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Surfactants such as alkylphenol polyethoxylates (APEOs) and nonylphenol ethoxylates (NPEOs) are
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commonly used worldwide, but the majority of these compounds, together with their metabolites, have
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been reported to induce severe biological toxicity. Here, we evaluated for the first time the cytotoxicity,
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genotoxicity and mitochondrial damage in Chinese hamster ovary (CHO-K1) cells caused by a novel
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non-ionic surfactant, vanillin ethoxylates (VAEOs), an alternative to APEOs. In parallel, the same in vitro
bioassays were conducted on NPEOs along with their metabolic byproducts 4-nonylphenol (4-NP) and
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vanillin. The results showed that the cytotoxic potency order was NPEOs > 4-NP > VAEOs>vanillin

Vanillin ethoxylates (VAEOs)

using CCK-8 assays. Also, 4-NP showed potential direct DNA damage in SOS/umu tests, whereas

Nonylphenol ethoxylates (NPEOs)

NPEOs, VAEOs and vanillin showed no positive result with and without S9 addition. In addition, none of

Cytotoxicity

the test compounds showed obvious genotoxic effects with low olive tail moment value using comet

Genotoxicity

assays. However, all test compounds were shown to cause mitochondrial impairment by increasing

Mitochondrial impairment

mitochondrial mass and decreasing mitochondrial membrane potential in a concentration-dependent
manner. And further analysis of reactive oxygen species (ROS) and mitochondrial superoxide (MNSOD)
measurement showed that mitochondrial impairment was induced by oxidative stress with
intracellular ROS and MNSOD overproduction. It's worth noting that VAEOs and vanillin cause relative
lower cytotoxic, genotoxic and mitochondrial damage effects than NPEOs and 4-NP, indicating that
VAEOs have the potential to substitute NPEOs as suitable surfactants. Take together, this study
elucidates the toxicity profiles of VAEOs and NPEOs relatively comprehensively, and further toxicity
analyses are suggested in the population, community and ecosystem.
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Introduction
Nonylphenol ethoxylates (NPEOs) and alkylphenol polyethoxylates (APEOs) used to be important surfactants that were
ubiquitous in the textile, tanning, papermaking, oil, metallurgical,
pesticide and cosmetic industries (Ahel and Giger, 1985; Giger et
al., 1987; Zhao et al., 1998). However, quantity of studies showed
that there were much environmental safety problems such as
high toxicity, bad biodegradability and environmental endocrine
disrupting effects cause the substitution and prohibition even
since 1980s with some informal agreements in Australia, the
United States and some European countries and banned
completely by 2003/53/EC in European Union countries (Cox and
Drys, 2003; Chen, 2006a, 2006b). Hence, Vanillin ethoxylates
(VAEOs) are considered as novel suitable alternative non-ionic
surfactants that are synthesized by a natural renewable flavoring
agent, vanillin, through aldolization with octanediol and polymerization with oxirane. Structure similar to NPEOs, which are
complex mixtures of isomers and oligomers with branched
tertiary alkylphenols attached to a hydrophilic polyethylene
glycol resin with 1–30 ethoxy units (Giger et al., 1981; Stephanou
and Giger, 1982), VAEOs have a hydrophilic chain with 1–18
ethoxy units attached to the vanillin parent structure and make
up different structural configurations (Fig. 1).
Previous studies have indicated that NPEOs can be metabolized to multiple metabolites, include nonylphenol mono- or diethoxylates (NPEO1 or NPEO2), nonyl phenoxy acetic acid and
nonylphenol (NP) (Giger et al., 1984), and these metabolites were
identified and detected in sediment (Shang et al., 1999) and
aqueous medium (Ding et al., 1999; Naylor et al., 1992; Naylor,
1995; Stephanou and Giger, 1982). To our knowledge, varieties of
test model organisms such as algae (Bringmann and Kühn,
1980), Daphnia magna (Heugens et al., 2003), Photobacterium
phosphoreum (Qu et al., 2013) and fishes (He et al., 2015) were
available to determine the biological toxicity of environmental
pollutants, and studies have shown that NPEOs have acute and
chronic toxicity to these model organisms (Hotchkiss et al.,
2008). Increasingly, research has revealed that NPEO1, NPEO2
and NP have endocrine-disrupting properties and were responsible for feminization and carcinogenesis (Zgoła-Grześkowiak
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et al., 2009); they exerted more severe toxic effects on organisms
than their parent NPEOs (Ahel et al., 1994b; Bennie et al., 1998;
Desbrow et al., 1996; Giger et al., 1984; Naylor, 1995; TenEyck and
Markee, 2007; Zgoła-Grześkowiak et al., 2009). A recent study
demonstrated that NPEO6, NPEO9 and NPEO30 all showed
significant cytotoxicity in the A. cepa hemolytic test and shrimp
assays and mutagenicity in the Ames test (TA98 and TA100
strains) (Iqbal and Bhatti, 2015). Additionally, NPEO4 showed
genotoxicity in human lymphocytes by the comet assay
(HarrÉus et al., 2002). However, due to their cost effectiveness
and wide industrial applications, NPEOs are still in use in
various regions despite their prohibition, resulting in the
accumulation of NPEOs and their metabolites in the ambient
environment (Zgoła-Grześkowiak et al., 2009).
Due to early developments, the occurrence and fate of
NPEOs and their metabolites have been well documented in
several studies (Chen et al., 2010; Soares et al., 2008; Vallini et
al., 2001). In a comparative genotoxicity study, 4-NP was more
toxic to the Saccharomyces cerevisiae D7 strain than Igepal CO210, which is another type of surfactant that had smaller
ethoxy units during biodegradation than NPEOs (Frassinetti et
al., 2011). Synthesized from vanillin, VAEOs are considered
environmental safety surfactants because their 28-day biodegradability reached 92.32% and they could be finally decomposed into vanillin, which is non-toxic (Walton et al., 2003). A
previous study on their biodegradability and acute toxicity in
vivo preliminarily showed that VAEOs comply with US EPA's
DfE (Environmental Protection Agency, Design for the Environment) standards for safe surfactant (U.S.EPA, 2012). However, to
date, there is not sufficient information available in vitro to
indicate the toxic effects of VAEOs directly. Therefore, evaluations of their toxicity and environmental risks of exposure to
VAEOs are urgently needed due to their large-scale usage.
High-content screening (HCS) technology, which is able to
collect multi-parametric cellular features integrated with
image analysis algorithms and informatics tools (Huang et
al., 2017), represents a major innovation for rapidly assessing
the morphological alterations and structure–activity relationships of new compounds by simultaneously measuring
multiple biomarkers in a single cell or cell organelle with

Fig. 1 – The structures of VAEO (vanillin ethoxylate), NPEO (nonylphenol ethoxylate), vanillin and 4-NP (4-nonylphenol). Note:
the branches (“n”) of VAEOs (left) have 1–18 ethoxy units, while the “n” of NPEOs (right) have 1–30 ethoxy units.
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fluorescence measurement (Adams et al., 2006; Huang et al.,
2017; Sailem et al., 2015; Tanaka et al., 2005; Tolosa et al.,
2015). Cytotoxicity, and genotoxicity are among the frequent
selected toxic parameters used to evaluate the environmental
effects of novel compounds (Di-Virgilio et al., 2010; Huang et
al., 2017; Jiang et al., 2013). In addition, substantial body of
existing literatures have revealed that exposure to pollutants
may lead to oxidative stress and thus result in adverse
consequences (Betteridge, 2000; Huang et al., 2017). Moreover,
mitochondria plays a central role in cellular energy metabolism, and mitochondrial dysfunction is now considered a
potential mechanism underlying the toxic effects induced by
emerging environmental pollutants (Ott et al., 2007). For the
development of substitutions for harmful alkylphenol and
aryl phenol surfactants, more detailed studies are needed to
fully investigate the toxicological effects of VAEOs, especially
studies with comparisons to the structurally similar compounds NPEOs.
In an attempt to elucidate and compare the toxic effects of
VAEOs and NPEOs, along with their metabolites vanillin and 4NP, and to evaluate the risks of VAEOs as surfactants.
Cytotoxicity and mitochondrial impairment were measured
using CHO-K1 cells due to their widespread use as a mammalian cell line model (Di-Virgilio et al., 2010; Huang et al., 2017).
Then, the DNA damage at low concentrations (causing less
than 30% cytotoxicity) was analyzed by single cell gel electrophoresis/comet assays, which is an effective surveillance tool
to evaluate cellular genotoxicity and provide information at the
level of the individual cell (Tice et al., 2000). SOS/umu tests were
also conducted to evaluate the genotoxicity using Salmonella
typhimurium TA1535/pSK1002 (Yan et al., 2014). HCS was used to
quantitatively analyses the toxic potency based on the morphology and texture changes in fluorescence intensity of the
nuclei and mitochondria.

1. Materials and methods
1.1. Chemicals
VAEOs (97.5%) were obtained from Donghua University
(Shanghai, China). NPEOs, dimethyl sulfoxide (DMSO) and
Hoechst 33342 were purchased from Sigma–Aldrich (St. Louis,
MO, USA). Vanillin (99%) and 4-nonylphenol (4-NP, 99%) were
purchased from J&K (Shanghai, China). The kFlour 488 ClickiT EdU kit was purchased from KeyGen BioTECH (Nanjing,
China). Chemicals stock suspensions were prepared in DMSO,
and stored at − 20°C. All other reagents were purchased from
Sigma Chemical Co. (St. Louis, Missouri, USA) and Beijing
Chemical Co. (Beijing, China).

1.2. Cell culture
Chinese hamster ovary (CHO-K1) cells were obtained from the
Cell Culture Center, Institute of Basic Medical Sciences of the
Chinese Academy of Medical Sciences and School of Basic
Medicine of Peking Union Medical College (Beijing, China).
CHO-K1 cells were grown as monolayers in Falcon T-25 flasks
with Nutrient Mixture F-12 medium (HyClone, Shanghai, China)
supplemented with 10% fetal bovine serum (PAN Biotech Ltd.,

Aidenbach, Germany), 100 IU/mL penicillin (HyClone, Logan,
UT, USA), 100 μg/mL streptomycin (HyClone, Logan, UT, USA)
and 0.1% amphotericin B (2.5 mg/mL, Amresco, Solon, OH, USA)
in a humidified incubator (Panasonic, Ehime-ken, Japan) at 37°C
supplied with 5% CO2 atmosphere. Cells were counted using the
Trypan blue (Sigma, St. Louis, MO, USA) method in a Neubauer
hemocytometer.

1.3. Cell viability assay
Cell viability tests were conducted according to the manufacturer's instructions for the Cell Counting Kit-8 (CCK-8)
(Dojindo, Tokyo, Japan). Briefly, CHO-K1 were seeded in 96well plates (Corning, Tewksbury, MA, USA) with 4000 cells/
well, allowed to attach for 24 hr, and then exposed to a range
of concentrations of test compounds for 24 hr. After exposure,
the medium was removed, and cells were washed twice with
Hanks' Balanced Salt Solution (HBSS, Gibco, Life Technologies,
Grand Island, USA). Next, cells in each well were incubated
with 100 μL of HBSS coupled with 10 μL of CCK-8 solution at
37°C for 2 hr. Finally, the absorbance was measured at 450 nm
by a microplate reader (M200, Tecan, Männedorf, Switzerland). The cytotoxicity was calculated as follows:
Cyto ð%Þ ¼



Abstest
1−
 100%
Abscontrol

where, Cyto (%) is the cytotoxicity determined as absorbance
compared with the control group. Abstest is the absorbance at
450 nm of the compound-treated wells, and Abscontrol is the
absorbance of the DMSO-treated wells.

1.4. Mitochondrial response analysis with high content
screening assay
High-content screening system were used to analysis the
mitochondrial responses based on the methods of Huang et al.
(2017) with slight modifications. Briefly, CHO-K1 cells were
seeded at a density of 4000 cells/well in 96-well plates when
passaged. After 24 hr attachment, test compounds at various
concentrations were added to CHO-K1 cells for 24 hr. Then, the
cells were washed twice with HBSS. CHO-K1 cells were incubated
with a fluorophore dye cocktail diluted in FluoroBrite DMEM
(FBDMEM, Gibco, Life Technologies, Grand Island, USA) containing Hoechst 33342 (stains nuclei, 2.5 mmol/L) tetra methyl
rhodamine ethyl ester (TMRE, 0.05 mmol/L), to determine the
mitochondrial membrane potential (Δψ) by monitoring TMRE
fluorescence intensity changes in mitochondria; and Mito
Tracker Deep® Red FM (stains mitochondria, 0.2 mmol/L), to
identify the mitochondrial mass by calculating Mito Tracker
Deep® Red FM fluorescence intensity changes in mitochondria.
After the cells were incubated for 45 min at room temperature, a
20× numerical aperture objective was used for imaging with
different excitation/emission (Ex/Em) channels (Hoechst 33342,
Ex/Em ≈ 350 nm/461 nm, TMRE, Ex/Em ≈ 549 nm/574 nm, Mito
Tracker Deep® Red FM, Ex/Em ≈ 644 nm/665 nm) and the
imaged cells were analyzed used an Operetta™ High Content
Screening instrument with Harmony™ software version 3.5.2
(PerkinElmer, Waltham, MA, USA). All the compounds were
diluted with fresh medium to a final DMSO concentration of 0.1%
(V/V). Each plate had a negative control (DMSO) group, and
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controls were treated
simultaneously.

with

the

corresponding

vehicle

1.5. SOS/umu assay
SOS/umu assays were conducted according to previous published protocols (Oda et al., 1985; Yan et al., 2014) with some
modifications to determine the DNA-repairing effects. The test
strain S. typhimurium TA1535/pSK1002 was kindly provided by
Prof. Yoshimitsu Oda at the Institute of Life and Environmental
Science, Osaka Shin-Ai College and precultured in L-broth
medium with 50 μg/mL ampicillin at 37°C and shaken at 175 r/
min for 2 hr until the exponential phase. Procedural details
were provided in Appendix A Section S1. The relative induction
ratio (IR) was calculated at the concentration at which the
strain cytotoxicity was below 50%. Positive results were
designated as IR level 1.5-fold higher than that of the controls
in a dose-dependent manner.

1.6. Comet assay/single cell gel electrophoresis (SCGE)
The comet assay was performed to determine the DNAdamaging based on previous methods (Han et al., 2014; Singh
et al., 1988; Tice et al., 2000) with slight modifications and the
details were provided in Appendix A Section S2. After
electrophoresis and ethidium bromide stained, 50–100 cells
per treatment were chosen and analyzed using CometScore
(version 1.5, TriTek Corporation). The olive tail moment
(OTM), which is the product of the percentage of total DNA
in the tail and the distance between the center of gravity of
DNA in the tail and the center of gravity of DNA in the head in
the head-tail direction, was used to quantify the extent of
DNA damage.

1.7. Measurement of intracellular ROS and mitochondrial
superoxide in live cells
For further analysis of the oxidative damage and mitochondrial impairment of the compounds induced. CellROX®
Oxidative Stress Reagents (Life Technologies, Grand Island,
USA) were used to measure intracellular reactive oxygen
species (ROS) reliably in live cells based on the methods of
Ahn et al. (2012). Briefly, CHO-K1 cells were seeded at a
density of 4000 cells/well in 96-well plates to attach for 24 hr.
Then, after VAEO, NPEO, vanillin and 4-NP treatment for
24 hr, the media were moved and washed with HBSS twice.
The samples were incubated with CellROX® Reagent diluted
in FBDMEM at 5 μmol/L for 30 min at 37°C, the medium was
removed and the cells were washed with HBSS three times
and stained with Hoechst 33342 as described above. HCS was
used to determine the intracellular ROS contents. Briefly, 12
fields per well were selected and imaged under the Hoechst
33342 channel and CellROX Green channel (Ex/Em ≈ 485 nm /
520 nm) to obtain multiple parameters to describe the
nuclear, morphology and fluorescence intensity. Harmony™
software version 3.5.2 was used to analyzed the fluorescence
intensity changes compared to the control group.
Mitochondrial superoxide (MNSOD) is a common parameter
to evaluate the mitochondrial impairment generated as a
byproduct of oxidative phosphorylation. MitoSOX™ Red
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mitochondrial superoxide indicator (Life Technologies, Grand
Island, USA) is a novel fluorogenic dye for highly selective
detection of superoxide in the mitochondria of live cells
(Zielonka and Kalyanaraman, 2010). According to the manual,
similar to CellROX® Oxidative Stress Reagents, after FBDMEM at
5 μmol/L for 10 min at 37°C and staining with Hoechst 33342
and Mito Tracker Deep® Red FM as described above, the relative
fluorescence was detected by HCS under the Hoechst channel
and MitoSOX™ Red channel (Ex/Em ≈ 510 nm/580 nm).
The control group was assayed with the corresponding
vehicle simultaneously, and all experimental conditions were
repeated in at least three independent experiments. The most
representative results were selected.

1.8. Statistical analysis
At least three independent experiments were performed in
triplicate for each experimental condition. Data are expressed
as the mean ± SEM from independent experiments. Statistical
analysis was assessed using a one-way analysis of variance
(ANOVA). A p value < 0.05 was considered statistically
significant.

2. Results
2.1. Cytotoxic effect analysis
The cytotoxicity was determined after 24 hr exposure to the
test compounds using CCK-8 assays. Concentration dependent
increasing cytotoxic effects of VAEOs, NPEOs, vanillin and 4-NP
were observed Cyto (%) and showed in Fig. 2. The cytotoxicity
potencies are expressed as LC50 (median lethal concentration)
values obtained from Logistic regression analysis. The cytotoxic potency order was NPEOs > 4-NP > VAEOs>vanillin with
some differences. Also, LC20 values (20% lethal concentration)
were calculated for further comet assay analysis and depicted
in Fig. 2.

2.2. Genotoxicity analysis by SOS/umu assay
Genotoxic chemicals can display an IR > 1.5 with Cyto (%)
<50% by the SOS/umu assay. The cytotoxic effects and
induction rate results on S. typhimurium TA1535/pSK1002
after exposure to VAEOs, NPEOs, vanillin and 4-NP are
illustrated in Fig. 3. Concentration-dependent cytotoxic effects of the test compounds are shown without S9 addition
(Fig. 3a) and with S9 addition (Fig. 3b) according to the
principles described in Appendix A Section S1. To determine
the genetic effects of the compounds, we determined the IR
values of the test compounds at a concentration that causes
less than 50% cytotoxicity to S. typhimurium TA1535/pSK1002.
In the absence of S9 (Fig. 3c), increasing IR values were
observed after exposure to these compounds. Moreover, 4-NP
produced an IR value of more than 1.5 at a concentration that
resulted in less than 50% cytotoxicity (0.5 μg/mL), which
indicates the potential direct DNA damage in the absence of
S9. However, in the presence of S9 (Fig. 3d), no IR value of
more than 1.5 was detected at any concentration that resulted
in less than 50% cytotoxicity on S. typhimurium TA1535/
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Fig. 2 – The cytotoxic effects of VAEOs, NPEOs, vanillin and 4-NP in CHO-K1 cells. The CHO-K1 cells were exposed to a range of
concentrations of VAEOs, NPEOs, vanillin and 4-NP for 24 hr and Cyto (%) was measured using CCK-8 method. Four parameter
Logistic model was used to regression analysis the Cyto (%) curve and calculated their cytotoxic potency. The data presented
are the mean ± SEM of at least three independent experiments.

pSK1002, which demonstrates that the selected surfactants
show no metabolic genetic toxicity in general.

2.3. DNA damage determination by comet assay
Severe cytotoxicity could cause obvious DNA damage based
on the above results and thus may affect the results on single
CHO-K1 cells. To avoid the effects of cytotoxicity on the single
cell gel electrophoresis assay, CHO-K1 cells were exposure to
the LC20 concentration (C2) and a quarter of the LC20
concentration (C1) of VAEOs, NPEOs, vanillin and 4-NP in the
comet assay. As shown in Fig. 4, increasing OTM values were
observed with increasing 4-NP and NPEOs concentrations.
The increasing OTM values in the absence of cytotoxicity
could indicate that potential DNA damage effects could be
induced on a single cell with comet assay. However, these
compounds all show relatively low OTM values, with 4-NP
displayed highest OTM value than that of NPEOs, VAEOs and
vanillin, but the highest OTM value is just equal to that of
3 mmol/L methylmercuric sulfate (MMS) in the positive group
(Appendix A Fig. S1). In addition, VAEOs and NPEOs only
slightly increasing OTM values, indicating their undetectable
DNA damage effects, consistent with the results of the SOS/
umu assay.

2.4. Mitochondrial mass and mitochondrial membrane potential analysis
A major objective of the study was to evaluate the availability
of VAEOs as novel non-ionic surfactants compared to NPEOs.
To this end, we assessed the cytotoxicity and genotoxicity of

these two types of surfactants as well as their metabolites.
Mitochondria play a central role in cellular energy metabolism, but few studies have focused on the mitochondrial
impairment caused by surfactants thus far, remaining the
need to investigate mitochondrial function of surfactants.
After staining with different mitochondrial fluorescent dyes,
imaging and analysis by the HCS system, mitochondrial mass
and Δψ were detected by measuring the relative fluorescence
intensity changes. Herein, NPEOs, 4-NP, VAEOs and vanillin
increased mitochondrial mass in a dose-dependent manner
(Fig. 5a). Also, with regard to Δψ, all test compounds
significantly decreased the relative TMRE fluorescence intensity in a concentration-dependent manner (Fig. 5b). NPEOs
and 4-NP substantially increased mitochondrial mass and
decreased Δψ, while VAEOs and vanillin cause relative
lower effects indicating their toxic potency order was 4NP > NPEOs > VAEOs > vanillin. It is suggested that VAEOs
have the potential to replace NPEOs with the relatively lower
mitochondrial damage potency toward mitochondrial mass
and Δψ compared to NPEOs.

2.5. Intracellular ROS and mitochondrial superoxide monitoring in live cells
To verify whether mitochondrial impairment induced by
surfactants were caused by the generation of reactive oxygen
species in vitro, we measured intracellular ROS and mitochondrial superoxide in CHO-K1 cells. As shown in Fig. 6, the
relative levels of intracellular ROS and MNSOD were altered
after exposure to test compounds. NPEOs and 4-NP strongly
induced ROS and MNSOD generation in a dose-dependent
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Fig. 3 – The dose–response curves of the cytotoxicity in the absence (a) and presence (b) of S9, dose–response curves of IR values
in the absence (c) and presence (d) of S9 after S. typhimurium TA1535/pSK1002 bacteria exposed to VAEOs, NPEOs, vanillin and
4-NP. The negative cytotoxic values mean cell proliferation effects of test compounds at corresponding concentration. The
dose–response curves of IR value are displayed with less than 50% cytotoxicity. The data presented are the mean ± SEM of at
least three independent experiments.

manner compared with the control group. VAEOs also
induced intracellular ROS and MNSOD overproduction significantly. In addition, vanillin was found to promote intracellular ROS levels but did not alter the MNSOD level. These results
indicated that these mitochondrial impairments were resulted from oxidative stress. Fortunately, VAEOs and vanillin
performed their lower toxic effects with relative lower
elevated levels of intracellular ROS and MNSOD than NPEOs
and 4-NP, which were consistent with above mitochondrial
responses.

3. Discussion
Non-ionic surfactants are the leading type of surfactants.
However, safety considerations such as human health and
environmental risk assessments have not developed in
parallel with industrial development, and toxicity analyses
are consequently scarce. In the present study, cytotoxicity,
genotoxicity and mitochondrial impairment of non-ionic
surfactant VAEOs, NPEOs along with their metabolites were
evaluated in CHO-K1 cells. Based on our results, VAEOs
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Fig. 4 – Changes of the olive tail moment (OTM) in the CHO-K1
cells after exposure to VAEOs, NPEOs, vanillin, 4-NP. Note: C1
represent the quarter of LC20 concentration, and C2 represent the LC20 concentration. The data presented are the
mean ± SEM of at least three independent experiments.

of the most hydrophobic APEOs, NPEOs and their biodegradation intermediates, NP and OP, has been extensively studied
in fish and invertebrates (Staples et al., 1998), but the data on
VAEOs are insufficient as they are novel compounds. Risk
assessment for aquatic organisms exposed to APEOs, NPEOs
and other surfactants needs to address concentrations measured in rivers, lakes, estuaries, and open ocean waters.
Previous toxicity studies indicated that the acute LC50 values
of APEOs ranged from approximately 1–10 μg/mL, and chronic
values were lower by a factor of approximately 2–10; additionally, the LC50 values of alkylphenols, intermediate
byproducts of APEO biodegradation, ranged from approximately 0.02–3 μg/mL (Staples et al., 1998). Our current results
showed that the toxic potencies of nonylphenol ethoxylates
and vanillin ethoxylates ranged from approximately 28.7–
368.4 μg/mL, indicating their ecological safety compared with
APEOs. In addition, the lower toxic potency of VAEOs indicates
their potential to serve as novel surfactants and an improved
alternative for APEOs compared to NPEOs. Moreover, the
VAEO biodegradation intermediate vanillin showed low
ecological risks in this report, confirming their environmental
safety.

3.2. Genotoxic effects of VAEOs and NPEOs

showed no genetic damage effect using SOS/umu assay.
Moreover, VAEOs had lower cytotoxic potency and mitochondrial damage effect in CHO-K1 cells and lower OTM values
with the comet assay than NPEOs, indicating their lower
environmental risks in this study. Unfortunately, no more
details have been reported in other studies, and thus, a
comparison of our results was difficult to perform.

3.1. Cytotoxic effects of VAEOs and NPEOs
CCK-8 assays showed that the LC50 of NPEOs was 28.7 μg/mL,
and the toxic potency was higher than that of 4-NP at
95.3 μg/mL. These result was little different with previous
studies by Zgoła-Grześkowiak et al. (2009) and Naylor (1995)
showing that NP, NPEO1 and NPEO2 may have more significant toxic effects on organisms than the parent NPEOs. The
cytotoxic effects of VAEOs were more obvious than those of
vanillin, which indicated that VAEOs may be hydrophilic and
enter the cell and induce cellular damage via the ethoxy units
compared with vanillin. Interestingly, VAEOs showed lower
toxic potency than NPEOs, which is a good result for further
toxic evaluation as a novel surfactant.
A substantial body of literature exists that has defined the
aquatic toxicity and bioaccumulation potential of the OPs and
NPs and their EOs (Desbrow et al., 1996; Naylor et al., 1992;
Naylor, 1995). The correct assessment of risk requires such
information because the aquatic toxicity varies with ethoxy
chain length as well as with length and branching of the alkyl
chain (Schick, 1987). The toxicity data show that these
nonylphenols are acutely and chronically toxic in laboratory
tests, whereas the bioaccumulation potential appears to be
low to moderate (Staples et al., 1998). Thus, elucidation of the
bioaccumulation results and risk assessment are essential for
use in actual aquatic habitats. The bioaccumulation potential

Our results showed no genotoxic effect in CHO-K1 cells after
exposure to VAEOs and NPEOs using the SOS/umu test. These
findings disagree with a recent study demonstrating that
NPEO6, NPEO9 and NPEO30 all showed mutagenicity with
the Ames test (Iqbal and Bhatti, 2015). However, 4-NP
showed positive results in the absence of S9, indicating its
DNA damage effect in accordance with previous studies
(Frassinetti et al., 2011; Giger et al., 1984; Iqbal and Bhatti,
2015). However, in the presence of S9, all test compounds
showed no positive results. These observations suggest that
metabolic inactivation of 4-NP and complete metabolic
inactivation of NPEOs may explain the different results
found with the Ames test (Iqbal and Bhatti, 2015).
The comet assay is a widely used effective method to
measure the DNA damage response (Han et al., 2014; HarrÉus
et al., 2002). OTM values were calculated after exposure to the
test compounds at concentrations below the 30% cytotoxicity
value, and the results showed that 4-NP showed the highest
OTM value, but was at relatively low toxic potency compared
to positive MMS (Appendix A Fig. S1). Moreover, the OTM of
NPEOs, VAEOs and vanillin were even lower. However, NPEOs
in soil should be maintained at low levels, but high levels can
be found due to the higher adsorption of NP to hydrophobic
materials and their reduced leaching (Jacobsen et al., 2004;
Vogel et al., 2003). Furthermore, it has been shown that runoff
events can transport NP adhering to soil particles from the
polluted soil to ambient environments (Vikelsøe et al., 2002),
resulting in accumulation and extremely high toxicity to
aquatic organisms (Staples et al., 2004). More importantly, the
EPA investigated the environmental concentrations of 68,000
rivers, and the data showed the NPEO concentration was
below 0.3 ng/mL, NPEO2 was below 0.4 ng/mL, and NP was
below 0.64 ng/mL but could reach the μg/mL level due to
bioaccumulation of aquatic organisms (Desbrow et al., 1996;
Naylor et al., 1992; Naylor, 1995), which indicated the
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Fig. 5 – Effects of VAEOs, NPEOs, vanillin and 4-NP on mitochondrial mass (a) and mitochondrial membrane potential (b). CHOK1 cells were exposed to a range concentrations of test compounds for 24 hr, and mitochondrial mass was detected by staining
with Mito Tracker Deep® Red FM. The data were presented as the means ± SEM of at least three independent experiments.
⁎p < 0.05, ⁎⁎p < 0.01 obtained from one-way ANOVA.

non-negligible DNA damage response at higher accumulation
levels.
The synthesis of APEO consists of two stages: after the
addition reaction of alkylphenol and ethylene oxide is completed, the second polymerization of epoxy ethane is initiated.
Therefore, hardly any unreacted alkyl phenol is present in
APEO products. Thus, we assumed that APEO itself does not
have carcinogenicity, and the DNA damage effects were
suspected to be induced by dioxane derived from the accumulation of unreacted epoxy ethane with polyoxyethylene when
the ethylene oxide addition occurred. Kang et al. (2008) showed
that NPEOs induce hydrogen peroxide and nitric oxide

generation and caused lipid peroxidation and oxidative DNA
damage in lung epithelial cells. In addition, the activation of
DNA damage checkpoints and p53 up-regulation were observed
along with DNA damage caused by ROS generation in peripheral blood lymphocytes after exposure to NPEOs (Kang et al.,
2008). Here, we showed that the compounds displayed potential genotoxicity in comet assays even when they do not enter
the nucleus directly based on the above hypotheses. Consequently, former reports do not conflict with results presented
here, since 3 and 4 hr exposure periods may not be sufficient to
detect the genotoxic effects of surfactants using the SOS/umu
test, indicating that the response is also dependent on the
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Fig. 6 – Changes of intracellular ROS (a) and mitochondrial superoxide (b) exposed to VAEOs, NPEOs, vanillin and 4-NP. CHO-K1
cells were exposed to a range of concentrations of test compounds for 24 hr, and ROS and MNSOD were detected by staining
with CellROX® Oxidative Stress Reagents and MitoSOX™ Red mitochondrial superoxide indicator followed their specifications,
respectively. The data were presented as the means ± SEM of at least three independent experiments. ⁎p < 0.05, ⁎⁎p < 0.01
obtained from one-way ANOVA.

exposure time. Accordingly, general inferences about surfactant cytotoxicity and genotoxicity should not be solely based on
assays with short exposure periods.

3.3. Mitochondrial impairment of VAEOs and NPEOs
Mitochondrial damage testing is part of the preapproval toxicity
safety assessment process for medications and may help to
identify the most toxic drug candidates before they are allowed
to reach the market. Consequently, the incorporation of
surfactants around the cells through the endocytosis pathway

could disrupt mitochondrial activities. These events may induce
arrest during the cell cycle (and thus cause cell apoptosis) and
cause a decrease in cell viability. In addition, the toxic potency of
NPEOs and 4-NP showed disparities at cellular and organelle
level. These discrepancies could be attributed to the effects on
mitochondria prior to the disruption of mitochondrial mass
and mitochondrial membrane potential and their oxidative
mechanisms. Argese et al. (1994) reported that NPEOs disrupt
mitochondrial function by disrupting the energy-coupled reverse electron transfer chain in vitro. Our mitochondrial staining
results suggested that VAEOs and NPEOs increased the
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mitochondrial mass and decreased the Δψ independently inside
the cells, and different sensitivities were also observed. Oxidative stress is defined as a disturbance in the pro-oxidant–
antioxidant balance in favor of the pro-oxidants, leading to
potential damage (Betteridge, 2000; Sies, 2000). Mitochondria are
not only the center of energy metabolism but also the major
sites of ROS generation and are involved in the apoptotic and
death processes of cells, indicating that intracellular ROS are
important indicators in evaluating cellular energy metabolism
and mitochondrial damage. In this study, we found that NPEOs
can strongly induce the generation of intracellular ROS, toxic
order was followed by 4-NP, VAEOs and vanillin (Fig. 6a).
MNSOD was another common indicator that is produced after
mitochondrial impairment. NPEOs, 4-NP and VAEOs were found
to induce MNSOD generation in a concentration-dependent
manner. Moreover, intracellular ROS and MNSOD induced by
test compounds were well correlated with the severe cytotoxicity and mitochondrial damage in CHO-K1 cells. We concluded
that the test compounds induce mitochondrial impairment
through an oxidative stress pathway for the generation of ROS.
Notably, NPEOs cause more severe mitochondrial membrane
potential effect and the generation of higher level of intracellular ROS and MNSOD than 4-NP. The explanation for these
results may be due to the biodegradation of NPEOs, which could
lead to the accumulation of the simplest forms of nonylphenols
(NP, NPEO1, NPEO2) and nonylphenol carboxy acids (NPEC1 or
NPEC2) (Ahel et al., 1994a, 1994b; Staples et al., 2001). A previous
toxicity study on mitochondrial respiration showed that the
toxicant concentrations that decreased the reduction rate of
oxidase values for NPEOs, NP, and NPEO1 were 1.3, 1.8, and
8.2 μg/mL, respectively (Argese et al., 1994). These values
indicate that the biodegradation of the ethylic chain does not
critically alter the toxicity to the mitochondria. Despite the
markedly different hydrophilic moiety, the two biodegradation
intermediates, NP and NPEO1, exhibit EC50 values of the same
order of magnitude as the parent compound (Argese et al., 1994).
Therefore, NPEOs are biodegraded in environmental media via
intermediates that appear to be both toxic and recalcitrant.
Our overall results showed that two non-ionic surfactants
could induce significant cytotoxicity, mitochondrial impairment and no obvious genotoxic effects in CHO-K1 cells. In
addition, we found that the mitochondrial impairment was
induced through an oxidative stress pathway. The toxic
potency of all test compounds was determined and compared
to other reports. In addition, NPEOs and VAEOs generally
affected the cytotoxic effect and mitochondrial damage at low
concentrations. Moreover, the risk of these compounds should
not be neglected since higher concentrations in environmental
media might be reached due to high application rates and
hence affect organisms. In addition, because of the lack of
research on VAEOs, more toxicity testing is desperately needed,
and further studies are required to analyze the molecular
modes of action underlying the observed effects.

4. Conclusions
For the first time, this study contributed to elucidate the toxic
profiles of the novel non-ionic surfactants VAEOs compared
to NPEOs and their metabolites vanillin and 4-NP in vitro.
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Results showed that the test compounds show obvious
concentration-dependent cytotoxicity in CHO-K1 cells. Also,
NPEOs, 4-NP VAEOs and vanillin induced mitochondrial
impairment as the increasing mitochondrial mass and
decreasing Δψ through an oxidative stress pathway as the
intracellular ROS and MNSOD overproduction. Although 4-NP
showed potential direct DNA damage, all test compounds
showed undetectable or slight genotoxic effects in the SOS/
umu and comet assay. Overall, the cytotoxicity, genotoxicity
and mitochondrial impairment of VAEOs are much lower than
those of NPEOs, which implied that VAEOs have the potential
to replace NPEOs as suitable surfactants to our purpose.
Further studies are required to evaluate the potential adverse
effects on populations, communities or ecosystems.
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