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ABSTRACT

Aim: To critically evaluate the transition from synthetic sunscreen agents to herbal alternatives and assess the role of
phytosome-based delivery systems in overcoming the formulation limitations of herbal photoprotective agents.
Objective: To analyze the toxicological and environmental concerns associated with synthetic UV filters, compare
them with the benefits and limitations of herbal sunscreen agents and examine how phytosomal complexation
improves the stability, bioavailability and efficacy of herbal sunscreens. Method: A comprehensive literature review
was conducted using recent peer-reviewed articles focusing on synthetic and herbal sunscreen agents, their
mechanisms of photoprotection, formulation challenges and advanced nanocarrier-based delivery approaches,
particularly phytosomal systems. Results: Synthetic sunscreen agents provide high SPF and broad-spectrum
protection but are associated with systemic absorption, endocrine disruption, skin irritation and environmental toxicity.
Herbal photoprotective agents such as flavonoids, polyphenols and carotenoids exhibit antioxidant and anti-
inflammatory properties with improved safety profiles; however, they suffer from low SPF, poor photostability, limited
skin permeation and batch variability. Phytosomal complexation significantly enhanced the SPF, photostability, lipid
solubility and dermal retention of herbal actives by forming stable phospholipid-phytoconstituent complexes.
Comparative studies demonstrated notable improvements in photoprotective performance and formulation stability of
phytosomal herbal sunscreen systems over free herbal extracts. Conclusion: Phytosome-based delivery systems offer
a promising strategy to overcome the intrinsic limitations of herbal sunscreen formulations, enabling the development
of safer, more stable and environmentally sustainable photoprotective products. Their integration may bridge the
efficacy gap between synthetic and natural sunscreens and support the future advancement of green cosmeceutical
sunscreen technologies.
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INTRODUCTION

The intensifying exposure to solar ultraviolet (UV)
radiation, exacerbated by global environmental shifts, has
established photoprotection as a critical clinical necessity
for preventing skin pathologies such as erythema,
premature  photoaging and DNA-induced photo
carcinogenesisl. Historically, the cosmetic industry has
relied extensively on synthetic UV filters primarily
oxybenzone, avobenzone and octocrylene to achieve high
Sun Protection Factor (SPF) ratings. However, recent
toxicological evaluations have raised significant alarms
regarding the safety profiles of these chemical agents.
Synthetic filters are increasingly scrutinized for their
propensity to induce contact dermatitis, their high rate of
systemic absorption into the human bloodstream and their
potential role as endocrine disruptors2. Furthermore, the
environmental footprint of these substances is substantial;
chemical filters are primary contributors to aquatic toxicity

and coral reef bleaching, leading to stringent regulatory
bans in various global jurisdictions3. These multifaceted
challenges have catalyzed a paradigm shift toward Green
Cosmeceuticals, where  plant-derived  bioactive
compounds are rigorously explored as biodegradable,
biocompatible and safer alternatives4. Herbal extracts,
particularly those abundant in secondary metabolites such
as polyphenols, flavonoids and carotenoids, provide a
sophisticated, multi-functional approach to
photoprotection. Unlike traditional synthetic agents that
primarily function through physical reflection or chemical
absorption of photons, herbal constituents offer a
biological line of Défense characterized by potent
antioxidant activity. These phytochemicals neutralize
reactive oxygen species (ROS) and mitigate the oxidative
stress cascades triggered by UV exposure, thereby
protecting against dermal collagen degradation5,6. Despite
these biological advantages, the commercial viability of
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purely herbal sunscreens is frequently compromised by
significant formulation hurdles. Most potent antioxidants
possess high molecular weights and poor lipid solubility,
which severely restricts their ability to penetrate the
lipophilic stratum corneum. More critically, these natural
compounds are inherently unstable and prone to rapid
oxidation and photodegradation when exposed to light and
atmospheric oxygen, often resulting in a precipitous
decline in SPF efficacy over time7. To resolve these
stability and bioavailability constraints, advanced lipid-
based delivery systems, specifically phytosomes, have
emerged as a transformative innovation. A phytosome is a
stoichiometric molecular complex formed when
standardized botanical extracts are chemically anchored to
phospholipids, typically phosphatidylcholine.  This
structure  differs fundamentally from conventional
liposomes; in a phytosome, the herbal active is integrated
into the polar head of the lipid, creating an amphiphilic unit
with  superior  thermodynamic  stability8.  This
complexation acts as a molecular shield, protecting
sensitive  phytoconstituents  from  environmental
degradation while significantly enhancing their skin
deposition5. Furthermore, by mimicking the natural lipid
bilayer of human skin, phytosomes facilitate the deeper
delivery of antioxidants into the viable epidermis. This
technological approach not only preserves the chemical
integrity of the extract but also enables a booster effect,
where the synergy between the lipid carrier and the
bioactive complex significantly enhances the overall SPF
value9.

Consequently, this review aims to critically evaluate the
formulation and evaluation of advanced herbal sunscreen
systems, with a particular focus on phytosome-based
delivery to enhance stability and photoprotective efficacy.
By analyzing the comparative limitations of synthetic
filters against the evolving strengths of stabilized herbal
complexes, this work identifies a clear trajectory toward
hybrid sunscreen systems that meet the modern demand for
high-performance, eco-friendly and dermatologically safe
photoprotection10.

Despite extensive research on herbal sunscreen agents and
the emerging application of phytosomal delivery systems,
a critical gap exists in the integrated evaluation of
phytosomes specifically for photoprotection. Most studies
focus either on the antioxidant potential of herbal extracts

or on general drug delivery enhancement by phytosomes,
but lack a systematic comparison addressing their
combined impact on SPF enhancement, photostability and
dermal retention in sunscreen formulations. Furthermore,
limited emphasis has been placed on translating these
findings into standardized, scalable and regulatory-
compliant topical systems.

IDEAL PROPERTIES OF SUNSCREEN

e  Should provide broad-spectrum protection (UVA
and UVB coverage).

e Must be photostable, maintaining efficacy upon
exposure to sunlight.

e  Should be chemically inert and non-reactive with
other formulation

e Should be non-volatile to prevent evaporation at
high temperatures.

e Must be stable in the presence of light, air, or
moisture 11.

e Low viscosity to promote good spread ability,
aesthetic appeal, small particle size, waterproof
capabilities, adequate solubility and non-odorous
are all physical properties12.

MECHANISM OF SUNSCREEN

Sunscreens work through different types of active
ingredients, which are generally divided into inorganic
(mineral) filters, organic (chemical) filters and natural
molecules. Each group protects the skin from ultraviolet
(UV) radiation in its own way and together they provide
complementary protection13.

Physical sunscreen

Physical (mineral) sunscreens use zinc oxide (ZnO) and
titanium dioxide (TiO-) as active ingredients. They protect
the skin mainly by reflecting and scattering UV radiation,
while micronized and nanoparticle forms also absorb UV
light, enhancing overall protection. Zinc oxide offers
broad-spectrum UVA and UVB coverage, whereas
titanium dioxide is most effective against UVB and short-
wavelength UVA. These sunscreens are photostable, act
immediately and have minimal skin penetration, making
them suitable for sensitive skin, though improper
formulation may cause visible whitening. The figure 1:
demonstrated mechanism of physical sunscreen14.
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Figure 1: Mechanism of physical sunscreen

Chemical Sunscreen

Chemical sunscreens contain organic UV filters that
protect the skin by absorbing ultraviolet radiation. These
molecules, characterized by aromatic rings and conjugated
double bonds, absorb high-energy UV photons and
dissipate the energy as heat or lower-energy radiation,
thereby preventing cellular damage. Individual filters act
within specific UV ranges, with some primarily absorbing

UVB (e.g., octinoxate, octisalate), others UVA (e.g.,
avobenzone, oxybenzone) and broader protection achieved
through appropriate combinationsl5. However, some
chemical filters are prone to photodegradation, which can
reduce effectiveness and requires the use of photo
stabilizers in sunscreen formulations. The figure 2:shows
mechanism of physical sunscreenl6.

Figure 2: Mechanism of chemical sunscreen

Hybrid Sunscreen

Hybrid sunscreen systems combine chemical and physical
filters or employ advanced broad-spectrum organic filters
to achieve optimal UV coverage, enhanced photostability
and improved cosmetic acceptability. These formulations
take advantage of multiple mechanisms absorption,
reflection and scattering to ensure comprehensive
photoprotection across the UV spectrum.

Natural Sunscreen
Natural sunscreen compounds, including flavonoids,
phenolic acids, carotenoids and mycosporine-like

amino acids (MAAs), provide photoprotection mainly
through UV absorption and antioxidant activity. Their
conjugated chromophoric structures efficiently absorb
UVA and UVB radiation and safely dissipate the energy as
heat through non-radiative relaxation processes.
Additionally, these compounds scavenge reactive oxygen
species, reducing UV-induced oxidative stress, lipid
peroxidation, DNA damage and inflammation linked to
photoaging and photo carcinogenesisl7.
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TOXICOLOGICAL AND ENVIRONMENTAL
LIMITATIONS OF SYNTHETIC UV FILTERS

The historical reliance on organic synthetic filters, such as
benzophenones and dibenzoylmethanes, is currently being
re-evaluated due to significant safety concerns. Research
indicates that these lipophilic molecules can penetrate the
dermal barrier, leading to detectable systemic
concentrations in human plasma and milk18. Beyond
human health, the environmental impact specifically the
role of oxybenzone in inducing coral reef bleaching has
catalysed a global regulatory shift toward biodegradable
alternatives18. These factors underscore the mechanical
necessity for Green Cosmeceuticals that provide broad-
spectrum protection without biological or ecological
toxicity19.

COMMON
INGREDIENTS
Sunscreens protect our skin from harmful UV rays, but
some ingredients may cause side effects that are still being
studied. These can include hormonal imbalances, allergic
reactions, increased stress on skin cells due to harmful
molecules and skin irritation triggered by sunlight. While
these effects are not common, they highlight the
importance of continued research to ensure sunscreens are
both safe and effective for everyday use20.

Ecamsule (C2sH340s5S2)

Ecamsule is a sunscreen ingredient used only on the skin.
In real-world use, less than 0.1% of ecamsule is absorbed
into the body. The most commonly reported side effects
include skin conditions such as dermatitis, dryness, acne,
itching, redness and irritation21.

Methylisothiazolinone (C4sHsNOS)
Methylisothiazolinone is a preservative used in many
personal care products, including sunscreens and is known
to cause strong allergic reactions. It can trigger allergic
contact dermatitis, which appears similar to photoallergic
contact dermatitis. In some cases, it can cause skin
reactions that worsen when exposed to light, even if the
allergen is avoided14.

Octinoxate (C1sH2603)

Octinoxate is a UV filter commonly found not only in
sunscreens but also in hair colour products, shampoos,
lipsticks, nail polishes and moisturizers. It has been shown
to stimulate the growth of cells that respond to oestrogen,
which could potentially raise the risk of developing breast
cancer 22.

THE TRANSITION TO
PHOTOPROTECTION

The transition from the toxicological limitations of
synthetic filters to the potential of herbal alternatives is
characterized by a significant shift toward biocompatibility
and multi-target photoprotection. The recognized
drawbacks of synthetic UV filters ranging from systemic

SYNTHETIC SUNSCREEN

NATURAL

bioaccumulation and endocrine disruption to the
catastrophic bleaching of coral reefs have necessitated an
urgent exploration of safer, more sustainable
photoprotective ~ agents.  Plant-derived  secondary
metabolites, specifically polyphenols, flavonoids and
carotenoids, have emerged as primary candidates for this
transition due to their inherent biodegradability and low
toxicological profile. Unlike traditional chemical filters
that function as passive barriers by absorbing photons,
these herbal constituents provide an active biological line
of defence23. As noted by researchers such as Mahajan et
al. they unique ability to neutralize reactive oxygen species
(ROS) and inhibit the oxidative stress cascades that lead to
premature photoaging and DNA damage. Recent
evaluations emphasize that the move toward Green
Cosmeceuticals is not merely an aesthetic trend but a
mechanical necessity to provide broad-spectrum
protection that aligns with both human dermatological
safety and global environmental preservation standards24.

SOME EXAMPLES OF NATURAL SUNSCREEN
AGENTS AND THEIR PROPERTIES

Flavonoids

Flavonoids are plant-based secondary metabolites that play
an important role in shielding the skin from harmful UV
radiation. They are well known for their antioxidant, anti-
inflammatory and anticancer properties. These compounds
are commonly present in fruits, vegetables, certain plant
roots, bark, tea and even in they contribute to cancer
prevention as well as overall skin protection25.

Quercetin  shown in (fig.3) Quercetin is a flavanol
exhibiting strong photoprotective and antioxidant
properties that make it a promising natural sunscreen
agent. It appears as bright yellow, needle-shaped crystals
and is highly soluble in lipids and alcohol but poorly
soluble in cold water and only slightly soluble in hot water.
Rich dietary sources of quercetin include apples, grapes,
onions and tomatoes. It plays a protective role in reducing
skin damage caused by UV exposure and also offers
considerable photoprotection within the UVB and UVA
range 26.

Silymarin shown in (fig.3) an extract obtained from the
seeds of milk thistle (S. marianum), is rich in polyphenols
and widely valued for its strong antioxidant activity. It is
commonly used in dermatological formulations and has
been shown to help reduce skin damage caused by UVB
radiation.

Apigenin Shown in (Fig. 3) is a naturally occurring
flavonoid found in various vegetables, including beans,
onions and broccoli, as well as in beverages such as wine
and tea and herbs like clove and German chamomile. It
exhibits chemo preventive properties against skin cancer
and contributes to the mitigation of UV-induced DNA
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damage, highlighting its potential role in skin
photoprotection27.
oH OH
O = o O
HO. o. |
(I ]
OH o - o . b .
Quercetin GREIRERE
OH o
OH OH
Py - I@(o/
o
Silymarin i
Figure 3: Chemical structures of quercetin, apigenin and silymarin28.
Alkaloids

Alkaloids are naturally occurring nitrogen-containing
compounds found in many plants, some of which show
promising photoprotective potential for sunscreen
formulations. Caffeine, commonly found in coffee, tea,
cocoa and guarana, exhibits strong antioxidant and anti-
inflammatory effects, reducing UVB-induced erythema,
keratinocyte apoptosis and photoaging. Theobromine,
present in cocoa and chocolate, provides mild antioxidant
and UV protection by reducing reactive oxygen species
and improving skin barrier function, especially when
combined with conventional UV filters. berberine,
obtained from berberi’s species and goldenseal, protects
keratinocytes from UVB-induced oxidative DNA damage
and modulates inflammatory pathways 29 B-carboline
alkaloids such as harmane and harmaline, found in
peganum harmala and passionflower, absorb UVA and
UVB radiation and scavenge reactive oxygen species,
highlighting their potential as natural sunscreen
additives30. Nicotine has also shown UV-modulatory and
antioxidant effects at very low concentrations, though its
topical use is limited due to toxicity concerns31.

Aloe vera

Aloe vera gel is widely recognized in cosmetic and
dermatological applications due to its hydrating, soothing
and revitalizing properties. It exhibits photoprotective
potential by attenuating both UVA and UVB radiation,
thereby contributing to the prevention of sun-induced skin
damage while maintaining the natural moisture balance of
the skin. Additionally, phytochemical constituents like
aloin and other bioactive extracts from Aloe vera
demonstrate characteristic spectrophotometric absorption
peaks around 297 nm, enabling them to act as natural UV-
absorbing agents. These properties collectively support the
inclusion of Aloe vera as a multifunctional natural

ingredient in sunscreen and photoprotective formulations
for skin32.

SOME NATURAL SUNSCREEN AGENTS IN FORM
OF OILS ARE

Olive oil (Olea europaea) showed the highest sun
protection factor among the fixed oils evaluated by Kaur
and Saraf using an in-vitro UV spectrophotometric method
(290-320 nm). The oil exhibited an SPF value of 7.55. Its
advantage lies in its rich content of monounsaturated fatty
acids and phenolic antioxidants, which not only contribute
to UVB absorption but also provide strong emollient,
moisturizing and anti-oxidative effects, thereby helping to
reduce UV-induced skin damage and lipid peroxidation33.
Coconut oil (Cocos nucifera) demonstrated measurable
UV-protective activity with an Resende at al. reported SPF
value of 7.12 when evaluated under identical experimental
conditions. The main advantage of coconut oil is its
excellent skin compatibility and high content of medium-
chain fatty acids, which provide moisturizing, barrier-
repair and antimicrobial properties in addition to limited
UVB protection, making it a valuable supportive
ingredient in herbal sunscreen formulations17.

Peppermint oil (Mentha piperita) a volatile essential oil,
Kaur and Saraf showed an SPF value of 6.67 in the same
in-vitro analysis. Its advantage lies in the presence of
terpenoids such as menthol, which contribute to UV
absorption and provide additional benefits including a
cooling sensation, anti-inflammatory activity and
antioxidant effects, making it useful as a functional
additive in herbal photoprotective products34.

Jojoba (Simmondsia chinensis) is a desert shrub whose
liquid wax ester is widely utilized in dermatological and
cosmetic applications. Jojoba oil is well recognized for its
superior emollient and moisturizing properties, making it
effective in the management of xerosis, eczema and
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psoriasis. The oil naturally contains myristic acid and other
bioactive constituents that contribute to limited absorption
of ultraviolet radiation. Consequently, in addition to

improving skin barrier function and hydration, jojoba oil
exhibits a mild intrinsic sun-protective effect attributable
to its inherent SPF value35.

TABLE 1: COMPARATIVE EVALUATION OF PHOTOPROTECTIVE EFFICACY, ANTIOXIDANT
POTENTIAL AND TOXICOLOGICAL PROFILES OF SYNTHETIC AND HERBAL UV FILTERS

Category Agent / Plant | SPF  Value | Antioxidant Limitations / Side Effects
Extract (In Vitro) Activity

Synthetic? Oxybenzone 15.0-18.5 None High systemic absorption; coral

reef toxicity; endocrine disruption.

Synthetic3® Avobenzone 12.0-22.0 None Significant photodegradation

within 1 hour of UV exposure.

Synthetic37-38 Homosalate 8.0-12.0 None Accumulates in the body; linked to

hormonal imbalances.

Herbal® Green Tea | 4.5-7.2 85-90% Excellent biological repair but
(Camellia (DPPH) highly sensitive to oxidation.
sinensis)

Herbal® Turmeric 6.0-8.5 92% (FRAP) Strong yellow staining; poor water
(Curcuma longa) solubility in formulations.

Herbal*! Aloe Vera Gel 2.5-4.0 60% (DPPH) | Low SPF alone; acts primarily as a

soothing booster agent.

Herbal* Pomegranate 55-9.0 88% (ABTS) Rich in ellagic acid; provides DNA
(Punica protection against UVA.
granatum)

Herbal® Floral extract | 5.0-6.5 High (FRAP) Notable antifungal and antibacterial
(Schubertia secondary properties.
grandiflora)

Herbal* Citrus Peel | 4.0-7.5 75% (DPPH) Rich in flavonoids; potential for
Extract nutraceutical-cosmetic use.

The comparative data reveals a fundamental dichotomy
between the photoprotective mechanisms of synthetic and
herbal agents. Synthetic UV filters, such as Oxybenzone
and Avobenzone, function as passive protective barriers.
Their efficacy is defined by high molar extinction
coefficients within the UV-A and UV-B spectra, allowing
them to absorb and dissipate high-energy photons before
they reach the dermal layers. However, as indicated in the
table, these agents lack intrinsic antioxidant capacity. This
is a critical clinical limitation because UV radiation that
leaks through the filter or bypasses it via uneven
application triggers the formation of reactive oxygen
species (ROS) leading to oxidative DNA damage and
collagen degradation processes that synthetic filters cannot
mitigate.

Conversely, herbal extracts represent active biological
protectors. While their direct SPF values calculated trough
the Mansur equation are generally lower than concentrated
synthetic equivalents, they offer superior secondary
photoprotection. The presence of secondary metabolites,

such as polyphenols and flavonoids, allows these extracts
to function as potent electron donors, neutralizing ROS
and stabilizing free radicals through DPPH and FRAP
mechanisms45. For instance, extracts like Punica
granatum provide a biological shield that reduces UV-
induced inflammation and erythema, which synthetic
filters alone cannot achieve 42. The analysis also
highlights the Stability-Safety Paradox. Synthetic filters
are highly effective but are increasingly associated with
systemic bioaccumulation and environmental toxicity,
particularly coral reef bleaching. Herbal extracts offer a
safer, biocompatible alternative but suffer from rapid
photodegradation and poor lipid solubility, as evidenced by
the lower SPF retention in crude forms7.

The data supports the transition toward Hybrid and
Advanced Delivery Approaches. By incorporating herbal
extracts into specialized systems, the formulation can
achieve the high SPF ratings of synthetic agents while
maintaining the biological repair capabilities of botanicals.
This synergy addresses the efficacy-safety gap providing a
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comprehensive photoprotective system that is both
dermatologically safe and environmentally responsible46.

CHALLENGES OF HERBAL SUNSCREEN
FORMULATION

Physicochemical Instability of Crude Herbal Photo
protectants

While botanical extracts rich in polyphenols and
flavonoids offer potent secondary photoprotection through
ROS scavenging, their integration into commercial
topicals is limited by inherent instability. Many herbal
bioactives are highly susceptible to photodegradation and
auto-oxidation when exposed to UV radiation and
atmospheric oxygen7. Furthermore, the high molecular
weight and hydrophilicity of most plant secondary
metabolites often result in poor skin permeability, which
restricts their efficacy to the skin surface where they are
easily removed by perspiration47.

Difficulty in Achieving High and Standardized SPF

The Sun Protection Factor (SPF) of most botanical extracts
is inherently low (typically SPF 1-10). To achieve a
clinically significant SPF (e.g., SPF 30), a formulation
would require an exceptionally high concentration of the

herbal extract. This loading often leads to several
formulation failures: the texture becomes too thick or
greasy; the cream may leave an intense yellow or brown
stain on the skin and the cost of production increases
significantly. Furthermore, because the chemical
composition of plants varies by season and soil, ensuring a
consistent SPF value across different batches remains a
major regulatory hurdle48.

PHYTOSOMAL COMPLEXATION: A STRATEGIC
SOLUTION FOR STABILITY

Phytosomes represent a milestone in vesicular drug
delivery, functioning as a stoichiometric molecular
complex rather than a simple encapsulation. By chemically
anchoring the polyphenolic guest molecule to the
phosphate head of a phospholipid (typically
phosphatidylcholine), a hybrid amphiphilic unit is created.
This molecular arrangement serves two critical functions:
it provides a thermodynamic shield that protects the herbal
active from oxidative degradation and it facilitates superior
integration into the lipid-rich stratum corneum, thereby
enhancing the bioavailability of the photoprotective
agent49.

TABLE 2: COMPARATIVE ANALYSIS OF NANOCARRIERS FOR TOPICAL DELIVERY

Nanocarrier Composition Advantages Limitations Skin Behaviour
System
Liposomes Phospholipid Biocompatible, Poor stability, Moderate penetration
bilayer enhances drug leakage, oxidation into epidermis
vesicles solubility
Niosomes Non-ionic More stable than | Possible irritation, Moderate skin
surfactants + liposomes, cost- lower retention
cholesterol effective biocompatibility
Solid Lipid Solid lipid Controlled Drug expulsion, Mostly surface
Nanoparticles matrix release, good low drug loading retention
(SLNs) stability
Nanostructured | Solid + liquid Improved drug Complex Enhanced penetration
Lipid Carriers lipids loading, reduced formulation with controlled release
(NLCs) crystallinity
Phytosomes Phytoconstitue High stability, Expensive, scale- | High dermal retention,
nt + improved up challenges minimal systemic
phospholipid bioavailability, penetration
complex strong lipid
affinity

The above Table: 2 Represents the comparative analysis of

nanocarrier systems highlights that while conventional
vesicular systems such as liposomes and niosomes
improve drug delivery, they are often limited by stability
and leakage issues. Lipid nanoparticles such as SLNs and
NLCs provide controlled release but may suffer from
formulation complexity and drug expulsion during storage.

In contrast, phytosomes demonstrate superior performance
due to their unique phospholipid—phytoconstituent
complexation, which enhances lipid compatibility and
promotes selective dermal retention. Recent studies
confirm that phytosomes improve bioavailability and
localization of phytoconstituents in skin layers, making
them particularly suitable for topical applications such as
herbal sunscreens50.
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STRATEGIC RESOLUTION
PHYTOSOMAL COMPLEXATION
To mitigate the inherent limitations of raw herbal extracts
specifically their low photostability and poor SPF
efficiency recent formulation strategies have shifted
toward the development of phytosomes. Unlike simple

TROUGH

herb-lipid  mixtures,  phytosomes involve  the
stoichiometric complexation of polyphenolic
phytoconstituents ~ with  phospholipids  (such as

phosphatidylcholine) through hydrogen bonding. This
molecular integration creates a lipophilic envelope that
shields sensitive herbal molecules from oxidative stress
and UV-induced degradation, thereby significantly
enhancing chemical stability.  Furthermore, the
amphiphilic nature of the phytosomal complex improves
the solubility and skin-permeability of the actives,
allowing for a more uniform and concentrated distribution
across the stratum corneum. This results in a synergistic

SPF-boosting effect and a sustained-release "depot" within
the skin layers, effectively overcoming the traditional
hurdles of herbal photoprotection.

CHARACTERIZATION AND VALIDATION OF
PHYTOSOMAL SYSTEMS

To confirm the successful synthesis of a phytosome,
researchers utilize a suite of analytical techniques. Fourier
Transform Infrared (FTIR) spectroscopy is employed to
detect the disappearance of characteristic functional group
peaks, indicating the formation of hydrogen bonds
between the extract and the lipid51. Furthermore, Dynamic
Light Scattering (DLS) and Transmission Electron
Microscopy (TEM) are essential for determining particle
size and zeta potential; a stable system typically maintains
a vesicle size between 100-300 nm to ensure optimal
dermal deposition52.

TABLE 3: IMPACT OF PHYTOSOMAL COMPLEXATION ON SPF AND STABILITY OF HERBAL

SUNSCREENS
Herbal Active Phospholipid Used SPF (Free SPF Stability Improvement
(Phytoconstituent) Extract) (Phytosomal
Form)
Quercetin® Phosphatidylcholine | 4.2+0.3 12.8+1.1 40% increase in
photostability after 4h UV
exposure.
Curcumin’! Soy Lecithin 5.8+0.5 184+ 14 Prevented oxidative
degradation for 6 months at
40°C.
Silymarin* Phosphatidylcholine 6.1+£0.2 152+0.8 Enhanced lipid solubility; 3x
higher skin retention.
Green Tea (EGCG)! Hydrogenated PC 35+04 11.6 +0.9 Reduced brown discoloration
(oxidation) by 65%.
Resveratrol®! Phosphatidylcholine | 2.8 +0.1 9.5+0.7 Shielded from trans-to-cis
isomerization under light.
Naringenin® Soy Phospholipids 4.0+0.2 13.1+1.2 Significant reduction in
particle aggregation over
time.

The data presented above confirms that phytosomal
complexation acts as a technological bridge to overcome
the three primary failures of herbal sunscreens: The SPF
Booster Effect: The stoichiometric binding of polyphenols
to phospholipids creates a more ordered molecular
arrangement. This increases the molar absorptivity of the
complex, allowing it to absorb more UV radiation than the
disorganized molecules in a crude extract. Thermodynamic
Stability: Free polyphenols are highly susceptible to Auto-
oxidation when exposed to atmospheric oxygen and light.
In a phytosome, the bioactive is anchored to the lipid head,
which acts as a physical shield, preserving the chemical
integrity of the antioxidant for significantly longer
durations. Enhanced Dermal Bioavailability: Because
phytosomes are amphiphilic, they integrate seamlessly into

the skin's lipid bilayer. This ensures that the sunscreen
doesn't just sit on the surface but provides Deep-Tissue
Photoprotection by neutralizing ROS within the viable
epidermis5S.

TRANSLATIONAL CHALLENGES AND
COMMERCIALIZATION OF PHYTOSOMAL
SUNSCREENS

While the laboratory data confirms the superiority of
phytosomal systems, several industrial and regulatory
hurdles must be addressed to transition these Green
Cosmeceuticals from the bench to the beauty shelf.

Scalability and Manufacturing Costs

Unlike simple synthetic mixing, phytosome production
requires precise stoichiometric complexation, often
involving solvent evaporation or high-pressure
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homogenization. The cost of high-purity phospholipids
and the specialized equipment needed for nano-scale
stabilization significantly increase the Cost of Goods Sold
(COGS) compared to traditional chemical filters56,57.

Regulatory Landscape and Safety Standards

Global regulatory bodies (FDA, EU and TGA) have
intensified scrutiny on sunscreen efficacy claims.
Nano-Regulatory Status: Due to their vesicle size (100—
300 nm), phytosomal sunscreens may fall under
nanomaterial labelling requirements, requiring additional
toxicological dossiers to prove they do not reach systemic
circulation in harmful amounts. The GRASE Challenge: In
the U.S., many botanical extracts are not yet classified as
Generally Recognized as Safe and Effective (GRASE)
specifically for UV protection. This means that while they
can be marketed for antioxidant benefits, labelling them as
primary sunscreens requires rigorous New Drug
Applications (NDA)58.

MECHANISM OF
RETENTION

A major safety concern associated with conventional
sunscreens is the potential penetration of UV filters
through the skin into systemic circulation. However, lipid-
based delivery systems such as phytosomes are designed
to remain primarily within the superficial layers of the skin
rather than entering the bloodstream.

This behaviour is mainly due to the strong barrier function
of the stratum corneum, which restricts the penetration of
most compounds, especially larger and structurally
complex molecules. Phytosomes, being lipid-compatible
vesicular systems, exhibit a high affinity for the skin’s lipid
matrix allowing them to localize within the epidermis
instead of diffusing deeper into the dermis.
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— T -
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Phytosome Complex

Phytoconstituent + Phospholipid
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High Dermal Retention

¥

Localized Effect

> 4

Minimal Systemic Absorption

Figure 4: Mechanism of Phytosome on Skin Surface

As mentioned in the fig 4: Phytosomes enhance topical
drug delivery by forming a lipid-compatible complex
between phytoconstituents and phospholipids, which
facilitates their interaction with the stratum corneum, as
illustrated in the diagram. Upon application, the
phytosomal vesicles adhere to the skin surface and
integrate with the lipid matrix of the stratum corneum due
to their amphiphilic nature. This interaction promotes
penetration primarily through the intercellular lipid
pathway, allowing improved partitioning of the active
compound into deeper skin layers. Additionally,
phytosomes provide controlled release of the
phytoconstituent, resulting in prolonged dermal retention

and enhanced therapeutic efficacy while minimizing
systemic absorption. This mechanism makes phytosomes
particularly suitable for topical formulations such as
sunscreens, where enhanced retention, antioxidant activity
and improved photoprotection are desired59.
Additionally, studies on lipid nanoparticles have shown
that topical delivery systems can achieve high local drug
concentration in the skin while minimizing systemic
exposure, supporting their safety for dermal applications.
Furthermore, the interaction between lipid nanocarriers
and the stratum corneum promotes close surface contact
and retention within the upper skin layers, rather than
transdermal migration into the bloodstream.

IJDDT, Volume 16 Issue 57s, 2026

Page 982



From Synthetic Sunscreens to Herbal Photoprotection: Overcoming Challenges Through Phytosome-Based Delivery Systems

THE SIZE-EXCLUSION PRINCIPLE

The human skin barrier (stratum corneum) is designed to
block the entry of molecules larger than 500 Daltons.
Synthetic filters like Oxybenzone (228 Da) easily bypass
this limit. In contrast, a phytosomal complex consisting of
a large polyphenol anchored to a phospholipid creates a
bulky molecular unit often exceeding 1,000 Daltons.
Physical Barrier: The diameter of a phytosome vesicle
typically ranges from 100 to 300 nm. According to the
Size-Exclusion Theory, particles of this magnitude are
physically too large to penetrate the tight junctions of the
viable epidermis or reach the dermis where blood vessels
are located60.

The Lipid-Sink Effect (Bio-Mucoadhesion)

Phytosomes are composed of phosphatidylcholine, the
same lipid found in human cell membranes. When applied
to the skin, they do not leak through. Instead, they undergo
fusion with the intercellular lipids of the stratum corneum.
Mechanism: The phytosome dissolves into the skin’s own
lipid matrix, creating a concentrated reservoir in the upper
layers. Because the phospholipid has a high affinity for the
skin's oily environment, it lacks the thermodynamic push
to enter the watery (aqueous) environment of the deeper
dermis or the bloodstream61.

THE NEUTRAL ZETA POTENTIAL AND
AGGREGATION

Most stable phytosomal sunscreens are formulated with a
specific surface charge (Zeta Potential). Stability vs.
Penetration: While a high charge prevents the vesicles
from clumping in the bottle, the interaction with the skin's
naturally acidic pH (pH 4.5-5.5) often causes a slight de-
shielding effect. This encourages the phytosome to stay
anchored in the epidermis rather than migrating deeper62.

ANALYTICAL VALIDATION: PROVING NON-
SYSTEMIC DELIVERY

To satisfy regulatory requirements, researchers utilize two
primary methods to prove that these herbals stay in the
skin:

Franz Diffusion Cell Studies (IVPT): In these studies, a
skin sample is placed between a donor compartment
(sunscreen) and a receptor compartment (simulated blood).
Studies on  Quercetin  Phytosomes show  high
concentrations in the epidermis but Zero Detection in the
receptor fluid, even after 24 hours63.

Confocal Laser Scanning Microscopy (CLSM): By
tagging the phytosome with a fluorescent marker,
researchers can visually see where the drug goes. Images
consistently show the fluorescence localized in the Stratum
Corneum and Granulosum, with a complete absence of
signal in the lower Dermis.

CONCLUSION

The growing concerns regarding the toxicological and
environmental impact of synthetic UV filters have
accelerated the search for safer and more sustainable

photoprotective alternatives. Herbal sunscreen agents, rich
in flavonoids, polyphenols, carotenoids and other
phytoconstituents, offer multifunctional benefits including
UV absorption, antioxidant activity, anti-inflammatory
effects and improved biocompatibility. However, their
widespread application in commercial sunscreen
formulations remains limited due to challenges such as
poor photostability, low intrinsic SPF, inadequate skin
permeation, physicochemical instability and variability in
phytochemical composition. Phytosome-based delivery
systems have emerged as a highly promising technological
strategy to overcome these limitations by enhancing the
stability, lipid solubility, skin retention and photoprotective
efficacy of herbal actives through phospholipid
complexation. Comparative evidence demonstrates that
phytosomal herbal formulations exhibit significantly
improved SPF values, dermal localization and sustained
antioxidant protection compared with crude herbal
extracts. Despite these advantages, challenges related to
manufacturing cost, large-scale production, regulatory
approval and nanomaterial safety assessment remain
barriers to commercialization. Overall, phytosomal herbal
sunscreen systems represent a transformative approach in
the development of next-generation green cosmeceutical
photoprotective products, offering a balanced combination
of efficacy, safety and environmental compatibility. Future
research should focus on standardized clinical validation,
scalable manufacturing techniques and regulatory
harmonization to facilitate their successful translation into
commercial sunscreen formulations.

FUTURE PERSPECTIVES

Future research should focus on improving phytosome-
based herbal sunscreen formulations to achieve higher
SPF, better photostability and enhanced skin retention.
Standardization of herbal extracts, clinical validation and
scalable manufacturing methods are essential for
commercialization. Additionally, hybrid formulations
combining herbal actives with minimal synthetic UV
filters may offer improved broad-spectrum protection with
reduced toxicity. Regulatory guidelines for nanocarrier-
based herbal sunscreens will also be crucial for their
successful market translation.
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