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ABSTRACT 

Oxidative damage to cells and tissues from free radicals induced by ultraviolet (UV) 

irradiation can be attenuated by sunscreen components, such as ZnO and TiO2 

nanoparticles (NPs). Although it is known that reactive oxygen species (ROS) are 

generated by cells upon exposure to ZnO and TiO2 NPs, it is unknown to what extent 

the amount generated is altered with UV co-exposure. As it is a critical component for 

determining the relative risk of these NPs when used in sunscreen formulations, we 

have investigated ROS generation by these NPs in human THP-1 monocyte immune 

cells following UVA co-exposure. Whilst the applied UVA dose (6.7 J/cm
2
) did not 

alter cell viability after 24 h, it induced significant ROS production – causing a 7-fold 

increase in intracellular peroxide and 3.3-fold increase in mitochondrial superoxide 

levels after 1 h. However, co-exposure to NPs and UVA generated the same or less 
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ROS than with UVA exposure alone, with the exception of anatase TiO2, which 

showed significantly increased levels. These findings indicate that ROS generation 

from nanosunscreens is, in most cases, an insignificant contributor to the overall risk 

associated with oxidative stress from UVA exposure itself.  

 

Keywords: nanoparticles, sunscreen, ROS, UV 
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1. Introduction 

UV-induced reactive oxygen species (ROS) have been implicated in 

photocarcinogenesis and skin ageing.
1
 This is because UV-induced ROS can induce 

DNA damage that, if unrepaired, can lead to carcinogenesis.
2
 Such DNA damage 

includes single- and/or double-strand DNA breaks, base modifications (e.g. formation 

of 8-hydroxydeoxyguanosine (8-OHdG) and other oxidative products) and DNA 

cross-links.
2
 Sunscreens contain UV attenuators, such as organic chemical and/or 

physical UV filters, which can prevent all forms of damage from UV irradiation. 

However, it has been reported that organic sunscreen UV filters can actually enhance 

UV-induced ROS once they penetrate the epidermis.
3
  

In recent years, the effective broad-spectrum UV attenuation properties of ZnO 

and TiO2 nanoparticles (NPs) have made them attractive as active components in 

sunscreens and other personal care products. While organic sunscreens generally 

absorb UV light more effectively in the UVB range, only a few are able to absorb 

UVA. The broadest UVA attenuation is achieved with avobenzone, but this 

compound tends to break down on exposure to UV light and also has potential to be 

photo-allergenic.
4
 In contrast, ZnO possesses stable broad-spectrum UV filtering 

capabilities and is an attractive alternative to the less photo-stable avobenzone. 

Compared to chemical sunscreens, physical sunscreens do not break down under UV 

light and are therefore potentially longer-acting. In addition, the transparent properties 

of NP sunscreens make these products more aesthetically pleasing, after skin 
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application, than formulations containing larger, light-scattering, inorganic particles, 

which appear visually opaque. 

As the use of NP compounds in sunscreens increases, so has public concern about 

their safety. One of the primary concerns raised about NPs is their potential to 

generate ROS, particularly when exposed to UV light.
5–7

 It is important to note that 

similar NPs are also well-known photocatalysts used in industry, which can produce a 

variety of ROS for an extended period under certain conditions.
8
 Furthermore, the 

high surface area properties of NPs can also increase the rate of generation of ROS. 

This was confirmed by Xia et al., who reported that both mouse immune cell lines 

and human lung epithelial cells displayed elevated levels of mitochondrial superoxide 

following in vitro exposure to ZnO NPs.
9–10

 In Braydich-Stolle’s study
11

, cytotoxicity 

profiling of TiO2 NPs in a mouse keratinocyte cell line showed that rutile TiO2 NPs 

initiated apoptosis through formation of ROS. Although there are numerous studies 

investigating ROS production by ZnO and TiO2 NPs
9–14

, there is currently a paucity 

of studies that investigate cellular ROS generation in the presence of both sunscreen 

NPs and UV irradiation
15,16

. As these materials are used in sunscreens, UV 

co-exposure is certain, and thus it is vital to investigate ROS generation in cells 

co-exposed to both NPs and UV, rather than solely investigate ROS generation from 

NP exposure alone. 

It is important to consider the most appropriate form of UV irradiation for 

potential interactions with NP exposure in the biological test system. While UVC is 
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generated during industrial processes, such as in arc welding and microbial 

photosterilization, it is usually not biologically relevant in environmental exposure 

because UVC from sunlight is blocked almost entirely by the ozone layer. Both the 

UVA and some UVB wavelengths in sunlight reach the surface of the earth to cause 

biological effects. The higher energy of UVB causes more overall direct cellular 

damage than UVA. However, the shorter UVB wavelengths only penetrate into the 

epidermis, whereas UVA can penetrate through to the dermis and interact with cells of 

the immune system.
17

  

There is negligible dermal penetration of intact metal oxide NPs past the outermost 

dead cell layer of the strata corneum.
18

 However, any intact particles that do penetrate 

the skin are most likely to be scavenged by phagocytic immune cells present in the 

dermis and peripheral vasculature, such as macrophages and their monocytic 

precursors. Consequently, there is a potential for these cell types to be exposed to a 

higher intracellular concentration of sunscreen NPs with concurrent UVA exposure. 

Therefore, in this study we have co-exposed human THP-1 monocyte-like cells to both 

UVA and metal oxide NPs and assessed ROS generation, specifically intracellular 

peroxide and mitochondrial superoxide levels. We examined ROS generation in 

monocytes rather than macrophages because although both cell types phagocytose 

NPs, the lower basal ROS activity in monocytes
19,20

 facilitated the direct comparison 

of the individual effects of UVA and NP exposure on ROS generation with the effects 

of UVA and NP co-exposure. We also assessed the time course of intracellular ROS 
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generation under these exposure conditions in order to evaluate the relative 

contribution and impact of UVA-induced ROS compared with sunscreen 

NP-generated ROS. 

 

2. Materials and methods 

2.1. Materials  

ZnO NPs with primary particle diameters of 30 and 200 nm, with and without 

surfactant dispersant (Orotan 731 DP) were supplied by Micronisers Pty. Ltd. 

(Melbourne, Australia). Full physical characterization of these nanomaterials, as well 

as ZnCl2 in culture media, have previously been reported by us.
19–22

 Anatase TiO2 (25 

nm) and rutile TiO2 (34 nm) NPs were purchased from commercial suppliers (CSIRO, 

Clayton, Australia). 

 

2.2. Cell culture, UV irradiation and cytotoxicity assays.  

The human acute monocytic leukaemia cell line (THP-1) (kindly provided by 

Department of Medicine, University of Melbourne, Melbourne, Australia) was 

cultured in RPMI-1640 media containing 10% fetal bovine serum (FBS), 100 mg/L 

gentamycin, 4.5 g/L glucose, 1 mM pyruvate, 0.05 mM 2-mercaptoethanol and 2 mM 

L-glutamine. Cells were cultured in a humidified incubator at 37°C and 5% CO2. The 

cells were removed from their flasks and centrifuged (400 g for 5 min) before being 

resuspended in fresh media prior to being added at 10
5
 cells per well in a 96-well 
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plate. NPs suspended in tissue culture media were added at a final concentration of 1–

100 µg/mL. Immediately following the addition of NPs, the cells were exposed to a 

single acute dose of 6.7 J cm
-2

 UVA over 15 min in a BioSun System (Vilber 

Lourmat, Marne-La Vallee, France) comprising an irradiation chamber equipped with 

365 nm illumination lamps, a sensor/dosimeter, calibrator, and software. Control 

groups included wells containing cells without NPs, and with either UVA irradiation 

or no UV (sham) radiation exposure – the sham irradiation group controlled for 

potential effects of time spent outside of the incubator during the irradiation 

procedure. Following UVA irradiation, the cells were returned to the incubator. After 

20 h, MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo 

phenyl)-2H-tetrazolium, CellTiter 96
®

 aqueous kit, Promega, Madison, WI, USA) 

was added to each well and incubated for 4 h before being measured at 490 nm on a 

plate reader (FlexStation 3 Microplate Reader, Waltham, CA, USA). Wells containing 

only the concentration range of NPs and MTS reagent were used to control for any 

direct optical density effects of NPs by subtracting these values from the experimental 

readings. All treatments were performed in triplicate for each experiment. 

 

2.3. Peroxide generation.  

Peroxide generation was measured by 2’,7’-Dichlorofluorescin diacetate (DCFDA) 

(Sigma, St Louis, MO, USA). Cells were centrifuged and resuspended in fresh media 

at a concentration of 10
6
 cells/mL. Cells were then washed in phosphate-buffered 
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saline (PBS), followed by the addition of 100 µM DCFDA and then incubated for 30 

minutes in a dark and humidified incubator at 37°C and 5% CO2 to allow for uptake. 

Cells were washed again with PBS to remove extracellular DCFDA, after which fresh 

media was added. Cells were then seeded in black 96-well plates at 10
5
 cells per well. 

NPs suspended in tissue culture media were added for a final concentration of 10–100 

µg/mL. Subsequently, cells with NPs were co-exposed with UVA (6.7 J/cm
2
). After 

incubation time points of 1, 4, 8 and 22 h, cells were analyzed using a plate reader 

with excitation and emission wavelengths of 485 and 530 nm, respectively. All 

treatments were performed in triplicate for each of three experiments. 

 

2.4. Superoxide generation.  

Superoxide generation was measured by MitoSOX
TM

 Red (Invitrogen, CA, USA). 

The cells were centrifuged and resuspended in fresh media at a concentration of 10
6
 

cells/mL and then washed in Hank’s Balanced Salt Solution (HBSS), which was 

followed by the addition of 2.5 µM MitoSOX
TM

 Red and finally incubated for 30 

minutes in a dark, humidified incubator at 37°C with 5% CO2 to allow for uptake. 

Cells were subsequently washed again with HBSS to remove extracellular 

MitoSOX
TM

 Red, after which fresh media was added. Cells were then seeded in 

96-well plates at 10
5
 cells per well. NPs suspended in tissue culture media were then 

added for a final concentration of 10–100 µg/mL. Subsequently, cells with NPs were 

co-exposed with UVA (6.7 J/cm
2
). After incubation time points of 1, 4, 8 and 22 h, 
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cells were fixed (in -20°C ethanol) and analyzed using flow cytometry (FACS Canto 

II, Becton, Dickinson and Co., Franklin Lakes, NJ, USA). All treatments were 

performed in triplicate for each of two experiments. 

 

2.5. Statistics.  

Data are presented as mean ± standard error of mean (SEM) and was analysed using 

two-way ANOVA and Bonferroni post hoc test (Prism 5.0, GraphPad Software, La 

Jolla, CA, USA), with a p value < 0.05 considered significant. 

 

3. Results and discussion 

3.1. Cytotoxicity of sunscreen NPs 

The UVA component of sunlight’s UV spectrum is 95%, with the remaining 5% 

being the UVB component that causes erythema of the skin. The UVA dose used in 

this study was the UVA component of sunlight corresponding to 1.67-fold of the 

Minimal Erythemal Dose (MED) (6.7 J/cm
2
)
23

, which is equivalent to the UVA 

component of approximately 30 min of noonday summer sun in Sydney, Australia, at 

33.86°S latitude. The viability of THP-1 monocytes 24 h after exposure to UVA dose 

was unchanged and was 103.5 ± 1.7%, compared to the viability in untreated cells of 

100.0 ± 2.2% (n=3 experiments). Whilst NPs themselves demonstrated cytotoxicity at 

>10 µg/mL
20

, the cell viability after 24 h was not significantly altered with 
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co-exposure to both UVA and sunscreen NPs [Fig. 1], which indicates that the UVA 

dose used in this study is not directly cytotoxic.  

 

3.2. Peroxide generation.  

In measuring intracellular peroxide generation, we employed the ROS fluorophore 

DCFDA, which is sensitive to all forms of peroxide, including hydrogen peroxide.
24

 

We observed that UVA exposure induced high levels of intracellular peroxide, i.e. at 1 

h the peroxide levels were 7-fold higher than that of sham-irradiated control [Fig. 2]. 

UVA-induced peroxide generation steadily increased over time (though not 

statistically significant, p=0.18) and by 22 h it was 8.5-fold higher than that observed 

in the sham-irradiated controls at 1 h [Fig. 2A]. This fixed-time point control 

comparator was necessary as we also observed that when comparing the peroxide 

generation at each time point to its respective sham control at that same time point, 

there was an apparent decrease in relative UVA-induced peroxide generation over time 

[Fig. 2B]. This experimental artefact was due to changes in the test to control ratios that 

were a product of both treatment and control peroxide levels increasing over time, most 

likely as a function of normal cellular metabolism.
25

 This is illustrated by the 

observation that the peroxide generated by the sham control increased by an amount 

very similar to the UVA-treated control [Fig. 2A]. Thus, when expressed as a ratio of 

its respective sham control, the 24 h value is approximately half that of the value 

obtained from the 1 h time point [Fig. 2B], which may be a significant confounder in 

Page 10 of 33Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



the interpretation of time course measurements using DCFDA, or indeed any 

measurement of this fluorophore at a single time point.  

In this study, we also employed hydrogen peroxide (H2O2) at 1 mM as a positive 

control. This concentration of H2O2 was chosen to generate the same level of peroxide 

ROS in THP-1 monocytes as the experimental UVA dose (6.7 J/cm
2
) [Supplementary 

material Fig. S1]. The kinetic profile of peroxide generation over 22 h for 1 mM H2O2 

and that induced by 6.7 J cm
-2 

UVA was also very similar. In Fig. S1A, the time course 

of the peroxide generation in H2O2-treated cells increased from 7-fold at 1 h to 8.5-fold 

at 22 compared to the 1 h sham control. Again, this increase in cellular peroxide is 

likely to be from normal cellular metabolism and shows that these DCFDA artefacts are 

consistent across different experimental systems for this cell type. 

In order to compare UV-induced peroxide production to sunscreen NP-generated 

peroxide, cells were exposed to NPs both with and without UVA co-exposure. Overall, 

the co-exposure of cells to ZnO NPs and UVA showed a dose-dependent decrease in 

intracellular peroxide generation [Fig. 3]. At low and intermediate doses of the pristine 

ZnO 30 nm (“ZnO 30”) or ZnO 200 nm (“ZnO 200”) particulates that did not directly 

alter cell viability (i.e. 10 and 50 µg/mL) [Fig. 1], the intracellular peroxide levels were 

not significantly altered by co-exposure with UVA. At the highest dose (100 µg/mL) 

these particulates decreased intracellular peroxide levels, but also reduced cell viability.  

The ZnO 30nm, modified with Orotan surfactant (denoted as “sZnO 30”), was 

seen to be the most effective particulate, by significantly reducing the peroxide 
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generation in UVA co-exposed monocytes at the intermediate dose (50 µg/mL) [Fig. 

3]. At the highest dose, the surfactant-dispersed ZnO NPs further decreased peroxide 

levels, but also markedly reduced cell viability. Therefore, as the lowest dose of sZnO 

30 NPs did not alter cell viability, this slight reduction in peroxide appeared to be 

mainly attributable to attenuation of UV by the particles, even in their dispersed state. 

In order to verify this, we measured the UV-vis spectra of the three particulates, which 

confirmed a much higher absorbance for sZnO 30 than for ZnO 30 in the UVA spectral 

wavelengths [Supplementary material Fig. S2]. The difference between the 

absorbance of sZnO 30 and ZnO 30 is presumably a reflection of the degree of 

agglomeration and consequent increased diffuse light scattering observed with the 

surfactant-dispersed sZnO 30. We also found no significant differences in UVA 

absorbance for ZnO 200 and ZnO 30, which would explain why their peroxide 

generation profile was very similar [Fig. 3]. As expected, this UVA attenuation also 

increased with dose, which may account for the observed decreases in peroxide 

generation in THP-1 monocytes with increasing NP dose.  

The concentration of ZnO NPs required in this system to generate detectable 

levels of ROS was close to the concentrations required to induce cytotoxicity. As the 

three ZnO particulates displayed different cytotoxicity profiles, the respective 

contributions of reduced viable cell number versus UVA attenuation towards the 

decreased peroxide generation varied between these particulates. Re-plotting Fig. 3 as 

a ratio of the respective UVA control for each time point (as opposed to the 1 h UVA 
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control) resulted in different profiles in which peroxide generation did not increase 

over time [Supplementary material Fig. S3] – as was discussed previously for the 

UVA and H2O2 positive control data. 

Two forms of TiO2 were examined, one of primarily anatase crystalline structure 

and the other being primarily rutile, with similar particle sizes but different shapes. 

Titania NPs, unlike ZnO, did not cause cytotoxicity in UVA-exposed cells at 

concentrations less than 1 mg/mL [Supplementary material Fig. S4]. The observed 

peroxide production profile in the TiO2-UVA co-exposure system was different 

between the crystalline forms, with anatase TiO2 NPs behaving substantially different 

from both rutile and ZnO NPs [Fig. 4]. For anatase TiO2 NPs, the peroxide levels 

increased with increasing concentration [Fig. 4]. In contrast, rutile TiO2 behaved 

similarly to ZnO, with peroxide levels decreasing with increasing concentrations. 

Consequently at the highest dose of 100 µg/mL TiO2, the peroxide generated by cells 

exposed to anatase in the presence of UVA was twice that seen with rutile and UVA 

co-exposure [Supplementary material Fig. S5]. As the anatase phase of TiO2 is known 

to be more photocatalytic than rutile
8
, this result was not unexpected. Interestingly, 

the rutile material was not entirely pure (as is typical of TiO2), yet clearly the small 

amount of anatase present was not sufficient to induce biologically relevant levels of 

peroxide. This critical threshold for anatase levels, above which ROS production is no 

longer reduced, is obviously very important in determining the most desirable form of 

TiO2 NPs for use in sunscreens. However, it needs to be noted that the increased 
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generation of ROS by co-exposure to anatase TiO2 and UVA irradiation was still 

insufficient to reduce cell viability, until extremely high concentrations were used (1 

mg/mL) [Supplementary material Fig. S4].  

In the absence of UVA [Supplementary material Fig. S6], we observed that ZnO 

and TiO2 alone generated much less peroxide than with UVA exposure alone [Fig. 2]. 

The peroxide generated by UVA alone in this study was 6-7 fold higher than that 

produced by all of the particulates. Furthermore, co-exposure to UVA and ZnO or 

rutile TiO2 NPs results in less peroxide generation than from UVA alone. Taken 

together, we can conclude that the levels of peroxide induced by ZnO and rutile TiO2 

NPs, when concentrated into immune cells, are not a significant concern. High 

anatase TiO2 containing materials are an exception, as peroxide generation was 

enhanced in UVA and anatase NP co-exposure compared to UVA alone. Even in this 

case, recent skin penetration studies suggest that intact sunscreen NPs do not 

penetrate beyond the stratum corneum of healthy skin
26–28

, meaning that the exposure 

of viable cells to NPs is likely to be negligible, especially as the effect of peroxides 

formed at or near the skin surface will be diffusion limited.  

 

3.3. Superoxide generation 

UVA-irradiated cells also produced high levels of mitochondrial superoxide when 

compared to negative controls [Fig. 5]. However, these increased levels of superoxide 

were not as high as peroxide levels produced under UVA, as superoxide levels were 
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3.3 fold higher at the 1 h time point compared to the 7-fold higher peroxide 

generation. This suggests that cytoplasmic peroxide is more inducible by UVA than 

mitochondrial superoxide. Furthermore, mitochondrial superoxide levels did not 

change significantly over time, in contrast to the steady increase observed in 

intracellular peroxide levels. This suggests that normal cellular metabolism generates 

superoxide quite slowly, or that superoxide accumulation is tightly controlled in the 

mitochondria by protective antioxidant pathways.
29

 

In order to investigate the effect of UVA and NP co-exposure, we compared the 

mitochondrial superoxide generation after exposure to NPs at either equivalent 

cytotoxicities (EC50) for ZnO or at 100 µg/mL for TiO2 NPs, with and without UVA 

irradiation. At the 1 h time point, with the exception of anatase TiO2, the other NPs 

did not alter superoxide generation [Fig. 6]. This again reinforces that anatase TiO2 

generates ROS (both cytoplasmic peroxide and mitochondrial superoxide) under 

UVA, and is therefore not an ideal UV filtering component for use in sunscreen 

formulations.  

In the absence of UVA [Supplementary material Fig. S7], we observed that ZnO 

and TiO2 NPs alone generated much less mitochondrial superoxide than with UVA 

exposure alone. The mitochondrial superoxide generated by UVA alone in this study 

was twice that produced by all of the particulates. 
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The kinetics for mitochondrial superoxide generation in cells with UVA and 

particulate co-exposure was also different to that for peroxide generation [Fig. 6]. In 

TiO2-exposed cells, superoxide levels continued to gradually decrease over time after 

the initial rapid decline for anatase-exposed cells, whereas both ZnO 30 and sZnO 30 

marginally increased mitochondrial superoxide levels over the same period. A 

possible explanation for these differences is that while cellular metabolism efficiently 

reduces mitochondrial superoxide (as illustrated by the decreased TiO2 signal), ZnO 

itself appears to induce further mitochondrial superoxide. In our previous studies, we 

have shown a strong relationship between intracellular zinc ion levels (elevated by 

dissolution of endocytosed ZnO NPs) and mitochondrial superoxide generation.
20

 

Therefore these cells must cope with combined superoxide generation from two 

sources (UVA and zinc ion-mediated), leading to a net positive increase over the 22 h 

period. This marginal increase in ZnO NP-induced superoxide production strongly 

correlates with “soluble” or readily bioavailable zinc from the NPs and appears to be a 

more significant influence on the mitochondrial superoxide system over this time than 

UVA exposure. 

Clearly, the least reactive test material in this system was rutile TiO2, where 

exposed cells produced less cytoplasmic peroxide and mitochondrial superoxide, and 

showed no significant loss in viability. Whilst ZnO NPs appear to be more bioactive 

than rutile, they have several preferred characteristics for use in sunscreens. These 

include: the larger ZnO particle size further reduces skin penetration potential
18,27

; its 
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solubility in sweat and the acidic conditions within endosomes reduce its potential for 

persistence on skin and in the body (compared to the very insoluble TiO2); that zinc as 

an essential metal ion with tightly-regulated mammalian homeostatic mechanisms 

(while TiO2 is not biologically essential); and the reactivity of ZnO in the 

environment
30

, reducing its potential for environmental biopersistence and 

ecotoxicity.  

4. Conclusions 

In this study, we investigated intracellular peroxide and mitochondrial superoxide 

generation of sunscreen NP-exposed THP-1 monocytes in the presence and absence 

of UVA. These cells, as accumulators of particulates in body fluids and tissues, would 

be expected to have higher levels of NP exposure and thus should be the primary 

focus for ROS induced by UVA and NP co-exposure in the skin. We demonstrated 

that, with the exception of anatase TiO2, ROS generation in these human immune 

cells from sunscreen NP and UVA co-exposure is less than or equal to cellular ROS 

produced by UVA alone. The implications of this observation are that, whilst 

chemically it may be possible to demonstrate significant ROS activity in these 

materials over extended periods of UV exposure (such as with painted metal surfaces), 

at a biological level the quantity of ROS these NPs produce even in the presence of 

UV is insignificant compared with normal environmental stumuli (i.e. UV light itself). 
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For sunscreen formulations, photocatalytic ROS generation induced by ZnO NPs and 

TiO2 NPs of low anatase content appear to be of very low toxicological concern.  
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Figure Legends 

 

Fig. 1 Cell viability of human THP-1 monocytes after 24 h exposure to sunscreen 

NPs, following initial co-exposure to 6.7 J/cm
2
 UVA (mean ± SEM, n=3 

experiments). All concentrations at or below the horizontal line were highly 

significantly different from control cells receiving UVA irradiation alone (p < 0.001). 

 

Fig. 2 Generation of intracellular peroxide by THP-1 monocytes over the 22 h time 

course after initial exposure to 6.7 J/cm
2
 UVA; represented as a ratio of the sham 

control at 1 h (A), and as a ratio of the respective sham control for each time point (B) 

(mean ± SEM, n=3 experiments in triplicate).  

 

Fig. 3 Generation of intracellular peroxide by THP-1 monocytes over the 22 h time 

course after exposure to ZnO 30 NPs or ZnO 200 bulk particles at 10 µg/mL (A), 50 

µg/mL (B), and 100 µg/mL (C), following initial co-exposure to 6.7 J/cm
2
 UVA; 

represented as a ratio of the sham control at 1 h (mean ± SEM, n=3 experiments in 

triplicate). Time points marked with stars were significantly different from control 

cells receiving UVA irradiation alone (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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Fig. 4 Generation of intracellular peroxide by THP-1 monocytes after 1 h (A), 4 h (B), 

8 h (C) and 22 h (D) exposure to ZnO or TiO2 NPs, following initial co-exposure to 

6.7 J/cm
2
 UVA; represented as a ratio of the sham control at 1 h (mean ± SEM, n=3 

experiments in triplicate). Concentrations marked with stars were significantly 

different from control cells receiving UVA irradiation alone (* p < 0.05, ** p < 0.01, 

*** p < 0.001). 

 

Fig. 5 Generation of mitochondrial superoxide by THP-1 monocytes over the 22 h 

time course, following initial exposure to 6.7 J/cm
2
 UVA; represented as a ratio of the 

sham control at 1 h (A), and as a ratio of the respective sham control for each time 

point (B) (mean ± SEM, n=2 experiments in triplicate). 

 

Fig. 6 Generation of mitochondrial superoxide by THP-1 monocytes over 22 h 

exposure to ZnO or TiO2 NPs, following initial co-exposure to 6.7 J/cm
2
 UVA; 

represented as a ratio of the sham control at 1 h (mean ± SEM, n=2 experiments in 

triplicate). Time points marked with stars were significantly different from control 

cells receiving UVA irradiation alone (* p < 0.05). 
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Graphical Abstract (colour picture has been cropped from Figure 4)  

“Comparison of UVA-induced ROS and sunscreen nanoparticle-generated ROS 

in human immune cells” 

Cenchao Shen, Terence W. Turney, Terrence J. Piva, Bryce N. Feltis & Paul 

F.A. Wright 

 

Graphical Abstract text: 

Generation of reactive oxygen species in human immune cells co-exposed to UVA and ZnO 

or rutile TiO2 nanoparticles is not greater than that produced in the cells by UVA alone.  
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