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The authors regret < In Abstract "The mean value of PM2.5
increased from less than 35 (excellent) to 35–75 μg/m3 (good)
and then to greater than 75 μg/m3 (pollution), corresponding to mean PM2.5 values of 24.9, 51.2 and 93.3 μg/m3 , respectively. The aerosol scattering hygroscopic growth factor
( f (RH = 80%)) values were 2.0, 2.12 and 2.18 for the excellent,
good and pollution levels, respectively." should be revised to
"The mean value of PM2.5 (24-hr) increased from less than
35 μg/m3 (excellent) to 35–75 μg/m3 (good) and then to greater
than 75 μg/m3 (pollution), corresponding to mean PM2.5 values
of 24.9, 51.2 and 93.3 μg/m3 , respectively. The aerosol scattering hygroscopic growth factor ( f (RH = 80%)) values were 2.69,
2.33 and 2.09 for the excellent, good and pollution levels, respectively."

∗

In Abstract "For different air mass sources, under excellent
and good levels, the land air mass from northern Heshan had
lower f (RH) and σ sp values. Also, the mixed aerosol from the
sea and coastal cities had lower f (RH) and showed that the local sources of coastal cities have higher scattering characteristics in pollution periods." should be revised to "For different
air mass sources, under excellent and good levels, the land
air mass from northern Heshan had higher f (RH). Also, the
mixed aerosol from the marine and coastal cities had higher
f (RH) and showed that the local sources of coastal cities have
higher scattering characteristics in pollution periods."
In Section 2.1.3 "The values of f (RH) at 80% RH were 2.20,
2.0, 2.12 and 2.18, corresponding to the entire observation period and the excellent, good and pollution periods, respectively." should be revised to "The values of f (RH) at 80% RH
were 2.35, 2.69, 2.33 and 2.09, corresponding to the entire observation period and the excellent, good and pollution periods,
respectively."
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In Section 2.1.3 "Furthermore, the mean values of f (RH)
were 2.63, 2.33 and 2.10 for the excellent, good and pollution
periods (79.5% < RH < 80.5%), respectively (Fig. 7). We conducted correlation analyses on f (RH) and SAE as well as f
(RH) and OM/SNA, and the results are shown in Appendix A
Table S1. For the entire period, the correlation between f (RH)
and SAE was greater than that between f (RH) and OM/SNA.
The same results were also obtained for excellent and good
periods. However, this was contrary to the result during under the pollution level, suggesting that OM/SNA had a greater
effect on f (RH) than SAE" should be revised to "Furthermore,
the mean values of f (RH) were 2.69, 2.33 and 2.09 for the excellent, good and pollution periods (RH = 80%), respectively
(Fig. 7). We conducted correlation analyses on f (RH) and SAE
as well as f (RH) and OM/SNA, and the results are shown in
Table S1. For the entire period, the correlation between f (RH)
and SAE was lower than that between f (RH) and OM/SNA,
and there was a good correlation between f (RH) and chemical
components (nitrates and ammonium). The same results were
also obtained for excellent and good periods. There was a good
correlation between the f (RH) and SAE during the pollution
period, which indicated that the particle size of the aerosol
increased significantly during this period."
In Section 2.1.3 "Our results indicate that fine particles
could dominate the hygroscopic growth of aerosols in excellent and good periods because the chemical compositions
of PM2.5 were lower than those during the pollution periods
(Zieger et al., 2017). With the accumulation of pollutants, the
mass of hygroscopic chemical components of PM2.5 became a
dominant factor. As shown in Appendix A Table S1, at the pollution level, the chemical components dominate f (RH), and
the nitrate contribution was the largest. At other pollution levels, the SAE had a good correlation with f (RH), indicating that
fine particles and chemical components contributed to the
observed hygroscopic growth (as shown in Appendix A Table
S3)." should be revised to "Our result shows that fine particulate may contribute to the aerosol hygroscopic growth, as the
correlation between f (RH) and SAE increases from excellent
and good to pollution periods. Also, the correlation between f
(RH) and OM/SNA decreased from excellent and good to pollution period, indicating that the influence of OM/SNA on f (RH)
in pollution period was lower than that in excellent and good
periods, which also may be a factor for high f (RH) in excellent
and good periods. As shown in Table S1, at the pollution level,
the chemical components (nitrates and ammonium) and SAE
had a good correlation with the f (RH), indicating that particle size and chemical components contributed to the aerosol
hygroscopic growth."
In Section 2.2.1 "As shown in Appendix A Fig. S5, the hygroscopic growth factor ( f (RH)) exhibited an increasing trend
with increasing aerosol extinction coefficient (σ ext ). In contrast, it had an opposite trend with the aerosol absorption coefficient. The scattering coefficient (σ sp ) and σ ap had the same
increasing trend (Fig. 5), and f (RH) exhibited similar results
(2.0, 2.12 and 2.18 correspond to the excellent, good, pollution periods), but the SSA result was reversed, indicating that
the proportion of light-absorbing chemical components increased from excellent to pollution levels." should be revised
to "As shown in Appendix A Fig. S5, the f (RH) exhibited an increasing trend with increasing aerosol extinction coefficient
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Fig. 5 – Evolution of the optical properties of aerosol. (A–D)
Measurements in Heshan from 19 October to 17 November
2014, including σ sp (Mm−1 ), σ ap (Mm−1 ), SSA and SAE,
respectively. The bottom and top of the vertical line for each
box in A–D correspond to the maximum and minimum,
respectively, and the bottom, middle and top levels of each
box mark the 25th, 50th and 75th percentiles of the data.
The square in each box represents the mean. The green,
gray and black colors correspond to the excellent, good and
pollution level, respectively, as defined in Fig. 2.

(σ ext ). In contrast, the influence of aerosol absorption coefficient on it was not obvious. The scattering coefficient (σ sp ) and
σ ap had the same increasing trend (Fig. 5), but the SSA result
was reversed, indicating that the proportion of light-absorbing
chemical components increased from excellent to pollution
levels."
In Section 2.2.2 "(Wang et al., 2009; Zhao et al., 2013a)"
should be revised to "(Wang et al., 2009; Zhao et al., 2013)"
In Section 2.3.1 "Our results indicate that the f (RH) values of land and mixed aerosol under excellent, good and pollution levels were significantly different and were greater in
the pollution period than during the other periods (as shown
in Table 2). During the pollution periods, the chemical composition of particle aerosol resulted in a higher hygroscopicity capacity, and the land aerosol showed a higher correlation
between chemical components and f (RH) (Appendix A Table S3). In addition, the f (RH) values of the land and mixed
aerosol at the excellent level were 1.55 and 2.40, respectively,
and the SAEs were 1.30 and 1.04, respectively, also indicating that the mixed aerosol had a stronger hygroscopicity capacity than land aerosol due to its chemical composition (Fig.
10H). In particular, f (RH) is likely complex during good periods because of the decreasing particle size from land to mixed
aerosol (the SAE values were 1.12 and 1.22 for land and mixed
aerosol, respectively). Additionally, f (RH) and chemical composition had a higher anti-correlation for the land aerosol. The
land aerosol had a higher proportion of SNA and lower OM
than the mixed aerosol (as shown in Appendix A Fig. S4A and
S4B) during the pollution periods; however, there was a higher
correlation between f (RH) and chemical composition and a
lower SAE, suggesting that severe atmospheric pollution in the
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Fig. 6 – Hygroscopic growth of aerosol scattering (ƒ(RH)) as a function of RH with curve fitting. Scattered dots and lines are
the ƒ(RH) values and the empirical fitting curve. A represents the overall study period. In B, C and D, the green, gray and
black colors correspond to the excellent, good and pollution levels, respectively, as defined in Fig. 2. C and D correspond to
air masses over northern Heshan (land, i.e., air masses from the land) and southern Heshan (mixed, i.e., mixed air masses
from marine and coastal cities), respectively.

Fig. 7 – Values of ƒ(RH) at RH = 80%, OM/SNA and SAE
averages (79.5<RH<80.5%) corresponding to the excellent,
good and pollution levels, respectively. The vertical lines
represent the standard deviations.

Heshan region is closely related to emissions from human activities, although mixed aerosol had higher concentrations of
chemical components." should be revised to "Our results indicate that the f (RH) values of land and mixed aerosol under excellent, good and pollution levels were significantly different. During the excellent and good periods, the f (RH) of
land aerosol is higher than that of mixed aerosol, and during
the period of pollution, the mixed aerosol is relatively high (as
shown in Table 2). Also, the f (RH=80%) values of the land and
mixed aerosol at the excellent level were 2.63 and 2.11, and the

SAEs were 1.30 and 1.04, respectively, also indicating that the
land aerosol had a stronger hygroscopicity ability than mixed
aerosol may be due to the contribution of smaller particle size
to the hygroscopicity. Additionally, f (RH) and chemical composition (SNA) had a lower correlation for the land aerosol
during the excellent and good periods. The land aerosol had
a higher proportion of SNA and lower OM than the mixed
aerosol (as shown in Appendix A Fig. S4A and S4B). However,
there was a higher correlation between f (RH) and chemical
composition and a lower SAE for the land aerosol during the
pollution period, suggesting that severe atmospheric pollution
in the Heshan region is closely related to pollution emissions
from human activities."
In Section 2.3.2 "(Tian et al., 2015; Zhao et al., 2013b)" should
be revised to "(Tian et al., 2015; Zhao et al., 2013)"
In Section 3 "The f (RH = 80%) values were 2.0, 2.12 and
2.18 in the excellent, good and pollution periods, respectively."
should be revised to "The f (RH=80%) values were 2.69, 2.33
and 2.09 in the excellent, good and pollution periods, respectively."
In Section 3 "The air mass from the south of Heshan carried a high concentration of PM2.5 . The mixed aerosol had a
high hygroscopicity and high scattering and low absorption
properties during the excellent periods. There was a complicated transformation process from particle size and chemical
composition, in which the mixed aerosols had a high hygroscopicity and scattering and absorption properties during the
good periods. During the pollution periods, f (RH = 80%) was
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Fig. 8 – Diurnal variation in σ sp (A), σ ap (B), SSA (C), SAE (D), wind speed (E), and PBL height (F). The green, gray and black
colors correspond to the excellent, good and pollution periods, respectively, as defined in Fig. 2.

Fig. 11 – Evolution of the optical properties of land and mixed PM2.5 . (A–D) Measurements of σ sp (Mm−1 ), σ ap (Mm−1 ), SSA
and SAE, respectively, in Heshan from 19 October to 17 November 2014. The orange and blue boxes correspond to land and
mixed air masses, respectively, as defined in Fig. 10.

2.55 and 2.12 for land and mixed aerosols, respectively, and the
mean values of σ sp , SSA and σ sp /PM2.5 for land aerosols were
lower than those of mixed aerosols, suggesting that the mixed
air masses exhibited lower hygroscopic growth and higher
scattering properties in the PRD region." should be revised
to "Under different pollution levels, mixed and land aerosols
have different optical properties. On the whole, the mixed
aerosol has a higher σ sp , especially during the pollution pe-

riod. At the same time, the SSA, f (RH) and σ sp /PM2.5 of the
mixed aerosol also have higher characteristics during the pollution period, which indicates that the pollution emission of
cities in the southeast coast of China has a certain degree of
influence on air pollution in the Pearl River Delta region."
In Section References “Ångström, A., 1929. On the atmospheric transmission of Sun radiation and on dust in the air.
Geogr. Ann. 11 (40), 156–166.” should be revised to “Ångström,
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Table 1 – Fitting parameters values of theƒ(RH) equation.
Equation: ƒ(RH)=1 + a∗ (RH/100)b

a
b
R2

Overall

Excellent

Good

Pollution

Land
Excellent

Good

Pollution

Mixed
Excellent

Good

Pollution

6.74±0.31
7.22±0.23
0.79

10.84±1.49
8.34±0.67
0.78

6.04±0.31
6.79±0.25
0.81

7.94±0.66
8.91±0.45
0.86

12.92±2.04
9.27±0.80
0.79

8.83±0.61
7.57±0.32
0.84

5.81±0.90
7.89±0.74
0.78

1.97±0.88
2.59±1.04
0.27

5.91±0.39
7.24±0.35
0.85

8.21±0.69
8.68±0.50
0.93

Table 2 – Aerosol hygroscopic growth factor (ƒ(RH)) at 550 nm wavelength (19 October to 17 November 2014). (Revise the
results of this study).
Equation: ƒ(RH)=1 + a∗ (RH/100)b , RH=80%

f(RH)

Overall

Excellent

Good

Pollution

Land
Excellent

Good

Pollution

Mixed
Excellent

Good

Pollution

2.35

2.69

2.33

2.09

2.63

2.63

2.0

2.11

2.17

2.18

A., 1929. On the atmospheric transmission of Sun radiation
and on dust in the air. Geogr. Ann. 11 (2), 156–166.”
“Chen, J., Zhao, C.S., Ma, N., Yan, P., 2014. Aerosol hygroscopicity parameter derived from the light scattering enhancement factor measurements in the North China plain. Atmos.
Chem. Phys. 14 (15), 8105–8118.” should be revised to “Chen, J.,
Zhao, C., Ma, N., Yan, P., 2014. Aerosol hygroscopicity parameter derived from the light scattering enhancement factor measurements in the North China plain. Atmos. Chem. Phys. 14,
8105–8118.”
“Garland, R.M., Yang, H., Schmid, O., Rose, D., 2008. Aerosol
optical properties in a rural environment near the mega-city
Guangzhou, China: implications for regional air pollution and
radiative forcing. Atmos. Chem. Phys. 8 (2), 5161–5186.” should
be revised to “Garland, R.M., Yang, H., Schmid, O., Rose, D.,
Nowak, A., Achtert, P., et al., 2008. Aerosol optical properties
in a rural environment near the mega-city Guangzhou, China:
implications for regional air pollution and radiative forcing.
Atmos. Chem. Phys. 8, 5161–5186.”
“Garland, R.M., Schmid, O., Nowak, A., Achtert, P., Wiedensohler, A., Gunthe, S.S., et al., 2009a. Aerosol optical properties
observed during campaign of air quality research in Beijing
2006 (CAREBeijing-2006): characteristic differences between
the inflow and outflow of Beijing city air. J. Geophys. Res. Atmos. 114 (D2), 1065–1066.” should be revised to "Garland, R.M.,
Schmid, O., Nowak, A., Achtert, P., Wiedensohler, A., Gunthe,
S.S., et al., 2009a. Aerosol optical properties observed during
campaign of air quality research in Beijing 2006 (CAREBeijing2006): characteristic differences between the inflow and outflow of Beijing city air. J. Geophys. Res. Atmos. 114, D00G04."
“Guo, H., Jiang, F., Cheng, H.R., Simpson, I.J., Wang, X.M.,
Ding, A.J., et al., 2009. Concurrent observations of air pollutants at two sites in the Pearl River Delta and the implication
of regional transport. Atmos. Chem. Phys. 9 (2), 7343–7360.”
should be revised to “Guo, H., Jiang, F., Cheng, H.R., Simpson,
I.J., Wang, X.M., Ding, A.J., et al., 2009. Concurrent observations of air pollutants at two sites in the Pearl River Delta and
the implication of regional transport. Atmos. Chem. Phys. 9,
7343–7360.”

“Guo, S., Hu, M., Zamora, M.L., Peng, J., Shang, D., Zheng, J.,
et al., 2014. Elucidating severe urban haze formation in China.
Proc. Natl. Acad. Sci. U. S. A. 111 (49), 17,373” should be revised
to "Guo, S., Hu, M., Zamora, M.L., Peng, J., Shang, D., Zheng, J.,
et al., 2014. Elucidating severe urban haze formation in China.
Proc. Natl. Acad. Sci. U. S. A. 111 (49), 17,373–17,378.”
“Han, T., Liu, X., Zhang, Y., Gu, J., Tian, H., Zeng, L., et al.,
2014. Chemical characteristics of PM10 during the summer in
the mega-city Guangzhou, China. Atmos. Res. 137 (2), 25–34.”
should be revised to “Han, T., Liu, X., Zhang, Y., Gu, J., Tian, H.,
Zeng, L., et al., 2014. Chemical characteristics of PM10 during
the summer in the mega-city Guangzhou, China. Atmos. Res.
137, 25–34.”
“Han, T., Liu, X., Zhang, Y., Qu, Y., Zeng, L., Hu, M., et al.,
2015. Role of secondary aerosols in haze formation in summer
in the megacity Beijing. J. Environ. Sci. 31 (5), 51–60.” should be
revised to "Han, T., Liu, X., Zhang, Y., Qu, Y., Zeng, L., Hu, M.,
et al., 2015. Role of secondary aerosols in haze formation in
summer in the megacity Beijing. J. Environ. Sci. 31, 51–60.”
“He, H., Li, C., Loughner, C.P., Li, Z., Krotkov, N.A., Yang, K.,
et al., 2012. SO2 over Central China: measurements, numerical simulations and the tropospheric sulfur budget. J. Geophys. Res. Atmos. 117 (D16), 812–819." should be revised to “He,
H., Li, C., Loughner, C.P., Li, Z., Krotkov, N.A., Yang, K., et al.,
2012. SO2 over Central China: measurements, numerical simulations and the tropospheric sulfur budget. J. Geophys. Res.
Atmos. 117, D00K37.”
“He, H., Wang, Y., Ma, Q., Ma, J., Chu, B., Ji, D., et al., 2014.
Mineral dust and NOx promote the conversion of SO2 to sulfate in heavy pollution days. Sci. Rep. 4 (1), 4172.” should be
revised to “He, H., Wang, Y., Ma, Q., Ma, J., Chu, B., Ji, D., et al.,
2014. Mineral dust and NOx promote the conversion of SO2 to
sulfate in heavy pollution days. Sci. Rep. 4, 4172.”
“Koschmieder, H., 1924. Theorie der horizontalen
sichtweite. Beitr. Phys. Freien. Atm. 12.” should be revised to
“Koschmieder, H., 1924. Theorie der Horizontalen Sichtweite.
Beitr. Phys. Freien Atm. 12, 33–53.”
“Li, G.H., Wang, Y., Zhang, R. Y., 2008. Implementation of a
twomoment bulk microphysics scheme to the WRF model to
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investigate aerosol-cloud interaction. J. Geophys. Res. Atmos.
113 (D15).” should be revised to “Li, G., Wang, Y., Zhang, R., 2008.
Implementation of a twomoment bulk microphysics scheme
to the WRF model to investigate aerosol-cloud interaction. J.
Geophys. Res. Atmos. 113, D15211.”
“Li, W., Chi, J., Shi, Z., Wang, X., Chen, B., Wang, Y., et al.,
2014. Composition and hygroscopicity of aerosol particles at
Mt. Lu in South China: implications for acid precipitation. Atmos. Environ. 94 (22), 626–636.” should be revised to “Li, W., Chi,
J., Shi, Z., Wang, X., Chen, B., Wang, Y., et al., 2014. Composition and hygroscopicity of aerosol particles at Mt. Lu in South
China: implications for acid precipitation. Atmos. Environ. 94,
626–636.”
“Li, L., Tan, Q., Zhang, Y., Feng, M., Qu, Y., An, J., et al., 2017.
Characteristics and source apportionment of PM2.5 during persistent extreme haze events in Chengdu, Southwest China.
Environ. Pollut. 230, 718.” should be revised to “Li, L., Tan, Q.,
Zhang, Y., Feng, M., Qu, Y., An, J., et al., 2017. Characteristics
and source apportionment of PM2.5 during persistent extreme
haze events in Chengdu, Southwest China. Environ. Pollut. 230,
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“Liu, X., Zhang, Y., Jung, J., Gu, J., Li, Y., Guo, S., et al., 2009.
Research on the hygroscopic properties of aerosols by measurement and modeling during CAREBeijing-2006. J. Geophys.
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Zhang, Y., Jung, J., Gu, J., Li, Y., Guo, S., et al., 2009. Research
on the hygroscopic properties of aerosols by measurement
and modeling during CAREBeijing-2006. J. Geophys. Res. Atmos. 114, D00G16.”
“Liu, X., Li, J., Qu,Y., Han, T.,Hou, L., Gu, J., et al., 2013b. Formation and evolution mechanism of regional haze: a case
study in the megacity Beijing, China. Atmos. Chem. Phys. 13
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T., Hou, L., Gu, J., et al., 2013b. Formation and evolution mechanism of regional haze: a case study in the megacity Beijing,
China. Atmos. Chem. Phys. 13, 4501–4514.”
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A., et al., 2009. Observational study of influence of aerosol
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“Stock, M., Cheng, Y.F., Birmili, W., Massling, A., Wehner, B.,
Müller, T., et al., 2011. Hygroscopic properties of atmospheric
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conditions. Atmos. Chem. Phys. 11 (9), 4251–4271.” should be
revised to “Stock, M., Cheng, Y.F., Birmili, W., Massling, A.,
Wehner, B., Müller, T., et al., 2011. Hygroscopic properties
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of atmospheric aerosol particles over the eastern Mediterranean: implications for regional direct radiative forcing under clean and polluted conditions. Atmos. Chem. Phys. 11,
4251–4271.”
“Tian, P., Wang, G., Zhang, R., Wu, Y., Yan, P., 2015. Impacts of
aerosol chemical compositions on optical properties in urban
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to “Tian P., Wang G., Zhang R., Wu Y., Yan P., 2015. Impacts of
aerosol chemical compositions on optical properties in urban
Beijing, China. Particuology 18, 155–164.”
“VandeHulst, H.C., 1981. Light Scattering by Small Particles.
Dover, Mineola, New York.” should be revised to “Van de Hulst,
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“Wang, G., Zhang, R., Gomez, M.E., Yang, L., Zamora, M.L.,
Hu, M., et al., 2016. Persistent sulfate formation from London fog to Chinese haze. Proc. Natl. Acad. Sci. U. S. A. 48
(113),13,630–13,635.” should be revised to “Wang, G., Zhang, R.,
Gomez, M.E., Yang, L., Zamora, M.L., Hu, M., et al., 2016. Persistent sulfate formation from London fog to Chinese haze. Proc.
Natl. Acad. Sci. U. S. A. 113 (48), 13,630–13,635.”
“Yang, Y.R., Liu, X.G., Qu, Y., An, J.L., Jiang, R., Zhang, Y.H.,
et al., 2015. Characteristics and formation mechanism of continuous extreme hazes in China: a case study in autumn of
2014 in the North China plain. Atmos. Chem. Phys. 15 (14),
10,987–11,029.” should be revised to “Yang, Y., Liu, X., Qu, Y.,
An, J., Jiang, R., Zhang, Y., et al., 2015. Characteristics and formation mechanism of continuous extreme hazes in China: a
case study in autumn of 2014 in the North China plain. Atmos.
Chem. Phys. 15, 8165–8178.”
“Zhang, R., Jing, J., Tao, J., Hsu, S.C., 2013. Chemical characterization and source apportionment of PM2.5 in Beijing:
seasonal perspective. Atmos. Chem. Phys. 13 (14), 7053–7074.”
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a winter regional haze event and its formation mechanism in
the North China plain. Atmos. Chem. Phys. 13 (11), 5685–5696.”
should be revised to “Zhao, X., Zhao, P., Xu, J., Meng, W., Pu W.
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event and its formation mechanism in the North China plain.
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The authors would like to apologize for any inconvenience
caused.

Apppendix A Supplementary data
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jes.2020.12.004.
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fore caused the exposure of aquatic organisms, resulting in growing environmental con-
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cerns. However, the safety of nano-TiO2 in aquatic environments has not been system-
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atically assessed, especially in coastal and estuary waters where a large number of filterfeeding animals live. Bivalves are considered around the world to be a unique target group

Keywords:

for nanoparticle toxicity, and numerous studies have been conducted to test the toxic effects

Meta-analysis

of nano-TiO2 on bivalves. The aim of this review was to systematically summarize and ana-

Titanium dioxide nanoparticles

lyze published data concerning the toxicological effects of nano-TiO2 in bivalves. In partic-

Toxic effect

ular, the toxicity of nano-TiO2 to the antioxidant system and cell physiology was subjected

Bivalves

to meta-analysis to reveal the mechanism of the toxicological effects of nano-TiO2 and the

Bibliometric analysis

factors affecting its toxicological effects. To reveal the cooperation, hot keywords and cocitations in this field, bibliometric analysis was conducted, and the results showed that the
toxicological molecular mechanisms of nano-TiO2 and the combined effects of nano-TiO2
and other environmental factors are two major hot spots. Finally, some perspectives and insights were provided in this review for future research on nano-TiO2 toxicology in bivalves.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
On account of its unique physical and chemical properties
in terms of catalytic activity and ultraviolet (UV) absorption,
nano-TiO2 has been synthesized in large quantities and extensively used in a host of products, such as sunscreens, light∗

emitting diodes, photovoltaic cells, sporting goods, and water
treatment agents (Klaine et al., 2012; Pugazhendhi et al., 2018;
Robichaud et al., 2009; Wang et al., 2018). Therefore, nano-TiO2
has inevitably been released into marine environments and
poses a potential threat to marine life as well as ecosystems
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(Carbuloni et al., 2020; Della Torre et al., 2015; Menard et al.,
2011). With the increasing importance of marine ecology and
animal welfare, the effects of nano-TiO2 on marine organisms
and ecosystems have been the focus of intense concern in recent years (Canesi and Corsi, 2016).
Bivalve mollusks, characterized by their filter feeding and
sedentary or sessile lifestyle, are on the first line of impact
from nanoparticles (Doyle et al., 2016). Bivalve mollusks are
considered a unique target group for nanoparticle toxicity
(Canesi et al., 2012; Libralato et al., 2013; Wang et al., 2014).
At present, various methods and models have been developed to study the toxicological effects of nano-TiO2 on bivalves (Luo et al., 2020). The hemocytes of bivalves, as effector cells of the immune system, serve various physiological functions, such as immune defense, detoxification, tissue
and shell repair and well-developed endocytosis and phagocytic mechanisms (Cajaraville and Pal, 1995; Donaghy et al.,
2009). Previous studies demonstrated that the cell physiology
of bivalves changed significantly when they were exposed to
nano-TiO2 , such as changes in lysosomal stability and phagocytic function (Huang et al., 2016; Wang et al., 2019). However, various effects of nano-TiO2 on bivalves have not been
systematically summarized at immune, physiological, and genetic levels, and the general toxic effects on bivalves are unclear. Oxidative stress has been widely regarded as the main
mechanism for the toxicological effects of nano-TiO2 on bivalves. Most studies support the assumption that ROS induced by nano-TiO2 exert oxidative damage, with the depletion of antioxidant enzymes such as glutathione S-transferase
(GST) and glutathione peroxidase (GPx), and finally pose hazards to the organisms (Canesi et al., 2010a; Guan et al., 2019;
Huang et al., 2016). However, different experimental schemes
with different sample sources or crystal structures or particle
sizes of nano-TiO2 were adopted by various studies and thus
different results were obtained, and some results were even
contradictory (Wang et al., 2014, 2019). In the process of oxidative stress, which antioxidant enzymes can be affected and
whether these effects are tissue-dependent or vary with the
size or crystal structure of nano-TiO2 have not been systematically studied. In addition, whether nano-TiO2 can damage the
genetic material of bivalves remains controversial (Chen et al.,
2014; Marisa et al., 2018). Therefore, it is necessary to systematically analyze the toxicological effects of nano-TiO2 on bivalves based on cell physiology and oxidative stress. A comprehensive assessment of the adverse effects of nano-TiO2
on bivalves requires a quantitative approach that can objectively summarize the results of multiple studies and assess
the relative importance of the toxic mechanisms and biological responses of bivalves exposed to nano-TiO2 . This quantitative approach can be achieved through meta-analysis. Metaanalysis is a statistical tool that can systematically assess the
results of multiple independent studies, determine the effect
size of response variables in different studies or across different studies, and allow generalizations to be made about the
available findings in a certain research area. For meta-analysis
in this work, 31 research articles were included; thus it was
possible to reliably conduct a detailed analysis and find reasonable explanations for the differences among studies. More
importantly, with the deepening of research on the toxicological effects of nano-TiO2 on bivalves, it is particularly signif-
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icant to summarize the previous research and draw generalized conclusions to guide future study in this area. In addition, bibliometrics were established in 1958 as an important method to evaluate scientific research in a subject area
of interest (Thelwall, 2008). Taking the external characteristics of literature (including word frequency analysis, simple
document counting and so on) as research objects, and applying certain mathematical statistical methods for quantitative analysis, bibliometrics can objectively reflect the research
status and developmental trends of the relevant disciplines
(Hwang and Kim, 2006; Morris et al., 2002; Nederhof, 2006). In
this paper, the application of bibliometrics was able to analyze
research hotspots in terms of age and provide a supplement
to the results of meta-analysis.

1.

Methods

1.1.

Meta-analysis

1.1.1.

Search strategy

This study retrieved articles on the toxic effects of nano-TiO2
on bivalves from 1985 to March 22, 2020. The keywords, including mussel or oyster or clam or scallop or cockle or bivalves
and titanium dioxide or TiO2 or nano-TiO2 , were searched using the Web of Science. In this study, the full text of retrieved
articles was reviewed and papers meeting the research requirements were included in this meta-analysis.

1.1.2.

Selection criteria

The selection criteria included three aspects: (1) The bivalves used in the experiment were randomly divided into
two groups: the experimental group was deemed to be exposed to nano-TiO2 ; the control group was the blank control
group; (2) The experimental results with the longest exposure period and the highest dose in the same group of experiments were extracted under the premise of the same irrelevant variable (An et al., 2020); (3) The indicators selected
for meta-analysis included oxidative stress-related parameters: glutathione (GSH), reactive oxygen species (ROS), catalase (CAT), glutathione S-transferase (GST), glutathione peroxidase (GPx), superoxide dismutase (SOD), malondialdehyde
(MDA), thiobarbituric acid reactive substance (TBARS), and cell
physiology related parameters: total hemocyte count (THC),
esterase activity, lysosomal membrane stability, lysozyme activity, lysosomal contents, phagocytosis activity, DNA tail percentage and micronucleus frequency. When the original data
of the experiment could not be found in the article, the numerical values were measured from the graphs by a digital
ruler (Plot Digitizer 2.6.8). The required criteria for qualified literature comprised the following: (1) biological model: animal
species; (2) study design: exposure period, exposure dosage;
(3) main results: MDA, ROS, SOD, GSH, GST, GPx, CAT, TBARS,
phagocytosis activity, esterase activity, lysosomal membrane
stability, lysozyme activity, DNA tail, micronucleus frequency,
total hemocyte content and lysosomal contents. A total of 31
published papers were included in the meta-analysis.
Exclusion criteria were as follows: (1) duplicate publications; (2) title and abstract that were irrelevant to nano-TiO2 ;
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(3) the experimental species selected in the article was not bivalves; (4) none of the 16 research indicators was covered; (5)
lack of appropriate controls.

1.1.3.

Data processing

The following information were extracted from each qualified
study: publication characteristics (title of the study, first author and publication year), data on the experimental and control groups (n, mean ± SD), the species of bivalves, the size
of nano-TiO2 , sample source, crystal structure of nano-TiO2 ,
exposure period and exposure dosage. Relevant statistics are
listed in Appendix A Section 1 Table S1.

1.1.4.

ence were used to extract relevant information (the number
of publications of each author, country, region, organization,
field, journal, the total times publications were cited and the
proportion of all publications) from the 140 articles.

Data analysis

The mean values for each outcome indicator differed between
the experimental and control groups. Significant heterogeneity was detected (P < 0.05, I2 > 75%). A random effects model
was chosen for the meta-analysis. To determine the source
of heterogeneity, subgroup analysis of crystal structure, particle size and sample source were performed. Continuous variables were estimated as standardized mean differences (SMD)
with 95% confidence intervals (95% CI) between the experimental group and control group. Subgroup analyses were performed based on crystal structure (rutile and anatase), sample
source (gill, digestive gland and hemolymph) and the size of
nano-TiO2 (<30 nm and >30 nm; and for the papers with no
clear indication of the average nano-TiO2 size, the average of
the maximum and minimum particle sizes was used as the
experimental particle size for meta-analysis), to determine
the factors associated with the differences among study results in the outcome indicators. Specifically, among the 16 indexes included in the meta-analysis, the three indexes of SOD,
CAT and GPx were analyzed for sub-group analysis of sample
source and particle size range according to the characteristics of their study. The index ROS was analyzed for sub-group
analysis of the crystal structure and particle size range. For
GST, a subgroup analysis of sample sources was performed.
A subgroup analysis of the particle size range was performed
for phagocytic activity. Meta-analysis was also performed on
MDA, GSH, TBARS, lysosome contents, lysozyme activity, lysosomal membrane stability, esterase activity, total hemocyte
count, DNA tail and micronucleus frequency, respectively.
Whether the outcomes were prominently affected by a single
study was determined by sensitivity analysis, which was performed with one data point removed at a time. Funnel plots
were used to investigate the existence of publication bias in
studies with a total of more than 10 included data. All analyses
were implemented in Stata 15.0 (Stata Corp., College Station,
Texas, TX, USA, 2017).

1.2.

Bibliometric analysis

1.2.1.

Data collection

A search was conducted in the Web of Science using the keywords in the theme including mussel OR oyster OR clam OR
scallop OR cockle OR bivalves and titanium dioxide OR TiO2
OR nano-TiO2 OR nanoparticles across all publication years in
18 July 2020. A total of 320 articles were retrieved, of which
toxicology accounted for 140. The time range was from January 2005 to 18 July 2020. Bibliometric tools in the Web of Sci-

1.2.2.

Important settings for making bibliometric maps

All the documents from the 140 articles were added to the
marking list, and all the information of relevant papers (e.g.,
title, authors, affiliation, address, keywords etc.) were selected
and exported in Tab-delimited format to make bibliometric
maps using VOSviewer 1.6.15 (available in www.vosviewer.
com). The number of occurrences were shown by the dot size
and the co-occurrence as line links in the maps, and all cooccurrence links received the same weight.
For a total of 140 articles, to visualize the cooperation in
this field, the type of analysis was co-authorship and the units
of analysis were authors and countries (regions included). As
for thresholds, the minimum number of documents of an author (country or organization) was three. To explore research
hotspots, "Co-occurrence" and "All keywords" were chosen to
find the hot keywords first, and the cited source of co-citations
was also chosen to build the bibliometric map. The threshold of occurrences of a keyword was three, and the minimum
number of occurrences of the cited source of a co-citation was
set to twenty. Further information and the data to explore the
bibliometric maps in VOSviewer in more detail can be found
in Appendix B.

2.

Results

2.1.

Meta-analysis

2.1.1.

Study characteristics

Using the above retrieval strategy, 31 articles were selected
from Web of Science on the toxicological effects of nano-TiO2
on bivalves by March 22, 2020, and the main research contents
and results are summarized in Table 1.

2.1.2.

Toxicological effects of nano-TiO2 on bivalves

Comprehensive analysis showed that the levels of ROS, SOD,
MDA, CAT, GPx, GST, TBARS, DNA tail percentage, micronucleus frequency and lysozyme activity were significantly
higher in the experimental group than in the control group.
The detailed analysis results are shown in a forest map obtained by meta-analysis (Appendix A Figs. S1–S7 and S9).
Among the ten indicators mentioned above, the SMD values
were higher than 1.5, and all also showed significant heterogeneity (P<0.01). In addition, compared with the control group,
the results of meta-analysis showed that the four indexes of
bivalves, phagocytic activity, esterase activity, lysozyme contents and lysosomal membrane stability in the experimental
group were significantly decreased. Specific analysis results
are also shown in the forest map obtained by meta-analysis
(Appendix A Figs. S8 and S9). In the assessments of the above
four indicators, the SMD values were lower than −2, and analysis of each research content was associated with significant
heterogeneity (P < 0.01). However, the results of meta-analysis
showed that the effects of nano-TiO2 on bivalve GSH and THC
were uncertain.
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Table 1 – Animals and exposure methods.
Animal

Exposure method

Data source

Mussel Unio tumidus

Nano-TiO2 (100 μg/L) for 14 days; nano-TiO2 (100 μg/L) and Bisphenol A
for 14 days
Ti (100 μg/L) for 4 days (detect biochemical indicators immediately); Ti
(100 μg/L) for 14 days
pH 7.3, nano-TiO2 (10 mg/L) for 14 days; pH 8.1, nano-TiO2 (10 mg/L) for 14
days
nano-TiO2 (10 μg/L) for 7 days
nano-TiO2 (2 μg/L) for 4 days; nano-TiO2 (2 μg/L) and 20 μg/L
benzo(a)pyrene for 4 days
nano-TiO2 (10 μg/mL) for 1 h
nano-TiO2 (100 μg/L) for 14 days
nano-TiO2 (100 μg/mL) for 14 days
nano-TiO2 (1 mg/L) for 14 days
pH 7.3, nano-TiO2 (10 mg/L) for 14 days; pH 8.1, nano-TiO2 (10 mg/L) for 14
days
nano-TiO2 (10 mg/L) for 21 days
nano-TiO2 (10 mg/L) for 216 h; nano-TiO2 (10 mg/L) for 216 h, DO=1.5 mg/L
nano-TiO2 (10 μg/L) for 30 min
nano-TiO2 (10 mg/L) for 96 h; nano-TiO2 (10 mg/L) for 96 h with 40 mg/L
Ca2+
nano-TiO2 (280 μg/L) for 1 day
nano-TiO2 (5000 μg/L) for 48 h light; nano-TiO2 (5000 μg/L) for 48 h dark;
nano-TiO2 (5000 μg/L) for 24 h light (isolated tissues); nano-TiO2
(5000 μg/L) for 24 h dark (isolated tissues)
nano-TiO2 (50 μg/mL) for 4 h
nano-TiO2 (0.1 μg/L) for 4 days; nano-TiO2 (0.1 μg/L) and TCDD
(0.1 ng/mL) for 4 days
nano-TiO2 (100 μg/L) for 4 days; nano-TiO2 (100 μg/L) and CdCl2 (0.1 mg/L)
for 4 days
nano-TiO2 (100 μg/L) for 4 days
nano-TiO2 (25 mg/L) for 1 day
nano-TiO2 (0.1 mg/L) for 10 days; 100 ng/mL 17β-estradiol and nano-TiO2
(0.1 mg/L) for 10 days
nano-TiO2 (400 μg/mL) for average of 69 min
nano-TiO2 (100 μg/L) for 30 days
nano-TiO2 (5 mg/L) for 1 day
nano-TiO2 (100 μg/L) for 96 h
pH 7.3, nano-TiO2 (10 mg/L) for 14 days; pH 8.1, nano-TiO2 (10 mg/L) for 14
days
nano-TiO2 A (1 mg/L) for 120 h; nano-TiO2 R (1 mg/L) for 120 h
nano-TiO2 (1 mg/L) for 10 days; nano-TiO2 (1 mg/L) and Cd (112 μg/L) for
10 days
nano-TiO2 (0.1 μg/mL) for 96 h; nano-TiO2 (0.1 μg/mL) and CdCl2
(0.1 μg/mL) for 96 h
nano-TiO2 (100 μg/L) for 96 h; nano-TiO2 (100 μg/L) and Cd2+ (100 μg/L) for
96 h

Gnatyshyna et al. (2019)

Mussel Mytilus galloprovincialis
Mussel Mytilus coruscus
Clam Ruditapes philippinarum
Mussel Mytilus edulis
Clam Ruditapes philippinarum
Clam Ruditapes decussatus
Clam Ruditapes philippinarum
Scallop Chlamys farreri
Mussel Mytilus coruscus
Mussel Mytilus coruscus
Mussel Perna viridis
Mussel Mytilus galloprovincialis
Clam Tegillarca granosa
Mussel Mytillus galloprovincialis
Oyster Crassostrea virginica

Mussel Limnoperna fortunei
Mussel Mytilus galloprovincialis
Mussel Mytilus galloprovincialis
Mussel Mytilus galloprovincialis
Bivalve Dreissena polymorpha
Clam Tegillarca granosa
Oyster Crassostrea virginica
Clam Tegillarca granosa
Mussel Mytilus galloprovincialis
Mussel Mytilus galloprovincialis
Mussel Coruscus cususcus
Mussel Limnoperna fortunei
Clam Corbicula fluminea
Mussel Mytilus galloprovincialis
Mussel Mytilus galloprovincialis

The subgroup analysis explored the source of heterogeneity by crystal structure (rutile and anatase), sample source
(gills and digestive gland) and particle size of nano-TiO2
(<30 nm and >30 nm).
The SMD values of SOD, CAT and GPx indicated that they
were induced more by nano-TiO2 with particle size less than
30 nm than by nano-TiO2 with particle size more than 30 nm (P
< 0.05, Appendix A Figs. S2a, S3a and S4a), whereas the particle
size did not seem to have an effect on the level of ROS (P < 0.01,
Appendix A Fig. S1a). Anatase had higher activity for inducing
a rise in the ROS level than a mixture of rutile and anatase
(P < 0.05, Appendix A Fig. S1b). The SMD values of CAT and
GPx indicated that nano-TiO2 yielded higher activities in gill

Monteiro et al. (2019)
Huang et al. (2018)
Marisa et al. (2018)
Farkas et al. (2015)
Marisa et al. (2015)
Saidani et al. (2019)
Sendra et al. (2017)
Xia et al. (2017)
Huang et al. (2016)
Wang et al. (2019)
Wang et al. (2014)
Canesi et al. (2010a)
Guan et al. (2019)
Sureda et al. (2018)
Johnson et al. (2015)

Girardello et al. (2016b)
Canesi et al. (2014)
Rocco et al. (2015)
Barmo et al. (2013)
Couleau et al. (2012)
Shi et al. (2018)
Chalew et al. (2012)
Shi et al. (2017)
Canesi et al. (2010b)
Auguste et al. (2019)
Kong et al. (2019)
Nunes et al. (2018)
Vale et al. (2014)
Della Torre et al. (2015)
Balbi et al. (2014)

than digestive gland (P < 0.05, Appendix A Figs. S3b and S4b).
By contrast, the levels of SOD and GST appeared to be higher
in the digestive glands than those in the gill after exposure to
nano-TiO2 (P < 0.01, Appendix A Figs. S2b and S5a).

2.1.3.

Sensitivity analysis

Sensitivity analysis was implemented to evaluate the robustness of our results. All results were located on the two sides
of the midline with no notable deviation (Appendix A Section
3). These results indicate that no individual study influenced
the combined results.
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Table 2 – Among the studies with TiO2 and bivalve as
the common themes in toxicology, the numbers of publications, the proportion of all publications and the total
times cited of the top 10 countries or regions ranked by
the number of publications∗ .

Table 3 – Among the studies with TiO2 and bivalve as
common themes in toxicology, the numbers of publications, the proportion of all publications and the total
times cited for the top 9 organizations ranked by the
number of publications.

Rank Countries or Number of
regions
publications

Proportion of all
publications

Total times
cited

Rank Organization

Number of
publications

Proportion of all
publications

Total times
cited

1
2
3
4
5
6
7
8
9
10

29.286%
25.000%
15.714%
10.000%
9.286%
5.714%
5.714%
5.000%
4.286%
4.286%

1778
554
481
194
239
40
158
91
31
49

1

17

12.143%

1186

13

9.286%

210

10

7.143%

55

9

6.429%

468

7

5.000%

153

7

5.000%

117

7

5.000%

218

6

4.286%

726

6

4.286%

19

Italy
China
USA
Portugal
Spain
Brazil
England
France
Saudi Arabia
Tunisia

41
35
22
14
13
8
8
7
6
6

Source: Web of Science; Study period: 2005.1–2020.7.
∗
Source: Web of Science; Study period: 2005.1–2020.7.

2

3

4

5
6

2.1.4.

Publication bias

The funnel plot for the studies revealed that all indicators except GST exhibited publication bias (Begg’s test, P < 0.05). Thus,
a trim-and-fill method was used to identify and correct the
asymmetry of the funnel plot caused by publication bias (Appendix A Section 4).

2.2.

Bibliometric analysis

2.2.1.

Cooperation

7

8

9

In Table 2 and Fig. 1, the USA appears to be the pioneer in this
field because the USA first started to study the toxicological
effects of nano-TiO2 on bivalves on a larger scale around 2014.
Before 2014, some scholars also conducted research in this
field, but they had not yet reached a large scale (Canesi et al.,
2008, 2012, 2010b). Around 2016, Italy, Spain and England gradually became the centers of the research, and the contribution
of Italy was particularly significant, with the most publications on studies in toxicology, as implied in Table 2 and Fig. 1.
China played an increasingly important role in the toxicology
of nano-TiO2 in bivalves during 2017. Portugal, Brazil, and Germany exerted more efforts to catch up and published plenty
of articles in recent years. In Table 3, ranked by the number
of publications, Genoa University, Zhejiang University, Aveiro
University, Siena University and Chinese Acad Sci are the top
five institutions.
From Table 4 and Fig. 2, three areas appear where the dots
and lines are dense. Outside of the three areas, the dots representing the authors are relatively small, showing that they
have not published a lot of articles in this area. In the area
of Canesi, L. and Corsi, I. as the main core, most of the articles were published around 2014 (Canesi et al., 2008, 2010a,
2010b, 2015; Canesi and Corsi, 2016). In the area of Liu, G. and
Zhao. X. as the main core, most authors published articles
related to the toxicology of nano-TiO2 in bivalves since 2016
(Shi et al., 2017, 2018; Guan et al., 2019). In the area of Freitas,
R. as the main core, the studies are likely to represent the latest research and frontiers in this field, as most of their papers

∗

Genoa
University,
Italy
Zhejiang
University,
China
Aveiro
University,
Portugal
Siena
University,
Italy
Chinese Acad
Sci, China
Shanghai
Ocean
University,
China
Pisa
University,
Italy
Ca Foscari
Venezia
University,
Italy
Porto
University,
Portugal

Source: Web of Science; Study period: 2005.1–2020.7.

Table 4 – Among the studies with TiO2 and bivalve as
the common themes in toxicology, the numbers of publications, the proportion of all publications and the total
times cited for the top 7 authors ranked by the number of
publications.
Rank Author

Number of
publications

Proportion of all
publications

Total times
cited

1
2
3
4
5
6
7

17
10
10
9
9
9
9

12.143%
7.143%
7.143%
6.429%
6.429%
6.429%
6.429%

1186
378
825
815
468
54
930

∗

Canesi, L.
Balbi, T.
Fabbri, R.
Ciacci, C.
Corsi, I.
Freitas, R.
Marcomini, A.

Source: Web of Science; Study period: 2005.1–2020.7.

were published after 2018 (Monteiro et al., 2019; Leite et al.,
2020). In addition, since 2014, it is worth noting that the team
of Wang, Y. and Hu, M. published a certain number of articles
every year, making continuous contributions to the toxicology
research in this field (Wang et al., 2014; Huang et al., 2016, 2018;
Wang et al., 2019).
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Fig. 1 – Bibliometric map of the studies of nano-TiO2 and bivalves as common themes in toxicology. The size of the dot is
proportional to the frequency that a certain country (the region included) appears in the analyzed articles. A line between
two dots means that these two countries (regions included) appeared in the same article. The thicker the line, the more
frequently the two countries (regions included) appeared in the same articles. The color represents the year when a certain
country (the region included) most frequently appeared in articles. Source: Web of Science; Study period: 2005.1–2020.7.

2.2.2. Research intensity according to hot keywords and cocitations
In Fig. 3, not surprisingly, the phrase "titanium-dioxide
nanoparticles" appears the most, as it is the name of the object of the study. Around 2014, "hemocytes", "in-vitro", "water",
"Mytilus", "bivalves" and "cells" were the main hot keywords.
During this period, the immune response of bivalves exposed
to nano-TiO2 was preliminarily explored in vitro. Around 2016,
investigations on mechanisms by which nano-TiO2 affects
cells were widely represented. "oxidative stress", "genotoxicity", "ecotoxicity", "DNA damage", "biomarkers", "cadmium"
and "toxicity" became significant subjects of the toxicological
research. During this period the researchers paid more attention to the immune response and oxidative damage of mussels exposed to nano-TiO2 and began to study genetic toxicity.
Hot keywords appearing around 2018 were "engineered nanomaterials", "silver particles", "digestive gland", "ocean acidification", "neurotoxicity", "Mytilus-galloprovincialis", "blood
clam", "metabolism", "zinc-oxide nanoparticles", "biochemical responses" and "coexposure". This indicates that the
scholars focused on the toxicological effects of nano-TiO2 and
other stressors on bivalves under joint stress. The mechanism
of the toxicological effect of nano-TiO2 has been increasingly
refined and the research perspective on the physiology of individuals has been broadened (Fig. 3).

In Table 5, among the 140 studies with TiO2 and bivalve
as the common themes in toxicology, "Aquatic Toxicology"
is in first place, with 17 papers. Joint second place went to
"Science of the Total Environment" and "Marine Environmental Research" with 15 published articles each. "Chemosphere"
and "Environmental Pollution" with 8 published articles respectively rank in third place collectively. The journals that are
relatively more frequently cited by the 140 articles included
in the bibliometric analysis were "Aquatic Toxicology", "Marine Environmental Research" and "Environmental Pollution"
(Fig. 4).

3.

Discussion

3.1.

Concentrations

At present, nano-TiO2 concentrations in the general ecological
environment show great regional differences. As reported, the
concentration of nano-TiO2 in the old Danube Recreational
Lake ranged from 0.49 to 4 μg/L (Gondikas et al., 2014), and
the total TiO2 concentration in the Seine River in Paris was
approximately 48.7 μg/L (Gondikas et al., 2014). However, recent models predicted the concentration of nano-TiO2 in San
Francisco Bay to be up to 103 μg/L (Garner et al., 2017). Con-
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Fig. 2 – Bibliometric map of the studies of nano-TiO2 and bivalves as common themes in toxicology. The size of the dot is
proportional to the frequency that a certain author appears in the analyzed articles. A line between two dots means that
these two authors appeared in the same article. The thicker the line, the more frequently the two authors appeared in the
same articles. The color represents the year when a certain keyword most frequently appeared in articles. Source: Web of
Science; Study period: 2005.1–2020.7.

Table 5 – Among the studies with TiO2 and bivalve as the common themes in toxicology, the numbers of publications, the
proportion of all publications and the total times cited for the top 6 source journals ranked by the number of publications.
Rank

Source journal

Number of
publications

Proportion of all
publications

Total times
cited

1
2
3
4
5
6

Aquatic Toxicology
Marine Environmental Research
Science of the Total Environment
Chemosphere
Environmental Pollution
Ecotoxicology and Environmental Safety

17
15
15
8
8
6

12.143%
10.714%
10.714%
5.714%
5.714%
4.286%

873
920
423
29
122
72

∗

Source: Web of Science; Study period: 2005.1–2020.7.

centrations of nano-TiO2 ranging from 70 to 670 μg/L were detected in wastewater from five sewage plants located in South
Carolina, Massachusetts and California (Nabi et al., 2020). It
is worth noting that the concentration is seriously affected
by human activity. Since nano-TiO2 can leach from exterior
facade paints and discharge into surface waters, concentrations of TiO2 in surface runoff as high as 600 μg/L have been

detected (Brar et al., 2010; Kaegi et al., 2008). In summer, the
concentrations of nano-TiO2 in the surface water near popular beaches could even exceed 900 μg/L because of nanoTiO2 from sunscreens (Labille et al., 2020; Qian et al., 2020).
Therefore, based on the above research, it could be concluded
that the concentration of nano-TiO2 in general ecosystems in
which bivalves live fluctuates roughly from 0 to 1000 μg/L. As
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Fig. 3 – Bibliometric map of the studies of nano-TiO2 and bivalves as common themes in toxicology. The size of the dot is
proportional to the frequency that a certain keyword appears in the analyzed articles. A line between two dots means that
these two keywords appeared in the same article. The thicker the line, the more frequently the two keywords appeared in
the same articles. The color represents the year when a certain keyword most frequently appeared in articles. Source: Web
of Science; Study period: 2005.1–2020.7.

shown in Table 1, the maximum doses of nano-TiO2 used in
the current studies are generally in the range of 2 to 1000 μg/L,
with only a few experiments using doses as high as 10 mg/L.
The exposure concentrations basically match the concentration variations of nano-TiO2 in aquatic ecosystems. Hence, it
could be concluded that the results obtained by meta-analysis
provide significant insights into the mechanisms of toxicity of
nano-TiO2 in bivalves in the general ecological environment.

3.2.

Oxidative stress

Nano-TiO2 can induce the production of ROS, oxidative stress
and oxidative damage (Barmo et al., 2013; Della Torre et al.,
2015). Nano-TiO2 can penetrate the cell membrane and
cause damage to mitochondria, and in order to resist the
damage, cells may produce excessive ROS, thus damaging
the permeability of the cell membrane (Barmo et al., 2013;
Girardello et al., 2016a; Tripathi et al., 2018; Zhao et al., 2010).
Oxidative stress is generally considered to be the main way
nanoparticles produce cytotoxicity, so ROS levels can accurately reflect the cytotoxicity of nano-TiO2 . According to the
results of meta-analysis, nano-TiO2 could induce increased intracellular ROS, which is considered a sign that the oxidation-

reduction system balance had been disrupted (Li et al., 2015)
(Appendix A Fig. S1). In addition, as shown in Appendix A Fig.
S1b, the production of ROS decreased with increasing rutile
content in nano-TiO2 , indicating that the crystal structure is
a non-negligible factor in evaluating the toxicity of nano-TiO2
to bivalves. This is consistent with results in other species:
compared with mixtures of rutile and anatase nano-TiO2 ,
anatase nano-TiO2 was more capable of inducing ROS production in the rotifers Brachionus plicatilis and Daphnia magna,
leading to a more intense immune response (Chen et al., 2019;
Clement et al., 2013). On the other hand, peroxidative damage
to unsaturated fatty acids is considered a common response
to oxidative stress, and therefore the increase in TBARS levels
has also been regarded as an indicator of oxidative damage in
aquatic organisms after exposure to nano-TiO2 (Federici et al.,
2007; Zhu et al., 2011). Based on the meta-analysis results for
ROS, the rise in the TBARS level again confirmed that nanoTiO2 can cause oxidative stress and thus cytotoxicity (Appendix A Fig. S6b).
In the present study, the generation of superoxide radicals and activity of antioxidant enzymes served as biomarkers of oxidative stress after exposure to nano-TiO2 . SOD as a
vital antioxidant in living organisms has the function of neu-
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Fig. 4 – Bibliometric map of the studies of nano-TiO2 and bivalves as common themes in toxicology. The size of the dot is
proportional to the frequency that a certain co-citation appears in the analyzed articles. A line between two dots means that
these two co-citations appeared in the same article. The thicker the line, the more frequently the two co-citations appeared
in the same articles. Source: Web of Science; Study period: 2005.1–2020.7.

tralizing superoxide anions (O2− ) and catalyzing their conversion to hydrogen peroxide, (H2 O2 ) which can then be reduced to H2 O by other enzymes (Bigorgne et al., 2011). The results of meta-analysis showed that nano-TiO2 could induce
increased SOD activity in bivalves, which means that the cells
can adjust their antioxidant defenses to protect against oxidative stress (Appendix A Fig. S2). Excess H2 O2 can stimulate CAT production and lead to SOD feedback inhibition
(Krifka et al., 2013). This accounts for the reduced SOD activity
in some case studies included in the meta-analysis. In addition, Saidani et al. (2019) showed that the content of hydrogen
peroxide (H2 O2 ) in gills was much lower than that in digestive glands of the clam Ruditapes decussatus after exposure to
100 μg/L nano-TiO2 for 14 days, but the activity of SOD in gills
was decreased. From this we can infer that the gills of bivalves
were more sensitive to nano-TiO2 than the digestive glands,
which is consistent with Huang et al. (2018). MDA as an intermediate can cause a free radical chain reaction by catalyzing
O2 to form O2− (An et al., 2020). The results of meta-analysis
showed that nano-TiO2 could measurably increase the MDA
level in bivalves (Appendix A Fig. S6a). Increased MDA levels
showed that nanoparticles have a negative effect on several

physiological processes such as respiration and filtration behavior, suggesting reduced individual fitness (Oliveira et al.,
2018).
CAT, as a pivotal scavenger of H2 O2 , is considered to be a
second line of antioxidant defense (Chelikani et al., 2004). CAT
detoxifies hydrogen peroxide, namely the product of the reaction catalyzed by SOD (Chelikani et al., 2004), so the increase
in CAT activity is often regarded as a marker for the production of a large amount of superoxide converted by SOD during oxidative stress. After meta-analysis, we came to the conclusion that the CAT activity in bivalve tissues could increase
under exposure to nano-TiO2 (Appendix A Fig. S3). However,
the activity of CAT can be inhibited under severe toxic stress
(Osman et al., 2007). It should be noted that, under the combined stress of 10 mg/L nano-TiO2 and acidification, CAT activity in the digestive gland of the mussel Mytilus coruscus
decreased (Huang et al., 2018). It is possible that the oxidative damage caused by such great combined stress destroyed
the oxidation-antioxidant system, making the digestive gland
cells unable to maintain the normal oxidant-antioxidant balance (Avio et al., 2015). In addition, when the clam Ruditapes
philippinarum was exposed to nano-TiO2 (100 μg/L) for 26 days,
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CAT activity decreased (Sendra et al., 2017). So far, 26 days
has been the longest period studied for bivalves exposed to
nano-TiO2 . Therefore, more long-term exposure experiments
are needed to confirm whether the activity of CAT or even the
process of oxidative stress will change as the exposure period
increases.
GST is a group of enzymes considered to have the ability to
catalyze the conjugation of the reduced form of glutathione
(GSH) to xenobiotic substrates for the purpose of detoxification (Regoli and Giuliani, 2014). GSH is a major sulfhydryl compound that acts as a protective agent against multiple toxic
materials through its thiol groups. Its functions include direct removal of oxiradicals, catalysis of organic hydroperoxide
or H2 O2 , and maintenance of membrane protein (Regoli and
Giuliani, 2014). The GSH content can increase due to the mild
oxidative stress associated with an increase in its synthesis
(Zhu et al., 2011), and elevated intracellular GSH levels have
also been found to play an important role in the defense
against nano-TiO2 induced DNA damage (Gnatyshyna et al.,
2019). When the degree of oxidative stress is more intense,
decreased GSH could be indicative of an oxidative stress.
The increased activity of GST and the decrease of GSH suggested that GST is involved in the detoxification of nano-TiO2
through the oxidation of reduced GSH (Monteiro et al., 2019).
Also, the cytosolic GSH as an important scavenger could be
oxidized to oxidative glutathione (GSSG) to neutralize ROS
(Livingstone et al., 2000). GPx is a significant scavenger of H2 O2
in the cell, and also plays a key role in the dismutation of lipid
hydroperoxide reduction into non-toxic products (Sies et al.,
1997). GPx as an antioxidant enzyme is responsible for the production of H2 O and O2 from H2 O2 , oxidizing GSH into GSSG
during this process. Therefore, based on the changes in GSH
activity in bivalves exposed to nano-TiO2 , the increase or decrease in GSH activity could be regarded as a sign of its participation in the oxidative stress response, but meta-analysis
could not determine the effect of nano-TiO2 on GSH level (Appendix A Fig. S5b). The results of meta-analysis showed that
the levels of GST and GPx in bivalves exposed to nano-TiO2
increased significantly during oxidative stress (Appendix A
Figs. S4 and S5a). However, as shown in Appendix A Fig. S5a,
GST activity decreased in a few case studies. This is caused
by direct action of nano-TiO2 on the enzyme or indirectly
via H2 O2 production that interacts with the enzyme, and the
inactivation of GST may occur in the detoxification process
(Cummins et al., 2011). This is a sign that the GST mechanism
could not be sufficient to prevent the occurrence of cellular
injury, and the ability of bivalves to defend against nano-TiO2
was impaired (Barmo et al., 2013; De Marchi et al., 2017).
In terms of particle size, when the particle size was less
than 30 nm, on one hand, the increases of antioxidant enzymes of CAT and GPx were more significant; on the other
hand, the important biochemical index SOD in the process of
oxidative stress reaction was also observed to be more noticeably increased. Therefore, we speculate that the smaller the
particle size of nano-TiO2 , the more severe the degree of oxidative stress in cells. In other words, nano-TiO2 with smaller
particle size exerts a greater impact on the oxidative stress of
bivalves than larger particles.
As a result of the oxidative stress induced by nanoparticles, DNA damage may increase (Karlsson, 2010). In the
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process of oxidative stress, the production of reactive oxygen
and nitrogen species induced DNA oxidation and depletion
of antioxidant defenses (Azqueta and Dusinska, 2015). NanoTiO2 can diffuse into cells, directly bind to DNA or DNA repair
enzymes and then interact with the biomolecules and DNA,
altering the system and resulting in strain breaks, change of
bases or chromosomal damage (Azqueta and Dusinska, 2015;
Galloway et al., 2010).

3.3.

Cell physiology

The hemocytes of bivalves have the function of participating
in immune defense responses such as phagocytosis, encapsulation, exocytosis, and production of ROS, and have been
proved to represent a sensitive target for a series of environmental contaminants with consequent immunotoxic or
inflammatory effects (Canesi et al., 2010b). Among immunomarkers, THC is one of the most commonly used parameters
to evaluate the negative effects of stressors (including metal
particles) in bivalves (Oliver and Fisher, 1999). The reduction of
THC may indicate cell lysis or reduced movement of cells from
tissues to hemolymph; the outcome of an increase in THC on
the contrary shows either proliferation or movement of cells
from tissues into the hemolymph (Pipe and Coles, 1995). The
effect of nano-TiO2 on THC could not be determined based
on the current experimental results (Appendix A Fig. S8c), so
more efforts should be devoted to this aspect. In the course of
the experiment, sometimes no noticeable inflammatory reactions (such as changes in THC and ROS) were observed, presumably because the nano-TiO2 aggregates could not enter
or only a small amount entered the blood cells (Wang et al.,
2014). Nano-TiO2 aggregates are formed by the influence of
ionic strength, pH value and organic matters (such as fecal
particles) on nano-TiO2 particles in water (Canesi et al., 2008,
2010a).
The decreased phagocytic activity of hemocytes after exposure to nano-TiO2 may be related to the increase in intracellular ROS and an indication of the decrease in hemolytic
activity (Castoreno et al., 2005). Phagocytosis starts from the
recognition of foreign particles or pathogens by corresponding membrane receptors, followed by a membrane systeminvolved engulfment (Castoreno et al., 2005). When nano-TiO2
was internalized, it induced the production of ROS and subsequently caused cellular damage to hemocytes, thereby impairing cellular functions such as phagocytosis (Guan et al.,
2019). Because the result of meta-analysis supported the hypothesis that the intracellular ROS content increased after exposure to nano-TiO2, it could be concluded that nano-TiO2
could induce the production of ROS and then disrupt the
recognition and engulfment process, and finally impair the
phagocytic activity of hemocytes. From a mechanistic point of
view, the study speculated a putative link between phagocytosis inhibition in bivalves and the size of nanoparticle aggregates (Couleau et al., 2012). However, at present, meta-analysis
showed that the inhibiting effect of nano-TiO2 on phagocytosis in bivalves did not seem to be affected by particle size (Appendix A Fig. S8a). Wang et al. (2019) reached a similar conclusion when comparing the inhibitory effect of 25 nm nano-TiO2
with that of 100 nm nano-TiO2 on the phagocytes of mussels.
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Lysosomal content change is considered to be a response
at the tissue level and is widely used as a health indicator
for bivalves (Canesi et al., 2015; Wang et al., 2019). The result
of meta-analysis indicated that nano-TiO2 can significantly
reduce the number of lysosomes and thus adversely affect
the health status of bivalves (Appendix A Fig. S9b). Among
the structures, the most sensitive to the impact of manufactured nanoparticles is the lysosome membrane (Canesi and
Corsi, 2016). Clearly, the outcome of meta-analysis suggested
that the observed decrease in lysosomal membrane stability
in hemocytes under exposure to TiO2 was also the primary
sign of TiO2 toxicity (Appendix A Fig. S9a). In addition, because
mitochondria are also an important target of the toxicological
effect of nano-TiO2 , titanium ions released by lysosomes after
lysis could damage the mitochondrial structure (e.g., by degradation of mitochondrial cristae and membranes) (Ciacci et al.,
2012; Rocha et al., 2015; Trevisan et al., 2014).
A series of subsequent results obtained from the metaanalysis further support the conclusion that nano-TiO2 can
cause health damage in bivalves. The results show that nanoTiO2 can reduce phagocytic activity, lysosomal content and
the stability of lysosomal membranes, and can also change
the activity of lysozymes (Appendix A Figs. S8 and S9). These
parameters not only represent typical indicators of immune
capacity, but also provide useful information on the overall
phagocytic capacity and microbial killing capacity of the bivalve immune system. Therefore, change in the above indexes
can systematically prove the damage caused by nano-TiO2 to
cell physiology.
For genotoxicity, the comet assay has become one of the
most commonly used methods to study DNA damage in single cells (Bolognesi et al., 2004a; Duez et al., 2003). The fluorescence intensity of the comet’s tail and increase in DNA tail percentage can indicate the extent of DNA damage. The golden
mussel Limnoperna fortunei exposed to nano-TiO2 (1, 5, 10
and 50 μg/mL), showed an increase of DNA tail percentage in
hemocytes after 4 h exposure (Girardello et al., 2016b). Another
parameter regarded as an indicator for eukaryotic cells is the
micronucleus test (MN), which from the side view can evaluate
both chromosomal breaks and mitosis dysfunctions, showing
clastogenic and aneugenic damage (Bolognesi et al., 2004b).
In the blue mussel M. edulis exposed to nano-TiO2 (0.2 and
2.0 mg/L) for 96 h the MN frequency increased with increasing nano-TiO2 concentrations (Farkas et al., 2015). In the mussel Mytilus galloprovincialis exposed to 1 mg/L nano-TiO2 for 4
days, the MN test also showed that nano-TiO2 induced obvious chromosomal damage (Rocco et al., 2015). Nano-TiO2 can
increase the DNA tail percentage in hemocytes of bivalves observed by comet assay, suggesting the presence of DNA damage as revealed in the meta-analysis (Appendix A Fig. S7a).
Similarly, with the increase in micronucleus frequency showing that there was chromosomal damage in bivalves, the genotoxicity of nano-TiO2 was again confirmed (Appendix A Fig.
S7b). The oxidation mechanism of nano-TiO2 is summarized
in Fig. 5.
The effect of nano-TiO2 on oxidative stress is also regulated
by other abiotic stress factors, such as oxygen concentration,
pH value, or the presence of other pollutants. Hypoxia and low
pH seemed to enhance the toxicity of nano-TiO2 , leading to
more intense oxidative stress (Huang et al., 2018; Wang et al.,

2014). The SOD level and DNA damage degree of the mussel Unio tumidus co-exposed to nano-TiO2 and Bisphenol A
were both higher than that of the single-contaminant exposure group, suggesting that the cellular injury was elevated
by the co-exposure treatment (Gnatyshyna et al., 2019). However, the interactions of nano-TiO2 with dissolved metals were
more variable. Additive effects of Cd2+ and nano-TiO2 were
found with regard to the genome destabilization and chromosomal damage in the gill and the digestive gland of the mussel M. galloprovincialis (Rocco et al., 2015). In the freshwater bivalve Corbicula fluminea, the response of antioxidant enzymes
and MDA levels to co-exposure of Cd2+ and nano-TiO2 was in
line with that of each stressor separately (Vale et al., 2014). Coexposure to nano-TiO2 and copper increased the accumulation of copper in the gill and adductor muscles of the golden
mussel Limnoperna fortunei, and due to the oxidative stress induced by Cu and nano-TiO2 collectively, the SOD and CAT activities were higher than those under single stressor conditions (Nunes et al., 2018). In conclusion, the published studies
to date suggest that synergistic effects of nano-TiO2 toxicity
on oxidative stress are possible under certain multiple stressor scenarios, but the data are presently insufficient to permit
broad generalizations and further investigations are required.

3.4.

Bibliometric analysis

Cooperation among countries or regions has gone well since
2014 (Fig. 1 and Table 2). However, there are many authors and
organizations that seldom cooperate with others. Up to now,
Italy has been the most active in terms of cooperation. Italy
is the center of academic exchange and cooperation in this
field as shown by the dot representing Italy being the largest
and the many lines surrounding this dot. Genoa University
and Siena University from Italy have made outstanding contributions to the toxicological study of nano-TiO2 in bivalves,
with 17 and 9 papers published respectively. Aveiro University from Portugal has published 10 articles so far, promoting
Portuguese academic status in this field. In addition, Zhejiang
University has published 13 papers, pushing China to play an
increasingly pivotal role in this field of research (Table 3).
As for the cooperation of authors, the areas with Canesi,
L., Liu, G. and Fabbri, R. as the core respectively have released
numerous high-quality publications (Canesi and Corsi, 2016;
Shi et al., 2017, 2018; Monteiro et al., 2019; Leite et al., 2020).
However, most of the authors of the current toxicological studies are at the stage of small-scale cooperation, and have not
yet exhibited large-scale cooperation on a global scale (Fig. 2
and Table 4).
Since around 2014, the molecular and cellular effects of
nano-TiO2 on bivalves have continued to be intensively studied. The large studies on the toxicological effects of nanoTiO2 on bivalves were first carried out through "in-vitro" experiments around 2014 or even earlier. At this time, the
species most often studied was the mussel "Mytilus", and
the sampling sites were mainly concentrated in "hemocytes".
Around 2016, "oxidative stress", "ecotoxicity" and "genotoxicity" emerged as important research topics in nano-TiO2 related toxicological molecular biology research, and the frequent occurrence of the keyword "cadmium" indicates increasing concern about nano-TiO2 as a potential carrier of
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Fig. 5 – The route of the cellular toxicological effects of nano-TiO2 in bivalves. The uptake of nano-TiO2 through
phagocytosis and endocytosis induces damage to the membrane stability of lysosomes, and the metal ions released by
lysed lysosomes induce oxidative stress and mitochondrial dysfunction. The oxidation mechanism decreases the activity of
antioxidant enzymes, increasing the production of oxidation products, and thus causing oxidative damage and DNA
damage. ROS: Reactive oxygen species; MDA: Malondialdehyde; SOD: Superoxide dismutase; CAT: Catalase; GPx:
Glutathione peroxidase; GR: Glutathione Reductase.

toxic metals (Della Torre et al., 2015; Vale et al., 2014). Around
2018, investigations of "biochemical responses" of "digestive gland cells" exposed to nano-TiO2 were highly represented among the published studies. The toxicity of diverse
nanoparticles and other stressors such as "ocean acidification", "zinc-oxide nanoparticles" and "silver nanoparticles"
in combination with nano-TiO2 has been intensively studied
since 2018, reflecting increasing investigation of the ecotoxicological effects of nano-TiO2 in the aquatic environment.
A high frequency of the keyword "silver nanoparticles" indicates that the combined effects of these nanoparticles and
nano-TiO2 have been explored, possibly due to the joint applications of nano-Ag/TiO2 in some technologies such as improvement of photocatalytic properties (Bhardwaj et al., 2020;
Wang et al., 2020) and in sunscreen formulations (Torbati and
Javanbakht, 2020) which increase the exposure risk of bivalves
to composite nano-Ag/TiO2 . In addition, the scope of model
organisms is expanding and the species have become more
specific from 2014 to now, as shown by the keywords used.
The keywords before 2016 were "Mytilus" and "mussel". And
as shown in Fig. 3 in the following years, the keywords were
mainly the clams "Ccrobicularia-plana", "blood clam", "Mytilusgalloprovincialis" and "Mytilus-edulis". This may also reflect an
increasing awareness of the potential off-target effects of
nano-TiO2 in aquatic environments. To sum up, the current
studies on the toxicological effects of nano-TiO2 on bivalves
have gradually developed, and the toxicological effect of nanoTiO2 on bivalves has become an important topic of scientific
exploration since 2014, so it is of great significance to system-

atically comb through and summarize published studies and
thus guide future studies.
As for the source of publication, both in the number of publications and total times cited, the journals "Aquatic Toxicology", "Science of the Total Environment" and "Marine Environmental Research" occupy an important place in the field
of toxicological effects of nano-TiO2 on bivalves (Table 5), but
the co-citations of 140 articles included in bibliometric analysis are also mostly centered on the above three journals (Fig. 4).
In conclusion, the journals "Aquatic Toxicology", "Science of
the Total Environment" and "Marine Environmental Research"
have published a large number of high-quality articles, which
have a prominent influence on the study of the toxicological
effects of nano-TiO2 in bivalves.

4.

Conclusions

The striking feature of meta-analysis is the great heterogeneity of integrated effects. Therefore, by systematically summarizing and integrating these case studies, the meta-analysis
revealed a universally applicable mechanism for the toxicological effects of nano-TiO2 in bivalves, and provided a significant reference to evaluate the threat of nano-TiO2 to bivalves
in the general ecological environment. However, under laboratory conditions, researchers were inclined to study the physiological responses of bivalves under the combined stress of
nano-TiO2 and other sources of stress, which may inevitably
affect the toxicological effects of nano-TiO2 . Thus, the results

200

journal of environmental sciences 104 (2021) 188–203

obtained by the meta-analysis may not accurately foresee the
physiological responses of bivalves in a specific experimental
environment. In addition, the crystal structure of nano-TiO2
should be a focus of future studies due to its significant influence on the toxicity induced by nano-TiO2 . Nevertheless,
this factor was not discussed in detail in this study, as most of
the articles used nano-TiO2 with the same crystal structure: a
mixture of rutile and anatase.
The meta-analysis results indicate that nano-TiO2 can
cause toxicological damage to bivalves in terms of oxidative
stress and cell physiology. The smaller the size of nano-TiO2 ,
the more severe the oxidative stress that can be induced. However, effects of the particle size of nano-TiO2 on cell functions
such as phagocytic function and lysosomal stability have not
been found. In terms of sample source, it remains unclear
which organs/tissues of bivalves are most sensitive to nanoTiO2 . The results of bibliometric analysis indicate that studies
in recent years mainly focus on the molecular mechanism of
the toxicity of nano-TiO2 and the combined effects of nanoTiO2 with other environmental factors. Therefore, it is necessary to comb through published studies using meta-analysis
to explore the toxicological mechanism of nano-TiO2 in bivalves. This article systematically analyzes the toxicological
effects of nano-TiO2 and provides comprehensive insights for
nanotoxicology research in aquatic organisms.
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