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ABSTRACT: ZnO nanoparticles are widely used in sunscreen formulations
due to their strong light absorption in the ultraviolet (UV) and ease of
synthesis. Here, we explore flame-synthesized tetrapod-shaped zinc oxide Vo 4
(ZnO) nanostructured particles (NPs) as UV-absorbing materials for
sunscreen formulations. We compare their optical properties to conventional \
sol—gel-synthesized ZnO NPs. We then tested sunscreen formulations of each [T |
and measured and compared their optical, colloidal, and cosmetic properties.
Notably, the test sunscreen containing mass-equalized tetrapodal ZnO
absorbs in the UVB region and has a sun protection factor (SPF) value
comparable to that of sol—gel-synthesized ZnO. Furthermore, colloidal and
white cast evaluations of flame-synthesized tetrapodal ZnO demonstrated
favorable properties for the storage and usage of sunscreen formulations.

radiation (UVR), leading to DNA mutations through a

variety of mechanisms, including direct DNA damage
(e.g, formation of thymine dimers) and indirect processes
(e.g., reactive oxygen formation and cutaneous inflammatory
responses). A notable example of skin cancer onset is due to
the photoinduced thymine dimerization in critical protein-
coding regions, leading to mutations that can manifest as skin
cancers.” Daily sunscreen application and reapplication are
recommended by dermatologists for preventing UVR-induced
damage.3 The U.S. Food and Drug Administration (FDA)
regulates sunscreens as both drugs and cosmetics, but
widespread daily sunscreen usage has been limited by
challenges around consumer application and user experi-
ence.”> Consumers demonstrate preferences for ZnO-based
sunscreens over organic sunscreen filters due to their generally
recognized safe and effective (GRASE) status.”® The FDA has
not approved a new sunscreen filter in over two decades,
highlighting the need to advance and to optimize current UV
filter materials and their photoprotective properties in
sunscreen formulations.”

Sunscreens are typically oil-in-water (O/W) or water-in-oil
(W/O) emulsions with suspended organic or inorganic UV-
absorbing “filters” that absorb UV light (290—400 nm).* The
resulting sun protection factor (SPF) is determined by
measuring the absorbance of UV light when the sunscreen is
applied at a film thickness of 2 mg/cm2.>’~" However, the
chemical properties of current UV filters are prone to
unfavorable aggregation (inorganic filters) or photodegrada-
tion (organic filters), which can cause emulsion instabilities

S kin cancers can be induced by exposure to ultraviolet
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that perturb SPF value.">'°”'* ZnO-based sunscreens, for
example, pose significant formulation challenges compared
with other UV filters due to the tendency of ZnO to aggregate
and to agglomerate, disrupting the formulations’ colloidal
stability and SPF values.'’™"* Sunscreen functionality is tied to
two interdependent factors: photoprotection and colloidal
stability. Here, we explore flame-transport-synthesized ZnO
tetrapod (ZOTeN) particles as promising UV-absorbing
alternatives to ZnO particles fabricated by wet chemical
methods.'*~'¢

ZnO is a semiconductor with strong absorbance in the UV
region due to a large direct band gap (~3.37 €V, 368 nm)."¢
Despite limitations related to white cast and aggregation in
sunscreen formulations addressed here, ZnO remains a suitable
material for sunscreen usage due to its broad UVR absorption.
The optical properties of ZnO particles, and metal oxide
particles generally, relevant for sunscreen absorption are
dependent on size, morphology, surface properties, and thus
synthetic route.”® We compare these properties when ZnO is
obtained by three different synthetic routes (Table 1) and the
resulting behaviors of the obtained ZnO in sunscreen
suspensions compared to ZOTeN particles.

Received: October 4, 2025
Revised:  December 18, 2025
Accepted: December 19, 2025

https://doi.org/10.1021/acsmaterialslett.5c01351
ACS Materials Lett. XXXX, XXX, XXX—XXX



https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ajoa+J.+Addae"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+Uyanga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yogendra+Kumar+Mishra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Justin+Caram"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+S.+Weiss"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmaterialslett.5c01351&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01351?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01351?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01351?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01351?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01351?fig=tgr1&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.5c01351?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsmaterialsletters.org?ref=pdf
https://www.acsmaterialsletters.org?ref=pdf

ACS Materials Letters

www.acsmaterialsletters.org

Table 1. ZnO Particle Types Used in the Present Investigation with Their Synthetic Routes and Properties

ZnO Type
Sol—gel-synthesized ZnO
(SgZnO) particles

Flame-synthesized ZnO
tetrapods (ZOTeN) particles

French-process ZnO (FpZnO)
particles

Synthetic Summary

Zinc precursor (Zn**) vaporized at ~1000 °C, oxidized in oxidation
chamber to yield polycrystalline ZnO powder

Properties

Zinc precursor (Zn(CH;CO,),-2H,0) vortexed in water, pH adjusted to  Platelet-shaped ZnO particles, with aggregates
12 with NaOH, vacuum-dried at 50 °C for 12 h

Zinc precursor (Zn*) and ethanol heated to 900 °C and vapor flame

ranging in size from 20 to 200 nm

Tetrapod-shaped ZnO particle morphologies with
arm lengths spanning 10—100 xm

Platelet-shaped ZnO particles ranging in size from
0.39 to 1.81 ym
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Figure 1. (a) Schematic of anisotropic growth of ZnO within the wurtzite host lattice structure. (b) Transmission electron microscopy image
of sol—gel-synthesized ZnO (SgZnO) particles; scale bar 50 gm. (c) Transmission electron microscopy image of flame-synthesized ZnO
(ZOTeN) particles; scale bar 2 ym. (d) Transmission electron microscopy image of FpZnO particles; scale bar 0.5 ym. (e) Scanning electron
microscopy image of 0.1 g of SgZnO particles; scale bar 50 ym. (f) Scanning electron microscopy image of 0.1 g of FpZnO particles; scale
bar 50 pm. (g) Scanning electron microscopy image of 0.1 g of ZOTeN particles; scale bar 50 gm. Absorption spectra of 0.1 g/mL of flame-

synthesized ZnO, French-process-synthesized ZnO, and sol—gel-synthesized ZnO in the ultraviolet and visible regions.

van der Waals interactions between ZnO particles in
sunscreen formulations can lead to ZnO aggregates and
“crowding” of emulsion phases, thereby potentially resulting in
phase separation and inconsistent sunscreen photoprotective
properties.”'”'® Notably, ZnO used in sunscreens is typically
surface-treated using silane-based coatings or is suspended
within polymeric dispersions that can improve UV absorbance
>%19 Moreover, ZnO nanoparticles are
of interest for sunscreen formulations due to their efficiency in
absorbing UVR, but they demonstrate notable toxicological
concerns and aesthetic drawbacks.”?%*! In other instances,
ZnO has been conjugated with other metal oxides to form
composites or utilized alongside other pigments in sunscreen

and aesthetic properties.

formulations to reduce the white cast associated with ZnO,
thereby improving aesthetic properties of the sunscreen.””” >’
Ultimately, careful consideration of the ZnO particle size and
morphology used is necessary to obtain suitable photo-
protection and cosmetic elegance in sunscreen formulations.
These characteristics can be tuned by adjusting synthesis
parameters (e.g., temperature, pH), which in turn influence
anisotropic growth within the ZnO wurtzite lattice (Figure 1a).
Here, we utilize nonsurface-treated ZnO particles fabricated via
flame-transport synthesis (Table 1) and demonstrate their
usage in sunscreen formulations. Sol—gel-synthesized ZnO
(SgZnO) particles were chosen as a comparison in our optical
and colloidal investigations due to their common and
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Figure 2. Schematic of preparing flame-synthesized ZnO (ZOTeN) particle dispersions for incorporation into a sunscreen formulation.

previously reported applications in sunscreen formulations.
Commercially available French-process ZnO (FpZnO) nano-
particles (Katonah Chemical) were purchased and utilized as
an additional control for optical investigations due to their size,
synthesis using dry methods, and reported usage in sunscreen
formulations.***™** The ZOTeN particles, which are fab-
ricated using a previously reported flame-transport synthesis
method (described further in Supporting Information), have
not yet been used in sunscreen applications.*'® The ZOTeN
particles have four cylindrical “arms”, with needlelike ends,
radiating from a core to the corners of a tetrahedron (Figure
1). The ZOTeN particles have high surface area-to-volume
ratios due to their tetrapod shape, relatively high morpho-
logical uniformity, and higher yield compared to other
methods of ZnO synthesis (Supporting Information).”*
We note that varying temperature and duration of flame-
transport synthesis can yield various dimensions of needle
sharpness or possible formation of nano-sea urchin and
multipod structures.”””° Notably, ZOTeN particles are
significantly larger than SgZnO and FpZnO particles,
potentially allowing for a different format for colloidal
suspension. We find that ZOTeN particles demonstrate
absorption in the UVB region as well as visible light scattering,
and we hypothesize that such properties can be leveraged for
sunscreen formulations without relying on surface treatment
and coating of ZnO or addition of pigments to the sunscreen
formulation.

Here, we report that sunscreens formulated with ZOTeN
particles are suitable for use in sunscreens and overcome
aesthetic limitations better due to apparent decreases in the
visible “white cast”. We compare ZnO particles synthesized via
sol—gel synthesis versus flame transport and French processes;
each method reproducibly produces distributions of particles
of different size scales and strikingly different morphologies
(Figure 1). The SgZnO particles, as well as commercially
available ZnO particles, were used as control ZnO particle
forms due to their common use in conventional sunscreens
and pharmaceutical applications.””' ~** After characterizing the
ZnO particles, we made standard emollient-based ZnO
dispersions to formulate a test sunscreen for each ZnO
dispersion (vide infra). We evaluate the optical and rheological
properties of the sunscreen formulations as well as SPF. Lastly,
each test sunscreen was evaluated for “white cast” by applying

controlled dosages on various substrates and using colorimetry
and absorbance spectroscopy.

B CHARACTERIZATION OF ZnO PARTICLES

The ZnO particles from Table 1 were imaged via either
transmission electron microscopy (TEM) or scanning electron
microscopy (SEM) and analyzed using UV/visible spectros-
copy (Figure 1) and powder X-ray diffraction (PXRD) (Figure
S1). Powder X-ray diffraction showed that all ZnO particles
demonstrated wurtzite crystal structures (Figure S1). The
$gZnO particles displayed nonuniform morphologies and were
20 to 100 nm in length. We note that SgZnO and FpZnO
particles aggregate and agglomerate with individual particles in
contact with one another, as observed in the TEM micrographs
(Figure 1). The ZOTeN particles were the largest ZnO
particles in size and surface area, as also shown in TEM and
SEM micrographs. When measured using PXRD, ZOTeN
particles displayed higher intensity in crystallinity than both
SgZnO and FpZnO particles (Supporting Information Figure
S1). We attribute the higher crystallinity of ZOTeN particles
to their larger sizes and greater purity compared to SgZnO
particles, prepared using wet methods. "

Because sunscreen formulations require absorption in the
UVA (320—400 nm) and UVB (290—320 nm) regions, UV/
visible spectroscopy was used to analyze the absorbance of 0.1
mg/mL of each ZnO particle type in both the UV region
(290—400 nm) and visible region (400—800 nm).”> The
$gZn0 and FpZnO particles were solubilized in ethanol, and
ZOTeN particles were solubilized in 0.01 M HCI due to their
poor solubility in ethanol. The visible region was measured to
evaluate scattering, which is a possible indication of white cast
caused by ZnO when present in a sunscreen formulation.**
We note that solubility, accessible surface area of varying ZnO
morphologies, and domination of scattering in the visible
region by ZnO can influence UV/visible absorption spectra
characteristics. The SgZnO particles displayed an exciton peak
at ca. 370 nm (Figure 1f), corresponding to the maximum
absorption in the UVA region, consistent the material’s wide
band gap previously reported, of ~3.37 eV.'**” The FpZnO
displayed the highest absorbance of the ZnO types, with an
absorbance peak at 395 nm, likely due to a smaller particle size,
and a band gap of 3.14 eV. The ZOTeN particles have an
absorption peak at 265 nm, absorb in the UVC and UVB
regions, and possess a larger band gap of 4.68 eV.*® The

https://doi.org/10.1021/acsmaterialslett.5c01351
ACS Materials Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01351/suppl_file/tz5c01351_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01351/suppl_file/tz5c01351_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01351/suppl_file/tz5c01351_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01351/suppl_file/tz5c01351_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01351/suppl_file/tz5c01351_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01351/suppl_file/tz5c01351_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01351/suppl_file/tz5c01351_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01351?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01351?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01351?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01351?fig=fig2&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.5c01351?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Materials Letters

www.acsmaterialsletters.org

(a)

Absorbance of 20% Weight-by-Weight ZnO Sunscreens

1.0

~——— Flame-Synthesized ZnO
~—— Sol-Gel-Synthesized ZnO
~——— Commercial ZnO Sunscreen

UVB UVA  Visible
Region
0.8
SPF
52.4
=)
O 06
© SPF
§ = 31.4
= 505
S 04
K-
<
0.2
0 r T
200 300 400

500 600 700 800

Wavelength (nm)

Figure 3. (a) Light microscope image of a 1:50 dilution of test formulation without ZnO in water, with scale bars of 200 gm. (b) Light
microscope image of a 1:50 dilution of test formulation with sol—gel-synthesized ZnO (SgZnO) particles in water, with scale bars of 200 ym.
(c) Light micrograph of a 1:50 dilution of test formulation with flame-synthesized ZnO (ZOTeN) particles in water, with scale bars of 200
pm. (d) Absorbance of ZOTeN particle sunscreen test formulation, SgZnO particle sunscreen test formulation, and FpZnO particle

sunscreen test formulation.

ZOTeN particles showed less scattering in the visible region in
comparison to SgZnO and FpZnO particles, which suggests
less protection from UVA wavelengths.*

B FORMULATION OF SUNSCREEN DISPERSIONS
AND TEST EMULSIONS

When ZnO is added directly to a sunscreen formulation
without predispersion in a medium such as a silicone-based
dispersant or emollient, it is prone to aggregate within the final
formulation. To minimize this aggregation, formulators use
“dispersions” of ZnO or TiO,, in which particles are precoated
in emollients for incorporation into sunscreen formulations
(Figure 2). These dispersions improve incorporation into
colloidal suspensions and help maintain emulsion stability by
reducing particle-induced droplet disruption.”*”*’ To compare
the optical characteristics of sunscreens containing ZOTeN
versus SgZnO particles, dispersions were prepared containing
ZOTeN nparticles, caprylic/capric triglyceride, and tocopheryl
acetate. Caprylic/capric triglyceride and tocopheryl acetate
were chosen due to their cost, wide availability, and cosmetic
benefits. Furthermore, caprylic/capric triglyceride is an
effective emollient used in sunscreen formulations due to its
ability to spread favorably on the skin’s surface, which is
essential for sunscreen film formation.”**' A 50 g ZnO
particle dispersion was prepared with caprylic/capric trigly-
ceride and tocopheryl acetate, then incorporated into a
prepared dispersed phase, resulting in a sunscreen ”“test”
formulation with 20% weight by weight composition of

ZOTeN particles (Supporting Information). The final
formulations each have the following International Nomencla-
ture of Cosmetic Ingredients (INCI) declaration: Water
(Aqua), Caprylic/Capric Triglyceride, Zinc Oxide, Cetearyl
Alcohol, Polysorbate 60, Tocopherol, Phenoxyethanol, Ce-
tearyl Glucoside, Hydroxyethylcellulose, Ethylhexylglycerin,
Glucose. We note that each material in the present sunscreen
formulations carry GRASE status by the US Food and Drug
Administration. The same process was repeated with SgZnO
and FpZnO particles to create comparison sunscreens for
optical and colloidal investigations.

B SUNSCREEN FORMULATION CHARACTERIZATION

A 1:50 dilution of each test sunscreen was prepared by
suspending 1 g of sunscreen in 50 mL of water; the mixture
was then visualized under a light microscope (Nikon EV4500).
An additional formulation similar to the test sunscreens was
created, without ZnO, to provide a “reference” emulsion when
visualized under light microscopy (INCI: Water (Aqua),
Caprylic/Capric Triglyceride, Cetearyl Alcohol, Polysorbate
60, Tocopherol, Phenoxyethanol, Cetearyl Glucoside, Hydrox-
yethylcellulose, Ethylhexylglycerin, Glucose) (Figure 3a). The
sunscreen formulations were visualized using light microscopy
to measure the aggregation and particle size of ZnO candidates
when suspended in emulsions. Additional microscope images
of the sunscreen formulations were taken using scanning
electron microscopy (SEM) (Supporting Information Figure
$2) to visualize interlocking of ZnO aggregates formed by
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Figure 4. (a) Schematic of oil-in-water emulsions containing sol—gel-synthesized ZnO and (b) flame-synthesized ZnO. (c) Viscosity
measurements of flame-synthesized ZnO sunscreen and sol—gel-synthesized ZnO sunscreen over 12 weeks at 25 °C.

ZOTeN particles, versus nonuniform ZnO aggregates formed
by SgZnO particles. The sunscreen formulations with SgZnO
particles displayed comparatively more ZnO aggregates,
indicative of potential disruption to the colloidal stability of
the emulsion (Figure 3b,c).

The sunscreens’ absorption and transmission spectra were
measured using a Shimadzu UV-2550 UV/visible spectropho-
tometer, with 2 mg/cm® of each sunscreen sample applied to
the inner surface of a quartz cuvette. In vivo determination of
SPF remains the standard method of determining SPF, but it is
not feasible for facile benchtop sunscreen measurements. To
correlate to methods used in in vivo determination of SPF, a
thin-film approach was taken where a 2 mg/cm” sample of
sunscreen was weighed using an analytical balance and
uniformly spread onto one side of the inner transparent
cuvette surface using a spatula. A 2 mg/cm?® film deposition
was achieved because the optical window of the quartz cuvette
is 1 cm. The film was placed in a UV/visible spectrometer
cuvette holder to measure the absorbance of the SgZnO,
FpZnO, and ZOTeN particle sunscreens in the UV and visible
regions (Figure 3d,e). Measuring absorption using thin films of

sunscreen samples was selected over aqueous, solvent-based
spectroscopic methods due to closer representation of the in
vivo determination of SPF on human skin.'**

Notably, all light microscope images displayed that ZOTeN
particles in the test sunscreens were larger than the oil droplets
dispersed in the continuous phase (Figure 4a schematic).
Furthermore, the formulation containing ZOTeN particles
visually displayed smaller oil droplets when photographed
under a light microscope at the same scale as the formulation
containing SgZnO particles (Figure 3).

To measure how the prepared sunscreen formulations’
stabilities performed over extended time periods, the test
sunscreen emulsions were incubated in sealed plastic jars at 25
°C for 12 weeks. Viscosity measurements in centipoise (cPs)
using a Brookfield DV3T Viscometer were recorded at
baseline, 2, 4, 8, 10, and 12 weeks. Viscosity was evaluated
because it influences spreadability in all sunscreen systems, and
agglomeration and phase separation in inorganic sunscreen
systems are indicated by decrease in viscosity over time (Figure
4¢)."** The viscosity of the sunscreen containing SgZnO
particles nearly doubled between weeks 0 (4300 cPs) and 12
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Figure 5. (a) Image of flame-synthesized (ZOTeN) particle-based sunscreen and sol—gel-synthesized (SgZnO) particle-based sunscreen
application on hands categorized as (left) Fitzpatrick Skin Type 6 (darker tone) and image of ZOTeN particles and SgZnO particles
application on hands categorized as (right) Fitzpatrick Skin Type 2 (lighter tone). (b) Lightness versus saturation of 20% w/w SgZnO
particle-based sunscreen, 20% w/w ZOTeN particle-based sunscreen, 20% w/w FpZnO particle-based sunscreen, and 20% w/w ZnO
commercial sunscreen on black and white backgrounds. (c) Lightness versus hue of 20% w/w sol—gel-synthesized ZnO (SgZnO) particle
sunscreen, 20% w/w flame-synthesized (ZOTeN) particle sunscreen, 20% w/w FpZnO particle-based sunscreen, and 20% w/w ZnO
commercial sunscreen particle sunscreen on black and white backgrounds. (d) Light microscope image of 1 g of 20% w/w SgZnO particle
sunscreen with scale bars of 100 gm with UV/visible spectrum-simulated color swatch superimposed in the bottom right corner (left) and 1
g of 20% w/w ZOTeN particle sunscreen with scale bars of 100 gm with UV/Visible spectrum-simulated color swatch superimposed in the
bottom right corner (right). (e) Diagram depicting contrast of sunscreen white cast on absolute black and white backgrounds.

(8600 cPs), whereas the viscosity of the sunscreen containing
ZOTeN particles increased steadily between weeks 0 (6250
cPs) and 12 (8780 cPs) (Figure 4b), with a 40.5% increase.
The viscosity measurements of the sunscreen containing
ZOTeN particles are higher than SgZnO particles sunscreen
at week O but are similar to those of SgZnO particles
sunscreens at weeks 8 through 12, suggesting improved
emulsion stability characteristics of the ZOTeNs particles
sunscreen. Notably, the sunscreen containing ZOTeN particles
was more viscous at week 0, which we tentatively attribute to
the porous networks formed by ZOTeN particles (Figure S2)
in the sunscreen emulsions.

days 0, 7, 14, and 21

To evaluate stability further, centrifugal aging was performed
on each sunscreen formulation on days 0, 7, 14, and 21 after
storage at room temperature (Supporting Information).

We use the Mansur equation (eq 1) to evaluate the SPF
value of the formulated sunscreens using the measured
absorbance spectrum values (Figure 3d):

320
SPF = CF . EE(A)-I(4)-Abs(2)
290 (1)

where CF is a correction factor of 10, EE(1) is the skin
reddening minimal erythema dose caused by wavelength 4,
I(2) is the solar intensity at a specific wavelength, and Abs(4) is
the spectrophotometric absorbance at wavelength 1. The
calculated SPF values using the Mansur equation are 30.3 for
the flame-synthesized ZnO sunscreen, 31.4 for the sol—gel-
synthesized ZnO sunscreen, and 52.4 for the ZnO made by
French process, at the same weight by weight percentage of
ZnO. The UV/vis spectra of each sunscreen formulation
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exhibit absorbance features characteristic of ZnO in addition to
scattering contributions in the visible region, which are most
evident by FpZnO sunscreen.

B COLORIMETRIC EVALUATION OF SUNSCREEN
FORMULATIONS

To evaluate the “white cast” potential of the sunscreen
formulations, a 3 X 3 cm square (9 cm?) was marked on the
skin using a ruler to define the region for sunscreen
application. To display “white cast” contrast on lighter and
darker skin tones, images of Fitzpatrick Skin Type 6 and
Fitzpatrick Skin Type 2 human hands were taken following an
application dosage of 2 mg/cm® to marked areas on the
dorsum of the hands. The sunscreen was evenly spread within
the marked region using a spatula to provide uniform coverage
(Figure Sa). The application region was left to dry for 1S min
and photographed in standard lighting conditions.

To measure the color of the sunscreen formulations and
their relationship to contrast, we applied 2 mg of each
sunscreen (20% w/w SgZnO particles, 20% w/w FpZnO
particles, or 20% w/w ZOTeN particles) and a commercial
sunscreen formulation containing 20% ZnO (TiZO) for
further comparison onto 2 cm squares of black or white
Kodak Portra paper, which were weighed for accuracy. Black
and white paper colors were chosen to simulate the darkest
and lightest possible color application backgrounds, respec-
tively. A hand-held colorimeter (Delfin Technologies) was
used to measure color values a* which represents the position
on the green (—) to red (+) axis, L* which measures the
lightness of the color, and b* represents the position on the
blue (=) to yellow (+) axis.**~*® Each measurement was
performed five times, and the average values and their standard
deviations are reported (Figure Sb,c).

Colorimetry measurements were converted to calculate
color saturation and hue, using egs 2 and 3:

C* — a*Z + b*Z (2)

where C* is the distance from the origin in the a*-b* plane,
representing color saturation (i.e., “chroma”) (eq2). We define
color saturation as the intensity of a color. Colors with C* = 0
appear perceptually neutral gray, and saturation increases as
C* rises with greater distance from the neutral axis:

b*
h° = arctan(—*]
a (3)

where 4 is the hue angle in degrees (eq 3). A hue angle of 90°
is associated with yellow, 180° is associated with green, and
270° is associated with blue.

Using the measured L*, a*, and b* values, the sunscreens’
apparent colors on white and black backgrounds were
approximated by plotting lightness versus saturation (Figure
5b) and lightness versus hue angle (Figure Sc) to determine
the contrast of “white cast” on white and black backgrounds
(Table S1).*7%%

The standard deviation of hue on black paper reflects that
both a* and b* values are closer to zero in magnitude than on
white paper; in such cases, minor numerical variations in a* or
b* can produce large apparent changes in hue angle without
perceptible shifts in color.*** The reported colorimetry
measurements (Table S1, Figure 5Sd) indicate that the 20%
w/w ZOTeN particles sunscreen appears as a warm-yellow hue
with moderate saturation on black backgrounds and a pure

yellow hue with moderate to high saturation on white
backgrounds. The 20% FpZnO sunscreen exhibited the highest
lightness value, C* and hue angle values corresponding to
cooler yellow tints on white backgrounds, and bluish-gray films
on black backgrounds. The 20% SgZnO’s C* and hue angle
values correspond to warm pale yellows on white backgrounds
and desaturated white-gray films on black backgrounds with
little hue. The TiZO sunscreen demonstrated neutral yellow-
green with moderate saturation on white backgrounds and
strong bluish-gray tones on dark backgrounds with compara-
tively lower lightness values than the other sunscreens.
Although the sunscreen with ZOTeN particles exhibited
higher lightness (L*) values than most of the ZnO
formulations, it also presented higher saturation (C*); thus,
chroma, lightness, and hue should be considered together
when assessing reduction in visible white cast. Importantly,
unlike the test formulations, the TiZO sunscreen formulation
contains emollients and film formers that aid in aesthetic
improvements of the sunscreen. We note that the color black is
perceived by the human eye when little to no visible light is
reflected from a surface, whereas the color white is perceived
by the human eye when visible light is reflected equally.
Therefore, the visible “white cast” of ZnO sunscreens is
exacerbated by perceptible contrast when sunscreens are
applied to darker backgrounds that absorb visible light, while
the sunscreen reflects visible light, whereas lighter backgrounds
reflect visible light in addition to the sunscreen (Figure Se).

The simulated colors of the sunscreens were displayed in
comparison to light microscope images of the sunscreens
(Figure Sc and Supporting Information).

In summary, we fabricated tetrapod-shaped ZnO particles
via flame synthesis and demonstrated their UV-absorption
activity, sunscreen formulation emulsion stability, and cosmetic
advantages in sunscreen formulations due to diminished white
cast. We present a facile method to evaluate the colorimetric
properties of sunscreen formulations and demonstrate that
FpZnO particles with comparatively higher UV absorbance
than SgZnO particles and ZOTeN particles result in higher
white cast on darker substrates. Our color simulation data
suggest that perceptible “white cast” from ZnO-based
sunscreen formulations is influenced by the warmth of the
sunscreen’s hue and contrast caused by the applied surface’s
color. While our color simulation methods are limited to
absolute black and white backgrounds, we note that these
methods can be extended across various skin tones in future
work for human-like color matching. Nevertheless, ZOTeN
particles demonstrated favorable color matching closer to
human-like skin tones when compared to all sunscreens
evaluated. Our work highlights the relationship between ZnO
particle synthesis and morphology and the impacts of the
properties of the synthesized ZnO on UVA and UVB
absorption in sunscreen formulations. We anticipate that
these findings can improve the aesthetic and stability-related
drawbacks of ZnO-based sunscreens.

B ASSOCIATED CONTENT
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X-ray diffraction data of ZnO particles and SEM and
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synthesis and Python processing of colors. Centrifugal
aging data of sunscreens. (PDF)
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