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Abstract: Excessive exposure to ultraviolet (UV) radiation is a major cause of skin damage, photoaging, and
photocarcinogenesis. Although conventional sunscreens containing synthetic UV filters are widely used,
concerns related to skin irritation, long-term safety, and environmental toxicity have increased interest in
herbal alternatives. Herbal sunscreens utilize plant-derived bioactive compounds. such as flavonoids,
polyphenols, carotenoids, and vitamins that provide photoprotection through multiple mechanisms, including
UV absorption, antioxidant activity, anti-inflammatory effects, and enhancement of skin barrier function. This
review critically discusses the role of ultraviolet radiation in skin damage, the concept and classification of
sunscreens, and the photoprotective potential of herbal ingredients. The mechanisms of action, advantages,
formulation challenges, and evaluation methods of herbal sunscreens are systematically reviewed based on
existing scientific literature. Additionally, current research gaps related to standardization, stability, SPF
optimization, and clinical validation are highlighted, along with future research directions. Overall, herbal
sunscreens represent a promising and eco-friendly approach to photoprotection; however, further research and
technological advancements are required to improve their efficacy and regulatory acceptance.

Index Terms - Herbal sunscreens; Photoprotection; Ultraviolet radiation; Antioxidants; Plant-based
cosmetics; Skin protection
1. Introduction

Human skin is continuously exposed to ultraviolet (UV) radiation from sunlight, which is recognized as a
major environmental factor responsible for acute and chronic skin damage. Prolonged exposure to ultraviolet
A (UVA: 320-400 nm) and ultraviolet B (UVB: 290-320 nm) radiation can lead to erythema, photoaging,
immunosuppression, and an increased risk of skin cancer [1]. UVB radiation primarily causes direct DNA
damage through the formation of cyclobutane pyrimidine dimers, whereas UVA penetrates deeper into the

dermis and induces oxidative stress by generating reactive oxygen species (ROS) [2].
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Conventional sunscreens formulated with synthetic UV filters such as oxybenzone, octinoxate, avobenzone,
and zinc oxide are widely used to prevent UV-induced skin damage. Although these agents provide effective
photoprotection, several studies have reported adverse effects including skin irritation, allergic contact
dermatitis, hormonal disruption, and environmental toxicity, particularly in aquatic ecosystems [3,4].

Additionally, the long-term safety of certain chemical UV filters remains a subject of ongoing scientific debate.

In recent years, growing consumer awareness regarding cosmetic safety and sustainability has shifted research
interest toward herbal and plant-based sunscreen formulations. Herbal sunscreens utilize bioactive
compounds such as polyphenols, flavonoids, carotenoids, tannins, and vitamins that naturally absorb UV
radiation and neutralize UV-induced free radicals [5]. Plant extracts such as Aloe vera, Curcuma longa,
Camellia sinensis, Emblica officinalis, and Ocimum sanctum have demonstrated significant photoprotective,

antioxidant, and anti-inflammatory activities in both in-vitro and in-vivo studies [6-8].

Unlike synthetic sunscreens, herbal photoprotective agents offer multifunctional benefits, including
enhancement of skin barrier function, reduction of oxidative stress, and prevention of photoaging, while
exhibiting improved biocompatibility [9]. However, despite promising laboratory evidence, challenges related
to formulation stability, standardization of herbal extracts, sun protection factor (SPF) optimization, and

regulatory acceptance remain inadequately addressed.

Therefore, this review aims to critically evaluate the scientific basis, efficacy, and formulation aspects of
herbal sunscreens, with emphasis on their photoprotective mechanisms, advantages over conventional

sunscreens, and current research gaps requiring further investigation.
2. Ultraviolet Radiation and Skin Damage

Solar ultraviolet radiation is divided into three regions: UVC (100—-280 nm), UVB (280-320 nm), and UVA
(320400 nm). While UVC is largely absorbed by the ozone layer, UVA and UVB reach the earth’s surface
and are primarily responsible for biological damage to human skin [10]. UVB radiation mainly affects the
epidermal layer and is directly associated with sunburn, erythema, and DNA mutations, whereas UVA

penetrates deeper into the dermis and contributes significantly to premature skin aging [11].

At the molecular level, UVB induces direct DNA damage by forming cyclobutane pyrimidine dimers and 6 -
4 photoproducts, which can result in mutagenesis if not efficiently repaired [12]. UVA radiation, on the other
hand, generates reactive oxygen species (ROS) such as singlet oxygen, superoxide anions, and hydroxyl
radicals. These ROS oxidize lipids, proteins, and nucleic acids, leading to oxidative stress and structural

damage to skin cells [13].

Chronic UV exposure activates matrix metalloproteinases (MMPs), particularly MMP-1 and MMP-9, which
degrade collagen and elastin fibers. This process plays a central role in photoaging, characterized by wrinkles,

loss of elasticity, and uneven pigmentation [14]. UV radiation also suppresses local immune responses in the
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skin, reducing Langerhans cell activity and increasing susceptibility to infections and photocarcinogenesis
[15].

Because of these cumulative harmful effects, effective photoprotection is considered essential not only for
cosmetic purposes but also for preventing long-term dermatological disorders. This has led to extensive

research into sunscreen agents capable of blocking or neutralizing UV-induced damage.

3. Concept and Classification of Sunscreens

Sunscreens are topical formulations designed to protect the skin from harmful ultraviolet radiation by either
absorbing, reflecting, or scattering UV rays. Their effectiveness is commonly expressed as the Sun Protection
Factor (SPF), which primarily indicates protection against UVB-induced erythema [16]. Broad-spectrum
sunscreens additionally provide protection against UVA radiation, which is crucial for preventing photoaging

and oxidative skin damage.

Based on their mode of action, sunscreens are broadly classified into chemical (organic) sunscreens,
physical (inorganic) sunscreens, and natural or herbal sunscreens. Chemical sunscreens absorb UV
radiation and convert it into less harmful energy, whereas physical sunscreens such as zinc oxide and titanium
dioxide reflect and scatter UV rays [17]. Despite their effectiveness, several chemical UV filters have been

reported to cause skin irritation, photoallergic reactions, and systemic absorption upon prolonged use [18].

Herbal sunscreens represent an alternative approach that utilizes plant-derived bioactive compounds for
photoprotection. These formulations rely on natural constituents such as flavonoids, polyphenols, carotenoids,
and tannins, which possess intrinsic UV-absorbing capacity and strong antioxidant properties [19]. Instead of
acting as single-target UV blockers, herbal sunscreens provide multifunctional protection by absorbing UV

radiation, scavenging free radicals, reducing inflammation, and supporting skin barrier repair.

Studies have shown that plant extracts such as green tea, turmeric, amla, and aloe vera can enhance SPF values
when incorporated into topical formulations and simultaneously reduce UV-induced oxidative stress [20].
However, herbal sunscreens often face challenges related to variability in phytochemical composition, lower
intrinsic SPF compared to synthetic filters, and formulation stability. Understanding these aspects is critical

for improving their effectiveness and clinical acceptance.

4. Role of Herbal Ingredients in Photoprotection

Herbal ingredients used in sunscreen formulations provide photoprotection primarily due to the presence of
naturally occurring bioactive compounds such as flavonoids, polyphenols, carotenoids, tannins, and vitamins.
These phytochemicals exhibit UV-absorbing capacity and strong antioxidant activity, which together reduce
UV-induced skin damage [21].
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Plant-derived flavonoids such as quercetin, rutin, and catechins absorb UV radiation in both the UVA and
UVB regions due to their conjugated aromatic structures. Studies have demonstrated that topical formulations
containing flavonoid-rich extracts significantly reduce UV-induced erythema and oxidative stress markers in
the skin [22]. Polyphenols from green tea (Camellia sinensis) and grape seed have been shown to inhibit lipid

peroxidation and protect keratinocytes from UV-mediated DNA damage [23].

Carotenoids such as beta-carotene and lycopene contribute to photoprotection by quenching singlet oxygen
and neutralizing free radicals generated during UV exposure. These compounds accumulate in the skin after
topical or dietary application and provide additional protection against photooxidative damage [24]. Similarly,
vitamins such as vitamin C and vitamin E, commonly present in herbal extracts, enhance skin defense by

regenerating antioxidant capacity and stabilizing cellular membranes [25].

Several medicinal plants traditionally used in skincare, including Aloe vera, Curcuma longa, Emblica
officinalis, and Ocimum sanctum, have demonstrated photoprotective activity through combined antioxidant,
anti-inflammatory, and moisturizing effects [26]. When incorporated into sunscreen formulations, these
herbal ingredients not only contribute to SPF enhancement but also improve skin hydration and barrier

function, which is essential for long-term photoprotection.
5. Mechanisms of Action of Herbal Sunscreens

Herbal sunscreens protect the skin through multiple complementary mechanisms, rather than relying solely
on UV absorption. One primary mechanism is direct absorption of UV radiation, where plant polyphenols
and flavonoids absorb harmful wavelengths and reduce the amount of UV energy reaching deeper skin layers
[27].

Another key mechanism is antioxidant defense. UV exposure leads to excessive production of reactive
oxygen species, which damage cellular components and accelerate skin aging. Herbal antioxidants scavenge
these free radicals, thereby reducing oxidative stress and preventing lipid peroxidation, protein oxidation, and
DNA strand breaks [28]. Studies have shown that topical application of polyphenol-rich plant extracts

significantly reduces ROS levels in UV-exposed skin models [29].

Herbal sunscreens also exhibit anti-inflammatory activity by inhibiting UV-induced inflammatory
mediators such as prostaglandins, interleukins, and tumor necrosis factor-alpha (TNF-a). For example,
curcumin and aloe-derived polysaccharides suppress inflammatory signaling pathways, leading to reduced

erythema and skin irritation following UV exposure [30].

Additionally, some herbal components support DNA repair mechanisms and enhance skin barrier recovery.
Green tea polyphenols have been reported to stimulate nucleotide excision repair pathways, facilitating faster
removal of UV-induced DNA lesions [31]. Moisturizing constituents such as aloe vera gel and plant mucilage

improve stratum corneum integrity, which indirectly enhances resistance to UV penetration.
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The multifunctional nature of herbal sunscreens—combining UV absorption, antioxidant protection,
inflammation control, and barrier repair—makes them promising alternatives or supportive agents to

conventional synthetic sunscreens.

6. Advantages and Limitations of Herbal Sunscreens

Herbal sunscreens offer several advantages over conventional synthetic sunscreens, mainly due to their natural
origin and multifunctional activity. One of the primary advantages is their better skin compatibility. Plant-
based ingredients are generally well tolerated and show a lower incidence of skin irritation, allergic reactions,
and photoallergic responses compared to synthetic UV filters [32]. This makes herbal sunscreens particularly

suitable for individuals with sensitive skin and for long-term daily use.

Another important advantage is their antioxidant and anti-inflammatory properties, which provide
protection beyond simple UV blocking. Herbal constituents neutralize UV-induced free radicals, reduce
inflammation, and help prevent premature skin aging. This multifunctional action is rarely achieved by
synthetic sunscreens that primarily focus on UV absorption or reflection [33]. Additionally, herbal sunscreens
are considered more environmentally friendly, as they lack reef-damaging chemicals such as oxybenzone

and octinoxate [34].

Despite these benefits, herbal sunscreens also present notable limitations. One major challenge is their lower
intrinsic sun protection factor (SPF) when compared to synthetic UV filters. Many plant extracts provide
limited UV absorption, making it difficult to achieve high SPF values without combining multiple ingredients
or using high extract concentrations [35]. Furthermore, variability in phytochemical composition due to
differences in plant source, harvesting conditions, and extraction methods can lead to inconsistent

photoprotective efficacy.

Another limitation is formulation stability. Herbal extracts are often sensitive to light, heat, and oxidation,
which can reduce their effectiveness over time. Issues such as color changes, odor development, and
degradation of active compounds may affect product acceptability and shelf life [36]. These limitations
highlight the need for optimized formulation strategies and proper standardization to improve the reliability

of herbal sunscreen products.

7. Formulation Challenges and Evaluation of Herbal Sunscreens

Formulating an effective herbal sunscreen involves several scientific and technological challenges. One of the
primary difficulties is the selection and standardization of herbal extracts. Since herbal ingredients contain
complex mixtures of bioactive compounds, ensuring consistent concentration and activity across batches is

essential for reproducible photoprotective performance [37].

Another significant challenge is achieving adequate SPF and broad-spectrum protection. Herbal

sunscreens often require the synergistic combination of multiple plant extracts or their incorporation alongside
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physical UV filters to enhance UV absorption across both UVA and UVB regions [38]. The choice of suitable
excipients, emulsifiers, and stabilizers plays a critical role in improving extract solubility, skin penetration,

and overall formulation stability.

The evaluation of herbal sunscreens typically involves both in vitro and in vivo methods. In vitro SPF
determination using UV spectrophotometry is widely used as a preliminary screening tool due to its simplicity
and cost-effectiveness [39]. In vivo SPF testing on human volunteers provides more reliable results but is
associated with ethical concerns and higher costs. Additional parameters such as photostability, spreadability,

skin irritation potential, and antioxidant activity are also assessed to ensure product safety and performance.

Recent research has focused on advanced delivery systems such as liposomes, nanoemulsions, and
phytosomes to enhance the stability and efficacy of herbal sunscreens. These systems improve the
bioavailability of herbal actives and offer controlled release, leading to improved photoprotective outcomes

[40]. However, further studies are required to validate their long-term safety and regulatory acceptance.
8. Current Research Gaps and Future Scope

Despite increasing interest in herbal sunscreens, several important research gaps remain that limit their
widespread acceptance and clinical application. One major gap is the lack of standardized protocols for
evaluating the photoprotective efficacy of herbal ingredients. Many studies report in vitro SPF values using
different methodologies, making comparison between formulations difficult [41]. Standardized testing

approaches aligned with international guidelines are required to ensure reproducibility and reliability of results.

Another significant limitation is the insufficient clinical validation of herbal sunscreen formulations. While
numerous in vitro and animal studies demonstrate antioxidant and UV -protective effects, human clinical
studies assessing long-term safety, efficacy, and photostability are limited [42]. This gap restricts regulatory

approval and commercialization of herbal sunscreens as primary photoprotective products.

Additionally, phytochemical variability remains a critical challenge. Differences in plant species,
geographical origin, extraction methods, and storage conditions lead to inconsistent concentrations of active
compounds, resulting in variable SPF and biological activity [43]. Future research should focus on extract

standardization, marker-based quality control, and optimization of extraction techniques.

Emerging technologies such as nanoformulations, phytosomes, and encapsulation systems offer promising
solutions to improve stability, skin penetration, and photoprotective efficacy of herbal sunscreens [44].
Further integration of these advanced delivery systems with well-characterized herbal actives may enhance
the performance of herbal sunscreens and support their acceptance as effective alternatives or adjuncts to

synthetic sunscreens.
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9. Conclusion

Herbal sunscreens represent a promising approach to photoprotection by combining UV absorption with
antioxidant, anti-inflammatory, and skin barrier—enhancing properties. Unlike conventional synthetic
sunscreens that primarily act through single mechanisms, herbal formulations provide multifunctional
protection against UV-induced skin damage. Scientific evidence supports the role of plant-derived

polyphenols, flavonoids, carotenoids, and vitamins in reducing oxidative stress, inflammation, and photoaging.

However, challenges related to low intrinsic SPF, formulation stability, phytochemical variability, and limited
clinical validation currently restrict their broader application. Addressing these limitations through
standardized evaluation methods, advanced formulation strategies, and rigorous clinical studies will be

essential for improving the credibility and effectiveness of herbal sunscreens.

Overall, with continued research and technological advancement, herbal sunscreens have the potential to serve
as safe, eco-friendly, and effective photoprotective agents, either as standalone products or in combination

with conventional UV filters.
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