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Abstract

Botanical antioxidants like flavonoids and polyphenols offer promising Key Words:

natural UV protection but suffer from low SPF (< 15), poor photostability, Phytochemical nanocarriers; Natural sunscreen;
and limited skin persistence. Nanocarrier technologies—including polymeric Polymeric nanoparticles; Solid lipid
nanoparticles, solid lipid nanoparticles (SLNs), ethosomes, and hybrid nanoparticles (SLN); Ethosomal delivery;
inorganic—organic constructs—transform these limitations by increasing Hybrid inorganic—organic UV filters

active stability, enabling controlled release, and enhancing dermal retention.

For example, naringenin-loaded polymeric nanoparticles (~131nm) History:

demonstrated superior 12-hour skin retention (~184 pg/cm?) and higher SPF

in optimized sunscreen creams , while morin-loaded PLGA nanoparticles Received March, 25,2025

(~90 nm) combined with nano-ZnO/TiO, achieved SPF ~40 and boosted
antioxidant enzymes (catalase, SOD, glutathione) in UV-exposed rats, all
without cytotoxic effects. Silymarin-loaded SLNs offered stable SPF (~14) Published June. 30 2025
with excellent photostability and skin compatibility, and naringin-loaded
ethosomes (~142 nm) paired with nano-ZnO/TiO, provided SPF ~21 DOI: https://doi.org/10.64063/3049-1681.vol.2.issue6.3
alongside enhanced dermal deposition (403 pg/cm?) and minimal systemic
permeation. Hybrid lignin—polydopamine nanoparticles delivered ultra-high
SPF (~195) through combined UV scattering and antioxidant function. These
multifunctional nano-systems leverage mechanisms of photo-protection,
optical enhancement, and radical scavenging, effectively bridge the efficacy
gap between herbal and conventional sunscreens. While their promise is clear,
the path forward demands rigorous in vivo validation, safety assessment,
environmental analysis, and scalable green manufacturing to realize their full
market potential.

Accepted May, 22,2025

Introduction

Exposure to ultraviolet (UV) radiation remains a primary environmental risk factor for skin aging,

erythema, and carcinogenesis; thus, sunscreens play a crucial role in photoprotection [,

However, traditional herbal sunscreens—relying on antioxidant-rich botanicals like flavonoids,
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carotenoids, and polyphenols—often exhibit suboptimal SPF levels (typically <15), owing to poor
photostability, low solubility, rapid degradation, and insufficient skin retention 71, With growing
concerns over synthetic filters (e.g., oxybenzone, octinoxate) and their environmental impact,
especially on coral reefs and aquatic life, there is an urgent demand for eco-friendly, plant-based
alternatives.

Nanotechnology offers a promising solution: encapsulation within nanoparticulate
systems—such as solid lipid nanoparticles, polymeric nanocarriers, and nanoemulsions—has
demonstrated enhanced UV protection, stability, water resistance, and consumer acceptability. For
instance, a 2017 study found that naringenin-loaded nanostructured lipid carriers achieved SPF
8.4 and UVA-PF 13.8—significantly outperforming similar formulations without naringenin [ °);
a broader 2020 review showed nanosized phytochemicals retained significantly higher skin
concentrations and offered sustained release, photostability, and water resistance compared to their
free forms. These findings underscore how phytochemical nanocarriers integrate herbal
photoprotectants with advanced delivery platforms, laying the groundwork for “Nano-Herbal
Shields” as high-performance, ecologically aligned UV defense systems.

Table 1: Drivers of Nano-Herbal Sunscreens 2!

Challenge with Herbal

Evidence
Sunscreens

How Nanocarriers address it

Increased stability and retention
via nano-encapsulation

Naringenin-NLC: SPF 8.4 vs

L PF (<1
ow SPF (<15) 6.0 without naringenin

Review found improved
photostability in nanosized
phytochemicals

Nanocarriers shield actives from
UV-induced breakdown

Rapid degradation and
photolability

Studies show higher skin

Limited skin retention &
bioavailability

Reservoir effect within skin
layers with controlled release

concentrations of encapsulated
actives

Environmental concerns
with synthetic filters

Botanical alternatives with
nanoparticle-enhanced
performance

Rise in eco-conscious
formulations

Poor consumer
acceptance (texture,
whiteness)

Nanoparticles (e.g., <100 nm
TiO2/ZnO) appear transparent
and feel light

Cosmetic research supports
visible-gentle particles

This background establishes the scientific rationale for the Nano-Herbal Shields concept

and sets the stage for deeper exploration of nanocarrier types, mechanisms, and performance in

subsequent sections.
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1.1 Rationale: Bridging the SPF Gap in Herbal Sunscreens

Herbal sunscreens derive UV protection from botanical actives rich in flavonoids, carotenoids,
and polyphenols. However, natural compounds often suffer from low photo stability and limited
skin retention, which reduce SPF effectiveness and subpar UV protection (many herbal
gels/creams provide SPF < 5-15) 8191 Botanical compounds rich in flavonoids, carotenoids, and
polyphenols offer promising natural ultraviolet (UV) absorption and antioxidant benefits, yet
traditional herbal sunscreens typically fall short in efficacy—with SPF values rarely exceeding
15—due to poor photostability, limited skin retention, and rapid degradation under UV exposure
(297 To bridge this gap and meet rising health, environmental, and regulatory demands for safer
alternatives to synthetic filters, researchers have turned to nanoscale delivery systems.
Encapsulation of phytochemicals within polymeric nanoparticles, solid-lipid nanoparticles
(SLNs), ethosomes, nanoemulsions, and hybrid inorganic—organic carriers (e.g., lignin—
polydopamine composites) effectively shields actives from degradation, enhances skin
permeation, extends release, and improves UV scattering—all contributing to markedly higher
SPF values and superior photoprotection [ 1],

UV Sunlight (harmful rays)
exposure to
Skin Cross-Section (barrier
layers)
- ™
penetrated by \
| 1
v Nanocarriers
Nano-Herbal Carriers
encapsulates
L
Phytochemical Loading delivers to skin layers
provides
L J
Enhanced Stability
|
enables
& A

Targeted Delivery

eads to

Hene-"ul

Improved UV Protection

Reduced Skin Damage Sustained Release Biocompatibility

Figure 1: Mechanistic approach for plant-based nanocarriers for sun protection against
UV rays
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1.2 Nanocarrier Technology: A Key Enabler

Nanocarrier systems—including polymeric nanoparticles, solid lipid nanoparticles (SLNs),
ethosomes, and hybrid inorganic—organic nanoparticles—have emerged as essential enablers that
bridge the efficacy gap between botanical sunscreens and conventional chemical filters. These
carriers enhance UV protection by protecting phytochemical actives (e.g., flavonoids, carotenoids)
from degradation, enabling controlled release, and significantly increasing skin retention through
a reservoir effect in the stratum corneum and epidermis !'> 131 . Additionally, inorganic
nanoparticles such as TiO: or ZnO at the nanoscale (<100 nm) provide high UV absorption and
optical scattering while maintaining transparency and low visible light residue 1. Hybrid systems
like lignin—polydopamine nanocapsules further enhance UV filtration via melanin-inspired
broadband absorption and antioxidant ROS scavenging, achieving ultra-high SPF values (e.g.,
~195) and robust photostability [!. This convergence of nano-encapsulation and smart material
design not only shields active compounds but also combines optical filtration with biological
protection—paving the way for eco-friendly sunscreens that rival or surpass synthetic filters in

efficacy and safety.

Table 2: Nanocarrier Technology — Mechanistic Advantages [12-16

Nanocarrier Type Mechanistic Advantage Evidence & Outcomes

Sustained skin retention and enhanced

SPF from naringenin, morin, silymarin
systems

Protect actives from UV/oxidation,

Polymeric NPs & SLN
ofymenc RES ®| enable controlled release & depot effect

UV absorption + light scattering with | Transparent UV filtration with minimal

Inorganic NPs (Ti02/Zn0) transparency (<100 nm) visible residue

. e
Combines optical barrier with ROS | 20y oo capsules: SPF ~195,

Hybrid Organic—Inorganic scavenging; adhesion to skin, 1.11.gh maintained for 8h with ROS protection
photostability

Enhanced skin permeation, improved Improved efficacy of Naringin

Ethosomes/Nanoemulsions phytochemical bioavailability with ethosomes and quercetin

controlled release nanoemulsions

By integrating biological stabilization, optical enhancement, and controlled delivery,
nanocarrier technology fundamentally enables high-performance, plant-based sunscreens that
rival synthetic filters—supporting the vision of “Nano-Herbal Shields”.

2. Phytochemical Nanocarriers: Classification & Examples

Nanocarrier-enabled phytochemical sunscreens harness diverse delivery systems—polymeric
nanoparticles, solid-lipid nanoparticles (SLNs), ethosomal vesicles, and inorganic/hybrid
nanoparticles—to convert botanical actives into high-performance UV protectants. Polymeric
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systems, such as naringenin-loaded PLGA nanoparticles (~131 nm, =25 mV, ~32% encapsulation
efficiency), demonstrate controlled release and enhanced dermal deposition (184 pg/cm? at 12 h),
outperforming their free-form equivalents in both SPF and retention 71, Morin-loaded
polymeric NPs (~90nm), combined with nano-ZnO/TiO., reached SPF ~40 and elevated

antioxidant enzymes like catalase, SOD, and glutathione in vivo, while showing no cytotoxicity
[15, 19]

Lipid-based carriers, notably silymarin SLNs prepared via microemulsion, delivered stable
SPF ~13.8-14.1, along with strong photostability and minimal skin irritation [*°). Ethosomal
vesicles—for example, naringin ethosomes (~142 nm, =72 mV, ~34% EE) integrated with nano-
Zn0O/Ti0>—achieved SPF ~21.2 and impressive dermal retention (403 pg/cm? vs 203 pg/cm? from
suspension), with negligible systemic permeation ['® ], Finally, inorganic and hybrid constructs,
such as lignin—polydopamine nanocapsules, deliver multifunctional protection: broadband UV
absorption, potent ROS scavenging, strong dermal adhesion, and ultra-high photostability (SPF
~195 maintained for 8h). These diverse carrier classes exemplify how nanotechnological
innovation can elevate natural sunscreens, delivering sustained UV protection, improved aesthetic
qualities, and strong safety profiles—making them viable, eco-conscious alternatives to synthetic
filters 21231,

Table 3: Phytochemical Nanocarriers — Classification & Comparative Features

Carrier Type Example & Size/ EE Formulation Insight Performance Highlights
. Naringenin (~131 nm, | Controlled release, dermal 184 pg/cm? retention @12h;
Pol NP
oymeric LS 32 % EE) reservoir effect enhanced SPF
. Morin (~90 nm) + Photopro.tecti(.)n via . SPF. ~4p; 1
Polymeric NPs . synergy with mineral catalase/SOD/glutathione in vivo;
ZnO/TiO2 .
filters no cytotoxicity
Lipid matrix via ) )
SLNs Silymarin microemulsion; skin- SPF ~13.8-14.1; photostable;

friendly texture

minimal irritation

Ethosomal vesicles

Naringin (~142 nm,

Enhanced skin
penetration, sustained

SPF ~21.2; 403 pg/cm? retention;

34 % EE) + ZnO/TiO2 minimal permeation
dermal presence
Broad spectrum UV
Inorganic/Hybrid . . . P D SPF ~195; 87% retention post-
Lignin—polydopamine barrier + antioxidative . .
NPs . rinse; ROS scavenging
protection

These examples collectively highlight the power of nanocarrier design to enhance botanical UV
filters—through improved retention, photostability, controlled release, and synergistic effects—
making them strong contenders for next-generation, eco-friendly sunscreens.

3. Key Botanical Actives & Performance Metrics
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Nanocarrier formulations have truly elevated the photoprotective efficacy of botanical actives—
delivering better SPF, enhanced skin retention, stability, and safety compared to their free-form
counterparts. In a groundbreaking study, naringenin-loaded polymeric nanoparticles (~131 nm, —
25.4mV, ~32 % encapsulation) were incorporated into sunscreen creams and achieved impressive
12-hour dermal retention (~184 ng/cm?) and significantly higher SPF values than creams

containing plain naringenin, all while remaining non-toxic to HaCaT cells 21-24],

Morin-encapsulated PLGA nanoparticles (~90 nm), co-formulated with nano-ZnO/TiOx,
generated sunscreen creams with a high SPF (~40), and stimulated antioxidant enzyme activity—
including catalase, SOD, and glutathione—in UV-exposed rats, with no cytotoxic effects reported
[14.19] " Lipid-based carriers also show promise: silymarin SLNs, prepared via microemulsion
methods, provided stable SPF around 13.8—14.1, exhibited excellent photostability, and caused no

skin irritation 2%,

Additionally, naringin-loaded ethosomal vesicles (~142 nm, —72 mV, ~34 % EE), when
combined with nano-ZnO/TiO:, achieved SPF ~21.2, and achieved high dermal retention
(~403 pg/cm? vs 203 pg/cm? for suspension) with negligible systemic absorption [?!. Notably,
polydopamine-based nanoparticles, designed to mimic natural melanin, demonstrated robust UV
absorption, strong ROS scavenging, DNA protection, excellent cell compatibility, and delivered a
>234 % SPF boost in formulations—reaching an extraordinary SPF of ~7.4 (a 234% increase over
base cream) [2*24 Together, these examples highlight how nano-delivery systems transform
modest herbal extracts into high-performance sunscreens with significant UV-blocking
capabilities and safety profiles.

Figure 2: Key Botanical Actives & Performance Metrics
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Table 4: Key Botanical Nanocarriers & Performance Metrics 153 1521, 23]

N ier & Skin Retention /
anocal.'rler Size / Charge / EE SPF n e. e.n ton Safety Highlights
Active Activity
. . ~131 nm, 25 mV, Enhanced 184 ug/cm? at 12 h .
N NP Non-t HaCaT
aringenin S ~32% EE vs control retention | " oxic (HaCaT)
Morin NPs + 1 Catalase, SOD, Safe, no
. ~90 nm ~40 . . ..
ZnO/TiO: glutathione in rats cytotoxicity
. . Consistent SPF; | No irritation; stabl
Silymarin SLNs | 138141 onsisten 0 HTation, s
photostable formulations
Naringin Retention
~142 =72 mV,
Ethosomes + L 34 ‘VHIIEE, ~21.2 403 pg/cm?; low Safe topical use
ZnO/TiO: ° permeation
. ROS scavenging; . .
Polydopamine +234% . Biocompatible;
— UV barrier; DNA . )
NPs boost (~7.4) . mimics melanin
protection

These findings demonstrate the transformative power of nanocarriers in elevating botanical
actives into advanced sunscreen solutions—delivering enhanced SPF, superior skin retention,
antioxidant protection, and safety—all critical for next-generation, eco-friendly photoprotection.

4. Mechanisms of SPF Enhancement via Nanocarriers

Nanocarrier systems enhance the SPF of herbal sunscreens through three interconnected
mechanisms: protection and sustained release enhanced UV blocking via absorption and

scattering, and hybrid synergistic effects 2% 27],

First, encapsulating phytochemicals in polymeric or lipid-based nanoparticles (like PLGA
or SLNs) shields them from photodegradation and provides controlled release, creating a reservoir
effect in the skin layers—evidence shows naringenin- and morin-loaded NPs deposit significantly
more active in the stratum corneum over extended periods than free compounds [14 24231,

Second, inorganic nanoparticles such as ZnO and TiO: at sizes below ~100 nm function as
highly effective UV filters, absorbing and scattering UV radiation while maintaining

transparency—this nano scaling allows broad-spectrum protection with minimal visible residue
20, 28]

Third, hybrid systems—Ilike lignin—polydopamine or polydopamine nanoparticles
designed to mimic melanin—combine passive optical filtering with active antioxidant behavior,
achieving ultra-high SPF values (e.g., ~195) by intercepting UV light and neutralizing reactive
oxygen species 124261,
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In sum, nanocarriers offer a multi-pronged enhancement: they stabilize, optically shield,
and buffer against UV, collectively transforming modest botanical filters into high-efficiency
sunscreens.

Table 5: Mechanisms of SPF Enhancement [2 910 26,29]

Mechanism

Nanocarrier Type

Function & Evidence

Photoprotection &
Controlled Release

Polymeric NPs,
SLNs

Shield phytochemicals and prolong skin deposition;
naringenin- and morin-loaded NPs show enhanced retention
and SPF

UV Absorption & Zn0, TiO2 NPs Nano-sized particles absorb and scatter UV, remain
Scattering (<100 nm) transparent, enable broad-spectrum coverage

Optical + Antioxidant Hybrid NPs (PDA, Combine physical UV barrier with ROS scavenging; e.g.,
Synergy lignin—PDA) PDA NPs mimic melanin and achieve SPF =195

This comprehensive view underscores how different nanocarrier strategies collectively
enhance herbal sunscreen efficacy—by protecting, filtering, and reinforcing botanical actives—
paving the way for potent, eco-aligned UV protection solutions.

5. Safety & Regulatory Considerations

The development of nanocarrier-enabled herbal sunscreens requires careful attention to safety and
regulatory frameworks, particularly because these products may contain nanoparticles with
distinct biological behaviors. Extensive studies have shown that nanocarriers such as ZnO and
TiO2 (3055 nm) are generally safe for dermal use at concentrations up to 25%, without significant
transdermal penetration or systemic absorption, although inhalation in spray formulations remains
a concern. The European Union imposes strict oversight under Regulation EC 1223/2009:
manufacturers must formally notify nanomaterial inclusion, conduct thorough safety assessments,
and label ingredients with "(nano)"—UV filters like nano-TiO:, nano-ZnO, MBBT, and

Tris-Biphenyl Triazine are currently approved under these rules 3% 311,

Scientific Committee on Consumer Safety (SCCS) guidelines require detailed
physicochemical data, particle size characterization, toxicity testing, and post-market surveillance.
While the U.S. FDA classifies sunscreens as OTC drugs, only nano-zinc oxide and nano-titanium
dioxide are currently deemed Generally Recognized As Safe and Effective (GRASE); other
nanoscale filters require further evaluation. Beyond human safety, environmental impacts are
monitored, with concerns about aquatic toxicity from nanoparticle runoff—especially zinc—but
current evidence supports safety within typical use limits, while broader ecological assessments
remain ongoing. In sum, though nano-phytochemical carriers show strong potential, they must
align with evolving regulatory demands and prioritize dermal safety, inhalation avoidance,
environmental compatibility, and transparency to achieve responsible
commercialization 2332,

consumer
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Table 6: Safety & Regulatory Landscape for Nanocarrier Sunscreens

Aspect Details Source
Dermal Safety | Safe up to 25% concentration; no systemic absorption; EU SCCS, nano ZnO no risk
(ZnO/TiO2 NPs) avoid spray use due to inhalation risk for dermal use

Requires pre-market skin safety reports, nano

EU Cosmetic . . . . .
ingredient labeling, 6-mo notification, post-market

EC Reg 1223/2009 & SCCS

Regulation oversight guidelines
. Onl -ZnO/TiO: classified as GRASE; oth

USA Regulation & T RANOmANT A2 ClasSTHed as orer FDA GRASE & OTC
filters need toxicology/human test data; sunscreens are . .

GRASE Status classification

OTC drugs

. ZnO/TiO: linked to aquatic toxicity at high EU nano in sunscreens & eco
Environmental . o .. .

Safet concentrations; current use deemed within safe limits; concerns; nano-TiO2

Y broader impact under study ecotoxicology

Adhering to these safety and regulatory standards ensures that Nano-Herbal Shields are
developed responsibly, balancing photoprotection innovation with consumer safety,
environmental stewardship, and legal compliance.

6. Formulation Strategies & Stability

Effective development of nano-herbal sunscreens hinges not only on enhanced photoprotection
but also on scalable formulation techniques, long-term stability, and favorable consumer
experience. Broadly, production approaches include high-shear homogenization, microemulsion-
based encapsulation, solvent-emulsification, ultrasonication, and W/O/W solvent evaporation—

each offering control over particle size, polydispersity, drug loading, and surface characteristics
[33-37]

For instance, SLNs and nanostructured lipid carriers (NLCs) leverage mixed solid and
liquid lipid matrices to enhance loading and stability: NLCs loaded with curcumin and capsaicin
increased active half-lives from ~9.6 hours to ~57.8 hours, while silymarin SLN creams exhibited
consistent SPF of ~14.1 and maintained stability under accelerated aging [ 3¢l Sterilization
methods—including autoclaving, gamma irradiation, and filtration—are critical, albeit with trade-
offs in particle aggregation or lipid degradation. For longer shelf-life, lyophilization (often with

cryoprotectants) or spray-drying can preserve particle integrity and prevent aggregation 381,

In liposomal and niosomal systems, stability is governed by lipid composition, cholesterol content,
surfactant balance, and zeta potential; formulations with >30 mV surface charge maintain size and
encapsulation over weeks to months %!, Notably, careful surfactant selection is essential—studies
indicate that specific emulsifiers can alter photostability or partitioning of UV filters in SLNs [3¢-
391, Collectively, these formulation strategies not only enhance the photostability and performance
of herbal sunscreens but also ensure consumer-friendly texture, transparency, and durability
necessary for real-world application. These formulation and stabilization approaches are essential
for translating nano-herbal photoprotection into practical, safe, and consumer-approved sunscreen
products.
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Table 7: Stability-Focused Formulation Strategies 13331

Strategy Benefits Challenges & Solutions
High-shear / Uniform ~30-200 nm particles; Heat/aggregation—mitigated via cooling and
Ultrasonication scalable surfactants
Microemulsion & NLCs High drug loading; enhanced Lipid polymorphism—managed via mixed

photostability

solid/liquid lipids

Solvent-evaporation /

Good control of encapsulation;

Residual solvents—requires careful removal

W/O/W high purity

e . Autoclavi tion;
Sterilization Essential for product safety wloctaving thay c.ause. aggrega on gar.n@a
irradiation degrades lipids
Lyophilization / Sp?ay Enhanced shelf-life and stability Requires cryo-/lyoprotectants; spray drying may
Drying alter texture
Liposome/Niosome | Biocompatible, high entrapment, Physical stability reliant on >30 mV zeta;
Design controlled release cholesterol/surfactants crucial

Some surfactants destabilize UV filters—
requires screening

Stabilizes particle dispersion;

Surfactant Choice . .
influences skin feel

7. Challenges & Future Directions

The development of nano-herbal sunscreens faces several critical challenges before these
formulations can transition from laboratory research to widespread commercial use.

First, in vivo clinical validation—including SPF trials, photostability assessments, and
water-resistance testing—is largely lacking; without this data, regulatory approval and consumer

confidence remain uncertain 23341,

Second, the long-term environmental fate and ecotoxicity of nanoparticulate carriers pose
significant risks: engineered nanoparticles from sunscreen wash-off can accumulate in aquatic
systems, potentially bioaccumulating, altering ecology, and disrupting microbial communities, yet

measurement techniques and fate models are inconsistent and underdeveloped 3431,

Third, occupational and consumer safety requires scrutiny—workers involved in
production, and users exposed to sprays, might inhale nanoscale particles, and altered
physicochemical properties in the environment raise genotoxic or cytotoxic concerns 36381,

Fourth, regulatory fragmentation complicates market entry: while products containing
nano-ZnO/TiO: must meet EU and FDA guidelines, classification and labeling of other nano-acts

are inconsistent globally %411,

Finally, scale-up manufacturing remains a bottleneck: producing uniform, stable

phytochemical-loaded nanocarriers in a cost-effective, eco-conscious manner—without

generating microplastic pollution—is technically demanding and economically uncertain.
Future directions should focus on:

» Conducting standardized clinical trials to evaluate in vivo SPF, water resistance, and
photostability.

» Enhancing analytical methods and environmental modeling to track nanoparticle fate from
“beach to basin.”
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» Implementing risk-management frameworks in line with green nanotechnology, including
occupational safeguards and inhalation controls

» Harmonizing global regulation, labelling standards, and post-market surveillance for nano-
cosmetics.

» Embracing eco-design principles—such as biodegradable carriers and non-toxic coatings
like silica—to minimize environmental impact.

» Exploring green synthesis routes for nanocarriers using plant extracts, reducing chemical
waste and energy consumption

Table 8: Challenges & Future Strategy Roadmap

Challenge Description Proposed Future Action
.. Lack of human SPF, photostability, Conduct standardized clinical trials per
1 1 Effi
Clinical Efficacy water-resistance data ISO/EU/FDA guidelines
. . . | Devel lytical tools and lifecycl del
. Unclear behaviour of nanomaterials in eveiop ana. viea 09 5 a.m reeyclemoce’s
Environmental Fate for nanoparticle tracking in water and sewage

aquatic ecosystems post-wash-off
systems

Implement occupational safety protocols and

Safety & Potential inhalation, genotoxicity in . . . .
comprehensive toxicological assessments in

Occupational Risk users/workers ..
real-use conditions

Varying classification, labelling

Regulatory . . . Advocate for global standardization and

. requirements for nano-ingredients o
Inconsistency . regulatory harmonization

across regions

. Technical and cost challenges in large- Adopt scalable green synthesis and

Manufacturing & g . & . P g. Y .
. scale nano-production without biodegradable/eco-designed nanoparticle

Environmental Load . . .

generating microplastic pollutants systems

Addressing these multi-faceted challenges—through coordinated clinical, environmental,
regulatory, and industrial efforts—will be essential to propel Nano-Herbal Shields into the market
as trusted, effective, and environmentally responsible sunscreen alternatives.

8. Conclusion

In the quest for effective and eco-conscious photoprotection, nano-herbal sunscreens—powered
by phytochemical nanocarriers—represent a transformative innovation. By marrying natural
botanical actives with advanced nanotechnology, these systems overcome the inherent limitations
of traditional plant-based sunscreens. Polymeric nanoparticles, solid lipid carriers, ethosomal
vesicles, and inorganic-hybrid constructs have each demonstrated their ability to elevate SPF
values, extend skin retention, enhance photostability, and ensure superior aesthetic qualities.
Notable successes include naringenin and morin nanoparticles achieving high SPF and antioxidant
enzyme activation, silymarin SLNs showing stable protection and compatibility, naringin
ethosomes excelling in dermal absorption, and polydopamine hybrids delivering ultra-high
coverage via broadband UV absorption.
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Despite these advances, the path to market-ready formulations demands rigorous clinical
validation, safety evaluations, and environmental risk assessments, alongside responsible planning
for scalable, green production. Regulatory frameworks in the EU, US, and other regions are
evolving to oversee nanomaterials, requiring transparent documentation of particle characteristics,
stability, and long-term impacts. Looking forward, the most compelling opportunities lie in
integrating eco-design principles, biodegradable carriers, green synthesis methods, and
standardized testing protocols to ensure that nano-herbal sunscreens meet efficacy, safety, and
sustainability benchmarks.

In summary, “Nano-Herbal Shields” encapsulate a promising convergence of botanical
chemistry and nanoscience. These emerging phytochemical nanocarriers not only rival traditional
sunscreen filters in efficacy but also align with growing consumer and regulatory demands for
natural, safe, and environmentally responsible skin protection solutions.
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