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ABSTRACT 
 

Despite the ever-changing trends in energy usage today, there is one fact that is 

clear: our current fuels are unsustainable, both environmentally and economically. 

Algae have the potential to become a sustainable fuel source due to its 

photosynthetic capabilities and its versatility in land and water usage. Unlike many 

of the alternative fuel sources, algal technology lacks proper implementation due 

to the large gap between research and large-scale production. Because of this, 

researchers are responsible for advancing the techniques and technologies used to 

culture and analyze algal cultivations. If we look at algal technology history, we 

can see that little has changed since the early attempts at growing microalgae.  

Many of the current culturing and analytical techniques for microalgae are derived 

from techniques that have been developed for other microbial and plant cultures. 

As algal technology evolves, however, researchers must look to new ways of 

studying microalgae due to its own unique aspects. For example, little has been 

done in morphological analysis in algae. This has the potential to be a powerful tool 

to better enhance our understanding of how algal cells respond to varying growth 

conditions.  

We used dynamic particle imaging analysis through the FlowCam® to generate 

quantitative morphological data that can be used to assess how one strain of algae 

responds to different growth conditions, such as light presence or varying carbon 

sources. We also propose using the integrated VisualSpreadsheet® software to 

compare both size and shape of algal cells in the aforementioned growth conditions. 
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We also used dynamic particle imaging analysis as a counting tool for microbial 

cells and compared them to traditional techniques, such as a hemocytometer or 

optical density readings. This is not to show which technique is more accurate, but 

rather to offer dynamic imaging particle analysis as an alternative technique for cell 

counting. Unlike the traditional techniques, the FlowCam® is more efficient and 

less tedious, especially when considering multispecies cultures. We have compared 

these techniques for monocultures and multispecies cultures and showed that the 

FlowCam®’s versatility allows for cell counting that is consistent with the 

hemocytometer and optical density values, and has also proved that it is more 

efficient when considering co-cultures. 

Dynamic imaging particle analysis through equipment like the FlowCam® is only 

one of many new technologies that are available for algal cultures. Because of its 

versatility, many types of data can be generated using one equipment, allowing for 

algal screening on different degrees of analysis. With the development of new 

techniques and technologies, algal cultures can be analyzed more efficiently and 

with better depth.  
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CHAPTER 1: HISTORY OF ALGAL TECHNOLOGY 

In the past several years we have seen a dramatic change in fuel use in the United 

States. The evolving natural gas market as a result of industrial production 

expansion and declines in light-duty vehicle energy use. Projections, however, are 

uncertain since the growing oil and natural gas market due to tight oil and shale 

formations may increase local industrial growth and lower the use of imported 

petroleum (U.S. Energy Information Administration 2014).  

Despite these current trends, the use of these types of fuel is unsustainable. 

According to the IEA (International Energy Agency), energy-related greenhouse 

gas emissions will more than double by 2050 (International Energy Agency 2011). 

Biofuels serve as an effective alternative to petroleum fuels because it requires 

minimal changes to already existing vehicle stocks and distribution infrastructure 

(International Energy Agency 2011). Conventional sources of biofuels include the 

sugar-to-ethanol process from sugar crops, biodiesel production from raw vegetable 

oils, and biogas production through anaerobic digestion. Both ethanol and biodiesel 

production from crops can increase economic development in rural areas, but it also 

leads to high volatility in feedstock prices (International Energy Agency 2011).  

Other sources of biofuels include cellulosic ethanol where ligno-cellulose, usually 

a waste product from crops, are converted to sugars and then converted to ethanol. 

There are currently developments into large-scale plants for production of 

cellulosic ethanol (International Energy Agency 2011).  
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Finally, there is much research into using microorganisms, like algae, in the 

production of biofuels. Unlike conventional ethanol and biodiesel production, these 

microorganisms do not affect sensitive feedstock prices. They also do not require 

the use of arable land and, depending on the species, can grow on a variety of water 

sources. There is a wide range of uses for microorganisms as a biofuel. The most 

conventional method is extracting lipids from their cells and converting the lipids 

into biodiesel. There are, however, other methods of utilizing microorganisms for 

fuel. Algenol, an algae company in Florida, uses cyanobacteria (also known as blue-

green “algae”) to produce ethanol. The spent algae is then collected and converted 

into crude oil through hydrothermal liquefaction (Algenol 2011). The limitations 

of using algae as a biofuel producer are due to proper locations with access to light 

and water (water has to be constantly replenished), costs of nutrients, and oil 

extraction. Estimated production costs of oil from algae range from $0.75/l to 

$5.00/l, which already excludes the cost of conversion to usable biodiesel (Darzins 

et al. 2010;International Energy Agency 2011). The high costs require that 

researchers optimize the scale-up production systems. Since algae have not been 

researched as extensively as other microorganisms, there is a large gap between 

laboratory scale cultures and production scale cultures. In order to advance algae 

as a biofuel source, researchers must better improve the methodology and the 

technology that has been used for analysis. In order to better understand how algal 

biofuels can improve in efficiency and cost, we must look at the technology that 

has been developed and how we can improve upon the conventional tools that have 

been established.  
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1.1 Origins of Algal Research 

One of the first researchers to study algae was none other than the founders of 

modern microbiology, Ferdinand Cohn. He was the first to classify algae as plants, 

and recorded one of the first attempts at culturing algae with Haematococcus 

pluvialis (Cohn 1850). Shortly after, Andrei Famintsyn, a Russian botanist, isolated 

algal cells from lichens and was the first scientists to implement artificial lighting 

in plant cultures. He also cultured the green algae Chlorococcum infusionum and 

Desmococcus olivaceus (then known as Protococcus viridis) using simple 

inorganic culture medium (Famintzin 1871;Andersen 2005;Borowitzka and 

Moheimani 2013;Kim 2015).  

Our understanding of modern algal culture started with the experiments of Martinus 

Beijerinck on Chlorella vulgaris (Beijerinck 1890;Andersen 2005;Borowitzka and 

Moheimani 2013;Kim 2015), and Miquel on diatoms (Miquel 1892;Borowitzka 

and Moheimani 2013). Following their works, scientists were able to elucidate upon 

the nutritional requirements and physiology of algae (Warburg 1919;Borowitzka 

and Moheimani 2013). Further improvements and modifications of culture methods 

were done by Pringsheim, who introduced acetate in culture medium for the 

heterotrophic growth of algae (Pringsheim 1947), Myers and Clark, who developed 

a continuous culture system of Chlorella and also studied the effects of light 

intensity on Chlorella’s photosynthetic capabilities (Myers and Clark 1944;Myers 

and Burr 1940), and Chu, who studied the effects of nitrogen and phosphate on 

Botryococcus braunii (Chu 1942). 
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1.2 Algae as a Biofuel Source 

Large-scale production of algae for food or fuel began in the 1940s with the works 

of Harder and von Witsch using diatoms for the mass production of oil in World 

War II (Harder and von Witsch 1942). After World War II, there was no immediate 

need for alternative liquid fuels, so research on algae shifted to food and protein 

production (Borowitzka and Moheimani 2013).  

 

 

Efforts to improve large-scale algal cultivation systems began in the United States 

by Cook (Cook 1950) and Burlew (Burlew 1953), in Germany by Gummert 

(Burlew 1953), and in Japan by Mituya. (Burlew 1953). As shown in Figure 1.1, 

these systems were preliminary proof-of-concept ideas to gather more information 

about large-scale algal production. Similar to the issues that current large-scale and 

pilot-scale algal production face, the early systems had issues with controlling 

environmental conditions for optimal cell growth and obtaining a feasible biomass 

yield.  

Figure 1.1 Diagrams of early large-scale cultivation systems. The unit on the left is a design by Gummert 
for a non-sterile open air plant. The unit on the right by Mituya is a diagram of a pre-pilot-plant scale system 
(Burlew 1953). 
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1.3 The Aquatic Species Program  

In 1978, the U.S. Department of Energy’s Office of Fuels Development began a 

program to develop biofuels from algae. This program ran for almost twenty years, 

ending in 1996. The program, known as the Aquatic Species Program (ASP), was 

tasked to develop biodiesel from algae, while utilizing CO2 from coal-fired power 

plants. There were three aspects of algal biodiesel production that the program 

focused on: applied biology, algae production systems, and resource availability 

(Sheehan et al. 1998).  

In applied biology, researchers screened for high lipid producing algae that could 

tolerate a wide variety of growth conditions. They tasked themselves to building a 

collection of algae that were characterized based on oil content and ability to 

tolerate extreme temperature, pH, and salinity. At one point, the collection 

contained over three-thousand species of microalgae. After screening and 

characterization, the collection decreased to only about three hundred species of 

green algae and diatoms. The collection is still available today at the University of 

Hawaii (Sheehan et al. 1998). In addition to screening algae, researchers also 

studied the physiology of algae, specifically on environmental conditions that 

would increase lipid production. Researchers found that certain nutrient limitations, 

especially nitrogen (and silicon in diatoms), increased lipid content in algal cells, 

but overall lipid productivity did not increase since cells could not continue 

proliferating. Finally, there were large advances in molecular biology and genetic 

engineering. Researchers developed the first successful transformation system in 

diatoms, first isolated the Acetyl CoA Carboxylase enzyme from a diatom, and 
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paved the way in metabolic engineering for increasing lipid production in algae 

(Sheehan et al. 1998). 

The second effort that researchers in ASP developed were large-scale algae 

production systems. Large outdoor ponds were designed and tested in California, 

Hawaii, and New Mexico. For six years, tests were run in parallel in California and 

Hawaii and showed reliable production of algae. Based on these results, 1000 m2 

pond systems were developed in New Mexico. The results of this experiment 

showed that algae were successfully able to utilize over 90% of CO2 that were 

introduced to the ponds. On days of high productivity, biomass yields were as high 

as 50 g of algae per square meter per day. These high biomass yields, however, 

could not be consistently maintained due to low temperatures in New Mexico at 

night. Despites these potentially promising results, cost analyses of large-scale 

production showed that there was little prospect to finding alternatives to the open 

pond systems, given that these systems were compatible with low costs needed to 

produce biofuel. Therefore the advances that needed to be made were in regards to 

the biology aspect of production (Sheehan et al. 1998).  

Finally, researchers also looked into the available resources needed for algal 

biodiesel production. Large amounts of land, water, and CO2 are needed to sustain 

biofuel production from algae. In comparison to food crops, however, these 

resources were not considered a hurdle that algal biodiesel production faces 

(Sheehan et al. 1998).  
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1.4 Current and New Approaches to Microbial Cultures for 
Biofuels 

 

Many of the work that are done on algal cultivation stems from the early research 

that has been performed already. To date, there are approximately 35,000 species 

of microalgae that have been described, but the amount of species that exist is 

potentially significantly higher (Borowitzka and Moheimani 2013). There are 

works in isolating new strains of microalgae, characterizing, and testing in various 

growth conditions to enhance lipid production. Since the days of the ASP, there has 

been considerable work done in genetic engineering of microalgae. 

Chlamydomonas reinhardtii, a model organism for microalgae, has been 

extensively studied in terms of genetic, physiological, and biochemical work 

(Borowitzka and Moheimani 2013). In fact, many of the genetic tools available in 

microalgae has stemmed from the works on C. reinhardtii. Despite this, it has been 

understood that C. reinhardtii has little potential as a biofuel producer. Because of 

this, researchers have studied other organisms for genetic engineering, but there has 

been little success in this realm. Understanding the biochemical pathways through 

techniques like metabolic flux analysis and genome scale models, however, are 

essential in algal technology so that these toolkits are established once the genetic 

engineering techniques can yield high success.  

In terms of culturing techniques, many of the techniques have not been altered since 

algal technology has been established. Researchers have studied temperature, 

carbon supply, pH, and oxygen tolerance in microalgae. There has also been work 

done on nutrient deprivation, such as nitrogen and iron supplies (Borowitzka and 
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Moheimani 2013). There has been advances in large scale cultivation systems, 

especially that of photobioreactors, but the costs of implementing these types of 

systems may not offset the cost of production using a simpler system.  

A more recent phenomena in microalgal cultivation has been the development of 

multispecies cultures of microalgae, bacteria, or fungi (also known as co-cultures 

or polycultures). This type of cultures harkens back to microbial cultures in nature, 

where a diverse variety of microorganisms exist and interact together as a 

population (Santos and Reis 2014). Motivations for these types of co-cultures are 

to reduce the cost of providing nutrients and increase tolerance towards various 

growth conditions. It is through understanding how microalgae grow and interact 

with other species that we can better develop technologies that can provide 

researchers with more useful information. 
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1.5 Conclusion 

As we have previously discussed, algal technology has been a multidisciplinary 

field and began through adapting many techniques and technologies that have been 

developed for microbial and plant cultures. As the field evolved, new technologies 

became available that are unique to the goal of algal biofuels and only shows how 

much work still needs to be done before algal biodiesel becomes a feasible. They 

also show, however, how receptive researchers are to novel ideas and technologies 

that are essential to advance the field. It is through continuing this path that the field 

can grow just the way we would want our algae to grow.  
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CHAPTER 2: DESIGNING ARTIFICIAL LICHENS 

Great effort has been made to study microorganisms in the field of biofuels. From 

screening microbes to manipulating algae to increase lipid production, scientists 

have taken great pains to isolate these organisms and cultivating them in 

monocultures. The reality, however, is that microorganisms do not grow in isolated 

cultures. Similar to the bacteria in our gut, organisms thrive when they are grown 

in an ecosystem with other organisms that can provide the essential nutrients and 

protection to allow the entire ecosystem to flourish. Here, we will discuss how these 

symbiotic relationships occur in nature and how they can be applied in the 

production of biofuels.  
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2.1 Symbiosis in Nature 

Ever since the dawn of life on Earth, organisms have not only grown with each 

other, but they also interact with one another. It is through these types of 

interactions that organisms could evolve to the diverse ecology that we see today. 

Symbiosis, an interaction in which two partner organisms exchange advantages to 

each other that allows both partners to flourish. The most classical example of a 

symbiotic relationship is that of lichens, where fungi interact with either a 

cyanobacteria or algae (Santos and Reis 2014). The algae or cyanobacteria, also 

known as phototrophs, will provide nutrients to the fungi and in exchange the fungi, 

also known as a heterotroph, will provide protection to the phototroph, as well as 

supplying the phototroph with water and minerals that the phototroph needs to 

survive (Santos and Reis 2014). Through understanding the interactions between 

organisms in symbiosis, researchers began to develop “synthetic” lichens for the 

production of biofuels or other high-value products. These relationships can be used 

to enhance biofuel production through harvesting, nutrient exchange, resource use, 

etc. as we will explore in this chapter.  
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2.2 Harvesting 

Industrial production of biofuels from microalgae requires an efficient harvesting 

method of biomass in large scales. Traditional techniques include centrifugation, 

filtration, sedimentation, flotation, and chemical flocculation, in addition to 

combinations of the aforementioned methods (Uduman et al. 2010). These methods 

are dependent on the properties of the microalgae, including size and density, as 

well as the desired products (Brennan and Owende 2010). These methods have 

proven to be too costly for biofuel production or they may be shown to contaminate 

the desired product, which can further complicate the extraction process (Milledge 

and Heaven 2013). In order to decrease the cost of biofuel production, a more 

efficient means of harvesting needs to be explored. Cell immobilization and 

pelletization through microbial mycelium and flocculants have been shown to be a 

promising, non-toxic means of extracting desired products from microalgae.  

In addition to improving exchange between organisms by minimizing space, 

immobilization of microalgae through means of a fungi or bacteria facilitates 

downstream harvesting and extraction by removing the bulk liquid. This 

immobilization is achieved through use of fungal mycelium (Gultom and Hu 

2013;Gultom et al. 2014;Talukder et al. 2014). Fungal mycelium can initially be 

cultured separately from the microalgae and subsequently added once the 

microalgae has reached an appropriate density. The culture is then mixed to 

immobilize the microalgae and is then precipitated once mixing is ceased. The 

biomass can then be filtered using a sieve (Talukder et al. 2014). Alternatively, the 

fungal mycelium can be co-cultured with the microalgae to form pellets, which can 
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then precipitate for harvesting (Gultom and Hu 2013). There is a potential 

synergistic advantage in the latter case, as co-cultures may perform better than 

monocultures if there is an exchange between the two organisms (Gultom et al. 

2014). 

As mentioned previously, chemical flocculants can contaminate the microalgal 

culture, complicating the extraction of lipids or other high value products. 

Bioflocculation has been extensively studied for the removal and harvesting of 

microalgae for this reason. Of these methods, there have been studies for removal 

of microalgae from wastewater treatment processes and harvesting of microalgae 

for biofuel production.  

Microalgae have been used in wastewater treatment as a method to maximize 

nutrient removal by utilizing inorganic nutrients such as nitrogen and phosphorus 

(de la Noue and de Pauw 1988;Garbisu et al. 1993;Abdel-Raouf et al. 2012) for 

biomass production. They are also able to remove some heavy metals and toxic 

compounds (Huntley 1989), preventing any secondary pollution.  
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2.3 Gas Exchange 

In natural ecology system, microalgae are always in association with other aerobic 

microorganisms. It is admitted that the microalgae function as an oxygen producer 

in the mixed culture as shown by (Xue et al. 2010) that the dissolved oxygen in the 

culture of yeast Rhodotorula glutinis drastically increased when microalgae 

Spirulina platensis was supplied. 

The oxygen generated by microalgae benefits co-cultured heterotrophic 

microorganisms for biomass and lipid production (Cheirsilp et al. 2011;Cheirsilp 

et al. 2012). Meanwhile, it stimulates the synthesis of saturated fatty acids, 

indicating its potential use for biofuel production with high oxidative stability (Cai 

et al. 2007;Kitcha and Cheirsilp 2014). In addition, algae-derived oxygen is also 

demonstrated to facilitate production of bioactive and pharmaceutical compounds 

from heterotrophic partners. For instance, the green algae Chlorella vulgaris and 

Chlorella pyrenoidosa have been used for in situ oxygen production for co-

immobilized bacterium Anacystis nidulans and fungus Cephalosporium 

acremonium respectively to produce α-keto acid and β-lactam antibiotics 

respectively (Wikström et al. 1982;Khang et al. 1988). Likewise, oxygen produced 

by the green algae Haematococcus pluvialis in the photosynthetic activities 

promoted astaxanthin synthesis of the red yeast Phaffia rhodozyma (Dong and Zhao 

2004), which requires oxygen in the conversion reactions from beta-carotene to 

astaxanthin (Ref). 
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The molecular oxygen generated by microalgae is also employed as electron 

acceptor by the heterotrophic aerobic bacteria for BOD removal from domestic 

wastewater. This is especially efficient knowing that most recalcitrant and toxic 

pollutants are mainly aerobically degradable. For example, algal-bacterial 

consortium was able to perform the aerobic degradation of aromatic pollutants, 

such as phenanthrene, acetonitrile, phenol, and salicylate, by pollutant-specific 

bacteria without any external O2 supply, and microalga was proved to have a 

beneficial effect by oxygen production (Borde et al. 2003).     

On the other hand, oxygen removal/attenuation by aerobic partner would facilitate 

photosynthesis and lipid production of microalgae. High oxygen accumulation 

imposes a severe impediment for algal growth by inhibiting photosynthesis, which 

is an especially serious problem in closed photobioreactors (Marquez et al. 1995). 

Thus O2 reutilization in mixed culture can help prevent O2 levels from reaching 

toxic concentrations and reduce photooxidative damage (Chojnacka and Facundo-

Joaquin 2004;Cai et al. 2007;Li et al. 2014). Minimizing dissolved oxygen in the 

culture medium has been proved to guarantee the effective lipid production of green 

alga Chlorococcum littorale under photoautotrophic conditions (Ota et al. 2006;Ota 

et al. 2011). At the same time, the heterotrophic partner supplies algae with extra 

CO2, which is derived from several processes. In fermentation process, 

decarboxylation step catalyzed by pyruvate dehydrogenase results in loss of one 

third of the organic carbon, i.e. generation of one molecular of two-carbon acetyl-

CoA from three-carbon pyruvate, with one molecular of CO2 released. In addition 

extra CO2 could be released in oxidative pentose phosphate pathway and respiration 
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pathways. Thus, more than 33% of organic carbon has been wasted in heterotrophic 

cells. Therefore, reutilization of CO2 by green algae in mixed culture with 

heterotrophic cells could efficiently utilize organic substrate, making higher 

efficiency of carbon conversion.    

As a result, gas exchange of CO2 and O2 between algae and the heterotrophic 

partner takes place simultaneously in the mixed culture, which alleviate and/or 

eliminate the stresses caused by O2 on the green algae and CO2 on the heterotrophic 

partner, and facilitates the growth conditions for both of the two trains. 
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2.4 Resource Use Complementarity 

An important explanation for increased production in mixed culture is through 

resource-use complementarity.  

When species with different resource requirements and resource-acquisition traits 

are grown together, competition between members of the community is reduced 

compared with that experienced by individuals in dense monocultures. This 

differentiation allows a diverse array of species coexisting and the community 

efficiently utilizes most of the available resources, leading to higher productivity.  

The maximum biomass production depends on light energy conversion efficiency 

of algae during the process of photosynthesis. Light is a heterogeneous resource 

made up of different wavelengths, in which the photosynthetically available 

radiation (PAR) spectrum is limited within 400-700 nm. However, light-harvesting 

pigments of photosynthetic organisms have their own corresponding range of 

wavelengths of light that can be captured, and the wavelengths different from the 

pigment’s corresponding range cannot be harvested. All microalgae use chlorophyll 

a as their primary light-harvesting pigment; however, the additional, accessory 

pigments differ. For instance, Cyanophyta, Rhodophyta, and Glaucophyta contain 

phycoerythrin, phycocyanin, and allophycocyanin, whereas green algae contain 

chlorophyll b. β-carotene is widely distributed with the exception of the 

Cryptophyta and bilin-containing Dinophyta. Astaxanthin is exclusively found in 

the Chlorophyta. These accessory pigments capture only small portions of the PAR 

spectrum, but a functionally diverse assemblage of algae would contain a broad 
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range of light-harvesting pigments, resulting in a more efficient and higher overall 

use of available light compared to a single species (Striebel et al. 2009;Behl et al. 

2011). 

In addition, since seasonally and daily fluctuation of light intensity, especially for 

outdoor pond cultivation, photosynthesis of mono-population algal cannot maintain 

maximum efficiency due to either insufficient light source supply or suffering 

photoinhibition under light intensity higher than saturation degree. Thus, 

cocultured algal species with high and low light requirements can utilize varying 

light efficiently and guarantee the overall biomass productivity (Litchman and 

Klausmeier 2001;Litchman 2003). Similarly, coculture of algal species with high 

and low optimal temperature range would be also helpful to keep higher growth 

rate under fluctuating temperatures. 
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2.5 Conclusion 

Implementing multispecies cultures for microalgal technology has been particularly 

intriguing for scientists simply for the fact that these types of relationships have 

allowed microorganisms to flourish throughout the course of life on Earth. Since 

many of the organisms that researchers study for biofuel production originated in a 

consortia of many other organisms, it only makes sense to culture these organisms 

similarly in a laboratory. The advantage of designing “synthetic” lichens as 

opposed to extracting ones from nature is that these interactions are carefully 

designed to enhance biofuel production. The disadvantages, however, is that these 

relationships have to be developed and studied for researchers to optimize them. 

Since organisms secrete, excrete, and uptake so many different chemicals at a given 

point, monitoring these interactions can be difficult and tedious. Co-cultures, as a 

whole, is a relatively new approach in algal technology and its developments show 

that it is worth pursuing for the future.  
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CHAPTER 3: DYNAMIC IMAGING PARTICLE 
ANALYSIS  

 

Imaging particle analysis found its origin with the advent of the microscope. Using 

a microscope, scientists could visually measure certain particle properties, mainly 

size analysis. When photographic plate become available, measurements of these 

particle properties became more refined since scientists could simply measure 

particle size using a ruler. Photographic plates greatly reduced the time needed to 

measure the particles and also greatly increased the accuracy and precision of the 

data collected from the measurements. In recent decades, digital imaging and 

sensors became available for capturing and processing images, which 

revolutionized the field of imaging particle analysis. All these methods, referred to 

as static imaging particle analysis, however, were still tedious to perform and did 

not yield statistically significant quantitative data that would allow for these types 

of data to be utilized in an effective manner (Fluid Imaging Technologies 2015b).  

It was not until a new revolution in imaging particle technology came that allowed 

for more quantitative particle analysis. In contrast to static imaging technology 

where the sample size is small, dynamic imaging particle technology allows for 

thousands of particles to be analyzed in a small amount of time. In 1982, the first 

patent for a dynamic imaging particle analyzer was accepted. 
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The patent describes many of the fundamental components of a modern dynamic 

particle imaging analyzer, including a flow cell to allow fluid to flow in, a 

microscopic means to focus on an area of the flow cell path, and a processor to 

record and analyze the particles (Bolz and DeForest 1982). Nowadays, the 

technology has been refined and implemented into equipment, such as the 

FlowCam® by Fluid Imaging Technologies, Inc.  

Figure 3.1 Original patent figure of a dynamic particle 
imaging analyzer (Bolz and DeForest 1982) 
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Companies that manufacture imaging particle analysis systems include Fluid 

Imaging Technologies, Inc., Malvern Instruments, Micromeritics, ProteinSimple, 

Clemex, and Sympatec. For simplicity of this thesis, we focused the FlowCam® 

VS series by Fluid Imaging Technologies, Inc. Figure 3.3 shows an example 

FlowCam® unit, the same model used in this thesis. 

 

 

The FlowCam® allow for magnification of 2x, 4x, 10x, and 20x, which means that 

particles are discernible between a range of 2 μm to 2 mm. The FlowCam® is 

equipped with the VisualSpreadsheet® software, which provides the particle 

imaging and processing capabilities.  

 

 

Figure 3.3 FlowCam® VS Series 
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3.2 Methodology 

The FlowCam® VS series is accompanied with the VisualSpreadsheet® software 

for both imaging and processing of the samples. As mentioned previously, the 

magnification ranges from 2x to 20x, which allows for particles ranging from 2 μm 

to 2 mm to be accurately analyzed. The FlowCam processes each particle in real-

time, meaning that particle properties and distributions are viewable as samples are 

running. The view window from the camera is also viewable in real-time, allowing 

for monitoring of particles as the sample is running. While a sample is running, a 

view window (see Figure 3.4), a series of graphs can be viewed in real-time. For 

example, the top graph in Figure 3.4 shows the distribution of sizes of the particles 

that have been analyzed. The bottom right figure shows a plot of aspect ratio versus 

diameter and the bottom left shows the location of the particles in the capture field. 

The red and orange portions that are highlighted in the figure highlights a specific 

set of particles that the user wants to view. In this case, the data set is of a specific 

size and aspect ratio set.   
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The VisualSpreadsheet® is able to process over thirty different particle properties 

for each particle. Figure 3.5 shows some of the particle properties that are available 

through the VisualSpreadsheet® software.  

Figure 3.4 Example of view window from VisualSpreadsheet® 



 

27 
 

 

As Figure 3.5 also shows, various particle properties can provide the same 

information (size, length, etc.), but they vary in the way the particle is processed. 

For example, diameter ABD (Area Based Diameter) is calculated based on the 

number of pixels that are counted within the threshold of a particle, in which an 

area can be found then diameter is calculated using the formula for the area of a 

circle. Diameter ESD (Equivalent Spherical Diameter) averages the length of a 

particle across 36 angles of each particle. The FlowCam® and VisualSpreadsheet® 

software saves all particle properties for each particle, so the user can adjust their 

analyses based on the particle.   

Figure 3.5 Example of particle properties and filters from VisualSpreadsheet® 
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The FlowCam® has two configurations that allows for further analysis. The default 

configuration for the system is the AutoImaging mode, in which every particle that 

passes through the capture field is imaged and processed. The second configuration 

is the Trigger mode, which allows for measurement of fluorescent particles. Trigger 

mode only captures particles that are detectable when the particle passes through 

the laser and generates a signal within a certain threshold. Note that in Trigger 

mode, only fluorescent particles are detectable by the FlowCam®.  
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3.3 Potential for Algal Technology 

Current applications of the FlowCam® for algal technology include continuous 

monitoring of cultures for understanding “growth, composition, and purity of your 

algae” (Fluid Imaging Technologies 2015a). For any pure cultures, it is important 

to monitor for contaminants, such as bacteria, other algae, or protozoa. These types 

of analyses, however, does not show the full potential that the equipment can offer. 

Here, we will highlight many other uses that the FlowCam® can offer for algal 

culture analysis.  

One of the largest advantages of the FlowCam® over traditional microscopy is its 

ability to process large volumes of data in real-time. This allows for a more precise 

and accurate quantitative analysis of morphological data. Processing thousands of 

particles using microscopy is tedious and time-consuming. With the FlowCam® 

you can not only measure thousands of particles, but you can also monitor the 

particles as it passes through the capture view to ensure that there are no 

contaminants affecting your data. Furthermore, you can even quantify any 

contaminant population in comparison to your target culture. With the FlowCam®, 

any assessment on cell morphology based on varying growth conditions can be 

done quantitatively, rather than making qualitative assumptions.  

Using the VisualSpreadsheet® software, different strains of algae can be easily 

sorted based on size or shape. This can be troublesome with different strains of the 

same species (i.e. Chlorella), but for different species with different morphology, 

the processing software is effective. As mentioned previously, this is useful for 

identifying contaminants in a culture, but with the advent of multispecies cultures 
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(also known as co-cultures or polycultures), the FlowCam® serves as a particularly 

powerful tool. Instead of using a hemocytometer, which is inefficient with many 

samples, the FlowCam® can sort different species of microorganisms based on size 

and shape filters that you can manually set, or you can use the classification tool 

that is included with the VisualSpreadsheet® software. The addition of a Trigger 

mode allows for sorting and counting between algae and cyanobacteria and other 

microorganisms, such as fungi and bacteria. The FlowCam® contains lasers and 

filters that are specific for detecting chlorophyll and phycoerythrin content, which 

are pigments found in algae and cyanobacteria. The lasers and filters are also 

effective in detecting Nile Red dye content used for staining lipids in algae. 
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3.4 Conclusion 

 A large number of tools that are used in algal technology are adapted from tools 

that have been employed in microbial and plant cultures. Because of this, there are 

very little existing technologies available specific to algal technology. With more 

advances in our understanding of algae and its applications for biofuels, we must 

also develop technologies that can improve the efficiency in which we perform our 

analyses. Because algal cultures are becoming more complex and unique in 

comparison to other microbial cultures, we have to develop new methods and 

technology that can cater to this ever-growing field. Technology like dynamic 

particle imaging analysis can add another dimension to the traditional analyses that 

are done in algal cultures. Equipment like the FlowCam® takes the technology 

from dynamic imaging particle analysis and caters it to the field of algal technology, 

increasing both efficiency and depth over traditional methods. It is through these 

emerging technologies that we begin to understand how much more we can 

understand about algae and move towards a future where algal biodiesel becomes 

more feasible.   
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CHAPTER 4: DYNAMIC IMAGING PARTICLE 
ANALYSIS FOR MORPHOLOGICAL 
ANALYSIS 

 

Since dynamic imaging particle analysis is a relatively modern technology, 

especially in the field of algal technology, there is a large room for expansion and 

establishment of methods for the types of analysis that is achievable using 

equipment like the FlowCam. In contrast to many of the morphological analysis 

that exist today for algal cells, dynamic imaging particle analysis allows for 

quantitative comparisons of cell morphology under various growth conditions. 

Here we analyzed algae under three different growth conditions: day and night 

cycles, varying organic carbon sources, and anaerobic digestion (AD) effluent as 

media in sterile and unsterile conditions. We have also done preliminary 

colorimetric analyses of carotenoid producing algae to see if dynamic imaging 

particle analysis could provide quantitative color measurements as a way to 

correlate with carotenoid production, akin to a colorimeter. 
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4.1 Sizing Analysis of Chlorella vulgaris under Day and Night 
Conditions 

 
To understand how Chlorella vulgaris behaved under day and night growth 

conditions, we analyzed the algae for growth and then performed a sizing analysis 

during exponential phase. Generally, algae tend to undergo photosynthesis during 

the day portion, as both light and carbon dioxide are available, but algae tend to not 

undergo photosynthesis during the night portion because light is no longer 

available. Since the metabolism is affected by the cells undergoing different 

processes between the day and night cycles, we wanted to observe whether cell 

morphology is also affected.  

 

4.1.1 Materials and Methods 

Stock cultures of Chlorella vulgaris (UTEX 395) were obtained from the Culture 

Collection at the University of Texas at Austin (http://www.utex.org/) and 

maintained on agar slants containing 1.5% w:v agar and Bold’s Basal medium 

(BBM) (Bischoff and Bold 1963). The cells were cultivated in duplicated 2-L 

Bellco bioreactors (New Jersey, USA) containing BBM at 27°C (± 2) and were 

exposed to 12 hours of light (cool-white fluorescent at 300 μE m-2 s-1) to simulate 

the day cycle and were covered for 12 hours to simulate the night cycle. The 

bioreactors were inoculated with 1 x 106 cells ml-1, continuously stirred using 

magnetic stir bars, and bubbled with a mixture of pure CO2 and air. Cell density 

was measured using a UV/Vis spectrophotometer (Glomax® Multi Detection 

System by Promega, Winsconsin, USA). Sizing analysis was done during 
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exponential phase using a FlowCam® (Maine, USA) dynamic imaging particle 

analyzer.  

4.1.2 Results and Discussion 

The goal of this study was to compare the size distribution of C. sorokiniana cells 

at the end of the day and night cycle. The motivation of the study stemmed from 

prior studies showing that C. sorokiniana grows primarily during the day, therefore 

biomass productivity is highest during the day as well. To better understand these 

results, we analyzed the size distribution based on ESD (Equivalent Spherical 

Diameter), a parameter that estimates the diameter of a particle as a sphere (see 

Section 3.2: Methodology for details). Figure 4.1 shows the size distribution of C. 

sorokiniana at the end of the day and night cycle. Reactor 1 and reactor 2 are 

duplicates of the same sample. 
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Figure 4.1 Diameter comparison between day and night growths of Chlorella vulgaris. The top figure 
shows the size distribution for the first reactor and the bottom figure shows the size distribution for the 
second reactor. The two reactors are duplicates of the same condition and strain. The size distribution is 
calculated in ESD. The reactors during the day cycle show a wider size distribution than the same samples 
during the night cycle. The wider size distribution indicates cell division, since newly duplicated cells 
should be smaller and cells preparing for cell division should be larger than cells that are not undergoing 
the cell cycle. 
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As the figure shows, the size peaks are around the same diameter (approximately 

3.5 µm), but the cells at the end of the day cycle have a wider distribution of sizes 

than that of the cells at the end of the dark cycle. This wider size distribution 

supports the previous hypothesis that the cells are proliferating mostly during the 

day, since newly divided cells would be smaller than cells that are in the resting, 

growth, or mitotic phase. Furthermore, cells in that are about to divide would also 

be larger than cells that are in the resting phase since they have grown to larger 

sizes to prepare for cell division. In the dark phase, cells are not proliferating, so 

the size of the cells should be relatively similar to each other.  

4.1.3 Conclusion 
 

By studying the size distribution of C. sorokiniana cells at the end of the day and 

night cycle, we have further supported our prior studies in understanding how the 

algae responds to light. We were able to determine that C. sorokiniana grows 

primarily during the day cycle, which is further supported by the size distribution 

data that shows how the cells have a wider size distribution during the day than the 

cells at night. To understand this phenomena, we can look at the cell cycle and how 

each step of the cycle determines relative size of the cells. During the two growth 

phases, the cells are preparing for the mitotic cycle, which means that cells would 

be largest at these stages. At the end of the mitotic cycle, the cells divide, meaning 

that these cells would be relatively smaller than those in the growth phase.  

Since we understand that the cells in the day cycle are the ones that undergo the 

most growth, then these cells are the ones to undergo the cell cycle. During the 

night cycle, since there is little cell proliferation, many of the cells are in the resting 
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phase and not undergoing the cell cycle. This would describe the narrower size 

distribution of the cells during the night cycle, since there are little cells undergoing 

growth or division.  

Now that we better understand the sensitivity of the FlowCam® to discern size 

distribution of cells of the same strain under two growth conditions, we feel 

confident to use the FlowCam® for more sophisticated morphological analysis.  
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4.2 Morphological Screening of Algae under Mixotrophic and 
Heterotrophic Growth in Various Carbon Sources 

 
In a previous study, we analyzed the growth of 24 species of algae under 

mixotrophic (addition of organic carbon and presence of light) and heterotrophic 

(addition of organic carbon and lack of light) conditions for 4 different carboxylic 

acids (acetic, propionic, butyric, and lactic acid) to screen for algae that were 

capable of growing in these carboxylic acids. In this study, we had noticed that the 

morphology of the cells varied under the different carbon sources, which led us to 

perform a morphological screening of these 24 species under the same conditions. 

We decided to analyze the cells based on geodesic length, area, and circularity as 

List of strains and their respective sources used for the morphological screening that 

encompasses both size and shape comparisons. 

 

4.2.1 Materials and Methods 

We obtained twenty-four strains of algae and cultured them in agar slants 

containing 1.5% w:v agar and Bold’s Basal Medium (BBM). Twenty-three of the 

twenty-four strains were obtained through the Culture Collection of Algae at the 

University of Texas at Austin (http://www.utex.org/) and one strain was isolated in 

China. Table 4.1 lists each strain and their respective source. 
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Table 4.1 List of strains and their respective sources used for the morphological screening 

Strain Source  Strain Source 

26 UTEX  1237 UTEX 

29 UTEX  2068 UTEX 

246 UTEX  2168 UTEX 

247 UTEX  2229 UTEX 

252 UTEX  2244 UTEX 

262 UTEX  2248 UTEX 

263 UTEX  2714 UTEX 

393 UTEX  2805 UTEX 

395 UTEX  B72 UTEX 

417 UTEX  B2469 UTEX 

1230 UTEX  CS-01 Isolated from China 

 

All twenty-four strains were cultivated in Pyrex borosilicate tubes containing 5 ml 

of BBM. Experimental samples were supplemented with the addition of 17.5 mM 

of carbon source. Figure 4.2 outlines the growth conditions used for this screening. 

The pH of each sample was adjusted to a pH of 7.0 using sodium hydroxide (Sigma-

Aldrich). Since there was a significant addition of sodium hydroxide added to our 

samples, we decided to also include a control that contained 24 mM NaCl in BBM. 

This was to control for the high addition of sodium ions from the pH adjustment.  
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The results for the geodesic length analysis show that acetic acid, propionic acid, 

and glucose all yield a wide distribution of cells, which are comparable to the size 

distributions of the NaCl and BBM controls. For butyric and lactic acid however, 

the sizes of the cells are mostly below 2 µm, which may indicate that the cells are 

not growing properly.  
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Figure 4.3 Geodesic length distribution of UTEX 26 under various carbon sources. Under acetic acid and glucose, 
the cells are larger in size in comparison to the controls. In lactic acid heterotrophic conditions, the cells are much 
larger in size than the controls. For butyric and propionic acid, the cells are smaller than the control conditions. 
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When looking at the area distribution, the results are similar to that of the geodesic 

length distribution. This indicates the size of the cells grown in butyric and lactic 

acid are much smaller than the size of the cells grown in the control media.  
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Figure 4.4 Area distribution for UTEX 26 under various carbon sources. Similar to size distribution 
by geodesic length, cells under acetic acid and glucose have a larger area than the control conditions. 
Cells under butyric and lactic acid conditions have a smaller size distribution than the control 
conditions. 
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Finally, the circularity distributions are similar for most conditions, which is 

expected for UTEX 26 since these cells are naturally spherical. Cells grown in 

butyric acid have a wider distribution in circularity, meaning that the cell shape 

varies from spherical to wider spheroid shaped cells. The higher amount of 

spherical cells under lactic acid can be attributed to the type of particles that are 

being measured. As shown earlier, cells grown in butyric acid tend to have cells 

that are smaller in size. There is also a large amount of particles that are smaller 

than 2 µm, which is smaller than the expected cell size. These particles are cell 

debris and other particulates that is detected by the FlowCam. Since these particles 
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Figure 4.5 Circularity distribution of UTEX 26 under various carbon sources. There is little difference among 
all conditions since cells are naturally spherical.  
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are smaller than 2 µm, the FlowCam could not accurately measure morphological 

properties. Because of this, the FlowCam could be detecting these particles as more 

circular than they actually are because of the FlowCam’s limitations.  

4.2.3 Discussion and Conclusion 

The goal of this experiment is to show whether or not the FlowCam® can serve as 

an effective tool for quantitative morphological analysis. We also wanted to 

quantitatively compare size and shape distributions of the twenty-four strains we 

have analyzed since prior studies had shown the effects of these organic carbon 

sources on growth. By understanding how these strains behave in response to 

various organic carbon sources, we can better optimize the conditions for growth 

in large-scale systems. For example, larger cell sizes may be beneficial to 

harvesting biomass. Larger cell sizes could also indicate the presence of 

accumulation of certain cell components, such as lipids or carbohydrates. By 

assessing these conditions, in addition to the growth data, researchers can utilize 

certain growth conditions to cater to a desired morphology and growth.  

One of the disadvantages of data provided by the FlowCam® is the copious types 

of data it can measure. When processing data for morphological screenings, a high-

throughput manner of organizing the data is needed. Furthermore, as we have 

discussed in Section 3.2: Methodology, there are various manners in which the 

FlowCam® can measure certain parameters, such as diameter, area, or biovolume. 

These are based on the particle properties and how the FlowCam® processes those 

properties. An effective comparison would utilize the properties that best fit the 

particle itself, but with over thirty different properties, one can feel overwhelmed. 
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As it stands, however, the FlowCam® is a powerful tool that requires better 

understanding in morphological analysis to be used at its fullest potential. 
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4.3 Colorimetric Analysis of Carotenoid-Producing Algae 
 
Due to the high cost of biodiesel production from algae, many researchers and 

companies have focused on utilizing algae for production of high-value products, 

such as nutraceuticals or cosmetics.  

 

4.3.1 Materials and Methods 

Stock samples of Chlorella zofingiensis were obtained through the Culture 

Collection of Algae at the University of Texas at Austin (http://www.utex.org/) and 

were maintained on agar slants (1.5% w:v) containing Bold’s Basal Medium 

(BBM) (Bischoff and Bold 1963). Nannochloropsis sp. was isolated from a source 

in China and maintained on Blue-Green (BG-11) medium (Allen 1968). Figure 4.6 

shows the cultures that were utilized in this study.  

 

 

 

Average RGB (Red, Green, and Blue) values were collected using the FlowCam® 

(Maine, U.S.A).  

 

Figure 4.6 "Green", "Yellow", and "Red" cultures utilized for study.  
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4.3.2 Results 

By analyzing the average RGB values for the cultures, we can determine the 

intensity of a certain color channel and potentially utilize these results for 

carotenoid determination. Figure 4.7 shows the average RGB values for the cells that 

were analyzed. The channels were normalized using the relative frequency of each 

color value. 
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Figure 4.7 Average RGB values for green, yellow, and orange cultures. Figured labeled a contains the values 
for the red channel, b contains values for the green channel, and c contains values for the blue channel. There is 
little difference between the green and yellow cultures across all channels, but there is significant difference 
between the orange and other two cultures, especially in the blue channel. 
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Each cultures’ relative colors are represented by the color they appear in the 

histograms (meaning that the “green” culture is represented by the green histogram, 

“yellow” culture is represented by the yellow plot, and “orange” culture is 

represented by the orange plot). As the results show, the “green” and “yellow” 

cultures have little distinction between their average RGB values, but as Figure 4.6 

shows, the “yellow” culture is not purely yellow, meaning that there would be 

overlap in the RGB values. In contrast, the “green” and “orange” cultures are more 

distinguishable, both in appearance and in their respective RGB values. The 

“orange” culture has lower values in the blue channel, which would translate to less 

blue appearance in the culture.  

4.3.3 Discussion and Conclusion 

The results have shown that using RGB values can be an effective indicator of the 

relative color difference between cultures. In the case of this experiment, the color 

change is due to the presence of carotenoids, where the “orange” culture would 

indicate higher levels of carotenoids. Using these types of data, researchers could 

make a qualitative assessment to the carotenoid levels, with the advantage that this 

method is non-invasive and less time-consuming than performing a full extraction 

and analysis process. This is also more comprehensive than equipment like a 

colorimeter, which would only measure light transmittance at specific wavelengths.  

Although this is only a preliminary experiment to test the sensitivity of color 

channels in the FlowCam®, the results show its potential through its versatility and 

ease of use. This type of analysis can be translated to cameras that are also capable 
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of measuring relative RGB values and further tests can elucidate as to the 

effectiveness of using color to correlate with carotenoid content in microorganisms. 
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CHAPTER 5: COMPARISON OF MONOCULTURE 
CELL COUNTING METHODS 

 

Algal cultures have had the benefit of inheriting many of the analytical techniques 

that have been used and tested with other microbial or plant cultures. Of these 

techniques, cell density measurements in algae have been adapted from traditional 

methods that include optical density (OD) measurements, hemocytometer counting, 

and flow cytometry. The issues with some of these techniques, however, is that they 

are volumetric, meaning that they are based on signals that are proportional to a 

particle volume, but not necessarily based on the actual particle volume. The 

exception to the case would be hemocytometer counting, which is based on 

visualizing cells on a microscope. On a similar note, emerging technologies like the 

FlowCam® measures particles based on visualization of the cells through a 

microscopic objective. 
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5.1 Microbial Monoculture Quantification 
 
Based on the similarities between a hemocytometer and the FlowCam®, we 

compared the counting techniques of a hemocytomter with that of the FlowCam®. 

In addition, we also compared the FlowCam® with optical density (OD) readings 

from a UV/Vis spectrophotometer. We hypothesize that each method should 

correlate with each other. 

 

5.1.1 Materials and Methods 

Cultures of C. curvatus (ATCC 20509) and S. elongatus (PCC 7942) were 

maintained on YPD (Yeast extract, peptone, and dextrose) agar medium and BG-

11 agar medium, respectively. Cultures were then grown in their respective liquid 

medium and were measured using a Glowmax®UV/Vis spectrophotometer 

(Wisconsin, U.S.), a hemocytometer, and a FlowCam®.  

5.1.2 Results 

As Figure 5.1 shows, the cell counts from a FlowCam® correlate highly with cell 

counts from a traditional hemocytometer. Although the counts correlate with each 

other, the slope from the line of best fit should be 1 since the samples read from 

both methods are the same. As the results also show, there is little error between 

the two methods of cell counting, so the results are statistically significant from 

each other. 
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Even though both methods correlate highly with each other, there is a lack of unity 

in the cell density values. Since the error is consistently propagated throughout all 

samples, we assume that the error is systematic. We discuss this further in the 

following section. 
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Figure 5.1 Comparison of hemocytometer counts versus FlowCam counts in Cryptococcus 
curvatus. Cell density is measured in cells/mL for both methods. There is a high correlation value 
between the two methods, but there is not unity between the two methods. The consistency in which 
the difference occurs indicates that a systematic error, rather than random error, is the cause for the 
lack of unity.  



 

53 
 

Figure 5.2 shows the comparison between cell counts from the FlowCam® and 

optical density readings from the UV/Vis spectrophotometer. 

 

The results show that the FlowCam® also correlates with OD600 readings. There is 

a large variability in the data given from the UV/Vis spectrophotometer, but that is 

due to inherent variability in the readings that a spectrophotometer provides. 

5.1.3 Discussion and Conclusion 

We have shown that the FlowCam® serves as an effective cell counter for 

monocultures when compared to the traditional techniques of a hemocytometer and 

an optical density reader. Both the FlowCam® and hemocytometer yielded very 

narrow ranges in variability of data, but the results from the UV/Vis 
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Figure 5.2 Optical density values at 600 nm versus FlowCam counts in Cryptococcus curvatus 
Values for optical density readings are provided in optical density values and values from FlowCam 
are reported in cells/mL. There is a high correlation between the methods, but OD readings yield a 
higher error. Differences in particle sizes and mixtures that are not homogeneously mixed 
throughout the sample can affect the reading. 
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spectrophotometer provides larger variability in data. The UV/Vis 

spectrophotometer measures the transmittance of light at a given wavelength 

passing through a mixture and converts those values to optical density values. These 

values can be affected if the mixture is not well-mixed or the particles have large 

variation in sizes.  

In regards to comparisons between the hemocytometer and the FlowCam®, the 

correlation is high between the two methods, but the cell counts are not equal. Both 

methods are similar, but the difference lies between the counter. The FlowCam® 

counts particles using the camera and processer, while the hemocytometer counts 

particles using an observer. Although both methods yield different cell count 

numbers for the same samples, the difference is consistent between the two 

methods, which allows for a high correlation. This is potentially caused by a 

systematic error by the FlowCam. Cells counted using the hemocytomter are 

manually counted by the user, so errors stemming from this method tend to be 

random, rather than systematic. The FlowCam calculates cell density based on the 

flow rate and flow cell size. If there is something affecting either of these aspects, 

the FlowCam could potentially calculate cell density with higher accuracy. Factors 

that could affect the flow rate are potentially blockages in the flow cell and the 

pump operating incorrectly. Since the flow cells have narrow width, any cell 

aggregates and particulates could potentially clog the flow cell, which affects the 

velocity profile of particles down the flow cell. If the blockage was not removed in 

between readings, then the same error would be propagated throughout the entire 

sampling.  
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Since the flow rate is different than the set flow rate by the pump, then the cell 

density would be calculated incorrectly. Since there is no method to test the 

accuracy of both methods, there is no way to determine which method is more 

effective at cell counting. As just mentioned, however, since the errors are 

consistent amongst all samples, the correlation is high enough that both methods 

are shown to be consistent. Both methods could be used interchangeably as long as 

the factor difference (the slope) between two methods are known. 
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CHAPTER 6: COMPARISON OF POLYCULTURE 
CELL COUNTING METHODS 

 

As discussed previously in 0   
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COMPARISON OF MONOCULTURE CELL COUNTING METHODS, the 

FlowCam® serves as an effective cell counter when compared to a hemocytometer. 

One of the unique aspects of the FlowCam® is its ability to count any particles 

within its size threshold, meaning that particles could not be miscounted. With a 

hemocytometer, particles are limited to sizes that can be viewed through the 

observer’s eye, but the FlowCam®’s processing capabilities, sizes that are much 

smaller than ones viewable on a hemocytometer slide can be counted. This allows 

for counting of small bacteria, particulates, and other contaminants that could 

interfere with a culture. The FlowCam® also serves as a more efficient cell counter 

for a variety of mutltispecies cultures, which can be particularly effective for the 

emerging field of co-cultures for biofuel production. Here we compare the 

FlowCam® with the traditional counting method of a hemocytometer.  
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6.1 Comparison of FlowCam® with Hemocytometer counts in 
Yeast-Cyanobacteria Co-Cultures 

 

One of the most unique features of the FlowCam® and VisualSpreadsheet® 

software is the classification tool. As we presented previously, the FlowCam® 

serves as an effective tool for counting cells in monocultures. Due to its 

classification tool, however, the FlowCam® is particularly effective for 

multispecies cultures. Here, we measured cell counts for a mixed culture of C. 

curvatus and S. elongatus using the FlowCam® and a hemocytometer. 

 

6.1.1 Materials and Methods 

Cultures of C. curvatus (ATCC 20509) and S. elongatus (PCC 7942) were 

maintained on YPD (Yeast extract, peptone, and dextrose) agar medium and BG-

11 agar medium, respectively. Cultures were then mixed together and grown on 

modified BG-11 (addition of 100 mM NaCl). Cultures were measured at the end of 

growth using a hemocytometer and a FlowCam®. Only C. curvatus was measured 

on the hemocytometer as S. elongatus cells are too small to count.  

6.1.2 Results 

As Figure 6.1 shows, the cell counts from the FlowCam® correlate with cell counts 

from the hemocytometer. Although the correlation value is not as high as the 

monocultures in Section 5.1 Microbial Monoculture Quantification, the counts are 

still statistically significantly similar to each other.  
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Only values from C. curvatus were collected for the hemocytometer cell counting 

due to the size of the S. elongatus cells. These cells were shown to be too small to 

be visually counted using the hemocytometer. Since the FlowCam® is capable of 

counting particles smaller than a micron, it was capable of counting S. elongatus 

cells.  

To ensure that the FlowCam® can consistently count and discern between the two 

species in culture, we counted the co-cultures that have been diluted to four 

different aliquots. To distinguish between the two species, we used a size and shape 

filter. Since the mixture was diluted from the original co-culture, the ratios of the 
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Figure 6.1 Comparison of hemocytometer counts versus FlowCam counts of C. curvatus in a mixed 
culture of C. curvatus and S. elongatus. For both methods, cell density is reported in cells/mL. There 
is high correlation between the two methods for the yeast species in co-cultures. Similar to 
monoculture counting, there is no unity between the two methods, and this can attributed to both 
random and systematic error. There is added complexity in that the user has to be able to distinguish 
between both species for both methods and there is an inherent systematic error that was discussed 
in the previous chapter. 
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two species should remain unchanged over various dilutions. The results of this 

experiment is plotted in Figure 6.2. 

 

 

As the figure shows, the FlowCam® is capable of consistently counting between 

two different species within the same culture. C. curvatus and S. elongatus were 

found to be in the same ratio with each other at the various dilutions.  

6.1.3 Discussion and Conclusion 

To show that the FlowCam® serves as both an effective and consistent cell counter 

for multispecies cultures, we used a mixed culture of C. curvatus and S. elongatus 

and diluted this original culture into various aliquots. We measured and compared 
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Figure 6.2 Ratio of C. curvatus versus S. elongatus in a mixed culture. To ensure that the FlowCam 
is capable of discerning between the two species consistently, the same sample was diluted. Since 
no additional cultures were added, the ratio between the two species should remain the same 
between various dilutions. This also shows that the errors that were found in comparison to the 
hemocytometer counts in monocultures and co-cultures have a systematic error that is propagated 
throughout all samples. 
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cell counts from the FlowCam® and the hemocytometer and found that C. curvatus 

cell counts are correlated between the two methods. We could not determine the 

same correlation for S. elongatus because its size restricted our ability to count these 

cells through the hemocytometer. We also compared the ratio of C. curvatus and S. 

elongatus at different dilution amount and found that the FlowCam® is capable of 

consistently counting cells between the two species in a mixed culture.  

Although the correlation was not significantly high in Figure 6.1, the variation in 

data could have stemmed from the addition of another species. Maintaining an 

aseptic monoculture ensures that particulates do not interfere with any cell counting 

methods, but when two or more species are combined into a single culture, the 

added complexities could lead to more cell debris and particulates that could 

potentially interfere with cell counting methods. The lack of unity between the 

hemocytomter and FlowCam were due to systematic and random errors. Random 

errors can occur due to difficulties in differentiating between the two species. The 

systematic error has been discussed in the previous chapter. We have been able to 

show that the FlowCam® can accurately count and distinguish particles within a 

set threshold, and its accuracy is based on the threshold that the user sets.   
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6.2 Determining Algal and Bacterial Growth in Unsterilized 
Wastewater  

 

The co-culture that was discussed in the previous section are mixtures of various 

microbial cultures, rather than a growth study. To add another dimension of particle 

counting in co-cultures using the FlowCam®, we cultured Chlorella sorokiniana 

in sterilized and unsterilized wastewater. The unsterilized wastewater, like in 

anaerobic digestion (AD) effluent, contains bacteria that proliferates in the media. 

We analyzed our samples using the FlowCam® and VisualSpreadsheet® software 

to discern between the C. sorokiniana and the bacterial population and monitored 

the growth over time. We hypothesize that we can accurately monitor both the 

population of C. sorokiniana and the bacteria using morphological analysis of the 

FlowCam®.  

 

6.2.1 Materials and Methods 

Cultures of Chlorella sorokiniana (CS-01) were isolated in China and grown on 

agar plates containing 1.5% w:v of agar in Bold’s Basal Medium (BBM) (Bischoff 

and Bold 1963). The algae was then inoculated in 75 mL Erlenmeyer flasks at an 

inoculation density of 1.0 x 105 cells/ml. The flasks contained 5% v:v of active 

wastewater  in distilled water. Sterilized samples were filtered using an autoclave 

and unsterilized samples were left as is. Measurements and analysis were done 

using the FlowCam® and VisualSpreadsheet® software. 
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6.2.2 Results 

The results plotted in Figure 6.3 show the growth of C. sorokiniana in active, blank, 

and sterile wastewater. For clarification, active wastewater is unsterilized, so there 

is a possibility of contaminants growing in the culture with the algae. The blank 

culture contains no algae and the sterile culture should be free of contaminants and 

have solely algae growing. 

 

 

The results show that C. sorokiniana has the fastest growth rate in sterile 

wastewater of the three cultures. As expected, the blank culture that contains no 

algae does not contain any noticeable difference in growth. Prior studies have 

shown that active wastewater contains bacteria that are capable of growing 

alongside the algae. Figure 6.4 plots the results of the biovolume accumulation over 
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Figure 6.3 C. sorokiniana growth in active, blank, and sterile wastewater. Algae in sterile 
wastewater are expected to have a higher growth rate than algae grown in active wastewater since 
there is no bacterial contaminants competing alongside the algae for nutrients. Since there was no 
algae inoculated in the blank wastewater, growth was not expected for this condition. 
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time. The biovolume is calculated for particles that are not considered C. 

sorokiniana cells. The biovolume is normalized based on time elapsed for sample 

measurement. 

 

 

In sterile wastewaster, the culture should be free of bacterial contaminants, meaning 

that any particles that the FlowCam® detects are particulates that were not filtered 

from the wastewater. The blank wastewater shows a steady growth of bacteria, 

which peaks around thirty hours, then declines after two days. The active 

wastewater also shows a similar trend of growth and decline. The sterile wastewater 

contains inorganic particulates that are detected by the FlowCam. There is no 

Figure 6.4 Average biovolume of bacteria and particulates in active, blank, and sterile wastewater. 
The biovolume is a total biovolume sum of all particles that are not considered algal cells and then 
normalized based on the time elapsed for sample measurement. The results show a general trend of 
growth and death for the active and blank wastewater, but there is also a large accumulation of 
particulates in the sterile wastewater that is comparable to the biovolume estimation for the other 
two samples. Even though we can observe a general trend of growth for the active and blank 
wastewater, the high biovolume estimations for the sterile samples show that further work needs to 
be done in order to accurately monitor the bacterial growth.  
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general trend of these inorganic particulates, but the total biovolume measured from 

these samples are comparable to the biovolume estimations from the other samples 

containing bacterial contaminants. In order to accurately measure the bacterial 

population in these, samples, further filtering has to be done in order to remove 

these large inorganic particulates. Otherwise, a growth trend for the bacterial 

population cannot be accurately determined.  

6.2.3 Discussion and Conclusion 

We cultured C. sorokiniana in sterile and unsterile wastewater in order to measure 

the growth of algae and the growth of bacterial contaminants growing alongside the 

algae. We were able to determine that C. sorokiniana did not grow in the presence 

of the blank wastewater, which is expected as those cultures were not inoculated 

with algae. We also determined that algal growth is higher in the sterile wastewater 

than algal growth in active wastewater. Since the active wastewater contains 

bacterial contaminants that can utilize the nutrients in the wastewater, the nutrient 

availability for C. sorokiniana in the active wastewater is lower than the nutrient 

availability in sterile wastewater.  

We also estimated the growth of the bacterial contaminants using the sum of 

biovolumes of all particles that were not considered algal cells. By plotting the 

biovolume, the trends in bacterial growth can be observed in both the active and 

blank cultures. The sterile wastewater still contained many particulates that were 

not filtered prior to inoculation of C. sorokiniana. Because the bacterial 

contaminants aggregated in a variety of sizes and shapes, an overall biovolume 

estimation proved to be difficult to plot. Further ways to normalize the biovolume 
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estimation would be to normalize based on time rather than number of particles. By 

controlling the flowrate and time to measure the sample, the biovolume could 

simply be summed and normalized over a period of time. Due to large particulates 

in the sterile sample however, the biovolume estimation for this sample is also high, 

which means we cannot conclusively estimate this bacterial growth. Further work 

will have to be done to filter the wastewater to remove the inorganic particulates.   
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6.3 Quantification of Chlorella Sorokiniana in Sterilized and 
Unsterilized Anaerobic Digestion Effluent 

 

Anaerobic digestion (AD) is a process in which biomass is fed to a reactor where a 

collection of microorganisms will anaerobically digest the biomass. Some of these 

microorganism are methanogens, which are bacteria that produce methane as a 

product of digestion. The methane gas can be utilized as a fuel source for electricity, 

which shows one aspect in which wastewater treatment can be implemented in 

conjunction with fuel production.  

For this experiment, we examined another interesting aspect of AD, which is the 

effluent from the digestion process. Previous studies have shown that this effluent 

(Bohutskyi et al. ) contains solubilized nitrogen, phosphorus, and metals that are 

capable of sustaining algal cultures. A potential drawback of utilizing AD effluent 

for algal growth is the presence of bacterial contamination that could affect algal 

growth. Sterilization would eliminate this issue, but sterilization would further 

increase costs when considering large-scale productions.  

To understand how algae proliferate in AD effluent, we cultured Chlorella 

sorkiniana in both sterilized and unsterilized AD effluent to compare the growth 

and morphology of the cells. We hypothesize that although the bacteria may 

contribute to a longer lag phase in growth of C. sorokiniana, the morphology and 

growth rate should not be significantly affected by the presence of bacteria.  

 



 

68 
 

6.3.1 Materials and Methods 

For this experiment, we cultured two strains of Chlorella sorokiniana, one labeled 

as UTEX 1230 obtained through the Culture Collection of Algae at the University 

of Texas at Austin (http://www.utex.org/), and the other strain labeled as CS-01 and 

was isolated in China. The algae were cultured in liquid medium containing BBM 

for inoculation. The algae were inoculated in 2-L Bellco bioreactors at an 

inoculation density of 1.3 x 105 cells/ml. The bioreactors contained 5% v:v of active 

AD effluent at three different organic loading rates (OLR) (3 kg/l and 4 kg/l) in tap 

water. Sterilized samples were filtered using a 0.45 µm filter and unsterilized 

samples were left as is. Measurements and analysis were done using the FlowCam® 

and a GE Ultrospec 2100 Pro UV/Vis spectrophotometer. 

6.3.2 Results 

We plotted the growth of C. sorokiniana over the course of eight days using a 

spectrophotometer at a wavelength of 600 nm.  As Figure 6.4 shows, the growth in 

AD effluent of OLR 4 yielded the highest growth rates over the time course, while 

the active cultures at OLR 3 showed significantly lower growth rates than the rest 

of the cultures. For all cultures, there was an initial lag phase and C. sorokiniana 

did not show significant growth until the end of the second day of the time course. 

By the eighth day, all cultures entered stationary phase, though various cultures 

(1230 OLR 4 Active, CS-01 OLR 4 Sterile, and CS-01 OLR 3 Active) had already 

begun to enter the death phase.  
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Figure 6.5 Growth of C. sorokiniana in sterilized and active AD effluent 
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Figure 6.6 Comparison of FlowCam counts (Dots) with OD600 (Lines) 
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To compare the cell counting methods of the FlowCam® with the optical density 

measurements from the spectrophotometer, we measured growth of the C. 

sorokiniana cells at three time points throughout the growth of the cultures, which 

is plotted in Figure 6.6, along with coinciding time points measured with the 

spectrophotometer. The growth during the first and sixth day coincides well for 

most cultures, but growth in the fourth day show a discrepancy between the two 

methods.  

6.3.3 Discussion and Conclusion 

In order to best compare the FlowCam® with traditional methods of cell density 

estimation, we measured the growth of C. sorokiniana using the FlowCam® and a 

UV/Vis spectrophotometer. The measurements are similar in both the first and sixth 

day of growth, but for the fourth day, the FlowCam® cell counts do not coincide 

well with the OD600 values. That is not to say that either measurement methods are 

inaccurate, but instead we have to discuss the manner in which both equipment 

measure their respective values.  

The FlowCam® counts particles that are imaged and processed in real-time. The 

cell density of C. sorokiniana is determined through thresholds that the user sets. 

The optical density values obtained by a UV/Vis spectrophotometer measures the 

light transmitted through the mixture and converts these values into OD values. If 

we return back to the discussion in Section 6.2: Determining Algal and Bacterial 

Growth in Unsterilized Wastewater, then we are aware that there is also the 

presence of bacterial growth in the unsterilized AD effluent. This not only affects 

the growth of C. sorokiniana by potentially causing a lag phase in growth, but it 
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can also affect the manner in which the cultures are quantified. The thresholds set 

to detect C. sorokiniana are size and shape parameters. Bacterial aggregation could 

trigger false positives when the FlowCam® is counting C. sorokiniana cells. This 

would mean that the number of C. sorokiniana cells are actually lower than the 

values counted by the FlowCam®. In order to count solely the algal cells, a more 

sophisticated technique is required, such as the use of the laser and filters that 

distinguish particles based on the presence of chlorophyll, rather than size and 

shape.  
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CHAPTER 7: SUMMARY AND FUTURE 
DIRECTIONS 

 

As algal research continues expanding into different directions, the need for newer 

algal technology increases. Analytical techniques in algal culture has relied 

primarily on previously developed protocols in other microbial and plant cultures. 

With emerging technologies like dynamic imaging particle analysis, algal culture 

analysis can be done more efficiently and with higher levels of depth. Optimizing 

growth conditions can not only be done for increasing growth rate, but also for 

selecting the best morphology for downstream processing. Equipment like the 

FlowCam® can be used for simple measurements like cell counting in 

monocultures and multispecies cultures, but its most unique aspect is the ability to 

provide quantitative morphological data that would be tedious and time-consuming 

to measure with traditional techniques.  

7.1.1 Summary of Work 

Morphological screening is a tool that has not been well developed due to the 

tedious process in acquiring data from multiple strains of algae in a variety of 

growth conditions. Equipment like the FlowCam® increases the efficiency of these 

types of measurements and opens a new realm for algal culture analysis. To test the 

thirty particle properties that the FlowCam® provides, we performed a size analysis 

of C. vulgaris during a day/night cycle and showed that C. vulgaris cells have a 

wider size distribution in the day due to growth that occurs primarily during the day 

cycle. After performing the simple size analysis, we did a morphological screening 

of twenty-four strains of algae in the presence of four carboxylic acids and 
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compared the size and shape of each strain through geodesic length, area, and 

circularity distributions. We were able to quantitatively determine differences in 

morphology in the twenty-four strains using the FlowCam® 

To better understand how the FlowCam® can be used for algal cultures, we studied 

its cell counting capabilities in both monocultures and co-cultures. We measured 

the cell density of C. curvatus with the FlowCam®, hemocytometer, and UV/Vis 

spectrophotometer and showed that all three methods correlate well with each 

other. We also measured cell density in co-cultures of C. curvatus and S. elongatus 

and showed that the FlowCam® can provide cell counts that correlate with that of 

a hemocytometer. Furthermore, the FlowCam® overcomes the hemocytometer’s 

limitations and provides cell counts for organisms that are as small as a micron. To 

better test the capabilities of the FlowCam® in culture growth, we cultured C. 

sorokiniana in wastewater and anaerobic digestion effluent and monitored the 

growth of bacteria and algae, respectively. While the FlowCam® may have issues 

when in the presence of contaminants, with better thresholds and the addition of the 

chlorophyll detection mode, the FlowCam® can accurately count algae in co-

cultures.  

7.1.2 Future Directions 

Although much work has already been done in progressing the analytical 

techniques used for algal cultures, there is always room for improvement to increase 

the efficiency and accuracy in which the data is collected.  

In terms of morphological screening, improvements could be made by understand 

how particle properties are measured and choosing which properties best fit the 
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culture that is being analyzed. Further work also needs to be done to increase the 

efficiency in which the measurements are taken. Instead of simple size and shape 

parameters, morphology can expand to other properties, especially when dealing 

with more complicated microorganisms. Most of the strains that we have studied 

are unicellular, but a number of them, including the species Scenedesmus, grow as 

a cluster of cells. By analyzing both the number of cells in each cluster, as well as 

the size and shape of the individual cells, a better assessment of the cell morphology 

can be made.  

Better improvements can also be made even for the simpler technique of cell 

counting by increasing the accuracy in which cells are counted. In monoculture, the 

cells are growing without any contaminants, so counting is relatively simple. When 

we consider more complicated cultures, such as algae grown in unsterile conditions 

or algae grown in co-cultures, each species has to be distinguished from one another 

to be accurately counted. In the case of algae growing with heterotrophs, the 

FlowCam® can be utilized in its trigger mode, which uses a laser and filter to count 

particles that contain chlorophyll pigment. This would allow for a more accurate 

differentiation between species in a co-culture, but is only limited to phototroph-

heterotroph co-cultures. With other types of multispecies cultures, better thresholds 

have to be investigated to ensure that the cell counts of multiple species do not 

overlap and cause false positives when counting. 

There are a vast number of improvements and future directions that this research 

can take, but this is only the beginning, so only time will show how these 

improvements take place. 
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APPENDIX A: MEDIA COMPOSITIONS 

A.1  BG-11 Medium 

 
Table A.1 BG-11 medium composition  

Component Final Concentration (mM) 
NaNO3 (Fisher BP360-500) 17.6 
K2HPO4 (Sigma P 3786) 0.23 
MgSO4·7H2O (Sigma 230391) 0.03  
CaCl2·2H2O (Sigma C-3881) 0.24  
Citric Acid·H2O (Fisher A 104) 0.031  
Ferric Ammonium Citrate 0.021  
Na2EDTA·2H2O (Sigma ED255) 0.0027  
Na2CO3 (Baker 3604) 0.19  
BG-11 Trace Metals Solution   
Sodium Thiosulfate Pentahydrate 
(agar media only,sterile) (Baker 3946) 

1  

 

Table A.2 Trace metals solution for BG-11 

Component Final Concentration (µM) 
H3BO3 (Baker 0084) 46 
MnCl2·4H2O (Baker 2540) 9 
ZnSO4·7H2O (Sigma Z 0251) 0.77 
Na2MoO4·2H2O (J.T. Baker 3764) 1.6 
CuSO4·5H2O (MCIB 3M11) 0.3 
Co(NO3)2·6H2O (Mallinckroft 4544) 0.17 
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A.2  BBM Medium 
 

Table A.3 BBM medium 

Component Final Concentration (mg L-1) 
NaNO3 250 
MgSO4·7H2O 75 
NaCl 25 
K2HPO4 75 
KH2PO4 175 
CaCl2·2H2O 25 
H3BO3 11.42 
Trace elements solution  
EGTA stock  
Fe solution  

 

Table A.4 BBM Trace elements solution for BBM 

Component Final Concentration (mg L-1) 
ZnSO4·7H2O 8.82 
MnCl2·4H2O 1.44 
MoO3 0.71 
CuSO4·5H2O 1.57 
Co(NO3)2·6H2O 0.49 

 

Table A.5 EGTA stock for BBM 

Component Final Concentration (mg L-1) 
EGTA 50 
KOH 31 

 

 

Table A.6 Fe solution for BBM 

Component Final Concentration (mg L-1) 
FeSO4·7H2O 4.98 
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A.3  YPD Medium 

Table A.7 YPD medium  

Component Final Concentration (g L-1) 
Yeast Extract 10 
Peptone 20 
Glucose 20 
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