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Abstract 

Centralised water treatment infrastructure is increasingly being put under strain due to 

population growth. In situ treatment (i.e. a distributed treatment network) may minimise or even 

negate the need for centralised infrastructure. Cyanobacteria grown in open-ponds and 

photobioreactors are used for wastewater treatment; however these cultivation systems struggle 

with batch consistency and have a high capital cost. Biocomposites (biomass immobilised on a 

solid substrate within a semi-porous matrix) theoretically support increased active biomass 

within a more compact space and prevent cell wash-out, thereby increasing bioremediation 

efficiency. Wild-type Synechococcus elongatus (strains PCC 7942 and CCAP 1479/1A) and a 

novel engineered strain (SBG363; designed to overproduce and excrete sucrose) were trialled 

as potential bioremediation biocomposites. Commercial latex-based binders (AURO 320 and 

321) were used for biocoatings formulation, and applied to a selection of natural and synthetic 

textiles to form textile-based biocomposites. Biomass growth was increased by up to 800%, 

retaining up to 97% of biomass after 72 hours. Sucrose output from S. elongatus SGB363 was 

unaffected. Wild-type immobilised biomass supported up to 80% greater CO2 sequestration 

over a 20-day period than its suspension culture control. However, after three and six days of 

immobilisation there were no significant differences in total protein content, CO2 removal, or 

orthophosphate uptake per cell between immobilised and suspension treatments. Whole 

transcriptome sequencing (RNA-Seq) was attempted to determine the genetic response of S. 

elongatus surviving within a biocoating. However, immobilised samples had very low RNA 

integrity number equivalents that prevented differential gene expression analysis. This research 

shows that cyanobacteria textile biocomposites are a promising solution for process 

intensification in the wastewater treatment industry, and addresses concerns regarding 

environmental safeguarding. Metabolically active biocomposites can be used for de-centralised 

wastewater treatment applications thereby alleviating problems associated with Victorian era 

infrastructure without creating an additional environmental burden.  
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Chapter 1. A review: Engineering wastewater treatment systems through 

biological understanding 

1.1 Introduction 

1.1.1 Large scale wastewater treatment in the United Kingdom 

Ninety six percent of the UK population is served by centralised wastewater treatment plants 

(WTPs), producing around 11 billion litres of wastewater daily (DEFRA, 2012), and mainly 

receiving a mixture of domestic and industrial wastewater. Centralised treatment describes a 

system based on sewer based transportation to large-scale treatment plants (Wilderer and 

Schreff, 2000), with variation in the time taken to reach the treatment plant depending on 

location or network (Grievson, 2021) (Figure 1.1). Increasing urbanisation is causing added 

burden on sewerage infrastructure affecting the quantity and quality of wastewater discharged 

to the environment (Yates et al., 2019). Most of the UK’s water and sewerage infrastructure 

was built between the late 1800s and early 1900s with limited major upgrading (Lofrano and 

Brown, 2010).  

Privatisation of the UK’s water utilities in the mid 1980’s led to under-investment, poor 

maintenance of infrastructure, and a shrinking workforce despite the UK’s growing population 

(Bayliss, 2013). Water losses from centralised systems may be as much as 50%—particularly 

for underfunded utilities (Bithas, 2008). The number of burst pipes is expected to increase by 

32% by 2070, posing a significant threat to infrastructure (Speight, 2015). Current usage levels, 

the cost of centralised services, and climate change are increasing challenges around water 

scarcity and contribute to greater inequalities within societies (Bithas, 2008).  

Within a WTP, wastewater undergoes up to three stages of treatment depending on the 

population equivalent (P.E.) of where the treated water is to be discharged (Table 1.1). P.E. is 

a unit of measure set out in the European Union Urban Wastewater Treatment Directive to 

assess the polluting potential of wastewater discharges. One P.E. is defined as the organic 

biodegradable load having a five-day biochemical oxygen demand (BOD) of 60g of oxygen a 

day. The susceptibility of the receiving body of water to pollution determines the level of 

treatment to be executed. 
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Figure 1.1. A typical process for wastewater treatment in the United Kingdom (Grievson, 2021). 

Table 1.1. Treatment level descriptions and discharge locations of treated wastewaters based 

on UK policy formed by European Union Urban Wastewater Treatment Directive – 

91/271/EEC (2012). 

Treatment Level Description Population Equivalent and 

Discharge Location 

Preliminary The removal of grit from wastewater 

by the slowing of water flow 

causing grit to be deposited into 

traps. Other large solids are then 

removed by screening. 

Freshwater and estuarine locations 

with a P.E. of <2000, and coastal 

waters with a P.E. of <10,000 

Primary 

  

The settlement of suspended solids 

(SS) not removed by primary 

treatment. There must be a removal 

of at least 50% of SS and at least a 

20% reduction of BOD.  

Discharged to areas deemed less 

sensitive. Estuarine waters with a 

P.E. between 2000 and 10,000, 

and coastal waters with a P.E. 

>10,0000. 

Secondary The biological breakdown of 

wastewater generally by bacteria. 

The aim of secondary treatment is to 

sufficiently reduce the BOD to 

avoid chronic oxygen depletion in 

receiving waters. This is done by 

Discharged to areas deemed 

normal. Freshwater and estuarine 

waters with a P.E. >2000 and 

coastal waters with a P.E. >10,000. 
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aeration with bacterial cultures or 

trickle filter beads covered with 

bacterial culture. 

Tertiary Used to treat a variety of pollutants, 

thus takes a variety of forms. 

Includes UV light irradiation and 

microfiltration for disinfection, and 

chemical treatment for phosphate 

and nitrate removal.  

Discharged to sensitive areas 

which would feasibly become 

eutrophic if discharged wastewater 

was not tertiary treated. 

Freshwater, estuarine, and coastal 

wasters with a P.E. >10,000.  

 

1.1.2 Costs and issues associated with traditional waste management strategies 

Despite current policy, treated wastewater that is discharged from large facilities remains a 

significant factor contributing to the instream concentrations of nitrogen (N) and phosphorous 

(P), causing eutrophication within freshwater and estuaries (Yates et al., 2019). The persistence 

of untreated wastewater has knock-on effects on the environment, agriculture, and public health 

due to excess loading of nutrients, salts, metals and metalloids (Qadir et al., 2015).  

By 2015, domestic wastewater treatment was responsible for 3% of global electricity 

consumption, and 5% of non-CO2 greenhouse gas (GHG) production (Li et al., 2015). Energy 

use by water companies has doubled since the 1990s, and is set to double again by 2030 if 

significant changes are not made; threatening the industry’s capacity to meet national GHG 

emissions targets (CST, 2009). Additionally, policies to reduce CO2 emissions run counter to 

the current strategy for wastewater treatment, suggesting major technological innovation is 

required (Thomas and Ford, 2006a). Previously, water and sewerage companies have modified 

existing protocols to meet new objectives rather than investing in and developing new processes 

(Tanner et al., 2018). This may be partially due to continued land usage competition as to 

prioritise land for water services requires political will, which is unlikely to happen until a crisis 

point has been reached, such as happened in Singapore after being declared a water sparse 

country in 2005 (Timm and Deal, 2018). Bioremediation, particularly by photosynthetic 

microbes, offers specialised treatment of wastewater that can sequester target nutrients and 

metals from municipal and industrial waste streams (Puyol et al., 2017). 

1.1.3 Point-source bioremediation 

Utilisation of cyanobacteria in wastewater treatment dates to back to the mid 20th century 

(Oswald and Gotaas, 1957) and now forms an important part of activated sludge systems in 

large-scale WTPs (Martins et al., 2011). Cyanobacteria can survive in WTPs due to their broad 
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abiotic tolerances and metabolic flexibility (Lin et al., 2011; Magana-Arachchi et al., 2011; 

Beversdorf et al., 2013; Dadheech et al., 2013). The N and P found in wastewater originates in 

human excretions, detergents, agricultural practices, and industrial chemicals production (Li et 

al., 2015) and could be viewed as a “free” resource for cyanobacteria cultivation (Cuellar-

Bermudez et al., 2017). Provided the biomass is reused, Munoz and Guieysse (2006) argued 

that this process causes no secondary pollution as no waste products would be generated. 

Decentralised, or point-source systems, offer an alternative, but must ensure both human and 

environmental protection, be user friendly, and comply with water regulations through effluent 

quality monitoring (Oladoja, 2017). Point-source—or start-of-pipe—bioremediation ensures 

that treatment can be rapid and effective to facilitate safe water supply as end-of-pipe treatments 

can be more specific to pollutants that are not targeted during conventional bioremediation 

(Kümmerer et al., 2018). With proper urban planning, wastewater should be viewed as a 

valuable resource rather than a problem, by encouraging changes in consumer behaviour such 

as increased energy and water saving, waste recycling, and mixed land use (Grant et al., 2012). 

There is concern from governmental organisations that perceived failures in distributed 

wastewater treatment systems may lead to a perception of inappropriate spending of public 

funds. Farrelly and Brown (2011) advocate that failure should be a valuable knowledge 

resource for future experimentation, encouraging cultural, policy, and structural reforms for 

wastewater management. Through this review, the previous successes will be discussed, but 

ultimately radical change and better biological insight is required to truly transform the 

wastewater treatment industry using point-source bioremediation. 

1.2 Bioremediation 

1.2.1 Photosynthetic organisms in the natural world 

The first sustained increase in atmospheric oxygen, termed the Great Oxidation event, 2.4 – 2.1 

Ga (Lyons et al., 2014) is accredited to the evolution of cyanobacteria (Ettwig et al., 2010). As 

gram-negative bacteria (Shih et al., 2013), cyanobacteria are the only known prokaryotes able 

to conduct oxygenic photosynthesis (Hamilton et al., 2016) and are key to carbon, N, and 

oxygen biogeochemical cycles (Karl et al., 2002; Kulasooriya, 2011). Advances in 

phylogenetics based on molecular approaches has led to 50 cyanobacteria genera being 

described since 2000 (Komárek, 2016). Phenotypic diversity observed in the genera has enabled 

cyanobacteria to tolerate a range of environments, increasing their ability to occupy 

environmental niches (Hamilton et al., 2016). Their ability to sustain growth in ecosystems of 

high nutrient levels suggests they would be suitable tools for wastewater remediation (Abed et 

al., 2014). 
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Uptake of inorganic N and P contributes to normal cellular function and is regulated by the 

cells, but can be influenced by pH and dissolved oxygen content of water. Inorganic N can be 

assimilated as nitrate (NO3
-), nitrite (NO2

-), and ammonium (NH4
+) forms through translocation 

of the plasma membrane where it is reduced to NO2
- and then NH4

+. The NH4
+ can then be used 

to synthesise amino acids, contributing to the production of genetic materials (DNA and RNA), 

proteins, and photosynthetic machinery (Barsanti and Gualtieri, 2014; Singh et al., 2019). P is 

incorporated as hydrogenphosphate or dihydrogenphosphate during phosphorylation of ADP to 

ATP for photosynthesis and respiration (Cai et al., 2013).  

1.2.2 Open pond cultivation 

Mass cultivation of micro-photosynthetic organisms began in the mid-20th century in California 

(Oswald and Gotaas, 1957). Open ponds were utilised due to their low operational cost, 

regardless of mixing system (Hoh et al., 2016). Open ponds have three main designs; raceway, 

unstirred, and circular (Figure 1.2). Typically, ponds are constructed and lined with cement, 

polyethylene, or PVC with a working depth of 0.25 – 1 m (Singh et al., 2016). One of the more 

effective models of raceway ponds is the High Rate Algal Pond (HRAP). First published in 

1963 (Oswald, 1963), HRAPs aim to maximise algal biomass by utilising shallow ponds that 

are mixed using a paddle wheel with a working depth of 0.3 – 0.5 m (Montemezzani et al., 

2015). Compared to other styles of algal pond, HRAPs demand less land, have smaller 

construction costs, and have reduced evaporative water loss (Young et al., 2017). The energy 

required to operate HRAPs is low, and the operation and cleaning are simple (Pawar, 2016). 

The length to width ratio is critical to maximise productivity, with the width sufficiently small 

to maintain current speed which affects mixing and mass transfer velocity (Chisti, 2007). 

 

 

Figure 1.2. The three most common designs for outdoor mass microalgae and cyanobacteria 

cultivation. Adapted from Zerrouki and Henni (2019). 
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In a wastewater treatment context, HRAPs can clean to an equivalent of tertiary treatment with 

biomass productivity of up to 30 tonnes/ha/year, without additional CO2 supplementation (Park 

et al., 2011). Gutiérrez et al. (2016) treated municipal wastewater by phycoremediation in open 

HRAPs, reducing ammonia concentration by 97% after four days with a 10% recycling rate 

with Chlorella sp. the dominant alga. Median percentage removal values for N, ammonia, 

BOD, and P are 61.23, 77.00, 59.00, and 42.73% respectively (Young et al., 2017). Racault and 

Boutin (2005) demonstrated that a HRAP could treat up to 175g BOD.m-3 d-1 in a 0.2m deep 

pond under ideal conditions. Cyanobacteria in an open HRAP in the tropics removed up to 96% 

of NH4
+, and 87% of P from pig farming wastewater (Olguín et al., 2003). Design of the HRAP 

was a significant factor in this study, with depth, pH, and temperature all significantly affecting 

NH4
+ and P removal. Additionally, strain selection plays a vital role. Renuka et al. (2013) 

showed the ability of filamentous strains (Phoridium sp., Limnothrix sp., Anabaena sp., 

Westiellopsis sp., Fischerella sp., and Spirogyra sp.) to remove 90% of nitrate-nitrogen (NO3-

N), and 97.8% of phosphate (PO4
3-) from primary treated municipal wastewater after 10 days 

of treatment. By comparison, a reference unicellular algal strain was only capable of removing 

82% of NO3-N which was significantly lower, but a similar removal rate of PO4
3- was observed.   

However, there is poor consistency between open ponds; driven by a combination of abiotic 

and biotic factors. The ‘open’ nature of open ponds means that abiotic factors (including light, 

temperature, and water evaporation) cannot be effectively controlled, which significantly 

affects algal growth and nutrient removal (Chandra et al., 2019). Light intensity is a key factor 

affecting the efficiency of algal ponds. In a model developed by Flynn et al. (2010), light was 

deemed the most fundamental parameter influencing microalgal growth, despite many strains 

being able to acclimate to low light intensities. Arcila and Buitrón (2017) found that a high light 

intensity treatment of 6213 ± 1186 Wh m− 2 d− 1 reduced the removal of total nitrogen (TN) 

(36%) and chemical oxygen demand (COD) (50%) but had the highest removal of P (92%). At 

lower levels (2741–3799 Wh m− 2 d− 1) the removal of TN and COD increased to 60% and 89% 

respectively, whereas P uptake decreased to 28%. Light is so influential that the biomass 

composition fluctuates significantly within a 24-hour period, e.g. the cyanobacterium 

Arthrospira platensis displayed up to 14% variation in chlorophyll a and 21% variation in total 

phycocyanin concentration in 24h, which Hidasi and Belay (2018) attributed to photoinhibition 

due to high light intensities and high dissolved oxygen concentrations during the middle of the 

day. Further, the performance of open ponds fluctuates seasonally. In a temperate full scale 

pond, biomass was reduced to just 40% of the summer density, resulting in a reduction of NH4
+ 

removal to just 47% in the autumn which Sutherland et al. (2014) attributed to carbon 

limitation.  
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Hydraulic retention time (HRT), i.e. how long cultures are retained within the pond, is another 

influencing factor. Increased HRT generally increases nutrient removal with around 6-10 days 

being optimal (Park and Craggs, 2010; Arcila and Buitrón, 2017). Beyond this, there is potential 

for re-release of PO4
3- due to respiration of the cultures (García et al., 2002; Alemu et al., 2018). 

HRT is also a significant factor affecting cost of operation - Acién Fernández et al. (2018) 

argued that HRT must be reduced to less than one day at an industrial scale to be economically 

viable. Furthermore, analysis of 553 datasets using an artificial neural network found that HRT 

was the critical parameter for microalgal growth in open pond systems (Supriyanto et al., 2019).  

The size of the pond is fundamental, and reliance on small-scale experiments may overestimate 

the productivity of large scale (1 ha or greater) open ponds. Sutherland et al. (2020) compared 

nutrient removal between 5m2, 330m2, and 10,000m2 ponds with seasonal variation. NH4
+ 

removal was greatest in the 5m2 pond regardless of season, despite the maximum rate of 

photosynthesis not significantly differing between pond size. The 330m2 pond is considered a 

pilot scale pond but was recommended as the optimum size pond by Sutherland et al. (2020) as 

the microalgal productivity was maximised at this size due to increased mixing and higher 

photosynthetic activity when light was limiting, which was well balanced with capital and 

operational costs. 

Contamination by other organisms is the most significant factor leading to rapid culture crashes 

and variability in productivity (Mesple et al., 1995). Common biocontaminants include 

herbivorous zooplankton, bacteria, viruses, fungi, and unwanted non-specific algae species 

(Yun et al., 2018). The recycling of culture media causes significant increases of bio-

contamination, inhibiting productivity of the desired photosynthetic species (Yuan et al., 2019). 

In the natural environment, these confounding organisms prevent bloom formation with one 

dominating species, but within the controlled pond system the effects can decimate target 

species within a few days (Molina et al., 2019).  

Zooplankton enter from the environment surrounding the ponds (Canovas et al., 1996), and 

grazing is responsible for changing the dominant microalgal species, reduction in pond 

productivity and nutrient uptake, and increased biomass settling (Montemezzani et al., 2016). 

Dependable and economical treatments for zooplankton require further development to 

improve the use of open ponds (Montemezzani et al., 2017c). CO2 asphyxiation is a promising 

chemical treatment for some zooplankton species (Montemezzani et al., 2017b) and 

commercially available insecticides have also shown some promise in chemical removal of 

zooplankton. To minimise potential impacts on the environment, physical controls have been 

utilised to remove zooplankton from open ponds but are both economically and energetically 
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expensive with detrimental effects to algal cultures. Temperature has been proposed as a 

method of zooplankton control in ballast water. Increasing water temperature to 38oC removed 

all zooplankton species and most of the phytoplankton (Rigby et al., 1999). However, for use 

in wastewater treatment it would be detrimental to the productivity of most algal systems and 

would add a significant operational cost. Filtration is another physical removal method which 

Montemezzani et al. (2017a) demonstrated that larger filtration sizes of 300 and 500μm could 

completely remove Moina tenuicornis populations within four days, while larger filters of 

800μm allowed juvenile survival and reproduction. Failure to remove all organisms allow for 

rapid regrowth and require further treatment (Grob and Pollet, 2016). Filtration is also a 

relatively economically expensive solution with capital cost of $0.19/tonne of water, with 

increased costs due to fouling or clogging of the filter (Danquah et al., 2009; Uduman et al., 

2010).  

Wastewater contains a variety of bacteria, but is dominated by Proteobacteria, Bacteriodes, and 

Actinobacteria (Unnithan et al., 2014). Phytoplankton-lytic bacteria can inhibit the growth of 

microorganisms naturally impacting bloom formation and termination using thermostable 

compounds (Wang et al., 2009). Bacillus fusiformis was identified by Mu et al. (2007) to 

decrease chlorophyll a concentrations in cultures of Microcystis aeruginosa, Chlorella, and 

Scenedesmus suggesting the lytic effect impacts a range of species. These bacteria can also 

have negative effects on human health. Vardaka et al. (2016) conducted 454-pyrosequencing 

of 31 brands of Arthospira (marketed as Spirulina) that had been grown in large open pond 

cultures, finding 469 operational taxonomic units (OTUs). Making up some of the most 

prevalent OTUs were Pseudomonas, Vibrio, Bacillus, and Enterococcus – all known for 

causing human health problems. Furthermore, β-methylamino-l-alanine (BMAA) produced by 

non-target cyanobacterial species has been found in some dietary supplements of Arthospira, 

Aphanizomenon, and Nostoc. There has been inconsistency in the amounts of BMAA detected 

in samples depending on analytical method; regardless, caution should be applied (Manolidi et 

al., 2019). Concordantly, Roy-Lachapelle et al. (2017) found microcystins, anatoxin-a, and 

BMAA in several samples using the same methods for each sample of commercially available 

Arthrospira and Aphanizomenon flos-aquae that had been grown in open ponds. If we consider 

the desired end-point of open ponds for wastewater treatment – safe, clean water - due 

consideration must be given to the presence of toxins.  

1.2.3 Photobioreactors 

To overcome the limited productivity in open pond systems, closed photobioreactors (PBRs) 

have been designed with an emphasis on maximal productivity whilst remaining economical, 
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operable, and low maintenance (Singh and Sharma, 2012). PBR designs include flat-plates, 

columns, annular, tubular and coil reactors (Figure 1.3) (Zerrouki and Henni, 2019). It is often 

easier to control parameters such as pH, temperature, mixing, gas exchange, evaporation, and 

biotic influences in PBRs (Ugwu et al., 2008). A significant advantage of PBRs is the reduction 

in water use, with PBRs using four times less water than open ponds for the same level of 

biomass production (Yang et al., 2011; Delrue et al., 2012). Posten (2009) defined the four-

phases of any given PBR as; 1) the solid phase – cells, 2) the liquid phase – media, 3) the gas 

phase – air or CO2 enriched air, 4) the radiation phase – light. Any given PBR can be divided 

into three distinct zones based on cell growth due to light transfer through the unit. Firstly, as 

light initially passes through the PBR wall the light intensity exceeds the cell’s ability to 

photosynthesise, having an inhibitory effect. This then reaches a maintenance zone in which 

cells can balance light and nutrient resources for sustained culture growth. Around the middle 

of the PBR is a dark zone where there is little light causing a reduced growth rate (Bitog et al., 

2011). To ensure maximal biomass production within PBRs the casing material (such as poly 

vinyl chloride or polyethylene) must be sufficiently transparent whilst remaining mechanically 

intact. To minimise the impact of poor light penetration, mixing of cultures by aeration, 

pumping, or mechanical agitation is common (Wang et al., 2012a). Mixing also helps to 

manage pH, temperature gradients, cell sedimentation, and gas exchange (Carvalho et al., 

2006).  

 

Figure 1.3. Common designs of photobioreactors for microalgae and cyanobacteria cultivation. 

Adapted from Zerrouki and Henni (2019). 

PBRs have had good success in wastewater treatment. Jiang et al. (2012) operated a mixed 

microalgae culture which reduced total phosphorous (TP) by 92%, and NH4
+ by 99% from 

municipal wastewater. Likewise, an evolving mixed algal culture removed 75% of TN and 93% 

of TP from influent wastewater using natural light and wave energy for culture mixing 
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(Novoveská et al., 2016). Although these results were slightly decreased when compared to 

Jiang et al. (2012) both studies show compelling results for mixed algae cultures in PBRs. Light 

intensity and duration can significantly influence nutrient recovery. Maximal N and P removal 

of 7.7 ± 1.6 mg N·L−1·d−1 and 1.03 ± 0.21 mg P·L−1·d−1 were obtained with continuous 

illumination of 300 μmol·m−2·s−1 with no photoinhibition due to good mixing and the central 

dark zone. However, in a subsequent experiment using the same bioreactor with reduced solar 

PAR (89 ± 15 μmol·m−2·s−1) N recovery rates were significantly lower when the artificial 

lighting (300 μmol·m−2·s−1) was only used for 12 hours a day at night time, and relied on natural 

light during day hours (2.2 ± 1.1mg N·L−1·d−1) when compared to samples being continuously 

illuminated with artificial light during the same time period (3.5 ± 1.8 N·L−1·d−1) (González-

Camejo et al., 2019). 

 

Despite the success of PBRs in treating wastewater, few are operating at commercial scale 

(Bertucco et al., 2014). Primarily, this is due to the high operating costs of PBRs, which is 

estimated to be 4 – 9 times higher than open pond systems regardless of the design (Dogaris et 

al., 2015). When comparing the cost for lipid production, Richardson et al. (2012) found the 

price per gallon was $12.73 and $31.61 for open ponds and PBRs respectively using a Monte 

Carlo financial feasibility model. Slade and Bauen (2013) also completed a cost model to 

compare production of microalgae in open ponds and PBRs. The projected case cost of 

microalgal production was 0.4 € kg−1 in an open pond, compared to ∼3.8 € kg−1 in a tubular 

PBR. Interestingly, the majority of the cost in open ponds were due to operation, unlike the 

PBR where the capital cost was the most expensive factor. Huang et al. (2017) attributed these 

high operating costs to high capital investment, short lifespan, cost of cleaning, and temperature 

control of the PBR. The capital investment for 1000L batch PBRs can be up to $33,600, with 

more modern prototypes estimated at $3709 (Erbland et al., 2020). Furthermore, the design will 

significantly influence the desired minimum biomass selling price (MBSP). For a horizontal 

tubular reactor the MBSP is $0.78 kg-1, but for a helical reactor the price increases to $1.91 kg-

1 due to the initial capital costs (Clippinger and Davis, 2019). These are low in comparison to 

the estimated cost of production of flat panel bioreactors which range between $2.89- $9.56 kg-

1 (Banerjee and Ramaswamy, 2019). It is important to note that all the studies previously 

mentioned use different methods to estimate the cost of biomass production, and therefore these 

values should be used as estimates only, rather than definitive values. Additionally, biomass 

must be separated from the effluent. Common methods are centrifugation, filtration, 

sedimentation, dissolved air flotation, chemical flocculation, or electric field separation. All 
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have significant cost implications and may result in the biomass being unusable for future 

treatments (Hoh et al., 2016). 

1.2.4 Process intensification 

Despite PBRs increasing the productivity of suspension cultures, scale-up inefficiencies 

continue to limit the economic feasibility of liquid cultures. Process intensification (PI) was 

conceptualised in the mid-1990’s, and is often used to reduce the physical size of operations 

while achieving a production objective (Dautzenberg and Mukherjee, 2001). PI is a well-

studied area of chemical engineering as it relies on novel engineering strategies (Van Gerven 

and Stankiewicz, 2009). As well as size reductions, PI has a specific emphasis on sustainability, 

with a focus on reduction of energy usage and waste production (Moulijn et al., 2008), with an 

increase in safety (Laird, 2013). However, seven areas that have previously hindered PI 

technologies have been identified (Lutze et al., 2010): 1) reliance on current technology; 2) risk 

of start-up; 3) expense of new plant facilities; 4) concern regarding health and safety; 5) 

decisions regarding how and where to apply PI; 6) few current PI technologies in place; and, 7) 

a lack of criteria to evaluate PI technology. 

This does not mean we cannot apply PI to wastewater management. PI offers novel technology 

to an industry that is very much behind the times (Nikačević et al., 2012). There are questions 

that must be answered before and during PI regarding cost, operation, and trials (Tian et al., 

2018). PI has been successfully implemented into the oil and gas, pharmaceutical, victual, and 

chemical industries, but water management has been considerably overlooked (Coward et al., 

2018). Based on their review of potential PI technologies, one of the recommendations was that 

distributed water treatment facilities could help meet PI and sustainability goals. For 

biotechnology, PI has already had influence by producing “quantum leaps” in performance 

(Prado-Rubio et al., 2016). PI technology should be applicable to a range of photosynthetic 

microorganisms at a large scale (Joshi and Gogate, 2018). 

1.2.5 Biocomposites as process intensification 

Moving to a water-minimal system for microalgae or cyanobacterial growth is a potential 

method of PI for bioremediation. In this system, organisms typically grown in suspension open-

ponds or PBRs would be immobilised onto a solid substrate with a binding system for retention. 

The characteristics of these biocomposites include one or more discontinuous phases that 

provide solid support, and a continuous phase creating a matrix around the discontinuous 

(Chandramohan and Marimuthu, 2011). Biocomposites using natural fibres are a widely used 

option due to their high tensile strength, low weight, and resistance to degradation (Gurunathan 

et al., 2015). Natural fibres encompass plant, animal, and mineral materials which can be further 
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subdivided. Metabolically active cells can be combined to this structure to provide functional 

tools for a range of applications (Holzmeister et al., 2018). It is important to note that the 

definition of a biocomposite is separate from biofilm reactors. Although there has been notable 

success in the development and treatment of domestic wastewaters utilising biofilms (Gou et 

al., 2020) it does not meet the requirements of PI, and requires the user to have substantial 

knowledge of algae culturing techniques to maintain the biofilm (Hamano et al., 2017).  

To be truly functional as a biocomposite, biomass must be retained whilst allowing the 

exchange of molecules across a semi-permeable membrane (de-Bashan and Bashan, 2010). The 

matrix in which cells are held should also act as protection from contaminating species whilst 

providing room for cellular maintenance and growth (Perullini et al., 2007). Biocomposites 

containing photosynthetic microorganisms theoretically support greater amounts of biomass 

within a smaller surface area with greater cellular retention (Flickinger et al., 2007). Due to this 

increased retention and biomass there is greater flexibility in bioreactor design leading to 

increased bioremediation when compared to suspension or biofilm counterparts (Eroglu et al., 

2015). It is well documented that the behaviour of cells in 3D matrices significantly differ to 

those grown on 2D surfaces in biomedical applications (Ozbolat et al., 2016; Jensen and Teng, 

2020). 3D scaffolds support sustained cell proliferation and metabolic activity than their 

suspension counterparts making them more suitable for bioremediation of environmental 

pollutants (Zhao et al., 2019). The ability to develop 3D structures containing metabolically 

active cells permits the development of customisable culture systems with minimal costs 

(Mehrotra et al., 2020).  

1.2.6 Previous successes of immobilised microbes 

Many immobilised bioreactor designs initially focussed on entrapment within gel-like matrices 

such as alginate, chitosan, or gelatine (Desmet et al., 2014; Pannier et al., 2014; Lode et al., 

2015; Blocki et al., 2017). Despite all the mentioned studies having some success in 

maintaining cellular metabolic activity there are significant problems with gel immobilised 

samples. Most notably is cell leaching due to matrix breakdown over time, and the effect of 

encapsulation on long-term viability due to interaction between the immobilisation matrix and 

the cells. The use of gel-hardeners such as CaCl2 resulted in less efficient bioremediation of 

phosphate and NH4
+ by alginate immobilised Synechococcus elongatus and cell leakage was 

observed from day six onwards (Castro-Ceseña et al., 2016). Furthermore, increasing the 

thickness of a chitosan or alginate matrix to prevent cell leaching will only reduce mass transfer 

of target nutrients such as N, P, and CO2 (Cortez et al., 2017). The use of cross-linkers in 

hydrogel systems can cause intracellular damage to microalgae and cyanobacteria; most likely 
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due to the presence of glutaraldehyde (Moreno-Garrido, 2008). Furthermore, as gels are often 

up to 90% water, they are prone to rapid desiccation with poor mechanical properties when 

rehydrated due to damage to their 3D structure (Malik et al., 2020). 

To bypass the issues of gel immobilisation, Cortez et al. (2017) advocates for latex-based 

immobilisation to porous scaffolds. When immobilised to paper substrates with latex, the 

cyanobacterial biocomposites displayed up 7-10x higher O2 production and CO2 fixation over 

an operational period of 20 days compared to suspension cultures (Bernal et al., 2014). This is 

not to say that latex based immobilisation is without issues – film formation and therefore 

subsequent efficacy of the biocomposites can be affected due to the coating formulation, drying, 

substrate choice, and biomass loading (Flickinger et al., 2017). There are, however, 

methodologies available to mitigate these stressors. For example, Gosse et al. (2012) developed 

an immobilisation system that utilised wet latex that did not require drying to adhere to paper 

surfaces, reducing osmotic stress on all strains of microalgae and cyanobacteria used. 

Alternatively, Bernal et al. (2017a) reported on the use of dielectrophoresis to improve chain 

formation of S. elongatus PCC 7002 resulting in a maximal coverage of monolayers of the 

organism. This resulted in reduced self-shading without any reduction in cell viability. More 

recently, In-na et al. (2020) demonstrated that immobilised microalgae and cyanobacteria can 

significantly outperform their suspension counterparts for CO2 sequestration over multi-week 

operations when immobilised within loofa biocomposites. 

1.2.7 Affecting the success of biocomposites 

As mentioned before, latex offers an alternative to gel based immobilisation systems as the 

reduce issues with mass transfer limitations. Latex films form in three stages; 1) consolidation 

– the evaporation of water to form a packed latex particle network, 2) compaction – particle 

deformation begins to eliminate void space between latex particles, and 3) coalescence – 

polymer diffusion is initiated between particles in contact with one another to form the complete 

film (Figure 1.4) (Price et al., 2017). 
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Figure 1.4. Schematic of the formation of latex films on a surface. Adapted from Price et al. 

(2017). 

The formation of universal films is affected by several factors including glass transition 

temperature, particle size and distribution, particle morphology, humidity, and pigments (Wicks 

et al., 1993; Reyes et al., 2007; Chen et al., 2011b; Churinthorn et al., 2015; Ugur and Sunay, 

2016; Limousin et al., 2019). The drying temperature can have significant effects on latex 

coalescence on porous substrates, where there absorption of the aqueous phase of the latex is 

rapidly absorbed into the substrate which may result in cracking of the latex (Mesic et al., 2019). 

However, the optimal drying temperature for an evenly dried film in this study was 40OC which 

would not be suitable for the immobilisation of biomass as it would cause significant damage 

to cells. There is also concern regarding gas and liquid mass transfer to immobilised microbes 

which may limit cellular productivity. There is an inverse relationship between film thickness 

and mass transfer, therefore film thickness should be minimised whilst ensuring microbes 

remain immobilised yet metabolically active (Schulte et al., 2016). The mass transfer 

coefficient is increased from the suspension culture when 6.5mg of Clostridium ljungdahlii 

OTA1 were immobilised from 26 kLaapparent (h−1) to 56 kLaapparent (h−1) respectively, with a linear 

increase when the amount of biomass was increased. However, Bernal et al. (2017b), found 

that there was a drop in hydrogen production by immobilised Rhodopseudomonas palustris as 

the latex film increased in thickness and cell retention which they attributed to mass transfer 

limitations as a result of poor moisture diffusion coefficients and gas permeability. This is 

compounded by In-na et al. (2020) finding that CO2 mass transfer was limited by latex coatings 

by calculating the CO2 diffusivity of the latex when 26 μm thick (10−15 – 10-13 m2 s-1) compared 

to the diffusivity of microporous solids (∼ 10-8 m2 s-1), liquids (∼ 10-9 m2 s-1), and polymer films 

(∼ 10-13 m2 s-1). Therefore, a balance must be struck between latex thickness which will impact 

cell retention versus cells remaining metabolically active with mass transfer of CO2 and 

nutrients via the growth media not being limited.  

Textiles offer an alternative scaffold system as the textile industry is in a prime position to shift 

to a circular economy from a linear (take-make-dispose) one (Koszewska, 2018). The 
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production of textiles is set to increase to 130 million tonnes per annum by 2025 (Yang Qin, 

2014), with more than 60% of textiles produced being derived from synthetic oil-based 

materials (Koszewska, 2018). In particular, polyester-cotton blend fabrics have the largest 

environmental impact during their production as it is difficult to recycle blended materials 

(Zhang et al., 2018), with textiles making upto 5% of landfill waste in 2014 (Weber et al., 

2017). When selecting textiles it is important to consider the rugosity as the increased number 

of microstructures at the surface increases the hydrophobicity which may affect the formation 

of a uniform biocoating (Melki et al., 2019). When utilising woven fabrics, the diameter and 

spacing of the weave affects the size of the interyarn pores which can increase the swelling 

capacity of the textile (Sarkar et al., 2009) which may lead to imperfections of the biocoatings. 

Additionally, highly porous fabrics such as cotton, have high levels of pore-collapse due to 

structural fragility leading to alterations in the number and distribution of pores (Dhiman and 

Chattopadhyay, 2020). Conversely, non-woven fabrics pore size is affected by the fibre density, 

with less dense fibres having larger pores (Alassod and Xu, 2020) which may lead to poorer 

retention of immobilised microbes. This porosity ultimately impacts the homogenous formation 

of latex binders. The more porous structures result in faster wicking which results in non-

uniform film formation across the substrate (Khosravi et al., 2014). 

1.3 Understanding the metabolic response to immobilisation 

1.3.1 The need for greater biological understanding 

Despite the application and evident successes of PI to bioremediation there is still a significant 

gap in understanding the organisms’ response to these engineered environments. To progress 

the technology from research to commercial application, an increase in system productivity and 

reproducibility is required, which Osanai et al. (2017) argued can be achieved through 

understanding molecular biology and biochemistry of the target organisms. In many 

engineering projects utilising microalgae and cyanobacteria, a trial and error approach has been 

adopted resulting in delayed progress (Lü et al., 2011). Although discussing systems biology 

in the context of biofuels, Klanchui et al. (2017) advocated that a better understanding of 

cellular metabolism is essential to optimising engineering processes — a concept that should 

also be applied to bioremediation. By approaching engineered systems with a multi-omics 

(genomics, proteomics, and transcriptomics) toolbox a more universal understanding of the 

biological agent in the system can be achieved compared to the traditional approach of 

measuring abiotic factors (Pinu et al., 2019).  

Previously used physiological responses to immobilisation include; chlorophyll fluorescence 

(Rooke et al., 2008), oxygen production (Léonard et al., 2010), metal uptake (De Philippis et 
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al., 2003; Chakraborty et al., 2011), carbon-14 assimilation (Rooke et al., 2011), N and P uptake 

(Lau et al., 1997; Fierro et al., 2008; Castro-Ceseña et al., 2016), hydrogen production (Das et 

al., 2015; Swe Cheng et al., 2017), and CO2 sequestration (Ekins-Coward et al., 2019; Umar et 

al., 2019). Although all are insightful and have helped to progress their respective fields, 

Flickinger et al. (2017) argued that indirect methods of understanding the impact of 

immobilisation does not provide enough information about the biology of the system and 

provides little insight to the gene regulation of the organisms.  

1.3.2 Transcriptomics 

Dickson et al. (2012) was one of the earliest studies to examine gene expression of immobilised 

Synechocystis. Using microarrays and qRT-PCR it was determined that encapsulation in gels 

significantly altered the expression of up to 1143 genes compared to liquid media. Advances in 

whole genome sequencing and annotation have provided a wealth of information regarding 

cyanobacterial genomes and provide a basis for transcriptomic experiments (D'Agostino et al., 

2016). As of 2018, there are more than 200 cyanobacteria genomes sequenced and publicly 

accessible (Hagemann and Hess, 2018). Cyanobacteria lend themselves to biotechnological 

applications due to their metabolic plasticity; however, this plasticity is why it is imperative to 

study this metabolic flux to ensure control and sustain functioning in biotechnology 

(Angermayr et al., 2009). Although proteomics made some significant advances in this area, 

studies were often limited due to non-representative results as 2D gel electrophoresis techniques 

exclude a number of protein types (Burja et al., 2003) and often only reveal around 20% of the 

organism’s proteome (Gao et al., 2015). Therefore, the combination of transcriptomics and 

high-throughput sequencing, commonly referred to as RNA-sequencing (or RNA-Seq) has 

been the preferred method for gene expression studies since 2015 (Tachibana, 2015). A 

comprehensive review of transcriptomic methodologies is outside the scope of this thesis, 

however the reader should refer to Lowe et al. (2017). In short, the RNA-Seq methodology is 

as follows - total RNA is extracted from the organism, and converted to cDNA by reverse 

transcription. During this process, ribosomal RNA can be depleted. Short fragments of cDNA, 

usually around 100 base pairs (bp) are sequenced by fragmentation, followed by amplification 

of randomly primed cDNA, and ligation. These short sequences are then amplified by PCR and 

then aligned to a reference genome. The accuracy of RNA-Seq is improved by the number of 

reads of a sample as overlap of the fragments and detection of low-abundance transcripts 

increases (Kukurba and Montgomery, 2015; Lowe et al., 2017) (Figure 1.5).  
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Figure 1.5. A simplified process for RNA-Seq library preparation prior to computational 

analysis (Goeman and Fanciulli, 2016). 

After sequencing, computational analysis is required to determine differential gene expression. 

With the increased affordability of RNA-Seq the number of analytical packages to process the 

vast amounts of data has increased, resulting in significant divergence in analysis (Conesa et 

al., 2016). Analysis pipelines generally comprise four stages; 1) quality control and mapping 

to a reference genome, 2) quantification of reads with genes, 3) normalisation of gene 

expression data, and 4) modelling of sample to produce statistical values (Stark et al., 2019) 

(Figure 1.6). At each of these stages there are a number of approaches which can be combined 

in the analysis pipeline affecting the conclusions of studies (Seyednasrollah et al., 2015). This 

was exemplified by Sahraeian et al. (2017) using 39 analysis packages, resulting in 490 

analyses. When looking for differentially expressed genes (DEG), DESeq2 had higher detection 

when compared to edgeR, but accuracy was significantly affected by alignment methods, with 

alignment-free techniques delivering higher quality results. Although the molecular toolbox for 

cyanobacteria is lacking compared to E. coli and S. cerevisiae, the cost and ease of 

transcriptomic studies is improving for select strains of cyanobacteria (Sun et al., 2018). It is 

important to note that some of the most popular packages for DEG analysis, such as DESeq2, 

edgeR, and Limma (Dillies et al., 2013) assume that genes are invariant which is not appropriate 



 18 

for prokaryotic DEG analysis as most levels of gene expression are altered under stress 

conditions (Berghoff et al., 2017). To correct this, Mahmud et al. (2020) have developed a 

prokaryotic-specific pipeline for differential gene expression and pathway analysis – ProkSeq. 

ProkSeq utilises shrunken log2 fold changes (LFC) developed by Zhu et al. (2019) to normalise 

the nucleotide base count during differential gene expression analysis to ensure data are 

comparable between samples. LFC utilises information from all genes to reduce the higher 

levels of variation observed in genes with low expression. In ProkSeq this is performed by 

default prior to DESeq2 and saved as a separate output.  

 

 

Figure 1.6. An overview of RNA-Seq analysis pipeline with suggested work packages 

(Chudalayandi, 2020) 

There are a wealth of papers utilising RNA-Seq –Scopus returned over 28,000 papers returned 

that include ‘RNA-Seq’ in their title, abstract, or key words. In contrast, there are only 53 results 

for ‘RNA-Seq’ and ‘cyanobacteria’, and none for ‘RNA-Seq’, ‘cyanobacteria’, and 

‘immobilise/immobilize’ (27.10.2020). Dickson et al. (2012) provide, as far as the author has 

found, the only study researching the global transcriptomic response of immobilised 

cyanobacteria. Dickson et al. (2012) utilised microarrays, but found that up to 1143 genes were 



 19 

differentially expressed (>1.5 fold change, P < 0.01) by Synechocystis sp. PCC 6803 after 

immobilisation in silica gel. In contrast, there were 254 documents returned when searching for 

‘cyanobacteria’ and ‘immobilisation’, and ‘cyanobacteria’ and ‘bioremediation’ returned 601 

results. This suggests there is a large gap in the literature combining the efficacy of immobilised 

cyanobacteria as bioremediators, and our biological understanding of this process as discussed 

by Dickson and Ely (2013). Particular attention should be paid to the photosynthetic machinery 

as exemplified by Dickson et al. (2012). Fernández-González et al. (2020) focussed on the rbcL 

and psbA genes associated with RuBisCO and photosystem II respectively. Both increased in 

expression with increased N supply. Concordantly, P limitation caused 823 genes to be 

differentially expressed after P limitation, while genes involved in both photosystems were 

significantly downregulated (Teikari et al., 2015). Additionally, the physical confinement of 

cyanobacteria into biocomposites may affect the photosynthetic machinery as demonstrated by 

(Moore et al., 2020). Physical restriction in 2.5% agarose led to disassociation of 

phycobilisomes from the photosynthetic reaction centres, which the authors attributed as a 

failsafe mechanism when space is limited, despite nutrients and light availability not limiting. 

Although it is hypothesised that there will be some mass transfer limitation of nutrient, lack of 

available space may also have a significant effect on gene expression related to photosynthesis. 

There is, however, a significant gap in the literature examining the genetic response of 

cyanobacteria in wastewater even when in suspension ponds or PBRs. We attribute this to a 

lack of collaborative projects between engineering and molecular biology which would add 

significant value to the data being collected by both disciplines. There are several stressors 

exerted on cyanobacteria during mass cultivation in wastewater, the genomic response to which 

is relevant to industrial biotechnology (Rachedi et al., 2020). 

1.4 Synthetic Biology 

1.4.1 Cyanobacteria and synthetic biology 

With systems biology providing greater insight into cellular processes and metabolic activity 

during bioremediation, this detailed knowledge can be exploited by metabolic engineers to 

enhance bioremediation through the introduction of new or repeated metabolic pathways 

(Dangi et al., 2019). Synthetic biology combines genetic engineering, systems biology, and 

computational modelling to design biological parts and systems, or redesign existing systems 

for greater productivity; tailoring the organism to work as effectively as possible (Huang et al., 

2010; Sharma et al., 2018). Much of the effort of cyanobacterial synthetic biology has been 

geared towards greater production of fuels and fine chemicals via improving photosynthesis by 

enhancing light harvesting efficiency and CO2 fixation (Wang et al., 2012b).  
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Cyanobacteria—coined as the green E. coli (Ruffing and Kallas, 2016)—are good candidates 

for synthetic biology due to their naturally efficient production pathways for proteins and 

carbohydrates. Modification of the cyanobacterial genome can enhance the productivity and 

use of cyanobacteria in biotechnology (Ng et al., 2020). Cyanobacteria offer advantages over 

the traditional models of E. coli and S. cerevisiae due to their low nutrient requirements and 

their metabolic plasticity, enabling them to respond to environmental fluctuations (Xiong et al., 

2017). They are also advantageous over microalgae due to their higher photosynthetic levels 

and growth rate with minimal nutrient requirements (Quintana et al., 2011). The potential of 

cyanobacteria has been unlocked through advances of omics technologies and the increasing 

capacity to manipulate genetic sequences (Santos-Merino et al., 2019). Compared to eukaryotic 

microalgae and plants, the cyanobacterial genome is relatively amenable to engineering (Ducat 

et al., 2011; Lau et al., 2015). The novel metabolic pathways are the result of combining 

enzymatic activities of various metabolic networks within a host cell or “chassis” (Hagemann 

and Hess, 2018). Generally, manipulation of the genome is for either improving strain tolerance 

or improving carbon flux to the desired product (Sengupta et al., 2018; Singh et al., 2018). Sun 

et al. (2018) detailed the progress of cyanobacterial synthetic biology which has rapidly 

advanced with the advent of CRISPR/Cas9 systems, but is still lacking compared the metabolic 

toolboxes available for E. coli and S. cerevisiae. Cyanobacteria have multiple chromosomes 

which means that ensuring a homozygous mutant is produced can be difficult as often selection 

must be done over multiple generations increasing the time and resources required for a single 

modification (Ramey et al., 2015). CRISPR/Cas9 systems have been utilised to overcome this 

polyploidy as it affects all copies of the chromosome simultaneously as first demonstrated by 

the disruption of the nblA gene of S. elongatus UTEX 2973 (Wendt et al., 2016). The success 

of Wendt et al. (2016) modification using CRISPR/Cas9 was that the Cas9 must be expressed 

transiently using the nblA-targeting pCRISPomyces-2 plasmid, as high levels of the Cas9 

protein resulted in cell death.  

1.4.2 Synthetic biology and wastewater bioremediation 

Much of the literature regarding cyanobacteria and synthetic biology is focussed on increasing 

production of desired chemicals, with the potential for using wastewater as a growth medium 

due to its high nutrient density (Bhuvaneshwari et al., 2019). It could be argued that wastewater 

treatment could benefit from synthetic biology. Pathak et al. (2018) noted that genetic 

engineering can aid culture maintenance, biomass production, and be combined with the 

production of high-value metabolites. Wastewater treatment already relies, to some degree, on 

photosynthetic microbes for bioremediation; this could be intensified by enhancing the 

robustness of target synthetic microbes, simultaneously increasing CO2 capture (Gerotto et al., 
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2020). Enhanced biosorption and biotransformation of nutrients or pollutants from wastewater 

will lead to higher treatment efficiency, but this is still within its infancy and limited to 

laboratory scale experiments. Li et al. (2018) genetically engineered S. elongatus UTEX 2973 

with a reduced doubling time, thus increasing the growth rate by introducing the pilN gene 

encoding the Tfp pilus assembly protein. Furthermore, strains could be modified to increase 

uptake of target pollutants (Nzila et al., 2016), as first demonstrated by Chakrabarty (1985) 

with an engineered strain of Pseudomonas to enhance oil degradation. More recently, 

Synechocystis sp. PCC 6803 expressed mrlA encoding microcystinase from Sphingopyxis sp. 

USTB-05, increasing microcystin degradation three-fold when compared to the native strain 

(Dexter et al., 2018). Although microcystins and oil are not significant problems for domestic 

waste, the ability of recombinant strains to target specific compounds is promising to tailor 

synthetic strains for domestic waste streams and help society reach the desired zero-waste 

targets (Garlapati et al., 2019). However, there are concerns that strains developed in tightly 

controlled lab environments will not be sufficiently robust to survive in a mixed-waste stream 

(with variable pH, temperature, and nutrient availability), with the overexpression of novel 

genes or pathways causing significant burden on the overall metabolic activity of the cell 

(Zhang et al., 2020).  

1.4.3 Concerns regarding synthetic biology 

There are concerns about the use of synthetic microbes (Dana et al., 2012). Accidental release 

of synthetic strains of photosynthetic microbes could have significant, permanent effects on 

ecosystems (Gressel et al., 2013). With large-scale cultivation, the escape of synthetic strains 

is inevitable, thus care should be taken to ensure the strain could not establish outside of a 

controlled environment (Gressel et al., 2014). Containment within PBRs provides less risk as 

reactor design could feature mitigation measures such as sterilisation prior to release of 

wastewater, but open-ponds must have enhanced containment such as catchment areas, filters, 

or UV/gamma irradiation, and monitoring strategies when containing synthetic strains (Glass, 

2015). Physical controls can be extremely costly, so biocontainment is recommended by 

engineering strains to have specific requirements for survival, or gene expression that would 

not be naturally found. Clark et al. (2018) developed a Synechococcus sp. 7002 mutant that 

required 5% CO2 supplementation for growth and lactate production. The ccmK2k1LMN 

operon was deleted meaning the carbon concentrating mechanism was disrupted. Due to the 

deletion of the operon, concerns about genetic drift were alleviated as the high levels of CO2 

required cannot be found environmentally. Alternatively, a synthetic strain of S. elongatus PCC 

7942 has been developed to be dependent on phosphite (PO3
-3) rather than any other form of P. 

Phosphite is uncommon in the natural environment meaning if any escape were to occur the 
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strain would not be viable long-term (Motomura et al., 2018). Although this strategy was 

effective for biocontainment, it would not be suitable for bioremediation applications as the 

strain would not be effective for PO4
-3 removal. Alternatively, control of expression of the target 

genes can be achieved by the insertion of the lacI gene upstream of the target gene, which 

represses expression unless isopropyl β-D-1-thiogalactopyranoside (IPTG) is present (Ducat et 

al., 2012; Lin et al., 2020; Qiao et al., 2020).  

Despite science attempting to prevent accidental release and utilising genetic controls, synthetic 

strains are subject to legislative regulations, frameworks, and risk assessments. The 

development of risk assessments is complex as the fitness of the synthetic strain, all native 

species of photosynthetic microbes, and all environmental perturbations must be accounted for 

if models for risk assessment are to have any real meaning (Gressel et al., 2014). Additionally, 

Marchant et al. (2011) argued that legislation has not been updated or advanced as rapidly as 

the science and technology. Furthermore, communication within biological science, 

particularly synthetic biologists and ecologists is often hindered by differences in terminology 

and research techniques (Kuiken et al., 2014). Across research disciplines the definition of 

“risk” regarding synthetic biology varies. This variation influences behaviour associated with 

synthetic biology as simple questions of “what is the risk?” becomes multifaceted, and thus 

more complicated (Wolfe et al., 2016). To help disciplines effectively communicate, the 

concept of “trading zones” was coined by Gorman (2002). “Trading zones” encourage 

communication between disciplines to solve existing problems and generate novel scientific 

ideas. It is important that these trading zones are holistic and welcome the input of a range of 

disciplines not limited to scientists, sociologists, and policy makers (Gorman, 2010). The 

argument can also be made to involve the public to prevent animosity towards, and improve 

understanding of synthetic organisms (Tilman et al., 2009). The immobilisation of synthetic 

strains potentially alleviates some of the concerns about the accidental release of synthetic 

organisms by acting as another physical control. When immobilised onto a loofah scaffold there 

was just 0.61% release of S. elongatus PCC 7942 after 72 hours of immobilisation (In-na et al., 

2020). If both physical and genetic controls were applied to synthetic species, the risk of release 

to environment could significantly reduced and would pave the way to process intensification 

of wastewater treatment.  

1.5 Conclusion 

By 2050, it is predicted that 26% of the global population will be affected by organic water 

pollution due to the rapid rise in urbanisation, with people in developing nations 

disproportionately affected (Wen et al., 2017). Environmental risk differs from economic, 
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social, and health risk, but should be considered when policy is developed regarding wastewater 

management (Hanjra et al., 2012). Despite these risks, proper utilisation and treatment of 

wastewater may prove an invaluable resource when one considers the shortage of fresh water 

and increasing volumes of wastewater produced (Saad et al., 2017). The wastewater treatment 

industry is rapidly approaching failure to meet the demands, and without radical change will 

lead to water insecurity and scarcity. Process intensification using immobilised and synthetic 

photosynthetic microbes may offer an alternative to centralised systems, acting as start-of-pipe, 

or point-source, bioremediators. This has been exemplified by the Horizon 2020 project, Living 

Architecture (LIAR). LIAR aimed to develop a selectively programmable PBR “wall” that 

could be installed into human dwellings, through a convergence of engineering, computing, and 

synthetic biology. Although LIAR was successful in all of these, it was noted that performance 

was ultimately limited by both wild-type and synthetic Synechococcus elongatus being used in 

suspension in the PBR and microbial fuel cell portions of the wall. Ultimately, process 

intensification of the bio-components of the wall is needed to maximise productivity which we 

propose can happen with the immobilisation of both the wild-type and synthetic strains being 

immobilised into our iteration of a biocomposite. The immobilisation of synthetic strains 

alleviates some of the concerns of accidental release to the environment, whilst increasing the 

productivity of the whole system.  
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2 Textile-based cyanobacteria biocomposites for potential environmental 

remediation applications 

2.1 Introduction 

The growing global human population is placing increasing demands on water resources—

demands which are unlikely to be met with current centralised treatment systems and practices 

(Lofrano and Brown, 2010; Verstraete and Vlaeminck, 2011). If the water industry is to keep 

pace, major technological innovations rather than incremental and piecemeal shifts in treatment 

practices are required (Thomas and Ford, 2006b; Tanner et al., 2018). The urgency for 

technology and process transition is heightened when viewed from a climate change context, 

with municipal wastewater treatment accounting for approximately 3% of global electricity 

consumption and 5% of non-CO2 greenhouse gas emissions (Li et al., 2015).  

Decentralised (or point-source) systems present an alternative option, but to be effective they 

must be affordable, ensure both human and environmental safety, be user friendly (effectively 

zero maintenance), be fully compliant with effluent discharge regulations, and (ideally) should 

make a tangible contribution to the circular economy (Munoz and Guieysse, 2006; Grant et al., 

2012; Li et al., 2015; Cuellar-Bermudez et al., 2017; Oladoja, 2017). Phycoremediation (the 

use of algae or cyanobacteria for environmental clean-up) is one approach that could deliver 

many of these requirements, with the capacity to combine wastewater and atmospheric 

remediation within a single treatment option, all the while generating biomass for bioprocessing 

(Olguín, 2003; Rawat et al., 2011; Kumar et al., 2018; Ansari et al., 2019).  

Due to their broad abiotic tolerances and metabolic flexibility, the use of cyanobacteria in 

wastewater treatment is well established (Oswald and Gotaas, 1957), forming an important part 

of mixed community activated sludge systems (Martins et al., 2011). However, targeted 

treatment processes based primarily on cyanobacteria are still under development. The very 

nature of suspension-based cultivation (generally conducted in high rate algae pond systems) 

remains one of the main challenges facing the roll-out of microalgae and cyanobacteria 

treatment processes, with operational issues including poor batch-to-batch consistency, high 

economic cost of biomass separation, and contamination by non-target species (Christenson 

and Sims, 2011); notwithstanding the substantial land requirement. Closed photobioreactors 

(PBRs) have been employed to mitigate abiotic variation and contamination (Mata et al., 2010; 

Tredici et al., 2015); however, capital and operational costs are prohibitive (Huang et al., 2017; 

Acién et al., 2018).   
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The need for suspension-based systems is being subverted with the advent of a range of biofilm 

reactors (Zhuang et al., 2018; Peng et al., 2020a; Waqas et al., 2020; Yang et al., 2020), treating 

domestic (Gou et al., 2020), industrial (Johnson et al., 2018; Hillman and Sims, 2020) and even 

marine wastewaters (Peng et al., 2020b). However, these systems still require sufficient 

operator competency to culture and maintain a metabolically active biofilm (David et al., 2015; 

Hamano et al., 2017). Iterations of these systems that reduce, or ideally eliminate, the need for 

regular culture maintenance is desirable in terms of process cost, accessibility and acceptability. 

Attempts in this direction include trialling phototrophic granular biomass (photogranules) 

(Kumar and Venugopalan, 2015; Trebuch et al., 2020); which, while promising in the context 

of a wastewater treatment plant, would not necessarily be suitable if the ambition for 

decentralisation extended as far as treatment systems for individual properties. Given such a 

scenario, a more radical vision of a biofilm reactor is needed. 

Engineered biofilms, also known as living biocomposites, are gaining traction in atmospheric 

and low flow wastewater bioremediation applications (Estrada et al., 2015; In-na et al., 2020). 

These biocomposites comprise living microbes immobilised within a semi-porous matrix 

(binder), forming a biocoating, which is then applied to a structural scaffold (de-Bashan and 

Bashan, 2010); theoretically supporting greater biomass loading per unit area with minimal cell 

loss (Flickinger et al., 2007). Unlike natural biofilm systems, the use of immobilised biomass 

allows greater flexibility in reactor design, enabling increased reaction rates due to improved 

robustness, with greater reuse of biomass (Eroglu et al., 2015). Successful immobilisation has 

been demonstrated to improve O2 production (an indicator of photosynthetic activity) between 

7-10x compared with suspension cultures (Bernal et al., 2014). However, the efficacy of 

biocomposites can be affected by many factors during preparation; including, but not limited 

to the coating formulation, substrate properties, and the extent of biomass loading (Flickinger 

et al., 2017); although novel fabrication methods show promise (Fidaleo et al., 2014; Bernal et 

al., 2017a; Chen et al., 2020).  

The current study drew inspiration from the EU H2020 Living Architecture project, which 

sought to develop highly distributed autonomous wastewater treatment systems for individual 

properties (Armstrong et al., 2017). We have extended the scope of the Living Architecture 

brief by evaluating some of the key technical constraints to immobilising cyanobacteria as 

biocomposites. Using two strains of Synechococcus elongatus (PCC 7942 and CCAP 1479/1A), 

we screened a range of binders formulated from latex, petroleum, shellac or chitosan, with four 

affordable and easily accessible textile scaffolds (a woven 80/20 polyester-cotton blend, a 

woven 100% bamboo, a non-woven 40/60 wool-polyester blend, and a non-woven 100% 
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polyester). Binders were screened for toxicity and adhesive properties, with biocomposite 

viability determined by measuring net photosynthetic CO2 uptake over a 20-day experimental 

period. 

2.2 Methods 

2.2.1 Cell cultivation 

Synechococcus elongatus PCC 7942 was grown in Blue-Green Medium (BG11), and S. 

elongatus CCAP 1479/1A in Jaworski’s Medium (JM) without cyanocobalamin, thiamine HCl, 

and biotin, in 10 L polycarbonate (Nalgene) carboys with constant air supply at 18 °C ± 2 ºC, 

and a 16L:8D photoperiod (mean luminance of 35 µmol m2 s-1) using 30 W daylight-type 

fluorescent tubes (Sylvania Luxline Plus, n = 6). 

2.2.2 Binder adjustments 

A selection of binders were screened for suitability for cyanobacteria immobilisation. Ten 

synthetic acrylic, styrene and polyurethane latex binders were selected from a library of 

proprietary and commercial binders, gifted by Prof. Michael Flickinger, North Carolina State 

University, USA, having previously been assessed for microbial immobilisation. Six plant-

based binders (AURO Paint Company, UK and Germany) were similarly selected (Bernal et 

al., 2014; In-na et al., 2020). The initial percentage solids content of the liquid binders was 

determined by oven drying to a constant mass at 100 °C. The binders were adjusted to pH 7 

using 0.1 M or 0.5 M acetic acid, or 0.1 M or 0.5 M ammonium hydroxide (Table 2.1). Shellac 

(orange, pure, flake, Fisher Scientific, CAS-9000-59-3, MDL no. 148309) was ground to a fine 

powder by mortar and pestle and dissolved in 90% ethanol at 50 ºC. Chitosan (99.9%, ACROS 

Organics, CAS-9012-76-4, MDL no. MFCD00161512) was dissolved at 18 ºC in 0.3 M acetic 

acid. 
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Table 2.1. Name, coding and available compositional details of the binders used in this study. Also shown are the binder adjustments required to make 

1 mL of neutral pH binder. AA = acetic acid, AH = ammonium hydroxide, N/A = not available. 

Binder Code Main components Initial % solids 

content 

Binder 

volume 

(mL) 

dH2O to dilute 

to 5% (mL) 

Neutraliser Final 

volume 

(mL) 

AURO 160 

(silk gloss woodstain, 

clear) 

160 Castor oil, cellulose, colophony glycerol ester, drying agents, metal soaps, linseed oil, mineral pigments, 

silicic acid, surfactants made from rapeseed oil, water, xanthane 
13.68 0.364 0.564 0.5M AA 0.073 

AURO 251 

(clear lacquer, glossy) 

251 Castor oil, castor oil as amino soap, cellulose, colophony glycerol ester, drying agents, metal soaps, linseed 

oil, mineral fillers, sunflower oil, surfactants made of rapeseed and castor oils, water 

29.10 0.172 0.802 0.5M AA 0.026 

AURO 261 

(clear lacquer, matt 

silk) 

261 Castor oil, castor oil as amino soap, cellulose, colophony glycerol ester, drying agents, metal soaps, fatty 

acids, linseed oil, mineral fillers, silicic acid, sunflower oil, surfactants made of rapeseed oil, water  
19.52 0.257 0.718 0.5M AA 0.026 

AURO 320 (emulsion 

paint, white)* 

320 Mineral fillers, water, Replebin®, titanium dioxide, cellulose, surfactants made of rapeseed-, castor oil, 

ammonia and thiazoles  

 

52.57 0.095 0.811 0.5M AA 0.093 

AURO 321 

(emulsion paint, white) 

321 Mineral fillers, water, Replebin®, titanium dioxide, cellulose, surfactants made of rapeseed-, castor oil, 

ammonia and thiazoles  

 

52.85 0.094 0.890 0.1M AA 0.016 

AURO 379 

(colour wash binder) 

379 Water, shellac (as ammonia soap), alcohol, xanthane, walnut oil, rosemary oil, lavender oil 9.01 0.545 0.273 0.1M AA 0.182 

Rhoplex SG-10M 1 Butyl acrylate/Methyl methacrylate 51.30 0.098 0.891 0.1M AA 0.011 

Interkem A510  2 Acrylic polymer 25.08 0.201 0.781 0.1M AA 0.018 

Baycusan C-1000 3 Polyester polyurethane 52.60 0.096 0.903 0.1M AA 0.001 

Baycusan C-1004 4 Polyester polyurethane 42.68 0.119 0.858 0.5M AH 0.024 

Nuplex Setaqua 6776 5 Acrylic polymer 42.77 0.118 0.835 0.1M AA 0.047 

Rhoplex SF-012 6 Acrylic polymer 42.74 0.117 0.883 - 0.000 

Rhoplex SF-3122 7 Acrylic polymer 64.36 0.079 0.909 0.1M AA 0.012 

JP 912 8 Acrylic polymer 51.12 0.098 0.882 0.1M AH 0.020 

PD-0413 9 N/A 80.37 0.063 0.931 0.1M AA 0.006 

HB 3691-M 10 Polyester polyurethane 48.42 0.105 0.848 0.1M AA 0.047 
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2.2.3 Toxicity testing 

The binders were initially screened for cell growth impacts. One millilitre of binder was added 

to 1 mL of 7-10 days old culture (n=3) in a multiwell plate. In separate wells, 1 mL of binder 

and 1 mL of growth medium were combined to screen for interactions. One millilitre of cells 

diluted with 1 mL of sterile de-ionised water (dH2O) was run as a baseline for cell growth. Each 

treatment replicate was mixed daily by forward and reverse pipetting for seven days, when cell 

density was determined using an improved Neubauer haemocytometer with a Leica DMi 8 

microscope with bright field contrast at 400x magnification and viewed using LasX software. 

The most suitable binder for each strain was carried forward for subsequent adhesion testing, 

wherein the range of percentage solids contents was expanded to 2.5, 7.5, and 10% (>10% 

solids inhibits gas exchange (Umar, 2018)). 

2.2.4 Adhesion testing 

The textile substrates were: 1) a woven 80/20 polyester-cotton blend (cotton) purchased from 

Aow RungRuang Co. Ltd, Bangkok, Thailand; 2) a woven 100% bamboo (bamboo) was 

purchased from WBL Fabrics, UK; 3) a non-woven 40/60 wool-polyester blend (wool blend); 

and 4) a non-woven 100% polyester (polyester) were purchased from the Wool Felt Company, 

UK. The polyester-cotton blend was selected as it exhibited high levels of cyanobacteria 

attachment in a separate study (In-na et al. unpublished). The textiles were autoclaved, then 

dried at 105 ºC for 3 h, and stored in a silica gel desiccator until use. When required, the textiles 

were cut into 0.5 x 0.5 cm2 pieces. Cyanobacteria were centrifuged at 1720 relative centrifugal 

force (RCF) (Sigma Laboratory Centrifuges, 3K18 C) for 30 min at 20 ºC. If sufficient biomass 

wasn’t recovered, the supernatant was removed and additional culture was added to the pellet 

and the centrifugation step was repeated. The cyanobacteria and binders were combined in 

sterile Eppendorf tubes, first by gentle pipetting, and then by vortex mixing. A range of cell-

binder formulations (biocoatings) were produced at 1, 2.5, 5, and 10% (v/v) cell content to 

understand the binder’s robustness. Once combined, 100 μL of each biocoating was pipetted 

onto the textiles to form biocomposites. In a separate Eppendorf tube, the equivalent volume of 

culture was added to the same volume of dH2O and counted using a Neubauer haemocytometer 

to estimate biocoating cell density and hence biocomposite cell loading. The biocomposites 

were dried in darkness at 20 ± 2 ºC for 24 h, then added to 1 mL of growth medium in well 

plates wrapped in aluminium foil to prevent photosynthesis. The plates were placed on a two-

dimensional orbital shaker (Techlifer orbital rotator shaker lab UPC 789458170564), set to 80 

rpm. Biocomposites were moved to a new well of fresh medium after 1, 24, and 48 h with the 
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total time spent in the medium being 72 h, allowing for cumulative cell release to be calculated 

using a Neubauer haemocytometer. 

2.2.5 Scanning electron microscopy 

The biocomposites were imaged using scanning electron microscopy following adhesion 

testing. Samples were dried at 105 oC for 3 h, stored in a desiccator before being attached to 12 

mm diameter pin stubs using carbon tape, and imaged using a Hitachi TM 3000 SEM with a 

backscattered electrons system. All biocomposites were observed in two or more randomised 

locations using a 5 or 15 kV accelerating voltage. 

2.2.6 CO2 uptake 

Informed by the toxicity and adhesion tests, biocomposites were taken forward for CO2 uptake 

tests. Samples were prepared as described for adhesion testing, but the textiles were cut into 1 

x 5 cm strips. Formulations were pipetted 1 cm from the top of the strip so the growth medium 

could only reach cells by capillary action. Five millilitres of sterile growth medium was pipetted 

into a 50 mL sterile, clear Wheaton glass serum bottle. Biocomposite samples were then placed 

into the bottle and suspended using 0.15 mm sterile nylon thread to prevent the cells from being 

submerged. The bottles were sealed using a rubber butyl stopper and a crimped aluminium cap. 

Each bottle was flushed with 45 mL of 5% CO2-enriched air using a hypodermic needle to 

pierce the rubber stopper without breaking the seal. Samples containing the equivalent number 

of cells in suspension were placed in sealed bottles as controls. Every two days a sample of the 

headspace was withdrawn using a hypodermic needle and an air-tight syringe and the 

percentage CO2 content was analysed using a G100 GEOTech CO2 meter. Bottles were then 

re-flushed with 5% CO2-enriched air. The moles of CO2 fixed by the cells was calculated using 

equation 1. This was repeated for 20 days and a cumulative total of fixed CO2 was calculated.  

fixed CO2 (mol) =  
[(5.00% − %CO2 recorded) ×  45]  ×  10−3 (L) × system pressure (atm)

0.082 (L atm mol−1K−1)  ×  system temperature (K)
    [Eq 1] 

Biocomposites comprising 5% solids binder with 2.5% cell content, 10% solids binder with 

2.5% cell content, and 5% solids with 10% cell content were tested following initial screening 

trials (data not shown). Additionally, a 5% solid binder with 2.5% cell content cotton 

biocomposite was tested with an artificial urine rather than a defined growth medium to better 

reflect a wastewater scenario (Brooks and Keevil, 1997).  

2.2.7 Statistical analysis 

Statistical analyses were conducted using GraphPad Prism 8. Data were tested for normal 

distribution (Shapiro-Wilk test). For toxicity data, equality of variance was determined using 

the Brown-Forsythe test and one-way ANOVA with Tukey post-hoc testing. For adhesion data, 
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two-way ANOVA was used with Tukey post-hoc testing. Sphericity was assumed due to 

measurements as the experimental design was based on matching, not repeated measures 

(Maxwell et al., 2017). For CO2 uptake, repeated measures two-way ANOVA with Tukey post-

hoc testing was conducted. For the adhesion and CO2 data, sphericity was violated, therefore a 

Geisser-Greenhouse correction was performed (Greenhouse and Geisser, 1959).  

2.3 Results 

2.3.1 Binder toxicity 

The toxicity data for both S. elongatus strains were normally distributed (Shapiro-Wilk test, P 

> 0.05), with significant differences between control cultures and 5% solids AURO binders 

(PCC 7942: ANOVA, F = 483.3, df = 6, 17, P < 0.001; CCAP 1479/1A: ANOVA, F = 70.67, 

df = 6, 14, P < 0.001), synthetic binders (PCC 7942: ANOVA, F = 10.3, df = 10, 35, P < 0.001; 

CCAP 1479/1A: ANOVA, F = 82.09, df = 10, 22, P < 0.001), and natural binders (shellac and 

chitosan) (PCC 7942: ANOVA, F = 128.7, df = 2, 9, P < 0.001; CCAP 1479/1A: ANOVA, F 

= 224.6, df = 2, 6, P < 0.001).  

Of the AURO binders, only AURO 320 and 321 supported significantly improved growth, 

whereas AURO 160, 251, 261 and 379 returned cell densities significantly lower than controls 

(P < 0.05); therefore in this context they were classed as toxic (Figure 2.1). On this basis, only 

AURO 320 and 321 were considered for follow-on CO2 fixation trials. None of the synthetic 

binders supported improved growth relative to controls with a singular exception of binder-9 

with S. elongatus CCAP 1479/1A; however, this was not deemed to be a sufficiently large 

growth improvement to justify automatic inclusion in subsequent CO2 trials. The shellac and 

chitosan treatments had significantly decreased cell densities for both strains, with shellac 

killing the cultures. 
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Figure 2.1. Cell density (cells per mL, mean ± SD) of Synechococcus elongatus PCC 7942 

(panels A-C) and S. elongatus CCAP 1479/1A (panels D-F) after a seven-day contact toxicity 

test with binders of 5% solids content. Significant differences are indicated on individual graphs 

by different letters. Refer to Table 1 for binder details. 

 

There was a significant increase in growth with respect to controls for S. elongatus PCC 7942 

with AURO 320 (ANOVA, F = 23.06, df = 4, 13, P < 0.001), with the best growth support by 

the 2.5% solids treatment (P < 0.05). Similarly for S. elongatus CCAP 1479/1A with AURO 

321 (ANOVA, F = 5.182, df = 4, 10, P = 0.016) (Figure 2.2), although in this case the best 

growth was with the 7.5% solids treatment (P < 0.05). 
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Figure 2.2. Cell density (cells per mL, mean ± SD) of A) Synechococcus elongatus PCC 7942 

with AURO 320 and B) S. elongatus CCAP 1479/1A with AURO 321, after a seven day contact 

toxicity test with varying percentage binder solids content. Significant differences are indicated 

on individual graphs by different letters. 

 

2.3.2 Adhesion  

Scanning electron micrographs of representative S. elongatus PCC 7942 biocomposites are 

presented in Figure 2.3, showing variation in biocoating integrity. Figure 2.3A illustrates the 

densely packed nature of the biocoating, but also shows that the biocoatings cannot be regarded 

as monolayers. Equally, poorly coated areas of the fibres are seen (Figure 2.3B&C), as well as 

a more complex 3D architecture where the pore space between fibres have allowed the 

biocoating to penetrate further into the textile structure (Figure 2.3D).  
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Figure 2.3. Scanning electron micrographs of Synechococcus elongatus PCC 7942 

biocomposites made with 5% solids content and 2.5% cell loading: A) cotton, arrow indicates 

that the biocoating was several cells thick, scale bar = 10 μm; B) bamboo, black arrow indicates 

a cell attached to the bamboo fibre, the hatched arrow indicates a section of biocoating (binder 

with cells), white arrow indicates a point of cell loss from the biocoating, scale bar = 5 μm; C) 

wool, scale bar = 10 μm, and D) polyester, arrow indicates a fracture in the biocoating, scale 

bar = 10 μm. 

 

Significant interactions between textile type and binder solids content affected cell retention 

when a 1% cell loading was used (two-way ANOVA: F = 4.267, df = 12, P = < 0.001), with 

textile type (two-way ANOVA: F = 15.93, df = 3, P < 0.001) and solids content (two-way 

ANOVA: F = 31.38, df = 4, P < 0.001) having significant effects. Cells retention was not 

significantly different for the bamboo at any binder solids content but the other textiles 

experienced significant losses (Figure 2.4), particularly for higher solids contents, with wool 

and polyester having the poorest cell retention properties. 

When a 2.5% cell loading was used there was no significant interaction between textile and 

binder solids content (two-way ANOVA: F = 1.732, df = 12, P = 0.096). Cell retention was 
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significantly reduced for all textiles at any binder solids content relative to the control (Figure 

2.4). For cotton and bamboo, there was a general trend of improved cell retention with 

increasing solids content, but this was not evident for either the wool blend or the polyester.  

There was a significant interaction between textile and binder (two-way ANOVA: F = 4.365, 

df = 12, P = < 0.001) when 5% cell loading was used, with textile type (two-way ANOVA: F 

= 11.40, df = 3, P < 0.001) and binder solids content (two-way ANOVA: F = 16.16, df = 4, P 

< 0.001) having significant effects. There was no significant release for either cotton or bamboo 

at any solids content (Figure 2.4), however the wool and polyester textiles experienced 

significant cell loss at 7.5 and 10% solids.  

There was also a significant interaction between textile and binder at the highest cell loading 

(10%) (two-way ANOVA: F = 5.052, df = 12, P < 0.001), with textile (two-way ANOVA: F = 

14.26, df = 3, P < 0.001) and binder solids (two-way ANOVA: F = 27.12, df = 4, P < 0.001) 

both significant factors. The bamboo had no significant cell loss and the cotton only had 

significant loss at 2.5% solids, whereas the wool blend had significant release at 7.5 and 10% 

solids content and the polyester at 2.5, 7.5, and 10% solids content.  

 

Figure 2.4. Cell retention (mean ± SD) of Synechococcus elongatus PCC 7942 immobilised 

within AURO 320 on woven 80/20 polyester-cotton blend (cotton), woven 100% bamboo 

(bamboo), non-woven 40/60 wool-polyester blend (wool blend), and non-woven 100% 

polyester (polyester) biocomposites after 72 h. Different cell loading levels were trialled: (A) 
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1%, (B) 2.5%, (C) 5%, and (D) 10%. Different letters indicate significant differences within 

textiles for each cell loading level. 

 

In the equivalent adhesion tests with S. elongatus CCAP 1479/1A, there was also a significant 

interaction between textile and binder solids content at a cell loading of 1% (two-way ANOVA: 

F = 14.3-, df = 12, P < 0.001). Textile (two-way ANOVA: F = 48.55, df = 3, P < 0.001) and 

binder solids content (two-way ANOVA: F = 151.7, df = 4, P < 0.001) were significant factors. 

All textiles experienced some cell loss although the bamboo was unaffected by the binder solids 

content. The other textiles experienced increased cell loss at high binder solids content (either 

7.5 or 10% solids) (Figure 2.5). The wool blend and the polyester treatments performed very 

poorly at higher solids content, in some instances (polyester 7.5 and 10%) causing all cells to 

be released. A markedly different pattern was observed at a cell loading of 2.5%. There was no 

significant interaction between textile and binder solids (two-way ANOVA: F = 1.533, df = 12, 

P = 0.153). Whereas all treatments did release cells, this was either not worsened at higher 

solids content or, in the case of cotton, cell retention tended to improve.  

The 5 and 10% cell loading treatments returned very similar patterns in terms of cell release. In 

both cases there were significant interactions between textile and binder solids (5% cell loading 

- two-way ANOVA: F = 3.307, df = 12, P = 0.002; 10% cell loading - two-way ANOVA: F = 

5.708, df = 12, P < 0.001). Textile was a significant factor (5% cell loading – two-way ANOVA: 

F = 9.607, df = 3, P < 0.001; 10% cell loading – two-way ANOVA: F = 13.99, df = 3, P < 

0.001) as was binder solids content (5% cell loading – two-way ANOVA: F = 20.99, df = 4, P 

< 0.001; 10% cell loading - two-way ANOVA: F = 21.74, df = 4, P < 0.001). The cotton and 

bamboo textiles had no significant cell losses at any binder solids content at either cell loading 

levels. The performance of the wool blend was almost identical between the cell loading rates, 

with only the 7.5 and 10% binder solids losing cells. Whereas the polyester textile did tend to 

lose cells at higher binder solids, this loss was not quite as high at the 7.5% cell loading level.  
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Figure 2.5. Cell retention (mean ± SD) of Synechococcus elongatus CCAP 1479/1A 

immobilised within AURO 320 on woven 80/20 polyester-cotton blend (cotton), woven 100% 

bamboo (bamboo), non-woven 40/60 wool-polyester blend (wool blend), and non-woven 100% 

polyester (polyester) biocomposites after 72 h. Different cell loading levels were trialled: (A) 

1%, (B) 2.5%, (C) 5%, and (D) 10%. Different letters indicate significant differences within 

textiles for each cell loading level. 

 

2.3.3 CO2 uptake for S. elongatus PCC 7942 biocomposites 

For biocomposites with 5% solids content and 2.5% cell loading, there was a significant 

interaction between textile and time (days) in terms of CO2 consumption (two-way ANOVA: 

F = 6.871, df = 40, P < .0001), with textile (two-way ANOVA: F = 9.192, df = 4, P < 0.001) 

and time (two-way ANOVA: F = 909.4, df = 10, P = 0.016) significant factors for S. elongatus 

PCC 7942 (Figure 2.6A). Cotton and polyester had significantly more CO2 uptake per cell than 

the suspension control from days 2 and 6 respectively. However, there was no significant 

difference in CO2 uptake per cell between textiles within each time point.  

There was a significant interaction between textile and time in terms of CO2 uptake for S. 

elongatus PCC 7942 with 10% solids content AURO 320 (two-way ANOVA: F = 6.871, df = 

40, P < 0.001), with textile (two-way ANOVA: F = 9.192, df = 4, P = 0.002) and time (two-

way ANOVA: F = 909.4, df = 10, P < 0.001) significant factors (Figure 2.6B). The CO2 uptake 
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of the suspension control was significantly higher that the biocomposites at each time point. 

The bamboo was the poorest performing biocomposites.  

For S. elongatus PCC 7942 biocomposites with 5% solids content and 10% cell loading, textile 

and time had significant interactions (two-way ANOVA: F = 14.68, df = 40, P < 0.001), with 

both time (two-way ANOVA: F = 631.8, df = 10, P < 0.001) and textile (two-way ANOVA: F 

= 17.98, df = 4, P = 0.001) significant factors (Figure 2.6C). From day eight onwards, cells 

immobilised to cotton or bamboo had significantly lower cumulative CO2 uptake than the 

suspension control, whereas the wool and polyester were not significantly different to the 

control. The CO2 uptake of all treatments (including the controls) was markedly reduced 

compared with preceding trials. 

For the S. elongatus PCC 7942 biocomposites fabricated with 5% solids content and 2.5% cell 

loading, there were significant interactions between textile, time and growth media (two-way 

ANOVA: F = 49.88, df = 30, P < 0.001), with time (two-way ANOVA: F = 1053.00, df = 10, 

P < 0.001), textile and media (two-way ANOVA: F = 77.98, df = 3, P < 0.001) all significant 

factors (Figure 2.6D). From day four onwards, BG11 treatments had greater cumulative CO2 

uptake than their respective suspension and cotton controls. With artificial urine, cumulative 

CO2 uptake was not significantly different either in suspension or immobilised. From day six, 

cumulative CO2 uptake with BG11 was significantly increased with respect to all other 

treatments regardless of immobilisation state. Suspension cultures failed to significantly 

increase cumulative CO2 after day four in artificial urine, and day six in BG11, in contrast to 

immobilised samples which had significant increases in cumulative CO2 at all time points until 

day 16. 
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Figure 2.6. Cumulative uptake (mean ± SD) of CO2 per cell for Synechococcus elongatus PCC 

7942 immobilised within AURO 320 over a 20 day period on woven 80/20 polyester-cotton 

blend (cotton), woven 100% bamboo (bamboo), non-woven 40/60 wool-polyester blend (wool 

blend), and non-woven 100% polyester (polyester) biocomposites with varying binder solids 

content, cell loading, and growth media; A) 5% solids with 2.5% cell loading in BG11, B) 10% 
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solids with 2.5% cell loading in BG11, C) 5% solids with 10% cell loading in BG11, and D) 

5% solids and 2.5% cell loading with either artificial urine or BG11. Different letters indicate 

significant differences within time points on individual graphs. 

 

2.3.4 CO2 uptake for S. elongatus CCAP 1479/1A biocomposites 

There was a significant interaction between textile and time for biocomposites made with 5% 

solids content and 2.5% cell loading (two-way ANOVA: F = 5.325, df = 40, P < 0.001), with 

time (two-way ANOVA: F = 646.7, df = 10, P < 0.001) and textile (two-way ANOVA: F = 

4.987, df = 4, P = 0.018) significant factors. From days 4–18 there were no significant 

differences in cumulative CO2 uptake between suspended and immobilised cultures, with the 

exception of the wool blend on day 20 (Figure 2.7A). Over time, only the wool and polyester 

made significant increases in cumulative CO2 uptake.  

For biocomposites fabricated with 10% solids and a 2.% cell loading (Figure 2.7B), there was 

a significant interaction between textile and time (two-way ANOVA: F = 6.249, df = 40, P < 

0.001), with time (two-way ANOVA: F = 1426.00, df = 10, P < 0.001) and textile (two-way 

ANOVA: F = 8.404, df = 4, P = 0.003) significant factors. There was no significant difference 

in cumulative CO2 uptake between textiles. From days 8 and 10 onwards the bamboo and 

polyester had significantly lower cumulative CO2 uptake than the suspension control.  

There was a significant interaction between textile and time (two-way ANOVA: F = 1.564, df 

= 40, P = 0.038) with time (two-way ANOVA: F = 536.0, df = 10, P < 0.001) being significant, 

but not textile (two-way ANOVA: F = 1.564, df = 40, P = 0.158) for biocomposites made with 

5% solids content and 10% cell loading (Figure 2.7C). Only the cotton biocomposite did not 

have significantly different cumulative CO2 uptake compared to the suspension culture. 

However, from day eight onwards there was no significant difference in cumulative CO2 uptake 

between the suspension culture or textiles.  

In the final experiment, with biocomposites made with 5% solids content and 2.5% cell loading, 

there were significant interactions between textile, time and the growth media (two-way 

ANOVA: F =8.613, df = 30, P < 0.001), with time (two-way ANOVA: F = 326.1, df = 10, P < 

0.001) and textile and media (two-way ANOVA: F = 13.68, df = 3, P = 0.016) significant 

factors (Figure 2.7D). The use of artificial urine with the immobilised biocomposites did not 

cause a significant change in cumulative CO2 uptake compared to the equivalent JM treatment 

until day 18. The impact of artificial urine on the suspension or immobilised samples was less 

clear over time. The suspended samples had significantly greater cumulative CO2 uptake on 
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days 4 and 8. Biocomposites exposed to either artificial urine or JM had significant increases 

at each subsequent measurement over the full experimental period, but the suspension treatment 

did not make significant increases on after days 2 and 10 respectively.  
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Figure 2.7. Cumulative uptake (mean ± SD) of CO2 per cell for Synechococcus elongatus CCAP 

1479/1A immobilised within AURO 321 over a 20 day period on woven 80/20 polyester-cotton 
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blend (cotton), woven 100% bamboo (bamboo), non-woven 40/60 wool-polyester blend (wool 

blend), and non-woven 100% polyester (polyester) biocomposites with varying binder solids 

content, cell loading, and growth media; A) 5% solids with 2.5% cell loading in BG11, B) 10% 

solids with 2.5% cell loading in BG11, C) 5% solids with 10% cell loading in BG11, and D) 

5% solids and 2.5% cell loading with either artificial urine or BG11. Different letters indicate 

significant differences within time points on individual graphs. 

2.4 Discussion 

The objective of this study was to investigate some of the main technical steps required to 

develop robust, low cost, low maintenance living cyanobacterial biocomposite systems that 

could be deployed for a range of phycoremediation applications. As a system, the 

biocomposites are inherently simple, comprising three core elements; a scaffold to provide the 

physical means of supporting the structure (in this study this role was fulfilled using a range of 

commercially sourced textiles), a binder (ideally porous) to secure the cells to the scaffold while 

allowing for the diffusion of water and gases across the thin polymer film, and an appropriate 

microorganism. Textiles were chosen as they are cheap, easily obtained and could extend the 

technical life of the textile product if discarded fabrics are repurposed as biocomposites. 

Textiles also have the added benefit of being highly porous scaffolds with a large surface area 

for biocoating adhesion. Their physical flexibility would also allow textile biocomposites to be 

deployed in a range of physical spaces, and could deliver remediation using both dead-end and 

tangential flow (in addition to the capillary action and wicking demonstrated here), although 

the latter would be favoured. 

We chose to test a range of textiles, ranging from 100% natural fibres (bamboo) to fully 

synthetic (100% polyester), and incorporating two textile blends (a 40/60 wool-polyester blend 

and an 80/20 polyester-cotton blend); however other scaffolds have been tested (Akhtar et al., 

2004; Bernal et al., 2014; Eroglu et al., 2015). Polyester was chosen as it is ubiquitous 

throughout the textiles industry and biocomposites could offer an additional recycled product. 

Further, we have separately demonstrated that polyester is amenable to conversion to 

cyanobacterial biocomposites for carbon capture applications, particularly the 80/20 blend used 

here (In-na et al. unpublished); although we acknowledge the need to drastically reduce plastics 

use and subsequent release into the environment (Barnes et al., 2009). The wool blend was 

chosen against the backdrop of a collapse in the wool price (currently trading at a six year low, 

August 18th, 2020, www.tradingeconomics.com), with many UK wool producers having to 

destroy their fleeces. At the opposite end of the scale we chose bamboo, and despite it being an 

http://www.tradingeconomics.com/
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expensive material, the growing demand for bamboo clothing is driving increased production 

that should, in time, reduce wholesale prices. 

Binder choice was guided by prior experience. A range of synthetic binders were screened, and 

although we previously documented toxicity issues when used in combination with eukaryote 

microalgae (In-na et al., 2020), they had not been assayed against cyanobacteria. However, the 

outcomes were very similar, with all binders proving toxic with the exception of PD-0413 

(binder 9). Nonetheless, we elected not to promote this binder for further testing due to its 

unknown properties and focused more effort on the AURO latex coatings, which are more 

accessible. 

AURO coatings are formulated from exclusively natural ingredients and are hypoallergenic; 

they were chosen on the premise that they should have lower toxicity to the cyanobacteria. This 

assumption was not entirely justified as four of the six AURO binders returned cell densities 

below the controls. Without a detailed reverse engineering of the formulations it is not possible 

to identify where the issues lie; however, comparing the published constituents reveals that 

binders 160, 251, and 261 all contain metal soaps (to promote coating drying) which are water-

insoluble compounds comprising alkaline earth or heavy metals (the manufacturer does not 

declare which metals are involved) contained within carboxylic acids (Robinet and Corbeil-a, 

2003; Noble, 2019). We also cannot discount the possibility that the impact on cell growth was 

not due to the polymer film being impermeable, thereby impeding gas and water exchange. 

Binder 379, which has shellac as a constituent of the formulation, also supported poor growth. 

Given that the shellac-only treatment killed all of the cyanobacteria, it is not unreasonable to 

deduce that the shellac had a role in the poor performance of this binder. 

The two AURO emulsion coatings (320 and 321) successfully supported strong cyanobacteria 

growth (with some variation between the strains). These observations corroborate our previous 

findings with these coatings when used in combination with a loofah sponge scaffold (In-na et 

al., 2020), consistently outperforming suspension controls, often by orders of magnitude. Other 

than not containing metal soaps or shellac, the reasons for such consistent growth promotion 

remain speculative. Both binders list ammonia as part of the formulation, which potentially 

could be exploited by S. elongatus as an additional nitrogen source (Ludwig and Bryant, 2012), 

although nitrogen limitation is unlikely to have been an issue in the short (72 hour) toxicity 

tests. The other notable differences are the inclusion of Replebin® (a plant alcohol ester with 

organic acids) as a proprietary ingredient, and titanium dioxide as a pigment. We have no 

further details on the chemical composition of Replebin® and speculation would be unhelpful; 

however, a potential role—albeit paradoxical—for TiO2 cannot be discounted. TiO2 is 
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increasingly used in photochemistry based water treatment to kill cyanobacteria and destroy 

their cyanotoxins (He et al., 2020; Pestana et al., 2020); yet a recent study has found that 

colloidal TiO2 and cyanobacteria extracellular polymeric substances (EPS) interact, promoting 

colloidal stability, reducing photochemical damage (Xu et al., 2020), and potentially enhancing 

the adsorption of organic molecules, particularly those with phosphate and nitrogen moieties. 

Further investigation into the functional aspects of the AURO 320 and 321 binders is clearly 

warranted.  

Despite previous studies successfully immobilising microalgae and cyanobacteria in chitosan 

(Aguilar-May et al., 2007; Aguilar-May and del Pilar Sánchez-Saavedra, 2009; Eroglu et al., 

2015), there was a significant reduction in growth during toxicity testing; potentially due to 

suboptimal pH conditions during the curing process (Kuan et al., 2015). A more structure 

approach to developing chitosan within a biocomposite architecture would probably address 

these issues. 

The second determinant of a successful binder is its capacity to retain the cells once the 

biocoating is formed. SEM imaging revealed variation in the coverage of the textile fibres by 

AURO 320 and 321, and that the manual application approach used here does not deliver a 

cellular monolayer with the topographically complex textiles. The polyester-cotton and bamboo 

textiles were both woven; the diameter and spacing of the weave affects the inter-yarn pore 

size, subsequently affecting the swelling ability of the textile as the liquid flows between the 

pores, with tighter weaves allowing less swelling (Gibson et al., 1999)—hence reducing 

mechanical stress on the binder, particularly during drying (Jons et al., 1999). Additionally, the 

hydrophobicity of woven fabrics is influenced by its roughness, structure, and geometry, with 

rougher surfaces being more hydrophobic (Melki et al., 2019). Wettability is also influenced 

by pore structure. The non-woven textiles (the 40/60 wool-polyester blend and the 100% 

polyester) had larger pores, which should result in a rougher surface structure with greater 

wettability than the woven textiles, thereby increasing interactions between the surface and the 

growth medium (Zhu et al., 2006), and potentially affecting latex film formation (Khosravi et 

al., 2014). When coating latex onto porous substrates the water can leave through evaporation 

and wicking, with the extent of wicking affected by the textile’s hydrophobicity. We would 

therefore expect that the biocoatings would have better coverage and deeper penetration with 

the non-woven textiles. Increasing the solids content of the binder would have ameliorated this 

effect and helped create more even films with improved adhesive properties. 

Interestingly, the ammonia in the AURO binders may have physically affected the cotton and 

bamboo. Ammonium is utilised in the cotton industry to penetrate the cellulose by breaking 
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hydrogen bonds, with the resulting fibres having improved stability and abrasion resistance 

(Dornyi et al., 2008). Additionally, the increased cell density in the adhesion test may also have 

affected film formation by increasing viscosity and prevented levelling of the film (Desjumaux 

et al., 2000).  

The viability of the biocomposites was determined by net CO2 uptake over a 20 day semi-batch 

trial, with reference to the equivalent cell density in suspension culture. The biocomposites with 

5% solids content and 2.5% cell loading performed well, easily surpassing the controls, 

although over time there was some slippage of the biocoating from the wool blend and polyester 

biocomposites into the liquid media pool. Latex films can begin to disintegrate after just 10 

days, primarily due to photodegradation but also from microbial activity (Lambert et al., 2013). 

Furthermore, there is potential for swelling of rubber latex of up to 20% under exposure to 

continuous moisture which could contribute to biocoating failure and subsequent release of 

cells (Cesar et al., 2020).   

When the solids content was increased to 10% to prevent slippage, the CO2 uptake was reduced 

compared to the suspension controls. The increased thickness of the binder and the reduced 

number of pores will have reduced light penetration, gas and nutrient exchange through mass 

transfer limitation (Pires et al., 2013; Miranda et al., 2017), which we confirmed in our previous 

work (In-na et al., 2020). Future iterations of these biocomposites should focus on maximising 

pore number and size (i.e. permeability) without compromising the structural integrity of the 

biocoating or by exceeding the cell size of the immobilised organism. A number of options 

exist to achieve this, including incorporating water soluble fillers within the binder (Lyngberg 

et al., 2001) and, at a more technical level, including halloysite nanoclays (Chen et al., 2020).  

To increase CO2 uptake more biomass was loaded into the system; however, the CO2 uptake 

per cell was significantly reduced when compared with the 2.5% biocoatings. Increasing cell 

loading in immobilised systems is not necessarily a panacea for poor performance, as 

demonstrated in alginate immobilised systems (Chevalier and de la Noüe, 1985; Lau et al., 

1997; Hameed, 2007). In scenarios where resource limitation will become an issue (such as the 

single addition of nutrients in the current study), by increasing cell loading you only exacerbate 

resource competition. Whereas we did not specifically measure nutrient levels, it is reasonable 

to assume a degree of limitation given the 20 day duration without nutrient renewal. This would 

have reduced pigment synthesis, compromised photosynthetic efficiency, and therefore reduced 

CO2 fixation (Ruan et al., 2018). In the context of wastewater remediation this may be less of 

an issue as nutrient deficiency is less likely outside of static systems as tested here.  
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To better reflect the performance of the biocomposites when exposed to effluent, the defined 

growth media were replaced with a basic artificial urine. Both S. elongatus strains had reduced 

CO2 uptake with the artificial urine. Most cyanobacteria have one or more genes that transport 

and catabolise urea to ammonia and CO2 which can then be used for metabolism (Veaudor et 

al., 2019). Li and co-workers compared the proteomic response of Synechococcus sp. WH8102 

when grown on either nitrate or urea, with the urea treatments having greater RuBisCO activity 

but reduced carbonic anhydrase activity, suggesting a higher carboxylation efficiency which 

reduces demand for CO2 (Li et al., 2019). The artificial urine had sufficient phosphate, therefore 

deviation from stochiometric balance does not explain the observations. Once reliable 

biocomposites are developed there is need for further optimisation based on real effluent. 

Aside from the materials components of the biocomposites, careful selection (and potentially 

adaptation) of the immobilised organism is also needed. We have observed substantive 

differences in performance between two strains of the same species, with S. elongatus PCC 

7942 better equipped for immobilised existence. We documented similar variation (albeit with 

S. elongatus CCAP 1479/1A delivering the better results) using loofah sponge-based 

biocomposites for carbon capture. For biocomposites to reach their potential there is an 

imperative to incorporate species with established phycoremedation pedigree in addition to 

convenient laboratory strains. 

2.5 Conclusion 

We set out to explore the technical constraints to fabricating textile-based cyanobacteria 

biocomposites that could be deployed for a range of environmental remediation applications. 

In particular, these approaches (pending further optimisation) could become an effective 

treatment option for highly distributed wastewater treatment infrastructure, potentially within 

the context of individual properties. This study drew inspiration from the EU H2020 project 

Living Architecture (Armstrong et al., 2017), which had the goal of developing similar highly 

distributed wastewater treatment infrastructure; however, the Living Architecture technology 

is deeply embedded within the mindset of suspension-based treatment systems. We sought to 

circumvent this approach by developing engineered immobilised biocomposites that would 

accelerate the maturation of the Living Architecture vision and lead to the miniaturisation (i.e. 

intensification) of the Living Architecture infrastructure; which will be vital if it is to deliver 

on its promise.
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3 Genetic response of cyanobacteria to immobilisation 

3.1 Introduction 

An optimised biocomposite formulation has been developed following a robust biocomposite 

development programme. However, an important and yet mostly unanswered question 

remains— how do the cells survive in an environment that is vastly different from their natural 

planktonic (suspension) lifestyle, i.e. forcefully constrained to a benthic existence within an 

artificial version of an exopolymeric matrix?  

Cortez et al. (2017) argue that the thick matrix of chitosan and alginate results in mass transfer 

limitations which may be mitigated by using thin nanoporous coatings such as latex. Evidence 

in support of this hypothesis was provided by Bernal and co-workers who immobilised 

cyanobacteria to paper substrates with latex, recording up to 10 times higher O2 production than 

suspension controls (Bernal et al., 2014). However, In-na et al. (2020) provided evidence that 

latex biocoatings restrict CO2 mass transfer. 

Immobilised biomass has the potential to remove nutrients from wastewater at an equivalent or 

increased rate relative to their suspension counterparts. The central objective of this thesis is to 

develop biocomposites that may be deployed for wastewater treatment applications; however, 

it is uncertain whether the additional physical barrier presented by a binder (particularly 

relatively untested binders, e.g. latex) will limit the nutrient scrubbing performance of these 

systems. Evidence suggests that chitosan and alginate binders may perform well; for example, 

growth and nitrate removal was not significantly different for a shrimp farm isolate of 

Synechococcus elongatus immobilised in chitosan, yet chlorophyll a and protein concentrations 

were significantly greater (Aguilar-May and del Pilar Sánchez-Saavedra, 2009). Also, there 

was significantly more chlorophyll a when S. elongatus was immobilised in alginate beads 

when compared with suspension treatments (Ruiz-Güereca and del Pilar Sánchez-Saavedra, 

2016). However, alginate coatings are susceptible to cell leakage, reducing their operational 

duration. Furthermore, it is not as simple as increasing the hardness of the alginate shell as when 

the alginate and hardener (CaCl2) concentration was increased, the phosphate and ammonium 

removal was significantly reduced (Castro-Ceseña et al., 2016).  

Nielsen et al. (2010) argue that the efficacy of wastewater bioremediation relies on sufficient 

understanding of the systems biology of organisms in the treatment system. Being 

photoautotrophs, CO2 and nutrient availability are fundamental factors that affect 

cyanobacterial metabolism, with reduced access potentially measurable through the production 

of proteins and transcription and translation from gene regulation. Although there are papers 
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studying the influence of immobilisation on CO2 or nutrient uptake, and indirect methods of 

measuring viability such as staining, fluorescence microscopy, and enzyme activity (Flickinger 

et al., 2017), there is very little known about gene regulation of microbes in biocoatings at any 

stage of the process (Dickson and Ely, 2013; Flickinger et al., 2017).  

Proteomic studies can verify transcriptional patterns, helping to assess molecular responses to 

nutrient or CO2 limitation (Harke and Gobler, 2013). Protein can account for up to 60% of dry 

weight in cyanobacteria, but requires high amounts of nitrogen and phosphorous to produce it 

(Silva-Benavides and Torzillo, 2012). Nutrient supply can influence resource allocation to 

various macromolecular pools (e.g. proteins, nucleic acids, or metabolites) (Moore et al., 2013), 

potentially influencing the success of the biocomposites. In particular, proteins associated with 

photosynthesis, RuBisCO (rbcL) and photosystem II (psbA) are decreased during nutrient 

limitation (Fernández-González et al., 2020). CO2 uptake can affect protein synthesis, thereby 

affecting cellular metabolic integrity (Mou et al., 2017) and growth rate (Klumpp et al., 2009). 

Protein abundance can therefore provide insight into the variation of cellular functions in 

response to environmental fluctuations (Wegener et al., 2010). 

High-throughput sequencing provides a route to a much greater understanding of the specific 

roles and processes that microbial consortia play in wastewater bioremediation (Perera et al., 

2019). Understanding the transcriptomes can aid productivity in cyanobacterial systems 

(Krishnan et al., 2018). Allocation of resources that affect cell survival can be influenced by 

environmental stressors, particularly those affecting the photosynthetic apparatus and carbon 

metabolism as demonstrated by Beck et al. (2017). S. elongatus PCC 7942 has a fully 

sequenced genome and metabolome (NCBI accession PRJNA10645), giving deep insight into 

gene function. RNA-Seq experiments are useful for differential gene analysis. The advantage 

of RNA-Seq is that it allows the investigator to look at the regulation of every gene within an 

organism’s genome. This contrasts with targeted gene studies (e.g. using q-PCR), as these risk 

overlooking wider gene network responses. For example, if only select genes relating to CO2 

and phosphorous metabolism were monitored we may miss significant changes elsewhere 

relating to storage molecules, cellular repair, cellular signalling, etc.  

RNA-Seq has also helped elucidate the response of S. elongatus PCC 7942 to nitrogen 

starvation, with 545 genes differentially expressed compared to a non-nitrogen starved cultures. 

Genes encoding for PSII were downregulated by a log fold-change (logFC) of 4.2, whilst 

nitrate-nitrite uptake genes were up-regulated by 1.1 logFC. Interestingly, cbbLS, which 

encodes for RuBisCo, was not differentially expressed during nitrogen starvation (Choi et al., 



 49 

2016). The use of RNA-Seq in this study allowed Choi et al. (2016) to identify the 

rearrangement of cellular transport of the carbon and nitrogen pathways.  

Genes related to protein translation can also vary with stress conditions, including CO2 

limitation, light intensity, and nutrient depletion (Billis et al., 2014). Global supplies of 

phosphorous are dwindling, so recovery of lost phosphorous from wastewater is integral to 

sustainable management (Rittmann et al., 2011). Phosphorous, which is utilised in nucleic 

acids, phospholipid structures, proteins, and metabolite production, is essential for cell 

metabolism (Blank, 2012). Phosphate uptake is dependent on a periplasmic binding protein, 

PstS, and an associated ABC transporter, PstCAB (Scanlan et al., 2009) and theoretically 

increases with cell size or density of the phosphate uptake system (Krumhardt et al., 2013). 

One of the most widely studied operons for phosphorous uptake in cyanobacteria is the Pho 

operon, which is controlled by the PhoU gene which encodes a negative regulator of transport 

with high phosphorous affinity and polyphosphate-degrading enzymes (Solovchenko et al., 

2019).  

Changes to light regimes can also influence resource synthesis, with S. elongatus PCC 7942 

doubling its RuBisCO content whilst a five-fold decrease of phycobilisome synthesis occurred 

when moved from a light environment of 50 μmol m 2 s−1 to 500 μmol m−2 s−1 (MacKenzie et 

al., 2005). Increased expression of RuBisCO can improve cell growth, chlorophyll a 

concentration, and oxygen evolution in a genetically engineered strain of Synechocystis (Liang 

and Lindblad, 2017). Theoretically, a wild-type strain naturally overexpressing RuBisCO 

would have similar increases in these physiological parameters.  

This study aimed to understand the genetic response of S. elongatus to immobilisation. The 

physiological parameters of CO2 uptake, phosphate uptake, total protein, and fraction of the 

protein that is RuBisCo, were determined at three and six days after immobilisation on a woven 

80/20 polyester cotton blend. RNA extraction and transcriptomic study was attempted for S. 

elongatus PCC 7942 after three days of immobilisation, but could not be completed for S. 

elongatus CCAP 1479/1A as an annotated genome is not accessible. 

3.2 Methods 

3.2.1 Cell cultivation 

Synechococcus elongatus PCC 7942 was grown in Blue-Green Medium (BG11), and S. 

elongatus CCAP 1479/1A in Jaworski’s Medium (JM) without cyanocobalamin, thiamine HCl, 

and biotin, in 10 L polycarbonate (Nalgene) carboys with constant air supply at 18 °C ± 2 ºC, 
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and a 16L:8D photoperiod (mean luminance of 35 µmol m2 s-1) using 30 W daylight-type 

fluorescent tubes (Sylvania Luxline Plus, n = 6). 

3.2.2 Biocomposite formation 

Biocomposites were prepared in triplicate following the methodology described in Chapter 2. 

In short, autoclaved and dried woven 80/20 polyester-cotton blend (cotton) purchased from 

Aow RungRuang Co. Ltd, Bangkok, Thailand were cut into 1cm x 5cm strips. AURO 320 and 

321 was adjusted to 5% solid for S. elongatus PCC and S. elongatus CCAP respectively. A wet 

cell paste (WCP) of 5% solid was used for each strain. The binder and WCP was combined by 

vortex mixing, and a separate Eppendorf of 5% WCP and dH2O was prepared to estimate the 

number of cells that were pipetted onto each substrate. Formulations were pipetted 1cm from 

the top of the strip, so the growth media could only reach cells by capillary action. Five mL of 

sterile growth media were pipetted into 50mL sterile, clear Wheaton glass serum bottles. 

Samples were placed into the bottles and suspended using 0.15mm sterile nylon thread to 

prevent the cells being submerged due to substrate collapse. The bottles were sealed using a 

rubber butyl stopper and crimped aluminium seal. Samples were flushed with 45mL of 5% CO2 

enriched air using a hypodermic needle to pierce the rubber stopper without breaking the seal. 

Samples containing the equivalent number of cells in suspension, and samples of the 5% solid 

binder without cells were placed in sealed bottles as controls. 

3.2.3 CO2 uptake 

After three days, the gas environment was sampled using a hypodermic needle and syringe and 

the percentage CO2 content was determined using a G100 GEOTech CO2 meter. Samples that 

were going to undergo analysis on day 6 were replenished with CO2. The moles of CO2 

absorbed by the cells was calculated using the following equation:  

fixed CO2 (mol) =  
[(5.00%−%CO2 recorded) × 45] × 10−3 (L)×system pressure (atm)

0.082 (L atm mol−1K−1) × system temperature (K)
    [Eq 1]  

3.2.4 Nutrient uptake 

The growth media were sampled at days three and six and centrifuged at 5000 RCF for 30 

minutes to remove any biomass or debris from the substrates. Hach Lange Phosphorous 

total/phosphate ortho (LCK 348) test kits were used to determine the orthophosphate 

concentration following manufacturer's instructions, and measured using a Hach Lange 

spectrophotometer (DR2800). Briefly, ammonium molybdate and antimony potassium tartrate 

form an antimony-phospho-molybdate complex in an acidic environment with phosphorous-

containing solutions. Ascorbic acid is used to reduce the complex and form a blue-colour which 

is measured at 650nm. The intensity of the blue colour is dependent on the concentration of 
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orthophosphate. The initial starting concentration of BG11 and JM were determined using the 

same method.  

3.2.5 Proteins 

After three and six days, samples were removed from the sealed systems. Suspension samples 

were agitated by vortex and then centrifuged at 5000 RCF for 30 minutes at 4 ºC. A pre-cycle 

was run without samples to ensure the centrifuge temperature was appropriate. Once samples 

had been centrifuged the supernatant was discarded. For biocomposites, the 1cm2 area over 

which the cell/binder was pipetted was cut from the surrounding fabric. Total protein was 

extracted using a modified version of the Pattanayak et al. (2015) method. Three hundred 

microliters of lysis buffer (8M urea + 20mM HEPES) was added to the cell pellet or 

biocomposite along with 0.05g of 0.1mm acid washed glass beads. Samples were vortexed for 

30 seconds, then iced for one minute for a total of five rounds. Samples were then centrifuged 

at 4000 RCF for three minutes to separate the beads and cellular debris. Total protein 

concentration was determined by the Bradford Assay, for which 30µL of sample was added to 

a cuvette, and one mL of Bradford reagent was added. Samples were incubated at room 

temperature for five minutes and absorbance measured using a UV-Vis spectrophotometer 

(CARY 100) at 595nm.  

SDS-Page gels were run to analyse individual protein changes between suspension and 

biocomposites samples. Samples were prepared by adding 3µL of sample buffer comprising 

1:9 beta-mercaptoethanol:4x Laemmli buffer (Bio-Rad) to 9µL total protein sample. Samples 

were heated to 95 ºC for five minutes to ensure complete digestion of disulphide bonds. Ten 

microlitres of sample was loaded into each well of a precast polyacrylamide gel (12% Mini-

PROTEAN® TGX™ Precast Protein Gels, 12-well, Bio-Rad). A Tris/Glycine/SDS running 

buffer was prepared following manufacturer’s instructions (10x, Bio-Rad). A standard protein 

ladder (Precision Plus Protein™ Dual Xtra Prestained Protein Standards, Bio-Rad) was added 

to the first and last well of each gel. The current was set to 200 V and run for 31-40 minutes to 

allow full separation of protein bands. Gels were removed from the cassettes and washed with 

200mL of dH2O. They were then stained in Coomassie stain for one hour with agitation, then 

destained using DI water before visualisation. Gels were visualised using a Gel Doc EZ Imaging 

System (Bio-Rad) and analysed using Image Lab software (Bio-Rad). For each lane of the gel, 

bands were detected with high sensitivity and the molecular weights determined using the two 

standard protein ladders. The relative band percentage was then determined, and bands of a 

molecular weight (kDa) of 55 and 13 with 10% variation were determined as the large and small 

RuBisCO subunits. 
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3.2.6 RNA extraction and sequencing 

RNA extraction was conducted after three days of immobilisation or suspension treatment of 

S. elongatus PCC 7942 only, with five samples for each treatment. S. elongatus CCAP 1479/1A 

was not sequenced due to no annotated genome being available for alignment. Extractions were 

completed using the Zymo Quick-RNA Fungal/Bacterial Miniprep kit following the 

manufacturer’s instructions. A centrifuge pre-cycle was run without samples to ensure the 

centrifuge was at temperature. Suspension samples were agitated and then centrifuged at 5000 

RCF for 30 minutes at 4 ºC. The supernatant was discarded. For biocomposites, the 1cm2 area 

to which the cell/binder was pipetted was cut from the surrounding fabric. The power bead 

beating step was conducted for 60 seconds to ensure complete removal from the biocomposites 

and lysis of the cells. A gDNA removal step was conducted between steps 6 and 7 using 

DNAse1 on-column removal. Following extraction, the quantity and quality of the RNA for 

each sample was recorded three times using a NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer. Samples contained at least 50mg/mL of RNA with a 260/280 value of ~2.0 

and a 260/230 value of 1.8-2.2. Samples were sequenced at the Centre for Genetic Medicine 

(CGM), Newcastle University. QC checks of samples and ribosomal RNA depletion was 

conducted by the CGM. Forty million 75-base pair single reads were conducted per sample 

using Illumina Next Seq. Single reads were suitable for this experiment as only count data was 

required for mapping to a transcript after alignment (Stark et al., 2019). RNA Integrity Number 

(RIN) for each sample was determined using the RNA ScreenTape Analysis assay in the 

Agilent TapeStation. The output RIN was adapted for prokaryotic samples using the Agilent 

2100 Bioanalyser Expert software.  

3.2.7 Statistical analysis 

Statistical analyses were conducted using GraphPad Prism 8. Data were tested for normal 

distribution (Shapiro-Wilk test). Repeated measures two-way ANOVA with Tukey post-hoc 

testing was conducted with Geisser-Greenhouse correction to correct for sphericity for all 

samples (Greenhouse and Geisser, 1959). To conduct statistical analysis for the RuBisCO 

fractions, an arcsine transformation was performed on percentage data prior to statistical 

analysis. 

Analysis of the transcriptome data would have followed the methodology detailed by Xu and 

Miao (2020). The annotated reference genome of S. elongatus PCC 7942 was accessed from 

the GenBank database (https://www.ncbi.nlm.nih.gov/nuccore/NC_007604.1). The quality of 

reads would have been assessed using FastQC tool 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads would have been trimmed 

https://www.ncbi.nlm.nih.gov/nuccore/NC_007604.1)
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
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to high-quality only and mapped to the reference genome via Bowtie2 (Langmead and Salzberg, 

2012). Gene expression would have been quantified using the method presented by HTSeq as 

fragments per kilobase of exon per million reads mapped (FPKM) (Anders et al., 2015). 

Differentially expressed genes would have been determined using the Bioconductor package 

DESeq2 which uses a model based on the negative binomial distribution (Love et al., 2014). 

Genes must have a p-value < 0.05 and log fold change values ≥ 2 to be considered as 

differentially expressed. 

3.3 Results 

3.3.1 S. elongatus PCC 7942 

There were no significant interactions between immobilisation state and time for CO2 uptake, 

orthophosphate uptake, and extracted protein concentration over the six day experimental 

period (repeated measures two-way ANOVA; CO2 - F = 6.397, df = 1, P = 0.0647; 

Orthophosphate - F = 0.0901, df = 1, P = 0.779; Protein - F = 4.463, df = 1, P = 0.102) (Figure 

3.1).   

 

Figure 3.1. Mean (± standard deviation) of A) CO2 uptake (mol), B) orthophosphate (mg/mL) 

uptake, and C) extracted protein (mg/mL) by Synechococcus elongatus PCC after three and six 

days in a 5% CO2 environment. 

The fraction of the total soluble protein that was the large or small RuBisCO subunit did not 

significantly vary between immobilised and suspension samples after three or six days 

(repeated measures two-way ANOVA; large RuBisCO subunit - F = 0.7585, df = 1, P = 0.4329, 

small RuBisCO subunit - F = 2.353, df = 1, P = 0.1998) (Figure 3.2). 
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Figure 3.2. Mean band percentage (± standard deviation) of the total soluble protein that was 

the large (A) or small (B) RuBisCO subunit Synechococcus elongatus PCC after three and six 

days in a 5% CO2 environment.  

3.3.2 S. elongatus CCAP 1479/1A 

Despite there being no significant difference in orthophosphate uptake, or total protein uptake, 

there was a significant difference in CO2 uptake due to time and immobilisation (repeated 

measures two-way ANOVA; CO2 - F = 88.66, df = 1, P = 0.0007; Orthophosphate - F = 0.5603, 

df = 1, P = 0.4958; Protein - F = 3.693, df = 1, P = 0.1309) (Figure 3.3). Time was also a 

significant factor in CO2 uptake (F = 22.72, df = 1, P = 0.0089) but only the suspension samples 

had significantly greater CO2 uptake on day 6 (post-hoc Bonferroni’s multiple comparison test, 

P < 0.05). Immobilisation alone, however, did not cause significant variation in CO2 uptake (F 

= 4.9, df = 1, P = 0.0913) but the biocomposites did have significantly greater CO2 uptake on 

day three (post-hoc Bonferroni’s multiple comparison test, P < 0.05).  

 

Figure 3.3. Mean (± standard deviation) of A) CO2 uptake (mol), B) orthophosphate (mg/mL) 

uptake, and C) extracted protein (mg/mL) by Synechococcus elongatus CCAP after three and 
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six days in a 5% CO2 environment. Asterisks indicate significant difference between samples 

at each time point on each graph (post-hoc Bonferroni’s multiple comparisons test, P < 0.05).  

 

Interestingly, the fraction of the total soluble protein that was the large RuBisCO subunit 

expressed by S. elongatus CCAP was not significantly influenced by the interaction between 

immobilisation and time (F = 0.6874, df = 1, P = 0.4537) but did significantly affect the 

expression of the small RuBisCO subunit (F = 14.11, df = 1, P = 0.0198). Both time (F = 12.16, 

df = 1, P = 0.0252) and immobilisation (F =11.24, df = 1, P = 0.0.085) significantly influenced 

the expression of the small subunit. The suspension samples had a significantly higher 

proportion of the small subunit compared to the immobilised samples on day three, and to the 

suspension samples on day six. The biocomposite samples were not significantly different 

between days 3 to 6 (post-hoc Bonferroni’s multiple comparison test, P < 0.05) (Figure 3.4). 

 

Figure 3.4. Mean band percentage (± standard deviation) of the total soluble protein that was 

the large (A) or small (B) RuBisCO subunit Synechococcus elongatus CCAP after three and 

six days in a 5% CO2 environment. Significant differences are indicated by asterisks on 

individual graphs (post-hoc Bonferroni’s multiple comparisons test, P < 0.05).  

 

3.3.3 RNA-Seq: Quantities and qualities of samples 

The extracted concentration of RNA was higher for the suspension samples, but the extracted 

concentration of RNA from the biocomposites had surpassed the required concentration from 

the sequencing facility (50 µg/mL) (Table 3.1). For both sets of samples, the A260/A280 were 

all within the acceptable range, indicating high purity RNA but the A260/A230 values were 

lower than the ideal value of two (Table 3.1).  
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Table 3.1. Mean values of RNA concentration (mg/ml), A260/A280, and A260/A230 values 

recorded in triplicate using a NanoDrop™ One/OneC Microvolume UV-Vis 

spectrophotometer. Suspension samples are indicated with an S, and biocomposites with a B. 

Sample RNA 

Concentration 

(µg/mL) 

A260/A280 A260/A230 

S1 179.8 2.00 1.78 

S2 259.0 1.97 1.79 

S3 126.1 2.04 0.66 

S4 364.7 2.04 1.73 

S5 167.9 1.86 1.34 

B1 81.2 1.98 1.54 

B2 88.6 2.05 0.57 

B3 70.4 2.03 1.06 

B4 92.0 2.03 1.78 

B5 52.3 2.00 1.53 

 

3.3.4 RNA-Seq: RINe values 

For each sample, the RINe value and observations of each sample were determined. The 

biocomposite samples were notably more degraded that the suspension samples (Table 3.2). 

With the exception of sample B1, the lower ribosomal fragment was missing from all 

biocomposite samples. The gel electrophoresis output (Figure 3.5) from the TapeStation Assay 

demonstrated the reason for the reduced 23S/16S area in Table 3.2.  
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Table 3.2. RNA Integrity number, size of area, and observations made from RNA ScreenTape 

Analysis (TapeStation, Agilent). Suspension samples are indicated with an S, and 

biocomposites with a B. 

Sample 

RNA Integrity 

Number 

Equivalent 

23S/16S (Area) Observations 

S1 8.1 0.6 - 

S2 6.2 0.7 - 

S3 6.9 0.5 - 

S4 6.8 0.6 - 

S5 7.6 0.5 - 

B1 2.3 - 
Upper ribosomal fragment 

degraded 

B2 1.8 - Lower ribosomal fragment missing 

B3 1.8 - Lower ribosomal fragment missing 

B4 1.7 - Lower ribosomal fragment missing 

B5 1.6 - Lower ribosomal fragment missing 
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Figure 3.5. Gel electrophoresis output from RNA ScreenTape Analysis (TapeStation, Agilent). 

The control ladder in lane A1 allows for identification of the 23S, 16S, and lower fragments. 

The RNA Integrity Number equivalent (RINe) is presented for each lane. Lane A1 is the 

standards ladder. Suspension samples are indicated with an S, and biocomposites with a B.  

 

3.4 Discussion 

3.4.1 Physiological data and RuBisCO concentrations 

The physiological parameters for S. elongatus PCC 7942 were not significantly different, 

suggesting that the immobilised cells were able to survive within the biocoating. S. elongatus 

CCAP 1479/1A, however, did have significant differences in CO2 uptake after three days and 

a reduction in the small RuBisCO subunit. This indicates that the cells in the biocomposite were 

taking up more CO2 but did not require as much RuBisCO for fixation. Depending on light 

intensity, the carbon fixation rate by S. elongatus ranges between 1.3–7.8 μmol·min−1·mL−1 

with increased irradiance increasing carboxysome synthesis, thus increasing RuBisCO and 

improving carbon fixation (Sun et al., 2016). However, cells contained in the biocomposite 

likely experience light limitation if not on the surface of the coating, potentially explaining the 

lowered RuBisCO small subunit expression. Therefore the increased CO2 uptake by the 

biocomposite is paradoxical. In a given RuBisCO complex there are eight large and small 

subunits (Bracher et al., 2017). These are arranged as anti-parallel tetramers with the small 
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subunits capping the large ones due to the presence of the chaperone proteins GroEL and GroES 

that promote folding of the RuBisCO proteins (Hayer-Hartl et al., 2016). Perera et al. (2019) 

argued the importance of proteomics to understand cell metabolisms, with SDS-polyacrylamide 

gel electrophoresis allowing for comparative studies. It is, however, important to note that gel 

electrophoresis can only reveal around a maximum of 20% of an organism’s proteome (Mishra 

et al., 2019). Therefore, it is more likely that there was an issue with protein separation in the 

SDS-Page gel, resulting in a misrepresentation of band percentage of the RuBisCO small 

subunit of the suspension samples due to another protein around the same 13 kDa size of the 

small subunit resulting in the significant increase observed. 

3.4.2 RNA quality and transcriptomics 

Depending on the threshold used, RIN/RINe values must be above 3.95 (Weis et al., 2007) or 

a high as 8 (Imbeaud et al., 2005), but more commonly above 6 (Gallego Romero et al., 2014). 

The poor RINe values may have been associated with the low A260/A230 values. These may 

have been low due to contamination by salts, carbohydrates, proteins, or aromatic compounds 

(Gallagher and Desjardins, 2007) but this is unclear in this case. Due to the low quality RINe 

of the biocomposite samples, differential gene expression (DGE) analysis was not possible due 

to poor quality RNA leading to unequal gene coverage and increased false positive rates in 

DGE (Wang et al., 2016). Schuierer et al. (2017) argue that the quality and number of samples 

are critical to the proper understanding of DGE which would not be possible in this case due to 

the highly degraded biocomposite samples. Despite being unable to complete DGE analysis on 

these samples, previous literature serves as a good indicator to what may have been observed 

if abiotic stressors were exerted on the biocomposites.  

Cyanobacteria respond to multiple stressors by having plastic central metabolisms, including 

the glycolysis pathway, Calvin-Bensham-Bassham cycle, oxidative pentose phosphate 

pathway, and tricarboxylic acid pathway (Cui et al., 2020). Although the only results with 

significant difference were CO2 consumption per S. elongatus CCAP cell and the small 

RuBisCO subunit band %. The environment in the biocoating is markedly different to the usual 

suspension lifestyle of S. elongatus, therefore changes to gene regulation would be expected to 

ensure cell survival. The physiological parameters of CO2 uptake, phosphate uptake, and 

protein concentration may be reflected in differential gene expression.  

Under phosphate limitation, RNA synthesis was reduced to one-quarter of the original value, 

with net protein synthesis completely stopped between 30-36 hours in a Synechococcus strain 

(Grillo and Gibson, 1979). Under stress conditions it is expected that cyanobacteria redirect 

metabolism to focus on carbohydrate production rather than proteins, often undergoing 
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proteolysis (Duarte and Costa, 2017). Proteins containing phosphorous are involved in 

photosynthesis and two-component signalling pathways (Yang et al., 2013), indicating that 

phosphate limitation may cause severe reduction in cell metabolism. This phenomenon is well 

documented, with phosphorous limitation significantly affecting nucleic acid synthesis and the 

Calvin-Benson-Bassham cycle, with the former affecting photosynthetic efficiency by 

decreasing the amount of photosynthesis associated reactants (Barsanti and Gualtieri, 2014). 

Specifically, proteins involved in the dark (rbcL) and light (psbA) reactions decreased in 

quantity during nutrient limitation in Synechococcus sp. (Fernández-González et al., 2020). 

Additionally, Teikari et al. (2015) found that Anabaena sp. responded to phosphorous depletion 

by a reduction in expression of genes relating to central metabolism, photosynthesis, and 

transcription and translation. Overall, 823 genes were differentially expressed after four days 

of phosphorous limitation. Concordantly, Synechococcus sp. WH8102 had differential gene 

expression of 1266 genes under phosphorous limitation, with 24 of these strongly upregulated. 

A third of these 24 are associated with transport, with six being phosphorous-specific ABC 

transporters, possibly to sequester larger amounts of phosphorous (Tetu et al., 2009). 

Some cells in the biocomposite may have received a lower photon flux density due to cell 

shading, which is beneficial to the PSII reaction centre as the cell is able to replace D1 proteins 

(Ohnishi et al., 2005), those cells at the surface of the biocomposite were not able to migrate to 

a region of lower light intensity. The excess light at the surface of the biocoating may induce 

ROS production, which inhibits synthesis of proteins, including those relating to photosystems 

(Takahashi and Murata, 2008). To survive higher photon densities, Synechococcus utilises a 

generalist strategy and maximises gene expression of ROS detoxification enzymes (katG, 

sodB), DNA repair (recA), and dissipation of excess energy (crtR, ocp) (Mella-Flores et al., 

2012). Additionally, drying of the biocomposites may have influenced protein expression. Potts 

(1986) found that immobilisation and subsequent rewetting of Nostoc commune UTEX 584 

caused a reduction in proteins between 18–97 kDa after drying, despite continued protein 

synthesis. Upon rewetting, no heat-shock or water-stress regulons were induced suggesting that 

immobilisation does not affect cells in predictable ways. It is, however, important to note that 

protein expression and concentration of cells fluctuates with the age of the culture, with older 

cultures having significantly reduced protein concentrations, potentially due to nutrient 

limitation (Elsalhin et al., 2016). 

3.5 Conclusion 

Due to the poor quality of the extracted RNA from the biocomposite samples it was not possible 

to complete the main objective of this Chapter. Future work should focus on optimisation of 
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RNA extraction, with snap-freezing of samples in liquid nitrogen potentially improving yields 

and integrity. There were, however, some promising results – immobilised biomass did not 

have significant changes in CO2 uptake, orthophosphate uptake, or protein synthesis. Cells 

could survive and complete biological functions at comparable levels to suspension cultures. 

This is encouraging for utilising biocomposites for bioremediation applications. A more 

detailed genomic picture would provide greater insight into the genetic regulation of 

biocoatings.  
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4 Immobilising metabolically engineered S. elongatus for wastewater 

treatment: A proof of concept for intensified wastewater treatment 

4.1 Introduction 

Photosynthetic microalgae and cyanobacteria are important platforms for the synthesis of novel 

products and processes (de Farias Silva and Bertucco, 2016). Their amenability to genetic 

transformation (Kim et al., 2017; Patel et al., 2019) opens the possibility for improvements in 

numerous applications, including; bioenergy (Baebprasert et al., 2011; Zhu et al., 2014), food 

additives (Poliner et al., 2018), and industrial enzyme and chemicals production (Brasil et al., 

2017; Gudmundsson et al., 2017; Lin et al., 2017; Betterle and Melis, 2018). In addition to 

fuels and biochemicals, native microalgae and cyanobacteria have growing importance in the 

delivery of a range of ecosystem services (Berdalet et al., 2016; Calahan et al., 2018), including 

the bioremediation (phycoremediation) of municipal, industrial, and agricultural wastewaters 

(Dubey et al., 2011; Idi et al., 2015; Gonçalves et al., 2016; Lyu et al., 2016; He et al., 2017). 

Cyanobacteria are particularly suited for bioremediation due to their metabolic flexibility and 

broad environmental tolerances (Whitton and Potts, 2012). The scale of the wastewater 

treatment challenge (Sato et al., 2013), particularly given an estimated 80% of wastewaters are 

discharged untreated (WWAP, 2017), makes the water industry a prime candidate for process 

intensification, i.e. the use of novel processes to achieve improvements in process performance 

alongside orders of magnitude reduction in infrastructure size and cost (Coward et al., 2018). 

Phycoremediation has a role in achieving these objectives; however, dependence on native 

strains may limit process effectiveness. Further, reliance on conventional microalgae 

cultivation methods—which are predominantly suspension systems using open ponds and 

raceways, or closed system PBRs (Chen et al., 2011a; Chiaramonti et al., 2013; Slegers et al., 

2013)—introduces other complications such as limitations in microalgae cell density 

(commonly 0.5-3 g L-1 (Raeesossadati et al., 2014)) and the potential for biomass loss (i.e. 

process dilution) once the treated waters are discharged. Alternative approaches based on 

biofilm reactors are being trialled (Zhou et al., 2018; Wu et al., 2019; Chaiwong et al., 2020; 

Gou et al., 2020) which ameliorate many of the deficiencies of suspension based cultivation 

systems, i.e. higher biomass loading per unit area and improved retention of metabolically 

active biomass within the treatment system. However, these systems are still limited by species 

and strain choice, although incremental improvements have been made using adaptive 

evolution (Xu et al., 2018; Cheng et al., 2019). Harnessing metabolic engineering to improve 

phycoremediation performance, for example by developing tailored services to remove or 

degrade chemicals that otherwise bypass conventional treatment processes, could be a 
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disruptive innovation. If delivered in an intensified form, e.g. as engineered biofilms, 

significant advancement towards wastewater treatment intensification would be made 

(Kümmerer et al., 2018; Wang et al., 2018).   

There are understandable environmental concerns about growing engineered strains in open 

ponds (Flynn et al., 2010); however, biofilms—if engineered to prevent cell release—could 

alleviate public concerns over the in situ use of metabolically engineered organisms. This trinity 

of challenges (metabolic engineering, biomass concentration, and biomass retention) describe 

the main conditions needed to deliver flexible and future-proofed process intensification for 

wastewater treatment. The current study forms part of a wider project (EU Horizon 2020: 

Living Architecture) aiming to demonstrate the potential for metabolic engineering for 

wastewater management, in which a phototrophic cyanobacterium (Synechococcus elongatus) 

and two heterotrophic bacteria (Escherichia coli and Pseudomonas putida) operate as an 

engineered suspension-based microbial consortium optimised for phosphate removal (García-

Jiménez et al., 2018; Uluşeker et al., 2019; Nogales et al., 2020). The consortium was 

engineered to operate in obligate positive feedback: S. elongatus 363 secretes sucrose for uptake 

by E. coli SBG610, which secretes fructose for P. putida SBG714, which in turn secretes 

vitamin B12 for S. elongatus. In this study, we extend the brief of the overall project by 

demonstrating proof-of-concept using the engineered strain of S. elongatus immobilised as a 

living biocomposite (a combination of metabolically active cells bound to an inert structural 

scaffold). The objective was to successfully and securely immobilise the organism without 

compromising its metabolic function and, crucially, without compromising the rate of secretion 

and export of sucrose. 

4.2 Methods 

4.2.1 Cell modification and cultivation 

Synechococcus elongatus PCC7942 was genetically modified to produce S. elongatus 363 

(classed as hazard group 1), which was designed to overproduce and secrete sucrose following 

the stable insertion of six genes into the neutral sites of the chromosomes (Table 4.1). It was 

grown in modified BG-11 medium (Stanier et al., 1971) with additional 10 mM HEPES to 

buffer pH. Isopropyl β-D-1-thiogalactopyranoside (IPTG; 1 mM) was added to induce sucrose 

production. Cultures of sucrose induced and non-induced cells were grown in 500 mL flasks, 

containing 300 mL of media, with no external air supply. Flasks were incubated at 28-30 oC on 

an orbital shaker at 190 RPM, under a 16:8 light:dark photoperiod using fluorescent tube 

lighting. 
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Table 4.1. Genetic modification of Synechococcus elongatus PCC7942 to make S. elongatus 

363. The shorthand, full name, and role of the gene are presented with the corresponding 

plasmid used to integrate into neutral sites 1 or 2 of all copies of S. elongatus chromosomes.  

Gene Full Name Role Plasmid 
Insertion 

Site 

pgi 
glucose-6-phosphate 

isomerase 

Converts fructose-6-

phosphate to glucose-6-

phosphate 

pMSM230 1 

pgmt 

 

phosphoglucomutase 

 

Converts glucose-6-

phosphate to glucose-1-

phosphate 

pMSM230 1 

galU 
UTP-glucose-1-phophate 

uridylytransferase 

Converts glucose-1-

phosphate to UDP-

glucose 

pMSM230 1 

sps sucrose phosphate synthase 

Combines UDP-glucose 

and fructose-6-phosphate 

to sucrose 

pMSM249 2 

cscB sucrose permease 
Allows export of sucrose 

from the cell 
pMSM249 2 

lacI Lac repressor 
Inducible repressor of sps 

and cscB genes 
pMSM249 2 

 

4.2.2 Biocomposite development: toxicity and adhesion testing 

The biocomposites were formed following the methodology in Chapter 2. The substrates used 

were the 80:20 cotton-polyester blend, a 40:60 wool-polyester blend, and a 100% non-woven 

polyester. Binder choice (commercial latex-based coatings: AURO 320 and AURO 321; AURO 

Paint Company, UK) and binder solids content (5%) was guided by the prior research on 

cyanobacteria biocomposites (Umar et al., 2019) and data Chapter 2. As the engineered S. 

elongatus had not previously been evaluated for tolerance to immobilisation in this form, a 

series of toxicity and adhesion assays were conducted. Briefly, binder pH was adjusted to 

between 6.5 and 7.5 to prevent cell death, of which 1 mL was added to 1 mL of seven to ten 

days old cultures in triplicate in 24-multiwell plates. The pH adjusted binder and growth 

medium were combined to screen for interactions. One millilitre of cell culture was diluted with 

1 mL of autoclaved dH2O to provide a baseline for cell growth. Each replicate was mixed daily 

by forward and reverse pipetting for seven days, after which, relative percentage growth was 
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determined using an improved Neubauer haemocytometer with a Leica DMi 8 microscope 

(x200 magnification) running LasX software.  

For adhesion testing, the textiles were autoclaved, dried at 105 oC for 3 h, and stored in a 

desiccator until use. Cells were centrifuged at 1720 relative centrifugal force (RCF) for 30 min 

at 20 oC. Cells and binders were combined in Eppendorf tubes to create a 2.5% biocoating 

which was pipetted onto the textiles to saturation (summarised in Figure 4.1). In a separate 

Eppendorf tube, the same volume of cell culture was added to 1 mL of dH2O and counted to 

calculate the number of cells in the biocoating. The resulting biocomposites were dried in 

darkness at 20±2 oC for 24 h. The dried biocomposites were then added to 1 mL of growth 

medium in well plates, wrapped in aluminium foil to prevent cell division, and agitated on an 

orbital shaker at 80 RPM. Biocomposites were moved to a new well of fresh medium after 1, 

24, and 48 h with the total time spent in media being 72 h. Cell release from the biocomposite 

into the growth medium was determined by cell counts at these time intervals.  

 

Figure 4.1. Schematic describing the process of biocomposite fabrication using Synechococcus 

elongatus 363 producing sucrose. 

4.2.3 Sucrose analysis 

Sucrose produced in response to IPTG was determined using a sucrose/D-glucose enzymatic 

assay (item number K-SUCGL, Megazyme). The enzymatic reactions are described in 

equations 1-3: 

sucrose + H2O → D-glucose + D-fructose (enzyme 1 – invertase)  [Eq. 1] 
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D-glucose + H2O + O2 → D-gluconate + H2O2 (enzyme 2 – glucose oxidase)  [Eq. 2] 

2H2O2 + p-hydroxybenzoic acid + 4-aminoantipyrine → quinoneimine dye + 4H2O (enzyme 

3 – peroxidase)  [Eq. 3] 

The quantity of quinoneimine dye is equivalent to the quantity of D-glucose in the sample. 

Absorbance was measured spectrophotometrically at 510 nm, and converted to sucrose 

equivalents (mg/mL) using equation 4 if the absorbance was between 0 – 0.5: 

= (abs/2.1184) * (342/180)  [Eq. 4] 

If the initial absorbance was greater than 0.5, the samples were diluted with dH2O to within the 

working range. The value of 2.1184 was determined from a calibration curve from linear 

regression of standards absorbance. The sucrose concentration was then normalised to the 

number of cells within the culture (mg/mL per cell). 

4.2.4 Statistical analysis 

Statistical analysis was conducted using IBM® SPSS® Statistics (Version 22). Data were tested 

for normal distribution (Kolmogorov-Smirnov test) and equal variance (Levene’s test). 

Kruskal-Wallis and post-hoc Mann Whitney U-tests were employed for non-normal or unequal 

variance data. To ensure fair comparisons were made between induced and non-induced 

cultures, if either dataset had non-normal or unequal variance, Kruskal-Wallis and Mann-

Whitney U-tests were used for both treatments. To determine whether there was any variation 

in growth between induced and non-induced cyanobacteria, cell counts were converted to 

arcsine transformed percentages to control for differing cell loadings and subjected to statistical 

testing.  

4.3 Results 

4.3.1 Toxicity testing 

Both AURO binders were non-toxic to the IPTG induced S. elongatus, with cell density 

increasing significantly compared with the controls (Kruskal-Wallis test, K = 5.6, df = 2, P < 

0.05; Figure 4.2A), although there was no significant difference between the binders (Mann-

Whitney U-test, P < 0.05). Cells continued to produce and secrete sucrose with no significant 

change versus the control and no significant difference between binders (Kruskal-Wallis test, 

K = 1.882, df = 2 P > 0.05; Figure 4.2B). It was noticeable that the range in sucrose production 

values corresponded closely to the cell density range, although not necessarily with the median 

values. Of the binders, AURO 321 appeared to offer the more stable performance. 
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Figure 4.2. Cell density (A), and sucrose production (mg/mL) per cell (B), for IPTG induced 

Synechococcus elongatus 363 following a seven-day contact toxicity test with AURO 320 and 

321 binders. Data presented as median and range. Shared letters indicate no significant 

difference between treatments. 

The non-IPTG induced cultures also experienced significantly better growth compared to the 

controls (Kruskal-Wallis test, K = 5.6, df = 2, P < 0.05; Figure 4.3A), with AURO 320 

supporting substantially higher growth that AURO 321 (Mann-Whitney U-test, P < 0.05). The 

culture, being non-induced, did not produce or secrete sucrose in any treatment (Figure 21B). 

There was no significant difference in growth between induced and non-induced cultures 

(Kruskal-Wallis test, K= 7.6, df = 3, P > 0.05). 
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Figure 4.3. Cell density (A), and sucrose production (mg/mL) per cell (B), for non-induced 

Synechococcus elongatus 363 following a seven-day contact toxicity test with AURO 320 and 

321 binders. Data presented as median and range. Shared letters indicate no significant 

difference between treatments. 

4.3.2 Biocomposite performance: Adhesion and sucrose release 

Cells were lost from all biocomposites (Kruskal-Wallis test, K = 18.198, df = 6, P < 0.05; Figure 

4.4A), with the wool-AURO 320 combination showing the greatest median loss (1.57 x 108 

cells), retaining 81.81% of cells within the biocomposite. Wool-321, polyester-320 and 

polyester-321 fared significantly better, retaining 88.07, 87.60 and 92.24% of cells respectively. 

The best performing biocomposites were cotton-320 (97.45%) and cotton-321 (97.80%). There 

was a difference in cell loss between induced and non-induced cells, with more cells lost from 

the induced wool-320 and polyester-321 (Kruskal-Wallis test, K = 32.2, df = 11, P < 0.05; 

Mann-Whitney U-test, P < 0.05). Cumulative sucrose secretion in BG11 after 72 hours of 

adhesion testing did not conform to normal distribution (Kolmogorov-Smirnov, P < 0.05). 

There was a significant difference in normalised sucrose secretion in biocomposites containing 

induced S. elongatus 363 (Kruskal-Wallis test, K = 16.534, df = 6, P < 0.05; Figure 4.4B). 

Curiously, more sucrose was leached per cell from biocomposites that supported the poorest 

cell retention, i.e. both wool biocomposites and polyester-320. There was no significant 
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difference between binders when used with matching scaffolds, except for polyester with cells 

immobilised with AURO 321 producing less sucrose than cells immobilised with AURO 320 

(Mann-Whitney U-test, P > 0.05).  

 

Figure 4.4. Cell retention (A) of IPTG induced Synechococcus elongatus 363 from fabric 

(cotton, wool or polyester) biocomposites with AURO 320 and 321 binders; (B) sucrose 

production (mg/mL per cell). Data presented as median and range. Shared letters indicate no 

significant difference between treatments. 

As with the induced cells, similar proportions of non-induced cells were lost from all 

biocomposites: cotton-320 = 97.92%, cotton-321 = 98.05%, wool-320 = 87.78%, wool-321 = 

91.55%, polyester-320 = 88.82%, and polyester-321 = 95.84% (Kruskal-Wallis test, K = 

19.286, df = 6, P < 0.05; Figure 4.5A). Non-induced S. elongatus 363 did not produce or secrete 

sucrose when immobilised with either binder (Figure 4.5B). 
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Figure 4.5. Cell retention (A) of non-induced Synechococcus elongatus 363 from fabric (cotton, 

wool or polyester) biocomposites with AURO 320 and 321 binders; (B) sucrose production 

(mg/mL per cell). Data presented as median and range. Shared letters indicate no significant 

difference between treatments. 

4.4 Discussion 

In this study, we successfully demonstrate proof-of-concept that metabolically engineered 

cyanobacteria can be immobilised within a functional biocomposite that could be deployed as 

part of a targeted wastewater remediation strategy. We utilised engineered Synechococcus 

elongatus as a chassis and successfully incorporated it into a prototype textile-based 

biocomposite, demonstrating cell survival, the maintenance of metabolic performance and, a 

high rate of retention of cells within the biocomposite structure. 

The binders were non-toxic and actually promoted growth in both induced and non-induced 

treatments, particularly AURO 320. Similar growth promoting patterns were previously seen 

with the same binders using wild type strains of S. elongatus (CCAP14791/A was increased by 

AURO 320 and PCC7942 was increased by both AURO 320 and 321(In-na et al., 2020)). The 

binders are commercial latex-based emulsion paints marketed for application to internal 

surfaces; they are therefore not formulated to support microbial growth or to retain microbes 

within the coating structure. However, this serendipitous trait makes them amenable for 

biocomposites development. None of the biocomposites were fully efficacious when it came 

cell retention, although the cotton biocomposites lost fewer than 3% of the loaded cells. These 
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figures are broadly in line with prior work on wild type strains immobilised within loofah 

sponge-based biocomposites (In-na et al., 2020). These findings engender confidence that 

optimised latex-based binders can be formulated that will successfully retain all cells within the 

structure over extended operational periods.  

S. elongatus naturally utilises sucrose as an osmoprotectant. There was no significant difference 

in sucrose production compared with control cultures. When comparing between induced and 

non-induced S. elongatus 363, sucrose secretion had no significant effect on adhesion. Induced 

cells continued secreting sucrose during the adhesion test, despite being kept in darkness. The 

mechanism for this is unclear although carbon fixation enzymes have been found to accumulate 

in salt-stressed cells indicating a redirection of energy away from primary metabolism (Pandhal 

et al., 2009). Under low stress conditions glycogen production and storage accounts for up to 

20% of fixed carbon (Hendry et al., 2017), with glycogen and sucrose metabolic pathways 

competing for carbon (Lin et al., 2020). Both glycogen and sucrose production utilise fructose-

6-phosphate (F6P) from the Calvin-Benson-Bassham cycle. To produce glycogen, F6P is 

converted to glucose-1-phosphate (G1P) with an intermediary glucose-6-phosphate, causing 

glycogen and sucrose production to compete; G1P is either processed to glycogen by glucose-

1-phosphate adenylyltransferase and glycogen synthase enzymes or converted to uridine 

diphosphate glucose by UDP-glucose pyrophosphorylase and combined with F6P by sucrose-

phosphate synthase to the intermediary sucrose-6-phosphate which is catalysed by sucrose-

phosphate phosphatase to intercellular sucrose. The activation of this pathway redirects a 

significant proportion of fixed CO2 away from biomass accumulation. Synechococcus sp. 

cannot export sucrose, halting production due to limited intracellular space and reducing 

photosynthetic activity as the cells are unable to balance the carbon flux (Qiao et al., 2018). 

Strains without the insertion of a transporter are unable to secrete sucrose, potentially limiting 

the quantity produced. To increase production, S. elongatus PCC 7942 was transformed by 

inserting the sucrose permease transporter cscB from E. coli with an IPTG inducible promoter 

into the neutral site 3 vector (Ducat et al., 2012). The recombinant strain channelled up to 80% 

of fixed CO2 into sucrose and saw a 10-fold increase in sucrose export compared to wild-type 

S. elongatus PCC 7942 (Duan et al., 2016). 

Our findings differ from sucrose production studies conducted in suspension. Many studies 

observed that as sucrose production increased, cell growth decreased or ceased entirely. 

Reduced growth rates may be caused by an increased expression of rpaB (Moronta-Barrios et 

al., 2013). Moronta-Barrios and co-workers demonstrated that overexpression of rpaB 

prevented cell elongation, causing cell growth to cease. rpaB works with the environmentally 
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responsive sensor kinase Nb1S, creating the essential Nb1S-RpaB pathway that can regulate 

environmental stressors and influence photosynthesis (Wilde and Hihara, 2016). The 

production and secretion of sucrose increased proportionally with an increase in the quantum 

yield of photosystem II and oxidation levels of the electron transport chain (Abramson et al., 

2016). The activity of the Calvin-Benson-Bassham cycle is not reduced within hours of osmotic 

stress and cells produce sucrose to mitigate osmotic stress, to the detriment of cell growth. The 

overexpression of RpaB ceases cell growth but increases sucrose production two-fold 

(Abramson et al., 2016). During this, photosystem II showed a 5.2% increase in activity 

allowing the inference that energy is redirected into sucrose production rather than growth. 

Similar decreases in growth of cultures that were overexpressing sps and spp genes with 

negligible amounts of glycogen production were observed despite expression of glycogen 

synthesis genes showing no significant expression variation (Lin et al., 2020).  

Many studies focus on gene regulation but neglect enzyme Vmax. Under carbon limited 

conditions the sucrose production pathway would ordinarily be overexpressed compared to 

primary metabolism (Abernathy et al., 2017). It was hypothesised that sucrose-phosphate 

synthase may be the rate limiting enzyme in sucrose production due to modifications in sps 

expression having the greatest effect on sucrose production; excess carbon may be available if 

sps expression is maximised (Du et al., 2013). This excess carbon could be redirected as 

glycogen for growth stored by the cells prior to induction with IPTG (Guerra et al., 2013). 

When induced, metabolism would have redirected fixed carbon into sucrose metabolism rather 

than glycogen. As the export of sucrose is creating a continuous sink, both growth and sucrose 

production can continue. AURO binders are likely responsible for this excess energy as all 

cultures with AURO binders, regardless of type of binder or sucrose induction, showed 

significant growth compared to cultures without binders.  

Traditionally, cultivation of photosynthetic microorganisms has occurred in open ponds and 

PBRs in suspension systems. The accidental escape of microorganisms from these systems is 

inevitable (Gressel et al., 2014), although an engineered algae was found to not outcompete 

natural strains from local lakes in mixing experiments, but dispersion was rapid and it cannot 

be assumed that every engineered strain would not outcompete natural populations (Szyjka et 

al., 2017). The stochastic nature of the natural environment and “the paradox of plankton” 

(Hutchinson, 1961) mean that modelling the potential of an engineered spill from laboratory 

data would not meaningfully contribute to robust risk assessments. Therefore, it is 

recommended to culture engineered strains with selective pressures, also known as 

biocontainment. Biocontainment can be abiotic factors such as salinity, pH, temperature, and 
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high CO2 genetic modifications (Clark et al., 2018). In the case of S. elongatus 363, lacI—a lac 

repressor—was added, meaning the modification would not be expressed without the presence 

of IPTG as the genes are under the control of the lac repressor.  

4.5 Conclusion 

Biocomposites show promise to support and intensify wastewater treatment by outperforming 

suspension-based processes. Further work is needed to refine biocomposite composition, for 

instance to improve biocoating porosity and thereby increase mass transfer rates (Chen et al., 

2020); although this must be achieved without compromising the biocoating’s capacity to 

securely retain cells within the biocomposite structure. Aside from alleviating concerns over 

the escape of transgenic organisms (Rosenberg et al., 2008), biocomposites negate biomass loss 

from cell washout (as per suspension based algae culture systems), occupy smaller areas, can 

be reused for multiple treatments, and will lower the operational cost of wastewater treatment 

(Mallick, 2002; Eroglu et al., 2015), therefore meeting the requirements for process 

intensification.  
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5 Synthesis Chapter 

5.1 Summary of thesis 

This thesis has highlighted the need for process intensification of the wastewater treatment 

industry by utilising higher amounts of biomass that is less susceptible to wash-out from the 

systems. Immobilised cyanobacteria show promise as a target organism due to their metabolic 

flexibility, well sequenced genomes, and genetic manipulability.  

Through the literature review a key gap in process intensification research was identified. Too 

often interdisciplinary work is neglected which may slow the rate of progress of innovative 

processes and technology. Living Architecture (LIAR) is a prime example of the successes that 

can be achieved when multidisciplinary teams work together. Collaboration between 

researchers with expertise in metabolic and synthetic biology, unconventional computing, 

robotics, algaeponics, bioenergy, and architectural design resulted in the production of a next-

generation selectively-programmable bioreactor that was prototyped in Bristol in just three 

years. The exemplary work of LIAR sets a precedent for multidisciplinary projects that take 

novel ideas from method development to advanced biology with in-situ testing.  

Chapter 2 focussed on refinement of immobilising cyanobacteria to textile substrates using non-

toxic binders. Following the methodologies developed In-na et al. (2020) a strong emphasis 

was placed on ensuring biomass remained attached to the chosen substrates whilst ensuring the 

biocoating remained metabolically active. Up to 95% biomass was retained on substrates using 

the AURO binders. The uptake of CO2 was a simple parameter to determine metabolic activity 

of S. elongatus during this refinement period. The data demonstrated that under certain 

conditions, biocoatings could outperform their suspension counterparts regardless of substrate 

used. However, when the thickness of the latex was increased, or more biomass was 

incorporated into the biocoating, CO2 uptake was reduced necessitating further research into 

the optimal concentrations of both factors. 

As noted in Chapter 2, a range of factors can affect the success of the biocoating. Collecting 

CO2 uptake data alone, however, does not elucidate the causal reasons for success or failure. In 

a scaled back experiment, we sought to answer a simple research question – does 

immobilisation of S. elongatus PCC 7942 significantly alter the expression of genes compared 

to a suspension counterpart? Due to mass transfer limitations caused by the latex binder, it was 

hypothesised we would see significant changes of expression levels of genes related to the 

central metabolism of S. elongatus as access to fundamental resources would be reduced. 

Unfortunately, during the RNA extraction process the quality and quantity of RNA was 
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disrupted for all immobilised samples. Optimisation of extraction protocols should be 

determined by utilising different extraction kits or methodologies, or a methodology for clean-

up of the RNA post extraction should be developed to ensure good RNA integrity. Additionally, 

RNA-Seq experiments with a greater number of factors including growth in artificial urine, 

longer and multiple time periods, and different substrates and binders should be conducted. 

This should also be continued if experiments are scaled up as operational size may affect gene 

expression. In Chapter 2, CO2 uptake was significantly reduced when an artificial urine medium 

was used rather than a standard growth media. Careful consideration should therefore be 

applied as one purpose of this thesis is to utilise biocomposites for treatment of domestic 

wastewater. The mechanism responsible for this reduced uptake remains unclear as many 

cyanobacteria have genes responsible for the uptake of nitrogen in urea (Veaudor et al., 2019) 

but was unfortunately outside the scope of this thesis.  

The work thus far had focussed on utilising model wild-type strains of S. elongatus. As part of 

the LIAR project, a genetically recombinant strain of S. elongatus was developed (S. elongatus 

363) to over-express and export sucrose as a feed source for E. coli in a novel microbial fuel 

cell. As noted in the literature review, LIAR was a phenomenal success in technology 

development but productivity was ultimately limited by the organisms’ planktonic lifestyle. As 

a proof of concept, S. elongatus 363 was immobilised into a biocoating with almost 98% of the 

biomass remaining, outperforming the wild-type strains in Chapter 2. Although the sucrose 

output per cell was not significantly different when binders were used, its promising that 

sucrose was still leached from the biocoatings. It would be useful to perform a similar RNA-

seq experiment to the one detailed in Chapter 3 on the impact of immobilisation on S. elongatus 

363 sucrose production. As a proof of concept, we are happy with the results of this Chapter as 

the first known example of synthetic cyanobacteria biomass being immobilised, but a more 

robust experiment including CO2 uptake, nutrient uptake, and proteomics is recommended.  

Although we have highlighted where future research should be directed, this thesis provides a 

strong basis for the utilisation of biocomposites as a method for process intensification for 

bioremediation. When compared to large suspension cultures either in open ponds or 

photobioreactors, we predict that biocomposites ameliorate problems associated with 

suspension cultures (Table 5.1). More biomass can fit in the same footprint, less biomass is lost 

to washout, and concerns regarding synthetic strains are reduced.   
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Table 5.1. Comparison of key factors affecting biomass production in open ponds, 

photobioreactors, and biocomposites. 

 Open Pond Photobioreactor Biocomposite 

Productivity Variable High High 

Capital cost Low High Low 

Maintenance cost Low High Low 

Footprint High High Low 

Contamination High Low Low 

Cell loss High High Low 

Energy consumption Low High Low 

Reuse of biomass Low Low High 

Biosecurity Low High High 

 

5.2 Future applications of immobilised photosynthetic microbes 

Much of this thesis has been written within the context of wastewater treatment in the UK which 

is in urgent need of radical new processes. The vision of LIAR could be executed utilising the 

technology presented in this thesis as the minimal-water to support biomass approach would 

allow for greater volumes of wastewater to be treated. The results of this thesis present a novel 

alternative for bioremediation of wastewater that can be applied in a range of settings. Across 

the globe the human population is rapidly expanding with the United Nations estimating it will 

hit 9.7 billion by 2050 (UN, 2019). The current linear economy that utilises resources in a take-

make-dispose fashion is unsustainable and will not be able to support the rapidly growing 

population of the future. A shift to circular economies is required to eliminate waste through 

creating closed loop processes (Sariatli, 2017). Circular economies necessitate restorative and 

regenerative design disrupting many aspects of chain production and consumption (Esposito et 

al., 2018). Wastewater fits well in this model, where we can utilise it as a valuable resource for 

production of fine chemicals. When water treatment is coupled with the production of bio-

products the environmental impact of wastewater clean-up is reduced in terms of water usage, 

power consumption, and waste generation (Arashiro et al., 2018; Sutherland and Ralph, 2020). 
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Immobilised biomass, as presented in this thesis, acts as a chassis for increasing bio-production 

as more biomass can be utilised in the same area coupled with free growth media.  

Immobilised biomass could act as a delivery system to parts of the planet where transport of 

liquid cultures is impractical. As cyanobacteria and microalgae are nutrient dense for key 

nutraceuticals such as phycobiliproteins, β-carotene, and astaxanthin, immobilised biomass 

could act as a simple delivery mechanism that preserves these. Alternatively, there is evidence 

that protein from photosynthetic microbes is an eco-friendly alternative to livestock protein, 

with Chlorella and Arthospira having well-balanced amino-acid profiles required for human 

health according to the World Health Organisation (Caporgno and Mathys, 2018). Condensing 

the required amounts of biomass onto 3D biocomposites may help prevent non-communicable 

diseases induced by poor nutritional balance as delivery and maintenance will be reduced. This 

could also be applied to synthetic strains of microalgae or cyanobacteria producing and 

secreting pharmaceuticals or use as edible vaccination strategies which currently rely on liquid 

cultures and lyophilisation (Kurup and Thomas, 2020).  

More significantly, however, this work fits into a vision of a green future. We need to focus on 

designing homes that are sustainable and utilise green technologies. We advocate for utilisation 

of LIAR-like technologies in these buildings for wastewater management but suggest extending 

the technological applications of immobilised biomass.  

Currently, 92% of the global population is being exposed to unsafe levels of air pollution, with 

3 million deaths linked to outdoor air exposure in 2012 (WHO, 2016). Carbon capture is another 

key technology that has previously utilised suspension biomass. Humans exhale between 4 – 

5% CO2 which could be sequestered by immobilised biomass in the home. Previously, 

Dittmeyer et al. (2019) detailed a process that utilised air conditioning units to remove CO2 

from dwellings, but this process relied on the captured carbon being stored on the seabed. 

Instead, why not utilise a green technology? This technology need not be cumbersome or 

obvious in the home but could take the form of something as simple as wallpaper or curtains. 

The immobilised biomass could utilise CO2 and moisture in the air, acting as in situ air purifiers. 

Previously, the industrial designer Adam Miklosi designed the Chlorella pavilion (Figure 5.1) 

where people would be able to visit and benefit from the oxygen produced in symbioses with 

the microalgae in photobioreactors (Miklosi, 2013). Miklosi detailed the benefit of symbioses 

with microalgae so why are we not incorporating these into our living spaces? Similar 

sentiments were utilised in the 2015 design project – Living Things by Frier and Douenias 

(2015). Spirulina was utilised to produce oxygen in photobioreactors disguised as light fittings 

in a home setting with a control panel situated in another part of the home (Figure 5.2). Frier 
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and Douenias (2015) emphasised the importance of living in symbioses with microorganisms 

in our homes as these living structures improve air quality, and utilise our excess light and heat 

energy. Our process-intensified vision allows for humans to reap the benefits of symbioses in 

our homes.  

 

Figure 5.1. The Chlorella pavilion designed by Miklosi, 2013 where people can visit to reap 

the benefits of breathing oxygen produced by the microalgae.  
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Figure 5.2. Spirulina bioreactors disguised as light fittings as part of the Living Things project 

(Frier and Douenias, 2015). 

On a much larger scale, whole building façades could be turned into intensified 

photobioreactors as the next-generation step to the BIQ project which utilises natural sunlight 

for microalgal growth and heat production for the attached building (Wurm and Pauli, 2016). 

With the estimate that 60% of the global population will soon live in cities (WHO, 2016) there 

is scope to develop eco-cities powered by photosynthetic biomass. Much like the BIQ house, 

the (EcoLogicStudio) is an architectural group focussed on building integrated nature and 

environmental design. Their view of cities as “agri-urban” ecosystems has led to the design of 

BioCities that utilises bioenergy to function. Previous designs include the Algae Canopy, Urban 

Algal Folly, BioBombola, and BioTechHUT (Figure 5.2). The aims of these designs include 

CO2 sequestration, oxygen production, light generation, and food production. 
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Figure 5.3. Designs from the ecoLogicStudio; A) Urban Algal Folly, B) BioBombola, C) the 

Algae Canopy, and D) BioTechHUT (EcoLogicStudio). 

As we begin to envisage a future with immobilised photosynthetic microbes, the possibilities 

are vast. However, to produce sufficient amounts of immobilised biomass we must have 

significant amounts of textiles to work with. The fashion industry produces up to 92 million 

tonnes of waste textile per year with biodegradable materials making up a much less substantial 

proportion since the mid-1990’s (Niinimäki et al., 2020). Although drastic change is needed in 

this industry to vastly reduce the amount of waste produced, some of the waste could be 

repurposed for biocomposite production. Although we have utilised the biocomposites for static 

treatments, there is scope for wearable algae-infused clothes. Blond and Bieber (2014) have 

developed Algaemy – textiles utilising microalgae as a pigment in their garments production as 

an eco-friendly alternative to traditional dyes. As the garments age the textiles change colour 

leading to an ever-evolving piece of fashion. A more extreme version of this is the Algaculture 

symbiosis suit used to perform The Algae Opera (Figure 5.4) developed by Burton and Nitta 

(2012). As a wearable piece of art and fashion, CO2 exhaled by the opera singer was used to 

grow the microalgae which was then intended to be used as a food source.  



 81 

 

Figure 5.4. The Algaculture symbiosis suit design (Left) and opera singer wearing the 

Algaculture symbiosis suit to exhale CO2 to grow the microalgae (Right). 

5.3 Extra-terrestrial intensification 

Although an art project in 2012, there is scientific merit to the work done by Burton and Nitta. 

As humans plan to colonise space there are significant concerns about how oxygen will be 

produced, water will be recycled, shielding from radiation, and how food will be established on 

the Martian surface. Previously, Chlorella vulgaris has been successfully cultured on the 

International Space Station for 180 days as part of a trial for the Environmental Control and 

Life Support System (Niederwieser et al., 2018). Perhaps even more significantly, as part of 

the BIOlogy and Mars EXperiment (BIOMEX) a strain of cyanobacterium, Chroococcidiopsis 

sp. CCMEE 029 was embedded on artificial martian and lunar mineral environments and 

exposed to the space environment. After 1.5 years of exposure to space with temperatures 

ranging between -4°F to 116°F, Chroococcidiopsis sp. CCMEE 029 survived on the artificial 

Martian surface with low level of DNA damage and regained metabolic activity (de Vera et al., 

2019). Detailed by Aronowsky (2017), taking full stores of physicochemical systems (water, 

oxygen, and food) on long missions would not be feasible due to the significant amount of 

weight it would add, necessitating bioregenerative systems powered by microalgae and 

cyanobacteria. Synthetic biology is set to aid long-duration space missions and formation of 

lunar and Martian bases. Menezes et al. (2015) identifies six challenges for long-term survival 

in space; resource utilisation, manufacturing, life support, medicine and human health, 

cybernetics, and terraforming. Synthetic biology may provide cost-effective and 

bioregenerative resources for long term space colonisation. Utilising our system of immobilised 

biomass would add an extra cost-saving mechanism that is less prone to leakage than a 

suspension based system. 
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Ultimately, long term survival in space relies on being able to build structures quickly and 

reliably on the Martian surface. NASA have designed Myco-Architecture which will grow at 

destination with the aim that the structures will be able to support long-term human survival as 

a self-repairing material. Growth of myco-architecture does, however, rely upon the presence 

of oxygen which is absent on Mars. The cyanobacterial species, Anabaena variabilis 7120, has 

been chosen as a test strain due to its diazotrophic and photosynthetic capabilities. Oxygen and 

sugars produced by Anabaena will be used as a feedstock for Mycelium and Bacillus subtilis to 

grow and fill the plastic bladder that was seeded on Earth (Figure 5.5) (Rothschild et al., 2019). 

In preliminary tests, however, the mycelium failed to grow as the cultures of A. variabilis were 

too low to produce sufficient volumes of oxygen. Utilising our system of increased biomass 

loading, and therefore greater oxygen production, may aid efforts to sustain a Martian colony. 

Additionally, in the current model proposed by NASA, the cyanobacteria will then be grown in 

suspension bioreactors to provide a continuous oxygen supply to settlers with the expectation 

that Martian water sources will be available for cultures. Employing an immobilised, water-

minimal system as proposed in this thesis could aid long-term survival as we have shown that 

immobilised cyanobacteria can out-perform suspension cultures for CO2 uptake.  

 

Figure 5.5. Growth of Myco-Architecture on the Martian surface where water, CO2, and heat 

are delivered by robots to promote algal activity which will feed mycelium and Bacillus subtilis 

to produce inhabitable structures (Rothschild et al., 2019). 

 

Moreover, this thesis has demonstrated that bio-products produced by immobilised 

cyanobacteria are able to leach from the biocoatings. The applications of immobilised 
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microalgae and cyanobacteria in space extend to many aspects of extra-terrestrial survival. 

Synthetic strains could be engineered to produce essential food supplements to ensure 

inhabitants health such as essential amino acids, vitamins, antioxidants, and pharmaceuticals as 

proposed on Earth. Additionally, surrounding of Martian structures in photosynthetic biomass 

may protect inhabitants from the much higher levels of radiation on Mars compared to Earth 

(Matula and Nabity, 2016). Much like the LIAR design, photosynthetic microbes could also be 

used to power microbial fuel cells supplying Martian bases with a source of bio-energy 

alongside solar panels. Although this technology will aid colonisation it does raise ethical 

concerns. We currently still do not know if there is life on Mars, and colonisation of Mars by 

humans will ultimately also introduce trillions of other species carried in the human microbiome 

risking the search for native life on Mars and the rights that these potential “Martians” have 

(Cowley, 2019).   

Conclusion 

Immobilised cyanobacteria and microalgae is a prime candidate to aid the green revolution to 

a circular economy. As resources on Earth become more limited, inequalities within society 

will continue to grow with a linear economy. Innovative utilisation of renewable resources and 

recycling of existing materials will help form a circular economy, ultimately reducing 

inequalities in society and benefitting the health of Earth. As humans turn their attention to 

space, there are of course ethical concerns regarding colonising another planet. The wellbeing 

of those colonisers is of prime concern. Deploying intensified photosynthetic biotechnology 

should reduce risk to those early colonisers as they can provide several services with minimal 

human maintenance. Designed symbioses with photosynthetic microbes could reduce the 

environmental burden human population growth is putting on the Earth, whilst aiding human 

ambitions to colonise other planets. Attention to fixing the problems humans have created on 

Earth should be prioritised before colonising another planet that ultimately we have no right to.  

 

  



 84 

6 References 

Abed, R.M., Al-Kharusi, S., Prigent, S. and Headley, T. (2014) 'Diversity, distribution and 

hydrocarbon biodegradation capabilities of microbial communities in oil-contaminated 

cyanobacterial mats from a constructed wetland', PLoS One, 9(12), p. e114570. 

Abernathy, M.H., Yu, J., Ma, F., Liberton, M., Ungerer, J., Hollinshead, W.D., Gopalakrishnan, 

S., He, L., Maranas, C.D., Pakrasi, H.B., Allen, D.K. and Tang, Y.J. (2017) 'Deciphering 

cyanobacterial phenotypes for fast photoautotrophic growth via isotopically nonstationary 

metabolic flux analysis', Biotechnology for Biofuels, 10, p. 273. 

Abramson, B.W., Kachel, B., Kramer, D.M. and Ducat, D.C. (2016) 'Increased photochemical 

efficiency in cyanobacteria via an engineered sucrose sink', Plant Cell Physiology, 57(12), pp. 

2451-2460. 

Acién, F., Molina, E., Reis, A., Torzillo, G., Zittelli, G., Sepúlveda, C. and Masojídek, J. (2018) 

'Photobioreactors for the production of microalgae', in Gonzalez-Fernandez, C. and Munoz, R. 

(eds.) Microalgae-Based Biofuels and Bioproducts. Elsevier, pp. 1-44. 

Acién Fernández, F.G., Gómez-Serrano, C. and Fernández-Sevilla, J.M. (2018) 'Recovery of 

nutrients from wastewaters using microalgae', Frontiers in Sustainable Food Systems, 2, p. 59. 

Aguilar-May, B. and del Pilar Sánchez-Saavedra, M. (2009) 'Growth and removal of nitrogen 

and phosphorus by free-living and chitosan-immobilized cells of the marine cyanobacterium 

Synechococcus elongatus', Journal of Applied Phycology, 21(3), pp. 353-360. 

Aguilar-May, B., Del Pilar Sánchez-Saavedra, M., Lizardi, J. and Voltolina, D. (2007) 'Growth 

of Synechococcus sp. immobilized in chitosan with different times of contact with NaOH', 

Journal of Applied Phycology, 19(2), pp. 181-183. 

Akhtar, N., Iqbal, J. and Iqbal, M. (2004) 'Removal and recovery of nickel(II) from aqueous 

solution by loofa sponge-immobilized biomass of Chlorella sorokiniana: characterization 

studies', Journal of Hazardous Materials, 108(1), pp. 85-94. 

Alassod, A. and Xu, G. (2020) 'Comparative study of polypropylene nonwoven on structure 

and wetting characteristics', The Journal of The Textile Institute, pp. 1-8. 

Alemu, K., Assefa, B., Kifle, D. and Kloos, H. (2018) 'Nitrogen and Phosphorous Removal 

from Municipal Wastewater Using High Rate Algae Ponds', INAE Letters, 3(1), pp. 21-32. 



 85 

Anders, S., Pyl, P.T. and Huber, W. (2015) 'HTSeq—a Python framework to work with high-

throughput sequencing data', Bioinformatics, 31(2), pp. 166-169. 

Angermayr, S.A., Hellingwerf, K.J., Lindblad, P. and Teixeira de Mattos, M.J. (2009) 'Energy 

biotechnology with cyanobacteria', Current Opinion in Biotechnology, 20(3), pp. 257-263. 

Ansari, F.A., Ravindran, B., Gupta, S.K., Nasr, M., Rawat, I. and Bux, F. (2019) 'Techno-

economic estimation of wastewater phycoremediation and environmental benefits using 

Scenedesmus obliquus microalgae', Journal of Environmental Management, 240, pp. 293-302. 

Arashiro, L.T., Montero, N., Ferrer, I., Acién, F.G., Gómez, C. and Garfí, M. (2018) 'Life cycle 

assessment of high rate algal ponds for wastewater treatment and resource recovery', Science 

of The Total Environment, 622-623, pp. 1118-1130. 

Arcila, J.S. and Buitrón, G. (2017) 'Influence of solar irradiance levels on the formation of 

microalgae-bacteria aggregates for municipal wastewater treatment', Algal Research, 27, pp. 

190-197. 

Armstrong, R., Ferracina, S., Caldwell, G., Ieropoulos, I., Rimbu, G., Adamatzky, A., Phillips, 

N., De Lucrezia, D., Imhof, B., Hanczyc, M.M., Nogales, J. and Garcia, J. (2017) 'Living 

Architecture (LIAR): Metabolically engineered building units', in Heisel, F. and Hebel, D. 

(eds.) Cultivated Building Materials: Industrialized Natural Resources for Architecture and 

Construction. Verlin, Germany: Birkhauser, pp. 170-177. 

Aronowsky, L.V. (2017) 'Of astronauts and algae: NASA and the dream of multispecies 

spaceflight', Environmental Humanities, 9(2), pp. 359-377. 

Baebprasert, W., Jantaro, S., Khetkorn, W., Lindblad, P. and Incharoensakdi, A. (2011) 

'Increased H2 production in the cyanobacterium Synechocystis sp. strain PCC 6803 by 

redirecting the electron supply via genetic engineering of the nitrate assimilation pathway', 

Metabolic Engineering, 13(5), pp. 610-616. 

Banerjee, S. and Ramaswamy, S. (2019) 'Dynamic process model and economic analysis of 

microalgae cultivation in flat panel photobioreactors', Algal Research, 39, p. 101445. 

Barnes, D.K.A., Galgani, F., Thompson, R.C. and Barlaz, M. (2009) 'Accumulation and 

fragmentation of plastic debris in global environments', Philosophical Transactions of the 

Royal Society B: Biological Sciences, 364(1526), pp. 1985-1998. 



 86 

Barsanti, L. and Gualtieri, P. (2014) Algae: anatomy, biochemistry, and biotechnology. CRC 

press. 

Bayliss, K. (2013) 'The Financialization of Water', Review of Radical Political Economics, 

46(3), pp. 292-307. 

Beck, A.E., Bernstein, H.C. and Carlson, R.P. (2017) 'Stoichiometric network analysis of 

cyanobacterial acclimation to photosynthesis-associated stresses identifies heterotrophic 

niches', Processes, 5(2), p. 32. 

Berdalet, E., Fleming, L.E., Gowen, R., Davidson, K., Hess, P., Backer, L.C., Moore, S.K., 

Hoagland, P. and Enevoldsen, H. (2016) 'Marine harmful algal blooms, human health and 

wellbeing: Challenges and opportunities in the 21st century', Journal of Marine Biological 

Association U.K., 96(1), pp. 61-91. 

Berghoff, B.A., Karlsson, T., Källman, T., Wagner, E.G.H. and Grabherr, M.G. (2017) 'RNA-

sequence data normalization through in silico prediction of reference genes: the bacterial 

response to DNA damage as case study', BioData mining, 10(1), p. 30. 

Bernal, O.I., Bharti, B., Flickinger, M.C. and Velev, O.D. (2017a) 'Fabrication of Photoreactive 

Biocomposite Coatings via Electric Field-Assisted Assembly of Cyanobacteria', Langmuir, 

33(21), pp. 5304-5313. 

Bernal, O.I., Mooney, C.B. and Flickinger, M.C. (2014) 'Specific photosynthetic rate 

enhancement by cyanobacteria coated onto paper enables engineering of highly reactive 

cellular biocomposite “leaves”', Biotechnology and Bioengineering, 111(10), pp. 1993-2008. 

Bernal, O.I., Pawlak, J.J. and Flickinger, M.C. (2017b) 'Microbial paper: cellulose fiber-based 

photo-absorber producing hydrogen gas from acetate using dry-stabilized Rhodopseudomonas 

palustris', BioResources, 12(2), pp. 4013-4030. 

Bertucco, A., Beraldi, M. and Sforza, E. (2014) 'Continuous microalgal cultivation in a 

laboratory-scale photobioreactor under seasonal day–night irradiation: experiments and 

simulation', Bioprocess and Biosystems Engineering, 37(8), pp. 1535-1542. 

Betterle, N. and Melis, A. (2018) 'Heterologous leader sequences in fusion constructs enhance 

expression of geranyl diphosphate synthase and yield of β-phellandrene production in 

cyanobacteria (Synechocystis)', ACS Synthetic Biology, 7(3), pp. 912-921. 



 87 

Beversdorf, L.J., Miller, T.R. and McMahon, K.D. (2013) 'The Role of Nitrogen Fixation in 

Cyanobacterial Bloom Toxicity in a Temperate, Eutrophic Lake', PLOS ONE, 8(2), p. e56103. 

Bhuvaneshwari, M., Eltzov, E., Veltman, B., Shapiro, O., Sadhasivam, G. and Borisover, M. 

(2019) 'Toxicity of chlorinated and ozonated wastewater effluents probed by genetically 

modified bioluminescent bacteria and cyanobacteria Spirulina sp', Water Research, 164, p. 

114910. 

Billis, K., Billini, M., Tripp, H.J., Kyrpides, N.C. and Mavromatis, K. (2014) 'Comparative 

transcriptomics between Synechococcus PCC 7942 and Synechocystis PCC 6803 provide 

insights into mechanisms of stress acclimation', PLoS One, 9(10), p. e109738. 

Bithas, K. (2008) 'The sustainable residential water use: Sustainability, efficiency and social 

equity. The European experience', Ecological Economics, 68(1), pp. 221-229. 

Bitog, J.P., Lee, I.-B., Lee, C.-G., Kim, K.-S., Hwang, H.-S., Hong, S.-W., Seo, I.-H., Kwon, 

K.-S. and Mostafa, E. (2011) 'Application of computational fluid dynamics for modeling and 

designing photobioreactors for microalgae production: a review', Computers and Electronics 

in Agriculture, 76(2), pp. 131-147. 

Blank, L.M. (2012) 'The cell and P: from cellular function to biotechnological application', 

Current Opinion in Biotechnology, 23(6), pp. 846-851. 

Blocki, A., Löwenberg, C., Jiang, Y., Kratz, K., Neffe, A.T., Jung, F. and Lendlein, A. (2017) 

'Response of encapsulated cells to a gelatin matrix with varied bulk and microenvironmental 

elastic properties', Polymers for Advanced Technologies, 28(10), pp. 1245-1251. 

Blond and Bieber (2014) Algaemy. Available at: https://blondandbieber.com/algaemy 

(Accessed: 13/12/2020). 

Bracher, A., Whitney, S.M., Hartl, F.U. and Hayer-Hartl, M. (2017) 'Biogenesis and Metabolic 

Maintenance of Rubisco', Annual Review of Plant Biology, 68(1), pp. 29-60. 

Brasil, B.d.S.A.F., de Siqueira, F.G., Salum, T.F.C., Zanette, C.M. and Spier, M.R. (2017) 

'Microalgae and cyanobacteria as enzyme biofactories', Algal Research, 25, pp. 76-89. 

Brooks, T. and Keevil, C.W. (1997) 'A simple artificial urine for the growth of urinary 

pathogens', Letters in Applied Microbiology, 24(3), pp. 203-206. 

https://blondandbieber.com/algaemy


 88 

Burja, A.M., Dhamwichukorn, S. and Wright, P.C. (2003) 'Cyanobacterial postgenomic 

research and systems biology', Trends in Biotechnology, 21(11), pp. 504-511. 

Burton, M. and Nitta, M. (2012) The Algae Opera. Available at: 

http://www.burtonnitta.co.uk/Algaculture.html (Accessed: 13/12/2020). 

Cai, T., Park, S.Y. and Li, Y. (2013) 'Nutrient recovery from wastewater streams by microalgae: 

status and prospects', Renewable and Sustainable Energy Reviews, 19, pp. 360-369. 

Calahan, D., Osenbaugh, E. and Adey, W. (2018) 'Expanded algal cultivation can reverse key 

planetary boundary transgressions', Heliyon, 4(2), p. e00538. 

Canovas, S., Picot, B., Casellas, C., Zulkifi, H., Dubois, A. and Bontoux, J. (1996) 'Seasonal 

development of phytoplankton and zooplankton in a high-rate algal pond', Water Science and 

Technology, 33(7), pp. 199-206. 

Caporgno, M.P. and Mathys, A. (2018) 'Trends in Microalgae Incorporation Into Innovative 

Food Products With Potential Health Benefits', Frontiers in Nutrition, 5, p. 58. 

Carvalho, A.P., Meireles, L.A. and Malcata, F.X. (2006) 'Microalgal reactors: a review of 

enclosed system designs and performances', Biotechnology progress, 22(6), pp. 1490-1506. 

Castro-Ceseña, A.B., del Pilar Sánchez-Saavedra, M. and Ruíz-Güereca, D.A. (2016) 

'Optimization of entrapment efficiency and evaluation of nutrient removal (N and P) of 

Synechococcus elongatus in novel core-shell capsules', Journal of Applied Phycology, 28(4), 

pp. 2343-2351. 

Cesar, M.B., Borges, F.A., Bilck, A.P., Yamashita, F., Paulino, C.G. and Herculano, R.D. 

(2020) 'Development and characterization of natural rubber latex and polylactic acid 

membranes for biomedical application', Journal of Polymers and the Environment, 28(1), pp. 

220-230. 

Chaiwong, C., Koottatep, T. and Polprasert, C. (2020) 'Comparative study on attached-growth 

photobioreactors under blue and red lights for treatment of septic tank effluent', Journal of 

Environmental Management, 260, p. 110134. 

Chakrabarty, A.M. (1985) 'Genetically-manipulated microorganisms and their products in the 

oil service industries', Trends in Biotechnology, 3(2), pp. 32-39. 

http://www.burtonnitta.co.uk/Algaculture.html


 89 

Chakraborty, N., Banerjee, A. and Pal, R. (2011) 'Accumulation of lead by free and 

immobilized cyanobacteria with special reference to accumulation factor and recovery', 

Bioresource Technology, 102(5), pp. 4191-4195. 

Chandra, R., Amit and Ghosh, U.K. (2019) 'Effects of various abiotic factors on biomass growth 

and lipid yield of Chlorella minutissima for sustainable biodiesel production', Environmental 

Science and Pollution Research, 26(4), pp. 3848-3861. 

Chandramohan, D. and Marimuthu, K. (2011) 'A review on natural fibers', International 

Journal of Research and Reviews in Applied Sciences, 8(2), pp. 194-206. 

Chen, C.Y., Yeh, K.L., Aisyah, R., Lee, D.J. and Chang, J.S. (2011a) 'Cultivation, 

photobioreactor design and harvesting of microalgae for biodiesel production: A critical 

review', Bioresource Technology, 102(1), pp. 71-81. 

Chen, X., Fischer, S. and Men, Y. (2011b) 'Temperature and relative humidity dependency of 

film formation of polymeric latex dispersions', Langmuir, 27(21), pp. 12807-12814. 

Chen, Y., Krings, S., Booth, J.R., Bon, S.A.F., Hingley-Wilson, S. and Keddie, J.L. (2020) 

'Introducing porosity in colloidal biocoatings to increase bacterial viability', 

Biomacromolecules, 10.1021. 

Cheng, D., Li, X., Yuan, Y., Yang, C., Tang, T., Zhao, Q. and Sun, Y. (2019) 'Adaptive 

evolution and carbon dioxide fixation of Chlorella sp. in simulated flue gas', Science of the 

Total Environment, 650, pp. 2931-2938. 

Chevalier, P. and de la Noüe, J. (1985) 'Wastewater nutrient removal with microalgae 

immobilized in carrageenan', Enzyme and Microbial Technology, 7(12), pp. 621-624. 

Chiaramonti, D., Prussi, M., Casini, D., Tredici, M.R., Rodolfi, L., Bassi, N., Zittelli, G.C. and 

Bondioli, P. (2013) 'Review of energy balance in raceway ponds for microalgae cultivation: 

Re-thinking a traditional system is possible', Applied Energy, 102, pp. 101-111. 

Chisti, Y. (2007) 'Biodiesel from microalgae', Biotechnology Advances, 25(3), pp. 294-306. 

Choi, S.Y., Park, B., Choi, I.-G., Sim, S.J., Lee, S.-M., Um, Y. and Woo, H.M. (2016) 

'Transcriptome landscape of Synechococcus elongatus PCC 7942 for nitrogen starvation 

responses using RNA-seq', Scientific Reports, 6(1), p. 30584. 



 90 

Christenson, L. and Sims, R. (2011) 'Production and harvesting of microalgae for wastewater 

treatment, biofuels, and bioproducts', Biotechnology Advances, 29(6), pp. 686-702. 

Chudalayandi, S. (2020) RNA-Seq data Analysis. Available at: 

https://bioinformaticsworkbook.org/dataAnalysis/RNA-Seq/RNA-SeqIntro/RNAseq-using-a-

genome.html - gsc.tab=0 (Accessed: 12/08/2020). 

Churinthorn, N., Nimpaiboon, A., Sakdapipanich, J. and Ho, C.C. (2015) 'Effect of particle 

sizes on film formation behavior of hevea brasiliensis natural rubber latex', Key Engineering 

Materials, 659, pp. 383-387. 

Clark, R.L., Gordon, G.C., Bennett, N.R., Lyu, H., Root, T.W. and Pfleger, B.F. (2018) 'High-

CO2 requirement as a mechanism for the containment of genetically modified cyanobacteria', 

ACS Synthetic Biology, 7(2), pp. 384-391. 

Clippinger, J.N. and Davis, R.E. (2019) Techno-Economic Analysis for the Production of Algal 

Biomass via Closed Photobioreactors: Future Cost Potential Evaluated Across a Range of 

Cultivation System Designs. National Renewable Energy Lab. [Online]. Available at: 

https://www.osti.gov/biblio/1566806. 

Conesa, A., Madrigal, P., Tarazona, S., Gomez-Cabrero, D., Cervera, A., McPherson, A., 

Szcześniak, M.W., Gaffney, D.J., Elo, L.L., Zhang, X. and Mortazavi, A. (2016) 'A survey of 

best practices for RNA-seq data analysis', Genome Biology, 17(1), p. 13. 

Cortez, S., Nicolau, A., Flickinger, M.C. and Mota, M. (2017) 'Biocoatings: A new challenge 

for environmental biotechnology', Biochemical Engineering Journal, 121, pp. 25-37. 

Coward, T., Tribe, H. and Harvey, A.P. (2018) 'Opportunities for process intensification in the 

UK water industry: A review', Journal of Water Process Engineering, 21, pp. 116-126. 

Cowley, R. (2019) 'Yes, We Earthlings Should Colonize Mars if Martian Rights Can Be 

Upheld', Theology and Science, 17(3), pp. 332-340. 

CST (2009) A National Infrastructure for the 21st Century. Council for Science and 

Technology. [Online]. Available at: 

https://webarchive.nationalarchives.gov.uk/+/http:/www.cst.gov.uk/reports/files/national-

infrastructure-report.pdf (Accessed: 07/08/2020). 

https://bioinformaticsworkbook.org/dataAnalysis/RNA-Seq/RNA-SeqIntro/RNAseq-using-a-genome.html#gsc.tab=0
https://bioinformaticsworkbook.org/dataAnalysis/RNA-Seq/RNA-SeqIntro/RNAseq-using-a-genome.html#gsc.tab=0
https://www.osti.gov/biblio/1566806
https://webarchive.nationalarchives.gov.uk/+/http:/www.cst.gov.uk/reports/files/national-infrastructure-report.pdf
https://webarchive.nationalarchives.gov.uk/+/http:/www.cst.gov.uk/reports/files/national-infrastructure-report.pdf


 91 

Cuellar-Bermudez, S.P., Aleman-Nava, G.S., Chandra, R., Garcia-Perez, J.S., Contreras-

Angulo, J.R., Markou, G., Muylaert, K., Rittmann, B.E. and Parra-Saldivar, R. (2017) 

'Nutrients utilization and contaminants removal. A review of two approaches of algae and 

cyanobacteria in wastewater', Algal Research, 24, pp. 438-449. 

Cui, J., Sun, T., Chen, L. and Zhang, W. (2020) 'Engineering salt tolerance of photosynthetic 

cyanobacteria for seawater utilization', Biotechnology Advances, 43, p. 107578. 

D'Agostino, P.M., Woodhouse, J.N., Makower, A.K., Yeung, A.C.Y., Ongley, S.E., Micallef, 

M.L., Moffitt, M.C. and Neilan, B.A. (2016) 'Advances in genomics, transcriptomics and 

proteomics of toxin-producing cyanobacteria', Environmental Microbiology Reports, 8(1), pp. 

3-13. 

Dadheech, P.K., Glöckner, G., Casper, P., Kotut, K., Mazzoni, C.J., Mbedi, S. and Krienitz, L. 

(2013) 'Cyanobacterial diversity in the hot spring, pelagic and benthic habitats of a tropical soda 

lake', FEMS Microbiology Ecology, 85(2), pp. 389-401. 

Dana, G.V., Kuiken, T., Rejeski, D. and Snow, A.A. (2012) 'Four steps to avoid a synthetic-

biology disaster', Nature, 483(7387), pp. 29-29. 

Dangi, A.K., Sharma, B., Hill, R.T. and Shukla, P. (2019) 'Bioremediation through microbes: 

systems biology and metabolic engineering approach', Critical Reviews in Biotechnology, 

39(1), pp. 79-98. 

Danquah, M.K., Ang, L., Uduman, N., Moheimani, N. and Forde, G.M. (2009) 'Dewatering of 

microalgal culture for biodiesel production: exploring polymer flocculation and tangential flow 

filtration', Journal of Chemical Technology & Biotechnology, 84(7), pp. 1078-1083. 

Das, A.A., Esfahani, M.M., Velev, O.D., Pamme, N. and Paunov, V.N. (2015) 'Artificial leaf 

device for hydrogen generation from immobilised C. reinhardtii microalgae', Journal of 

Materials Chemistry A, 3(41), pp. 20698-20707. 

Dautzenberg, F. and Mukherjee, M. (2001) 'Process intensification using multifunctional 

reactors', Chemical Engineering Science, 56(2), pp. 251-267. 

David, C., Bühler, K. and Schmid, A. (2015) 'Stabilization of single species Synechocystis 

biofilms by cultivation under segmented flow', Journal of Industrial Microbiology and 

Biotechnology, 42(7), pp. 1083-1089. 



 92 

de Farias Silva, C.E. and Bertucco, A. (2016) 'Bioethanol from microalgae and cyanobacteria: 

A review and technological outlook', Process Biochemistry, 51(11), pp. 1833-1842. 

De Philippis, R., Paperi, R., Sili, C. and Vincenzini, M. (2003) 'Assessment of the metal 

removal capability of two capsulated cyanobacteria, Cyanospira capsulata and Nostoc 

PCC7936', Journal of Applied Phycology, 15(2), pp. 155-161. 

de Vera, J.-P., Alawi, M., Backhaus, T., Baqué, M., Billi, D., Böttger, U., Berger, T., Bohmeier, 

M., Cockell, C., Demets, R., de la Torre Noetzel, R., Edwards, H., Elsaesser, A., Fagliarone, 

C., Fiedler, A., Foing, B., Foucher, F., Fritz, J., Hanke, F., Herzog, T., Horneck, G., Hübers, 

H.-W., Huwe, B., Joshi, J., Kozyrovska, N., Kruchten, M., Lasch, P., Lee, N., Leuko, S., Leya, 

T., Lorek, A., Martínez-Frías, J., Meessen, J., Moritz, S., Moeller, R., Olsson-Francis, K., 

Onofri, S., Ott, S., Pacelli, C., Podolich, O., Rabbow, E., Reitz, G., Rettberg, P., Reva, O., 

Rothschild, L., Sancho, L.G., Schulze-Makuch, D., Selbmann, L., Serrano, P., Szewzyk, U., 

Verseux, C., Wadsworth, J., Wagner, D., Westall, F., Wolter, D. and Zucconi, L. (2019) 'Limits 

of Life and the Habitability of Mars: The ESA Space Experiment BIOMEX on the ISS', 

Astrobiology, 19(2), pp. 145-157. 

de-Bashan, L.E. and Bashan, Y. (2010) 'Immobilized microalgae for removing pollutants: 

Review of practical aspects', Bioresource Technology, 101(6), pp. 1611-1627. 

DEFRA (2012) Waste water treatment in the United Kingdom - 2012. Implementation of the 

European Union Urban Waste Water Treatment Directive - 91/271/EEC. 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/

file/69592/pb13811-waste-water-2012.pdf: Department for Environment, Food and Rural 

Affairs. [Online]. Available at: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/

file/69592/pb13811-waste-water-2012.pdf (Accessed: 29/11/2019). 

Delrue, F., Setier, P.-A., Sahut, C., Cournac, L., Roubaud, A., Peltier, G. and Froment, A.-K. 

(2012) 'An economic, sustainability, and energetic model of biodiesel production from 

microalgae', Bioresource technology, 111, pp. 191-200. 

Desjumaux, D.M., Bousfield, D.W., Glatter, T.P. and Van Gilder, R.L. (2000) 'The influence 

of latex type and concentration on ink gloss dynamics', Progress in Organic Coatings, 38(2), 

pp. 89-95. 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/69592/pb13811-waste-water-2012.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/69592/pb13811-waste-water-2012.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/69592/pb13811-waste-water-2012.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/69592/pb13811-waste-water-2012.pdf


 93 

Desmet, J., Meunier, C.F., Danloy, E.P., Duprez, M.-E., Hantson, A.-L., Thomas, D., Cambier, 

P., Rooke, J.C. and Su, B.-L. (2014) 'Green and sustainable production of high value 

compounds via a microalgae encapsulation technology that relies on CO 2 as a principle 

reactant', Journal of Materials Chemistry A, 2(48), pp. 20560-20569. 

Dexter, J., Dziga, D., Lv, J., Zhu, J., Strzalka, W., Maksylewicz, A., Maroszek, M., Marek, S. 

and Fu, P. (2018) 'Heterologous expression of mlrA in a photoautotrophic host – Engineering 

cyanobacteria to degrade microcystins', Environmental Pollution, 237, pp. 926-935. 

Dhiman, R. and Chattopadhyay, R. (2020) 'Absorbency of synthetic urine by cotton nonwoven 

fabric', The Journal of The Textile Institute, pp. 1-8. 

Dickson, D.J. and Ely, R.L. (2013) 'Silica sol-gel encapsulation of cyanobacteria: lessons for 

academic and applied research', Applied Microbiology and Biotechnology, 97(5), pp. 1809-

1819. 

Dickson, D.J., Luterra, M.D. and Ely, R.L. (2012) 'Transcriptomic responses of Synechocystis 

sp. PCC 6803 encapsulated in silica gel', Applied Microbiology and Biotechnology, 96(1), pp. 

183-196. 

Dillies, M.-A., Rau, A., Aubert, J., Hennequet-Antier, C., Jeanmougin, M., Servant, N., Keime, 

C., Marot, G., Castel, D., Estelle, J., Guernec, G., Jagla, B., Jouneau, L., Laloë, D., Le Gall, C., 

Schaëffer, B., Le Crom, S., Guedj, M., Jaffrézic, F. and on behalf of The French StatOmique, 

C. (2013) 'A comprehensive evaluation of normalization methods for Illumina high-throughput 

RNA sequencing data analysis', Briefings in Bioinformatics, 14(6), pp. 671-683. 

Dittmeyer, R., Klumpp, M., Kant, P. and Ozin, G. (2019) 'Crowd oil not crude oil', Nature 

Communications, 10(1), p. 1818. 

Dogaris, I., Welch, M., Meiser, A., Walmsley, L. and Philippidis, G. (2015) 'A novel horizontal 

photobioreactor for high-density cultivation of microalgae', Bioresource Technology, 198, pp. 

316-324. 

Dornyi, B., Csiszár, E. and Somlai, P. (2008) 'Improving quality of linen-cotton fabrics with 

liquid ammonia treatment', Journal of Natural Fibers, 4(4), pp. 41-57. 

Du, W., Liang, F., Duan, Y., Tan, X. and Lu, X. (2013) 'Exploring the photosynthetic 

production capacity of sucrose by cyanobacteria', Metabolic Engineering, 19, pp. 17-25. 



 94 

Duan, Y., Luo, Q., Liang, F. and Lu, X. (2016) 'Sucrose secreted by the engineered 

cyanobacterium and its fermentability', Journal of Ocean University China, 15(5), pp. 890-896. 

Duarte, J.H. and Costa, J.A.V. (2017) 'Synechococcus nidulans from a thermoelectric coal 

power plant as a potential CO2 mitigation in culture medium containing flue gas wastes', 

Bioresource Technology, 241, pp. 21-24. 

Dubey, S.K., Dubey, J., Mehra, S., Tiwari, P. and Bishwas, A. (2011) 'Potential use of 

cyanobacterial species in bioremediation of industrial effluents', African Journal of 

Biotechnology, 10(7), pp. 1125-1132. 

Ducat, D.C., Avelar-Rivas, J.A., Way, J.C. and Silver, P.A. (2012) 'Rerouting carbon flux to 

enhance photosynthetic productivity', Applied Environmental Microbiology, 78(8), pp. 2660-8. 

Ducat, D.C., Way, J.C. and Silver, P.A. (2011) 'Engineering cyanobacteria to generate high-

value products', Trends in Biotechnology, 29(2), pp. 95-103. 

EcoLogicStudio  EcoLogicStudio. Available at: http://www.ecologicstudio.com/v2/index.php 

(Accessed: 13/12/2020). 

Ekins-Coward, T., Boodhoo, K.V.K., Velasquez-Orta, S., Caldwell, G., Wallace, A., Barton, 

R. and Flickinger, M.C. (2019) 'A Microalgae Biocomposite-Integrated Spinning Disk 

Bioreactor (SDBR): Toward a Scalable Engineering Approach for Bioprocess Intensification 

in Light-Driven CO2 Absorption Applications', Industrial & Engineering Chemistry Research, 

58(15), pp. 5936-5949. 

Elsalhin, H.E., Abobaker, H.M. and Ali, M.S. (2016) 'Toxicity effect of Cobalt on total protein 

and carbohydrate of cyanobacteria Spirulina platensis', IOSR Journal of Environmental 

Science, Toxicology, and Food Technology, 10(9), pp. 114-120. 

Erbland, P., Caron, S., Peterson, M. and Alyokhin, A. (2020) 'Design and performance of a 

low-cost, automated, large-scale photobioreactor for microalgae production', Aquacultural 

Engineering, 90, p. 102103. 

Eroglu, E., Smith, S.M. and Raston, C.L. (2015) 'Application of various immobilization 

techniques for algal bioprocesses', in  Biomass and Biofuels from Microalgae. Springer, pp. 19-

44. 

http://www.ecologicstudio.com/v2/index.php


 95 

Esposito, M., Tse, T. and Soufani, K. (2018) 'Introducing a Circular Economy: New Thinking 

with New Managerial and Policy Implications', California Management Review, 60(3), pp. 5-

19. 

Estrada, J.M., Bernal, O.I., Flickinger, M.C., Muñoz, R. and Deshusses, M.A. (2015) 

'Biocatalytic coatings for air pollution control: A proof of concept study on VOC 

biodegradation', Biotechnology and Bioengineering, 112(2), pp. 263-271. 

Ettwig, K.F., Butler, M.K., Le Paslier, D., Pelletier, E., Mangenot, S., Kuypers, M.M., 

Schreiber, F., Dutilh, B.E., Zedelius, J. and De Beer, D. (2010) 'Nitrite-driven anaerobic 

methane oxidation by oxygenic bacteria', Nature, 464(7288), p. 543. 

Farrelly, M. and Brown, R. (2011) 'Rethinking urban water management: Experimentation as a 

way forward?', Global Environmental Change, 21(2), pp. 721-732. 

Fernández-González, C., Pérez-Lorenzo, M., Pratt, N., Moore, C.M., Bibby, T.S. and Marañón, 

E. (2020) 'Effects of Temperature and Nutrient Supply on Resource Allocation, Photosynthetic 

Strategy, and Metabolic Rates of Synechococcus sp', Journal of Phycology, 56(3), pp. 818-829. 

Fidaleo, M., Bortone, N., Schulte, M. and Flickinger, M.C. (2014) 'Ink-jet printing of 

Gluconobacter oxydans: Micropatterned coatings as high surface-to-volume ratio bio-reactive 

coatings', Coatings, 4(1), pp. 1-17. 

Fierro, S., del Pilar Sánchez-Saavedra, M. and Copalcua, C. (2008) 'Nitrate and phosphate 

removal by chitosan immobilized Scenedesmus', Bioresource Technology, 99(5), pp. 1274-

1279. 

Flickinger, M.C., Bernal, O.I., Schulte, M.J., Broglie, J.J., Duran, C.J., Wallace, A., Mooney, 

C.B. and Velev, O.D. (2017) 'Biocoatings: challenges to expanding the functionality of 

waterborne latex coatings by incorporating concentrated living microorganisms', Journal of 

Coatings Technology and Research, 14(4), pp. 791-808. 

Flickinger, M.C., Schottel, J.L., Bond, D.R., Aksan, A. and Scriven, L. (2007) 'Painting and 

printing living bacteria: engineering nanoporous biocatalytic coatings to preserve microbial 

viability and intensify reactivity', Biotechnology Progress, 23(1), pp. 2-17. 

Flynn, K.J., Greenwell, H.C., Lovitt, R.W. and Shields, R.J. (2010) 'Selection for fitness at the 

individual or population levels: modelling effects of genetic modifications in microalgae on 

productivity and environmental safety', Journal of Theoretical Biology, 263(3), pp. 269-280. 



 96 

Frier, E. and Douenias, J. (2015) Living Things. Available at: http://www.ethanfrier.com/living-

things (Accessed: 12/12/2020). 

Gallagher, S.R. and Desjardins, P.R. (2007) 'Quantitation of DNA and RNA with Absorption 

and Fluorescence Spectroscopy', Current Protocols in Human Genetics, 53(1), pp. A.3D.1-

A.3D.21. 

Gallego Romero, I., Pai, A.A., Tung, J. and Gilad, Y. (2014) 'RNA-seq: impact of RNA 

degradation on transcript quantification', BMC Biology, 12(1), p. 42. 

Gao, L., Wang, J., Ge, H., Fang, L., Zhang, Y., Huang, X. and Wang, Y. (2015) 'Toward the 

complete proteome of Synechocystis sp. PCC 6803', Photosynthesis Research, 126(2), pp. 203-

219. 

García, J., Hernández-Mariné, M. and Mujeriego, R. (2002) 'Analysis of key variables 

controlling phosphorus removal in high rate oxidation ponds provided with clarifiers', Water 

SA, 28(1), pp. 55-62. 

García-Jiménez, B., García, J.L. and Nogales, J. (2018) 'FLYCOP: Metabolic modeling-based 

analysis and engineering microbial communities', Bioinformatics, 34(17), pp. i954-i963. 

Garlapati, D., Chandrasekaran, M., Devanesan, A., Mathimani, T. and Pugazhendhi, A. (2019) 

'Role of cyanobacteria in agricultural and industrial sectors: an outlook on economically 

important byproducts', Applied Microbiology and Biotechnology, 103(12), pp. 4709-4721. 

Gerotto, C., Norici, A. and Giordano, M. (2020) 'Toward Enhanced Fixation of CO2 in Aquatic 

Biomass: Focus on Microalgae', Frontiers in Energy Research, 8, p. 213. 

Gibson, P., Rivin, D., Kendrick, C. and Schreuder-Gibson, H. (1999) 'Humidity-dependent air 

permeability of textile materials1', Textile Research Journal, 69(5), pp. 311-317. 

Glass, D.J. (2015) 'Government regulation of the uses of genetically modified algae and other 

microorganisms in biofuel and bio-based chemical production', in  Algal Biorefineries. 

Springer, pp. 23-60. 

Goeman, F. and Fanciulli, M. (2016) 'Application of RNA-Seq Technology in Cancer 

Chemoprevention', in  Cancer Chemoprevention. Springer, pp. 31-43. 

http://www.ethanfrier.com/living-things
http://www.ethanfrier.com/living-things


 97 

Gonçalves, A.L., Rodrigues, C.M., Pires, J.C.M. and Simões, M. (2016) 'The effect of 

increasing CO2 concentrations on its capture, biomass production and wastewater 

bioremediation by microalgae and cyanobacteria', Algal Research, 14, pp. 127-136. 

González-Camejo, J., Viruela, A., Ruano, M.V., Barat, R., Seco, A. and Ferrer, J. (2019) 'Effect 

of light intensity, light duration and photoperiods in the performance of an outdoor 

photobioreactor for urban wastewater treatment', Algal Research, 40, p. 101511. 

Gorman, M.E. (2002) 'Levels of expertise and trading zones: A framework for multidisciplinary 

collaboration', Social Studies of Science, 32(5-6), pp. 933-938. 

Gorman, M.E. (2010) Trading zones and interactional expertise: creating new kinds of 

collaboration. Cambridge: The MIT Press. 

Gosse, J.L., Chinn, M.S., Grunden, A.M., Bernal, O.I., Jenkins, J.S., Yeager, C., Kosourov, S., 

Seibert, M. and Flickinger, M.C. (2012) 'A versatile method for preparation of hydrated 

microbial–latex biocatalytic coatings for gas absorption and gas evolution', Journal of 

Industrial Microbiology & Biotechnology, 39(9), pp. 1269-1278. 

Gou, Y., Yang, J., Fang, F., Guo, J. and Ma, H. (2020) 'Feasibility of using a novel algal-

bacterial biofilm reactor for efficient domestic wastewater treatment', Environmental 

Technology, 41(4), pp. 400-410. 

Grant, S.B., Saphores, J.-D., Feldman, D.L., Hamilton, A.J., Fletcher, T.D., Cook, P.L.M., 

Stewardson, M., Sanders, B.F., Levin, L.A., Ambrose, R.F., Deletic, A., Brown, R., Jiang, S.C., 

Rosso, D., Cooper, W.J. and Marusic, I. (2012) 'Taking the “Waste” Out of “Wastewater” for 

Human Water Security and Ecosystem Sustainability', Science, 337(6095), p. 681. 

Greenhouse, S.W. and Geisser, S. (1959) 'On methods in the analysis of profile data', 

Psychometrika, 24(2), pp. 95-112. 

Gressel, J., van der Vlugt, C.J. and Bergmans, H.E. (2014) 'Cultivated microalgae spills: hard 

to predict/easier to mitigate risks', Trends in Biotechnology, 32(2), pp. 65-9. 

Gressel, J., van der Vlugt, C.J.B. and Bergmans, H.E.N. (2013) 'Environmental risks of large 

scale cultivation of microalgae: Mitigation of spills', Algal Research, 2(3), pp. 286-298. 

Grievson, O. (2021) 'Monitoring and Controlling a Smarter Wastewater Treatment System: A 

UK Perspective', in Scozzari, A., Mounce, S., Han, D., Soldovieri, F. and Solomatine, D. (eds.) 



 98 

ICT for Smart Water Systems: Measurements and Data Science: Measurements and Data 

Science. Springer, Cham: Springer International Publishing, pp. 111-139. 

Grillo, J.F. and Gibson, J. (1979) 'Regulation of Phosphate Accumulation in the Unicellular 

Cyanobacterium Synechococcus', Journal of Bacteriology, 140(2), p. 508. 

Grob, C. and Pollet, B.G. (2016) 'Regrowth in ship's ballast water tanks: Think again!', Marine 

Pollution Bulletin, 109(1), pp. 46-48. 

Gudmundsson, S., Agudo, L. and Nogales, J. (2017) 'Applications of genome-scale metabolic 

models of microalgae and cyanobacteria in biotechnology', in  Microalgae-Based Biofuels and 

Bioproducts: From Feedstock Cultivation to End-Products. Woodhead Publishing Series in 

Energy, pp. 93-111. 

Guerra, L.T., Xu, Y., Bennette, N., McNeely, K., Bryant, D.A. and Dismukes, G.C. (2013) 

'Natural osmolytes are much less effective substrates than glycogen for catabolic energy 

production in the marine cyanobacterium Synechococcus sp. strain PCC 7002', Journal of 

Biotechnology, 166(3), pp. 65-75. 

Gurunathan, T., Mohanty, S. and Nayak, S.K. (2015) 'A review of the recent developments in 

biocomposites based on natural fibres and their application perspectives', Composites Part A: 

Applied Science and Manufacturing, 77, pp. 1-25. 

Gutiérrez, R., Ferrer, I., González-Molina, A., Salvadó, H., García, J. and Uggetti, E. (2016) 

'Microalgae recycling improves biomass recovery from wastewater treatment high rate algal 

ponds', Water Research, 106, pp. 539-549. 

Hagemann, M. and Hess, W.R. (2018) 'Systems and synthetic biology for the biotechnological 

application of cyanobacteria', Current Opinion in Biotechnology, 49, pp. 94-99. 

Hamano, H., Nakamura, S., Hayakawa, J., Miyashita, H. and Harayama, S. (2017) 'Biofilm-

based photobioreactor absorbing water and nutrients by capillary action', Bioresource 

Technology, 223, pp. 307-311. 

Hameed, M.A. (2007) 'Effect of algal density in bead, bead size and bead concentrations on 

wastewater nutrient removal', African Journal of biotechnology, 6(10). 



 99 

Hamilton, T.L., Bryant, D.A. and Macalady, J.L. (2016) 'The role of biology in planetary 

evolution: cyanobacterial primary production in low‐oxygen Proterozoic oceans', 

Environmental microbiology, 18(2), pp. 325-340. 

Hanjra, M.A., Blackwell, J., Carr, G., Zhang, F. and Jackson, T.M. (2012) 'Wastewater 

irrigation and environmental health: Implications for water governance and public policy', 

International journal of hygiene and environmental health, 215(3), pp. 255-269. 

Harke, M.J. and Gobler, C.J. (2013) 'Global transcriptional responses of the toxic 

cyanobacterium, Microcystis aeruginosa, to nitrogen stress, phosphorus stress, and growth on 

organic matter', PLoS One, 8(7), p. e69834. 

Hayer-Hartl, M., Bracher, A. and Hartl, F.U. (2016) 'The GroEL–GroES Chaperonin Machine: 

A Nano-Cage for Protein Folding', Trends in Biochemical Sciences, 41(1), pp. 62-76. 

He, L., Du, P., Chen, Y., Lu, H., Cheng, X., Chang, B. and Wang, Z. (2017) 'Advances in 

microbial fuel cells for wastewater treatment', Renewable and Sustainable Energy Reviews, 71, 

pp. 388-403. 

He, X., Wang, A., Wu, P., Tang, S., Zhang, Y., Li, L. and Ding, P. (2020) 'Photocatalytic 

degradation of microcystin-LR by modified TiO2 photocatalysis: A review', Science of the Total 

Environment, 743. 

Hendry, J.I., Prasannan, C., Ma, F., Mollers, K.B., Jaiswal, D., Digmurti, M., Allen, D.K., 

Frigaard, N.U., Dasgupta, S. and Wangikar, P.P. (2017) 'Rerouting of carbon flux in a glycogen 

mutant of cyanobacteria assessed via isotopically non-stationary 13C metabolic flux analysis', 

Biotechnology Bioengineering, 114(10), pp. 2298-2308. 

Hidasi, N. and Belay, A. (2018) 'Diurnal variation of various culture and biochemical 

parameters of Arthrospira platensis in large-scale outdoor raceway ponds', Algal Research, 29, 

pp. 121-129. 

Hillman, K.M. and Sims, R.C. (2020) 'Struvite formation associated with the microalgae 

biofilm matrix of a rotating algal biofilm reactor (RABR) during nutrient removal from 

municipal wastewater', Water Science and Technology, 81(4), pp. 644-655. 

Hoh, D., Watson, S. and Kan, E. (2016) 'Algal biofilm reactors for integrated wastewater 

treatment and biofuel production: A review', Chemical Engineering Journal, 287, pp. 466-473. 



 100 

Holzmeister, I., Schamel, M., Groll, J., Gbureck, U. and Vorndran, E. (2018) 'Artificial 

inorganic biohybrids: The functional combination of microorganisms and cells with inorganic 

materials', Acta biomaterialia. 

Huang, H.-H., Camsund, D., Lindblad, P. and Heidorn, T. (2010) 'Design and characterization 

of molecular tools for a Synthetic Biology approach towards developing cyanobacterial 

biotechnology', Nucleic Acids Research, 38(8), pp. 2577-2593. 

Huang, Q., Jiang, F., Wang, L. and Yang, C. (2017) 'Design of Photobioreactors for Mass 

Cultivation of Photosynthetic Organisms', Engineering, 3(3), pp. 318-329. 

Hutchinson, G.E. (1961) 'The paradox of plankton', The American Naturalist, 95(882), pp. 137-

145. 

Idi, A., Nor, M.H.M., Wahab, M.F.A. and Ibrahim, Z. (2015) 'Photosynthetic bacteria: an eco-

friendly and cheap tool for bioremediation', Reviews in Environmental Science and 

Biotechnology, 14(2), pp. 271-285. 

Imbeaud, S., Graudens, E., Boulanger, V., Barlet, X., Zaborski, P., Eveno, E., Mueller, O., 

Schroeder, A. and Auffray, C. (2005) 'Towards standardization of RNA quality assessment 

using user-independent classifiers of microcapillary electrophoresis traces', Nucleic Acids 

Research, 33(6), pp. e56-e56. 

In-na, P., Umar, A.A., Wallace, A.D., Flickinger, M.C., Caldwell, G.S. and Lee, J.G.M. (2020) 

'Loofah-based microalgae and cyanobacteria biocomposites for intensifying carbon dioxide 

capture', Journal of CO2 Utilization, 42, p. 101348. 

Jensen, C. and Teng, Y. (2020) 'Is It Time to Start Transitioning From 2D to 3D Cell Culture?', 

Frontiers in Molecular Biosciences, 7, p. 33. 

Jiang, H., Luo, S., Shi, X., Dai, M. and Guo, R.-b. (2012) 'A novel microbial fuel cell and 

photobioreactor system for continuous domestic wastewater treatment and bioelectricity 

generation', Biotechnology Letters, 34(7), pp. 1269-1274. 

Johnson, D.B., Schideman, L.C., Canam, T. and Hudson, R.J.M. (2018) 'Pilot-scale 

demonstration of efficient ammonia removal from a high-strength municipal wastewater 

treatment sidestream by algal-bacterial biofilms affixed to rotating contactors', Algal Research, 

34, pp. 143-153. 



 101 

Jons, S., Ries, P. and McDonald, C.J. (1999) 'Porous latex composite membranes: fabrication 

and properties', Journal of Membrane Science, 155(1), pp. 79-99. 

Joshi, S. and Gogate, P. (2018) 'Process Intensification of Biofuel Production from Microalgae', 

in  Energy from Microalgae. Springer, pp. 59-87. 

Karl, D., Michaels, A., Bergman, B., Capone, D., Carpenter, E., Letelier, R., Lipschultz, F., 

Paerl, H., Sigman, D. and Stal, L. (2002) 'Dinitrogen fixation in the world’s oceans', in  The 

nitrogen cycle at regional to global scales. Springer, pp. 47-98. 

Khosravi, A., King, J.A., Jamieson, H.L. and Lind, M.L. (2014) 'Latex barrier thin film 

formation on porous substrates', Langmuir, 30(46), pp. 13994-14003. 

Kim, W.J., Lee, S.-M., Um, Y., Sim, S.J. and Woo, H.M. (2017) 'Development of SyneBrick 

vectors as a synthetic biology platform for gene expression in Synechococcus elongatus PCC 

7942', Frontiers in Plant Science, 8, p. 293. 

Klanchui, A., Raethong, N., Prommeenate, P., Vongsangnak, W. and Meechai, A. (2017) 

'Cyanobacterial Biofuels: Strategies and Developments on Network and Modeling', Network 

Biology, 160, pp. 75-102. 

Klumpp, S., Zhang, Z. and Hwa, T. (2009) 'Growth Rate-Dependent Global Effects on Gene 

Expression in Bacteria', Cell, 139(7), pp. 1366-1375. 

Komárek, J. (2016) 'A polyphasic approach for the taxonomy of cyanobacteria: principles and 

applications', European Journal of Phycology, 51(3), pp. 346-353. 

Koszewska, M. (2018) 'Circular Economy — Challenges for the Textile and Clothing Industry', 

Autex Research Journal, 18(4), pp. 337-347. 

Krishnan, A., Qian, X., Ananyev, G., Lun, D.S. and Dismukes, G.C. (2018) 'Rewiring of 

cyanobacterial metabolism for hydrogen production: synthetic biology approaches and 

challenges', in  Synthetic Biology of Cyanobacteria. Springer, pp. 171-213. 

Krumhardt, K.M., Callnan, K., Roache-Johnson, K., Swett, T., Robinson, D., Reistetter, E.N., 

Saunders, J.K., Rocap, G. and Moore, L.R. (2013) 'Effects of phosphorus starvation versus 

limitation on the marine cyanobacterium Prochlorococcus MED4 I: uptake physiology', 

Environmental Microbiology, 15(7), pp. 2114-2128. 



 102 

Kuan, D., Duff, S., Posarac, D. and Bi, X. (2015) 'Growth optimization of Synechococcus 

elongatus PCC7942 in lab flasks and a 2-D photobioreactor', The Canadian Journal of 

Chemical Engineering, 93(4), pp. 640-647. 

Kuiken, T., Dana, G., Oye, K. and Rejeski, D. (2014) 'Shaping ecological risk research for 

synthetic biology', Journal of Environmental Studies and Sciences, 4(3), pp. 191-199. 

Kukurba, K.R. and Montgomery, S.B. (2015) 'RNA sequencing and analysis', Cold Spring 

Harbor Protocols, 2015(11), p. pdb. top084970. 

Kulasooriya, S. (2011) 'Cyanobacteria: pioneers of planet earth', Ceylon Journal of Science 

(Bio. Sci.), 40(2), pp. 71-88. 

Kumar, P.K., Vijaya Krishna, S., Verma, K., Pooja, K., Bhagawan, D. and Himabindu, V. 

(2018) 'Phycoremediation of sewage wastewater and industrial flue gases for biomass 

generation from microalgae', South African Journal of Chemical Engineering, 25, pp. 133-146. 

Kumar, R. and Venugopalan, V.P. (2015) 'Development of self-sustaining phototrophic 

granular biomass for bioremediation applications', Current Science, 108(9), pp. 1653-1661. 

Kümmerer, K., Dionysiou, D.D., Olsson, O. and Fatta-Kassinos, D. (2018) 'A path to clean 

water', Science, 361(6399), pp. 222-224. 

Kurup, V.M. and Thomas, J. (2020) 'Edible Vaccines: Promises and Challenges', Molecular 

Biotechnology, 62(2), pp. 79-90. 

Laird, T. (2013) 'Process Intensification: Engineering for Efficiency, Sustainability and 

Flexibility', Organic Process Research & Development, 18(1), pp. 276-276. 

Lambert, S., Sinclair, C.J., Bradley, E.L. and Boxall, A.B.A. (2013) 'Effects of environmental 

conditions on latex degradation in aquatic systems', Science of The Total Environment, 447, pp. 

225-234. 

Langmead, B. and Salzberg, S.L. (2012) 'Fast gapped-read alignment with Bowtie 2', Nature 

methods, 9(4), p. 357. 

Lau, N.-S., Matsui, M. and Abdullah, A.A.-A. (2015) 'Cyanobacteria: photoautotrophic 

microbial factories for the sustainable synthesis of industrial products', BioMed Research 

International, 2015. 



 103 

Lau, P., Tam, N. and Wong, Y. (1997) 'Wastewater nutrients (N and P) removal by carrageenan 

and alginate immobilized Chlorella vulgaris', Environmental Technology, 18(9), pp. 945-951. 

Léonard, A., Rooke, J.C., Meunier, C.F., Sarmento, H., Descy, J.-P. and Su, B.-L. (2010) 

'Cyanobacteria immobilised in porous silica gels: exploring biocompatible synthesis routes for 

the development of photobioreactors', Energy & Environmental Science, 3(3), pp. 370-377. 

Li, S., Sun, T., Xu, C., Chen, L. and Zhang, W. (2018) 'Development and optimization of 

genetic toolboxes for a fast-growing cyanobacterium Synechococcus elongatus UTEX 2973', 

Metabolic Engineering, 48, pp. 163-174. 

Li, W.-W., Yu, H.-Q. and Rittmann, B.E. (2015) 'Chemistry: reuse water pollutants', Nature, 

528(7580), pp. 29-31. 

Li, Y.-Y., Chen, X.-H., Xue, C., Zhang, H., Sun, G., Xie, Z.-X., Lin, L. and Wang, D.-Z. (2019) 

'Proteomic response to rising temperature in the marine cyanobacterium Synechococcus grown 

in different nitrogen sources', Frontiers in Microbiology, 10(1976). 

Liang, F. and Lindblad, P. (2017) 'Synechocystis PCC 6803 overexpressing RuBisCO grow 

faster with increased photosynthesis', Metabolic Engineering Communications, 4, pp. 29-36. 

Limousin, E., Ballard, N. and Asua, J.M. (2019) 'The influence of particle morphology on the 

structure and mechanical properties of films cast from hybrid latexes', Progress in Organic 

Coatings, 129, pp. 69-76. 

Lin, P.-C., Saha, R., Zhang, F. and Pakrasi, H.B. (2017) 'Metabolic engineering of the pentose 

phosphate pathway for enhanced limonene production in the cyanobacterium Synechocystis sp. 

PCC 6803', Scientific Reports, 7(1), pp. 1-10. 

Lin, P.-C., Zhang, F. and Pakrasi, H.B. (2020) 'Enhanced production of sucrose in the fast-

growing cyanobacterium Synechococcus elongatus UTEX 2973', Scientific Reports, 10(1), p. 

390. 

Lin, S., Shen, J., Liu, Y., Wu, X., Liu, Q. and Li, R. (2011) 'Molecular evaluation on the 

distribution, diversity, and toxicity of Microcystis (Cyanobacteria) species from Lake 

Ulungur—a mesotrophic brackish desert lake in Xinjiang, China', Environmental Monitoring 

and Assessment, 175(1), pp. 139-150. 



 104 

Lode, A., Krujatz, F., Brüggemeier, S., Quade, M., Schütz, K., Knaack, S., Weber, J., Bley, T. 

and Gelinsky, M. (2015) 'Green bioprinting: Fabrication of photosynthetic algae-laden 

hydrogel scaffolds for biotechnological and medical applications', Engineering in Life Sciences, 

15(2), pp. 177-183. 

Lofrano, G. and Brown, J. (2010) 'Wastewater management through the ages: A history of 

mankind', Science of The Total Environment, 408(22), pp. 5254-5264. 

Love, M.I., Huber, W. and Anders, S. (2014) 'Moderated estimation of fold change and 

dispersion for RNA-seq data with DESeq2', Genome Biology, 15(12), p. 550. 

Lowe, R., Shirley, N., Bleackley, M., Dolan, S. and Shafee, T. (2017) 'Transcriptomics 

technologies', PLOS Computational Biology, 13(5), p. e1005457. 

Lü, J., Sheahan, C. and Fu, P. (2011) 'Metabolic engineering of algae for fourth generation 

biofuels production', Energy & Environmental Science, 4(7), pp. 2451-2466. 

Ludwig, M. and Bryant, D. (2012) 'Acclimation of the Global Transcriptome of the 

Cyanobacterium Synechococcus sp. Strain PCC 7002 to Nutrient Limitations and Different 

Nitrogen Sources', Frontiers in Microbiology, 3, p. 145. 

Lutze, P., Gani, R. and Woodley, J.M. (2010) 'Process intensification: A perspective on process 

synthesis', Chemical Engineering and Processing: Process Intensification, 49(6), pp. 547-558. 

Lyngberg, O.K., Ng, C.P., Thiagarajan, V., Scriven, L.E. and Flickinger, M.C. (2001) 

'Engineering the microstructure and permeability of thin multilayer latex biocatalytic coatings 

containing E. coli', Biotechnology Progress, 17(6), pp. 1169-1179. 

Lyons, T.W., Reinhard, C.T. and Planavsky, N.J. (2014) 'The rise of oxygen in Earth’s early 

ocean and atmosphere', Nature, 506(7488), p. 307. 

Lyu, S., Chen, W., Zhang, W., Fan, Y. and Jiao, W. (2016) 'Wastewater reclamation and reuse 

in China: opportunities and challenges', Journal of Environmental Science, 39, pp. 86-96. 

MacKenzie, T.D.B., Johnson, J.M., Cockshutt, A.M., Burns, R.A. and Campbell, D.A. (2005) 

'Large reallocations of carbon, nitrogen, and photosynthetic reductant among phycobilisomes, 

photosystems, and Rubisco during light acclimation in Synechococcus elongatus strain 

PCC7942 are constrained in cells under low environmental inorganic carbon', Archives of 

Microbiology, 183(3), pp. 190-202. 



 105 

Magana-Arachchi, D., Wanigatunge, R. and Liyanage, M. (2011) 'Molecular characterization 

of cyanobacterial diversity in Lake Gregory, Sri Lanka', Chinese Journal of Oceanology and 

Limnology, 29(4), pp. 898-904. 

Mahmud, A.K.M.F., Nandi, S. and Fällman, M. (2020) 'ProkSeq for complete analysis of RNA-

seq data from prokaryotes', bioRxiv, p. 2020.06.09.135822. 

Malik, S., Hagopian, J., Mohite, S., Lintong, C., Stoffels, L., Giannakopoulos, S., Beckett, R., 

Leung, C., Ruiz, J., Cruz, M. and Parker, B. (2020) 'Robotic Extrusion of Algae-Laden 

Hydrogels for Large-Scale Applications', Global Challenges, 4(1), p. 1900064. 

Mallick, N. (2002) 'Biotechnological potential of immobilized algae for wastewater N, P and 

metal removal: a review', Biometals, 15(4), pp. 377-390. 

Manolidi, K., Triantis, T.M., Kaloudis, T. and Hiskia, A. (2019) 'Neurotoxin BMAA and its 

isomeric amino acids in cyanobacteria and cyanobacteria-based food supplements', Journal of 

Hazardous Materials, 365, pp. 346-365. 

Marchant, G.E., Allenby, B.R. and Herkert, J.R. (2011) The growing gap between emerging 

technologies and legal-ethical oversight: The pacing problem. Science and Business Media: 

Springer. 

Martins, J., Peixe, L. and Vasconcelos, V.M. (2011) 'Unraveling cyanobacteria ecology in 

wastewater treatment plants (WWTP)', Microbial Ecology, 62(2), pp. 241-256. 

Mata, T.M., Martins, A.A. and Caetano, N.S. (2010) 'Microalgae for biodiesel production and 

other applications: a review', Renewable and Sustainable Energy Reviews, 14(1), pp. 217-232. 

Matula, E. and Nabity, J. (2016). 46th International Conference on Environmental Systems. 

Maxwell, S.E., Delaney, H.D. and Kelley, K. (2017) Designing Experiments and Analyzing 

Data: A Model Comparison Perspective. Routledge, 3rd Ed. 

Mehrotra, S., Kumar, S., Srivastava, V., Mishra, T. and Mishra, B.N. (2020) '3D Bioprinting in 

Plant Science: An Interdisciplinary Approach', Trends in Plant Science, 25(1), pp. 9-13. 

Melki, S., Biguenet, F. and Dupuis, D. (2019) 'Hydrophobic properties of textile materials: 

robustness of hydrophobicity', The Journal of The Textile Institute, 110(8), pp. 1221-1228. 



 106 

Mella-Flores, D., Six, C., Ratin, M., Partensky, F., Boutte, C., Le Corguillé, G., Blot, N., 

Gourvil, P., Kolowrat, C., Garczarek, L. and Marie, D. (2012) 'Prochlorococcus and 

Synechococcus have Evolved Different Adaptive Mechanisms to Cope with Light and UV 

Stress', Frontiers in Microbiology, 3(285). 

Menezes, A.A., Montague, M.G., Cumbers, J., Hogan, J.A. and Arkin, A.P. (2015) 'Grand 

challenges in space synthetic biology', Journal of The Royal Society Interface, 12(113), p. 

20150803. 

Mesic, B., Cairns, M., Järnstrom, L., Joo Le Guen, M. and Parr, R. (2019) 'Film formation and 

barrier performance of latex based coating: Impact of drying temperature in a flexographic 

process', Progress in Organic Coatings, 129, pp. 43-51. 

Mesple, F., Casellas, C., Troussellier, M. and Bontoux, J. (1995) 'Some difficulties in modelling 

chlorophyll a evolution in a high rate algal pond ecosystem', Ecological modelling, 78(1-2), pp. 

25-36. 

Miklosi, A. (2013) 'Chlorella oxygen pavilion concept and the symbiosis in design'. 

Miranda, M.C.R., Prezotti, F.G., Borges, F.A., Barros, N.R., Cury, B.S.F., Herculano, R.D. and 

Cilli, E.M. (2017) 'Porosity effects of natural latex (Hevea brasiliensis) on release of 

compounds for biomedical applications', Journal of Biomaterials Science, Polymer Edition, 

28(18), pp. 2117-2130. 

Mishra, A., Medhi, K., Malaviya, P. and Thakur, I.S. (2019) 'Omics approaches for microalgal 

applications: Prospects and challenges', Bioresource Technology, 291, p. 121890. 

Molina, D., de Carvalho, J.C., Junior, A.I.M., Faulds, C., Bertrand, E. and Soccol, C.R. (2019) 

'Biological contamination and its chemical control in microalgal mass cultures', Applied 

Microbiology and Biotechnology, 103(23-24), pp. 9345-9358. 

Montemezzani, V., Duggan, I.C., Hogg, I.D. and Craggs, R.J. (2015) 'A review of potential 

methods for zooplankton control in wastewater treatment High Rate Algal Ponds and algal 

production raceways', Algal Research, 11, pp. 211-226. 

Montemezzani, V., Duggan, I.C., Hogg, I.D. and Craggs, R.J. (2016) 'Zooplankton community 

influence on seasonal performance and microalgal dominance in wastewater treatment High 

Rate Algal Ponds', Algal Research, 17, pp. 168-184. 



 107 

Montemezzani, V., Duggan, I.C., Hogg, I.D. and Craggs, R.J. (2017a) 'Assessment of potential 

zooplankton control treatments for wastewater treatment High Rate Algal Ponds', Algal 

Research, 24, pp. 40-63. 

Montemezzani, V., Duggan, I.C., Hogg, I.D. and Craggs, R.J. (2017b) 'Control of zooplankton 

populations in a wastewater treatment High Rate Algal Pond using overnight CO2 

asphyxiation', Algal Research, 26, pp. 250-264. 

Montemezzani, V., Duggan, I.C., Hogg, I.D. and Craggs, R.J. (2017c) 'Screening of potential 

zooplankton control technologies for wastewater treatment High Rate Algal Ponds', Algal 

Research, 22, pp. 1-13. 

Moore, C.M., Mills, M.M., Arrigo, K.R., Berman-Frank, I., Bopp, L., Boyd, P.W., Galbraith, 

E.D., Geider, R.J., Guieu, C., Jaccard, S.L., Jickells, T.D., La Roche, J., Lenton, T.M., 

Mahowald, N.M., Marañón, E., Marinov, I., Moore, J.K., Nakatsuka, T., Oschlies, A., Saito, 

M.A., Thingstad, T.F., Tsuda, A. and Ulloa, O. (2013) 'Processes and patterns of oceanic 

nutrient limitation', Nature Geoscience, 6(9), pp. 701-710. 

Moore, K.A., Altus, S., Tay, J.W., Meehl, J.B., Johnson, E.B., Bortz, D.M. and Cameron, J.C. 

(2020) 'Mechanical regulation of photosynthesis in cyanobacteria', Nature Microbiology, 5(5), 

pp. 757-767. 

Moreno-Garrido, I. (2008) 'Microalgae immobilization: Current techniques and uses', 

Bioresource Technology, 99(10), pp. 3949-3964. 

Moronta-Barrios, F., Espinosa, J. and Contreras, A. (2013) 'Negative control of cell size in the 

cyanobacterium Synechococcus elongatus PCC 7942 by the essential response regulator RpaB', 

FEBS Letters, 587(5), pp. 504-9. 

Motomura, K., Sano, K., Watanabe, S., Kanbara, A., Gamal Nasser, A.-H., Ikeda, T., Ishida, 

T., Funabashi, H., Kuroda, A. and Hirota, R. (2018) 'Synthetic Phosphorus Metabolic Pathway 

for Biosafety and Contamination Management of Cyanobacterial Cultivation', ACS Synthetic 

Biology, 7(9), pp. 2189-2198. 

Mou, S., Zhang, Y., Li, G., Li, H., Liang, Y., Tang, L., Tao, J., Xu, J., Li, J., Zhang, C. and 

Jiao, N. (2017) 'Effects of elevated CO2 and nitrogen supply on the growth and photosynthetic 

physiology of a marine cyanobacterium, Synechococcus sp. PCC7002', Journal of Applied 

Phycology, 29(4), pp. 1755-1763. 



 108 

Moulijn, J.A., Stankiewicz, A., Grievink, J. and Górak, A. (2008) 'Process intensification and 

process systems engineering: A friendly symbiosis', Computers & Chemical Engineering, 32(1-

2), pp. 3-11. 

Mu, R.-m., Fan, Z.-q., Pei, H.-y., Yuan, X.-l., Liu, S.-x. and Wang, X.-r. (2007) 'Isolation and 

algae-lysing characteristics of the algicidal bacterium B5', Journal of Environmental Sciences, 

19(11), pp. 1336-1340. 

Munoz, R. and Guieysse, B. (2006) 'Algal–bacterial processes for the treatment of hazardous 

contaminants: a review', Water research, 40(15), pp. 2799-2815. 

Ng, I.S., Keskin, B.B. and Tan, S.-I. (2020) 'A Critical Review of Genome Editing and 

Synthetic Biology Applications in Metabolic Engineering of Microalgae and Cyanobacteria', 

Biotechnology Journal, 15(8), p. 1900228. 

Niederwieser, T., Kociolek, P. and Klaus, D. (2018) 'Spacecraft cabin environment effects on 

the growth and behavior of Chlorella vulgaris for life support applications', Life Sciences in 

Space Research, 16, pp. 8-17. 

Nielsen, P.H., Mielczarek, A.T., Kragelund, C., Nielsen, J.L., Saunders, A.M., Kong, Y., 

Hansen, A.A. and Vollertsen, J. (2010) 'A conceptual ecosystem model of microbial 

communities in enhanced biological phosphorus removal plants', Water Research, 44(17), pp. 

5070-5088. 

Niinimäki, K., Peters, G., Dahlbo, H., Perry, P., Rissanen, T. and Gwilt, A. (2020) 'The 

environmental price of fast fashion', Nature Reviews Earth & Environment, 1(4), pp. 189-200. 

Nikačević, N.M., Huesman, A.E.M., Van den Hof, P.M.J. and Stankiewicz, A.I. (2012) 

'Opportunities and challenges for process control in process intensification', Chemical 

Engineering and Processing: Process Intensification, 52, pp. 1-15. 

Noble, P. (2019) 'A brief history of metal soaps in paintings from a conservation perspective', 

in  Metal Soaps in Art. Springer, pp. 1-22. 

Nogales, J., Mueller, J., Gudmundsson, S., Canalejo, F.J., Duque, E., Monk, J., Feist, A.M., 

Ramos, J.L., Niu, W. and Palsson, B.O. (2020) 'High-quality genome-scale metabolic 

modelling of Pseudomonas putida highlights its broad metabolic capabilities', Environ. 

Microbiol., 22(1), pp. 255-269. 



 109 

Novoveská, L., Zapata, A.K.M., Zabolotney, J.B., Atwood, M.C. and Sundstrom, E.R. (2016) 

'Optimizing microalgae cultivation and wastewater treatment in large-scale offshore 

photobioreactors', Algal Research, 18, pp. 86-94. 

Nzila, A., Razzak, S.A. and Zhu, J. (2016) 'Bioaugmentation: an emerging strategy of industrial 

wastewater treatment for reuse and discharge', International journal of environmental research 

and public health, 13(9), p. 846. 

Ohnishi, N., Allakhverdiev, S.I., Takahashi, S., Higashi, S., Watanabe, M., Nishiyama, Y. and 

Murata, N. (2005) 'Two-Step Mechanism of Photodamage to Photosystem II:  Step 1 Occurs at 

the Oxygen-Evolving Complex and Step 2 Occurs at the Photochemical Reaction Center', 

Biochemistry, 44(23), pp. 8494-8499. 

Oladoja, N.A. (2017) 'Appropriate technology for domestic wastewater management in under-

resourced regions of the world', Applied Water Science, 7(7), pp. 3391-3406. 

Olguín, E.J. (2003) 'Phycoremediation: Key issues for cost-effective nutrient removal 

processes', Biotechnology Advances, 22(1-2), pp. 81-91. 

Olguín, E.J., Galicia, S., Mercado, G. and Pérez, T. (2003) 'Annual productivity of Spirulina 

(Arthrospira) and nutrient removal in a pig wastewater recycling process under tropical 

conditions', Journal of applied phycology, 15(2-3), pp. 249-257. 

Osanai, T., Park, Y.I. and Nakamura, Y. (2017) 'Editorial: Biotechnology of Microalgae, Based 

on Molecular Biology and Biochemistry of Eukaryotic Algae and Cyanobacteria', Frontiers in 

Microbiology, 8, p. 118. 

Oswald, W.J. (1963) 'The high-rate pond in waste disposal.', Dev. Ind. Microbiol, 4, pp. 112-

119. 

Oswald, W.J. and Gotaas, H.B. (1957) 'Photosynthesis in Sewage Treatment', Transactions of 

the American Society of Civil Engineers, 122(1), pp. 73-97. 

Ozbolat, I.T., Peng, W. and Ozbolat, V. (2016) 'Application areas of 3D bioprinting', Drug 

Discovery Today, 21(8), pp. 1257-1271. 

Pandhal, J., Noirel, J., Wright, P.C. and Biggs, C.A. (2009) 'A systems biology approach to 

investigate the response of Synechocystis sp. PCC6803 to a high salt environment', Saline 

Systems, 5(1), p. 8. 



 110 

Pannier, A., Soltmann, U., Soltmann, B., Altenburger, R. and Schmitt-Jansen, M. (2014) 

'Alginate/silica hybrid materials for immobilization of green microalgae Chlorella vulgaris for 

cell-based sensor arrays', Journal of Materials Chemistry B, 2(45), pp. 7896-7909. 

Park, J.B., Craggs, R.J. and Shilton, A.N. (2011) 'Wastewater treatment high rate algal ponds 

for biofuel production', Bioresource Technololgy, 102(1), pp. 35-42. 

Park, J.B.K. and Craggs, R.J. (2010) 'Wastewater treatment and algal production in high rate 

algal ponds with carbon dioxide addition', Water Science and Technology, pp. 633-639. 

Patel, V.K., Soni, N., Prasad, V., Sapre, A., Dasgupta, S. and Bhadra, B. (2019) 'CRISPR–Cas9 

system for genome engineering of photosynthetic microalgae', Molecular Biotechnology, 61, 

pp. 541-561. 

Pathak, J., Rajneesh, Maurya, P.K., Singh, S.P., Häder, D.-P. and Sinha, R.P. (2018) 

'Cyanobacterial Farming for Environment Friendly Sustainable Agriculture Practices: 

Innovations and Perspectives', Frontiers in Environmental Science, 6, p. 7. 

Pattanayak, Gopal K., Lambert, G., Bernat, K. and Rust, Michael J. (2015) 'Controlling the 

Cyanobacterial Clock by Synthetically Rewiring Metabolism', Cell Reports, 13(11), pp. 2362-

2367. 

Pawar, S. (2016) 'Effectiveness mapping of open raceway pond and tubular photobioreactors 

for sustainable production of microalgae biofuel', Renewable and Sustainable Energy Reviews, 

62, pp. 640-653. 

Peng, J., Kumar, K., Gross, M., Kunetz, T. and Wen, Z. (2020a) 'Removal of total dissolved 

solids from wastewater using a revolving algal biofilm reactor', Water Environment Research, 

92(5), pp. 766-778. 

Peng, Y.Y., Gao, F., Yang, H.L., Wu, H.W.J., Li, C., Lu, M.M. and Yang, Z.Y. (2020b) 

'Simultaneous removal of nutrient and sulfonamides from marine aquaculture wastewater by 

concentrated and attached cultivation of Chlorella vulgaris in an algal biofilm membrane 

photobioreactor (BF-MPBR)', Science of the Total Environment, 725. 

Perera, I.A., Abinandan, S., Subashchandrabose, S.R., Venkateswarlu, K., Naidu, R. and 

Megharaj, M. (2019) 'Advances in the technologies for studying consortia of bacteria and 

cyanobacteria/microalgae in wastewaters', Critical Reviews in Biotechnology, 39(5), pp. 709-

731. 



 111 

Perullini, M., Rivero, M.M., Jobbágy, M., Mentaberry, A. and Bilmes, S.A. (2007) 'Plant cell 

proliferation inside an inorganic host', Journal of biotechnology, 127(3), pp. 542-548. 

Pestana, C.J., Portela Noronha, J., Hui, J., Edwards, C., Gunaratne, H.Q.N., Irvine, J.T.S., 

Robertson, P.K.J., Capelo-Neto, J. and Lawton, L.A. (2020) 'Photocatalytic removal of the 

cyanobacterium Microcystis aeruginosa PCC7813 and four microcystins by TiO2 coated 

porous glass beads with UV-LED irradiation', Science of the Total Environment, 745. 

Pinu, F.R., Beale, D.J., Paten, A.M., Kouremenos, K., Swarup, S., Schirra, H.J. and Wishart, 

D. (2019) 'Systems Biology and Multi-Omics Integration: Viewpoints from the Metabolomics 

Research Community', Metabolites, 9(4). 

Pires, J.C., Alvim-Ferraz, M.C., Martins, F.G. and Simões, M. (2013) 'Wastewater treatment to 

enhance the economic viability of microalgae culture', Environ Sci Pollut Res Int, 20(8), pp. 

5096-105. 

Poliner, E., Pulman, J.A., Zienkiewicz, K., Childs, K., Benning, C. and Farré, E.M. (2018) 'A 

toolkit for Nannochloropsis oceanica CCMP1779 enables gene stacking and genetic 

engineering of the eicosapentaenoic acid pathway for enhanced long-chain polyunsaturated 

fatty acid production', Plant Biotechnol. J., 16(1), pp. 298-309. 

Posten, C. (2009) 'Design principles of photo‐bioreactors for cultivation of microalgae', 

Engineering in Life Sciences, 9(3), pp. 165-177. 

Potts, M. (1986) 'The protein index ofNostoc commune UTEX 584 (cyanobacteria): changes 

induced in immobilized cells by water stress', Archives of Microbiology, 146(1), pp. 87-95. 

Prado-Rubio, O.A., Morales-Rodríguez, R., Andrade-Santacoloma, P. and Hernández-Escoto, 

H. (2016) 'Process intensification in biotechnology applications', in  Process Intensification in 

Chemical Engineering. Springer, pp. 183-219. 

Price, K., Wu, W., McCormick, A.V. and Francis, L.F. (2017) 'Measurements of Stress 

Development in Latex Coatings', in Wen, M. and Dušek, K. (eds.) Protective Coatings: Film 

Formation and Properties. Cham: Springer International Publishing, pp. 225-240. 

Puyol, D., Batstone, D.J., Hülsen, T., Astals, S., Peces, M. and Krömer, J.O. (2017) 'Resource 

Recovery from Wastewater by Biological Technologies: Opportunities, Challenges, and 

Prospects', Frontiers in Microbiology, 7, p. 2106. 



 112 

Qadir, M., Mateo-Sagasta, J., Jiménez, B., Siebe, C., Siemens, J. and Hanjra, M.A. (2015) 

'Environmental risks and cost-effective risk management in wastewater use systems', in 

Drechsel, P., Qadir, M. and Wichelns, D. (eds.) Wastewater. Springer, Dordrecht, pp. 55-72. 

Qiao, C., Duan, Y., Zhang, M., Hagemann, M., Luo, Q. and Lu, X. (2018) 'Effects of reduced 

and enhanced glycogen pools on salt-induced sucrose production in a sucrose-secreting strain 

of Synechococcus elongatus PCC 7942', Applied Environmental Microbiology, 84(2). 

Qiao, Y., Wang, W. and Lu, X. (2020) 'Engineering cyanobacteria as cell factories for direct 

trehalose production from CO2', Metabolic Engineering, 62, pp. 161-171. 

Quintana, N., Van der Kooy, F., Van de Rhee, M.D., Voshol, G.P. and Verpoorte, R. (2011) 

'Renewable energy from Cyanobacteria: energy production optimization by metabolic pathway 

engineering', Applied Microbiology and Biotechnology, 91(3), pp. 471-490. 

Racault, Y. and Boutin, C. (2005) 'Waste stabilisation ponds in France: state of the art and 

recent trends', Water Science and Technology, 51(12), pp. 1-9. 

Rachedi, R., Foglino, M. and Latifi, A. (2020) 'Stress Signaling in Cyanobacteria: A 

Mechanistic Overview', Life, 10(12). 

Raeesossadati, M.J., Ahmadzadeh, H., McHenry, M.P. and Moheimani, N.R. (2014) 'CO2 

bioremediation by microalgae in photobioreactors: Impacts of biomass and CO2 concentrations, 

light, and temperature', Algal Research, 6(PA), pp. 78-85. 

Ramey, C.J., Barón-Sola, Á., Aucoin, H.R. and Boyle, N.R. (2015) 'Genome Engineering in 

Cyanobacteria: Where We Are and Where We Need To Go', ACS Synthetic Biology, 4(11), pp. 

1186-1196. 

Rawat, I., Ranjith Kumar, R., Mutanda, T. and Bux, F. (2011) 'Dual role of microalgae: 

Phycoremediation of domestic wastewater and biomass production for sustainable biofuels 

production', Applied Energy, 88(10), pp. 3411-3424. 

Renuka, N., Sood, A., Ratha, S.K., Prasanna, R. and Ahluwalia, A.S. (2013) 'Evaluation of 

microalgal consortia for treatment of primary treated sewage effluent and biomass production', 

Journal of applied phycology, 25(5), pp. 1529-1537. 



 113 

Reyes, Y., Campos-Terán, J., Vázquez, F. and Duda, Y. (2007) 'Properties of films obtained 

from aqueous polymer dispersions: study of drying rate and particle polydispersity effects', 

Modelling and Simulation in Materials Science and Engineering, 15(3), p. 355. 

Richardson, J.W., Johnson, M.D. and Outlaw, J.L. (2012) 'Economic comparison of open pond 

raceways to photo bio-reactors for profitable production of algae for transportation fuels in the 

Southwest', Algal Research, 1(1), pp. 93-100. 

Rigby, G., Hallegraeff, G. and Sutton, C. (1999) 'Novel ballast water heating technique offers 

cost-effective treatment to reduce the risk of global transport of harmful marine organisms', 

Marine Ecology Progress Series, 191, pp. 289-293. 

Rittmann, B.E., Mayer, B., Westerhoff, P. and Edwards, M. (2011) 'Capturing the lost 

phosphorus', Chemosphere, 84(6), pp. 846-853. 

Robinet, L. and Corbeil-a, M.-C. (2003) 'The Characterization of Metal Soaps', Studies in 

Conservation, 48(1), pp. 23-40. 

Rooke, J.C., Léonard, A., Sarmento, H., Meunier, C.F., Descy, J.-P. and Su, B.-L. (2011) 'Novel 

photosynthetic CO 2 bioconvertor based on green algae entrapped in low-sodium silica gels', 

Journal of Materials Chemistry, 21(4), pp. 951-959. 

Rooke, J.C., Léonard, A. and Su, B.-L. (2008) 'Targeting photobioreactors: Immobilisation of 

cyanobacteria within porous silica gel using biocompatible methods', Journal of Materials 

Chemistry, 18(12), pp. 1333-1341. 

Rosenberg, J.N., Oyler, G.A., Wilkinson, L. and Betenbaugh, M.J. (2008) 'A green light for 

engineered algae: redirecting metabolism to fuel a biotechnology revolution', Current Opinion 

in Biotechnology, 19(5), pp. 430-6. 

Rothschild, L.J., Maurer, C., Paulino Lima, I.G., Senesky, D., Wipat, A. and Head III, J. (2019) 

Myco-architecture off planet: Growing surface structures at destination. [Online]. Available 

at: https://ntrs.nasa.gov/citations/20190002580 (Accessed: 15/12/2020). 

Roy-Lachapelle, A., Solliec, M., Bouchard, M.F. and Sauve, S. (2017) 'Detection of 

Cyanotoxins in Algae Dietary Supplements', Toxins 9(3). 

https://ntrs.nasa.gov/citations/20190002580


 114 

Ruan, Z., Prášil, O. and Giordano, M. (2018) 'The phycobilisomes of Synechococcus sp. are 

constructed to minimize nitrogen use in nitrogen-limited cells and to maximize energy capture 

in energy-limited cells', Environmental and Experimental Botany, 150, pp. 152-160. 

Ruffing, A.M. and Kallas, T. (2016) 'Editorial: Cyanobacteria: The Green E. coli', Frontiers in 

Bioengineering and Biotechnology, 4, p. 7. 

Ruiz-Güereca, D.A. and del Pilar Sánchez-Saavedra, M. (2016) 'Growth and phosphorus 

removal by Synechococcus elongatus co-immobilized in alginate beads with Azospirillum 

brasilense', Journal of Applied Phycology, 28(3), pp. 1501-1507. 

Saad, D., Byrne, D. and Drechsel, P. (2017) 'Social perspectives on the effective management 

of wastewater', in  Physico-Chemical Wastewater Treatment and Resource Recovery. InTech. 

Sahraeian, S.M.E., Mohiyuddin, M., Sebra, R., Tilgner, H., Afshar, P.T., Au, K.F., Bani Asadi, 

N., Gerstein, M.B., Wong, W.H., Snyder, M.P., Schadt, E. and Lam, H.Y.K. (2017) 'Gaining 

comprehensive biological insight into the transcriptome by performing a broad-spectrum RNA-

seq analysis', Nature Communications, 8(1), p. 59. 

Santos-Merino, M., Singh, A.K. and Ducat, D.C. (2019) 'New Applications of Synthetic 

Biology Tools for Cyanobacterial Metabolic Engineering', Frontiers in Bioengineering and 

Biotechnology, 7, p. 33. 

Sariatli, F. (2017) 'Linear Economy Versus Circular Economy: A Comparative and Analyzer 

Study for Optimization of Economy for Sustainability', Visegrad Journal on Bioeconomy and 

Sustainable Development, 6(1), pp. 31-34. 

Sarkar, M.K., He, F.A. and Fan, J.T. (2009) 'Moisture-responsive Fabrics Based on the Hygro 

Deformation of Yarns', Textile Research Journal, 80(12), pp. 1172-1179. 

Sato, T., Qadir, M., Yamamoto, S., Endo, T. and Zahoor, A. (2013) 'Global, regional, and 

country level need for data on wastewater generation, treatment, and use.', Agricultural Water 

Management, 130, pp. 1-13. 

Scanlan, D.J., Ostrowski, M., Mazard, S., Dufresne, A., Garczarek, L., Hess, W.R., Post, A.F., 

Hagemann, M., Paulsen, I. and Partensky, F. (2009) 'Ecological Genomics of Marine 

Picocyanobacteria', Microbiology and Molecular Biology Reviews, 73(2), p. 249. 



 115 

Schuierer, S., Carbone, W., Knehr, J., Petitjean, V., Fernandez, A., Sultan, M. and Roma, G. 

(2017) 'A comprehensive assessment of RNA-seq protocols for degraded and low-quantity 

samples', BMC Genomics, 18(1), p. 442. 

Schulte, M.J., Wiltgen, J., Ritter, J., Mooney, C.B. and Flickinger, M.C. (2016) 'A high gas 

fraction, reduced power, syngas bioprocessing method demonstrated with a Clostridium 

ljungdahlii OTA1 paper biocomposite', Biotechnology and Bioengineering, 113(9), pp. 1913-

1923. 

Sengupta, A., Pakrasi, H.B. and Wangikar, P.P. (2018) 'Recent advances in synthetic biology 

of cyanobacteria', Applied Microbiology and Biotechnology, 102(13), pp. 5457-5471. 

Seyednasrollah, F., Laiho, A. and Elo, L.L. (2015) 'Comparison of software packages for 

detecting differential expression in RNA-seq studies', Briefings in Bioinformatics, 16(1), pp. 

59-70. 

Sharma, B., Dangi, A.K. and Shukla, P. (2018) 'Contemporary enzyme based technologies for 

bioremediation: A review', Journal of Environmental Management, 210, pp. 10-22. 

Shih, P.M., Wu, D., Latifi, A., Axen, S.D., Fewer, D.P., Talla, E., Calteau, A., Cai, F., De 

Marsac, N.T. and Rippka, R. (2013) 'Improving the coverage of the cyanobacterial phylum 

using diversity-driven genome sequencing', Proceedings of the National Academy of Sciences, 

110(3), pp. 1053-1058. 

Silva-Benavides, A.M. and Torzillo, G. (2012) 'Nitrogen and phosphorus removal through 

laboratory batch cultures of microalga Chlorella vulgaris and cyanobacterium Planktothrix 

isothrix grown as monoalgal and as co-cultures', Journal of Applied Phycology, 24(2), pp. 267-

276. 

Singh, A.K., Kishore, G.M. and Pakrasi, H.B. (2018) 'Emerging platforms for co-utilization of 

one-carbon substrates by photosynthetic organisms', Current Opinion in Biotechnology, 53, pp. 

201-208. 

Singh, J.S., Kumar, A. and Singh, M. (2019) 'Cyanobacteria: A sustainable and commercial 

bio-resource in production of bio-fertilizer and bio-fuel from waste waters', Environmental and 

Sustainability Indicators, 3-4, p. 100008. 

Singh, R.N. and Sharma, S. (2012) 'Development of suitable photobioreactor for algae 

production – A review', Renewable and Sustainable Energy Reviews, 16(4), pp. 2347-2353. 



 116 

Singh, V., Tiwari, A. and Das, M. (2016) 'Phyco-remediation of industrial waste-water and flue 

gases with algal-diesel engenderment from micro-algae: A review', Fuel, 173, pp. 90-97. 

Slade, R. and Bauen, A. (2013) 'Micro-algae cultivation for biofuels: Cost, energy balance, 

environmental impacts and future prospects', Biomass and Bioenergy, 53, pp. 29-38. 

Slegers, P.M., Lösing, M.B., Wijffels, R.H., van Straten, G. and van Boxtel, A.J.B. (2013) 

'Scenario evaluation of open pond microalgae production', Algal Research, 2(4), pp. 358-368. 

Solovchenko, A.E., Ismagulova, T.T., Lukyanov, A.A., Vasilieva, S.G., Konyukhov, I.V., 

Pogosyan, S.I., Lobakova, E.S. and Gorelova, O.A. (2019) 'Luxury phosphorus uptake in 

microalgae', Journal of Applied Phycology, 31(5), pp. 2755-2770. 

Speight, V.L. (2015) 'Innovation in the water industry: barriers and opportunities for US and 

UK utilities', WIREs Water, 2(4), pp. 301-313. 

Stanier, R., Kunisawa, R., Mandel, M. and Cohen-Bazire, G. (1971) 'Purification and properties 

of unicellular blue-green algae (order Chroococcales)', Bacteriol. Rev., 35(2), p. 171. 

Stark, R., Grzelak, M. and Hadfield, J. (2019) 'RNA sequencing: the teenage years', Nature 

Reviews Genetics, 20(11), pp. 631-656. 

Sun, T., Li, S., Song, X., Diao, J., Chen, L. and Zhang, W. (2018) 'Toolboxes for cyanobacteria: 

Recent advances and future direction', Biotechnology Advances, 36(4), pp. 1293-1307. 

Sun, Y., Casella, S., Fang, Y., Huang, F., Faulkner, M., Barrett, S. and Liu, L.-N. (2016) 'Light 

Modulates the Biosynthesis and Organization of Cyanobacterial Carbon Fixation Machinery 

through Photosynthetic Electron Flow', Plant Physiology, 171(1), p. 530. 

Supriyanto, Noguchi, R., Ahamed, T., Rani, D.S., Sakurai, K., Nasution, M.A., Wibawa, D.S., 

Demura, M. and Watanabe, M.M. (2019) 'Artificial neural networks model for estimating 

growth of polyculture microalgae in an open raceway pond', Biosystems Engineering, 177, pp. 

122-129. 

Sutherland, D.L., Howard-Williams, C., Turnbull, M.H., Broady, P.A. and Craggs, R.J. (2014) 

'Seasonal variation in light utilisation, biomass production and nutrient removal by wastewater 

microalgae in a full-scale high-rate algal pond', Journal of Applied Phycology, 26(3), pp. 1317-

1329. 



 117 

Sutherland, D.L., Park, J., Heubeck, S., Ralph, P.J. and Craggs, R.J. (2020) 'Size matters – 

Microalgae production and nutrient removal in wastewater treatment high rate algal ponds of 

three different sizes', Algal Research, 45, p. 101734. 

Sutherland, D.L. and Ralph, P.J. (2020) '15 years of research on wastewater treatment high rate 

algal ponds in New Zealand: discoveries and future directions', New Zealand Journal of Botany, 

pp. 1-24. 

Swe Cheng, W., Wan Maznah, W.O. and Convey, P. (2017) 'Nitrogen and phosphate removal 

by free and immobilised cells of Scenedesmus bijugatus (Kützing) from the Pinang River 

estuary, Penang, Malaysia', Bioremediation Journal, 21(3-4), pp. 138-148. 

Szyjka, S.J., Mandal, S., Schoepp, N.G., Tyler, B.M., Yohn, C.B., Poon, Y.S., Villareal, S., 

Burkart, M.D., Shurin, J.B. and Mayfield, S.P. (2017) 'Evaluation of phenotype stability and 

ecological risk of a genetically engineered alga in open pond production', Algal Research, 24, 

pp. 378-386. 

Tachibana, C. (2015) 'Transcriptomics today: Microarrays, RNA-seq, and more', Science, 

349(6247), p. 544. 

Takahashi, S. and Murata, N. (2008) 'How do environmental stresses accelerate 

photoinhibition?', Trends in Plant Science, 13(4), pp. 178-182. 

Tanner, A.S., McIntosh, B.S., Widdowson, D.C.C. and Tillotson, M.R. (2018) 'The water 

Utility Adoption Model (wUAM): Understanding influences of organisational and procedural 

innovation in a UK water utility', Journal of Cleaner Production, 171, pp. S86-S96. 

Teikari, J., Österholm, J., Kopf, M., Battchikova, N., Wahlsten, M., Aro, E.-M., Hess, W.R. 

and Sivonen, K. (2015) 'Transcriptomic and proteomic profiling of Anabaena sp. strain 90 

under inorganic phosphorus stress', Applied and environmental microbiology, 81(15), pp. 5212-

5222. 

Tetu, S.G., Brahamsha, B., Johnson, D.A., Tai, V., Phillippy, K., Palenik, B. and Paulsen, I.T. 

(2009) 'Microarray analysis of phosphate regulation in the marine cyanobacterium 

Synechococcus sp. WH8102', The ISME Journal, 3(7), pp. 835-849. 

Thomas, D.A. and Ford, R.R. (2006a) Barriers to Innovation in the UK Water Industry. 

https://ukwir.org/eng/reports/06-RG-10-1/66887/Barriers-to-Innovation-in-the-UK-Water-

Industry: UK Water Industry Research (UKWIR). [Online]. Available at: 

https://ukwir.org/eng/reports/06-RG-10-1/66887/Barriers-to-Innovation-in-the-UK-Water-Industry
https://ukwir.org/eng/reports/06-RG-10-1/66887/Barriers-to-Innovation-in-the-UK-Water-Industry


 118 

https://ukwir.org/eng/reports/06-RG-10-1/66887/Barriers-to-Innovation-in-the-UK-Water-

Industry. 

Thomas, D.A. and Ford, R.R. (2006b) 'Barriers to Innovation in the UK Water Industry'. 

Tian, Y., Demirel, S.E., Hasan, M.M.F. and Pistikopoulos, E.N. (2018) 'An overview of process 

systems engineering approaches for process intensification: State of the art', Chemical 

Engineering and Processing - Process Intensification, 133, pp. 160-210. 

Tilman, D., Socolow, R., Foley, J.A., Hill, J., Larson, E., Lynd, L., Pacala, S., Reilly, J., 

Searchinger, T. and Somerville, C. (2009) 'Beneficial biofuels—the food, energy, and 

environment trilemma', Science, 325(5938), pp. 270-271. 

Timm, S.N. and Deal, B.M. (2018) 'Understanding the behavioral influences behind 

Singapore's water management strategies', Journal of Environmental Planning and 

Management, 61(10), pp. 1654-1673. 

Trebuch, L.M., Oyserman, B.O., Janssen, M., Wijffels, R.H., Vet, L.E.M. and Fernandes, T.V. 

(2020) 'Impact of hydraulic retention time on community assembly and function of 

photogranules for wastewater treatment', Water Research, 173. 

Tredici, M., Bassi, N., Prussi, M., Biondi, N., Rodolfi, L., Zittelli, G.C. and Sampietro, G. 

(2015) 'Energy balance of algal biomass production in a 1-ha “Green Wall Panel” plant: How 

to produce algal biomass in a closed reactor achieving a high Net Energy Ratio', Applied 

Energy, 154, pp. 1103-1111. 

Uduman, N., Qi, Y., Danquah, M.K., Forde, G.M. and Hoadley, A. (2010) 'Dewatering of 

microalgal cultures: A major bottleneck to algae-based fuels', Journal of Renewable and 

Sustainable Energy, 2(1). 

Ugur, S. and Sunay, M.S. (2016) 'Investigation of particle size effect on film formation of 

polystyrene latexes using fluorescence technique', Colloids and Surfaces A: Physicochemical 

and Engineering Aspects, 510, pp. 283-292. 

Ugwu, C., Aoyagi, H. and Uchiyama, H. (2008) 'Photobioreactors for mass cultivation of algae', 

Bioresource technology, 99(10), pp. 4021-4028. 

Uluşeker, C., Torres-Bacete, J., García, J.L., Hanczyc, M.M., Nogales, J. and 

Kahramanoğulları, O. (2019) 'Quantifying dynamic mechanisms of auto-regulation in 

https://ukwir.org/eng/reports/06-RG-10-1/66887/Barriers-to-Innovation-in-the-UK-Water-Industry
https://ukwir.org/eng/reports/06-RG-10-1/66887/Barriers-to-Innovation-in-the-UK-Water-Industry


 119 

Escherichia coli with synthetic promoter in response to varying external phosphate levels', Sci. 

Rep., 9(1), p. 2076. 

Umar, A. (2018) The Screening, Fabrication and Production of Microalgae Biocomposites for 

Carbon Capture and Utilisation. Newcastle University. 

Umar, A.A., In-na, P., Wallace, A.D., Flickinger, M.C., Caldwell, G.S. and Lee, J.G.M. (2019) 

'Loofah-based microalgae and cyanobacteria biocomposites for intensifying carbon dioxide 

capture.', SSRN, http://dx.doi.org/10.2139/ssrn.3489079. 

UN (2019) World population prospects 2019: Highlights. [Online]. Available at: 

https://population.un.org/wpp/Publications/Files/WPP2019_Highlights.pdf (Accessed: 

01/12/2020). 

Unnithan, V.V., Unc, A. and Smith, G.B. (2014) 'Mini-review: a priori considerations for 

bacteria–algae interactions in algal biofuel systems receiving municipal wastewaters', Algal 

Research, 4, pp. 35-40. 

Van Gerven, T. and Stankiewicz, A. (2009) 'Structure, energy, synergy, time. The fundamentals 

of process intensification', Industrial & engineering chemistry research, 48(5), pp. 2465-2474. 

Vardaka, E., Kormas, K.A., Katsiapi, M., Genitsaris, S. and Moustaka-Gouni, M. (2016) 

'Molecular diversity of bacteria in commercially available "Spirulina" food supplements', 

PeerJ, 4, p. e1610. 

Veaudor, T., Cassier-Chauvat, C. and Chauvat, F. (2019) 'Genomics of urea transport and 

catabolism in cyanobacteria: biotechnological implications', Frontiers in microbiology, 10, p. 

2052. 

Verstraete, W. and Vlaeminck, S.E. (2011) 'ZeroWasteWater: short-cycling of wastewater 

resources for sustainable cities of the future', International Journal of Sustainable Development 

& World Ecology, 18(3), pp. 253-264. 

Wang, B., Lan, C.Q. and Horsman, M. (2012a) 'Closed photobioreactors for production of 

microalgal biomasses', Biotechnology advances, 30(4), pp. 904-912. 

Wang, B., Wang, J., Zhang, W. and Meldrum, D. (2012b) 'Application of synthetic biology in 

cyanobacteria and algae', Frontiers in Microbiology, 3, p. 344. 

http://dx.doi.org/10.2139/ssrn.3489079
https://population.un.org/wpp/Publications/Files/WPP2019_Highlights.pdf


 120 

Wang, H., Liu, L., Liu, Z.P. and Qin, S. (2009) 'Investigations of the characteristics and mode 

of action of an algalytic bacterium isolated from Tai Lake', Journal of Applied Phycology, 

22(4), pp. 473-478. 

Wang, L., Nie, J., Sicotte, H., Li, Y., Eckel-Passow, J.E., Dasari, S., Vedell, P.T., Barman, P., 

Wang, L., Weinshiboum, R., Jen, J., Huang, H., Kohli, M. and Kocher, J.-P.A. (2016) 'Measure 

transcript integrity using RNA-seq data', BMC Bioinformatics, 17(1), p. 58. 

Wang, X., Daigger, G., Lee, D.J., Liu, J., Ren, N.Q., Qu, J., Liu, G. and Butler, D. (2018) 

'Evolving wastewater infrastructure paradigm to enhance harmony with nature', Science 

Advances, 4(8). 

Waqas, S., Bilad, M.R., Man, Z., Wibisono, Y., Jaafar, J., Indra Mahlia, T.M., Khan, A.L. and 

Aslam, M. (2020) 'Recent progress in integrated fixed-film activated sludge process for 

wastewater treatment: A review', Journal of Environmental Management, 268. 

Weber, S., Lynes, J. and Young, S.B. (2017) 'Fashion interest as a driver for consumer textile 

waste management: reuse, recycle or disposal', International Journal of Consumer Studies, 

41(2), pp. 207-215. 

Wegener, K.M., Singh, A.K., Jacobs, J.M., Elvitigala, T., Welsh, E.A., Keren, N., Gritsenko, 

M.A., Ghosh, B.K., Camp, D.G., Smith, R.D. and Pakrasi, H.B. (2010) 'Global Proteomics 

Reveal an Atypical Strategy for Carbon/Nitrogen Assimilation by a Cyanobacterium Under 

Diverse Environmental Perturbations', Molecular and Cellular Proteomics, 9(12), p. 2678. 

Weis, S., Llenos, I.C., Dulay, J.R., Elashoff, M., Martínez-Murillo, F. and Miller, C.L. (2007) 

'Quality control for microarray analysis of human brain samples: The impact of postmortem 

factors, RNA characteristics, and histopathology', Journal of Neuroscience Methods, 165(2), 

pp. 198-209. 

Wen, Y., Schoups, G. and van de Giesen, N. (2017) 'Organic pollution of rivers: Combined 

threats of urbanization, livestock farming and global climate change', Scientific Reports, 7(1), 

p. 43289. 

Wendt, K.E., Ungerer, J., Cobb, R.E., Zhao, H. and Pakrasi, H.B. (2016) 'CRISPR/Cas9 

mediated targeted mutagenesis of the fast growing cyanobacterium Synechococcus elongatus 

UTEX 2973', Microbial Cell Factories, 15(1), p. 115. 



 121 

Whitton, B.A. and Potts, M. (2012) 'Introduction to the Cyanobacteria', in Whitton, B.A. (ed.) 

Ecology of Cyanobacteria II: Their Diversity in Space and Time. Dordrecht: Springer 

Netherlands, pp. 1-13. 

WHO, W.H.O. (2016) Ambient air pollution: A global assessment of exposure and burden of 

disease (9241511354). [Online]. Available at: https://www.who.int/phe/publications/air-

pollution-global-assessment/en/ (Accessed: 01/12/2020). 

Wicks, J., ZW, Jones, F. and Peppas, S. (1993) 'Organic Coatings: Science and Technology 

Volume 1: Film Formation, Components and Appearance', Drying Technology, 11(6), pp. 

1477-1477. 

Wilde, A. and Hihara, Y. (2016) 'Transcriptional and posttranscriptional regulation of 

cyanobacterial photosynthesis', Biochimica et Biophysica Acta (BBA) - Bioenergetics, 1857(3), 

pp. 296-308. 

Wilderer, P.A. and Schreff, D. (2000) 'Decentralized and centralized wastewater management: 

a challenge for technology developers', Water Science and Technology, 41(1), pp. 1-8. 

Wolfe, A.K., Campa, M.F., Bergmann, R.A., Stelling, S.C., Bjornstad, D.J. and Shumpert, B.L. 

(2016) 'Synthetic Biology R&D Risks: Social-Institutional Contexts Matter!', Trends 

Biotechnology, 34(5), pp. 353-356. 

Wu, X., Cen, Q., Addy, M., Zheng, H., Luo, S., Liu, Y., Cheng, Y., Zhou, W., Chen, P. and 

Ruan, R. (2019) 'A novel algal biofilm photobioreactor for efficient hog manure wastewater 

utilization and treatment', Bioresource Technology, 292, p. 121925. 

Wurm, J. and Pauli, M. (2016) 'SolarLeaf: The world's first bioreactive façade', Architectural 

Research Quarterly, 20(1), pp. 73-79. 

WWAP (2017) The United Nations World Water Development Report 2017: Wastewater, The 

Untapped Resource. Paris: UNESCO. 

Xiong, W., Cano, M., Wang, B., Douchi, D. and Yu, J. (2017) 'The plasticity of cyanobacterial 

carbon metabolism', Current Opinion in Chemical Biology, 41, pp. 12-19. 

Xu, C., Sun, T., Li, S., Chen, L. and Zhang, W. (2018) 'Adaptive laboratory evolution of 

cadmium tolerance in Synechocystis sp. PCC 6803', Biotechnology of Biofuels, 11(1), p. 205. 

https://www.who.int/phe/publications/air-pollution-global-assessment/en/
https://www.who.int/phe/publications/air-pollution-global-assessment/en/


 122 

Xu, H., Li, F., Kong, M., Lv, X., Du, H. and Jiang, H. (2020) 'Adsorption of cyanobacterial 

extracellular polymeric substance on colloidal particle: Influence of molecular weight', Science 

of the Total Environment, 715. 

Xu, X. and Miao, X. (2020) 'Glyceroglycolipid Metabolism Regulations under Phosphate 

Starvation Revealed by Transcriptome Analysis in Synechococcus elongatus PCC 7942', 

Marine drugs, 18(7), p. 360. 

Yang, J., Shi, W., Fang, F., Guo, J., Lu, L., Xiao, Y. and Jiang, X. (2020) 'Exploring the 

feasibility of sewage treatment by algal–bacterial consortia', Critical Reviews in Biotechnology. 

Yang, J., Xu, M., Zhang, X., Hu, Q., Sommerfeld, M. and Chen, Y. (2011) 'Life-cycle analysis 

on biodiesel production from microalgae: water footprint and nutrients balance', Bioresource 

technology, 102(1), pp. 159-165. 

Yang, M.-k., Qiao, Z.-x., Zhang, W.-y., Xiong, Q., Zhang, J., Li, T., Ge, F. and Zhao, J.-d. 

(2013) 'Global Phosphoproteomic Analysis Reveals Diverse Functions of 

Serine/Threonine/Tyrosine Phosphorylation in the Model Cyanobacterium Synechococcus sp. 

Strain PCC 7002', Journal of Proteome Research, 12(4), pp. 1909-1923. 

Yang Qin, M. (2014) Tecon OrbiChem: Synthetic Fibres Raw Materials Committee Meeting at 

APIC. 

Yates, C.A., Johnes, P.J. and Spencer, R.G. (2019) 'Characterisation of treated effluent from 

four commonly employed wastewater treatment facilities: A UK case study', Journal of 

Environmental Management, 232, pp. 919-927. 

Young, P., Taylor, M. and Fallowfield, H.J. (2017) 'Mini-review: high rate algal ponds, flexible 

systems for sustainable wastewater treatment', World Journal of Microbiology and 

Biotechnology, 33(6), p. 117. 

Yuan, D., Yao, M., Wang, L., Li, Y., Gong, Y. and Hu, Q. (2019) 'Effect of recycling the culture 

medium on biodiversity and population dynamics of bio-contaminants in Spirulina platensis 

mass culture systems', Algal Research, 44. 

Yun, J.-H., Cho, D.-H., Lee, S., Heo, J., Tran, Q.-G., Chang, Y.K. and Kim, H.-S. (2018) 

'Hybrid operation of photobioreactor and wastewater-fed open raceway ponds enhances the 

dominance of target algal species and algal biomass production', Algal Research, 29, pp. 319-

329. 



 123 

Zerrouki, D. and Henni, A. (2019) 'Outdoor Microalgae Cultivation for Wastewater Treatment', 

in Gupta, S.K. and Bux, F. (eds.) Application of Microalgae in Wastewater Treatment: Volume 

1: Domestic and Industrial Wastewater Treatment. Cham: Springer International Publishing, 

pp. 81-99. 

Zhang, Y., Hsu, H.-H., Wheeler, J.J., Tang, S. and Jiang, X. (2020) 'Emerging investigator 

series: emerging biotechnologies in wastewater treatment: from biomolecular engineering to 

multiscale integration', Environmental Science: Water Research & Technology, 6(8), pp. 1967-

1985. 

Zhang, Y., Kang, H., Hou, H., Shao, S., Sun, X., Qin, C. and Zhang, S. (2018) 'Improved design 

for textile production process based on life cycle assessment', Clean Technologies and 

Environmental Policy, 20(6), pp. 1355-1365. 

Zhao, S., Guo, C., Kumarasena, A., Omenetto, F.G. and Kaplan, D.L. (2019) '3D Printing of 

Functional Microalgal Silk Structures for Environmental Applications', ACS Biomaterials 

Science & Engineering, 5(9), pp. 4808-4816. 

Zhou, H., Sheng, Y., Zhao, X., Gross, M. and Wen, Z. (2018) 'Treatment of acidic sulfate-

containing wastewater using revolving algae biofilm reactors: Sulfur removal performance and 

microbial community characterization', Biores. Technol., 264, pp. 24-34. 

Zhu, A., Ibrahim, J.G. and Love, M.I. (2019) 'Heavy-tailed prior distributions for sequence 

count data: removing the noise and preserving large differences', Bioinformatics, 35(12), pp. 

2084-2092. 

Zhu, L., Hiltunen, E., Antila, E., Zhong, J., Yuan, Z. and Wang, Z. (2014) 'Microalgal biofuels: 

flexible bioenergies for sustainable development', Renewable and Sustainable Energy Reviews, 

30, pp. 1035-1046. 

Zhu, L., Perwuelz, A., Lewandowski, M. and Campagne, C. (2006) 'Wetting behavior of 

thermally bonded polyester nonwoven fabrics: The importance of porosity', Journal of Applied 

Polymer Science, 102(1), pp. 387-394. 

Zhuang, L.L., Yu, D., Zhang, J., Liu, F.F., Wu, Y.H., Zhang, T.Y., Dao, G.H. and Hu, H.Y. 

(2018) 'The characteristics and influencing factors of the attached microalgae cultivation: A 

review', Renewable and Sustainable Energy Reviews, 94, pp. 1110-1119. 

 


	Abstract
	Acknowledgements
	List of figures
	Chapter 1. A review: Engineering wastewater treatment systems through biological understanding
	1.1 Introduction
	1.1.1 Large scale wastewater treatment in the United Kingdom
	1.1.2 Costs and issues associated with traditional waste management strategies
	1.1.3 Point-source bioremediation

	1.2 Bioremediation
	1.2.1 Photosynthetic organisms in the natural world
	1.2.2 Open pond cultivation
	1.2.3 Photobioreactors
	1.2.4 Process intensification
	1.2.5 Biocomposites as process intensification
	1.2.6 Previous successes of immobilised microbes
	1.2.7 Affecting the success of biocomposites

	1.3 Understanding the metabolic response to immobilisation
	1.3.1 The need for greater biological understanding
	1.3.2 Transcriptomics

	1.4 Synthetic Biology
	1.4.1 Cyanobacteria and synthetic biology
	1.4.2 Synthetic biology and wastewater bioremediation
	1.4.3 Concerns regarding synthetic biology

	1.5 Conclusion

	2 Textile-based cyanobacteria biocomposites for potential environmental remediation applications
	2.1 Introduction
	2.2 Methods
	2.2.1 Cell cultivation
	2.2.2 Binder adjustments
	2.2.3 Toxicity testing
	2.2.4 Adhesion testing
	2.2.5 Scanning electron microscopy
	2.2.6 CO2 uptake
	2.2.7 Statistical analysis

	2.3 Results
	2.3.1 Binder toxicity
	2.3.2 Adhesion
	2.3.3 CO2 uptake for S. elongatus PCC 7942 biocomposites
	2.3.4 CO2 uptake for S. elongatus CCAP 1479/1A biocomposites

	2.4 Discussion
	2.5 Conclusion

	3 Genetic response of cyanobacteria to immobilisation
	3.1 Introduction
	3.2 Methods
	3.2.1 Cell cultivation
	3.2.2 Biocomposite formation
	3.2.3 CO2 uptake
	3.2.4 Nutrient uptake
	3.2.5 Proteins
	3.2.6 RNA extraction and sequencing
	3.2.7 Statistical analysis

	3.3 Results
	3.3.1 S. elongatus PCC 7942
	3.3.2 S. elongatus CCAP 1479/1A
	3.3.3 RNA-Seq: Quantities and qualities of samples
	3.3.4 RNA-Seq: RINe values

	3.4 Discussion
	3.4.1 Physiological data and RuBisCO concentrations
	3.4.2 RNA quality and transcriptomics

	3.5 Conclusion

	4 Immobilising metabolically engineered S. elongatus for wastewater treatment: A proof of concept for intensified wastewater treatment
	4.1 Introduction
	4.2 Methods
	4.2.1 Cell modification and cultivation
	4.2.2 Biocomposite development: toxicity and adhesion testing
	4.2.3 Sucrose analysis
	4.2.4 Statistical analysis

	4.3 Results
	4.3.1 Toxicity testing
	4.3.2 Biocomposite performance: Adhesion and sucrose release

	4.4 Discussion
	4.5 Conclusion

	5 Synthesis Chapter
	5.1 Summary of thesis
	5.2 Future applications of immobilised photosynthetic microbes
	5.3 Extra-terrestrial intensification

	6 References

