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Abstract 

Heavy metal removal from wastewater is one of the most concerned worldwide 

environmental problems because heavy metals are stable and hazardous elements, which 

are non-biodegradable and could be bio-accumulated. To effectively eradicate toxic heavy 

metals from wastewater and stabilize the ecosystem, various methods have been reported, 

which fall into two categories: conventional physico-chemical methods and 

bioremediation methods. Among them, microalgae-based bioremediation methods have 

attracted much attention in the past few decades for treating wastewater polluted with 

heavy metal because of the increasing demands of more environment friendly, cost-

effective, and sustainable treatment methods. However, the heavy metal removal 

efficiency of microalgae is far from practical use. A small amount of research has 

investigated the improvement of heavy metal removal efficiency of microalgae, such as 

immobilization, pretreatment, and genetic modification of microalgal cells. But these 

methods either have limited enhancement of the heavy metal removal efficiency of 

microalgae or potentially pose threat to the environment and human health by deploying 

genetically modified species. 

To address these problems, directed evolution is expected to be effective for 

developing microalgae with much higher heavy metal removal efficiency without the 

problem of using new strains in wastewater treatment. However, experimental 

demonstration of this method is challenging because there is no non-invasive or label-

free indicator to identify the highly efficient cells. The presently available indicators, like 

the ion intensity of heavy metals within each cell and the fluorescence intensity of metal 

fluorescent probes, are invasive or require labelling. 

In this doctoral work, I proposed and experimentally demonstrated an intelligent 

cellular morphological indicator for identifying the heavy metal removal efficiency of 

Euglena gracilis in a non-invasive and label-free manner. Specifically, I recognized a 

morphological meta-feature of E. gracilis cells under 7.5 μM Cu2+ exposure by analysing 

single-cell images via machine learning algorithms, and demonstrated a strong monotonic 

correlation (Spearman’s ρ = -0.82, P = 2.1 × 10-5) between this morphological meta-

feature and the Cu2+ removal efficiency of nineteen E. gracilis clones. Our findings firmly 
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suggest that the morphology of E. gracilis cells can serve as an effective heavy metal 

removal efficiency indicator. The intelligent morphological indicator has great potential, 

when combined with the recently developed powerful sorting methods such as the high-

throughput image-activated cell sorter, for directed-evolution-based development of E. 

gracilis with extremely high heavy metal removal efficiency for practical wastewater 

treatment worldwide. 
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Chapter 1 

Introduction 

1.1 Heavy metal pollution in wastewater 

Water is regarded as one of the most precious resources to support the growth and 

proliferation of all creatures on earth. It is also crucial for human activities, as evident 

from their heavy industrial, domestic, and agricultural use. Most of the used water is 

charged as wastewater, which could contain various pollutants such as organic toxins, 

surfactants, mineral salts, and heavy metals (HMs). Due to water pollution, people are 

facing serious problems of the water crisis. Especially, HM pollution in wastewater, 

which mainly comes from the increasing industrial activities like mine draining and 

electroplating, greatly threatens the health of human beings (Figure 1-1). Because of the 

intrinsic properties of HMs, including high solubility in the aquatic environment, 

bioaccumulation, and nonbiodegradability, they can be easily absorbed by living 

organisms and finally accumulate in the human body along the food chain. Once the 

concentration of accumulated HMs exceeds the permitted one, these HMs can cause 

serious health disorders. For example, the largest heavy metal pollution of ground water 

happened in Bangladesh, with millions of inhabitants exposed to arsenic (As) and under 

the threat of skin lesions and cancers [1]. Some significant HMs that show toxicity to 

living beings includes iron (Fe), lead (Pb), zinc (Zn), cadmium (Cd), copper (Cu), 

mercury (Hg), chromium (Cr), As, nickel (Ni), and manganese (Mn). The permitted HM 

concentration in drinking water prescribed by various organizations and the 

corresponding health issues caused by these HMs are listed in Table 1-1.  

 

  



 
14 

 

 

Figure 1-1. HM pollution in wastewater that originates from industrial activities and some of its 

harmful effects on human health. Reproduced from the Commonwealth Scientific and Industrial 

Research Organisation and licensed under the Creative Commons Attribution 3.0 Unported license 

(https://creativecommons.org/licenses/by/3.0/). Reproduced with permission from PxHere. 
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Table 1-1. Drinking water standards and effects on human health of some significant HMs.  

HMs 

Drinking water 
standards 

Effects on human health References WHOa, 
2017 

(μg/L) 

USEPAb, 
2018 

(μg/L) 

Fe - 300 
Alzheimer type II astrocytosis, 

Parkinsonism, cognitive dysfunction, and 
ataxia 

[2] 

Pb 10 15 
Hemolytic anemia, effects on 

neurotransmitter levels, and organ damage 
[3] 

Zn - 5000 Accumulation in muscle, liver, and gills [4] 

Cd 3 5 Chronic kidney disease [5] 

Cu 2000 1300 
Alzheimer type II astrocytosis, 

Parkinsonism, cognitive dysfunction, and 
ataxia. 

[2] 

Hg 6 2 
Damage to DNA and accumulation in 

muscle, liver, and gills 
[4, 6] 

Cr 50 100 Cancer [7] 

As 10 10 

Cutaneous manifestations, peripheral 
vascular disease, gastrointestinal 

disturbances, alteration in the coporphyrin/ 
uroporphyrin excretion ratio, and cancer 

[8] 

Ni 70 - 
Cancer of the lungs, throat, stomach, nose, 

and sinuses 
[9] 

Mn - 50 

Alzheimer type II astrocytosis, 
Parkinsonism, cognitive dysfunction, liver 

diseases, ataxia, and effects on central 
nervous functions 

[2, 10] 

a, World Health Organization; b, United Stated Environmental Protection Agency 

 

To effectively eradicate toxic HMs from wastewater and stabilize the ecosystem, 

various methods have been reported, which fall into two categories: conventional 

physico-chemical methods [11] and bioremediation methods [12, 13] (Figure 1-2). 

Examples of conventional physico-chemical methods are chemical precipitation [14], ion 

exchange [15, 16], membrane filtration [17-19], floatation [20, 21], coagulation-
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flocculation [22, 23], and electrochemical methods [24, 25]. These methods are 

advantageous for their rapid process, ease of operation, and flexibility to different 

treatment conditions. However, these advantages are outweighed by the drawbacks like 

high operation and maintenance costs, high energy consumption, and secondary pollution 

due to toxic sludge formation. During the past few decades, bioremediation methods 

using plants [26, 27], peat moss [28], bacteria [29, 30], fungi [31, 32], and algae [33, 34] 

for HM removal have also received much attention on account of their sustainability, 

environmental-friendliness, and cost-efficiency. These methods are growing, active, and 

have great potential as an alternative to conventional physico-chemical methods. 
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Figure 1-2. Schematic of conventional physico-chemical methods and bioremediation methods. 

Reproduced with permission from Stockio.com. Reproduced with permission from ref [16]. Copyright 

2018 Elsevier. Reproduced with permission from ref [19]. Copyright 2019 Elsevier. Reproduced from 

ref [21] with permission from the Royal Society of Chemistry. Reproduced with permission from ref 

[23]. Copyright 2016 American Chemical Society. Reproduced with permission from ref [25]. 

Copyright 2016 Elsevier. Reproduced with permission from ref [27]. Copyright 2020 Elsevier. 

Reproduced with permission from Pixabay with minor modifications. Reproduced with the permission 

from ref [30]. Copyright 2019 Elsevier. Reproduced with permission from ref [32]. Copyright 2020 
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Springer. Reproduced with permission from ref [34]. Copyright 2015 Elsevier. 

 

1.2 Bioremediation methods 

Nowadays, bioremediation methods have attracted great academic and industrial interest 

because they are low-cost, eco-friendly, and able to remove HMs at low concentrations 

compared with conventional physico-chemical methods. Bioremediation methods used in 

HM removal from wastewater are based on the ability of living organisms (plants, peat 

moss, bacteria, fungi, algae, etc.) to remove HMs from wastewater solutions (Figure 1-

2). Toxic HMs affect the diversity and metabolic activities of living organisms. In turn, 

living organisms can overcome the stress from HMs and remove HMs through multiple 

strategies, such as sorption, precipitation, ion exchange, sequestration, etc. But the 

intrinsic interrelationship between the resistance to HMs and the HM removal ability of 

living organisms remains unclear. Different types of organisms show different properties 

in the process of HM removal utilizing their own bioremediation pathways. 

 Plant-based remediation methods, which are also called phytoremediation methods, 

have attracted increasing attention in the recent two decades [26]. The concept of using 

plants for HM removal was first proposed by Chaney in 1983 [35]. Basically, plants need 

to meet the demands of quick growth rate, well-developed root system, and strong 

adaptation to various habitats. Though the mechanisms of HM removal by plants are 

specific to different species, they generally include adsorption/absorption, sorption, 

precipitation, complexation, and volatilization by leaves. A great number of aquatic plants, 

such as water hyacinths, water lettuce, duckweed, and Salvinia sp., have shown their 

abilities to remove many kinds of HMs from wastewater [36-38]. 

The ability of peat moss to remove HMs from wastewater was first confirmed by 

several studies in the 1980s [39, 40], though this method has not been as widely 

investigated as other bioremediation methods. Peat moss is plentiful, inexpensive, and 

readily available. The mechanisms of HM removal by peat moss include ion exchange, 

surface adsorption, chemisorption, complexation, and adsorption-complexation. While it 

remains to be a controversial topic, ion exchange is the most prevalent mechanism [41].  

Bacteria have been widely explored for HM removal in wastewater treatment by 

virtue of their abundance on earth (the most abundant organism on earth), strong 

adaptation in a wide range of environmental conditions, high aspect ratio (AR), quick 
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growth rate, and simple cultivation. The extracellular polymeric substances that consist 

of nucleic acids, proteins, lipids, complex carbohydrates [42], and the polysaccharide 

slime layers with many functional groups such as carboxyl, amino, phosphate, and sulfate 

groups [43], both play important roles in the adsorption of HMs. These adsorbed HMs 

can accumulate in the living bacterial cells and even further be changed to a state with 

lower toxicity through metabolism. Bacteria’s ability to reduce HM toxicity can be used 

to further enhance their performance in HM removal. A series of bacteria, such as 

Escherichia, Pseudomonas, Bacillus, and Ochrobactrum, have been used for 

bioremediation of HMs [44-47]. 

 Fungi have also been widely used to remove HMs since they were found to be able 

to live under high HM concentrations and accumulate HMs at the same time [48]. They, 

including macroscopic and microscopic (yeasts and molds) fungi, show the advantages 

of easy growth, high biomass yield, and easy morphological and genetic manipulation. 

Their high metal uptake ability is thought to be the result of abundant functional involved 

in HM biosorption, including the chitin-chitosan complex, glucuronic acid, phosphate, 

and polysaccharides in/on cells of fungi [49]. Fungi such as Aspergillus niger, Aspergillus 

fumigatus, Termitomyces clypeatus, Saccharomyces cerevisiae, and Trichoderma show 

good performance in removing different types of HMs such as Pb, Cr, Cu, Zn, and Cd 

[50-54]. 

An alga is a type of photosynthetic eukaryotic organism that can live in both 

freshwater (rivers, lakes, springs, and swamps) and seawater (salty lakes, seas, and 

oceans). It includes unicellular microalgae such as Chlorella, Chlamydomonas, and 

diatoms, and multicellular macroalgae, such as Codium and Fucus. Algae show good 

capability of removing HMs in wastewater and have been regarded as the most promising 

bio-sorbents because of their ready availability from almost all types of waterbodies, low 

nutrient requirement as they are autotrophic, shorter life span as compared to higher plants, 

and enormous biomass relative to any other microbial materials [33, 34, 55-57]. The 

mechanisms involved in HM removal include ion exchange, complexation, electrostatic 

attraction, and microprecipitation [58]. Although there are thousands of algal species, 

only a limited amount of them have been explored to remove HMs from wastewater. 

Many species remain unexplored for their capability of HM removal and much effort is 

being made to search for strains that show a high HM removal efficiency [33, 34, 55, 57]. 
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Compared with macroalgal species, microalgal species are more promising in HM 

removal from wastewater because of their high AR, abundant biomass, and feasible 

cultivation. Microalgae serve as the largest group of primary producers in the world, 

which contribute to nearly one-third of global photosynthesis [59]. Presently, microalgae 

that have been studied for their ability to remove HMs include Chlorella, 

Chlamydomonas, Euglena, Chaetoceros, Desmodesmus, Isochrysis, Planothidium, 

Scenedesmus, Spirulina, etc. The mechanisms of HM removal by microalgae, the factors 

that affect their HM removal performance, as well as the methods used to improve their 

HM removal performance have been well studied [34]. 

 

1.3 Microalgae-based bioremediation methods 

In recent decades, the use of microalgae in HM remediation has attracted increasing 

attention worldwide [34, 57]. Microalgae can live autotrophically in a wide range of water 

conditions through photosynthesis. They make great contributions towards reducing 

greenhouse gas carbon dioxide, which is the most notable advantage of microalgae over 

other microorganisms. Compared with macro plants, microalgae have much shorter life 

spans, which makes them easier to be investigated in the laboratory. Microalgae are used 

both in living and non-living types, and the performances of biomass in these two types 

are usually compared. It has been reported that living cells take up more HMs than dead 

biomass [34]. 

 Many efforts have been made to investigate the HM removal mechanisms of various 

strains of microalgae. The mechanisms of removing HMs using microalgae are different 

for living and non-living microalgae, namely, bioaccumulation by living cells and 

biosorption by non-living biomass. For living cells, the accumulation process typically 

comprises three stages: (1) an initial rapid and passive adsorption of HMs by functional 

groups on the cell surface, (2) slow metabolism-dependent transportation across the cell 

membrane, and (3) accumulation inside the cell. In the first step, the functional groups on 

cell walls, including carboxyl (-COOH), amino (-NH2), sulfhydryl (-SH), phosphate (-

PO3), and hydroxyl (-OH) groups facilitate coordination bonding with HMs. The different 

affinity of functional groups towards HMs leads to the specific binding. In the second 

step, the plasma membrane plays an important role in the membrane transport of HMs. 
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Specifically, membrane transporters are responsible for this process, which are 

categorized as group A and group B transporters [60]. Group A transporters can move 

HMs from the outside into the cytoplasm and group B transporters can decrease the HM 

concentration in the cytoplasm by mediating the exocytosis of excessive HMs. In the third 

step, metallothioneins (MTs), metallothionein-like proteins (MTLPs), Phytochelatins 

(PCs) are thought to be involved in the process of HM accumulation. MTs, which are 

small cysteine-rich proteins, as well as MTLPs, can bind HMs in stable complexes [61]. 

PCs are small metal-binding peptides synthesized from glutathione, homo-glutathione, 

hydroxymethyl-glutathione, or g-glutamylcysteine. They are able to form stable 

complexes with HMs. Besides these compounds, some cellular compartments also play 

an important role in HM accumulation, such as vacuoles, polyphosphate bodies, 

chloroplasts, and mitochondria. The mechanisms of HM removal by non-living 

microalgal biomass are much simpler, the biosorption through HM binding.  

 HM removal efficiency is a critical factor when evaluating an HM bioremediation 

method. As shown in Table 1-2, the HM removal efficiency of living microalgae varies 

greatly among species, ranging between 5.5% and nearly 99% with most of them below 

90%. The factors of microalgal species, tolerance capacity, biomass concentration, size 

and volume of microalgae, pH, temperature, ion strength, salinity and hardness, and metal 

species all could affect the HM removal efficiency of microalgae, especially living ones 

[34]. And the above factors are different among the examples listed in Table 1-2. 

Therefore, it is impossible to compare the HM removal ability among these microalgal 

species simply based on their HM removal efficiency. Although a few microalgal species 

show HM removal efficiencies above 90% under laboratory conditions, it could be 

difficult to maintain such high HM removal efficiencies under practical wastewater 

treatment conditions. Also, compared with the conventional physico-chemical methods, 

it usually takes a much longer time for microalgae to remove HMs. Generally, the time 

taken by microalgae to remove HMs is over one day. The low removal efficiency seriously 

hinders the practical implementation of microalgae for HM removal in wastewater 

treatment. 
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Table 1-2. HM removal using living microalgae 

HM 
Microalgal 

species 

Initial 
concentration 
of HM (mg/L) 

Removal 
efficiency 

Exposure 
time (h) 

Reference 

Cu2+ 

Anabaena 
cylindrica 

0.45 50% 1 [62] 

Chlorella 
pyrenoidosa 

0.05 95% 144 [63] 

Closterium lunula 0.05 79% 144 [63] 

Scenedesmus 
obliquus 

0.05 67% 144 [63] 

Euglena gracilis - 58% 5 [64] 

Chlamydomonas 
reinhardtii 

0.03 28% 1 [65] 

Ni2+ 

Euglena gracilis - 44% 5 [64] 

Chlorella vulgaris 30 56.7% 5 [66] 

Scenedesmus 
quadricauda 

30 99.0% 5 [66] 

Chlorella 
sorokiniana 

30 53.3% 5 [66] 

Cd2+ 

Desmodesmus 
pleiomorphus (L) 

5 52.6% 168 [67] 

Desmodesmus 
pleiomorphus 
(ACOI 561) 

5 53.9% 168 [67] 

Desmodesmus 
pleiomorphus (L) 

0.5 98.8% 168 [67] 

Desmodesmus 
pleiomorphus 
(ACOI 561) 

0.5 98.1% 168 [67] 

Euglena gracilis 
(Z) 

11.1 13% 96 [68] 

Euglena gracilis 
(Z-Hg2+) 

11.1 12% 96 [68] 

Euglena gracilis 
(ZL) 

11.1 16% 96 [68] 
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Euglena gracilis 
(ZL-Hg2+) 

11.1 29% 96 [68] 

Pseudochlorococc
um typicum 

3.3 76% 24 [69] 

Euglena gracilis 2.2 80% 192 [70] 

Chlamydomonas 
reinhardtii CC-

425 
4.5 5.5% 120 [71] 

Chlamydomonas 
reinhardtii 
pMTCC-8 

4.5 9% 120 [71] 

Hg2+ 
Pseudochlorococc

um typicum 
7.0 98% 24 [69] 

Pb2+ 

Chlamydomonas 
reinhardtii 

0.1 8% 1 [65] 

Pseudochlorococc
um typicum 

3.3 62% 24 [69] 

Oscillatoria laete-
virens 

10 28% 24 [72] 

Oscillatoria laete-
virens 

80 11% 24 [72] 

Spirulina 
(Arthrospira) 

platensis 
5 31% 720 [73] 

Spirulina 
(Arthrospira) 

platensis 
100 56% 720 [73] 

 

 Presently, research into improving the HM removal efficiency of living microalgae 

has been scarcely investigated [56, 68, 74-79]. Table 1-3 shows some examples of the 

methods used to improve HM removal efficiency of microalgae and their performance. 

For instance, immobilization of microalgal cells using biomaterials such as alginate and 

loofa sponge has been shown to effectively boost the HM removal ability of microalgae 

[74, 75, 79]. The enhanced HM removal efficiency is mainly a result of increased surface 

area and free access of the HMs to sorption sites. But the reachable HM removal 

efficiency is limited by that of the microalgal cells themselves. Pretreatment of microalgal 
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cells through changing cultivation conditions (such as high-phosphate culture-

modification and mercury pretreatment) has also been performed [68, 76, 78]. The 

increased surface functional groups or cellular PCs contribute to the enhanced HM 

removal efficiency. But its effect on HM removal efficiency is insufficient for practical 

use in wastewater treatment. In addition to these methods, the development of new 

microalgal species is attractive because it can improve the intrinsic HM removal 

capability of microalgae. Genetic modification of microalgae, so as to contain the targeted 

gene sequences, has been demonstrated for developing microalgae with an enhanced HM 

removal efficiency, provided that the desirable gene sequences are known [56, 71, 77, 80]. 

However, there is a barrier to deploying genetically modified species in real-world 

environments due to its potential threat to human health. Also, at present, genetic 

modification of microalgae is successfully only using the model system of 

Chlamydomonas reinhardtii due to the lack of commercially available kits for nuclear and 

chloroplast transformation for other species. A novel method to develop a new microalgal 

species without the potential threat to human health is needed to greatly improve the HM 

removal efficiency of microalgae and thus promote the utilization of microalgae-based 

bioremediation methods for practical HM removal in wastewater treatment. 

 
Table 1-3. Ability of the methods to improve HM removal efficiency of microalgae 

Method 
Microalgal 

species 
HM 

Percentage of 
improvement 

Reference 

Immobilization 
by loofa sponge 

Chlorella 
sorokiniana 

Pb2+ 124% [74] 

High-phosphate 
culture-

modification 
Chlorella sp. Pb2+ 413% [78] 

High-phosphate 
culture-

modification 

Scenedesmus 
obtusus 

Hg2+ 149% [76] 

Mercury 
pretreatment 

Euglena gracilis Cd2+ 154% [68] 

Genetic 
modification 

Chlamydomonas 
reinhardtii 

Cd2+ ~ 300% [77] 

Genetic Chlamydomonas Cd2+ 164% [71] 



 
25 

 

modification reinhardtii 

Genetic 
modification 

Chlamydomonas 
reinhardtii 

Cd2+ 416% [80] 

 

1.4 Directed evolution of microalgae 

Directed evolution, which is performed through multiple rounds of mutagenesis, selection, 

and amplification (Figure 1-3), is a promising method for developing microalgae with a 

much higher HM removal efficiency for mainly two reasons. First, it can be performed 

without a comprehensive gene annotation and the requirement of commercially available 

kits for nuclear and chloroplast transformation, thus is much simpler than the genetic 

modification method and applicable to many microalgal species. Also, directed evolution 

does not have the regulatory problems of using new strains in wastewater treatment 

systems, which is hence advantageous over the genetic modification method. Directed 

evolution has been widely employed for discovering superior enzymes and strains, 

especially when combined with the rapidly developing techniques of machine learning 

and high-throughput screening [81-83]. This method has been successfully used to select 

some bacteria like Escherichia coli with improved performance [84, 85].  Currently, 

however, directed evolution is yet to be applied for the selection of microalgae with 

enhanced performance in HM removal. 

 

 
Figure 1-3. The overall directed evolution procedure of microalgae. It consists of three steps: (1) 
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mutant generation through random mutagenesis; (2) rare target cell isolation from the mutants through 

single-cell sorting; (3) cell proliferation through cell culture. 

 

It is challenging to experimentally demonstrate the directed evolution of microalgae 

with improved HM removal efficiency because a measurable indicator of HM in the cells 

is required to identify the highly efficient cells in the cell selection step. Furthermore, this 

indicator should be non-invasive and label-free to avoid toxicity for the microalgal cells. 

In fact, there are currently multiple indicators representing the HM removal efficiency at 

a single-cell level, but they are not applicable to directed evolution because either their 

invasive or labelling is required. An example of the invasive indicators is the ion intensity 

of HMs within each cell, which can be measured directly using single-cell inductively 

coupled plasma mass spectrometry [86, 87] with the cost of destruction of the cells. An 

example of the label-requiring indicators is the fluorescence intensity of metal fluorescent 

probes [88-90], but there is a risk of interfering with cellular functions [91]. To the best 

of my knowledge, there are no non-invasive or label-free indicators to identify microalgal 

cells with their HM removal efficiency. 

 Benefiting from the development of high-speed single-cell imaging technologies [92-

94], rich cellular morphological information could be obtained easily and rapidly in a 

non-invasive and label-free manner [95-97]. For instance, single-cell morphology can be 

used to classify platelet aggregates, test drug susceptibility of leukemia, predict DNA 

content, analyze cell cycle, and select human sperm with high DNA integrity [95-98]. The 

ability of cellular morphology to indicate microalgal HM removal efficiency has not been 

studied yet. It is of great significance to investigate whether cellular morphology could 

be an effective indicator of the HM removal efficiency of microalgae because it can be 

detected in a way without any damage to cells or interference with cellular functions, 

which is critical for an indicator used in directed evolution. If the cellular morphology 

can indicate the HM removal efficiency of microalgae, it will have great potential, when 

combined with a high-throughput image-activated cell sorter [99-104], for directed-

evolution-based development of E. gracilis with an extremely high HM removal 

efficiency for practical wastewater treatment worldwide. 
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1.5 Goal of this thesis 

The goal of this thesis is to propose and experimentally demonstrate an intelligent cellular 

morphological indicator for non-invasive and label-free identification of the HM removal 

efficiency of microalgae, to realize the directed evolution-based development of 

microalgae with extremely high HM removal efficiency for practical wastewater 

treatment in the future. Specifically, a model microalgal species of E. gracilis is used, 

which is an industrially attractive microalgal species that has been recognized to remove 

various types of HMs such as Cu [64, 105], Cd [68, 70, 106-108], Pb [70, 108], Zn [70, 

105], Ni [64, 109], Cr [110], As [111], and Hg [108]. Cu2+ is used as a model HM because 

it is one of the most toxic HMs in wastewater and is known to cause serious health 

problems in animals and humans if its concentration is excessive [112]. To verify this 

identification method, I perform the following five steps: (1) preparation of clones derived 

from single E. gracilis cells; (2) imaging flow cytometry of the E. gracilis clones under 

Cu2+ exposure; (3) extraction of their morphological features using machine learning; (4) 

measurement of the Cu2+ removal efficiency of each clone by analyzing the change in the 

Cu2+ concentration in its culture medium; and (5) analysis of the correlation between the 

morphological features and Cu2+ removal efficiency of the E. gracilis clones. It is 

expected that the morphological features are highly correlated with Cu2+ removal 

efficiency of the E. gracilis clones, thus enabling the intelligent morphological indicator 

to be used in the improvement of the HM removal efficiency of microalgae through 

directed evolution and providing a highly efficient, sustainable, eco-friendly, and low-

cost bioremediation method for HM removal in wastewater treatment. 
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Chapter 2  

Materials and methods 

2.1 Overview 

To demonstrate a morphological indicator of microalgal HM removal efficiency, a model 

microalgal species, E. gracilis, and a model HM, Cu2+ are used. The preparation of clones 

derived from single E. gracilis cells, a method for high-throughput single-cell imaging, a 

method for analyzing morphological features, and a method for measuring Cu2+ removal 

efficiency are required. In addition, to evaluate cellular activity in each clone, it is 

necessary to check cell growth rate, viability, and nutrient consumption. In this chapter, I 

will introduce the details of these materials and methods. 

 

2.2 Procedure for studying the correlation between the morphology and 

Cu2+ removal efficiency of E. gracilis 

The procedure for studying the correlation between the morphology and Cu2+ removal 

efficiency of E. gracilis consists of five steps (see Figure 2-1). First, single cells from an 

original E. gracilis strain are isolated in a 96-well plate with a working volume of 200 μL 

and cultured until each of the clones derived from single cells reaches its stationary phase. 

Then, these clones are transferred into a flask for culturing, subculturing, and culturing 

again to maintain the clones in the logarithmic phase with a working volume of 20 mL. 

Second, single-cell images of each clone exposed to 0 μM (as a control), 5 μM (not shown 

in Figure 2-1), or 7.5 μM Cu2+ are acquired by high-throughput imaging flow cytometry 

using optofluidic time-stretch microscopy [92-94, 97, 113-118]. Third, the cellular 

morphological features of each clone are analyzed using machine learning. Fourth, the 

Cu2+ removal efficiency of each clone is evaluated by measuring and analyzing the 

change in Cu2+ concentration in the medium after adding 7.5 μM Cu2+ to the culture 

medium of each clone and culturing them for 72 h. All samples are cultured under the 

same conditions before and during Cu2+ exposure so that clone differences can be 

evaluated without bias. Fifth, the morphological features (under 0 and 7.5 μM Cu2+ 
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exposure) and Cu2+ removal efficiency of the clones are plotted to investigate the potential 

correlation between them. If the morphological features of clones show a strong 

correlation with Cu2+ removal efficiency, it means that the morphological features can be 

effective indicators of Cu2+ removal efficiency.  

 

 
Figure 2-1. Schematic of the workflow for identifying the correlation between the morphology and 

Cu2+ removal efficiency of E. gracilis. It consists of five steps: (1) preparation of 19 clones derived 

from single E. gracilis cells; (2) imaging flow cytometry of the 19 E. gracilis clones under Cu2+ 

exposure; (3) extraction of their morphological features using machine learning; (4) measurement of 

the Cu2+ removal efficiency of each clone by analyzing Cu2+ concentration change in its culture 

medium; (5) analysis of the correlation between the morphological features and Cu2+ removal 

efficiency of the E. gracilis clones. Reproduced with permission from ref [119]. Copyright 2021 

American Chemical Society. 

 

2.3 Cell culture and clone preparation 

The procedures for cell culture and clone preparation are shown in Figure 2-2. I used E. 

gracilis NIES-48 provided by the Microbial Culture Collection at the National Institute 

for Environmental Studies (NIES) as the original strain. It is a green unicellular 

microalgal species living in fresh water. The surface of E. gracilis cells is highly flexible 

that allows the cells to swim and adjust their shape between elongated and spherical 

shapes. The length and width of E. gracilis cells are around 40 μm and 10 μm, 

respectively (see Figure 2-3). The cultures were grown under 14:10 light:dark cycle 

illumination (warm white, 130-150 μmol/m2/s) at 25 °C (see Figure 2-4). The 14:10 
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light:dark cycle illumination aided the life cycle of E. gracilis cells to be regulated, thus 

maintaining the life cycle of cells synchronized. For all experiments, the stock culture of 

E. gracilis was grown in an autotrophic medium, AF-6 (see ref. [120] for details of 

components and their concentrations). After the sample preparation, I used a 

fluorescence-activated cell sorting (FACS) machine (BD FACS Aria III, BD Biosciences, 

USA) to isolate single cells from the original E. gracilis strain into a 96-well plate. Using 

FACS is much more efficient for obtaining dozens of clones in a single 96-well plate than 

using a serial dilution method because it guarantees that single cells are seeded in all 96 

wells within several minutes. To achieve this, cell suspensions were identified from empty 

suspensions by measuring the autofluorescence of E. gracilis cells (excitation wavelength 

= 633 nm, emission wavelength = 660 nm). After culturing these single cells of E. gracilis 

in the same AF6 medium with a working volume of 200 μL under the same conditions 

mentioned above for 14 days, I obtained 32 clones (see Figure 2-5). The ratio of clones 

successfully grown from the survived single cells varies depending on experimental 

conditions. Then, each of the clones was transferred to a flask with a working volume of 

10 mL, cultured for 4 days, and subcultured in 20 mL of AF-6 with an initial concentration 

of 1.5 × 103 cells/mL for another 4 days so that the final cell concentration reached ~2.5 

× 104 cells/mL. The cells were in the logarithmic phase when they were exposed to Cu2+ 

after being cultured for 22 days, as demonstrated in Figure 2-6 that shows the cell 

concentration of each clone along time. The cell cycle was synchronized because the cells 

in the synchronized conditions (in logarithmic phase, under 14:10 light:dark cycle 

illumination) show an overall more uniform distribution in morphology when compared 

with the non-synchronized cells (see Figure 2-7). Among these clones, I randomly 

selected 19 clones and numbered them for further experiments. 
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Figure 2-2. Workflow of cell culture and clone preparation. 
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Figure 2-3. Bright-field image of two E. gracilis cells. Scale bar: 10 μm. 

 

 

Figure 2-4. E. gracilis cultured in flasks in an incubator. 
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Figure 2-5. 96-well plate containing 32 clones deriving from single E. gracilis cells. Wells that contain 

clones derived from single E. gracilis cells are labelled with numbers (top left corner). 
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Figure 2-6. Cell concentration and viability of all E. gracilis clones in the preparation steps and 

exposure experiments. The black arrows and a red arrow in the graph for Clone 1 represent the 

subculture timings and exposure timing, respectively. The error bars represent standard deviations of 

cell concentrations and cell viabilities (n = 3 measurements). Reproduced with permission from ref 

[119]. Copyright 2021 American Chemical Society. 
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Figure 2-7. Cell area, morphological meta-feature, eccentricity, compactness, and max Feret diameter 

value distributions under various culture conditions. The projected area in a two-dimensional image 

taken by the optofluidic time-stretch microscope was used as the cell area. N = 144 images. 

Reproduced with permission from ref [119]. Copyright 2021 American Chemical Society. 

 

2.4 Imaging flow cytometry by optofluidic time-stretch microscopy 

To acquire hundreds of single-cell images of E. gracilis for all experimental groups (one 

original strain and 19 clones, each sample under three Cu2+ exposure conditions), a high-

speed single-cell imaging technique was needed. The single-cell images of E. gracilis 

were taken by high-throughput imaging flow cytometry based on optofluidic time-stretch 

microscopy. Optofluidic time-stretch microscopy is a powerful technology to acquire 

highly qualified bright-field single-cell images at a high speed. It is capable of providing 

blur-free bright-field images of single cells at an ultrahigh throughput of 100,000 cells 

per second [92, 94, 96, 114, 116]. There are two main technologies involved: optical time-

stretch imaging and hydrodynamic focusing. Optical time-stretch imaging is the 

fundamental technology for high-speed imaging while hydrodynamic focusing is critical 

for aligning cells in a microfluidic channel on the focal plane as they are flowing at a high 

speed. The principles of these two technologies will be discussed as follows. 

 Optical time-stretch imaging is a technique that maps the spatial information into the 

spectrum of an ultrafast broadband optical signal that is temporarily stretched [118]. The 

reason for stretching the optical signal in the time domain is to optimize the signal 
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acquisition condition and enable detection of the spatial information encoded in the pulse, 

overcoming the speed and resolution limitations of electronic digitizers. The process of 

optical time-stretch imaging requires two steps of transformation: first,  frequency-to-

space transformation to encode the spatial profile of the imaging target in the frequency 

domain, and second, frequency-to-time transformation to enable the temporal detection 

of the spectrum by a single-pixel photodetector [118]. 

 The microfluidic chip plays an important role in the optofluidic time-stretch 

microscopy because it allows constant and high-speed flowing of cells while aligning 

them in the optical focal plane and field-of-view at the same time. In order to meet these 

requirements, hydrodynamic focusing is used in imaging flow cytometry. It is a technique 

that uses a sheath flow to encompass the sample flow to achieve good focusing of the 

sample flow in the field-of-view by the effect of fluid dynamics (Figure 2-8). By tuning 

the flow-rate ratio of the sheath and sample flows, it is easy to control the cross-sectional 

area of the focused sample flow. Usually, this ratio is set at a pretty high value to keep the 

sample flow well focused at the center of the channel. 

 

 

Figure 2-8. Two-dimensional hydrodynamic focusing of flowing E. gracilis cells into a single stream.  

 

The schematics of an optofluidic time-stretch microscope and a microfluidic chip 

used with it used in this thesis are shown in Figures 2-9A and 2-9B. The photographs of 

them are shown in Figures 2-9C and 2-9D. The optical setup and process to acquire single-
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cell images of E. gracilis are the same as those in previously reported literature [92-94, 

97, 113-118]. The microscope mainly consists of a pulse laser, a dispersion fiber, two 

diffraction gratings, two objective lenses, a microfluidic chip, and a high-speed 

photodetector and functions as follows. A pulse from the Ti:Sapphire mode-locked 

femtosecond pulse laser (center wavelength: 790 nm, bandwidth: 40 nm, pulse repetition 

rate: 75 MHz) is temporally stretched by the dispersion fiber with a dispersion amount of 

-240 ps/nm and then spatially dispersed by the first diffraction grating with a groove 

density of 1,200 lines/mm. This spatially dispersed pulse is focused by the first objective 

lens, which has a numerical aperture and magnification of 0.6 and 40×, respectively, onto 

the microchannel on the microfluidic chip (Figure 2-9B). Thus, the spectrum of the 

transmitted pulse contains the one-dimensional (1D) spatial profile of a flowing E. 

gracilis cell in the microchannel. This transmitted pulse is collected by the second 

objective lens with the same numerical aperture and magnification and spatially 

recombined by the second diffraction grating with the same groove density. Finally, the 

recombined pulse is detected by a high-speed photodetector with a detection bandwidth 

of 12 GHz. Since each pulse contains the 1D image of the flowing E. gracilis cell in the 

y direction (orthogonal to the flow direction of the cells) (Figure 2-9B), a two-

dimensional (2D) image of the E. gracilis cell can be obtained by digitally stacking the 

1D image profiles in the x direction. 2D images were reconstructed on MATLAB R2016b 

following the same procedure as previously reported [94].  

The microfluidic chip used with the microscope (Figure 2-9D) is designed and 

fabricated in the same way as previously reported [94]. The dimensions of the 

microchannel are 60 mm (along the x axis), 80 μm (along the y axis), and 40 μm (along 

the z axis). Flowing cells are focused into a single stream by a hydrodynamic cell focuser 

consisting of a sheath flow and sample flow. The flow rates of the sheath flow and the 

sample flow were set to 0.6 mL/min and 0.06 mL/min, respectively, for high focusing 

performance and high flow speed of E. gracilis cells (~5 m/s). 
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Figure 2-9. High-throughput imaging flow cytometry of E. gracilis cells. (A) Schematic of the 

optofluidic time-stretch microscope. (B) Microfluidic chip in the microscope. (C) Photograph of the 

optofluidic time-stretch microscope. (D) Photograph of the microfluidic chip used with the microscope. 

Reproduced with permission from ref [119]. Copyright 2021 American Chemical Society. 

 

2.5 Extraction and evaluation of morphological feature by machine 

learning 

To find out the most distinct morphological features among the clones derived from single 

E. gracilis cells, it is necessary to extract their morphological features and classify them 

by machine learning for the evaluation of the weight of these morphological features on 

classification. The workflow of the morphological feature extraction and evaluation is 

shown in Figure 2-10. In this section, I introduce the principle of morphological feature 

extraction and evaluation by machine learning. 
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Figure 2-10. Workflow of morphological feature extraction and evaluation.    

 

Morphological feature extraction is necessary because the cellular images of E. gracilis 

can not be used directly in machine learning. It is a method to process images by using 

mathematical algorithms and output a series of morphological feature values associated 

with the input image. Morphological features can be extracted by using various methods, 

such as MATLAB, Python, ImageJ, and CellProfiler. The use of MATLAB and Python 

requires programming expertise. ImageJ and CellProfiler are both free and open-source 

software without the requirement of programming expertise. ImageJ is more applicable 

for the analysis of individual images or image stacks. In comparison, CellProfiler is 

powerful for the quantitative analysis of hundreds or thousands of images simultaneously. 

It has been employed to extract human-interpretable features with biological meaning [95, 

121, 122]. Therefore, CellProfiler is used for the morphological feature extraction from 

hundreds of single-cell images of the original strain and 19 E. gracilis clones. To extract 

morphological features from the single-cell images obtained by the optofluidic time-

stretch microscopy, the objective area of each E. gracilis cell is first segmented based on 

a mean correlation threshold in CellProfiler. Second, morphological feature values, 

including values of morphological features related to the cell size, shape, intensity 

distribution, and orientation are extracted from the corresponding segmented cell image. 
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Using these obtained morphological feature values, the morphological features can be 

ranked based on their weight to classification via a sequential minimal optimization 

support vector machine (SVM) [123, 124] with a polynomial kernel. SVM is a supervised 

learning model in data analysis for classification and regression analysis by using 

associated learning algorithms. It can be performed by WEKA (Waikato Environment for 

Knowledge Analysis) [125], a free software program for machine learning. To avoid 

overfitting, the performance of the SVM is measured with 10-fold cross-validation, which 

is a resampling procedure used to evaluate machine learning models. The weight of the 

morphological features obtained by the SVM indicates the contribution of these 

morphological features to the classification. The higher the weight of a morphological 

feature, the more contribution the morphological feature has to the classification. Finally, 

a morphological meta-feature that optimally classifies the clones can be developed by 

conducting a linear combination of the SVM-identified morphological features. Linear 

discriminant analysis (LDA) is used to reduce the dimensionality of the morphological 

features into a single meta-feature. 

 

2.6 Measurement of Cu2+ removal efficiency 

The Cu2+ removal efficiency of each clone was evaluated by measuring the change of the 

remaining Cu2+ concentration in its culture medium using inductively coupled plasma 

atomic emission spectrometry (ICP-AES) (iCAP 6300, Thermo Fisher Scientific, 

Germany). The whole procedure consists of four steps. First, each culture was exposed to 

7.5 μM Cu2+ and cultured for 72 h. Here, I cultured cells for 72 h, which is the typical 

exposure time for evaluating the HM removal efficiency of microalgae [126-128]. Second, 

after 72 h, the supernatant of each culture was collected by centrifuging at 3,000g for 5 

min. Third, the Cu2+ concentration of the supernatant (Csample) was measured by ICP-AES. 

For the control, a fresh culture medium (AF6) with no cell suspension was treated with 

the same concentration of Cu2+ for 72 h. Then, its Cu2+ concentration was measured by 

ICP-AES (Ccontrol). Finally, the Cu2+ removal efficiency was calculated by 1-

�Csample Ccontrol⁄ �.  
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2.7 Evaluation of cell growth rate, viability, and nitrogen consumption 

To understand the effect of Cu2+ exposure on cell activities, some important physiological 

parameters such as cell growth rate, cell viability, and nutrient consumption were 

evaluated. The cell concentration of each clone was measured with a hemocytometer and 

then the cell growth of each clone was calculated as the number of cells 72 h after Cu2+ 

exposure divided by the number of cells before Cu2+ exposure. The viability of each clone 

was determined by staining cells with 0.025% (w/v) trypan blue. To evaluate nutrient 

consumption, I evaluated the amount of nitrogen (an important nutritional source in AF6 

medium) consumed by each clone by measuring the remaining nitrogen source (nitrate-

nitrogen and ammonium-nitrogen) concentration in its culture medium. The procedure of 

the nitrogen concentration measurements consists of four steps. First, the supernatant of 

each culture before Cu2+ exposure and 72 h after Cu2+ exposure was collected by 

centrifuging at 3,000g for 5 min. Second, nitrate-nitrogen concentration (Cnitrate0 for that 

before Cu2+ exposure and Cnitrate72 for that 72 h after Cu2+ exposure) was determined by 

measuring the absorption at a wavelength of 220 nm with an ultraviolet absorption 

spectrometer (JASCO, V-730) following the same procedure as previously reported 

[129]. Third, ammonium-nitrogen concentration (Cammonia0 for that before Cu2+ exposure 

and Cammonia72 for that 72 h after Cu2+ exposure) was measured using a LabAssay TM 

Ammonia kit (FUJIFILM Wako Pure Chemical Corporation, Japan) following the 

detailed testing protocol enclosed with the kit. Briefly, the supernatant of each culture was 

stained with three chromogens in the kit, followed by measuring the absorption at a 

wavelength of 630 nm. Finally, the nitrogen consumption was obtained by calculating 

[(Cnirate0 + Cammonia0) - (Cnitrate72 + Cammonia72)]/(Cnirate0 + Cammonia0). 
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Chapter 3 

Experimental demonstration of morphological 

indication  

3.1 Overview 

As mentioned in Chapter 1, morphological features have the potential to be a non-invasive 

and label-free indicator of microalgal HM removal efficiency should these two variables 

proved to be highly correlated. In this chapter, I describe the experimental demonstration 

of the capability of morphological features to be effective indicators of microalgal HM 

removal efficiency. Specifically, I describe the single-cell images of the original strain 

and 19 clones obtained using imaging flow cytometry, top-ranked morphological features, 

Cu2+ removal efficiency of E. gracilis, the correlation between morphological features 

and Cu2+ removal efficiency, and cellular activity of the original strain and 19 clones. 

 

3.2 Imaging flow cytometry of E. gracilis clones under Cu2+ exposure 

To study the potential effect of Cu2+ exposure on the morphology of E. gracilis cells and 

clone-to-clone differences, I used optofluidic time-stretch microscopy [92-94, 97, 113-

118] to perform high-throughput imaging flow cytometry of single E. gracilis cells of the 

original strain and 19 single-cell derived clones under a range of Cu2+ exposure conditions 

(0, 5, and 7.5 μM Cu2+). Figure 3-1 shows 20 single-cell images (randomly selected from 

144 images) of the original strain and two clones under each Cu2+ exposure condition. 

These two clones were “Clone 9” and “Clone 19” shown in Figure 3-2. As shown in 

Figure 3-1, the cells from the original strain were morphologically heterogeneous under 

Cu2+ exposure. In contrast, the cells from Clone 9 and Clone 19 displayed different 

morphological changes even though their Cu2+ exposure conditions were identical, while 

the cells within each clone had a consistent response. Specifically, without the 

Cu2+exposure, all of the imaged 144 cells of the original strain and 19 clones (partially 

shown in Figure 3-1 and 3-2) had an elongated shape with a high AR. Diverse changes in 

cellular morphology of the original strain were observed after exposure to 5 μM Cu2+; 
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some of the cells changed their elongated shape to a spindled shape with a smaller AR, 

while the others remained unchanged. This cell-to-cell heterogeneity in morphology 

became more apparent after exposure to 7.5 μM Cu2+. However, all the cells from Clone 

9 became spindle-shaped after their exposure to 5 μM Cu2+, while all the cells from Clone 

19 maintained their elongated shape under the same Cu2+ exposure condition. 

Furthermore, after their exposure to 7.5 μM Cu2+, all the cells from Clone 9 turned to a 

spherical shape, while all the cells from Clone 19 remained unchanged. These clone-to-

clone differences were evident in all of the 19 clones I evaluated as shown in Figure 3-9. 

These results indicate that the morphological features of E. gracilis cells are different 

between their clones under their exposure to Cu2+. Since the clone-to-clone differences 

were most obvious when cells were treated with 7.5 μM Cu2+, I decided to use this 

concentration as an exposure condition for Cu2+ removal efficiency measurements as 

described below. 
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Figure 3-1. Optofluidic time-stretch microscopy images of the original strain, Clone 9, and Clone 19 

under different Cu2+ stress conditions. These single-cell images were acquired after 2-h Cu2+ treatment. 

Scale bars, 20 µm. See Figure 3-2 for images of all the 19 clones. Reproduced with permission from 

ref [119]. Copyright 2021 American Chemical Society. 
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Figure 3-2. Optofluidic time-stretch microscopy images of the original strain and all the 19 E. gracilis 

clones under their exposure for 2 h to different Cu2+ concentrations (0 μM, 5 μM, 7.5 μM). Scale bars, 

20 µm. N = 144 images per concentration. Reproduced with permission from ref [119]. Copyright 

2021 American Chemical Society. 

 

3.3 Morphological features of E. gracilis clones  

To quantitatively investigate, I first extracted the morphological features of E. gracilis 

cells from the acquired images in CellProfiler after segmentation. Specifically, a total of 

45 morphological features were extracted from the obtained images. These morphological 

features were ranked based on their contributions to the cell classification using the SVM. 

Figure 3-3 shows the top 10 morphological features that made major contributions to the 

classification. Among them, max Feret diameter (the maximum distance between two 

parallel lines tangent on either side of the object), major axis length (the length (in pixels) 

of the major axis of the ellipse that has the same normalized second central moments as 

the region), min Feret diameter (the minimum distance between two parallel lines tangent 

on either side of the object), perimeter the total length of the perimeter of the input 

objects/binary image) and maximum radius (the maximum distance of any pixel in the 

object to the closest pixel outside of the object) are size-related features obtained from 

cell images. Eccentricity (the eccentricity of the ellipse that has the same second-moments 

as the region), compactness (the mean squared distance of the object’s pixels from the 

centroid divided by the area), and form factor [4π×(Area)/(Perimeter)2] were calculated 

in different ways to describe the shape-related features of cells. Zernike features 

(coefficients to describe a binary object on a basis of Zernike polynomials) characterize 

the distribution of intensity across each cell. More information on each feature is 

described in the CellProfiler manual (Measurement, Modules, Manual 3.0), which is 

available from the following webpage: http://cellprofiler-

manual.s3.amazonaws.com/CellProfiler-3.0.0/modules/measurement.html. As shown in 

Figure 3-3, most of the heavily weighted morphological features were identified to be 

purely shape- or size-related, without intensity-related information. These results mean 

that the most significant differences among the 19 clones came from their cell shape and 

size. More specifically, 10 clones showed the most distinctive difference in eccentricity, 

compactness, and max Feret diameter. Based on all the extracted morphological features, 
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a morphological meta-feature that maximized the classification of 19 clones was 

developed using the LDA. 

 

Figure 3-3. Top 10 morphological features of E. gracilis cells for classification. Reproduced with 

permission from ref [119]. Copyright 2021 American Chemical Society. 

 

3.4 Cu2+ removal efficiency of E. gracilis clones  

Meanwhile, to evaluate the capability of the 19 clones to remove Cu2+, I measured their 

Cu2+ removal efficiency. The results are shown in Table 3-1. The Cu2+ removal efficiency 

varied greatly from clone to clone, ranging from 3.45% to 8.43%. The average Cu2+ 

removal efficiency of the 19 clones was ~5.77%. Because the HM removal efficiency of 

microalgae varies at different cell concentrations, it is necessary to take the cell 

concentration into consideration when comparing the Cu2+ removal efficiency of the 19 

E. gracilis clones I measured with reported values. Taking the average cell concentration 

of 1.04 × 105 cells/ml 72 h after Cu2+ exposure into consideration, the Cu2+ removal 

efficiency per cell concentration was calculated to be ~5.55 × 10-5%/(cells/ml), which is 

comparable to the concentration value reported previously [~5.8 × 10-5%/(cells/ml)] [64]. 
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Table 3-1. Cu2+ removal efficiency of 19 E. gracilis clones. Reproduced with permission from ref 

[119]. Copyright 2021 American Chemical Society. 

Sample 
Average removal efficiency (%) 

N = 3 
Standard deviation (%) 

Clone 1 5.93 0.19 

Clone 2 6.53 0.44 

Clone 3 3.94 0.68 

Clone 4 6.20 0.30 

Clone 5 6.15 0.88 

Clone 6 4.76 0.43 

Clone 7 4.49 0.41 

Clone 8 3.45 0.12 

Clone 9 8.43 0.75 

Clone 10 5.82 0.23 

Clone 11 4.80 0.34 

Clone 12 5.91 0.40 

Clone 13 7.82 0.57 

Clone 14 6.91 0.35 

Clone 15 5.95 0.43 

Clone 16 5.17 0.65 

Clone 17 7.57 0.33 

Clone 18 4.88 0.57 

Clone 19 4.94 0.44 

 

3.5 Analysis of the correlation between morphological features and Cu2+ 

removal efficiency 

I investigated the potential correlation between the morphology and Cu2+ removal 

efficiency of E. gracilis cells using the obtained morphological meta-feature that 

maximized the classification between the different clones. The scatter plot on the right of 

Figure 3-4A shows the Cu2+ removal efficiencies measured under exposure to 7.5 μM 

Cu2+ against the morphological meta-feature of E. gracilis cells under the same condition, 



 
49 

 

while the left scatter plot shows the Cu2+ removal efficiencies measured under exposure 

to 7.5 μM Cu2+ against the morphological meta-feature of cells under exposure to 0 μM 

Cu2+ (i.e., no exposure as a control; see Figure 2-1 for the sample preparation and 

measurement workflow). Due to the monotonic relation between the two variables (the 

right scatter plot), I calculated Spearman’s rank correlation coefficient ρ to evaluate the 

correlation between the Cu2+ removal efficiency and the morphological meta-feature. The 

figure shows the presence of a strong monotonic correlation between the Cu2+ removal 

efficiency and meta-feature of E. gracilis cells under exposure to 7.5 μM Cu2+ (ρ = -0.82 

and P = 2.1 × 10-5). Generally, a ρ value of 0.7 ≤ ρ < 1 or -1 < ρ ≤ -0.7 means strong 

correlation between two variables. In contrast, this tendency is not shown in the controls 

(ρ = 0.15 and P = 0.53). These results indicate that the Cu2+ exposure was the cause of the 

morphological alterations seen with the samples exposed to 7.5-μM of Cu2+. This 

conclusion is reinforced by the histogram of the mete-feature of 19 clones under exposure 

to 0 and 7.5 μM Cu2+ (Figure 3-5). Furthermore, the weak correlation between the Cu2+ 

removal efficiency and meta-feature of E. gracilis cells under exposure to 0 μM Cu2+ 

means that the meta-feature of cells in the controls could not indicate the Cu2+ removal 

efficiency.  

For an intuitive understanding of the meta-feature, single-cell images of each clone 

with an average meta-feature value are also shown in the scatter plot on the right in Figure 

3-4A. The trend of these images indicates that the meta-feature values are highly related 

to the AR of the cells as the cells with lower AR showed higher Cu2+ removal efficiency. 

This is consistent with the results shown in Figure 3-3. To further investigate this trend, I 

studied the correlation between the Cu2+ removal efficiency and the top 20 morphological 

features. Specifically, I evaluated these correlations based on Spearman’s rank correlation 

coefficients and P values. As shown in Table 3-2, the top 11 morphological features show 

stronger monotonic correlations than the others. As expected, 9 of the top 11 

morphological features (eccentricity, compactness, max Feret diameter, major axis length, 

form factor, min Feret diameter, perimeter, maximum radius, and minor axis length) were 

related to the AR of cells. Among them, I showed the correlation between the Cu2+ 

removal efficiency and the top 3 morphological features (eccentricity, compactness, and 

max Feret diameter) as representative morphological features. As shown in Figure 3-4B, 

an increase of Cu2+ removal efficiency is strongly correlated with a decrease in 
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eccentricity (ρ = -0.77, P = 1.3 × 10-4), compactness (ρ = -0.81, P = 3.2 × 10-5), and max 

Feret diameter (ρ = -0.75, P = 2.0 × 10-4) of E. gracilis cells under exposure to 7.5 μM 

Cu2+, but weakly correlated with these top 3 morphological features (eccentricity, ρ = -

0.23, P = 0.34; compactness, ρ = -0.16, P = 0.52; max Feret diameter, ρ = 0.12, P = 0.63) 

of E. gracilis cells under exposure to 0 μM Cu2+. The values of eccentricity, compactness, 

and max Feret diameter of E. gracilis cells under exposure to 7.5 μM Cu2+ were 

distributed with large variations compared with those the values of E. gracilis cells under 

exposure to 0 μM Cu2+, further demonstrating that the Cu2+ exposure is the cause of the 

morphological alterations (see Figures 3-4B, 3-6, 3-7, and 3-8). These results firmly 

indicate that the morphological features of E. gracilis cells under exposure to 7.5 μM 

Cu2+ are reasonable morphological indicators to select E. gracilis cells with higher Cu2+ 

removal efficiency. 
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Figure 3-4. Correlation between the morphology and Cu2+ removal efficiency of E. gracilis cells. (A) 

Correlation between the morphological meta-feature and Cu2+ removal efficiency of E. gracilis cells. 

The meta-feature is a linear combination of 45 morphological features extracted from images of single 

E. gracilis cells exposed to 7.5 μM Cu2+ for 2 h, while the Cu2+ removal efficiency was measured from 

the media in which these cells were cultured for 72 h with exposure to 7.5 μM Cu2+. (B) Correlation 

between the top 3 morphological features (eccentricity, compactness, and max Feret diameter) and 

Cu2+ removal efficiency of E. gracilis cells. The error bars represent standard deviations of the meta-

feature values (n = 144 images) and Cu2+ removal efficiency (n = 3 measurements). Scale bar, 20 µm. 

The colored areas represent 95% confidence intervals. Reproduced with permission from ref [119]. 

Copyright 2021 American Chemical Society. 



 
52 

 

 

Figure 3-5. Histograms of the morphological meta-feature of E. gracilis cells under exposure to (A) 0 

and (B) 7.5 μM Cu2+.  N = 144 images for each clone. 
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Figure 3-6. Histograms of the eccentricity of E. gracilis cells under exposure to (A) 0 and (B) 7.5 μM 

Cu2+.  N = 144 images for each clone. 
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Figure 3-7. Histograms of the compactness of E. gracilis cells under exposure to (A) 0 and (B) 7.5 μM 

Cu2+.  N = 144 images for each clone. 
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Figure 3-8. Histograms of the max Feret diameter of E. gracilis cells under exposure to (A) 0 and (B) 

7.5 μM Cu2+.  N = 144 images for each clone. 

  



 
56 

 

Table 3-2. Spearman’s rank correlation coefficient and the P value of the top 20 morphological 

features of E. gracilis cells for classification. Reproduced with permission from ref [119]. Copyright 

2021 American Chemical Society. 

Morphological 
feature 

Rank 
Spearman’s rank 

correlation coefficient (ρ) 
P value 

Eccentricity 1 -0.77 ≤ 0.001 

Compactness 2 -0.81 ≤ 0.0001 

Max Feret diameter 3 -0.75 ≤ 0.001 

Zernike_0_0 4 -0.76 ≤ 0.001 

Major axis length 5 -0.78 ≤ 0.0001 

Form factor 6 0.77 ≤ 0.001 

Min Feret diameter 7 0.76 ≤ 0.001 

Perimeter 8 -0.70 ≤ 0.001 

Zernike_2_0 9 0.68 ≤ 0.01 

Maximum radius 10 0.80 ≤ 0.0001 

Minor axis length 11 0.81 ≤ 0.0001 

Zernike_4_2 12 -0.60 ≤ 0.01 

Zernike_6_4 13 -0.64 ≤ 0.01 

Area 14 -0.55 ≤ 0.05 

Zernike_4_0 15 -0.51 ≤ 0.05 

Orientation 16 -0.24 > 0.05 

Zernike_6_6 17 -0.42 > 0.05 

Zernike_8_8 18 -0.29 > 0.05 

Zernike_2_2 19 0.22 > 0.05 

Mean radius 20 0.61 ≤ 0.01 

 

3.6 Analysis of the growth, viability, and nitrogen consumption 

To further understand the cellular activity during Cu2+ exposure, I measured the cell 

growth, viability, and nitrogen consumption of E. gracilis cells. As shown in Figure 3-9A, 

the average growth rate of cells cultured with 7.5 μM Cu2+ exposure was ~4 (i.e., cells 



 
57 

 

divided twice), which is comparable to the estimated growth of cells cultured without 

Cu2+ exposure (see Figure 3-10 for the growth of E. gracilis cells from the original strain 

without Cu2+ exposure). Figure 2-6 shows the detailed cell growth of 19 clones on each 

day. The cells grew constantly from the time of exposure to 7.5 μM Cu2+ (day 22) to 48 

h after the exposure (day 24) because the cells were in the logarithmic phase, though the 

growth almost saturated 48 h after the exposure. Furthermore, as shown in Figure 3-9B 

and Figure 2-6, the cell viability was close to 100% before and during the Cu2+ exposure. 

These results indicate that the proliferative activity of E. gracilis cells during 7.5 μM Cu2+ 

exposure for 72 h was not suppressed from the stress of Cu2+. In addition, as shown in all 

the panels of Figure 3-9, the correlations between the Cu2+ removal efficiency of E. 

gracilis cells and their growth, viability, and nitrogen consumption were weak and 

statistically insignificant (cell growth: ρ = -0.31, P = 0.20; cell viability: ρ = -0.10, P = 

0.27; nitrogen consumption: ρ = -0.14, P = 0.58). These results indicate that the Cu2+ 

removal efficiency differences between clones were not caused by the variations of the 

cell growth, viability, or nitrogen consumption. 
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Figure 3-9. Correlations between the Cu2+ removal efficiency and the growth, viability, and nitrogen 

consumption of E. gracilis cells. (A) Correlation between the Cu2+ removal efficiency and cell growth 

during Cu2+ exposure. The cell growth was calculated as the number of cells 72 h after Cu2+ exposure 

divided by the number of cells before Cu2+ exposure. (B) Correlation between the Cu2+ removal 

efficiency and cell viability 72 h after Cu2+ exposure. (C) Correlation between the Cu2+ removal 

efficiency and nitrogen consumption of E. gracilis cells. The nitrogen consumptions were calculated 

as the difference of the total nitrogen concentrations (nitrate-nitrogen and ammonium-nitrogen) before 

and 72 h after Cu2+ exposure divided by the sum of the total nitrogen concentrations before the 

exposure. The error bars represent standard deviations of cell concentrations (n = 3 measurements). 

The colored areas represent 95% confidence intervals. Reproduced with permission from ref [119]. 

Copyright 2021 American Chemical Society with minor modifications. 
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Figure 3-10. Cell concentration of the original strain of E. gracilis during culturing in AF-6 medium. 

The error bars represent standard deviations of cell concentrations (n = 3 measurements). Reproduced 

with permission from ref [119]. Copyright 2021 American Chemical Society. 

 

3.7 Summary 

In this chapter, I demonstrated an intelligent morphological indicator of microalgal HM 

removal efficiency that can be used for directed evolution of microalgae, which has great 

potential for the development of E. gracilis with an extremely high HM removal 

efficiency for practical wastewater treatment worldwide. First, I successfully obtained 19 

clones derived from single E. gracilis cells and cultured them in the synchronized life 

cycle and culture conditions. Second, I obtained single-cell images of the 19 clones under 

different Cu2+ exposure conditions and analyzed their morphological features using 

machine learning. The morphological features differed the most among clones with 

exposure to 7.5 μM Cu2+. Meanwhile, I measured the Cu2+ removal efficiency of the 19 

clones. Finally, the morphological indicator of microalgal HM removal efficiency was 

confirmed by a strong monotonic correlation (Spearman’s ρ = −0.82, P = 2.1 × 10−5) 

between a morphological meta-feature recognized via the machine learning algorithms 

and the Cu2+ removal efficiency of 19 E. gracilis clones. Further analysis indicated that 

the Cu2+ removal efficiency differences between clones were not caused by the variations 

of the cell growth, viability, or nitrogen consumption. 
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Chapter 4 

Conclusions 

In this thesis, I proposed and experimentally demonstrated an intelligent morphological 

indicator. This morphological indicator is critical to the realization of non-invasive and 

label-free sorting of E. gracilis cells with high Cu2+ removal efficiency, thus enabling the 

development of E. gracilis with an extremely high HM removal efficiency for practical 

wastewater treatment based on directed evolution. Specifically, I successfully prepared 

clones derived from single E. gracilis cells, which showed heterogeneity in both 

morphological response to Cu2+ and Cu2+ removal efficiency. To keep the clone samples 

in well-controlled conditions, I prepared and treated the single cell-derived clones in the 

same culture conditions. Analysis of a morphological meta-feature under exposure to 7.5 

μM Cu2+ recognized via our machine learning algorithms and the Cu2+ removal efficiency 

of 19 E. gracilis clones showed a strong monotonic correlation (Spearman’s ρ = −0.82, P 

= 2.1 × 10−5) between them. In comparison, there was only a weak correlation 

(Spearman’s ρ = 0.15, P = 0.53) between the morphological meta-feature under exposure 

to 0 μM Cu2+ recognized in the same way and the Cu2+ removal efficiency of 19 E. gracilis 

clones. Similar results were shown in the top 3 morphological features. These results 

suggest that the morphological features could be effective indicators of microalgal HM 

removal efficiency. 

The morphological indicator of E. gracilis identified in this work has the potential 

for enabling directed-evolution-based development of E. gracilis with high Cu2+ removal 

efficiency. Specifically, this can be achieved by physically isolating E. gracilis cells with 

much higher Cu2+ removal efficiency than the average by implementing the indicator 

information on recently developed powerful sorting techniques, such as inertial-

microfluidics-based sorting [130, 131] and image-activated cell sorting [99-104]. Inertial-

microfluidics-based sorting can be used to separate E. gracilis cells based on cellular AR 

[130], which is analogous to cellular eccentricity, as shown in Figure 3-7B. The 

throughput of this sorting technique was demonstrated to be ~1300 cells/s using a 

previously developed sorter by Li et al [130]. Intelligent image-activated cell sorting can 
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be employed to sort E. gracilis cells based on a combination of various morphological 

features, such as the morphological meta-feature, as shown in Figure 3-7A, by simply 

modifying algorithms used for the decision making of sorting on the real-time intelligent 

image processor [99-104]. The second generation of the intelligent image-activated cell 

sorting technique is now available to sort cells with a high throughput of ~2000 cells/s 

[100]. 

After solving the challenges in the cell sorting step, to demonstrate the whole process 

of directed evolution of microalgae with high HM removal efficiency, it is necessary to 

overcome the scientific and practical bottlenecks in the mutagenesis step of the directed-

evolution process. A suitable mutagenesis method and conditions are highly dependent 

on species and purpose. There are few reports about mutagenesis on the nuclear genome 

of E. gracilis as it is a polyploid [132]. Our group previously reported a mutagenesis 

method, Fe-ion beam irradiation, on E. gracilis for obtaining oil-rich cells through 

directed evolution [133], but further analysis is necessary to check if this method is 

applicable to the purpose of this thesis. In addition, the accessibility of Fe-ion beam 

irradiation is very limited, which is a practical problem for carrying out multiple rounds 

of directed evolution. Other methods of mutagenesis, such as atmosphere room-

temperature plasma (ARTP), are worth trying. ARTP has been successfully used on 

Crypthecodinium cohnii for breeding extracellular polysaccharide-rich cells [134] and 

Chlorella pyrenoidosa [135] for screening an optimal mutant strain with increased lipid 

productivity. But the applicability of this method on E. gracilis for obtaining cells with a 

high HM removal efficiency remains to be investigated. 

In conclusion, I proposed and experimentally demonstrated an intelligent 

morphological indicator of the Cu2+ removal efficiency of E. gracilis. This intelligent 

morphological indicator is crucial for the development of a directed-evolution method of 

microalgae with high HM removal efficiency, because it is the first found non-invasive 

and label-free indicator that can be used to sort microalgal cells with high HM removal 

efficiency. Using the same methods, it is highly possible to experimentally demonstrate 

more morphological indicators of other HMs’ removal efficiency of E. gracilis and other 

types of microalgal species, as long as these microalgal species also show differences in 

morphological response and removal efficiency after HM exposure among cells. This 

indicator can be implemented on the powerful single-cell sorting techniques [99-104, 130, 
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131] to achieve a fast and accurate sorting of microalgal cells with high HM removal 

efficiency. To demonstrate the whole process of directed evolution of microalgae with 

high HM removal efficiency, a suitable mutagenesis method and conditions are also 

necessary but presently remains unsolved. However, there are several promising 

candidates that are worth trying. Overall, the morphological indicator of microalgal HM 

removal efficiency I demonstrated in this thesis has the great potential for directed-

evolution-based development of microalgae with extremely high HM removal efficiency, 

thus benefit to a not only sustainable, low-cost, and eco-friendly, but also highly efficient 

bioremediation method for the treatment of HM-polluted wastewater. 
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Table of Acronyms  

Acronyms Full Name 

HM heavy metal 

AR aspect ratio 

MTs metallothioneins 

MTLPs metallothionein-like proteins 

PCs phytochelatins 

SVM support vector machine  

LDA linear discriminant analysis 

FACS fluorescence-activated cell sorting 

ICP-AES inductively coupled plasma atomic 
emission spectrometry 

ARTP atmosphere room-temperature plasma 
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