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Abstract 

Background: The artificial mussel (AM) is a passive sampling device that was originally developed for monitoring 
metal concentrations in the marine environment, but is also increasingly used in freshwater environments. The AM 
consists of a non-permeable Perspex tube, which is closed on both sides with a semi-permeable membrane. The 
space in between contains Chelex-100 beads, which bind metals. The AM allows the determination of the dissolved, 
bioaccessible metal fraction in water bodies without killing organisms, as well as environments with unfavorable 
conditions for living bioindicators. In the present study, the use of the AM was adapted for the monitoring of platinum 
(Pt) in a freshwater ecosystem.

Results: The elution of Pt from the Chelex-100 beads was optimized. Two modifications to the original method for 
the use of AMs are recommended, i.e., washing and separation of the beads through centrifugation and elution with 
a mixture of 4.5 mL  HNO3 and 0.5 mL HCl for approximately 2–3 h to ensure the release of all Pt bound to the beads. 
Additionally, the uptake kinetics of the AM were determined under laboratory conditions over a wide exposure con-
centration range (0.1–1000 µg/L) showing highly correlated Pt accumulation in the AMs with the aqueous exposure 
concentration. For the tested Pt exposure concentrations of 0.1, 1, 10, and 100 µg/L, the Pt concentrations in the AMs 
increased during the exposure period of 6 weeks. At the highest exposure concentration of 1000 µg/L, the increase 
stagnated after 3 weeks. To validate the AM in the field, the Pt accumulation of the AM was assessed together with 
that of freshwater clams (Corbicula fluminalis africana), muscle and liver tissue of the three fish species sharptooth 
catfish (Clarias gariepinus), common carp (Cyprinus carpio) and Mozambique tilapia (Oreochromis mossambicus), as well 
as water hyacinths (Eichhornia crassipes) at two sampling sites in the Pt mining area of South Africa.

Conclusion: Results from the present study showed that the AM is a promising tool to monitor Pt concentrations in 
the freshwater environment at contaminated sites.

Keywords: Passive sampling device, Metal accumulation monitoring, Chelex-100, Uptake kinetics, Animal 
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Background
Monitoring of pollutants in the aquatic environment 
is necessary to fulfill legislative frameworks and direc-
tives. With the development of the Mussel Watch con-
cept in the mid-1970s [1], the use of living organisms as 
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biological indicators of environmental contaminants has 
become the mainstay of environmental monitoring. The 
use of bioindicators has several advantages since they can 
produce time-integrated results and are an indication of 
the bioaccessible fraction of metals in the environment 
[2, 3]. However, the metal bioaccumulation in organisms 
can be affected by various factors, such as body weight, 
growth rate, age, reproduction, and nutrition status 
[4]. Leung et  al. suggested that also accompanying con-
taminants can influence the metal bioaccumulation [3]. 
Therefore, the use of biological indicators for monitoring 
of, e.g., metals in freshwater and marine environments 
has several limitations and disadvantages [2]. These 
include at first the need to use living organisms that have 
to be killed to receive information on the biological avail-
ability of selected pollutants. Additionally, the variation 
in metal concentrations in the water column and sedi-
ment is affected by the particle size, organic content, and 
redox conditions [2].

To overcome these challenges, passive sampling meth-
ods have successfully been used to monitor the aque-
ous concentrations of a wide range of pollutants [5]. 
All passive sampling devices are based on the principle 
that the analytes freely flow from the sampling medium 
to a receiving phase in the device [5]. The analytes are 
trapped in the device, which is subsequently analyzed to 
determine the biologically available fraction (the ecotoxi-
cologically relevant fraction) within the water column. 
These devices are advantageous since they provide time-
integrated estimates as opposed to the snapshot view of 
traditional water sampling, which is highly variable and 
may not be representative [6]. Most importantly, if the 
results obtained with passive sampling devices corre-
spond to accumulation data using living bioindicators, 
they could replace the use of living bioindicators and thus 
reduce the number of animals to be killed, so that they 
could also contribute to the fulfillment of the 3R princi-
ple (primarily applicable to vertebrates) [7].

Wu and Lau [4] tested the suitability of different pol-
ymer-ligands as a novel chemical device for the moni-
toring of metal pollution in the aquatic environment. 
They found that the use of Chelex-100 beads had many 
advantages over the other polymer-ligands and devel-
oped an artificial monitoring device in 2007 [2]. The arti-
ficial mussel (AM) was originally developed for use in the 
marine environment but has been applied in freshwater 
environments as well [6, 8–12]. This device consists of 
Chelex-100 beads that are suspended in either artificial 
seawater (marine) or ultrapure water (freshwater) within 
a Perspex tube with two semi-permeable gel membranes 
that form a plug on both ends of the tube [2]. The semi-
permeable membranes allow the passage of metal ions 
into the interstitial space where they bind to the chelating 

beads. The AM has been applied for the monitoring of a 
wide range of metals such as Al, As, Cd, Co, Cr, Cu, Fe, 
Hg, Mn, Ni, Pb, U, V and Zn [2, 3, 6, 8–18].

Among the metals monitored, especially those that are 
potentially toxic deserve special attention. Platinum (Pt), 
which usually occurs only in extremely low concentra-
tions in the environment [19], has been shown in recent 
years to not only increase in the environment due to 
anthropogenic activities, but also to exert adverse effects 
on biota at elevated concentrations [20–22].

South Africa is one of the largest producers of plati-
num in the world. In 2018 it was estimated that South 
Africa produced 73% of the world’s platinum [23]. Recent 
studies have shown that the aquatic environments in the 
vicinity of Pt mines have elevated Pt concentrations in 
their sediments [24, 25]. A recent field study in a river 
system of a Pt mining area in South Africa demonstrated 
that the AM can accumulate Pt from the water column, 
therefore it was necessary to further investigate the accu-
mulation behavior of the AM for this metal [12]. This 
field study demonstrated clear Pt uptake together with 
other metals such as Cr, Ni, and Zn by the AM. This sup-
ported findings of other studies where significantly posi-
tive correlations between metal uptake in notably marine 
bivalve biological indicators and AMs were found [3, 13, 
17, 18].

Therefore, the present study aimed (1) to optimize the 
analytical extraction of Pt from the Chelex-100 beads, 
which is necessary for a reliable analysis of the Pt accu-
mulation in the AM; (2) to determine the concentration-
dependent Pt uptake kinetics of the AM in freshwater 
over a wide exposure concentration range under labora-
tory conditions; (3) to validate the AM under field con-
ditions as a reliable tool for monitoring bioavailable Pt 
concentrations in freshwater environments by comparing 
the Pt uptake of the AM with that of living organisms, 
i.e., different fish species and the water hyacinth, and 
(4) to comment on the appropriateness of the AM as an 
alternative to living organisms as biological indicators of 
metal exposure.

Materials and methods
Validation of the efficiency of Chelex‑100 beads to bind Pt
To determine if Chelex-100 beads can accumulate Pt 
from the ambient environment, a short-term labora-
tory study was done to test (1) the binding of Pt to the 
Chelex-100 beads and (2) the most effective method of Pt 
elution from the Chelex-100 beads. The loading, wash-
ing, and elution experiment was conducted to check 
the practicability and validity of the washing and elu-
tion procedure. To determine the validity (recovery and 
precision), Chelex-100 beads were loaded with a defined 
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concentration of Pt to determine the loading of the beads. 
Furthermore, it was necessary to confirm that Pt binds to 
the beads in ultrapure water as it is used in the AMs.

Loading of Chelex‑100 beads with Pt
To test the loading capability of the Chelex-100 
beads, 200  mg beads (Sigma-Aldrich, sodium form, 
50—100 mesh, dry) were placed in 15-mL polypropylene 
tubes. In total 20 polypropylene tubes were used, 10 of 
these tubes were loaded with 4.95  mL ultrapure water 
(loading solution 1) and 4.95 mL 0.5 M HCl (Merck, 37%, 
suprapure) in the other 10 tubes (loading solution 2). In 
each of these tubes, 50 µL of 100 mg/L Pt standard solu-
tion (Sigma-Aldrich, Pt standard for ICP TraceCERT®, 
1000 mg/L, Pt(IV) in hydrochloric acid, diluted with 1% 
 HNO3, sub-boiled from 65%; p.a. quality, Merck) were 
added resulting in a final Pt concentration of 1  mg/L. 
During the loading of the beads, the tubes were con-
tinuously shaken on a mechanical shaker (VWR Inter-
national, VWR 5000 Advanced digital shaker). Samples 
were taken from the supernatant at several time intervals 
(10, 30, 100, 120 and 210 min) to determine the loading 
kinetics of the Chelex-100 beads and the Pt concentra-
tions were immediately analyzed using a Perkin-Elmer 
model 4100ZL atomic absorption spectrometer (AAS) 
equipped with a Zeeman effect background correction 
system.

The samples were injected in a pyrolytic graphite fur-
nace tube using the autosampler AS 70 and ran under the 
optimized operating parameters (Table  1). The calibra-
tion was performed by matrix adapted calibration where 
the concentrations in each sample were calculated by fit-
ting a linear regression line to the points defined by the 
spiked concentration values.

Washing of the Chelex‑100 beads
Following the removal of the tubes from the shaker, the 
Chelex-100 beads went through three repeated washing 
steps. This was done to eliminate any unbound Pt that 

might have stayed in the tube or the loading solution. The 
supernatant in each of the tubes was carefully removed 
with a pipette and afterwards the Chelex-100 beads were 
resuspended in 5  mL ultrapure water. After centrifuga-
tion (2 min at 1000 g) the washing solution was removed. 
The centrifugation ensured that the beads settle at the 
bottom of the tube before removing the supernatant 
again, this was repeated two more times. The Pt concen-
trations in the supernatant of the washing steps were also 
analyzed by AAS as described above to determine any 
Pt loss that may occur. At the end of the washing steps, 
only the Chelex-100 beads remained in the tubes. This is 
a new method for separating the beads from the solution 
as in former studies the separation of the beads was done 
by a more time-intensive filtration method [2].

Elution procedure
After washing the beads, the elution of the Pt from the 
Chelex-100 beads was tested with two different elution 
solutions. For the elution experiment, only the beads 
loaded in 0.5  M HCl were used due to better loading 
results. The first elution solution consisting of 4.5 mL 6 M 
 HNO3 (Merck, sub-boiled from 65%; p.a. quality) and 
0.5 mL 12 M HCl (Merck, 37%, suprapure) was added to 
each of 4 tubes with Pt loaded beads. The second solution 
consisting of 5 mL 8 M HCl (prepared from Merck, 37%, 
suprapure) was used on another 5 tubes. Samples were 
taken from the supernatant at several time intervals (10, 
30 min, 1, 2 and 24 h) to determine the elution kinetics 
from the Chelex-100 beads and immediately analyzed by 
AAS as described above.

The artificial mussel design
The artificial mussel device consists of a non-permeable 
Perspex tube, which contains 200  mg Chelex-100 beads 
suspended in 5 mL ultrapure water (Fig. 1). The water dif-
fuses into the cavity that contains the Chelex-100 beads 
through two polyacrylamide gel layers (semi-permeable 
membranes).

The protocol for assembling the artificial mussel was 
as follows: The end of each Perspex tube was covered 
with parafilm to form a membrane to prevent the solu-
tions from seeping out while the gel polymerizes. The 
gel was composed of three solutions. The first solution 
consisted of 15  g acrylamide (Sigma, Acrylamide for 
electrophoresis, 99% (HPLC) powder) and 0.5  g N,N-
methylenebis-acrylamide (Sigma, BioReagent, suitable 
for electrophoresis, 99%) dissolved in 100  mL ultrapure 
water, of this 4 mL was pipetted into the plastic tubing. 
The second solution, i.e., 160 µL 10% ammonium peroxi-
disulfate (Sigma, Reagent grade, 98%), and the third solu-
tion, i.e., 40  µL N,N,N′,N′-tetramethylethylenediamine 

Table 1 Optimized operating parameters for  platinum 
analysis by AAS

Temp (°C) Ramp time (s) Hold time (s) Argon 
flow 
(psi)

110 1 5 250

140 10 60 250

600 20 1 250

1300 30 20 250

2200 0 3 0

2450 1 3 250
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(Sigma, BioReagent, for molecular biology, 99% (GC)), 
were added to form the semi-permeable gel membranes 
[10, 12].

Following the gel polymerizing (usually within 5 min), 
the tubes with the gels were placed in a container filled 
with ultrapure water for 1 h, this allows the gels to swell. 
After 1 h of swelling, the gels were carefully moved to the 
desired position within the tube by cautiously rubbing 
in a circular motion on the gel surface until it moved. A 
1 cm Perspex spacer was then placed within the tube with 
200 mg Chelex-100 beads and 5 mL ultrapure water. The 
second gel was then carefully transferred into the tube 
until firmly positioned against the spacer, making sure 
that no air bubbles were trapped in between the two gel 
layers. After assembly, the AMs were stored in ultrapure 
water until needed.

Long‑term exposure of the artificial mussels to a series 
of Pt concentrations
Experimental design
To validate the Pt uptake by the AM, a static exposure 
study with a series of increasing dissolved Pt concen-
trations was performed. The AMs were divided into 

six experimental groups (Table  2). The nominal Pt con-
centrations in the tank water were 0, 0.1, 1, 10, 100 and 
1000  µg/L. Platinum standard solution (Sigma-Aldrich, 
Pt standard for ICP TraceCERT®, 1000  mg/L, Pt(IV) in 
2  M hydrochloric acid), as well as HCl (2  mol/L), were 
added to 10-L exposure medium according to Table 2.

Six plastic tanks (300 × 750  mm) lined with polypro-
pylene (PP) bags (Sarstedt, disposable bags, autoclavable, 
600 × 780 mm) were filled with deionized water to rinse 
the bags and to check for any leakages [22]. By lining 
the tanks with PP bags, which were discarded after the 
exposure study, it is possible to reuse the plastic tanks. 
All tanks were aerated in the same way using air stones, 
which also allowed for the continuous movement of the 
water and a permanent mixing of Pt within the tank.

After 24  h the deionized water in the PP bags was 
discarded and replaced with 10  L reconstituted fresh-
water [22]. The Pt standard solution was added to the 
tanks as indicated in Table  2. The bags were pre-con-
ditioned to saturate the surfaces of the PP bags with Pt 
before the exposure commenced. This pre-conditioning 
step was done to minimize the loss of Pt due to adsorp-
tion processes on the bag surfaces during the exposure. 

Fig. 1 Graphical representation of the artificial mussel (adopted from [2, 12]). For both the Perspex spacer and tubing, the sizes given in the 
brackets represent the external and internal diameters

Table 2 Experimental layout for Pt exposures

Experimental group # AMs/sampling # AMs/tank Addition of

Pt standard (1 g/L) HCl (2 mol/L)

Tank 1 Control 7 42 None 10 mL

Tank 2 0.1 µg Pt/L 7 42 1 µL 10 mL

Tank 3 1 µg Pt/L 7 42 10 µL 10 mL

Tank 4 10 µg Pt/L 7 42 100 µL 9.9 mL

Tank 5 100 µg Pt/L 7 42 1 mL 9 mL

Tank 6 1000 µg Pt/L 7 42 10 mL None
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Following the pre-conditioning period of 24 h, the water 
was replaced with new exposure medium and Pt stand-
ard solution, as described above, and left for another 24 h 
before 42 AMs were added to each tank.

Water sampling and removal of AMs
Water samples were taken from each tank at different 
intervals: 1) before the addition of the Pt, 2) 10 min after 
the addition of the Pt standard solution, 3) before the 
addition of the AMs, and 4) subsequently weekly before 
AMs were removed. The procedures were as follows: 
10  mL tank water was transferred into 15  mL polypro-
pylene tubes and acidified immediately with 10 µL  HNO3 
(Merck, sub-boiled from 65%; p.a. quality). Additionally, 
AM samples (n = 7) were taken once every week over six 
weeks. The AMs were plugged at both ends with cotton 
soaked in ultrapure water, placed in plastic bags, marked 
and stored at room temperature for metal analysis.

Platinum analysis
For the determination of the Pt accumulated in the AMs, 
the Chelex-100 beads were removed from the AMs by 
gently moving the gel layer to one end of the AM by care-
fully rubbing with the finger against the opposite gel layer 
until the interspace moves. For metal analysis, the con-
tent (including the Chelex-100 beads) of each individual 
AM was emptied and rinsed out with ultrapure water 
into an acid pre-washed 15 mL polypropylene tube. These 
samples were then centrifuged (2  min at 1000  g), the 
supernatant was removed and the beads were rinsed with 
5 mL ultrapure water. This washing step was repeated in 
total three times. The supernatant was removed and the 
beads were eluted with 4.5  mL 6  M  HNO3 (sub-boiled 
from 65%; p.a. quality, Merck) and 0.5 mL HCl (Merck, 
37%, suprapure). The beads were placed on a mechani-
cal shaker to eluate the Pt from the Chelex-100 beads in 
the acid solution for approximately 2  h. This was based 
on the results obtained from the elution experiment, to 
ensure that all bound metals would be released from the 
beads. The supernatant was removed and placed in new 
polypropylene tubes for further analysis.

Accordingly, Pt concentrations in the water and AMs 
were determined by a quadrupole Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS, Perkin-Elmer Elan 
6000 with autosampler system Perkin-Elmer AS-90). For 
ICP-MS analysis, the wash time was set to 30 s with 2% 
 HNO3 to avoid contamination. After every 10 samples, 
a Pt standard solution (10 µg/L) was measured to check 
the accuracy and stability of the measurements. Before 
ICP-MS measurement, samples were diluted 1:10 with 
an internal standard solution, consisting of 1%  HNO3 and 
10  μg/L thulium (Merck, Certipur®). Calibration of the 
instrument was performed using a series of 11 dilutions 

of Pt standard solution (Sigma-Aldrich, Pt standard for 
ICP TraceCERT®, 1000 mg/L). With this, the concentra-
tions of the sample analytes were calculated using regres-
sion lines with a correlation factor of   ≥ 0.999 for the 
Pt-194 mass line.

Interferences can have an effect on the Pt measured by 
the analytical instruments. To check for hafnium (Hf) 
oxide interferences at that mass line, a series of 5  dilu-
tions of increasing Hf concentrations were measured. 
The Hf interferences on Pt-194 were below 2%, thus 
mathematical correction was not necessary. The limit of 
detection (LOD) for the AMs in the long-term laboratory 
exposure was 0.47 ng Pt/AM, for the water in the labo-
ratory the detection limit was 0.045 μg Pt/L. Besides the 
exposed AMs, seven unexposed AMs were analyzed to 
determine the Pt background concentration in the AMs, 
which was below LOD.

Field study on the Pt accumulation in artificial mussels 
in comparison with living organisms
In addition to the laboratory investigations, field sam-
pling of living organisms was combined with active mon-
itoring using AMs (described in detail in Labuschagne 
et al. [12]) at two impoundments within the same catch-
ment (Hex River) in the Pt mining area of South Africa 
in March 2018. In Olifantsnek Dam, the Pt exposure 
only originates from geogenic sources, while Bospoort 
Dam is downstream of various anthropogenic activities, 
such as intensive Pt mining and refining activities as well 
as industrial and urban effluents (see Erasmus et al. [26] 
and Labuschagne et al. [12] for more detail). In situ phys-
ico-chemical variables of the water including electrical 
conductivity (EC), pH and temperature (ExStik II EC500, 
Extech Instruments), as well as dissolved oxygen (DO) 
(ExStik II DO600, Extech Instruments) were measured at 
the two impoundment sites.

Water samples were collected in triplicate in pre-
cleaned polyethylene containers, filtered (Cellulose 
nitrate filter, 0.45  µm, Sartorius Stedim Biotech) and 
then analyzed for inorganic nutrients and Pt. Water sam-
ples were collected in the water column from different 
sites within the impoundments, where the AMs were 
deployed, in the middle and then closer to the banks of 
the impoundment. The samples were collected at knee-
high depth on the side of the impoundment and close to 
the surface for the other two samples. The water samples 
were analyzed for nutrients  (NH4

+,  NO3
−,  NO2

−,  PO4
3−) 

and other chemical water quality variables  (Cl−,  SO4
2− 

and turbidity) using a spectrophotometer (Spectroquant 
Pharo 300, Merck) and Merck Spectroquant test kits. For 
metal analysis, 10 mL water was taken and acidified with 
10 µL  HNO3 (sub-boiled from 65%; p.a. quality, Merck, 
Darmstadt, Germany) and stored in polypropylene tubes 
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at room temperature. Sediment samples were collected 
in triplicate from the upper 10 cm of the substratum in 
pre-cleaned polyethylene containers for organic con-
tent (OC), particle size distribution and Pt analysis. The 
percentage of organic content and the particle size dis-
tribution were determined according to the methods 
described in Erasmus et  al. [24]. Sediment particle size 
was characterized as: gravel (> 4,000  μm), very coarse 
sand (4000  –  2000  μm), coarse sand (2000  –  500  μm), 
medium sand (500  –  212  μm), fine sand (212  –  65  μm) 
and mud (< 65  μm). Samples of the mud fraction 
(< 65 μm), which is known to contain the highest Pt con-
centration among all fractions, were prepared for Pt anal-
ysis following the methods described in Erasmus et  al. 
[24]. Water samples were analyzed for Pt concentrations 
as described for the laboratory exposure samples.

During the 6  weeks exposure of the AMs in the two 
impoundments, living bioindicator organisms, i.e., the 
freshwater clam Corbicula fluminalis africana (shell 
length 28 ± 5 mm, Labuschagne et al. [12]), the fish spe-
cies sharptooth catfish (Clarias  gariepinus), common 
carp (Cyprinus  carpio) and Mozambique tilapia (Oreo-
chromis mossambicus) were sampled from the same sites 
as in Labuschagne et al. [12] and Erasmus et al. [26]. The 
AMs were deployed near the bottom of the impound-
ments. The condition factors of the fish from Olifantsnek 
Dam and Bospoort Dam were 0.94 ± 0.10 and 1.17 ± 0.24 
for sharptooth catfish, 2.44 ± 0.22 and 2.78 ± 0.49 for 
common carp, as well as 2.89 ± 0.22 and 2.85 ± 0.37 for 
Mozambique tilapia, respectively. Muscle and liver of the 
fish were analyzed by ICP-MS after microwave digestion 
according to Erasmus et  al. [24, 26]. At Bospoort Dam, 
i.e., the impoundment impacted with anthropogenic 
activities, water hyacinth (Eichhornia crassipes) was also 
assessed as this plant is known to accumulate Pt [27, 
28]. The plants were randomly picked by hand, well pre-
cleaned with ambient water and placed in plastic bags 
for transportation to the laboratory. In the laboratory, 
the plants were carefully rinsed with distilled water and 
then divided into roots, stems and leaves. After freeze-
drying (FreeZone 6, Labconco) and homogenization in a 
ceramic mortar and pestle, the Pt concentrations of the 
different plant parts were determined as described for 
the animal tissues.

Statistical analyses
Statistical analyses were performed using GraphPad 
Prism® 7 software. Platinum uptake of the AM in the 
lab experiments are expressed in ng/AM and the field 
study in µg/g related to 200 mg Chelex for a better com-
parison with the fish tissues. The correlation of Pt uptake 
by the AM (mean of seven AMs per sampling time) and 
the respective exposure concentrations was determined 

by linear regression. The water quality data from March 
2018 (from Labuschagne et  al. [12]) contained one out-
lier value, which was discarded for statistical reasons for 
this study. For both water and sediment, Shapiro–Wilk 
normality test indicated that data were distributed nor-
mally, where significant differences in Pt concentrations 
between Olifantsnek Dam  and Bospoort Dam were 
determined by using Welch’s t-test. To evaluate the use-
fulness of the AM, a two-way ANOVA was performed to 
compare only the bioindicator organisms from the same 
impoundment, followed by Tukey’s multiple comparisons 
test. To compare the concentrations in the organisms 
between the two impoundments, a two-way ANOVA 
was performed, followed by Sidak’s multiple comparisons 
test. Significance was set at p < 0.05 for all comparisons.

Results
Binding and elution of Pt from Chelex‑100
The loading experiment indicated that Pt was bound in 
both loading solutions to the Chelex-100 beads as there 
was a significant loss of Pt in the loading solutions over 
time (Fig.  2). However, the Chelex-100 loading kinet-
ics differed for the two different loading solutions. The 
Pt concentration of loading solution 1 (ultrapure water) 
was relatively stable during the loading period and con-
tained about 45% of the initially added Pt concentration 
after 200 min. In contrast, the Pt concentrations of load-
ing solution 2 (0.5 M HCl) decreased over time and con-
tained only 13% of the initially added Pt concentration 
after 200 min. Thus, it can be assumed that in 0.5 M HCl 
a much higher part of the Pt was loaded to the Chelex 
beads than in ultrapure water. The decline of the Pt con-
centration in the loading solutions can be attributed to 
the binding of Pt to the Chelex-100 beads as respective 
controls without Chelex-100 beads showed no decline in 

Fig. 2 Platinum concentrations (mean ± SEM, n = 10) in the loading 
solutions, ultrapure water and 0.5 M HCl, with increasing loading time 
of the Chelex-100 beads. The initially added Pt concentration was 
1000 µg/L
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the Pt concentration over time (data not shown). Addi-
tionally, mass balance calculations showed that the sum 
of the Pt mass in the loading solution and the Pt mass in 
the elution solution was equal to the initially added Pt 
mass.

The washing of the beads through centrifugation was 
very effective. Following the first washing step, only 1% 
of the added Pt was found in the wash solution. Follow-
ing the second and the third washing step, no Pt was 
detectable in the wash solution. For the elution experi-
ment, only the beads loaded in 0.5 M HCl were used due 
to better loading results. Immediately after the elution 
solution was added to the beads, the Pt concentrations 
in the supernatant started to increase, whereas the high-
est Pt concentrations were reached after 120 min (Fig. 3). 
Considering that during the loading process 87% of the 
initially added Pt was bound to the Chelex-100 beads, 
the elution rate of the mixture of 4.5 mL 6 M  HNO3 and 
0.5 mL 12 M HCl was 115% and thus much higher when 
compared with the elution rate of 86% of 8 M HCl.

Concentration‑dependent Pt uptake kinetics 
by the artificial mussel
During the long-term exposure, Pt uptake was found in 
all Pt-exposed AMs (Fig.  4). However, for the 0.1  µg/L 
group the Pt mass measured in the AMs (i.e., the Pt mass 
bound to 200 mg Chelex-100 beads) exceeded the detec-
tion limit of 0.47 ng Pt/AM only after 6 weeks of expo-
sure. In all higher exposed groups, the Pt mass increased 
already after one week of exposure (Fig. 4). The Pt masses 
in the AMs increased throughout the entire 6-week 
exposure period in all Pt-exposed tanks, except for the 
1000  μg/L group. In this tank, the Pt masses increased 
during the first 3 weeks of exposure, followed by a slight 
decrease during the next 3 weeks (Fig. 4 E).

The analyzed Pt concentration in the tank water and 
the Pt uptake by the AMs were positively correlated, 
which indicated that the Pt mass in the AMs increased 
with increasing exposure concentration (Fig. 5).

Pt accumulation in artificial mussels in comparison 
with living organisms under field conditions
The Pt accumulation in AMs and living organisms, i.e., 
different fish species, were determined under field condi-
tions at two different impoundments of a Pt mining area. 
To better characterize these impoundments, water and 
sediment quality parameters (Table  3), as well as the Pt 
concentrations (Fig. 6) were analyzed.

Olifantsnek Dam (geogenic Pt source) had higher dis-
solved oxygen, turbidity, suspended solids and pH in 
the water, as well as a higher percentage of fine sand 
(212 – 65 μm) and mud (< 65 μm) in the sediment than 
Bospoort Dam. In contrast, Bospoort Dam had very high 
electrical conductivity (EC) values during the field sur-
vey, as well as anions  (Cl−,  SO4

2−) and nutrients  (NH4
+, 

 PO4
3−) in the water, together with coarser sediment par-

ticles in the sediment. The chloride concentration was 20 
times higher in Bospoort Dam than in Olifantsnek Dam. 
However, Olifantsnek Dam had higher nitrate  (NO3

−) 
and nitrite  (NO2

−) values.
Platinum concentrations in the water taken from the 

same sampling sites as the AMs and fish, were signifi-
cantly higher in Bospoort Dam when compared to Olif-
antsnek Dam (Fig. 6a). In contrast, the sediment samples, 
which were only taken at the fish sampling site, showed 
an opposite pattern between the two impoundments 
(Fig. 6b).

Although there were significant differences in the Pt 
concentrations of the water and sediment between both 
impoundments, significant differences between Pt accu-
mulation in the fish and AM occurred only between the 
two impoundments for the muscle and liver of C.  car-
pio and C.  gariepinus and always with higher Pt con-
centrations at Bospoort Dam than at Olifantsnek Dam 
(Fig. 7). For the AMs and the muscle and liver of O. mos-
sambicus similar Pt concentrations were found at both 
impoundments.

There was no significant difference between the Pt 
accumulation in the AM and the different fish species 
from Olifantsnek Dam, while in Bospoort Dam muscle 
and liver of C.  carpio and liver of C. gariepinus showed 
significantly higher Pt concentrations than those meas-
ured in the AM. In Bospoort Dam, E. crassipes were also 
analyzed and separated in the different sections of the 
plant: root, stems and leaves. The roots of E. crassipes 
contained significantly higher Pt concentrations than 
all the other organisms tested in the field study (Fig. 7). 

Fig. 3 Platinum concentrations (mean ± SEM) in two different 
elution solutions, i.e., 8 M HCl (n = 5) and a mixture of 4.5 mL 6 M 
 HNO3 and 0.5 mL 12 M HCl (n = 4), with increasing elution time
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Fig. 4 Kinetics of the Pt uptake by the artificial mussels (AM) expressed as ng/AM (mean ± SEM, n = 7) and the Pt concentrations measured within 
the water expressed as µg/L during the 6-week exposure period. In the water samples and AMs of the control the Pt concentrations were below the 
limit of detection (LOD of water = 0.045 μg/L and LOD of AMs = 0.47 ng/AM). A: Pt masses of the AMs of weeks 1–5 were below the LOD
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The Pt levels in the freshwater clam from both impound-
ments were below detection limits [12].

Discussion
In the present study, two solutions were used to test the 
loading of the Chelex-100 beads with Pt. The ultrapure 
water was selected since in previous studies the beads 

were suspended in ultrapure water within the AM [6, 10]. 
The second loading solution was a diluted hydrochloric 
acid solution (0.5  M HCl) since metals forming stable 
chloride complexes, including Pt, show the highest affin-
ity towards Chelex-100 in diluted (0.1–1.0 M) HCl solu-
tions [29].

In the loading experiment, using ultrapure water as 
loading solution approximately half of the initially added 
Pt remained in the loading solution for the duration of 
the experiment (Fig.  2). Based on these results, it can 
be concluded that in ultrapure water only about 50% of 
the Pt had bound to the Chelex-100 beads. As the load-
ing of Pt to the Chelex-100 beads were more effective in a 
0.5 M HCl solution, only the tubes from this loading were 
used for the elution experiment. However, about 13% of 
the initially added Pt remained in solution when equi-
librium conditions were reached. In the present study, 
ultrapure water was used as a suspension medium for 
the Chelex-100 beads in the AMs according to previously 
published studies (Table 4).

Since the original development of the AM, some 
modifications regarding the elution of metals from the 
Chelex-100 beads have been made. The earlier methods 
involved emptying the contents of each AM into a sin-
tered glass filter followed by eluting twice with 12.5 mL 
6 M  HNO3. The elutriant was then made up to a known 

Fig. 5 Correlation of Pt uptake by the AM and the determined 
exposure concentrations in the tank water. The x- and y-axis are 
presented in logarithmic scale. Linear regression analysis revealed 
for the regression line the following equation: y = 0.5502x + 20.13; 
R2 = 0.8915

Table 3 Water and  sediment characteristics (mean ± SD) measured in  Olifantsnek and  Bospoort Dams during  the  field 
exposure

Code Olifantsnek Dam Bospoort Dam

Water parameters

 pH pH 8.1 ± 0.2 7.4 ± 0.4

 Electrical conductivity (µS/cm) EC 200 ± 15 1356 ± 277

 Temperature (°C) Temp 23.8 ± 0.7 25.7 ± 3.7

 Dissolved oxygen (mg/L) DO 8.0 ± 3.6 5.5 ± 3.7

 Turbidity (FAU) Turb 38 ± 5 9 ± 2

 Ammonium (mg/L) NH4
+ 0.02 ± 0.01 0.13 ± 0.01

 Nitrate (mg/L) NO3
− 0.32 ± 0.04 0.14 ± 0.05

 Nitrite (mg/L) NO2
− 0.007 ± 0.004 0.004 ± 0.001

 Ortho-phosphate (mg/L) PO4
3− 0.04 ± 0.01 0.20 ± 0.01

 Chloride (mg/L) Cl− 12 ± 1.0 240 ± 3.8

 Sulfate (mg/L) SO4
2− 86 ± 4.7 233 ± 3.8

 Suspended solids (mg/100 mL) SS 3.8 ± 2.8 1.9 ± 1.1

Sediment parameters

 Organic content (%) OC 3.4 ± 1.4 2.3 ± 0.5

 Gravel (%) G 0.3 ± 0.2 5.9 ± 3.6

 Very coarse sand (%) VCS 0.5 ± 0.2 6.4 ± 3.9

 Coarse sand (%) CS 2.6 ± 0.8 26.1 ± 9.9

 Medium sand (%) MS 9.6 ± 6.7 34.5 ± 5.6

 Fine sand (%) FS 73.1 ± 1.6 22.7 ± 3.9

 Mud (%) M 13.9 ± 9.1 4.3 ± 1.0
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volume with ultrapure water [2, 3, 8, 9, 11, 15, 16], while 
Degger et al. [13] rinsed the beads with ultrapure water 
several times before eluting with 6  M  HNO3. Another 
adapted version of this method consisted of rinsing the 
gel membrane and Chelex-100 beads with ultrapure 
water three times and then adding 10  mL 6  M  HNO3 
[14]. Other AM users  emptied the content of each AM 

into a sintered glass filter, where after the Chelex-100 
beads were placed in glass conical flasks in 20  mL 6  M 
 HNO3. These flasks with the content were then mixed on 
a shaker plate for 24 h [6, 10]. The most recent method 
entailed that the resin was placed on a glass funnel cov-
ered by filter paper where after the resin was rinsed 3 
times with ultrapure water and washed with 10 mL 70% 

Fig. 6 Platinum concentrations in the water (a) and sediment (b; < 65 µm) from Olifantsnek and Bospoort Dam. Data for water from the AM 
collection site is from Labuschagne et al. [12]. Box-plots indicate minimum, 25th percentile, median, 75th percentile and maximum values. Stars 
show significant differences between the two impoundments (**p < 0.002, ****p < 0.0002)

Fig. 7 Platinum concentrations (mean ± SEM) measured in AMs (in µg/g related to the Pt mass accumulated on 200 mg Chelex-100 beads; data 
from Labuschagne et al. [12]) and muscle and liver of three different fish species and the water hyacinth, from two impoundments (Olifantsnek Dam 
and Bospoort Dam) of a Pt mining area in South Africa. Bars with letter superscript represent a significant difference from AM of the same sampling 
site (p < 0.05), stars show significant differences between the two impoundments (*p < 0.03, **p < 0.002, ****p < 0.0001). Numbers within the bars 
represent the number of replicates (n)
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 HNO3 [18]. In the present study, the Chelex-100 beads 
went through several washing steps by means of centrifu-
gation. There were detectable (but low) Pt concentrations 
in the first washing solution, whereas no Pt was detect-
able in the second and third washing solutions, indicat-
ing that washing the beads by means of centrifugation is 
efficient. In comparison to previous studies, the washing 
method of the present study is more practical and less 
time-consuming when compared to the traditional filtra-
tion method.

According to literature, all AM studies (except for 
Labuschagne et  al. [12]) used the same elution solution 
(i.e., 6  M  HNO3). However, because Pt forms stable Pt 
chloro-complexes in HCl solution, HCl was added to 
the  HNO3 in the first elution solution [29]. The second 
elution solution (8 M HCl) was used since it was shown 
in former studies that 8  M HCl solution eluted 95 ± 2% 
of the Chelex-bound Pt [29]. In the present study, the 
mixture of  HNO3 and HCl as elution solution revealed 
an elution rate of 115% and was clearly more effec-
tive than the second elution solution (8  M HCl), which 
had an elution rate of only 86%. The elution experiment 
demonstrated that an elution period of approximately 
2–3 h is sufficient, since the Pt concentration in the elu-
ent remained constant thereafter. In comparison, in for-
mer studies, the metals were eluted in nitric acid over a 
period that ranged from a few seconds to 24 h (see refer-
ences in Table 4). This is the first study that gives infor-
mation regarding the efficiency of the elution period or 
elution rate of Pt from the Chelex-100 beads.

The second aim of the present study was to obtain a 
better understanding of the accumulation behavior of 
Pt in the AM. To this end, the concentration-depend-
ent Pt uptake kinetics of the AM over a wide exposure 
concentration range were determined under labora-
tory conditions (Fig. 4). Except for the highest exposure 
group (1000  µg/L), the Pt concentrations in the AMs 
increased over the whole 6-week exposure period and 
steady-state conditions were not reached indicating that 
the binding capacity of the 200 mg Chelex-100 beads was 
not reached. However, at an exposure concentration of 
1000  µg/L, which is far above any environmentally rel-
evant Pt concentrations, the capacity of the Chelex-100 
beads seems to be saturated. Nevertheless, the Pt accu-
mulation by the AM showed a strong linear correla-
tion with the Pt concentration in the exposure medium 
(Fig.  5). This relationship is important when using the 
AM for monitoring purposes as it makes it possible to 
draw conclusions about the environmental Pt contamina-
tion, exactly the dissolved, bioaccessible Pt concentration 
in the water phase, via the Pt accumulation in the AM. In 
Wu et  al. [2], the uptake kinetics and depuration of the 
AM were compared to those of Perna viridis at different 

salinities and even though there was a difference in the 
concentrations between the AM and P. viridis the pat-
terns were the same.

The main purpose of the field survey was to deter-
mine the efficiency of the AM to accumulate Pt under 
field conditions in comparison to living test organisms. 
The AMs took up Pt at both sampling sites. However, Pt 
concentrations of the AMs from the two impoundments 
were identical, although the two selected sampling sites 
for this fieldwork differed significantly in the Pt concen-
trations of the water and sediment (< 65  µm), and also 
in various physico-chemical parameters (Table 3; Fig. 6). 
Bospoort Dam showed higher Pt concentrations in the 
water than Olifantsnek Dam, whereas the sediment dem-
onstrated an opposite pattern. This could be explained 
by the different sources of Pt in the two impoundments. 
Olifantsnek Dam is located upstream of the mining activ-
ities so that the Pt concentrations are only of geologi-
cal origin explaining the rather low Pt concentrations in 
the water and higher concentrations in the sediment. In 
contrast, Bospoort Dam collects all the runoff and waste-
water from the Pt mines explaining the higher Pt con-
centrations in the water as compared with Olifantsnek 
Dam. Therefore, as the AMs are only able to take up 
dissolved metals, higher Pt accumulation in the AMs of 
Bospoort Dam as compared with Olifantsnek Dam would 
be expected. However, besides the Pt concentrations in 
the water phase, other factors such as physico-chemical 
water parameters (e.g., dissolved organic matter, inor-
ganic ions, salinity, source of Pt) can influence the bio-
availability of Pt [30, 31]. Notable were the chloride 
concentrations, which were 20 times higher in Bospoort 
Dam than in Olifantsnek Dam. Chloride is of particular 
interest as Pt can form chloro-complexes with chloride, 
which may be not able to cross the polyacrylamide gel 
layer of the AM.

Another aim of the field study was the comparison of 
the Pt accumulation in the AM with that of living organ-
isms (Fig. 7). Labuschagne et al. [12] could not detect any 
Pt in transplanted clams (C. fluminalis africana) exposed 
at the same sampling sites and during the same sam-
pling period. In contrast to the active monitoring study 
of Labuschagne et al. [12], in the present study, naturally 
occurring organisms, i.e., different fish species, were col-
lected at the sampling sites. There are significant differ-
ences between the metal uptake mechanisms of AMs and 
fish. With AMs, biomagnification, the metal fraction that 
is bioaccumulated via food, is not taken into account. 
Additionally, AMs are fixed at one point, while fish can 
move around the impoundment integrating the Pt con-
centrations over a wider area.

Furthermore, the AMs were deployed in the impound-
ments for a period of 6  weeks, while the fish had been 
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exposed, depending on their age at capture, for a couple 
of months to a couple of years. These differences in metal 
uptake routes and exposure period can account for the 
differences in the Pt bioaccumulation between AM and 
fish. This may also explain why, in contrast to the AMs, 
two of the three fish species, i.e., the common carp and 
sharptooth catfish, showed higher Pt concentrations in 
the muscle and liver at Bospoort Dam as compared with 
Olifantsnek Dam and thus the same pattern as the aque-
ous Pt concentration. These Pt concentrations at Bos-
poort Dam were significantly higher in the fish tissues as 
compared with the AMs. The different Pt accumulation 
patterns of the three fish species and the clam could be 
explained by differences in their feeding behaviors and 
preferred habitats, as well as the chemical form in which 
Pt is present in these systems. Platinum bound to high 
organic content and suspended solids could be bioavail-
able to, e.g., filter-feeding organisms, however, not to 
the AMs as these particles would not be able to diffuse 
through the gel membranes [31].

Nevertheless, a significant advantage of the AM is that 
its use is largely standardized, so that many influenc-
ing parameters can be excluded. It should be noted that 
the differences between AMs and other test organisms 
would also occur if different species of organisms should 
be used and compared with one another [13]. The pre-
sent and all previous AM studies (see Table 4), expressed 
the metal accumulation in the AM as µg/g related to the 
200  mg Chelex-100 beads to enable a comparison with 
the fish tissues. So far, the mass of Chelex-100 used in 
the AM is standardized at 200 mg. However, as soon as 
other Chelex-100 masses should be used in the AM metal 
accumulation values of the AMs given in µg/g should be 
handled with care as they are highly dependent on the 
mass of Chelex-100 beads used in the AM.

In the present study, significant differences between 
AM and fish were only found at Bospoort Dam demon-
strating higher Pt concentrations in muscle and liver of 
the common carp and liver of the sharptooth catfish, but 
not for the tissues of the tilapia. This can be explained by 
the fact that both the common carp and sharptooth cat-
fish are more associated with the sediment and actively 
feed in and on it [32, 33]. In a previous study completed 
by Erasmus et  al. [26], the bioconcentration factors and 
biota-sediment accumulation factors indicated that 
both the common carp and sharptooth catfish accumu-
lated Pt more readily from the sediments compared to 
the dissolved fraction in the water. On the other hand, 
in another study (unpublished data) the tilapia accu-
mulated Pt concentrations from the dissolved water 
fraction rather than from the sediments. These three 
fish species also occupy different trophic levels and uti-
lize different feeding strategies, the common carp and 

sharptooth catfish are both omnivores, whereas the tila-
pia is an algaevore and detritivore [32]. Another possible 
explanation is that common carp and sharptooth cat-
fish specimens were more mature compared to the tila-
pia specimens, which can attribute to a longer exposure 
period where the first two species can accumulate higher 
Pt concentrations compared to the tilapia specimens.

A hyacinth bloom coincided with the AM deployment 
period in Bospoort Dam. Since the water hyacinth is a 
floating macrophyte and there is no contact between the 
roots and sediments, metal uptake can only take place via 
the water phase. The results showed that Pt was taken up 
with the highest concentrations in the roots. This sup-
ports the laboratory-based findings of Farago and Par-
sons [27, 28], which demonstrate that water hyacinth is 
an effective bioaccumulator of Pt. It can be assumed that 
the high biomass of hyacinths (approximately 51% of the 
impoundment surface were covered) accumulated metals 
from the water column to a high degree and thus lowered 
the exposure concentration and metal accumulation in 
the AMs. As it was not clear in the present study if the 
AMs had already reached the accumulation plateau, AMs 
should be collected in future studies every week (as in the 
laboratory experiment) to evaluate the uptake kinetics 
within the AM during the exposure period.

The AM device has successfully been used in many 
marine and freshwater monitoring studies for a wide 
range of different metals concurrently with many bioin-
dicator organisms (Table 4). Some of these studies con-
firmed that the patterns of metal accumulation are 
similar between the AM and the bioindicators [2, 9, 14], 
while for several studies different patterns were observed. 
However, it should be noted that in most studies the test 
organisms contained higher concentrations than those 
measured in the AMs. In contrast, Labuschagne et  al. 
[12] found that the AMs accumulated Pt concentrations 
that could be quantified while the transplanted clams 
were all below the detection limit.

Additionally, the present laboratory study demon-
strated a clear correlation of the Pt concentration in the 
AM with that in the exposure medium, which has not 
been shown in other studies for a wide range of concen-
trations (see references in Table 4). The laboratory uptake 
experiments revealed that at the lowest exposure con-
centration (0.1  µg Pt/L), which was in the upper range 
of  environmentally relevant Pt concentrations (pg/L to 
ng/L range), the 6-week exposure period was just  suffi-
cient to allow for any Pt uptake detection. Further stud-
ies should focus on decreasing the AM detection limit by 
optimizing the surrounding medium of the Chelex-100 
beads to increase the Pt accumulation in the AM. Nev-
ertheless, for hot spots like Pt mining areas the AM 
was successful in indicating environmental exposure. 
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However, based on the results of the laboratory exposure 
study, it is recommended to extend the exposure period 
to increase the Pt concentration taken up by the AM, 
as the accumulation plateau was not reached after six 
weeks.

Conclusions
So far, the AM has only been validated for Cu, Cr, Pb and 
Zn in the marine environment. In the present study, the 
use of the AM was adapted for the monitoring of Pt under 
freshwater conditions. Two modifications to the original 
method are therefore recommended, i.e., washing by cen-
trifugation (it is more practical and less time-consuming) 
and using a mixture of  HNO3 and HCl for the elution of 
Pt from the Chelex-100 beads. The field exposures dem-
onstrated that the AM is a promising tool for monitor-
ing Pt in the freshwater environment and the laboratory 
study demonstrated that it accumulates Pt in a concen-
tration-dependent manner. However, for monitoring of 
very low Pt concentrations in freshwater environments, 
the exposure periods should be increased (> 6 weeks) and 
further efforts should be made to improve the accumula-
tion of Pt by the AM and to decrease the detection limit 
for Pt. The AM can only represent the dissolved bioavail-
able metal fraction and does not consider, e.g., particle-
bound metals, which can be taken up by living organisms 
via the food. Thus, it is recommended to combine active 
monitoring using living bioindicators with AMs to obtain 
insight into the role of dissolved bioavailable metal frac-
tions and particulate bound metals in metal exposure in 
aquatic ecosystems.
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