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There is significant interest in titanium oxide and germanium-silicon oxide 

nanocomposites for optoelectronic, photocatalytic, and solar cell applications.  The 

ability of the marine diatom Pinnularia sp. to uptake soluble metal oxides from cell 

culture medium, and incorporate them into the micro- and nano-structure of their 

amorphous silica cell walls, called frustules, was evaluated using an engineered 

photobioreactor system.  The effects of metal oxides on the structural and elemental 

properties of the frustule were also evaluated.  Diatom cell cultures grown in 5 L 

photobioreactors were initially charged with 0.5 mM of soluble silicon, Si(OH)4, an 

obligate substrate required for frustule fomation.  Upon exhaustion of Si(OH)4 cells were 

exposed to the mixed pulse-addition of soluble silicon and germanium or co-perfusion 

addition of soluble silicon and titanium, which were  incorporated into the frustules.  

Metals composition of the cell culture medium, diatom biomass and purified frustules 

were measured, as was the local elemental composition within the frustule pores and the 

metal oxide crystallinity. 

Diatom frustules having a germanium composition of 1.6 wt % were devoid of the native 

intra-pore structures and possessed enhanced photoluminescence and 



 
 

electroluminescence when compared to frustules without Ge.  Diatoms cultivated in the 

presence of soluble titanium  incorporated amorphous titania into the frustule, which 

maintained native structure even when local TiO2 concentrations within the nanopores 

approached 60 wt. %.  Titanium oxide could also be biomimetically deposited directly 

within the diatom nanopores by adsorbing poly-L-lysine to the diatom biosilica where it 

catalyzed the soluble titanium precursor Ti-BALDH into amorphous titania nanoparticles.  

Both biogenic and biomimetic titania could be converted to anatase titanium by thermal 

annealing.  It was determined that nanostructured metal oxide composites can be 

fabricated biomimetically or in cell culture to possess properties which may be useful in 

display or solar cell applications. 
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Chapter 1 :  Comprehensive Introduction 
 

Research Rationale 

Tightening energy supplies and ever-increasing environmental concerns require that 

humankind develop new energy supplies and more efficient electronic devices that will 

both circumvent the need to combust fossil fuels and reduce our energy consumption.  

Ideally, a method to efficiently and economically harvest solar energy, a free, abundant, 

and carbon-neutral energy source, can be developed for the production of hydrogen or 

electricity while avoiding the use of toxic substrates or energy intensive fabrication 

methods.  Additionally, the development of bottom-up fabrication techniques for energy 

efficient and environmentally friendly optoelectronic devices has the potential to reduce 

electrical consumption and environmental pollution.    Biogenic and bio-enabled 

hierarchical materials based on the nano-scale biomineralization capabilities of marine 

photosynthetic organisms, namely diatoms, may hold the key to creating the materials 

from which such devices will be made (Parkinson and Gordon, 1999; Morse, 1999; 

Bradbury,  2004; Cohen, 2004; Drum and Gordon, 2004).    

Diatoms 

Diatoms are a group of single-celled photosynthetic algae of the class Bacillariophyceae 

that make shells of hydrated amorphous silica (Round, 1990), called frustules, that 

possess hierarchical micro- and nanoscale features made by a bottom-up approach at 

ambient temperatures and pressures (Fig. 1.1).  In particular, diatom frustules have 

periodic two-dimensional pore arrays with lattice constants at the submicron to nanoscale 

and the pores themselves are often embedded with nanoscale features (Crawford, et al., 

2001).   

Biosilicification 



3 
 

Biosilicification is the process by which an organism uptakes soluble silicon precursors 

from the environment and precipitates them into amorphous silicon oxides.  For over a 

century, it has been known that diatoms are comprised of silica (Richter, 1906), but it was 

first proven that diatoms take up silicon from their external environment in 1955 (Lewin, 

1955).  Later, it was demonstrated that this uptake was carrier-mediated by silicon 

transport proteins (SiTs) in the diatom cell wall (Paasche, 1973a,b; Azam et al., 1974).  

The SiTs transport soluble silicon (in the form of Si(OH)4) across the cell wall from the 

cell culture medium into the cytoplasm.  While diatoms are not the only organisms to 

utilize silicon to build biological structures (Simpson and Volcani, 1981), they are the 

largest contributor to biosilicification on planet earth (Martin-Jézéquel et al, 2000).  Each 

of the worlds estimated 2 x 10
5
 species (Man and Droop, 1996) of diatom is easily 

identified by the genetically determined, unique and ornate patterns of silica that make up 

its cell wall.    

Preceding cell separation in the cell division process, soluble silicon in the cytoplasm is 

transported by molecular diffusion or by silicic acid transporters to the silicon deposition 

vesicle (Hildebrand et al, 1997) as seen in Fig. 1-2a.  The silicon deposition vesicle 

(SDV) is a specialized cell compartment located along the central axis of a diatom, 

midway between the epivalve and hypovalve, which are the two Petri dish shaped halves 

of the cell wall.  The SDV is bound by a membrane called the silicalemma, and it is 

within this specialized compartment where soluble silicon is polymerized to form silica 

(Drum and Pankratz, 1964).  The SDV contains specialized proteins called silaffins as 

well as long chain poly-amines (LCPAs) (Kröger et al., 1999, 2002), which catalyze a 

hydrolysis reaction that links silicic acid monomers together to form solid silica (SiO2) by 

the creation of siloxane (Si-O-Si) bonds (Sumper, 2002), as seen in Fig 1-2b.  The silicon 

oxide is formed into nanospheres embedded with the silaffin proteins and LCPAs (Naik, 

et al 2004) by a phase separation reaction (Sumper, 2002; Lenoci and Camp, 2008).  The 

nano-sized amorphous silica building blocks are used to construct the patterned micro- 

and nano-structures that become new diatom frustules (Schmid, 1976; Schmid and 

Schultz, 1979; Kröger et al, 1999). When the new frustule is completed, the diatom 

divides (Fig. 1-3).  Complete reviews of silicon metabolism in diatoms (Martin-Jezequel 
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et al., 2000) and diatom frustule formation (Round et al., 1990; van den Hoek, et al., 

1995) are found elsewhere.   

The frustule structure is passed indefinitely from parent to progeny and barring substrate 

limitation diatoms grow exponentially with time, making the fabrication of the 

hierarchical structures both highly repeatable and scalable.     Diatom silica, while finding 

some use as a chemical sensor (De Stefano and Rendina, 2005), cannot be used in its 

native form for energy production or optoelectronic device fabrication due to the 

inertness of amorphous silica, but must be modified in order to become useful.  

There are currently two approaches for the biological fabrication of diatom-inspired 

metal oxide materials that may find use in dye-sensitized solar cells, photocatalytic 

hydrogen production, or optoelectronic devices.  The first approach is to directly recruit 

the biological machinery of the diatom to metabolically insert dopants, such as 

germanium, titanium, or gallium, directly into the diatom‟s hierarchical silica structure.  

The outcomes from metabolically inserting non-native metal oxides into the silica matrix 

have been varied, e.g. changing the frustule lattice structure (Jeffryes et al., 2008a), 

dielectric constant and refractive index (Jeffryes et al., 2008b), altering the 

photoluminescent and electroluminescent spectrums (Qin et al., 2008a), and drastically 

changing the elemental composition of the nanostructures within the diatom pores 

(Jeffryes et al., 2008c).  Theoretically, all of these modifications to the native silica can 

be tuned in order to give the desired material properties for the given application. 

The first attempt to utilize the biological machinery of marine diatoms to incorporate a 

non-silica metal oxide was carried out by Lewin (1966) who postulated that because 

germanium is closely related in physical and chemical properties to silicon, the group IV 

element directly above it on the Periodic Table (Jolly, 1966), that it could act as a silicon 

analogue in diatom metabolism.  Lewin was actually researching ways to kill the diatoms 

which were contaminating her macroalgal cultures, but her hypothesis about Ge being a 

metabolic analogue led other investigators to examine the effects of Ge on diatoms.  The 

next investigators to study germanium/diatom interactions considered germanium uptake 

and growth (Azam and Volcani 1974; Sullivan 1976; Sullivan 1977; Markham and 
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Hagmeier 1982), and the effect of germanium on cell wall morphology (Chiappino et al, 

1977).  These investigators deemed Ge to be toxic to diatoms, although the scope of both 

species and cultivation parameters was limited. 

Experiments by Mehard et al. (1974), Azam and Volcani (1974), and Sullivan (1976) 

were conducted with silicon-starved diatoms, which were semi-synchronized in the G2 + 

M phase of the cell cycle (Brzezinski et al, 1990), the phase of the cell cycle where 

silicon uptake occurs.   Because cells are aligned in the Si-uptake phase of the cell cycle 

and there are no intracellular pools of Si within the cell cytoplasm when the organisms 

are suddenly exposed to high levels of environmental silicic acid, a very rapid uptake of 

the soluble metal oxide occurs.  This “surge uptake” is many times faster than growth 

related uptake, and leads to a large intracellular pool of soluble silicon and/or germanium.  

Diatoms are capable of consuming enough silicon in two hours of surge uptake to 

complete one cell division (Sullivan 1976).  Sullivan (1977), observed silicon uptake for 

a period of 60 seconds and determined surge silicon uptake to be a saturable uptake 

process that can be modeled by Michaelis-Menten kinetics.  However, these studies were 

too short term to determine any other rate processes besides uptake into the cytoplasm, 

lacked any analysis of the optical or electronic properties of the diatom and didn‟t 

provide significant insight into the long-term scalable production of silicon-germanium 

oxide composite frustules.  

Only a few studies exist which have studied germanium uptake rates beyond 60 seconds 

(Jeffryes, 2004; Rorrer et al., 2005; Jeffryes et al., 2008).  These studies observed the 

phenomena of Ge surge uptake followed by complete cell division.  It was determined 

that during the 24 hour period after Ge(OH)4 addition, in the presence of ample Si(OH)4, 

the soluble Ge in the cytoplasm was alloyed into the silica matrix of the frustule forming 

a silicon-germanium oxide. It was also determined that an increased level of Ge 

incorporation in the frustule increased morphological aberrations.  A follow-up study by 

Davis and Hildebrand (2008) verified that in the presence of adequate Si(OH)4, diatoms 

can sustainably take up Ge(OH)4 at the expense of increased frustule aberrations and 

slower growth rates.  
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Based upon germanium uptake experiments, it was hypothesized that the controlled 

uptake of Ti(OH)4 by diatom cell culture would be possible.  Titanium bioaccumulation 

in the biosilica of diatoms field-collected in the Pacific Ocean has been observed at levels 

up to 1300 ppm (Martin and Knauer, 1973) and trace amounts of titanium have been 

introduced to diatom cell culture in vitro (Riley and Roth, 1971).  However, the 

controlled delivery of Ti(OH)4 to diatom cell culture, the quantification of Ti(OH)4 

uptake and the materials characterization of titania-enriched diatom frustules was first 

conducted by Jeffryes et al. (2008c).  It was observed that the titanium had no detrimental 

effects on the diatom and that the titania incorporated into the diatom biosilica was 

concentrated near the nanoscale structures of the frustule pores.   

Biomimetic Precipitation of Metal Oxides  

The second approach to biologically fabricate novel diatom-inspired materials is to 

harness the catalytic activity of sillafins, sillafin analogues, long-chain polyamines, or 

sillafin inspired polymers and peptides to mimic the biological precipitation of metal 

oxides in vitro without the complexity of the whole organism (Sumerel et al., 2003; 

Kisailus, et al., 2005; Kröger et al., 2006; Cole et al., 2006; Sewell and Wright, 2006; 

Martinez-Perez et al., 2007; Dickerson et al., 2008a).  Biomimetic precipitation studies 

have shown the resulting precipitates to be nano to micro-sized spheres of metal oxides 

with a Gaussian size distribution and no hierarchical structure.  However, it is possible to 

utilize a template (Xu et al., 2006; Pogula, et al., 2007; Banerjee et al., 2007; 

Kharlampieva et al., 2008) to give structure to the biomimetically precipitated metal 

oxide or even use the diatom frustule itself as a template (Jeffryes et al., 2008d), which 

forms a hierarchical metal oxide structure that may be suitable for power or device 

applications.  The most significant biomimetic metal oxide precipitation studies are 

discussed below, while a complete review is available from Dickerson et al. (2008b).  

The first use of proteins to catalyze the formation of silicon oxides from the soluble 

silicon precursors was reported by Cha et al. (1999) who used silicateins, the protein used 

by aquatic sponges to form the silica spicules, to form SiO2 from the silicon alkoxide, 

tetraethoxysilane (TEOS).  The next use of proteins involved sillafins, the protein used by 
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diatoms to form their silica frustules, from the marine diatom Cylindrotheca fusiformis 

was used to precipitate silica nanospheres from solutions of silicic acid (Kröger et al., 

1999).  Kröger observed a loose relationship between protein subunit size and 

nanospheres size, although the diameter of the spheres varied greatly, up to hundreds of 

nanomaters. 

The next progression in biomimetic catalysis was to use non-silica based alkoxides to 

form non-silicon based metal oxides.  In 2003 silicateins from the aquatic sponge Tethya 

aurantia was used to produce titanium dioxide from titanium(IV) bis-(ammonium 

lactato)-dihydroxide (TiBALDH) (Sumerel, et al., 2003).  This procedure produced long 

strands of TiO2 with strand widths of approximately 800 nm.  Using gallium nitrate as a 

precursor and silicateins from the sponge T. aurantia Kisailus et al. (2005), was able to 

produce either gallium oxo-hydroxide (GaOOH) or spinel gallium oxide (γ-Ga2O3, a gas-

sensing semiconductor), depending on the chosen reaction conditions.  Cunrow et al. 

(2005) produced a recombinant silicatein-α and fused it to the surface of E. coli.  The 

bacteria were used as a template to direct TiO2 condensation.  Using Ti[BALDH] as a 

precursor an aggregate of many titanium coated E. coli cells was produced.  This study 

was followed by Kröger et al. (2006), who cloned regions of the sillafin gene and used 

Escherichia coli to produce four recombinant sillafin proteins (rSilc, rSil1L, rSil3, rSilN).  

Kröger successfully used these proteins to condense Si(OH)4 into silica nanospheres and 

Ti[BALDH] into TiO2 with a size distribution: 200-400 nm (rSilC),  <50 nm (rSil1L), 50-

250 nm(rSil3), or no particles (rSilN).  Kröger reports that one petide successfully 

catalyzed the formation of rutile TiO2, the only instance of a peptide or polymer 

catalyzing the formation of a crystalline, rather than amorphous, metal oxide. 

In addition to diatom or aquatic sponge families of proteins, a family of silica 

hydrolyzing fungal proteins has been discovered.  A pair of proteins with molecular 

masses of 21 and 24 kD are excreted by the fungus Fusarium oxysporum and are capable 

of hydrolyzing SiF6
2-

 and TiF6
2-

 to silica and titania (Bansal et al 2005).   

Kröger‟s discovery in 1999 that sillafins catalyze the formation silicon oxides led other 

researchers seek out synthetic sillafin substitutes in order to better control and scale the 
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production of novel materials.  Most notably, Patwardhan, who catalyzed the formation 

of silica with polyallylamine hydrochloride (PAH) Patwardhan et al. (2001a), poly-L-

lysine (PLL) (2001b), poly-L-histidine (Patwardhan and Clarson, 2003a) and poly-L-

arginine (2003b) from the precursor tetramethoxysilane (TMOS).  This study was 

followed by using PAH and PLL to produce amorphous germania using germanium(IV) 

ethoxide and germanium(IV) isopropoxide as precursors (Patwardhan and Clarson, 

2005), which produced germania spheres with a wide size distribution, from 400 to 3000 

nm.  Using a different method, Dickerson et al. (2004) utilized a peptide display library to 

identify several short (12 amino acid) peptides capable of precipitating germanium oxides 

from germanium alkoxides. In 2006, two research groups (Sewell and Wright 2006; Cole 

et al., 2006) independently produced titania from PLL, producing fused nanoparticles 

with size distributions of 50 ± 20 and 140 ± 60 nm.  Sewell et al. (2008) used amine 

terminated PAMAM G0-G6 and PPI G5-G4 dendrimers and the precursors TiBALDH 

and tetramethoxygermanium (TMOG) produce TiO2 and GeO2 under environmentally 

friendly conditions. None of the previously mentioned studies were able to produce 

monodisperse nanospheres sizes or hierarchical structures. 

The biomimetic fabrication of structured or ordered metal oxides was first explored by 

Coffman et al. (2004), who used photolithography to pattern areas of PLL adsorption 

onto a silicon support.    Coffman was able to make 700 nm silicon spots spaced 5 µm 

apart.    Another study to use existing silicon wafer technology was by Butler et al. 

(2006), who used a UV photoresist to fabricate patterned surfaces of PLL, but was unable 

to form silica structures with a length scale below than 10 µm. 

The first study to fabricate detailed silica structures was Xu et al. (2006), who attempted 

to produce synthetic diatom frustules by printing  the polycationic catalysts 

Poly(allylamine hydrochloride) (PAH), and Poly(acrylic acid) (PAA) on a polymer 

substrate.  The peptide polymers were solvated into an “ink” and printed in a design 

mimicking the form of a frustule. The ink was then reacted with silicic acid.  Solid silica 

was produced over the ink, producing frustule-like structures.  However, this method is 

limited to the resolution of the printing mechanism and no structures finer than 2 μm 
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were observed.  This method is also low throughput and only practical for producing two 

dimensional structures. 

Another method of templating has been to use the charged interaction between a 

polycationic polymer and a substrate surface.   Polycationic polymers have been adsorbed 

to glass rod templates (Pogula et al., 2007) and reacted with soluble silicon precursors 

forming a silica “sheath”.  Also, synthetic peptides have been bound to organic nanotubes 

and reacted with soluble precursors to produce surface Ge, TiO2 or CuS2 nanocrystals 

(Banerjee et al., 2007).  In an attempt to order semiconducting nanospheres, 

Kharlampieva et al. (2008) used layer by layer (LBL) deposition of micropatterned 

polyelectrolyte polymer films.  The recombinant sillafin protein, rSilC, was selectively 

adsorbed to the micropatterned polyelectrolyte and the catalyst was then exposed to the 

soluble titanium precursor TiBALDH.  The result was a micropatterned titanium oxide.   

Recently, the micropatterning of polymers on a substrate has been achieved by the 

interfacial destabilization of surface acoustic waves (Alvarez et al., 2008).  The 

dimensions of the patterning are a function of wave frequency, so it may be possible to 

surface pattern PLL or other polycationic polymers at very small length scales by using 

high energy waves. 

In a study by the author of this thesis, the diatom was directly used as a template to 

produce the first hierarchically structured silicon titanium oxide composite (Jeffryes et al. 

, 2008d).  Poly-L-lysine was first adsorbed into the pores of a diatom frustule and reacted 

with TiBALDH.  This resulted in titania nanoparticles being occluded within the 

nanosized frustule pores.  The titania could be thermally converted to semiconducting 

anatase TiO2, which has applications in solar cell technology.   Additionally, this author‟s 

work is scalable because billions of copies of the biologically produced, nanostrcutred, 

hierarchical frustule templates can be produced per liter of cell culture.   Also, the in vivo 

methods carried out by Jeffryes (Jeffryes, et al., 2008a, 2008c), are the only instances of 

hierarchal metal oxide structures that are either self-assembled or fabricated under 

environmentally friendly conditions, i.e. ambient temperatures, pressures and near neutral 

pH. 
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Bioclastic Frustule Replication and Biomimetism 

One successful method to fabricate nanostructured hierarchical metal oxides is by what 

has been termed bioclastic frustule replication.  Bioclastic means “turning living into 

mineral”, even though diatom frustules are no longer living when they undergo 

transformation from hydrated amorphous silicon oxide to some other metal or metal 

oxide, this term is applied to the process.  While successful, bioclastic frustule 

replication, like other methods to produce composite metal oxides (which have value to 

semiconductor and display technologies) are low-throughput and require extreme 

temperatures, pressures or toxic materials (Zhu et al., 1995; Zacharias and Fauchet, 1998; 

Negishi et al., 2000).  The first bioclastic frustule replication was conducted by Sandhage 

et al. (2002), who reacted diatom frustules with Mg(g) at 900 °C for 4 h.  A gas 

displacement reaction converted the frustule to magnesium metal while maintaining the 

shape of the original diatom.   Gas displacement reactions using TiF4 have been used to 

convert diatom frustules to TiOF2 followed by a reaction with O2 to produce frustules 

composed of anatase TiO2 (Unocic, et al., 2004; Lytle et al., 2004).  Other gas 

displacement reactions have turned diatom frustules into Mg2-Si (Cai et al., 2005; 

Szczech and Jin, 2008) or zirconia (Shian et al., 2006).  Another study  (Bao, et al., 2007) 

converted  diatom frustules to Si(s) by reaction with Mg(g) to produce an MgO(s)-Si(s) 

composite frustule.  The frustules were then immersed in an EtOH-HF solution to remove 

MgO(s), leaving behind a highly porous Si(s) composite frustule.  The frustules were 

then immersed in an EtOH-HF solution to remove MgO(s), leaving behind a highly 

porous Si(s) frustule that maintained original shape. 

Biomimetism, unlike bioclastic replication, makes replicas that mimic the form of diatom 

frustules rather than chemically transforming the actual diatom frustules into another 

material.  The first study to create structures mimicking frustules evaporated Ti and Ag 

metals directly onto the biogenic silica of Synedra spp. (fresh water) and Thalassiosira 

spp. (marine) diatoms creating a frustule with a hard coating of either Ti or Ag (Payne et 

al., 2005).  The biogenic silica was etched away using HF leaving behind the Ti or Ag 

coating, which was nearly identical in size and shape to the original frustule.   Frustule 

replicas made from gold (Losic et al., 2006a) have also been created.  Another method of 
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mimetism produced a frustule replica out of carbon or porous silica (Cai et al., 2006) by 

first hardening sucrose around a diatom frustule to make a carbon based negative replica 

of the diatom frustule.  The frustule silica was then removed by etching and the negative 

replica was filled with either the block co-polymer P123 or mesoporous sol-gel silica.    

The sucrose could then be removed leaving behind the porous silca or carbon based 

replica.   Soft lithography has also been used to make replicas of diatom frustules (Losic 

et al., 2007).  First, a layer of diatom frustules was completely covered by a layer of the 

soft polymer PDMS.  A negative diatom replica was left in the PDMS after removal from 

the frustule layer.   A mercaptol ester type UV curable polymer (NOA 60) was put into 

the PDMS negative mold and cured.  After the NOA 60 was hardened the PDMS was 

removed leaving behind the positive mold of a diatom frustule.   

The overall goal of producing nanostructured hierarchical composite materials, such as 

the metabolic, bioclastic and biomimetic methods previously described, are to produce 

novel materials possessing physical, optical, or electronic properties which will have 

applications in energy, catalytic, device or display technologies.  Some of these potential 

applications are discussed below. 

Diatom -Dye-Sensitized Solar Cell Applications 

Dye-sensitized solar cells (DSSCs) as introduced by O‟Regan and Grätzel in 1991 have 

great potential as inexpensive photovoltaic devices.  The most typical DSSC 

configuration has a ruthenium based dye bound to a photoanode comprised of anatase 

TiO2 nanoparticles.   First, the dye molecule absorbs a photon which excites an electron 

to an energy level sufficient for injection into the conduction band of the TiO2.  The 

electron diffuses to the transparent conductive glass front electrode and can be supplied 

to a load.  An electron from the electrolyte is supplied to regenerate the dye.  Many 

excellent reviews on DSSCs (Hamman et al.., 2008; Grätzel, 2001) and other applications 

of TiO2 nanomaterials (Chen and Mao, 2007) are available. 

Improving the performance of a DSSC has been limited to optimizing three photo-related 

components:  the photoanode, the photosensitizing dye, and the electrolyte.  However, the 

incorporation of diatom frustules or frustule-metal oxide composites into the photoanode 
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has the potential to enhance DSSC efficiency in an entirely different way, by acting as an 

integrated reflector or even a photonic crystal (Fuhrman, 2004) within the photoanode.  

Since different diatom pore arrays may give rise to distinct photonic crystal modes 

(Sumper and Brunner, 2006), diatom species or frustule post-modifications could be 

selected for optimal results. This leads to enhanced photonic capture by a means 

completely independent of the dye.  When an inverse opal TiO2 was deposited onto a 

common nanocrystalline titanium oxide DSSC electrode an increase in photocurrent was 

observed (Mihi et al., 2008).   Photonic capture at wavelengths ca. two times the void 

diameter ± 120 nm was enhanced, and incorporation of multiple inverse opal layers of 

differing void diameters was found to be effective at harnessing a broader spectrum of 

illumination.  Frustules have regular arrays of nanostructured silica similar to the inverse 

opals used in this study.  As a result of enhanced photonic capture, less dye or a thinner 

layer photoanode layer may be used, resulting in reduced cost.  Thinning the photoanode 

layer also decreases the distance diffusing electrons must travel before reaching the 

conductive glass electrode, reducing electron recombination with the electrolyte and 

increasing efficiency.    Recent studies have also determined that diatom frustules act as 

light focusing microlenses (De Stefano et al.., 2007; Tommasi et al., 2008) and that 

photonic crystal  promoted light concentration may have a positive effect on the 

efficiency of DSSCs (Zhang et al., 2008).  Exploiting these phenomena for practical 

applications needs further study. 

Current work in DSSCs by the author‟s lab group has focused on preparing diatom-TiO2 

composite materials for the incorporation into the photoanode.  In one  study (Jeffryes et 

al., 2008c), the marine diatom Pinnularia sp. was used as the platform for the biogenic 

fabrication of a diatom silica-titania composite material, where the living diatom was 

used to metabolically insert nanostructured TiO2 into the periodic structure of the diatom 

silica.  It was determined that a two-stage photobioreactor cultivation process, where the 

diatoms are first grown to silicon starvation in Stage I and then given a controlled co-

delivery of soluble silicon and titanium in stage II, led to the stable incorporation of 

titania into the diatom frustule.  The bioprocess approach for the formation of silica-

titania frustule composites is a massively parallel, bottom-up, self-assembly process 

conducted at ambient temperatures and pressures in a benign seawater environment.   The 
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level of biogenic titania observed in the frustule-titania composite was 2.3 g of Ti / 100 g 

SiO2, but the titania was enriched within the frustule pores and nanoscale pore features, 

because of the rate processes of SiO2 and TiO2 deposition.  The soluble silicon was taken 

up from the culture medium and incorporated into the diatom biosilica at a faster rate 

than the soluble titania.   The first step in frustule formation is the formation of the 

biosilica ribs (costae), and the frustule is completed by the formation of the pore spaces 

(areolae) and intrapore nanostructures (Hildebrand et al. 2006).  The first structures 

formed are therefore enriched in silica and the latter structures, which are formed after 

the depletion of silica, are enriched in titania.   The titiania within the pores could be 

converted to crystalline anatase or rutile TiO2 with thermal annealing.  The enrichment 

within the pores creates a two-dimensional spatial organization of nanostructured titania, 

which may give rise to unique optoelectronic and light-trapping activity (Aprile et.al, 

2008), useful in the photoanode of a solar cell.  To date, the biogenic frustule-titania 

composite has not been tested as a photoanode in a DSSC. 

The author‟s lab group has also used diatom frustules as templates for the biomimetic 

deposition of nanostructured titania (Jeffryes, 2008d).  The organic matter was removed 

from live diatom cell culture by treatment with hydrogen peroxide, yielding clean diatom 

biosilica (frustules).  The frustules were then incubated in phosphate buffered saline with 

the poly-cationic peptide poly-L-lysine (PLL), which is known to precipitate the soluble 

titanium precursor, TiBALDH, to insoluble titania (Sewell and Wright 2006; Cole et al., 

2006).  The poly-L-lysine adsorbs to the diatom silica, which was verified by 

fluorescence microscopy.  When the PLL adsorbed frustules are exposed to TiBALD the 

result is titnia nanoparticles bound to the frustule surface.  If the process was repeated, 

adsorbing PLL to the newly deposited titania and exposing to TiBALDH, more titania 

could be deposited.  Although beyond the scope of the study, the level of titania in the 

composite could hypothetically be tuned to the desired level for the given application by 

changing the experimental design.  It was found that amorphous titania in the form of 

nanoparticles (10-50 nm diameter) completely packed the frustule pores.  The titanium 

loading on the frustules was found to be as high as 0.8 ± 0.1 g Ti / g Si after two 

successive PLL-TiBALDH depositions.  The as-deposited material was verified by 
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powder X-ray diffraction and electron diffraction as amorphous, but was converted to the 

desired anatase TiO2 by thermal annealing in air at 680 °C for two hours. 

Display Devices 

Diatom biosilica is known to display blue photoluminescence (Butcher et al., 2005; Liu et 

al., 2005; Qin et al., 2008a, Qin et al., 2008b), despite being a wide band gap 

semiconductor.  Biologically based photonic nanostructures are reviewed elsewhere 

(Parker and Townley, 2007).  One recent study (Jeffryes et al., 2008) determined that 

frustules possessed both photoluminescence (PL) and electroluminescence (EL) when 1.6 

± 0.1 wt % germanium oxide was metabolically inserted into the diatom biosilica. The 

insertion of germanium oxides caused a change in pore structure while maintaining the 

overall shape of the frustule (Jeffryes et al., 2008a).  To fabricate the EL device, Si-Ge 

oxide composite frustules were by spin coated onto an ITO substrate then coated with 

400 nm HfSiO4 and 100 nm layers of Al by atomic layer deposition.  When voltage was 

applied to the device, the frustules that contained Ge emitted two bands of emission, the 

first between 300 and 500 nm, and the second between 640 and 780 nm.  The observed 

emission bands corresponded to the optical modes of the frustule pore lattice constant of 

the germanium containing frustules when modeled as photonic crystals.  When a voltage 

was applied to frustules containing no germanium oxides no EL was observed, so it was 

hypothesized that the EL spectrum arises from both germanium defects and the pore 

lattice constant.  In addition to metabolically adding germanium to the frustules, the 

diatom pore lattice constants can be changed by metabolically inserting nickel (Parker 

and Townley, 2007), atomic layer deposition [(Losic et al., 2006b), layer by layer 

deposition (Weatherspoon et al., 2007) to the frustule surface, selection of species, or 

possibly even genetic manipulation (Kröger, et al., 2000; Poulsen et al., 2007; Kröger and 

Poulsen, 2008).  It may therefore be possible to develop diatom frustules with tuned 

elemental and pore lattice constant to give any desired optoelectronic properties. 

Further Research 

Potential exists for the modification of the diatom genome for the promotion of novel 

metal oxide nanostructured materials (Kröger and Poulsen, 2008).  There exist 2 x 10
5
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species of diatoms (Man and Droop, 1996) each having a different frustule morphology 

genetically determined by the species specific silica catalyzing proteins contained within 

the silica deposition vesicle (Kröger, et al., 2000).  Diatom genomes have been 

extensively studied with some species, such as Thalassiosira pseudonana, being 

completely sequenced. As peptide sequences and functional groups that alter frustule 

morphology are deciphered, genetic manipulation of the genes controlling the species 

specific polyamines can be altered.  This will enable the frustule pore shape, size, 

spacing, and intrapore nanostructures to be tailored for specific applications.  A recent 

study (Fang et al., 2008) indicated that diatom inspired peptides can be modified to 

precipitate titania, but not silica.  This opens the possibility of genetically modifying 

diatoms to build their frustules based on the metal oxides of titanium, germanium or 

gallium instead of silicon.  Custom nanostructured metal oxide composites could be made 

from frustules of one metal oxide and peptide mediated nanoparticles of other metal 

oxides. 

The future of fabricating diatom-inspired hierarchical materials will be to transfer the 

formation of the structures from inside the living organism to a platform where the 

nanopore arrays can be extended to scales exceeding the physical dimensions of the 

original organism.   Given recent advances in biomimetics and cell culture fabrication of 

hierarchical nanostructed metal oxides, biological methods may be developed to produce 

3-D photonic devices such as germanium and silicon inverse woodpiles (Gratson, et al., 

2006; Garcia-santamaria, et al., 2007), which could enhance the efficiency of solar cells. 

Additionally, biomimetic and biogenic silicon oxides could be tailored for elemental 

content, pore lattice size and structure, or functionalized with organic molecules (Gale et 

al., 2008) to yield a variety of electronic, display, or sensing properties.  While the 

groundwork for the diatom based biomimetic and cell culture fabrication of “green” 

hierarchical, nanostructured metal oxide composites was done in this thesis, many areas 

of research are left to be investigated. 
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1-1.   Images of Pinnularia sp. (a) Light microscopy image of living diatoms, (b) SEM 

image of single frustule, (c) TEM image of microstructure, (d) TEM image of the pore 

patterning, (e) High Resolution TEM image of a single pore, (d) HRTEM image of the 

intrapore fine structures.  
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1-2.  (a) Si(OH)4 is transported from the culture medium into the cytoplasm by the SiTs 

and into the SDV.  (b) Sillafins and poly-amines catalyze the transformation of soluble 

silica into the insoluble silica pattern of the frustule.   
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1-3.  Diatom cell divison (a) uptake of Si(OH)4, (b) Soluble silicon catalyzed to insoluble 

silica to form a new frustule within the SDV, (c) cell division.
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Abstract 

There is significant interest in imbedding nanoscale germanium (Ge) into dielectric silica 

for optoelectronic applications. In this study, a bioreactor process was developed to 

metabolically insert nanostructured Ge into a patterned silica matrix of the diatom 

Pinnularia sp. at levels ranging from 0.24 to 0.97 wt.% Ge. In Stage I, the diatom cell 

culture was grown up to silicon starvation. In Stage II, soluble silicon and germanium 

were co-fed to the silicon-starved culture to promote one cell division during Ge uptake. 

In Stage II, soluble Si and Ge were transported into the silicon-starved diatom cell by a 

surge uptake process, and Ge uptake preceded its incorporation into the frustule. STEM–

EDS line scans of the frustule in the newly-divided cells revealed that the Ge was 

uniformly incorporated into the biosilica. The overall shape of the new frustule was 

intact, but Si–Ge oxides filled the frustule areolae and altered their nanoscale pore size 

and geometry. Ge-rich pockets imbedded within the silica frustule were also found. These 

results suggest that a two-stage diatom cultivation process can biologically fabricate and 

self-assemble new types of Ge–Si nanocomposite hierarchical materials that possess 

intricate submicron features. 

Introduction 

Currently, there is significant interest in imbedding nanoscale germanium (Ge) into 

dielectric silica for optoelectronic applications and nonvolatile memory device structures 

(Kanjilal et al., 2003). For example, nano-crystalline Ge and Ge oxides in silica possess 

strong blue photoluminescence (Zacharias and Fauchet, 1997). Current methods for 

imbedding germanium into silica (SiO2) rely on top-down, low-throughput approaches 

operating at extremes of temperature, such as ion implantation (Zhu et al., 1995), laser 

ablation (Negishi et al., 2000) or magnetron sputtering (Zacharias and Fauchet, 1998). In 

general, it is extremely difficult to fabricate nanostructured complementary metal oxide 

(CMOS) semiconductor materials and at the same time integrate these materials into 

patterned nanoscale device features needed for the next generation of optoelectronic 
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devices. To address these limitations, biologically-inspired or biomolecule-mediated 

fabrication techniques are increasingly becoming recognized a new platform for the 

bottom-up synthesis of nanostructured materials and their self-assembly into hierarchical 

structures, including metal oxide semiconductors (Dujardin and Mann, 2000; Zhang, 

2003; Sarikaya et al., 2004). 

Diatoms are a prolific class of single-celled algae that take up soluble silicon to make 

silica shells or frustules possessing intricate submicron and nanoscale structures such as 

patterned pore arrays. Diatoms have been touted as the paradigm for the biofabrication of 

nanostructured silica (Sun et al., 2004; Sumper and Brunner, 2006) , and many 

applications of the emerging fields of “diatom nanotechnology” and “silicon 

biotechnology” have been proposed (Parkinson and Gordon, 1999; Morse, 1999; 

Bradbury, 2004; Cohen, 2004; Drum and Gordon, 2003) . Several elegant studies have 

deduced the structure and function of the silaffin class of diatom proteins and peptides 

that promote the condensation of soluble silicon to silica (Kröger et al., 1999; Kröger et 

al., 2000; Kröger et al., 2002; Naik et al., 2003; Sumper et al., 2003; Poulsen and Kröger 

2004; Sumper, 2004).  Unfortunately, biomimetic synthesis of silica promoted these 

biomolecules has not yet duplicated the nanostructure and intricate submicron structure 

of the diatom frustule, although a top-down writing technique could be used to pattern 

some of its microscale features (Xu et al., 2006). It is our belief that the living diatom 

itself could be harnessed as a cell factory for massively-parallel fabrication of nanoscale 

hierarchical metal oxide materials that are packaged into a frustule-like form factor. 

There is considerable need for this approach, as it has recently been shown that intact 

diatom frustules act as photonic crystals Fuhrmann et al., 2004) , optical sensors De 

Stefano et al., 2005), possess weak green photoluminescence (Butcher et al., 2006), and 

can serve as templates for bioclastic materials processing (Shian et al., 2006) or 

nanoparticle assembly Rosi et al., 2004) . 

The controlled metabolic insertion of germanium into the silica frustule may produce a 

Si–Ge nanocomposite imbedded into the frustule microstructure. This Si–Ge 

nanocomposite could impart optoelectronic properties to this microstructure and at the 

same time controllably alter the microstructure. In a preliminary study, we cultivated the 
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marine diatom Nitzschia frustulum in the presence of soluble germanium. Thermal 

annealing of the diatom cell mass in air at 800 °C yielded a crystalline white solid 

consisting of silicon oxide nanoclusters enriched in germanium and calcium oxides 

(Rorrer et al., 2005). This current study focuses on harnessing the diatom cell growth 

cycle for the biological fabrication of Si–Ge oxide nanocomposites within the biogenic 

frustule microstructure. 

A two-stage bioreactor process will provide the level of control needed to incorporate the 

desired composition of germanium into the silica frustule. In Stage I, the diatom cell 

suspension is grown up to silicon starvation. In Stage II, soluble silicon and germanium 

are co-fed to the silicon-starved culture to promote one cell division while the germanium 

is being taken up by the organism. With regards to hierarchical structure, pennate diatoms 

in genus Pinnularia are an excellent model organism for biofabrication, as the frustule 

possesses levels of order spanning the micron, submicron, and nanoscale (Crawford et al., 

2001; Krammer, 1992). 

The first objective of this study was to characterize the cell growth and metal uptake 

parameters for the two-stage photobioreactor cultivation of Pinnularia sp. as a function 

of Stage II initial germanium concentration. The second objective was to determine if 

metabolically inserted germanium was nanostructured within the biogenic silica. Towards 

this end, frustules were isolated by aqueous hydrogen peroxide treatment at room 

temperature to preserve the biogenic silica structure. The third objective was to assess if 

metabolic insertion of germanium could controllably alter the frustule microstructure. 

Based upon these results, a conceptual model for metabolic insertion of germanium into 

frustule by the two-stage cultivation process was proposed. Evaluation of optoelectronic 

material properties was beyond the scope of this study. 

Experimental 

Cell culture 

Pure cultures of the marine diatom Pinnularia sp. (Ehrenberg) were obtained by the 

UTEX Culture Collection of Algae (UTEX# B679). Pinnularia sp. (Krammer, 1992) is a 



23 
 

photosynthetic diatom possessing pennate morphology, with a nominal length of 30 μm 

and width of 5 μm. Stock cultures of Pinnularia sp. were maintained on enriched natural 

seawater medium without agitation in 500 mL foam-stoppered flasks (80 mL per flask) 

under cool white fluorescent light at 50 μE/m
2
-s incident light flux intensity and 

photoperiod of 14 h light/10 h dark within an incubator set at 22 °C. The cell suspension 

was subcultured every 14 days at 10% v/v. The typical cell density just before subculture 

was 1 · 10
6
 cells/mL. Filtered, UV-sterilized natural seawater was obtained from the 

Hatfield Marine Science Center, Newport, Oregon, and re-filtered at 5 μm. The 

enrichment medium, a modified LDM recipe, 

(http://www.zo.utexas.edu/research/utex/media/ldm.html) was designed for silicon-

limited culture growth with an N:P ratio of 23.4:1. Macronutrients in the enrichment 

medium were 5.125 mM NaNO3, 0.0543 mM K2HPO4·3H2O, 0.165 mM KH2PO4, 

1.03 mM Na2SiO3·5H2O; micronutrient metals were 69.6 μM MgSO4·H2O, 3.08 μM 

FeSO4·7H2O, 1.77 μM MnCl2·4H2O, 0.314 μM ZnCl2, 0.072 μM CoCl2·6H2O, 0.136 μM 

(NH4)6Mo7O24·4H2O, 17.2 μM Na2EDTA; vitamins were 0.013 μM B12, 0.07 μM biotin, 

5.1 μM thiamine HCl, 13.6 μM thymine, 7.2 μM Ca-pantothenate, 1.25 μM p-

aminobenozic acid, 95 μM meso-inositol, 13.9 μM nicotinic acid. The final medium was 

autoclaved at 121 °C for 30 min. All culture manipulations were performed in a laminar 

flow hood using sterile technique. 

Photobioreactor design 

The bubble-column photobioreactor shown in Fig.2-1  was used to cultivate the 

Pinnularia sp. photosynthetic cell suspension under controlled conditions. The bioreactor 

vessel was a glass column of 10.5 cm inner diameter, 4.8 mm wall thickness, and 70.5 cm 

height to provide a total volume of 6.1 L and working volume of 3.9 L (45 cm). The glass 

column was mounted onto two stainless steel support plates at the base and top. The 

baseplate assembly contained a stainless steel sparger plate consisting of four 1.0 mm 

diameter holes on a 3.6 cm square pitch. Pressurized house air was particulate filtered, 

metered through a flowmeter, sterile filtered at 0.2 μm, and introduced to the baseplate. 

The headplate assembly contained 8 ports, including a fresh medium delivery port, 

thermocouple port, a 4.6 mm inner diameter sampling tube, 11 mm D.O. electrode port, 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_cdi=5590&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.zo.utexas.edu%252Fresearch%252Futex%252Fmedia%252Fldm.html
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two air outlet ports, and 9.5 mm outer diameter by 1.09 m length stainless steel internal 

U-tube heat exchanger. Controlled sampling of the liquid suspension within the vessel 

was accomplished by pressurizing the vessel headspace and collecting the liquid in a 

sterile culture bottle. Water from a temperature-controlled chilling circulator was pumped 

through the internal heat exchanger to provide constant temperature within the bioreactor 

vessel. The bioreactor was externally illuminated by six 20 W cool white fluorescent 

lamps of 57 cm length vertically positioned around the glass vessel in a hexagonal array 

about 1–2 cm from the vessel surface. The lamps were connected to a photoperiod timer. 

The incident light flux intensity was measured with a LI-COR SA 190 PAR quantum 

sensor positioned at the interior surface and pointed towards the light source at 6 radial 

positions and 3 axial positions (top, middle, and bottom). Detailed process conditions 

used in this study are provided in Table 2-1. Four identical photobioreactor systems were 

operated in parallel. 

Two-stage photobioreactor cultivation 

In all bioreactor experiments, medium composition was the same as for the Pinnularia 

sp. flask cultures with the exception of the dissolved silicon concentration. The medium 

and bioreactor were autoclaved separately. The bioreactor was inoculated using 17 day 

old Pinnularia sp. flask cultures by sterile transfer of a defined inoculum volume. In 

Stage I of the two-stage photobioreactor cultivation process, culture growth was designed 

for silicon limitation. The target initial cell density was 7.5 · 10
4
 cells/mL, the initial pH 

was 8.3, and the initial dissolved silicon concentration (CSi,o) was 0.53 mmol Si/L (as 

soluble Na2SiO3), to provide a target final cell number density of 6.0 · 10
5
 cells/mL, or 

approximately 3 cell divisions. The photoperiod was set to 4 h illumination, then 10 h 

dark, then 14 h illumination/10 h dark for the rest of the cultivation period. After all the 

soluble silicon was consumed, the culture was kept in a silicon-starved state at constant, 

stationary phase cell density for at least 24 h. At the point of silicon starvation, Stage II of 

cultivation was initiated 4 h into the photoperiod. Specifically, defined volumes of 

100 mmol Na2SiO3/L and 5.0 mmol GeO2/L stock solutions in de-ionized water were 

mixed together and then injected into the bioreactor culture. The initial dissolved silicon 

concentration was always reset to 0.53 mmol/L, which was enough silicon to provide for 
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one more cell division of silicon-starved cell culture leading to a final cell number density 

of 1.2 · 10
6
 cells/mL at the end of Stage II. In Stage II, the initial soluble germanium 

concentration varied from 0, 4.25, 17.3, 25.2 to 38.3 μmol/L at the fixed initial Si 

concentration of 0.53 mmol/L, to provide initial Si:Ge molar ratios ranging from 125:1 to 

14:1 (initial Si:Ge mass ratios from 48:1 to 5.4:1). The cultivation times for Stages I and 

II were 114 and 56 h respectively (170 h total). 

During Stage I, 40 mL of the cell suspension was sampled at 12 h intervals for 

determination of cell number density, pH, and dissolved silicon concentration. During 

Stage II, the culture suspension was sampled 8 times during the first 12 h for cell number 

density, pH, dissolved silicon concentration, dissolved germanium concentration, and 

then once every 12 h thereafter. Additionally, at 0, 12, and 56 h of Stage II cultivation, 

540 mL samples were taken for determination of silicon and germanium content in the 

dry cell biomass (YSi, YGe), isolation of intact frustules for nanoscale analysis by SEM, 

TEM, STEM–EDS, and elemental composition of germanium and trace minerals in the 

silica frustule. 

Culture suspension assays 

To determine cell number density (XN, #cells/mL) a 0.1 mL sample of the cell suspension 

was diluted in 10.0 mL of Isoton II electrolyte solution (Beckman-Coulter). Cells were 

counted on Beckman Z2 Coulter Counter at a threshold of 8 μm (duplicate assay). To 

determine soluble silicon and germanium concentrations, immediately after sampling, a 

30 mL sample aliquot of cell suspension was syringe filtered with a cellulose ester 

membrane (3.0 μm pore size, 25 mm diameter). Soluble silicon concentration (CSi, mmol 

Si/L) in the filtrate was determined by spectrophotometric assay at 360 nm following 

derivatization of a 5.0 mL liquid sample aliquot with 0.2 mL of 13.3% w/v ammonium 

molybdate reagent in water and 0.1 mL 18.7% v/v HCl in water as described by Fanning 

and Pilson (1973). The soluble germanium concentration (CGe, μmol Ge/L) in the filtrate 

was determined by spectrophotometric assay at 510 nm following derivatization of a 

1.0 mL liquid sample with 1.0 mL of 0.01% w/v phenylfluorone reagent in methanol, 

1.7 mL of 10% v/v HCl in water, 0.3 mL of 24% w/v H2SO4 in water, and 1.0 mL buffer 
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(3.3 M sodium acetate in 5.8 N acetic acid) as described by Luke and Campbell (1956)  

and Marczenko (1976). All Si and Ge concentration assays were performed in duplicate. 

For assay of dry cell mass, a 90 mL aliquot of cell suspension was centrifuged at 

4000 rpm (2000 ×g) for 10 min. The supernatant was drawn off, the pellet was suspended 

in 45 mL de-ionized water and centrifuged again; this washing step was repeated two 

more times to completely remove soluble salts. The washed pellet was transferred to an 

aluminum weighing dish, weighed, oven dried in air at 80 °C for 24 h, and then weighed 

after drying. 

Si and Ge content in cell mass 

The silicon and germanium content in the cell mass was determined after fusion with 

molten NaOH. A 20 mg aliquot of dry biomass was weighed to precision of 0.1 mg and 

then added to 1.0 g solid NaOH in a zirconium crucible. The mixture was heated to 

400 °C within a furnace in air for 25 min. After cooling, the NaOH-fused sample was 

dissolved in 20 mL de-ionized H2O and then neutralized to pH 7.0 with 1.4 M HNO3. 

The neutralized solution was spectrophotometrically assayed for soluble Si and Ge 

concentration as described above, and the amount of Si and Ge in the biomass was 

determined from these concentration values, the total volume of neutralized solution, and 

the original dry cell mass. 

Intact frustule isolation 

Intact silica frustules were prepared by hydrogen peroxide treatment. The procedure was 

designed to minimize frustule breakage due to drying and mixing of the sample. 

Specifically, a 100 mL aliquot of the culture suspension sampled from the bioreactor was 

allowed to settle in a 200 mL sealed glass bottle for 6 h. About 90 mL of supernatant was 

removed with a pipette, and the dense cell slurry was re-suspended in 100 mL de-ionized 

water and then allowed to settle again. The supernatant was removed with a pipette, 

leaving behind about 10 mL of dense cell suspension in de-ionized H2O. The cell 

suspension was transferred to a 50 mL centrifuge tube. To initiate the oxidation of 

organic materials in the cell mass, 30 mL of 30 wt.% aqueous hydrogen peroxide (H2O2) 

was added to the tube, along with 0.2 mL of 37 wt.% HCl to lower the pH to 2.5 for 
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removal of carbonates. The oxidation reaction was unmixed at room temperature for at 

least 48 h. During this time the cell mass color changed from yellow-green to white. The 

uncapped centrifuge tube and contents were degassed under vacuum at room temperature 

for 1.0 h, which removed oxygen bubbles and allowed the hydrogen peroxide treated cell 

mass to settle. The degassed supernatant was pipetted from the white particle slurry. The 

slurry was re-suspended in 30 mL MeOH and allowed to settle. The supernatant was 

removed by pipette, and the MeOH washing procedure was repeated two more times to 

completely remove water. The frustules, white in color, were stored at 4 °C in 10 mL 

MeOH within a sealed glass vial. 

ICP analysis of frustules 

A 5–10 mg aliquot of the frustule suspension in MeOH described above was dried in air. 

The solid mass was weighed to precision of 0.1 mg and then subjected to the NaOH 

fusion procedure described above. A 20 mL aliquot of the final solution was then assayed 

for Si, Ge, Ca, and Mg by ion-coupled plasma (ICP) analysis using a Varian (Liberty 

150) ICP emission spectrometer. The analysis wavelengths were 251.611 (Si), 

265.118 nm (Ge), 279.553 nm (Mg) and 393.366 nm (Ca). Limits of detection for Si, Ge, 

Ca, and Mg in the assay solution were 0.07, 0.04, 0.01, 0.04 mg/L respectively. 

Electron microscopy 

Pinnularia sp. frustules isolated by hydrogen peroxide treatment were analyzed by 

scanning electron microscopy (SEM) using an FEI Sirion field emission SEM and by 

transmission electron microscopy (TEM) using an FEI Tecnai F20 high resolution TEM 

(200 keV) equipped with embedded scanning transmission electron microscopy (STEM) 

and an X-ray energy dispersive analysis (EDS) probe. For SEM analyses, about 20 μL of 

the frustule suspension in methanol (diluted 10:1 v/v) was pipetted onto a carbon tape 

affixed to an aluminum stub. The sample was not coated with a conductive carbon layer. 

To avoid surface charging, the FESEM was operated at a low acceleration voltage of 

2 keV. For TEM and STEM–EDS analyses, about 20 μL of frustule suspension in 

methanol (diluted 10:1 v/v) was pipetted onto a Holey carbon copper TEM grid (Electron 

Microscopy Services HC300-Cu, 3.05 mm diameter, 300 mesh, 54 μm hole width, 31 μm 



28 
 

bar width). As the methanol evaporated to dryness, about 2–5 frustules per square were 

randomly dispersed onto the TEM grid. EDS elemental line scans were acquired in 

STEM mode (200 keV, tilt angle of 15°) with sampling increment dependent on the 

length of the line scan (24 sample points if line was < 500 nm, 49 sample points if line 

was > 500 nm, 5000 ms per sample point). Characteristic Kα energy peaks (all keV) were 

identified as 0.52 (O), 1.25 (Mg), 1.74 (Si), 3.69 (Ca), 9.86 (Ge,Kα1), 9.88 (Ge,Kα2). The 

calibrated peak intensity calibration factors for atomic composition analysis (k-factors) 

normalized to silicon were 1.980 (O), 1.034 (Mg), 1.148 (Ca), and 2.192 (Ge). 

Results 

Two-stage bioreactor cultivation 

A two-stage photobioreactor cultivation process incorporated germanium into the silica 

frustule of the photosynthetic marine diatom Pinnularia sp. In Stage I, soluble silicon 

was added to the cell suspension culture, and the culture was grown up to silicon 

starvation. In Stage II, a mixture of soluble silicon and germanium was added to the 

silicon-starved culture. The cultivation conditions for Stages I and II are provided in 

Table 2-1, and the culture growth parameters in each stage for two representative 

cultivations are summarized in Table 2-2. 

Cell number density and dissolved silicon concentration in the culture medium vs. 

cultivation time for Stages I and II for the control experiment where no germanium was 

added to Stage II is presented in Fig. 2-2a. In Stage I, the amount of silicon added to the 

culture was designed to accomplish three cell doublings, so that at an initial cell number 

density of 7.5 · 10
4
 cells/mL, and final cell number density was nominally 

6.0 · 10
5
 cells/mL. In Stage I of cultivation, silicon consumption was growth associated, 

and the cell number density increased proportionally to the decrease in dissolved silicon 

concentration with time. When all the dissolved silicon in the culture medium was 

consumed, the cell number density leveled off and then became constant with time. 

Silicon starvation was defined as a culture state where the cell number density was 

constant and the dissolved silicon concentration was zero for at least one photoperiod 

(24 h). In Stage I of cultivation, the pH rose from 8.3 at inoculation to 9.0 at the end of 
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stationary phase. In Stage II of cultivation, soluble silicon was added to the silicon-

starved culture at 4 h into the 14 h light portion of the 24 h (14 h light/10 h dark) 

photoperiod, and the cultivation was allowed to proceed for an additional 56 h. The 

amount of silicon added to the Stage II culture provided for one more cell number 

doubling. In Stage II, surge uptake of silicon was observed, where most of the dissolved 

silicon was taken up by the culture within the remaining 10 h of the first photoperiod. 

After 12 h, cell doubling was complete, the cell number density leveled off, and the 

culture was considered silicon starved once again. 

Cell number density (XN) and dissolved silicon concentration (CSi) in the culture medium 

vs. cultivation time for Stages I and II for the control experiment where 38 μmol/L of 

soluble germanium and 0.53 mmol/L soluble silicon were co-added to Stage II is 

presented in Fig 2-2b. After 38 μmol/L of soluble Ge was added to Stage II, the 

cultivation was similar to the control with no germanium. 

Silicon and germanium uptake 

Profiles of dissolved silicon and germanium concentration (CGe) vs. cultivation time 

during Stage II at initial Ge concentrations of 17 and 38 μmolGe/L are presented in Fig 2-

3. During the first 10 h of Stage II, soluble Ge uptake by the diatom cell suspension 

culture was commensurate with the surge uptake of soluble Si. At the initial soluble 

germanium concentration of 17 μmol/L, the dissolved germanium and silicon 

concentrations in the medium remained at zero after the initial surge uptake. However, at 

the higher initial soluble germanium concentration of 38 μmol/L, the concentration of 

soluble Ge and Si did not stay at zero but instead cycled up and down in a pattern 

commensurate with the photoperiod. Specifically, when the lights were off, some Si and 

Ge were released back into the liquid medium. However, when the lights came back on, 

both the Si and Ge were taken up once again. Finally, there was a limit to Ge uptake 

based on the initial molar ratio of Si:Ge in Stage II. At a Stage II initial Ge concentration 

of 69 μmol/L (initial Si:Ge molar ratio of 7:1), there was no uptake of either soluble 

silicon and germanium (Fig. 2-3c) and no cell division was observed. Control 
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experiments with no cells at an initial Ge concentration of 20 μmol /L confirmed that Ge 

did not adsorb onto the surfaces of the bioreactor (Fig. 2-3a).  

Solid analysis of bioreactor-cultured cells 

The silicon content in the dry cell mass at the end of Stage II for each photobioreactor 

experiment is presented in Fig 2-4a.  The germanium content within the dry cell biomass 

at Stage II cultivation times of 12 h and 56 h is compared in Fig. 2-4b for Stage II initial 

Ge concentrations of 17, 25 and 38 μmol/L. The silicon content in the dry cell mass was 

stable as the germanium content in the cell mass increased. 

Elemental (ICP) analysis of Ge in the silica frustules isolated hydrogen peroxide 

treatment of the cell suspension obtained at two Stage II cultivation times of 12 and 56 h 

is presented in Fig. 2-4c at Stage II initial germanium concentrations ranging from 0 

(control) to 38 μmol/L. The hydrogen peroxide treatment was designed to gently oxidize 

organic materials away from the insoluble silica frustule. Only 14–15 wt.% of the total 

dry cell mass remained insoluble after hydrogen peroxide treatment (Table 2-3), and this 

inorganic solid yield was not affected by the initial concentration of Ge in Stage II. Errors 

in the elemental analysis reflected the errors incurred during the hydrogen peroxide 

treatment step, not the ICP analysis. Residual calcium (Ca) and magnesium (Mg) 

remained in the frustule after hydrogen peroxide treatment, with compositions ranging 

0.10 to 0.25 wt.% (Table2-3).  From material balance studies conducted on the hydrogen 

peroxide treatment step, only about 36 ± 4.7% of the Ge initially in the cell mass sample 

still remained within the intact silica frustule; the rest of the Ge dissolved during 

hydrogen peroxide treatment and was recovered in the washings. The Ge contents of the 

frustules were very consistent, particularly for photobioreactor experiments conducted at 

Stage II initial Ge concentrations of 17 and 38 μmol/L, where the frustule germanium 

content ranged from 0.452 ± 0.072 to 0.965 ± 0.012 wt.% after 56 h of Stage II 

cultivation. A small amount of germanium was also detected by ICP in the control 

sample (initial concentration of 0.0 μmol/L Ge added to Stage II), but within the limits of 

detection error, the Ge content was zero. The Ge content in the frustule after 12 h of 

Stage II cultivation was consistently about two times smaller than the germanium content 



31 
 

after 56 h. In contrast, the Ge content in the dry cell biomass before hydrogen peroxide 

treatment was nominally the same after 12 and 56 h. 

SEM analysis of frustule morphology before Ge addition 

Scanning electron microscopy (SEM) of representative frustules obtained by hydrogen 

peroxide treatment of Pinnularia sp. cell biomass obtained from the end of the Stage I of 

the photobioreactor cultivation (114 h) is presented in Fig. 2-5.   SEM images revealed 

the frustules were intact, and possessed levels of order spanning the micron and 

submicron (100–1000 nm) scales. The aqueous hydrogen peroxide treatment procedure 

did not always break apart the frustule into its upper epi-valve and lower hypo-valve; 

both were visible in Fig. 2-5a.  

TEM analysis of submicron frustule morphology with and without germanium 

Frustules of the marine diatom Pinnularia sp. were prepared from hydrogen peroxide 

treatment of cell biomass generated by a two-stage bioreactor cultivation process 

described above. TEM images of a representative Pinnularia sp. frustule obtained from 

cell biomass cultivated on silicon with no germanium after 56 h of Stage II cultivation are 

shown in Fig 2-6a, b, and c  at micron, submicron (100–1000 nm) and nanoscale (1–

100 nm) respectively. A strip of thickened silica called a raphae ran axially down the 

length of the frustule (Fig. 2-6a).  Lateral ribs (costae) ran perpendicular to the raphae at 

200 nm intervals (Fig. 2-6b).  The costae formed rows of  200 nm areolae, each of 

which possessed a “bottom” of thin silica containing a concentrically-arranged array of 

5–10 smaller pores called velum  (Fig. 2-6c).  

In subsequent experiments, a mixture soluble silicon and germanium were added to the 

culture to initiate Stage II of the cultivation. TEM images of a representative Pinnularia 

sp. frustule obtained from hydrogen-peroxide treated cell mass containing 0.96 wt.% 

germanium (56 h of Stage II cultivation) are presented inFig. 2-6d, e, and f at the micron, 

submicron, and nanoscale respectively. EDS elemental analysis confirmed that the 

frustule itself now contained germanium, with a distinct Kα1,2 peaks for Ge at 9.86–

9.89 keV. The incorporation of germanium into the biogenic silica altered frustule 
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morphology. Although the overall shape of the frustule containing 0.96 wt.% Ge was not 

changed Fig. 2-6d, the raphae thickened Fig. 2-6e.  The lateral ribs (costae) also 

thickened and assumed a wavy shape. Although pore arrays were still observed, they 

were not always linear Fig. 2-6f.  The areolae filled in with silica, and the velum partially 

fused together to form pores of 50 to 100 nm nominal diameter. 

STEM–EDS analysis of composite nanostructure after germanium addition 

STEM–EDS line scans of silicon and germanium were performed on selected submicron 

features of the frustule in the attempt to identify Si–Ge nanostructures. An elemental line 

scan running across the entire frustule showed that germanium was present throughout 

the material (Fig. 2-7a).  The Si and Ge line scans were jagged because the line scan 

periodically intercepted a pore space. Specific submicron features considered the solid 

regions across a series of lateral ribs (Fig. 2-7b), and the solid region between two pores 

Fig 2-7c.  In general, germanium was dispersed into silica for features at both the 

submicron (100–1000 nm) and nanometer (1–100 nm) scales. Furthermore, there were 

several “pockets” of solid material containing elevated levels of germanium or 

germanium gradients  (Fig 2-7c.)   

EDS was not used to quantitatively estimate the local (nanoscale) atomic composition of 

the diatom frustule, due to the dominance of the Si signal. However, the calibrated k-

factor for the EDS signal intensity of Ge normalized to the signal intensity of Si is 2.192, 

which would provide a measure of local Si:Ge ratios from the Si–Ge line scans in Fig. 2-

7  if desired. Consequently, bulk analysis of Ge by ICP (Table 2-3) was used to quantify 

the Ge composition in the diatom biosilica. 

Discussion 

This study is an example of a novel bioprocess engineering strategy that uses living cells 

as the platform for the biological fabrication of nanostructured metal oxide materials that 

possess hierarchical structure at the submicron and micron scales. Specifically, we 

developed a two-stage photobioreactor process for the metabolic insertion of 

nanostructured germanium into the silica microstructure of the marine diatom Pinnularia 
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sp. To provide the context for the results, the diatom cell cycle is briefly overviewed. 

Each diatom frustule has two valves that fit together like a Petri dish (Fig. 2-8). Just 

before each diatom cell divides, a new valve (the smaller hypo-valve) is formed at the 

plane of cell division within the silica deposition vesicle, or SDV. Silicon metabolism in 

the diatom is linked to the four phases of its cell cycle: G1 (photosynthetic growth), S 

(DNA replication), G2 (Si uptake and new valve formation), and M (mitosis) as reviewed 

by Martin-Jézéquel et al. (2000). Details of frustule development within diatom cell cycle 

are described by Kröger and Wetherbee (2000), whereas the chemical processes of 

frustule development are overviewed by Sumper and Brunner (2006). 

The two-stage photobioreactor cultivation strategy successfully incorporated a controlled 

amount of germanium into the biogenic silica frustule of the model marine diatom 

Pinnularia sp. and at the same time selectively altered the frustule morphology at the 

submicron and nanoscale. Many early reports have asserted that the addition of soluble 

germanium to diatom cell cultures inhibited cell growth and division, as germanium is 

not the natural substrate for these organisms (Lewin, 1966; Azam et al., 1973; Werner 

and Petersen, 1973; Azam and Volcani, 1974; Mehard et al., 1974). However, from the 

bioprocessing perspective, germanium was simply an alternative substrate that was co-

metabolized in the presence of silicon, the required substrate for cell division. Hence, a 

key feature of our bioprocessing strategy was the co-addition of soluble germanium with 

a sufficient amount of soluble silicon to support one cell division in Stage II (Fig 2-2).  

During the single cell division in Stage II of the cultivation process, both Ge and Si were 

taken up into the cell (Fig. 2-3 and Fig. 2-4).  When each cell divided, the new cell would 

contain a parent valve and a new valve of novel morphology containing germanium. 

Below, the rate processes of Si–Ge nanocomposite self-assembly that were directed by 

this bioprocessing strategy are discussed within the framework of the three stages of 

frustule development: soluble metal uptake, valve biofabrication, and cell division. A 

conceptual model of these processes is proposed in Fig 2-8. 

During Stage II of the cultivation process, both soluble silicon and germanium were 

transported into the silicon-starved diatom cell by a first-order process (Fig. 2-3) during 

the illumination phase of the photoperiod, consistent with the mechanism of surge uptake 
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during the G2 phase cell cycle. In fact, approximately two thirds of the silicon and 

germanium were taken up within 2 h, although cell doubling was not complete until 12 h 

into Stage II. It is well established that soluble silicon uptake into the diatom cell 

proceeds through a membrane-bound protein called the silicon transporter or SiT 

(Mehard et al., 1974). Furthermore, the rate of silicon uptake has a Michaelis–Menten 

dependence on the Si(OH)4 form of soluble silicon (Del Amo and Brzezinski, 1999). 

Likewise, the Ge(OH)4 form of soluble Ge would utilize the SiT for intracellular uptake. 

These results suggest that the intracellular uptake of Ge was not a rate-limiting step for 

metabolic insertion of germanium into the diatom frustule. 

There was a limit to the extent of germanium uptake by Pinnularia sp. using the two-

stage cultivation strategy described in this study. As long as Ge uptake during Stage II 

was complete, the culture growth parameters – specific growth rate, cell number yield, 

and biomass silicon content – were nominally constant as the Stage II initial Ge 

concentration was increased (Table 2-2, Fig. 2-4a).  However, at a Stage II initial Ge 

concentration of 38 μmol/L, partial Ge efflux was evident and was tied to the dark phase 

of photoperiod (Fig. 2-3b), suggesting that Ge was ultimately inhibitory to the coupled 

machinery of frustule biosynthesis and cell division. 

Germanium uptake into the diatom cell preceded its incorporation into the frustule 

biosilica. Germanium incorporation into the frustule was only possible if soluble Si was 

added to Stage II of the cultivation. If soluble Ge alone without Si was added to a diatom 

cell suspension culture, the cells initially took up the Ge. But shortly afterward the 

intracellular Ge did efflux back to the culture medium (Rorret et al., 2005). Comparison 

of the Ge contents in the cell mass and the isolated frustules (Fig. 2-4b, c) revealed that 

after 12 h of Stage II cultivation, cell division was complete, as were Si and Ge uptake 

into the cell. However, the incorporation of Ge into the frustule was not yet complete. 

Kröger and Wetherbee (2000) reported that immediately after cell division, a second 

SDV specifically for the girdle band was formed just beneath the new hypo-valve. 

Therefore, it is possible that intracellular germanium in the new cell resulting from surge 

uptake by the parent cell continued to fortify its new frustule, particularly in the girdle 



35 
 

band regions.  This process could be a rate-limiting step for metabolic insertion of 

germanium into the silica frustule. 

Germanium was incorporated into the frustule silica and was not simply adsorbed or 

randomly precipitated onto the outer surface of the cell. Two lines of evidence support 

this conclusion. First, ICP analysis of the intact frustules isolated by aqueous hydrogen 

peroxide treatment of the diatom cell mass confirmed that Ge was present in the frustule 

(Fig. 2-4c).  Aqueous hydrogen peroxide is known to dissolve germanium (Cerniglia and 

Wang, 1962), and so only germanium imbedded into the silica as a germanium oxide 

would be resistant to dissolution. Second, the close correspondence of the elemental line 

scans for Si and Ge strongly suggested that germanium was alloyed into the silica frustule 

(Fig. 2-7), either in the form of Ge-oxide nanoclusters or germanosilicate (Si–O–Ge). A 

complimentary EDS elemental line scan through an imbedded cross-section of the diatom 

frustule was not performed, as it was assumed that the frustule was thin enough that a 

surface line scan would be sufficient. Further studies would also be needed to 

characterize putative Si–O–Ge structures by 
29

Si MAS NMR (Gendron-Badou et al., 

2003)  or Raman spectroscopy (Sharma et al., 1984). 

Metabolic insertion of germanium into the biogenic silica selectively altered frustule 

morphology (Fig 2-6 and Fig. 2-7). The overall shape of the diatom was intact at the 

micron scale. However, at the submicron (100–1000 nm) and nanoscales (1–100 nm), the 

alloyed Si and Ge oxides resulting from metabolic insertion of Ge essentially thickened 

and at the same time “spread out” the biogenic silica, which in turn filled in or distorted 

the geometry of the areolae. This result is not surprising, since the intermediate range 

order of silicon and germanium oxides is quite different (Kohara and Suzuya, 2005) . 

Furthermore, for amorphous silicon oxide (Keen and Dove, 1999) and amorphous 

germanium oxide (Sayers et al., 1975) , the bond length is 1.62 Å for Si–O vs. 1.74 Å for 

Ge–O, whereas the bond angle of Si–O–Si is 147° vs. 130° for Ge–O–Ge. One obvious 

consequence of this process is that metabolic insertion of Ge could be used to 

controllably reduce the pore aperture diameter and elongate the pore shape, perhaps into a 

slit-like geometry.  Controlled alteration of nanoscale frustule pore aperture arrays by 

metabolic insertion of Ge has not been previously reported in diatoms.  The two-stage 
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cultivation strategy used in this study was not capable of adding Ge to the organism in a 

way which could pattern the Si–Ge composite nanostructure. 

As mentioned earlier, previous studies (Lewin, 1966; Azam et al., 1973; Werner and 

Petersen, 1973; Azam and Volcani, 1974; Mehard et al., 1974)  showed that addition of 

soluble germanium to the diatom culture suspension inhibited cell division. We did not 

observe inhibition of cell division when a mixture of soluble silicon and germanium was 

fed to silicon-starved diatom cells, as long as the initial Si:Ge molar ratio in the Stage II 

culture medium was at least 14:1. Furthermore, none of these previous studies was 

verified by STEM–EDS if germanium was incorporated into the diatom frustule biosilica, 

and only one study provided evidence that frustule morphology was altered after diatom 

cells were exposed to a mixture of soluble silicon and germanium (Chiappina et al., 

1977). However, there is literature precedent for biological incorporation of germanium 

into the silica spicules of cultured sponge gemmule tissues (Davie et al., 1983; Simpson 

et al., 1983; Simpson et al., 1985). Biological incorporation of germanium into the 

sponge spicule biosilica altered spicule tip morphology (Simpson et al., 1985). 

Furthermore, SEM-EDS studies confirmed the Ge was uniformly distributed within the 

spicule biosilica (Davie et al., 1983). 

Estimation of the optoelectronic properties of Pinnularia sp. frustules bearing 

metabolically inserted germanium was beyond the scope of this study. In future work, we 

will characterize the photoluminescence and electroluminescence spectra of the novel, 

Si–Ge nanocomposite diatom frustules obtained from this study. We will also consider 

alternative bioreactor cultivation strategies under pH control in the attempt to more 

controllably manipulate the Si–Ge composite nanostructure and frustule microstructure. 
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2-1.  Summary of process conditions for two-stage photobioreactor cultivation of 

Pinnularia sp.    

Process parameter Stage I Stage II

Target initial conditions

Cell number density XN,0 7.5·104 cells/mL 6.0·105 cells/mL

Initial silicon 

concentration

CSi,0 0.53 mmol Si/L 0.53 mmol Si/L

Initial germanium 

concentration

CGe,0 0.0 mmol Ge/L 0.0 mmol Ge/L (control) 

4.25-38.3 mmol Ge/L

CSi,0/CGe,0 125-14 (mole basis)

49-5.4 (mass basis)

Process Conditions

Temperature T 22 °C 22 °C

Initial culture volume V0 3.9 L 3.04 L

Incident light 

intensity

I0 149 ± 15 mE/m2-s 149 ± 15 mE/m2-s

Fractional 

photoperiod

f 0.583 (14 hr light/ 10 

h dark)

0.583 (14 hr light/ 10 h 

dark)

Aeration rate vg 0.65 L air L-1 min-1 0.83 L air L-1 min-1

CO2 partial pressure PCO2 350 pm (ambient air) 350 pm (ambient air)

Cultivation time t 114 h 56 h

 Table 2.1. Summary of process conditions for two-stage photobioreactor cultivation of 

Pinnularia sp.
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2-2.  Comparison of photobioreactor performance parameters for two-stage cultivation of 

Pinnularia sp. 

Growth parameter Stage Initial germanium concentration in Stage II

0.0 mmol /L 38.3 mmol /L

Specific growth rate, I 0.0515 ± 0.0084 0.0572 ± 0.0028

µ/(h-1)a
II 0.0656 ± 0.0079 0.0447 ± 0.0041

Cell number yield, I 7.23·10
8

± 1.05·10
8

6.60·10
8

± 9.41·10
7

YXN/Si (#cells/mmol Si)
b

II 1.16·10
9

± 1.28·10
8

9.16·10
8

± 5.26·10
7

Dry cell mass yield, YX/Si I 0.324 ± 0.0034 0.335 ± 0.0033

(g DW/mmol Si)b
II 0.777 ± 0.064 0.465 ± 0.044

Final cell number density, I 5.42·105
± 2.04·104 4.13·105

± 3.44·104

XN,f (#cells/mL)
b

II 1.17·106
± 9.55·104 8.15·105

± 4.50·104

a
 0-68 h Stage I, 114-125 h Stage I + II (0-11 h Stage II); ± 1.0 S.E.

b Average from 79-113 h Stage I, 140-170 h Stage I + II (26-56 h Stage II); ± 1.0 S.D.

Table 2.2. Comparison of photobioreactor performance parameters for two-stage 

cultivation of Pinnularia sp.
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2-3.  ICP analysis of metal content in silica frustules isolated by hydrogen peroxide treatment of Pinnularia sp. cell mass 

containing metabolically inserted germanium. 

Stage II Initial germanium concentration in Stage II

time (h) 0.0 mmol/L 4.25 mmol/L 17.3 mmol/L 25.2 mmol/L 38.3 mmol/L

12a
Ge (wt%) 0.036 ± 0.017 0.085 ± 0.0015 0.075 ± 0.038 0.178 ± 0.027 0.551 ± 0.012

Ca (wt%) 0.169 ± 0.084 0.036 ± 0.044 0.230 ± 0.176 0.009 ± 0.022 0.032 ± 0.021

Mg (wt%) 0.132 ± 0.034 0.167 ± 0.027 0.213 ± 0.105 0.177 ± 0.020 0.160 ± 0.013

56
a

Ge (wt%) 0.092 ± 0.110
b

0.243 ± 0.081 0.452 ± 0.072 0.498 ± 0.061 0.965 ± 0.012

Ca (wt%) 0.247 ± 0.149 0.140 ± 0.026 0.053 ± 0.038 0.086 ± 0.033 0.092 ± 0.131

Mg (wt%) 0.142 ± 0.036 0.134 ± 0.022 0.111 ± 0.022 0.108 ± 0.032 0.106 ± 0.017

0-56c
g H2O2 solid/g DW 0.156 ± 0.046 0.158 ± 0.030 0.144 ± 0.023 0.159 ± 0.060

a
 ± 1.0 S.D. for n = 3 samples (3x replicates per sample).

b Analysis near ICP detection limit for Ge
c Average (± 1.0 S.D.) from Stage II cultivation times of 0, 12, 35, 56 h (n = 4 with two replicates per sample). 

Table 2.3. ICP analysis of metal content in silica frustules isolated by hydrogen peroxide treatment of Pinnularia sp. cell mass containing 

metabolically inserted germanium
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2-1.  Schematic of bubble column photobioreactor. 
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2-2.  Cell number density (XN) and soluble Si concentration in culture medium (CSi) vs. 

time for two-stage photobioreactor cultivation of the marine diatom Pinnularia sp.  Stage 

II initial concentration of (a) 0.0 µmol Ge/L and 0.53 mmol Si/L; (b) 38 µmol Ge/L and 

0.53 mmol Si/L. 
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2-3.  Effect of initial soluble Si and Ge concentration on Si and Ge uptake from the 

culture medium during Stage II of cultivation.  (a) 17 µmol Ge/L and 0.55 mmol Si/L; (b) 

38 µmol Ge/L and 0.53 mmol Si/L; (c) 69 µmol Ge/L and 0.48 mmol Si/L. 
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2-4.  Effect of Stage II initial Ge concentration on Si and Ge concentration in solid.  

Initial Ge concentrations ranged from 4.25 to 38.3 µmol / L to provide initial Ge molar 

ratios from 125:1 to 14:1.  (a) Si content in cell biomass (YSi, mmol Si/g DW) at Tage II 

cultivation time of 56 h; (b) Ge content in cell biomass (YGe, µmol Ge/g DW) at Stage II 

cultivation times of 12 and 56 h; (c) Ge content in hydrogen peroxide treated silica 

frustule (wt.% Ge in silica) at Stage II cultivation times of 12 and 56 h. 
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2-5.  SEM image of intact silica frustule of Pinnularia sp. obtained at the end of Stage I 

cultivation. (a) Side (girdle band) view; (b) pore array. 
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2-6.  TEM images of intact silica frustule of Pinnularia sp. obtained after 56 h of Stage II 

cultivation.  Micron, submicron and nanostructure at Stage II initial concentrations of 

0.53 mmol Si/L and (a)- -  
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2-7. STEM-EDS analysis of intact silica frustule of Pinnularia sp.  obtained after 56 h of 

Stage II cultivation at initial Ge concentrations of 38 µmol/L and initial Si concentration 

of 0.53 mmol/L.  STEM image and Si+Ge line scans: (a) across entire frustule; (b) across 

series of ribs (costae); (c) between two pores. 
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2-8.  Conceptual model for metabolic insertion of germanium into Pinnularia sp. frustule, 

as viewed from the proximal cross-section.  (a) Cellular processes: (1) surge uptake of Si 

and Ge (SiT = Si transporter); (2) valve development; (3) cell division (SDV = silica 

deposition vesicle); (b) frustule from newly divided cell from Stage II cultivation, 

showing intracellular Ge located in the new hypo-valve, the developing girdle band, and 

the cell cytosol.   
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Chapter 3 : Electroluminescence and Photoluminescence from 

Nanostructured Diatom Frustules ContainingMetabolically Inserted 

Germanium. 

 

Clayton Jeffryes, Raj Solanki, Yaswanth Rangineni, Wei Wang, Chih-hung Chang, and 

Gregory L. Rorrer. 
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Introduction  

Many living organisms fabricate intricate biogenic silica materials that possess unique 

optical and photonic properties (Aizenberg et al., 2004).  Recently, cell culture systems 

have been identified as an exciting new vehicle for biomimetic fabrication of photonic 

nanostructures (Parker and Townley, 2007).  For example, diatoms are a prolific class of 

single-celled algae which fabricate silica shells called „„frustules‟‟ that possess periodic 

sub-micrometer-scale features, including two-dimensional pore arrays. Preliminary 

calculations suggest that the diatom frustule can act as a photonic crystal to provide 

resonances in the visible spectral range (Fuhrmann et al., 2004).  Diatom cells fabricate 

these periodic structures from soluble silicon by a bottom-up, self-assembly process 

involving silica nanoparticle building blocks (Sumper and Brunner, 2006).  This 

fabrication process can be directed through bioprocess technology, and towards this end, 

we recently developed a two-stage photobioreactor cultivation process for metabolic 

insertion of germanium (Ge) to the frustule biosilica of the diatom Pinnularia sp. (Jeffryes 

et al., 2008). 

In this Communication, we report that frustule biosilica containing metabolically inserted 

Ge possesses both photoluminescence (PL) and electroluminescence (EL) in the visible 

spectral range. In addition, the electroluminescence spectrum possesses line emissions 

that are consistent with the calculated resonance modes in the diatom frustule periodic 

structure.  

The diatom frustule consists of an upper and lower valve. Treatment of bioreactor-

cultured diatom cells with aqueous hydrogen peroxide removed the organic matter from 

the frustule biosilica and separated the valves. A transmission electron microscopy 

(TEM) image of representative biosilica frustule valve from the diatom Pinnularia sp. is 

presented in Fig. 3-1a. The frustule valve has sub-micrometer features consisting of a 

linear array of pores, nominally 200nm in diameter, aligned parallel to the transverse axis 

(Fig. 3-1b), as well as nanoscale features lining the base of each pore. 

Results and Discussion 
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 Germanium was metabolically inserted into the frustule biosilica of Pinnularia sp. by a 

two-stage cell cultivation technique, as described in the Experimental section. We have 

previously shown that this two-stage cultivation technique uniformly dispersed Ge within 

the frustule (Jeffryes et al., 2008).  After metabolic insertion of Ge, the overall shape of 

the frustule valve did not change. However, the frustule pore array changed. At the end of 

Stage I of the cultivation, just before addition of soluble Ge to the culture medium, the 

base of each ca. 200nm frustule pore was lined with a thin layer of biosilica containing a 

subarray of ca. 50nm nanopores (Fig. 3- 1b). However, after metabolic insertion of (1.6 ± 

0.1) wt% bulk Ge into the frustule biosilica during Stage II of cultivation, all new 

frustules generated by cell division following Ge addition no longer possessed the 

nanopore array lining the base of the frustule pores (Fig. 3-1c). Once these fine features 

were removed, the frustule pore array now strongly resembled a two-dimensional 

photonic crystal slab. The mean pore diameter and the mean pore spacing before and 

after Ge addition are presented in Table 1. The electroluminescent device structure 

utilizing the diatom frustule as the luminescence source is presented in Fig. 3-2. In order 

to fabricate the electroluminescent device, diatom frustule valves were spin-coated onto 

an indium tin oxide 

(ITO) coated glass substrate. Scanning electron microscopy (SEM) images of the spin-

coated diatom frustule layer for a representative sample confirmed that the diatom valves 

were uniformly dispersed on the surface, but the frustules were randomly oriented in the 

x–y plane, and some were damaged (Fig. 3-3). A 400nm thin film of hafnium silicate 

dielectric was grown over the diatom frustule layer by atomic layer deposition, as 

previously described (He et al., 2003).  The measured dielectric constant of vacuum-dried 

(100 °C, 1.5 h) frustule biosilica bearing 1.6 wt % Ge ranged from 4.05 to 3.19 (1.0–1000 

kHz) versus 3.32 to 2.87 (1.0–1000 kHz) for frustule biosilica that did not contain Ge. 

However, since the 400 nm hafnium silicate layer dominated the EL device, its dielectric 

constant of 4.7 (He et al., 2003) was the major contributor to the electric field.  

The electroluminescence (EL) spectra emitted by devices fabricated from diatom 

frustules that contained 1.6 wt % Ge versus control diatom frustules that contained no Ge 

are compared in Fig.3-4a. Devices fabricated from frustule biosilica which contained no 
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Ge did not emit any detectable EL emission at an applied ac voltage of 150V (10 kHz), 

consistent with previous studies where EL devices fabricated from thermally grown SiO2 

thin films containing no luminescent centers did not produce any emission in the 300–

700nm range (Bae et al., 2007). In contrast, the EL spectra emitted from diatom frustules 

containing 1.6 wt% Ge was steady and consisted of a series of sharp line emissions. 

Specifically, two bands of EL emission were observed, one in the UV to green range with 

a series of line emissions between 300 and 500 nm, and the other in the red to near-IR 

range with a series of broader emissions between 640 and 780 nm. The highest intensity 

emissions consisted of three sharp UV signals at 339 nm, 359 nm, and 382 nm. No EL 

emissions in the green-yellow (500–640 nm) range were observed, as the diatom frustule 

contained no luminescent centers in this range. Control EL devices fabricated without the 

diatom frustule layer possessed no EL spectra. 

The mechanisms leading to EL emission from ac thin-film electroluminescent (ACTFEL) 

devices are well established (Chen and Krupka, 1972; Sopinskyy and Khomchenko, 

2003).  When a large electric field is applied across the electrodes of an ACTFEL, 

trapped carriers at the phosphor/ insulator interface tunnel out and generate a 

displacement current within the phosphor. The impact excitation of the luminescent 

centers in the phosphor by the hot electrons leads to the optical emission. We propose a 

similar mechanism for EL from the diatom frustules. The frustule/hafnium silicate 

interface is expected to contain traps or interface states. The applied ac field will induce 

tunneling of electrons from the frustule/silicate interface traps into the frustule, as applied 

electric field is sufficiently large (>100MV cm
-1

) to accelerate these electrons to induce 

light emission via electron impact excitation. The EL emission in the UV–green band 

(300–500 nm) can be attributed to the presence of 1.6 wt % Ge in silica that leads to 

formation of defect structures that have produced EL emission over this spectral range 

(Rebohle et al., 1997).  The weaker EL emission in the red band (>640 nm) can be 

attributed to nonbinding oxygen hole centers, with possible contribution from peroxy 

radicals (Stevens-Kalceff and Phillips, 1995; Stevens-Kalceff, 1998; Trukhin et al., 1999; 

Griscom and Mizuguchi, 1998).   
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The PL spectrum of diatom frustules that contained 1.6 wt% Ge versus control diatom 

frustules that contained no Ge are compared in Fig. 3-4b. Both types of diatom frustules 

possessed continuous blue photoluminescence with peak emission at 460nm under UV 

excitation of 337 nm. The blue PL most likely originates from surface defects on the 

diatom biosilica, including silanol groups (––Si–OH) and oxygen defect centers, 

consistent with previous studies on PL emission from mesoporous silica (Glinka et al., 

2002; Shieh et al., 2004; He at al., 2004; Carbonero et al., 2005).  Biosilica derived from 

diatom frustules are known to possess silanol groups (Schmidt et al., 2001) as well as 

blue–green photoluminescence (Liu et al., 2005; Butcher et al., 2005; De Stefano et al., 

2005).  Amorphous frustule biosilica that contained metabolically inserted Ge, 

presumably in the form of Ge oxides, had a much higher PL intensity. Ge–O defects in 

amorphous silica are also known to possess blue photoluminescence, (Zacharius and 

Fauchet, 1997; Zacharius and Fauchet, 1998; Cannizzo et al., 2005; Negishi, 2000) which 

would superimpose on the PL emissions of the diatom biosilica. 

Ge-implanted SiO2 thin films commonly possess similar EL and PL spectra (Butcher et 

al., 2005).  However, since the Ge-doped biosilica frustules had markedly different EL 

and PL spectra, it is evident that the PL and EL emission have different mechanisms. 

While the origin of PL is most likely due to interaction of UV light with defects on the 

surfaces of the mesoporous frustule biosilica, we suggest that the EL results from higher 

energy (150 V) electronic excitation of the defect centers within the interior of the Ge-

doped biosilica and the interaction of these UV-visible emissions with the periodic holes 

of the frustule. Optical modes of the diatom frustule modeled as a photonic crystal slab 

were calculated using pore dimensions estimated from TEM images of the frustule valve 

(Table 3-1) and measured refractive index and dielectric constants. The refractive index 

of biogenic silica nominally ranges between 1.43–1.48 (Aizenberg et al., 2004), and so 

the refractive index of the frustule biosilica was taken as 1.5 to include the contribution of 

the 1.6 wt % Ge. The frustule pores were filled with hafnium silicate, with a measured 

refractive index of 2.26 (He et al., 2003). 

Normalized optical frequencies versus wave vector for the TE mode of the diatom 

periodic structure are plotted in Fig. 3-5 for the average lattice parameters reported in 
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Table 3-1. No photonic band gap in the visible range was predicted from this photonic 

crystal structure. The very bottom line (connecting Γ– Γ) corresponds to the light line, 

where spontaneous radiation can be coupled out of the photonic crystal only by leaky 

modes existing above this light line. Since these frustules were fairly thin (<200 nm), 

they could not support a very large number of modes. Resonances in the visible spectrum 

at the M and X location on the photonic crystal were determined from Fig. 3-5. For 

example, M resonances occurred at normalized frequencies (a/λ) of 0.44 and 0.97, which 

corresponded to resonance wavelengths (λ) of 745nm and 340 nm respectively. Similarly, 

χ resonances occurred at 0.70 (471 nm) and 0.95 (347nm). These resonance modes were 

consistent with the observed line emissions generated by the EL spectra of the devices 

fabricated with Ge-doped biosilica frustules. The lowest observed EL emission was 320 

nm, which was close the predicted maximum resonance of a/λ = 1 (330nm). To date, 

resonant emissions corresponding to confined modes in a two-dimensional photonic 

crystal have only been reported from PL excitation, not EL (Li et al., 2006).  With respect 

to the PL spectra, the predicted χ resonance at 471 nm coincided with the observed PL 

maxima of 460nm. 

Variations in hole diameter and the lattice constant of two-dimensional photonic crystal 

slabs can lead to significant changes in the emission spectrum (Yoshie et al., 2001).  

Variations in hole diameter and lattice constant of the diatom periodic pore structure most 

likely accounted for the multiple resonance lines recorded from the EL emission. In 

particular, the variation in lattice parameter was most likely responsible for producing the 

three strong resonance lines in the 340–380nm range. The brightness of all EL emission 

lines increased proportionally with the applied voltage. However, no distinct threshold 

voltage was observed, and so these lines were not considered as lasing emissions. 

In summary, we have described the biological fabrication of Ge-doped biosilica frustules 

by two-stage cell culture of the diatom Pinnularia, and the incorporation of these diatom 

frustules into an electroluminescent device. The electroluminescent properties of these 

materials were characterized for the first time, and are uniquely enabled by the metabolic 

insertion of Ge into the frustule biosilica and its periodic pore structure. This study 

represents a first step towards the realization of optoelectronic devices that utilize 
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components fabricated through cell culture. More investigation is clearly warranted to 

better understand the EL emission mechanisms and to control emission color and 

brightness. 

Experimental 

Two-Stage Diatom Cell Cultivation: Pure cultures of the photosynthetic marine diatom 

Pinnularia sp. (Ehrenberg) were obtained by the UTEX Culture Collection of Algae 

(UTEX# B679). A two-stage photobioreactor cultivation process developed in our 

previous work (Jeffryes et al., 2008) was used to metabolically insert germanium into the 

silica frustule of Pinnularia sp.  Bubble-column photobioreactor cultivations were carried 

out at 150 µE m
-2

 s
-1

 incident light intensity, 14  light/10 h dark photoperiod, 1.0 L air L 

culture
-1

 min
-1

 aeration rate (ca. 350ppm CO2), and 22 °C. Cultures were grown on 

LDM/seawater medium supplemented with 5.0mM nitrate and 0.25mM phosphate. In 

Stage I of cultivation, diatom cells of initial density of 1.0·10
5 

± 1.6·10
4
 cells mL

-1
 were 

grown to silicon starvation on 0.54mM sodium metasilicate (speciated as Si(OH)4 at 

cultivation pH of 8.5) for a total cultivation time of 140 h.  Cell division ceased after all 

the soluble silicon was consumed (91 h). The cell number yield coefficient was 7.69·10
8
 

± 1.54·10
8
 cells mmol

-1
 Si, and the final cell density was 5.25·10

5
 ± 6.50·10

4
 cells mL

-1
. 

In Stage II of cultivation, a mixture of 1.0mM soluble silicon as Si(OH)4 and 

50mMgermanium as Ge(OH)4 (20 mol Si/mol Ge) was added to the silicon-starved 

diatom culture, and then the same amount was added again two photoperiods (48 h) later. 

The total silicon added was sufficient to ensure two additional cell division cycles, 

leading to a final cell density of 1.80·10
6
 ± 1.14·10

5
 cells mL

-1
. In the silicon-starved 

state, both silicon and germanium were taken up within 24 h after each Si/Ge addition.  

After 120 h cultivation in Stage II, the diatom cells were replete with silicon and so no 

more silicon uptake, germanium uptake, or cell division occurred, resulting in final 

silicon and germanium contents in the biomass of 4.0 ± 0.40 mmol Si g
-1

 dry cell mass 

and 0.116 ± 0.1 mmol Ge g
-1

 dry cell mass respectively (Si:Ge ratio of 35 ± 6.5 mol 

Si/mol Ge). 

Frustule Isolation and Electron Microscopy: Cell biomass was treated with 30 wt % 

aqueous hydrogen peroxide at pH 2.0 to remove organic materials and isolate the intact 
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biosilica frustule valves as described previously (Jeffryes et al., 2008). Frustule valves 

were deposited on a holey carbon copper grid and then imaged by a FEI Tecnai F20 high 

resolution TEM at 200 keV (Jeffryes et al., 2008).Diatom frustules dispersed on ITO-

coated glass were sputter-coated with gold and then imaged on a FEI Sirion field 

emission SEM at 1.5 keV. The thickness of the frustule was estimated from the cell 

number yield coefficient and TEM image analysis of frustule dimensions and porosity by 

the method adapted from Lewin (Lewin, 1957). STEM-EDS analysis confirmed the 

frustules were composed only of O (0.52 keV, Kα) Si (11.74 keV, Kα), and Ge (9.86 

keV,Kα1; 9.88 keV, Kα2). The bulk concentration of germanium in the frustule biosilica 

was determined by inductively coupled plasma (ICP) analysis (Jeffryes et al., 2008). 

Electroluminescent Device Fabrication: The EL devices were fabricated on 5 x 5 cm
2
 

glass substrates that were precoated with a 200nm thick layer of indium tin oxide. Diatom 

frustule valves isolated by hydrogen peroxide treatment were dispersed in isopropyl 

alcohol to concentration of ca. 5·10
6
 valves mL

-1
 and sonicated for 30 s. A 20 mL aliquot 

of this suspension was spin-coated (500 rpm, 45 s) on the ITO substrate surface to 

provide a nominal coverage of 620 valves mm
-2

. These substrates were next loaded into 

an atomic layer deposition (ALD) reactor to grow a 400nm thick dielectric film of 

hafnium silicate as described elsewhere (He et al., 2003). ALD allowed us to conformally 

coat the frustules, in particular to fill the frustule pores with the dielectric. The final 

processing step consisted of sputter deposition of 100nm thick, 4 mm diameter aluminum 

back-electrode. Hence, the device sandwich structure consisted of ITO as the front 

electrode, the frustules coated with hafnium silicate, and Al back electrode (Fig. 2). 

Seven duplicate EL devices were fabricated and tested for each sample. 

Electroluminescence Measurements: For EL measurements, the front and back electrodes 

of the device were connected to a power source that produced a bipolar pulse output, and 

the EL emission was recorded with a CCD detector system. Typical operational 

frequency was 10 kHz and peak voltage of 150 V. The EL emission could be observed 

with naked eyes and appeared blue. The brightness increased with voltage and frequency, 

and could be operated for at least six hours. The main limitation was the failure of the Al 

electrodes, due to oxidation in air. The EL emission spectra of all seven operating devices 
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were almost identical, with slight variations in amplitudes. There was no EL observed in 

a set of reference devices made without the diatom frustules. 

Photoluminescence Measurements: All PL measurements were carried out at room 

temperature. To ensure a uniform sample amount and analysis surface area, 2.4mg of 

frustule powder was loaded into the base of the sample holder, which consisted of square 

notch (3mm per side and 1.0mm) deep cut into a block of black Delrin polymer. The light 

source was a Spectral Projects ASB-XE-175 EX Xenon lamp equipped with a CM100-

1/8 monochromator set at 337nm and 0.3mm slit width. The UV beam was aimed at the 

sample on a 45° angle. The emitted light from the sample was sent through a 420nm UV 

cut-off filter to remove the reflected excitation signal, focused to a 1.0mm beam width 

with a convex lens, and then measured with an Acton Inspectrum 300 spectrometer 

equipped with a CCD detector (0.20mm slit width, 300 gratings mm
-1

, 2000 ms 

integration time). 

Photonic Band Calculations: Photonic band calculations are based on models provided by 

Joannopoulos et al., (1995) and were performed using in-house software similar to the 

MIT Photonic Bands software (2001).  Although the frustule pores were nearly elliptical 

in shape (Fig. 3- 1), for modeling purposes they were assumed to circular with equivalent 

diameter of 124 nm. The lattice symmetry was assumed to be square, although in reality 

it was slightly rectangular. The lattice constant (a) varied from about 320 nm to 340 nm, 

and so an average value of 330nm was used for modeling. These parameters were used to 

calculate transverse electrical (TE), transverse magnetic (TM), and all other modes for 

the diatom periodic structure. 

Dielectric Constant Measurements: The diatom frustule powder was vacuum dried at 100 

°C for 1.5 h. A disk of 6.35 mm diameter and 0.568 mm thickness was prepared by cold 

uniaxial pressing of diatom frustule powder at 19.6 bar. Gold thin films were deposited 

on both sides of the pellet to serve as electrodes. The dielectric properties of the diatom 

frustules were measured at 25 °C by an Agilent 4284A LCR meter utilizing an 

environmental chamber at frequencies ranging from 1.0 to 1000 kHz. 
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3-1.  Pore dimensions of Pinnulaia sp. frustules before and after metabolic insertion of 

germanium. 

Frustule Parameter End of Stage I End of Stage II

Cultivation (0 wt % Ge) Cultivation (1.6 wt % Ge)

Pore diameter (nm)

Transverse 210 ± 12 146 ± 11

Axial 197 ± 7 95 ± 11

Equivalent diamter 203 124

Pore spacing (nm)

Transverse 366 ± 9 338 ± 17

Axial 313 ± 15 296 ± 7

Lattice constnat 340 ± 30 317 ± 25

Pore area / valve area 0.32 0.12

Estimated thickness (nm) 172 133

Table 3-1.  Pore dimensions of Pinnularia sp. frustules before and after metabolic insertion 

of germanium.
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3-1. TEM images of the Pinnularia sp. frustule isolated by hydrogen peroxide treatment 

of bioreactor-cultured cell mass, focusing on microscale features and the sub-micrometer 

frustule pore array. a) Representative valve at the end of Stage I of cultivation before 

metabolic insertion of Ge into the frustule biosilica. b) Pore array at the end of Stage I of 

cultivation. c) Pore array of new representative valve at the end of Stage II of cultivation, 

where the bulk Ge content in the frustule biosilica is now 1.6 wt %. The vertical pore 

alignment lies on the transverse axis (width) of the diatom frustule. 
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3-2. Schematic of the EL device structure (not drawn to scale). 
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3-3. SEM images of diatom frustules of Pinnularia sp. spin-coated onto the ITO glass 

surface before atomic layer deposition of the hafnium silicate dielectric layer. a) Detail of 

single valve. b) Distribution of valves on surface.



68 
 

 

 

 
3-4. Comparison of a) electroluminescence and b) photoluminescence spectra for diatom 

frustules that contained no Ge at the end of Stage I of cultivation to diatoms containing 

1.6 wt % Ge at the end of Stage II of cultivation. 
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3-5. Calculated TE band structure for diatom periodic structure shown in Figure 1c. 
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Patterned Biosilica of the Diatom Pinnularia sp. by a Two-Stage 
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Abstract 

Diatoms are single-celled algae that make silica shells or frustules with intricate 

nanoscale features imbedded within periodic two-dimensional pore arrays. A two-stage 

photobioreactor cultivation process was used to metabolically insert titanium into the 

patterned biosilica of the diatom Pinnularia sp. In Stage I, diatom cells were grown up on 

dissolved silicon until silicon starvation was achieved. In Stage II, soluble titanium and 

silicon were continuously fed to the silicon-starved cell suspension ( 4 × 10
5
 cells/mL) 

for 10 h. The feeding rate of titanium (0.85−7.3 μmol Ti L
−1

 h
−1

) was designed to 

circumvent the precipitation of titanate in the liquid medium, and feeding rate of silicon 

(48 μmol Si L
−1

 h
−1

) was designed to sustain one cell division. The addition of titanium to 

the culture had no detrimental effects on cell growth and preserved the frustule 

morphology. Cofeeding of Ti and Si was required for complete intracellular uptake of Ti. 

The maximum bulk composition of titanium in the frustule biosilica was 2.3 g of Ti/100 g 

of SiO2. Intact biosilica frustules were isolated by treatment of diatom cells with 

SDS/EDTA and then analyzed by TEM and STEM-EDS. Titanium was preferentially 

deposited as a nanophase lining the base of each frustule pore, with estimated local TiO2 

content of nearly 80 wt %. Thermal annealing in air at 720 °C converted the biogenic 

titanate to anatase TiO2 with an average crystal size of 32 nm. This is the first reported 

study of using a living organism to controllably fabricate semiconductor TiO2 

nanostructures by a bottom-up self-assembly process. 

Introduction 

Nanostructured titanium dioxide (TiO2) semiconductor materials have unique 

optoelectronic properties that enable a variety of applications, particularly for 

photocatalysts and solar cells (Chen and Mao, 2007). Control of the spatial organization 

of nanoscale TiO2 within a periodic structure offers additional enhancements for light 

trapping in these applications (Aprile et al., 2008). There is enormous interest in 

bioinspired approaches for synthesis of semiconductor and metal oxide nanomaterials, as 

they offer the opportunity for self-assembly into hierarchical structures (Sarikaya et al., 

2003).  In particular, cell culture systems have been identified as a platform for the 
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biosynthesis of photonic nanostructures (Parker and Townley, 2007).  Although 

biomineralization of TiO2 is rare in Nature (Cole and Valentine, 2006), biosilica 

(amorphous SiO2) is synthesized from soluble silicon into complex structures by a variety 

of aquatic organisms, as exemplified by the diatoms (Sumper and Brunner, 2006).  

Diatoms are single-celled algae which make silica shells called frustules that are 

intricately patterned at both the nano- and microscale. The periodic pore structures of 

diatoms possess photonic crystal properties (Yamanaka et al., 2008). 

Traditionally, the bioinspired synthesis of titanate materials has focused on the 

biomolecule-mediated precipitation of soluble titanium precursors using peptide 

sequences derived from the silaffin class of diatom proteins (Kröger et al., 2006; Cole et 

al., 2006; Sewell and Wright, 2006), phage-displayed peptides (Dickerson et al., 2008), 

recombinant silicatein proteins derived from sponge spicules (Sumerel et al., 2003; Tahir 

et al., 2005; Brutchey et al., 2006), naturally occurring polyamines (Cole and Valentine, 

2007) , lysozymes (Luckarift et al., 2006), or proteins secreted from bacterial or fungal 

cell surfaces (Bansal et al., 2005; Curnow et al., 2005).  Alternatively, diatom frustules 

have served as a template for synthesis of nano/microstructured titanate materials using a 

variety of chemical processes, including gas−solid reaction of biosilica with TiF4 vapor 

(Unocic et al., 2004; Dudley et al., 2006), atomic layer deposition of TiCl4/H2O vapor 

(Losic et al., 2006), or solution phase coating of TiO2 nanoparticles (Jai et al., 2008). To 

date, biomolecule-mediated precipitation processes have not yet organized TiO2 into 

hierarchical structures, and diatom-based templating methods have not been designed to 

be readily scalable. 

In this study, we use the living diatom itself to metabolically insert nanostructured TiO2 

into the periodic structure of its frustule biosilica. The intracellular biofabrication process 

is guided by a two-stage photobioreactor cultivation process that controls the delivery of 

titanium and silicon to the diatom cells. This bioprocess engineering approach is scalable, 

replicates identical nanostructures on a massively parallel scale, occurs at ambient 

temperature and neutral pH, and does not require harsh chemicals or sophisticated 

equipment. Pinnularia sp. was chosen as the model diatom because its frustule possesses 
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periodic order at two scales: a rectangular lattice of 200 nm pores at the submicron scale, 

and a concentric array of fine features lining the base of each pore at the nanoscale. 

Diatoms are known to bioaccumulate trace levels of titanium (Riley and Roth, 1971), 

where organisms collected from the marine environment can contain 0.01 to 0.13 wt % Ti 

in silica (Martin and Knauer, 1973). However, the controlled cultivation of diatom cells 

on soluble titanium has not been previously reported. One challenge is the low solubility 

of Ti(OH)4 in aqueous solution at the cultivation pH. Below, we show how controlled 

feeding of soluble silicon and titanium to the cells during the bioreactor cultivation 

process circumvents this solubility limitation and targets the deposition of a TiO2-rich 

nanophase into the periodic fine features associated with the pores of the diatom frustule. 

We also show that thermal annealing converts the biogenic titanate to anatase TiO2 

nanocrystals. 

Results and Discussion 

Bioreactor Cultivation for Metabolic Insertion of Titanium into Frustule Biosilica  

A two-stage photobioreactor cultivation process was used to grow up Pinnularia diatom 

cells to a desired cell density and then metabolically insert titanium into the frustule 

biosilica. The photobioreactor presented in Fig. 4-1 consisted of a bubble column 

bioreactor vessel to mix and aerate the cell suspension, an external light stage, and a 

syringe pump for controlled delivery of soluble silicon and titanium. In Stage I of the 

cultivation process, the cell suspension was grown up on a given initial concentration of 

dissolved silicon (0.50 mM) until all the silicon was consumed and the final cell density 

was achieved. In Stage II of cultivation, concentrated feed solutions of 30 mM sodium 

metasilicate and soluble titanate (0.5−4.5 mM) were co-delivered to the culture 

suspension by a syringe pump over a period of 10 h during the light phase of the first 

photoperiod, as detailed in Table 4-1.   

Cell number density and dissolved silicon concentration versus time for Stages I and II of 

a representative bioreactor cultivation experiment are presented in Fig. 4-2a. Images of 

living cells and frustule biosilica at the end of Stage I, just before addition of titanium to 

the cultivation medium, are presented in Fig. 4-2b,c.  Silicon was a required substrate for 
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diatom cell division. At the end of Stage I cultivation, the diatom cells were in the 

silicon-starved state, as evidenced by complete consumption of dissolved silicon from the 

medium and constant cell number density for at least one 24 h photoperiod. The 

cumulative amount of Si delivery was designed to support one cell division within the 

first photoperiod of Stage II. The Si delivery rate was fixed, whereas the Ti delivery rate 

was varied by changing the Ti concentration in the feed solution. However, within a 

given cultivation experiment, the ratio of Ti/Si delivered to the cell suspension was 

constant. When the soluble silicon feed solution was added to the culture medium, it 

speciated to Si(OH)4 at the cultivation pH of 8.5, which is the form of Si required for 

transport into the diatom cell (Martin-Jézéquel et al., 2000). 

Representative Si and Ti concentration profiles in the bioreactor cultivation medium 

during the first 48 h of Stage II cultivation are presented in Fig. 4-3. In Fig. 4-3a, if no 

cells were present, then Si and Ti were not consumed, and the measured Si and Ti 

concentration versus time profile matched the predicted profile delivered by the syringe 

pump. The titanium concentration represented both the soluble and insoluble titanium in 

the liquid medium.  Fig. 4-3b shows that the diatom cells consumed most of the Si fed to 

the culture over the 10 h delivery period, providing enough silicon for one cell doubling 

(Fig. 4-2a). The dissolved silicon concentration in the medium was near zero at all times, 

which indicated that the cells were maintained in the silicon-starved state during Stage II. 

Likewise, Fig. 4-3c shows that the diatom cells also consumed all of the Ti added to the 

culture suspension at all three cumulative amounts of Ti delivery. At the onset of Stage 

II, the rate of Ti(OH)4 addition at the highest Ti loading (73 μmol/L) outpaced the rate of 

intracellular Ti uptake, where the soluble titanium concentration in the liquid phase of the 

cell culture medium increased to 13 μM before returning to zero. 

The Ti concentration in the culture medium generally stayed below the Ti(OH)4 solubility 

limit. When the soluble titanium feed solution was added to the liquid culture medium, 

the titanium diluted out and hydrolyzed to Ti(OH)4 at the nominal bioreactor cultivation 

pH of 8.5. The solubility limit of Ti(OH)4 in 100 mM NaCl at 22 °C is between 3 and 8 

μM, and Ti(OH)4 is the dominant soluble species at pH >6 (Baes and Mesmer, 1976; 

Sugimoto et al., 2002).  Consequently, if titanium was added to the culture suspension all 
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at once, then the concentration of titanium in the liquid medium would have exceeded the 

reported solubility of Ti(OH)4 by an order of magnitude. Therefore, titanium was 

delivered at a rate that prevented its potential for precipitation in the culture suspension, 

as the balance between titanium delivery and uptake by the diatom cells kept the titanium 

concentration in the culture liquid below its solubility limit. If titanium but no silicon was 

fed to the diatom cell suspension in Stage II of cultivation, the uptake of titanium was not 

complete, as shown in Fig. 4-4. The diatom cells did not divide, and the Ti concentration 

in the liquid medium stayed well above the solubility limit. 

The culture growth parameters obtained from the two-stage bioreactor cultivation 

experiments, including specific growth rate (μ), final cell density (XN,f), and cell number 

yield coefficient based on silicon consumption (YXn/Si), are summarized in Table 4-2.  The 

cumulative amount of titanium delivery had no statistically significant effect on either the 

specific growth rate (p = 0.60 > α = 0.05) or the cell number yield coefficient (p = 0.75 > 

α = 0.05). There was no change in specific growth rate between Stages I and II (p = 0.51 

> α = 0.05). The increase in cell number yield coefficient was statistically significant 

between Stages I and II (p = 0.0017 < α = 0.05), which indicated that the Si content per 

cell decreased. 

The incorporation of titanium into the diatom cells as a function of the Stage II titanium 

delivery rate is presented in Fig. 4-5.  After 24 h, the intracellular titanium concentration 

was complete .  Fig. 4-5a shows the measured intracellular uptake of titanium into the 

cell mass, averaged from 24 to 72 h, was linearly proportional to titanium delivery rate. 

The diatom cells were treated with sodium dodecyl sulfate (SDS) in EDTA to remove 

organic materials and isolate the intact frustule biosilica. The parent valve and the new 

daughter valve formed after cell division often remained attached to one another (Fig. 4-

2c) . The average solids recovery after SDS/EDTA treatment and drying at 80 °C was 

0.32 ± 0.07 g solid/g dry biomass weight (DW).  Fig. 4-5b shows that the amount of Ti 

incorporated into the frustule biosilica reached a saturation value, nominally at 2.0 g of 

Ti/100 g of SiO2. Furthermore, the final titanium incorporation into the biosilica was not 

achieved until after 24 h in Stage II, indicating that an intracellular pool of titanium was 

still being incorporated into the diatom biosilica after titanium delivery to the culture 
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suspension was complete. For the control cultivation experiment where titanium but no 

silicon was added to Stage II of the cultivation, the intracellular Ti content after 48 h was 

95 ± 6 μmol T/g DW. 

The concentration of titanium in dried diatom cells, cells treated with SDS/EDTA, and 

cells treated with aqueous (30 wt %) hydrogen peroxide (H2O2) is compared in Table 4-3. 

The presence of titanium in the frustule biosilica after treatment of the diatom cells by 

either SDS/EDTA or H2O2 treatment verified that the titanium was imbedded within the 

frustule silica and not adsorbed onto the frustule surface. The Ti concentration in the 

H2O2-treated frustule biosilica was lower than that in the SDS/EDTA-treated diatom 

biosilica because titanate imbedded in biosilica close to the frustule surface may have 

been etched out by aqueous H2O2. Consequently, the SDS/EDTA treatment method was 

used to isolate frustules for the electron microscopy. A material balance on the washings 

from both treatment methods verified that only about 40−50% of the titanium taken up by 

the living cells was ultimately incorporated into the frustule biosilica. Control 

experiments further verified that titanium released by either treatment method did not re-

adsorb onto the frustule biosilica. Therefore, the titanium recovered from cell washing 

and SDS/EDTA treatments was assumed to be weakly bound intracellular titanium. 

Titanium-Rich Nanophase within Diatom Biosilica  

The nanoscale titanium distribution in the diatom biosilica was characterized by electron 

microscopy. The diatom cells selected for nanoimaging and analysis were obtained from 

the bioreactor cultivation experiment conducted at 73 μmol/L cumulative Ti addition to 

Stage II. Cells harvested after 72 h into Stage II were treated with SDS/EDTA to remove 

organic materials and isolate the intact frustule biosilica. The bulk titanium concentration 

in the biosilica was 2.3 ± 0.1 g of Ti/100 g of SiO2. Ten randomly selected frustules were 

analyzed by transmission electron microscopy (TEM) and scanning transmission electron 

microscopy/X-ray dispersive analysis (STEM-EDS). Representative analyses were 

reported. 

STEM-EDS analyses of a representative Pinnularia sp. frustule containing titanium are 

presented in Fig. 4-6. The spot scan in Fig. 4-6b shows that Si, Ti, and O were the only 
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elements present, as Cu was from the copper TEM grid. The representative line scans, 

Fig. 4-6c,d,  spanned the whole width (line scan 1) and length (line scan 2) of the 

frustule. The line scans included both solid regions and pore regions. The peaks of 

titanium concentration always coincided with the base of the 200 nm frustule pores. Ti 

was found everywhere in the frustule biosilica, including the valve (top face) and girdle 

band (side wall) regions, but it was not uniformly distributed. In particular, line scan 1 

showed that high concentration pockets of titanium were associated with both the valve 

(top face) and girdle band (side wall) of the frustule. Line scan 2 also showed periodic 

regions of high titanium concentration. The line scan presented in Fig. 4-6e,f was aligned 

between two valve halves that were still partially adjoined after SDS treatment. Here, it is 

shown that the titanium was preferentially deposited into the new daughter valve of 

frustule. All of the line scans shown in Fig. 4-6  were obtained at a scanning interval 

ranging from 178 to 246 nm, which was not precise enough to guarantee that the beam 

always hit the base of the 200 nm pore. 

STEM-EDS line scans for titanium and silicon across three representative pore structures 

are presented in Fig. 4-7.  The scanning interval was set to 7−12 nm so that the nanoscale 

features could be more readily profiled. In the diatom Pinnularia sp., the base of each 200 

nm frustule pore is lined with a thin layer of biosilica which contains 4−6 pores 

nominally 50 nm in diameter. In STEM mode, these fine features were difficult to see. 

However, the elemental line scans clearly showed that the base of the frustule pore was 

highly enriched in titanium. In Fig. 4-7a, a comparison of the Ti and Si line scan data 

revealed that the highest Ti signal counts were concentrated near the frustule pore wall. 

However, the Si signal count was also high in this region, so the Ti concentration in the 

biosilica was still relatively low. In contrast, for the metal oxide materials lining the base 

of the frustule pore, the Ti signal count was high, but the Si signal count was low, and so 

the Ti concentration was high. The nanoscale thickness of the frustule was not measured 

due to its complicated topology. However, the combined Si and Ti signal count was 

roughly indicative of the relative thickness of the frustule. 

Quantitative line scans for TiO2 along two other representative pore structures are 

presented in Fig. 4-7b,c. The TiO2 was enriched from 40 to 80% at the base of the pore. 
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However, it must be stressed that the quantification was only approximate since EDS 

measurement is dependent upon X-ray beam penetration and scattering into the sample 

(Goldstein et al., 2003) as well as the surface roughness (Newbury, 2004).  The bulk TiO2 

concentration in the frustule (3.7 wt % TiO2 based on 2.3 g of Ti/100 g of SiO2) was still 

much lower than the local TiO2 concentration because the volume of solid associated 

with these fine features was small relative to the overall volume of the frustule solid. 

Furthermore, the bulk TiO2 content was diluted from the biosilica carried over from Stage 

I of the cultivation. 

Fig. 4-8 compares TEM images of fine structure for the Pinnularia frustule with and 

without titanium metabolically inserted into the biosilica.  Fig. 4-8a,b shows frustules 

from the control cultivation experiment with no added titanium, whereas Fig. 4-8c,d 

shows frustules from the cultivation experiment where the cumulative addition of 

titanium to Stage II was 73 μmol/L (2.3 g of Ti/100 g of SiO2). The same frustule shown 

in Fig. 4-8d was analyzed earlier by STEM-EDS  (Fig. 4-7). In TEM mode, the fine 

features at the base of the frustule pores were clearly visible. The incorporation of 

titanium into the frustule biosilica did not alter the overall pore structure of the frustules 

or its fine features imbedded at the base of each pore. 

In summary, the metabolic insertion of TiO2 into the diatom biosilica targeted the fine 

nanostructure lining the base of each frustule pore and did not alter the overall 

microstructure of the diatom. In contrast, our earlier studies (Jeffryes et al., 2008a; 

Jeffryes et al., 2008b; Qin et al., 2008) showed that metabolic insertion of germanium 

into diatom biosilica altered the frustule pore structure by reducing the pore diameter, 

removing the fine features, and fusing the pore arrays into nanoslit arrays. Therefore, 

there were marked differences in the mechanisms of GeO2 versus TiO2 incorporation into 

the diatom biosilica. However, it was beyond the scope of this work to characterize the 

molecular processes underlying these differences. 

Annealing of Ti-Rich Nanophases in Frustule Biosilica to Nanocrystalline TiO2  

Thermal annealing of diatom biosilica containing titanium converted the biogenic 

titanates to crystalline TiO2. The sample profiled in Figs. 4-6, 4-7, and 4-8 was annealed 
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at 720, 800, and 950 °C. The powder X-ray diffraction (XRD) spectra presented in Fig. 4-

9 show that the as-deposited diatom biosilica containing 2.3 ± 0.1 g of Ti/100 g of SiO2 

was amorphous. However, at an annealing temperature of 800 °C, a mixture of anatase 

and rutile phases of crystalline TiO2 were formed. Thermal annealing of the no-titanium 

diatom biosilica control sample at 800 °C verified that the diatom biosilica itself 

remained amorphous. Increasing the annealing temperature 720 to 950 °C changed TiO2 

from the anatase from to the rutile form (Fig. 4-10). The average nanocrystal size 

estimated by the Scherer equation for both the anatase and rutile forms of TiO2 was about 

32 nm. The possibility Ti−O−Si bond formation was not considered by this study. 

The TiO2-rich nanophases that were imbedded within the frustule biosilica after 

metabolic insertion of titanium were amorphous. Previous investigators found that the 

peptide- or protein-mediated precipitation of soluble titanium precursors to TiO2 or 

TiP2O7 was also amorphous at room temperature but could be crystallized by thermal 

annealing (Cole et al., 2006; Sewell and Wright, 2006; Sumerel et al., 2003).  In a few 

studies, biomimetic approaches have produced crystalline forms of TiO2 without thermal 

annealing.  Kröger et al. (2006) observed that TiBALDH precipitation by the 

recombinant silaffin protein rSilC produced rutile TiO2, whereas Dickerson et al. (2008) 

observed that 12-mer phase display peptides produced a mixture of amorphous, anatase, 

and monoclinic (β) forms of TiO2. Bansal et al. (2005) precipitated K2TiF6 with proteins 

secreted from the fungus Fusarium oxysporum to the brookite form of TiO2 at ambient 

temperature. No biomimetic studies to date have fabricated nanoscale TiO2 into 

hierarchical structures as demonstrated by this study. 

Processes Underlying TiO2 Nanophase Formation within Frustule Biosilica  

The distribution of TiO2 within the periodic structure of the Pinnularia sp. frustule is 

schematically envisioned in Fig. 4-11. We speculate that rate processes of SiO2 and TiO2 

formation within the silica deposition vesicle of the dividing diatom cell may have led to 

the preferential deposition of TiO2 at the thin layer of biosilica lining the base of the 

frustule pore, as proposed below. 
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The biofabrication of the biosilica frustule within the silica deposition vesicle (SDV) has 

been described for pennate diatoms in general (Round et al., 1990; van den Hoek et al., 

1995) and Pinnularia species in particular (Pickett-Heaps et al., 1979).  Within this 

framework, a phase separation model for biosilicification within the SDV has been 

proposed (Sumper, 2002; Lenoci and Camp, 2008) where formation in the pore spaces 

(areolae) occurs after silicification of the rib structures (costae). Hildebrand et al. (2006) 

has verified these steps of frustule formation in the centric diatom Thalassiosira by SEM, 

TEM, and atomic force microscopy (AFM) measurements. 

For the pennate diatom Pinnularia, we envision that following Si uptake into the diatom 

cell, the intracellular Si is deposited as patterned silica within the SDV of the developing 

valve portion of the frustule in three stages. First, parallel rib structures spanning the 

trans-apical axis of the frustule valve are symmetrically formed normal to the both sides 

of the center raphe. Second, silica fills in between the ribs to form the frustule pores. 

Finally, the thin layer of the biosilica lining the base of the 200 nm frustule pore and its 

associated 50 nm pores are formed. 

In Stage II of cultivation, soluble Si and Ti were continuously fed to the diatom cells, but 

Si was always the dominant component, and the feeding rate was turned off about 

halfway (10 h) into the 22−25 h cell division cycle. Since the highest concentrations of 

titanate were observed in the fine structure associated with the final stages of silica 

deposition, Si pool exhaustion near the completion of frustule pore formation combined 

with a slower rate of soluble Ti condensation to titanate within the SDV may have been 

responsible for this deposition pattern. 

In our previous studies with metabolic incorporation of Ge into diatom biosilica (Jeffryes 

et al., 2008a; Jeffryes et al., 2008b; Qin et al., 2008), the high aqueous solubility of 

Ge(OH)4 allowed all of the Ge to be added to the diatom cell suspension at the beginning 

of Stage II of cultivation. By this process, the germanium was uniformly dispersed into 

the diatom biosilica. However, due to the low aqueous solubility of Ti(OH)4, simply 

extending this feeding approach to titanium would not work. Instead, in this study, a 

novel continuous feeding strategy was developed to deliver the titanium to the diatom 
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cell. The distributed feeding of Ti(OH)4 may have also contributed to the stratification of 

TiO2 within the diatom biosilica. 

Summary 

A two-stage bioreactor cultivation process was used to metabolically insert titanium into 

the patterned biosilica frustule of the diatom Pinnularia sp. by controlled feeding of 

soluble titanium and silicon to the silicon-starved cell culture suspension. The addition of 

titanium to the diatom cells had no detrimental effects on the growth of the organism and 

preserved the nano- and microstructure of the frustule biosilica. Co-uptake of Ti and Si 

was required for maximum incorporation of titanium into the frustule biosilica. Titanium 

was preferentially deposited as a nanophase lining the base of each frustule pore. Thermal 

annealing converted the biogenic titanate to nanocrystalline anatase TiO2. 

This is the first reported study of using a living organism to controllably fabricate 

semiconductor TiO2 nanostructures by a bottom-up self-assembly process on a massively 

parallel scale. Furthermore, the cell assembles the TiO2-rich nanostructures into clustered 

arrays imbedded within a photonic crystal-like structure that is characteristic of the 

diatom frustule. Possible device applications of these semiconductor materials could 

include dye-sensitized solar cells for enhanced light trapping efficiency (Mihi et al., 

2008) and structured photocatalysts for enhanced breakdown of toxic chemicals 

(Carbonell et al., 2008).  This study illustrates how diatom cell culture systems can be 

externally directed in bioprocess engineering systems to fabricate unique nano- and 

microstructured semiconductor materials. 

Materials and Methods 

Diatom Cell Culture  

The photosynthetic, pennate marine diatom Pinnularia sp. was obtained from the UTEX 

Culture Collection of Algae (UTEX# B679). Maintenance culture of this organism was 

previously described (Jeffryes et al, 2008a).  In this study, Pinnularia sp. was grown on 

Harrison‟s artificial seawater medium supplemented with f/2 nutrients (Harrison et al., 

1980) as modified below. The artificial seawater base medium contained 347 mM NaCl, 
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23.8 mM Na2SO4, 7.68 mM KCl, 1.97 mM NaHCO3, 690 μM KBr, 354 μM H3BO3, 63.3 

μM NaF, 45.1 mM MgCl2·6H2O, 8.74 mM CaCl2·2H2O, and 78.0 μM SrCl2·6H2O. The 

f/2 enrichment medium components consisted of 35.9 nM Na2MoO4·2H2O, 0.954 nM 

Na2SeO3, 6.0 nM NiCl2·6H2O, 165 nM ZnSO4·7H2O, 45.3 nM CuSO4·5H2O, 24.7 nM 

CoSO4·7H2O, 2.31 μM MnSO4·4H2O, 19.7 μM FeCl3·6H2O, and 21.9 μM 

ethylenedinitrol tetraacetic acid disodium salt (C10H14O8N2Na2·2H2O). The macronutrient 

medium consisted of 4.81 mM NaNO3, 242 μM NaH2PO4·H2O, and 1.00 mM 

Na2SiO3·9H2O. 

Photobiobioreactor Cultivation  

The bubble column photobioreactor for cultivation of Pinnularia sp. cells in liquid 

suspension was previously described (Jeffryes et al., 2008a).  The photobioreactor was 

modified to accommodate two-channel syringe pump (World Precision Instruments, 

Aladdin 8000) to separately deliver dissolved silicon and titanium to the cell suspension, 

as shown in Fig. 4-1. Nutrient medium for cultivation of Pinnularia sp. in the 

photobioreactor was identical to the cell culture maintenance medium described above 

except for the dissolved silicon concentration. The CO2 in the aeration gas served as the 

carbon source for phototrophic cell growth. Flask cultured diatom cells harvested 7 days 

after subculture were used for bioreactor inoculation. 

The process conditions used in this study are summarized in Table 4-1. The two-stage 

bioreactor cultivation process described previously (Jeffryes et al., 2008a) was modified 

for continuous delivery of dissolved silicon and titanium in Stage II. To prepare the Si 

feed solution, solid SiO2 and NaOH were dissolved in distilled/deionized water to make 

30 mM Na2SiO3 (sodium metasilicate) and 500 mM NaOH (pH >12). The high pH kept 

the silicon dissolved in the feed solution. To prepare the Ti feed solution, solid titanium 

hydroxide (Ti(OH)4) was first made by dropwise addition of 4.0 M NaOH to aqueous 

titanium oxysulfate (TiOSO4, 15 wt % solution, Sigma-Aldrich 495379) to pH 12, 

followed by precipitation at 0 °C and washing of the precipitate in deionized/distilled 

water. Solid Ti(OH)4 and concentrated HCl were then dissolved in HPLC-grade water to 

final concentrations of 5.0 mM Ti and 500 mM HCl (pH <1). The low pH kept the 
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titanium soluble in aqueous solution. To prepare a Ti feed solution of a desired 

concentration, the 5.0 mM Ti stock solution was diluted in distilled/deionized water, and 

then concentrated HCl was added to bring the HCl concentration back up to 500 mM. 

The volumetric flow rate of the Si and Ti feed solutions to the photobioreactor culture 

suspension was each fixed at 5.0 mL h
−1

 for a total of 10 h, beginning 2 h into the 

photoperiod. When the Si and Ti feed solutions were added to the culture suspension at 

the same volumetric flow rate, the NaOH in the Si feed solution and HCl in the Ti feed 

solution were neutralized, resulting in no pH change to the culture medium. 

Cell number density and dry cell weight (DW) measurements of the diatom cell 

suspension were previously described (Jeffryes et al., 2008a).  In Stage I of cultivation, 

the cell suspension was sampled every 12 h until 120 h, whereas in Stage II, the cell 

suspension was sampled every 3 h during the initial 12 h, and then every 12 h until 72 h. 

A cell culture volume of 540 mL was removed at 0, 12, 24, 48, and 72 h of Stage II to 

determine the silicon and titanium content in the dry cell biomass and frustule biosilica. 

The liquid medium was separated from the diatom cells by centrifugation at 2500g for 20 

min. The concentrations of silicon and titanium in the liquid medium were determined by 

inductively coupled plasma emission spectroscopy (ICP-ES) analysis on a Varian Liberty 

150 ICP emission spectrometer. Analysis wavelengths were 251.611 (Si) and 334.941 nm 

(Ti). Limits of detection were 0.07 and 0.004 mg/L for Si and Ti, respectively. The 

silicon and titanium content in the dry cell mass was also determined by ICP-ES 

following NaOH fusion of the solid as previously described (Jeffryes et al., 2008a). 

Statistical estimation of specific growth rate (μ, h
−1

) and cell number yield coefficient 

(YXn/Si, cells/mmol Si consumed) were previously described (Jeffryes et al., 2008a). 

Isolation and Bulk Metal Analysis of Frustule Biosilica  

Intact biosilica frustules of Pinnularia sp. cells were isolated by treatment with sodium 

dodecyl sulfate (SDS, JT Baker L050-07) and ethylene diamine tetraacetic acid (EDTA), 

as originally described by Schmid and Schulz (1979), with modifications detailed below. 

Treatment of diatom cells with the detergent SDS separated organic cell matter from the 

frustule biosilica but did not remove the girdle band proteins, and so the upper and lower 
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theca of the frustule remained attached. The EDTA removed calcium and other divalent 

salts from the seawater medium that adsorbed onto the frustule surface. Duplicate 250 

mL aliquots of culture suspension were centrifuged at 2500g for 20 min. The pellet was 

resuspended in 40 mL of distilled/deionized water, centrifuged, and washed again two 

more times. The washed diatom cell pellet was resuspended in 40 mL of 50 g/L SDS in 

100 mM EDTA, vortexed for 1 min, and then allowed to react for 20 min at room 

temperature without mixing. The liquid in the suspension turned green. The SDS/EDTA 

treatment was repeated two more times. The treated cell mass was washed three times in 

distilled/deionized water to remove the SDS/EDTA and residual intracellular metal 

oxides, and then three times in methanol to dissolve the residual organic matter (40 mL, 

2500g for 20 min). The final isolated frustules were resuspended in 5 mL of MeOH and 

stored at −20 °C. The silicon and titanium content in the isolated frustule solid was 

determined by ICP-ES as described above. The titanium content was expressed as g of 

Ti/100 g of SiO2, assuming that the Si in the frustule was in the form of SiO2. Isolation of 

diatom biosilica by aqueous hydrogen peroxide treatment of diatom cells was previously 

described (Jeffryes et al., 2008a). 

Thermal Annealing and X-ray Diffraction Analysis  

A 10 mg aliquot of frustule biosilica isolated by SDS/EDTA treatment was thermally 

annealed in air for 1.0 h within a preheated furnace at temperatures of 720, 800, and 950 

°C. Powder X-ray diffraction (XRD) measurements on the as-deposited and thermally 

annealed frustule biosilica were performed on a Bruker Instruments D8 Discover 

diffractometer using a Cu Kα radiation source. Full scans (2θ 20−80°) were performed at 

step size of 0.05° and scan rate of 5.0 2θ/min, whereas limited scans near the highest 

TiO2 peaks of interest (2θ 23−28°) were performed at a scan rate of 0.5 2θ/min. Peaks 

were compared to standards for anatase TiO2 (JCPDS database #86-1156) and rutile TiO2 

(JCPDS database #86-0148). The size of each TiO2 nanocrystal type was estimated from 

the angle and half-width of its strongest peak using the well-known Scherrer equation 

(Scherrer, 1918). 

Electron Microscopy  
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Electron microscopy analyses on Pinnularia sp. frustules isolated by SDS/EDTA 

treatment were performed on a FEI Tecnai F20 high resolution (200 keV) transmission 

electron microscope (TEM) equipped with an embedded scanning transmission electron 

microscope (STEM) and an X-ray energy dispersive analysis (EDS) probe, as previously 

described (Jeffryes et al., 2008a).  SEM images were obtained on an FEI Sirion field 

emission SEM at an accelerating voltage of 5 keV. All STEM-EDS data were collected at 

an accelerating voltage of 200 keV. The Kα energy peaks of interest were 0.52 (O), 1.74 

(Si), and 4.51 keV (Ti). The beam resolution was 0.24 nm for spot analysis and 0.18 nm 

for line analysis. The local TiO2 content in frustule biosilica along the STEM-EDS 

elemental line scan was estimated by  

 

 

(4.1)  

and  

 
 (4.2)  

where ITi,c is the Ti detector count corrected for Ti background signal in silica, ISi is the Si 

detector count, kTi is the calibration k factor for Ti (1.299 mass counts/detector counts), 

kSi is the calibration k factor for Si (1.000 mass counts/detector counts), MSi and MSiO2 are 

the molecular weights of Si and SiO2, and MTi and MTiO2 are the molecular weights of Ti 

and TiO2. The corrected Ti detector count was estimated by eq. 4.2, where ITi is the gross 

Ti count, mTi is the ratio of Ti background counts to Si counts, and ITi,o is the Ti 

background count in the absence of Si. Values for mTi (4.0 Ti counts/1000 Si counts) and 

ITi,o (3 counts) were determined by linear regression of Si and Ti counts pooled from EDS 

line scans over frustules obtained by the control cultivation experiment where no Ti was 

added to the diatom cell suspension. Energy peaks associated with the holey carbon 

copper (Cu) TEM grid also appeared in the EDS spot scan spectra (L3 at 0.93 keV, Kα at 

8.05 keV, Kβ at 8.90 keV).
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4-1. Cultivation Parameters for Two-Stage Bioreactor Cultivation of Pinnularia sp. Cells 

Process Parameter Units StageI Stage II

initial Ti concentration 0.00 0.00

initial Si concentration mmol/L 0.50 ~0

initial cell number density cells/mL 5·104 4·105

total culture volume mL 4200 3100

Si and Ti delivery rate

volumetric flowrate (mL feed L-1culture h-1)a
- 3.3

feed solution Ti concentration mmol/L - 0.5-4.5

feed solution Si concentration mmol/L - 30

Ti delivery rate mmol Ti L
-1

culture h
-1

- 0.85-7.3

Si delivery rate mmol Si L-1culture h-2
- 48

time of addition h - 10

total Ti added mmol Ti/Lculture - 8.5-73

total Si added mmol Si/Lculture - 480

input mol Si/mol Ti - 6.5-56

cultivation pH 8.4 8.6

temperature °C 22 22

Incident light intensity mE m-2 s-1
149 149

photoperiod h ligh:h dark in 24 h 14:10 14:10

aeration rate L air L
-1

culture min
-1

0.610 0.820

CO2 partial pressure ppm ~350 ~350

Cultivation time h 120 72
a 5.0 mL h-1 for each feed solution

Table 4.1 Cultivation parameters for Two-Stage Bioreactor Cultivation of Pinnularia sp. 

cells

 



91 
 

 

 

4-2. Growth Parameters from the Two-Stage Bioreactor Cultivation of Pinnularia sp. 

Cells 

Ti addition specific growth rate cell number yield
a

Final cell # density
mmol/L stage  m (h

-1
)      YXN/Si (10

8
 cells/mmol Si) XN,f  (10

5
 cells/mL)

(control) I 0.032 ± 0.003 10.8 ± 1.1 5.9 ± 0.2

0.0 II 0.039 ± 0.008 12.0 ± 1.2 12.0 ± 0.9

- I 0.031 ± 0.003 8.9 ± 1.9 3.7 ± 0.4

8.5 II 0.024 ± 0.005 13.5 ± 1.7 9.9 ± 1.1

- I 0.035 ± 0.001 9.5 ± 2.2 4.7 ± 0.6

14 II 0.043 ± 0.008 12.3 ± 1.4 12.1 ± 1.0

- I 0.043 ± 0.004 8.2 ± 1.7 4.8 ± 0.4

22 II 0.032 ± 0.006 11.3 ± 1.3 10.8 ± 1.1

- I 0.018 ± 0.003 7.4 ± 1.6 4.3 ± 0.1

49 II 0.029 ± 0.006 12.2 ± 0.7 9.6 ± 0.4

- I 0.021 ± 0.002 9.4 ± 1.6 4.1 ± 0.4

73 II 0.032 ± 0.003 12.9 ± 2.8 9.6 ± 2.0

Table 4.2.  Growth parameters from the Two-Stage bioreactor cultivation of Pinnularia sp. 

cells

a The Stage II average cell number to dry cell mass ratio is 3.05 x 109 ± 4.14 x 

10
8
 cells/g DW.  
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4-3. Comparison of Ti Recovery after SDS/EDTA and H2O2 Treatment of Diatom Cells 

Containing Metabolically Inserted Titanium. 

Sample bulk Ti concentration % intracellular Ti removed

(g of Ti/100 g of SiO2) by treatment method

dry cell biomass 3.8 ± 0.8

SDS/EDTA-treated cells 2.3 ± 0.1 41 ± 8

H2O2-treated cells 1.9 ± 0.1 49 ± 10

Table 4.3. Comparison of Ti recovery after SDS/EDTA and H2O2 treatment of diatom 

cells containing metabolically inserted titanium
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4-1. Photobioreactor for cultivation of the diatom Pinnularia sp. under controlled delivery 

of soluble silicon and titanium. 
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4-2. Bioreactor cultivation of Pinnularia sp. cells. (a) Cell number density and dissolved 

silicon concentration versus time for Stages I and II of bioreactor cultivation, with Stage 

II cumulative Ti and Si addition of 73 and 480 μmol/L, respectively; (b) light micrograph 

of living diatom cells at the end of Stage I, just before addition of titanium to the 

cultivation medium; (c) SEM of frustule biosilica isolated by SDS/EDTA treatment of 

diatom cells at the end of Stage I, just before addition of titanium to the cultivation 

medium. 
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4-3. Concentration profiles for Si and Ti in liquid medium during Stage II of cultivation. 

(a) No-cell control experiment, cumulative addition of 0.37 mM Si and 29 μM Ti; (b) Si 

concentration in culture versus cumulative Ti addition; (c) Ti concentration in culture 

versus cumulative Ti addition. 
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4-4. Stage II of control experiment where Ti but no Si was added. Cumulative Ti addition 

was 46 μM. 
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4-5. Uptake of titanium by the Pinnularia sp. cell suspension as function of Ti addition 

rate to Stage II of cultivation. (a) Intracellular Ti; (b) Ti retained within frustule biosilica 

at cultivation times of 12, 24, and 74 h. The total time of Ti and Si addition was 10 h. The 

cumulative Si addition amount averaged 480 μM over all experiments.
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4-6. STEM-EDS analysis of frustule biosilica containing metabolically inserted titanium. 

(a) STEM image with two line scan traces; (b) representative spot scan; (c) TiO2 profile 

along width of frustule, spanning valve and girdle band (line scan 1); (d) TiO2 profile 

down length of frustule valve (line scan 2); (e,f) STEM image with line scan across the 

transverse axis of two adjoined frustules, starting from the daughter valve and then 

crossing over to the parent valve (line scan 3). 
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4-7. STEM-EDS elemental line scan of Ti and Si across frustule pores, revealing Ti-rich 

nanophase lining base of pore. (a) Single pore; (b) two fused pores; (c) three pores. 
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4-8. TEM images of frustule biosilica. (a,b) Frustule from control cultivation experiment; 

(c,d) frustule containing titanium analyzed by STEM-EDS in Figure 7.  
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4-9. Powder X-ray diffraction spectra of frustule biosilica containing 2.3 g of Ti/100 g of 

SiO2 in the as-deposited state (22 °C) and after thermal annealing in air (800 °C). For 

comparison, XRD spectra of the following are also provided: diatom biosilica thermally 

annealed at 800 °C containing no titanium (control), an anatase TiO2 standard (JCPDS 

86-1156), and a rutile TiO2 standard (JCPDS 86-0148). 
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4-10. Effect of thermal annealing temperature on the XRD spectra of frustule biosilica 

containing 2.3 g of Ti/100 g of SiO2. Biogenic TiO2 was converted from amorphous to 

anatase TiO2 and to rutile TiO2. The “control” refers to frustule biosilica containing no 

titanium that was annealed in air at 800 °C for 1.0 h. 
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4-11. Conceptual illustration of TiO2-rich nanophase in frustule biosilica (not to scale). 

(a) deposition of frustule silica central axis. (b) pore formation. (c) Intrapore Ti-rich 

nanophase deposition.
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Chapter 5 : Peptide-Mediated Deposition of Nanostructured TiO2 into 

the Periodic Structure of Diatom Biosilica 
 

Clayton Jeffryes, Timothy Gutu, Jun Jiao, and Gregory Rorrer 
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Abstract 

Diatoms are single-celled algae that make silica shells called frustules that possess 

periodic structures ordered at the micro- and nanoscale.  Nanostructured TiO2 was 

deposited into the frustule biosilica of the diatom Pinnularia sp.  Poly-L-lysine (PLL) 

conformally adsorbed onto surface of the frustule biosilica. The condensation of soluble 

Ti-BALDH to TiO2 by PLL-adsorbed diatom biosilica loaded 0.8 g Ti / g Si onto the 

frustule.   TiO2 nanoparticles preferentially deposited into the 200 nm frustule pores and 

also coated the frustule outer surface.   The periodic pore array templated these 

concentrated pockets of TiO2 nanoparticles into an ordered, lattice-like structure.  

Thermal annealing at 680 
o
C converted the as-deposited TiO2 to its anatase form with an 

average nanocrystal size of 19 nm, as verified by XRD, electron diffraction, and 

SEM/TEM.  This is the first reported study of directing the peptide-mediated deposition 

of TiO2 into a hierarchical nanostructure using a biologically fabricated template.  

Introduction 

Nanostructured titanium dioxide (TiO2) semiconductor materials have significant 

applications in photocatalysis and photovoltaics (Chen and Mao, 2007).   Control of the 

spatial organization and particle size of nanoscale TiO2 offers additional enhancements, 

particularly for photocatalyst applications (Aprile et al., 2008). 

Can bio-enabled processes be harnessed to fabricate nanostructured TiO2 that possesses 

hierarchical structure?  Towards this end, consider the Diatoms, a diverse class of single-

celled photosynthetic algae that make silica shells called frustules which possess periodic 

structures ordered at the micro- and nanoscale.   Diatoms are touted as the paradigm for 

bioinspired synthesis of nanostructured biosilica because they possess species specific, 

intricate hierarchical structures and also make proteins which mediate the condensation 

of soluble silicon to SiO2 (Sumper and Brunner, 2006).   Previous studies have shown 

that peptides derived from silaffin proteins associated with the diatom cell wall also 

mediate the condensation of soluble titanium complexes to amorphous TiO2 or titanium 

phosphate aqueous solution at ambient conditions (Kröger et al., 2006; Sewell and 

Wright, 2006; Cole et al., 2006; Martínez-Pérez et al., 2007; Dickerson et al., 2008).  In 
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related work, a recombinant silicatein protein associated with sponge spicule biosilica 

was expressed in the bacterium E. coli to promote the hydrolysis and condensation of the 

soluble titanium complex Ti-BALDH to titanium phosphate nanolayers on the cell 

surface (Curnow et al., 2005).   

In general, these studies were not able to precisely control TiO2 nanostructure and 

assemble the TiO2 nanostructures into hierarchical structures.  However, Pender et al. 

(2005) also showed that TiO2 can be deposited onto carbon nanotubes by a peptide-

mediated process.  Furthermore, peptides can be used to mediate the condensation of 

soluble silicon (e.g. as TMOS or silicic acid) to SiO2 coated on glass fibers (Pogula et al., 

2007) and indium tin oxide (Glawe et al., 2005), although these processes have not been 

demonstrated for TiO2. 

Diatom biosilica can also serve as a template for the chemical synthesis of TiO2 with 

hierarchical structures that mimic the periodic microstructure of the frustule.  Losic et al. 

(2006) precisely coated the surface of the diatom frustule with TiO2 nanolayers of ~15-60 

nm thickness by atomic layer deposition (ALD) of TiCl4 vapor, which is a top-down, 

equipment intensive process used in semiconductor device manufacturing.    Unocic et al. 

(2004), and later Dudley et al. (2006) reacted TiF4 vapor with diatom biosilica at 350 
o
C 

to replace SiO2 with TiO2 by a gas-solid reaction.  This process nicely preserved the 

three-dimensional frustule microstructure but did not impart a defined TiO2 nanostructure 

into the material.  Furthermore, both processes used toxic and corrosive titanium 

precursors.  

The goal of this study was to deposit a nanostructured TiO2 coating onto the periodic 

micro and nanostructure of frustule biosilica isolated from the pennate diatom Pinnularia 

sp. using peptide-mediated condensation of the soluble titanium.  The concept of this 

approach is provided in Fig. 5-1. Specifically, poly-L-lysine was adsorbed on the surface 

of intact frustule biosilica.  When the soluble titanium as Ti-BALDH (titanium (IV)-

bis(ammonium lactato) dihydroxide) was contacted with the PLL-adsorbed biosilica, 

TiO2 nanoparticles were preferentially deposited into the periodic structure, rendering a 

unique nanocomposite material which was ordered at the micro- and nanoscale.   Thermal 
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annealing of this material generated the anatase form of TiO2 needed for photocatalytic 

and photovoltaic applications.   The bio-inspired fabrication and characterization of the 

nanostructured TiO2 thin film on the periodic structure of diatom biosilica is detailed 

below. 

Materials and Methods 

Diatom cell cultivation 

The marine diatom Pinnularia sp. (UTEX #B679) was cultured under axenic conditions 

in 500 mL flasks containing 100 mL artificial seawater medium at 22 
o
C under 

fluorescent light at 50 µE/m
2
-s and photoperiod of 14 h light/10 dark, as previously 

described (Jeffryes et al., 2008).   

Frustule biosilica isolation 

 After cultivation for 30 days, diatom cells were centrifuged from the cultivation medium 

and washed four times with distilled/deionized (DD) water.   A 100 mg aliquot of wet 

cell mass was treated with 100 mL of 30 wt% aqueous hydrogen peroxide at pH 2.5 

within a 250 mL flask at 80 
o
C for 24 hr under continuous mixing within an 

environmental shaker at 125 rpm.  This process removed the organic materials from the 

diatom biosilica.   The treated diatom biosilica was washed four times with DD water (~3 

mg biosilica/mL) by repeated centrifugation (500 g, 15 min) and re-suspension, and then 

washed four additional times with methanol.   The washed diatom biosilica was dried in 

an oven at 80 ° C for 24 to remove bound water, and then stored under vacuum. 

Peptide-mediated TiO2 deposition onto diatom biosilica   

An 80 mg aliquot of diatom biosilica isolated by the hydrogen peroxide treatment 

procedure above was washed four times with phosphate buffered saline in 0.1 M NaCl 

(PBS buffer, pH 7.9) by repeated centrifugation (200 g, 15 min) and re-suspension.  After 

the final washing, the diatom biosilica suspension was diluted to 30 mL with PBS buffer 

in a 50 mL polypropylene centrifuge tube.  Then 10 mg of poly-L-lysine (PLL, poly-L-

lysine HBr from Fluka BioChemica, Sigma-Aldrich 81339, mol. wt. 70,000-150,000) 



108 
 

 

was added to the diatom biosilica suspension and allowed to adsorb onto the frustule 

biosilica surface under gentle mixing on a Labquake Rotisserie at 8 rpm for 12 hr at room 

temperature.  The PLL-adsorbed diatom biosilica was washed four times with PBS buffer 

as described above to remove unbound PLL from solution.  To initiate the TiO2 

deposition, 250 µL of 2.07 M titanium(IV)-bis(ammonium lactato) dihydroxide (Ti-

BALDH) solution (50% w/v aqueous solution from Alfa Aesar, Sigma-Aldrich 388165, 

mol. wt. 294.12) was added to the PLL-adsorbed diatom biosilica (80 mg/30 mL PBS 

buffer) to provide an initial concentration of 17 mM Ti.  The TiO2 deposition reaction 

was carried out at 22 
o
C for 90 min under gentle, continuous mixing on a Labquake 

Rotisserie at 8 rpm.   All samples were washed nine times with distilled water by 

repeated centrifugation (200 g, 15 min) and re-suspension in PBS buffer in order to 

remove unreacted Ti-BALDH or unbound titanium precipitates.  The entire procedure 

was then repeated to add a second layer of TiO2 to the diatom biosilica.   Control 

experiments were also conducted using the same procedures without PLL.   All reaction 

experiments were conducted in duplicate.    

The amount of PLL adsorbed onto diatom biosilica was determined by 

spectrophotometry.  Diatom frustule and PLL stock solutions were added together to 

concentrations of 2.67 mg mL
-1

 biosilica and 0.33 mg mL
-1

 PLL (0.125 g PLL/g 

biosilica) in 0.1 M PBS buffer at pH 7.9.  The suspension was mixed on a Labquake 

Rotisserie at 8 rpm for 12 h at room temperature.  The mixture was centrifuged (200g, 15 

min), and the supernatant was diluted five times.  The concentration of PLL in the 

supernatant solution was determined from its UV absorbance at the peak wavelength of 

207 nm.  The amount of PLL adsorbed on the diatom biosilica was determined from the 

difference of the measured initial and final PLL concentration. 

Fluorescence microscopy  

 The adsorption of PLL onto the diatom biosilica was validated by epi-fluorescent 

microscopy.   The PLL adsorption experiment described above was repeated with a 

mixture of 8.0 mg poly-L-lysine and 2.0 mg of fluorescein isothiocyanate (FITC) labeled 

poly-L-lysine (Sigma-Aldrich P3543, mol. wt. 15,000-30,000, 0.003-0.01 mol FITC per 
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mol lysine monomer).  The FTIC-labeled, PLL adsorbed diatom frustules were then 

imaged on a Leica DMIL inverted microscope at 1800x (100x, 18x) with a GFP filter 

(525 nm) under excitation at 470 nm and integration time of 15 sec. 

Elemental analysis    

The bulk diatom biosilica containing as-deposited TiO2 was analyzed for elemental Ti 

and Si composition by inductively coupled plasma atomic emission spectroscopy (ICP-

AES) using a Varian Liberty 150 ICP emission spectrometer.  Prior to ICP analysis, a 3.0 

mg aliquot of the sample was weighed to a precision of 0.1 mg and reacted with 1.0 g of 

molten NaOH within a zirconia crucible at 400° C for 4 hr.   After cooling, the sample 

was dissolved in 20 mL of DD H2O, and the pH was adjusted to 2.0 with 16 M HNO3.  

Analysis wavelengths were 251.611 (Si) and 334.941 nm (Ti).  Limits of detection were 

0.07 and 0.004 mg L
-1

 for Si and Ti respectively.  All samples for ICP analysis were 

prepared in duplicate.   

Thermal annealing    

A 20 mg aliquot of the diatom biosilica containing the as-deposited TiO2 was loaded into 

an open COORSTEK 60123 crucible and annealed in air at 680 
o
C for 2.0 hr within a 

pre-heated furnace.    

X-Ray diffraction  

The bulk diatom biosilica containing two layers of as-deposited TiO2 was analyzed by 

powder X-ray diffraction (XRD) on a Bruker D8 Discover diffractometer. The XRD 

analysis was performed on a 15 mg sample from 20° to 60° (2θ) with a step size of 0.02° 

and a scan rate of 0.1°/2θ min
-1 

using Cu Kα radiation.  Samples were analyzed both 

before and after thermal annealing.  Crystal size was estimated from peak width using the 

Scherrer equation.  The reported spectra were baseline corrected. 

Electron microscopy 

 The bulk diatom biosilica containing two layers of as-deposited TiO2 was imaged and 

analyzed by scanning electron microscopy (SEM), scanning transmission electron 
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microscopy combined with X-ray energy dispersive analysis (STEM-EDS), and 

transmission electron microscopy (TEM) using sample preparation methods described in 

our previous work (Jeffryes at al., 2008).  SEM images were obtained on an FEI Sirion 

field emission SEM at an accelerating voltage of 5 keV.  TEM, STEM-EDS, and electron 

diffraction measurements were obtained on an FEI Technai F20 High Resolution TEM at 

200 keV equipped with embedded STEM and EDS analysis probe.  For STEM-EDS 

analysis, the Kα energy peaks (keV) were O (0.52), Si (1.74) and Ti (4.51).  Calibration 

factors (k-factors) were Si (1.00), O (1.980) and Ti (1.299).  The beam resolution was 

0.24 nm for spot analysis and 0.18 nm for line analysis.  Electron diffraction was 

conducted with a focal length of 680 mm and an accelerating voltage of 200 keV.   

Results 

Scanning electron microscopy (SEM) images of a representative intact biosilica frustule 

isolated by aqueous hydrogen peroxide treatment of cultured Pinnularia sp. diatoms cells 

are presented in Fig. 5-2.  Pinnularia sp. is a pennate diatom with bilateral symmetry that 

assumes an elispoidal shape of approximately 6 µm diameter and 30 µm length. The 

frustule valve is ordered at both the submicron and nanoscales.   A solid strip of biosilica 

(raphe) divides the valve into two halves.  Each side of the frustule valve contains linear 

arrays of 200 nm pores.  Lining the base of each frustule pore is a thin layer of biosilica 

that possesses a secondary array of 4-5 concentrically arranged 50 nm pores.  

The bulk composition of titanium (Ti) deposited onto the diatom biosilica (SiO2) of 

Pinnularia sp. is presented in Fig. 5-3.  When titanium (IV)-bis(ammonium lactato) 

dihydroxide (Ti-BALDH) solution was contacted with bare diatom biosilica, only a small 

amount of Ti precipitated.  However, when Ti-BALDH solution was contacted with 

diatom biosilica that possessed an adsorbed layer of poly-L-lysine, a TiO2 layer 

containing 0.40 ± 0.04 g Ti/g SiO2 was deposited.  When PLL was adsorbed again onto 

the TiO2-coated diatom biosilica, and the PLL-mediated precipitation of Ti-BALDH 

solution to TiO2 was repeated, the loading of Ti on SiO2 increased by a factor of two.  

The final bulk atomic ratio of Si to Ti was 1.0 ± 0.1.   Epi-fluorescent microscopy images 

presented in Fig. 5-4 confirmed that FITC-labeled PLL adsorbed onto the entire frustule 
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surface of both the bare diatom biosilica and TiO2-coated diatom biosilica.  The amount 

of PLL adsorbed onto the bare diatom frustule was 14.0 ± 0.5 mg PLL/g biosilica. 

The morphology of the intact Pinnularia sp. frustule after two successive layers of TiO2 

deposition by PLL-mediated precipitation of Ti-BALDH onto the diatom biosilica was 

also profiled by SEM, as shown in Fig. 5-5.   Fig. 5-5a,b clearly showed that the frustule 

biosilica was coated with a thin, fluffy particulate layer.  This material could not be 

removed from the frustule surface by nine repeated washings in DD water.   Fig . 5-5c,d 

revealed that nanoparticles with nominal diameter of 10-50 nm were also packed tightly 

into each frustule pore. 

The XRD spectra for Pinnularia sp. biosilica containing two deposited layers of TiO2 are 

presented in Fig. 5-6 for both the as-deposited sample and the as-deposited sample after 

thermal annealing in air at 680 
o
C for 2.0 hr.   The as-deposited TiO2 sample before 

thermal annealing had no discernable peaks, which would suggest that the TiO2 layer was 

amorphous.  After thermal annealing, the five major peaks characteristic of anatase TiO2 

appeared at 2θ of 25.3
o
 (101), 37.8

o
 (004), 48.1

o
 (200), 53.9

o
 (105), and 55.1° (211), 

which were matched by JCPDS file 86-1156.  Additionally, two strong peaks were 

detected at 2θ of 30.9
o
 and 34.2°, which are attributed to monoclinic TiO2.  Furthermore, 

the strong signal at 48.1° is attributed to the superposition of the anatase and monoclinic 

TiO2 peaks at 48.1
o
 (Dickerson et al., 2008).  The mean nanocrystal size estimated by 

applying the Scherrer equation to the five anatase TiO2 peaks was 19 ± 4 nm, whereas the 

mean crystal size for monoclinic TiO2 based on the peaks at 30.9 and 34.2° was 37 ± 1 

nm.    

Elemental profiling by STEM-EDS of the Pinnularia sp. frustule after two successive 

layers of TiO2 deposition is presented in Fig. 5-7.  The dominant peaks in the spot scan 

(Fig. 5-7a) were O (0.52 keV), Si (1.74 keV) and Ti (4.51 keV).  The minor calcium (Ca) 

and carbon (C) peaks were found also in diatom biosilica control samples (data not 

shown), and are attributed to the frustule.  The carbon signal is also attributed to the 

Lacey carbon/copper TEM grid.  The sodium (Na) and phosphorous (P) peaks are 

attributed to residual PBS buffer, and the Cu peaks are from the copper TEM grid.  
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Comparison of the elemental line scans for Si and Ti (Fig. 5-7b) showed that the titanium 

was consistently deposited over the region of the frustule surface that contained the 

frustule pores.  However, the Ti signal intensity decreased near the raphe, the solid strip 

of biosilica that runs down the long axis of the frustule. 

Fig. 5-8a presents a TEM image of the Pinnularia sp. frustule after two successive layers 

of TiO2 deposition.  The as-deposited TiO2 layer looked like a thin nanoparticle coating.  

After thermal annealing in air at 680 
o
C, the sample was generally opaque under TEM 

observation.  However, relatively thin regions near the edge of the frustule could be 

imaged to show the annealed nanoparticles, as shown in Fig. 5-8b.  The electron 

diffraction pattern of a representative TiO2 nanocrystal on the frustule surface after 

thermal annealing is presented in Fig. 5-8c.  Five rings corresponding to d-spacings of 

3.52Ǻ (101), 2.38Ǻ (004), 1.89Ǻ (200), 1.68Ǻ (105, 211) and 1.48Ǻ (204) validated that 

the nanocrystal was anatase TiO2.   The diffraction pattern for monoclinic TiO2 was not 

detected.  The as-deposited samples before thermal annealing had no electron diffraction 

pattern. 

Discussion 

In this study, we demonstrated that nanostructured TiO2 can be deposited into the 

periodic micro and nanostructure of a diatom frustule.   The approach is summarized in 

Fig. 5-1.  

We first showed that poly-L-lysine conformally adsorbed onto the diatom frustule 

biosilica (Fig. 5-4), based on the previous work of Pogula et al. (2007), who showed that 

PLL adsorbed onto glass.  We demonstrated that the amount of titanium loaded onto the 

diatom biosilica could be increased by repeating the TiO2 deposition process on top of the 

previously deposited TiO2 , as it is known that PLL readily adsorbs onto TiO2 (Roddick-

Lanzilotta and McQuillan, 1999).   For example, two successive condensation reactions 

of Ti-BALDH by PLL-adsorbed diatom biosilica deposited 1.32 ± 0.17 g TiO2/g SiO2 

(Fig. 5-3).  Therefore, the TiO2 deposition process could theoretically be used to create a 

TiO2 layer of any desired thickness.   However, no attempt was made in this study to tune 

extent of TiO2 deposition in a given layer by varying the PLL loading on the biosilica 
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and/or the Ti-BALDH concentration.  However, such experiments are possible, based on 

adsorption isotherm measurements of Sewell and Wright (2006).  The TiO2 deposited 

onto the diatom biosilica remained after nine successive washings with distilled water, 

but the adhesion of the TiO2 to the diatom biosilica was not quantified. 

The majority of the TiO2 was deposited into the 200 nm diameter frustule pores.  Most 

likely, poly-L-lysine adsorbed onto the walls of and base of the pores as envisioned in 

Fig. 5-1 to facilitate the deposition of TiO2 into the entire frustule pore volume.  TiO2 

nanoparticles also coated the nonporous biosilica regions to render a corrugated topology 

to the overall frustule surface, as evidenced by comparison of Fig. 5-2 to Figs. 5-5a,b.   

STEM-EDS line scans also confirmed that Ti was uniformly distributed across the 

frustule surface (Fig. 5-7b).  The diatom frustule pores contained TiO2 nanoparticles that 

were tightly packed into the pore volume with minimal void fraction.  This tightly-packed 

TiO2 nanoparticle network appeared to run through entire depth of the frustule pore (Figs. 

5-5c,d).  Most likely, the TiO2 was deposited from the base of the pore upward.  The 

periodic array of the frustule pores templated these concentrated packets of TiO2 

nanoparticles into a discrete lattice structure with lattice constant of nominally 300 nm.  

This unique hierarchical organization of nanoscale TiO2 has not been reported to date.   

The periodic structure of the diatom frustule served as a template for the deposition of 

TiO2
 
nanoparticles.  The PLL appeared to adsorb onto all surfaces of the diatom biosilica 

(Fig. 5-4), and so the deposition of TiO2 was most likely not localized to a specific 

surface morphology on the frustule valve.  Furthermore, no evidence was presented in 

this study to suggest that the PLL-adsorbed diatom frustule surface itself altered the 

mechanism of PLL-mediated precipitation of Ti-BALDH to TiO2. 

The as-deposited TiO2 on the Pinnularia sp. biosilica frustule was amorphous, consistent 

with previous studies on peptide-mediated condensation of soluble Ti precursors to TiO2 

particles in homogenous solution (Sewell and Wright, 2006; Cole et al., 2006).  Thermal 

annealing at 680 
o
C partially converted the as-deposited TiO2 to its anatase form with an 

average crystal size of 19 nm, as verified by X-ray diffraction (Fig. 5-6) and electron 

diffraction (Fig. 5-8c).  Monoclinic TiO2 with average particle size of 37 nm was also 



114 
 

 

formed.  These nanocrystal sizes were consistent with the size of the nanoparticles 

packed into the frustule pores (Fig. 5-5d).  The thermal annealing temperature was not 

optimized to control the types and extent of the various forms of crystalline TiO2 formed 

from amorphous TiO2.  These studies are reserved for future work.   

The outcomes of this study also strongly suggest that semiconducting anatase TiO2 

nanocrystals were templated into a continuous network that enveloped the periodic 

micro- and nanostructure of the diatom frustule.  However, measurement of 

semiconducting properties of this nanostructured TiO2 network for photocatalytic and 

photovoltaic applications (e.g. photoluminescence, band gap, photocurrent) was beyond 

the scope of this investigation and is reserved for future work.  
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5-1.  Concept of poly-L-lysine (PLL) mediated deposition of TiO2 onto diatom frustule 

biosilica (not to scale). 
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5-2.  SEM images of a representative intact Pinnularia sp. biosilica frustule.  (a) Top 

view, showing entire valve of intact frustule; (b) pore array; (c) fine structures within 

pore. 
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5-3.  Successive layering of TiO2 onto Pinnularia sp. frustules by PLL-mediated 

precipitation of Ti-BALDH, based on bulk metal analysis by ICP.    
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5-4.  Epi-fluorescent microscopy images of Pinnularia sp. frustules coated with FITC-

labeled poly-L-lysine (PLL) on (a) bare diatom biosilica, (b) TiO2-coated diatom 

biosilica.   
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5-5.  SEM images of Pinnularia sp. frustule biosilica after two successive layers of TiO2 

deposition.  (a,b) Microscale features of surface; (c,d) nanoparticles packed into frustule 

pores.   
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5-6.  X-ray diffraction analysis of Pinnularia sp. frustules after two successive layers of 

TiO2 deposition, comparing the as-deposited film at 25 
o
C before thermal annealing and 

the crystalline material after thermal annealing in air at 680 
o
C.  The XRD spectrum for 

anatase TiO2 was obtained from JCPDS file 86-1156.  Diamonds indicate peaks for 

monoclinic TiO2. 
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5-7.  STEM-EDS analysis of Pinnularia sp. frustule biosilica after two successive layers 

of TiO2 deposition, before thermal annealing. (a) Full elemental spot scan; (b) elemental 

line scan for Ti and Si.  

(a) 

(b) 
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5-8.  TEM and microdiffraction analysis of the Pinnularia sp. frustule after two 

successive layers of TiO2 deposition.  (a) TEM image of frustule surface before thermal 

annealing; (b) HR-TEM image revealing crystal structure after thermal annealing; and (c) 

microdiffraction image. 



124 
 

 

 

Chapter 6 : Stage I Modeling of Diatom Cell Culture Growth and 

Substrate Uptake 
 

Clayton Jeffryes 



125 
 

 

 

Abstract 

Diatom cell cultures provide a potential platform for the production of novel 

nanostructured materials, bioactive compounds, fatty acids, agrichemicals, and clean 

fuels.  Diatoms are also able to capture carbon from industrial point sources such as coal 

burning power plants and municipal waste incinerators.  However, diatom biotechnology 

has remained underutilized because cost-effective and scalable cultivation facilities are 

widely unavailable.  A necessary step toward developing such facilities is a 

photobioreactor model with particular focus on carbon transport and material balance, 

light intensity and cell growth kinetics.  This work presents a photobioreactor model that 

couples cell growth kinetics of the marine diatom Pinnularia sp., carbon transport, uptake 

and speciation, silicon uptake and speciation, pH, light intensity and cell culture process 

conditions.   Model estimates of carbon transfer and pH at cell densities up to 20 g dry 

weight / L of culture are presented.  It was determined that as cell mass density increases 

growth will eventually become rate limited by light transfer even at high CO2 partial 

pressures in the aeration gas and high mass transfer coefficients.    Measurements from 

cell cultivation experiments are used to verify model predictions.   

Introduction 

Diatoms are single-celled photosynthetic algae of the class Bacillariophyceae that make  

shells, called frustules, from hydrated amorphous silica (Round, 1990), which possess 

hierarchical micro- and nanoscale features made by a bottom-up approach at ambient 

temperatures and pressures.  Specifically, diatom frustules have periodic two-dimensional 

pore arrays with lattice constants at the submicron to nanoscale and the pores themselves 

are often embedded with nanoscale features (Crawford, et al., 2001).  Additionally, 

diatoms are responsible for the majority of the biosilicification on planet Earth, 20% of 

the global carbon fixation and 40% of marine primary productivity (Nelson, et al., 1995). 

Currently, diatoms are being studied for their ability to biofabricate nanostructured silica 

composite materials (Jeffryes et al., 2008a, 2008b) while other forms of microalgae have 

been investigated for the conversion of waste carbon dioxide into fuels, agrichemicals, 
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bioactive compounds, vitamins, pigments and fatty acids (Maeda et al, 1995; Bar bosa et 

al., 2003; Douskova et al, 2009).  However, at this time diatom and microalgae 

biotechnology are underutilized because cultivation is cost-prohibitive.    To make large-

scale diatom biotechnology cost-effective an inexpensive and scalable method of 

cultivation must be employed.     A bioprocess engineering analysis focusing on the 

carbon material balance, light input, and growth characteristics of diatom cell cultures is 

an important step towards developing a cost-competitive diatom production platform. 

Previously, diatom cultivation studies have focused on the effect of single parameter 

perturbations, such as illumination (Li et al. 2003; Su et al., 2003), pH, temperature 

(Pérez et al., 2008), culture medium composition (Conway and Harrison, 1977;  Chen et 

al., 1994; Martin-Jézéquel et al., 2000; Gilpin et al., 2003), or the ability of  diatoms to 

sequester flue gas CO2 in systems without well defined mass transfer characteristics 

(Maeda et al, 1995; Douskova et al, 2009).  However, a more complete description for 

diatom cell culture growth that accounts for the kinetics of carbon capture in addition to 

illumination and culture medium conditions will be required to engineer cost effective 

diatom production facilities.  Such a model has been absent from the literature until now. 

The first objective of this study was to develop a diatom cell culture growth model that 

accounted for carbon capture kinetics, carbon and silicon speciation, photobioreactor 

process conditions, illumination intensity, and diurnal light cycles.  The second objective 

was to determine the feasibility of the model by comparing the growth behavior predicted 

by the model equations to photobioreactor cultivation data.  Toward this end, metabolic 

rate parameters for the marine diatom Pinnularia sp. were determined, combined with 

photobioreactor process conditions and used to compare model predictions to cultivation 

data. 

Model Development 

In this section an unstructured, well-mixed, constant volume, continuously fed, uniformly 

illuminated cylindrical photobioreactor model is developed.  In addition to 

macronutrients, the growth of diatom cell suspensions requires inorganic carbon, light, 

and soluble silicon.  Sparge gas supplies carbon dioxide to the cell culture medium, 
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externally mounted fluorescent lighting provides illumination and soluble silicon is 

supplied in both the cell culture medium and in the nutrient feed.  The effects of light 

delivery and transfer, nutrient feed, pH, CO2 delivery, inorganic carbon and silicon 

speciation, and temperature are accounted for in the following model.  If the nutrient feed 

is eliminated the photobioreactor model reduces to a batch photobioreactor cultivation.    

Assumptions 

To simplify model equations while still maintaining an accurate physical description of 

the cultivation, numerous assumptions were made: 

The temperature, pressure, volume, density, and cell composition in the photobioreactor 

are constant. 

The photobioreactor cell culture is well mixed (gas and liquid phases). 

The gas phase CO2 concentration in the bubbles is pseudo-steady state. 

The CO2 transport from the sparge gas to the cells is liquid film mass transfer limited, so 

the interphase mass transfer coefficient kLa is used to describe gas-liquid mass transfer. 

The liquid phase CO2 is assumed to be dilute and sparingly soluble and a Henry‟s Law 

gas-liquid equilibrium is assumed. 

The external illumination is uniform, continuous and normal to the vessel wall with only 

Beers Law absorption and no scattering. 

Only the Si(OH)4 form of silicon is taken up by the cell and only the Si(OH)4 and 

SiO(OH)3 species are present. 

The liquid phase dissolved silicon speciation is instantaneous and pH dependent. 

The dissolved liquid phase CO2 is the only carbon species taken up by the cell. 

Dissolved Si(OH)4, CO2, NO3
-
 and light are the only substrates considered.  Si(OH)4, 

CO2,and NO3
-
 follow a Monod substrate response and light follows an exponential 

response. 

Cell death kinetics are neglected 

At time = 0, the carbon species are in equilibrium with the sparge gas.  

Cell growth is balanced and not cell cycle dependent. 

Yield coefficients and maximum metabolic rates are constant.   
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Biomass production 

The rate of change of cell biomass within the photobioreactor is affected by the growth 

rate, dilution rate and cell death:  

 

 
(6.1)  

where µ is the specific growth rate, F is the flowrate of all liquid inputs, V is the cell 

culture volume, kd is the specific death rate and X is the cell mass density in the cell 

culture at a given time, t.  The initial boundary conditions are X = X0 at t = t0.   

Silicon speciation and uptake 

The growth of diatoms requires soluble silicon, found initially in the cell culture medium 

and delivered in the nutrient feed.  The speciation between Si(OH)4 and Si(OH)3O
-
 is pH 

dependent: 

 
 (6.2)  

 

 
(6.3)  

 
 (6.4)  

Where CSi(OH)4, CSi(OH)3, and CSi,T  are the concentrations of Si(OH)4, Si(OH)3O
-
 , and total 

dissolved silicon, respectively, with pka,Si = 9.84 (Baes and Mesmer, 1976).  Soluble 

polyanionic silicon, SiO2(OH)2
-2

 , is negligible at biological pH ranges and is excluded 

from the model.  It is assumed that only the soluble tetrahydroxide form of silicon, 

Si(OH)4,  is consumed by the diatoms (Del Amo and Brzezinski, 1999). Therefore, 

growth rate is Si(OH)4 concentration dependent, and the rates of change of Si(OH)4 and 

that total soluble silicon are identical: 

 

 
(6.5)  
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Where CSi,T,f is the concentration of total soluble silicon in the feed solution at any time, t, 

and YX/Si is stoichiometric biomass yield coefficient for silicon.  The initial condition is 

CSi,T = CSi,T,0 at t = 0. From experimental data, (Jeffryes et al., 2008a, Jeffryes et al., 

2008b) YX/Si is determined to be 320 mg dry cell mass per mmol Si.   

Nitrate uptake 

Diatom growth is also dependent upon the consumption of macronutrients.  In this 

analysis, all macronutrients are replete except for nitrate, with model equation  

 

 
(6.6)  

where CN,f and CN are the concentrations of nitrate in the feed solution and CN is the 

concentration of nitrate in the cell culture at any time, t.  The stoichiometric yield 

coefficient for nitrate, YX/N, is determined from the Redfield ratio to be 224 mg dry cell 

mass per mmol NO3
-
 (Atkinson and Smith, 1983). 

Carbon uptake and speciation 

Dissolved CO2 delivered to the cell culture medium by aeration gas is the carbon source 

used by photosynthetic organisms for the production of biomass.  At equilibrium, the 

dissolved CO2 in the cell culture medium is related to the partial pressure of CO2 in the 

aeration gas by Henry‟s law: 

 

 
(6.7)  

where CCO2 is the concentration of aqueous CO2 in the culture medium, pCO2 is the partial 

pressure of CO2 in the aeration gas and HCO2 is the Henry‟s law constant for CO2 in 

seawater at 22 °C.  The photobioreactor is assumed to be well mixed with respect to both 

the liquid and gas phase so the partial pressure of CO2 in all bubbles of the aeration gas is 

assumed to be uniform throughout the photobioreactor.  The rate at which gaseous CO2 is 

transferred from the aeration gas to the liquid medium is determined by the liquid phase 

mass transfer coefficient, kLa, which has been experimentally measured over a range of 
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aeration rates for the photobioreactor in this study.  Carbon dioxide transferred from the 

aeration gas to the cell culture medium equilibrates between aqueous CO2(aq), HCO3
-
, and 

CO3
-2

 by the following mass action expression 

 
 

(6.8)  

 
 

(6.9)  

with pka values for HCO3
-
 and CO3

-2
 are pka,c1 = 6.0 and pka,c2 = 9.1 respectively (Raven, 

1984).  Kinetic expressions were developed for the preceding expressions as follows, 

 

 
(6.10)  

 

 
(6.11)  

where CCO2, CHCO3, CCO3, and CH+ are  the aqueous concentration of species of CO2(aq), 

HCO3
-
, CO3

-2
, and H

+
, respectively.  The kinetic rate constant for the hydrolysis of CO2 is 

k11 = 4.86·10
6
 h

-1
, for the dehydration of HCO3

-
 is k12 = 5.04·10

4
 h

-1
, the ionization of 

HCO3
-
 is k21

 
= 3.86·10

7
 h

-1
, and the reduction of CO3

-2
 is k22 = 4.86·10

13
 L h

-1
 mmol

-1
 

(Johnson, 1982).  The following differential equations describe the rates of change for the 

carbon species and hydronium ions: 

 

 
(6.12)  

 

 

(6.13)  

 

 
(6.14)  
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(6.15)  

 

 

(6.16)  

where pCO2,0 is the partial pressure of CO2 in the aeration gas, V is the photobioreactor 

volume, T is the absolute temperature in K, YX/CO2 is the stoichiometric yield coefficient 

of dry cell mass from CO2, vg is the volumetric flowrate of the aeration gas,  mCO2 is the 

non-growth related maintenance requirement for CO2, and CCO2,0, CHCO3,0, CCO3,0, and 

CH+,0  are the concentrations of CO2, HCO3
-
, CO3

-2
, and H

+
 in the feed solution. The final 

term in the differential equation for H
+
 represents the change in H

+
 caused by the shift in 

the Si(OH)4 / Si(OH)3O
-
   equilibrium during Si(OH)4 consumption.  The concentrations 

of CO2, HCO3
-
,   CO3

-2
, and H

+
 in the feed solutions and in the photobioreactor at time = 

0 h are assumed to be in equilibrium with the partial pressure of CO2 in the aeration gas 

and are determined by the following expressions 

 

 
(6.17)  

 
 (6.18)  

 
 (6.19)  

Where the initial pH, pH,0, is assumed to be 8.0 for the following analysis. 

Light transfer 

Photonic input is requisite for the growth of photosynthetic organisms and is achieved by 

externally illuminating the cell culture vessel with fluorescent, incandescent, LED, or 

natural lighting.  The mean light intensity within the photobioreactor is a function of 

photobioreactor geometry, external illumination intensity, placement of lighting, cell 

culture density, and the Beer-Lambert law attenuation coefficients for the cell culture and 
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the cell-free medium.  This study employed a cylindrical photobioreactor with uniform 

external illumination.  The Beer-Lambert light attenuation constants for the cell culture 

and the cell-free medium were determined by the method of Huang and Rorrer (2002) to 

be kc = 0.00079 L / (mgDW-cm) and k0 = 0.0036 cm
-1

.   

The mean light intensity within the photobioreactor was determined by using a photon 

shell balance and the Beer-Lambert law to determine local light intensity within the 

photobioreactor, integrating over the photobioreactor cross section, and dividing by the 

photobioreactor cross sectional area as follows, 

 

 
(6.20)  

 

 
(6.21)  

where Im is the mean light intensity within the photobioreactor, r is the radial position 

from the central axis of the photobioreactor, and L is the characteristic length, the radius, 

of the photobioreactor. A similar relationship was developed by Li et al. (2003). 

Light can be delivered continuously or during discrete photoperiods.  Photobioreactor 

cultivations performed in the model system (Jeffryes et al., 2008a, Jeffryes et al., 2008b) 

were conducted using a 14 hr illumination: 10 hr dark photoperiod.  During the 

illumination period Im was as previously described and during the dark period Im = 0.  

However, the discrete illumination periods could be modeled as an equivalent 

continuously illuminated system by scaling the maximum growth rate by the fractional 

photoperiod 

 
 (6.22)  

where the fractional photoperiod f0 = is 0.583 hr illumination / hr total.   

In previous work, illumination was supplied by six 20 W cool white fluorescent lamps of 

57 cm length vertically positioned around the glass photobioreactor vessel in a hexagonal 
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array positioned 1 cm from the vessel surface (Jeffryes et al., 2008a, Jeffryes et al., 

2008b).  The model organism, Pinnularia sp., showed saturable light kinetics of the 

exponential form  

 
 (6.23)  

where µmax is the maximum specific growth rate, Im is the mean light intensity within the 

photobioreactor and Ik is the light intensity at 63.2% of the maximum photosynthetic rate.  

The method of Huang and Rorrer (2002) was used to determine µmax and Ik to be 0.09 hr
-1 

and 120 µE / m
2
-s, respectively.  

Specific biomass growth rate 

The specific biomass growth rate, µ, is determined by coupling the maximum specific 

growth rate with the growth related factors: CO2 delivery, availability of Si(OH)4 and 

macronutrients, mean light intensity, pH and temperature.  

 Marine diatoms have an optimal growth rate near the natural pH of seawater (ph ≈ 8.0).  

Using a Michaelis model (Bailey and Ollis, 1986) for pH inhibition, Pérez et al. (2008) 

determined the growth rate of the marine diatom Phaeodactylum tricornutum with 

respect to pH to be of the form 

 

 
(6.24)  

where K1 = 2.3 x 10
-3

 mmol H
+
  L

-1
 is the low pH inhibition constant and K2 = 1.2 x 10

-7
 

mmol H
+
  L

-1
 is the high pH inhibition constant.   

The temperature also has an effect on the specific growth rate.  All cell cultures have an 

optimal cultivation temperature, Topt, at which the maximum growth rate can occur.  The 

following temperature dependent specific growth rate has been adapted from Pérez et al 

(2008) and Pirt (1975) 
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(6.25)  

where A0 and B0 are specific rates of growth and deactivation at the reference 

temperature Tref = 293K, Ea and Eb are activation energies for growth and deactivation, R 

is the gas constant, and T is the cell culture temperature.  When the temperature T = Topt, 

µ = µmax.  

Combining µmax with the growth related terms for Si(OH)4, CO2, NO3
-
, pH and 

temperature gives an overall specific growth rate of 

 

 

 

(6.26)  

where saturation kinetics are assumed for CO2, Si(OH)4, and NO3
-
, and KCO2, KSi(OH)4, 

and KN are the Monod half saturation constants for CO2 (Chen et al., 1994), Si(OH)4 

(Martin-Jézéquel et al., 2000) and NO3
- 
(Conway and Harrison, 1977; Gilpin et al., 2003), 

respectively.   

The complete system of model equations is presented in Supplement A. The complete 

photobioreactor model is described by coupling the silicon speciation, mean light 

intensity, partial pressure of CO2 in the aeration gas, and the specific growth rate to the 

differential equations for total silicon, nitrate, H
+
, and each carbon species.  The system 

of model equations was solved by using the MATLAB R2008b solver ODE15 with a 

relative tolerance of 1E-9 and an absolute tolerance of 1E-12.   

Results and Discussion 
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The final model for a batch, unstructured, well-mixed, constant volume, and uniformly 

illuminated cylindrical photobioreactor model predicts cell growth and density, pH, 

carbon speciation, gas-phase CO2 uptake, mean light intensity and nutrient composition 

with respect to time, gas phase and liquid phase inputs.  

The process conditions, culture specific parameters and physical constants for the 

cultivation of Pinnularia sp. are summarized in Table 6-1.  The cell number density and 

soluble silicon concentration in the culture medium for two representative batch 

cultivation experiments (Jeffryes et al., 2008) compared to the values predicted by the 

fractional photoperiod model are presented in Fig. 6-1.  The values predicted by the 

model equation for cell density and dissolved silicon concentration are in general 

agreement with the cultivation data. 

The pH for the same representative batch cultivations of Pinnularia sp. is compared to 

the predicted pH of the model equations using the diurnal day/light cycle are presented in 

Fig. 6-2. During illumination the cells take up CO2, shifting the carbon balance and 

raising the pH.  The effect of the day/night cycle and CO2 uptake on the silicon and 

carbon speciation predicted by the model equations are presented in fig. 6-3a and fig. 6-

3b, respectively.  The same concentrations as predicted by the fractional photoperiod 

model are presented in fig. 6-4a and Fig. 6-4b.  The model equations tend to predict a 

slightly greater rise in the pH than was measured by experiment.  However, the model 

equations ignore the presence of phosphates and other species within the within the 

culture medium, the direct uptake of bicarbonate by carbonic anhydrase (Martin and 

Tortell, 2008), and that the cultivation experiments used a natural seawater medium 

(Jeffryes et al., 2008a) which may have contained a larger initial dissolved inorganic 

carbon pool than predicted by the simulation.  These model simplifications could account 

for the discrepancy between predicted and measured pH values.  Also, a true comparison 

of model prediction to measured values is possible only with the availability of real-time 

pH data collection , which was not available at the time of photobioreactor cultivation. 

The processes with the most significant impact on CO2 delivery to the cell culture and 

CO2 capture by the cell culture are the interphase CO2 mass transfer coefficient (kLa), the 
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partial pressure of CO2 in the aeration gas (pA), and the growth rate of the cell culture (µ).    

The kLa determines the effectiveness by which gas phase CO2 can be transferred into the 

liquid medium, while the partial pressure of CO2 and the cell culture growth rate 

determine the gas to liquid transfer driving force.   In the following CO2 transfer analysis 

a high density diatom culture initially containing 500 mg dry weight / L aerated with 0.5 

vessel volumes per minute (vvm) of aeration gas with a growth optimal 2% CO2 v/v 

(Galloway et al., 1964; Baquerisse et al., 1999), illuminated with a uniform external 

illumination intensity of 500 µE / m
2
-sec, and in a nutrient replete medium will be 

considered.  The same photobioreactor as previously described is used and the cell 

culture growth rate will be a function of CO2 delivery and light intensity, only.   

The effects of the CO2 mass transfer coefficient on cell mass production and pH vs. time 

are presented in Fig 5a,b.  As the mass transfer coefficient increases the biomass 

production rate increases, approaching an asymptote as kLa nears 50 hr
-1 

for cell mass 

densities up to 20 g / L.  As kLa reaches an asymptote the production of biomass becomes 

limited by other rate processes, namely the transfer of light into the biomass.  At low kLa 

values the cell culture is limited by the mass transfer of CO2 from the gas phase to the 

liquid phase.  As a result of slow CO2 mass transfer into the liquid , the dissolved CO2 

within the culture is almost completely consumed,  accounting for the observance of high 

pH values.    The slow growth rates at low kLa values are a result of both slow carbon 

transfer and pH growth inhibition.  Photobioreactors without adequate mass transfer 

kinetics will require the addition of acids to control pH fluctuation.   

The effect on the partial pressure of CO2 in the aeration gas on pH and the production of 

biomass vs. time are presented in Fig. 6-6a,b .  All parameters are the same as in fig. 6-5, 

except the kLa is now fixed at 50 hr
-1

 and pA becomes the adjustable parameter.  At low 

partial pressures of CO2 the production of cell mass is limited by the mass transfer of CO2 

into the liquid phase and by growth inhibition from the increased in pH.  At high partial 

pressures of CO2 in the aeration gas the production of cell mass becomes limited by other 

rate processes, such as light transfer.  At these conditions only negligible gains in cell 

mass productivity could be observed by raising the CO2 partial pressure of 0.02 ATM.  

As partial pressures of CO2 in the aeration gas increased the cell culture pH became more 
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stable for two reasons: The ample CO2 supplied to the cell culture maintained high 

dissolved liquid phase CO2 concentrations and because of the large inorganic carbon 

reservoir present at time = 0 h which was required to maintain an equilibrium pH of 8.0.  

A partial pressure of 0.02 ATM CO2 in the aeration gas required an initial cell culture 

bicarbonate concentration of 59 mmol / L to maintain a pH of 8 while an aeration gas 

partial pressure of  0.00035 ATM CO2 only required a bicarbonate concentration of 1 

mmol/ L.   

The mean light intensity within the photobioreactor and at the local light intensity at the 

center of the photobioreactor as predicted by the diurnal light cycle model equations are 

presented in Fig. 6-7.  As the cell density increases the cell culture self-shades and the 

light intensity within the photobioreactor falls.  Even at a modest cell density of 5 x 10
5
 

cells / ml (0.2 g dried cells / L) the light intensity at the center of the reactor falls to 65 

µE / m
2
-sec, below the value of Ik.   A cylindrical photobioreactor with a 6 cm radius, 

uniformly illuminated at 1000 µE / m
2
-sec, the approximate photosynthetically active 

radiation emitted by the noon-day summer sun, would have a mean light intensity of 120 

µE / m
2
-sec (Ik)  at a dry cell density of 3.5 g / L because of the self-shading effect.  A 

high density diatom cell culture requiring illumination will therefore only be achieved in 

photobioreactor configurations employing high surface area to volume ratios and intense 

light conditions.  

The effect of the external illumination intensity, I0, on cell culture biomass production 

and pH is presented in Fig. 6-8a,b.  The same photobioreactor configuration and 

operating parameters are used as in the previous analysis, with pA = 0.02 ATM and kLa = 

50 hr
-1

 and I0 as the adjustable parameter.  At these operating conditions an increase in 

external illumination intensity increases the rate of biomass production without 

asymptote, confirming previous photobioreactor studies that photonic input is closely tied 

to biomass productivity (Rorrer and Mullikin, 1999; Huang and Rorrer, 2002).   

However, above a certain light intensity photosynthesis is inhibited, and a further 

increase in photonic input will actually decrease photobioreactor performance 

(Zonneveld, 1998; Camacho Rubio et al., 2003).  Previous studies (Cullen , 1990) 

exposed microalgae cell cultures to  2000 µE / m
2
-sec without photoinhibition, so this 
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was chosen as the upper bound for the model equations.   In practice, a maximum 

photosynthetic rate exists at an optimal light intensity for each species of microalgae.   

Photoinhibition parameters and optimal light intensities were beyond the scope of the 

study, but would need to be determined to maximize productivity in high density diatom 

cell cultures.   The effect of light intensity on pH was directly related to growth rate and 

the removal of liquid phase CO2 from the culture medium. 

Conclusions 

A batch reactor model was developed to couple cell growth kinetics, carbon transport, 

uptake and speciation, silicon uptake and speciation, pH, light intensity and cell culture 

process conditions.   Measurements from cell cultivation experiments were used to verify 

model predictions for Pinnularia sp.  High cell-density diatom cultivations typical of that 

needed to make diatom biotechnology cost-effective were simulated by the model 

equations.  Model simulations also reveal, by the increase in pH due to low liquid phase 

CO2 concentrations, that CO2 is more completely removed from the aeration gas as the 

partial pressure decreases, but at the expense of biomass production rates.   Higher kLa 

values were always desirable in order to keep the cell cultures adequately supplied with 

carbon and to avoid alkalinizing the culture medium, although mass transfer coefficients 

above 50 hr
-1

 produced diminishing returns at the process conditions considered.  It was 

determined that at reasonably achievable mass transfer coefficients (kLa = 50 hr
-1

) and 

CO2 partial pressure in the aeration gas (pA = 0.02 ATM) that high density cultures were 

rate limited by light transfer into the dense cultures.  Increasing light intensity had the 

greatest impact on increasing biomass productivity.  However, photoinhibition was 

beyond the scope of the study and the true optimal light intensity remains unknown.  

Future models could be improved by including photoinhibition and the hydrodamics 

within the photobioreactor to predict kLa values from gas inputs and mixing regimes.   

Notation 

µ Specific growth rate [hr
-1

] 

µmax Maximum specific growth rate [hr
-1

]  

A0 Specific cellular growth rate at optimum temperature [hr
-1

] 
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B0 Specific cellular deactivation rate at optimum temperature [hr
-1

] 

Ea Cell growth activation energy [L ATM / mmol] 

Eb Cell deactivation energy [L ATM / mmol] 

CCO2 Concentration of aqueous CO2 [mmol / L] 

CCO2,0 Concentration of aqueous CO2 at time = 0 and in the feed solution [mmol / L] 

CCO3 Concentration of aqueous CO3
-2

 [mmol / L] 

CCO3,0 Concentration of aqueous CO3
-2

 at time = 0 and in the feed solution [mmol / L] 

CN Concentration of NO3
-
 [mmol / L] 

CN,0 Concentration of NO3
-
  at time = 0[mmol / L] 

CN,f Concentration of NO3
-
 in the feed solution [mmol / L] 

CH+ Concentration of H
+
 [mmol / L] 

CH+,0 Concentration of H
+
 at time = 0 and in the feed solution [mmol / L] 

CHCO3 Concentration of aqueous HCO3
-1

 [mmol / L] 

CHCO3,0 Concentration of aqueous HCO3
-1

 at time = 0 and in the feed solution [mmol / L] 

CSi,f Concentration of total Si in the feed solution [mmol / L] 

CSi(OH)3 Concentration of Si(OH)3
-
 [mmol / L] 

CSi(OH)4 Concentration of Si(OH)4 [mmol / L] 

CSi,t  Concentration of total Si [mmol / L] 

CSi,t,0 Concentration of total Si at time = 0 [mmol / L] 

F Total feed rate [L / hr] 

f0 Fractional illumination period [hr illumination / hr total] 

HCO2 Henry‟s  Law constant for CO2 [L-ATM / mmol] 

I0 Incident light intensity to photobioreactor [µE / m
2
-s] 

I0,DO Incident light intensity to dissolved oxygen cell [µE / m
2
-s] 

Ik Light intensity at 63.2% of PO,max [µE / m
2
-s] 
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Im Mean light intensity in photobioreactor [µE / m
2
-s] 

k‟ Apparent light attenuation constant [cm
-1

] 

k0 Light attenuation constant of cell-free medium [cm
-1

] 

k11 Rate constant for the hydrolysis of CO2 [hr
-1

] 

k12 Rate constant for the dehydration of HCO3
-
 [hr

-1
] 

k21 Rate constant for the oxidation of HCO3
-
 [hr

-1
] 

k22 Rate constant for the reduction of CO3 [L / mmol-hr] 

kc Biomass light attenuation constant [L / mgDW-cm] 

kd Specific cell death rate [ hr
-1

] 

K1 Low pH Michaelis inhibition constant [mmol H
+
 / L] 

K2 High pH Michaelis inhibition constant [mmol H
+
 / L] 

KCO2 Monod half saturation constant for CO2 [mmol / L] 

KN Monod half saturation constant for NO3
-
 [mmol / L] 

KSi(OH)4 Monod half saturation constant for Si(OH)4 [mmol / L] 

L Photobioreactor characteristic length (radius) [cm] 

MCO2 Cell maintenance CO2 requirement [mmol CO2 / mgDW-hr]  

pO2 Partial pressure of oxygen in the atmosphere [ATM] 

pCO2,0 Partial pressure of CO2 in the inlet gas [ATM] 

pH0 Initial pH of the cell culture medium [-] 

pHi Monod pH growth inhibition term [-] 

pka,c1 Aqueous CO2 / HCO3
-
 equilibrium pH 

pka,c2 HCO3
-
 / CO3

-2 
equilibrium pH 

pka,Si Si(OH)4 / Si(OH)3
-
 equilibrium pH 

PO Cell culture oxygen evolution rate [mmol O2 / hr-mgDW] 

PO,max Maximum cell culture evolution rate [mmol O2 / hr-mgDW] 
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QO Cell culture respiration rate [mmol O2 / hr-mgDW] 

R Universal gas constant [L ATM / mmol-K]  

T Temperature [K] 

Ti Temperature related growth inhibition term [-] 

Topt Cell culture temperature at optimum growth rate [K] 

Tref Cell culture reference temperature [K] 

vg Volumetric gas flowrate into the photobioreactor [L hr
-1

] 

V Photobioreactor cell culture volume [L] 

X Cell concentration in dry weight [mgDW / L] 

X0 Initial cell concentration in dry weight [mgDW / L] 

YX/CO2 Cell mass from CO2 yield coefficient [mgDW / mmol CO2] 

YX/N Cell mass from NO3
-
 yield coefficient [mgDW / mmol CO2] 

YX/Si Cell mass  

 

Greek letters 

µ Specific growth rate [hr
-1

] 

µmax Maximum specific growth rate [hr
-1

]  

 

Abbreviations 

 

DW Dry cell weight 

µE micro Einstein, 1.0 µmol of photons in the photosynthetically active range (400-

700 nm wavelength) 
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6-1. Process parameters for photobioreactor model equations. 

Table 6-1. Process parameters for photobioreactor model equations

Process Parameters

intial cell density CX,0 500 mg DW/L

initial total silicon concentration Si0 800 mmol/L

incident light intensity I0 250 micromol photons / m
2
-sec

initial pH pH0 8 [-]

reactor length scale, (radius) L 6 cm

reactor volume V 5 L

aeration rate vg 150 L / hr

partial pressure of CO2 in inlet gas pCO2,0 0.02 ATM

cell culture temperature in Kelvin T 295.15 K

dissolved CO2 half saturation constant from 

Monod KCO2 0.0024 mmol CO2/ L

cell death coefficient kd 0 hr
-1

Si(OH)4 half saturation constant from Monod KSi 0.005 mmol Si(OH)4 / L

light intensity at 63.2% PO max Ik 120 micromol photons / m
2
-sec

light attenuation constant for cell-free medium k0 0.0036 cm
-1

light attenuation constant for cells in cell 

suspension kc 0.00079 L / (mgDW-cm)

cell maintenance requirement for CO2 MCO2 0.0002 mmol CO2 / (mgDW-hr)

maximum specific growth rate µmax 0.09 hr
-1

biomass-CO2 yield coefficient YCx/CO2 50 mgDW / mmol CO2

biomass-soluble Si yield coefficient YCX/Si 320 mgDW / mmol Si

nitracte concentration in liquid medium N0 800 mmol  / L

biomass-nitrate yield coefficient YCx/N 224 mg DW / mmol NO3

Nitrate half saturation constant, Monod model KN 0.001 mmol / L

forward CO2 hydration reaction constant kc11 4.86E+06  mmol HCO3 / mmol CO2-hr

HCO3 dehydration reaction rate constant kc12 5.04E+04 mmol CO3 / mmol HCO3-hr

HCO3 deprotonation rate constant kc21 3.86E+07 mmol CO3/mmol HCO3-hr

CO3 protonation rate constant kc22 4.86E+13 mmol HCO3 / mmol [H
+
][CO3]-hr

Si(OH)4 <-> SiO(OH)3
- 
pka pkaSi 9.84

Low pH Michaelis inhibition constant K1 2.3E-03 mmol H
+
 / L

High pH Michaelis inhibition constant K2 1.2E-07 mmol H
+
 / L

Specific cellular growth rate at reference temp 

(293 K) A0 0.26 hr
-1

Activation energy for cell growth Ea 1.158 L ATM / mmol

Specific cellular deactivation rate at reference 

temp (293 K) B0 0.18 hr
-1

Activation energy for cell degredation Eb 1.612 L ATM / mmol

Optimal growth temperature Topt 293.55 K

Reference temperature Tref 293 K

Gas Constant R 8.21E-05 L ATM / mmol-K

Feed flowrate F 0 L / hr

Si in feed CSi,f 0.47 mmol / L

N in feed CN,f 2 mmol/ / L

fractional illumination period fI 0.583 hr light / total hours

biomass to cell # conversion constant YN/CX 2.50E+06 cells / mg biomass  
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6-1.   Cell number density and dissolved Si concentration in the culture medium from two 

batch cultivations of Pinnularia sp. compared to the values predicted by the simulation. 
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6-2.  Predicted pH from the diurnal model equations compared to experimental data from 

batch cultivations of Pinnularia sp. 
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6-3. Speciation and concentration of the dissolved a) silicon species b) carbon species in 

response to elevated pH caused by light induced photosynthesis and growth related 

consumption during the diurnal photoperiod
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6-4. Speciation and concentration of the dissolved a) silicon species b) carbon species in 

response to elevated pH caused by light induced photosynthesis and growth related 

consumption during under constant illumination adjusted for the fractional photoperiod. 
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6-5.  Effect of the mass transfer rate, kLa, on a) cell mass density vs. time, b) pH vs. time 

at an external illumination intensity of 500 µE / m
2
-s and CO2 partial pressure of 0.02 

ATM.   
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6-6. The effect of the CO2 partial pressure on a) cell mass density vs. time b) pH vs. time 

at an external illumination intensity of 500 µE / m
2
-s and kLa = 50 hr

-1
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6-7.  Mean light intensity within the entire photobioreactor and local light intensity at the 

center of the photobioreactor as predicted by a) the diurnal model equations b) fractional 

photoperiod model equations under cultivation conditions in Jeffryes et al., 2008. 
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6-8. The effect of the external illumination intensity on a) cell mass density vs. time b) 

pH vs. time at kLa = 50 hr
-1

 and a partial pressure of 0.02 ATM CO2 in the aeration gas. 

 

I0 = 100 µE / m2-sec 

250 

I0 = 100 µE / m2-sec 

500 1000 2000 

2000 

1000 

500 

250 



154 
 

 

 

Supplement  A – Complete model equations 

Initial conditions 

 

 

 

 

 

 

 

 

 

Calculated parameters  

The silicon speciation, partial pressure of CO2 in the gas phase and specific growth rate 

parameters are determined before each step (loop) in the simulation.   
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Differential equations 

Using the updated parameters, a finite difference step is carried out for each differential 

equation by the MATLAB solver ODE15 with a relative tolerance of 1E-9 and an 

absolute tolerance of 1E-12.  
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Chapter 7 : Biological fabrication of a Silica thin Film Structured at the 

Micro- and Nanoscales 
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Abstract 

Cell culture of the marine diatom Pinnularia sp. was grown as a monlayer on NaOH-

treated  indium tin oxide (ITO) glass followed by the removal of the biological organic 

components by oxygen plasma ashing.  The resulting product was hierarchically 

structured patterned surface of amorphous biogenic silica which was firmly attached to 

the ITO glass.  This study reports the first deliberate growth of a diatom monolayer on a 

conductive glass substrate and the use of oxygen plasma to clean the micro- and nano-

structure of a biological specimen. 

Introduction 

Micro- and nano-structured patterns and surfaces are of great interest due to the range of 

applications in which they can be used including display device, memory storage, 

biosensor, and photonic crystal technology (Geissler and Xia, 2004).  Traditional micro- 

and nano-patterning technologies, such as photo-, phase shift, focused ion beam, and x-

ray lithography are costly and energy intensive (Madou, 1997).   More cost-effective 

methods of patterning, namely soft lithography, are becoming widely accepted, but are 

only used to pattern polymers rather than semiconducting materials.  Soft lithographic 

techniques employ a soft polymer such as poly(dimethylsiloxane) (PDMS) which is used 

to fabricate negative replicas of surfaces which in turn can be used in conjunction with a 

UV curable polymer to accurately make a positive replica of the original pattern while 

preserving nanoscale features (Xia and Whitesides, 1998; Gates et al., 2004; Losic et al., 

2007).  However, the ability of soft lithographic techniques to reproduce patterns 

structured at both the micro- and nano-scales is limited by the availability of a suitable 

template.    Certain organisms, such as marine diatoms, synthesize inorganic skeletons 

with micro- and nano-scale features suitable for templating structured films.   

Diatoms are a group of single-celled photosynthetic algae of the class Bacillariophyceae 

that make shells of hydrated amorphous silica (Round, 1990), called frustules.  Frustules 

possess hierarchical micro- and nano-scale features made by a bottom-up approach at 

ambient temperatures and pressures using low-cost equipment and minimal energy 
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consumption.  In particular, diatom frustules have periodic two-dimensional pore arrays 

with lattice constants at the submicron to nanoscale and the pores themselves are often 

embedded with nanoscale features (Crawford, et al., 2001).  Pinnularia sp. (Krammer, 

1992), used exclusively in this study, is a photosynthetic diatom possessing a pennate 

morphology and a bilaterial symmetry that assumes an ellipsoidal shape of approximately 

6 µm width and 30 µm length.   A solid strip of biosilica (raphe) divides the valve into 

two halves.  Frustule structure is passed indefinitely from parent to progeny.  Barring 

substrate limitation, diatoms grow exponentially with time, making the fabrication of the 

hierarchical structures highly repeatable, scalable, and suitable for producing micro- and 

nano- patterned inorganic films.   

To create a micro- and nano-structured pattern Losic et al. (2007) used soft lithography to 

replicate a single isolated diatom frustule.  However, this method was only able to 

produce a patterned surface the size of one diatom frustule, which had a length scale of 

about 100 microns.   Additionally, the final pattern was composed of a mercaptol ester 

type UV curable polymer (NOA 60), which is not suitable for use in electronics, displays, 

solar cell or semiconductor technologies.   A scalable method to produce patterned 

surfaces over much larger areas will need to employ a different template.  To this end, we 

have cultivated a monolayer consisting of tens of thousands of the marine diatom 

Pinnularia sp. on a conductive indium tin oxide (ITO) glass film and developed an 

oxygen plasma ashing method to remove the biological material from the organism that 

preserves both the micro- and nano-structure of the diatom frustule.  Oxygen plasma 

ashing, typically used in the semiconductor industry (Abe et al., 2008), has recently been 

used to remove organic material from fossilized biogenic silica deposits on the seafloor 

for the purpose of paleoclimatology (Tyler et al., 2007).  However, this is the first 

reported use of oxygen plasma ashing to remove biological material with the intent to 

preserve inorganic nano-structures.   

Diatom cells were grown as a tightly packed monolayer on an ITO glass surface which 

had been cleaned and treated with NaOH, the surface treatment found to be most 

effective at causing cell adhesion.  However, the diatom film lacked ordering in the x-y 

plane.  Following oxygen plasma treatment diatom frustules were free of organic 
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material, hierarchically structured at the micro- and nano-scales and bonded to the 

conductive glass layer.     In a previous study, Umemura (2008) grew diatoms on a mica 

surface and removed the organic component from the frustules by thermal baking at 400 

°C and 800 °C.  Baking at 400 °C left some organic residues on the diatom film, while 

800 °C produced a clean biosilica but destroyed the frustule nanostructures.  

The patterned layer of biosilica created using this new approach can be modified to 

produce various materials with application in materials and device technology while 

maintaining the native structure of the diatom frustule.  Atomic layer deposition of 

titanium, silver (Payne et al., 2005), or gold (Losic et al., 2006) has been used to produce 

metallic frustule replicas.    Numerous gas-solid reactions have been applied to diatom 

biosilica to produce frustule replicas made from Mg(s) (Sandhage et al., 2002), TiO2 

(Unocic, et al., 2004; Lytle et al., 2004), Mg2-Si(s) (Cai et al., 2005; Szczech and Jin, 

2008), zirconia (Shian et al., 2006), or Si(s) (Bao, et al., 2007).  However, these studies 

were conducted on scattered diatoms with random orientations without attempting to 

form a patterned layer, nor were they conducted on a transparent, conductive surface such 

as ITO glass, which can be used in solar cells. 

  Alternatively, the biosilica within the living diatom film can be altered in vivo by  

enriching the cull culture medium  with titanium (Jeffryes et al., 2008a) or germanium 

(Jeffryes et al., 2008b) which cause elemental and structural changes to the frustule,  

imparting electroluminescent properties that allow the diatom biosilica to be used in 

display devices (Jeffryes et al., 2008c).  Additionally, after cleaning with O2 plasma the 

diatom frustule pores can be filled with anatase titanium through biomimetic processes 

(Jeffryes et al., 2008d), producing a composite material which could potentially be used 

as a UV photocatalyst (Chen and Mao, 2007) or semiconducting, integrated reflector in a 

dye sensitized solar cell (unpublished data).    

Materials and Methods 

Diatom self-assembled monolayer 

Borosilicate glass slides coated with 150-300 Å of indium tin oxide (ITO) were obtained 

from Sigma (# 576352, surface resistivity 70-100 Ω/sq), cut into 25 x 25 mm squares, 
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washed with 1% Alconox detergent, rinsed with methanol and dried with flowing 

nitrogen gas.  The methanol rinsing was repeated three times.    Unless otherwise stated, 

the following procedures and cell culture manipulations were carried out in a laminar 

flow hood using sterile technique.  A 1.0 M NaOH solution was prepared and 1.00 ml 

was placed onto the ITO side of the ITO coupon.  The NaOH spread to the edges of the 

glass coupon but remained completely contained on the surface.   After one minute the 

NaOH was removed from the surface by pipette.  The corner to corner surface resistivity 

of the ITO surface was unchanged by the NaOH treatment.  The slides were then rinsed 

three times with distilled water,  placed ITO side up into the bottom of a 100 ml beaker 

and covered with 20 ml of silicon starved, flask-cultivated cell culture of the marine 

diatom Pinnularia sp. (UTEX culture collection of algae #B679) having a density of 

5·10
6
 cell ml

-1
.  Cell-culture maintenance of Pinnularia sp. has been previously described 

(Jeffryes et al., 2008b). The diatoms were allowed to settle onto the ITO for 3 hr.   The 

glass was removed from the beaker with flame sterilized tweezers and placed into a 

sterile 100 mm x 15 mm polystyrene Petri dish containing 50 ml of sterile culture 

medium as previously described (Jeffryes et al., 2008a).  The ITO coupon was allowed to 

soak within the culture medium for 1 min before being removed with sterile tweezers.  

The process of placing the culture covered slide into the culture medium, allowing it to 

soak, and removing it from the medium removed loose cells, leaving behind only cells 

that had adhered to the glass.  The slide was placed into a second Petri dish containing 50 

ml of sterile medium, covered with the lid and placed in an incubator under cool white 

fluorescent lights at an intensity of 50 µE m
2
-s with a 14 hr light / 10 hr dark photoperiod 

at 22 °C.  Sterile, distilled, deionized water was added to the Petri dishes daily to replace 

evaporated medium.    

Oxygen Plasma Cleaning 

Following cultivation, the ITO slides coated with a monolayer of diatom cells were 

removed from the culture medium and submerged for 30 sec in a Petri dish containing 50 

ml of distilled water to remove culture medium.  After removal from the distilled water 

the cells were flame fixed to the ITO and rinsed with 2.00 ml of methanol which was 

flowed across the glass surface with a pipette.  The cells were then placed into a 
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Branson/IPC Reactor Center S2075-11020 O2 Plasma Etcher for 60 min at an oxygen 

flowrate of 1600 ml min
-1

, pressure of 1 torr, and RF power of 550 W.  After treatment 

by oxygen plasma the ITO-frustule slides were imaged by scanning electron microscopy.  

Corner to corner surface resistivity of the ITO glass was unchanged by the oxygen 

plasma treatment.  

Microscopy 

The diatom film growing on the ITO was imaged by first removing the slide from the 

Petri dish containing the culture medium and placing into a dry Petri dish of the same 

type and covering with the lid.  The dry Petri dish containing the ITO slide was placed on 

a Leica DMIL inverted microscope at 72x (4x , 18x), 180x (10x, 18x) and 720x (40x, 

18x).  The images were captured by the software package Image-Pro Plus 5.0.  The ITO 

slide and cells were placed back into sterile culture medium after imaging.   

The plasma cleaned diatom frustules were imaged by scanning electron microscopy 

(SEM) on an FEI Sirion field emission SEM at an accelerating voltage of 5 kV.   

Results and Discussion 

Light microscopy images of a diatom monolayer one day after deposition on ITO glass 

are presented in Fig. 1.  The living diatom cells on the ITO surface had undergone one 

cell doubling, as evidenced by the presence of diatom “doublets”, cells that have 

undergone cell division but remain spatially associated on the surface (Fig. 1b).  The 

living cells are tightly packed but disordered in the x-y plane.   With increased incubation 

time the diatom film did not become more ordered or more tightly packed because 

subsequent cell divisions did not adhere to the ITO glass but floated into the culture 

medium.  Determining the mechanism which caused subsequent diatom generations to be 

sloughed off into the culture medium was beyond the scope of this investigation, but it 

was hypothesized that the diatom motile velocity that would have been required at the 

edges of the film was inadequate to make room for new generations.  A similar diatom 

monolayer grown on glass has been previously reported by Umemura et al. (2007).   

However, the previous study was carried out on a non-conductive borosilicate glass and 
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required a more complex glass pre-treatment involving surface functionalization and 

baking of the glass slide. 

SEM images of O2 plasma cleaned Pinnularia sp.  frustules are presented in Fig. 2.  An 

isolated intact single Pinnularia sp. frustule is presented in Fig. 2a and a diatom 

“doublet” is presented in Fig. 2b.  The two-dimensional patterning of the diatom frustule 

is clearly visible in Fig. 2c while the preserved nanostructure and clean silica surface, 

verified by the absence of organic biological residue, is presented in Fig. 2d. 

This study reports for the first time the deliberate growth of a diatom monolayer on a 

conductive glass substrate and the use of oxygen plasma to clean the micro- and nano-

structure of a biological specimen.  A diatom monolayer was grown on a conductive 

indium tin oxide film (Fig. 1) and then treated with oxygen plasma to remove the organic 

material from the frustule (Fig. 2).  The resulting product was hierarchically structured 

amorphous biogenic silica which was firmly attached to the ITO glass surface.  Physical 

and elemental transformation of the oxygen plasma treated frustules was beyond the 

scope of this study.  However, many methods exist to alter the biogenic silica in vivo by 

cell culture methods, replicate the silica film by atomic layer deposition, or chemically 

alter the diatom frustules by high temperature solid-gas reactions in order to produce a 

hierarchically structured film having an elemental composition useful for nano or 

electronic technologies.   Additionally, it was shown that this film can be grown on a 

transparent, conductive substrate that can be used in display or solar cell technology.   
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7-1.  Image of a diatom monolayer by light microscopy one day after deposition on ITO 

at (a) 72x, and (b) 720x.  
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7-2.  Scanning electron microscopy images of (a) single diatom frustule, (b) diatom 

frustule doublet, (c) regular pore array on diatom valve, and (d) diatom frustule intrapore 

nanostructures after cleaning by O2 plasma. 
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Chapter 8 : Comprehensive Conclusion 
 

The capability of diatom cell cultures to biologically fabricate nanostructured metal oxide 

composite materials was evaluated in this research study.  A bioreactor process was 

developed enabeling the diatom Pinnularia sp. to uptake Ge(OH)4 and  Ti(OH)4 from cell 

culture medium and fabricate micro- and nano-structured biogenic silica alloyed with 

germanium and titanium oxides.   

A  novel two-stage bioprocess engineering strategy employing a co-pulse of soluble Si 

and Ge to a silicon starved cell culture suspension yielded metabolically inserted, 

hierarchically structured Ge-Si nanocomposites with Ge levels ranging from 0.24 to 0.97 

wt. % within the frustule biosilica.  The overall shape of the new frustule was intact, but 

the nanostructure within the submicron pore was altered, as was the pore size and 

geometry.  Ge enriched frustules were analyzed for photoluminescent and 

electroluminescent properties.  The Ge content and periodic pore structureof the Ge-

doped biosilica uniquely enabled electroluminescent properties, which allowed the 

frustules to be incorporated into an optoelectronic device, the first reported use of such a 

device utilizing components fabricated through cell culture. 

The metabolic incorporation of titanium into nanostructured frustule biosilica was 

enabled by a novel two-stage bioprocess engineering strategy employing the controlled 

feeding of soluble titanium and silicon to a silicon starved cell culture suspension. Co-

uptake of Ti and Si was required for incorporation of titanium into the frustule biosilica, 

with a maximum level of ~2.3 g Ti / 100g SiO2.   Co-feeding of Si(OH)4 and Ti(OH)4 had 

no detrimental effect on the growth of the organism and preserved the nano- and 

microstructure of the frustule biosilica.. Titanium was preferentially deposited as a 

nanophase lining the base of each frustule pore. Thermal annealing converted the 

biogenic titanate to nanocrystalline anatase TiO2. This is the first reported study of using 

a living organism to controllably fabricate semiconductor TiO2 nanostructures by a 

bottom-up self-assembly process on a massively parallel scale. Furthermore, the cell 
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assembles the TiO2-rich nanostructures into clustered arrays imbedded within a photonic 

crystal-like structure that is characteristic of the diatom frustule. Possible device 

applications of these semiconductor materials could include dye-sensitized solar cells for 

enhanced light trapping efficiency and structured photocatalysts for enhanced breakdown 

of toxic chemicals.  This study illustrates how diatom cell culture systems can be 

externally directed in bioprocess engineering systems to fabricate unique nano- and 

microstructured semiconductor materials.  

It was demonstrated that nanostcutured TiO2 can be deposited into the periodic micro- 

and nano-structure of the diatom diatom Pinnularia sp. by condensation reactions of Ti-

BALDH catalyzed by poly-L-lysine (PLL) adsorbed to the diatom biosilica.  The PLL 

adsorption could be repeated on top of newly deposited titania, making layering or tuning 

of bulk Ti composition possible.  Two successive condensation reactions of Ti-BALDH 

by PLL-adsorbed diatom biosilica deposited 1.32 ± 0.17 g TiO2 onto the frustule per 1.00 

g of biogenic silica. The TiO2 nanoparticles preferentially deposited into the ordered, 

periodic, lattice-like 200 nm frustule pores but also deposited titania on the frustule outer 

surface.   Thermal annealing at 680 
o
C converted the as-deposited TiO2 to its anatase 

form, which is useful in solar cell technology, with an average nanocrystal size of 19 nm, 

as verified by XRD, electron diffraction, and SEM/TEM.  This is the first reported study 

of directing the peptide-mediated deposition of TiO2 into a hierarchical nanostructure 

using a biologically fabricated template.  

Cell culture of the marine diatom Pinnularia sp. was grown as a monlayer on NaOH-

treated  indium tin oxide (ITO) glass followed by the removal of the biological organic 

components by oxygen plasma ashing.  The resulting product was a hierarchically 

structured patterned surface of amorphous biogenic silica which was firmly attached to 

the ITO glass.  The cleaned frustules were suitable for physical or chemical modification 

by biomimetic or biocliastic methods, which would have made the material useful for 

electronic or solar cell applications.   This reports the first deliberate growth of a diatom 

monolayer on a conductive glass substrate and the use of oxygen plasma to clean the 

micro- and nano-structure of a biological specimen. 
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Diatom nanotechnology scale-up and large-scale carbon capture feasibility was examined 

by presenting a photobioreactor reactor model  that couples cell growth kinetics of the 

marine diatom Pinnularia sp., carbon transport, uptake and speciation, silicon uptake and 

speciation, pH, light intensity and cell culture process conditions.   Model estimates of 

carbon transfer and pH at cell densities up to 20 g dry weight / L of culture are presented.  

It was determined that as cell mass density within the cell culture increases growth will 

eventually become rate limited by light transfer even at high partial pressures of CO2 in 

the aeration gas and high mass transfer coefficients.    This presents the first 

photobioreactor analysis combining two-phase mass transfer kinetics with silicon and 

carbon speciation and mass balances. 

In conclusion, diatom cell cultures can metabolically fabricate nanostructured metal 

oxide composite materials in engineered photobioreactor systems and the biogenic silica 

can be modified in cell culture or biomimetically to have potential in optoelectronic 

devices or as hierarchically structured templates which can be modified to have use in 

solar cell technologies.  It was also demonstrated that diatom cell culture can be grown as 

a hierarchically structured thin film which could be transformed by current technologies 

into material of interest to numerious technological fields.  Lastly, steps were taken 

towards the assessing the feasibility of diatom nanotechnology scale-up and the 

optimization of diatom cell culture carbon capture through photobioreactor modeling.   
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Cell Density Measurement with Z2 Beckman Coulter Counter, Pinnularia sp. 

Updated 12/01/2008 

Equipment: 

 Z2 Beckman Coulter Counter 

 Z2 Beckman Coulter Counter cuvette 

Procedure: 

 

1. Vortex the centrifuge tube containing the cell culture sample to be analyzed at 

high speed for three repetitions of five seconds. 

2. Immediately transfer 0.100 mL of the sample to a Z2 Beckman Coulter Counter 

Cuvette. 

3. Immediately add 10 mL of diluent (10 g NaCl / L, sterile filtered) to the sample, 

cover with the lid and invert 10 times.   

4. Make sure the dilution is set to “101”. 

5. Lower the elevated sample holder and remove the cuvette holding electrolyte 

diluent. 

6. Remove the cuvette cap and place the cuvette with the sample in the sample 

holder. 

7. Raise the sample platform until the aperture is submerged in the sample. 

8. Push “Start” on the keypad. 

9. Record the output. 

10. Repeat steps 8 and 9 twice more for a total of three measurements. 

11. Repeat steps 1-10 for the replicate cell culture sample.   

12. The average and standard deviation are calculated for each replicate.  This 

standard deviation is indicative of the machine error. 

13. The average and standard deviation are calculated for data set by using the 

average ± (1 S.D.)  of values which contain standard deviations calculation.  

14. Spray the aperture with distilled water from a polyethylene distilled water bottle 

and pat dry with a Kimwipe.  

15. Repeat steps 5-9 with fresh diluents until the cell number density recorded is less 

than 1000 / mL. 

 

Shutdown: 

1. Place a beaker of fresh electrolyte diluent on the sample platform. 

2. Raise the sample platform ensuring that the aperture is submerged 

3. Press “Functions” on the keypad. 

4. Press “Flush Aperature”. 

5. Press start. 
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Dry Cell Mass Density Determination of Diatom Suspension Cultures 

Updated Jan 17, 2006 

Materials: 

 Aluminum drying dish 

 50 mL centrifuge tubes 

 

Equipment: 

 Centrifuge  

 Drying oven 

 

Procedure: 

1. Remove a 500 mL reactor sample according to the sampling protocol and record 

the volume, V. 

2. Allocate the samples into twelve 50 mL centrifuge tubes, approximately 41 mL 

per tube. 

3. Centrifuge the culture within the tubes at 2500 x g for 20 minutes. 

4. Decant the supernatant into the culture waste container (add 1 mL bleach per 100 

mL spent culture in the waste container for disposal) and combine the contents of 

six tubes into one centrifuge tube by loosening the pellets with DI H2O and 

pouring the pellets into one tube.  

5. Fill the tube containing the pellets to 40 mL with DI H2O. 

6. Vortex each tube at high speed until the sample is a homogeneous mixture. 

7. Centrifuge at 2500 x g for 20 minutes. 

8. Decant the supernatant into the culture waste container. 

9. Repeat steps 5 -7 two more times, the second time do not refill to 45 mL with DI 

H2O. 

10. Weigh and record the mass of an aluminum drying dish, md. 

11. Loosen the pellet from the centrifuge tube with DDH2O and transfer to the drying 

dish. 

12. Dry the pellet overnight at 80 °C. 

13. Remove a drying dish from the oven and immediately record the mass of the dish 

plus the dried cells, md+X. 

14. The dry cell mass density of each sample will be  

 

 
 

 

15. Remove the dried cell mass from the drying dish with a spatula and store at -4 °C 

in a glass vial. 
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H2O2 Method to Prepare Inorganic Diatom Samples 

Updated Jan 23, 2007 

Equipment: 

 environmental shaking chamber (Lab-Line® Orbin Environ-Shaker)  

 International Equipment Company Centra-4B IM219 Bench Top Centrifuge 

 drying oven 

 

Reagents 

 30% wt .H2O2 solution 

 Methanol 

 

Procedure: 

1. Remove a 100 mL sample from the reactor according to the sampling protocol 

2. Place 25 mL of sample into each of four 50 mL centrifuge tubes and centrifuge at 

600 x g for 10 minutes.   

3. Decant the supernatant into culture the waste container (add 1 mL bleach per 100 

mL spent culture in the waste container for disposal) 

4. Loosen the cell pellets in the centrifuge tube with a stream of DDIH2O and 

combine all pellets into one centrifuge tube. 

5. Fill the culture containing centrifuge tube with 25 mL DI H2O and invert five 

times to break up the pellets and  wash the cells.   

6. Complete the centrifuge and wash cycles two more times. 

7. Suspend the washed pellet in 5 mL DI H2O and pour into 250 mL Erlenmeyer 

flask. 

8. Add 30 mL of 30% wt. H2O2 and 200 µl to the flask and cells and cover with 

aluminum foil. 

9. Place the flask in an environmental shaker at 150 rpm at 80 °C for 24 hours. 

10. Remove the flask from the environmental shaker and pour the sample into a 50 

mL centrifuge tube.   

11. Repeat the washing procedure from steps 3 and 4. 

12. Repeat the washing procedure from steps 3 and 4 using MeOH as the solvent. 

13. Record the mass of a 6 mL glass scintillation vial. 

14. Suspend the washed inorganic pellet in 3 ml MeOH and use a pipette to transfer 

the frustule slurry  to the 6 mL glass scintillation vial. 

15. The sample is dried at 80 °C in a drying oven for 24 hours. 

16. Remove the vial from the drying oven and immediately record the mass of the 

vial plus the cells to determine the mass of frustules. 

17. Cap the vial and store the sample at -4 °C. 



190 
 

 

 

Intact Frustule Preparation 

Updated 12/09/2005 

Materials: 

 Pipette 

 Centrifuge tubes 

 

Equipment: 

 Vacuum chamber 

 

Reagents: 

 

 Hydrogen Peroxide, 30% wt% in H2O 

 Methanol 

 

Procedure: 

1. Remove a 100 mL cell suspension sample directly from a reactor and into a Pyrex 

bottle and let the cells settle for 6 hours. 

2. Remove the cell-free supernatant with a pipette. 

3. Transfer cell slurry from the bottom of the bottle to a centrifuge tube and allow 4-

6 hours for settling. 

4. Wash twice with DI H2O by repeating steps 2 and 3. 

5. Add 1 mL bleach per 100 mL spent culture in the waste container for disposal. 

6. Add 30 mL of H2O2 and 200 µL 37% HCl to the cell slurry in the bottom of the 

centrifuge tube. 

7. Leave the H2O2, HCl, cell culture mixture in the centrifuge tube with the cap 

loosened for 48 h at room temperature. 

8. Place the centrifuge tube in vacuum chamber until dissolved gasses are removed 

9. Allow the frustules to settle 4-6 hours. 

10. Remove supernatant with a pipette. 

11. Wash three times with 30 ml DDIH2O by repeating steps 10 and 11. 

12. Wash three times with 30 ml MeOH by repeating steps 10 and 11. 

13. Suspend washed pellet in 10 mL MeOH and store in a sealed glass vial at -4 °C. 

14.  The methanol-frustule slurry is placed directly onto an SEM stub or TEM grid 

and allowed to evaporate immediately before imaging. 
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Preparation of Fusion Solutions from Solid Biomass Samples 

Updated 3/13/2009 

Materials: 

 Zirconium crucible with cover, low form, 45mL (Metal Technologies # 10-

0045LF) 

 

Equipment: 

 Barnstead International 1050 Watt Benchtop Muffle Furnace (VWR #30608-020) 

 Crucible tongs 

 pH meter 

 

Reagents: 

 Sodium Hydroxide solid (NaOH, FW = 40.0 g/gmol, CAS# 1310-73-2) 

 Nitric acid, 15.8N (HNO3, FW = 61.03, CAS# 7697-37-2) 

 

Procedure: 

1. Place 1.00 g solid NaOH in a zirconium cricuble and head to 400 °C in the Benchtop 

muffle furnace for 60 minues.  This removes any metal oxides from the previous run.  

Wash with DDH2O and air dry. 

2. Weigh 20 mg of dried green biomass or 4 mg of dried frustules to an accuracy of 0.1 

mg and place in the zirconium crucible. 

3. Add approximately 1.00 g of NaOH pellets to the crucible and record the mass. 

4. Place the crucible in the pre-heated furnace at 400 C for 240 minutes.  

5. Remove the crucible from the furnace with crucible tongs and place it on a metal 

surface. (make sure the fume hood vent is on) 

6. The crucible lid is removed after 30 seconds and the sample and examined. 

7. If the sample is not fully dissolved in the NaOH (detected by the presence of lumps or 

discolorations) the sample is placed in the furnace for another 60 minutes.  

8.  Repeat until the sample is fully dissolved in the NaOH and the cooled fusion is pure 

white  

9. Use a stainless steel spatula to scrape fusion material from the crucible lid and edge 

back into the crucible bowl. 

10. Add 16 mL of DDIH2O to the crucible. 

11. Add 1.50 mL of HNO3 to the sample for every 1.00 g. of NaOH. 

12. Submerge a pH probe in the crucible solution. 

13. Add HNO3 dropwise while gently swirling the contents of the crucible until a pH of 

7.0 ± 1.0 is achieved. 
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14. If the pH drops below 6.0 a solution of 1.2 M NaOH is added drop wise until the 

desired pH is reached. 

15. Dilute the sample to 20.0 mL with DDIH2O. 

16. Transfer the solution to a 25 mL polypropylene storage bottle. 

17. Dilute aliquots of the fusion sample 10x with DDIH2O for ICP analysis (solids 

content <0.5%)
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Analysis of Fusion Preparations with the Varian 150 ICP 

Updated Mar 13, 2009 

Equipment: 

 Varian 150 ICP Operation 

 

Reagents: 

 ICP Standard solutions 

 DDH2O 

 

Procedure: 

Stock Solutions: 

1. Combine single element ICP standards into a single ICP standard as outlined in 

Table 1. 

2. Acquire 200 mL of DDH2O for baseline measurements. 

3. Have sample solutions properly prepared by the preparation of fusion solutions 

protocol. 

4. Verify that the samples are clear and free of any particulates. 

 

Varian 150 ICP Operation: 

 

1. Start the torch chiller which sits behind the instrument. 

2. Place the sample inlet lines in the peristaltic pumping mechanism. 

3. Turn on the instrument power and the RF power.  (The instrument may re-

calibrate the wavelength after being turned on, sample analysis can‟t begin until 

the “wavelength status complete” on the worksheet is shown) 

4. Turn on the exhaust fan. 

5. Click the “shortcut to Liberty.exe” icon on the desktop 

6. Select “Worksheet” → “New” and enter the name of the new worksheet protocol. 

7. Select “Develop” → “Edit Method” to select the elements and their analysis 

wavelengths from the software generated periodic table according to Table 2. 

8. Select the elements as “analyte” and click “ok”. 

9. Select the “Conditions” tab to set the integration time and uptake delay according 

to Table 3.   

10. Select the “Standards” tab and enter the concentrations of analyte in the standard 

solutions that were prepared according to Table 2. 

11. Select the “Calibrations” tab and set the calibration to “linear”.  Save and exit 

Method Edit. 
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12. Select the “Labels” tab and set to “manual sample source”.  Failure to follow this 

step will cause the Varian 150 ICP to use the non-existent auto sampler.    

13. Open the argon gas cylinder and adjust the argon gas pressure regulator to 80 psi. 

14. Submerge the sample inlet tube in the blank.  The dissolved solids content of the 

sample should be below wt %, per the fusion preparation protocol. 

15. Press the “plasma on” icon on the “Worksheet” tab to start the torch. 

16. Allow the torch to stabilize for 10 minutes before beginning an analysis. 

17. Select “Analyze” → “Start Run” to initiate the analysis. 

18. Follow the prompts for standards, blanks, and samples.  Before entering “OK” to 

begin the analsysis of the blank sample, allow three “beep cycles” to occur.  

Between sample analysis, allow the sample inlet tube to draw up the cleaning 

solution (1% HNO3) between samples until the flame returns to clean blue. 

19. After the completion of the analysis insert a 3 ½” floppy disk into the A: drive 

and select the “Export Data” function.  The data is now copied to the disk.  If the 

settings were changed, to go “export settings” and select A:\drive and assign a file 

name. 

20. Open Excel. 

21. Use Excel to open the A: drive and look for all file types. 

22. Open the file and select the data spacing type to be “comma” and “tab”. 

23. Locate the file and change the file extension of the data file to .xls 

24. Save the new file name to the disk. 

25. Make sure the sample inlet tube is in the blank solution and allow the blank to 

rinse the instrument for 10 minutes. 

26. Turn off the torch by selecting the “plasma off” icon on the worksheet page 

27. Turn off the RF power, exhaust fan and argon gas. 

28. Remove the sample lines from the peristaltic pump. 

29. Turn off the torch chiller five minutes after the rest of the instrument has been 

shut down. 

30. Close the Varian software. 

31. To analyze using a previously developed method select “Open” after step 5 and 

proceed directly to step 13. 

 

Table 1.  Concentration of analyte (in DDH2O) in the ICP standard solutions used for the 

analysis of liquid and fusion samples in each experimental study. 

 Standard Concentration 

Experimental study ppm Ca ppm Mg ppm Si ppm Ge ppm Ti ppm Ga 

Germanium uptake 2.5 2.5 50 2.5 n/a n/a 

Titanium uptake n/a n/a 2.5 n/a 0.25 n/a 

Gallium uptake n/a n/a 10 n/a n/a 2.5 
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Table 2.  Wavelength and intensity of elements analyzed by ICP. 

Element 

wavelength 

(nm) intensity k-factor 

Silicon 251.611 850 

Germanium 265.118 500 

Titanium 334.941 11000 

Gallium 417.206 900 

Calcium 393.366 450000 

Magnesium 279.553 99000 

 

Table 3.  Operating parameters for each elemental analysis 

Experiment 

Integration time 

(sec) 

Uptake Delay 

(sec) 

Germanium 10.0 15 

Titanium 5.0 15 

Gallium 5.0 15 

All other elements 1.0 15 
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Determination of Ti Limit of Detection on the Varian 150 ICP 

Updated May 28, 2007 

From Harris, Quantitative Chemical Analysis 6
th

 edition p. 726-728 

Equipment: 

 Varian ICP 

 

Reagents: 

 Ti ICP standard solution (1000 ppm) 

 

Procedure Limit of Detection: 

1. Estimate the detection limit from previous experience. 

2. Prepare a sample solution that is ~1 to 5 times the estimated detection limit. 

3. Measure n > 7 replicates of the solution. 

4. Calculate the standard deviation (s) of the signal for n measurements. 

5. Measure the signal from n blank samples containing no analyte. 

6. Find the mean signal from the n blank samples, yblank. 

7. Multiply s by the value of Student‟s t in Table 4.2 (p. 67) to n-1 degrees of 

freedom and 98% confidence.  (Gives 99% certainty that response is significantly 

greater than the blank).  Values for 98% for n = 7,8,9,10 are 2.998, 2.896, 2.821, 

2.764 respectively. 

8. The signal detection limit, ydl, is ydl = yblank + t*s 

 

Procedure, Minimum Detectable Concentration: 

1. Prepare a linear calibration curve from the Ti ICP standard and determine the 

slope, m. 

2. The calibration line is ysample - yblank = m*(sample concentration), m is the slope of 

the calibration curve. 

3. The signal for the minimum detectable concentration is (t*s)/m 

 

Procedure, Limit of Quantification: 

1. The limit of quantification is generally considered to be yloq = yblank + 10*s. 
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Determination of Overall Reactor kLa 

Updated Jan 22, 2007 

Specialized Equipment: 

 Dissolved oxygen probe (Lazar Galvanic all glass autoclavable DO probe, 10 mm 

diameter, 300mm length) 

 VirTis dissolved oxygen indicator 

 

Reagents 

 Harrisons Artificial Seawater Medium + Guillards f/2 Enrichment 

(HASM+Gf/2E) medium 

 

Procedure: 

1. Load a 5 L bubble column reactor with 5 L of Harrisons Artificial Seawater 

Medium + Guillards f/2 Enrichment (HASM+Gf/2E) medium. 

2. Insert the dissolved oxygen probe through the 11 mm port of the vessel headplate 

and into the reactor liquid to approximately 15 cm below the liquid surface. 

3. Sparge the vessel with nitrogen at a rate of 2.5 L min
-1

 for one hour to establish a 

baseline (0% dissolved O2) reading for dissolved O2.  Zero the dissolved oxygen 

meter. 

4. Sparge the vessel with atmospheric air at 2.5 L min
-1

 for one hour to establish an 

O2 saturation (100% dissolved O2) level.  Set the “span” on the dissolved oxygen 

meter to 100. 

5. Sparge the vessel with N2 until the dissolved O2 concentration is 5% of saturation. 

6. Begin sparging with air at a volumetric flow rate of 25 L hr
-1

 of air. 

7. Record the dissolved O2 % every 30 seconds until the dissolved O2 saturation 

reaches 95%. 

8. Repeat steps 5-7 for 25 L
-1

 of air and then for duplicates of 51, 79, 117 and 151 L 

hr
-1

 of air 

9. The equation for liquid phase mass transfer with no reaction is  

 
 

 

Which is separated and integrated to the form  

 
 

 

Where CO2
*
 is the dissolved oxygen concentration in the liquid in equilibrium 

with the gas phase, defined as  
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where PO2 is the partial pressure of O2 in the inlet gas (0.21 ATM), ρH2O is the 

density of water (1000 g L
-1

) , HO2 is the Henry‟s Law constant for O2 at 22 °C 

(40.1 atm mol H2O (mM O2)
-1

) and MH2O is the molar mass of water (18 g gmol
-

1
) . CO2 is the concentration of O2 in the liquid, defined by  

 
 

 

 

10. Plot time along the x-axis and ln[CO2
*
/(CO2

*
-CO2)] on the y-axis and fit a least 

squares line to the linear portion of the data.  The slope of the line is the kLa for 

the given flowrate.   

11. Establish a flowrate vs. kLa curve (plot flowrate along the x-axis and kLa along the 

y-axis) to determine the kLa at any given flowrate. 
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P0, Q0 and P-I Curve Measurements with D.O. Cell 

Updated 1/25/2007 

Equipment: 

 YSI model 58 dissolved oxygen (D.O.) meter and model 5750 D.O. electrode. 

 Calibration flask, an Erlenmeyer flask with a tapered end intended to receive the 

D.O. electrode. 

 Water circulating bath 

 Labtech Notebook data acquisition system 

 Jacketed dissolved oxygen cell  

 Adjustable light source, controlled by a variac. 

 VWR model 310 stir plate and a stir bar 

 LI-COR 190SA PAR quantum sensor 

 

Procedure 

1. Have 100 mg (by dry weight, estimated from cell number density) in a 1 L Pyrex 

bottle.  A culture volume of 500 ml is ideal.  Cultures should be at least 3 hr into 

the photoperiod when analyzed to ensure complete activation of the photosystem. 

2. Submerge a fritted tube into the cell culture and aerate at 500 ml / min and 

maintain aeration throughout the analysis. 

3. Calibrate the YSI model 58 dissolved oxygen (D.O.) meter and model 5750 D.O. 

electrode.   

a) Put at least 2 cm of water in the bottom of the calibration flask. 

b) Place the YSI D.O. oxygen electrode into the tapered port of calibration flask. 

c) Allow the electrode to equilibrate in the calibration flask and set the D.O. 

concentration to 100%.    

4. Place the D.O. measurement cell on VWR model 310 stir plate.   

5. Turn on the water circulation bath connected with the jacket of the D.O. cell and 

set the temperature to 22 
o
C. 

6. Connect YSI model 58 D.O. meter to a computer data acquisition system.  

7. To interface the data acquisition software to the probe: 
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a) Start computer and at the DOS prompt type “win” and hit enter to start 

Windows. 

b) Double click the LabTech Notebook icon.  

c) Select “STARTUP” and hit enter. 

d) Select “ICONVIEW” and hit enter. 

e) Click the “Save/Recall” button in the upper left hand corner of the screen. 

f) Select “RECALL” and hit enter. 

g) At the “Enter name of setup conditions to recall” enter FXCELL. 

h) Hit the escape key. 

i) Double click the DO\Test1.xls file cabinet icon. 

j) Select “Data File Name”, type DO\(the name of the baseline experiment).xls. 

k) Hit the escape key. 

l) When ready to start the experiment click the “RUN” button in the upper right 

hand corner of the screen. 

8. Turn on the two adjustable horizontally-mounted 75 W fluorescent lamps 

positioned on the opposite sides of the D.O. cell.  Adjust the light intensity from 

the lamps by adjusting the variac. 

9. Add 60 mL of aerated Harrisons ASM + Guillards f2 Enrichment medium and a 

2.5 cm magnetic stir bar into the cell. 

10. Set the stir plate at scale 6 or at a rate of at least 6.5 rev•s
-1

 (stir bar tip speed of 52 

cm•s
-1

) to provide sufficient fluid convection over the surface of the D.O. 

electrode. 

11. Insert the calibrated D.O. electrode in the electrode port.  The medium should 

overflow during the electrode insertion to ensure no headspace or bubbles within 

D.O. cell.  The  D.O. concentration vs. time in Harrisons ASM + Guillards f2 

Enrichment medium without biomass is the baseline.  

12. Decant the medium after each measurement. Re-aerate the used medium and 

repeat the baseline measurement.  

13. Use a volumetric culture pipette to transfer the culture from the culture flask to 

the D.O. electrode port. 
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14. Repeat step 9 to 13 using the cell culture for the photosynthetic oxygen evolution 

rate P0 making duplicate runs at each mean light intensity, Im, approximately 25, 

50, 125, 250, 500, 1000 and 2000 µE m
-2

 sec
-2

 being sure to go from lowest to 

highest light intensity. 

15. After completing the P0 measurements, turn off the lights of the two-sided 

illumination stage and of the room and cover the aerated cell culture bottle with 

foil for at least 30 minutes. 

16. Perform the oxygen respiration rate, Q0  measurements, in the same manner as 

the P0 measurements except without illumination and with the D.O. cell wrapped 

in foil.  

 

P0 vs I0 curve data analysis: 

 

1. Measure the incident light intensity in units of mmol photons m
-2

 s
-1

 with a LI-COR 

190SA PAR quantum sensor  at selected light intensities.  

2. The D.O. cell is assumed to be a plane illuminated on two sides.  63% of the 

incident light to the D.O. cell reaches the interior chamber due to distance and 

light attenuation effects.  The mean light intensity, Im, is calculated by 

 
 

 

 

 Where kc (cm
2 

cells
-1

) is the light attenuation constant, Cx is the cell density (cells 

cm
-3

) , L is width of the D.O. cell (cm), I0 is for the incident illumination (µE m
-2

 

sec
-2

), 2 is for two sides of illumination and 0.63 is for the 63% of light reaching 

the inner chamber.  The light attenuation parameter kc is found using the light 

attenuation determination protocol. 

3. Determine the cell number and dry cell mass at the end of the P0 vs I0 curve 

measurement using the appropriate protocols. 
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4. Determine the %O2 evolution rate by plotting the dissolved %O2 versus time and 

fitting a least squares regression to the linear portion of the data.  The slope is mO2 

(%O2 hr
-1

). 

5. The specific O2 evolution (mmol O2 (gram dry cell weight, gDCW)
-1

 hr
-1

) is  

 

 

 

 

 where Co2,sat is the concentration of O2 at 100% saturation at the given temperature  

(mmol O2 L
-1 

), and XDW is the dry cell mass density of the culture (gDCW L
-1

).   

6. Plot Im on the x-axis and PO2,specific on the y-axis.  Use a least squares regression to 

fit the data to the photosynthetic rate equations, where MM and exp represent the 

Michaelis-Menten and exponential models.     
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Ti(OH)4 Solution Preparation 

Adapted from Li, et. al, Patent number CN 1814550, Date: 20060809, Method for 

preparing titanium dioxide nanoparticles with controlled crystal structure. 

Updated Jan 10, 2007 

Equipment: 

 Centrifuge 

 Inductively Coupled Plasma Atomic Emission, Varian  

 

Reagents: 

 Titanium oxysulfate, TiO(SO4), 15% solution CAS# 13825-74-6, MW 159.93, 

Sigma # 495379. 

 Sodium hydroxide, solid.  CAS# 1310-73-2, MW 40.00, Mallinckrodt Chemicals 

# 7708-10. 

 Analytical grade HPLC water 

 Hydrochloric acid (HCl) , reagent grade, Sigma# 320331, CAS# 7647-01-0 

 

Procedure: 

1. Prepare a 4M solution of Sodium hydroxide by slowly adding sodium hydroxide 

pellets to HPLC grade water under stirring. 

2. Place a 125 mL Erlenmeyer flask in an ice bath contained inside a 2L beaker.  

3. Place the beaker/flask set-up on a stir plate and place a stir bar in the flask. 

4. Add 10 ml of the TiO(SO4) solution to the flask and stir at moderate speed for 1 

minute. 

5. Add 4M NaOH to the TiO(SO4) solution in a dropwise manner. 

 

4 2 4, 2 42 ( ) ( ) ( )aq aq s aqNaOH TiO SO H O Ti OH Na SO     

Theoretical yield will be 0.0128 moles of both Ti(OH)4 and Na2SO4.  Sodium 

sulfate has a solubility at 0 °C of 47.6 6 g/L. 

6. Add NaOH until the pH is approximately 12 (approximately 25 mL NaOH).  

7. Transfer the flask solution to centrifuge tubes. 

8. Use HPLC water to rinse out the remaining precipitate into the centrifuge tubes.  

Dilute the aliquots in each tube to 40 ml with HPLC water. 

9. Wash the precipitate by repeated centrifugation and decantation 8x with HPLC 

water. 

10. Dry an aliquot (two small spatula scoops) of Ti(OH)4 gel at room temperature. 

11. In a similar set-up as step 2, add 10 mL of 37% HCl. 

12. Add 100 mg of dried aliquot to the HCl. 

http://www.sigmaaldrich.com/catalog/search/SearchResultsPage?Query=13825-74-6&Scope=CASSearch&btnSearch.x=1
http://www.sigmaaldrich.com/catalog/search/SearchResultsPage?Query=7647-01-0&Scope=CASSearch&btnSearch.x=1
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13. Allow to stir 15 min. 

14. Add HPLC water under stirring until the volume reaches 100 mL, allow the 

solution to clarify. 

15. Analyze solution by ICP-ES to determine Ti concentration using the analysis of 

fusion preparations protocol. 

16. Dilute the sample to with HCl and distilled water to yield concentrations of 5 mM 

Ti(OH)4 and 500 mM HCl. 
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Preparation of Ti(OH)4 and Si(OH)4 Perfusion Solutions 

Updated Dec 7, 2008 

Equipment: 

 pH meter 

Reagents: 

 Sodium hydroxide, solid.  CAS# 1310-73-2, MW 40.00, Mallinckrodt Chemicals 

# 7708-10. 

 Titanium hydroxide stock solution prepared by the Ti(OH)4 solution preparation 

protocol. 

 200 mM Si(OH)4 stock solution prepared by the medium preparation protocol. 

 

Procedure: 

1. Prepare a solution of 10M NaOH. 

2. Prepare 100 ml of Ti(OH)4 solution by diluting an aliquot of 5mM Ti(OH)4 stock 

with DDIH2O.  The 100 ml solution should be of the same concentration as the 

desired Ti perfusion solution. 

3. Prepare 100 ml of Si(OH)4 solution by diluting an aliquot of volume VSi,stock 

(Equation 1) of the 200 mM Si(OH)4 stock with DDIH2O to a volume of 100 ml.  

The 100 ml solution should be of the same concentration as the desired Si 

perfusion solution. 

4. Combine 20 ml of the Ti(OH)4 solution with 20 ml of the Si(OH)4 solution in a 

100 ml wide mouth polypropylene bottle. 

5. Submerge the pH probe into the combined solution and add 10M NaOH while 

gently swirling.  Record the volume,VNaOH, of NaOH required to achieve a pH 

value of 7.  

6. Prepare 100 ml of high pH Si perfusion solution by combining VNaOH with VSi,stock 

and diluting to 100 ml with DDIH2O. 

7. Fill a 60 ml syringes with the Ti(OH)4 solution. 

8. Fill a 60 ml syringe with the high pH Si(OH)4 solution.  When both solutions are 

perfused into the reactor, there should be a minimal effect on pH since the feeds 

are designed to yield a neutral solution when combined. 

9. Analyze the solutions for elemental content using the Analysis of Fusion 

Preparations with the Varian 150 ICP protocol.  If the elemental analysis is 

unsatisfactory, start over at Step 2.  If the elemental analysis is satisfactory, 

proceed to step 10. 

10. Place the syringes in the syringe pump and attach to the bioreactor according to 

the perfusion bioreactor operation protocol. 
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Perfusion addition to photobioreactor protocols 

Updated Dec 7, 2008 

Equipment: 

 World Precision Instruments, Aladdin 8000 syringe pump 

 Photobioreactor 

 

Materials 

 

 60 ml Luer lock syringes with a valved Luer lock 1/16” hose connector. 

 1/16” Tygon tubing. 

 

Reagents: 

 Ti(OH)4 perfusion solution 

 Si(OH)4 perfusion solution 

 

Procedure: 

1. Fill two 60 ml Luer lock syringes with Ti(OH)4 and Si(OH)4 perfusion solutions, 

respectively 

2. Place a valved Luer lock 1/16” hose connector on the end of the syringes. 

3. Open the Luer lock valve so that excess air can be expelled from the syringe. E 

4. Expel the excess air. 

5. Adjust the Luer lock valve to the closed position. 

6. Secure the syringes to the syringe pump. 

7. Connect the syringe solutions to the photobioreactor with the 1/16” Tygon tubing. 

8. Set the flowrate to 5 ml hr
-1

. 

9. Turn off the syringe pump after the perfusion solutions have filled the Tygon 

tubing but before the solution is added to the cell  suspension. 

10. At time = 0 for the perfusion experiment, turn the syringe pump on. 
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Removal of diatom organics by SDS 

Adapted from: Schmid, Anna-Maria, Shulz, D. (1979). Wall morphogenesis in diatoms: 

deposition of silica by cytoplasmic vesicles.  Protoplasma. 100: 289-301. 

Updated Jan 24, 2007 

Materials: 

 None 

 

Equipment: 

 Centrifuge (International Equipment Company CL30 Benchtop Centrifuge) 

 

Reagents 

 Distilled water 

 SDS (sodium-dodecyl-sulfate, CAS # 151-21-3, FW 288.38, JT Baker #L050-07)  

 EDTA (Ethylenediaminetetraacetic acid  CAS# 60-00-4, FW 292.24, 

Mallinckrodt #4931) 

 Methanol 

 

Procedure: 

1. Prepare a 100 mM solution of EDTA in 5% SDS. 

2. A 500 mL sample is removed from the reactor vessel according to the sampling 

protocol.   

3. The sample is transferred to 50 mL centrifuge tubes and centrifuged for 20 min at 

650 x g. 

4. The pellets are transferred to a single centrifuge tube, diluted to 40 mL with 

DDH2O and vortexed at high speed for 60 seconds. 

5. Repeatedly centrifuge at 2500 x g, wash with distilled water and vortex until 

osmotic shock breaks open the cells (supernatant contains chlorophyll). 

6. Dilute to 35 mL with the SDS solution. 

7. Vortex at high speed for 30 seconds. 

8. Centrifuge for 10 minutes at 2000 x g and remove the supernatant. 

9. Discard the supernatant into the SDS waste container. 

10. Repeat steps 6-10 until supernatant is clear. 

11. Repeat centrifugation and washing steps 3x with DIH2O 

12. Repeat centrifugation and washing steps 3x with MeOH 

13. The frustules can now be prepared for imaging or elemental analysis by following 

the appropriate protocol.   
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Thermal Annealing of biogenic TiO2 Pinnularia sp. Frustules 

Updated Clayton Jeffryes May 7, 2008 

Materials: 

 COORSTEK  crucible, 15 ml, VWR # 89037-992 

 Pinnularia sp. frustules  

 

Equipment: 

 Barnstead/Thermolyne 1300 furnace 

 

Procedure: 

1. Preheat the oven to the desired annealing temperature (720, 800 or 950 °C) 

2. Place 20 mg of  diatom frustules into the crucible. 

3. Place the lidless crucible into the furnace for 60 minutes 

4. Remove the crucible and allow it to cool to room temperature before sealing in a 

5 ml glass bottle. 
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X-ray Diffraction of TiO2 Coated Pinnularia sp. Frustules 

Updated March 12, 2009 

Materials 

 Thermally annealed Pinnularia sp. frustules (coated with TiO2) 

 Low background polycarbonate sample holder 

 Spatula, Kim wipes, weighing papers, USB drive 

 

Equipment 

 Bruker D8 Discover diffractometer with  LynxEye™ - 1-D Compound silicon 

strip high speed detector and Cu Kα radiation source.   

 

Procedure 

1. To turn on the power, engage the green button on the right hand (when facing) 

side of the instrument. 

2. To turn on the high voltage source, turn the black lever on the right hand side of 

the instrument. 

3. Load 10 mg of the thermally annealed frustules into a low background 

polycarbonate sample holder.   

4. Pile the sample into the smallest diameter possible and packed down smooth with 

the flat edge of a spatula. 

5. Place the sample holder into the XRD aligning the sample so that the laser is 

centered in the middle of the sample 

6. Set the angles to φ (phi) = 90°, χ (chi) = 0°, x = 0, y = 0, z = 0. 

7. Set the power to 40 mA, 40 kV. (full power)   

8. For full range scans, set the scan range for 20° 2Θ - 80° 2Θ, “increment” (step 

size) = 0.05 2Θ, and scan rate = 1° 2Θ/min. 

9. For peak targeting scans, set the scan range for 23° 2Θ - 28° 2Θ set, increment = 

0.05 2Θ, and scan rate = 0.1 2Θ/min. 

10. Start the scan. 

11. Save the raw data (.raw format) and open the file with EVA software. 

12.  Using the EVA “Toolbox”, remove background counts by setting the curvature 

level to six, replace the scan, and save the data in the .raw file format 

13. Open the “Raw File Exchange” software package. 

14. Select the source EVA .raw file you want to convert and set the destination file 

path and format as .txt 

15. Delete the .uxd extension from the end of the file name to complete the 

conversion to .txt. 

16. Use Excel to open the .txt document as a space delimited file. 
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17.  

 

Poly-L-lysine adsorption to H2O2 treated frustules 

Updated August 15, 2008 

Materials 

 H2O2 treated Pinnularia sp. frustules 

 1.5 ml Eppendorf microcentrifuge tubes 

 

Equipment 

 Spectrophotometer  

 Centrifuge 

 Eppendorf microfuge (model #) 

 Quartz cuvette (1 cm path length) 

 

Reagents 

 Poly-L-lysine HBr (Fluka BioChemica, Sigma # 81339,CAS #25988-63-0, ) 70-

150 kDa 

 Monosodium phosphate monohydrate, NaH2PO4·H2O, 137.99 g/mol 

 Disodium phosphate heptahydrate, Na2HPO4·7H2O, 268.07 g/mol 

 Sodium chloride, NaCl, 58.44 g/mol 

 

Procedure 

Buffer Preparation 

1. Combine 0.7592 g monosodium phosphate monohydrate, 25.3259 g disodium 

phosphate heptahydrate, and 8.766 g sodium chloride in a 1 L volumetric flask 

(0.1 mM NaCl). 

2. Fill the volumetric flask with deionized water up to the mark and dissolve. 

3. Autoclave a 1 L Kimax glass bottle at 121 °C for 10 minutes 

4. Filter the phosphate buffer solution into the sterile bottle with the Nalgene 

Supor® mach V bottle top filter in the laminar flow hood using aseptic technique.  

Resulting pH= 7.9. 

 

Frustule Preparation 

1. Wash 10 ml of H2O2 treated Pinnularia sp. frustules four times (5.4 mg frustules 

ml
-1

) in PBS buffer by centrifugation  

2. Remove two aliquots of 1 ml and wash 4x with distilled water by centrifugation 

(5 min, 200 x g) and decantation in the Eppendort Microfuge. 
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3. Dry frustule aliquots at 80 °C overnight to determine the mass density of the 

suspension by using the dry cell mass density determination protocol. 

 

 

PLL Solution Preparation and Calibration Curve 

1. Weigh 10 mg of PLL to the an accuracy of 0.1 mg  

2. Suspend the PLL in 5 ml of PBS buffer 

3. Prepare solutions of 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06 mg PLL ml
-1 

in 

duplicate. 

4. Measure the absorbance of the PLL solutions at 207 nm with the Shimadzu 

spectrophotometer using PBS buffer as a blank. 

5. Use a least squares linear regression with the intercept set to zero to determine the 

slope of the calibration curve (14.85 mg PLL ml
-1

 abs207
-1

) 

 

PLL-frustule adsorption 

1. Using the prepared stock solutions prepare in quintuplet in an Eppendorf 

microcentrifuge tube a 1 ml reaction volume of conditions replicating the 

experimental conditions of 2.67 mg ml
-1

 frustules and 0.33 mg ml
-1

 PLL by 

adding 494 µl, 167 µl and 339 µl of frustule solution, PLL solution and PBS 

buffer respectively. 

2. Using the prepared stock solutions prepare in quintuplet in an Eppendorf 

microcentrifuge tube a 1 ml reaction volume of conditions replicating the 

experimental PLL concentration of 0.33 mg ml
-1

 PLL by adding 167 µl and 833 

µl of PLL solution and PBS buffer respectively. 

3. Rotate the microfuge tubes on a Lab Quake rotisserie at 8.1 rpm for 15 h at room 

temperature. 

4. Centrifuge for 15 minutes at 200 x g, remove 0.6 ml of the supernatant and dilute 

the removed supernatant to 3.0 ml with PBS buffer 

5. Measure the absorbance of all diluted supernatants to determine the PLL 

concentration 

6. Determine the concentration ± 1 S.D. of PLL in the frustule, Cf+, and frustule free, 

Cf-, solutions from the calibration curve. 

7. Use the formula (Cf-  - Cf+)/(mass frustules per reaction tube) to determine the 

amount of PLL that absorbs per mass of frustules. 
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Poly-L-lysine precipitation of Ti[BALDH] 

Updated April 9, 2008 

Materials: 

 Nalgene Supor® mach V bottle top filter, 50 mm diameter membrane, 0.2 µm 

pore size 

 H2O2 treated Pinnularia sp. frustules 

 

Equipment: 

 Rotisserie (Lab Quake) 

 Centrifuge 

 

Reagents: 

 Poly-L-lysine HBr (Fluka BioChemica, Sigma # 81339,CAS #25988-63-0, ) 70-

150 kDa 

 Poly-L-lysine FITC labeled, Sigma # P3543, mol wt 15,000-30,000, 0.003-

0.01 FITC per mol lysine monomer 

 Monosodium phosphate monohydrate, NaH2PO4·H2O, 137.99 g/mol 

 Disodium phosphate heptahydrate, Na2HPO4·7H2O, 268.07 g/mol 

 Sodium chloride, NaCl, 58.44 g/mol 

 Titanium(IV) bis(ammonium lactate)dihydroxide solution, Alfa Aesar, 50% w/w 

aqueous solution, Aldrich # 388165 (CAS# 65104-06-5), 294 g/mol, density = 

1.21 g/ml 

 

Procedure: 

Buffer: 

1. Combine 0.7592 g monosodium phosphate monohydrate, 25.3259 g disodium 

phosphate heptahydrate, and 8.766 g sodium chloride in a 1 L volumetric flask 

(0.1 mM NaCl). 

2. Fill the volumetric clask with deionized water up to the mark and dissolve. 

3. Autoclave a 1 L Kimax glass bottle at 121 °C for 10 minutes 

4. Filter the phosphate buffer solution into the sterile bottle with the Nalgene 

Supor® mach V bottle top filter in the laminar flow hood using aseptic technique.  

Resulting pH= 7.9. 

 

Frustule preparation: 

 

1. Suspend 80 mg diatom frustules in 30 ml PBS buffer 

2. Wash four times (2.7 mg frustules/mL) in PBS buffer by centrifugation (10 min at 

800 x g), decantation and resuspension. 
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3. Add 8.0 mg PLL to frustule PBS solution. 

4. Let rotate on Lab Quake rotisserie at 8.1 rpm for 15 h at room temperature. 

5. Centrifuge for 15 minutes at 200 x g, remove supernatant and resuspend in 30 ml 

of fresh PBS buffer.  Repeat 4x. 

6. Resuspend frustules to 30 mL volume in PBS buffer and add 0.125 ml of 50 wt % 

Ti[BALDH] (solution as received), final concentration of 17 mmol Ti[BALDH] / 

L. 

7. Let rotate on rotisserie for 90 min at room temperature 

8. Wash 9x with DiH2O by centrifuging at 200 x g and resuspending in DIH2O.   

9. To add a second layer of Ti, the process is repeated from step 1. 
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Epi-fluorescent imaging of PLL-adsorbed diatom frustules 

Procedure by Clayton Jeffryes (May 7, 2008) 

Unique Materials 

 GFP longpass filter (excitation 470 nm, emission 525nm) 

 Fluorodish. World Precision Instruments Cat # FD35, 35 mm diameter, 0.17 mm 

glass bottom. 

 Circular micro cover glass. 18 mm diameter, VWR # 48380-046 

 Bottle-top filters, sterile, cellulose acetate 0.20 micron pore size, neck size 45 mm, 

150 ml capacity.  VWR #28199-300. 

 Bott-Top Filters, Sterile, Cellulose Acetate 0.20 micron, neck size: 45 mm, 150 

mL capacity 

 

Specialized Equipment 

 Leica DMIL inverted microscope with fluorescence source (look up) and Image  

Ready 5.0 software. 

 Fluorescence source LEP Ltd. 50W power supply # 94002, Bartles & Stout # 

BHB050W/L1 bulb 

 Tweezers 

 

Reagents 

 Poly-L-lysine HBr (Fluka BioChemica, Sigma # 81339,CAS #25988-63-0, ) 70-

150 kDa 

 Poly-L-lysine FITC labeled, Sigma # P3543, mol wt 15,000-30,000, 0.003-

0.01 FITC per mol lysine monomer 

 Monosodium phosphate monohydrate, NaH2PO4·H2O, 137.99 g/mol 

 Disodium phosphate heptahydrate, Na2HPO4·7H2O, 268.07 g/mol 

 Sodium chloride, NaCl, 58.44 g/mol 

 

Procedure 

1. Combine 0.7592 g monosodium phosphate monohydrate, 25.3259 g disodium 

phosphate heptahydrate, and 8.766 g sodium chloride in a 1 L volumetric flask (0.1 

M NaCl). 

2. Fill the volumetric clask with deionized water up to the mark and dissolve. 

3. Autoclave a 1 L Kimax glass bottle at 121 °C for 10 minutes 

4. Filter the phosphate buffer solution into the sterile bottle with the Nalgene Supor® 

mach V bottle top filter in the laminar flow hood using aseptic technique.  

Resulting pH= 7.9. 

5. Suspend 80 mg diatom frustules in the PBS buffer 
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6. Wash four times (2.7 mg frustules/mL) in PBS buffer by centrifugation and 

suspension. 

7. Remove PLL-FITC and PLL bottles from the freezer and allow the reagents to 

equilibrate with room temperature before opening. 

8. Use tweezers to remove the PLL-FITC and PLL from the bottles for weighing. 

9. Add 2.0 mg PLL-FITC and 8.0 mg PLL to frustule PBS solution. 

10. Blow dry argon into the PLL-FITC and PLL bottles then seal and place back into 

the freezer. 

11. Let rotate on Lab Quake rotisserie at 8.1 rpm for 15 h at room temperature. 

12. Centrifuge for 15 minutes at 200 x g, remove supernatant and resuspend in 30 ml 

of fresh PBS buffer.  Repeat 4x. 

13. Turn on the microscope fluorescence source and allow it to warm up for 1 h. Make 

sure the fluorescent light source levers are in the “up” position. 

14. Open the Image Pro Plus software in basic mode the video/digital capture menu 

and open the image preview.  Set the image integration time to 15 sec.   

15. Remove 50 µl of the frustule slurry and dilute in 20 mL of DDH2O, mix by 

inversions. 

16. Place immersion oil on the 100x objective and place the fluorodish into the 

microscope stage making contact with the immersion oil. 

17. Remove 20 µl from the dilute frustule slurry and place one drop in the middle of 

the fluorodish.  Cover the drop with the micro cover glass. 

18. Turn on the bright field light source with the rheostat power turned all the way 

down. 

19. Turn up the rheostat until the a focused image can be seen. 

20. Darken the room and use the eyepiece to look for and focus on a frustule.   

21. Engage the fluorescence source by turning the fluorescence levers to the “down” 

position and turn off the bright field light source. 

22. Focus the image, divert the image from the eyepiece to the Image Ready software, 

move the cursor in the software over the “snap” command, turn off the monitor 

and click the “snap” command.   

23. Wait for the red light on the camera to go off. 

24. Turn on the monitor and save the image.     
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Diatom Nitrate LDM Medium Preparation 

Seawater: 

1. Receive seawater from the National Oceanic and Atmospheric Administration 

(NOAA, Newport, OR, USA).  Store and transport in a 55 gallon polyethylene 

Russel Stanley West Inc. Poly Drum (Pat # 4022345).   

2. Using a peristaltic pump (Cole-Parmer model # 50000-079, serial # FK3114, 45 

W, 10.6 gpm) filter seawater through 5μm nylon fiber Omnifilter Whole House 

Filter Cartridge. 

 

Silicon Stock: 

1. Add 21.23 g Na2SiO3*5H2O (sodium metasilicate) to 500 mL volumetric flask 

and fill to the mark with Distilled Deionized H2O.  This makes a 200 mM 

solution. 

2. Autoclave for 30 min at 123 °C and 23 psig in a polycarbonate bottle. 

PIV Metal Solution: 

1. Add the following to a 500 ml volumetric flask and fill to the mark with Distilled 

Deionized water. 

a) 0.375 g Na2EDTA  

b) 50 mg Fe(SO4)*7H2O 

c) 20.5 mg MnCL2*4H2O 

d) 2.5 mg ZnCl2 

e) 1 mg CoCl2*6H2O 

f)  2 mg Na2MoO4*H2O.   

ESS-IO Vitamin Stock: 

1. Place the following in a 500 ml volumetric flask and fill to the mark with Distilled 

Deionized H2O 

a) 0.0050 g B12, 0.0050 g biotin 

b) 0.5000 g thiamin HCl 

c) 5.000 g meso-inositol 

d) 0.5000 g thymine 

e) 0.5000 g Ca pantothenate 

f) 0.0500 g p-amonobenzoic acid 

g) 0.5 g nicotinic acid 

2. After mixing, freeze 10 mL aliquots within 15 ml centrifuge tubes and store at -4 

°C. 
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Bristol Nitrate Salt Solution: 

1. Salt 1: Add the following to a 250 mL volumetric flask and fill to the mark with 

Distilled, Deionized H2O. 

a) 1.875 g MgSO4 

b) 2.457 g K2HPO4 

c) 4.375 g KH2PO4  

2. Salt 2: 67.84 g NaNO3 to a 1L volumetric flask and fill to the mark with Distilled 

Deionized H2O. 

3. Add 20 mL of Salt 1 and 100 mL of Salt 2 to a 2 L volumetric flask and fill to the 

mark with Distilled Deionized H2O. 

4. Autoclave the solution for 30 minutes at 123 ºC and 23 psig, and allow to cool. 

 

Medium Preparation: 

1. To each liter of filtered seawater add the following 

a) 2 mL ESS-IO Vitamin Stock 

b) 6 mL PIV Metal Solution 

c) 112 mL Bristol Nitrate Salt Solution 

d) 3 mL 200 mM silicon stock solution
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Composition of Diatom Nitrade LDM 2.0 cell culture medium. 

 
Diatom Nitrate LDM 2.0

Chemical Name Chemical Molec. Medium Superstock Concentration Stock Concentration Medium Concentration

Formula Weight Component [a] mL super mL stock / mL Stock /

(g/gmole) mg solute Liters (mg/L) strock/ (mg/L) L seawater mL medium (mg/L) (mmol/L)

DI H2O mL stock

Bristol Nitrate Salt Solution 150.0

Sodium nitrate NaNO3 85.0 Macronutrient 33920 0.50 67840 0.05 3392.0 1.29E-01 436.74 5138.10

Magnesium sulfate monohydrate MgSO4 * H2O 138.4 Macronutrient 1125 0.15 7500 0.01 75.0 1.29E-01 9.66 69.77

Dibasic potasium phosphate trihydrate K2HPO4*3H2O 228.2 Macronutrient 1447 0.15 9647 0.01 96.5 1.29E-01 12.42 54.43

Monobasic potasium phosphate KH2PO4 136.1 Macronutrient 2625 0.15 17500 0.01 175.0 1.29E-01 22.53 165.56

Silicon Stock Solution 3.0

Sodium metasilicate pentahydrate Na2SiO3*5H2O 212.1 Macronutrient 8490 0.20 42450 1.00 42450.0 2.58E-03 109.31 515.48

PIV Metal Solution 0.50 10.0

Sodium EDTA Na2EDTA 372.3 Micronutrient 375.0 750.0 1.00 750.0 8.58E-03 6.44 17.29

Iron Sulphate heptahydrate Fe(SO4)*7H2O 277.9 Micronutrient 50.0 100.0 1.00 100.0 8.58E-03 0.86 3.09

Manganese chloride tetrahydradrate MnCl2 * 4H2O 197.8 Micronutrient 20.5 41.0 1.00 41.0 8.58E-03 0.35 1.78

Zinc chloride ZnCl2 136.3 Micronutrient 2.5 5.0 1.00 5.0 8.58E-03 0.04 0.31

Cobalt chloride hexahydrate CoCl2*6H2O 237.8 Micronutrient 1.0 2.0 1.00 2.0 8.58E-03 0.02 0.07

Sodium Molybdate monohydrate (NH)4Mo7O24*4H2O 1235.9 Micronutrient 1.4 2.8 1.00 2.8 8.58E-03 0.02 0.14

ESS-IO Nutrient Stock 0.50 2.0

Vitamin B12 1355.4 Micronutrient 5 10.0 1.00 10.0 1.72E-03 0.02 0.01

Biotin C10H16N2O3S 244.3 Micronutrient 5 10.0 1.00 10.0 1.72E-03 0.02 0.07

Thiamine HCl C12H17ClN4O5HCl 337.3 Micronutrient 500 1000.0 1.00 1000.0 1.72E-03 1.72 5.09

Meso-Inositol C6H12O6 180.2 Micronutrient 5000 10000.0 1.00 10000.0 1.72E-03 17.17 95.27

Thymine C5H6N2O2 126.1 Micronutrient 500 1000.0 1.00 1000.0 1.72E-03 1.72 13.61

Ca pantothenate C9H16NO5Ca0.5 238.3 Micronutrient 500 1000.0 1.00 1000.0 1.72E-03 1.72 7.20

P-aminobenzoic acid C7H7NO2 137.1 Micronutrient 50 100.0 1.00 100.0 1.72E-03 0.17 1.25

Nicotinic acid C6H5NO2 123.1 Micronutrient 500 1000.0 1.00 1000.0 1.72E-03 1.72 13.95
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Preparation of Harrison’s ASM + Guillards f/2 enrichment V.2 

Updated 12/1/08 

Stock Solution 1: Salt Solution I: 

1. Measure out the following masses of components and add to 2 L volumetric flask.  

Record the lot number, expiration date, and actual mass added. 

a) 287.927 g Sodium Chloride (NaCl) 

b) 48.237 g Sodium Sulfate (Na2SO4)  

c) 8.1392 g Potassium Chloride (KCl)  

d) 2.3642 g Sodium bicarbonate (NaHCO3) 

e) 1.1726 g Potassium Bromide (KBr)  

f) 0.3126 g Boric Acid (H3BO3) 

g) 0.0381 g Sodium Fluoride (NaF)  

2. Fill with DI to the 2 L mark 

3. Mix with a stir bar until all salts have dissolved. 

4. Pour into a glass bottle. 

5. Label “ASM + f/2 Stock Solution 1” 

 

Stock Solution 2: Salt Solution II: 

1. Measure out the following masses of components and add to 1 L volumetric flask.  

Record the lot number, expiration date, and actual mass added. 

a) 182.469 g Magnesium Chloride Tetrahydrate (MgCl2 6H2O)  

b) 25.5674 g Calcium Chloride Di hydrate (CaCl2 2H2O)  

c) 0.4145 g Strontium Chloride Hexahydrate (SrCl2 6H2O)  

2. Fill with DI to the 1 L mark 

3. Mix with a stir bar until all salts have dissolved. 

4. Pour into a glass bottle. 

5. Label “ASM + f/2 Stock Solution 2” 

 

Stock Solution 3: Harrison‟s (Major Nutrient I + Major Nutrient II) + Guillard (f/2 medium):  

1. Measure out the following masses of components and add to 1 L volumetric flask.  

Record the lot number, expiration date, and actual mass added. 

a) 45.213 g Sodium Nitrate (NaNO3)  

b) 3.334 g Sodium Phosphate Monobasic (NaH2PO4 H2O)  

2.    Fill with DI to the 1 L mark 

3.    Mix with a stir bar until all salts have dissolved. 

4.    Pour into a glass bottle. 

5.    Label “ASM + f/2 Stock Solution 3” 

 

Stock Solution 4: Silica (Sodium Metasilicate): 

1. Measure out the following masses of components and add to 1 L volumetric flask.  

Record the lot number, expiration date, and actual mass added. 
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a) 25.8378 g Sodium Metasilicate (Na2SiO3 9H2O)  

2. Fill with DI to the 1 L mark 

3. Mix with a stir bar until all salts have dissolved. 

4. Pour into a glass bottle. 

5. Label “ASM + f/2 Stock Solution 4, Sodium Metasilicate” 

6. Autoclave for 30 min at 123 ºC and 23 psig. 

 

Stock Solution 5: Harrison‟s, Equivalent to (Metal Stock I + Metal Stock II) + f/2 trace 

metals: 

Superstock V.1: 

 

1. Measure out the following masses of components and add to 1 L volumetric flask.  

Record the lot number, expiration date, and actual mass added. 

a) 1.7370 g Sodium Molybdate (Na2MoO4 2H2O)  

b) 0.0329 g Sodium Selenite (Na2SeO3)  

c) 0.2842 g Nickel Chloride Hexahydrate (NiCl2 6H2O)  

d) 9.4895 g Zinc Sulfate Heptahydrate (ZnSO4 7H2O)  

e) 2.2621 g Copper Sulfate Pentahydrate (CuSO4 5 H2O)  

f) 1.3886 g Cobalt Sulfate Heptahydrate (CoSO4 7 H2O) 

2. Fill with DI to the 1 L mark 

3. Mix with a stir bar until all salts have dissolved. 

4. Pour “Superstock V.1” into capped glass bottle  

5. Label “Superstock V.1”. 

 

Superstock V.2: 

1. Measure out the following components in a 1 L volumetric flask.  Record the lot 

number, expiration date, and actual mass added. 

a) 10 mL Superstock V.1 

2. Fill with DI to the 1 L mark. 

3. Pour “Stock V.2” into a capped glass bottle.  

4. Label “Stock V.2”. 

 

Stock Solution 5 Preparation: 

1. Measure out the following masses of components and add to 1 L volumetric flask.  

Record the lot number, expiration date, and actual mass added. 

a) 0.1062 g Iron(III) Chloride Hexahydrate (FeCl3 6H2O)  

b) 0.1550 g Ethylenedinitrol tetraacetic Acid Disodium Salt (C10H14O8N2Na2 2H2O)  

c) 0.0103 g Manganese (II) sulfate tetrahydrate 

d) 10 mL of “2.0 Stock V” 

2. Fill with DI to the 1 L mark 

3. Mix with a stir bar until all salts have dissolved. 

4. Pour “Superstock V” into capped glass bottle  

5. Label “stock solution V”. 
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Complete Medium, Harrison‟s Artificial Seawater Medium + Guillard‟s f/2 enrichment: 

1. Add the following components. 

a) 140 mL Stock 1 

b) 50 mL Stock 2 

c) 10 mL Stock 3 

d) 50 mL Stock 5 

2. Dilute to 1 L with Distilled Deionized Watar (810 mL) 

3. Autoclave for 30 min at 123 ºC and 23 psig 

4. Allow to cool 

5. Aseptically add 5.5 mL Stock 4 
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Composition of Harrison‟s ASM + Guillards f/2 enrichment V.2 cell culture medium.  

Artificial Seawater Medium (Harrison's) + f/2 enrichment (Guillard)

superstock (L) V.1 (L) V.2 Vol.

g in super g in sttock per per (L) final conc.

Stock 1 stock / L stock / L (L) V.2 Stock 5 (mol/L

Salt Solution I 0.1400

Sodium Chloride NaCl 58.04 143.9635 2.480E+00 3.473E-01

Sodium Sulfate Na2SO4 142.04 24.1185 1.698E-01 2.377E-02

Potassium Chloride KCl 74.15 4.0696 5.488E-02 7.684E-03

Sodium bicarbonate NaHCO3 83.999 1.1821 1.407E-02 1.970E-03

Potassium Bromide KBr 119 0.5863 4.927E-03 6.898E-04

Boric Acid H3BO3 61.835 0.1563 2.528E-03 3.539E-04

Sodium Fluoride NaF 41.99 0.01905 4.537E-04 6.352E-05

Stock 2

Salt Solution II 0.0500

Magnesium Chlrodide Tetrahydrate MgCl2 6H2O 202.496 182.469 9.011E-01 4.505E-02

Calcium Chloride Di hydrate CaCl2 2H2O 146.212 25.5674 1.749E-01 8.743E-03

Strontium Chloride Hexahydrate SrCl2 6H2O 265.816 0.4145 1.559E-03 7.797E-05

Stock 3

Harrison's (Major Nutrient I + Major Nutrient II) + f/2 (f/2 medium) 0.0100

Sodium Nitrate NaNO3 93.98 45.213 4.811E-01 4.811E-03

Sodium Phosphate Monobasic NaH2PO4 H2O 137.996 3.334 2.416E-02 2.416E-04

Stock 4

Sodium Metasilicate Na2SiO2 9H2O 284.2 56.84 2.000E-01 0.00250 5.000E-04

Stock 5

Harrison's (Metal Stock 1 + Metal Stock II) + f/2 trace metals 5.0000E-02

Iron(III) Chloride Hexahydrate FeCl3 6H2O 269.096 0.1062 3.947E-04 1.973E-05

Ethylenedinitrol tetraacetic Acid Disodium SaltC10H14O8N2Na2 2H2O 354.15 0.1550 4.377E-04 2.188E-05

Manganese(II) Sulphate Tetrahydrate MnSO4 4H2O 223.062 0.0103 4.618E-05 2.309E-06

Superstock V.1 0.010 0.010

Sodium molybdate Na2MoO4 2H2O 241.952 1.7370 7.1791E-03 7.179E-07 3.590E-08

Sodium Selenite Na2SeO3 172.94 0.0329 1.9024E-04 1.902E-08 9.512E-10

Nickel Chloride Hexahydrate NiCl2 6H2O 236.886 0.2842 1.1997E-03 1.200E-07 5.999E-09

Zinc Sulfate Heptahydrate ZnSO4 7H2O 287.562 9.4895 3.3000E-02 3.300E-06 1.650E-07

Copper Sulfate Pentahydrate CuSO4 5H2O 249.69 2.2621 9.0596E-03 9.060E-07 4.530E-08

Cobalt (II) Sulfate Heptahydrate CoSO4 7H2O 281.102 1.3886 4.9398E-03 4.940E-07 2.470E-08

Di stilled Deionized H2O 0.7475

Total volume 1.0000

Stock (L) / 

(L) final
 Conc. (mol/L)Molecular Formula

molecular 

weight

stock Conc. 

(mol/L)



223 
 

 

Culture Maintenance 

Materials: 

 500 mL flasks with foam stoppers 

 Harrison‟s ASM + Guillards f/2 enrichment culture medium 

 20 mL volumetric pipette (sterile) and pipetteman.  

 Sterile laminar flow hood (Edge Gard Hood US pat # 3,318,076) 

 70% ethanol  

 Tissues (Kimberly-Clark Professional Kimwipes EX-L) 

 Nitrile lab gloves (Kimberly-Clark Safeskin powder-free purple nitrile exam gloves) 

 Incubator (Precision Scientific low temperature incubator 815) 

 Graduated cylinder (100 ml) 

Culture and Incubator Conditions: 

 Pinnularia sp. from UTEX algal collection #B679, swirled for five seconds once per 

day. 

 22 °C, 14:10 light/dark cycle, Light intensity of  55 μEm
-2

s
-1

 at the flask exterior, 

illuminated by Feit Electric 9 Watt Compact Fluorescent 2700 °K / PL9, air circulation 

is provided by a cooling fan (120 VAC 60 Hz 22 W impedance protected Radio Shack 

cooling fan No. E89061 cat # 273-241C).   

Subculturing Procedure (repeated every two weeks): 

1. Using the graduated cylinder, add 90 mL of H-ASM+Gf/2 medium to thirteen 500 mL 

Erlenmeyer flasks and cap each flask with a foam stopper.  

2. Autoclave the flasks for 30 minutes at 123 ºC and 23 psig.  Allow the flasks to cool 

overnight. 

3. After the flasks have cooled, while wearing nitrile lab gloves spray 70% ethanol 

solution onto the gloves (while wearing them) and onto the interior surfaces of the 

laminar flow hood. 

4. Rub the gloves together to evaporate the alcohol and wipe laminar flow hood surfaces 

with a large Kimwipe. 

5. Transfer four parent culture flasks, four flasks containing fresh, sterile medium, a sterile 

20 mL volumetric pipette and a Pipetteman to the laminar flow hood. 

6. Combine the cell culture from the four parent flasks into one flask and swirl vigorously. 

7. Using the sterile pipette and Pipetteman and aseptic technique transfer 10 mL of culture 

from the combined parent flask to each of the flasks containing fresh medium. 

8. Place the four new flasks of cell culture in the incubator.   

9. Place the old cell culture flasks in the dish room.  Use 1 mL of bleach to kill the cell 

culture. 

10. Dispose of the pipette. 

11. Repeat Steps 3-9 two more times.  On the final replication (flasks 9-12) use an 

additional 13
th

 flask and place it in the incubator door and label as a “back-up”. 
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Loading Cap Fabricaton 

Equipment: 

 Power Drill with 1/8” and 1/2” drill bits 

Materials: 

 45 mm Pyrex bottle cap 

 ½” Viton gasket 

 (1) SS Swagelok Tube Fitting, Union Tee, 3/8” Tube OD, #SS-600-3 

  (1) SS SS Swagelok Tube Fitting, Bored-Through Reducing Union, 3/8” x ¼” Tube 

OD, #SS-600-6-4BT 

 (2) Stainless Steel Nut for 3/8” Swagelok Tube Fitting. #SS-602-1 

 (5) SS Nut for ¼” Swagelok Tube Fitting, # SS-402-1 

 (1) Stainless Steel Jam Nut for for 3/8” Swagelok Tube Fitting, # SS-602-61 

 (3) SS Hose Connector, ¼” Swagelok Tube Fitting, ¼” Hose ID, # SS-4-HC-1-400 

 (2) Nylone ferrule Set (1 Front Ferrule/1 Back Ferrule) for 3/8” Swagelok Tube Fitting, 

# NY-600-SET 

 (5) Nylon Ferrule Set (1 Front Ferrule/1 Back Ferrule) for ¼” Swagelok Tube Fitting, # 

NY-400-SET 

 316 Stainless Steel Seamless Tubing 1/4" OD, .18" ID, .035" Wall, 6ft, #89785K824 

 Type 316 Stainless Steel Seamless Tubing 3/8" OD, .305" ID, .035" Wall, 6ft length, 

#89785K837 

 0.2 micron air filter 

  

Bottle top loading cap. 

Procedures: 

1. Using the power drill, drill a 1/8” pilot hole through the center of the 45 mm cap. 

2. Using the power drill, drill a ½” hole through the center of the 45 mm cap. 

3. Insert the 3/8” union tee into the cap, place the gasket around the tee stem on the inside of 

the cap and secure the tee to the cap with the jam nut. 

javascript:TargetLink('TR1536','tr','PT15362','89785K837');
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4. Cut a 1” length of 3/8” stainless tube and attach a 3/8” nut to each end and attach to the 

3/8” union tee. 

5. Insert the 3/8” to ¼” bored through reducing union to the 3/8” nut. 

6. Insert an 8” piece of stainless tubing through the reducing union and union tee. 

7. Secure ¼” nuts on the ¼” stainless steel tubing as seen in figure 1. 

8. Attach the stainless steel hose connectors to the ¼” nuts. 

9. Cut a 1” piece of ¼” stainless steel and attach two ¼” nuts to each end.   

10. Attach the 1” length of stainless tube to the side arm of the 3/8” union tee and secure a 

hose connector to the nut. 
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Sampling Cap Fabricaton 

Equipment: 

 Power Drill with 1/8” and 7/16” drill bits 

Materials: 

 45 mm Pyrex bottle cap 

 7/16” Viton gasket 

 18” Tygon tubing (1/8” O.D.) 

 (1) SS Swagelok Tube Fitting, Union Tee, 1/4” Tube OD, #SS-400-3 

  (1) SS SS Swagelok Tube Fitting, Bored-Through Reducing Union, 1/4” x 1/8” Tube 

OD, #SS-400-6-2BT 

  (4) SS Nut for ¼” Swagelok Tube Fitting, # SS-402-1 

 (4) Nylon ferrule set for 1/4” Swagelok tube fitting, # NY-400-SET 

 (2) SS Nut for 1/8” Swagelok Tube Fitting, #SS-202-1 

 (1) Stainless Steel Jam Nut for for 3/8” Swagelok Tube Fitting, # SS-402-61 

  (5) Nylon Ferrule Set (1 Front Ferrule/1 Back Ferrule) for ¼” Swagelok Tube Fitting, # 

NY-200-SET 

 316 Stainless Steel Seamless Tubing 1/4" OD, .18" ID, .035" Wall, 6ft, #89785K824 

 0.2 micron air filter 

 (1) stainless steel hose connector, 1/8” male NPT, 1/8” hose, #SS-2-HC-1-2 

 (1) SS Swagelok tube fitting, female connector, 1/8” tube O.D. x 1/8” female NPT., 

#SS-200-7-2 

 (1) SS Hose Connector, ¼” Swagelok Tube Fitting, ¼” Hose ID, # SS-4-HC-1-400 

   

Bottle top sampling cap 

Procedures: 
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1. Using the power drill, drill a 1/8” pilot hole through the center of the 45 mm cap. 

2. Using the power drill, drill a 7/16” hole through the center of the 45 mm cap. 

3. Insert the 1/8” union tee into the cap, place the gasket around the tee stem on the inside 

of the cap and secure the tee to the cap with the jam nut. 

4. Cut a 1” length of 1/4” stainless tube and attach a 1/4” nut to each end and attach to the 

1/4” union tee. 

5. Insert the 1/4” to 1/8” bored through reducing union to the 1/4” nut. 

6. Secure (2) 1/8” nuts on an 18” length of 1/8” Tygon tubing, one nut on the end, the 

other 4” from the opposite end. 

7. Insert the 4” free end of Tygon tubing through the reducing union and union tee 

8. Attach the female tube connector the nut on the long end of the Tygon tubing and attach 

the 1/8” NPT to hose connector to the female tube connector. 

9. Cut a 1” piece of ¼” stainless steel and attach two ¼” nuts to each end.   

10. Attach the 1” length of stainless tube to the side arm of the 1/4” union tee and secure a 

hose connector to the nut. 
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Bioreactor Sterilization 

Equipment: 

 Autoclave 

 Photobioreactor assembly 

 Photobioreactor cradle 

Procedures: 

Sparge gas hydrator: 

1. Disconnect the 1 L sparge gas hydrator bottle from the photobioreactor and air lines and 

empty the water. 

2. Fill the sparge gas hydrator bottle with 800 mL of reverse osmosis water. 

3. Put the sparge gas hydrator top back on the bottle but do not thread the cap. 

4. Cover all openings with aluminum foil and secure the foil with autoclave tape. 

Photobioreactor: 

1. Disconnect the photobioreactor from the cooling bath. 

2. Disassemble the photobioreactor headplate and base plates from the photobioreactor 

glass. 

3. Thoroughly wash all parts with soap and water. 

4. Rinse thoroughly with reverse osmosis water to remove any soap residues.   

5. Reassemble the photobioreactor and tighten the headplate and base plate into the 

silicone gasket forming an air tight seal. 

6. Attach the desired silicone tubes to the headplate and cover the ends with aluminum foil 

and secure the foil with autoclave tape. 

7. Place the photobioreactor on the photobioreactor cradle and slide the cradle into the 

autoclave. 

8. Autoclave the photobioreactor and the sparge gas hydrator for 30 min at 121 °C and 23 

psig. 

9. Remove the photobioreactor cradle, photobioractor and sparge gas hydrator from the 

autoclave and allow to cool overnight. 

10. Connect the inlet gas line to the sparge gas hydrator and connect the sparge gas 

hydrator to the photobioreactor. 

11. Turn on the inlet gas and allow it to run for 12 hours before adding medium. 

12. Attach the photobioreactor to the cooling bath. 

13. Turn on the cooling bath and the photobioreactor lights.   

14. Check the assembly for leaks and nonfunctioning light bulbs and fix any problems. 
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Bioreactor Loading 

Materials: 

 Sterile Photobioreactor 

 5 L Pyrex bottle with “loading cap” and 3/8” O.D. ¼” I.D. silicone tubing. 

 Sterile bottle top filter, cellulose acetate, 0.20 micron, 45 mm neck, VWR #28199-300.  

Equipment: 

 Autoclave 

 Vacuum line 

 Laminar flow hood (Edge Gard Hood US pat # 3,318,076) 

Procedures: 

1. Loosely place a cap on a 5 L Pyrex bottle  

2. Prepare a loading cap with enough silicone tubing attached to the inside of the cap to 

reach the bottom of the bottle and the outside of the cap to reach the loading port on the 

top of the photobioreactor. Place aluminum foil secured with autoclave tape over the 

tube connected to the top side of the cap.  Completely wrap the loading cap and tube 

assembly in aluminum foil and secure the foil with autoclave tape. 

3. Autoclave the bottle and loading cap assembly for 20 minutes at 123 °C, 23 psig. 

4. Place the autoclaved bottle and loading cap assembly in the laminar flow hood to cool. 

5. After cool, place a sterile bottle top filter on the bottle and attach the assembly to a 

vacuum line. 

6. Filter 4.0 L of Harrison‟s ASM + Guillards f/2 enrichment medium through the bottle 

top filter into the bottle. 

7. Remove the sterile filter. 

8. Open the foil containing the loading cap assembly and tighten the loading cap assembly 

onto the neck of the 5 L Pyrex bottle. 

9.  Attach the top tube of the loading cap to the loading port of the photobioreactor. 

10. Attach the loading cap air inlet port to the air outlet needle valve of the photobioreactor 

fluidics system. 

11. Open the air outlet needle valve ¼ turn and allow the bottle headspace to pressurize, 

forcing the medium from the bottle in the photobioreactor. 

12. When the medium bottle is empty, close the air outlet needle valve and aseptically 

clamp the silicone loading tube. 
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Bioreactor Inoculation  

Materials: 

 Pinnularia sp. cell culture 

 500 mL Pyrex bottle with “loading cap” 

 3/8” O.D. x ¼” I.D. silicone tubing. 

 Sterile 1 mL pipette tips and 1 mL pipette. 

 Z2 Beckman Coulter Counter cuvettes 

 Sterile 500 mL graduated cylinder 

Equipment: 

 Autoclave 

 Z2 Beckman Coulter Counter 

Procedures: 

1. Loosely attach a “loading cap” to a 500 mL Pyrex bottle making sure the silicone 

tubing on the inside of the loading cap reaches the bottom of the bottle and the silicone 

tubing on the top of the loading cap reaches the loading port of the photobioreactor.   

2. Cover all openings with aluminum foil and secure the foil with autoclave tape. 

3. Autoclave the bottle/loading cap assembly for 30 min. at 121 °C, 23 psig. 

4. Sanitize gloves and the laminar flow hood, remove four inoculum flasks from the 

incubator and place in the laminar flow hood according to the culture maintenance 

subculturing protocol. 

5. Combine the cell culture from four flasks into one flask and mix thoroughly by 

swirling. 

6. Remove 200 µL of culture with the sterile pipette and place the aliquot in a Coulter 

Counter cuvette and add 20 mL of diluents.  Determine the cell number density 

according to the cell number density determination protocol.  Repeat for a duplicate 

measurement. 

7. Determine the volume of inoculum cell culture required to give the desired initial cell 

number density, e.g. 4 x 10
4
 cells/mL using the formula: 

 

 
 

 

 

 where Vinoculum is the volume of inoculum to be added, Cdesired is the desired final cell 

number density, Vmedium is the medium volume before inoculation and Cinoculum is the 

measured inoculum cell density. 

8. Measure out Vinoculum with the sterile 500 mL graduated cylinder and transfer the culture 

to the inoculation bottle. 
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9. Use the photobioreactor fluidics air outlet needle valve to load the cell culture 

according to the bioreactor loading protocol to transfer the culture into the medium. 
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Bioreactor Sampling 

Materials: 

 125 mL sampling bottle with sampling cap. 

 50 mL centrifuge tube. 

Equipment: 

 Photobioreactor 

Procedures: 

1. Increase the airflow to the photobioreactors to the maximum level for 15 minutes before 

sampling to reduce flocculation and dislodge cell sediment from the reactor bottom. 

2. Loosen the cap on the sampling bottle. 

3. Release the clamp on the sampling port.  Pressure in the headspace of the 

photobioreactor should cause cell culture to flow into the sampling bottle.   

4. Fill the sampling bottle with 30 mL of cell culture and then immediately remove the cap 

and fill 20 mL of cell culture into each of two 50 mL centrifuge tubes. 

5. Analyze the cell culture in the centrifuge tubes according to the cell number density and 

liquid phase metals determination protocols. 
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Diatom self-assembled monolayer on ITO glass 

Clayton Jeffryes (revised Dec 11, 2007) 

Unique Materials 

 ITO glass slides (150-300 angstrom coat, 75 x 25 x 1.1 mm, VWR # 576352) 

 Diatom cell culture (cell density 5·10
6
 cells / ml) 

 

Specialized Equipment 

 Polystyrene Petri dish 

 Drying oven 

 Large Tweezers 

 

Reagents 

 Ethanol (anhydrous) 

 Alconox detergent (1% solution) 

 Methanol 

 1 M NaOH 

 Artificial seawater medium 

 

Procedure 

1. Cut an ITO glass slidee into three 25 x 25 mm coupons. 

2. Wash a glass slide with a 1% solution Alconox detergent and rinse with DDH2O 

3. Rinse the slide 3x with methanol. 

4. Place 1 ml of 1 M NaOH onto the ITO coupon (the NaOH should spread to the 

edges of the glass but not spill off of the face of the coupon) for one minute.   

5. Pipette off the NaOH 

6. Rinse the slide 3x with distilled water 

7. Place slide in a 100 mL beaker and cover with 20 mL of cell culture. 

8. Allow the culture to settle on the coupon for 3 h. 

9. Flame sterilize the large tweezers 

10. Using the tweezers, remove the slide from the beaker and place it into a Petri dish 

containing 50 mL culture medium for 1 min to float the loose cells. 

11. Remove diatom coated slide from the Petri dish and place into a second Petri dish 

containing 50 mL culture medium. 

12. Place the petri dishes in an incubator at 22 °C and 50 µE / m
2
-s light intensity 

13. Periodically add sterile, distilled water to culture to replace evaporated medium. 

14. The slides are removed with sterile tweezers and place into sterile Petri dishes for 

imaging. 
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Spin coating of diatom frustules onto ITO glass 

Clayton Jeffryes (revised Dec 11, 2007) 

Unique Materials 

 ITO glass slides (150-300 angstrom coat, 75 x 25 x 1.1 mm, VWR # 576352) 

 Diatom cell culture  

 

Specialized Equipment 

 Coulter counter 

 Hemacytometer 

 Spin coater (Specialty coating systems, Spincoat G3P-8) 

 glass cutter 

 Centrifuge (International Equipment Company CL30 Benchtop Centrifuge) 

 

Reagents 

 Ethanol (anhydrous) 

 Distilled, deionized water (DDH2O) 

 Methanol 

 Acetone 

 Compressed nitrogen 

 

Procedure 

1. Using the glass cutter, make a 12.5 x 12.5 mm ITO-glass coupon. 

2. Rinse the glass with methanol and dry with compressed nitrogen (3x). 

3. Rinse the glass with acetone and dry with compressed nitrogen (3x). 

4. Using the Coulter Counter take a cell culture density measurement then centrifuge 

(500 x g) and dilute the culture with DDH2O  to prepare 15 ml of cell culture 

having a density of 5·10
6
 cells / ml. 

5. Wash the cells three times with methanol by centrifugation (500 x g) and 

decantation. 

6. Remove the pellet from the centrifuge tube with 1.5 ml of methanol, and place in 

a glass vial. 

7. Use inversions to mix the vial until the diatom-methanol solution is homogeneous 

and use the hemacytometer to verify that the density in the 1.5 ml of methanol is 

5·10
7
 cells / ml. 

8. Place the ITO slide in the spin coater and tape the edgs to the spin platform. 

9. Set the spin coater for a 5 s ramp to 500 rpm, and a spin time of 45 s.   

10. Put 20 µl of well mixed methanol frustule solution in the center of the ITO slide 

and immediately start the spin coater. 

11. Remove the slide after spinning and image by light microscopy. 

12. Add more methanol-diatom solution for more surface coverage. 

 



235 
 

 

 

Oxygen plasma cleaning of diatom frustules 

Unique Materials 

 25 x 25 mm ITO coupon coated with diatom cells 

 Petri dish 

 

Specialized Equipment 

 O2 Plasma Etcher fabricated by Jack Rundel, ONAMI 

 Long tweezers (able to hold a 25 x 25 mm ITO coupon) 

 Alcohol flame (in laminar flow hood) 

 1.000 ml pipette 

 

Reagents 

 Nitrogen gas source 

 Oxygen gas source 

 

Procedure 

1. Use the alcohol flame to flame fix the cells to the glass. 

2. Rinse the diatom-coated ITO coupon with DDH2O by submerging in a Petri dish 

containing 50 ml of DIH2O for 30 seconds. 

3. Remove the ITO coupon with the tweezers and place into a second Petri dish 

containing 50 ml of DIH2O for 30 seconds 

4. Use the pipette to rinse (drop-wise) methanol across the coupon, by holding the 

coupon at an angle and applying the MeOH at the high edge and letting the 

methanol fall off the far edge into a waste container (2 ml MeOH). 

5. Load the sample into the etcher and close the door. 

6. Turn on the O2 plasma etcher by plugging in the vacuum and controller and make 

sure the pressure on the O2 tank is set to 1 psi. 

7. Adjust the pressure to a steady state of 200 mtorr by adjusting the oxygen inlet 

gas flowrate.   

8. Adjust the power setting to “20” and turn on the RF source to ignite the plasma. 

9. Etch the sample for 180 minutes. 

10. When finished, turn off the RF source and the vacuum. 

11. Open the door latch and fill the chamber with N2 by slowly turning on the N2 

source (valve at right) and slowly filling the chamber. 

12. Remove the sample. 
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Appendix B, Photobioreactor Parts and Schematics 
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Bioreactor Facility for the Cultivation of Marine Diatoms 

A bioreactor facility was fabricated in order to produce enough cell culture grown under controlled and 

reproducible conditions for materials analysis.  The bioreactor facility was designed to be capable of gas 

delivery, light delivery, sampling, inoculation, temperature control, off-gas release, temperature 

measurement, and accepting multiple input streams.  The air inlet pressure was designed to be equal to 

all photobioreactors in the facility.  The bioreactors were also designed to be autoclavable, corrosion 

resistant, inexpensive, and easy to operate, clean and assemble.   

The photobioreactor consisted of a 70.5 cm tall, 4.8 mm wall thickness, 10.5 cm I.D. KIMAX (Kimble-

Kontes # 80400-412) glass column compressed between a base plate and a head plate.  The KIMAX 

column allowed a maximum culture volume of 6.1 L and a normal working volume of 4 to 5 L.  A 1/8” 

FDA silicone gasket (Mcmaster-Carr # 86045K14) was used to form a seal between the glass and the 

plates. The compression was  supplied by 3/8” galvanized steel tension bars.  The head plates were 

constructed of 316 stainless steel.   

The base plate assembly consisted of three individual plates.  The bottom plate of the assembly has a 

gas inlet.  The top plate of the base plate assembly is a short cylindrical shell with a groove holding the 

gasket that formed the seal along the bottom of the bioreactor.  The middle (sparge) plate of the base 

plate assembly was  perforated with four 1 mm holes on a 3.6 cm square pitch that allowed gas to flow 

from the bottom plate to the culture medium.  The middle plate was compressed between the upper and 

lower plates by the tension bars and seals between the plates (Viton o-rings, Mcmaster-Carr 

#9464K559). 

The headplate will has a silicone gasket resting on top of the KIMAX column forming another airtight 

seal.  The headplate has eight ports through which all inoculation, sampling and liquid input streams 

enter and exit the bioreactor.  The off-gas, temperature measurement and temperature control were also 

done through the headplate.  Tension bars ran the length of the bioreactor through all four plates and the 

glass column and were compressed by turning nuts on the bottom of the base plate and the top of the 

headplate.   

To control gas inputs and the diurnal light cycle a fluidics and electrical control panel was fabricated.  

The fluidics and electrical control panel metered multiple gas streams, controlled gas flow to a 

pneumatic inoculation vessel, and controlled the power and photoperiod of the lighting system.   

To grow photoautotrophic organisms light must be delivered to the cell culture, so a light delivery 

system was designed.  The light was delivered to the cell culture by six 20 W cool-white fluorescent 
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bulbs evenly spaced around the bioreactor.  The side lights were mounted into an adjustable housing.  

The lighting system gave an incident light intensity of 150 μE m
-2

 sec
-1 

to the cell culture when the side 

lights are adjusted to their most proximal setting to the bioreactor. 

To achieve reproducible results the temperature of the bioreactor must be constant, so a method to 

control the temperature was developed.   The temperature of the cell culture within the bioreactor was 

controlled by a 316 stainless steel internal U-tube heat exchanger with a 9.5 mm O.D., 6.35 mm I.D. 

and 1.09 m length.  Chilling water was circulated through the heat exchanger from a Neslab RTE 211 

chiller.  At normal operating conditions the heat exchanger was capable of maintaining a temperature 

difference of 1 °C of between the cell culture and cooling bath. 

A gas delivery system was developed because photoautotrophic organisms must be supplied with 

inorganic carbon, most conveniently delivered by aeration gas.  The aeration source was compressed 

house air.  The house air passed through a shutoff valve, pressure regulator, air line filter and a 

coalescing filter before flowing into the air ballast.  The air ballast was 50 cm of 2 inch schedule 80 

PVC pipe with solvent welded PVC caps at both ends.  Air from the regulator (set to 5 psig) entered the 

ballast through a ¼” galvanized steel pipe and exit through Swagelok needle valves controlling the flow 

of air to each bioreactor.  The ballast was necessary to ensure that the gas pressure delivered to each 

bioreactor was equal.  The feed gas traveled from the ballast to the bioreactors through ¼” semi-rigid 

nylon tubes. At the fluidics control panel the feed gas connected to a shutoff valve.   

The fluidics control panel was capable of metering and mixing two gasses.  After passing through a 

rotameter the gas flowed through a 0.2 µm filter and bubbled into a 1 L gas hydrator which was filled to 

800 mL with sterile DDH2O.  The hydrated air then flowed into the reactor standpipe, through a check 

valve, into the base plate, and through the sparge plate into the cell culture.   
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Photobioreactor Plates 

 

Bottom Plate 

 

 

 

 
 

Photobioreactor bottom plate 
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Sparge Plate 

 
Photobioreactor sparge plate 
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Gasket Plate 

 

 
 

 

Photobioreactor gasket Plate 
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Head Plate 

 

 

 
 

 

Photobioreactor head plate 
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Unistrut Photobioreactor Structure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Front of the unistrut photobioreactor structure. 

View, no panel

22.00

Structural support 

from 1 ½” x ¾” 

unistrut

38.00in.

2.00

2.875

0.50

2.00

0.50

2.50

0.50

0.50

View with panel included

Each attachment hole in panel made 

with 7/16" bit, held to strut by 2"x3/8" 

bolt, two 7/8" and one 1" washer
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Side view of the unistrut photobioreactor structure. 

Side View

38.00

18.00

12 inch metal strap 

suspended from 

drawer slides.  

Light fixtures 

connected to metal 

strap by eye-bolts 

and 1 inch machine 

screws.  Drawer 

slides connected to 

unistrut by 2" 

corner brackets 

ground at the 

corners to fit the 

holes of the 

unistrut

Structural 

lengths held 

together by 90 

degree metal 

framing fitting, 2" 

and a 1 ¼” and a 

2" bolt with two 

7/8" and one 1" 

washer

12.00

Drawer 

slides

Back view 

of light 

fixtures

Two 2" 

bolts at this 

corner



245 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rear view of the unistrut photobioreactor structure. 

38.00

22.00

9.00

19.00

Cross supports held with 

2" x 3/8 bots, two 7/8" 

washers and one 1" 

washer

18.00

3.00in.

15W light fixtures 

individually attached to 

back strut
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Light housings on unistrut photobioreactor structure. 

 

Light Fixtures (facing bulbs) Light Fixtures (facing back)

24.00

7.25

Frame made from 1 ½” 

angle aluminum with 45 

degree bevels, held 

together by 3 inch corner 

frames attached by 8-32 

x ½” machine screws 

through a 7/32 drilled 

hole and four size #8 

washers

1/8" polycarbonate 

sheet (23 ½” x 6 ¾”) 

forms bed of fixture

Polycarb to 

aluminum, 8-

32 x ½ 

machine 

screws, 7/32” 

drill bit, 2 #8 

washers

Lights to 

polycarb by 

two 1 ¼” x 

¼” bolts 

with 7/8" 

washers, 5/

16 drill bit 

¼” hole in top piece of 

angle aluminum for 

wiring
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Polycarbonate roof of unistrut reactor structure (3/8” polycarbonate). 
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Photobioreactor fluidics control panel (3/16” polycarbonate).  Circles indicate holes. 
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Electric wiring schematic for the photobioreactor lights and timers.  
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Reactor Wiring
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Parts lists 

 

Parts list for populating the photobioreactor headplate and baseplates. 

 

Part PPart Quant Vendor Part # 2005 

Unit 

price,$ 

3/8” tube stainless steel union elbow 2 Swagelok SS-600-9 15.00 

Stainless Reducing Union, 3/8 in. OD - 

1/4 in. OD 

2 Swagelok SS-600-6-4 12.00 

Stainless Bored-Through Bulkhead 

Union, 3/8 in. OD 

2 Swagelok SS-600-

61BT 

21.70 

Stainless Bored-Through Male Connector, 

3/8 in. OD - 1/4 in. MNPT 

2 Swagelok SS-600-1-

4BT 

8.50 

Stainless Bored-Through Male Connector, 

1/4 in. OD - 1/4 in. MNPT 

10 Swagelok SS-400-1-

4BT 

6.10 

Stainless Bored-Through Male Connector, 

1/2 in. OD - 1/2 in. MNPT 

1 Swagelok SS-810-1-

8BT 

13.80 

Stainless Plug, 1/4 in. OD 6 Swagelok SS-400-P 4.20 

Nylon Bulkhead Union, 3/8 in. OD 4 Swagelok NY-600-61  

Nylon Insert for Tubing, 3/8 in. OD - 1/4 

in. ID 

8 Swagelok NY-605-4 0.80 

Stainless Compact Check Valve, 1/4 in. 

Tube Fitting, 1/3 PSIG Spring 

1 Swagelok SS-CHS4-

1/3 

 

Stainless Female Connector, 1/4 in. OD - 

1/8 in. Female NPT 

3 Swagelok SS-400-7-2 7.10 

Stainless Hose Connector, 1/8 in. ID, 1/8 

in. MNPT 

3 Swagelok SS-2-HC-

1-2 

4.70 

Stainless Male Connector, 1/4 in. OD - 

1/4 in. MNPT 

2 Swagelok SS-400-1-4 5.40 

Type 316 Stainless Steel Seamless Tubing 

1/4" OD, .18" ID, .035" Wall, 6ft lengths 

1 Mcmaster 89785K824 18.60 

Type 316 Stainless Steel Seamless Tubing 

3/8" OD, .305" ID, .035" Wall, 6ft length 

1 McMaster 89785K837 24.00 

Flat Washer, Size 3/8 Inch, 18-8 stainless 84 Grainger 4P486 10.54 / 

100 

Hex Nut, Size 3/8-16 Inch,  48 Grainger 4P419 19.50/ 

100 

FDA Silicone Rubber Plain Back, 1/8" 

Thick, 12" X 12", for gaskets 

<1 McMaster 86045K14 20.05 

4” x 1/8” Viton O-Ring 2 McMaster 9464K545 9.88 / 

5 

Continuous Threaded Rod, Thread Size 

3/8 Inch, steel, 6” 

2 Grainger 6NW71 2.63 

javascript:TargetLink('TR1536','tr','PT15362','89785K837');
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Photobioreactor unistrut-structure parts list 

 

Part  Quant Vendor Part # 2005 Unit 

price,$ 

Metal framing strut 30 feet OSU 

Facilities 

 0.74 / ft 

Metal Framing Fitting, 

Dimension 2 Inches, 2 Hole, 90 

Degrees Angle 

16 OSU 

Facilities 

 0.73 

Washer/flat 3/8 zinc 40 OSU 

Facilities 

 0.03 

Bolt, machine 3/8 x 1” 12 OSU 

Facilities 

 0.10 

Bolt, machine 3/8 x 1 ¾ “ 12 OSU 

Facilities 

 0.15 

1 ½ “ x 4ft angle aluminum 4 Robnett‟s  6.99 

Corner brackets (3 inch) 8 Robnett‟s  0.69 

Drawer Slide sets 2 Robnett‟s  8.99 

12 in. Metal strap 8 Robnett‟s  1.99 

Corner brackets (2 inch) 4 Bi-Mart  0.69 

Machine Screws 6-32 x ¾ 20 Bi-Mart  0.89 / 10 

Machine Screws 8-32 x ½  20 Bi-Mart  0.89 / 10 

Machine Screws (8-32?) 1 inch 10 Bi-Mart  0.89 / 10 

Flat washer  (steel) Size #8 100 Bi-Mart  2.19 

Bolts, 1in x 0.25 in + nuts 10 Bi-Mart  0.89 / 10 

Eye bolts 4 Bi-Mart   

Flat Washer, Size 3/8 Inch, 

Inside Diameter 7/16 Inch, OD 1 

Inch 

72 Grainger 4P473 4.64 / 100 

Hex Head Cap Screw, Length 2 

1/4 Inches, 3/8-16 Inch 

36 Grainger 4P145 8.49 / 50 

 

Parts list for the roof structure on top of the photobioreactor unistrut structure. 

 

Part  Quant Vendor Part # 2005 Unit 

price,$ 

3/8” thick polycarbonate  1 Mcmaster 8574K86 199.07 

Corner brackets 2 ½” inch 12 Robbnette‟s   

Aluminum bar, 8‟ length, 

1/8” thickness, 1” width 

1 mcmaster 89755K27 8.16 

Machine 

screws/washers/nuts 

24 Bi-mart   

http://www.mcmaster.com/param/asp/psearch.asp?FAM=plastics&FT_138=117610&FT_130=545&FT_136=1003&FT_133=1574&FT_101=678&FT_205=104623&FT_719=41715&FT_718=41716&FT_1204=46200&FT_137=160020&FT_3522=154417&FT_3523=154410&FT_131=7475&FT_1215=49442,48545&FT_505=201464&FT_1210=57291&FT_518=107861&FT_720=242641&ppe=3&session=desc=Polycarbonate;plastics,101=678,205=104623;138=117610;130=545;136=1003;133=1574;M;I
http://www.mcmaster.com/itm/find.ASP?tab=find&context=psrchDtlLink&fasttrack=False&searchstring=89755K27
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Control panel fluidics parts list. 

 

Part  Quant

. 

Vendor Part # 2005 Unit 

price,$ 

3-way SS valve 1/4” tube, 

panel mount 

3 Swagelok SS-43XS4 84.40 

SS needle valve, ¼ tube 1 Swagelok SS-1VS4 51.00 

SS elbow, ¼” tube 8 Swagelok SS-400-9 12.20 

¼” stainless steel union tee 3 Swagelok SS-400-3 17.30 

Stainless Hose Connector, 

1/4 in. ID, 1/4 in. OD 

15 Swagelok SS-4-HC-1-400 10.50 

Type 316 Stainless Steel 

Seamless Tubing 1/4" OD, 

.18" ID, .035" Wall, 6ft 

lengths 

1 Mcmaster 89785K824 18.60 

Tinted Polycarbonate Sheet 

3/16" Thick, 24" X 48" 

1 McMaster 85805K22 40.93 

 

 

Control panel timer and photobioreactor electrical components parts list.  

 

Part  Qua

nt 

Vendor Part # 2005 

Unit 

price,$ 

Digital Panel Thermometer, Mounting 

Surface or Flush, Range -40 to 300 Degrees 

Fahrenheit 

2 Grainger 5XL18 27.25 

Toggle Switch, Current @ 125 VAC 15 

Amps 

6 Grainger 4X846 3.72 

24 Hour Electromechanical Timer Module 1 Grainger 2A517 39.25 

General Purpose Power Supply Cord, 8 Ft, 

18 Gauge, 3 Conductor, 10 Amp, 120 Volt 

1 Grainger 1FD82 4.74 

Connector,Wire,Pk100, Maximum Wire 

Combination 4, Size 18 AWG 

1 Grainger 6YH3

7 

6.99 

3 AMP fuseholder circuit breaker 1 Newark 

Inone 

75F00

9 

2.44 

Connectors, Terminals, Female Disconnect, 

0.250in (6.35mm) Stud/Tab Size, 22 to 18 

AWG, Red 

20 Newark 

inone 

37C50

59 

22.68/ 

100 

PVC insulation hook-up wire, AWG = 18, 

19 x 30 stranding, 300V, 20 feet, black 

1 Newark 03F20

76 

20.36 

 

http://www.newark.com/NewarkWebCommerce/newark/en_US/endecaSearch/partDetail.jsp?SKU=37C5059&N=4
http://www.newark.com/NewarkWebCommerce/newark/en_US/endecaSearch/partDetail.jsp?SKU=37C5059&N=4
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