayed repair. Wound healing is not a single biologi-
cal event but a coordinated progression involving hemostasis,
inflammation, proliferation, re-epithelialization, angiogenesis,
extracellular-matrix deposition, and remodeling. Disturbance at

any of these stages can convert a normally self-limiting inju-
ry into a chronic non-healing state, particularly when diabetes,
ischemia, aging, infection, repeated trauma, or immune dysreg-
ulation are present [1-3].

A recurring biological feature across impaired barrier func-
tion, photoaging, inflammatory dermatoses, burns, and chronic
wounds is dysregulated oxidative signaling. Reactive oxygen
species are not intrinsically pathological because physiologic
ROS participate in antimicrobial defense, cell signaling, angio-
genesis, and migration. The problem emerges when ROS pro-
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duction exceeds antioxidant buffering and produces sustained
lipid peroxidation, mitochondrial dysfunction, protein modifica-
tion, DNA damage, extracellular-matrix injury, and amplifica-
tion of inflammatory pathways. Antioxidant-based dermatology
should therefore aim to restore a functional redox range rather
than indiscriminately eliminate all ROS [4-7].

Chronic wounds illustrate this dysregulation particularly clearly.
Macrophages that normally change functional states as repair
progresses may remain trapped in inflammatory programs, while
keratinocytes show defective migration, fibroblasts exhibit ab-
normal proliferation and matrix production, endothelial respons-
es deteriorate, and polymicrobial communities can organize into
persistent biofilms. These environments therefore contain inter-
connected oxidative, inflammatory, metabolic, vascular, and mi-
crobiological abnormalities rather than a single pharmacological
target [8-13].

Against this background, lipid-soluble natural compounds have
attracted attention because cutaneous physiology is itself strong-
ly lipid-dependent. Natural bioactives may combine antioxidant
or anti-inflammatory effects with favorable partitioning into skin
lipids, while lipid-based formulations can provide occlusion, hy-
dration, sustained release, and improved local retention. Nev-
ertheless, biological plausibility must be separated from clin-
ical efficacy because favorable changes in antioxidant assays,
cell migration, or animal-wound closure do not automatically
demonstrate better complete healing, recurrence, infection con-
trol, pain, scar quality, or quality of life in human patients [14-
16].

Palm-derived tocotrienols are especially relevant to this transla-
tional question. Tocotrienols belong to the vitamin E family and
differ from tocopherols through an unsaturated isoprenoid side
chain that influences membrane localization and biological be-
havior. Palm oil is an important natural source of tocotrienol-rich
fractions that can contain alpha-, gamma-, and delta-tocotrienols
together with alpha-tocopherol. Recent work has associated to-
cotrienols with redox modulation, anti-inflammatory signaling,
membrane protection, keratinocyte responses, and experimental
tissue repair, while topical formulations have been evaluated in
dermatitis, burn, wound-healing, and cutaneous-delivery models
[17-20].

Squalene provides a different but potentially complementa-
ry profile. It is an unsaturated triterpene intermediate in sterol
biosynthesis and is naturally present in human sebum and the
skin-surface lipid film. Squalene should not be presented as one
of the dominant structural extracellular lipids of the stratum cor-
neum, which are primarily ceramides, cholesterol, and free fatty
acids; its dermatologic relevance is instead related to surface lu-
brication, emolliency, redox chemistry, and compatibility with
lipid-based formulations [21-24].

The physicochemical properties of tocotrienols and squalene
create both opportunity and constraint. Their lipophilicity is
compatible with cutaneous lipid environments, but it can com-
plicate aqueous formulation, dose uniformity, oxidative stability,

release, and penetration. Nanoemulsions, ethosomes, solid lipid
nanoparticles, nanostructured lipid carriers, and lipid-polymer
hybrid systems may protect labile ingredients, improve disper-
sion, enhance skin contact, alter deposition, and provide sus-
tained release. At the same time, the vehicle itself can contribute
to hydration, occlusion, barrier permeability, or irritation, mean-
ing that favorable outcomes cannot automatically be attributed
only to the encapsulated active compound [25-28].

This qualitative literature review evaluates whether palm-de-
rived tocotrienols and squalene have a sufficiently coherent bi-
ological and pharmaceutical evidence base to justify continued
development for skin-barrier repair and wound healing. The
analysis focuses on oxidative stress, inflammatory signaling, ke-
ratinocyte and fibroblast biology, extracellular-matrix remodel-
ing, skin-surface lipids, topical pharmacology, and nanoenabled
delivery. It also distinguishes cosmetic or biophysical outcomes
from medically meaningful therapeutic endpoints and proposes
a staged development framework, with particular attention to
chronic and diabetic wounds as a high-need translational indi-
cation [29-31].

Literature Review: Conceptual and Theoretical Foundations
Skin-Barrier Architecture and Lipid Organization

The outer barrier of the skin is frequently explained through the
brick-and-mortar model in which corneocytes provide cellular
bricks and a highly organized extracellular lipid matrix provides
the mortar. Although simplified, the model captures the depen-
dence of permeability control on ceramides, cholesterol, and
free fatty acids within lamellar structures of the stratum corne-
um. Disturbances in lipid composition, molecular organization,
hydration, natural moisturizing factors, and terminal keratino-
cyte differentiation can increase permeability and transepider-
mal water loss, thereby increasing susceptibility to irritants and
inflammation [32, 33].

Barrier function also depends on proteins produced during ke-
ratinocyte differentiation. Filaggrin contributes to corneocyte
architecture and natural moisturizing factor generation, involu-
crin contributes to the cornified envelope, and transglutaminase
activity promotes cross-linking of structural proteins. In atopic
dermatitis, type 2 inflammatory signaling can suppress several
barrier-related pathways while altering lipid composition and
antimicrobial defense. Barrier failure and inflammation can
therefore reinforce each other because increased permeability
facilitates entry of irritants and allergens, while inflammatory
cytokines further impair differentiation and lipid homeostasis
[34, 35].

The skin surface contains another lipid compartment produced
partly by sebaceous glands. Sebum includes triglycerides, wax
esters, free fatty acids, cholesterol-related lipids, and squalene,
and these materials contribute to lubrication, surface hydropho-
bicity, microbial ecology, and environmental interactions. Recent
lipidomic and biophysical literature emphasizes that skin-sur-
face lipids are heterogeneous and should not be conflated with
the ordered extracellular lipids of the stratum corneum.
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Recent lipid-focused reviews further reinforce the need to dis-
tinguish epidermal barrier lipids from sebaceous surface lipids.
Terminal keratinocyte differentiation generates specialized ce-
ramides and lamellar structures that limit water loss and pene-
tration by allergens and microorganisms, while the broader cu-
taneous lipid environment also interacts with pH and the skin
microbiome. These observations support evaluating palm-de-
rived formulations not only through hydration endpoints but
also through lipid organization, barrier biomarkers, and micro-
biome-aware outcomes [36, 37].

This distinction matters for the interpretation of squalene-con-
taining topical products. An emollient can improve spreadabil-
ity, mechanical flexibility, comfort, and hydration-associated
properties without necessarily reconstructing the lamellar archi-
tecture of a diseased stratum corneum. Experimental work on
emollient structure confirms that biomechanical effects depend
on molecular characteristics and formulation context, so claims
of barrier restoration require direct measures such as transepi-
dermal water loss, hydration, lipid organization, or barrier-re-
lated biomarkers rather than compositional assumptions alone
[38].

Wound Healing as an Integrated Sequence

Normal cutaneous healing proceeds through overlapping biolog-
ical phases. Hemostasis limits blood loss and creates a provi-
sional matrix; inflammatory cells then remove damaged material
and coordinate antimicrobial defense. During proliferation, ke-
ratinocytes migrate to restore epidermal continuity, fibroblasts
synthesize and reorganize extracellular matrix, endothelial cells
establish neovasculature, and granulation tissue fills the defect.
Remodeling subsequently changes collagen architecture, tensile
strength, cellularity, and tissue mechanics over weeks to months.

Macrophages occupy a pivotal position because their functions
evolve during healing. The classic M1/M2 shorthand is useful
pedagogically but underestimates the diversity and plasticity of
real wound macrophages, which respond to microbial signals,
hypoxia, damaged-cell products, cytokines, and matrix cues.
Persistent inflammatory macrophage programs can maintain
protease activity and cytokine production, while failure to tran-
sition toward reparative states can delay tissue formation and an-
giogenesis. Fibroblasts are similarly heterogeneous. They regu-
late collagen synthesis, matrix organization, wound contraction,
paracrine signaling, and scar formation, but subpopulations can
contribute differently to regeneration and fibrosis. Consequent-
ly, describing a candidate intervention as simply pro-collagen
is insufficient: an effective therapy should support appropriately
organized matrix deposition and remodeling rather than indis-
criminate fibrotic accumulation.

The biology of wound repair also depends on the balance be-
tween host defense and tissue preservation. Controlled inflam-
matory and oxidative responses help suppress microbes and re-
cruit repair cells, but excessive or prolonged activity damages
viable tissue and extracellular matrix. This dual role explains
why interventions that modulate redox or inflammation should

be evaluated across time and dose rather than treated as uniform-
ly beneficial at all stages of healing.

Why Diabetic and Chronic Wounds Fail to Heal

Diabetes alters nearly every major component of tissue repair.
Chronic hyperglycemia promotes oxidative stress and advanced
glycation, reduces endothelial responsiveness, impairs im-
mune-cell function, alters keratinocyte and fibroblast behavior,
and contributes to peripheral neuropathy. Ischemia and repeated
unnoticed trauma can then combine with infection to sustain ul-
ceration, while poor angiogenesis and persistent inflammation
prevent orderly progression through normal healing phases [39].

Recent pathway-oriented analyses further indicate that diabet-
ic wound failure reflects simultaneous dysregulation of VEGF,
TGF-beta, NF-kappaB, MAPK, PI3K/Akt, matrix metallopro-
teinases, and other repair networks rather than a single oxidative
lesion. Parallel biomaterials research shows that multifunctional
hydrogels are increasingly designed to combine antioxidant, anti-
bacterial, angiogenic, oxygen-modulating, and stimulus-respon-
sive functions around this complex wound microenvironment.
These developments strengthen the rationale for multifunctional
local delivery while also raising the evidentiary standard for any
tocotrienol-squalene platform proposed for diabetic wounds [40,
41].

Redox dysfunction is central but nuanced. Controlled ROS gen-
eration supports antimicrobial defense and signaling, yet chronic
ROS excess damages membranes, proteins, mitochondria, and
matrix components. Antioxidant strategies therefore need to
restore physiological balance rather than maximally suppress
oxidants, because excessive antioxidant exposure could theo-
retically interfere with signaling or host defense. This concern
is especially relevant for potent lipid-soluble antioxidants deliv-
ered at high local concentrations.

Microbial ecology adds another layer of complexity. Chronic
wounds may host polymicrobial communities that form struc-
tured biofilms, tolerate host defenses, and display increased
resistance to antimicrobial treatment. Biofilms can perpetuate
inflammation, alter oxygen gradients and pH, and interfere with
granulation and epithelial migration. Any new topical antioxi-
dant or lipid formulation intended for chronic wounds should
therefore be evaluated in the context of debridement, infection
control, and standard wound-care practice rather than as a stand-
alone solution.

Tocotrienol Pharmacobiology Relevant to Skin

Tocotrienols combine a chromanol antioxidant head group with
an unsaturated side chain that influences their distribution within
lipid membranes. Their biological effects extend beyond direct
radical scavenging and include modulation of inflammatory and
stress-responsive signaling pathways, although responses differ
by isoform, concentration, tissue, and experimental model. Con-
temporary reviews therefore support broad therapeutic interest
while cautioning against extrapolating findings from unrelated
organs directly to skin or wounds.
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The most persuasive cutaneous evidence is increasingly mech-
anistic. In human epidermal keratinocytes exposed to urban
particulate matter, tocotrienol-rich fraction reduced intracellu-
lar ROS, suppressed ERK, INK, and p38 MAPK activation, re-
duced COX-2-associated inflammatory signaling, and improved
the expression of barrier-related proteins including filaggrin,
involucrin, and transglutaminase-1. This observation connects
redox control with epidermal differentiation rather than relying
solely on generic antioxidant-capacity assays.

Tocotrienols have also been investigated in repair models. A
tocotrienol-rich nanoemulsified system accelerated closure
of keratinocyte scratch wounds and promoted regeneration in
a zebrafish model, supporting a formulation-enabled effect on
repair-associated cellular behavior. Experimental burn studies
combining tocotrienol-rich fraction with epidermal growth fac-
tor have reported improved histological and gene-expression
patterns, although those combination designs prevent precise
attribution of efficacy to tocotrienols alone [42, 43].

Dermatitis-related delivery work adds another layer of rele-
vance. Advanced delivery approaches have been used to increase
cutaneous exposure to alpha-tocopherol and gamma-tocotrienol,
highlighting the barrier as both a therapeutic target and a phar-
macokinetic obstacle. These data strengthen the rationale for lo-
cal tocotrienol delivery but also underscore the importance of
dose, vehicle, and disease state when interpreting skin penetra-
tion and efficacy [44, 45].

Squalene as a Dermatologic Lipid and Formulation Component
Squalene is an unsaturated triterpene that occupies a distinctive
position in cutaneous biology because it is naturally abundant in
human sebum and participates in the chemistry of the skin-sur-
face lipid film. Its hydrophobic character supports emollient and
formulation functions, while its multiple double bonds create
both antioxidant potential and susceptibility to oxidation. Oxi-
dized squalene products may have biological effects that differ
substantially from the parent molecule, making oxidative con-
trol a formulation requirement rather than a purely manufactur-
ing concern.

The strongest evidence for squalene in healthy skin concerns
surface physiology rather than replacement of structural barrier
lipids. Surface lipids can influence hydration, lubrication, and
interactions with environmental radiation, whereas the deeper
permeability barrier remains dominated by ceramides, choles-
terol, and free fatty acids. Thus, squalene-containing systems
should be evaluated for functions they can plausibly perform,
including emolliency, surface protection, delivery compatibility,
and redox effects.

Direct tissue-repair evidence is encouraging but comparatively
limited. A squalene-loaded agar-based emulgel improved wound
contraction, revascularization, macrophage-associated respons-
es, and collagen deposition in an experimental full-thickness
burn model. A vitamin C-squalene bioconjugate also increased
epidermal thickness and collagen production in human skin

models, demonstrating that squalene-containing molecular
constructs can support skin-related outcomes, although such
conjugate effects cannot be assumed to represent unconjugated
squalene [46, 47].

The combined tocotrienol-squalene concept should consequent-
ly be described as complementary rather than proven synergis-
tic. Tocotrienols currently have the stronger direct evidence for
keratinocyte redox regulation and wound-related biological ef-
fects, whereas squalene contributes physiologic relevance to the
skin surface and practical advantages as a lipid-phase compo-
nent. A recent review of both compounds supports their multi-
functional dermatologic potential, but direct combination-spe-
cific therapeutic studies remain scarce [48].

Nanoenabled Topical Delivery

Nanoenabled delivery is relevant because lipophilic compounds
can be difficult to disperse reproducibly in aqueous formula-
tions and may be vulnerable to oxidation or limited release. Na-
noemulsions provide a large interfacial area and can improve
dispersion and skin contact, while ethosomes use phospholipids
and high ethanol content to alter cutaneous penetration. Solid
lipid nanoparticles and nanostructured lipid carriers use lipid
matrices to protect hydrophobic compounds and provide sus-
tained release, and nanoemulgels combine nanoscale delivery
with the residence and rheological properties of gels [49].

NLCs are particularly attractive because they combine solid and
liquid lipids to create a less ordered matrix than classical sol-
id lipid nanoparticles, potentially increasing active loading and
reducing expulsion during storage. Their behavior depends on
lipid composition, surfactant selection, particle size, polydisper-
sity, zeta potential, crystallinity, and interaction with the active
compound. Reviews focused on natural bioactives and skin ap-
plications emphasize that no single nanocarrier is universally
optimal; the formulation should be selected according to target
tissue, desired residence, release profile, stability, and manufac-
turing constraints.

Recent reviews focused specifically on wound-healing NLCs
confirm that their principal advantages include protection of ac-
tive compounds from degradation, controlled local release, high
loading potential, and compatibility with topical gels, but they
also identify scale-up, sterilization, stability, and clinical valida-
tion as persistent constraints. A 2026 review of NLC-gels like-
wise concluded that most wound-healing evidence still derives
from in vitro and animal models despite increasingly sophisti-
cated formulation strategies. This evidence strengthens the case
for using NLCs as enabling delivery technologies while main-
taining a clear separation between formulation performance and
demonstrated clinical efficacy [50, 51].

The wound field provides proof that lipid nanocarriers can be
functionally relevant beyond cosmetic delivery. Lipid nanopar-
ticles have been investigated for antibacterial activity, con-
trolled release, growth-factor support, and tissue repair, while
NLC-based approaches have been explored for diabetic foot
applications. These broader studies do not validate tocotrienols
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or squalene specifically, but they establish a plausible platform
logic for a lipid-compatible palm-derived formulation.

Hybrid systems may add further functionality. Hydrogels can
maintain a moist environment and retain nanocarriers at the tis-
sue surface, while electrospun nanofibers and nanocellulose can
provide structural coverage and local release. These materials
illustrate an important principle: delivery platforms can influ-
ence wound biology by changing moisture, oxygen exchange,

mechanical protection, and residence time, so the vehicle must
be considered part of the intervention rather than an inert con-
tainer [52-55].

As summarized in Table 1, the principal evidence domains sup-
porting the proposed tocotrienol-squalene dermatologic platform
differ substantially in interpretive strength. The comparison is
intended to prevent mechanistic or preclinical observations from
being read as equivalent to human therapeutic efficacy.

Table 1: Evidence Domains Supporting the Proposed Tocotrienol-Squalene Dermatologic Platform

Evidence domain

Representative evidence

Interpretive strength

Keratinocyte redox/barrier biology

Reduced ROS/MAPK signaling and im-
proved filaggrin, involucrin, and transglu-
taminase-1 expression.

Direct skin-cell evidence; clinically indirect

Repair-associated migration

Tocotrienol-rich nanoemulsion accelerat-
ed keratinocyte scratch closure and exper-
imental regeneration.

Direct preclinical proof of concept

Burn repair

Tocotrienol-rich fraction with EGF and
squalene-based emulgel improved experi-
mental burn-healing outcomes.

Integrated in-vivo evidence; attribution limita-
tions

Human-relevant delivery

Tocotrienol ethosomes evaluated with
Strat-M membrane and excised human
skin.

Useful translational pharmacokinetic evidence

Skin-surface lipid physiology

Squalene recognized as an important
sebaceous/surface lipid with redox and
emollient relevance.

Strong physiological plausibility; limited

wound-specific evidence

Nanoenabled platform science

NLCs, nanoemulsions, and hybrid carri-
ers support controlled local delivery of
lipophilic actives.

Strong enabling-platform evidence

Human therapeutic efficacy

Few direct randomized therapeutic stud-
ies of palm tocotrienol-squalene systems

Major evidence gap

in chronic wounds.

Method

This study employed a structured qualitative literature review
rather than a systematic literature review or meta-analysis. The
purpose was interpretive synthesis: to integrate mechanistic, der-
matologic, wound-healing, pharmaceutical, and nanotechnology
evidence into a coherent translational framework. Accordingly,
the review did not use PRISMA-based claims of exhaustive re-
trieval, formal systematic risk-of-bias scoring, or quantitative
pooling, because its central objective was to compare biological
mechanisms and translational implications across heterogeneous
evidence domains.

The primary evidence window was January 2020 to October
2026, with emphasis on peer-reviewed articles in reputable
biomedical, dermatologic, pharmaceutical, biomaterials, and
wound-healing journals. Conceptual searches were organized
around four interacting blocks: tocotrienols and palm vitamin E;
squalene and skin; skin barrier and wound healing; and nanoen-
abled topical drug delivery. Representative terms included tocot-
rienol, tocotrienol-rich fraction, palm vitamin E, squalene, kera-

tinocyte, fibroblast, skin barrier, wound, burn, diabetic wound,
chronic wound, nanoemulsion, nanoemulgel, ethosome, solid
lipid nanoparticle, and nanostructured lipid carrier.

Priority was given to original studies directly evaluating skin,
wound, dermal delivery, or dermatologic outcomes. High-qual-
ity reviews were used to establish conceptual background on
skin-barrier architecture, redox biology, inflammatory signaling,
fibroblast and macrophage functions, biofilms, and lipid nano-
carriers. Papers were interpreted according to their biological
proximity to clinical application: biochemical and cell studies,
reconstructed or ex vivo skin studies, animal wound models, hu-
man penetration or tolerability studies, and therapeutic clinical
studies.

The qualitative synthesis was organized around six predefined
themes: redox-inflammatory regulation, epidermal and skin-sur-
face lipid biology, cellular wound repair, nanoenabled delivery,
indication-specific translation, and evidence gaps. The unit of
interpretation was not simply whether a study reported a statis-
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tically significant effect, but what type of claim that result could
legitimately support. For example, faster keratinocyte scratch
closure was interpreted as evidence of a repair-associated cel-
lular response rather than as evidence of clinical ulcer healing,
while increased ex vivo skin penetration was treated as a phar-
maceutical performance outcome rather than a therapeutic end-
point.

Particular attention was paid to attribution. Many topical sys-
tems are multicomponent and may combine tocotrienols or
squalene with growth factors, polyphenols, surfactants, poly-
mers, or other biologically active excipients. When studies did
not include matched vehicle and single-component controls, the
review treated reported benefits as formulation-level evidence
rather than proof of a specific molecular mechanism. This dis-
tinction is necessary for developing testable hypotheses and
avoiding promotional interpretations of complex natural-prod-
uct formulations.

This review has limitations that follow from its qualitative de-
sign. It cannot claim exhaustive retrieval, pooled treatment ef-
fects, or formal comparative ranking of formulations. The ev-
idence base is heterogeneous in tocotrienol isoform, squalene
source, concentration, carrier composition, experimental model,
wound type, comparator, and outcome, and some potentially
relevant studies remain outside the direct skin and wound lit-
erature. These limitations are treated as part of the translational
analysis rather than as grounds for overgeneralization.

Results: Thematic Findings

Evidence Landscape and Hierarchy

The contemporary evidence base is uneven. Tocotrienols have
direct mechanistic support in keratinocytes, formulation studies
using human skin or skin surrogates, experimental burn models,
and wound-related nanoemulsion systems. Squalene has strong
physiological relevance to skin-surface lipids and promising
experimental formulation data, but fewer studies directly test
wound-healing efficacy. Across both compounds, human ran-
domized therapeutic evidence is much thinner than the mech-
anistic and preclinical literature, which means the field should
be described as translationally promising rather than clinically
established.

This hierarchy matters because different evidence levels answer
different questions. Cell studies can identify signaling and cy-
totoxicity; ex vivo human skin can characterize penetration and
deposition; animal wounds can test integrated healing in living
tissue; and clinical trials determine whether benefits occur in
real patients receiving standard care. The strongest manuscript
therefore does not flatten these levels into a single claim but ex-
plicitly maps how each level contributes to or limits a therapeu-
tic conclusion.

Theme 1: Redox and Inflammatory Modulation

The most consistent biological argument for tocotrienols is mod-
ulation of oxidative and inflammatory stress. In keratinocytes
exposed to urban particulate matter, tocotrienol-rich fraction re-

duced intracellular ROS, decreased activation of ERK, JNK, and
p38 MAPK, and reduced downstream COX-2-related inflamma-
tory signaling while improving barrier-protein expression. These
observations directly link antioxidant activity to stress signaling
and epidermal differentiation in a skin-relevant system.

This mechanism is relevant to wounds because persistent ROS
can damage cellular membranes, mitochondria, proteins, and
matrix components while amplifying cytokine and protease
pathways. However, the same literature indicates that controlled
ROS generation supports host defense and repair signaling. To-
cotrienol-based interventions should therefore be optimized for
redox normalization, with attention to concentration and timing,
rather than assuming that maximal antioxidant capacity is desir-
able throughout all healing phases.

Squalene may contribute to redox biology, but its unsaturation
also creates susceptibility to peroxidation. This duality means
that the quality and oxidation state of a squalene-containing
formulation are likely to influence biological behavior. Studies
of squalene should therefore characterize the parent compound
and oxidative degradation products rather than assuming that all
squalene-containing materials are equivalent.

Theme 2: Epidermal Differentiation and Barrier Protection
Barrier repair requires restoration of both lipid organization and
epidermal differentiation. The finding that tocotrienol-rich frac-
tion can improve filaggrin, involucrin, and transglutaminase-1
expression in stressed keratinocytes provides a mechanistic
bridge between redox signaling and structural barrier biology.
Because these proteins contribute to cornified-envelope forma-
tion and hydration-related functions, they provide more biolog-
ically specific endpoints than generic total-antioxidant assays.

Squalene contributes most plausibly at the level of skin-sur-
face lipids and formulation behavior. The skin-surface film can
influence hydration, lubrication, friction, and environmental
exposure, but it should be analytically separated from the stra-
tum-corneum lipid lamellae. This distinction supports a com-
plementary model in which tocotrienols act primarily through
cellular and signaling mechanisms while squalene supports the
local lipid environment and delivery system.

Clinical claims should match these mechanisms. Improved
hydration or reduced transepidermal water loss can represent
meaningful barrier outcomes, but they are not equivalent to res-
olution of inflammatory dermatitis or closure of a chronic ul-
cer. The literature on barrier-repair moisturizers reinforces the
importance of defining whether a formulation is intended as a
dermocosmetic adjunct, a medical device-like wound dressing,
or a medicinal product with disease-modifying claims.

Theme 3: Cellular Migration, Matrix Repair, and Tissue Re-
generation

The wound-healing literature provides direct evidence that for-
mulated tocotrienols can influence repair-associated behavior.
Chong et al. reported faster keratinocyte scratch closure and en-

JOURNAL OF CLINICAL MEDICINE Page 6 of 17



hanced zebrafish regeneration with a tocotrienol-rich nanoemul-
sified system. Scratch assays cannot reproduce immune, vascu-
lar, mechanical, and microbial features of chronic wounds, but
they provide a useful first indication that a formulation can alter
migration- or proliferation-associated processes.

Burn studies extend the evidence to living mammalian tissue.
Tocotrienol-rich fraction combined with epidermal growth fac-
tor improved healing-related outcomes in deep partial-thickness
experimental burns, and a related study reported gene-expres-
sion changes consistent with accelerated repair. These studies
are valuable because burn healing requires coordinated epithe-
lial, inflammatory, vascular, and matrix responses, yet the pres-
ence of epidermal growth factor means the observed benefits
should be attributed to the combination until factorial controls
isolate the tocotrienol contribution.

Squalene-containing systems also show preclinical repair activi-
ty. A squalene-loaded agar-based emulgel improved contraction,
revascularization, macrophage-associated responses, and col-
lagen deposition in an experimental full-thickness burn model.
Meanwhile, a vitamin C-squalene bioconjugate increased epi-
dermal thickness and collagen production in human skin mod-

Figure 1. Mechanistic map of palm-derived tocotrienols and squalene

across skin-barrier repair and wound healing

els. Together, these findings justify continued investigation of
squalene-containing formulations while underscoring that the
evidence is still formulation-specific and not yet sufficient for
broad clinical claims.

Matrix outcomes require particularly careful interpretation. Fi-
broblast activation and collagen production are necessary for
wound strength, but excessive matrix deposition can promote fi-
brosis and poor scar quality. Future tocotrienol-squalene studies
should therefore examine collagen organization, matrix metallo-
proteinase balance, mechanical properties, and scar architecture
in addition to total collagen content or early wound contraction.

Figure 1: Mechanistic Integration

Figure 1 integrates the proposed biological roles of palm-derived
tocotrienols and squalene across the wound-healing continuum.
The figure places excessive ROS and persistent inflammation
upstream of impaired keratinocyte, fibroblast, macrophage,
endothelial, and extracellular-matrix responses, and it distin-
guishes evidence-supported links from relationships that remain
translational hypotheses. This architecture is intentionally con-
servative: it does not claim that a combined tocotrienol-squalene
product has already demonstrated synergy or clinical efficacy.
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Figure 1: Mechanistic Map of Palm-Derived Tocotrienols and Squalene Across Skin-Barrier Repair and Wound Healing.
Solid Relationships Summarize Comparatively Direct Evidence; Dashed Relationships Denote Hypotheses Requiring Stron-
ger Validation.

The synthesis in Figure 1 shows why a combined platform
should not be reduced to an antioxidant narrative. The intend-
ed therapeutic effect would depend on coordination across ep-
ithelial, inflammatory, vascular, and matrix compartments, and
the balance between these responses may differ in intact barrier
injury, acute burns, and infected chronic ulcers. Accordingly,

mechanistic studies should evaluate multiple cell types and tis-
sue-level outcomes rather than rely on a single ROS assay or
wound-closure endpoint.

Theme 4: Nanoemulsions and Nanoemulgels as Delivery
Strategies
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Nanoemulsions are attractive for tocotrienols because they
disperse lipophilic actives within small droplets and can in-
crease contact area with skin. The tocotrienol-rich nanoemulsion
reported by Chong et al. combined pharmaceutical formulation
with biological testing, making it one of the most directly rele-
vant examples in the current evidence base. However, its pre-
clinical results should be interpreted as proof of concept for a de-
livery-enabled biological response rather than proof of improved
chronic-wound outcomes in patients.

The tocotrienol-rich naringenin nanoemulgel developed for di-
abetic-wound management illustrates both promise and attribu-
tion challenges. The system demonstrated favorable nanoscale
properties, topical characteristics, and release behavior, showing
that tocotrienol-rich components can be integrated into a gel-
based platform suitable for local delivery. Because naringenin
is itself bioactive and the carrier components can influence re-
lease and barrier interaction, the formulation should be consid-
ered a multicomponent intervention that requires appropriately
matched controls before synergy is claimed.

Nanoemulgels also address practical wound-care issues. A gel
can improve residence at the treatment site, reduce runoff, and
support controlled local delivery, while the internal nanoemul-
sion can improve dispersion of hydrophobic molecules. These
advantages are particularly relevant to peri-wound skin and su-
perficial wounds, although open chronic ulcers may require ad-
ditional properties such as exudate management, sterility, dress-
ing compatibility, and resistance to dilution by wound fluid.

Theme 5: Ethosomes, SLNs, NLCs, and Hybrid Systems

Ethosomal delivery provides a complementary approach. Tocot-
rienol ethosomes have been evaluated using Strat-M membrane
and excised human skin, demonstrating the importance of study-
ing deposition and permeation in models that are more relevant
than simple dialysis release assays. Such work is especially use-
ful for intact skin and peri-wound applications, where the stra-

tum corneum remains the dominant transport barrier.

Solid lipid nanoparticles and NLCs provide structured lipid ma-
trices that can protect hydrophobic compounds and prolong re-
lease. NLCs use mixtures of solid and liquid lipids to create an
imperfect matrix that may increase loading and reduce expulsion
during storage. Reviews of topical natural bioactives emphasize
that performance depends on composition, particle size, polydis-
persity, crystallinity, surface charge, and storage conditions rath-
er than on the NLC label itself.

Evidence from other wound actives supports the broader plat-
form logic. Simvastatin-loaded NLCs have been investigated for
wound-healing purposes, and lipid-based nanocarriers are being
studied across diabetic-foot applications for small molecules and
other therapeutics. These studies demonstrate that lipid nanopar-
ticles can achieve sustained local exposure and influence wound
outcomes, but they should be used as platform precedents rather
than as substitute evidence for tocotrienols or squalene [56].

Hybrid matrices can further modify clinical usability. Hydrogels,
nanofibers, and nanocellulose systems can provide moisture
control, physical coverage, or localized release, and a bacteri-
al nanocellulose wound cover has been used to deliver a vita-
min-E-derived metabolite in a controlled manner. Such systems
highlight the possibility of integrating antioxidant chemistry
with wound-dressing functionality, but they also reinforce the
need to distinguish the biological effect of the active compound
from the structural effects of the carrier.

As shown in Table 2, the main nanoenabled platforms relevant
to topical tocotrienol-squalene delivery offer different functional
advantages and formulation-specific limitations. Platform se-
lection should therefore follow the target tissue and clinical use
case rather than the assumption that any nanosystem is inherent-
ly superior.

Table 2: Nanoenabled platforms and their potential roles in topical tocotrienol-squalene delivery

Platform Potential advantages Key limitations / questions
Nanoemulsion High interfacial area; dispersion of lipophilic actives; adapt- | Oxidation, surfactant irritation, physical
able to gel conversion. stability, attribution of vehicle effects.
Ethosome Enhanced interaction with intact stratum corneum; useful | Ethanol-related irritation; may be less rel-

for skin deposition studies.

evant to open wound beds.

Solid lipid nanoparticle

Protection of hydrophobic actives; controlled release; oc-
clusive potential.

Crystallization and active
during storage.

expulsion

Nanostructured  lipid | Higher loading through mixed solid/liquid lipid matrix; sus- | Composition-sensitive stability; scale-up
carrier tained release; good compatibility with lipophilic actives. and sterilization challenges.
Nanoemulgel / lipid-hy- | Improved residence, spreadability, moisture management, | Gel matrix can alter release; exudate and
drogel hybrid and local retention. dressing compatibility must be tested.
Nanofiber / nanocellu- Structural coverage with localized controlled release. Manufacturing complexity, sterility, me-
lose hybrid chanical-property requirements.
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Figure 2: Skin Compartments and Sites of Action

Figure 2 separates the stratum-corneum lipid matrix from se-
baceous and skin-surface lipids. This distinction is important
because ceramides, cholesterol, and free fatty acids form the
principal extracellular barrier lipids, whereas squalene is pre-

dominantly associated with sebum and the surface film. To-
cotrienols are positioned at keratinocyte and signaling targets,
while squalene is positioned primarily at the surface-lipid and
formulation interface.

Figure 2. Skin-barrier compartments and proposed sites of action

of tocotrienols and squalene
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Figure 2: Skin-Barrier Compartments and Proposed Sites of Action of Tocotrienols and Squalene. Squalene is Positioned
Primarily within the Skin-Surface Lipid Context, whereas Tocotrienols are Linked to Keratinocyte and Barrier-Protein
Responses.

Figure 2 also clarifies a key terminology issue for future man-
uscripts and product claims. Describing squalene as a surface
lipid with emollient and formulation roles is biologically more
accurate than presenting it as a major structural stratum-corne-
um lipid. This distinction helps align experimental endpoints
with mechanism and reduces the risk of overclaiming barrier
reconstruction from surface hydration alone.

Theme 6: The Carrier is Part of the Biological Intervention
A critical result of the formulation literature is that the vehi-
cle cannot be assumed to be biologically inert. Lipid particles
can alter occlusion, hydration, adhesion, residence, and barrier
permeability; surfactants can alter membrane organization or
cause irritation; and gels can modify moisture and mechanical
protection. A nanoformulation may therefore outperform a sim-
ple solution even if the intrinsic molecular potency of the active
compound has not changed.

This issue makes control design central to future tocotrien-
ol-squalene studies. At minimum, mechanistic experiments
should compare an unloaded carrier, tocotrienol-only system,
squalene-only system, combined formulation, and clinically
relevant comparator where feasible. Factorial designs can then

determine whether the combined system is additive, synergis-
tic, neutral, or antagonistic rather than assuming synergy from
co-formulation.

Natural-product nanoformulation studies provide useful meth-
odological examples. Naringenin-loaded chitosan-coated na-
noemulsions have been developed for wound-healing applica-
tions, showing how particle engineering, surface modification,
and topical compatibility can be evaluated before clinical trans-
lation. Such precedents are important because a palm-derived
formulation should be benchmarked against contemporary phar-
maceutical-development standards rather than against unformu-
lated natural ingredients alone [57].

Theme 7: Diabetic Wounds as the Highest-Priority Transla-
tional Indication

Among potential indications, diabetic wounds provide the stron-
gest conceptual justification for a multifunctional topical sys-
tem. Oxidative stress, prolonged inflammation, reduced kerati-
nocyte migration, fibroblast dysfunction, impaired angiogenesis,
ischemia, neuropathy, and infection frequently coexist, creating
a setting in which a redox-active and locally retained formula-
tion could be relevant. This complexity also means that a single
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antioxidant mechanism is unlikely to be sufficient on its own.

The tocotrienol-rich naringenin nanoemulgel demonstrates that
a tocotrienol-containing system can be engineered specifically
with diabetic-wound management in mind. Nevertheless, the
existing evidence is substantially stronger for pharmaceutical
feasibility and in vitro performance than for healing of human
diabetic ulcers. Development should therefore proceed through
disease-relevant models and controlled clinical studies rather
than extrapolate directly from formulation performance.

Biofilms impose an additional requirement. Chronic diabetic ul-
cers often contain organized microbial communities that can per-
petuate inflammatory signaling and resist therapy, so a formula-
tion that addresses oxidative stress but lacks compatibility with
infection control may have limited clinical value. Studies should
test interactions with debridement, antiseptics, antibiotics, dress-
ings, and microbial biofilms, while avoiding assumptions that
lipid-rich formulations are automatically antimicrobial.

Clinical endpoints should also be chosen carefully. Redox bio-
markers, inflammatory markers, and histological changes are
valuable mechanistic outcomes, but later-stage trials should
prioritize time to complete closure, proportion of ulcers healed
within a defined period, wound-area trajectories, infection, re-
currence, pain, adverse events, and patient-reported function.
This endpoint hierarchy would align pharmaceutical develop-
ment with clinically meaningful benefit rather than surrogate
improvement alone.

Secondary Indications: Burns, Inflammatory Dermatoses,
and Environmental Injury

Burns represent a secondary indication with relatively direct
preclinical evidence. Experimental studies combining tocot-
rienol-rich fraction with epidermal growth factor and separate
studies using squalene-loaded emulgels have reported improve-

ments in repair-associated outcomes. The challenge is to identi-
fy which wound depth, treatment window, and formulation can
provide benefit beyond modern burn care, because experimen-
tal closure alone does not establish reduced infection, scarring,
pain, or reconstructive requirements.

Inflammatory dermatoses provide another potential application
because barrier disruption and immune activation reinforce
each other. Tocotrienol-related delivery work in dermatitis and
broader vitamin E literature support anti-inflammatory plausi-
bility, while squalene-containing emollient systems may support
surface comfort and hydration. Such products should be posi-
tioned as adjunctive candidates rather than replacements for
evidence-based anti-inflammatory treatment until comparative
human studies are available.

Environmental barrier injury and photoaging are more appro-
priate for preventive or dermocosmetic development. Tocot-
rienol-rich fraction has protected keratinocytes from particu-
late-matter-induced oxidative and barrier-related damage, while
skin-surface lipids participate in interactions with solar radiation.
These findings support a plausible role in environmental skin
protection but should not be conflated with medical treatment
of chronic wounds, because the target populations, risk-benefit
thresholds, and clinical endpoints differ substantially.

Figure 3: Nanoenabled Development Pathway

Figure 3 maps the pharmaceutical development sequence from
standardized palm-derived raw material through characteriza-
tion, nanocarrier development, functional performance, tissue
delivery, biological response, and ultimately clinical transla-
tion. The figure emphasizes that successful translation requires
multiple sequential achievements: chemical standardization, ox-
idative protection, reproducible formulation characteristics, ap-
propriate release, local deposition, cellular compatibility, mech-
anistic activity, and clinically meaningful repair.

Figure 3. Nanoenabled development pathway for palm-derived tocotrienols and squalene
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Figure 3: Nanoenabled Development Pathway for Palm-Derived To Cotrienols and Squalene, From Raw-Material Stan-
dardization to Tissue Repair and Clinical Translation.
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The pathway in Figure 3 is intentionally sequential. A formula-
tion should not proceed to efficacy claims if the raw material is
not standardized, if oxidation is uncontrolled, or if the delivery
system does not provide reproducible release and local expo-
sure. This sequencing also helps identify failure points early,
reducing the risk that expensive animal or clinical studies are
conducted with poorly characterized formulations.

Safety, Stability, and Manufacturing Considerations

Natural origin does not guarantee dermatologic safety. Topical
products can cause irritation, sensitization, follicular effects,
or interactions with concomitant therapies, and surfactants or
permeation enhancers can contribute independent toxicity. Dis-
eased or wounded skin may also permit greater exposure than
intact skin, making safety studies on normal volunteers insuffi-
cient for some final indications.

Oxidative stability is especially important for unsaturated lipids.
Tocotrienols and squalene can undergo oxidation, and degrada-
tion products may have different biological activities from their
parent compounds. Development programs should therefore
incorporate stability-indicating chromatography, appropriate
oxidation markers, photostability assessment, oxygen and tem-
perature stress testing, packaging studies, and defined shelf-life
specifications.

Manufacturing scale-up is another translational bottleneck. Par-
ticle size and polydispersity that are easy to control at laborato-
ry scale may change with mixing energy, temperature history,
raw-material variability, sterilization, or storage. Quality-by-de-
sign approaches should define critical material attributes and
process parameters early so that later efficacy studies use a for-
mulation that can actually be reproduced in larger batches.

Discussion and Analysis

Tocotrienols as the Principal Pharmacological Anchor

The integrated evidence suggests that tocotrienols should be
treated as the principal pharmacological anchor of a palm-de-
rived dermatologic platform. Their relevance is supported by
direct keratinocyte data, wound-related nanoemulsion research,
experimental burn studies, dermatitis-focused delivery work,
and a broader literature on redox and inflammatory modulation.
This pattern is stronger than a generic natural-antioxidant argu-
ment because several studies address cutaneous cells, barrier
proteins, or wound models directly.

The most compelling mechanism is the integration of redox con-
trol with inflammatory signaling and epidermal differentiation.
Reduction of ROS and MAPK activation accompanied by resto-
ration of filaggrin, involucrin, and transglutaminase-1 provides
a coherent biological narrative: environmental oxidative stress
disrupts signaling and barrier maturation, while the tocotrien-
ol-rich fraction partially normalizes both processes. This mech-
anism is highly relevant to barrier injury, but its relevance to
deep infected chronic wounds still requires validation in more
complex models.

Wound-specific evidence remains heterogeneous. Combination
formulations, different tocotrienol compositions, and varied ex-
perimental endpoints make it difficult to define a universal ac-
tive concentration or mechanism. The field would benefit from
studies that report complete tocotrienol isoform profiles, free
versus encapsulated exposure, local tissue concentration, and
dose-response relationships so that reproducibility and mecha-
nistic interpretation improve across laboratories.

Squalene as a Complementary Rather than Co-Equal Com-
ponent

Squalene is scientifically attractive but should not be given
an evidentiary status equal to tocotrienols. Its strongest sup-
port concerns skin-surface physiology, emolliency, antioxidant
chemistry, and formulation compatibility, with a smaller direct
wound-healing literature. This asymmetry can strengthen rather
than weaken the proposed concept if each compound is posi-
tioned according to its best-supported role.

A rational combined formulation could use tocotrienols primar-
ily as bioactive ingredients and squalene as a supportive lipid
phase with potential additional biological effects. Such a de-
sign fits modern formulation science, in which excipients can
influence deposition, occlusion, sensory properties, and stabili-
ty. However, complementarity inferred from mechanism is not
the same as synergy, which requires direct comparison of sin-
gle-component and combined systems.

Source provenance should also be explicit. Squalene can be ob-
tained from different biological sources and by biotechnology,
so claims about palm-derived squalene require documentation
of origin, purification, purity, oxidation status, and contami-
nants. Molecular evidence about squalene can support mech-
anistic plausibility, but source-specific claims should only be
made when the material actually studied is characterized as
palm-derived.

Nanoformulation as Enabling Technology, not Evidence of
Efficacy

The nanoenabled component of this field is persuasive because it
addresses genuine physicochemical constraints. Lipid nanocar-
riers can increase apparent solubility, reduce exposure to desta-
bilizing environments, sustain release, improve contact with the
skin, and modify local deposition. These are real pharmaceutical
advantages and they justify continued formulation research.

However, nanoformulation can also generate exaggerated ther-
apeutic language. Smaller particles, higher encapsulation effi-
ciency, or greater ex vivo penetration are not clinical endpoints.
Increased penetration may even be undesirable if the therapeu-
tic objective is prolonged local retention rather than systemic
absorption. An evidence-based development pathway should
therefore move sequentially from pharmaceutical performance
to target-site exposure, mechanistic activity, integrated preclini-
cal repair, safety, and clinical benefit.

Localization is particularly important in wound care. For intact
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peri-wound skin, the stratum corneum is the dominant transport
barrier, whereas the open wound bed lacks this layer and may
permit much greater absorption. A formulation optimized for in-
tact-skin permeation may therefore be inappropriate for direct
application to an ulcer, and separate target product profiles may
be needed for peri-wound barrier support and wound-bed ther-

apy.

Figure 4: Translational Evidence Pyramid

Figure 4 summarizes the evidence hierarchy and proposed clin-
ical-development roadmap. The base consists of chemistry, for-
mulation, and molecular mechanisms, followed by cell systems,
reconstructed or ex vivo human skin, animal wound models,
early human safety studies, proof-of-concept randomized trials,
and definitive indication-specific randomized trials. The current
evidence for palm-derived tocotrienols and squalene is concen-
trated primarily in the lower and middle levels, explaining why
the field is promising but not yet clinically mature.

Figure 4. Translational evidence pyramid and clinical development roadmap
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Figure 4: Translational Evidence Pyramid and Clinical-Development Roadmap. Current Evidence is Concentrated in Chem-
istry, Formulation, Cellular, Ex Vivo, and Animal Levels, with Limited High-Level Clinical Evidence.

Figure 4 highlights the central conclusion of this review: the
field has enough mechanistic and formulation evidence to justi-
fy structured clinical development, but not enough randomized
human evidence to justify broad therapeutic claims. Closing this
gap requires movement upward through the evidence pyramid
rather than continued accumulation of similar low-level antiox-
idant assays.

A Target Product Profile for Diabetic Wound Care

The diabetic-wound opportunity should be approached through a
target product profile rather than by starting with a favored nano-
carrier. The first question is what clinical problem the product
is intended to solve: accelerating closure of neuropathic ulcers,
improving wound-bed quality, supporting peri-wound barrier
integrity, reducing inflammation, or functioning as an adjunct

after debridement. Each objective requires different formulation
properties and different clinical endpoints.

A product intended primarily for peri-wound skin may prioritize
barrier repair, hydration, low irritation, and ease of application.
A product applied directly to an ulcer requires additional atten-
tion to microbiological quality, wound cytocompatibility, exu-
date compatibility, interactions with dressings, and the conse-
quences of applying lipid-rich materials to an environment with
altered microbial ecology. The same formulation should not be
assumed optimal for both contexts.

A clinically credible program would use biomarkers as second-
ary mechanistic outcomes rather than the sole evidence of suc-
cess. Later-stage trials should prioritize complete epithelial clo-
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sure, time to healing, recurrence, infection, pain, adverse events,
and patient-reported function. This approach would prevent a
common translational failure in which statistically significant
changes in ROS or cytokines are presented as equivalent to pa-
tient benefit.

A Staged Translational Development Roadmap

The first development stage should be raw-material character-
ization. Tocotrienol preparations should specify alpha-, beta-,
gamma-, and delta-tocotrienol content where applicable, tocoph-
erol content, total concentration, purification method, oxidation
status, and relevant contaminants. Squalene should likewise be
characterized for source, purity, oxidation products, and batch
consistency. Standardization at this stage is essential because
variation in natural raw materials can otherwise become a hid-
den source of biological variability.

The second stage should be formulation engineering. Candi-
date systems should be compared for particle or droplet size,
polydispersity, zeta potential where relevant, encapsulation or
solubilization capacity, rheology, spreadability, release kinetics,
oxidative stability, and compatibility with packaging and dress-
ings. The optimal platform may differ by indication; for exam-
ple, an NLC gel may be suitable for prolonged residence, while
a simpler nanoemulsion may offer manufacturing and scale-up
advantages.

The third stage should be mechanistic validation using dis-
ease-relevant cell systems. Keratinocyte migration and differen-
tiation should be evaluated alongside fibroblast viability and ma-
trix behavior, macrophage inflammatory state, and endothelial
responses. Co-culture and three-dimensional models are prefer-
able once initial screening is complete because chronic wounds
are multicellular environments in which paracrine interactions
can determine whether an intervention is reparative or harmful.

The fourth stage should use human-relevant tissue models. Re-
constructed epidermis can evaluate irritation and barrier mark-
ers, excised human skin can quantify deposition and penetration,
and advanced wound equivalents can reproduce aspects of di-
abetic inflammation, matrix damage, or infection. These mod-
els can reduce overreliance on simple scratch assays and help
define concentrations that are biologically active without being
cytotoxic. The fifth stage should consist of early human studies
focused on tolerability, sensitization, deposition, and systemic
exposure where relevant. Studies on intact skin or peri-wound
skin can establish initial safety before direct application to open
ulcers. The design should anticipate that diseased skin and open
wounds may absorb more active compound or excipient than
healthy skin.

The sixth stage should involve proof-of-concept randomized
trials in a clearly defined indication. For diabetic foot ulcers,
the experimental formulation should be added to standardized
wound care and compared with a matched vehicle plus the same
standard care. Stratification by wound size, perfusion, infection
status, glycemic control, and off-loading can reduce confound-

ing and make mechanistic findings interpretable.

The final stage should include adequately powered multicenter
trials, manufacturing validation, and health-economic evalua-
tion. Chronic wounds create substantial costs and patient bur-
den, so a successful product must demonstrate not only biologi-
cal activity but also reproducible safety, usability, manufacturing
consistency, and clinically meaningful benefit. This broader in-
novation perspective is also why interdisciplinary JEL catego-
ries related to health, pharmaceuticals, and technological inno-
vation can be relevant for an article positioned at the interface of
biomedical science and product development.

Priority Research Gaps

The first major research gap is dose definition. Concentrations
used in cell culture or animal wounds cannot be transferred di-
rectly to patients, and a dose that improves antioxidant mark-
ers may not optimize migration, matrix formation, or microbial
defense. Dose-response experiments should therefore identify
local concentration ranges that preserve keratinocyte and fibro-
blast viability while providing measurable biological benefit.

The second gap is attribution of effect. Multicomponent formu-
lations are common, but they make causal interpretation diffi-
cult. Future work should use factorial comparisons that separate
tocotrienol effects, squalene effects, carrier effects, and combi-
nation effects before synergy is claimed. The third gap is limited
human exposure data. Skin deposition, wound-bed residence,
metabolism, and systemic absorption of tocotrienols in nanoen-
abled topical formulations remain insufficiently characterized.
Human skin models and early clinical pharmacokinetic studies
are therefore essential bridges between formulation science and
efficacy trials.

The fourth gap is indication selection. Acute superficial wounds,
deep burns, atopic dermatitis, photoaging, pressure injuries, ve-
nous ulcers, and diabetic foot ulcers differ profoundly in patho-
physiology and treatment requirements. A single formulation
should not be assumed to address all these conditions simply
because oxidative stress appears in each. The fifth gap is mi-
crobial compatibility. Chronic wounds often contain structured
polymicrobial biofilms, and lipid-rich formulations could influ-
ence microbial ecology in ways that are not fully predictable.
Antibiofilm and microbiome-aware testing should accompany
chronic-wound development rather than being added only after
efficacy studies.

The sixth gap is long-term stability. Both tocotrienols and
squalene are oxidation-sensitive, so oxygen exposure, light,
temperature, trace metals, emulsifier selection, and packaging
may materially affect shelf life and biological performance. Sta-
bility-indicating assays should be connected to biological testing
so that degradation is not mistaken for batch-to-batch variability.

The seventh gap concerns scar and remodeling outcomes. Faster
early closure is desirable, but accelerated proliferation without
appropriate remodeling could theoretically worsen fibrosis or
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produce weak tissue. Long-term studies should therefore assess
collagen architecture, mechanical properties, pigmentation, and
scar quality in addition to early wound area reduction.

As summarized in Table 3, the principal translational gaps can

be paired with concrete next-step studies spanning dose, effect
attribution, safety, biofilm compatibility, stability, and clinically
meaningful efficacy. This structure converts the narrative cri-
tique into a practical development agenda.

Table 3: Translational Evidence Gaps and Recommended Next-Step Studies

Gap Why it matters

Recommended study

Dose and tissue exposure

Cell/animal concentrations may not rep-
resent safe human exposure.

Dose-response studies plus skin/wound-bed deposi-
tion and systemic-exposure measurements.

Effect attribution
the source of benefit.

Multicomponent formulations obscure

Factorial vehicle, tocotrienol-only, squalene-only,
and combination controls.

Human safety

Diseased skin and open wounds may in-
crease exposure and irritation.

Early-phase tolerability, sensitization, and wound
cytocompatibility studies.

Biofilm compatibility
bial biofilms.

Chronic wounds often contain polymicro-

Biofilm models plus compatibility testing with de-
bridement, antiseptics, and antibiotics.

Long-term stability
tive.

Unsaturated lipids are oxidation-sensi-

Stability-indicating chemistry linked to retained bi-
ological activity.

Clinically meaningful efficacy

ing.

Mechanistic endpoints do not equal heal-

Indication-specific randomized trials with closure,
infection, recurrence, pain, and function outcomes.

Translational Interpretation: Cosmetic Claims Versus Med-
ical Outcomes

One of the most important contributions of this review is the
distinction between cosmetic, biophysical, mechanistic, and
therapeutic outcomes. Increased hydration, smoother skin feel,
reduced oxidative markers, greater penetration, or higher colla-
gen expression can all be useful findings, but none alone estab-
lishes medical wound-healing efficacy. Claims should therefore
be matched to the level of evidence and to the regulatory context
in which the product is intended to be used.

For dermocosmetic products, endpoints such as hydration, tran-
sepidermal water loss, elasticity, irritation, and environmental
protection may be appropriate. For inflammatory skin disease,
validated severity scores, pruritus, flare frequency, barrier func-
tion, and rescue medication use become more relevant. For
chronic wounds, complete closure, time to closure, infection,
recurrence, pain, and function should dominate. Keeping these
endpoints separate will make future palm-derived product devel-
opment more rigorous and more credible.

This distinction also clarifies the role of nanotechnology. A
nanoformulation is not inherently more therapeutic than a con-
ventional formulation; its value depends on whether it solves a
relevant delivery, stability, or usability problem. The strongest
development strategy is therefore problem-driven rather than
technology-driven: define the clinical need, identify the local
pharmacological target, select the simplest formulation that
achieves the required exposure and stability, and then demon-
strate patient benefit.

Conclusion

Palm-derived tocotrienols and squalene form a scientifically
plausible but incompletely validated platform for dermatologic
and wound-healing applications. Tocotrienols possess the stron-

ger direct pharmacological evidence, particularly for modulation
of oxidative stress, inflammatory signaling, keratinocyte barri-
er responses, and experimental tissue repair. Squalene provides
complementary value through its physiological relationship with
skin-surface lipids, emollient properties, redox chemistry, and
suitability for lipid-based formulations.

Nanoenabled delivery offers a rational means of addressing
important physicochemical limitations of these lipophilic com-
pounds. Nanoemulsions, ethosomes, solid lipid nanoparticles,
nanostructured lipid carriers, and nanoemulgels can protect ac-
tives, control release, increase local residence, and alter cutane-
ous deposition. These pharmaceutical advantages, however, do
not by themselves establish therapeutic efficacy.

The most compelling medical opportunity is chronic and diabet-
ic wound care, where oxidative stress, persistent inflammation,
impaired cell migration, vascular dysfunction, and microbial
persistence coexist. The same complexity that makes this indi-
cation attractive also requires unusually rigorous development.
Standardized raw materials, mechanistically controlled formula-
tions, human-relevant tissue models, safety studies, and indica-
tion-specific randomized trials are needed before clinical claims
can be justified.

The field should therefore move away from broad statements
that natural antioxidants promote healing and toward testable
therapeutic hypotheses linked to clinically meaningful out-
comes. A successful palm-derived tocotrienol-squalene platform
would need to demonstrate not only mechanistic elegance and
formulation sophistication, but also reproducible manufacturing
quality, local safety, compatibility with standard care, and supe-
rior patient outcomes.
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