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Abstract: Triclosan has been widely used as addition ingredient in personal care and medical
antibacterial products, and the increasing amounts of triclosan discharged in aquatic environments
pose a potential risk to aquatic ecological systems. In this study, we investigated the effects of
exposure to varying triclosan concentrations on the growth, chlorophyll fluorescence and antioxidant
enzyme activity of Chlorella vulgaris. The results showed that low-concentration triclosan (<0.75 mg/L)
can stimulate the growth of Chiorella vulgaris, whereas 1.05 mg/L triclosan exhibited significant
inhibition. Low-concentration triclosan (<0.75 mg/L) could improve the tolerance and utilization
ability of Chlorella vulgaris in relation to strong light. We observed a significant increase in the
malondialdehyde content of Chlorella vulgaris exposed to 1.05 mg/L triclosan. The intracellular
superoxide dismutase and catalase (CAT) activities of Chlorella vulgaris exposed to triclosan were
higher than the control groups, and the increase in this activity was positively correlated with the
concentration of triclosan. The results also showed that excessive HyO; may in turn damage the
CAT structure and eventually inactivate CAT activity when Chlorella vulgaris is exposed to 1.05 mg/L
triclosan. This study provided a theoretical basis which can be used to evaluate the ecological risk of
triclosan in the aquatic environment.
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1. Introduction

Triclosan is a common synthetic antibacterial agent that has been used as raw material
in more than 700 different industrial and pharmaceutical products [1-3]. Approximately
1220 tons of triclosan were added into personal care products in China alone in 2012 [4], and
at least 350 tons of triclosan are consumed as antimicrobial agents every year in Europe [3].
It was widely detected in surface water [5-8], groundwater [9], sediment [10-12] and even
in drinking water [13,14] due to its extensive usage, stable chemical structure and intense
antimicrobial effect [4]. Because of its hydrophobicity and lipid permeability, it is easy for
triclosan to enter cells and accumulate in organisms [15]. The impact of triclosan on aquatic
ecosystems has attracted worldwide attention in recent years as the remaining amount
may be continuously released into the environment.

Furthermore, triclosan is linked to endocrine disruption and genetic and reproductive
toxicity. Mouse poisoning test have shown that high dose triclosan exposure can lead to
embryo loss. Moreover, it was also proven that exposure to triclosan may lead to contact
dermatitis or skin irritation [16]. It is noteworthy that triclosan has a chronic toxic effect
on aquatic organisms. The presence of triclosan in the aquatic ecosystem will affect the
structure and function of seaweed organisms, and thus affect the nutrient processing ability
of the ecosystem and the structure of the natural food chain.

Water 2021, 13, 1355. https:/ /doi.org/10.3390/w13101355

https://www.mdpi.com/journal /water


https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-5381-6060
https://www.mdpi.com/article/10.3390/w13101355?type=check_update&version=1
https://doi.org/10.3390/w13101355
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13101355
https://www.mdpi.com/journal/water

Water 2021, 13, 1355

20f11

Microalgae, as the primary producer in the aquatic food chain, are ubiquitous in
aquatic environments [17] and are often used as indicators when evaluating the quality
of aquatic environments [18,19]. Algae are also often used as experimental species for
assessing ecological risks and the aquatic ecotoxicology of organic pollutants [20]. In
addition, chlorophyll fluorescence analysis technology provides a rapid, accurate and
damage-free method of studying the photosynthetic activity of microalgae affected by
pollutants [21-23]. Triclosan in industrial wastewater has been detected up to mg/L
levels [24]. High concentrations of triclosan in surface water pose great potential threats to
human health and to that of aquatic ecosystems [25]. In this study, an aquatic ecological
risk assessment of high-concentration triclosan was carried out by studying triclosan’s
effects on the growth, chlorophyll fluorescence and antioxidant enzyme activity of Chlorella
vulgaris.

2. Materials and Methods
2.1. Chemicals and Reagent

Triclosan (99% purity) was purchased from Aladdin Industrial Corporation (Shanghai,
China) and the stock solution of triclosan was prepared at a concentration of 1000 mg/L in
methanol (High performance liquid chromatography grade), which was purchased from
Fisher Chemical (Fair Lawn, NJ, USA).

2.2. Microalgae Culture

The Chlorella vulgaris samples were obtained from Yuanquan Biological Technology
Co., Ltd. (Haikou, China). The microalgae were cultivated in an autoclaved Erlenmeyer
flask with BG11 medium (medium for blue and green algae) with a pH value of 7.0 [26]. Illu-
mination was provided during microalgae cultivation using a QML4100K fluorescent light
(Qiming Electronic Technology, Xiamen, China) with a 16 h/8 h light/dark photoperiod
and 4000 lux light intensity [27]

2.3. Experimental Design and Test Methods

The gradient exposure concentrations of triclosan in the test groups were 0.05, 0.15,
0.45, 0.75 and 1.05 mg/L, and each group contained 3 parallel samples. The microalgae
growth was analyzed on the 2nd, 4th, 8th and 10th day of exposure by means of spec-
trophotometry at 680 nm, which was inter-changeable with the dry cell weight (g/L) using
the equation: Dry cell weight = 0.1429 x ODggg, R? = 0.9903. The content of chlorophyll a
was determined using the methanol extraction colorimetric method [28]. Malondialdehyde
(MDA) and soluble protein content and superoxide dismutase (SOD) and catalase (CAT)
activity were all detected using assay kits (Nanjing Jiancheng Bioengineering Institute, Nan-
jing, China), following the manufacturer’s protocols. Chlorophyll fluorescence parameters
(Fv/Fm, @PS1I, I, « and ETRmax) were measured using a PHYTO-PAM phytoplankton
fluorometer [29,30]. All experimental groups contained three replicates, and the data were
analyzed by statistical product and service solutions (SPSS, Version 20.0) software for
significance at the level of p < 0.05 using the independent-samples ¢-test.

3. Results and Discussion
3.1. Effects of Triclosan Concentration on the Growth of Chlorella vulgaris

We detected that the triclosan concentration in water bodies surrounding a pharmaceu-
tical production factory using triclosan as a raw material reached 0.53 mg/L. In addition,
our preliminary experiment showed that Chlorella vulgaris was unable to grow in BG11
medium with a triclosan concentration higher than 1.05 mg/L. Figure 1 shows the effects
of triclosan concentration on the growth of Chlorella vulgaris. We found that there were no
growth inhibition effects on Chlorella vulgaris at any of the low-concentration treatments
(<0.75 mg/L) during 4 days’ exposure, compared with the control groups. Low-exposure
triclosan concentrations (<0.75 mg/L) were able to significantly stimulate increases in cell
density to varying degrees during 10 days’ cultivation, compared with the control groups



Water 2021, 13, 1355

30f11

(p < 0.01), and this promotion effect was shown to be concentration-dependent. However,
the growth of Chlorella vulgaris may be inhibited when exposed to 1.05 mg/L triclosan
during the entire cultivation time. The dry weight of Chlorella vulgaris was 0.0620 % 0.0203
g/L on the 10th day, which was just 23.70% of that observed in 0.75 mg/L treatments. The
results showed that, in terms of growth, there were significant variations in the sensitivity
of Chlorella vulgaris to different triclosan concentrations. Exposure to a low concentration
(<0.75 mg/L) of triclosan was able to stimulate the growth of Chlorella vulgaris, and the
degree of stimulation increased with the increase of the triclosan exposure concentration;
whereas the high-exposure triclosan concentration (1.05 mg/L) significantly exhibited the
inhibition of growth (p < 0.01). The effects of triclosan on the growth of Chlorella vulgaris
showed a hormesis effect [31]. These results are consistent with the previous observation
that low concentrations of ibuprofen promote the growth of the freshwater diatom Navicula
sp. [32].
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Figure 1. Effect of triclosan on the growth of Chlorella vulgaris.

3.2. Effects of Triclosan Exposure Concentration on Chlorophyll a Content

As an important light-collecting pigment, chlorophyll a is responsible for light en-
ergy absorption and transmission. Chlorophyll a content directly affects photosynthesis
potential. The effects of triclosan concentration on chlorophyll a content in cells of Chlorella
vulgaris are shown in Figure 2. As illustrated in Figure 2, low-concentration (<0.75 mg/L)
triclosan had little effect on the chlorophyll content in the early stage of triclosan stress.
However, as exposure time went on, there was a stable concentration-dependent stimula-
tive effect on chlorophyll synthesis over 8 days” exposure to low-concentration (<0.75 mg/L)
triclosan (p < 0.01). The chlorophyll a content increased to 20.18 =+ 0.64 mg/L while exposed
to 0.75 mg/L triclosan, as measured on the 8th day, which was 12.73 £ 1.28 mg/L higher
than the control groups. However, the chlorophyll a content of microalgae exposed to
high-concentration triclosan (1.05 mg/L) decreased from an initial 4.44 £ 0.05 to 3.03 &
0.10 mg/L, as measured on the 8th exposure day. These results indicate that exposure
to appropriate concentrations of triclosan can promote the synthesis of chlorophyll a in
microalgae cells.
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Figure 2. Effects of triclosan on the chlorophyll a content of Chlorella vulgaris.

3.3. Effects of Triclosan on the Photochemical Efficiency of Photosystem I1

Chlorophyll fluorescence characteristics, such as actual photochemical efficiency of
photosystem II (PSII) in the light (¢PS II), maximal photochemical efficiency of PSII
(Fv/Fm), half saturated light intensity (Iy), light limited slope (x) and photosynthetic
electron transport rate (ETRmax), are often used as probes for monitoring the photochemi-
cal efficiency of PSII in microalgae cells [23]. Chlorophyll fluorescence analysis technology
may provide an easy, fast and accurate way to reflect the PSII changes of microalgae under
stress conditions [21].

The Fv/Fm value is a sensitive indicator used for studying the effects of environ-
mental factors on the potential quantum efficiency of PSII [29,33]. Figure 3 shows that
the Fv/Fm value increased slowly with the prolongation of triclosan exposure time in all
low-concentration (<0.75 mg/L) treatments (p < 0.01). Moreover, we also found the largest
Fv/Fm value under exposure to 0.75 mg/L triclosan, whereas the smallest value was under
exposure to 1.05 mg/L triclosan. This may illustrate that an excessively high concentration
of triclosan had an inhibitory effect on the PSII of Chlorella vulgaris (p < 0.05) during the
first 2 days of exposure, compared with the control groups. Moreover, we also observed
that with the extension of the exposure time, 1.05 mg/L triclosan treatments exhibited no
significant change in their inhibitory effect (p > 0.05).
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Figure 3. Effects of triclosan on the Fv/Fm value of Chlorella vulgaris.

@PSII reflects the actual photochemical efficiency of the PSII reaction center. Figure 4a
shows the results of triclosan toxicity experiments with increasing triclosan exposure
concentrations. It was found that @PSII values increased by 8.11%, 5.41%, 24.32% and
43.24%, as measured on the 8th day, in samples exposed to 0.05, 0.15, 0.45 and 0.75 mg/L
of triclosan, respectively, as compared with the control groups. However, @PSII values
decreased by 78% in 1.05 mg/L triclosan treatment, and the effects of triclosan on ETRmax
were similar to its effects on @PSII (Figure 4b). A low concentration of triclosan was able
to increase the value of ETRmax (p < 0.01), whereas the value of ETRnax decreased greatly
when the concentration was increased to 1.05 mg/L. Statistical analysis results indicate that
the inhibitory effects of triclosan on the @PSII (p < 0.01) and ETRpnax (p < 0.01) of Chlorella
vulgaris may be highly strengthen in 1.05 mg/L treatments, compared with the control
groups during the first 2 days of exposure. Moreover, with the extension of the exposure
time, 1.05 mg/L triclosan treatments exhibited negligible (p > 0.05) changes. This may
suggest that high-concentration triclosan inhibited the photosynthetic rates of Chlorella
vulgaris mainly through the electron transfer chain.



Water 2021, 13, 1355 60f 11

(a)
0.6 - Control 0.05 mg/L
) 0.15 mg/L 0.45 mg/L
0.75 mg/L 1.05 mg/L
= 0.4- TL{_ }L ]L
& oy
<
0.24
ﬂﬂﬁ LT
2 4 8
Time (d)

2001 [___]Control [ ]0.05 mg/L
[ JoasmgL [ ]0.45 mg/L
[ ]075mgL [ ]1.05mg/L Ea
160 -
1 - TL
- L
£ 120- T
m ==
e
& 80- M
40
0 1L b
2 4 8
Time (d)

Figure 4. Effects of triclosan on the ¢PSII (a) and ETRmax (b) of Chlorella vulgaris.

The values of Ij and o reflect the tolerance of microalgae to strong light and the
efficiency of light energy utilization, respectively. Figure 5a showed that there was no
effect exerted on the Iy values of Chlorella vulgaris during the first two days of exposure
to 0.00-0.75 mg/L triclosan. The tolerance to strong light was highly stimulated in low
concentrations of triclosan (<0.75 mg/L) in algae from the 4th exposure day (p < 0.01), and
the extent of this increase was positively correlated with the exposure concentration. As
shown in Figure 5b, the « values of Chlorella vulgaris did not change greatly along with
triclosan stress at various concentrations (0-1.05 mg/L) in this study (p > 0.05). However,
compared to the control groups, the o values of Chlorella vulgaris significantly decreased
(p < 0.01) when exposed to 1.05 mg/L triclosan. Therefore, the results illustrate that low-
concentration (<0.75 mg/L) triclosan may improve the strong light tolerance and utilization
ability of Chlorella vulgaris.
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Figure 5. Effects of triclosan on the Ik (a) and o (b) values of Chlorella vulgaris.

3.4. Effects of Exposure to Various Triclosan Concentrations on Soluble Protein Content

Microalgae can increase osmotic pressure and the amount of enzymes by increasing
the amount of intracellular soluble protein under adverse conditions in order to maintain
normal metabolism [34]. Figure 6 shows the effects of different concentrations of triclosan
on soluble protein content in cells of Chlorella vulgaris on the 6th day. The results illustrate
that exposure to a low concentration of triclosan (<0.75 mg/L) was able to significantly
increase the value of the soluble protein content in cells (p < 0.01), whereas this content was
decreased greatly when the triclosan concentration increased to 1.05 mg/L. The soluble
protein content of Chlorella vulgaris slightly increased to 0.145 £ 0.041 mg/L in 0.05 mg/L
treatments, and increased to 0.427 &£ 0.018 mg/L in 0.75 mg/L treatments, which was three
times higher than the control groups. However, the soluble protein content of Chlorella
vulgaris decreased to 0.046 £ 0.008 mg/L when exposed to 1.05 mg/L triclosan, a result
which reached the significance level (p < 0.05). Moreover, the decrease in the soluble protein
content was much more than that in the dry weight when the Chlorella vulgaris was exposed
to 1.05 mg/L triclosan, which indicated that triclosan was not only able decrease the dry
weight but also to inhibit the intracellular metabolism of microalgae.
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Figure 6. Effects of triclosan on the soluble protein concentration of Chlorella vulgaris.

3.5. Effects of Triclosan on the Activity of Antioxidant Enzymes

Triclosan removal efficiency was found to be associated with the cell density of
microalgae, and the primary mechanisms of triclosan removal by microalgae were found
to be photolysis, biosorption and bioaccumulation [35]. Photolysis is reported to be the
primary method of triclosan removal in the natural water environment [36]. However, toxic
intermediates produced by triclosan photolysis still pose a high risk to microalgae [37].

A large amount of reactive oxygen species (ROS), such as hydroxyl radical (HO),
hydrogen peroxide (H;O;) and superoxide (O, ™), are generated in the cells of microalgae
under stress from organic pollutants [38]. Such over-produced ROS may accumulate in
cells and oxidize the components of those cells. Thus, cellular antioxidant enzymes are
synthesized in order to protect the cell structure from oxidative damage through enzymatic
reactions [39].

MDA, as the final product of membrane lipid peroxidation, is usually used as an
indicator of microalgae oxidative stress under stress [40]. As shown in Table 1, the MDA
content of microalgae exposed to a low concentration of triclosan (<0.75 mg/L) for 6 days
was slightly higher than that of the control groups. However, the MDA content in 1.05
mg/L triclosan was nearly four times higher than that of the control groups. A significant
increase in the MDA content of Chlorella vulgaris was observed under exposure to high
triclosan concentrations (p < 0.01), which shows that the cell membrane was severely
damaged by ROS.

Table 1. Effects of varying concentrations of triclosan on MDA content, CAT and SOD activities of
Chlorella vulgaris.

Triclosan Concentration MDA Content SOD Activity CAT Activity
(mg/L) (nmol/mg Protein) (U/mg Protein) (U/mg Protein)

0 3.935 £ 0.405 0.283 £ 0.080 6.318 £ 0.774

0.05 4.116 £ 0.363 0.451 +£ 0.066 7.635 + 0.940

0.15 4.028 £0.710 0.467 £ 0.038 9.887 £1.795

0.45 4.111 4 0.340 0.448 £ 0.050 12.473 £ 1.663

0.75 4.234 4 0.301 0.442 £+ 0.012 13.953 + 0.530

1.05 12.865 + 0.424 0.526 + 0.083 9.800 + 0.439

SOD and CAT, as the primary antioxidant enzymes, form the first line of defense for
microalgae cells to resist oxidative damage by ROS [41]. These two cellular antioxidant
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defense enzymes reduce cell damage by removing ROS. SOD is able to decompose oxygen
free radicals into HyO, and O,; furthermore, CAT can decompose H,O; into H,O and O,,
and both are very important enzymes for the metabolism of microalgae, providing defenses
against oxidative damage. The CAT and SOD activities of Chlorella vulgaris exposed to
different triclosan concentrations are shown in Table 1. After 6 days of exposure, SOD
activity was highly stimulated, and the extent of the increase in SOD activity was highly
positive correlated with the concentration of triclosan exposure (p < 0.01). After 6 days
of exposure to 1.05 mg/L triclosan, the intracellular SOD activity was nearly two times
higher than that of the control groups. It was also found that the CAT activity of Chlorella
vulgaris in all low concentration treatments (<0.75 mg/L) increased during the exposure
time (p < 0.01). The highest CAT activity in Chlorella vulgaris cells was observed in those
exposed to 0.75 mg/L triclosan, which was two times higher than that of the control groups.
The intracellular CAT activity and H,O, concentration established a new balance in cells
exposed to different concentrations of triclosan. The CAT activity was reduced from 13.953
+ 0.530 U/mg protein in 0.75 mg/L treatments to 9.800 £ 0.439 U/mg protein in 1.05 mg/L
treatments. This is mainly due to the fact that CAT enzymes in the cell are not capable
of decomposing extremely high concentrations of H,O,, and excessive H,O, may in turn
damage the structure of CAT, and eventually may inactivate CAT enzymes [42].

4. Conclusions

In the present study, we identified the acute toxicity of triclosan on Chlorella vulgaris.
Low-concentration (<0.75 mg/L) triclosan exposure was able to promote the growth and
photosynthesis of Chlorella vulgaris, whereas chlorophyll fluorescence analysis showed that
there were declines in the chlorophyll a content, photosynthetic electron transport rate and
photochemical efficiency in Chlorella vulgaris exposed to high-concentration triclosan. The
peroxidation of cell membrane lipids by ROS could become more severe with exposure to
increasing concentrations of triclosan. Meanwhile, SOD and CAT activity were significantly
promoted in order to remove ROS and reduce damage to cell structures when the Chlorella
vulgaris were exposed to triclosan. CAT was sensitive to extremely high ROS, and excessive
ROS inactivated CAT enzymes in cells exposed to high triclosan concentrations.
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