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Abstract
The degradation of the ozone layer and the consequent increase in ultraviolet (UV)
radiation exposure have heightened interest in the development of mineral-based
sunscreens. This study investigates the absorption characteristics of ultraviolet waves in
mineral-based sunscreens formulated with various nanostructures of Zinc Oxide (ZnO),
characterized by differing sizes (ranging from 40 to 70 nm) and morphologies, including
plate-like, spherical, hedgehog-shaped, and irregular forms (predominantly rods). The
protective efficacy against ultraviolet radiation was assessed using a visible-ultraviolet
spectrometer and a diffuse reflectance spectrometer. The results indicate that most
morphologies and dimensions of ZnO nanoparticles enhance the surface area available
for the reflection and scattering of ultraviolet rays, thereby increasing the level of

protection. Notably, the Z1 sample, exhibiting the plate-like morphology with a plate size
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of 71 nm, demonstrated the highest absorption rate. Additionally, the study reveals that
increasing the concentration of ZnO in sunscreen formulations up to a critical threshold
of 15%wt enhances UV protection; however, further increases to 21%wt result in a
decline in protective efficacy. The sun protection factor (SPF) for the Z1 sample, which
exhibited the highest level of protection, was calculated to be 47, indicating its potential

suitability for commercialization in mineral-based sunscreen products.
Keywords: Morphology; Sunscreen cream; Sun protection factor; UV radiation; ZnO.

1. INTRODUCTION

In recent years, there has been a notable increase in public awareness regarding the
detrimental effects of ultraviolet (UV) rays of the sun on the skin, which include
premature aging and an elevated risk of skin cancer [1, 2]. Consequently, there has been a
significant rise in interest in the use of skin protection products designed to shield against
UV radiation [3]. Ultraviolet (UV) radiation is classified into three primary categories
based on electrophysical properties and wavelength: UV-A (315-400 nm), UV-B (280—
315 nm), and UV-C (100-280 nm) [4]. Each category has distinct characteristics and
biological implications that can influence human health. Various strategies can be
employed to protect the skin against UV rays, including natural compounds, protective
clothing [5], and dietary antioxidants. The regular application of sunscreens, as a
protective cosmetic product, can enhance the resistance of the skin against exogenous
oxidative stress occurring in daily life, besides having the advantages of photoprotection

3, 4, 6].
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Physical sunscreens offer several advantages over their chemical counterparts, including
enhanced stability against sunlight, longer lasting, and, most notably, reduced skin
sensitivity. Chemical sunscreens function by absorbing certain UV rays, subsequently
emitting a portion of that energy at a lower intensity while dissipating some energy as
heat [7]. In contrast, physical sunscreens operate through mechanisms of absorption,
reflection, scattering, and energy conversion [8]. Ideally, sunscreens should exhibit
minimal skin penetration, provide high levels of protection, demonstrate acceptable light
fastness, and maintain visibility with minimal residue [9]. Considering the growing
concerns about chemical sunscreens and the inclination to use more natural compounds,
researchers have consistently endeavored to incorporate pure minerals such as Zinc
Oxide (ZnO) [10], Titanium Dioxide (TiO2) [11, 12], Magnesium Sulfate (MgSOa4) [13],
and lron Oxides [14] in sunscreen formulations for higher efficiency. In the development
of UV protection methods, varying concentrations of materials, particularly titanium
dioxide and ZnO, have been employed as UV radiation absorbents [15, 16]. These
formulations contribute to maintaining skin health and attract attention for their aesthetic
benefits [17].

Titanium dioxide, characterized by a higher refractive index compared to ZnO, tends to
impart a whiter appearance to the skin, which may deter individuals from its use. To
reduce this whitening effect, two strategies have been proposed: the incorporation of
approved pigments and the utilization of nanoparticles [16, 18, 19]. While titanium
dioxide nanoparticles allow the UVA rays to pass, resulting in reduced protection in this
spectrum [20], ZnO nanoparticles provide a robust defense against both UVA and UVB

radiation. ZnO with a direct band gap of approximately 3.37 eV is widely utilized across
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various industries including optical and electrical [21], cosmetics, dermatology, energy
storage and production, and coloring [22], due to its biocompatibility and safety profile,
with its nanostructures displaying diverse morphologies that confer unique properties and
applications [23, 24]. Consequently, ZnO has been frequently included in formulations of
reputable cosmetic brands, where it serves multiple functions, such as the prevention of
bacterial growth, skin repair, and protection against UV-induced damage [25]. Moreover,
ZnO is recognized for its non-allergenic, non-comedogenic, and non-irritating properties
[26]. ZnO nanoparticles can possess a varying range of band gaps, which is attributed to
their crystallinity, morphology, particle size, crystallite size, and defect concentration
within the crystals, particularly oxygen vacancies and zinc interstitials [27-29]. Both
David et al. and Agarwal et al. confirmed that the optical band gap of ZnO nanostructures
can be tuned by adjusting crystallinity, morphology, and crystallite size. Their results
showed that different morphologies, such as nanoparticles and nanorods, lead to band gap
variations between 3.10 and 3.37 eV, enabling the optimization of ZnO for UV-
protection and optical applications [28, 29]. This variation can affect properties, including
refractive index, thermal conductivity, antibacterial performance, and UV absorption.
Additionally, ZnO exhibits moisturizing, antibiotic, and fragrance properties [30],
making it highly valuable in cosmetic products like baby powders, sunscreens, and burn
ointments [31]. ZnO nanoparticles are particularly effective in reflecting UV rays due to
their uniform distribution on the skin, which helps form a comprehensive protective
layer. This significantly enhances the efficacy of the formulation [17]. The Sun
Protection Factor (SPF) is a standard measure for evaluating sunscreen effectiveness, and

a 2018 study found that increasing ZnO concentration correlates with higher SPF values,
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emphasizing ZnO’s critical role in sunscreen performance [7].

It is crucial to note that smaller ZnO particle sizes enhance the efficacy of UV reflection
for both UVA and UVB rays [32]. Studies by Pinel’s have shown that ZnO offers
superior UVA protection compared to titanium dioxide [33, 34]. On one hand, ZnO
nanoparticles can provide higher UV protection due to quantum mechanical effects that
modify energy levels during electron transitions. On the other hand, the safety of
nanoparticles has become a global concern, particularly regarding the skin absorption of
ZnO nanoparticles and potential toxicity. However, the Faculty of Health and Medical
Sciences at the University of Melbourne confirmed that only a minor degree of zinc ion
penetration occurs, which is not expected to cause cytotoxic effects [10]. The U.S. Food
and Drug Administration (FDA) has set a maximum allowable concentration of ZnO in
sunscreens at 25%. ZnO, when used in sunscreens, protects against UVA and UVB
radiation via reflection and scattering, classifying it as a broad-spectrum sunscreen [35].
The research conducted by Chromik et al. on the impact of ZnO particle size revealed
that particles smaller than 70 nm show increasing UV absorption with size, while
particles larger than 70 nm demonstrate reduced absorption, behaving like opaque
materials due to fewer particles [36]. ZnO can provide broad UV protection through three
mechanisms: absorption, reflection, and scattering [8]. Absorption dominates due to
Zn0O’s wide band gap, which enables the dissipation of absorbed UV energy as heat. This
reduces the formation of free radicals, limiting oxidative stress and cellular damage.
Meanwhile, particle size and morphology contribute to improved reflection and scattering
[28, 37].

The primary objective of this research is to investigate the sizes and morphologies of
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ZnO particles, which serve as physical absorbers of UV radiation in sunscreen
formulations that provide high protection against both UVA and UVB rays. To achieve
this, structural characterization tests and functional evaluations were conducted to assess

the efficacy of ZnO nanoparticles in the formulated sunscreens.

2. Experimental

In this study, six pharmaceutical-grade types of ZnO powders were purchased from GAM
Laboratory. These powders exhibited distinct morphologies and sizes, which were
analyzed using Mira Il -TESCAN device for field emission scanning electron
microscopy (FESEM). A TESCAN SEM device with a VEGA 3-SAMX detector was
used to analyse the chemical composition of ZnO samples to record Electron dispersive
spectroscopy (EDS). X-ray diffraction (XRD) patterns were recorded on a Rigaku D/max
Ultima 11 X-ray diffractometer with Cu Ka radiation (A = 0.15418 nm) operated at 40 kV
and 150mA at a scanning step of 0.04°. The rheological behaviour of the sunscreen
creams was evaluated using an RMS/MCR302 rheometric mechanical spectrometer
(RMS). The rate of UV absorption of the samples was analyzed using a BlurAzma UV
spectrometer and a Diffuse Reflectance Spectrometer SCINCO S-1400 model. The
mechanical stability of the samples was tested using the Pole Ideal Tajhiz centrifuge PIT-
320. A Cooling Shaking Incubator of Pole Ideal Tajhiz PITO53RS model was used to
check the thermal stability. The concentrations (ppm) of heavy metals in the sunscreen
creams were tested by Inductively Coupled Plasma Mass Spectrometry (ICP-MS;
SPECTRO ARCOS) to assess the toxicity.

The formulation of the sunscreens comprised two phases: the aqueous phase and the oil
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phase, as illustrated in Error! Reference source not found. and detailed in Table 1. Six
sunscreen creams were produced using the aforementioned ZnO particles, maintaining
identical ingredients and production processes; the sole variation among the formulations
was the type of ZnO powder employed. To evaluate the protective efficacy of the ZnO
particles, a solution containing 0.01%wt ZnO was prepared and subjected to an ultrasonic
bath for 15 minutes. Subsequently, the absorption rates of the ZnO powders were

measured using an Ultraviolet-Visible spectrometer (UV-Vis).

L ¥ R
"s@\a/ - R

Figure 1. Schematic of the sunscreen production process.



ACCERTED ANUSCRIRI

Table 1. Formulation of sunscreen cream

Oil Phase Amount (Wt. %) | Aqueous Phase Amount (W%)
water 46 Stearic acid 2.6
Glycerin 4 Cetyl alcohol 2.2
Propanediol 5 Shea butter 1.5
Sorbitol 1 Dimethicone 0.2
EDTA 0.1 Beeswax 1.6
Propylene glycol 1 GMS 2.3
ZnO 15 Isopropyl palmitate | 4.5
Xanthangam 0.1 Polybutene 0.1
Panthenol 0.5 Stearate 20 0.4
Caprylic capric triglyceride | 7 Lanolin 1.5
TEA 0.3 Palmitic acid 1.6
Jojoba oil 1.5

To evaluate the efficacy of sunscreen formulations in protecting against UV radiation,
both in suspension and solid states, we employed a UV-Vis spectrometer and a DRS. To
assess the protective capabilities of ZnO particles in the suspension state, a specific
experimental protocol test was developed using the UV-Vis spectrometer. In this
procedure, one gram of the sunscreen cream was combined with 40 ml of ethanol and 60
ml of DI water in a 100 ml beaker, and the resulting mixture was subjected to an
ultrasonic bath for 5 minutes. Subsequently, the solution was filtered and diluted prior to

analysis using UV-Vis spectroscopy. To determine the protective efficacy of ZnO
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particles in the solid state, a diffuse reflectance spectrometer was employed. In this part
of the study, the sunscreen creams were applied to the sample holder of the spectrometer,
and the level of UV protection was quantified.

To assess the acidity and alkalinity of the produced creams, a suspension was prepared
with a 10 wt. % concentration of water, and the pH of the samples was measured using a
pH meter. To evaluate the structural stability of the sunscreen creams under varying
environmental conditions and during transportation, mechanical stability was assessed by
placing 5 grams of each sample in a Falcon tube and centrifuging at 5000 rpm for 30
minutes. Additionally, to examine the appearance of the creams over a period of 6 to 24
months at ambient temperature, thermal stability was evaluated using an incubator in
accordance with standard protocols [32]. A rheometric mechanical spectrometer (RMS)
test was conducted to assess the viscosity of the creams and analyze their rheological

behavior.

3. Results and Discussion

3.1. ZnO nanoparticles

3.1.1. Microscopic study

Error! Reference source not found. (a-f) shows several FE-SEM images of the ZnO
samples. All six ZnO samples displayed distinct morphologies and particle sizes. The
morphologies of samples Z1, Z2, and Z3 are characterized as plate-like, spherical, and
irregular, respectively. The Z1 sample demonstrates an average plate width of 71 nm and
an average length of 214 nm. The Z2 sample exhibits an average diameter of 40 nm,

while the irregular particles of sample Z3, predominantly rod-shaped, possess an average

10



dimension of 66 nm. The morphologies of samples Z4, Z5, and Z6 are classified as plate-
like, hedgehog-shaped, and plate-like, respectively. The Z4 sample has an average width
of 42 nm and an average length of 164 nm. For the Z5 sample, which contains the
hedgehog-shaped particles, the average diameter of the hedgehog structures is 840 nm,
with an average blade length of 162 nm and an average diameter of 52 nm. Finally, the

Z6 sample exhibits an average width of 40 nm and an average length of 148 nm.

DY =24:20 nm

Figure 2. Microscopic images at 200nm and 1 um scale respectively of the microstructure

of ZnO by FE-SEM, a) Z1, b) Z2, ¢) Z3, d) Z4, e) Z5, and f) Z6

Zinc oxide typically exists as a single stable stoichiometric phase, ZnO, under ambient

11
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conditions. Although zinc-rich phases such as Zn.O are sometimes discussed
theoretically, they are not recognized as stable crystalline phases. It is worth noting that
they possess different crystalline parameters. Therefore, to ensure that all the samples in
this work are pure ZnO and to eliminate the possibility of the presence of Zn.O or other
non-stoichiometric phases, X-ray diffraction (XRD) analysis was performed, and the
patterns obtained are given in Error! Reference source not found.. Phase identification
using E'xpert Highscore software ensured that the diffraction peaks refer to the hexagonal
wurtzite structure of Zn0O, in agreement with ICSD reference code 065120 [37, 38]. ZnO,
if present, would have quite dissimilar lattice constants and a different crystal structure,
which were not detected. In order to further validate the phase purity, lattice parameters
(a, b, and c¢) were calculated from multiple characteristic diffraction peaks of each sample
using Bragg's law and the Nelson-Riley extrapolation technique, as shown in equations 1

and 2 and presented in Error! Reference source not found..

nd = 2dsind (1)

1 4R +Rrk+E2N P
2=\ )+t= @)
d= 2z i c*

The results show values consistent with literature data for pure ZnO, slightly deviating
due to infinitesimal defect densities or internal strain, which is due to the employed
synthesis methods. No sign of the more general structural distortions that would imply
Zn:0O formation was detected, thereby confirming the exclusive presence of the ZnO

phase in all the samples [28, 39, 40].
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Table 2. Lattice parameters (a, b and c) calculated from characteristic diffraction peaks of

samples
Sample a(A) b (A) c(A)
Z1 3.2489 3.2489 5.2083
Z2 3.2429 3.2429 5.1929
Z3 3.2399 3.2399 5.1852
Z4 3.2459 3.2459 5.2006
Z5 3.2519 3.2519 5.2161
Z6 3.2549 3.2549 5.2239
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Figure 3. XRD pattern of Z1, Z2, Z3, Z4, Z5, and Z6 samples
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Table 3 presents the results of the EDS analysis. The EDS results for the ZnO powders
show that all ZnO particles exhibit high purity, comprising solely of zinc and oxygen
atoms. However, as discussed, EDS has known limitations in accurately quantifying light
elements such as oxygen and cannot detect interstitial atoms. Moreover, the technique is
sensitive to surface contamination, adsorbed oxygen species, and preferential sputtering,
all of which can contribute to deviations from the ideal Zn:O ratio. Nevertheless,
previous studies have demonstrated that, despite these limitations, the Zn:O ratio
obtained from EDS analysis can still serve as a useful comparative parameter when
evaluating different samples. Variations in the Zn:O ratio can be correlated with the
relative concentration of defects such as zinc interstitials or oxygen vacancies. Therefore,
based on these considerations, together with the XRD results and the information
provided in Table 3, it can be inferred that the observed deviations reflect differences in

defect structures among the samples rather than solely being due to surface effects.

Table 3. X-Ray energy dispersive spectroscopy (EDS) results.

Sample Z1 Z2 Z3 Z4 Z5 Z6

Atomic/. | Zn 3441 | 2474 | 31.32 | 33.10 | 32.46 | 33.52

@) 65.59 | 75.26 | 68.68 | 66.90 | 67.54 | 66.48

3.1.2. UVR Protection Efficacy
The mechanism by which ZnO nanoparticles protect the skin from UV radiation involves
processes of absorption, reflection, and scattering [8]. Error! Reference source not

found.a illustrates the absorption spectrum of six ZnO samples within the UVB region,

14



ACCERTED ANUSCRIRI

while Error! Reference source not found.b presents the absorption spectrum in the
UVA region, as measured using a UV-Vis spectrometer. The peak was observed at a
wavelength of 377 nm, as depicted in Error! Reference source not found.b, which
corresponds to electron excitation within the energy gap of ZnO [36]. The existence of an
energy gap in the UVA region facilitates the absorption of UV radiation. Specifically, the
absorption exhibited by ZnO nanoparticles is attributable to this energy gap within the
UVA range. Since UVA rays are associated with an increased risk of skin cancer over
prolonged exposure, the utilization of zinc oxide as a UV ray absorber is deemed

appropriate for long-term protection against skin cancer.
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Figure 4. UV absorption of ZnO powder within a) UVB region and b) UVA region

The absorption mechanism is attributed to the existence of an energy gap, which is
further elucidated by the presence of structural defects. Additionally, the mechanisms of
reflection and scattering play a crucial role in providing protection against UV radiation.
The morphology and size of ZnO particles significantly influence these two mechanisms.
A morphology characterized by a higher surface area offers an increased contact surface,

thereby enhancing the possibility of scattering and reflection in response to UV radiation,
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which correlates with improved protective capabilities. As illustrated in Error!
Reference source not found.a, the Z1 sample exhibits the highest absorption, followed
by the Z6 and Z4 samples, all of which display a plate-like morphology. It is observed
that the absorption capacity increases with the increase in the size of the nanoparticles,
reaching a maximum at 70 nm [36]. Specifically, the Z1 sample has a plate width of 71
nm, while the Z6 and Z4 samples have plate widths of 42 and 40 nm, respectively. The
Z5 sample, which possesses a hedgehog-shaped morphology, the Z3 sample with an
irregular (predominantly rod-like) morphology, and the Z2 sample with a spherical
morphology demonstrate lower absorption levels in that order. The enhanced absorption
observed in the Z5 and Z3 compared to the Z2 samples can be attributed to the intrinsic
properties of their respective materials. Consequently, the energy gap, morphology, and
dimensions collectively influence the overall performance of UVA protection.

In the UVB range, the absence of an energy gap results in a lack of electron excitation
peaks within the energy gap. The UVB rays protection is achieved through two primary
mechanisms: reflection and scattering, which are influenced by two critical factors: the
morphology and dimensions of the ZnO particles. When planar particles are aggregated,
they present a larger surface area for reflection and scattering, leading to the highest
absorption levels observed in the Z1, Z4, and Z6 samples. Among these three samples,
which share the same morphology, an increase in the size of the plates correlates with an
enhanced surface area for reflection and scattering, thereby improving the level of
protection. Notably, absorption increases with particle size up to 70 nm, as indicated
before [36]. Furthermore, in the case of the Z2 sample, which exhibits spherical

morphology, the irregular and hedgehog-like close packing of particles results in a

16



ACCERTED ANUSCRIRI

greater contact surface area compared to the Z3 and Z5 samples. Consequently, the Z2
sample demonstrates commendable absorption, ranking just below the Z1, Z4, and Z6
samples.

In the irregular particles of the Z3 sample, the ability to occupy voids with smaller
particles results in an increased covered surface area compared to the hedgehog
morphology observed in the Z5 sample. Consequently, the potential for reflection and
scattering of ultraviolet rays in the Z3 sample is greater than that in the Z5 sample,
indicating that the Z3 offers superior protective qualities.

In the Z5 sample exhibiting a hedgehog morphology, characterized by blades that are
interwoven, there exists a potential for tunneling between the blades. However, this
particular morphology results in a reduced surface area available for the reflection and
scattering of incident rays. Consequently, given that the primary protective mechanism
against UVB radiation relies on reflection and scattering, the Z5 sample demonstrates a

lower level of protection in comparison to the other samples.

3.1.3. Band gap measurement

The energy gap refers to the energy difference between the conduction band and the
valence band. More specifically, it represents the energy required to promote an electron
from the valence band to the conduction band.Error! Reference source not found.
shows the energy gaps of six ZnO samples, which were determined using the Tauc
method [27].

The observed differences in energy gap values among the various samples can be

attributed to structural defects, including vacancies and interstitials, present within the
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ZnO crystal structure. Such structural defects can create localized energy states within the
bandgap, thereby influencing the energy required for electron excitation. Generally,
Samples exhibiting fewer structural defects will possess a larger energy gap, as there are
fewer intermediate energy states available for electron occupancy. In contrast, samples
characterized by a higher density of structural defects will demonstrate a reduced energy
gap, as the energy states induced by these defects facilitate electron excitation at lower
energy levels. The variation in bandgap energy across the different ZnO samples is a
critical factor, as it significantly affects bandgap energy impacts the material's optical and
electronic properties, ultimately determining its suitability for various applications.
According to the studies, an increase in zinc vacancies and oxygen interstitials correlates
with a decrease in the energy gap [27]. Error! Reference source not found. presents the
energy gap values for six ZnO samples. Notably, the energy gap for all samples is lower
than the energy gap of the bulk ZnO sample, which is 3.36 eV. This reduction is
attributed to the structural defects present in the samples [27]. Furthermore, as indicated
in Error! Reference source not found. and Error! Reference source not found., there
is a consistent trend where an increase in zinc vacancies and oxygen interstitials results in
a decrease in the energy gap across the ZnO samples. Specifically, the Z2 sample exhibits
the highest concentration of zinc vacancies and oxygen interstitials, resulting in the
lowest energy gap. In contrast, the Z3, Z5, Z4, Z6, and Z1 samples display progressively
lower concentrations of zinc vacancies and oxygen interstitials, leading to an increase in
the energy gap in the order specified.

Consequently, the Z1 sample, which exhibits the lowest concentration of zinc vacancies

and oxygen interstitials, possesses the largest energy gap. Previous studies have indicated
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that the presence of zinc vacancies and oxygen interstitials can reduce the energy gap of
zinc oxide by 2.1 and 2.6 eV, respectively. Error! Reference source not found. shows
the reduction of the energy gap attributable to structural defects in ZnO. The increase in
oxygen intercalation leads to the formation of an intermediate gap between the energy

levels, ultimately resulting in a decrease in the overall energy gap [41].
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Figure 5. Energy gap of zinc oxide samples. a) z1, b) Z2, c) Z3, d) Z4, e) Z5, and f) Z6.

Table 4. Energy gap of zinc oxide samples

Sample Z1 | Z2 | Z3 | Z4 | Z5 | Z6

Energy gap(ev) | 3.12 | 2.63 | 2.81 | 3.01 | 2.94 | 3.04
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Figure 6. Energy gap reduction by structural defects in ZnO.
3.2. Sunscreen creams evaluation
Sunscreen formulations incorporating ZnO nanoparticles were subjected to a series of
functional evaluations. These assessments included the examination of toxicity related to
heavy metal ions, stability, rheological properties, and the protective level against
ultraviolet radiation. A detailed discussion of these evaluations will be presented in the

following sections.

3.2.1. Toxicity

Heavy metals are recognized as environmental pollutants that can induce toxicity in
cosmetic products. Consequently, regulatory limits for heavy metal concentrations in
cosmetic products have been established to ensure their safety for consumers. FDA has
set the permissible concentration of mercury in cosmetic products at 1 ppm and that of
arsenic at 3 ppm. The Analysis of the samples using ICP analysis indicates that all tested
products contain mercury levels significantly below the established limit. In terms of
arsenic content, samples Z1 and Z6 meet the permissible threshold, while the remaining
samples exhibit concentrations lower than the specified limit. Therefore, the presence of
heavy metals is deemed acceptable in the allowed in six sunscreen samples analyzed.

20
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Error! Reference source not found. shows the concentrations of mercury and arsenic
found in the sunscreen formulations.

Table 5. Concentrations of heavy metals in sunscreen samples.

Sample Z1 Z2 Z3 Z4 Z5 Z6

As (ppm) 3.01 2.48 1.47 0.83 1.79 3.03

Hg (ppm) <0.10 <0.12 <0.10 <0.10 <0.10 <0.10
3.2.2. Stability

Cosmetic products must possess a certain shelf life and demonstrate stability to endure
the various conditions they may encounter, including transportation from the
manufacturing facility and storage conditions in retail environments. To this purpose, the
stability of sunscreen creams was examined in two distinct aspects, including thermal
stability and mechanical stability.

The thermal stability of the samples was assessed to evaluate in order to investigate the
useful life of the sunscreen formulations. In accordance with established standards [32],
the samples were maintained in an incubator at a temperature of 45°C under ambient
humidity conditions for a duration of one month. All sunscreen samples exhibited
stability throughout this thermal stability assessment. Error! Reference source not
found.a illustrates the sunscreen samples within the incubator, while Error! Reference
source not found.b shows the sample after one month at 45 °C. This evaluation of
thermal stability is crucial in ensuring that the creams can withstand anticipated
temperature fluctuations during storage and transportation, thereby preserving their

intended properties throughout the designated shelf life.
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Figure 7. a) The sunscreen sample produced using Z1, Z2, Z3, Z4, Z5, and Z6 samples
inside the incubator, and b) a digital image with higher zoom showing the stability of a
representative sample after one month at ambient temperature.

Furthermore, Error! Reference source not found. shows the pH values of the sunscreen
samples produced, both prior to and following thermal stability tests. Based on the
observed pH variations, it can be inferred that the samples exhibit chemical stability,
maintaining the pH approximately equal to 7. The literature indicates that the optimal pH

range for sunscreen formulations is between 6.8 and 7.5 [42].

Table 6. pH changes of sunscreen samples prior to and following thermal stability tests.

sample Z1 |Z2 |Z3 |Z4 |Z5 |Z6

pH prior to the stability test | 7.15|7.21 | 7.19 | 7.55| 7.19 | 7.22

pH following the stability test | 7.06 | 7.13 | 7.12 | 7.44 | 7.13 | 7.16

In addition to evaluating thermal stability, the mechanical stability of the sunscreen
samples was assessed to determine their useful life. The mechanical stability test was
conducted in accordance with standard protocols, wherein the samples were subjected to

centrifugation at a speed of 5,000 rpm for a duration of 30 minutes [43]. Error!
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Reference source not found. presents the images from the mechanical stability testing of
the produced sunscreen samples. All the samples demonstrated adequate mechanical
stability and did not exhibit any structural changes within the emulsion, indicating their
ability to withstand the mechanical stresses encountered during transportation, such as

shipping and handling.

Figure 8. Digital images of the produced sunscreen samples after mechanical stability
testing, and d) a digital image with higher Magnification showing the stability of a

representative sample.

3.2.3. Rheological Behavior

In order to investigate the variations in viscosity behavior and shear stress across
different shear rates, three representative samples (Z1, Z3, and Z5) were selected from
the sunscreen samples for analysis using Rheometric Mechanical Spectroscopy (RMS).
Error! Reference source not found. illustrates the viscosity and shear stress profiles of
three selected sunscreen samples across various shear rates. This rheological analysis
provides valuable insights into the flow and deformation characteristics of the sunscreen

formulations. A comprehensive understanding of the rheological properties is crucial, as
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it ensures that the creams possess the requisite viscosity and flow behavior for effective
application and spreadability on the skin, while also preserving structural integrity during

storage and use.
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Figure 9. Change of shear stress (right images) and viscosity (left images) according to
shear rate changes for samples Z1, Z3, and Z5
Sample Z5 exhibited the highest initial shear stress at 900 Pa, indicating that it requires a
greater amount of stress to initiate flow and mixing in comparison to samples Z3 (640 Pa)
and Z1 (125 Pa). For sample Z5, at a shear rate of 500 (1/s) and a shear stress of 0.15 Pa,

there was a significant decrease in shear stress as the shear rate increased. This
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observation indicates a disruption of the network structure within sample Z5, which
demonstrates shear-thinning behavior. In contrast, samples Z1 and Z3 displayed
Newtonian flow behavior, characterized by a constant viscosity regardless of changes in
shear rate. Sample Z5, however, exhibited non-Newtonian shear-thinning behavior,
wherein viscosity decreases as the shear rate increases.

Initially, an entanglement of particles occurs, resulting in the formation of a network
structure under conditions of high shear stress. As the shear rate increases, specifically
around 25 1/s for sample Z5, the connections between the open nanoparticles and the
network become disrupted, which leads to a reduction in shear stress. This disruption of
the network structure results in the non-linear, shear-thinning behavior observed in
sample Z5. This thorough comprehension of the rheological properties, particularly the
shear-thinning mechanism, provides valuable insights into the structural characteristics
and flow behavior of various sunscreen cream formulations.

In the three sunscreen samples analyzed (Z1, Z3, and Z5), ZnO nanoparticles serve as the
only reinforcing agent, with a consistent quantity of ZnO present across all samples.
However, the morphologies and sizes of the ZnO nanoparticles vary among these
samples. The variation in morphology is likely responsible for the observed differences in
the rheological behavior of the samples, including shear stress and viscosity. Sample Z5,
which contains ZnO nanoparticles exhibiting a hedgehog morphology, demonstrated the
highest shear stress and viscosity. Sample Z3, characterized by irregular (mostly rod-
shaped) ZnO nanoparticles, displayed intermediate levels of shear stress and viscosity.
Finally, sample Z1, containing plate-like ZnO nanoparticles, showed the lowest shear

stress and viscosity. These findings suggest that the morphology of ZnO nanoparticles,
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along with the degree of particle entanglement, is a critical factor in determining the
rheological properties of sunscreen formulations, even when the concentration of
nanoparticles remains constant.

The analysis of nanoparticle sizes reveals that as the sizes increase, both viscosity and
shear stress exhibit a decreasing trend. This phenomenon can be attributed to a reduction
in particle entanglement. Consequently, sample Z5, which demonstrates the highest shear
stress and viscosity, possesses an average dimension of 52 nm, whereas sample Z1,
characterized by the lowest viscosity and shear stress, has a dimension of 71 nm. In
sample Z1, the initial shear stress is relatively low, and as the shear rate increases, there is
no significant change in shear stress, indicating the absence of transverse connections
within this sample. Conversely, samples Z3 and Z4 exhibit elevated shear stress at the
initial shear rate, and as the shear rate increases, the shear stress also rises, suggesting the
formation of a network structure in both samples. This network acts as a hindrance to
fluidity; in sample Z5, at an approximate shear rate of 500 1/s, both viscosity and shear
stress experience a substantial reduction, reaching approximately 0.15 Pa, which

indicates the failure of the network structure.

3.2.2. UV protection Behavior (UV-Vis)

The present study investigated the protective behavior against UV radiation in both
suspension and solid-state formulations, utilizing UV-Vis spectroscopy and DRS
analysis. The integration of UV-Vis spectroscopy and DRS analysis provides a
comprehensive approach for assessing the UV protection properties of sunscreen

formulations in both suspension and solid states. This approach facilitates the
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optimization of these formulations for enhanced UV shielding efficacy.

The analysis conducted through UV-Vis spectroscopy offers valuable insights into the
UV protection capabilities of sunscreen samples. This technique quantifies the
absorbance of the samples across the UV and visible light wavelength ranges, thereby
facilitating the evaluation of their efficacy in blocking harmful UV radiation. Two
primary parameters that influence the UV absorption characteristics of ZnO particles in
sunscreen formulations are the concentration of ZnO and the specific type of ZnO
utilized. Error! Reference source not found. illustrates the UV absorption
characteristics of the sunscreen samples. The samples Z1, Z4, and Z6, which display a

plate-like morphology, demonstrate a higher absorption rate in comparison to the other

samples.
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Figure 10. Investigating the level of protection of sunscreen creams with different ZnO.

According to the literature [36], for samples exhibiting the same morphology, the UV
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absorption rate increases as the particle size increases within the range of 40-70 nm. The
enhanced UV protection offered by plate-like samples can be attributed to their larger
surface area, which facilitates more effective reflection and scattering of UV radiation.

The Z2 sample, characterized by a spherical morphology with an average dimension of
40 nm, demonstartes significant UV absorption; however, it does not exhibit as much
absorption as the plate-like samples (Z1, Z4, Z6). In comparison to the Z3 and Z5
samples, the Z2 sample offers a greater contact surface area for the reflection and
scattering of UV rays, which contributes to its enhanced UV absorption. Although the Z3
sample, which possesses an irregular and predominantly rod-like morphology with an
average dimension of 66 nm, has a larger contact area than the Z5 sample, the latter
(exhibiting a hedgehog morphology with an average dimension of 52 nm) shows superior
UV absorption. This phenomenon can be attributed to the hedgehog-like structure of the
Z5 sample, which, despite comprising smaller individual particles, provides a more
extensive overall contact surface area for UV reflection and scattering in comparison to
the irregular rod-like structure of the Z3 sample. In conclusion, the UV absorption
performance of the samples is influenced by both particle morphology and dimensions.

The FDA has established a maximum allowable concentration of ZnO in sunscreen
formulations at 25%. However, increasing the ZnO concentration beyond 21 wt. %
results in a heavier texture and an undesirable white appearance on the skin. This study
investigates the effect of ZnO concentrations up to 21 wt. % was investigated. Error!
Reference source not found. illustrates the protective efficacy of sunscreen creams with
varying concentrations of ZnO. It is important to note that all samples examined samples

in Error! Reference source not found. contain a single type of ZnO (designated as
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sample Z1), indicating that only the concentration of ZnO in the cream influences the

observed effects.
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Figure 11. Investigation of the protective efficacy of sunscreen creams with varying

concentrations of ZnO

The results indicate that increasing the concentration of ZnO from 10 wt. % to 12 wt.%
leads to a significant enhancement in absorption. Additionally, as the concentration of
ZnO is further increased to 15 wt.%, the absorption approaches nearly 85%. However,
upon increasing the ZnO concentration to 18 wt. %, a decline in absorption is observed,
which continues to decrease as the concentration rises to 21 wt. %. This phenomenon can
be attributed to the fact that higher concentrations of ZnO result in increased viscosity
and alterations in the optical properties of the sunscreen [44]. It is important to note that
the type of ZnO used in the five samples examined was consistent, the morphology and
particle size remained unchanged; thus, only the concentration of the nanoparticles

influences the optical properties.

29



ACCEPTEDIMANUSCRIP

Increasing the concentration of ZnO from 10 wt. % to 12 wt.% enhances the inter-particle
contact, leading to the formation of clusters. As the ZnO concentration is further elevated
to 15 wt.%, the particles achieve maximal contact with adjacent particles, resulting in the
establishment of a permeation network of nanoparticles that approaches the critical
concentration of the reinforcements. It is possible that a slight increase in ZnO
concentration to 15 wt.% may yield a marginal enhancement in absorption. However,
upon further increasing the concentration to 18 wt. %, the system reaches a
supersaturated state, causing the ZnO particles to aggregate and form lumps.
Consequently, the overall contact surface area diminishes, and the particle size increases.
An additional rise in ZnO concentration leads to a decrease in absorption, attributable to
the aggregation of particles and their increased dimensions. Research indicates that when

particle dimensions exceed 70 nm, the absorption capacity declines [25].

3.2.5. UV protection Behavior (DSR)

To ensure the accuracy of the data obtained regarding the protective efficacy of sunscreen
formulations with varying ZnO concentration, the degree of protection was assessed
using DRS analysis. Figure 12 shows the protection levels of sunscreen formulations with
differing ZnO concentrations, as quantified by DRS. As depicted in Figure 12, an
increase in ZnO concentration from 15 wt.% to 18 wt.% correlates with a decrease in
protective efficacy. Furthermore, as the concentration of ZnO continues to rise, this
reduction in protection becomes increasingly pronounced. Consequently, the DRS data
corroborate the observation that exceeding the critical concentration of ZnO (15 wt.%)

leads to a supersaturated state within the formulations, resulting in the aggregation of
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particles subsequent decline in protective efficacy.
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Figure 12. Investigation of the level of protection of sunscreen creams with different

amounts of zinc oxide by DRS.

3.2.6. Commercialercial evaluation

In order to evaluate the efficacy of UV ray protection, a comparative analysis was
conducted between the sunscreen produced in this study and various commercial
samples. Figure 13 shows the comparison between the commercial samples and the Z1
sample, which exhibited the highest absorption rate among the produced formulations. As
shown in Figure 13a, despite the presence of multiple UV absorbers (both physical and
chemical) in the commercial samples, the Z1 sample, which solely contains ZnO particles
as a physical absorber, is positioned between two commercial samples with SPF of 50

and 22, respectively. This finding underscores the significant level of protection afforded
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by the Z1 sample.

In Figure 13b, a comparative analysis was conducted utilizing DRS analysis, revealing
that the protection level of the Z1 sample is positioned between two commercial samples
with SPF of 30 and 60. Furthermore, the protection level of the Z1 sample is closely
aligned with that of sunscreen products containing various chemical and physical UV
absorbers. This finding underscores the substantial influence of parameters such as

morphology, size, and concentration of ZnO nanoparticles within the formulation.
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Figure 13. Comparative analysis of the protective efficacy in the produced samples and

commercial samples utilizing a) UV-Vis and b) DRS analysis methods.

5.3.7. Sun protection factor

The SPF is a standardized metric used to evaluate the efficacy of sunscreen products. In
this study, the SPF was determined using an in-vitro methodology. The calculation of
SPF values was conducted in accordance with Equation 3 [7]. In this equation EE())
represents erythema effect spectrum, I(A) is solar intensity spectrum, Abs (L) is the

absorbance of sunscreen, and CE is the correction factor. To ensure the precision of the
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SPF calculations, multiple commercial sunscreen samples were analyzed using UV-Vis
spectroscopy and DRS analysis. The Table 7 0 presents the amount of the CF for the
commercial samples, along with the determination of the SPF for the Z1 sample.

320

SPF =CE % f EE(A) x I{d) = Abs () Equation 3
00

Table 7. Investigation the correction coefficient of commercial samples and determining

the SPF of Z1 sample.

Y.
Sample J. EE( ) % 1( 1) x abs ( A) R SPF
vy .
CS5 5.472 10.964 60
CS2 4637 10.782 50
Cs6 3.836 10426 40
CS4 2,960 10132 30
Z1 4418 10530 a7

In the analysis of commercial samples, the CE was determined using data pertaining to
the intensity of the solar spectrum, the degree of absorption exhibited by the samples, and
the SPF values supplied by the manufacturers. The CE for all commercial samples was
identified to fall within the range of 10 to 11. Subsequently, the SPF for the Z1 sample,
which exhibited the highest absorption rate among the produced samples, was calculated
using the average CE of 10.530 established for the commercial samples. The resulting
SPF value for the Z1 sample was determined to be 47. According to prior research [7, 45,
46], this value represents the highest SPF achievable for sunscreens that utilize ZnO as

the sole physical UV absorber. This calculation underscores the potential for formulating
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a highly effective sunscreen sample (Z1) through thorough control of parameters such as

particle size, particle morphology, and ZnO concentration in sunscreen formulations.

4. Conclusion

Given the detrimental effects of ultraviolet radiation on the skin, the application of
physical sunscreens is strongly advocated. Zinc oxide (ZnO) serves as an effective
physical ultraviolet (UV) absorber, offering substantial protection. A comprehensive
regulation of parameters such as morphology, particle size, and concentration of ZnO can
enhance its efficacy as a physical sunscreen component.

The findings indicate that the viscosity of the sunscreen samples increases in correlation
with the morphological entanglements and particle size of zinc oxide (ZnO). A greater
reflective surface area produced by the ZnO particles corresponds to an enhanced level of
ultraviolet (UV) protection. There exists a direct relationship between the concentration
of ZnO and the UV protection, which remains effective up to approximately 15 weight
percent (wt. %). Beyond this concentration, the likelihood of agglomeration escalates,
and the average particle size surpasses the optimal range, resulting in a reduction of UV
protection. Notably, Sample Z1, characterized by a plate-like morphology and an average
particle size of 71 nm, demonstrated the highest sun protection factor (SPF) of 47. The
Z1 sample appears to possess the optimal characteristics necessary to maximize UV

protection across the UVA and UVB spectra.
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