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ABSTRACT 

 

Optical energy is one of the most ubiquitous form of energy available and as such, has been the 

source of abundant research into understanding and developing applications using it. The 

versatility and sensitivity of optical forces have allowed it to be widely applied in both 

micro/nano scales and macro scales. Herein, I discuss the development of two further devices to 

take advantage of the numerous benefits offered by optics. 

First, a soft gel based optical waveguide is fabricated and experimentally tested. The gel 

waveguide, fabricated from agarose hydrogel, extends the capability of optical manipulation 

from silicon and other hard substances to soft materials capable of incorporating biology within 

the substrate itself.  We demonstrate this by incorporating live cells within the core of the optical 

waveguide where they can be probed by the strong optical field. A microfluidic channel is also 

integrated thus developing a complete optofluidic configuration for biological studies. 

In the second part of this work, the development of a stacked waveguide photobioreactor for 

algae-based biofuel production is described. The benefits of the thin light paths and uniform light 

distribution achieved due to the stacked waveguide architecture are demonstrated by 

investigating biomass growth and ethylene production from genetically engineered 



 

 

cyanobacteria. Growth rates are found to be eightfold greater than a control reactor, sustained 

ethylene production is achieved for 45 days, and ethylene production rates two times greater than 

that of a conventionally run photobioreactor are demonstrated. These capabilities are further 

improved by optimizing the wavelength and the intensity of the incident light. The thin light 

paths present in the photobioreactor allow for large carrying capacities with optical densities of 

over 20 capable of being sustained in the photobioreactor. Optimization of all these parameters 

led to a further two fold improvement in ethylene production rates leading to an overall fourfold 

increase over a conventionally run photobioreactor. Besides the experimental verification, 

theoretical models for light and thermal distribution within the stacked photobioreactors were 

also created. These results thus provided justification for the stacked waveguide design and 

exploration for development of a larger scale model.  
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                       CHAPTER 1  

   INTRODUCTION: CENTRAL AIM AND SUMMARY OF RESEARCH 

1.1 Central Aim 

Optofluidics is a rapidly developing field in which the combination of precision, sensitivity and 

versatility of optical fields is further combined with the ability to deliver microscale volumes of 

fluids for interaction with the optical fields. This has led to wide variety of applications 

especially for study of biological entities of interest. However, the current devices mostly remain 

confined to the labs with only a few devices developed from soft materials which can be used for 

implantable in-vivo experimentation. This is increasingly important in view of recently 

developed technologies like optogenetics where it is necessary to precisely probe specific neural 

cells. In my work, I propose and demonstrate an important step towards developing such a 

device. 

Optofluidics is also being slowly accepted in the field of energy research due to its ability to 

deliver light precisely at the needed locations. This is especially important in development of 

biological photobioreactors where the current practice of bringing biology to the source of light 

is partially responsible for current unviability of photobioreactors for biofuel production. This 

dissertation focuses on a possible solution to this issue by developing a optical waveguide based 

photobioreactor, which utilizes the benefits of cheap and well developed methods of light 

propagation, to achieve this end. 
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1.2 Brief Overview 

This dissertation describes the development of optofluidic devices for i) biological applications 

where biological entities can be probed by strong core optical fields and ii) improved algal fuel 

production through optimum light distribution. Chapter 2 provides a summary of relevant 

literature in the field and provides groundwork for the work described thereafter. Chapter 3 

details the fabrication and experimental results of an agarose gel optical waveguide capable of 

encapsulating live cells. Chapter 4 explains the stacked waveguide photobioreactor design for 

algal biofuel production and presents results from experiments for algal growth and ethylene 

production achieved in the photobioreactor. Chapter 5 investigates multiple operational 

parameters for the stacked waveguide photobioreactor in order to determine the optimal 

conditions for maximal production rates. With that end, wavelength and intensity of the incident 

light, along with optical density of the culture are varied and subsequent ethylene production 

rates are measured. Photosynthetic efficiencies are also calculated to again determine the most 

efficient set of parameters for operation. Chapter 6 concludes the presented work with a few 

suggestions for future directions of research. Appendices 1 and 2 contain analytical models for 

light distribution and thermal conditions within the stacked waveguide photobioreactor. 

Appendix 3 serves as supplementary information for chapter 5 and details the results of 

regression analysis performed therein. Appendix 4 describes an analytical model for UV 

sterilization in a slab waveguide reactor.     
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1.3 Summary of Research 

Aim 1: Development of soft hydrogel waveguide with live cell encapsulation and integrated 

microfluidics. 

• Agarose hydrogel waveguides were fabricated and successful optical waveguiding was 

demonstrated. 

• Live cells were encapsulated within the core of the waveguide, and shown to interact 

with the core optical field by fluorescent excitation of a live cell stain. 

• Soft gel microfluidics was integrated over the hydrogel waveguide. 

Aim 2: Development of stacked waveguide photobioreactor with thin light paths for algal 

biofuel production. 

• Benchtop ten stack photobioreactor, consisting of optical waveguides with scattered 

surfaces for uniform light distribution, was constructed. 

• Algal growth was successfully demonstrated within the stacked photobioreactor and 

growth rates compared to control photobioreactor. 

• Ethylene production from a genetically modified cyanobacteria Synechocystis sp. PCC 

6803 2x EFE grown inside the stacked photobioreactor was measured, and compared 

against that in a conventionally run photobioreactor. 

Aim 3:  Optimization of light wavelength, light intensity and carrying capacity of the 

stacked waveguide photobioreactor.  

• Photosynthetically relevant wavelengths, along with multiple incident light intensities, 

were tested to determine the optimal wavelength and intensity for maximal ethylene 

production rates. 

• Optical density of the algal culture was optimized to determine the carrying capacity of 

the stacked photobioreactor. Light intensity was again varied to determine the optimum 

intensity for maximal ethylene production rates. 

• Photosynthetic efficiencies for the various operating conditions were determined. 
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Aim 4: Development of analytical models for light distribution, temperature rise and  

degree of disinfection for in-situ UV sterilization. 

• An analytical model was created to estimate the distribution of light across the 

photobioreactor volume and predict the optimum value of light intensities as a function 

of culture growth. 

• Thermal model was created to predict temperatures within the photobioreactor due to 

heat generation through non photochemical quenching processes within the 

photobioreactor. 

• A model was created to predict the degree of disinfection for in-situ UV sterilization in 

a single slab waveguide photobioreactor. 
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                                                                 CHAPTER 2 

               LITERATURE REVIEW AND BACKGROUND 

 

Adapted partially from: Chen, Y.-F., Jiang, L.*, Mancuso, M.*, Oncescu, V.*, Jain, A.*, 

Erickson, D. “Optofluidic Opportunities in Global Health, Food, Water and Energy”.  Published 

in Nanoscale (2012). 

*All authors contributed equally 

 

2.1 Optofluidic applications in biology  

Researchers have created a number of optofluidic devices by utilizing waveguiding technology 

and microfluidics to simultaneously localize optical fields and fluid flows to small volumes.  

Examples of these devices have been used to create biosensors,(Erickson, Mandal et al. 2008; 

Barrios 2009; Mandal, Goddard et al. 2009) molecular traps,(Chen, Serey et al. 2012) and 

devices for transporting micrometer and nanometer sized objects.(Yang, Moore et al. 2009; Yang 

and Erickson 2010)  While many of these devices require a significant amount of nanofabrication 

and may not yet be ready for use in the developing world, a number of recent works have been 

aimed at creating cheaper and more suitable technologies, including those based on polymers. 

 

One of the earliest works on polymer devices was completed by the Guo group from the 

University of Michigan in 2002.(Chao and Guo 2002)  Since then, his group has demonstrated 

that these devices could be fabricated into high Q-factor ring resonators,(Ling, Chen et al. 2011) 

and have used them for biosensing applications.(Chao, Fung et al. 2006)  In addition, other 

groups have attempted to maximize interactions between the optical and microfluidic 

components of these polymer devices by creating porous waveguide structures and ring 
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resonators,(Gopalakrishnan, Sagar et al. 2010; Mancuso, Goddard et al. 2012) or soft gel 

waveguides(Ding, Blackwell et al. 2008).  Other groups have used polymers to create photonic 

crystal structures made of polymers and used them in biosensing applications.(Choi and 

Cunningham 2006; Choi and Cunningham 2007; Tan, Ge et al. 2011)  In one example, Mathias 

et al. show how polymer photonic crystals can be used to detect tumor necrosis factor-alpha 

(TBF-α) at concentrations as low as 1.6 pg/mL.(Mathias, Ganesh et al. 2008)  These devices 

capitalize on the advantages of polymer devices, i.e. their low-cost materials and fabrication, and 

provide additional advantages by creating material constructs that increase light-matter 

interactions not easily made in silicon devices.   

 

Recently, novel optofluidic technologies such as anti-resonant reflecting optical waveguides 

(ARROWs)(Kuhn, Phillips et al. 2010; Measor, Phillips et al. 2011) and rolled-up optofluidic 

ring resonators (RU-OFRRs)(Smith, Schulze et al. 2011; Smith, Xi et al. 2012) have shown the 

capability to confine and analyze samples on an individual cell basis.   These new techniques 

demonstrate the high precision and controllability of optofluidics for bioanalysis and the 

potential to detect trace amounts of pathogens in samples. A second group of devices exists that 

seeks to integrate plasmonic technologies with microfluidics.  Since surface plasmons excited on 

the surface of metal films are extremely sensitive to the surrounding environment, many 

plasmonic-based biosensors have been developed in recent years for label-free 

biosensing.(Anker, Hall et al. 2008)  While a number of devices are already commercially 

available,(Chinowsky, Quinn et al. 2003) many of them do not meet the cost requirements or 

simple operability required to be used in resource poor settings.  In recent work, a number of 

groups have improved upon these previous devices, creating systems more applicable to 
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developing countries.  One recent example came from Yanik et al. in which plasmonic Fano 

resonances were used to identify protein monolayers through colorimetric changes visible to the 

naked eye.(Yanik, Cetin et al. 2011) 

 

Gold nanoparticles have also received much attention in the last decade for their use in 

sandwich-based antigen and DNA detections that rely on local surface plasmon resonance (SPR) 

shifts,(Storhoff, Elghanian et al. 1998; Storhoff, Lucas et al. 2004; Wilson 2008) as well as 

silver-deposition enhanced detection assays that resemble enzyme-linked immunosorbent assays 

(ELISA).  The latter detection schemes have been used to identify both oligonucleotide and 

protein based targets in enzyme-linked immunosorbent assays based on gold nanoparticles, and 

silver aggregates can be formed around the gold up to sizes that the naked eye and cameras can 

detect the ligand’s presence.(Taton, Mirkin et al. 2000; Nam, Thaxton et al. 2003)  Recently, 

Chin et al. used this signal amplification technique in their point-of-care device made of 

injection-molded plastic.  In addition, Fu et al. have applied a signal amplification technique to 

paper microfluidic systems by using a gold-deposition instead of silver.(Fu, Kauffman et al. 

2010)  Both of these recent examples demonstrate methods of creating devices that can operate 

almost autonomously without the need for costly infrastructure. 

 

Conventional culture based methods, while reliable and accurate, require days to produce results 

of the pathogen detection.  Therefore, many microscale biosensors have been developed recently 

to provide rapid detection of pathogens.(Arora, Sindhu et al. 2011)  As discussed previously, 

optofluidics is naturally suited for detection and analysis in very small volumes, and many 

techniques for disease diagnostics can be applied to food and drink safety.(Fan and White 2011)  
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The ARROW device mentioned previously is promising for bacteria detection because of its 

ability to trap and detect a single E. coli bacterium with an optical power level of a few 

microwatts, which is about four orders of magnitude less than conventional optical force 

traps.(Kuhn, Phillips et al. 2010)  The same groups are working to simplify the technology for 

low resource settings and recently demonstrated an ARROW design with an integrated on-chip 

spectral filter for multiple optofluidic detection uses (Fig. 5).(Measor, Phillips et al. 2011)  As 

the authors point out, the filter technology developed could benefit other optical sensing methods 

that have also been used to detect foodborne bacteria such as Förster resonance energy transfer 

(FRET)(Olsen, Gibbins et al. 2009) and surface-enhanced Raman scattering (SERS).(Fan, Hu et 

al. 2011) 

 

Despite development of such multitude of optofluidic devices, there remains a lack of devices 

that allow the strong optical fields inside an optical waveguide to interact directly with the 

biological entity of interest. This is since majority of the optofluidic devices are fabricated on 

hard substrates where such interaction is impossible to create. On the other hand, current 

methods for fabrication in softer materials like hydrogels are incompatible with biology due to 

the harshness of the treatment involved during fabrication. However, fabrication of such devices 

would be valuable, especially in newly emerging fields like optogenetics where the application is 

fundamentally based upon interaction of cells with strong optical fields for excitation. Therefore, 

in order to develop highly targeted optogenetic devices for in-vivo applications (Choi, Choi et al. 

2013), it is necessary to investigate devices capable of live cell encapsulation within the 

waveguides themselves.  This is discussed in further detail in Chapter 3. 
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2.2 Optofluidic applications for renewable energy  

It is estimated that around 1.6 billion people currently lack access to electricity, with a majority 

of these residing in developing countries,(Ahuja and Tatsutani 2009) which leads to a poor 

quality of life.  Further, the majority of the existing electricity generation in developing countries 

is through non-renewable sources like coal and oil(Ahuja and Tatsutani 2009) – resources which 

are becoming increasingly scarce and subsequently expensive.  Moreover, additional use of these 

resources could significantly worsen global warming due to increased carbon emissions.  In such 

a scenario, it is in the interest of these countries to develop renewable energy sources that can be 

either converted to electricity or used for heating and lighting purposes directly.  Solar power, 

being the most abundant and widely available resource,(Jacobson and Delucchi 2011) is an 

obvious choice to explore and develop. 

 

Even though solar photovoltaic cell technology has been developed significantly over the years, 

the costs associated with it are still large,(Ahuja and Tatsutani 2009) with infrastructural and 

maintenance costs making infeasible for large-scale adoption in developing countries.  In such a 

scenario, it is advisable to develop ‘off-grid’ resources that can be employed locally and 

therefore avoid high infrastructural costs.  

 

One of the more attractive alternatives is the development of photocatalytic fuel production – a 

process in which photo activated catalysts are used to drive chemical reactions for fuel 

production.  One of the more popular examples is the splitting of water molecules to produce 

oxygen and hydrogen, which can be stored and used as a fuel.  This technology has been dubbed 

as “artificial photosynthesis” due to the similarities with the natural photosynthesis process 
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exhibited by plants.  In a similar vein, Nocera and colleagues have recently reported the 

development of an ‘artificial leaf’(Reece, Hamel et al. 2011) – a silicon cell coated with 

catalysts, which when placed in water and exposed to sunlight starts producing hydrogen without 

the need of any external wires or instrumentation.  Another group has demonstrated an artificial 

photosynthesis process on a microfluidic chip making use of the efficient transport 

characteristics offered by microfluidics to enhance the efficiency of the fuel production 

process.(Lee, Lee et al. 2011)  Recently, Hoang et al. demonstrated a photocatalyst that can 

operate in the visible spectrum, which can lead to a significant improvement in the efficiency of 

these devices under ambient sunlight.(Hoang, Guo et al. 2011)  We refer the readers to a recent 

review by Erickson et al. for a detailed discussion on the state of the art photocatalytic 

technology and its various optofluidic prospects.(Erickson, Serey et al. 2011)   

 

Photobioreactors, which are devices that use photosynthetic microorganisms such as algae or 

cyanobacteria for producing higher energy fuels using sunlight and carbon dioxide, represent 

another important source for production of biofuels.  Biomass fuels are important source of 

household energy in developing countries and especially in many African countries where it is 

estimated to provide energy to nearly 90 percent of the households.(Kammen 2006)  However, 

currently most of the fuel needs are met by burning wood or charcoal, neither of which is good 

for the environment, and is in increasing danger of being depleted.(Kammen 2006)  Further, 

these fuels are highly inefficient and produce pollutants that have been linked to a large number 

of deaths.(Kammen 2006)  Other options include using crops such as corn or soybean for the 

production of biodiesel.  However, this would put them in direct competition with food crops for 

the limited arable land and fresh water sources available for agriculture,(Searchinger, Heimlich 
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et al. 2008) which are already insufficient for feeding the growing populations in developing 

countries.  Photobioreactors, on the other hand, can be developed in non-arable land and algae 

and bacteria can be grown using seawater or even wastewater.(Campbell 2008; Larkum, Ross et 

al. 2012)  Further,  a number of algae and bacteria have been identified and genetically optimized 

for the production of fuels.(Larkum, Ross et al. 2012)  One of the main technological challenges 

is the design of photobioreactors so that they can be optimized for both sunlight capture and 

distribution, and developing efficient fluidics for efficient nutrient and fuel transport leading to 

maximum production of biomass and fuel per unit area.  For example, Ooms et al. recently 

demonstrated use of evanescent light from TIFR  for production of fuel from a 

cyanobacteria.(Ooms, Sieben et al. 2012) . 

 

                               

Figure 2.1: Limitation of light distribution in traditional photobioreactors. Exposed surfaces lead to 
photoinhibition while surfaces too deep are photolimited due to shading by cells above. (Image courtesy : 
Professor David Sinton) 
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Current photobioreactors are however limited by non-uniform distribution of light within the 

reactor volume due to self shading effects of the cells (Figure 2.1) (Erickson, Sinton et al. 2011).  

At present, this is alleviated by various mixing strategies which involve substantial capital and 

operational costs and energy, which are one of the reasons for lack of commerciably viable algal 

biofuel production plants. Further, studies have indicated that this leads to energy return on 

investment of less than one – an unattractive proposition for a renewable energy source. 

Therefore, it requires an important shift in design principles to solve the problem. Since 

mechanical mixing strategies required to bring algae to the source of illumination are energy and 

capital intensive, while delivery of optical energy is cheap and easy, as demonstrated by the 

widespread use of waveguiding technologies (for e.g. optical fibres) around us, it might be more 

valuable to bring this paradigm to photobioreactors too. This is illustrated in Figure 2.2 using 

stacked optical waveguides and discussed in further details in Chapter 4 and 5 of this dissertation. 

      

Figure 2.2: Illustration of stacked waveguide photobioreactor concept. Light is delivered to the algae 
directly by propagating them from the coupling source through optical waveguides. The optical 
waveguides can then be stacked for development of compact photobioreactors (Image courtesy : 
Professor David Erickson) 
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CHAPTER 3 

GEL-BASED OPTICAL WAVEGUIDES WITH LIVE CELL ENCAPSULATION AND 
INTEGRATED MICROFLUIDICS 

 

Adapted from:  Aadhar Jain, Allen HJ Yang, and David Erickson. Published in Optics 

Letters(2012).  

3.1 Abstract 

In this letter, we demonstrate a biocompatible microscale optical device fabricated from agarose 

hydrogel that allows for encapsulation of cells inside an optical waveguide. This allows for better 

interaction between the light in the waveguide and biology, since it can interact with the direct 

optical mode rather than the evanescent field. We characterize the optical properties of the 

waveguide and further incorporate a microfluidic channel over the optical structure, thus 

developing an integrated optofluidic system fabricated entirely from agarose gel. 

3.2 Introduction 

On chip optical methods for biological applications, varying from biosensing (Dancil et al., 1999; Fan et 

al., 2008; Homola et al., 1999) to optical trapping and manipulation (Ashkin and Dziedzic, 1987; Yang et 

al., 2009)  are becoming increasingly prevalent. A majority of such optical devices are fabricated out of 

rigid materials like silicon or silicon nitride, which do not allow for biomolecular access to the energy rich 

core field of the optical waveguide. A related area that has attracted increased attention of researchers has 

been in developing optical devices using hydrogels(Ding et al., 2008; Koo et al., 2003; Sowa et al., 2006; 

Wang et al., 2010) . Hydrogels are attractive since they are biocompatible and can be designed to respond 

to, or sense, different external stimuli like pH(Park, 1999; Richter et al., 2008), temperature (Park, 1999; 

Tanaka, 1978) or light (Suzuki and Tanaka, 1990). However, the harsh methods used in fabrication of 

hydrogel waveguides, for example femtosecond lasers (Ding et al., 2008) or UV irradiation (Koo et al., 
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2003), are incompatible with embedding biological material inside the waveguides and are therefore, also 

dependent on the weak evanescent near field for their operation. Here we demonstrate a hydrogel 

waveguide, fabricated out of agarose, which allows for incorporation of biomolecules and cells inside the 

core of the waveguide. 

Agarose, a polysaccharide derived from agar, is a popular material for constructing biocompatible gels for 

the purpose of DNA separation through gel electrophoresis. Agarose hydrogel is known to be structurally 

strong enough to be molded into microscale structures(Ling et al., 2007; Stevens et al., 2005)   while 

providing the additional ability to encapsulate live cells in the gel  (Ling et al., 2007; Moskaluk and Stoler, 

2002). On measurement of the refractive index of the agarose hydrogel, we found that it varied 

appreciably with the concentration of agarose in it. A change of concentration by 0.5% (w/v) yields a 

change of around 0.001 in refractive index – a large enough change for effectively guiding light in an 

optical waveguide.  

3.3 Materials and Methods 

3.3.1 Fabrication of Optical Agarose Gel Waveguides 

 

Figure 3.1 Optical agarose gel waveguide (a) Agarose gel waveguide with 2% (w/v) gel as core and 
1.5%(w/v) gel as substrate (Inset: Magnified view), (b) Gel waveguides with HeNe laser (630 nm) coupled into the 
waveguide. Light scattered from the gel waveguide is seen. 
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In our device, both the substrate and core of the optical waveguide were fabricated from hydrogels made 

from high strength agarose (USB Agarose High Gel Strength). To fabricate the substrate, a gel solution 

was prepared by adding powdered agarose slowly to a heated solution of distilled water, until the agarose 

melted and a clear solution containing 1.5% (w/v) agarose was obtained. The solution was then kept in a 

water bath at 800C for 45 minutes to allow any air bubbles to diffuse out of the solution. The solution was 

finally allowed to cool in petri dishes to obtain a smooth gel surface. Gel optical waveguides were then 

created through a soft lithography process using poly (dimethylsiloxane) (PDMS) (Ellsworth Adhesives) 

stamps (Ling et al., 2007; Stevens et al., 2005). A SU-8 master was fabricated on a silicon wafer using 

standard photolithography techniques and used to mold the PDMS stamps (a negative replica). The 

PDMS stamp was exposed to oxygen plasma in a vacuum chamber in order to render it hydrophilic and 

remove formation of any air pockets or bubbles during fabrication (Stevens et al., 2005). A 2% (w/v) 

agarose solution was similarly prepared and a small amount of solution (~500 µl) was carefully pipetted 

out and then slowly poured on the substrate. The stamp was then slowly pressed upon the hot agarose 

solution and left to cool in the air for 20 minutes under a small weight (200g), to allow the solution to gel 

into the required features. The PDMS stamp was then carefully and easily stripped off from the agarose 

substrate, yielding the structure as shown in Figure 3.1(a). The waveguides thus fabricated were designed 

to be multimoded rib waveguides with cross sectional dimensions of 130 µm x 130 µm. 

 

The refractive indices of the two different concentration gels – 1.5% (substrate) and 2% (core) – were 

separately measured to be 1.3343 and 1.3357 using a digital refractometer (Sper Scientific). In order to 

test the gel waveguides, coupling experiments were carried out using a 633 nm (red) laser source and was 

coupled into the waveguides using a multimode fiber (Thor Labs AFS105/125Y). As can be seen from 

Figure 1a, alignment between the fiber and the gel waveguides was facilitated through the use of ‘fiber 
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guides’ designed and fabricated along with the waveguides themselves, removing the need to ‘cut’ the 

waveguides. The gel waveguides were found to couple light easily, as shown in Figure 3.1(b). 

 

3.3 Results and Discussion 

3.3.1 Scattering and Absorbtion Losses 

 
Figure 3.2 Scattering and absorbtion losses in agarose gel waveguides (a) Intensity variation along a 
typical gel waveguide for estimation of scattering/absorption losses. (b) Scattering/absorption losses measured 
across different waveguides. Dotted line indicates average measured loss 
 

An important consideration for optical propagation is the scattering/absorption losses suffered by the light 

propagating in the waveguide. We quantified these losses in our waveguides through image analysis 

using ImageJ. Briefly, we measured the intensity of the scattered light, as seen from an overhead image, 

along the length of the waveguide. Care was taken to avoid saturation of pixels and to account for any 

background illumination. Assuming that the scattered intensity is proportional to the intensity of light 

propagating in the waveguides, the intensity map so obtained (and shown in Figure 3.2(a)) was plotted 

on a semi log map in order to determine the loss in dB per unit length. Figure 3.2(b) shows the 

measurements done across different waveguides on different chips and the resultant grouping of loss 

measurements demonstrates the repeatability of the fabrication process. We obtained an average loss of 
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13 dB/cm. As comparison, reference (Foorster et al., 2009)reported losses of 5-10 dB/cm for alginate 

hydrogels and 2-7 dB/cm for synthetic hydrogels for 1.1 mm diameter waveguides. Even though higher 

concentrations of gel could lead to a better index contrast, it would be accompanied with an increase in 

stiffness of the gel and a decrease in the pore size of the gel. This would move it away from the stiffness 

found in actual physiological environments, and the smaller pore size would inhibit the motion of 

biomolecules, nutrients etc. through the gel. Additionally, a small refractive index change by increasing 

the concentration(~0.001) would affect the scattering losses only minimally due to its weak dependence 

on refractive index (Ding et al., 2008).  

 

3.3.2 Integration of Microfluidic Channels 

 

 

Figure 3.3 Incorporation of microfluidics over optical gel waveguide (a) Schematic of an open end 
microchannel design (not to scale). Open ends are later sealed by low melt agarose (b) Flow inside the 
microchannel: After sealing the microchannel, a gel waveguide within the microchannel is imaged before (left) and 
after (right) flowing blue food color through the microchannel.   
 

For integrated on-chip bio applications, it would be ideal to incorporate a fluidic channel on the optical 

chip, thus allowing for flow of analytes or media over the optical elements. Though Ling et al. (Ling et 

al., 2007), among others (Cheng et al., 2007), have reported microfluidic channels using agarose 

hydrogel, their method involved heating the substrate surface (which were featureless) to seal the 

microchannels. Due to the optical waveguides present on the substrate in our device, we could not apply a 
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similar methodology. In order to overcome this obstacle, we opted for a novel ‘open–end’ microfluidic 

channel design. Briefly, as shown in the schematic in Figure 3.3(a), both the ends of the microchannel 

were cut open, after which it was aligned, along its length, with the optical waveguide, so that no part of 

the microfluidic layer came in direct contact with the optical waveguides.. The channels were then sealed, 

both along the sides and at the open ends, using a low melt agarose solution (USB Agarose – Low Melt) 

at around 400C, which gelled to form a tight sealing. Steel tubing (Small Parts) was used to provide access 

ports for pumping fluids in through the channel. Figure 3.3(b) shows the flow experiments performed 

using blue food color, and demonstrates the efficacy of the fabricated fluidic channel. 

 

3.3.3 Encapsulation of Live Cells within the Agarose Waveguides 

 

                                       

Figure 3.4 Encapsulation of live cells within an optical gel waveguide: Gel waveguide with Calcein stained 
MDA-MB231 cancer cells embedded within the core of the waveguide and coupled to an Argon laser (488 nm). 
The waveguide has been imaged under a fluorescent microscope and live cells have been encircled for clarity.   
 

In order to demonstrate the bio compatibility of our fabrication process, we embedded live cells in the 

agarose waveguides. We used the metastatic breast cancer cell line – MDA-MB231 – for our 

experiments. The cells were subcultured in cell media DMEM (Invitrogen #11965-092) supplemented 

with 10% horse serum, were fed every second day and passaged every 3 days at a subculture ratio of 2:5. 
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The substrate (1.5% w/v agarose gel) and plasma treated PDMS stamps were fabricated as described 

earlier. A 4% (w/v) agarose solution was prepared in a similar fashion, and maintained at 700C in a water 

bath for 60 minutes to dissipate any air bubbles. A suspension of cells in the subculture media was then 

mixed with an equal volume of the prepared agarose solution to yield a 2% agarose solution with 

suspended cells. The fabrication of the waveguides was carried out using the PDMS stamps, as detailed 

before. The above steps were carried inside a biosafety hood to maintain sterile conditions. The optical 

waveguides, now embedded with cells, were left under cell media at 370C in a 95% air / 5% CO2 

incubator for 24 hours. Cell viability was then assessed by Calcein AM live cell stain. After incubating 

the waveguides for 30 minutes further, a 488 nm Argon laser was coupled into the waveguides to excite 

the Calcein stain and was observed under a florescence microscope. As can be seen from Figure 3.4, the 

subsequent image confirms the cells, which are now embedded inside the waveguides, to be alive.  We 

note that the background signal seen from the agarose is due to the scattering of the propagating light. 

Preliminary measurements indicated that the propagation losses for the cell embedded waveguides were 

of the same order as before (~12-13 dB/cm). Cell viability was separately confirmed by observing an 

embedded cell, after incubation within the gel waveguide for 24 hours, over a period of 12 hours. 

Supplementary Video 1 shows the cell in constant movement over the observation period. We believe 

that the movement is caused by the extension of multiple pseudopodia by the cell in an attempt to attach 

to the gel matrix. But the absence of adhesive proteins in agarose prevents the cell from actually adhering 

to the matrix. However, this could be alleviated by adding chitosan (Cao et al., 2009) or gelatin (Sakai et 

al., 2007)  to the agarose solution  
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3.4 Conclusion  

In conclusion, we have demonstrated a gel optical platform capable of live cell encapsulation within the 

core of the optical structures. We have further incorporated microfluidic channel over the waveguides to 

allow for integrated opto-fluidic operation. We believe that this platform can be extended to perform force 

experiments on cells, akin to those performed typically by optical tweezers, in a 3D extracellular matrix 

(ECM) like environment offered by agarose gel.  Additionally, these can also be used for simultaneously 

sensing any changes to the cell as physical and chemical cues are provided to it.  We also found the 

process to be compatible with DNA encapsulation (results not shown), and we believe it should further 

allow for a wide variety of biological entities, like proteins, to be incorporated inside optical waveguides. 
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CHAPTER 4 

STACKED OPTICAL WAVEGUIDE PHOTOBIOREACTOR FOR HIGH DENSITY ALGAL 
CULTURES 

Adapted from:  Erica E. Jungǂ, Aadhar Jainǂ, Nina Voulis, Devin D. R. Doud, Largus T. 

Angenent, and David Erickson. Submitted to Bioresource Technology. 

ǂBoth authors contributed equally to the work.  

4.1 Abstract 

In this work, an ultracompact algal photobioreactor that alleviates the problem of non- optimal 

light distribution in current algae photobioreactor systems, by incorporating stacked layers of 

slab waveguides with embedded light scatterers, is presented. Poor light distribution in 

traditional photobioreactor systems, due to self-shading effects, is responsible for relatively low 

volumetric productivity. The optimal conditions for operating a 10-layer bioreactor are outlined. 

The bioreactor exhibits the ability to sustain uniform biomass growth throughout the bioreactor 

for three weeks, and demonstrates an 8-fold increase in biomass productivity. Using a genetically 

engineered algal strain, constant secreted ethylene production for over 45 days is also 

demonstrated. Since the stacked architecture leads to improved light distribution throughout the 

volume of the bioreactor, it reduces the need for culture mixing for optimum light distribution, 

and thereby potentially reducing operational costs. 

4.2  Introduction 

Biofuels derived from algae represent a promising source of alternative fuel that could help meet 

ever increasing energy demands and address rising concerns with regards to carbon emissions 

leading to global warming (Chisti, 2007; Mata et al., 2010). Microalgal systems – consisting of 

single cell photoautotrophic eukaryotes or cyanobacteria – are an attractive feedstock for biofuel 

due to their independence from soil fertility (i.e. they do not compete with arable land area or 
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forest ecosystems for their development) (Chisti, 2008; Stephens et al., 2010), relative 

independence from seasonal cycles allowing for year round production, high oil content (as 

percentage of biomass) (Chisti, 2007), and significantly higher productivity rates as compared to 

oilseed crops (Brennan & Owende, 2010; Chisti, 2008). Further, their water requirements, 

despite being grown in aqueous media, are often less than those for terrestrial crops, and can, in 

principle, be satisfied with even brackish water, reducing the ever increasing demand on 

freshwater sources (Brennan & Owende, 2010). 

Currently, the most popular systems for commercial production of algal biomass for biofuels are 

so-called open systems – including natural, circular, or raceway ponds (Chen et al., 2011; 

Rodolfi et al., 2009; Zittelli et al., 2013). Raceway ponds consist of interconnected circuits of 

fluid channels with the microalgae suspension being continuously mixed by paddle wheels 

(Zittelli et al., 2013). The relatively low capital cost associated with these bioreactors adds to 

their popularity, but they do suffer from a number of operational and control problems related to 

evaporation, temperature fluctuations, sensitivity to  culture contamination, and other 

environmental factors such as rainfall (Zittelli et al., 2013). These issues have led to development 

of closed photobioreactor systems, which provide a more controlled environment, and thus 

increased protection from external contamination and improved control over culture and media 

conditions. A number of closed photobioreactors have been developed including flat, tubular, 

manifold, and biofilm bioreactors (Chen et al., 2011; Lehr & Posten, 2009; Zittelli et al., 2013). 

Generally speaking the increased capital costs of these reactors are offset by the operational 

advantages outlined above (Chisti & Yan, 2011). 

In all these bioreactors, adequate light supply and distribution across the bulk of the algal culture 

is a key factor affecting productivity (Chisti, 2007). An overabundance of light, typically at the 
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illuminated surface, can lead to photoinhibition (Brennan & Owende, 2010; Janssen et al., 2003; 

Rubio et al., 2003), while insufficient penetration of light into the culture (e.g. due to self-

shading effects) leads to optically dark regions incapable of supporting optimal growth. To avoid 

outer regions with excessive illumination and inner regions with insufficient light, 

photobioreactors require high surface to volume ratios allowing light to be distributed to as large 

a fraction of the culture as possible. Most photobioreactor designers attempt to resolve the 

illumination problem by actively mixing the culture volume to expose the algae, on an average, 

to sufficient number of photons (Janssen et al., 2000; Molina Grima et al., 1999). However, these 

active mixing mechanisms tend to be energetically demanding and lead to higher operational 

costs (Chisti, 2007; Molina Grima et al., 1999). This is one of the reasons that the energy return 

on investment (EROI) – ratio of energy produced to energy input to the system - for algal 

biosystems is relatively low compared to other fuel sources, and in some cases has been 

estimated to be less than one (Beal et al., 2012b). Development of photobioreactors that can 

provide optimal light delivery with a reduced requirement for active mixing would, therefore, be 

of significant interest (Chisti & Yan, 2011). 

To mitigate the effect of poor light distribution, photobioreactors with internal light distribution 

and guiding structures have been developed.  Techniques that have been demonstrated include 

the use of: surface plasmon based light back scattering (Torkamani et al., 2010), LED array 

panels (Choi et al., 2013; Lee & Palsson, 1994), optical fibers (An & Kim, 2000; Chen et al., 

2006; Xue et al., 2013), and planar waveguides (Dye et al., 2011; Janssen et al., 2003). Most of 

the studies were applied to relatively low density algae cultures (~OD 3), whereas high 

production systems necessitate high-density cultures. (Ooms et al., 2012) and (Jung et al., 2012) 

recently demonstrated single layer slab-waveguide systems that used near surface evanescent 
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fields for algal growth and characterized the spatial-temporal growth patterns. The “stackable” 

nature of these single-layer systems is attractive in that it allows for increased productivity on a 

limited land area. However, the shallow depth of the evanescent field near the waveguide surface 

limits overall achievable biomass accumulation, thereby requiring a large number of stacks, 

which significantly increases capital costs. 

Leveraging the advantages of short-light path design and eliminating the limitations of 

evanescent field illumination, a 10-stack photobioreactor with integrated slab waveguides that 

incorporate scattering surfaces was developed, enabling light to escape the waveguide surface 

and penetrate deep inside the bioreactor, resulting in uniform algae growth with considerably 

higher volumetric production rates. The performance of the bioreactor is quantified in two ways: 

biomass accumulation with time and volumetric ethylene production rates from a genetically 

engineered strain (Ungerer et al., 2012).  Uniformity of biomass accumulation is evaluated by 

measurement of surface coverage of the bacterial colonies on the waveguide surface, and change 

in optical density (OD730) across the stacks. The change in OD730 is compared to a control 

without internal waveguides to gauge the benefits of even distribution of light facilitated by the 

use of internal waveguides.  In the second section, the capability of the stacked photobioreactor 

to sustain consistent production rates is evaluated by measuring ethylene production rates from 

an engineered strain for 45 days.  Finally, a conventional flat plate photobioreactor with a 3-cm 

light path was assembled and run to provide a baseline ethylene production rate to compare 

against the production rates achieved in the stacked photobioreactor 
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4.3  Materials and Methods 

4.3.1 Fabrication and Assembly of the 10-stack photobioreactor 

A 3D printer (Connex 500, Objet Geometries Inc, Rehovot, Israel) was used to print a frame of 

the 10 stack photobioreactor. A photocurable resin (VeroClear, Objet Geometries Inc, Rehovot, 

Israel) was used for the 3D printing. The printed frame was then coated by parylene C to prevent 

gas and liquid leakage. The photomask was also printed using the same photocurable resin and 

was subsequently covered by aluminum foil to reflect light that was not coupled into the slab 

waveguides. After waveguides were assembled into the frame, residual gaps between 

waveguides and the frame were sealed by flowing PDMS in the gaps and subsequently curing it. 

The dimensions of the fabricated bioreactor were 2.5cm in width, 3cm in height, and 7.5 cm in 

length with a 2-mm light path between two waveguides. 

4.3.2. Fabricating waveguide samples 

Optical waveguides were fabricated using standard borosilicate glass slides (VWR VistaVisio 

Microscope Slides, Radnor, Pennsylvania) and cover slips (VWR Micro Cover Glasses). The 

borosilicate glass slides were chemically etched to create a scattering surface for allowing the 

light within the waveguide to escape out. A glass etching cream (Armour Etch, Hawthorne, New 

Jersey) was applied to the glass slide for seven hours, after which the glass slide was soaked in 

water to remove the residual etching cream. Light scattering from the surface was further 

improved by incorporating air cladding (instead of liquid cladding) by affixing cover slips to 

provide an air cushion. This creates a higher contrast in refractive indices between the waveguide 

and the cladding to maximize the intensity of scattered light from the surface of the waveguide. 

Uncured Polydimethysiloxane (PDMS) (Dow Chemicals, Midland, Michigan) was used as a 
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resin to permanently fix coverslips on the etched glass slide by curing PDMS at 80°C for two 

hours 

4.3.3 Growth of the inoculum culture 

A genetically modified strain (termed Synechocystis sp. PCC 6803 2xEFE) (Ungerer et al., 2012) 

of cyanobacteria Synechocystis sp. PCC 6803, which are often also called blue-green algae 

(Corbett & Parker, 1976; Sharma et al., 2011; Steffensen et al., 1999), was used for experiments 

and served as a model organism for continuous biofuel production. Semibatch cultures providing 

the initial inoculum for the stacked photobioreactors were grown in gastight 1 L Schott bottles 

with 20 ml of the Synechocystis sp. PCC 6803 culture grown under a headspace containing a 5% 

CO2 atmosphere. The culture media consisted of standard BG-11 medium, augmented with 20 

mM NaHCO3 as an additional carbon source, and 4.6 g/L TES as buffering agent. All cultures 

were grown in media with 25 mg/L spectinomycin and 200 mg/L kanamycin (Ungerer et al., 

2012). Antibiotics are added to prevent the ethylene producing strain, which has been genetically 

modified to be resistant to the antibiotics, from reverting back to the wild-type strain or being 

outcompeted by the latter. The culture was grown at 30°C and 100 µE m-2 s-1 broad-spectrum 

light. The semibatch culture was maintained at OD730 of 60. Inoculum for 10-stack bioreactors 

was diluted to the required starting OD730.  

4.3.4 Image analysis 

The surface coverage of bacterial colonies, i.e. the ratio of the suface of the waveguide covered 

by bacterial colonies to the entire surface area of the waveguide, was measured by obtaning 

fluorescent images of Synechocystis sp. PCC 6803 2x EFE. The measurement provided an 

estimate of the spatial uniformity of biomass accumulation, which in turn is indicative of 
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distribution of light within the stacked waveguide photobioreactor. The cyanobacteria were 

cultured on the waveguide for 21 days and quantitatively analyzed by the method published 

previously (Kalontarov et al., 2013). 

The surface coverage of bacterial colonies on the waveguide was calculated by first subdividing 

the obtained fluorescence images in 128-by-128 pixel squares. In each square the number of 

pixels which contained algae was identified (i.e. pixels that have higher grey values than a 

threshold value of fluorescent signals from bacteria), which was then divided by the total number 

of pixels in the square. This calculation yielded the local surface density expressed as a 

percentage. 

4.3.5 Gas Extraction and Analysis 

After each experimental run, the gaseous products were collected through the septum at the 

output port using syringes, while the influent port was connected to a bottle containing displaced 

algal culture. As the gas was pulled out from the reactor using the syringe, the liquid culture 

displaced earlier was pulled back into the bioreactor, ensuring that there was no dilution of the 

gas samples in the reactor by ambient air. The entire volume of the gaseous products was thus 

collected. Gas samples were analyzed using a gas chromatograph (GC) optimized for ethylene 

measurements; the GC was equipped with an alumina-silica column (181°C, He carrier gas at 20 

mL/min), and a flame ionization detector (FID) with hydrogen fuel gas (25 mL/min H2 at 

204°C). Thus, by knowing the concentration of ethylene in the gas samples, the volume of the 

collected gas and the duration of the run, the corresponding production rate for ethylene could be 

determined. 
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4.3.6 Conventional Flat Plate Photobioreactor 

A 4.5-L flat-plate photobioreactor was run semi-continuously and used as a benchmark for the 

ultra-compact bioreactors. During the operating period, the photobioreactor was continuously 

aerated with ambient air at a gas flow rate of 1.5 L h-1 to provide the culture with CO2 and to 

ensure sufficient mixing of the culture. The photobioreactor was subjected to light-dark cycles 

(0.5 h dark followed by 0.5 h light) at 200 µE m-2 s-1, illuminated from one side with a light path 

of 3 cm. The main dissolved minerals (Cl-, SO4
2-, PO4

2- and NO3
-) were monitored 3 to 5 times a 

week and the photobioreactor was fed semi-continuously when mineral nutrient composition was 

found insufficient. The photobioreactor pH was monitored daily and adjusted manually to pH 8.5 

± 0.25 using 1M HNO3. 
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4.4  Results and Discussion 

4.4.1 Surface modifications for light scattering    

              

 

FIGURE 4.1 Design of the Ten–Stack Photobioreactor: (a) A schematic of the ten stack waveguide 
photobioreactor. (b) Prototype ten stack waveguide photo bioreactor. (c) - (g) Modified surfaces to 
enhance light scattering; (c) plain coverslip, (d) mechanically modified coverslip (CS), (e) chemically 
etched coverslip (CS), (f) chemically etched glass slide (GS), (g) chemically etched glass slide with an air 
cladding. Values in the table represent light intensities measured on top of modified surfaces.  

 

The bioreactor consisted of the 3D printed frame to hold 10 slab waveguides for delivering light 

to microalgae, and the photomask to block uncoupled lights (i.e. light that does not enter the slab 

waveguides and is, therefore, not propagated through the waveguides) (Figure 4.1(a) and 

Figure 4.1(b)). To optimize light scattering from the surface of an optically excited waveguide, 

different methods of surface modification were examined. First, a coverslip (light incident area 

~3.5 mm2) was modified mechanically by forming defects on the surface by using sand paper 

(Figure 4.1(d)). When light intensity of 3W m-2 was coupled to one end of the coverslip, an 
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intensity of 16 mW m-2 was measured on top of the modified surface. Alternatively, a coverslip 

was chemically modified by using a glass etching cream (Figure 4.1(e)). Light scattering from 

the chemically etched surface of the coverslip was measured to be twice as high as light scattered 

from a mechanically modified cover slip shown in Figure 4.1(e). This was further enhanced by 

utilizing glass slides with a larger light incident area (~25 mm2) to couple the incident light into. 

As a result, the light intensity measured on the chemically etched surface of glass slide was 6 

times higher than that measured from the chemically etched coverslip (Figure 4.1(f)). The 

surface scattering was maximized by integrating a coverslip on the etched side of the glass slide 

(Figure 4.1(g)). This integration created an air cladding that promoted light scattering by 

allowing larger difference in refractive indices (1.45 to 1.33 when the glass slide is in contact 

with water directly vs. 1.45 to 1 when the etched side is cladded by air). Overall, a maximum 

scattering efficiency of 60% (of the coupled light) was achieved using the air cladded 

waveguides, which resulted in a 50-fold improvement as compared to the etched coverslips. 

Based on the significantly higher scattered intensity measured from air cladded waveguides, 

these were assembled in the experimental bioreactors as described in Methods. 
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4.4.2 Spatial-temporal uniformity of algae biomass inside the photobioreactor  

     
FIGURE 4.2 Algal growth in the Ten-stack Photobioreactor: (a) Time series of biomass accumulation 
observed on the surface of the waveguide in the ten-stack photobioreactor. Fluorescent signals of the 
Synechocystis sp. PCC 6803 colonies on the top layer of the photobioreactor were monitored for three 
weeks via fluorescent microscopy. (b) Increase in average algae surface coverage density over time. 
Fluorescent images of algae on the surface of the waveguide were taken at three different locations along 
the length of the photobioreactor and were used to calculate average surface coverage density through 
image analysis (See Methods). 

To demonstrate the spatial uniformity of biomass accumulation in the bioreactor (indicative of 

even light distribution) Synechocystis sp. PCC 6803 2x EFE (Ungerer et al., 2012) was cultured 

in the 10-stack photobioreactor for three weeks. This strain of algae was genetically modified by 

another lab (Ungerer et al., 2012) to produce ethylene and was used as a model organism in this 

study. The waveguides in the photobioreactor were optically activated by red light (λ ~ 630 nm) 

from LEDs coupled into the ends of waveguides on both side of the photobioreactor. The entire 

culture medium was exchanged daily via tubes that were individually connected to each of the 

ten layers. Flow rate of fresh media was low enough to keep changes in the distribution of algae 

on the surface minimal. After inoculating the bioreactor with Synechocystis, growth was 

monitored for three weeks by measuring the fluorescent intensity of the Synechocystis colonies 

on the top layer of the photobioreactor via a fluorescent microscope.. Fluorescent images taken at 
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three different locations along the length of the bioreactor were analyzed using the methods 

described in Materials and Methods. The initial base line surface coverage density after initial 

inoculation of the bioreactor with the Synechocystis was measured to be 1.4%. The surface 

density increased uniformly across the waveguide surface, and reached up to 93% on day 9 

(Figure 4.2(b)). The standard deviation of the surface coverage was within 5%, indicating 

uniform growth rates regardless of location of the algae on the waveguide. The uniform growth 

patterns were indicative of an even distribution of light over the waveguide, demonstrating an 

effective utilization of the entire surface by the algae culture. 

4.4.3 Light distribution in the ten-stack photobioreactor  

                      

FIGURE 4.3 Light Intensity Distribution in the Ten-Stack Photobioreactor: Measured (red triangles) 
and modeled (black dots) light intensity from the top layer of the ten-stack photobioreactor as a function 
of the number of layers exposed. The strong agreement of the measured values with the theoretical 
calculations indicates that the light emanating from each waveguide was the same, irrespective of the 
location of the waveguide in the ten-stack reactor. 
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The light emanating from the waveguide in each layer of the stack was quantified to determine 

the distribution of light within the photobioreactor. Due to the inaccessibility of the inner layers 

for measurement of light intensity, the light distribution was quantified on the basis of the 

measurements over the top layer. It should be noted that in an empty bioreactor the measurement 

over the top most layer includes contributions from all the layers below. To quantify the 

contribution of each layer to the measurement at the top layer, each layer was exposed in 

sequence and measured the intensity at the top. The measurement was repeated for all ten layers, 

starting from the top layer and sequentially adding lower layers (i.e. only the top layer was 

exposed in the first measurement and all of them in the last measurement). As anticipated, all the 

layers contributed to the intensity measured at the top, with decreasing contribution from lower 

layers (Figure 4.3). This can be attributed to a constant loss of intensity as the light passed 

through an increasing number of etched glass slides above. 

Under the assumptions that (1) the intensity of light emanating from each waveguide layer is the 

same, and (2) there is a certain (fixed) percentage loss as that light passes through each 

additional layer, the expression for the amount of total light intensity seen at the top most layer 

can be calculated to be: 

                                                   𝐼(𝑛) = a ∗  1−(1−r)n

1−(1−r)
                                           (1)  

Where I(n) is the light intensity at the top when n layers of the stack are exposed, a is the 

uniform light intensity emanating from each layer, and r is the fraction of light that is lost as it 

passes through one waveguide layer above. For a =30 (the intensity as measured from only the 

top layer) and r~0.205, the formula above fits well with the experimental curve (Figure 4.3). 
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The fit between the experimental and the theoretical curve therefore supports the assumption that 

the light intensity from each waveguide is the same. 

4.4.4 Increased biomass production  

    

FIGURE 4.4 Biomass Accumulation in the Ten-Stack Photobioreactor :(a) Comparison of 
biomass accumulation (change in OD730) in photobioreactors with and without internal 
waveguides (IW). Synechocystis sp. PCC 6803 2x EFE algal strain was cultured for two days in 
both photobioreactor types. After two days of illumination by red light (630 nm) at an intensity 
of 10 µE m-2 s-1, the average OD730 increased from 2.92 to 6.2±0.18 in photobioreactors with IW 
(red bar) while the OD730 increased from 3 to 3.37±0.1 in photobioreactors without IW (green 
bar). (b) Increase of OD730 across each of the ten layers of the ten-stack photobioreactor. The 
Synechocystis sp. PCC 6803 was cultured for two days in the ten-stack photobioreactor and the 
culture was individually extracted from each of the ten layers. Black circles and red triangles 
represent the OD730 of algal solutions from ten layers measured on day 0 and day 2, respectively. 
Note that similar growth was obtained across all ten layers. 
 

Biomass production within the bioreactor was quantified by comparing the 10-stack bioreactor 

with an identical control bioreactor which did not contain any internal waveguiding structures. 

For these experiments, all photobioreactors were inoculated with the Synechocystis sp. PCC 6803 

solution at OD730 ~3 and were operated at the same incident light intensity (10µE m-2 s-1) 

measured over the surface of the top layer waveguide. To eliminate the effect of free space 
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optical coupling in the bioreactor without waveguides, the incident light was first coupled into 

external waveguides (i.e. short glass slides inserted 3mm deep into both side of the bioreactor) 

and then distributed into the bioreactor. Experiments were repeated in triplicate for both the 

experiment and the control photobioreactor. After two days of continuous illumination with red 

light, the average OD730 increased from 2.92 to 6.2±0.18 in photobioreactors with integrated 

waveguides while only a slight increase, from 3 to 3.37±0.1, was observed in the control 

photobioreactors (Figure 4.4(a)). The average biomass production rate of the bioreactor with the 

waveguides was therefore 8.6 times higher than the control bioreactor. 

Uniformity of biomass accumulation along the height (stack-wise) dimension of the bioreactor 

was examined by comparing biomass accumulation in each of the ten stacks. In these 

experiments each bioreactor stack was inoculated with the Synechocystis strain and was allowed 

to grow for two days under an incident light intensity of 10µE m-2 s-1 (emitted from the surface 

of each waveguide). Illumination was continued for two days and the cultures were extracted 

from each of ten stacks. The experiment was repeated in triplicates for each of the two types of 

bioreactors. Over two days, OD730 of the Synechocystis solutions in each layer changed from 

2.92 to 6.2 on average (Figure 4.4(b)). The variation of the OD730 change between separate 

layers was small, with a standard deviation of 0.136, demonstrating good uniformity in biomass 

production. 

 

 

 

 



45 
 

4.4.5 Ethylene production  

       

     

FIGURE 4.5 Design of the Ten-Stack Photobioreactor for Ethylene Production (a) Modified 
bioreactor design for ethylene collection – the addition of the side chimney enabled easier collection and 
extraction of the gaseous fuel product from the bioreactor (b) Experimental setup with side coupled LEDs. 
The effluent bottle was used to collect liquid culture displaced by the secreted gaseous products. (c) 
Ethylene production by Synechocystis sp. PCC 6803 within the ten-stack photobioreactor for over 45 days.  
After an initial growth period, the culture density was maintained constant at OD730 ~9. 

 

After demonstrating improved growth rates in the stacked photobioreactors, the bioreactor design 

was modified for collection of ethylene produced by Synechocystis sp. PCC 6803 2xEFE 

(Ungerer et al., 2012). To minimize leakage of ethylene from the stacked bioreactors, they were 
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fortified with a coat of parylene, which reduces gas permeability, and the number of entry/exit 

ports from one for each layer was reduced to one entry/exit for the entire bioreactor. This was 

accomplished by introducing a side “chimney” to the bioreactor, which connected all layers of 

the bioreactor to each other (Figure 4.5 (a) and (b)). Other design and fabrication aspects of the 

bioreactor remained as described in Methods. 

Experiments were carried out in the modified bioreactor to demonstrate growth of the algal 

culture from a low OD and to measure ethylene production. An inoculum of OD730 ~1 was 

extracted from a high-density culture (see Methods), and used to inoculate the modified 10-stack 

bioreactors. The bioreactors were illuminated from the sides by red LEDs (λ ~ 630 nm), as 

before. Carbon was provided through carbon enriched media (see Methods). When the culture 

was illuminated, the algal culture secreted gaseous products which could be visually perceived as 

gas bubbles, increasing in number and volume over time. To trap the gas for collection and 

subsequent analysis, the output port on top of the chimney was kept closed via a rubber septum, 

while the influent port at the lower edge corner of the bottom layer was kept open and connected 

to a sterile bottle for collection of the effluent culture pushed out due to the increased pressure in 

the bioreactor due to the gaseous products. The photobioreactor design allowed the buoyant 

forces to push the gas products to the top of the chimney (port closed) while only liquid effluent 

was displaced during operation, ensuring minimal loss of gaseous products from the 

photobioreactor. After gas collection and analysis from the bioreactor (see Methods), the liquid 

culture was extracted from the bioreactor, centrifuged, and resuspended in fresh medium. This 

experiment was carried out for over 45 days after starting with an initial culture of OD730 ~ 1. 
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The ethylene production rate increased from an initial value of 0.02 mg L-1 h-1 on day 1 to 

approximately 0.2 mg L-1 h-1 on day 10 (Figure 4.5(c)), corresponding to a growth of the culture 

within the bioreactor from OD730 of 1 to an OD730 of 9. To demonstrate that consistent 

production rate of ethylene can be maintained in these bioreactors, the optical density of the 

culture was controlled at an OD730 of 9 for the remainder of the experiment. At each 

resuspension the grown culture was diluted to OD730 of 9. This experiment was repeated daily for 

over 45 days and production rates remained within a window of approximately 70% of the 

maximal production rate for over 35 days (Figure 4.5(c)), demonstrating that the stacked 

bioreactors are suitable for consistent production of fuel over long periods of time, a necessary 

requirement for any biofuel production system.   

 

FIGURE 4.6 Ethylene Volumetric Productivity and Comparison with Conventional 
Photobioreactor: (a) Increase in ethylene production rates with increase in light intensity in a ten-stack 
photobioreactor. The maximal production rate reached up to 0.510 mg L-1 h-1. (b) Production rates as 
measured from the conventionally run flat plate bioreactor (Inset). The maximal production rate was 
0.244 mg L-1 h-1 - less than half of that achieved in the stacked photobioreactor. 
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The volumetric productivity of the stacked bioreactor was further improved by modifying the 

light intensity incident from the waveguides. The experiments were carried out as described 

before, with an initial inoculum of OD730 ~ 6 allowed to grow at a fixed light intensity. The 

experiment was carried at three different intensities – 13, 22 and 31 μE m-2s-1(as measured 

emanating from each waveguide) and ethylene production was measured (see Methods).  The 

production rates considerably increased as the light intensity was increased with production rates 

reaching as high as 0.51 mg L-1 h-1 at intensities of 31 μE m-2 s-1 (Figure 4.6(a)). This also 

corresponded to growth of the culture from an initial OD730 of 6 to a final OD730 of 11. 

4.4.6 Comparison with a flat plate photobioreactor  

A conventional flat plate bioreactor was assembled with a light path of 3 cm (see inset in Figure 

4.6(b)) and operated to establish a benchmark for the volumetric productivity of a conventional 

photobioreactor. Details of operation of the flat plate bioreactor are provided in the Materials and 

Methods section. The production rates for the flat-plate bioreactor were measured (Figure 

4.6(b)). The light path of 3 cm in the flat plate photobioreactor (compared to the 2 mm path 

length in the 10 stacked photobioreactors) led to considerable self-shading, despite active mixing 

of the algal culture in the photobioreactor. This prevented the biomass from achieving a higher 

density than OD730 of 2.8. At the observed OD730 between 1 and 2.8, the measured ethylene 

production was between 0.069 mg L-1 h-1 and 0.244 mg L-1 h-1 with a considerable variance in 

production rates. This variability in production rates can be attributed to sparging differences 

leading to varying mixing conditions, and possible sampling errors. Regardless, the volumetric 

productivity of the ten-stacked photobioreactors was at least twice as high as that of a 

conventional flat-plate bioreactor despite the higher light intensity for the flat-plate bioreactor 
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(200 µE m-2 s-1). Further, the 10-stack bioreactors were shown to support denser cultures, up to 

OD730 of 11, compared to OD730 of ~3 supported by the flat-plate bioreactor. 

4.4.7 Implication of the Stacked Photobioreactor design 

Light distribution is one of the primary factors determining the productivity of algal 

photobioreactors (Zittelli et al., 2013). Growth of high-density cultures in traditional 

photobioreactors, which is a key prerequisite for high volumetric productivities, is not possible 

due to the short penetration depth of light. In conventional systems this limitation is alleviated by 

various mixing strategies in which the culture is circulated across the light gradient to ensure that 

the algae are on average exposed to sufficient light. This is inherently energy intensive, leading 

to low EROIs, and have been estimated to be as much as 1/3rd of the whole energy cost in the 

growth, extraction, and production of algae biofuel (Beal et al., 2012a). As demonstrated by the 

results above, the ten-stack photobioreactor design inverts the paradigm of bringing algae to the 

illuminated regions, by bringing the light directly to the algae, which was, in the above 

experiments, maintained as a static culture. The high surface-to-volume ratios in the stacked 

bioreactors with the short light paths ensure that sufficient light penetration is achieved even with 

ultra-dense cultures. Although high surface area would require increased material and capital 

costs in a scaled up plant, this could be minimized by employing thinner waveguides (~100 

microns) and thus increasing the ratio of the working volume of the bioreactor to the material 

volume. By employing improved dimensions for waveguides (say 1m x 0.2m x 150 µm, with a 2 

mm spacing between stacks), we can, for example, reduce the material volume (of the 

waveguides) to 7.5% of the liquid volume. We believe these extra costs can be offset by the 

capital costs saved by reduced requirement of land, and more importantly by the savings in 

operational costs afforded by the design of the stacked waveguide photobioreactor. 
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In addition to the improved growth and volumetric production rates, the ten-stack 

photobioreactors developed have other design features that are attractive for algal biofuel 

production. The stackable architecture of the stacked photobioreactors leads to reduced 

requirement for land usage. Further, since optical fibers can be used to transport collected 

sunlight and subsequently couple light into the integrated waveguides, it is possible to physically 

separate the collection of solar incidence from the operation of the bioreactor. This allows for 

deployment of these photobioreactors in settings that might not traditionally be environmentally 

possible (e.g. cold/hot weather locations or urban settings). The ultracompact nature of the 

bioreactor also opens the possibility of having a portable biofuel production plant.  

4.5 Conclusion 

A 3D stackable waveguide photobioreactor that aims to alleviate poor distribution of light within 

conventional photobioreactors, was demonstrated. The approach of using closely stacked slab 

waveuides enabled  uniform distribution of light within the bioreactor leading to an eight-fold 

increase in biomass growth compared to a control bioreactor. The ten-stack photobioreactor was 

also capable of supporting consistent production of ethylene  over 45 days, demonstrating its 

suitability for biofuel production over long periods of time. It also improved the ethylene 

volumetric productivity two fold over a conventional photobioreactor. These results demonstrate 

the efficacy of the design, encouraging further investigation for full scale development. 
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CHAPTER 5 

 DETERMINATION OF OPTIMAL INTENSITY AND CARRYING CAPACITY OF A THIN 

LIGHT PATH PHOTOBIOREACTOR  

Adapted from: Aadhar Jainǂ, Nina Voulisǂ, Erica E.Jung, Devin D.R. Doud, William Miller, 

Largus T. Angenent, and David Erickson. In preparation for Environmental Science and 

Technology 

ǂBoth authors contributed equally to the work  

5.1 Abstract 

Production of competitive microalgal biofuels requires development of high volumetric 

productivity photobioreactors (PBRs) capable of supporting high density cultures. Carrying 

capacity of current PBRs is limited by non-uniform distribution of light due to self-shading 

effects. We recently developed a thin light path stacked photobioreactor (S-PBR) with integrated 

slab waveguides which resolves this issue. In the present work we enhance the performance of 

the S-PBR by determining the optimal wavelength and intensity regime of the incident light. 

This enables the S-PBR to support high density cultures, achieving a carrying capacity of OD730 

20. Using a genetically modified algal strain capable of secreting ethylene, we improve ethylene 

production rates to 937 µg L-1 h-1.  This represents a near twofold improvement over production 

rates achieved in earlier work, and a fourfold improvement over a conventional flat plate PBR. 

These results demonstrate the advantages of the S-PBR design and provide the optimal 

operational parameters to maximize volumetric production. 
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5.2 Introduction 

Driven by the need for sustainable alternatives for fossil fuels, energy research today is focused 

on a range of renewable resources, including biomass. Algae are of particular interest as a 

sustainable feedstock for  transportation fuel  due to their salient advantages over terrestrial crops, 

including higher area yields(Chen et al., 2011; Yusuf, 2007; Zhao et al., 2013),  smaller water 

footprint, ability of certain strains to grow in brackish or saline water, and applicability of waste 

streams as a low-cost source of CO2, nitrogen and phosphorus(Greenwell et al., 2010; Mata et al., 

2010; Pires et al., 2012; Posten and Schaub, 2009; Rodolfi et al., 2009; Wijffels and Barbosa, 

2010; Yun et al., 1997). Besides biofuels, algae cultivation is also used for production of food 

and feed supplements(Janssen et al., 2003; Wijffels et al., 2010), showing the versatility of algal 

products and further encouraging the development of high efficiency photobioreactors (PBRs).  

Current commercial algae cultivation relies on open ponds, primarily due to low capital 

costs(Greenwell et al., 2010; Johan U Grobbelaar, 2008; Wijffels and Barbosa, 2010). This 

technology however has a number of disadvantages if used for large-scale production of bulk 

commodities such as biofuel(Johan U Grobbelaar, 2008; Ogbonna et al., 1999). These 

shortcomings include  low biomass densities(Greenwell et al., 2010; Posten and Schaub, 2009; 

Wijffels and Barbosa, 2010), requirement of large surface areas, contamination(Ogbonna et al., 

1999; Rodolfi et al., 2009), incompatibility with cultivation under atmosphere with elevated CO2 

levels(Posten and Schaub, 2009), and  high water losses due to surface evaporation(Posten and 

Schaub, 2009). 

Production of high-volume commodities therefore requires growth systems to overcome these 

limitations through deployment of alternative technologies such as closed PBRs(Johan U 
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Grobbelaar, 2008). Although conventional closed PBRs (e.g. flat-plate and tubular reactors) 

enable algae cultivation in more controlled environments than open ponds, they still suffer from 

suboptimal light distribution(Grobbelaar, 2010; Janssen et al., 2003; Yusuf, 2007). Under 

standard operation regimes, algae close to the illuminated surface are photoinhibited, while algae 

in the interior of the reactor are photolimited(Brennan and Owende, 2010; Carvalho et al., 2011; 

Grima et al., 1996; Johan U Grobbelaar, 2008; Kunjapur and Eldridge, 2010; Long and 

Humphries, 1994; Richmond et al., 2003). These effects are mitigated by employing mixing 

strategies which circulate the algae cells across the light gradient, thus ensuring an adequate 

average light exposure(Aci??n Fern??ndez et al., 1999). However, the energy requirements for 

mixing are high, amounting even in simple systems to 3 W m-2, close to the energy eventually 

harvested from algal biomass(Posten and Schaub, 2009) and contributing to overall energy 

efficiency ratios of less than one(Beal et al., 2012; Jegan et al., 2014). Mixing also accounts for 

13% to 52% of total construction and operation costs of conventional closed PBRs(Norsker et al., 

2011).  

In an earlier publication(Jung et al., 2014) we addressed the limitations posed by simultaneous 

photoinhibition and photolimitation in conventional closed PBRs. We embraced a holistic PBR 

design by (1) delivering light through optical waveguides for optimal light distribution inside the 

reactor, (2) aiming for dense cultures facilitating high volumetric product yields, and (3) 

envisaging utilization of product-secreting algae. The latter would simplify post-processing steps 

and avoid costly and technically challenging harvesting and product extraction steps(Kleinegris 

et al., 2011), which can contribute up to 50% of the total product cost(Greenwell et al., 2010). 

To achieve this, we have demonstrated a short light-path stacked photobioreactor (S-PBR) with 

internal light distribution through optical slab waveguides. Incident light is coupled into the sides 
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of each slab waveguide and is propagated along the length of the waveguide via total internal 

reflection. The surface of the optical waveguide is etched to create randomly distributed 

refractive index changes, thus disrupting the propagating light wave and releasing the light into 

the bioreactor volume. Combined with short light-paths (~1 mm), the waveguides enable the 

delivery of optimal light intensities throughout the entire volume of the S-PBR, avoiding both 

photolimitation and photoinhibition as well as reducing the need for energy intensive and costly 

mixing. The resulting 3D architecture both reduces the amount of land area required and 

supports high density cultures, leading to a high areal productivity. In the S-PBR we showed an 

eightfold higher biomass accumulation than achieved in a control PBR without optical 

waveguides(Jung et al., 2014). 

Aiming to avoid costly cell-harvesting steps, we used a product-secreting Synechocystis sp. PCC 

6803 2x EFE. This algae strain had been genetically modified to secrete the biofuel precursor 

ethylene(Ungerer et al., 2012). Using the S-PBR, we had demonstrated consistent production of 

ethylene for over 45 days. We had achieved a two-fold increase in volumetric ethylene 

production rates as compared to a flat-plate PBR. The earlier achieved results validate the design 

and performance of the S-PBR, indicating its promise as a viable photobioreactor technology. In 

this work, we explore methods to further improve yields and energy efficiencies. We optimize 

production over wavelength and intensity of the supplied light.    

Photoautotrophic algae preferentially use certain wavelengths in the photosynthetic active 

radiation (PAR) range, depending on the collection of light harvesting pigments present in their 

photosynthetic machinery(Carvalho et al., 2011). Chlorophyll constitutes the most important 

group of these pigments and absorbs in the blue (450-475 nm) and the red spectral range (630-

675 nm)(Carvalho et al., 2011; Grobbelaar, 2010). Excitation of a chlorophyll molecule in the 



55 
 

reaction centers of photosystem I and II requires energy equivalent to that contained in photons 

with a wavelength of 700 and 680 nm respectively(Carvalho et al., 2011). Algae should therefore 

be supplied with light in the red spectral range to minimize energy dissipation. The efficacy of 

algal production under red light has been previously shown by multiple studies (Gordon and 

Polle, 2007; Katsuda et al., 2004; Matthijs et al., 1996; Wang et al., 2007; Zhao et al., 2013). 

Besides wavelength, intensity of the supplied light is another important parameter determining 

algal growth. The optimum intensity for many algal species lies in the range of 100 to 400 µE m-

2 s-1 (Carvalho et al., 2011; Posten and Schaub, 2009; Wijffels et al., 2010). Photolimitation 

occurs at lower light intensities, when insufficient photons are available to carry out 

photosynthesis at the rate required for optimal cell growth. Photoinhibition on the other hand 

leads to cell damage induced by high light intensities, adversely affecting growth(Carvalho et al., 

2011). While algal growth, thus, follows a concave function with respect to intensity, 

photosynthetic efficiency (PE) decreases with increasing intensities as photosynthetic centers 

become more saturated(Carvalho et al., 2011; Fan et al., 2008; Gordon and Polle, 2007). 

Therefore, design of algal production systems needs to account for both the optimal growth 

window and sufficient PE(Cheirsilp and Torpee, 2012; Gordon and Polle, 2007; Li et al., 2012; 

Ruangsomboon, 2012; Sorokin and Krauss, 1958; Zhao et al., 2013).    

In the following we first report the effects of variation of wavelength and intensity of the 

supplied light on ethylene production rates of Synechocystis sp. PCC 6803 2xEFE. Secondly, we 

investigate the effect of high density culture on ethylene production rates to determine the 

carrying capacity of the S-PBR. Finally, using the collected data, we determine the 

photosynthetic efficiencies achieved in the present system. The results provide us with optimal 

illumination conditions and biomass densities to maximize ethylene production in the S-PBR. 
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5.3 Materials and Methods 

5.3.1 Stacked Photobioreactor Design and Assembly 

                     

Figure 5.1 Ten-stack 3D printed photobioreactor in operation. The reactor is illuminated from each 
side by red (630 nm) LED banks. The light is coupled into the waveguides, which transport and evenly 
distribute the light inside the reactor. The photomask prevents uncoupled light from entering the reactor. 
The side chimney connects the layers and allows collection of the produced gas. The influent port is used 
to inoculate the reactor before operation and collect displaced liquid during operation. The produced gas 
is extracted through the effluent port. 
 

The S-PBR consisted of a 3D frame with slots to stack slab waveguides vertically above each 

other. The dimensions of the S-PBR were 7.5 cm x 2.5 cm x 3 cm (length x width x height) with 

a 2-mm gap separating two waveguides, and a total liquid volume of 16 mL. The S-PBR had two 

ports: (1) bottom influent port for inoculation and (2) top effluent port for gas product removal 

(Figure 5.1).  

The frame was 3D printed from a photocurable resin (VeroClear, Stratasys Ltd, Edina, 

Minnesota, United States). It was coated by Parylene C via a vapor deposition process to reduce 

gas permeability of the S-PBR. The waveguides were placed into dedicated slots in the frame 

http://en.wikipedia.org/wiki/United_States
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and fixed to the frame by using Polydimethylsiloxane (PDMS) (Dow Chemicals, Midland, 

Michigan, USA) as a resin. This also ensured that any gaps (due to manufacturing errors in the 

3D printing process) between the frame and the waveguides were sealed by the cured PDMS. 

Since PDMS is gas permeable, the assembled reactor was subjected to a second coat of Parylene 

C to ensure gas impermeability. To prevent uncoupled light from entering the S-PBR, the gaps 

between the slab waveguides were covered by a photomask (printed from the same photocurable 

resin as the frame). Aluminium foil was attached to the photomask to improve reflectance 

characteristics.  

 

5.3.2 Waveguide Fabrication 

The S-PBR waveguides were fabricated by affixing thin cover slips (VWR Micro Cover Glasses) 

to chemically etched borosilicate microscope slides (VWR VistaVisio Microscope Slides, 

Radnor, Pennsylvania, USA). Glass etching paste (Armour Etch, Hawthorne, New Jersey, USA) 

was applied on the glass slides for seven hours, and subsequently washed away, creating 

randomly distributed surface defects for improved light scattering from the waveguide surface. 

The thin coverslips were attached on top of each glass slide using uncured PDMS as a resin and 

curing the assembly for two hours at 80°C. Attaching a coverslip on top of the glass slide 

increased the intensity of light scattering due to higher index contrast between the core and the 

cladding of the waveguide(Jung et al., 2014), i.e. by changing the refractive index of the medium 

adjacent to the glass slides from 1.33 (water) to 1(air).  
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5.3.3 Model organism 

The model organism in all experiments was Synechocystis sp. PCC 6803 2x EFE. This 

genetically modified strain was selected due to its ability to secrete ethylene, a biofuel precursor, 

as a gaseous product(Ungerer et al., 2012). Prior to inoculation, algal cultures were grown in 

semi-batch in gastight 1 L reactors with 20 mL liquid phase at 30°C and continuous broad 

spectrum illumination (100 µE m-2 s-1). The culture was grown in fivefold concentrated BG-11 

augmented with 25 mg L-1 spectinomycin, 200 mg L-1 kanamycin and 4.6 g L-1 TES buffer. 

Carbon was provided both via the gaseous phase (5% CO2 atmosphere) and via the liquid 

medium (20 mM NaHCO3). These conditions allowed long term steady-state maintenance of a 

dense algal culture at an OD730 of 60. Aliquots were taken from the semi-batch culture and, after 

dilution in growth medium to the required density, used as inoculum for the S-PBR. 

 

5.3.4 Experimental Setup and Procedure 

The S-PBR was inoculated at a starting OD730 of 10 (at 470, 630 and 660 nm), 20 (at 630 nm), 

and 30 (at 630 nm). The bioreactors were illuminated from each side via an LED bank of the 

specified wavelength (630 nm or 660 nm) and at five levels of intensity (35, 52, 69, 86, and 104 

µE m-2 s-1). The incident light was coupled into the waveguides, propagated along the length of 

the waveguides and subsequently emitted to the algal culture by the scattering surface on the 

waveguides. During the course of each experiment the bioreactor influent port was connected to 

a sterile bottle for collection of the displaced culture volume, while the effluent port on top of the 

side chimney was sealed by a septum to retain the secreted gaseous products in the S-PBR. 
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On illumination by the LED bank, the algal culture grew and secreted gaseous products 

(including ethylene) as a result of the photosynthetic process. The formed gas bubbles displaced 

equal volume of culture through the effluent port into the sterile effluent bottle. The design of the 

side chimney ensured that the secreted gaseous products were separated from the liquid volume 

and could therefore be easily extracted.  

At the end of the experimental run, the gaseous products were extracted from the S-PBR and 

analyzed. Subsequently, the whole culture volume was removed from the bioreactor, centrifuged 

and subsequently resuspended in fresh medium. After two experimental runs in which the algae 

acclimatized to the new culture conditions, the procedure was repeated multiple times for each 

combination of density, incident light wavelength and intensity. A new inoculum, taken from the 

semi-batch culture, was used to inoculate the S-PBR for each new combination of experimental 

conditions. 

 

5.3.5 Gas Extraction and Analysis 

Gaseous products were extracted from the bioreactor upon completion of each experimental run. 

As the gas was removed through the septum at the effluent port, the liquid culture displaced 

earlier into the connected bottle was simultaneously pulled back into the bioreactor through the 

influent port. This prevented any dilution of the gaseous sample by the ambient air. The 

concentration of ethylene in the samples was analyzed using a gas chromatograph (GC). (See 

analysis procedure in earlier work(Jung et al., 2014).)  
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5.3.6 Measurement of Light Intensity 

Due to inaccessibility of the waveguides (except the top one) within the S-PBR, it was not 

possible to measure the light emanating from each individual waveguide. However, our previous 

work(Jung et al., 2014) had established that the intensity distribution within the S-PBR was 

uniform across layers and contributed to the measurement made over the top waveguide. This 

could be therefore be used to estimate the light intensity emanating from each waveguide by a 

single measurement over the top waveguide. From previous work(Jung et al., 2014), it was found 

that the intensity at the top was given by: 

                     𝐼(𝑛) = a ∗  1−(1−r)n

1−(1−r)
      (5.1) 

Where I(n) is the light intensity at the top when n layers of the stack are exposed, a is the 

uniform light intensity emanating from each layer, and r is the fraction of light that is lost as it 

passes through one waveguide layer above. By fitting the measured data to the expression above 

the value of r was established experimentally to be 0.205. For this value of r, Equation (1) can be 

inverted to find the light intensity emanating from each waveguide as                                           

                                                                  a =  0.227 ∗ 𝐼(10)                (5.2) 

where I(10) is the intensity measured over the top waveguide when all 10 layers are exposed. 

Thus, we measured the intensity over the top waveguide of an empty reactor and used equation 

(2) above to estimate the light intensity from each individual waveguide.  
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5.3.7 Statistical Data Analysis 

Statistical analysis on the collected data was performed using the software package R(R Core 

Team, 2014).  Separate general linear regression models were fit for ethylene production rates 

and PE of ethylene production. In both models, illumination wavelength, intensity and culture 

OD were used as independent variables. The overall family-wise error rate (FWER) was 

controlled at 5% using R multivariate marginal models (mmm) package. The results of the 

regression analysis can be found in Supplementary Information (SI). The optimal values of OD 

and intensity for ethylene production were calculated assuming a multiplicative interaction term 

between OD and intensity. Standard errors (SE) for the optimal values were calculated using the 

simplified variance formula(Ku, 1966).  

 

5.4 Results 

5.4.1 Ethylene Production Rate Dependence on Light Wavelength and Intensity  

Experiments were conducted to evaluate and quantify the effect of wavelength and intensity of 

the incident light on the ethylene production rates of the genetically engineered strain of algae S. 

PCC 6803 2x EFE in the S-PBR. The tested wavelengths of the incident light were chosen to 

target the absorbtion peaks of the pigment chlorophyll -  in red and blue spectrum of visible light 

– with experiments conducted at red (630 nm), deep red (660 nm) and blue (470 nm) 

wavelengths. Experiments could not be conducted at the peak situated around violet (~430 nm) 

due to the unavailability of a suitable illumination source at that wavelength. Experiments were 

carried out at five intensity levels with a culture of OD730 10. Experiments at blue (470 nm) 
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wavelength were discontinued after ethylene production was found to be negligible (results not 

shown). 

                                     

Figure 5.2 Volumetric ethylene production rates in the S-PBR achieved by Synechocystis PCC 6803 2x 
EFE algal strain (OD730 of 10) in the S-PBR. The figure shows results obtained at two different 
wavelengths (630 nm and 660 nm) and five light intensity levels (35 µE m-2 s-1 to 104 µE m-2 s-1). The 
flags indicate standard errors. 

 

Ethylene production rates measured for each of the intensities at red (630 nm) and deep red (670 

nm) are shown in Figure 5.2.  Ethylene production rates were dependent on light intensity,  with 

maximum production at 69 µE m-2 s-1 for both red and deep red illumination. The concave nature 

of the curve (p-value < 0.001, see SI)  suggests that at lower intensities the algae were 

photolimited due to the dominant shading effects, while at high light intensities the ethylene 

production decreased due to photoinhibition. However, there was no statistically significant 



63 
 

difference between the red and the deep red illumination sources indicating that the algae were 

capable of utilizing either of the wavelengths equally efficiently.   

 

5.4.2 Ethylene Production Rate Dependence on Culture (OD730) 

                                           

Figure 5.3: Volumetric ethylene production rates in the S-PBR achieved by Synechocystis PCC 6803 2x 
EFE algal strain at 630 nm. The figure shows results obtained at three different culture densities (OD730 of 
10, 20 and 30) and five light intensity levels (35 µE m-2 s-1 to 104 µE m-2 s-1). The flags indicate standard 
errors. 

 

We hypothesized that the short light path (1 mm) in the S-PBR should be capable of supporting 

considerably higher densities of algae culture and thus further increasing the volumetric 

production rates. Experiments were therefore conducted with higher density algal cultures at 

OD730 20 and OD730 30. Since the earlier experiments indicated no significant difference between 

red and deep red illumination sources, experiments with high culture densities were only carried 
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out with the red (630 nm) light source. Three levels of light intensity were tested to determine the 

optimal operation point at high culture densities (Figure 5.3).  

The maximal ethylene production rate for the OD730 20 was nearly 30% higher - 937 µg L-1 h-1 

as compared to 715 µg L-1 h-1 observed for OD730 10 culture, demonstrating that the S-PBR was 

capable of supporting high culture densities. The maximal production rate for OD730 20 was 

found at intensity of 86 µE m-2 s-1. This is higher than that observed for OD730 10 (69 µE m-2 s-1), 

which is indicative of a greater shading effects in the denser culture. 

A similar functional dependence on light intensity was observed for OD730 30, although the 

production rates were lower than those for OD730 20, but greater than those for OD730 10 (p-value  

< 0.001) (Figure 5.3). Moreover, at OD730 30 the culture density decreased (data not shown) 

over the course of the experiment, suggesting that light attentuation due to absorbtion by the 

algae was too significant to penetrate even through the small 1-mm light path. This indicates that 

the maximum carrying capacity of the S-PBR, with a 2-mm spacing between the stacks, lies 

between an OD730 20 and OD730 30 (equivalent to cell dry weight (CDW) of 9 - 14 g L-1). 

 

5.4.3 Photosynthetic Efficiency 

Besides volumetric productivity, another important consideration is the PE exhibited by the algae 

inside the S-PBR. PE is defined as the ratio of the amount of energy stored by the algae to the 

amount of photon energy absorbed. PE can be defined in terms of (1) total biomass produced, or 

(2) product, i.e. ethylene, secreted. In both cases, as a conservative assumption, the entire light 
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incident on the algae (i.e. the light emanating from the surface of an individual waveguide) was 

assumed to be absorbed completely. 

                               

Figure 5.4 Conversion efficiency from light incident on the algal culture to energy contained in 
ethylene secreted by Synechocystis PCC 6803 2x EFE (OD730 10). The figure shows results 
obtained at two different wavelengths (630 nm and 660 nm) and five light intensity levels (35 µE 
m-2 s-1 to 104 µE m-2 s-1). The flags indicate standard errors. 
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Figure 5.5 Conversion efficiency from light incident on the algal culture to energy contained in 
ethylene secreted by Synechocystis PCC 6803 2x EFE at 630 nm. The figure shows results 
obtained at three culture densities (OD730 of 10, 20 and 30) and five light intensity levels (35 µE 
m-2 s-1 to 104 µE m-2 s-1). The flags indicate standard errors. 

 

Figure 5.4 and Figure 5.5 show the PE for the above described experiments in terms of lower 

heating value of ethylene produced. As with volumetric production rates, there was no 

significant difference observed in the photosynthetic efficiencies between red (630nm) and deep 

red (660 nm) illumination sources at all five intensities of the incident light (Figure 5.4). 

Although the production rates peaked at intermediate intensities at both wavelengths, PE 

monotonically decreased with increasing intensity (p-value < 0.001). This implies that even 

though a rise in number of incident photons led to more photons being utilized by the algae – thus 

improving volumetric production rates – they were overall utilized less efficiently. A similar 
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monotonically decreasing trend with an increase in light intensity was also observed for higher 

OD cultures (Figure 5.5).  

Further, PE was found to be dependent on culture density, with the regression model indicating 

that PE is concave in OD (p-value < 0.01). The initial increase in PE can be attributed to a larger 

portion of the provided photons being utilized by the greater number of algae in a denser culture. 

However, on further increase of culture density the light distribution within a stack becomes 

suboptimal with the algae near the waveguide incapable of utilizing all provided photons and the 

algae in the interior of the stack being limited due to strong self-shading. 

In general, the photosynthetic efficiencies associated with ethylene production were low, with 

maximum values around 0.125% (Figure 5.4). The low efficiencies are primarily due to the 

current state of genetic modification of the organism, which utilizes the majority of the fixed 

carbon for biomass production while only a limited portion is channeled towards ethylene 

synthesis(Ungerer et al., 2012). Consequently only a small fraction of the energy is stored in 

ethylene molecules. With this consideration, we also calculated PE of biomass production under 

maximal ethylene production conditions (i.e. for OD730 20 at 630 nm and 86 µE m-2 s-1). The 

average change in OD730 was measured to be 1.39 units over the course of 2.5 hours (data not 

shown), leading to a PE of light to biomass conversion of ~15%. This value is two to threefold 

higher than the PE published for conventional closed PBR(Tredici and Zittelli, 1998). The 

improvement can be mainly attributed to the use of red light, which minimizes energy losses in 

photosystems I and II.  
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5.5 Discussion 

5.5.1 Optimization of Short Light-path stacked PBR Varying Wavelength and Intensity 

The results described above are aimed at performance optimization of the S-PBR. Two 

illumination variables, wavelength and intensity of the supplied light, were investigated. The 

experiments showed that incident light of both red (630 nm) and deep red (670 nm) wavelengths 

is readily utilized by S. PCC 6803 2x EFE for growth and ethylene production. The obtained 

results are consistent with earlier studies showing algal growth under red light(Gordon and Polle, 

2007; Matthijs et al., 1996; Wang et al., 2007; Zhao et al., 2013). From an overall efficiency 

point of view, the use of red light is preferable due to lower energy dissipation per photon 

captured in photosystem I or II. It is estimated that photosynthesis driven by red light is five 

times more energy efficient than under broad-spectrum solar light(Gordon and Polle, 2007). As 

no significant differences were found in growth and ethylene production under red and deep red 

light, the latter should be preferred to improve photosynthetic efficiencies, albeit the achievable 

difference is only about 5%.  

Light energy required per unit volume increases with the density of the culture. In conventional 

PBRs this is achieved by supplying high light intensities at the reactor surface, with 

photoinhibition as an unwanted side effect. Due to fast light attenuation along the light path, 

intensities in the interior of the reactor rapidly become too low to support growth, i.e. result in 

photolimitation(Carvalho et al., 2011; Grima et al., 1996; Johan U Grobbelaar, 2008; Long and 

Humphries, 1994; Richmond et al., 2003). A high surface-to-volume ratio is therefore desirable to 

uniformly distribute light across the culture volume. This is realized in the S-PBR by using the 

stacked waveguide architecture combined with thin light paths. The highest production rate of 

937 µg L-1 h-1 was attained at OD730 of 20 and an intensity of 86 µE m-2 s-1. This is a nearly two 
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times improvement over the production rates of 510 µg L-1 h-1 reported earlier(Jung et al., 2014), 

and a fourfold improvement over the maximal production rate of 244 µg L-1 h-1 achieved in a 

conventional flat-plate PBR (3 cm light path; illuminated from one side at 200 µE m-2 s-1)(Jung 

et al., 2014).  

Even though the volumetric productivity was concave in nature, as confirmed by the regression 

model, the production levels around the maximal production rate varied little with a decrease in 

intensity. This was further borne out by the low coefficient values of the quadratic term, 

indicative of small differentials around the optimum, in the regression model (See SI). Therefore, 

economic considerations could dictate operation at a lower intensity in order to achieve higher 

PE, since the latter decreases with increasing intensity(Carvalho et al., 2011). This would reduce 

the area required for solar collectors, lowering the capital investment costs. 

 

5.5.2 Demonstration of High Culture Density and Areal Yields  

We demonstrated that the carrying capacity of the current S-PBR lies between OD730 of 20 and 

30, corresponding to CDW of 9 to 14 g L-1. Additionally, due to the stackable design, high areal 

yields between 115 and 173 g m-2 have been achieved. This represents a seven to tenfold 

improvement in biomass density and a fourfold improvement in areal density compared to the 

control conventional flat-plate PBR(Jung et al., 2014). High volumetric productivities are 

advantageous both if algae are used as a biocatalyst secreting biofuel or biofuel precursors (as 

supported in the S-PBR) or directly as high-energy biomass. The downstream processing of the 

biomass requires energy intensive dewatering (up to 1 kWh m-3 (Molina Grima et al., 2003)), for 

which the cost per unit product can be reduced by harvesting dense cultures. Thus, production of 
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high density cultures, such as achievable in S-PBR, will be key determinants for economic 

viability(Yusuf, 2007).  

 

5.5.3 Integrated System Design 

The current S-PBR is an intermediate step in the development of a full-grown technology. In the 

present work we have first optimized the illumination parameters. A second bottleneck in PBR 

development is appropriate gas exchange. Sufficient CO2 needs to be provided as a carbon 

source for cell growth while O2 must be removed to avoid toxic concentrations(Carvalho et al., 

2006; Greenwell et al., 2010). High gas exchange rates are of particular importance in high 

density cultures due to the high volumetric reaction rates catalyzed by these cultures. Integration 

of S-PBR with membrane-based gas transfer, such as achieved through hollow fibers(Carvalho et 

al., 2006; Ferreira et al., 1998; Greenwell et al., 2010; Kumar et al., 2010), is a promising way to 

improve productivity by alleviating inhibitions possibly caused by oxygen toxicity and carbon 

depletion. Hollow fibers would further increase apparent yields by preventing culture 

displacement due to gas production. Additionally, the present reactor design supports secreted 

gas products, further necessitating adequate gas exchange to enable extraction of said products. 

The ability to extract ethylene through hollow fibers has already been successfully tested in 

preliminary experiments (results not shown).  

In conventional systems most mixing energy is required to circulate cells across the light 

gradient and guarantee adequate gas transfer. The S-PBR as described here, i.e. using a 

combination of slab waveguides and short light path for optimal light delivery, and integrated 

with hollow fibers for gas exchange, could reduce the amount of mixing required. As mixing 

contributes 13 to 52% of total construction and operation costs of conventional closed 
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PBR(Norsker et al., 2011), decrease in mixing requirements is key to make large-scale 

production of biofuels cost-effective(Wijffels and Barbosa, 2010).  

In the long term, the stacked PBR can be integrated with spectral splitting technology. These 

systems allow selection of narrow bands of solar light, while diverting other wavelengths. In the 

particular case of the S-PBR, lower energy red photons can be utilized for algal biofuel 

production while the higher energy blue and green wavelengths are used for other applications, 

for example generation of electricity through solar photovoltaics(Cuaresma et al., 2009). 

Additionally, the ultraviolet regime of the light spectrum can be diverted for disinfection of the 

S-PBR when required. The efficacy of such treatment via etched slab waveguides has also been 

recently demonstrated(Doud et al., 2014). Further improvements in efficiency can be obtained by 

using flashing light of frequencies greater than 1 Hz. This approach has been proven to increase 

photosynthetic rates and energy efficiencies(Johan U. Grobbelaar, 2008; Grobbelaarl et al., 1996). 

The optical fibers and slab waveguides used in the S-PBR can easily be used to efficiently 

transfer pulsed light, as is currently done on large scale in optical cables used in communication 

networks. 

The presented work forms a first step in the optimization of the earlier developed stacked 

photobioreactor with internal illumination through slab waveguides. Optimizing only 

illumination, fourfold ethylene production rates and up to tenfold higher biomass density 

accumulation has been shown as compared to a conventional flat-plate PBR. We suggest further 

improvements, including incorporation of hollow fibers for efficient gas transfer, and integration 

of the stacked PBR with solar collectors and spectral splitting technology to achieve integrated, 

holistic systems for future algal biofuel production. 
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                      CHAPTER 6  

                CONCLUSIONS 

6.1 Summary 

In this dissertation, the focus was to extend the capabilities of the field of optofluidics by 

development of devices which can penetrate the areas still inaccessible to this versatile tool. To 

this end, a biocompatible hydrogel waveguide capable of encapsulating live cells within the core 

of the waveguide to allow interaction of the biology with the strongest optical field in the system, 

was demonstrated. Integration of microfluidics further extended the capability of the device by 

bringing into possibility of combining sensing or drug delivery applications (Chapter 3). 

New algal photobioreactor architecture was also developed by again utilizing the benefits offered 

by optofluidics. A benchtop scale stacked waveguide photobioreactor was fabricated and 

ethylene producing algae was culture within the reactor to verify the validity of the design 

concept. The growth rates and ethylene production rates measured  in the stacked waveguide 

photobioreactor, clearly demonstrated the benefits afforded by the thin light path architecture 

(Chapter 4). These capabilities were further extended by optimizing the illumination conditions – 

wavelength and intensity – and determining the optimal carrying capacity of the photobioreactor. 

These improvements led to fourfold increase of ethylene production rates as compared to a 

conventionally run photobioreactor(Chapter 5). Analytical models for determining light and 

temperature distribution in a full scale system were also created and provided with optimal light 

and cooling conditions as a culture grows within the reactor (Appendix 1 and 2). A predictive  

model for UV sterilization of  a slab waveguide reactor was also developed – thus comprising 

another important consideration in a full scale model.  
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6.2 Future Outlook 

The work here described the successful implementation of optofluidics concept to applications in 

energy and biology. However, the devices fabricated are still restricted to the laboratory and need 

further development and integration with other technologies to bring the devices out of the 

laboratory. Even though the agarose hydrogel waveguide described in Chapter 3 were shown to 

be capable of live cell encapsulation, it would be necessary to move from a standard optical 

waveguide structure to fabricate more complicated optical elements like Mach Zehnder 

Interferometers. Moreover, the possibility of using these devices for developing as implantable 

optical devices should be explored. 

Chapter 4 and 5 detailed a new architecture in photobioreactor design which showed substantial 

improvements over control bioreactors in terms of both growth and ethylene production. 

However, to scale these photobioreactors to a commercial plant, it might be useful to incorporate 

technologies like hollow fibre gas membranes for easy extraction of the gaseous products (and 

oxygen) and deliver carbon-di-oxide directly. A detailed economic analysis would be advisable 

to identify places in the whole process chain where it would be necessary include innovative 

strategies to mitigate costs. One such idea could to use the red spectrum, as identified the 

productive regime in Chapter 5, for photobioreactor functioning while utilizing the rest of 

spectrum for co-generation of electricity through solar photovoltaics. Alternatively, the 

capability of the stacked architecture to uniformly distribute light in a scalable manner can be 

used to develop photocatalysis based applications – for fuel production or solar disinfection of 

water  
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APPENDIX 

Appendix 1 

Calculation and analysis of light distribution inside stacked photobioreactor architecture  

As demonstrated in Chapter 4 and Chapter 5, the stacked waveguide photobioreactor (SW-PBR)  

provides a method to provide optimum distribution of light throughout the volume of the photobioreactor. 

Therefore, it is therefore important to quantitatively analyze the light distribution in such an architecture 

especially when it is scaled up. This should enable one to determine the optimal intensity to be coupled 

into each waveguide for effective utilization by algae. 

                                             

Figure A1.1 Schematic of light distribution in a stacked architecture. Light decays exponentially 
between each waveguide due to absorbtion but components from other waveguides increase the overall 
intensity.  
 
As seen in Figure A1.1, the light distribution within each stack consists of both the exponential decaying 

light emanating from the two encompassing waveguides, and contributions from all the other waveguides 

in the stack. The following assumptions are made to calculate the light distribution: 

a) Absorbtion by the algae between the slides follows  Beer Lambert’s Law : 

                                                      𝐼(𝑥) = 𝐼0 exp(−𝛼𝑥)                   (A1.1) 

b) Absorbtion Coefficient α is estimated through Optical Density (OD) of the algae solution :                                         

                                                      OD = - log 10 (It / I0)                        (A1.2) 

             Where, I0 is the light intensity emanating from the surface of the waveguide 

      

d d 
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                           It is the transmitted intensity after 1 cm through the culture solution 

Based on this, the general solution for a finite stack, where x=0 indicates the centre of the stack, is as 

follows: 

For 2L+1 waveguides, the light intensity between x= k*d and (k+1)*d is given by: 

        I(x) = I0{𝑒−∝(𝑥−𝑘𝑑) (1- 𝑒−∝(𝐿+𝑘+1)𝑑) +  𝑒∝(𝑥−(𝑘+1)𝑑)(1 −  𝑒−∝(𝐿−𝑘)𝑑)}/{1- (𝑒−∝𝑑)} (A1.3) 

This can be generalized to an infinite stack with the following expression: 

           𝐼(𝑥) = 𝐼[𝑒−∝(𝑥) +  𝑒∝(𝑥−𝑑)]/{1- (𝑒−∝𝑑)}                                                                     (A1.4) 

 

Figure A1.2 Theoretical light distribution within a stacked photobioreactor as a function of OD. The intensity 
within the stack decreases as OD increases due to increased absorbtion. Only half the stack is represented (the other 
half is symmetric) and it is assumed that one unit of light energy is emanating from each waveguide. 
 

The calculated light distribution is shown in Figure A1.2. As can be seen, the light intensity within the 

stack decreases as   the OD of the culture within the stack increases (assuming same light intensity) due to 

    Increasing OD 

Glass Slide/Rack number 

Centre of Stack End of Stack 
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higher absorbtion. Also, to be noted is the fact that as the OD increases, the light intensity across the 

stacks becomes more uniform, even at the end of the photobioreactor, since contribution from other 

waveguides becomes minimal. However, the light intensity with each stack shows a significant 

attenuation due to high absorbtion. This can be used to calculate the carrying capacity of the stacked 

photobioreactor based on the optimum levels of light for the particular algal species. Alternatively, as 

shown in Figure A1.3, it can also be used to calculate the optimum light intensity required for a particular 

optical density of the culture. This is particularly useful since this can be used to modify and optimize the 

light intensity coupled into each waveguide as the culture grows (and hence, increases its OD).   

 

Figure A1.3 Optimal light intensity envelope as a function of optical density of the culture. It is assumed that 
the minimum and maximum optimal intensities are 20 W m-2 and 60 W m-2 respectively. The envelope could be 
scaled according to the necessary intensities using the equations derived above.  
 

The calculations shown here hence provide a method to determine the light distribution within a stacked 

architecture and hence, calculate determine the optimal light intensity within each waveguide to be 

coupled as the culture grows within the photobioreactor.  
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Appendix 2 

Analysis of thermal profiles in a stacked waveguide photobioreactor (SW-PBR) 

Non photochemical quenching (NPQ) is a photosynthetic process in which excess light absorbed by the 

photosynthetic centers is removed as heat to protect the cellular mechanism. This could lead to a 

substantial temperature rise in the SW-PBR due to the high culture densities possible in the 

photobioreactor, and subsequently high absorbtion in the stacked photobioreactor, and low exposed 

surface area to dissipate the generated heat.  Algae and their production are known to be sensitive to 

temperature, with production dropping drastically at higher temperatures. This therefore necessitates an 

analysis of temperature profiles based on the light distribution calculated previously for a possible full 

scale system. 

Two possible full scale designs were chosen for analysis to that end and are shown in Figure A2.1 and 

A2.2. 

                                 

Figure A2.1 Single stack photobioreactor design with a water jacket for cooling. The single stack design 
provides improved volume efficiency but leads to increased heat entrapment due to lower exposed area for heat 
dissipation.  
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Figure A2.2 Distributed “tubular” stack photobioreactor design. The distributed stack design leads to decreased 
volume efficiency but improves heat dissipation due to higher surface area of the tubes. 
 

A simulation model was created in finite element solver COMSOL to analyze the heat profiles within the 

two designs depicted. The following assumptions were input into the model to provide an upper bound to 

the temperature rise in the photobioreactors: 

1) All light incident on the photobioreactor is converted to heat due to NPQ. This assumption can be 

improved by performing experiments on the algae to more accurately determine the degree of 

NPQ in the organism 

2) The walls were assumed to be fabricated of a polymeric material specifically PDMS, while the 

waveguides were assumed to be fabricated from glass. 

3) For the single stack design (Figure A2.1), simulations were carried out on a single stack model 

with periodic boundary conditions on the top and bottom surfaces to simulate the center of a large 

single stack, since this is where the maximum temperature rise is to be expected. 
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4)  Free convective boundary conditions are applied at the outer surfaces of the photobioreactors 

with options of both air-cooling (heat transfer coefficient = 8 W/m2K) and water cooling (heat 

transfer coefficient = 2300 W/m2K) simulated to yield optimal conditions. 

 

 

Figure A2.3 Maximum temperature rise within the photobioreactor as a function of OD for different 
photobioreactor designs and convective cooling. The light intensity used for the calculation is as derived earlier. 
 

 

Figure A2.3 shows the maximum temperature rise in the two photobioreactor designs with both air-

cooled and water-cooled convection boundaries. The temperature rise is seen as a function of OD to again 

analyze the temperature in the photobioreactor as the culture grows within. The light intensity for the 

simulations are obtained from the calculations shown in Appendix 1. The results indicate that high culture 

densities it might be necessary to cool both photobioreactor designs with a water jacket as free air 

convection would not be enough to sustain optimal temperatures within the photobioreactor.    
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Appendix 3 

Supplementary Information for Chapter 5: Results of the regression analysis 

Two regression models were fitted to the data, one for ethylene production rates (Table 1) and one for 

photosynthetic efficiency of ethylene production (Table 2). In both cases the wavelength and intensity of 

the incident light and the culture OD were used as explanatory variables. In both models the regression 

coefficient associated with wavelength was found not to be statistically significant (p-value > 0.9) and 

was hence subsequently removed from the regression model. Additionally, removing wavelength as an 

explanatory variable did not reduce the R2-value, further justifying its removal.  However, despite a non-

significant coefficient (p-value = 0.166), the interaction term between OD and intensity, in the model for 

ethylene production rates was retained. This was as both theoretical considerations (i.e. optimal intensity 

is expected to increase with increasing OD) and a reduction in the R2-value supported the inclusion of the 

interaction term. On the other hand, for regression analysis for PE, the interaction term (p-value > 0.85) 

was not included in the final model since there was neither a strong theoretical reason to support its 

existence, nor did it lead to an improvement of the R2-value.  
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Table A4.1. Regression coefficients for model of the dependence of ethylene production rates on 

intensity, wavelength and OD. 

 Estimate Std. Error Pr(>|t|)  

Intercept -462.80529    151.39989    0.00307  

OD² -1.41317     0.31497  2.49e-05 *** 

Intensity² -0.14366     0.03009  8.40e-06 *** 

OD 55.22942    15.42941    0.00060 ** 

Intensity 18.72381     3.80967    4.90e-06 *** 

OD:Intensity 0.15401     0.11014    0.16604   

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

Residual standard error: 112.2 on 76 degrees of freedom 

Multiple R-squared:  0.6432, Adjusted R-squared:  0.6151  

F-statistic: 22.84 on 6 and 76 DF,  p-value: 3.244e-15 
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Table A4.2. Regression coefficients for model of the dependence of photosynthetic efficiency of 

ethylene production on intensity, wavelength and OD. 

 Estimate Std. Error Pr(>|t|) Significance 

Intercept 1.140e-03 1.291e-04 2.05e-13 *** 

OD 6.900e-05 1.637e-05 6.61e-05 *** 

OD² -1.436e-06 4.158e-07 0.000889 ** 

Intensity -1.197e-05   7.807e-07 < 2e-16 *** 

Significance codes (for FWER of 0.05):  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

Residual standard error: 0.0001474 on 79 degrees of freedom 

Multiple R-squared:  0.7487, Adjusted R-squared:  0.7391  

F-statistic: 78.44 on 3 and 79 DF,  p-value: < 2.2e-16 
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Appendix 4 

Predictive model for in-situ UV disinfection of a slab-waveguide photobioreactor 

Adapted partially from: “In-situ UV disinfection of a slab-waveguide photobioreactor”, Devin F. R. 

Doud, Aadhar Jain, Syed S. Ahsan, David Erickson, and Largus T. Angenent. Submitted to 

Environmental Science and Technology (2014).  

 

Contamination of a photobioreactor is a major problem which can lead to substantial costs associated 

with disinfecting the photobioreactor. To counter this in a waveguide based photobioreactor like ours, we 

investigated a method to in-situ disinfect the bioreactor by UV sterilization. This can be accomplished by 

using the waveguides to transmit UV light to the culture instead of the visible wavelengths. We 

developed a model to determine the degree of disinfection in a single waveguide reactor as a function of 

operational parameters – intensity, time of treatment, disinfection constant of the contaminant and the 

depth of the reactor. 

 The Chick-Watson model for disinfection serves as the foundation for the model and is represented in 

equation A4.1. 

                                                                                          (A4.1)     

Where, N  represents the number of contaminants remaining after treatment 

             No represents the initial number of contaminants 

             t  represents the treatment time 

             k represents the disinfection rate constant specific to the organism i.e. the dosage required per unit 

time for 1 log reduction 

This can be converted to a UV specific form by incorporating the total UV dosage incident at a particular 

depth in the chamber  represented as TD(x,t) in equation A4.2 below. 

)exp( ktNN O −=
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 where α represents the absorbtion coefficient of the culture solution and is therefore a function of the                                       

optical density (OD254) at the sterilization wavelength (254 nm), Ko is a measure of disinfection achieved 

at a dosage level and x represents the distance into the reactor chamber away from the waveguide surface. 

  

A correction factor ‘f’ is introduced in the expression for total dosage (equation A4.5) to correct for the 3-

dimensional scattering from the waveguide (due to random pitting of the surface) rather than the 2-

dimensional assumed for the model. The factor ‘f’ is greater than 1 since the ray has to travel a distance 

larger than the 2-dimensional depth, and therefore leads to greater absorbtion. 

Substituting equation A4.5 in A4.2 and integrating over the volume of the reactor leads to the following 

expression for proportion of cells remaining in the volume after treatment. 

                                                             
( )( ) ( )[ ]kEfdkE

fd ii −−⋅ α
α

exp1               (A4.6) 

                                                             k = KoIot                                                         (A4.7) 

where d is the depth of the channel, Ei represents the exponential integral function. 

 

 

 

              

            (A4.2) 

     TD (x,t)=              (A4.3) 

                                 α =                     (A4.4) 

Corrected TD(x,t) =       (A4.5) 
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Figure A4.1 Model prediction for B. subtilis spore disinfection compared to empirical results. The model was 
fitted to six E. coli data points for chemical etch bioreactors for 75 and 150-min exposures. Solid and open squares 
indicate 75- and 150-min exposures, respectively, with the standard deviations shown. Solid and dotted lines 
correspond to predicted disinfection for 75 and 150-min exposures with k values of 17.5 and 35, respectively, with a 
fitted f value of 2.6. B. subtilis spore data is represented by filled diamonds with the standard deviations shown. The 
function predicted by our model with k value 3.5 is represented by a solid line with open diamonds, while the k 
value of 1.9 is represented by dotted line with open diamonds. 
 
 

The model was verified experimentally (experiments conducted by Devin Doud) by determining the 

parameters f and k by fitting the theoretical curve to the experimental data obtained for E.coli. These 

values were modified for B. subtilis spore by changing the value of k according to the values in the 

literature and the treatment time. As can be seen from Figure A4.1, the theoretical curve fit the 

experimental data within experimental error thus verifying the validity of the model. 
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