
Vol.:(0123456789)1 3

Bulletin of Environmental Contamination and Toxicology (2023) 110:73 
https://doi.org/10.1007/s00128-023-03709-5

Sol–Gel Immobilized Optical Microalgal Biosensor for Monitoring Cd, 
Cu and Zn Bioavailability in Freshwater

I. V. N. Rathnayake1,3,4   · Mallavarapu Megharaj2,3 · Ravi Naidu2,3

Received: 19 August 2022 / Accepted: 2 March 2023 / Published online: 31 March 2023 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract
While analytical measurements provide the quantitative estimation of the total amount of metals present in a sample, they 
do not reflect the truly bioavailable fraction of metal which reflects the adverse biological effect. Hence the development of 
monitoring tools for detecting bioavailable toxic metals has become a priority in environmental monitoring activities. An 
optical whole-cell biosensor was constructed using the microalga Scenedesmus subspicatus MM1 immobilizing in inor-
ganic silica hydrogels using the sol-gel technique to detect bioavailable Cadmium (Cd2+), Copper (Cu2+) and Zinc (Zn+) in 
freshwater. Conditions for optimum biosensor performance have been established regarding effective pH range, cell density, 
exposure time, and storage stability. The optimum response for the biosensor was dependent on the pH of the matrix, cell 
concentration and exposure time were derived. The biosensor was operational for four weeks. The limit of detection for the 
algal biosensor was determined as 9.0 × 10−1, 9.1 × 10−1, and 8.8 × 10−1 mg/L for Cd, Cu and Zn, respectively. Whole-cell 
cell biosensor will be highly useful since it comprises a single microalgal species able to detect the bioavailable content of 
Cd2+, Cu2+, and Zn2+ in freshwater.
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It is well known that toxic metals affect the physiological 
processes of microalgae. Inhibition of algal photosynthe-
sis is an appealing indicator that reflects the toxic effect of 
these metals (Chen et al. 2016). Since microalgae are pri-
mary producers located at the base of the food chain in the 
ecosystem, any interference with their activities will poten-
tially affect the food chain (Prata et al. 2019) Therefore, 
microalgae are often considered as the early indicators of 
environmental contamination. One of the main advantages 

of using microalgae in toxicity assays is their adaptability 
to diverse environments because they are less vulnerable to 
physicochemical changes than other bioreceptors (Antonacci 
and Scognamiglio 2020). Owing to their high sensitivity 
microalgae are often considered in toxicity assessment of 
the various contaminants in the environment.

Several bioassay systems have been developed for the 
detection of various toxicants, based on inhibition of micro-
algal growth which takes several days to respond as well as 
needs large volumes of cultures. These reasons limit the use 
of bioassays for rapid detection of toxicity. In order to reduce 
the assay time and also to keep the apparatus as simple as 
possible the photosynthetic activity of the algae as estimated 
by optical or amperometric means has been widely used in 
constructing the algal biosensors (Turemis et al. 2017). Inhi-
bition of the photosynthetic activity of microalgae is meas-
ured either based on chlorophyll a fluorescence contained in 
the chloroplast (optical sensors) or photosynthetic oxygen 
evolution (electrochemical sensors) (Tsopela et al. 2016).

One major difficulty in the application of biosensors in 
environmental monitoring is the broad number and the class 
range of the environmental pollutants. Development of these 
non-selective biosensor systems with the ability to detect 
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broad range of pollutants is an emerging area of research. In 
this regard, algal biosensors have been developed to detect 
herbicides (Scognamiglio et al. 2019), chemical warfare 
agents (Antonacci et al. 2018), volatile organic compounds 
(Podola et al. 2005) etc. There are several algae based bio-
sensors reported in assessing the heavy metal toxicity in the 
environment (Khishamuddin et al. 2018; Roxby et al. 2020), 
and whole-cell algal biosensors developed for rapid detec-
tion of metal toxicity at low concentrations in the environ-
ment are gaining popular (Belaïdi et al. 2019).

Immobilization of microalgae has been proven to be use-
ful in field toxicity assessment. Light transmission is the 
main limitation if the cells are immobilized in a matrix. Gel 
entrapment is the most widely used immobilization tech-
nique among the techniques used for the algal immobiliza-
tion (Eroglu et al. 2015; Moreno-Garrido 2013). Being an 
inert material, immobilization of algae in inorganic silica 
films has become an emerging area, which helps to over-
come the problems such as disruption and dissolution of 
matrices (alginate), toxicity of the by products (organic 
sol–gels) (Perullini et al. 2014) associated with other tech-
niques. Hence, the aim of this study was to develop a novel 
whole cell biosensor using chlorophyll a fluorescence of a 
single species of microalga, Scenedesmus subspicatus MM1 
immobilized in an inorganic silica matrix, in detecting bio-
availability of multi metals in freshwater.

Materials and Methods

Stock solutions of Cd, Cu and Zn were prepared by dissolv-
ing nitrate salts of Cd, Cu and Zn (Sigma, Analar grade) in 
Milli Q water. Concentrated metal stocks were diluted to 
prepare working solutions as required and were sterilized 
by filtration (0.45 μm). Analytical verification of working 
metal solution was carried out using Inductively Coupled 
Plasma Mass Spectroscopy (Agilent 7500 Series ICP-MS). 
In order to avoid contamination of any metal, all glassware 
were acid-washed and oven-dried at 105°C before use.

Bold’s basal medium was used for maintenance of algae. 
The Test Medium 1 (TM1) (Peterson et al. 2005), was used 
in the current study for the biosensor development experi-
ments. The TM1 is a modified version of a freshwater inhibi-
tion test developed by the International Standards Organiza-
tion (ISO 1989).

Axenic culture of S. subspicatus MM1 previously isolated 
(Megharaj et al. 2000), identified (Rathnayake 2010) and 
maintained at the algal laboratory of the University of South 
Australia, was grown in the algal growth medium for inocu-
lum preparation. The cultures were incubated at 25 ± 2°C 
in a growth chamber under continuous illumination (200 
µE m−2 s−1 PPFD). After 96 h of incubation, the cells were 
centrifuged at 4000×g for 20 min, and the supernatant was 

discarded. Resuspended pellet in the same medium was used 
as the inocula of different cell densities as and when needed.

Optimum pH range of the microalgal culture was deter-
mined by inoculating the S. subspicatus MM1 culture into 
algal growth medium (TM1) with 1.0 pH increments rang-
ing between 3.0 and 10.0 and incubated at 25 ± 2°C in an 
algal inubation room under continuous illumination (200 µE 
m−2 s−1 PPFD) for 96 h. Growth of the algae was measured 
in terms of chlorophyll a fluorescence at 680/440 ± 20 (exci-
tation/ emission) nm using the Biotek® SynergyHT micro-
plate reader equipped with KC4 software.

Optimization of the S. subspicatus MM1 cell exposure 
time for the selected heavy metals was also investigated. 
Microalgal culture was grown in the TM1 (Peterson et al. 
2005) culture medium with different metal concentrations 
(0–10 mg/L) in Iwaki 96 well sterile polystyrene microplates 
with growth (alga without metal) and abiotic (metal only) 
controls in the same plate and incubated at 25°C. Chloro-
phyll a fluorescence was measured at 680/440 ± 20 (excita-
tion/ emission) nm at different time intervals until 96 h of 
incubation.

Different microalgal inocula sizes corresponding to 
relative fluorescence 800; 1000; 1500; 3000 (Approx) 
at 680/440 ± 20 nm (excitation/ emission) were used in 
solution, amended with different metal concentrations 
(0–10 mg/L) in Iwaki 96 well sterile polystyrene microplates 
in quadruplicates and incubated at 25°C in determining the 
optimum microalgal cell concentration. Growth control and 
abiotic controls were also prepared. Chlorophyll a fluores-
cence was measured at 680/440 ± 20 (excitation/ emission) 
nm at different time intervals until 96 h of incubation.

The method of Perullini et al. (2007) was modified in 
order to prepare the immobilization matrix (Rathnayake 
et al. 2021). Different volumes of the precursor solutions 
[Sodium silicate (Riedel-de Haën) and commercial colloi-
dal silica (LODOX HS40, Aldrich)] were used to obtain 
different ratios of the sodium silicate, and colloidal silica 
and the sol–gels were prepared by adding 10 µL of the algal 
cell suspension, with 10% (wt/v) glycerol (fluorescence 800 
approx. at 440/680 nm) into microplate wells (Iwaki® 96 
well polystyrene) at pH 7.0 and kept undisturbed in order 
to form the sol–gel, and time taken was also noted. Experi-
ments were conducted in quadruplicates in each occasion.

Sol–gel matrices were prepared by entrapping S. sub-
spicatus MM1 cells using different precursor combinations 
(4/1; 3/1; 2/1; & 1/1 of SiNa/LUDOX) according to the pro-
cedure described above (Fig. 1). Prepared microplates were 
stored at 4°C and − 20°C, and checked for the chlorophyll a 
fluorescence over 8 weeks at weekly intervals. The change 
in the fluorescence was monitored over the duration of the 
experiment. Change in the fluorescence was monitored. S. 
subspicatus MM1 in suspension at 4°C was also tested for 
the storage stability upon long term storage. Change of the 
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algal fluorescence was checked weekly up to 8 weeks. Quad-
ruplicates samples were used in all the experiments. 

Percentage survival of microalgae based on fluorescence 
was calculated as a percentage in relation to the untreated 
control for each tested concentration of each metal ion. All 
the values are means of n = 4 with ± SD. A linear model was 
used in fitting the data obtained based on algal biosensor 
response to the three metals tested using linear regression. 
EC25 values correspond to Cd, Cu and Zn were derived using 
the fitted model. The graphical method described by Meier 
and Zund (2000) was used to calculate the limit of detection 
(LOD) at 95% confidence level.

Results and Discussion

This whole-cell optical biosensor comprised of the micro-
alga S. subspicatus MM1 as the biological component which 
responded to different concentrations of selected heavy met-
als and produced a detectable signal in terms of chlorophyll 
a fluorescence using a fluorometer. Growth of the S. subspi-
catus MM1 was measured at 24, 48 and 96 h incubation as 
fluorescence is shown in Fig. 2. Optimum stable pH range 
for the microalgae (based on the stable high fluorescence) 

appeared to be from 5 to 8.5 at 96 h. Furthermore it was 
evdent that aforesaid chlorophyll a fluorescence intensity 
optimum range was increased with the time of incubation. 

Freshwater samples have a range of pH. Also, it is a 
known factor that the working pH of the solution has an 
effect on the activity of the alga (Jayaraman and Rhinehart 
2015). Therefore, ability of the microalgae S. subspicatus 
MM1 used in the present study to function in a broader pH 
range will be highly useful in detecting bioavailable metals 
in samples with different pH.

Microalgae show different sensitivities to different heavy 
metals as observed in the study described in Rathnayake 
(2010), based on 96 h exposure time. Since the focus of this 
whole-cell biosensor was to optimize the conditions such 
as to use this in rapid detection of the heavy metal toxicity. 
Therefore the exposure time was reduced to few hours after 
taking the time taken by the algae to respond to the lowest 
concentration tested (0.05 mg/L) to inhibit its growth at least 
by 90% compared to that of the control (Fig. 3). This biosen-
sor was tested in the presence as well as in the absence of 
heavy metals to compare the effect of the individual heavy 
metal on the kinetics of fluorescence induction in algal chlo-
rophyll a (Fig. 3). Time-dependent decline in the chlorophyll 
a fluorescence was evaluated at 1 h intervals in the presence 
of Cd, Cu and Zn.

The optimum exposure time for Cd, Cu, and Zn were 
determined as 7 h, 4 h, and 7 h respectively, for the S. sub-
spicatus MM1 to respond to the lowest tested concentration 
of heavy metals at 20% inhibition (Cd and Cu) and 10% 
inhibition (Zn) compared to that of the control.

The effect of algal density on the fluorescence intensity 
was given in Fig. S1 (Supplementary materials). The opti-
mum cell concentration of algae to detect lower range of 
heavy metal concentration was observed to be the fluores-
cence 800 approx. at 440/680 nm. Increasing algal density 
resulted in increasing fluorescence intensity and a decrease 

Microplate well         

Microalgal cells 

       Metal ions      

Sol-gel matrix         

Fig. 1   Cross section of a microplate well

Fig. 2   Effect of pH on the 
growth of S. subspicatus MM1 
as a function of chlorophyll a 
fluorescence at 440/680 nm 
(excitation/emission); (  – 
24 h;  – 48 h;  – 96 h of 
incubation)

0

2000

4000

6000

8000

10000

12000

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10

Fl
uo

re
sc

en
ce

 (4
40

/6
80

 n
m

) 

PH



	 Bulletin of Environmental Contamination and Toxicology (2023) 110:73

1 3

73  Page 4 of 6

in heavy metal sensitivity during the exposure time. A simi-
lar trend was reported elsewhere (Pham et al. 2010). The ini-
tial inoculum with a high cell density will prevent the heavy 
metals from coming into close contact with algal cells hence 
not able to trigger much toxicity (Jaafari and Yaghmaeian 
2019). The initial cell concentration shown to have an effect 
on the fluorescence response effectiveness in the presence 
of the heavy metals investigated was in agreement with the 
previous reports (Teo and Wong 2014).

Effect of different silica precursor formulations (SiNa/
LUDOX) on the toxicity response of S. subspicatus MM1 
is presented in the Fig. S2 (Supplementary materials). The 
response to heavy metals given by the immobilized algae in 
the algal biosensor is in agreement with the results obtained 
using the algae in suspension, even though a minor differ-
ence was observed. This might be due to the time taken 
for the heavy metals to diffuse through the sol-gel matrix 
to reach the biological component of the sensor. Further-
more, since the different heavy metals have different diffu-
sion coefficients, the time taken for their movement can be 
different from each other (Żur et al. 2016). Immobilization 
of algal cells in sol-gels should not block the fluid flow into 
sol-gel matrix but must prevent the immobilized cells from 
escaping the matrix. Porosity of the sol-gel is a critical fac-
tor in this regard because the pores allow the exchange of 
liquids and gases (Perullini et al. 2014). The differences in 

sodium silicate concentration used in the tested formulations 
accounts to the structural difference in the sol-gel. Increasing 
concentrations of sodium silicate caused a surface area and 
pore volume increase but a decrease in pore size. As a result, 
a high pore volume and high surface area facilitate a higher 
diffusion rate (Zhao et al. 2013).

Figure 4 shows the algal fluorescence changes upon 
immobilization in four different matrices and effect of stor-
age. There was about 85% fluorescence intensity compared 
to the freshly prepared sensors after 1 week of storage. It was 
observed that the cell activity (measured as the fluorescence) 
was reduced during storage. There was a drastic reduction 
compared to that of the initial fluorescence signal, response 
to heavy metal exposure after 4th week.

The surface area, and pore volume are the major factors 
controlling the diffusion of the liquids through the sol–gel. 
Although immobilization was found to be effective in using 
the microalgae for immediate use (within a week) as a bio-
sensor, its long term storage resulted in less effectiveness.

The instability of the biosensor during the long term stor-
age was reported previously (Teo and Wong 2014; Anton-
acci and Scognamiglio 2020; Shitanda et al. 2005) reported 
that the microalga C. vulgaris immobilized in polyion com-
plex membrane was able to retain 80% of its photosynthetic 
ability upon a week of storage at 4°C. These differences 
in storage stability of algae in immobilized state might be 

Fig. 3   Effect of exposure time 
on heavy metal toxicity to S. 
subspicatus MM1 (♦ – 0.05; 
■ – 0.1; 5 ▲ – 1.0; X – 
10.0 mg/L)
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dependent on the nature of microalga used as well as the 
immobilizing matrix and the storage temperature. Use of 
algae in suspension showed more stable fluorescence upon 
long term storage than the immobilized cells. The concentra-
tion ranges of the heavy metals that showed a linear range 
was selected to derive the standard curves (Fig. S2 – Sup-
plementary materials).

Based on the results derived from the graphical method 
described by Meier and Zund (2000), limit of detection cor-
responding to the three heavy metals tested are derived and 
presented in the Table 1. The linear range of the effect-con-
centration curve for survival of S. subspicatus MM1 (Fig. 
S3) fits precisely with a coefficient of determination (R2) of 
more than 0.90 and p = 1.4 × 10−7; 8.41 × 10−8; 5.6 × 10−9 for 
Cd, Cu and Zn respectively with 95% confidence. Microal-
gal biosensors developed for detection of heavy metals are 
reported elsewhere (Table S1 – Supplementary materials). 
Their sensitivities vary with the microalgae used and the 
method of signal transduction hence the LODs are differ-
ent (D’Souza 2001) therefore, comparison with the one that 
developed during the present study was not feasible. 

An optical whole-cell algal biosensor was constructed 
to detect heavy metal toxicity based on the inhibition of the 
chlorophyll a fluorescence. It was revealed that this algal 
biosensor is suitable for the detection of Cd, Cu and Zn in 
laboratory for aquous samples within 4 weeks of storage.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00128-​023-​03709-5.
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