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A B S T R A C T 

 

Bioremediation is a promising technique that can be used to decrease the environmental 

discharge of Heavy Metal (HM) such as copper, and zinc. Although studies have 

addressed the cytotoxic effects of HMs, the effect of HMs on the geometry of bacterial 

species such as Spirulina platensis (S. platensis) remains unknown. Quantitative analysis 

of parameters such as cell perimeter, cell count, and cell distribution shall greatly improve 

the efficiency of environmental monitoring. Therefore, this study demonstrates the use of 

an open-source image analysis tool (ImageJ/Fiji) to quantify the aforementioned 

parameters to analyze the extent of damage caused by lethal concentration of > 2 mg/L of 

Cu2+ and > 6 mg/L of Zn2+ which disintegrates S. platensis cells into smaller fragments 

and subsequently affects their structural parameters in perimeter and cell distribution. In 

summary, this article demonstrates the use of an image analysis platform to quantify the 

geometric parameters of microbes for environmental monitoring.  

 

 

1. Introduction  

 

Heavy Metals (HM) such as copper and zinc are major 

environmental pollutants in water bodies whose toxicity affects the 

physiological and biochemical characteristics of microbes 

(Tchounwou et al., 2012). Spirulina platensis (S. Platensis) is a 

cyanobacterium and proved to reduce environmental zinc sorption 

and effective biodegradation of alkyl benzene sulfonate, studies 

suggest that alkylbenzene sulfonate enhances S. Platensis to 

consume Zn2+ maximum of 4 mg/L and beyond the maximum 

concentration, the cell damage remains unknown (Meng et al., 

2012; Palanisamy et al., 2021). Another study showed that 

optimum HM consumed by S. Platensis without any treatment, 

reveals that 2.5 mg/L of copper and 0.5 mg / L of zinc can be 

consumed by S. Platensis cells for optimal cell growth. However, 

higher concentrations (copper > 2.5 mg/L and zinc > 0.5 mg/L) 
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become toxic to bacterial cells (Cepoi et al., 2020). In recent years, 

HM contamination in the environment was reduced using 

microbial remediation strategies such as bioaccumulation, 

biotransformation, biosorption, and biomineralization 

(Ayangbenro et al., 2017). Bioaccumulation is one such important 

process in which S. platensis can consume extracellular metals to 

a maximum of 283 mg/g chromium and 1.04 mg/g of zinc at pH 

8.9 (Zinicovscaia et al., 2019). Taken together, the physical well-

being of S. Platensis is crucial for it to consume the extracellular 

HMs. Studies were conducted to examine the toxic effect of 

external agents (such as ozone) on S. Platensis morphology 

(Coltelli et al., 2014), however, the toxic effect of HMs on S. 

Platensis cell morphology remains unknown. Therefore, imaging 

techniques such as phase-contrast microscopy and high-

throughput image analysis were effective in quantifying the 

changes in S. platensis cell morphology during HM consumption. 

Environmental monitoring is essential to maintain the 

ecological homeostasis between the microbes and HM during the 

bioaccumulation process (Coltelli et al., 2014). Algae are the 

known indicators for the water ecosystem, as they show a strong 

response to the changes in parameters such as nutrient enrichment, 

pH changes, suspended sediments, and organic contaminants. The 

lifespan of algae was about 6 to 8 weeks and they need to meet the 

nutritional requirements less than a day for it to enter their 

developmental phase (Coltelli et al., 2014; Bhuyar et al., 2019). To 

date, the metrics used for water quality monitoring were 

predominantly salinity, pH, and turbidity (Coltelli et al., 2014; 

Bhuyar et al., 2021). In moving forward, geometric parameters 

such as trichome perimeter, cell number, and cell distribution of 

microbes should be quantified to better assess the morphology and 

physical well-being of algal species. S. platensis possesses left-

hand helix trichrome (spirals) which multiplies by binary fission 

(Ali et al., 2012). During development, S. platensis undergoes 

various morphological changes and produces either long or short 

spirals with varying helix pitch that affects its overall structural 

rigidity (Ali et al., 2012). Therefore, it is crucial to quantify the 

geometrical parameters to get a better understanding of cellular 

well-being.  

Microscopy coupled with image analysis has allowed us to 

both visualize and quantify phenotypic characteristics of cells such 

as cell growth, count, shape, and size (Georg et al., 2018). 

Furthermore, image analysis tools such as ImageJ allows 

researchers to quantify the datasets in a high throughput manner 

(Schindelin et al., 2012). Alongside, a MATLAB-based image 

analysis platform named Projected System of Internal Coordinates 

from Interpolated Contours (PSICIC) was developed (Guberman 

et al., 2008) and implemented to quantify protein localization in 

bacterial cells of Enterococcus faecalis (Kandaswamy et al., 2013; 

Govindarajan et al., 2022) and biophysical changes in the bacterial 

cell membrane (Chilambi et al., 2020). ImageJ however has an 

advantage as it can read many file formats (eg. Tiff, Jpeg, Png) and 

perform statistical analysis of user-defined parameters. For 

instance, ImageJ has been implemented to analyse the particle size 

and shape of the talc powder (Rishi et al., 2015). In the biological 

system, it is necessary to track the phenotype of bacterial cells to 

exert their cell function (Ghensi et al., 2017). Therefore, 

quantitative image analysis tools provide numerous advantages 

over other cell sorting in various fields such as diseases prediction 

(Karthiyayini et al., 2020), biofuel applications (Akao et al., 2019), 

environmental quality monitoring (Coltelli et al., 2014), food 

quality monitoring (Bezuidenhout, 2018), and fluorescent labelled 

cells in microfluidic devices (Sivaramakrishnan et al., 2020). In 

this study, we have employed ImageJ/Fiji to quantify the trichome 

perimeter, cell number, and cell distribution of S. Platensis. Our 

results indicate that S. Platensis when treated HMs treatment 

promotes their growth and structural rigidity at lower 

concentrations (Cu2+ ≤ 2 mg/L and Zn2+ ≤ 6 mg/L) but becomes 

toxic and leads to fragmented cellular structure at high 

concentrations (Cu2+ > 2 mg/L    and Zn2+ > 6 mg/L). Therefore, 

this study demonstrates the use of microscopy and image analysis 

as a potent tool for the rapid monitoring of environmental 

pollutants. 
 

2. Material and Methods 

 

2.1 Growth condition of Spirulina platensis 

 

Spirulina platensis (S. platensis) culture was obtained from 

Sparkling Spirulina Farms (Pillayarpatti, Tamil Nadu, India). The 

strains were grown in Zarrouk’s media, consists of 29.4 mM 

NaNO3, 2.87 mM K2HPO4, 5.74 mM K2SO4, 17.1 mM NaCl, 0.81 

mM MgSO4.7H2O, 0.27 mM CaCl2.2H2O, 0.036 mM 

FeSO4.2H2O, 0.27 mM EDTA and 199.8 mM NaHCO3 at room 

temperature. The pH was maintained between 9 to 11. The flasks 

were agitated 3 to 4 times clockwise and anticlockwise daily. The 

culture was exposed to alternate light and dark periods every day 

(Wang et al., 2005). The culture was centrifuged (Remi C – 24 BL 

Cooling centrifuge) at 5000 rpm for 10 min at room temperature 

to pellet the cells. Finally, the pellets were resuspended by adding 

fresh media for subculture production. 

 

2.2 Sample preparation for microscopy 

For microscopy studies, the cell pellets were washed twice 

with 1 ml of 1X PBS buffer and resuspended with 1 ml of PBS 

during the final wash.  Twenty microliters of this sample were 

taken and smeared on poly-L-lysine coated slides and air-dried for 

15 min at room temperature. After the smear was air-dried, a drop 

of mounting media was added. A cover glass was placed over 

slides and sealed with nail polish on all four corners. The slides 

were then stored in the dark at 4 °C. The imaging was carried out 

in 4X magnification and taken for image analysis using ImageJ. 

Three images from three independent experiments were taken into 

consideration for image analysis analyses. 

 

2.3 Treatment of S. platensis with CuSO4 and ZnSO4 

 

To investigate the HM effect on the geometrical parameters, 

the S. Platensis was allowed to grow in a controlled environment 

allowing the exposure of sunlight for 21 days using Zarrouk’s 

media. To observe the effects of HM, Zarrouk’s media was 

supplemented with different concentrations of CuSO4 (0, 1, 2, 3, 

4, and 5 mg/L) and ZnSO4 (0, 2, 4, 6, 8, and 10 mg/L) prior 

inoculation of S. Platensis and allowed to grow for 21 days.  The 

samples were then examined in an optical microscope (Olympus 

CKX53 microscope) to track the changes in cell morphology due 

to HM stress.   

 

2.4 Image analysis using ImageJ 

 

For analysis in ImageJ, the brightfield images were converted 

to 8 bit, and thresholding was performed manually using the 
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threshold option to reduce the noise in microscopic images and to 

identify cell boundaries. The parameter such as cell perimeter, cell 

count, cell distribution was chosen for analysis. The cells were 

analyzed using the outline option to quantify entire cells in a single 

image. Post thresholding, an image was generated where the cell 

trichome outlines were labeled with cell number which was 

manually compared with obtained measurements results. The data 

can be exported to excel and sorted manually. ImageJ analysis was 

performed to obtain data directly in µm for perimeter as the scale. 

The artifacts were manually excluded in using a spreadsheet file 

extracted post-analysis from ImageJ (Collins, 2007). 

 
3.0 Results And Discussion  

 

3.1 S.platensis of varying cell length can be found during their 

growth phase 

The S. Platensis cells were imaged in a phase-contrast 

microscope at 4X magnification. Then, the images were analyzed 

in ImageJ to quantify perimeter and cell distribution. The 

trichomes (Spirulina with spirals) were manually sorted based on 

the trichomes into three categories S1, S2, and S3. Where S1 are 

cells with perimeter <1 μm, S2 are cell with perimeter 1 ≤ P ≤ 1.5 

μm, and S3 are cells with perimeter >1.5 μm, respectively 

(Figure 1), where P indicates perimeter of cells. The number of 

cells in each category was measured and compared with Zn2+ and 

Cu2+ treated cells and untreated cells (Figure 2). Therefore, in 

control samples, the number of cells having spirals between 1 ≤ P 

≤ 1.5 μm, perimeter (S2 category) in their trichome stage was found 

to be significantly higher as a maximum of 5 cells than S1 category 

(4 cells), and S3 (4 cells) (Figure 3&4). 

 

 

 

Figure 1 Bright-field images of spirulina platensis, scale bar 100 

µm. Insets (A),(B), and (C) represented the siprulina population 

was subcategorized as S1 (P<1 µm), S2 (1 µm ≤ P ≤1.5 µm), and 

S3 (P > 1.5 µm), respectively, where P denotes the perimeter of 

Spirals, and the inset scale bar is 10 µm. 

  

 
 

Figure 2 Zn2+ and Cu2+ cleaves the spiral sturctures of S. Platensis: 

(a) The S. Platensis cells grown in control samples; (b)(c) lower 

Cu2+ concentrations such as 1 mg /L, 2 mg /L promotes the S. 

Platensis cell growth, (d)(e)(f) higher Cu2+ concentrations such as 

3 mg /L, 4 mg /L, 5 mg / L causes S. Platensis cell damage i.e., 

breaking spiral structure into fragments; similarly, (g)(h)(i) lower 

Zn2+ concentrations such as 2 mg /L, 4 mg /L and 6 mg / L 

promotes the S. Platensis cell growth; (j)(k) higher Zn2+ 

concentrations such as 8 mg /L and 10 mg /L causes S. Platensis 

cell damage i.e., breaking spiral structure into fragments. 

 

 

 

Figure 3 Cu2+ alters the S. Platensis cell population: In HM 

treatment, >2mg/L of Cu2+ breaks the S3 cell population into 

smaller fragments and distributer smaller perimeter categories like 

S2 and S1. When the Zn2+ increases with fragmenting the cells into 

smaller fragments. 

 

 

3.2 Cu2+ and Zn2+ cause both elongation and disintegrates of  

S.platensis 

 

To quantify the effect of metal ions Cu2+ (from CuSO4) and 

Zn2+ (from ZnSO4) on S. platensis cell shape, the cells were treated 

with lethal concentration 1-5mg/L and 2-10mg/L of Cu2+ and Zn2+, 

respectively (Figure 2). To perform image analysis, the cells 

treated with Cu2+ were grouped into three (S1, S2, and S3) categories 

according to their cell perimeter shown (Figure 1). In the control 

(untreated) sample, there equal distribution of cells of all perimeter 
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(S1= 4 cells, S2= 5 cells, and S3= 4 cells). At lower concentration 

2 mg/L of Cu2+, only cells at category S3 were found to be more (3 

cells) when compared to the S2 category (1 cell). However, at a 

higher concentration of 5 mg/L of Cu2+, only cells at category S1= 

2 cells were found. Taken together, it is clear that a lower 

concentration of Cu2+ (≤ 2 mg/L) promotes cell growth as evident 

by an increase in cell perimeter, however, a higher concentration 

of Cu2+ (> 2 mg/L) disintegrates the S3 cells and is distributed to 

the S1 category. This is in good agreement with a study conducted 

where they found Spirulina sp. fragmentation when treated with 

Cu2+ and NaCl (Deniz et al., 2011). In another study, it was shown 

that CuSO4 treated S. Plantensis resulted in a reduction in the 

number of spirals (Choudhary et al., 2007). Taken together, our 

result indicates that a higher concentration of HM results in 

morphological changes to S. platensis cells. 

 

 

 

Figure 4 Zn2+ alters the S. Platensis cell population: In HM 

treatment, >4 mg/L of Zn2+ breaks the S3 cell population into 

smaller fragments and distributer smaller perimerter categories 

like S2 and S1. When the Zn2+ increases with fragmenting the cells 

into smaller fragments. 

 

The results from ImageJ analysis for cells treated with Zn2+ 

indicate that the number of cells for categories S1, S2, and S3 

(Figure 4). In the control (untreated) sample, there equal 

distribution of cells of all perimeter (S1= 4 cells, S2= 5 cells, and 

S3= 4 cells). At lower concentration 4 mg/L of Zn2+, (S1= 13 cells, 

S2= 3 cells, and S3= 1 cells) where the distribution of the S3 cells 

was found at a higher perimeter. However, at a higher 

concentration of 8 mg/L of Zn2+, only cells at category (S1= 8 cells 

and S2= 1cell) were found. Taken together, it is clear that a lower 

concentration of Zn2+ (≤ 4 mg/L) promotes cell growth as evident 

by an increase in cell perimeter, however, a higher concentration 

of Zn2+ (> 4 mg/L) disintegrates the S3 cells and was distributed to 

S1 and S2 category. There is an increase in the number of trichomes 

in the S1 categories owing to a reduction in growth and 

fragmentation of S.platensis caused by Zn2+ (Djearamane et al., 

2018). In a prior study, treatment of Spirulina with ZnO 

nanoparticles caused fragmentation of the trichomes . Another 

study with the treatment of ZnSO4 showed a reduction in the 

number of spirals in S. platensis (Choudhary et al., 2007). 

 

3.3 Cell perimeter decreases in the increase in HM concentration 

 

ImageJ was used to compute the average perimeter of cells in 

the trichome stage changes due to the effect of HM.  The Cu2+ 

concentration (≤ 2 mg/L) increases the average cell perimeter from 

~1.33 µm to ~2.64 µm. However, higher Cu2+ ions concentration, 

5 mg/L cleaves the larger cells to smaller fragments, and their 

average cell perimeter was reduced to ~0.38 µm.  Similarly, Zn2+ 

concentrations (≤ 6 mg/L) increases the average cell perimeter 

from ~1.33 µm to ~1.81 µm, respectively, and higher Zn2+ ions 

concentration,10 mg/L cleaves the larger cells to smaller 

fragments, and their average cell perimeter was reduced to ~0.11 

µm. From the aforementioned, imaging studies resembles the 

effect of HM on S. Platensis growth and are also toxic on higher 

HM concentrations which cleave the longer trichome into debris 

(Cepoi et al., 2020) (Figure 5). 

 

 

Figure 5 Effect of Cu2+ and Zn2+on cell perimeter: In HM 

treatment, Cu2+ and Zn2+ enhances the cell growth of S. Platensis 

till a certain concentration, 2 mg/L, and 6 mg/L and beyond that 

concentration it becomes cytotoxic to the cells and cleaves the cells 

into smaller debris.  

 

3.4 Image analysis as an alternative tool for cell sorting 

 

This work demonstrates that an image analysis technique can 

be used not only to count the cells but also to measure and quantify 

the cellular geometric parameters. In this study cells were 

categorized by the number of spirals of the trichome and analyzed 

using ImageJ. Thus, this study demonstrates how one can 

effectively calculate the geometric parameters of cells (such as S. 

platensis) of irregular geometry. Thus, proving that those irregular 

shapes can also be quantified and compared. Therefore, these 

methods stand as an example for a cost-effective way of analysis 

and can potentially eliminate the need for sophisticated 

instruments such as flow cytometry that are not only expensive but 

also require frequent calibrations when using cell types of irregular 

geometry (Hunka et al., 2020). Thus, the findings from this study 

show that ImageJ can be used to effectively monitor the cells for 
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use in various applications. One such use is to increase biomass for 

the production of food supplements and the other is to aid in 

bioremediation and to serve as animal feed (Chen et al., 2011). In 

moving forward, this high-throughput image analysis technique 

can be further integrated into the miniaturized image capturing 

devices such as foldscope, such an approach would further result 

in a tremendous reduction in cost (Cybulski et al., 2014).  

Studies have demonstrated the possibility of using 

MATLAB-based techniques to quantify the changes in E. faecalis 

protein localization pattern upon treatment with antimicrobial 

peptides (Kandaswamy et al., 2013). Although earlier studies have 

reported that compounds such as phytochemicals from tropical 

plants and nanoparticles (Govindarajan, Selvaraj, et al., 2022; 

Saravanan et al., 2020; Sivaramakrishnan et al., 2019) can target 

or kill bacterial cells but those studies were limited to few (1-10) 

compounds due to lack of fully automated high-throughput image 

analysis methods. Apart from screening, one can also take 

advantage of image analysis tools to perform phenotypic analysis 

that would result in the identification of bacterial pathotypes 

(Govindarajan & Kandaswamy, 2022; Govindarajan et al., 2020; 

Shanmugasundarasamy et al., 2022), which will be immensely 

helpful in the identification of water-borne pathogens for 

environmental water quality monitoring. 

 

4.0 Conclusion 

 

In summary, this study shows that HMs such as Cu2+ and Zn2+  

can promote the growth of S. Platensis only at low concentration 

(Cu2+ <  3 mg/L  and Zn2+ < 8 mg/L) but becomes toxic and leads 

to fragmented cellular structure at high concentrations (Cu2+ ≥ 3 

mg/L    and Zn2+ ≥ 8 mg/L).  In addition, our image analysis 

technique clearly distinguishes between fragmented cell 

populations from unfragmented cells. Therefore, this approach can 

be also used to screen for compounds that can target various 

pathogenic bacterial strains.  
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