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derivatives CAB/ACB as reusable
sunscreen: UV absorptive capacity and biosafety
evaluation†

Jiao-Li Liu, a Satoshi Wadab and Jin-Ye Wang*a

Exposure to UV radiation may cause harmful effects to the skin such as damage, aging and cancer, which

can be prevented by using sunscreens. Here, two azobenzene derivatives, 4-cholesterocarbonyl-40-
(N,N,N-triethylaminebutyloxyl bromide) azobenzene (CAB) and 4-cholesterocarbonyl-40-(N,N-
diethylaminebutyloxyl) azobenzene (ACB) were studied as reusable sunscreen candidates.

Biocompatibility studies including apoptosis, cytotoxicity and in vivo phototoxicity revealed that the two

compounds were rather safe, except ACB, which showed a weak phototoxicity in vitro. Both CAB and

ACB have good UV absorption capacity not only in their solution state (dimethylsulfoxide, DMSO) but

also in the cosmetic cream state. A commercial sunscreen, avobenzone was decomposed upon UV

irradiation and lost its UV protection ability, while that of CAB and ACB could be quickly recovered upon

visible light irradiation, implying that they can serve as a new type of reusable sunscreen.
1. Introduction

As the ozone layer continues to suffer damage, the intensity of
ultraviolet (UV) radiation gradually increases. Approximately
44.3% of the solar radiation reaching the earth is visible radi-
ation from 400 to 760 nm, the remaining 49.5% is due to
infrared radiation at 760 to 5000 nm and only 6.2% is attributed
to UV radiation at 100 to 400 nm.1 UV radiation can be divided
into three categories: 200–280 nm short-wave ultraviolet (UVC),
280–320 nm medium wavelength ultraviolet (UVB) and 320–
400 nm long wavelength ultraviolet (UVA). Various chromo-
phores in the skin, such as melanin, DNA, RNA, proteins and
lipids can absorb UV light, causing photochemical reactions
and producing reactive oxygen species (ROS).2 UVC can be
completely absorbed by the atmosphere, while UVA and UVB
can penetrate the atmosphere and are responsible for inducing
the skin pigmentation, horny growth, photo aging and photo-
carcinogenesis.3 In addition, excessive UVA irradiation can
promote the formation of wrinkle and cause ocular diseases.4,5

Therefore, development of efficient sunscreens to reduce the
occurrence of such skin diseases has attracted much more
attention.

The traditional chemical sunscreens can be listed as para-
aminobenzoic acid (PABA), octocrylene, salicylates, anthranilates,
ai Jiaotong University, 800 Dongchuan

: jinyewang@sjtu.edu.cn; Fax: +86-21-

2-1, Wako, Saitama, 351-0198 Japan

tion (ESI) available. See DOI:

3

and cinnamates.6 tert-Buty-lmethoxydibenzoylmethane (also
known as avobenzene, Parsol 1789, etc.) is one of the most
common UVA lters in commercial sunscreens with high UV
absorption capacity, but it is easy to be decomposed by light.7

Azobenzene derivatives are one of the most widely used photo-
sensitive compounds which can convert from trans-state to cis-
state by absorbing UV light and restore to a steady trans-state
under visible light irradiation.8–12 Azobenzene owns a stable
chemical structure against UV irradiation without photodecom-
position. Azobenzene-modied biomolecules can be used to exert
spatiotemporal control over a variety of molecular signaling
processes in vivo.13–15However, the biosafety of azo groups needs to
be considered when they are used as cosmetic.16,17 Especially,
compared with maintenance cosmetics, the phototoxicity of
sunscreen is always a necessary test indicator.18–20 Therefore, in
addition to the sun protection efficiency, the biosafety including
phototoxicity of azobenzene compounds based sunscreen is
necessary to be evaluated both in vitro and in vivo.21

Two kinds of photosensitive azobenzene derivatives, 4-cho-
lesterocarbonyl-40-(N,N,N-triethylaminebutyloxyl bromide) azo-
benzene (CAB) and 4-cholesterocarbonyl-40-(N,N-
diethylaminebutyloxyl) azobenzene (ACB) were synthesized by
our group.10,22 Their chemical structures are shown in Scheme 1.
The potential application of ACB in liposomal system as
a sunscreen has been evaluated preliminarily,9,23 either UVA or
UVB protective effects as indicated by the critical wavelength
method and the ultraviolet spectrophotometer method sepa-
rately was observed. In this study, we compared the multiple
indicators of the two azobenzene compounds, CAB and ACB to
determine which one is better candidate as sunscreen. Firstly, the
UV absorption capacities of CAB and ACB were evaluated by the
This journal is © The Royal Society of Chemistry 2018
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molar absorption coefficient and photometric ratio. Then,
interaction with DNA extracted from NIH 3T3 cells, and ROS
formationwere analyzed and compared. Finally, the evaluation of
skin phototoxicity of the two azo compounds using guinea pigs
and the protection abilities against UV irradiation using mice
were carried out in vivo.
2. Materials and methods
2.1 Materials

2,7-Dichlorodi-hydrouorescein diacetate (DCFH-DA) was
purchased from Bu Bai Chemical Technology Co., Ltd.
(Shanghai, China). 4-tert-Buty-40-methoxydibenzoylmethane
(also known as avobenzene, Parsol 1789, etc.) was purchased
from King Jack Int., Hong Kong. The cream substrate was a kind
gi from Department of Dermatology, Huashan Hospital
(Shanghai, China). Neutral Red (NR) was purchased from
Shanghai Source Leaves Biological Co., Ltd. (Shanghai, China).
8-Methoxypsoralen was purchased from Sigma (St Louis, MO,
USA). All other regents used were of analytical grade. The
synthetic routes of CAB and ACB have been described by our
group (Scheme 1).11,22
2.2 Molar absorptivity of CAB and ACB

CAB, ACB and avobenzone (AVO) were dissolved in DMSO at the
concentration of 50 mM, respectively. Their UV absorption
spectra were detected by UV spectrophotometer (U-3010, Hita-
chi, Japan). The molar absorptivities of CAB, ACB and AVO in
DMSO solution were calculated according to the Lambert–Beer
law: molar absorptivity coefficient 3 (L mol�1 cm�1) ¼ A/bc,
where A is the absorbance at the wavelength of maximum
absorbance (lmax), b is the path length, and c is the
concentration.
Scheme 1 Structures of CAB and ACB.

This journal is © The Royal Society of Chemistry 2018
2.3 Photoisomerization of CAB and ACB

Photostability is consider to be a key parameter for evaluation
of effectiveness of commercial sunscreen products. The azo-
benzene derivatives in DMSO have been stood overnight in the
dark to ensure the cis isomer in negligible amounts, the
absorbance at 365 nm was as (Abs365 nm)dark.

1H spectra on
a 400 MHz NMR Spectrometer (Agilent, USA) were used to
evaluate the amount of cis and trans isomers in photosta-
tionary state before irradiation, aer irradiation using 365 nm
UVA and then by heating at 37 �C overnight. Moreover, CAB,
ACB and AVO either dissolved in DMSO or cream were irra-
diated by a 365 nm light emitting diode (LED, M365L2,
Thorlabs, USA) to achieve complete trans-to-cis isomerization.
Aer that, they were irradiated by 420 nm LED (M420L3,
Thorlabs, USA) to induce cis-to-trans isomerization. The UV-
Vis spectrum of the samples aer various periods of illumi-
nation was measured. And the reversible isomerization degree
was measured according to the following formula: %
transsample ¼ [(Abs365 nm)sample/(Abs365 nm)dark] � 100, where
(Abs365 nm)sample/(Abs365 nm)dark was the absorbance of the
sample at wavelength 365 nm aer irradiation/dark.
2.4 Interaction of DNA with CAB or ACB

Mouse NIH/3T3 broblasts were purchased from Cell Bank in
Shanghai Institute of Cell Biology, Chinese Academy of Sciences
(Shanghai, China). NIH 3T3 cells were cultured in DMEM
medium supplemented with 10% heat-inactivated new born
calf serum under humidied conditions at 37 �C and 5% CO2.
The cells were seeded in a 12-well plate at a density of 2.5 � 105

cells per mL. Aer 24 h incubation, the culture medium of each
well was replaced with medium containing CAB or ACB at the
concentration of 0, 20, 40, 80 and 100 mg mL�1 for 2 h. Then
DNA of cultured cells was extracted with Apoptosis DNA Ladder
Rapid Extraction Kit (Bioteke Corporation, China). DNA damage
caused by CAB or ACB was observed by analyzing band change
using agarose gel electrophoresis. 500 mM H2O2 for 24 h incu-
bation was used as the positive control. Briey, the isolated DNA
was mixed with the loading buffer (6�) and loaded on a 2%
agarose gel. The voltage was set at 40 V. The NIH 3T3 cells
treated with 100 mg mL�1 CAB or ACB for 0, 2, 4, 8, 12 or 24 h
were also studied with the same procedure.
2.5 Effects of CAB or ACB on apoptosis of NIH 3T3 cells

The effect of CAB or ACB on the apoptosis of NIH 3T3 cells was
detected by TUNEL method. The cells were seeded and cultured
as described in Section 2.4. Aer treated with 100 mg mL�1 CAB
or ACB for 0, 4, 8 and 24 h, the cells were washed twice with PBS
at 37 �C. The freshly prepared 4% formaldehyde solution was
added and incubated at room temperature for 1 h. Apoptosis
was detected by the In Situ Cell Death Detection Kit (Roche,
Switzerland), and the procedure was carried out according to
the requirements of the kit. Fluorescence microscope (IX71,
Olympus, Japan) was used to observe apoptosis.
RSC Adv., 2018, 8, 13274–13283 | 13275
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Table 1 Grading scale for evaluation of skin phototoxicity24

Grading

Evaluation criteria

Erythema Edema

0 No No
1 Slight (bare visible) Slight (bare visible)
2 Moderate (visible) Moderate (apparent swelling edge higher than surrounding skin)
3 Severe Severe (1 mm of swelling and clear contour)
4 Purple erythema to mild eschar Extremely severe (over 1 mm of swelling or ulceration)
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2.6 Effect of CAB or ACB on UVA induced ROS in NIH 3T3
cells

NIH 3T3 cells were seeded and cultured as described above.
Aer 24 h incubation, the culture medium of each well was
replaced with medium containing CAB or ACB at the concen-
tration of 0, 25, 50, 100 and 200 mM. Then the cells were irra-
diated by 365 nm LED at affluence rate of 1.5 mW cm�2. 500 mM
H2O2 for 5 min incubation was used as the positive control.
Aer that, 100 mL DCFH-DA (50 mM in PBS) was added to each
well for 30 min. The 488 nm Ar/ArKr laser at 18 mW was used to
excite the samples and the uorescence centered at 520 nm was
recorded for further analysis using a spectrophotometer (EnS-
pire2300, PerkinElmer, USA).
2.7 In vitro phototoxicity test of CAB or ACB

In vitro NIH 3T3 neutral red uptake (NRU) phototoxicity test was
carried out as described in the OECD 432 guideline with minor
modications (OECD, 2004). Briey, NIH 3T3 cells were seeded
in a 96-well plate and incubated for 24 h to form monolayers.
Then the culture medium was removed, and the medium con-
taining different concentrations of CAB or ACB was added. Aer
1 h incubation, the cells were either subjected to UVA irradia-
tion of 5 J cm�2 (+Irr) or not (�Irr) followed by washing twice
with PBS, and added freshmedium for another 24 h incubation.
Aer that, the medium containing 50 mg mL�1 Neutral Red (NR)
Table 2 Treatment groups of UV protection

Group Treatment schedule

1 No treatment, as the normal control
2 UV irradiation exposure of 172.8 J cm�2, as

the negative control
3 Treated with 2 mg cream at UV exposure of 172.8 J cm�2

4 Treated with 2 mg cream with 0.06 mg
CAB at UV exposure of 172.8 J cm�2

5 Treated with 2 mg cream with 0.06 mg
ACB at UV exposure of 172.8 J cm�2

6 Treated with 2 mg cream with 0.06 mg
AVO at UV exposure of 172.8 J cm�2

7 On the basic of group 4, irradiated with 420 nm LED for
20 min and then at UV exposure of 81.4 J cm�2

8 On the basic of group 5, irradiated with 420 nm LED for
20 min and then at UV exposure of 81.4 J cm�2

9 On the basic of group 6, irradiated with 420 nm LED for
20 min and then at UV exposure of 81.4 J cm�2

13276 | RSC Adv., 2018, 8, 13274–13283
was used to further incubate cells for 3 h. Then the NR medium
was removed and the cells were lysed with NR desorbing solu-
tion (water : ethanol : acetic acid ¼ 49 : 50 : 1). The absorption
was measured at 540 nm by a spectrophotometer (EnSpire2300,
PerkinElmer, USA). The photo-irritation-factor (PIF) was calcu-
lated using the following formula: PIF ¼ IC50(�Irr)/IC50(+Irr).
Anthracene was used as the positive control in this experiment.

2.8 In vivo phototoxicity test of CAB or ACB

British albino guinea pigs weighing between 239 and 284 g were
used in this study. They were purchased from Shanghai Sheng
Wang Experimental Animal Culture Co., Ltd. (Shanghai, China)
and kept at 19–26 �C with relative humidity of 40–70%. Animal
experiments were performed according to the Health Ministry
of People's Republic of China Hygienic Standard for Cosmetics
(2007). Four test sites (4 cm2) were selected on the back of each
albino guinea pigs. The UV source for the test was a light
therapy instrument (SS-03AB, Sigma, China) which had afflu-
ence rate of 8.6 mW cm�2 and the total UVA irradiation received
by each sample was 10 J cm.�2 The test samples were applied at
an amount of 1 mg mL�1 CAB or ACB. The irradiation time was
20 min at a distance of 25 cm from the test sites. The positive
control group 8-methoxypsoralen (8-MOP, Sigma, USA) was
administered in the same method. Photo-damage grade was
calculated by using evaluation parameters describe in Table 1,
adapted from Hygienic Standard for Cosmetics (2007).

2.9 In vivo UV protective efficacy test of CAB or ACB

Many methods have been used to estimate the UV protection
ability of sunscreens in vivo.25 Here, SPF (specic pathogen free)
female Kunming mice (20–25 g), aged about 10 weeks, were
purchased from Shanghai Jiesi Experimental Animal Co., Ltd.
China. All animal experiments were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of Shanghai
Jiaotong University (Shanghai, China). A light emitting diode
(M365L2, Thorlabs, USA) with a dose of 172.8 J cm�2 was used to
irradiate the dorsal region aer removing hair. To compare UV
protective efficacy and photostability characteristics of CAB,
ACB and AVO, the reversible cis–trans isomerism characteristics
of azobenzene compounds were performed. 1 cm2 skin of
mouse was treated as described in Table 2. Erythema and
edema were observed every day aer the irradiation. Skin
samples were taken (1 cm2) as frozen sections for subsequent
histopathological examination aer hematoxylin-eosin (HE)
staining (IX71, Olympus, Japan).
This journal is © The Royal Society of Chemistry 2018
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Table 3 The molar absorptivities of CAB, ACB and AVO in DMSO

Compound Solvent lmax (nm) C (mM) E (L mol �1 cm�1)

CAB DMSO 363.5 0.05 20 840
ACB DMSO 363.0 0.05 21 480
AVO DMSO 364.5 0.05 37 540
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3. Results and discussion
3.1 Molar absorptivity of CAB/ACB

Molar absorptivity coefficient is considered to be a key param-
eter for evaluation of UV absorption capacity of commercial
sunscreen products. The greater the coefficient is, the stronger
the ability to protect.26 As seen in Table 3, the molar absorptivity
coefficient of CAB in DMSO was 20 840 L mol�1 cm�1 at the
maximum absorption peak (lmax) of 363.5 nm, and that of ACB
was 21 480 L mol�1 cm�1 at lmax¼ 363.0 nm. Although both the
molar absorptivities of CAB and ACB were lower than that of
AVO (37 540 L mol�1 cm�1), yet compared with some general
Fig. 1 The agarose gel electrophoresis of DNA extracted from NIH 3T3 c
and D). CAB (A and C) and ACB (B and D), H2O2 served as the positive c

This journal is © The Royal Society of Chemistry 2018
sunscreen chemicals such as p-aminobenzoic, dioxybenzone
and oxybenzone, which have the molar absorptivities between
7600 Lmol�1 cm�1 to 18 900 Lmol�1 cm�1,27 both CAB and ACB
may be considered as good candidates for sunscreens.
3.2 Photoisomerization of CAB and ACB

It is well known that azobenzene compounds can undergo
reversible trans–cis isomerization when exposure to UV and
visible light irradiation or thermal relaxation.28 On contrary,
AVO exhibits irreversible structural change such as chemical
photo-oxidation or photodegradation upon UV irradiation.29

The azo compound is always the mixture of trans and cis
isomers in a photostationary state (PSS) due to the overlap of the
n–p* transition. In order to keep the cis isomer in negligible
amounts, the azobenzene compounds in DMSO were stored in
the dark overnight before experiment. 1H NMR measurements
suggested that the PPS of CAB in DMSO was composed of 99%
trans isomer and 1% cis isomer, and ACB was composed of
92.1% trans isomer and 7.9% cis isomer, respectively (Fig. S1†).
Due to the limited solubility of the two compounds in DMSO
ells when treated with different concentrations (A and B) and times (C
ontrol.

RSC Adv., 2018, 8, 13274–13283 | 13277
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Fig. 2 Apoptosis evaluation of NIH 3T3 cells induced by CAB (A) and ACB (B). (a) Fluorescence microscopy images; (b) phase contrast
microscopy images; (c) merge of (a) with (b).
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and the cis form of two compounds in the PSS was less than
10%, we used their UV-Vis spectra for evaluating the amount of
the trans isomer percentage in solution. The trans–cis spectral
change of ACB, CAB and AVO in DMSO or cream under 365/
420 nm irradiation were shown in Fig. S2 and S3,† respectively.
The trans-to-cis or cis-to-trans isomerization degree was
13278 | RSC Adv., 2018, 8, 13274–13283
represented as the percentage of trans-sample (% transsample)
aer 365 nm or 420 nm light irradiation as shown in Fig. S4.†

In the solution state, about 90% trans-ACB/CAB was con-
verted to the cis form aer UV irradiation; and the reversible cis-
to-trans for ACB and CAB was about 80%, respectively. In
addition, the cis-to-trans isomerization degree for ACB/CAB was
about 70% in the cream state (Fig. S4†). As for AVO, the trans-to-
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 The fluorescent images and histogram of ROS in NIH 3T3 cells
induced by UVA irradiation after treated with different concentrations
(mM) of CAB (A) or ACB (B). Cells without UVA irradiation was used as
the blank control and H2O2 served as the positive control.

Fig. 4 Phototoxicity evaluation of CAB and ACB on NIH 3T3 cells mea
concentrations of anthracene (A, as the positive control), CAB (B), and A

This journal is © The Royal Society of Chemistry 2018
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cis isomerization could happen in DMSO, but the isomerization
degree was not as high as both ACB and CAB. Moreover, AVO
lost the ability of recovery due to the photodegradation in cream
(Fig. S3F†). All chemical sunscreens are designed for one-time
use because they will decompose and gradually lose their
protective effect due to their instability against UV light.30 As
a conclusion, CAB and ACB can absorb UV light repeatedly by
reversible conformation change of the trans–cis isomerization,
which provides the chemical structural basis for their special
application as reusable sunscreen cosmetics.
3.3 Effects of CAB or ACB on DNA structure of NIH 3T3 cells

Except for high molar absorption coefficient and good stability,
the safety of the sunscreen, especially the possible damage to
DNA requires further investigation. It is well known that phys-
ical and chemical mutagen breaks double-strands of DNA
which reduce its strand molecular weight. This can be deter-
mined by using agarose gel electrophoresis. As can be seen from
Fig. 1, DNA extracted from NIH 3T3 cells which was treated with
different concentrations of azo compounds showed only one
band on agarose gel electrophoresis (Fig. 1A and B). The two
azobenzene compounds did not induce changes in DNA ladder
pattern as seen in apoptosis or shearing of DNA by H2O2

(positive control).31–33 Compared with the blank control group,
there was no signicant difference even when the concentration
increased to 100 mg mL�1. Long time treatment with 100 mg
sured by neutral red uptake assay. Cell viability treated with different
CB (C) with and without UV irradiation (n ¼ 3).

RSC Adv., 2018, 8, 13274–13283 | 13279
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Table 4 The scores of skin reaction of the positive control group of CAB on skin phototoxicity test

Animal Skin reaction integral

Number Gender Weight (g)

1 h 24 h 48 h 72 h

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

1 Male 268 0 0 0 0 0 4 0 0 0 4 0 0 0 3 0 0
2 Male 249 0 1 0 0 0 3 0 0 0 4 0 0 0 3 0 0
3 Male 253 0 1 0 0 0 3 0 0 0 4 0 0 0 3 0 0
4 Female 257 0 0 0 0 0 4 0 0 0 4 0 0 0 3 0 0
5 Female 265 0 0 0 0 0 4 0 0 0 3 0 0 0 3 0 0
6 Female 242 0 0 0 0 0 4 0 0 0 4 0 0 0 4 0 0
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mL�1 CAB or ACB for 24 h also gave no detectable dispersing (or
nicking) band of DNA. The results showed that both CAB and
ACB did not induce DNA damage of NIH 3T3 cells (Fig. 1C and
D), implying safety of the two azobenzene compounds.

3.4 Apoptosis induced by CAB or ACB

Detection of DNA fragments in situ using the terminal deoxy-
ribonucleotidyl transferase (TdT)-mediated biotin-16-d UTP
nick-end labelling (TUNEL) assay is much sensitive method to
investigate apoptosis compared with agarose gel electropho-
resis.34 As shown in Fig. 2, no obvious increase of apoptosis-
related uorescence was observed for chromatin condensation
and apoptotic bodies with incubation time. Most NIH 3T3 cells
maintained the same morphology (spindle shaped) as the
control group when treated with CAB or ACB, while a very small
of apoptotic cells with red nuclei and fragmented morphology
were observed (Fig. 2). Thus, combining with the electropho-
retic data, it can be proposed that both CAB and ACB have no
damaging effect on DNA.

3.5 Effect of CAB or ACB on UVA induced ROS

ROS produced by UV irradiation in cutaneous tissues can cause
DNA damage and induce apoptosis of cells. In order to study if
the azobenzene compounds can affect UV-induced ROS
production, DCFH-DA was used to quantify the amount of
intracellular ROS by detecting the uorescence intensity of
DCF.35 The ROS level induced by UVA was close to the positive
control H2O2, so the model of UV-induced ROS production can
be established. Aer pretreated NIH 3T3 cells with different
Table 5 The scores of skin reaction of the positive control group (ACB)

Animal Skin reaction integral

Number Gender Weight (g)

1 h 24 h

1 2 3 4 1

1 Male 268 0 0 0 0 0
2 Male 249 0 1 0 0 0
3 Male 253 0 1 0 0 0
4 Female 257 0 0 0 0 0
5 Female 265 0 0 0 0 0
6 Female 242 0 0 0 0 0

13280 | RSC Adv., 2018, 8, 13274–13283
concentrations of CAB or ACB, UVA induced ROS was in a dose-
dependent manner as indicated by change in uorescence
intensity of DCF, and decreased to the level of the blank control
group at the concentration of 200 mgmL�1. Fig. 3 clearly showed
the intracellular DCF uorescence aer pretreated by the two
azobenzene compounds and then upon UVA irradiation, which
indicated that UVA might be absorbed by either CAB or ACB
effectively to weaken the UVA induced ROS production.
3.6 In vitro phototoxicity: 3T3 neutral red uptake (NRU)
assay

3T3 NRU test has the advantages of simple operation, low cost,
good reproducibility and short test period.36 It has been proved
that both cis-CAB and cis-ACB were not cytotoxic (Fig. S6†). To
further analyze whether the two azobenzene compounds are
phototoxic or not, the concentration response should be ob-
tained in the presence and absence of irradiation. Anthracene
was used as the positive control. Cell viability treated with
anthracene was high in the absence of UV radiation, and there
was no signicant cytotoxicity even when the concentration was
up to 120 mg mL�1 (Fig. 4A). However, aer UV irradiation, the
cell viability decreased to about 10%, even though the concen-
tration was only 2.0 mg mL�1 (Fig. 4A). The PIF value of
anthracene was calculated to be greater than 240, indicating an
obvious phototoxicity. Thus, the model of NIH 3T3 cells neutral
red uptake assay could be used for phototoxicity evaluation.

CAB had no signicant toxicity to the cells no matter with or
without UV irradiation (Fig. 4B). However, in the case of ACB, it
didn't show cytotoxicity in the dark condition but induced an
on skin phototoxicity test

48 h 72 h

2 3 4 1 2 3 4 1 2 3 4

4 0 0 0 4 0 0 0 3 0 0
3 0 0 0 4 0 0 0 3 0 0
3 0 0 0 4 0 0 0 3 0 0
4 0 0 0 4 0 0 0 3 0 0
4 0 0 0 3 0 0 0 3 0 0
4 0 0 0 4 0 0 0 4 0 0
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Table 6 The scores of skin reaction of CAB on skin phototoxicity test

Animal Skin reaction integral

Number Gender Weight (g)

1 h 24 h 48 h 72 h

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

1 Male 248 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 Male 239 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 Male 255 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 Female 244 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 Female 260 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 Female 284 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Table 7 The scores of skin reaction of ACB on skin phototoxicity test

Animal Skin reaction integral

Number Gender Weight (g)

1 h 24 h 48 h 72 h

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

1 Male 258 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 Male 239 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 Male 249 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 Female 281 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 Female 250 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 Female 272 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Fig. 5 The skin hematoxylin-eosin (HE) staining of mouse skin. 1, Normal control group; 2, positive control group; 3, cream-treated group; 4,
CAB-treated group irradiated single time; 5, ACB-treated group irradiated single time; 6, AVO-treated group irradiated single time; 7, CAB-
treated group irradiated twice; 8, ACB-treated group irradiated twice; 9, AVO-treated group irradiated twice; 10–90 are magnification (100�) of
highlighted areas in 1–9 (40�).
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obvious cell damage with UV irradiation (Fig. 4C). When the
concentration of ACB increased to 100 mg mL�1, cell viability
was less than 10%, indicating its possible phototoxicity.
Therefore, we can conclude that CAB might be more suitable as
the candidate of sunscreens.

3.7 In vivo phototoxicity test of CAB or ACB

In view of the high safety requirements for sunscreens, animal
experiment was carried out in accordance with Hygienic Stan-
dard for Cosmetics (2007). The judgment criterion is the skin
phototoxicity scores of skin reaction. When the skin reaction
score was larger than 2 with the test substance and equal to
0 without the tested substance, the compound was considered
as a phototoxic substance. Both ACB and CAB showed no skin
phototoxicity (Tables 6 and 7) compared with the obvious skin
damage in the positive control group (Tables 4 and 5). Different
from the result of in vitro phototoxicity experiments, ACB did
not show in vivo phototoxicity. Combining the both in vitro and
in vivo data, CAB satised the requirements of sunscreen
products to be safe, stable, efficient and hypoallergenic, better
than ACB.

3.8 In vivo UV protective efficacy of CAB or ACB

In order to check the practical application of the two azo-
benzene compounds, we estimated in vivo UV protection ability
using Kunming mouse. The histological feature of photoaging
is dermal elastosis, which largely consists of thickened, tangled,
and ultimately granular amorphous elastic structures.37

Compared with the control group (Fig. 5-1 and 10), the positive
control (Fig. 5-2 and 20) and the cream-treated group (Fig. 5-3
and 30) showed the following features: the stratum corneumwas
thickened and shed away exposing the epidermal layer, asso-
ciated with congested and increased disorganization of hair
follicle. Edema and inammation between fat cells and hair
follicles can be seen in the dermis layer and sebaceous glands
hyperplasia irregular establishing a photo-damage mice model.

Compared with the positive control group, the mouse skin in
the normal control group 1 and in the groups treated with CAB
(Fig. 5-4 and 40), ACB (Fig. 5-5 and 50) and AVO (Fig. 5-6 and 60)
with exposure of 172.8 J cm�2 UV light showed similar features.
The results proved that CAB, ACB and AVO displayed sunlight
protection ability and prevented the process of mouse skin
photoaging. Repeated exposure to UVA was further carried out
to evaluate the reusable function of the three compounds.
Obviously, the stratum corneum of the group treated with AVO
(Fig. 5-9 and 90) was fallen off; the epidermis layer and the
dermis layer were signicantly thickened than group 7 (Fig. 5-7
and 70) and group 8 (Fig. 5-8 and 80). Therefore, AVO lost its
protective ability due to photodegradation, while both CAB and
ACB recovered their abilities as sunscreens aer visible light
irradiation.

4. Conclusions

Both CAB and ACB have efficient absorption ability in UVA
range, which laid the foundation for their application as
13282 | RSC Adv., 2018, 8, 13274–13283
sunscreens. CAB and ACB either in DMSO or cream can transfer
from trans-state to cis-state under UV irradiation, and the
reversible process can occur under visible light irradiation,
implying that azobenzene compounds can be used repeatedly.
Furthermore, neither DNA damage nor apoptosis was detected
when co-incubation with cells. Although both azobenzene
compounds have the ability of UV protection, ACB showed cell
phototoxicity while CAB was found safe in evaluation of both in
vitro and in vivo. Thus CAB is a better candidate as sunscreens.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors gratefully acknowledge the nancial support
provided by the International S&T Cooperation Program of
China (2014DFG02330, 2015DFG32730), the Shanghai Munic-
ipal Science and Technology Commission (13JC1403400,
15540723900), and Shanghai Municipal Education Commission
(Gaofeng Biomedical Engineering Grant, ZXGF082101). We
thank to the Instrumental Analysis Center and Center for
Advanced Electronic Materials and Devices of Shanghai Jiao-
tong University.

References

1 M. Wharton, M. Geary, N. O'Connor and B. Murphy, Int. J.
Cosmet. Sci., 2011, 33, 164–170.

2 P. Kullavanijaya and H. W. Lim, J. Am. Acad. Dermatol., 2005,
52, 937–958.

3 L. H. Kligman, F. J. Akin and A. M. Kligman, J. Invest.
Dermatol., 1985, 84, 272–276.

4 N. Agar and A. R. Young, Mutat. Res., 2005, 571, 121.
5 D. H. Sliney, J. Photochem. Photobiol., B, 2001, 64, 166–175.
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K. Kučanda, D. Manna, P. K. Kundu, J. W. Lee, P. Král and
R. Klajn, Nat. Nanotechnol., 2016, 11, 82–88.

29 C. Paris, V. Lhiaubet-Vallet, O. Jiménez, C. Trullas and
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