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Abstract: Existing methods for monitoring radionuclides in aquatic environments require frequent
sampling of a large volume of water, followed by tedious concentration and analytical procedures,
which often make it impractical. Mussels have also been commonly employed to monitor radionu-
clides but bioaccumulation is significantly affected by physical and biological factors. This study
explored the feasibility of using the ‘Artificial Mussel’ (AM) as a new tool for monitoring radionu-
clides in marine environments. We showed that (a) the uptake and accumulation of 238U, 88Sr, and
133Cs by AMs are directly related to their concentration in water, and equilibrium could be reached
within 7 to 8 weeks with high concentration factors. Our results suggest that AMs can serve as an
effective and practical tool for monitoring radionuclides in the aquatic environment and overcoming
the difficulties faced by existing methods in radionuclide monitoring.
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1. Introduction

In the last few decades, anthropogenic activities such as mining, processing, and
discharge from nuclear power plants have released considerable amounts of radioactive
compounds into the environment [1] As a result, artificial radionuclides are widely found
in aquatic environments nowadays [2]. The Fukushima nuclear power plant accident in
2011, for example, released a huge amount of radioactivity (340–800 PBq) into the marine
environment [3], leading to heavy contamination of 131I, 134Cs, 137Cs, and 239Pu beyond
20 km, which attracted global concern [4].

The ingestion of radionuclides through drinking water and food are the two ma-
jor pathways for human radiation exposure [5]. Many radioactive compounds not only
have long physical half-lives (https://www.nndc.bnl.gov/nudat3/, accessed on 26 June
2023) (e.g., the half-lives of 235U, 137Cs, and 90Sr are 7.04 × 108 years, 30.08 years, and
28.9 years, respectively) but can also be bioaccumulated along the food chain [6–9] and
hence pose a long-lasting threat to both environmental and human health. For example, the
bioaccumulation of 137Cs has been demonstrated in the pelagic food webs in the Norwegian
and Barents Seas [8,10]. Likewise, high concentrations of 134Cs and 137Cs were found in
demersal fish harvested from coastal waters after the Fukushima accident [11].

Given that radionuclide contamination poses severe and long-lasting environmental
and public health risks, routine monitoring is deemed necessary. For example, a 14-year
monitoring program of man-made radionuclides (137Cs and 106Ru) was implemented along
the French Mediterranean coast [12], and the monitoring of both natural radionuclides
(7Be, 40K, 232Th, 226Ra, and 238U) and man-made radionuclide (137Cs) was carried out in
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Croatian Adriatic coastal waters [13]. Likewise, a monitoring program for radionuclides in
marine sediment, seawater, and marine animals and plants was implemented on both the
east and west coasts of Canada [14], and radionuclides (131I, 134Cs, and 137Cs) in fish were
monitored regularly following the Fukushima accident [11].

Traditional methods for determining radionuclide concentrations in water require
the sampling of a large volume of water, followed by evaporation, to form a concentrated
water sample for measurements of gamma activities [15], or to form a dry sample for mea-
surements of alpha and beta activities [16]. Despite the baromembrane (based on reverse
osmosis) having been developed to reduce the time and effort spent concentrating radionu-
clides in water [17] and the range of analytical techniques developed for the determination
of radionuclides (e.g., inductively coupled plasma mass spectrometry, laser-induced kinetic
phosphorimetry, solid phase extraction, electrochemical approaches), a large volume of wa-
ter, tedious sample pre-treatment, and stringent conditions are still typically required [1,18].
Empore Caesium Rad Disks [19,20], onsite flow filtration/adsorption [21], and nonwoven
fabric cartridge filters impregnated with potassium zinc ferrocyanide [22] have also been
employed to monitor radionuclides in aquatic environments. However, the results are
often affected by competitive adsorption, and a long time period is required for sample
pretreatment, chemical separation, and measurement to achieve the detection limit. Cur-
rently, the most sensitive method for measuring radionuclides in ultra-low environmental
concentrations is accelerator mass spectrometry, but the sampling and analytical procedures
remained very tedious. Given that both spatial and temporal variations in radionuclides
in aquatic environments are typically large, the frequent collection of a large number of
water samples representing different sites and times, each with a large volume, followed by
tedious concentration and laborious analytical procedures, is apparently impractical. Due
to the high variability in the toxicity and bioaccumulation potential of different radionu-
clides (variability in the uptake of different radionuclides may be up to 100,000 times),
the non-selective measurement of total radioactivity is inadequate, and the monitoring of
individual radionuclides is deemed necessary [23]. Obviously, monitoring different types
and levels of radionuclides would be very difficult, if not impractical.

Mussels have a remarkable ability to accumulate radionuclides from both water and
planktonic food and therefore have been commonly employed to monitor radionuclides
in aquatic environments [24–30]. However, it is well established that both the uptake
and retention of radionuclides in mussels are significantly affected by the prevailing
physical factors in the environment (e.g., salinity, temperature, food availability) and
biological factors (e.g., seasonal growth and reproductive conditions) [31]. For example,
Guendouzi et al. found no seasonal variation of radionuclide concentrations in seawater
along the Atlantic coast of Portugal, and yet, marked seasonal changes in 210Po and
210Pb were clearly evident in mussels during the same period, which was attributable to
changes in body weight and the concentrations of lipophilic compounds in the mussels [27].
These confounding factors make it very difficult, if not impossible, to compare the levels
of radionuclides in mussels under different hydrographic conditions over time. More
importantly, the limited distribution of mussel species in the natural environment often
prevents comparisons over large areas. Clearly, rapid and cost-effective methods are
urgently required for monitoring radionuclides in the environment.

The passive sampler ‘Artificial Mussel’ (AM) (with Chelex 100) developed by Wu
et al. can provide a time-integrated estimate of metal concentrations in marine and fresh-
water environments [32]. Extensive laboratory and field studies in the last two decades
demonstrated that AMs can provide a reliable time-integrated estimate of a variety of
metals over large biogeographic areas with very different hydrological conditions and
therefore overcome the longstanding problems of monitoring metals in water, sediment,
and biomonitors [33–42]. Recent field studies in the Gulf of California [43] and Turkey [44]
further indicated that AMs can also take up U from water, alongside other metal species,
despite U not being detected in native mussels deployed at the same site.
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For monitoring radionuclides in aquatic environments, AMs must fulfill the following
three criteria: (a) able to concentrate radionuclides at environmentally relevant concentra-
tions from the environment; (b) the accumulation, uptake, and release of radionuclides are
directly related to the concentration of radionuclides in the water; and (c) both the uptake
and release of any individual radionuclides are not significantly affected by the presence of
other radionuclides in the environment.

U, Sr, and Cs are three radionuclides commonly produced by nuclear power plants.
U is an alpha emitter with a very long half-life (7.4 × 108 years), while Cs and Sr are
beta emitters with physical half-lives of 30.08 and 28.9 years, respectively. In this study, a
series of laboratory experiments was conducted systematically to examine and compare
the uptake and release of U, Sr, and Cs by AMs under different conditions, to examine if
AM can meet the above three criteria, and to explore the feasibility of using AMs as a new
tool for the practical monitoring of radionuclides in aquatic environments.

2. Materials and Methods

The AMs used in this study were prepared following the protocol described by Wu
et al. [32]. In brief, 200 mg Chelex-100 (50–100 mesh; from Bio-Rad, CA, USA) was sus-
pended in 8 mL artificial seawater (a standardized mixture of dissolved mineral salts that
simulates the chemical composition of natural seawater, AQUA CLOVER, Hong Kong)
inside a non-permeable Perspex tube (length: 6 cm; diameter 2.5 cm) with both ends capped
by a layer of polyacrylamide gel (thickness: 1 cm). The following experiments were carried
out to test whether AMs can be used for monitoring 238U, 88Sr, and 133Cs in the aquatic
environment.

Experiment 1 was carried out to determine the individual uptake of 238U, 88Sr, and
133Cs by AMs under three different concentrations. The reported environmentally rele-
vant concentrations of 238U, 88Sr, and 133Cs are 3 µg/L, 10 mg/L, and 0.3 µg/L, respec-
tively [45–47]. In this experiment, solutions with low, medium, and high concentrations
of 238U (3 µg/L, 15 µg/L, 30 µg/L), 88Sr (10 mg/L, 50 mg/L, 100 mg/L), and 133Cs
(0.3 µg/L, 1.5 µg/L, 30 µg/L) were prepared for the experiments (equivalent to 1 times,
5 times, and 10 times the reported environmentally relevant concentrations of 238U and
88Sr, and 1 times, 5 times, and 100 times the environmentally relevant concentrations of
133Cs). Radionuclides of U (238U) and stable isotopes of Sr and Cs (88Sr and 133Cs), with
purity >90.9%, radioactivity <0.078 Gbq/kg (Electron Microscopy Sciences, PA, USA), and
purity >99.99% (Sigma Aldrich, MO, USA), were used for the experiments. For each of
the above treatments, pre-cleaned plastic tanks were set up at room temperature (25 ◦C,
pH 7.8, salinity 25‰), and each tank contained 45 AMs submerged in 4 L of artificial
seawater (AQUA CLOVER, Hong Kong) spiked with an appropriate amount of 238U, 88Sr,
and 133Cs. Tanks without 238U, 88Sr, and 133Cs were set up in parallel and served as a
control. Three AMs were randomly sampled from each tank weekly, and the concentra-
tions of respective radionuclides accumulated by each AM were determined following the
procedures described in the Chemical Analysis section below. Equilibrium was assumed if
there was no further increase in 238U, 88Sr, and 133Cs for two consecutive weeks (ANOVA,
p < 0.05). Seawater was also sampled from each tank every week, and concentrations of
238U, 88Sr, and 133Cs were determined to provide an estimate of the measured background
concentration and to ensure that the variation was <20% of the nominal concentration.
Concentration factors of 238U, 88Sr, and 133Cs (concentration in Chelex/concentration in
water) upon exposure to different concentrations at different time intervals were calculated
and compared.

Experiment 2 was carried out to determine the release of 238U, 88Sr, and 133Cs accu-
mulated by AMs at equilibrium upon returning them to clean seawater. The remaining
AMs in each treatment tank of Experiment 1 were returned to clean artificial seawater
after Experiment 1. Three AMs were sampled weekly from each treatment tank from
Week 8 (or Week 9) to Week 13, and the concentrations of the respective radionuclides
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accumulated by each AM were determined following the procedures described in Chemical
Analysis, below.

Experiment 3 was designed to determine the uptake and release of 238U, 133Cs, and
88Sr in AM upon exposure to mixtures of the three radionuclides at low, medium, and high
concentrations (see Table 1 below) at set time intervals to test the hypothesis that both the
uptake and release of each individual radionuclides would not be significantly interfered
with by the presence of other radionuclides.

Table 1. Low, medium, and high concentrations of 238U, 88Sr, and 133Cs in mixture solutions.

238U 88Sr 133Cs

Low-concentration mixture 3 µg/L 10 mg/L 0.3 µg/L
Medium-concentration mixture 15 µg/L 50 mg/L 1.5 µg/L

High-concentration mixture 30 µg/L 100 mg/L 30 µg/L

For each of the above treatments, tanks were set up and each tank contained 40 AMs
submerged in 4 L of artificial seawater spiked with an appropriate amount of 238U, 88Sr,
and 133Cs at equivalent concentrations.

Three AMs were randomly sampled from each tank until equilibrium was reached,
and the concentrations of the respective radionuclides accumulated by each AM were
determined. The remaining AMs in each treatment tank were then returned to clean
artificial seawater, and three AMs were sampled from each tank weekly from Week 7 (or
Week 8) to Week 13, and the concentrations of the respective radionuclides accumulated by
each AM were determined following the procedures described in the Chemical Analysis
section below.

Experiment 4: The uptake and release of 133Cs by AMs (Chelex 100) did not meet the
specified criteria (see results below), probably because the chelating moieties of Chelex
100 are iminodiacetates and their binding affinities towards monovalent metal ions are
weak and may therefore limit its affinity with group I metals and other monocationic metal
ions. Zeolites have been shown to have high cation-exchange capacity and selectivity for
Cs, Sr, and Ba ions [48–50] and may therefore be considered an alternative exchanger for
monovalent metal ions [51] to enhance the uptake of monovalent Cs+ ions. As such, a new
type of AM with the same amount (0.2 ± 0.05 g) of finely ground molecular sieve 5 Å (Cas:
69912-79-4, Dieckmann) instead of Chelex 100 was prepared to enable the uptake of Cs+

ions. This new type of AM was tested following the same design and procedures described
in Experiments 1–3 above.

3. Chemical Analysis

The content of each individual AM was emptied into a sintered glass filter and eluted
after rinsing three times with 12.5 mL 6 M HNO3 (analytical grade). The artificial seawater
sample and the elutriate solution were made up to a known volume with deionized double-
distilled water, and concentrations of 238U, 88Sr, and 133Cs in the elutriate solution were
determined using an Optima 8000 ICP-OES and NexION 2000 ICP-MS (Plasma flow:
15 L/min; auxiliary flow: 0.3 L/min; nebulizer flow: 0.8 L/min; RF power: 1300 W,
pump rate: 1.0 mL/min) after calibration using a standard solution (1000 mg/mL in
2% HNO3) [32]. The detection limit was 0.1 µg/g for 88Sr, 133Cs, and 238U. The accuracy of
the analysis was evaluated by measuring replicate samples and determined by standard
calibration curves with 1, 10, 25, 50, 100, 500, and 1000 µg/L. Concentrations of 238U, 88Sr,
and 133Cs in AMs were expressed as µg/g Chelex 100 or µg/g molecular sieve 5 Å.

4. Statistical Analysis

The concentrations of 238U, 88Sr, and 133Cs accumulated by AMs exposed to different
concentrations and conditions, as well as the temporal changes in each metal, were com-
pared using one-way ANOVA and followed by Tukey’s test if significant differences were
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found. Data normality was tested using the Shapiro–Wilk test. Statistical analyses were
conducted using Sigma plot 14.0.3 and the significance level was set at p < 0.05 for all tests.

5. Results

The uptake and release of 238U, 88Sr, and 133Cs by AMs (Chelex 100) under three
different concentrations and two conditions (i.e., A: solution with 238U or 88Sr or 133Cs only;
and B: a mixture of 238U and 88Sr and 133Cs) are shown in Figures 1–3, respectively. The
normal distribution of data was confirmed by the Shapiro–Wilk test.
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Figure 1. Uptake and release of 238U by AMs (with Chelex 100) under different concentrations and
conditions ((A): exposed to a solution with different concentrations of 238U only; (B): exposed to
mixtures with different concentrations of 238U, 88Sr, and 133Cs, as stated in Table 1).

The uptake and release of 238U by AM (with Chelex 100) under different concentrations
and conditions are presented in Figure 1.

Upon exposure to a solution with 238U only, 0.03, 0.74, and 1.59 µg 238U/g Chelex 100
were accumulated in the treatment of 3, 15, and 30 ug 238U/L, respectively (Figure 1A).
Uptake increased steadily from Week 1 to Week 8 in a concentration-dependent manner,
and reached 0.94, 13.73, and 20.70 ug 238U/g Chelex 100, respectively, in Week 8. No
significant increase in uptake was observed between Week 7 and Week 8 (ANOVA, p > 0.05),
suggesting that equilibrium was reached at Week 8. In the release phase (Week 9–Week
13), the 238U accumulated by the AMs progressively decreased, demonstrating that 238U
accumulated by AMs can be released in response to lower environmental concentrations.

Both the uptake and release of 238U in a mixture with 133Cs and 88Sr exhibited a
similar pattern as those revealed in the experiment with 238U only (Figure 1B). Despite the
uptake of 238U in Week 1 being comparatively lower, uptake was also clearly concentration-
dependent. The accumulation of 238U from the mixture solutions in Week 8 (0.60, 13.84,
and 24.32 µg 238U/g Chelex 100) was comparable to the respective values when exposed to
a solution with 238U only, showing that the binding and release of 238U are not significantly
affected by the presence of 88Sr and 133Cs.

The uptake and release of 88Sr by AMs (with Chelex 100) under different concentrations
and conditions are presented in Figure 2.

A rapid decrease in 88Sr accumulated by AMs in all treatments was found when the
AMs were transferred to clean seawater, showing that the 88Sr taken up by AMs can be
released when the concentration becomes lower in the external medium.

The uptake and release of 133Cs by AMs (with Chelex 100) under different concentra-
tions and conditions are presented in Figure 3.
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Figure 2. Uptake and release of 88Sr by AMs (with Chelex 100) under different concentrations and
conditions ((A): exposed to a solution with different concentrations of 88Sr only; (B): exposed to
mixtures with different concentrations of 238U, 88Sr, and 133Cs, as stated in Table 1). Rapid and
concentration-dependent uptake of 88Sr was clearly evident from Week 1 to Week 4, regardless of
whether AMs were exposed to a solution with 88Sr only (A) or to a mixture with 238U and 133Cs (B).
No significant increase in the uptake of 88Sr was observable between Week 6 and Week 7 (ANOVA;
p < 0.05), suggesting that equilibrium was reached. In Week 7, the 88Sr accumulated by AMs exposed
to a solution with 88Sr only (45.1, 191.7, and 451.3 ug 88Sr/g Chelex 100, upon exposure to 10, 50,
and 100 mg Sr/L) and to a mixture solution (with respective values of 44.2, 178.7, and 464.2 ug
88Sr/g Chelex 100) was generally similar, showing that the accumulation of 88Sr is not affected by the
presence of 238U and 133Cs.
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Unlike 238U and 88Sr, AMs (with Chelex 100) are not able to take up or release 133Cs in
a concentration-dependent manner. Moreover, no consistent pattern of temporal changes
can be found in either the uptake or release phases.

Correspondingly, another series of experiments was then carried out by replacing
Chelex 100 in the AMs with the same amount of finely ground molecular sieve 5 Å (made
up of Zeolite with pores of ca. 5 Å sufficient for the penetration of the Cs ions) with high
cation-exchange capacity to enhance the uptake of monovalent Cs+ ions. The experiments
were repeated to determine the uptake and release of 133Cs by AMs (molecular sieve 5 Å)
exposed to different concentrations and different conditions.
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The uptake and release of 133Cs by AMs (with molecular sieve 5 Å) under different
concentrations and conditions are presented in Figure 4.
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Figure 4. Uptake and release of 133Cs by AMs (with molecular sieve 5 Å) under different con-
centrations and conditions ((A): exposed to a solution with different concentrations of 133Cs only;
(B): exposed to mixtures with different concentrations of 238U, 88Sr, and 133Cs, as stated in Table 1).

The rapid and concentration-dependent uptake of 133Cs was clearly evident from
Week 1 to Week 3, regardless of whether AMs were exposed to a solution with 133Cs only or
to a mixture solution. No significant increase in the uptake of 133Cs was observable between
Week 6 and Week 7 in the solutions with 133Cs only, nor in the mixture solutions with 238U
and 88Sr (ANOVA; p < 0.05), suggesting that equilibrium was reached. In Week 7, the 133Cs
accumulated by AMs exposed to the solutions with 133Cs only (1.7, 2.4, and 17.6 ug 133Cs/g
molecular sieve 5 Å upon exposure to 0.3, 1.5, and 30 µg 133Cs/L, respectively) and to the
mixture solutions (with respective values of 1.5, 1.8 and 18.0 ug 133Cs/g molecular sieve
5 Å) was generally similar, showing that the accumulation of 133Cs is not affected by the
presence of 238U and 88Sr.

The concentration of 133Cs in AMs showed a progressive decrease in all treatments
when the AMs were transferred to clean seawater from Week 8 to Week 13, showing that
the 133Cs taken up by AMs could be released in response to a lower concentration of 133Cs
in the external medium.

6. Discussion

Overall, the results of this study showed that:

1. The uptake and accumulation of 238U and 88Sr by AM (with Chelex 100), as well as
the uptake and accumulation of 133Cs by AM (with molecular sieve 5 Å), are directly
related to their respective concentrations in the external medium.

2. The equilibrium of 238U could be reached within 8 weeks, and the equilibrium of 88Sr
and 133Cs could be reached within 7 weeks.

3. High concentration factors were found for 238U (1771), 88Sr (6710), and 133Cs (3675)
upon exposure to their respective environmentally realistic concentrations, indicating
that AMs with Chelex 100 can take up 238U and 88Sr, and AMs with molecular sieve
5 Å can take up 133Cs efficiently at low, environmentally realistic concentrations.

4. 238U and 88Sr taken up by AMs (with Chelex 100) and 133Cs taken up by AMs (with
molecular sieve 5 Å) can be released when their respective concentrations in the
external medium become lower.

5. The binding and release of 238U, 88Sr, and 133Cs were not significantly affected by the
presence of the other two radionuclides in the external medium at all concentrations.



J. Mar. Sci. Eng. 2023, 11, 1309 8 of 10

6. Compared with 133Cs and 88Sr, 238U exhibited a relatively higher uptake rate upon ex-
posure to both single and mixed solutions and also a longer time to reach equilibrium.
The release of accumulated 238U was also much slower than that of 88Sr and 133Cs.

The above results suggest that AMs with Chelex 100 can serve as an effective tool for
monitoring 238U and 88Sr, while AMs with molecular sieve 5 Å can be used for monitoring
133Cs in aquatic environments. Indeed, field studies in the Gulf of California [43] and
Turkey [44] reported that AMs (with Chelex 100) were able to take up U from aquatic
environments (despite U not being found in native mussels and oysters deployed side by
side), thus offering further evidence that AMs can serve as a promising tool for monitoring
radionuclides in the natural environment.

Due to technical difficulties and laboratory safety, the radioisotope of U (238U) and
stable isotopes of Sr and Cs (88Sr and 133Cs) were used for the experiments in this study.
However, this does not in any way affect the conclusions drawn in the present study,
nor the efficiency and reliability of using AMs in the field monitoring of radionuclides.
Arguably, isotopic differences may affect binding affinity, since there may be slight dif-
ferences in the ionic radii and atomic weight between different isotopes. However, given
that the equilibrium constants for ion-exchange reactions are highly similar between dif-
ferent metal-ion isotopes (with a difference of <0.001%) [52], the difference in the uptake
of metal-ion isotopes by AMs, if any, would be negligible from the perspective of mon-
itoring metal radionuclides such as Cs, Sr, and U. The insignificant isotope effects on
the binding affinity can be further supported by the very low isotope enrichments using
ion exchangers (e.g., 1H/2H: 3%; 6Li/7Li: (0.2–4.3%); 7Be/9Be: 0.18% 22Na/24Na: 0.014%;
39K/40K: (−0.074–0%); 25Mg/26Mg: 0.016%; 59Co/60Co: (0.005–0.017%); 84Sr/88Sr: 0.0097%;
235U/238U: (−0.034%–0.007%)) [52].

Theoretically, other radioactive metal ions such as those of Ra, Pu, and Co should also
behave like U, Sr, and Cs and other metals (e.g., Cd, Cr, Cu, Pb, and Zn), which can be taken
up by binding to the chelating groups and released by AMs. As such, their levels in aquatic
environments may also be monitored by using AMs containing Chelex 100, molecular
sieve 5 Å, or other ion exchangers with suitable chelating functional groups to achieve
effective uptake. Further laboratory studies should be extended to other radionuclides,
and field studies should be carried out to further validate the laboratory findings of the
present study.

Author Contributions: Conceptualization: R.S.S.W.; methodology: P.K.N.Y. and C.C.K.; valida-
tion: Y.Y., T.W.C. and Y.Q.Z.; formal analysis: Y.Y.; investigation: R.S.S.W.; data curation: Y.Y.;
writing—original draft preparation: Y.Y.; writing—review and editing: R.S.S.W., P.K.N.Y. and C.C.K.;
supervision: R.S.S.W.; project administration: Y.Y.; funding acquisition: C.C.K. and P.K.N.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by a collaborative fund of the State Key Laboratory of Marine
Pollution, City University of Hong Kong, awarded to C.C. Ko and P. K. N. Yu.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: Thanks to Michael W. L. CHIANG of the City University of Hong Kong for his
technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Drinhaus, J.; Harstrick, A.; Breustedt, B. An Autonomous Real-Time Detector System for Radionuclide Monitoring in Drinking

Water Systems. SN Appl. Sci. 2021, 3, 220. [CrossRef]
2. Eaton, A.; Cha, Y.; Geddes, L.; Morley, K.M. Evaluation of Variability in Radionuclide Measurements in Drinking Water. J. Am.

Water Works Assoc. 2011, 103, 119–130. [CrossRef]
3. Steinhauser, G.; Brandl, A.; Johnson, T.E. Comparison of the Chernobyl and Fukushima Nuclear Accidents: A Review of the

Environmental Impacts. Sci. Total Environ. 2014, 470–471, 800–817. [CrossRef] [PubMed]

https://doi.org/10.1007/s42452-021-04181-8
https://doi.org/10.1002/j.1551-8833.2011.tb11459.x
https://doi.org/10.1016/j.scitotenv.2013.10.029
https://www.ncbi.nlm.nih.gov/pubmed/24189103


J. Mar. Sci. Eng. 2023, 11, 1309 9 of 10

4. Yamamoto, M.; Takada, T.; Nagao, S.; Koike, T.; Shimada, K.; Hoshi, M.; Zhumadilov, K.; Shima, T.; Fukuoka, M.; Imanaka, T.;
et al. An early survey of the radioactive contamination of soil due to the Fukushima Dai-ichi Nuclear Power Plant accident, with
emphasis on plutonium analysis. Geochem. J. Jpn. 2012, 46, 341–353. [CrossRef]

5. Miklavzic, U. Radionuclide Monitoring of Surface and Ground Water. Gas-Und Wasserfach 1993, 134, 574–576.
6. Garnier-Laplace, J.; Adam, C.; Baudin, J.P. Experimental Kinetic Rates of Food-Chain and Waterborne Radionuclide Transfer to

Freshwater Fish: A Basis for the Construction of Fish Contamination Charts. Arch. Environ. Contam. Toxicol. 2000, 39, 133–144.
[CrossRef]

7. Grate, J.W.; O’Hara, M.J.; Egorov, O.B.; Burge, S.R. Radionuclide Sensors and Systems for Environmental Monitoring. ECS Trans.
2009, 19, 301–304. [CrossRef]

8. Canu, I.G.; Laurent, O.; Pires, N.; Laurier, D.; Dublineau, I. Health effects of naturally radioactive water ingestion: The need for
enhanced studies. Environ. Health Perspect. 2011, 119, 1676–1680. [CrossRef]

9. Wada, T.; Tomiya, A.; Enomoto, M.; Sato, T.; Morishita, D.; Izumi, S.; Niizeki, K.; Suzuki, S.; Morita, T.; Kawata, G. Radiological
Impact of the Nuclear Power Plant Accident on Freshwater Fish in Fukushima: An Overview of Monitoring Results. J. Environ.
Radioact. 2016, 151, 144–155. [CrossRef]

10. Heldal, H.E.; Føyn, L.; Varskog, P. Bioaccumulation of 137Cs in Pelagic Food Webs in the Norwegian and Barents Seas. J. Environ.
Radioact. 2003, 65, 177–185. [CrossRef]

11. Yoshimura, M.; Yokoduka, T. Radioactive Contamination of Fishes in Lake and Streams Impacted by the Fukushima Nuclear
Power Plant Accident. Sci. Total Environ. 2014, 482–483, 184–192. [CrossRef] [PubMed]

12. Catsiki, V.A.; Florou, H. Study on the Behavior of the Heavy Metals Cu, Cr, Ni, Zn, Fe, Mn and 137Cs in an Estuarine Ecosystem
Using Mytilus Galloprovincialis as a Bioindicator Species: The Case of Thermaikos Gulf, Greece. J. Environ. Radioact. 2006,
86, 31–44. [CrossRef] [PubMed]

13. Metian, M.; Pouil, S.; Hédouin, L.; Oberhänsli, F.; Teyssié, J.L.; Bustamante, P.; Warnau, M. Differential Bioaccumulation of
134Cs in Tropical Marine Organisms and the Relative Importance of Exposure Pathways. J. Environ. Radioact. 2016, 152, 127–135.
[CrossRef] [PubMed]

14. Nielsen, K.S.; Mattson, K.M.; Kelly, D.G.; Bennett, L.G.I. Environmental Radionuclide Monitoring Programme. J. Radioanal. Nucl.
Chem. 2007, 271, 621–627. [CrossRef]

15. Yu, K.N.; Mao, S.Y. Application of High Resolution Gamma Ray Spectrometry in Measuring Radioactivities in Drinks in Hong
Kong. Appl. Radiat. Isot. 1994, 45, 1031–1034. [CrossRef]

16. US EPA Method 900.0; Gross Alpha and Gross Beta Radioactivity in Drinking Water. EPA: Washington, DC, USA, 1980.
17. DeVol, T.A. Radionuclide Sensors for Subsurface Water Monitoring; USDOE Office of Environmental Management Science Program

(United States): Washington DC, USA, 2006; Volume DOE/ER/628. [CrossRef]
18. Vasyanovich, M.; Ekidin, A.; Trapeznikov, A.; Plataev, A. Analysis of Ultra-Low Radionuclide Concentrations in Water Samples

with Baromembrane Method. Nucl. Eng. Technol. 2021, 53, 253–257. [CrossRef]
19. Beals, D.M.; Crandall, B.S.; Fledderman, P.D. In-Situ Sample Preparation for Radiochemical Analyses of Surface Water. J. Radioanal.

Nucl. Chem. 2000, 243, 495–506. [CrossRef]
20. Tsukada, H.; Nihira, S.; Watanabe, T.; Takeda, S. The 137Cs Activity Concentration of Suspended and Dissolved Fractions in

Irrigation Waters Collected from the 80 Km Zone around TEPCO’s Fukushima Daiichi Nuclear Power Station. J. Environ. Radioact.
2017, 178–179, 354–359. [CrossRef]

21. Enomoto, K.; Hoshina, H.; Kasai, N.; Kurita, K.; Ueki, Y.; Nagao, Y.; Yin, Y.-G.; Suzui, N.; Kawachi, N.; Seko, N. Flow
Filtration/Adsorption and Simultaneous Monitoring Technologies of Radiocesium 137Cs in River Water. Chem. Eng. J. 2023,
460, 141696. [CrossRef]

22. Yasutaka, T.; Tsuji, H.; Kondo, Y.; Suzuki, Y.; Takahashi, A.; Kawamoto, T. Rapid Quantification of Radiocesium Dissolved in
Water by Using Nonwoven Fabric Cartridge Filters Impregnated with Potassium Zinc Ferrocyanide. J. Nucl. Sci. Technol. 2015,
52, 792–800. [CrossRef]

23. Merz, S.; Shozugawa, K.; Steinhauser, G. Analysis of Japanese Radionuclide Monitoring Data of Food before and after the
Fukushima Nuclear Accident. Environ. Sci. Technol. 2015, 49, 2875–2885. [CrossRef]

24. Noureddine, A.; Menacer, M.; Boudjenoun, R.; Benkrid, M.; Boulahdid, M.; Kadi-hanifi, M.; Lee, S.H.; Povinec, P.P. 137Cs in
Seawater and Sediment along the Algerian Coast. Radioact. Environ. 2006, 8, 156–164. [CrossRef]

25. Noureddine, A.; Benkrid, M.; Maoui, R.; Menacer, M.; Boudjenoun, R. Distribution of Natural Radioactivity, 137Cs, 90Sr, and
Plutonium Isotopes in a Water Column and Sediment Core along the Algerian Coast. Sci. Technol. Nucl. Install. 2007, 048598.
[CrossRef]

26. Carvalho, F.P.; Oliveira, J.M.; Alberto, G. Factors Affecting 210Po and 210Pb Activity Concentrations in Mussels and Implications
for Environmental Bio-Monitoring Programmes. J. Environ. Radioact. 2011, 102, 128–137. [CrossRef] [PubMed]

27. Guendouzi, Y.; Soualili, D.L.; Boulahdid, M.; Eddalia, N.; Boudjenoun, M. Effect of Physiological Conditions and Biochemical
Factors of Mussels Mytilus Galloprovincialis in Radioactivity Monitoring Programs along the Algerian Coast. Environ. Sci. Pollut.
Res. 2021, 28, 46448–46457. [CrossRef] [PubMed]

28. Farrington, J.W.; Tripp, B.W.; Tanabe, S.; Subramanian, A.; Sericano, J.L.; Wade, T.L.; Knap, A.H. Edward D. Goldberg’s Proposal
of “the Mussel Watch”: Reflections after 40 Years. Mar. Pollut. Bull. 2016, 110, 501–510. [CrossRef]

https://doi.org/10.2343/geochemj.2.0215
https://doi.org/10.1007/s002440010089
https://doi.org/10.1149/1.3118565
https://doi.org/10.1289/ehp.1003224
https://doi.org/10.1016/j.jenvrad.2015.09.017
https://doi.org/10.1016/S0265-931X(02)00095-4
https://doi.org/10.1016/j.scitotenv.2014.02.118
https://www.ncbi.nlm.nih.gov/pubmed/24657366
https://doi.org/10.1016/j.jenvrad.2005.07.005
https://www.ncbi.nlm.nih.gov/pubmed/16126310
https://doi.org/10.1016/j.jenvrad.2015.11.012
https://www.ncbi.nlm.nih.gov/pubmed/26701736
https://doi.org/10.1007/s10967-007-0317-8
https://doi.org/10.1016/0969-8043(94)90172-4
https://doi.org/10.2172/890024
https://doi.org/10.1016/j.net.2020.06.014
https://doi.org/10.1023/A:1016059005131
https://doi.org/10.1016/j.jenvrad.2017.08.002
https://doi.org/10.1016/j.cej.2023.141696
https://doi.org/10.1080/00223131.2015.1013071
https://doi.org/10.1021/es5057648
https://doi.org/10.1016/S1569-4860(05)08010-1
https://doi.org/10.1155/2007/48598
https://doi.org/10.1016/j.jenvrad.2010.11.003
https://www.ncbi.nlm.nih.gov/pubmed/21145143
https://doi.org/10.1007/s11356-020-09775-0
https://www.ncbi.nlm.nih.gov/pubmed/32572743
https://doi.org/10.1016/j.marpolbul.2016.05.074


J. Mar. Sci. Eng. 2023, 11, 1309 10 of 10

29. Zhelyazkov, G.; Yankovska-Stefanova, T.; Mineva, E.; Stratev, D.; Vashin, I.; Dospatliev, L.; Valkova, E.; Popova, T. Risk Assessment
of Some Heavy Metals in Mussels (Mytilus Galloprovincialis) and Veined Rapa Whelks (Rapana Venosa) for Human Health. Mar.
Pollut. Bull. 2018, 128, 197–201. [CrossRef]

30. Assunta Meli, M.; Desideri, D.; Roselli, C.; Feduzi, L. Natural Radioactivity in the Mussel Mytilus Galloprovincialis Derived from
the Central Adriatic Sea (Italy). J. Toxicol. Environ. Health Part A 2008, 71, 1270–1278. [CrossRef]

31. Bollhöfer, A.; Brazier, J.; Humphrey, C.; Ryan, B.; Esparon, A. A Study of Radium Bioaccumulation in Freshwater Mussels,
Velesunio Angasi, in the Magela Creek Catchment, Northern Territory, Australia. J. Environ. Radioact. 2011, 102, 964–974.
[CrossRef]

32. Wu, R.S.S.; Lau, T.C.; Fung, W.K.M.; Ko, P.H.; Leung, K.M.Y. An “artificial Mussel” for Monitoring Heavy Metals in Marine
Environments. Environ. Pollut. 2007, 145, 104–110. [CrossRef]

33. Claassens, L.; Dahms, S.; Van Vuren, J.H.J.; Greenfield, R. Artificial Mussels as Indicators of Metal Pollution in Freshwater
Systems: A Field Evaluation in the Koekemoer Spruit, South Africa. Ecol. Indic. 2016, 60, 940–946. [CrossRef]

34. Dahms-Verster, S.; Baker, N.J.; Greenfield, R. A Multivariate Examination of ‘Artificial Mussels’ in Conjunction with Spot Water
Tests in Freshwater Ecosystems. Environ. Monit. Assess. 2018, 190, 121763. [CrossRef]

35. Degger, N.; Wepener, V.; Richardson, B.J.; Wu, R.S.S. Application of Artificial Mussels (AMs) under South African Marine
Conditions: A Validation Study. Mar. Pollut. Bull. 2011, 63, 108–118. [CrossRef]

36. Gonzalez-Rey, M.; Lau, T.C.; Gomes, T.; Maria, V.L.; Bebianno, M.J.; Wu, R. Comparison of Metal Accumulation between
“Artificial Mussel” and Natural Mussels (Mytilus Galloprovincialis) in Marine Environments. Mar. Pollut. Bull. 2011, 63, 149–153.
[CrossRef]

37. Kibria, G.; Lau, T.C.; Wu, R. Innovative ‘Artificial Mussels’ Technology for Assessing Spatial and Temporal Distribution of Metals
in Goulburn–Murray Catchments Waterways, Victoria, Australia: Effects of Climate Variability (Dry vs. Wet Years). Environ. Int.
2012, 50, 38–46. [CrossRef] [PubMed]

38. Labuschagne, M.; Wepener, V.; Nachev, M.; Zimmermann, S.; Sures, B.; Smit, N.J. The Application of Artificial Mussels in
Conjunction with Transplanted Bivalves to Assess Elemental Exposure in a Platinum Mining Area. Water 2020, 12, 32. [CrossRef]

39. Labuschagne, M.; Zimmermann, S.; Smit, N.J.; Erasmus, J.H.; Nachev, M.; Sures, B.; Wepener, V. Laboratory and Field Studies on
the Use of Artificial Mussels as a Monitoring Tool of Platinum Exposure in the Freshwater Environment. Environ. Sci. Eur. 2021,
33, 1–15. [CrossRef]

40. Leung, K.M.Y.; Furness, R.W.; Svavarsson, J.; Lau, T.C.; Wu, R.S.S. Field Validation, in Scotland and Iceland, of the Artificial
Mussel for Monitoring Trace Metals in Temperate Seas. Mar. Pollut. Bull. 2008, 57, 790–800. [CrossRef] [PubMed]

41. Men, C.; Liu, R.; Xu, L.; Wang, Q.; Guo, L.; Miao, Y.; Shen, Z. Source-Specific Ecological Risk Analysis and Critical Source
Identification of Heavy Metals in Road Dust in Beijing, China. J. Hazard. Mater. 2020, 388, 121763. [CrossRef] [PubMed]

42. Ra, K.; Kim, J.-K.; Kim, K.-T.; Lee, S.-Y.; Kim, E.-S.; Lee, J.-M.; Wu, R.S.S. Application of the Artificial Mussel for Monitoring Heavy
Metal Levels in Seawater of the Coastal Environments, Korea. J. Korean Soc. Mar. Environ. Energy 2014, 17, 131–145. [CrossRef]

43. Ruiz-Fernández, A.C.; Wu, R.S.S.; Lau, T.C.; Pérez-Bernal, L.H.; Sánchez-Cabeza, J.A.; Chiu, J.M.Y. A Comparative Study on
Metal Contamination in Estero de Urias Lagoon, Gulf of California, Using Oysters, Mussels and Artificial Mussels: Implications
on Pollution Monitoring and Public Health Risk. Environ. Pollut. 2018, 243, 197–205. [CrossRef] [PubMed]

44. Genç, T.O.; Po, B.H.K.; Yılmaz, F.; Lau, T.-C.; Wu, R.S.S.; Chiu, J.M.Y.; Genç, T.O.; Po, B.H.K.; Yılmaz, F.; Lau, T.-C.; et al.
Differences in Metal Profiles Revealed by Native Mussels and Artificial Mussels in Sarıçay Stream, Turkey: Implications for
Pollution Monitoring. Mar. Freshw. Res. 2018, 69, 1372–1378. [CrossRef]

45. Takata, H.; Aono, T.; Zheng, J.; Tagami, K.; Shirasaka, J.; Uchida, S. A Sensitive and Simple Analytical Method for the Determina-
tion of Stable Cs in Estuarine and Coastal Waters. Anal. Methods 2013, 5, 2558–2564. [CrossRef]

46. Wakaki, S.; Obata, H.; Tazoe, H.; Ishikawa, T. Precise and Accurate Analysis of Deep and Surface Seawater Sr Stable Isotopic
Composition by Double-Spike Thermal Ionization Mass Spectrometry. Geochem. J. 2017, 51, 227–239. [CrossRef]

47. Wang, L.; Ma, Z.; Sun, Z.; Wang, Y.; Wang, X.; Cheng, H.; Xiao, J. U Concentration and 234U/238U of Seawater from the Okinawa
Trough and Indian Ocean Using MC-ICPMS with SEM Protocols. Mar. Chem. 2017, 196, 71–80. [CrossRef]

48. Araissi, M.; Ayed, I.; Elaloui, E.; Moussaoui, Y. Removal of Barium and Strontium from Aqueous Solution Using Zeolite 4A. Water
Sci. Technol. 2016, 73, 1628–1636. [CrossRef]

49. El-Kamash, A.M. Evaluation of Zeolite A for the Sorptive Removal of Cs+ and Sr2+ Ions from Aqueous Solutions Using Batch
and Fixed Bed Column Operations. J. Hazard. Mater. 2008, 151, 432–445. [CrossRef]

50. El-Kamash, A.M.; Zaki, A.A.; El Geleel, M.A. Modeling Batch Kinetics and Thermodynamics of Zinc and Cadmium Ions Removal
from Waste Solutions Using Synthetic Zeolite A. J. Hazard. Mater. 2005, 127, 211–220. [CrossRef]

51. Townsend, R.P.; Coker, E.N. Ion Exchange in Zeolites. In Studies in Surface Science and Catalysis; Elsevier: Amsterdam, The
Netherlands, 2001; Volume 137, pp. 467–524.

52. Marcus, Y. Ion Exchange | Isotope Separation. In Encyclopedia of Analytical Science; Academic Press: Cambridge, MA, USA, 2019;
pp. 195–203, ISBN 9780081019832.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.marpolbul.2018.01.024
https://doi.org/10.1080/01932690801934562
https://doi.org/10.1016/j.jenvrad.2010.04.001
https://doi.org/10.1016/j.envpol.2006.03.053
https://doi.org/10.1016/j.ecolind.2015.08.047
https://doi.org/10.1007/s10661-018-6764-6
https://doi.org/10.1016/j.marpolbul.2011.04.040
https://doi.org/10.1016/j.marpolbul.2010.12.007
https://doi.org/10.1016/j.envint.2012.09.006
https://www.ncbi.nlm.nih.gov/pubmed/23070068
https://doi.org/10.3390/w12010032
https://doi.org/10.1186/s12302-021-00461-7
https://doi.org/10.1016/j.marpolbul.2008.01.033
https://www.ncbi.nlm.nih.gov/pubmed/18328506
https://doi.org/10.1016/j.jhazmat.2019.121763
https://www.ncbi.nlm.nih.gov/pubmed/31818668
https://doi.org/10.7846/JKOSMEE.2014.17.2.131
https://doi.org/10.1016/j.envpol.2018.08.047
https://www.ncbi.nlm.nih.gov/pubmed/30172989
https://doi.org/10.1071/MF17293
https://doi.org/10.1039/c3ay26474b
https://doi.org/10.2343/geochemj.2.0461
https://doi.org/10.1016/j.marchem.2017.08.001
https://doi.org/10.2166/wst.2015.640
https://doi.org/10.1016/j.jhazmat.2007.06.009
https://doi.org/10.1016/j.jhazmat.2005.07.021

	Introduction 
	Materials and Methods 
	Chemical Analysis 
	Statistical Analysis 
	Results 
	Discussion 
	References

