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Sunscreen formulations have undergone significant advancements in recent years, with a focus on
improving UV radiation protection, photostability, and environmental sustainability. Chromophore
compounds and nanoparticles have emerged as key components in these developments. This review
highlights the latest research and innovations in chromophore compounds and nanoparticle-based
sunscreens. It discusses the role of nanoparticles, such as zinc oxide and titanium dioxide, in scattering
and absorbing UV radiation while remaining cosmetically acceptable. Chromophore compounds,
encapsulated in nanoparticles, are explored for their potential to enhance UV protection by absorbing
specific wavelengths of light. Additionally, advances in photo-stability, broad-spectrum protection,
antioxidant inclusion, and biodegradability are discussed. The evolving landscape of sunscreen
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1. Introduction

Sunscreen is a vital product that helps protect our skin from the
harmful effects of the sun's ultraviolet (UV) rays. It is a topical
product that comes in various forms, such as lotions, creams,
gels, sprays, and sticks." The primary purpose of sunscreen is to
shield our skin from both UVA and UVB rays, which can cause
sunburn and premature aging, and increase the risk of skin
cancer. UVA rays penetrate deep into the skin and contribute to
skin aging, while UVB rays primarily affect the outer layers of
the skin and are the main cause of sunburn. Sunscreen works by
either absorbing or reflecting these harmful rays, preventing
them from damaging the skin. The effectiveness of sunscreen is
measured by its sun protection factor (SPF), which indicates the
level of protection it offers against UVB rays. The higher the SPF,
the greater the protection.” The difference in protection
between SPF 30, 40, and 50 is relatively small, and no sunscreen
can block 100% of UVB rays. It is recommended to use a broad-
spectrum sunscreen with an SPF of 30 or higher to ensure
adequate protection against both UVA and UVB rays. Applying
sunscreen correctly is crucial for its effectiveness. It should be
generously applied to all exposed areas of the skin at least 15
minutes before sun exposure. Reapplication is necessary every
two hours, or more frequently if sweating or swimming, to
maintain its protective effect. In addition to sunscreen, it is
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important to take other sun protection measures, such as
seeking shade during peak sun hours, wearing protective
clothing, and using sunglasses to shield the eyes from UV rays.?

In addition, the chromophore-based sunscreen is an inno-
vative approach to sun protection that utilizes specific mole-
cules known as chromophores to absorb and dissipate UV
radiation.* These chromophores are designed to selectively
absorb UV light, providing effective protection against both UVA
and UVB rays. Unlike traditional sunscreens that rely on phys-
ical or chemical filters to block or scatter UV rays, chromophore-
based sunscreens work by absorbing the UV radiation and
converting it into less harmful forms of energy, such as heat.>®
This mechanism allows for efficient and targeted protection
against the damaging effects of the sun. It used in these
sunscreens are carefully selected to have high absorption
capabilities within the UV spectrum.”™® They are designed to
absorb specific wavelengths of UV light, ensuring broad-
spectrum protection. By absorbing UV radiation, chromo-
phores prevent it from penetrating the skin and causing
damage, such as sunburn, premature aging, and an increased
risk of skin cancer. They have the potential for improved pho-
tostability, meaning they are less likely to degrade or lose their
effectiveness when exposed to sunlight. This ensures that the
sunscreen remains active for a longer duration, providing reli-
able protection throughout sun exposure. It is important to note
that extensive research is conducted to ensure the safety and
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efficacy of chromophore-based sunscreens. Regulatory bodies
closely monitor these products to ensure they meet stringent
standards for consumer safety (Fig. 1)."**

Moreover, Nanoparticles-based sunscreen is a revolutionary
advancement in sun protection technology. These sunscreens
utilize tiny particles, typically ranging from 1 to 100 nanometers
in size, to provide enhanced protection against the sun's
harmful UV rays.** The nanoparticles used in these sunscreens
are often made of materials like titanium dioxide or zinc oxide.
These materials can absorb, scatter, and reflect UV radiation,
making them highly effective in shielding the skin from both
UVA and UVB rays."*™ Titanium dioxide and zinc oxide are
commonly used in sunscreen formulations because they are
effective at blocking both UVA and UVB rays, they are non-
irritating to the skin, and they are considered to be non-toxic.
Other metal oxides, such as iron oxide and aluminum oxide,
are not commonly used in sunscreen formulations for several
reasons. First, iron oxide, while it can provide some UV
protection, is not as effective as titanium dioxide and zinc oxide
in blocking both UVA and UVB rays. Additionally, iron oxide can
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cause skin irritation in some individuals, making it less desir-
able for sunscreen formulations. Aluminum oxide, on the other
hand, is not typically used in sunscreen formulations because it
does not provide significant UV protection. It is more commonly
used in other applications, such as abrasives and as a compo-
nent in ceramics, rather than in sunscreens. Overall, titanium
dioxide and zinc oxide are preferred in sunscreen formulations
due to their effectiveness, safety, and lack of skin irritation,
which are qualities that other metal oxides do not always
possess.

One of the key advantages of nanoparticles-based sunscreen
is that it offers a transparent and lightweight formula. Unlike
traditional sunscreens that can leave a white cast on the skin,
nanoparticles-based sunscreens are designed to be virtually
invisible when applied, providing a more aesthetically pleasing
option. Additionally, these sunscreens offer improved photo-
stability, meaning they are less likely to degrade or lose their
effectiveness when exposed to sunlight. This ensures that the
sunscreen remains active for a longer duration, providing reli-
able protection throughout sun exposure.'® The advantage of
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being water-resistant, making them suitable for activities like
swimming or sweating. They adhere well to the skin and
maintain their protective barrier even when exposed to water or
perspiration. It is important to note that extensive research has
been conducted to ensure the safety of nanoparticles used in
sunscreens. Regulatory bodies around the world have approved
the use of these nanoparticles in sunscreen products, as they
have been found to pose no significant risk to human health
when used as directed.*”* This review focuses on the develop-
ment of chromophore compounds and nanoparticles-based
sunscreens and their applications.

2. Benzophenone based sunscreen

A co-precipitation process using alkaline conditions produced
layered double hydroxides intercalated with dodecylbenzene-
sulfonate (1). Following PXRD, FTIR, and TGA/DTA analysis,
several processes were used to react the Zn,Al/SUR compounds
with neutral benzophenone. Before and after being exposed to
UV light, the products made from benzophenone adsolubiliza-
tion were examined by PXRD, FTIR, and DRUV-vis spectroscopy.
Adsolubilized benzophenone generally had a low content and
varied depending on the synthesis process. The microwave
irradiation method produced the greatest results, yielding 9.09
weight percent of adsolubilized benzophenone. The products
demonstrated strong resilience to UV radiation and good
absorption over the whole UV spectrum, from UVC to UVA. They
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are suitable candidates for the creation of the next generation of
sunscreens since they did not result in skin irritation in testing
on rabbits (Fig. 2a).>* Moreover, Benzophenones (2, BPs) are
commonly used ultraviolet filters that have caused a great deal
of public worry because of their possible ability to alter the
endocrine system. They thoroughly explored the photochemical
behavior and destiny of these organisms, which is mediated in
aquatic settings by nitrate. The results showed that 2,4-dihy-
droxybenzophenone had a 31.6% mineralization rate after 12
hours of irradiation and that 10 pM of 3 BPs may be destroyed in
4 hours of simulated solar irradiation in a 10 mM nitrate
solution at pH 8.0. Their photolytic rates (kops) showed
a substantial linear association with the log values of the
concentration of nitrate for 0.1-10 mM, and in three real waters,
the rates of BP were similarly significantly associated with the
intrinsic nitrate content. Additionally, higher transformation
rates under alkaline conditions were observed, especially for BP,
whose kobs at pH 10 were 8.3 times higher than at pH 6.0. In
addition, dissolved oxygen (DO) also has some impact on
reaction kinetics. According to quenching experiments, the
three reactive oxygen species (ROS), namely "OH, ‘NO, and
'NO,, participated in this BP photolysis, and the contribution of
'OH accounted for 32.1%. The model molecule used to examine
the toxicity alterations and transformation routes in this system
is BP. Based on examination of liquid chromatography quad-
rupole time-of-flight mass spectrometry data and density func-

tional theory, four primary transformation pathways
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Fig. 1 Schematic representation of chromophore compounds and nanoparticles-based sunscreens.
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Fig. 2 (a) Anionic surfactants of benzophenone-based sunscreens (1) reproduced with permission from ref. 21 Copyright [2013] [Elsevier
Publisher]. (b) Photochemical properties of benzophenone sunscreens (2) reproduced with permission from ref. 22 Copyright [2019] [Elsevier
Publisher].
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Fig. 3

(a) Polysaccharide-benzophenone conjugates of sunscreen protection (3) reproduced with permission from ref. 23 Copyright [2018]

[Elsevier Publisher]. (b) Photochemical conversion of sunscreen agent benzophenone-3 (4) reproduced with permission from ref. 24 Copyright

[2016] [Elsevier Publisher].

hydroxylation, nitrosylation, nitration, and dimerization were
postulated. Photobacterium phosphoreum found the produced
intermediates to be more harmful than the parent BP in the
toxicity test. These findings therefore contribute to the eluci-
dation of phototransformation processes and the assessment of
the possible ecological hazards associated with BPs in aquatic
settings (Fig. 2b).>

The ingredients in sunscreen have been created to shield
skin from UV rays. However, a lot of organic sunscreen ingre-
dients include tiny molecules that are absorbed into the skin of
people after topical use, causing systemic negative effects. Use
a polymer and an organic sunscreen substance to reduce the
side effects of traditional sunscreens. An organic sunscreen
chemical called dioxybenzone (3) is chosen, and natural poly-
mer pullulan is used to polymerize it. Dioxybenzone is given
a lengthy polymer backbone via polymerization, which also
maintains the distance between its benzene rings and prevents
the photoabsorption intensity from decreasing. UV/vis spec-
trophotometry proved that the UV absorption patterns of
dioxybenzone-pullulan polymer (DOB-PUL) and dioxybenzone
(DOB) were identical. The Franz diffusion cell was used to
assess the buildup of sunscreen components on the skin and
establish that DOB accumulates whereas DOB-PUL does not.
Most noteworthy, DOB demonstrated greater plasma

© 2024 The Author(s). Published by the Royal Society of Chemistry

concentration than DOB-PUL after numerous administrations
(Fig. 3a).> The photodegradation of 4-OH-BP3 and BP-3 (4) was
examined in freshwater, ocean, and pure water. The results
reveal that neutral forms of BP-3 and 4-OH-BP3 resist photo-
degradation more than anionic forms do in pure water, and
direct photodegradation of both exhibits considerable specia-
tion dependency. In the meantime, both compounds’ photo-
induced transformation is significantly aided by indirect
photodegradation caused by reactive species, particularly DOM.
While *DOM* and *OH are primarily responsible for indirect
photodegradation in freshwater, it is *DOM* that does so in
saltwater (Fig. 3b).>*

In chlorinated bromide-rich water, the mutagenicity of four
organic UV filters oxybenzone, dioxybenzone, avobenzone, and
octyl methoxycinnamate was examined. The Ames test was used
to assess the mutagenicity of Salmonella typhimurium TA98
without S9 mix. To clarify the mutagenic transformation prod-
ucts, high-resolution mass spectrometry was used in chemical
analysis. Only dioxybenzone (5) of the tested UV filters showed
a blatant carcinogenic activity after being chlorinated in
seawater at a 1:10 ratio. When chlorine was introduced at
greater concentrations, however, no mutagenic activity was
seen. Mutagenic extracts included several brominated dioxy-
benzone transformation products, according to high-resolution

RSC Adv, 2024, 14, 2529-2563 | 2533
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(a) UV filter sunscreen of dioxybenzone (5) reproduced with permission from ref. 25 Copyright [2019] [Elsevier Publisher]. (b) Benzo-

phenone accumulates based sunscreen products (6) reproduced with permission from ref. 26 Copyright [2021] [ACS Publisher].

mass spectrometry analyses. The transformation products’ time
course examination at increasing chlorine dosages revealed that
they were unstable and vanished more quickly. Since no
transformation products were found this instability explained
dioxybenzone did not exhibit mutagenic activity when 1000-fold
extra chlorine was applied. Discussion is had over applicable
these findings are to the swimming pool environment. To
assess the total effect of high amounts of chlorine on the overall
mutagenicity, more research is required that takes into account
the mutagenicity of both the final disinfection byproducts and
the intermediate transformation products. This study empha-
sizes crucial it is to take into account organic UV filters' reac-
tivity and the compounds they turn into while creating
sunscreen formulas in cleaned recreational waters (Fig. 4a).>
Additionally, benzophenone (6) is an endocrine disruptor,
mutagen, and carcinogen. In the US, it is forbidden to have it in
food or food packaging. Benzophenone is not allowed in any
skincare products, including sunscreen, anti-aging creams, and
moisturizers, under California Proposition 65. This study set
out to find out whether benzophenone was a common ingre-
dient in a variety of commercially available sunscreens with sun
protection factors/sunscreen products, whether its concentra-
tion increased over time, and whether octocrylene degradation
was most likely the source of benzophenone contamination.
Eight commercial sunscreen products from the United States

2534 | RSC Adv, 2024, 14, 2529-2563

and nine from the European Union were each tested for
benzophenone content in triplicate. Two sources of octocrylene
were tested with only one component. The Food and Drug
Administration of the United States accelerated stability aging
technique was used to test these identical SPF products for 6
weeks. In the items that had aged more quickly, benzophenone
was detected. Recent acquisitions of sixteen octocrylene-
containing product lines exhibited an average benzophenone
content of 39 mg kg, ranging from 6 mg kg™ to 186 mg kg .
It was not detectable in the product that did not contain
octocrylene. After subjecting the 17 products to the U.S. FDA-
accelerated stability method, the 16 octocrylene-containing
products had an average concentration of 75 mg kg ',
ranging from 9.8 mg kg™ to 435 mg kg~ '. The substance that
did not include octocrylene did not contain any benzophenone
at all. The produced component for pure octocrylene contained
benzophenone. Octocrylene undergoes a retro-aldol condensa-
tion to produce benzophenone. In real life, the skin may absorb
up to 70% of the benzophenone included in these sunscreen
creams. The U.S. FDA has created a zero-tolerance policy for the
food ingredient benzophenone. In 2019, there were 2999 SPF
products with octocrylene sold in the US. The efficacy of
octocrylene as a benzophenone generator in SPF or other
consumer products should be swiftly assessed by regulatory
bodies (Fig. 4b).>

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

(@) Molecular dynamics simulations study of benzophenone-1 (7) reproduced with permission from ref. 27 Copyright [2021] [ACS

Publisher]. (b) Obesogenic activity of benzophenone-3 and benzophenone-8 (8) reproduced with permission from ref. 28 Copyright [2020]

[Elsevier Publisher].

The frequent detection of traces of benzophenone-1 (7) in
recreational and environmental waterways has raised public
concern. Its sensitivity to lingering chlorine and its ability to
cause endocrine disruption as a result is unclear. They looked
into the chlorination content of BP-1 in water from swimming
pools and assessed the impact on the human androgen recep-
tor's (AR) endocrine system. Mass spectrometry and NMR
correlation spectroscopy were used to distinguish between and
describe the mono- and dichlorinated product structures. In
yeast two-hybrid experiments, it demonstrated noticeably more
antiandrogenic efficacy compared to BP-1 (12.89 uM). Although
increased hydrophobic interactions are primarily responsible
for improved affinity for binding between chlorine-based
products and the AR ligand binding domain, the second form
of chloride in P2 still impairs the complex motion due to the
solvation penalty, according to additional energy calculations.
The protein dynamics were shown to be in a long-timescale
equilibrium by the 350 ns Gaussian accelerated molecular
dynamics simulations. According to the concentration addition
model, the combination of BP-1, P1, and P2 triggered additive
antiandrogenic action. NKX3.1 and KLK3 are AR-regulated
genes, and P1 and P2 at 1 uM reduced their mRNA expression

© 2024 The Author(s). Published by the Royal Society of Chemistry

by 1.7-9.1-fold in androgenactivated LNCaP cells. Because
residual chlorine in aquatic settings naturally chlorinates BP-1
findings on increased antiandrogenic activity and disrupted
AR signaling offered proof connecting the use of personal care
items with possible health problems (Fig. 5a).”” However, the UV
filter components in many sunscreen lotions include
benzophenone-8 (BP-8) and benzophenone-3 (8, BP-3). In the
adipogenesis model using the bone marrow of human mesen-
chymal stem cells (hBM-MSCs), the long-wave UV A filter avo-
benzone's obesogenic action was clarified. Due to the chemical
similarities between BP-3 and BP-8 and avobenzone, the obe-
sogenic potentials of these compounds were examined in this
work. More effectively than avobenzone, BP-3 and BP-8 stimu-
lated the release of adiponectin during adipogenesis in hBM-
MSCs. Both BP-3 and BP-8 are directly attached to the peroxi-
some proliferator-activated receptory (PPARY) during target
identification, which was accompanied by the recruitment of
the steroid receptor coactivator-2 (SRC-2). While BP-8 was
a partial PPARy agonist, BP-3 worked as a complete PPARy
agonist. In addition, human epidermal keratinocytes, a key
target of UV filters in human skin, greatly boosted the gene
transcription of PPARa, PPARy, and important lipid
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(a) Benzophenone derivatives of UV filters in sunscreen products (9) reproduced with permission from ref. 29 Copyright [2022] [ACS

Publisher]. (b) Hydrophilic interactions of benzophenone-4 based sunscreen (10) reproduced with permission from ref. 30 Copyright [2015]

[Hindawi Publisher].

metabolism-associated enzymes. They are obesogenic environ-
mental substances like organotins, phthalates, and bisphenols
(Fig. 5b).>®

The UV filters of the benzophenone (9) class are estrogenic
substances that are widely utilized in sunscreen products,
raising concerns about human exposure. In 50 items from 44
brands that were offered in the United States in 2021, 14 BP UV
filters were tested to measure exposure to BP derivatives in
sunscreens. It was found in around =70% of the samples. The
50 items had a geometric mean (GM) concentration of 6600 ng
g for the total of these BPs (> 14BPs). Its content in
oxybenzone-containing goods was 5-6 orders of magnitude
greater than in “oxybenzone-free” items, making it the
predominant BP in those products. Even those goods with the
label “oxybenzone-free” had it in greater than 90% of the
samples tested. Octocrylene-containing goods had concentra-
tions that were around 100 times greater than “octocrylene-free”
products (GM: 15 900 vs. 151 ng g~ '). Dermal exposure dosages
of BP-3 from goods containing oxybenzone (GM: 4 140 000 ng
per kg body weight (BW) per day) and BP from certain (24%)
items containing octocrylene (GM: 12 200 ng per kg BW per day)
were above reference levels (2 000 000 and 30 000 ng per kg BW
per day for BP-3 and BP, respectively). This study shows that BP
and BP-3 concentrations in sunscreen creams vary considerably
and may be significant even in items marked as being free of
oxybenzone or octocrylene, raising ongoing concerns about
dermal exposure (Fig. 6a).”® Thin-layer chromatography was
used to extract benzophenone-4 (10, BZ4) from hair shampoo's
surfactants, colors, preservatives, and other ingredients. The
stationary phase was silica gel 60, while the mobile phase was
an ethyl acetate-ethanol-water-pH 6 phosphate buffer. At

2536 | RSC Adv, 2024, 14, 2529-2563

285 nm, chromatograms were scanned using densitometry.
BZ4's densitometric calibration curve has a nonlinear shape
and an R > 0.999 value. Approximately 0.03 and ca. 0.1 pg per
spot, respectively, served as the detection and quantification
limits. The outcomes of UV spectrophotometry using the zero
and second derivatives were contrasted with those of HPTLC-
densitometry. Calibration curves for spectrophotometric tech-
niques were linear with R > 0.9998. The chromatographic
technique received full validation (Fig. 6b).*®

Potential therapeutic candidate 7-epi-clusianone (11, 7-EPI)
is a naturally occurring prenylated benzophenone that is iso-
lated from the fruits of Garcinia brasiliensis. A designed and
approved stability-indicating technique by LC-UV was used to
assess the benzophenone's intrinsic stability. One significant
oxidative degradation product was found, and 7-EPI degrada-
tion under forced oxidation followed first-order Kkinetics.
Following a reaction in a Baeyer-Villiger-type method, this
novel compound's structural elucidation revealed that one atom
of oxygen was stabilized by a resonant between two carbonyl
moieties. The prenylated benzophenone, found as 7-epi-oxi-
clusianone, may be investigated as a possible therapeutic
candidate or sunscreen ingredient (Fig. 7a).** A class of
compounds known as benzophenone (12)-type UV filters are
frequently employed in sunscreen products to stop UV radiation
from damaging human skin. They have also been investigated
as endocrine disruptors, hepatotoxic, and pneumotoxic toxi-
cants in vitro and in vivo. Large cities in China were the focus of
research on human exposure to BPs, whereas rural regions were
disregarded. In Guangdong Province, China, this study evalu-
ated and compared the urine concentrations of five BPs. Addi-
tionally investigated were the correlation patterns and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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composition profiles of various BPs. They recommended high
levels of BP-3 and 4-OH-BP exposure in rural regions. The
concentrations of urine BP-1 and 4-OH-BP showed significant
positive associations, as did those between urinary BP-1 and BP-
3. This study addressed several crucial issues for estimating
human exposure and gave crucial data for calculating the health
hazards and BP exposure for rural residents (Fig. 7b).*

The highly regioselective [2 + 2 + 2] benzannulation of 3-
formylchromones with B-enamino esters, indium(m)-catalyzed
synthesis of various and functionalized 2-hydrox-
ybenzophenone derivatives (13), excellent to good yields were
produced. A domino Michael/retro-Michael/6-
electrocyclization/deformylation reaction drives the progres-
sion of this benzannulation process. Additionally, 3-substituted
chromen-4-ones and B-enamino esters were combined to form
2-hydroxybenzophenones by a [4 + 2] benzannulation process
that was catalyzed by indium(m). In addition, the properties of
the UV-vis spectrum of produced 2-hydroxybenzophenones
were studied about substituents and 7 conjugation. Compared
to the most used sunscreen ingredient, oxybenzone, it demon-
strated greater UV protection activity (Fig. 8a).>> ZnO NPs, on the
other hand, were created specifically to entrap Bp-3 (14) and
demonstrated recurrent on-demand release, encapsulation, and
UV radiation sensitivity as well as minimal cytotoxicity to skin
cells. Potential sunscreen uses for the Bp-3-loaded ZnO NPs
exist (Fig. 8b).>*

© 2024 The Author(s). Published by the Royal Society of Chemistry

The 3-formylchromones and, o,B-unsaturated aldehydes as
the starting materials, they created an environmentally friendly
organocatalyst-controlled technique for the highly selective
synthesis of polyfunctionalized 2-hydroxybenzophenone
frameworks  (15), which  include  2-hydroxy-3'-for-
mylbenzophenones. The unique procedure makes use of orga-
nocatalysts that are safe for the environment, easily accessible,
affordable, non-toxic, and operationally straightforward. The
newly created compounds were effectively used in C-H alkeny-
lation and alkylation processes to create novel and intriguing
materials for biology. Comparing the created molecules to the
widely accessible sunscreen component oxybenzone, they
demonstrated higher photoprotective characteristics (Fig. 9a).*®
Since benzophenones (16) are efficient UVA and UVB filters,
they are often utilized in industry. In Europe, sunscreen prod-
ucts are required to contain benzophenone-3, commonly in
combination with additional filters like octocrylene. They must
be monitored since UV light can make them mutagenic, and
octocrylene may turn into BPs. To separate and identify BPs in
sunscreen products with possible outcomes, liquid-liquid
extraction was then followed by direct-immersion micro-
extraction in the solid phase (LLE-DI-SPME). The most efficient
SPME fiber was found to be polyacrylate fiber after factors such
as extraction solvent, pH, adsorption, desorption duration,
stirring, sating effect, and the presence of organic solvents were
adjusted. Gas chromatography-mass spectrometry was used for

RSC Adv, 2024, 14, 2529-2563 | 2537
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(a) Sun protection of indium(in)-catalyzed benzannulation (13) reproduced with permission from ref. 33 Copyright [2016] [RSC Publisher].

(b) Skin protection of benzophenone-3 based ZnO nanoparticles (14) reproduced with permission from ref. 34 Copyright [2013] [RSC Publisher].

detection and quantification. The linear range ranged from 0.16
to 2000 ug kg ', whereas the analytical parameters' limits of
detection were 0.05 to 0.10 pg kg~ '. The method's recovery
varied from 83 to 103%, and its precision of 3.2 to 18.7% relative
standard deviation (RSD) was good without showing much of
a matrix impact. The DI-SPME approach was challenging and
the samples were complicated, but the method held up well.
The suggested approach effectively identified 10 BPs in 6
separate sunscreen creams. Sunscreens included a total of 165
to 931 mg kg ' of BPs, with BP-3 being found in all samples at
levels ranging from 4.2 to 740 mg kg™ ' (Fig. 9b).*®

Across all age categories, sexes, and racial/ethnic groupings,
there is a positive correlation between self-reported frequency of
sunscreen usage and urine BP-3. Although these findings indi-
cate a significant relationship between self-reported use and the
BP-3 (17) biomarker for actual sunscreen utilization, more
research will be required to determine whether it is possible to
enhance the biomarker for actual use as well as validate self-
reported sunscreen use through more specific questions
about the amount of sunscreen used, the number of days used
each week, frequently sunscreen is applied again during the
day, and the typical SPF used (Fig. 10a).*” Thermal analysis and

2538 | RSC Adv, 2024, 14, 2529-2563

PAS revealed that BZ-3 (18) and HPCD would be complexina2:
1 stoichiometric ratio. Histological examination revealed no
tissue reactivity when formulations containing the complex
were used. Sunscreen penetration was similarly minimal
according to PAS, which is consistent with the outcomes of
using PAS. As a result, it is advantageous to employ the BZ-3-
HPCD complex in sunscreen compositions. Additionally, PAS
is a technology that may be used with other, more traditional
methods to examine CDs create inclusion complexes, and
deeply the complexes penetrate the skin. Given these findings, it
can be concluded that the formulation containing the complex
BZ-3-HPCD is a good option for enhancing the effectiveness of
sunscreen compositions and that PAS may be a valuable
method for assessing the UV sensitivity of these formulations
(Fig. 10b).*®

Benzophenone-based broad-spectrum
protection against UVA and UVB rays, making them effective
at preventing sunburn and skin damage. However, some
benzophenones have been associated with potential hormone-
disrupting effects and environmental concerns, leading to
their restricted use in certain regions and formulations.

sunscreens offer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) UV-A/B filters study of cascade benzannulation (15) reproduced with permission from ref. 35 Copyright [2020] [RSC Publisher]. (b)

Direct-immersion solid-phase microextraction of benzophenone derivatives (16) reproduced with permission from ref. 36 Copyright [2023]

[Elsevier Publisher].

3.

The phytocosmetic (19) sunscreen emulsion has antioxidant
properties and a combination of plant extracts high in
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(a) Sunscreen application of urinary benzophenone-3 (17) reproduced with permission from ref. 37 Copyright [2015] [Elsevier Publisher].

(b) Photoacoustic spectroscopy study of benzophenone-3-hydroxypropyl-B-cyclodextrin (18) reproduced with permission from ref. 38

Copyright [2011] [Elsevier Publisher].

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14, 2529-2563 | 2539


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra08178h

Open Access Article. Published on 15 January 2024. Downloaded on 6/9/2026 6:51:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

produced and examined for sensory analysis. When kept at low
temperatures, the emulsion was stable; nevertheless, after 120
days, the concentrations of quercetin and rutin, which were 2.8
+ 0.39 pg mL ™" and 30.39 + 0.39 pg mL ™ *, respectively, were
over their limits of quantification. A standard topical product
was found to have equal spreadability, low rupture strength,
and adhesiveness. The discovered phytocosmetic sunscreen
also showed higher pseudo-plastic, viscoelastic, and brittleness
characteristics. The product demonstrated an essential wave-
length of 387.0 nm and an UV rays both A and B (UVA/UVB)
efficiency of 0.78, demonstrating that the produced formula-
tion has UVA/UVB protection capability, defending skin against
UV radiation-related damage. Rutin was demonstrated to pass
through the skin's physical barrier and measured in the stratum
corneum (3.27 & 1.92 ug mL™ ") by a tape stripping and reten-
tion test (114.68 & 8.70 pg mL ™). By using an in vitro assay, the
developed flavonoid-enriched phytocosmetic was shown to be
non-irritating to the skin (Fig. 11a).*® The number of natural
ingredients used as active agents for sunscreen is constantly
growing, and one of them is microalgae, specifically Spirulina
plantesis (20), a cyanobacterium that has naturally absorbed UV
compounds, particularly flavonoids, in its cells. Due to its
capacity to raise the SPF and absorb the highest wavelength of
UV rays, flavonoid has the potential to be employed as an active
component in sunscreen. To get the best cream stability and
SPF ratings from sunscreen cream formulations, it is varied in
the range of 1-10% w/w and the ratio of olive oil to candelilla
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wax was also adjusted, with values of 10:1 and 5:1. Based on
the results, the total flavonoid compound in the dry and fresh
microalgae foundation samples was determined to be 22.10 mg
g ' and 10.91 mg g, respectively. The best sunscreen formu-
lation in this study had 7% (w/w) microalgae extract and a 35:7
ratio of olive oil to candelilla wax. This formulation has a strong
stability score (17.33 out of 20) and a good SPF rating (29.06),
which is classified as ultra-SPF. Because the total microorgan-
isms were still below the necessary total microbial of SNI and
did not irritate the skin, the flavonoid-containing sunscreen
derived from microalgae extract is safe to use (Fig. 11b).*
Natural phenolic chemicals may be found at low cost in
cashew nutshell liquid (21, CNSL), which has a wide range of
uses. These synthetic UV filters, which are prevalent in
commercialized sunscreen products, contain chromophores
with chemical structures identical to those of these phenolic
compounds. In this study, the effects of solvents on crude
CNSL's yield, total phenol content (TPC), total flavonoid content
(TFC), and sun protection factor were examined. Hexane had
the lowest yield (30.4 & 0.7%), whereas ethanol had the greatest
(49.3 £ 3.2%), according to the percent yield range. The findings
showed that solvent extraction significantly affects the yield and
SPF of CNSL. Since it has an excellent TPC and SPF, it could be
the optimum solvent for extracting CNSL (Fig. 12a).** DFT and
TD-DFT at the MO05-2X/6-311++G(3df, 3p)//M05-2X/6-31+G(d)
level of theory have been used to investigate the photoprotective
characteristics of two naturally occurring acridone derivatives
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(a) Sunscreen formulation of flavonoid compounds (19) reproduced with permission from ref. 39 Copyright [2019] [MDPI Publisher]. (b)

SPF values of Spirulina platensis for flavonoids (20) reproduced with permission from ref. 40 Copyright [2020] [AIP Publisher].
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Fig. 12 (a) Cashew Nutshell liquid of sun protection (21) reproduced with permission from ref. 41 Copyright [2022] [MDPI Publisher]. (b) Pho-
toprotective properties of acridone derivatives (22) reproduced with permission from ref. 42 Copyright [2020] [Wiley Publisher].
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Fig. 13 (a) Photoprotection of dermal tissues for BEMT (23) reproduced with permission from ref. 43 Copyright [2008] [Taylor & Francis
Publisher]. (b) Sunscreen activity of E. floribundus blume (24) reproduced with permission from ref. 44 Copyright [2023] [FIP Publisher].
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(22). In the gas phase, water, and pentyle thanoate, three typical
pathways defined for the antioxidant characteristics, including
H-atom transfer (HAT), proton transfer (PT) towards HOO*/HO*
radicals, and single electron transfer (SET) were examined.
According to the DFT results, both compounds effectively
scavenge HOO* and HO* radicals in all mediums using the HAT
mechanism. The most preferred reaction for the HO* radical in
water is the HAT reaction (AH —37.7 kcal mol™"). Additionally,
TD-DFT was used to clarify the examined compound's effective
UV-absorption capability. All substances can absorb UV rays in
the 200-335 nm range, with the simplest excitations occurring
between 334 and 332 nm and the highest absorptions occurring
between 234 and 227 nm. The equivalent UV-absorption is given
the HOMO to LUMO and HOMO-3 to LUMO (mt-1t¥*) transitions
(Fig. 12b).*

Two to eight percent of the naturally occurring antioxidant
flavonoids (23) are added. Sun protection factor measurement
and connection with antioxidant activity have been used to
monitor the photoprotective properties of creams (three kinds
of TiO, NPs (UV-Titan M161 and M212 and M170) produced by
KEMIRA) in vitro. During the irradiation process, the mixtures
of TiO, + flavonoids produce the amplification of the SPF value
because of the photocatalytic impact of the TiO, pigment and
bis-ethylhexyloxiphenol-metoxiphenyltriazine (BEMT), which is
tested into the collagen base. Both UVA and UVB photo-
protection are provided by the cream's combination of TiO,,
BEMT, and flavonoids (Fig. 13a).** Additionally, Elaeocarpus
floribundus (24) blume leaves have long been utilized as
a remedy for several illnesses; its hot water infusion is used as
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a gargle to heal sore gums and alleviate rheumatoid arthritis.
Furthermore, it has demonstrated that the total phenolic
content of its methanol extract is very high. Comparing the
several extracts, the E. floribundus blume leaf methanol extract
showed the highest amount of TFC and the greatest potential
for sunscreen action (Fig. 13b).**

To assess the relationship between the amount of phenol
and flavonoid content and antioxidant activity and the sun
protection factor. According to this study, there is a link
between SPF and phenolic and flavonoid concentration.
Sunscreen compositions can employ the adequate SPF
provided by an ultrasonically aided extract of C. melo leaf (25)
(Fig. 14a).* Moreover, a natural UV filter may be employed in
the formulation as a single broad-spectrum sunscreen from
the Lippia species (26). To calculate their UVB protection
factor, the UV transmission of sunscreens generated from four
distinct Lippia species was first measured. Next, using diffuse
transmittance spectroscopy, the in vivo SPF as well as the in
vitro UVA radiation shielding factor (UVAPF) of the extract
from the species with the best results were determined. The in
vitro SPF ratings for the natural sunscreens ranged from 1.7 to
7.6. The L. sericea species provided the highest SPF; when
employed as a single UV filter in a lotion, it had an in vivo SPF
of 7.5 and a UVAPF of 2.97. It was discovered that the plant’s
overall polyphenolic content, rather than its flavonoid or
antioxidant capacity, is what gives this sunscreen its photo-
protective properties. As a consequence, the findings of this
study showed that L. sericea’s natural sunscreen may someday
find commercial utility (Fig. 14b).*
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Fig. 14 (a) Sun protection factor of flavonoid compounds (25) reproduced with permission from ref. 45 Copyright [2019] [Pharmacotherapy

Group Publisher]. (b) Sunscreen formulation of Brazilian Lippia sericea (26) reproduced with permission from ref. 46 Copyright [2014] [RSC

Publisher].
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In addition, flavonoids and related phenylpropanoids, which
accumulate as ultraviolet-absorbing compounds (27) and cause
a decrease in the epidermal UV transmittance (TUV), are the
main defenses used by plants against potentially harmful solar
UV radiation. These compounds are also essential parts of the
overall acclimation reaction of plants to shifting solar UV
environments. It is entirely unknown if plants can modify their
UV sunscreen defense in reaction to abrupt variations in UV,
which happen on a daily basis. The demonstrate that plants
may modify their UV-screening characteristics between minutes
to hours and that UV radiation is a portion of what causes these
changes. Large (30-50%) and reversible alterations in TUV
occurred during the day for the domesticated species Abelmo-
schus esculentus, and these modifications were linked to varia-
tions in the amounts of various quercetin glycosides and whole-
leaf UV-absorbing compounds. Similar findings were found for
two more species (Vicia faba and Solanum lycopersicum),
however, Zea mays showed no such alterations. These findings
have practical implications for using UV to increase crop vigor
as well as quality in controlled environments. They also raise
important questions about the expenses and advantages of UV-
protection strategies in plants (Fig. 15a).*” The ultraviolet-
absorbing substances (28) (flavonoids and related phenyl-
propanoids) in higher plants’ epidermis reduce the diffusion of
solar UV radiation to underlying tissues and serve as a key
mechanism of acclimation to shifting UV conditions brought
on by ozone depletion and climate change. A gradient of
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ambient solar ultraviolet and climate is represented by the
screening species of diverse wild and cultivated plants growing
in four different places. Non-destructive studies of adaxial TUV
revealed that there was significant interspecific heterogeneity in
the amplitude of these changes and that midday declines in
TUV occurred in 49% of the species studied, encompassing
both herbaceous and woody growth types. Overall, Louisiana
plants showed more diurnal fluctuations in TUV than plants in
the other locales. The extent of these alterations was also
strongly linked with the lowest daily air temperatures across all
taxa, but not with daily UV irradiances. The findings show that
diurnal variations in UV shielding are common in higher
plants, vary across and within species, and are often largest in
herbaceous plants that thrive in warm climates. These findings
imply that plant species have different “strategies” for protect-
ing themselves from UV radiation, albeit it is still unknown the
functional and ecological implications of these differences in
UV sunscreen protection (Fig. 15b).*

The creation and investigation of three flavonoid (29)
sunscreen formulations was successful. It was discovered
sunscreen chemicals undergo excited state intramolecular
proton transfer using steady-state spectroscopy and time-
dependent density functional theory. The estimated UV-vis
absorption spectra and fluorescence emission spectra accord
well with the outcomes of the methanol solution experiments.
The potential energy curve shows that the three sunscreen
chemicals lack of an energy barrier makes the ESIPT procedure
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(a) Solar ultraviolet radiation of flavonoids (27) reproduced with permission from ref. 47 Copyright [2016] [Wiley Publisher]. (b) Ultraviolet

sunscreen protection of flavonoids (28) reproduced with permission from ref. 48 Copyright [2016] [Springer Publisher].
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simple to carry out. Therefore, the excitation energy that was
absorbed might return to the ground state via a non-radiative
relaxing process. The three flavonoids can function as
sunscreens, according to light stability testing. In addition to
serving as a theoretical foundation for the creation of new
sunscreen compounds, it is a process in sunscreen processes
(Fig. 16a).* The main environmental element that contributes
to erythema, inflammation, photoaging, and skin carcinogen-
esis is exposure to UV radiation. Vicenin-2 (30) is a bioflavonoid
that has been identified from a number of therapeutic plants.
The impact of vicenin-2 on UVB-linked oxidative stress and
photoaging signaling in human dermal fibroblasts (HDF). HDF
cells went into apoptosis as a result of UVB-irradiation's mark-
edly increased levels of intracellular ROS, lipid peroxidation,
DNA damage, and antioxidant depletion. Intriguingly, vicenin-2
was administered to HDF cells 1 hour before UVB exposure to
suppress the production of ROS, TBARS, apoptosis, and DNA
damage. Oxidative stress and photoaging are associated with
MAPKs and MMP signaling, which are thought of as photoaging
and differentiation. It stops the overexpression of MAPKs and
MMPs in HDF cells upon UVB exposure. Due to its sunscreen-
like qualities, it could be a potential bioactive element to
absorb UV photons and shield the skin cells from UVB-related
oxidative stress and photoaging signals (Fig. 16b).>
Flavonoid-based sunscreens offer the advantage of being
natural compounds with antioxidant properties, potentially
providing additional skin benefits beyond UV protection.

2544 | RSC Adv, 2024, 14, 2529-2563

However, their effectiveness as broad-spectrum UV blockers and
their stability in sunscreen formulations may be limited
compared to synthetic UV filters, which could impact their
overall sun protection capabilities.

4. Polymeric nanoparticles-based
sunscreen

Benzophenone-3 is to be carried by polymeric nanoparticles (31)
that have been prepared and analyzed. By raising the sun
protection factor lowering BZ3 penetration into the skin, and
lowering BZ3 levels in sunscreen formulation, sunscreen
products can be made safer. By using the heated high-pressure
homogenization process, BZ3 has been embedded in solid lipid
nanoparticles (SLN) and poly(epsilon-caprolactone) (PCL)
nanoparticles via the nanoprecipitation method. For forty days,
the particles remained steady. Compared to BZ3 enclosed in
SLN, BZ3 encapsulated with PCL nanoparticles was released
more quickly. The encapsulation of BZ3 in both nanostructures
improved the sun protection factor. However compared to SLN-
BZ3, PCL nanoparticles containing BZ3 decreased its skin
penetration more. Additionally, BZ3 in SLN did not exhibit any
cytotoxic or phototoxic effects on BABL/c 3T3 fibroblasts or
human keratinocytes (HaCaT cells). However, PCL nano-
particles containing BZ3 indicated the potential for phototox-
icity in HaCaT cells. Despite this, mice did not develop allergic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reactions to BZ3, whether it was present in free form or enclosed
in PCL nanoparticles or SLN. The findings imply that these
nanostructures could make intriguing sunscreen carriers
(Fig. 17a).** A new method based on electron irradiation of
polymethyl methacrylate and polystyrene (PMMA-PS NPs) (32) is
given for creating non-toxic active ingredients for sunscreens.*
Under electron radiation, aromatic rings in PS and conjugated
aliphatic C=C rings in PMMA are formed, imparting UV-
absorbing properties to the polymers. The extent of conjuga-
tion increases with higher electron fluence, leading to a redshift
in the absorption spectra. The bombarded polymer NPs' in vitro
SPF and PA values demonstrate their strong photostability and
remarkable UV-absorbing capabilities throughout a wide UV
spectrum. Based on OECD TG 432, the irradiated polymer NPs
show no discernible evidence of cytotoxicity or phototoxicity
and are categorized as nonphototoxic compounds. The electron
irradiation process enables the large-scale production of non-
toxic, UV-absorbing nanoparticles. Consequently, this method
provides a valuable means of developing safe sunscreen ingre-
dients as alternatives to current compounds that pose safety

© 2024 The Author(s). Published by the Royal Society of Chemistry

issues. Furthermore, the technique can be employed to manu-
facture photoprotective personal care items, UV-resistant
textiles, coatings with UV protection, and filters for blue light
(Fig. 17b).

Furthermore, one of the most hazardous things that can
damage skin is UV radiation. The development of sunscreens
that effectively shield skin from overexposure to UV radiation is
constantly progressing. Phenylbenzimidazole-5-sulfonic acid
(PBSA) is typically employed as a sunblocking agent; neverthe-
less, it has the drawback of photodegrading and potentially
damaging cells. To create a carrier polymer with unique and
powerful capabilities, PBSA was first encapsulated into nio-
somes nanoparticles (33) and subsequently coated with chito-
san-aloe vera (CS-nio-aloe/PBSA). The breakdown of PBSA and
epidermal penetration are regulated by this polymer. Fourier
transform infrared spectroscopy, scanning electron microscopy,
transmission electron microscopy, and dynamic light scattering
were used to characterize the CS-nio-aloe/PBSA polymer nano-
particles. Mice skin was used to measure the epidermal trans-
parency of coated PBSA and investigate the carrier polymer

RSC Adv, 2024, 14, 2529-2563 | 2545
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release rate in vitro. The sunscreen-containing nanoparticle
polymer was successfully produced, exhibiting an 80% encap-
sulation efficiency. The skin's surface was entirely covered in
the formulation (CS-nio-aloe/PBSA). This bolsters its applica-
tion as a skin protector, and its nanostructures prolong the
release of PBSA. Improved cellular preservation, UV protection,
management of free PBSA, and restricted penetration into the
mouse skin epidermis may all be possible with PBSA encapsu-
lated within CS-nio-aloe nanoparticles (Fig. 18a).*®* Chemical
sunscreens such as octyl methoxycinnamate (34, OMC) are
frequently used in sunscreen cosmetics. On the other hand,
hazards such as skin-photosensitive responses might arise from
direct skin contact. An intriguing way to improve the photo-
stability of filters is to encase ultraviolet filters in microcap-
sules. In order to create synergistic sunscreen microcapsules
using sophisticated freezing technology, sodium caseinate (SC)
and arabic gum (GA) were used as the wall materials. The
impact of pH, wall substance concentration, and wall/core ratio
in the development of OMC microcapsules has been studied
through many studies. The OMC microcapsules’ shape,
composition, and stability are assessed using TGA, FTIR, and
SEM. The OMC microcapsule exhibits a smooth surface shape,
consistent size distribution, and strong heat stability. The
findings demonstrate that, for UV-B (280-320 nm), the OMC
microcapsules’ absorption of UV is superior to that of the
uncoated OMC. Furthermore, in twelve hours, the OMC
microcapsule released 40% and OMC released 65%; neverthe-
less, the OMC microcapsule sunscreen has a sun protection

2546 | RSC Adv, 2024, 14, 2529-2563

factor that is 18.75% greater than OMC's. The hydrophobic
connection between SC and OMC and the electrostatic bond
between SC and GA may be responsible for this occurrence
(Fig. 18b).**

Solvent displacement was used to manufacture biodegrad-
able polymer nanocapsules (35) that contained the lipophilic
sunscreen Parsol MCX (OMC) as the oil core. To look into the
formulations’ photoprotective potential, and OMC loading
ability, with stabilizing agent effects (polysorbate 85, P-85, and
poloxamer 188, P-188). The fast diffusion of the solvent across
the contact is likely what causes the surface instability that
leads to the creation of nanocapsules. It was determined that
the stabilizing agents' capacity to prevent coalescence during
solvent diffusion was what made them successful. P-85 out-
performed P-188 as a poly(e-caprolactone) nanocapsule stabi-
lizer. OMC had a large loading capacity. The high lipophilicity
of the medication and the hydrophobicity and crystallinity of
the polymer control the in vitro release of OMC-nanocapsules.
The OMC nanocapsules offer significantly better partial
protection against UV-induced erythema when compared to
a conventional gel, as illustrated in (Fig. 19a).”* Through an
experimental design approach, Na-lignosulfonates (36) have
been appropriately reevaluated as ideal pairings with two
meticulously selected and well-explained safe filters. The
demonstration indicates the potential to mitigate risks to the
marine environment and human health by providing a range of
photostable, non-cytotoxic emulsions spanning from SPF15 to
SPF50, all available upon request. These emulsions contain only

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5% LiS and minimal concentrations of organic filters. The
absence of an ideal solar filter arises from the often unclear
mechanisms governing microbial breakdown and accumula-
tion in ecosystems. Prolonged exposure to the sun, even with
a high SPF sunscreen, doesn't guarantee protection from
serious skin damage. For instance, by adjusting the adsorption
characteristics at the solid-liquid interface and optimizing the
structure of micellar sunscreens, it might be possible to reduce
the levels of BEMT and DHHB. As an additional starting point,
10% middle-size OLV lignin colloidal spheres have increased
the sun protection factor (value of sunscreen with only 2%
organic filters, from 10.7 to 47.7). The SPF values found in vitro
in this study are accurate; however, because the anti-
inflammatory properties of BEMT and DHHB need the
measurement of SPF in vivo for marketing (packing) and legal
purposes, the final assessment will be inflated (Fig. 19b).>®
The use of sunscreen is advised to shield human beings from
UV rays that can cause harm and the onset of cancer. However,
due to their small molecular weights, small-molecule organic UV
filters included in sunscreens harm the ecosystem and could
endanger users' health through transdermal action. An approach
for combining the Biginelli reaction and free radical polymeri-
zation to create polymeric (37) UV screens that are secure and
coral-friendly. They have created a polymer that is water-soluble
with exceptional UV absorption that effectively shields mice
from skin burns caused by UV radiation much better than
renowned UV filters and over-the-counter sunscreens. Despite its
high molecular weight, this polymer cannot be applied topically
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and is almost nontoxic to mice, algae, and corals. Understanding
to create a bio- and coral-friendly polymeric UV filter using
a straightforward multicomponent reaction will help in the
creation of functional polymers with additional value for real-
world applications (Fig. 20a).”” Paints, sunscreens, cosmetics,
food, and other consumer goods all include titanium dioxide
nanoparticles. Whenever dispersed into the environment, stabi-
lizing substances found in these goods may change the fate of
nTiO,. nTiO, transport and deposition behavior in porous media
as a result of the actions of TEGO carbomer (38), a polymeric
stabilizing ingredient used in sunscreen. Columns filled with
Federal Fine Ottawa sand were submerged in aqueous nTiO,
solutions at pH 5.0 or 7.5 &+ 0.2. At pH 5, which is within the
predicted point of zero charge (PZC) of nTiO, (pH 6.3), nTiO, was
not found in effluent samples in the absence of carbomer, but
more than 80% of nTiO, was seen to elute at pH 7.5. The elution
of nTiO, was greater than 94% at pH 5 and 7.5 after the addition
of 3 mg L' carbomer, which reduced the PZC from 6.3 to less
than 5. The column breakthrough and retention data were
captured using a nanoparticle transport model that included
a first-order, maximal retention capacity term. According to
model outcomes, regardless of changes in solution chemistry,
the addition of carbomer decreased the typical solid phase
retention capacity from 3.40 to 1.10 g TiO, per g sand. These
results show that polymeric stabilizing agents can significantly
affect nTiO, destiny in porous media, potentially increasing
nTiO, mobility in the surroundings and decreasing nTiO, filtra-
tion system efficacy (Fig. 20b).*®
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Human skin fibroblasts are used to investigate the biocom-
patibility and sunscreen performance of a new sunscreen that
simultaneously encapsulates zinc oxide nanoparticles and
octocrylene in poly-styrene-co-methyl methacrylate (39, PMMA/
PS) nanoparticles by the use of mini emulsion polymerization.
PMMA/PS nanoparticles with excellent encapsulation efficiency
and positive physical-chemical characteristics were effectively
used to encapsulate both organic and inorganic filters for use in
sunscreens. After being added to Artistoflex AVC gel, the
nanoparticles produced a semi-solid formulation that was
white, had a pH that was similar to the skin's pH and was
homogenous in all respects. The semi-solid product with ZnO
and octocrylene in PMMA nanoparticles demonstrated a good
sun protection factor (SPF > 30), earning a 4-star rating from the
Boots Star Rating System and being regarded as a good UVA
sunscreen(Fig. 21a).*® Simply combining UV filters with
aqueous cross-linkable PDMS coatings has allowed for the
effective creation of PDMS-based skin sunscreens (40). Three
kinds of sunscreens, PI, PO, and POI, were made using Mg/Al +
Fe LDHs and an organic UV absorber, both in combination and
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independently. By using the hydrosilylation method at room
temperature, all sunscreens can transform into transparent
elastic films with good UV protection throughout the whole UV
range (200-400 nm), skin analog mechanical performance, high
WVT, and moderate adhesion strength. In the meantime, the
films' WVT rate and mechanical strength may be improved by
Mg/Al + Fe LDHs. However, especially at high UV, the organic
UV absorber may reduce the mechanical strength and cause the
PO films' surface to become greasy or even sticky. The oily
feeling of PO films might be effectively eliminated by 