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Abstract

Background: Nanoparticles have been widely used in sunscreen products
to prevent UVB-mediated skin damage. Research has shown that ZnO
and TiO, nanoparticles effectively scatter, reflect, and absorb light in the
UV range. However, little is known regarding the impact of nanoparticle
and UVB exposure on cytokine expression. This study investigates the
influence of ZnO and TiO, nanoparticles on the expression of pro- and
anti-inflammatory cytokines in human skin exposed to UVB radiation.

Methods: De-identified, discarded skin from three abdominoplasty
surgeries were exposed to UVB with or without the application of ZnO or
TiO, nanoparticles. Samples were analyzed using a BioRad Bio-Plex Pro
Human Cytokine 27-plex Assay to determine cytokine levels of various
pro- and anti-inflammatory cytokines.

Results: UVB exposure or application of ZnO or TiO, nanoparticles had
very little effect on cytokine levels compared to the no treatment control
when evaluated 24 hrs after exposure. However, application of TiO,
following UVB exposure resulted in increased cytokine levels for nearly
all the cytokines evaluated. This effect was absent when a combination of
ZnO and TiO, nanoparticles were applied. Interestingly, pre-, and post-
UVB application of ZnO or a combination of ZnO and TiO, nanoparticles
decreased IL-6 levels or IL-6 and IL-8 levels, respectively.

Discussion: These results suggest a potential for nanoparticle sunscreen
to enhance or reduce the inflammatory response in skin depending on
conditions of UVB exposure and the nanoparticle composition and how
it is applied. Further studies to evaluate the safety and efficacy of using
nanoparticle sunscreens are warranted.
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which is predominantly mediated by inflammatory cytokine
production and p53-mediated keratinocyte apoptosis [5, 6].
Chronic, cyclic exposure to UV radiation causes a cascade of
DNA damage leading to dysplasia and eventually metaplasia
[7]. Additionally, the production of proinflammatory
cytokines from UVB exposure can cause downstream effects
on several disease loci, which have also been shown to have
an important role for dysregulation of epidermal barrier genes
involved in forming tight junctions and desmosomes within
the skin [8, 9].

To prevent UV skin damage, organic and inorganic
sunscreen products have been developed with mixed results
in cancer protection. Squamous cell carcinoma incidence
rates declined 40% when patients applied sunscreen daily,
but use of sunscreen was not associated with a decreased
incidence rate of basal cell carcinoma [10]. In other studies,
sunscreen decreased the incidence rate by 22% to 36%
of actinic keratoses, which are premalignant lesions that
can predispose patients to squamous cell carcinoma or
basal cell carcinoma [11, 12]. There remains no consensus
on the potential risk reduction by sunscreen usage and the
most dangerous skin cancer, melanoma [13, 14]. Primary
research on cancer protection was largely done using
organic sunscreens, and there remains a lack of randomized
controlled trials that assess the efficacy of nanoparticle-based
sunscreen products in cancer prevention. Nonetheless, health
agencies worldwide recommend regular use of sunscreen
[15]. Additionally, guidelines are predominantly based on
sunscreen protection factor (SPF) rating, which is a measure
of solar energy required to produce sunburn on protected skin
compared to energy required to burn unprotected skin. How
this translates to protection against skin cancer as discussed
above or oxidative stress and inflammation is unclear [16].

Sunscreens protect by reflecting, scattering, and absorbing
light, or using antioxidants and osmolytes that limit the
cascade of UV-induced cellular damage [17]. The efficacy
of inorganic sunscreens depends on reflective properties
including the reflective index, size of the particles, application
thickness and dispersion index. Older inorganic sunscreen
products formed a cosmetically unappealing white film on
the skin; thus, newer formulations have been developed in
the nanoparticle size range that have addressed this cosmetic
shortcoming [18]. Two commonly used nanoparticles
for sunscreen include titanium dioxide (TiO2) and zinc
oxide (ZnO) [19]. Nanoparticles are defined as materials
that range in size from 1 to 100 nm. Nanoparticles possess
unique physical and chemical properties due to their small
size and high surface area, which allows for a wide range of
characteristics suitable for use in commercial, medical, and
environmental applications [20, 21].

As mentioned above, the efficacy of nanoparticle
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sunscreen in providing protection against cancer has not been
established through randomized controlled trials. However,
nanoparticle sunscreen products have been approved for use
by the Food and Drug Administration. The risks and benefits
of nanoparticle-containing products remain a concern for
consumers [22, 23]. Collectively, studies suggest minimal
to no absorption of TiO2 or ZnO across dermal barriers and
support their general safety when dermally applied (reviewed
by [22-27]). In contrast, inhalation of ZnO has been shown
to induce acute lung toxicity in animal models and metal
fume fever in occupational settings [28, 29]. Additionally,
few studies have examined the effect of TiO2 or ZnO before
or after exposure to UV on skin inflammatory markers.
Therefore, we conducted a pilot study to directly assess the
impact of TiO2 and ZnO on cytokine levels both prior to and
following exposure to UVB using a human skin explant model
with the overall goals of determining 1) the feasibility of
assessing an acute inflammatory response using a human skin
explant model and 2) whether further studies were warranted
to evaluate different TiO2 and ZnO-containing sunscreen
formulations and exposure scenarios on skin inflammation
using a larger and more diverse (i.e. skin types) study cohort.

Our study demonstrated a striking increase in cytokine
levels for nearly all of the cytokines assessed in a multiplex
cytokine panel when TiO2 was applied after UVB exposure.
This increase in cytokine level was not observed with
combined application of TiO2 and ZnO or when TiO2 was
also applied prior to UVB exposure. These results suggest
the potential for a direct inflammatory response of the skin
to UVB and sunscreen containing TiO2 depending on the
sunscreen formulation and timing of application. Since
sunscreens typically contain at least two organic active
ingredients to offer broad protection [19], further studies
are necessary to determine if current formulations of TiO2-
containing sunscreens produce a similar effect on cytokine
production when applied after UVB exposure and if altering
the composition could mitigate this effect and if certain skin
types or more or less sensitive.

Materials and Methods
Nanoparticle Characterization and Usage

The TiO, (40 nm) and ZnO (85 nm) nanoparticles
were purchased from nanaComposix (San Diego, CA)
and previously characterized [30-32]. Nanoparticles were
resuspended in DMEM media (0.25 mg/ml) and 1 ml applied
evenly to the surface of an approximately 5 cm X 5 cm
section of the skin explant for a final treatment of 0.25 mg or
0.01 mg/cm? of TiO, or ZnO.

Explant Skin Preparation, Treatments, and Culture
Conditions

Three full-thickness human skin explants were obtained
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via medical waste post-surgically (abdominoplasty surgeries
in Dayton, OH) and immediately used for experiments. Skin
samples were received de-identified with only sex and age
recorded. Based on visual assessment using the Fitzpatrick
Scale, two samples were from patients with Type II or fair
complexion, and one was a patient of color with Type IV
or light brown, olive complexion (indicated by the maroon
data points in Figs. 2-4). All patients were female, ranging in
age from 32 to 60. The subcutaneous adipose was removed
and the skin was sectioned into approximately 5 cm X 5 cm
pieces and placed into a 100 mm sterile petri dish with 6 mL
of DMEM media containing penicillin and streptomycin.
Each skin sample (N=3) was treated as follows: 1) untreated,
naive control, 2) UVB irradiated for 3 minutes and 20 seconds
with a lighting source that provides 5 J/m?/sec at a distance
of 6 cm from the sample for a total UVB dose of 1000 J/
m?, 3) 0.25 mg (0.01 mg/cm?) of TiO, or ZnO nanoparticles
applied alone or in combination, 4) UVB exposure then
subsequent application of nanoparticles (TiO, or ZnO or in
combination), or 5) application of nanoparticles (TiO, or ZnO
or in combination) pre- and post-UVB (Fig. 1). Once treated,
samples were incubated for 1 hr or 24 hrs in a 37°C water
bath, ensuring the water did not contact the skin samples.

Sample Collection and Storage

After the incubation period, approximately 6 mm-sized
samples were cut in triplicate from the exposed 5 cm X 5 cm
skin explant and placed into tared 1.5 mL Eppendorf tubes.
The samples were flash-frozen using liquid nitrogen and
then stored in a freezer at -80°C. An additional sample was
collected for histological processing. The sample was placed
in 10% formalin buffered solution for approximately 2 hours
after which the FBS was removed, and 70% ethanol was
added. The samples remained in 70% ethanol until they were
embedded in paraffin. Embedded tissues were sectioned and
stained with hematoxylin and eosin by AML Laboratories
(St. Augustine, FL).

Multiplex Cytokine Assay

To prepare skin samples for analysis, surgical scissors
and a motorized pestle were used to homogenize the full-
thickness sample with 1X PBS containing fresh protease
inhibitor (Complete Mini Protease Inhibitor Cocktail,
Millipore Sigma, Burlington, MA). Once homogenized,
samples were centrifuged for approximately 10 seconds to
remove any large debris and were transferred to a new 1.5
mL Eppendorf tube. A Bradford assay (BioRad, Hercules,
CA) was utilized to quantify the amount of protein present
in each sample. Using a Bio-Plex Pro Human Cytokine 27-
plex Assay (BioRad), the following cytokines were assayed
simultaneously: IL-1p, IL-1RA, IL-2, IL-4, IL-5, IL-6, IL-7,
IL-8, IL-9, IL-10, IL-12p70, IL-13, IL-15, IL-17, FGF basic,
Eotaxin, G-CSF, GM-CSF, IFN-y, IP-10, MCP-1, MIP-1a,
MIP-1pB, PDGF-BB, RANTES, TNF-a and VEGF.
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Statistical Analysis

Cytokine concentration was normalized to total protein
concentration and then calculated as the fold-change (mean
+ standard deviation; N=3) relative to either the 24-hr naive
control or the 24-hr UVB control set to 1. High out of range
values were extrapolated based on the highest standard that
fit the standard curve. As indicated in the figure legends,
statistical significance was determined by repeated ANOVA
measures after performing a natural log transformation to
justify the constant variance and normality assumptions.
Treatments were then compared to the natural log of 1 (i.e.
0), which represents the naive or UVB control to which the
samples were normalized. The Bonferroni stepdown multiple
comparison procedure was used to adjust the p-values to
account for the multiple comparisons.

Results

ZnO and TiO, nanoparticles are used in sunscreens but
there are limited studies evaluating the effect of UV and
nanoparticles on cytokine levels in the skin under different
consumer application scenarios, such as applying sunscreen
after sun exposure. This study evaluated the acute effects of
UVB and sunscreen-associated nanoparticles on cytokine
levels in human skin explants 24 hrs after different exposure
scenarios (Fig. 1). We utilized commercially available 40 nm
TiO, and 85 nm ZnO, which was previously characterized as
having an average particle diameter of 42.3 nm and 71 nm,
respectively [32]. The particle diameter increased to 1307 +
313.7 nm for TiO, and 188.9 = 37.2 nm for ZnO in media [32].

Limited effect of UVB or nanoparticle application on
cytokine expression

Cytokine levels 24 hours after exposure to UVB alone
or nanoparticles alone exhibited very little change for the
27 cytokines analyzed compared to the no treatment control
(Table 1 and representative cytokines in Fig. 2). Although
not significantly different, the anti-inflammatory cytokine IL-
IRA trended towards an increase in two of the three donor
skin explants under all treatment scenarios (Fig. 2). TiO,
exposure alone also trended toward an increase in GM-CSF
and a decrease in IL-10 (Fig. 2b).

Application of TiO, after UVB exposure significantly
increased cytokine levels

To simulate a probable real case scenario of applying
sunscreen after sun exposure, TiO, and/or ZnO were applied
to the skin explants after exposure to UVB. TiO, application
after UVB exposure increased, to varying degrees, the level of
all cytokines evaluated compared to the UVB control (Table 1
and representative cytokines in Fig. 3a). Application of ZnO
after UVB exposure had a minimal effect on cytokine levels
(Fig. 3b). Interestingly, the increase in cytokines induced by
TiO, was abrogated when ZnO was applied with TiO, after
UVB exposure (Fig. 3c).
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Figure 1: Experimental exposure conditions of human skin to
UVB and sunscreen-relevant nanoparticles TiO, and ZnO.
Human skin from three separate donors was either a) left untreated
or exposed to 1000 J/m? UVB, b) treated with 0.25 mg of 40 nm
TiO, or 85 nm ZnO or a combination of TiO, and ZnO, c) exposed
to UVB then treated with TiO, or ZnO or a combination of TiO, and
ZnO, d) treated with TiO, or ZnO before and after UVB exposure,
or ¢) treated with a combination of TiO, and ZnO before and after
exposure to UVB. Skin samples were processed one hr or 24 hrs
following exposure.

Application of ZnO or a combination of ZnO and
TiO, pre- and post-UVB exposure may decrease in-
flammatory cytokine levels

To simulate applying sunscreen before and after sun
exposure, TiO, and/or ZnO were applied to the skin explants
prior to and after UVB exposure. Except for a trend towards
increased IL-1RA, application of TiO, pre- and post-UVB
exposure had little effect on cytokine levels compared to the
UVB alone control (Fig. 4a). When ZnO was applied pre- and
post-UVB exposure, IL-6 was significantly decreased and IL-
IRA trended towards an increase compared to the UVB alone
control (Fig. 4b). A combined application of TiO2 and ZnO
pre- and post-UVB exposure resulted in a greater decrease in
IL-6 and IL-8 but also diminished the induction of IL-1RA as
compared to a pre- and post-UVB application of ZnO alone.

Histological analysis of skin exposed to UVB or
nanoparticles

To assess the sample quality and the effects of UVB and
sunscreen-associated nanoparticles on skin morphology,
tissue samples were also collected for hematoxylin and
eosin staining at 1 hr and 24 hrs after treatment. None of the
treatment conditions induced gross morphological changes
compared to the no treatment control. There was also no
indication of pyknotic nuclei in the keratinocytes suggesting
that the treatments did not induce cell death (Fig. 5).
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Figure 2: Cytokine levels following exposure to UVB or
application of TiO, or ZnO nanoparticles. Human skin from three
separate donors was exposed to a total of 1000 J/m? of UVB light (a)
or 0.25 mg of TiO, (b) or ZnO (c) or a combination of TiO, and ZnO
(d). Skin samples were processed 24 hrs following exposure and
analyzed for cytokine levels via a multiplex cytokine assay. Seven
of the 27 cytokines are shown (see Table 1 for all cytokine values).
Cytokine levels are expressed as fold change (mean + SD) relative to
the no treatment (NT) control, which was set to 1 and represented by
the dashed line. Statistical differences compared to the NT control
was determined by a repeated measures ANOV A with a Bonferroni
stepdown multiple comparison procedure. There was no statistical
significance.
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Figure 3: Cytokine levels following ZnO or TiO, nanoparticle application post-UVB exposure.
Human skin from three separate donors was exposed to a total of 1000 J/m? of UVB light followed by
treatment with 0.25 mg of TiO, (a) or ZnO (b) or a combination of TiO, and ZnO (c). Skin samples were
processed 24 hrs following exposure and analyzed for cytokine levels via a multiplex cytokine assay.
Seven of the 27 cytokines are shown (see Table 1 for all cytokine values). Cytokine levels are expressed
as fold change (mean + SD) relative to the UVB exposure group, which was set to 1 and represented by
the dashed line. Statistical differences compared to the UVB was determined by a repeated measures
ANOVA with a Bonferroni stepdown multiple comparison procedure. * and **** denote significance at
p<0.05 and p<0.0001, respectively.
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Figure 4: Cytokine levels following a pre-UVB and post-UVB application of TiO, or ZnO
nanoparticle. Human skin from three separate donors were treated with 0.25 mg of TiO, (a) or ZnO (b)
or a combination of TiO, and ZnO (c) before and after exposure to a total of 1000 J/m* of UVB light.
Skin samples were processed 24 hrs following exposure and analyzed for cytokine levels via a multiplex
cytokine assay. Seven of the 27 cytokines are shown (see Table 1 for all cytokine values). Cytokine levels
are expressed as fold change (mean + SD) relative to the UVB exposure group, which was set to 1 as
represented by the dashed line. Statistical differences compared to the UVB was determined by a repeated
measures ANOVA with a Bonferroni stepdown multiple comparison procedure. *, **, and *** denote
p<0.05, p<0.01 and p<0.001, respectively.
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Figure 5: Skin histology following different UVB and nanoparticle exposure scenarios. Human skin from three separate donors were
treated as indicated on the images then embedded in paraffin at 1 hr (T1) or 24 hrs (T24) after treatment. Tissues were sectioned and stained
with hematoxylin and eosin. Tissue sections from the mixed-race donor are shown and are representative of all three donors except for having
more visible melanin. UVB and nanoparticle exposures are indicated with (a) showing 1 hr and 24 hrs after exposure to only 1000 J/m? of UVB
or application of 0.25 mg TiO, or ZnO and (b) showing 24 hrs after combined UVB and nanoparticle treatment. The no treatment controls at

1 hr and 24 hrs are also represented.

Discussion

TiO, and ZnO nanoparticles are commonly used in
sunscreen products; however, there remains a concern
regarding their safety. The aim of this study was to evaluate
in human skin the effects of TiO, and ZnO nanoparticles on a
panel of cytokines under different UVB exposure scenarios.
Although previous studies have assessed these nanoparticles,
those relevant to dermal exposure and human models have
primarily focused on penetration through the skin or in
vitro toxicity studies using keratinocytes; few studies have
evaluated cytokine production (reviewed by [22-27]). The
current study utilized human skin explants, which allows for
an assessment of the dermal cytokine reaction in the absence
of infiltrating white blood cells.

Inflammatory cytokines play an important role in the
body’s first line innate response to foreign bodies and
environmental insults by regulating and coordinating the
functions of immune cells. Keratinocytes have been shown
to secrete a number of cytokines including IL-1B, IL-6,

IL-8, GM-CSF, and TNFa. Cytokine expression can be
induced and modulated by both intrinsic and extrinsic factors
[33-37]. Our study evaluated 27 human cytokines using a
multiplex cytokine panel and similar to previous studies
using skin wound models or UV exposure, we observed
detectable basal levels for all cytokines measured [33, 36,
38]. Compared to the no treatment control, cytokine levels
were not significantly increased at 24 hr following a UVB
exposure of 1000 J/m? (10 J/cm?). Other studies using human
volunteers and skin biopsies demonstrated increased cytokine
expression and levels at 24 hr following approximately 4.2 to
16.8 J/em? of solar simulated UV radiation, which includes
both UVA and UVB radiation [39, 40]. However, Barr
et al [39] identified the maximal increase in IL-1p, TNFa,
and IL-10 protein levels following skin exposure to solar
simulated UV radiation at 15 hrs with a reduction at 24 hrs.
Similar to our results showing an increase in IL-1RA at 24
hr in two of the three donor explants, solar simulated UV
radiation increased IL-1RA in the majority of the biopsies
by 15 hr, which was sustained through 72 hrs [39]. In vitro
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studies using human keratinocytes demonstrated an increase
in cytokine expression and secretion at 24 hr following 20
to 1000 mJ/cm?> UVB exposure [38, 41-43]. Compared to
these studies, our skin explants demonstrated a minimal
cytokine response following UVB exposure. This could be
due to several reasons including the use of only UVB and not
solar simulated UV radiation. Solar simulated UV radiation
has both UVA and UVB and has deeper penetration into the
epidermis because of the longer UVA wavelengths [39, 40,
44]. Additionally, unlike skin biopsies, our explant model
lacks infiltrating lymphocytes, which would likely lead to
lower overall cytokine levels, but does allow for an acute
assessment of the dermal response.

The aim of the current study was to directly assess the
dermal response to the sunscreen-relevant nanoparticles ZnO
and TiO, in the context of pre- and post-exposure to UVB.
Strikingly, nearly all the cytokines assessed were increased
when TiO, nanoparticles were applied after UVB exposure,
simulating a realistic use case of applying sunscreen after
already being exposed to the sun. This increase in cytokine
levels was not observed with post-UVB exposure of ZnO or
the combined application of TiO, and ZnO suggesting that
ZnO is more bioinert or induces a response that resolves
within 24 hrs as compared to TiO,. Additionally, ZnO may
provide a protective effect against the induction of cytokines
induced by TiO, after UVB exposure. Previous in vitro and in
vivo studies have demonstrated the potential for TiO, and ZnO
nanoparticles to induce oxidative stress, inflammation, and
cytotoxicity [25, 45-48]. However, when applied dermally,
the majority of studies support their general safety and limited
dermal absorption; none have specifically evaluated cytokine
levels when nanoparticles are applied post-UVB [16, 22-27].

Using an in vitro porcine model, Monteiro-Riviere
et al [49] identified no dermal penetration of ZnO but
TiO, penetrated seven layers, which was enhanced in UV-
damaged skin. In human subjects, TiO, has been identified
in the epidermis and dermis of human subjects who applied
TiO, containing sunscreen for 2-6 weeks prior to skin
surgery [50]. Additionally, the possibility of some systemic
absorption of TiO, and ZnO from dermal application of
sunscreen has been suggested through human studies and
evaluation of blood and urine [16, 51]. Although minimal,
these studies do support some dermal penetration of TiO,
that may be increased with prior UV exposure corresponding
to the increase in cytokines seen in the current study.
Furthermore, opposite of the protective effect we observed
with a combination of ZnO with TiO, after UVB exposure,
a previous study demonstrated a protective effect of TiO,
on ZnO-induced toxicity by binding free Zn*" ions [52].
An additional consideration is the potential for inhalation
toxicity if spray sunscreens contain nanoparticles. ZnO has
been shown to induce acute lung toxicity in animal models
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and metal fume fever in occupational settings [28, 29]. TiO2
has also been associated with abnormal pulmonary function
when inhaled [53, 54]. Additionally, it is important to
consider the potential environmental impact of nanoparticles
in sunscreens as they wash off into the environment through
regular use. Previous studies suggest a detrimental impact
of engineered nanoparticles environmental processes and
organisms [55, 56]. For example, TiO,and ZnO nanoparticles
have been found to reduce microbial biomass and diversity
in the environment by changing the composition of the soil
bacterial community [55]. Plants also appear to be sensitive
to engineered nanomaterials including TiO, and ZnO
nanoparticles and exhibit many adverse effects [56].

It is noteworthy that the concentrations of TiO, and ZnO
used in the current study (i.e. 0.25 mg or 0.01 mg/cm?) are
much lower than the concentration of these nanoparticles in
sunscreen when approximated to potential dose per surface
area. The maximum allowable nanoparticle concentration in
sunscreen is less than 25% [57]; however, Bocca et al [58]
analyzed four different sunscreens and identified between
2.6% to 18.3% TiO, and 0.05% to 0.22% ZnO. Based on these
concentrations and the recommendation of the American
Academy of Dermatology to use 1 oz (28.3 g) of sunscreen
to adequately cover the adult body, the potential exposure to
TiO, and ZnO would be 4.6 to 43.2 mg/cm’ and 88 to 519ug/
cm?, respectively, assuming coverage of 80% of the body and
a body surface area of 1.5 to 2 m? [59]. Therefore, the marked
increase in cytokines when TiO? is applied after UVB occurs
at concentrations estimated to be more than ~400 fold lower
than that found in some sunscreens.

Overall, our results suggest the potential for a direct
inflammatory response of the skin to UVB and sunscreen
containing TiO, depending on the sunscreen formulation and
timing of application. Since sunscreens typically contain at
least two organic active ingredients to offer broad protection
[19] further studies are necessary to determine if current
formulations of TiO,-containing sunscreens produce a
similar effect on cytokine production when applied after
UVB exposure and if altering the composition could mitigate
this effect, such as a combined TiO, and ZnO formulation.
A combination of TiO, and ZnO applied after UVB did not
show an increase in cytokine levels as seen with application
of TiO2 alone. Additionally, a combined application of
TiO, and ZnO pre- and post-UVB exposure decreased the
level of some cytokines, potentially protecting against an
inflammatory response.

Limitations of the study

The small sample size (N=3) and lack of diversity in sex and
types of skin (i.e. types [ - VI) is a clear limitation of this study.
However, considering that the exposures were conducted
when the skin was received, which was approximately two
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weeks apart for each donor, the remarkable consistency in
the cytokine response to TiO, post-UVB exposure supports
a biologically relevant response. An additional consideration
is a potential inflammatory response induced by the excision
of the skin and the further cutting required to prepare the
samples for the different treatment groups. In comparison
to previous studies evaluating cytokine levels associated
with dermal wounds and wound age, our cytokine levels at
1 hr are consistent with a response to a dermal wound, i.e.
surgical excision [33, 60], and thus suggests a higher basal
cytokine level than might be found in intact skin. A higher
basal cytokine profile could impact the response to test
treatments, highlighting the importance of time-matched no
treatment controls. A final consideration is the nanoparticle
formulation. The current study used nanoparticles suspended
in media, which was previously shown to increase the mean
diameter (i.e. 1307 £+ 313.7 nm for 40 nm TiO, and 188.9
+ 37.2 nm for 85 nm ZnO [32]). Whereas previous analysis
of TiO, and ZnO in four commercially available sunscreens
identified a smaller particle mean diameter for both TiO,
(89 + 18 to 107 £ 14) and ZnO (74 £ 8 to 98 + 22), which
is likely due to the nanoparticle protein corona formed by
the more hydrophobic composition of the sunscreen [58].
Future experiments are needed to evaluate the effect of post-
UVB application of commercially available TiO, containing
sunscreen on cytokine levels.

Conclusion

Despite the limitations noted above, the current study
suggests the potential for a direct inflammatory response of
the skin to UVB and sunscreen containing TiO, depending on
the sunscreen formulation and timing of application. Further
studies are necessary to determine 1) if current formulations
of TiO,-containing sunscreens, which we estimate to have
a higher surface area TiO, concentration than that used in
this study, produce a similar effect on cytokine production
when applied after UVB exposure, 2) if this effect is specific
to certain skin types or sex-dependent, and 3) if altering the
composition could mitigate this effect.
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