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CHAPTER I 

 

INTRODUCTION 

 

Biomineralization 

In Nature, many organisms deposit inorganic minerals via polymerization by 

organic material11.  This biomineralization process occurs across all evolutionary levels, 

from single cells to animals12, and is an inspiration for inorganic material formation in 

vitro.  More than 50% of life’s essential elements are deposited as biominerals13.  There 

are two different types of inorganic biomineralization, biologically induced mineralization 

and biologically controlled mineralization.  One impressive feature of biologically 

controlled mineralization is the exquisite control that these biological systems have over 

a number of size-scales14.  In order to harness this control, many scientists study in vitro 

mimics of the organic facilitators in biological settings of mineralization.  This 

dissertation will focus on the interplay between these organic mediators and the 

resulting inorganic features.  

Biologically synthesized inorganic minerals can provide a variety of functions, 

including structural support and more specialized functionality, such as magnetic 

sensors.  In magnetotactic bacteria, the formation of iron oxide nanoparticles is used as 

an internal compass to navigate and orient themselves using Earth’s magnetic pull15, 16.  

Many yeasts impressively mineralize CdS quantum dots in an effort to sequester toxic 

cadmium13.  Biomineralization is a great source of inspiration for the material scientist 
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due to the mild synthetic conditions, control, and functionality of inorganic materials 

produced in biological systems.   

 

Inorganic Minerals in Biological Systems 

There is a plethora of examples of inorganic material deposition in biology.  

Calcium carbonate is present in the shell of molluscs17, intricate outer plates of some 

phytoplankton known as coccolithophores18 (Figure 1a), and the skeletons of coral19 

(Figure 1b).  In humans, our bones are made up of an inorganic-organic hybrid of 

mostly calcium phosphate (hydroxyapatite) and collagen, which allows bones to 

maintain the rigidity and strength of the inorganic material as well as the flexibility of 

organic material20, 21.  This dissertation focuses on the biomineralization of one mineral 

in particular, silica, and the process of biosilicification in two different organisms.  The 

primary sources of biosilica are sponges, sea-dwelling animals with a siliceous 

exoskeleton, and diatoms, photosynthetic single-cell eukaryotes that mineralize a silica 

Figure 1. (a) Coccolithophore E. huxleyi1 showing calcium carbonate shell, scale bar 2µm; (b) 
calcium carbonate Acroporidae in Hawaiian coral reef6  

(a) (b) 
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cell wall.  From these two systems, we can find inspiration to develop in vitro techniques 

to control silica formation and expand them to a variety of metal oxides.  Current 

methods of silica processing are limited in the amount of control we have over scale and 

patterning.  Silica biomineralization by both systems is species controlled and results in 

unique patterns ranging from the nano-scale to the micro-scale, and even to the macro 

scale, in sponges.  This type of hierarchical control would be highly advantageous for 

material processing in vitro.  

 

Biosilica in Demopongiae 

In some classes of Porifera sea sponges, the structural exoskeleton is comprised 

of concentric circles of silica deposited around a center organic region (Figure 2a).  

Specialized cells, called sclerocytes, take up silicic acid from the environment through 

Figure 2.  SEM images of Suberites domuncula (a) axial filament (af) inside the axial canal (ac) 
surrounded by silica spicules (b) silica spicules8 

(a) (b) 
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transporters8.  This precursor is then polymerized by an organic material and 

subsequently deposited around this material, known as the axial filament, that becomes 

the center of the spicule (Figure 2b).  This spicule precursor is then extruded from the 

cell into the extracellular space, where more layers (called lamellae) of silica are 

deposited concentrically.  Much like typical sol-gel reactions, a stage of syneresis, or 

water expulsion, causes shrinking and hardening of the biosilica, allowing it to be rigid 

and strong as an exoskeletal structure.  In the Demospongiae class, these layers then 

sinter together to form a single layer, called the mantel22.   

The axial filament is able to guide the formation of silica by self-assembled 

enzymes, called silicateins, that polymerize and condense silicic acid into silica11, 23-26.  

These proteins make up the majority of the axial filament, and are also located in the 

extracellular space to add silica to the growing spicule.  The most abundant isomorph, 

an approximately 24 kDa protein called silicatein-α, is also capable of hydrolyzing 

silicon alkoxide precursors to form silica in vitro10, and as such represents an 

opportunity for biomimicry. 

Sponges also exhibit an enzyme, silicase, which is overexpressed upon an 

increase in silicon concentration and breaks down amorphous and crystalline silica27.  

As the counter-enzyme to silicatein, the two enzymes together result in the patterns of 

the siliceous spicules that are unique to each species.  Similar in sequence to carbonic 

anhydrase II, it has a catalytic triad of three histidine residues coordinated to a zinc ion 

that hydrolyzes the polymeric silica chain, releasing silicic acid, Si(OH)4
28.  The 

formation and control of silica processing in sponges is the only known catalytically 
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driven silicification in nature; studying this system will lead to potentially new ways of 

catalyzing mild material fabrication in vitro.   

 

Biosilica in Diatoms 

Diatoms, unicellular algae that essentially reside in a ‘glass house’, have 

developed an exquisite control over the formation of their unique cell wall – an organic-

inorganic hybrid of amorphous silicon dioxide surrounded by an organic matrix.  The 

silica portion of the cell wall, known as the frustule, is composed of two valves, the 

hypotheca and epitheca, which fit together like the halves of a petri dish.  These halves 

are held together by silica girdle bands around the circumference.  The patterning of the 

frustule differs in a species-dependent manner, but is highly conserved within a species, 

indicating a genetic control over the organization of this inorganic material.  Silica 

deposition in these cells has been attributed to a number of organic molecules, 

including long chain polyamines (LCPAs), silacidins, cingulins, and highly post-

translationally modified peptides known as silaffins.  While these organic facilitators 

have been identified and shown to assemble as the template for silica formation29, the 

mechanism by which diatoms organize the self-assembly to control the patterning of the 

frustule is still being fully elucidated.  

In order to form the silica frustule, diatom cells need silicon from their 

environment.  A soluble form of silica, silicic acid, is present at low concentrations, 

~70µM in seawater and as low as 10µM at the sea surface30.  Silicic acid is taken up by 

the cell through a number of silicon transporter proteins (SITs).  These proteins are 
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~550 amino acids in length with 10 highly conserved α-helical units that span the cell 

wall membrane, and a more variable c-terminal coiled coil31.  Silicic acid accumulates in 

intracellular pools at concentrations as high as 58mM to 340mM, substantially higher 

than the extracellular concentration, and varies in concentration during the cell cycle32.  

At this level, silicic acid is unstable in a dissolved state and will spontaneously condense 

to silica33; however, in diatoms the silicic acid remains soluble and does not efflux out of 

the cell despite the large concentration gradient across the cell membrane.  To prevent 

these occurrences, silicon is likely stored in a different form inside the cell.  It has been 

suggested that monomeric silicic acid is likely stabilized in the cells by the interaction 

with organic material.  Small amounts of lowly polymerized silicic acid may also be 

stabilized in cells by organic components in order to prevent cell membrane damage32.  

More recently it has been suggested that silicic acid is taken up by the model diatom, T. 

pseudonana, and is stored as pre-condensed silica34.  While the form of Si that is stored 

by diatoms may not be identified for all species, the location within the cell of Si 

polymerization into silica is well established.  Frustule formation occurs in an acidic 

environment known as the silicon deposition vesicle (SDV).  Inside the SDV, the organic 

mediators (LCPAs, silaffins, cingulins, silacidins) polymerize silica; the SDV membrane, 

the silicalemma, along with the cytoskeleton helps shape the solid silica.  Once formed, 

the frustule is exocytosed along with the SDV; this organic material helps prevent silica 

dissolution in the diatom’s environment35, 36.  During cell division, the mother cell 

expands and the daughter frustule halves begin being polymerized in the SDV, which 

expands as the frustule forms.  In this way, each daughter cell has an epitheca of older 
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silica from the mother cell and a newly formed hypotheca for which girdle bands are 

also newly deposited.  One can imagine, then, that as the cells divide, the average size 

of the diatoms decreases with time until a certain minimum size is reached; at this point, 

the species will continue to reproduce through a sexual reproduction cycle.  

Interestingly, there are a few examples of diatoms that maintain their size throughout 

divisions; T. pseudonana is one of these due to its flexibility at the girdle bands, where it 

expands during cell division to allow the daughter halves to maintain the same size as 

the mother cell9.  The work in this dissertation will focus on this species, whose genome 

has been fully sequenced37. 

 

Biomimics of Diatom Structure Directing Agents 

The organic material responsible for silica condensation and patterning in 

diatoms has previously been studied extensively.  Silaffins have been used in vitro in 

the formation of silica nanoparticles; it was shown that each silaffin yields a different 

average particle size, and the combined silaffins, as seen in diatoms, yield small 

particles of about 50 nm38.  Control of the product from these silaffins in vitro has thus 

far been limited to the size of spherical particle.  It is the organization of these small 

Figure 3. Fluorescent (PDMPO) stained T. pseudonana cell division, showing 
expansion at the girdle bands around the center; scale bar 4µm. 9 



 8 

particles that the diatom has mastered39.  Self-assembly is a key feature of silica 

precipitating organic materials in diatoms.  Extracted silaffins without phosphorylated 

serine groups will not precipitate silica in vitro; however, upon addition of phosphate 

ions, silica will be formed due to the ability of the positively charged silaffins to self-

assemble again through negative phosphate ions40.   Additionally, the long-chain 

polyamines of diatoms do not contain phosphate groups and must be used in the 

presence of phosphate ions in vitro to cause silica formation41.  In vivo, LCPAs organize 

through silacidins, a group of highly phosphorylated polyanionic peptides that 

electrostatically interact with positively charged LCPAs29. 

Biomimics of these organic mediators have been proposed and studied for 

potential material synthesis use.  One synthetic mimic of silaffin 1A1 from the diatom C. 

fusiformis  (Figure 4) is the R5 peptide, which successfully mediates both silica and 

Figure 4. Silaffin 1A1 structure from C. fusiformis, showing the characteristically high PTMs of 
silaffins: serine phosphorylation and lysine amination2-4 
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titania, and has also been used for drug encapsulation and delivery in the biomedical 

field2, 42, 43. Poly (amido amine) (PAMAM) dendrimers have also been studied as a 

template for the precipitation of silicon dioxide, due to its many terminal amine groups, 

similar to the LCPAs and the post-translational modifications of silaffins.  PAMAM 

dendrimers have been shown to precipitate silica, titania, and germania44-46.  The 

investigation of these mimics has shown that these biomimetic templates are 

advantageous for their low-cost and mild reaction conditions, and could be utilized for 

lithographic patterning via ink-jet printing47, microcontact printing48, and dip-pen 

lithography49.  

 

Typical Metal Oxide Formation 

Metal oxide glasses and ceramics can be prepared and patterned using a variety 

of different techniques.  One way of preparing glass materials is by extreme heat, 

raising the temperature above the glass transition temperature, often upwards of 800°C 

followed by shaping and cooling50-52.  One alternative to such an energy-intensive 

method is the sol-gel process.  Sol-gel chemistry consists of a solution phase (sol) of 

colloidal monomers that develops into a network phase of inorganic polymers (gel).  The 

transition to the gel phase is typically promoted by the addition of a strong acid or base.  

In the sol-gel preparation, the hydrolyzed metal oxide precursor monomers in a sol 

condense to form the gel, after which the polymer network condenses further, shrinking 

and expelling water (syneresis).  The gel can then be treated or dried in a number of 

ways to produce different solids, including a xerogel, aerogel, or solid particles53-55.     
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Both of these methods, as well as other techniques commonly used in materials 

sciences such as chemical vapor deposition, photolithography, and laser ablation, are 

harsh and have a number of drawbacks, ranging from cost to amount of waste 

produced, or energy required, and a limit to control of the shape.  In hard material 

fabrication, three-dimensional, non-orthogonal shapes and patterns on the nano-scale 

or smaller are difficult to obtain.  For all of these reasons, the ambient conditions found 

in biology are appealing! 

Biomimetic approaches are a fascinating avenue for in vitro inorganic material 

synthesis in their potential to bring about control and patterning on the same scale as 

biological systems.  The exact mechanism of their control is still in need of exploration, 

and using mimics is a way to both investigate the biomineralization process and develop 

practical in vitro procedures to expand our control over metal oxide formation under mild 

conditions at ambient temperature, pressure, and neutral pH.   

 

Dissertation Scope 

This work focuses on biomimics of the two examples of biosilification presented 

in this Introduction.  Work in Chapter II aims to develop a library of a dendrimer-based 

biomimics of diatom structure-directing organic material to make a variety of in vitro 

silica and titania morphologies.  In Chapter III, two readily available proteases, trypsin 

and papain, are investigated as potential biomimics of the silicatein enzyme.  Chapter IV 

discusses a bottom up approach to metal oxide patterning without the use of harsh 

chemicals typically used in lithography.  The templating and metal oxide formation are 



 11 

characterized using nano-imaging techniques.  Chapter V focuses on the biosilicification 

process in diatoms, presenting work on developing a screening assay of T. 

pseudonana.  The purpose of the assay is to determine molecules that probe the silicon 

metabolic cycle that may result in morphological changes to the silica frustule.  Finally, 

in Chapter VI, conclusions and future directions of this field are discussed, both in terms 

of specific work discussed in this dissertation as well as in broader applications.     
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CHAPTER II 

 

PREPARATION OF A LIBRARY OF BIOMIMETIC DENDRIMERS TO FINE TUNE 

INORGANIC MATERIAL PRODUCTS AND MORPHOLOGIES 

 

Introduction 

Dendrimers are large organic polymers characterized by a core group 

surrounded by concentric layers, where each of these layers is called a generation.56 

The number of terminal, reactive groups increases with the size of dendrimer and 

number of generations.  Dendrimer synthesis allows for monodisperse, typically 

symmetrical structures that can be easily functionalized57.  This has led to their use in a 

variety of applications, including drug and gene delivery, imaging, biosensing, and 

inorganic materials synthesis58-62.  Branched polymers, including dendrimers, have 

been studied as facilitators in sol-gel reactions63, 64, which leads them to being good 

candidates for biomimics for the synthesis of inorganic materials, typically formed via 

sol-gel methods.  

Sol-gel chemistry is a well-studied field.  The two reaction steps in the sol-gel 

formation of metal oxides are hydrolysis and condensation.  Depending on the reaction 

conditions, both the mechanism of action and the rate-determining step differs.  At pH 

conditions above the isoelectric point, ~2 to 3 for silica and ~5 to 6 for titania, the 

growing particles carry an overall negative charge; the hydrolysis reaction is limited, but 

condensation occurs quickly.65 As the particles grow, the negative surface charges 
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cause inter-particle repulsion, and the resulting particles are larger than those ripening 

under conditions where this charge is minimized or neutralized.  The hydrolyzed 

substrate immediately condenses onto growing particles due to the fast rate of 

condensation.  The constant source of monomers allows for growth.  This type of 

growth, known as reaction-limited monomer cluster growth, results in distinct particles 

that will agglomerate slightly or heavily depending on the presence and concentration of 

counter-ions to neutralize charge on the growing particles.  Alternatively, acidic 

conditions tend to lead to a process known as reaction-limited cluster aggregation.  In 

this case, the relatively high rate of hydrolysis over condensation creates an excess of 

monomeric silicic acid.  As the silicon alkoxide precursor is hydrolyzed, it becomes less 

likely to be further hydrolyzed due to the mechanism of reaction, and thus, condensation 

between small oligomers at the outer silicon atoms occurs more readily than 

condensation at central silicon atoms.  This leads to an aggregated three-dimensional 

network of silica52.  While the systems studied in this Chapter and in Chapter III are 

slightly different because they are catalyzed by an organic mediator as opposed to an 

acid or base, the features of typical sol-gel chemistry help explain differences in the 

reactions described within these chapters.     

Previously in the Wright lab, it has been shown that the dendrimer poly (amido 

amine), PAMAM, can act as a template for the condensation of silica from silicic acid45. 

Increased localized concentrations of silicic acid at the positively charged, amine-

terminated PAMAM dendrimer surface (Figure 5) results in condensation of silicic acid 

into silica.  This process ultimately entraps the organic dendrimer facilitator in the 
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growing silica particles, as is seen in biogenic silica, such as the silaffins, pleuralins, and 

frustulins all found in the frustule of diatoms3.  It has been shown that amine groups, like 

those found in marine sponges and diatoms, are capable of hydrolyzing siloxane bonds 

for silica precipitation.66, 67 Therefore, we want to investigate the ability of PAMAM-

based dendrimers to both hydrolyze and condense precursors into different metal 

oxides.  Because dendrimer templates can be simply modified and functionalized with a 

variety of terminating groups, we can develop a library of similar dendritic platforms with 

different active groups, i.e. structures with an identical base but unique surface 

chemistry.  We hypothesize that this library will yield a variety of metal oxides with 
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distinct morphologies.  In this way, we propose tailoring dendrimers to provide material 

with a certain size, shape, and morphology, depending on the desired application.  In 

this Chapter, we investigate a number of differently terminated PAMAM dendrimers and 

determine their ability to form metal oxides under mild, ambient conditions, as well as 

characterize the resulting inorganic material.  

 

Experimental Methods 
 
Materials 

Solutions of PAMAM dendrimers were obtained from Dendritech, Inc. in a variety 

of terminating groups: –NH3
+, –OH, –COO-, and –NH3

+/OH (50:50, randomly 

distributed).  Sodium phosphate monobasic and dibasic, sodium hydroxide, methanol, 

tetramethyl orthosilicate (TMOS), and titanium (IV) bis(ammonium lactate) dihydroxide 

(TiBALDH) were purchased from Sigma.  Nitric acid, Si standard (1001 ppm) and Ti 

standard (998 ppm) were obtained from Fluka, and ammonium (IV) molybdate 

tetrahydrate was obtained from Acros Organics.  Sulfuric acid and ammonium hydroxide 

were purchased from Fisher Scientific, and Amicon Centrifugal 3KDa MWCO Filters 

were purchased from Millipore.  Silicon-based experiments were performed in plastic 

(polypropylene) tubes – glassware would result in high silicon background signal.   

 

Precipitation of Inorganic Material 

Stock solutions of dendrimer were prepared in 100 mM phosphate buffer (PB) at 

pH 7.5; substrate stock solutions (1M) of TMOS (Figure 6a) in methanol and TiBALDH 
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(Figure 6b) in water were prepared.  In triplicate, 200 µL of dendrimer at the desired 

concentration was reacted with 20 µL of substrate stock solution for 10 minutes while 

shaking.  The reactions were centrifuged at 14000xg, the supernatant was removed, 

and the precipitates were washed twice with water to remove unreacted starting 

material.    

 

Silica Quantification 

The silica content was quantified by a modified version of the β-silicomolybdate 

colorimetric assay68.  Solid samples were dissolved in 500 mM NaOH until full 

dissolution, which freed encapsulated dendrimers.  The dendrimers interfere with the 

colorimetric assay and were removed using centrifugal filters, with a molecular weight 

cut-off of 3000 Da; components less than 3000 Da will flow through the filters during 

centrifugation, and anything above 3000 Da will remain in the filter.  25 µL of each 

dendrimer-free solution was sampled and added to 100 µL of molybdate reagent (3:1 

0.2218M H2SO4 to 5% Mo(NH4)6�4H2O in 2.35% NH4OH); the absorbance of the 

Si

O

O

O O Ti

O

OO

O

O

O

O O

2NH4+

2-

(a) (b) 

Figure 6. Structures of the metal oxide precursors used; (a) tetramethyl orthosilicate 
(TMOS) and (b) titanium (IV) bis(ammonium lactato)dihydroxide (TiBALDH) 
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resulting yellow solution was measured using a BioTek Synergy H4 Hybrid Reader at 

410 nm and quantitated using a calibration curve of silicon standards, ranging from 285 

µM – 4.3 mM. 

 

Titania Quantification 

The amount of titania precipitated from these reactions was quantified on an 

Optima 7000 ICP-OES with a Scott spray chamber.  Samples were dissolved in 1 mL of 

4 M H2SO4 and heated to 95°C to ensure dissolution (approximately 1 hour).  Samples 

were prepared for inductively coupled plasma optical emission spectroscopy (ICP-OES) 

analysis using a 2% HNO3 matrix.  The intensity at 334.94 nm was measured and 

converted to titanium content using a calibration curve of titanium standards, ranging 

from 10 ppb to 5 ppm.   

 

Characterization 

Kinetic measurements were monitored by the light scattering of particle formation 

via absorbance at 480nm on a BioTek Synergy H4 Hybrid Reader.  Scanning electron 

microscopy (Hitachi S4200) and transmission electron microscopy (CM20 Phillips, 

operating 200kV) were used to observe morphology, connectivity, and size of particles.   
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Results and Discussion 

Silica Yield vs. Dendrimers 

 Four differently terminated dendrimers, –OH, –OH/NH3
+, –NH3

+, and –COO–, 

were reacted with tetramethyl orthosilicate (TMOS) for 10 minutes.  As hypothesized, 

dendrimers with different terminal groups had different specific activities (Table 1) and 

different concentration dependent relationships with silica product (Figure 7).  PAMAM-

NH3
+ and PAMAM-NH3

+/OH had similar specific activities and silica precipitation profiles 

when mediating the formation of SiO2 from TMOS substrate.  This was expected, as it is 

known that amines facilitate silica formation in sol-gel methods67, 69.  As the 

concentration of the terminating groups increases from 0 to ~10mM, precipitated silica 

product from TMOS increases linearly, and the specific activities did not change.  Above 

concentrations of 10mM terminal groups (–OH/NH3
+ and –NH3

+), increases in dendrimer 

do not precipitate more silica, despite ~25% of TMOS substrate remaining, and specific 

Figure 7. Silica yield vs. concentrations of PAMAM dendrimers after 10 
minute reaction with TMOS  
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activities begin to fall off due to the increase in dendrimer concentration (denominator) 

without an increase in the silica product (numerator).  This saturation is because, as has 

been seen with pervious organic-mediated sol-gel chemistry44-46, 70, the organic 

template becomes encapsulated within the growing silica.  Addition of TMOS substrate  

to the reaction does not yield further precipitation.  Self-assembly of the organic  

Dendrimer 
[Terminal 

Group] 
(mM) 

Dendrimer 
(nmol) 

SiO2 
(nmol) 

Specific Activity 
(nmol SiO2 /nmol 

dend * min) 
Error 
(S.D.) 

PAMAM-
NH3

+ 

4 12.5 6594 52.75 8.0 
8 25 12645 50.58 1.9 

10 31.25 14445 46.22 5.0 
15 46.875 15768 33.64 2.5 
20 62.5 15000 24.00 2.3 
30 93.75 14645 15.62 2.5 
40 125 13995 11.20 1.4 

PAMAM-
NH3

+/OH 

4 12.5 5986 47.89 10.8 
8 25 12891 51.57 1.2 

10 31.25 13700 43.84 2.2 
15 46.875 14268 30.44 2.7 
20 62.5 13934 22.29 1.7 
30 93.75 15045 16.05 0.9 
40 125 13662 10.93 2.2 

PAMAM-
OH 

4 12.5 1432 11.45 3.3 
8 25 13916 55.67 2.9 

10 31.25 16190 51.81 3.4 
15 46.875 13705 29.24 4.1 
20 62.5 8638 13.82 3.4 
30 93.75 5042 5.38 0.8 
40 125 5762 4.61 0.4 

Table 1. Compilation of specific activities from different reactions of PAMAM dendrimers with 
TMOS substrate.  Specific activities (nmol silica product per nmol dendrimer substrate and time 

in minutes) are reported for each concentration of dendrimer (reported as concentration of 
terminating group); S.D. = standard deviation 
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template is an important part of the biomineralization of silica in both diatoms and 

sponges26, 40, 43, 71, 72.  In fact, when silaffins are extracted from diatom frustules, they 

lose post-translational modifications that prevents them from self-assembling, and silica 

formation does not occur in vitro.  However, when phosphates are added back to the 

solution, silica precipitation returns.  The reactions studied here are run in phosphate 

buffer, which allows the positively charged amine-terminated dendrimers to assemble 

through the negatively charged phosphate ions.  The positively charged dendrimers can 

also shield the negative charge of the growing silica particles.  

The precipitation profile of PAMAM-OH with TMOS differs from the –NH3
+ and –

NH3
+/OH profiles.  From 0 to ~15mM terminal –OH, silica precipitation increases, as is 

described above for the amine-terminated templates.  Unlike with –NH3
+ and –NH3

+/OH, 

however, silica precipitation does not stabilize at a maximum, but falls off after 15mM –

OH.  This is likely due to the electrostatic repulsion between the negative surface of the 

dendrimers and the growing silica network.  The dendrimer surface is not positively 

charged and does not shield the negative charge at the surface of the growing silica 

particles.  Therefore, at higher concentrations of dendrimer with more partially negative 

charges in solution, less silica will form as fewer monomers will add to the polymerizing 

silica.  After separation of the solid silica product from the supernatant reaction, addition 

of substrate to the supernatant results in further silica precipitation.  This indicates that 

not all of the PAMAM-OH dendrimer is encapsulated in the solid silica, further 

supporting the effect electrostatics has on the reaction.  The electrostatics may also be 

affecting kinetics; if allowed to react for longer than 10 minutes, high concentrations of 
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dendrimer (corresponding to 30 and 40 mM on the graph in Figure 7) will eventually 

yield more silica.  

The PAMAM-COO- dendrimer does not react with TMOS to form silica.  This can 

be explained by electrostatics, similar to those described above.  The carboxylate-

terminated dendrimer has a far more negative surface than the hydroxyl-terminated 

dendrimer.  The carboxyl group is negatively charged at pH 7.5, and thus does not allow 

the formation of silica to occur.  The dendrimers are not able to self-assemble through 

electrostatics, and there is too much negative charge to allow silica particles to grow. 

 

Silica Particle Sizes  

The four dendrimers yielded differently sized particles (or no particles), however 

all particles had relatively monodisperse, spherical morphologies (Figure 8).  The size 

difference can be explained by electrostatics; the more negatively charged dendrimers 

are less able to shield the growing silica particles, which also share a negatively 

charged surface.  Interestingly, this is the opposite as seen in typical sol-gel chemistry.  

In typical sol-gel chemistry, the more positive counter ions there are in solution, the 

smaller the particles will be, because they will not repel each other as significantly.  

However, in the reactions with the dendrimers, the dendrimers are not simple counter 

ions in the solution.  They are the template for the reaction, the source of the hydrolyzed 

monomer, and the location of particle growth.  Therefore, as the negative charge of the 

surface grows, less monomer (also negatively charged) accumulation and product 

growth will occur.  Additionally, the more positively charged the dendrimer, the more 
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self-assembly can occur through the negative phosphate ions of the buffer system, thus 

creating a larger local reaction volume.  

 

Titania Yield vs. Dendrimers 

Like with TMOS, PAMAM-NH3
+, PAMAM-NH3

+/OH, and PAMAM-OH are reactive 

with TiBALDH to form titania; PAMAM-COO-, which was not reactive with TMOS, is 

reactive with TiBALDH (Figure 9).  TiBALDH is a more reactive substrate because it is 

more susceptible to nucleophilic attack by water.54   Titanium is less electronegative 

than silicon, and the presence of 6 oxygen containing ligands pulling electron density 

away from the metal atom, despite adding steric bulk (Figure 6), allows for the precursor 

to be easily hydrolyzed54.  The PAMAM-NH3
+ and PAMAM-OH/NH3

+ have similar 

Figure 8. Silica particle sizes and images.  Images taken by scanning electron microscopy.  Size 
measurements taken on ImageJ software.  Bar graph represents mean of n samples, listed here, 

and error bar represents standard deviation.  G4-OH: n=33; G4-OH/NH2: n=19; G4-NH2: n=55 
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concentration dependence with TiBALDH as with TMOS, although they produce less 

precipitate;  the specific activities of the –NH3
+ and –NH3

+/OH dendrimers are less than 

with TMOS, approximately by half (Table 2).  One potential explanation for this 

decrease, despite being a more reactive substrate, is due to the speed with which these 

reactions take place.  The formation of titania from TiBALDH is much quicker than the 

formation of silica from TMOS.  Because these reactions occur more quickly since, the 

dendrimer is more quickly encapsulated in the metal oxide network.  The organic 

template that mediates the metal oxide formation is quickly not available in solution and 

cannot continue facilitating the reaction to titania.  Thus, less TiBALDH substrate gets 

turned over into titania product.  The reactions with TiBALDH are over more quickly than 

TMOS, but both reactions are carried out for 10 minutes.  Because the reaction time is 

taken into account for specific activity and there is less titania yield, the TiBALDH 

reactions have overall lower specific activities (Table 2).  

Figure 9. Titania yield vs. concentrations of PAMAM 
dendrimers after 10 minute reaction with TiBALDH  
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Dendrimer 
[Terminal 

Group] 
(mM) 

Dendrimer 
(nmol) 

TiO2 
(nmol) 

Specific Activity  
(nmol TiO2 /nmol 

dend * min) 
Error 
(S.D.) 

PAMAM-
NH2 

4 12.5 4437 35.50 5.3 
8 25 7732 30.93 2.7 

10 31.25 8628 27.61 2.8 
15 46.875 10597 22.61 1.5 
20 62.5 10774 17.24 1.0 
30 93.75 11367 12.13 0.9 
40 125 11364 9.09 0.6 

PAMAM-
NH2/OH 

4 12.5 5313 42.51 3.9 
8 25 6742 26.97 2.7 

10 31.25 7051 22.56 1.3 
15 46.875 8952 19.10 0.9 
20 62.5 8895 14.23 0.9 
30 93.75 9406 10.03 0.5 
40 125 9136 7.31 0.6 

PAMAM-
OH 

4 12.5 <LOD   
8 25 12 0.05 1.9 

10 31.25 883 2.83 1.5 
15 46.875 1803 3.85 1.3 
20 62.5 1842 2.95 1.0 
30 93.75 2333 2.49 0.6 
40 125 2983 2.39 0.4 

PAMAM-
COO- 

4 12.5 101 0.81 9.0 
8 25 417 1.67 4.1 

10 31.25 534 1.71 3.7 
15 46.875 935 2.00 2.3 
20 62.5 2334 3.73 2.0 
30 93.75 2969 3.17 1.2 
40 125 4265 3.41 0.9 

 

Table 2. Compilation of specific activities from different reactions of PAMAM dendrimers with 
TiBALDH substrate.  Specific activities (nmol titania product per nmol dendrimer substrate and 
time in minutes) are reported for each concentration of dendrimer (reported as concentration of 

terminating group); S.D.= standard deviation 
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Titania Particle Sizes 

Titania particle sizes are overall larger than silica (Figure 10).  We hypothesize 

that this is due to the higher isoelectric point of titania when compared to silica.  The 

growing titania is less negatively charged than the silica surface.  While in typical sol-gel 

chemistry, the negative surface charge causes inter-particle repulsion and allows for 

larger particles, we propose that this causes the exact opposite in our system.  Because 

the particles are forced to nucleate and ripen at the dendrimer surface, the titania 

particles, which are less repelled than one another, can aggregate together, forming 

overall larger particles.     
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Figure 10. Titania particles, imaged using a scanning electron microscope.  Sizes were taken 
using ImageJ software.  Bars represent multiple measurements, as described here, and error 
bars represent standard deviation.  G4-OH: n=24; G4-COO-: n=47; G4-OH/NH2: n=49; G4-NH2: 

n=16 
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Titania particles follow the same size trend as silica particles produced from the 

same dendrimers, with PAMAM-OH producing smaller particles than –OH/NH3
+, and 

those smaller than –NH3
+.  The anomaly in this case is PAMAM-COO-.  Despite it being 

more negatively charged than PAMAM-OH, it actually produces larger particles.  The 

electrostatics described so far have dealt with partial negative charges, discussing the 

balance between the dendrimers acting as a template for the silica, the dendrimers 

ability to self-assemble, and the ability of the dendrimers to shield the growing particles.  

However, the carboxy-terminated dendrimer is significantly negatively charged 

compared with the others.  This may allow the reaction to proceed under more typical 

sol-gel conditions.  We hypothesize that the dendrimers fully repel each other, resulting 

in no self-assembly.  There is also the least amount of even partial positive charge in 

the solution.  Therefore, whenever monomers are able to be hydrolyzed, they condense 

and titania particles ripen as in typical sol-gel reactions, repelling one another, until the 

dendrimer is encapsulated in the reaction.  Not many monomers are even hydrolyzed, 

as the carboxy-terminated dendrimer is not very reactive, with a specific activity an 

order of magnitude less than amine-terminated dendrimer.    

 
  

Conclusions 

We have tested a number of differently terminated PAMAM dendrimers and 

found that they produce different morphological products.  PAMAM-OH, PAMAM-NH2, 

and PAMAM-NH2/OH dendrimers all react with TMOS to form silica.  The size of silica 
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particles increases with increasing positive charge of the dendrimer: PAMAM-OH forms 

the smallest, and PAMAM-NH2 forms the largest particles.     

The dendrimers above, as well as PAMAM-COO-, react with TiBALDH to form 

titania.  Overall, the titania particles are larger than silica particles.  They follow the 

same size trend as silica, but PAMAM-COO- is a bit larger than PAMAM-OH mediated 

particles, rather than a bit smaller, despite the increase in negative charge.    

In general, these reactions are dictated heavily by electrostatics, where the 

dendrimer acts as both a counter ion and as a template.  The balance between these 

two roles leads to a number of differently sized products.  While the final metal oxides 

may vary in size and degree of interconnectivity, each reaction yields spherical particles 

that are highly fused.      

 

Future Work 

These dendrimers could be studied in combinations with one another, as was 

previously done with silaffins in vitro; this could result in even more potential sizes, due 

to added complexity to the electrostatic relationships in the solution.38  Self-assembly 

could occur without the need for added phosphate buffer.  Additionally, electronic 

shielding at the metal oxide surface could be affected.  Expanding this work to other 

metal oxides may reveal more insight into the electrostatic interactions at play, and help 

fill in understanding where there is still confusion, such as the PAMAM-COO- size and 

specific activity with TiBALDH.   
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In order to form different shapes and patterns, printing techniques could be used.  

Dip-pen lithography with these dendrimers could be used to pattern dots and lines at the 

nano-scale.  The dendrimer itself could first be patterned with an AFM tip, and then the 

surface could then be incubated with the metal oxide precursor.  Or, using a technique 

previously published by de La Rica et al73, the dendrimer could be added to a substrate 

and incubated with the metal oxide precursor.  Then, the AFM tip could be dipped in the  

‘ink’ of metal oxide particles and then printed in the desired way (Figure 11).  This 

allows for 2-dimensional control with line widths of less than 100nm.  Secondly, the heat 

and friction expels water from the metal oxide products, leading to crystalline patterns 

from amorphous metal oxide inks.        

 
  

 

precursor 
 

 

Figure 11. Depiction of AFM dip pen lithography; on a solid substrate, the solution precursor is 
deposited and left to react; the AFM tip can then be dipped into the solid suspension and 

subsequently ‘drawn’ across the substrate surface  
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CHAPTER III 

 

INVESTIGATIONS OF ENZYME BIOMIMICS FOR IN VITRO INORGANIC OXIDE 

MATERIAL FORMATION UNDER AMBIENT CONDITIONS 

 

The work presented in this chapter investigates the enzymes papain and trypsin as 

potential biomimics of silicatein to precipitate silica from TMOS in vitro and identifies 

mechanistic similarities between silicatein and trypsin, yet not papain.  The importance 

of fully investigating biomimics in vitro is made clear by the discrepancies between 

papain and trypsin, enzymes with similar native mechanisms, when used with non-

native substrates; each enzyme represents a biological system (of biosilica) and can be 

used in vitro to form morphologically different silica under ambient, environmentally 

conscious conditions.     

 

Abstract 

In some classes of the phylum Porifera, sea sponges have an extracellular 

structure consisting of needle shaped siliceous spicules organized in unique patterns.  

Enzymes for both the formation and degradation of silica control its organization and 

patterning, which is the only known enzymatic process of biosilicification. Silicatein, the 

enzyme that catalyzes the condensation of orthosilicic acid into silica for the formation 

of spicules, has inspired many mimetic approaches to silicon dioxide formation.  Highly 

homologous to the papain family of proteases, silicatein is capable of hydrolyzing silicon 
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alkoxide precursors in vitro to form silica networks.  Here we explore the proteases 

papain and trypsin, enzymes with similar hydrolytic mechanisms as proposed for 

silicatein in vitro, as potential biomimics.  We investigate these hydrolytic proteins’ 

reactivity with metal and semi-metal oxide precursors, to determine how these enzymes 

interact with non-native substrates in the formation of oxide materials.  We have 

determined that while both enzymes are native hydrolytic enzymes, they do not 

necessarily behave as such with non-native substrates.  

 

Introduction 

Nature is particularly adept at controlling the formation of inorganic material for 

structural and functional use in organisms.  Magnetotactic bacteria navigate using the 

Earth’s magnetic field with the help from biogenic, single-domain magnetite (Fe3O4) or 

greigite (Fe3S4).  Proteins and biopolymers within the bacteria mineralize iron taken up 

from the microbes’ environment into monodisperse, uniformly shaped nanoparticles 

organized in a singular chain.15, 16 A second example of iron biomineralization in nature 

can be found in almost any living organism: the iron-storing protein ferritin.  Ferritin is a 

large, 24-subunit protein that sequesters toxic Fe2+, converts it to Fe3+, and stores it in 

the biomineral ferrihydrite.23, 74  While iron-based biominerals are found often in Nature, 

the most commonly found biomineral is silica (SiO2).  Si is the second most abundant 

element on Earth, and it can be found as an oxide across many evolutionary levels in 

Nature.  In many plants, Si is deposited as hydrated silica in micro-particles called 

phytoliths.  These protective particles are formed in a wide variety of shapes and sizes, 
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including dumbbells and bowls.  They form a hard barrier in cell walls that keeps out 

fungi and bacteria.  They also absorb light across a variety of wavelengths to promote 

cooling and photosynthetic processes within the plant.75-77 Biogenic silica also provides 

protective and structural support in ocean-dwelling sponges of the phylum Porifera.  In 

these sponges, silicon dioxide in the spicules provides extracellular structure; the 

growth, degradation, and specific patterning of the biogenic silica are controlled through 

a self-assembled enzymatic filament.  The spicules result from concentric layers of silica 

deposited around a center organic component, known as the axial filament.78 The 

primary component of these axial filaments is a family of enzymes known as silicateins 

(-α, -β, and –γ) that condense the silicic acid substrate, taken up by sponges from their 

environment, into silica.79 The most abundant isoform, silicatein-α, is a member of the 

papain family of cysteine proteases.80 The 23 kDa mature enzyme is 44.0% and 45.1% 

homologous with proteases human cathepsin L1 and cathepsin S, respectively, with 

conservation of both the histidine and asparagine residues of the active site, and the 

cysteine residue of the cathepsins replaced with serine in silicatein.81 Porifera spicules 

are the only known form of enzymatically-produced biosilica. Silicatein-alpha has been 

studied in vitro and has been shown to precipitate silica from non-native silicon 

substrates tetramethyl orthosilicate (TMOS)82 or tetraethyl orthosilicate (TEOS).10 The 

proposed mechanism of this precipitation is based on the classic mechanism of triad 

active site hydrolytic enzymes.  The silicatein active site acts as a general acid/base 

catalyst whereby the hydroxyl group of Ser-26 is more nucleophilic upon deprotonation 

by the nearby imidazole ring of His-165 (Figure 12).  The hydrolysis of the methoxy 
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bond of TMOS by the active site of silicatein is a two-step process; first nucleophilic 

attack of the TMOS silicon by the serine oxygen results in a covalent bond between the 

TMOS substrate silicon and the serine oxygen.  Secondly, water attacks the silicon 

center, releasing the serine active site-substrate bond.  The free (MeO)xSi(OH)4-x now 

initiates hydrolysis of more TMOS substrate, and the condensation to silica proceeds.10 

Silicatein-α - cathepsin L chimera mutants and a series of site-directed mutagenesis 

experiments on recombinant protein support this mechanism.10, 24, 83 Silicatein has also 

been shown to mediate the formation of other metal oxides zirconium dioxide84, titanium 

dioxide85, gallium oxohydroxide, and gallium oxide86, and catalyze their formation under 

mild conditions as opposed to the typically used acids or bases.53 This biomineralization 

Figure 12. Proposed in vitro mechanism for active site silicatein mediated silica 
formation from TMOS10 
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process has inspired biomimetic routes to silica processing; silicatein is not easily 

extracted or recombinantly expressed, and using easily obtainable mimics would be 

advantageous.  Additionally, identifying multiple biomimics of silicatein may offer 

different silica or metal oxide products. 

The importance of the hydrolytic mechanism at the active site of silicatein has led 

to an interest in alternative, more readily available, hydrolytic enzymes, such as 

proteases.  A variety of proteases, including trypsin, chymotrypsin, pepsin, and papain 

have been investigated as possible biological catalysts of metal oxide formation 

Previous studies show inconsistencies in levels of reactivity, substrate specificity, and 

proposed mechanisms.  It is therefore important to further explore the reaction of these 

types of enzymes for biomimetic approaches.   

Since it is part of the same protein family, papain shares a similar sequence with 

silicatein (28% homology)81 and has a similar active site, with the serine residue of 

silicatein replaced by another nucleophilic amino acid, cysteine.  This makes papain a 

natural choice as a silicatein biomimic.  An additional feature that lends itself to a good 

biomimic is papain’s active site, which stretches across 7 amino acids87 (Figure 13a) 

that typically accommodates large peptide substrates; this allows large non-native 

substrates the opportunity to fit and react with the active site.   

A second protease with a large, accommodating active site is trypsin (Figure 

13b), which retains the serine nucleophilic active site of silicatein (Figure 13c).  

However, because it is not a member of the same family and has low homology with 

silicatein, we might expect differences.  In order to investigate these proteins as 
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potential biomimics, we titrate papain and trypsin with a number of different metal oxide 

precursors to determine their specific activities.  We also analyze the morphological 

differences of the products.  Additionally, we determine the involvement of the active 

site of each enzyme by comparing the native protein to the irreversibly, small molecule 

inhibited protein.  

Figure 13. Active sites of a) papain, b) trypsin, and c) silicatein representative using cathepsin L 
with a cysteine to serine mutation as a substitute, since the crystal structure of silicatein has not 

been solved; green represents carbon, blue represents nitrogen, yellow represents sulfur, and 
red represents oxygen    

 

(a) (b) 

(c) 
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Experimental Methods 

Materials 

Papain from Carica papaya (76216) and trypsin from bovine pancreas (T8802) 

were obtained from Sigma-Aldrich.  Tetramethyl orthosilicate (TMOS), tetraethyl 

orthosilicate (TEOS), and titanium(IV) bis(ammonium lactate) dihydroxide (TiBALDH) 

were also obtained from Sigma-Aldrich.  Ammonium molybdate (VI) tetrahydrate and 

mercury(II) chloride were purchased from Acros.  Phenylmethanesulfonyl fluoride 

(PMSF) was purchased from Research Products International Corp.  Silicon standard 

(1001 ppm) and titanium standard (998 ppm) from Fluka Analytical were used, and 

Amicon Ultra Centrifugal Filters with a 3kDa molecular weight cut off from Millipore Inc. 

were used.  EnzChek protease Assay Kit (E6638) was obtained from Invitrogen.  

 

Metal Oxide Precipitation 

Stock solutions of trypsin and papain were made using 10mM phosphate buffer, 

pH 7.5, for each experiment.  Substrate stock solutions were 1M solutions of TMOS in 

methanol, TEOS in ethanol, and TiBALDH in water.  All reactions were run in triplicate 

with 200µL of enzyme stock and 20µL of substrate stock at the desired final 

concentration of enzyme.  Reactions were shaken for 10 minutes (except the reaction 

with TEOS, which ran for 24 hours) and centrifuged at 14,000 g for 5 minutes.  The 

pellet was subsequently washed twice with water and quantitated by the β-

silicomolybdate colorimetric assay68 or inductively coupled plasma optical emission 

spectrometry (ICP-OES).  
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Kinetics of Metal Oxide Formation 

Reaction kinetics of metal oxide formation were obtained by monitoring light 

scattering of the precipitate at 480 nm on a BioTek Synergy H4 Hybrid Reader. 

 

Enzyme Denaturation and Inhibition  

 Papain and trypsin were denatured by heating the enzyme solutions to 95°C for 

10 minutes.   

Papain inhibition was achieved by incubating the enzyme with shaking for 4 

hours with excess mercuric chloride at room temperature.  Inhibited enzyme was 

purified from excess mercury (II) chloride on a G-15 Sephadex size exclusion column or 

Amicon centrifugation filters.  To verify that the mercury(II) ions did not bind to other 

cysteine residues and cause unfolding of the protein, circular dichroism spectra were 

taken for each enzyme state: native, denatured, and inhibited.  Native protease 

activities were determined using a fluorescent protease activity kit.   

 Trypsin inhibition was achieved by incubation of the enzyme with the common 

serine protease inhibitor, phenylmethylsulfonyl fluoride (PMSF), at a 10mM final 

concentration.  

 

Silica Quantification 

 The silica content was quantified by a modified version of the β-silicomolybdate 

colorimetric assay.68 Silica precipitates were dissolved in 500mM NaOH until full 

dissolution, which freed encapsulated enzymes.  These enzymes interfere with the 
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colorimetric assay and were removed using centrifugal filters.  Each solution was 

sampled and added to the molybdate reagent; the absorbance of the resulting yellow 

solution was measured using a BioTek Synergy H4 Hybrid Reader at 410 nm and 

quantitated against a calibration curve of silicon standards, ranging from 285 to 4300 

µM.  

 

Titania Quantification 

 The amount of titania precipitated from these reactions was quantified on an 

Optima 7000 ICP-OES with a Scott spray chamber.  Samples were dissolved in 1 mL 

4M H2SO4 and heated to 95°C to ensure dissolution (approximately 1 hour).  Samples 

were prepared for ICP-OES analysis using a 2% HNO3 matrix.  The intensity at 334.94 

nm was measured and converted to titanium content using a calibration curve of 

titanium standards, ranging from 10 ppb to 5 ppm. 

 

Characterization 

 Characterization by SEM was performed on a Hitachi S4200 high-resolution 

scanning electron microscope X-ray diffraction as performed on an Xgen-4000 

Advanced Diffraction System from Scintag Inc, USA.  CD spectra were collected on a 

circular dichroism spectrometer, Model 215, from AVIV instruments, Inc.  Infrared 

spectroscopy was performed on a ThermoMattson Satellite FTIR.  Electrostatic potential 

at the surface was mapped using the Swiss-PDBViewer program.88  The Poisson-
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Boltzmann equation was used to map the electrostatic potential, with a dielectric 

constant for the protein at e=4, which is most commonly used for proteins.89  

 

Results and Discussion 

Protease Mimic Reactivity with TMOS 

While the hydrolysis and condensation of tetramethyl orthosilicate into silica in a 

buffered system at pH 7.5 is slow, on the order of days, the integration of one of two 

hydrolytic enzymes, papain or trypsin, into the system significantly increases the 

reaction to a matter of minutes.  Papain and trypsin are proteases that both naturally 

cleave after positive amino acid residues arginine and lysine.  They have similar active 

site environments and mechanisms, and have previously been studied as biomimics of 

silicatein with a silicic acid substrate.90 We have expanded the study to unhydrolyzed 

silicon alkoxide substrates to determine if these enzymes have hydrolytic capabilities as 

metal oxide mediators.  By using fresh stock solutions of tetramethyl orthosilicate in 

methanol as opposed to hydrochloric acid, we assure that the substrate has not been 

hydrolyzed to silicic acid (<2% molybdate reactive). 

 Incubation of each enzyme with the TMOS substrate results in a solid precipitate 

of silica.  While both of these enzymes react in a concentration dependent manner up to 

a saturation point, the reactions differ between enzymes.  A previous study by Smith et 

al90 showed that while papain was reactive with silicic acid, the reactivity was not 

dependent on the availability of the active site, and silica precipitate formed despite 

inhibition of papain at the active site.  Our study corroborates this information and 
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expands it to unhydrolyzed substrate, TMOS.  From 25 to 100 µM, increasing 

concentrations of papain yields more silica product; at 100 µM papain, silica formation 

plateaus (Figure 14a).  At 100 µM, papain has a specific activity of 45 nmol SiO2/(nmol 

papain*min).  Above concentrations of 100 µM papain, increases in enzyme 

concentration do not affect silica yield.  This is likely due to the encapsulation of a 

majority of the protein into the growing silica product, as is seen in other organic-

facilitated condensation of silica2, 40, 91-94.  This is supported by infrared spectroscopy 

(Figure 15a), which shows carbon-carbon double bonds between 1600 and 1700 cm-1, 

that can only come from the protein, not the silica material.  Additional substrate to the 

reaction supernatant results in little to no precipitation; measurement of the supernatant 

shows less than 30µM papain, which explains the lack of additional precipitate.  

Figure 14. Silica precipitation versus enzyme concentration; a) papain and b) trypsin; each point 
represents n=3 with error bars of standard deviation 
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Figure 15. IR spectra for enzyme (solid) silica gel (dashed) and 
silica product from reaction with enzyme (dotted) for a) papain 
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 Trypsin reacts differently with TMOS, despite having a similar maximum yield.  

Silica production by trypsin requires more than eight times higher concentration of 

enzyme to precipitate silica than papain, 200µM versus 25µM, respectively.  The 

positive correlation between concentration of trypsin and silica yield ends at 400µM 

trypsin.  At concentrations above 400µM trypsin, increases in trypsin no longer yield 

additional silica due to the ratio of enzyme to substrate (Figure 14b).  Some enzyme is 

encapsulated within the growing silica product, as is seen with papain, (Figure 15b), but 

not all of the enzyme is encapsulated.  Upon addition of substrate to the reaction, the 

remaining free trypsin reacts with TMOS to form silica.  The saturation comes from the 

decreased concentration of TMOS, which slows the reaction with trypsin significantly, 

longer than the 10-minute reaction time used.   

 

Effect of Active Site Inhibition and 3D Structure on Reactivity 

 To probe the involvement of the active site, the enzymes were inhibited by known 

active site inhibitors irreversibly.  The active site of these enzymes is responsible for 

hydrolyzing peptide and protein substrates naturally; in order to mimic silicatein, which 

also hydrolyzes substrates TMOS at the active site, the two proteins need to hydrolyze 

TMOS at the active site.  It cannot be assumed that the active site hydrolyzes TMOS, 

since other methods of protein facilitated silica production from TMOS are known.  In 

order to determine the importance of 3D folding and structure, the enzymes were 

denatured by heat, unfolding the proteins.   
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Papain was incubated with excess mercury (II) chloride in order to form a 

covalent bond between the cysteine thiol in the active cite and mercury.  According to 

hard-soft acid/base theory (HSAB), hard, small, weakly polarizable Lewis acids will bind 

more favorably with hard Lewis bases, and soft, polarizable acids will bind with soft 

bases95.  Thus, the soft thiol group of the active site cysteine residue reacts very 

favorably with the soft mercuric ion, leading to a strong covalent bond of ~272 kJ/mol96.  

Circular dichroism spectra of each form of papain verify that excess mercury did not 

cause unfolding of the protein.  Figure 16 shows the native protease activity and the 

TMOS activity of different forms of papain.  When incubated with excess Hg (II), papain 

no longer hydrolyzes peptide substrate BAEE provided with the EnzChek protease 

activity kit.  However, mercury-inhibited papain retains its activity with TMOS, indicating 

that the active site is not required for hydrolysis of the TMOS substrate.     

We propose, then, that papain acts similarly as mimics of the organic components in a 

second source of biogenic silica, diatom algae.  Long chain polyamines and silaffins, 

highly post-translationally modified peptides, organize together to precipitate silica in the 

Figure 16. a) protease activity and b) TMOS activity of papain either in the native form or 
inhibited at the active site by Hg2+ 
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cell wall of some unicellular algae as well as in vitro.97 Mimics of these, such as poly 

(amido amine) (PAMAM) dendrimers, have been previously studied and found to 

precipitate TMOS into silica by driving localization at the positively charged surface.45 

Since the active site is not involved in driving silica formation, we propose that the 

papain surface is acting as a template, much like PAMAM dendrimers.  Papain, when 

folded, has large positively charged surface patches, as determined by a Poisson-

Boltzmann distribution calculation.88  

In order to inhibit trypsin at its active site, the enzyme was incubated with excess 

phenyl methyl sulfonyl fluoride (PMSF), a small molecule that reacts specifically with the 

active site serine residue, forming a covalent bond between oxygen and sulfur that 

precludes future nucleophilic attack by serine.  

 We found that while trypsin is less homologous to silicatein than papain, the 

active site is involved in the hydrolysis of TMOS to form silica.  At pH 7.5, trypsin has 

cationic patches on the surface, but is less charged than papain.  Papain is more 

charged than trypsin by almost 50%, making it much more likely than trypsin to act as a 

sink for precursor localization.  We hypothesize that this difference in charge causes the 

difference in reactivity of these two enzymes with TMOS.  Trypsin does not cause as 

much localization of TMOS at its surface because it has less overall positive charge; 

thus, there is less precursor to hydrolyze, and lower precursor concentration that will 

result in less self-condensation.  We hypothesize, then, that in reactions between 

trypsin and TMOS, the surface chemistry is not enough to cause precipitation, and 

something else is required to facilitate the reaction.  This facilitator is the active site, 
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which has the same nucleophilic serine residue as silicatein does.  This was tested by 

inhibition of the active site of trypsin and subsequent comparison of this inhibited protein 

with native trypsin.  Upon inhibition of the protein with the small molecule PMSF (Figure 

17a), precipitation of silica is reduced significantly, to ~20% of the silica yield from 

uninhibited trypsin protein (Figure 17b).  Some TMOS substrate can be catalyzed to 

silica formation by the presence of the positive patches on the trypsin surface, but this is 

significantly decreased as compared with papain due to the decreased positivity of the 

trypsin surface compared with papain.       

Despite both being hydrolytic enzymes, we found interesting differences between 

papain and trypsin in terms of what is responsible for reacting with the unnatural TMOS 

substrate.  In fact, papain does not use its hydrolytic active site to facilitate the 

hydrolysis and condensation of TMOS to silica, while trypsin does.   

 

Protease Mimic Reactivity with TEOS 

Using the substrate TEOS significantly slows the formation of silica induced by 

papain and trypsin as compared to the substrate TMOS.  Whereas silica formation 

Figure 17. Trypsin activity with a) native substrate BAEE and b) non-native TMOS substrate 
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appears within minutes from the substrate TMOS (Figure 18), silica formation occurs 

over the span of 24 hours with TEOS.  This can be attributed to the limited solubility of 

TEOS in buffer.  Due to the increased time of the reaction, the amount of silica in the 

control without proteinis not negligible and must be accounted for in the samples.  Since 

Figure 18. Kinetics of reactions between TMOS and papain 
(blue) or trypsin (black), showing the formation of particles 

at 65s for papain and 275s for trypsin 
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this reaction occurs closer to the time scale of the gel point of the substrate TEOS in 

buffer, the increase in the silica content of the samples with trypsin and papain over the 

amount in the buffer control is due to the enzyme presence.  While both reactions were 

significantly slowed with TEOS as compared with TMOS, papain reacts more quickly 

than trypsin with TEOS to form silica product (Figure 19), as is seen with TMOS (Figure 

18).  Larger substrates such as tetrapropyl orthosilicate or tetraisopropyl orthosilicate 

are impractical substrates for these enzymes due to their immiscible nature with 

aqueous solutions.    

 

Silica Morphology Differences Between Proteases 

Papain precipitates spherical, monodisperse silica particles, averaging 472±87 

nm (Figure 20a) for TMOS and 790±260 nm (Figure 20c) for TEOS.  Trypsin, on the 

other hand, produces a highly aggregated network of indistinctly shaped and sized silica 

with TMOS or TEOS (Figure 20b,d).  We propose that the morphological differences are 

due to the different hydrolysis mechanisms; hydrolysis of the precursors happens 

mainly at the active site of trypsin, and mainly at the surface of papain.  As the substrate 

is hydrolyzed by trypsin, it may be expelled from the active site, and thus not further 

hydrolyzed.  When this occurs, condensation will happen at the outer silicon atoms, not 

at central atoms, leading to an aggregated network.  This is known as reaction-limited 

cluster aggregation.  In typical sol-gel chemistry, this process is induced by acidic 

conditions that favor hydrolysis and cause condensation to be the rate-determining step; 

while this may not be the exact cause in these reactions, the end result, where 



 47 

condensation occurs at outer silicon atoms and oligomers, yields an aggregated 

network.    

 

Protease Mimic Reactivity with TiBALDH  

 Since silicatein was able to precipitate a variety of metal oxides, including titania, 

we decided to examine the activity of each biomimic with TiBALDH to expand our 

knowledge of these biomimics to other metal oxide precursors  We found that titania 

precipitation from either papain or trypsin is immediate, as has been reported for the 

(c) (d)

(a) (b)

Figure 20. SEM images of silica particles from reactions between enzymes and silicon 
alkoxides (a) papain with TMOS, (b) trypsin with TMOS, (c) papain with TEOS, and (d) trypsin 

with TEOS; scale bars 3 µm for (a) & (b); 2.33µm (c) & (d)  
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formation of silica particles through organic template-driven condensation of silicic 

acid.91 As the concentration of either trypsin or papain increases, the titania yield 

increases (Figure 21a,c); at 400µM enzyme, this correlation ends and titania formation 

plateaus at about 6000 nmol TiO2.  This is due to encapsulation of the enzymes into the 

titania network, which is supported by IR spectroscopy.  Little precipitation of titania 

occurs upon addition of new TiBALDH substrate to the reaction supernatant.  The slight 

difference in specific activities of papain (~8.5 nmol titania/nmol papain*min) and trypsin 
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(~7 nmol titania/nmol trypsin *min) at 400 µM is likely due to the decreased positive 

charge of trypsin compared to papain.  We hypothesize that the decrease in yields and 

specific activities of these proteins with TiBALDH as compared with TMOS is due to the 

speed with which the reactions occur.  Because the formation of particles occurs 

immediately, the protein template is immediately encapsulated within the particles and 

is no longer present to further drive condensation of precursor to titania.   

When irreversibly inhibited by Hg2+ for papain and PMSF for trypsin, as described 

above, both enzymes retain their reactivity with TiBALDH and precipitate titania (Figure 

21b,d).  Neither biomimic requires availability of the active site to hydrolyze the 

substrate; however, the overall structure and folding of the protein is important, as heat 

denaturation results in a loss of titania formation.  Trypsin with TiBALDH, unlike with 

TMOS, does not require the active site to aid in hydrolysis and condensation of the 

metal oxide precursor; the surface positive patches are enough to cause substrate 

hydrolysis.  This is likely due to the increased electrophilicity of the titanium(IV) metal 

(b) 
Figure 22. SEM images of titania particles precipitated from reactions with (a) 100 µM papain 

and (b) 400 µM trypsin, scale bars 3 µm. particle sizes (a) 201 ± 44 nm and (b) 305 ± 61 nm  

(a) 
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and the weaker bonds between the titanium(IV) metal center and the 6 ligand oxygen 

atoms relative to TMOS; TiBALDH is known to be much more reactive in typical sol-gel 

chemistry than TMOS.54 The morphologies of the products is consistent between the 

biomimics; both reactions yield a network of spherical, relatively monodisperse titania 

particles (Figure 22).  

From these experiments, we found that the only conditions studied so far that 

leads to the use of the hydrolytic active site of the biomimic is when trypsin is reacted 

with a silicon alkoxide precursor like TMOS.  The high reactivity of TiBALDH compared 

to TMOS means that the both proteins are able to facilitate titania from TiBALDH 

without the use of the active site.  The surface charge differences between papain and 

trypsin influence the reactions with TMOS; papain does not require the active site to 

facilitate silica precipitation, but the less positive trypsin does.    

  

Conclusions 

 We have verified that the proteases trypsin and papain are both reactive with 

tetramethyl orthosilicate, as well as tetraethyl orthosilicate. However, while they are 

hydrolytic enzymes, they are not guaranteed to react with non-native substrates at their 

active site.  Hydrolysis by the nucleophilic active site residue in papain is in fact not a 

key step in the formation of silica from TMOS; yet in trypsin, the active site is required.  

The tertiary structure of both proteins is vital, as seen by heat denaturation of the 

proteins; once unfolded, the proteins do not react with TMOS to precipitate silica.  When 

the proteins are unfolded, their overall surface chemistry is altered and no longer has 
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the cationic patches that are present on the three dimensional surface.  This alteration 

diminishes the ability of the metal oxide precursors to react at the protein surface to 

form metal oxide precipitates.  Additionally, the active site for trypsin is no longer in the 

correct formation and can’t act to hydrolyze the TMOS precursor.  Both enzymes react 

with TiBALDH to form titania, regardless of active site availability.  In this study, we have 

identified papain as a biomimic more akin to the organic precipitation platforms 

previously reported, and trypsin as a biomimic of silicatein with respect to TMOS.  

However, both of these enzymes can be expanded to alternative metal oxides, such as 

titanium dioxide.  Due to the differences in how each enzyme reacts to non-native 

substrates, despite having similar native substrates, reactivity, and mechanisms, it is 

clear how important deeply investigating potential mimics is when using them in non-

natural ways.  
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CHAPTER IV 

 

NANOSPHERE LITHOGRAPHY FOR THE TEMPLATED FORMATION OF ENZYME-

MEDIATED METAL OXIDES IN ZEPTOLITER CHAMBERS  

 

Introduction 

As was described in Chapters II and III, we are able to precipitate metal oxides in 

a controlled manner under mild conditions.  However, as seen in the images, the 

resulting materials were almost always spheres, albeit of different sizes and levels of 

interconnectivity.  In order to exercise better control over the patterning of these 

materials, we propose to use an extension of a templating, bottom-up technique called 

nanosphere lithography.7   

Nanosphere lithography is a method based on the formation of a template from 

the self-assembly and packing of nanospheres, typically polystyrene, in a colloidal 

solution.  As depicted in Figure 23, these spheres are deposited onto a surface and 

pack, if spherical, in hexagonal close packing; therefore, a template is formed for further 

material fabrication.  The desired material is then added to the masked substrate, and 

thus is patterned according to the interstitial space between the spheres.  The spheres 

can then be removed, as would be done with the mask in typical lithographic 

approaches.    In some cases, a last step of heating will induce a phase change to a 

crystalline final material.  Depending on the size of the spheres and the number of 

layers (monolayer vs bilayer) the template can be modified.7  In our experiments, we 



 53 

use this idea to first mask a substrate.  However, after this, inteased of adding the 

desired material, we add a reactive alkyl chain that can react with the exposed surface.  

This alkyl chain will asssemble vertically off of the surface, and we subsequently 

remove the masking beads.  The substrate surface is now a hydrophobic alkyl-layer 

everywhere except the small areas where the beads were touching the surface, where 

there are pores that expose the original substrate surface.  Next, we add the precursors 

in a way that allows the material of interest to form as a result of a reaction in these 

specific pores.  In this way, we are employing two masking steps.  This process will be 

further outlined and depicted in the following experimental section.  By this method, we 

Figure 23. Process of nanosphere lithography from Colson et al7 
divided into two phases 
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can synthesize small, nanosized metal oxides across a substrate.  In order to facilitate 

imaging of the template, in addition to scanning electron microscopy, which has been 

used in previous chapters, we will use atomic force microscopy (AFM).     

Since its invention in the 1980s, AFM has been used across many scientific 

fields, from biology to materials science.98  It’s been used to study cells, DNA, and other 

biological features, as well as hard and soft materials.99-104  With a high resolution of 

typically less than 1nm, this technique will be particularly useful for the analysis of the 

substrates prepared, particularly in the z-direction, orthogonal to the substrate surface.  

The templated substrates will have pores, and determining their depth with SEM would 

not be possible.   

In this Chapter, we template silicon wafer substrates under a few different 

conditions and image the results.  We then use the reactions described in Chapter II to 

form metal oxides in the pores of the substrate.  Analysis of the substrates by SEM and 

AFM reveals patterned ‘flowers’ of silica.   

 

Experimental Methods 

Materials 

 Trimethoxy(octadecyl) silane, trichloro(octadecyl) silane, papain from Carica 

papaya (76216), tetramethyl orthosilicate, titanium (IV) bis(ammonium lactate) 

dihydroxide, sodium phosphate monobasic and dibasic, and hydrogen peroxide were 

from Sigma-Aldrich.  Silicon wafers (4”, 5x7mm chips) were obtained from Ted Pella, 

Inc.  Silica microparticles (500nm) were purchased from Polysciences, Inc.  HPLC 
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grade, submicron filtered water, toluene, acetone, and sulfuric acid were obtained from 

Fisher Chemical.  Ethanol from Decon Laboratories, Inc was used.        

 

Templating Si Wafers 

 A bead stock was prepared by washing 250 µL of beads (Polysciences, Inc. 

24232-15) twice with DI water and diluting to 1.5mL.  Silicon wafers were cleaned with 

piranha (3:1 18 M H2SO4 to 30% H2O2) for 30 minutes and subsequently washed with 

water.  The bead suspension (10-20 µL) was added to each clean, dry substrate 

surface, in order to fully cover the surface.  A 0.1% or 1% trimethoxy(octadecyl) silane 

or trichloro(octadecyl) silane solution in toluene dried over molecular sieves was 

prepared.  Once the bead suspensions fully dried, the bead-coated silicon wafers were 

incubated in the silane solution or plain toluene over night at 70°C.  In order to remove 

the beads, the substrates were vigorously washed via 10-minute sonication steps in 

ethanol, water, ethanol, acetone, ethanol, and water.  The last wash was in HPLC-grade 

water.  Templated substrates were allowed to dry and subsequently characterized to 

verify a patterned surface.  Multilayers of beads may occur, but this does not need to be 

avoided because it doesn’t affect the availability of the exposed substrate surface. 

 

Templated Metal Oxide Formation 

 Once substrates have been identified as successfully templated, they are 

incubated with 1mM or 0.1mM papain in phosphate buffer.  Each sample is placed half-

in the papain solution and slowly drawn vertically out of solution, using the step motor of 
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the AFM instrument.  In this way, each substrate is half treated with papain and half 

untreated.  Samples are then placed in a solution of 2 M TMOS in toluene or in pure 

toluene and incubated for 30 minutes.  As described in Chapter III, reactions between  

papain and TMOS are typically done in aqueous solutions, with TMOS in methanol 

since it is miscible with the aqueous papain solution.  In this way, both the enzyme and 

the substrate are in one solution phase.  Because toluene is not miscible with aqueous 

solutions, we first needed to verify that the TMOS would diffuse into the aqueous 

solution (Figure 24).  The increase in absorbance at 480nm indicates the occurrence of 

light scattering due to insoluble particles forming in solution, meaning the TMOS 

substrate is able to transfer phases from the organic toluene to the aqueous phosphate 

buffer and reach the papain.      
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Figure 24. 2M TMOS in toluene added to aqueous papain or 
buffer solution.  Particles form and scatter light when papain 

is present, but not with just buffer; TMOS diffuses to the 
aqueous layer without being in a water-miscible stock 
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Characterization 

 Scanning electron microscopy was performed on a Zeiss MERLIN.  Atomic force 

microscopy was performed on a Keysight Technologies 5500 AFM.   

 

Results and Discussion 

Templating Surfaces 

 In order to create zeptoliter-sized reaction vessels, we template a silicon 

substrate, as previously published by Englade-Franklin et al.105  A silicon substrate is 

cleaned with piranha solution, exposing –OH groups at the silicon surface.  The 

substrate is then covered in spherical silica beads that organize in hexagonal close 

packing.  Thus, the majority of the silicon wafer is still exposed, with only the bottom tip 

of each bead touching the surface.  When a reactive species, either trichloro(octadecyl) 

silane or trimethoxy(octadecyl) silane, is incubated with the substrate, most of the 

Figure 25. Scheme of templating silicon wafers.  Clean the silicon surface with piranha (3:1 18M 
H2SO4 to 30% H2O2), exposing hydroxyl groups.  Add 500 nm silica beads to coat surface, incubate 

masked surface with trichloro(octadecyl) silane or trimethoxy(octadecyl) silane, depicted here.  
Finally surfaces are sonicated in various solvents to remove beads.  
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substrate surface reacts, leaving only ~50nm of surface at each bead unreacted.  The 

octadecane chains of the silane will stick out from the surface, although at different 

angles depending on the reacted oxygen link, which typically accounts for ~1 to 2 nm of 

added height.  Then the 500 nm beads can be removed by sonication (Figure 25).  In 

this way, the silicon wafer becomes patterned with pores approximately 500nm (the size 

of the beads) apart.  

Using AFM and SEM, we analyzed the resulting templates of a variety of 

templating conditions, differing the silane itself and the silane concentration.  Previously, 
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Figure 26.  (a) SEM image of substrate I surface after beads were added and removed (b) SEM 
image of substrate II with beads in bottom center; (c) distance between rings on different 

substrates, matching the 500 nm beads used to template  
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templates had been seen sometimes as simple pores and sometimes as raised rings 

surrounding a pore, likely due to the accumulation of polysiloxane around the bead.  We 

hypothesized that the less reactive trimethoxy(octadecyl) silane would tend towards the 

ring pattern, and the trichloro(octadecyl) silane would result in pores, under similar 

conditions.  

 Interestingly, we found that the ring pattern occurred even when no silane was 

added.  When the substrate was treated with beads, incubated in pure toluene, and 

then cleaned as described for all other conditions, the substrate surface when imaged 

showed a pattern of rings (Figure 26).  Using AFM, we found that these rings present 

heights that are shorter (~2 nm) than what may be expected from polysiloxane rings 

during templating (~5-15 nm) (Figure 27).  This requires further investigation, but it 

could possibly be due to insufficient washing of the original bead stock.  However, we 

are confident in the 1 to 2 nm pores found in the trichloro(octadecyl) silane templated 

surfaces, described in the section below.      

Figure 27. AFM topography image of rings 
after silicon surface coated with beads that 

were then removed  
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Imaging Templated Surfaces 

 By templating using trichloro(octadecyl) silane, the surface is coated with a 

hydrophobic alkyl chain with a height dependent on how fully alkyl-ated the surface is.  

The more alkyl-silanes that are packed into a particular area, the more upright the alkyl 

chains are and the higher the height is over the surface (meaning the deeper the pores 

are).  As can be seen in Figure 28, there are pores spaced approximately 500 nm apart  

Figure 28. AFM analysis of a trichloro(octadecyl) silane templateld surface, as described above, 
(a) topography (b) zoom topography (c) topography trace with 1 nm deep pores (d) lateral force 
image, showing different chemistries (or frictions) on the surface, matching the pattern seen in 

topography images 
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that range from 1 to 1.5 nm deep.  Templating using this technique was repeated 

multiple times, and another substrate is represented in Figure 29.  

After verifying the pores of these surfaces, we used trichloro(octadecyl) silane 

templated surfaces to perform the metal oxide reaction between papain and TMOS.   

 

Silica ‘Flowers’ on Substrates 

 We incubated half of a templated surface, as described and imaged above, with 

1 mM papain in 100 mM phosphate buffer, pH 7.5.  The substrate was slowly removed 

vertically from the solution using the step motor on the AFM instrument.  This allowed 

the hydrophilic papain solution not to stick to the mainly hydrophobic surface, leaving 

papain in only the pores.  The entire substrate was then submerged in a 2 M TMOS 

solution in toluene for 30 minutes.  The substrate was dipped once in pure toluene as a 

(b)(a)

Figure 29. AFM analysis of a trichloro(octadecyl) silane templated silicon substrate (a) 
topography and (b) topography trace showing pore depth 
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washing step and allowed to dry.  The surface was then imaged using AFM and SEM.  

Using contact mode of AFM, we swept across the surface, which would remove any soft 

material, such as papain from the surface.  In this way, we are confident that the 

topography shown in Figure 30 is hard material: silica.  Secondly, the height of these 

structures does not decrease over vigorous sweeps.  We propose that the reaction 

occurred in the pores, and as the silica particle grew, it spilled over outside of the pore, 

causing the ring around the power – essentially a ‘flower’, as seen by SEM in Figure 31.     

 

(a) 

(c) 

(b) 

(d) 

(e) 

Figure 30. AFM analysis of silica ‘flowers’.  (a) topography and (b) topography retrace show 
center particles with a ring of material surrounding it, (c) topography trace of (a) and (d) 

topography trace of (b) show 20 to 30 nm heights of the flower centers, (e) zoomed topography  
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Conclusions 

 We have deposited silica ‘flowers’ with controllable spacing using a variation on 

nanosphere lithography.  We have begun to determine the differences in templating 

silicon wafers with two different silanes, and we have noticed a peculiar feature of silica 

to silicon nanosphere lithography that begs investigation.  However, we have 

consistently formed 1 to 2 nm pores ~450 nm apart across silicon substrates using 

trichloro(octadecyl) silane, and subsequently used these pattern surfaces to precipitate 

the metal oxide silica in a controlled manner using papain and TMOS.    

 

Figure 31. SEM images of silica ‘flowers’; flower size: 159 ± 17 nm; spacing 453 ± 54 nm which  
matches up with 500nm bead spacing of template 
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Future Directions 

 There are many ways in which this project can be continued.  First and foremost, 

the reason behind the pattern caused by the beads needs to be identified.  Extra 

washing steps of the original bead stock will ensure that there is nothing but pure, DI 

water in the bead solution to cause a template.  If the pattern still occurs, we need to 

verify conclusively the height of these rings.  If the rings are much smaller than what 

occurs from the silane reaction, then we can differentiate between a silane templated 

surface and a silicon exposed, bead templated surface.  Additionally, we can measure 

contact angles of the various substrates to determine the relative hydrophobicity of each 

surface.  If the beads themselves do react with the substrate surface, a different type of 

bead could be purchased.  However, because the masked silicon wafer is treated with 

silane, we could not use polystyrene spheres, which is typically used in nanosphere 

lithography.   

 Another way that this project is currently limited is by the difficulty in identifying 

silica on a silicon surface.  In order to avoid this problem, a different metal oxide, such 

as titania which has also been shown to react with papain in Chapter III, could be 

formed.  By using titania, EDS analysis would show differences in the background 

silicon substrate and the reaction formed metal oxide (titania).   

 Continuing this work could provide very interesting patterning techniques.  

Patterns could be affected by the size of the templating beads used and the length of 

the alkyl chain of the silane.  Combined with the steps described above, these paths 
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provide the foundation of a solid body of work pertaining to a variation on nanosphere 

lithography and enzymatically controlled metal oxide formation.   
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CHAPTER V 

 

DEVELOPMENT OF A SCREENING ASSAY PLATFORM AS A NOVEL APPROACH 

TO MATERIAL FABRICATION AND DESIGN USING THE MODEL DIATOM 

THALASSIOSIRA PSEUDONANA 

 

Abstract 

The previous chapters have investigated a few different avenues of in vitro metal 

oxide formation and patterning.  In Chapters II and III, we investigated a number of 

biomimics that result in different reactivity levels and some different minor features of 

the resulting inorganic material, most notably size.  In Chapter IV, we were able to begin 

organizing and patterning these metal oxide materials on the nano-scale, but we are still 

limited to mainly two dimensions.  In order to expand our control over the formation of 

these materials, we need to investigate a new avenue of bio-inspiration.  Rather than 

mimic another biological method of formation in vitro, in this Chapter we describe the 

development of a method to directly use a biological system to manipulate a biomineral 

in vivo.  We use the diatom Thalassiosira pseudonana, that mineralizes silica as part of 

its cell wall.  In doing this, we allow the diatom to form its organic framework for silica 

deposition and execute the exquisite hierarchical control over silica formation that it 

naturally possesses.  
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Introduction 

Typical High-throughput Screening 

 High throughput screening (HTS) emerged as a method of testing a large volume 

of compounds, typically hundreds of thousands to millions over a short period of time to 

determine biological activity.  Assays usually aim to identify compounds for therapeutics 

or biological probes106.  Biological screening assays come in two varieties: phenotypic 

(cell-based) and target-based (biochemical).  Target-based, in vitro, assays are more 

easily adapted to the miniature HT format, in 384-well or 1564-well plates; however, 

they don’t always perfectly represent biological, in vivo, conditions and don’t always 

predict the outcomes in real biological settings.  Phenotypic assays, on the other hand, 

are more representative of biological conditions, as the drugs are directly interacting 

with cells or even a whole-organism, but can be more difficult to adapt to HTS format. 

 In either case, the biological system must first be studied in order to represent it 

the best in a microtiter plate format.  The workflow of designing an HTS assay is 

depicted in Figure 32.  The type of assay must then be chosen; in cell-based assays, 

one must determine what phenotypic change is desired, and how they will detect this.  

In target-based assays, one must determine the specific target and again how this will 

be detected.  The plate assay conditions must be optimized, and then control plates are 

tested to validate both negative and positive controls and verify their difference is 

substantial, represented by the z-factor.107 As the control plates are being modified, 

scientists take into account a number of features, including sensitivity of their assay, 

plate-to-plate and well-to-well reproducibility, and even the cost.  Once all of these 
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parameters are optimized, a pilot screen or initial test screen is performed.  If needed, 

the optimization process is restarted until a successful screen emerges.        

 

Unique Aspects of HTS for Material Development 

While screening approaches have been utilized often for drug discovery108, the 

application of a screening technique for the development of nano-scale materials will 

bring an interesting combination of biology and materials science.  The field of 

biomimetic material science involves the formation of inorganic materials on a molecular 

level but with control and order on a larger scale13.  By allowing these processes to 

occur naturally, rather than taking the chemical mineralization process out of the 

biological system, we can use diatoms to design the material for us – the level of control 

that the organism has over its silica cell wall will be available to our materials.  In this 

Figure 32. Typical workflow for the development of a high-throughput screen 
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way, we can produce with a high degree of reproducibility a large amount of non-

orthogonal three-dimensional structure with nanoscale patterning; this process will also 

afford us the opportunity to pick exactly what type of pattern or morphology is needed 

for a desired use and guaranteeing a cost-effective, large quantity of material of that 

shape.   

 

Diatom Screening Platform  

We will exploit the diatoms’ control of silica patterning by adding small molecules 

to the diatom environment to induce changes in the silica formation process leading to 

different silica frustules.  This has been previously done by incorporating metal ions, 

such as tin109, mercury109, nickel110, and germanium, as well as small molecules111 such 

as colchicine, cycloheximide, 2,4-dinitrophenol, and cytochalasin D, into the growth 

medium and allowing the diatoms to uptake these non-native molecules.  However, 

there are not many molecules that have been investigated for frustule morphological 

changes; with this work, we aim to take these singular instances and turn them into a 

robust, higher-throughput screening assay.  By doing this, we can more rapidly examine 

a large library of diverse small molecules to maximize the possible morphological 

changes of the frustule.  In doing this screen, we propose to reach a higher resolution of 

inorganic material patterning that is currently difficult to achieve in vitro.  As we have 

progressed through the biomimic studies, we have found that the pattern of material 

oxide product is still difficult to control.  An understanding of the functions of these 

mimics is important to allow different product yields and morphologies, but the 
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organization of these materials on a higher level is still unattained.  To further advance 

this field, we propose a new approach to forming materials that will be both three-

dimensional and patterned on the nano-scale.  We propose that this approach will lead 

to a variety of new patterns and shapes of inorganic material that can be chosen for use 

at one’s discretion.  Additionally, the identification of compounds that interact with the 

diatom and result in phenotypic changes will allow further exploration into the 

understanding of the biochemical processes at work. 

 

Potential Applications 

This screen has the potential to bring a variety of patterns and applications, some 

of which may not be realized until the completion of the screen. However, it is possible 

to already see the benefit of this screen in many applications, such as biosensing112, 

filtration112, gaseous chemical sensing113, microfluidics114, drug delivery39, and energy 

storage115.  Due to the alternating, periodic changes in the dielectric constant of the 

frustule (between the silica and air or solvent), these cleaned frustules can act as 

photonic crystals and exhibit interesting optical properties.  Some species have been 

shown to have a blue photoluminescence, and a weak yellow photoluminescence116, 

that can be exploited for gas sensing, as the presence of gas molecules that adsorb to 

the surface has been shown to quench the photoluminescence of the frustules113.  It can 

be imagined that differences in the pore size and patterning (that can be realized by the 

screening process described) will affect the surface area, which will affect gas 

adsorption and photoluminescent properties.  Silica surfaces are also easily 
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functionalized, and as such can be modified with antibodies or other biomolecules; 

interactions at the silica surface can then be identified by changes to the luminescence 

spectrum (shifts, increased intensity, quenching).  We propose that by changing the 

pore sizes and patterning of the frustule, the resulting photoluminescence will shift, or 

perhaps be enhanced.  In this way, a variety of platforms will be available for detection 

of different gas molecules or for functionalization with biomolecules to create an array of 

detectors with different photoluminescence (and thus detection) properties.  

Additionally, silica can be transformed into silicon, an important conductor for 

electronics, via incubation at high temperature.  This screening assay will allow us to 

create a library of novel silica patterns.    

 

Chapter Aims 

This chapter focuses on works towards the development of a screening assay, 

not the final assay results.  Appropriate conditions for diatom culturing are investigated, 

and these growth conditions are again optimized upon translation to a microtiter plate 

format.  With this screen we propose analyzing diatoms response on multiple levels, 

including diatom viability, silica content, and silica patterning.  We will determine a 

method of consistent measurement of cell viability using cell count or chlorophyll 

content.  We test both colorimetric and fluorescent methods of silica quantification.  We 

test a variety of plate processing methods, focusing on removal of background signal 

from the cells.  Much of the focus of this work looks at the first two parts of the workflow 
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represented in Figure 1: studying the biology of T. pseudonana and silica 

biomineralization, and optimizing the assay conditions in an HT format.    

 

Experimental Methods 

Materials 

Thalassiosira pseudonana (CCMP1335) was obtained from Bigelow National 

Center for Marine Algae and Microbiota.  LysoSensor Yellow/Blue DND-160 (L7545), 

CountBright counting beads (C36950), and size calibration beads (F13838) were 

purchased from Life Technologies.  Chitin Magnetic Beads (E8036S) were purchased 

from New England BioLAbs, Inc.  Poly(ethyleneimine)-coated Magnetic Beads, 1 µm 

(MHE-1000-50) and 50 nm (MHE-50-25) were purchased from Ocean NanoTech LLC.  

Chlorophyll Reference Standard beads (898) and DAPI Reference Standard beads 

(906) for flow cytometry were obtained from Bangs Laboratories, Inc.  A variety of 96-

well and 384-well filtration plates were purchased from Millipore. 96-well v-shaped 

plates (3897 and 3357) were obtained from Costar.  96-deep well, large volume plates 

from Biotix were used.  Costar flat bottom plates (3631) were used.  An Aurum Vacuum 

Manifold (732-6470) was purchased from Bio-Rad.  A 96-well plate magnet rack from 

EdgeBio was used.  All other reagents were supplied by Sigma-Aldrich or Fisher 

Scientific.       
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Culture Conditions 

Stock cultures were maintained in modified Artificial Seawater Medium recipe9, 30, 

117 under 100 to 150 PAR in a 14:10 light:dark cycle at 18-20°C; these are typical 

growth conditions for T. pseudonana, and they grew well and didn’t need further 

condition changes.118, 119 Stock solutions were maintained in autoclave sterilized 125 

mL Erlenmeyer flasks, with 51 mL of culture.  Approximately every 4 days, 1 mL of old 

cell culture was inoculated into 50 mL of fresh media.       

 

Silica Quantification 

 In order to quantitate the silica of the diatom frustules, the more sensitive 

colorimetric assay, the reduced beta-silicomolybdate blue assay is used.  Using NaOH 

to dissolve the frustule into silicic acid prevents formation of colorimetric complex.  

Thus, the assay needs to be modified to allow for dissolution by ammonium fluoride. 

However, NH4F also prevents the development of the colorimetric complex (Figure 33).  

Using results by Proost et al, boric acid can be incorporated into the assay to reduce 

fluoride interference.  Optimization of this was performed by a titration of ammonium 

Figure 33. Schematic of the process of optimizing the Molybdenum Blue colorimetric 
reaction for the quantification of silicon 
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fluoride content with boric acid.  A concentration of 400 mM ammonium fluoride for the     

sample was chosen, and the colorimetric assay was determined to be consistent and 

reliable (Figure 34).  Thus, in order to quantitate silica of frustules, cell samples were 

dissolved in 400 mM ammonium fluoride at a pH of 5, 40 µL aliquots were used in the 

colorimetric assay, and absorbance at 810 nm was measured using a BioTek Synergy 

H4 Hybrid Reader.  Si content was determined by comparison with a standard curve 

ranging from 0.5 to 40 ppm run at each sample time.   

 In order to show that the colorimetric assay is accurate with respect to our 

conditions (Thalassiosira pseudonana cells), the silica content of cultures ranging in cell 

density from 10^5 to 4*10^6 was determined.  A study by Hildebrand et al9 found that 

cells of T. pseudonana have Si contents of about 50 fmol/cell, with 20 fmol in each 

valve, and 4 fmol in a girdle band; the average cell has 2 girdle bands.  Because these 

cells do not grow smaller through cell division, the cell size and silica content remains 

consistent over generations, a unique advantage to these cells.9  Using 50 fmol Si/cell 

as the theoretical value in Figure 35, we see that the experimental and expected results 

line up well across a range of cell densities.  With this proof of the validity of the assay, 

Figure 34. Optimized Mo Blue assay calibration curve, points represent mean of n=3 and 
error bars represent S.D. 
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we can    use this method to quantify between 712 nM and 1.42 mM Si, which translates 

to ~1425 cells up to ~2.85 million cells in a 40µL sample.  

 

Flow Cytometry 

 Flow cytometry analysis was performed on a BD Fortessa or Accuri C6.  When 

samples were prepared in a 96 or 384 well plate, the HyperCyt adapter and software 

were used.  Natural chlorophyll a fluorescence of cells was used to count and monitor 

cells; addition of a dye was not required.  Silica content of the cells was measured with 

the fluorescent probe PDMPO (LysoSensor Yellow/Blue DND-160).  To samples 

prepared in Falcon tubes, counting beads were added to get a cell count and cell 

density of the solution.  Samples in a plate format were counted during flow cytometry 

analysis.   

 

 

Figure 35. Experimental vs theoretical amount of Si in T. 
pseudonana using optimized Mo Blue colorimetric assay 
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Imaging 

 Cells were imaged using scanning electron microscopy on a Hitachi 4600 or 

Zeiss MERLIN.  Atomic force microscopy on cells was done on a.  Transmission 

electron microscopy of cells was done on a CM20 Phillips.  A PerkinElmer Opera 

Microscope was used to image samples in a plate format.     

 

Plate Analysis and Processing 

 When cells were translated to the microtiter plate format, cell growth was 

monitored using a BioTek H4 Synergy Hybrid Reader.  Chloropyhll A, present in the 

photosynthetic algae, was excited at approximately 380 nm and emission was 

monitored at 685 nm.  This led to growth curves of the cells.  Well-to-well variability of 

the chlorophyll in vivo fluorescence (IVF) was determined across 96-well and 384-well 

plates.  To maintain consistency and reliability, a BioTek MultiFlo liquid handler was 

used to dispense reagents when possible. 

 In order to separate excess Si or PDMPO in the media from the cells, a number 

of different methods were tested.  Different plate types were centrifuged to pellet the 

cells at the bottom of the plate, and the supernatant was removed.  Supernatant cell 

content was measured by IVF, as described above.  Filter plates were also centrifuged 

into a receiver plate below.  Filter plates were also processed using a Bio-Rad Aurum 

Vacuum Manifold.  Another method tested was using magnetic beads to capture the 

cells and magnetically draw them to the bottom of the plate with a 96-well plate magnet.  

Plates were washed using Si free artificial seawater medium (ASWm –Si) The number 
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of plate washes necessary was monitored by the amount of Si or PDMPO left in the cell 

media. 

 An alternative to separating Si and PDMPO from the media was attempted, using 

flow cytometry as described above.  Using flow cytometry, only the fluorescence of 

particles, or solids in solution, like cells, that scatter light is detected.  Thus, background 

PDMPO fluorescence in the cell medium would not be an issue.     

     

Results and Discussion 

Culturing and Cell Growth  

 Once a culture of T. pseudonana (CCMP 1335) was obtained, we determined the 

best inoculation conditions for continuous culturing.  At the NCMA at Bigelow 

Laboratories, CCMP 1335 is maintained at 14°C but is viable between 4°C and 25°C.  

We established a culturing environment between 18°C to 20°C.  In order to provide light 

for the photosynthetic algae, we used cool fluorescent light bulbs.  Previous studies 

using T. pseudonana have light conditions between 100 and 150 PAR 

(photosynthetically active radiation, µmol photons * m-2 * s-1), and we maintained our 

cultures under these conditions.9, 120 Light output was measured in lux using a VWR 

International Traceable Dual-range light meter and converted to PAR using the 

conversion for cool white fluorescent light of 0.013 * lux = PAR.119  We set our light 

cycle on a 14h:10h light:dark schedule. 

Culture growth and cell content was measured by hemocytometer cell counts, 

chlorophyll a absorbance and chlorophyll a (ChlA) fluorescence in 200 µL samples in a 
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96-well plate.  ChlA (Figure 36) absorbs light in the ultraviolet region, as well as partially 

at 685 nm.  If excited in the UV region, at 380 nm, ChlA will emit at 685 nm, even within 

cells.  This process is called in vivo fluorescence (IVF) and is commonly used as a 

proxy for cell content.  The more cells there are, the more chlorophyll a there is, and the 

higher the IVF signal.  While chlorophyll a content can vary across diatom species, and 

even within a species, diatoms maintained under consistent conditions will have stable 

ChlA content per cell.  In fact, across a wide range of cell densities (taken from 6 

different cultures over time), from <100,000 cells/mL to over 20 million cells/mL (Figure 
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Figure 36. Structure of chlorophyll A  

0 5.0×10061.0×10071.5×10072.0×10072.5×1007
0

5000

10000

15000

20000

Cell Density (mL-1)

RF
U 

(λ
=6
85
)

(a)   

0 1.0×10062.0×10063.0×10064.0×10065.0×1006
0

2000

4000

6000

Cell Density (mL-1)

R
FU

 (λ
=6

85
)

(b)   

Figure 37.  IVF versus cell densities (counted by hemocytometer); (a) samples of 6 different 
cultures counted by hemocytometer, square box represents zoomed in portion in (b)  
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37a), there is a linear relationship between the cell count and IVF (r2=0.9571, error in 

slope 2.49%, n=37) of T. pseudonana cells cultured under our conditions described 

above.  When looking at cell densities less than 5 million/mL (Figure 37b), which is a 

conservative limit for our assay, the correlation between IVF and cell count improves 

(r2=0.9892, error in slope 1.98%, n=15).    

 In order to determine inoculation conditions, we added ratios of stock culture to 

fresh media of 1:20, 1:25, 1:50, 1:75, and 1:100 with 101 mL in a 250 mL (Figure 38a) 

and 51 in a 125 mL (Figure 38b) Erlenmeyer flask.  Growth was then monitored over 3 

weeks, and inoculation conditions of 1:50 in a 125 mL flask were chosen; inoculation 

was typically done every 4 days, but anywhere between 4 and 10 days would work for 

basic stock culture maintenance.   

  Under these conditions, cell growth was consistent.  Cell densities of 6 different 

cultures were measured over the course of 7 to 9 days and found to be reliable (counts 

in Figure 37).  
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Translation to Microtiter Plate Format 

In order to make the screen high throughput, we needed to translate cell growth 

to a microtiter plate format.  The more wells/plate, the higher throughput the assay.  

Cells grew successfully in 24-, 96-, and 384-well plates, so we further analyzed 96- and 

384-well plates for well-to-well reliability.  In both the 96-well (Figure 39) and 384-well 

plates, the edge wells brought down the overall consistency of the plates.  This is not 

unusual, as plate edges tend to evaporate faster than others, which affects cell 

growth.121 Additionally, the edge wells are not blocked on all sides by other wells, as 

center wells are, which may affect the amount of light hitting edge wells when compared 

to center wells.     The edge wells in either format can be reserved for media as a blank 

and wells for a colorimetric standard curve or PDMPO calibration curve. 

 

DMSO Resistance 

High-throughput screening libraries, including the main set at Vanderbilt 

University, contain millions of stock compounds stored in DMSO.  The library 
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Figure 39. Edge effects of 96-well plate on Day 2 of growth; (a) all wells (b) center wells; z-axis is 
IVF from 0 to 3500.  Blue: 3000-3500, Orange: 2500-3000, Light blue: 2000-2500, Purple: 1500-2000  
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compounds are added directly to the screening assay, meaning the effects of DMSO on 

cell growth and the cell phenotype that will be monitored must be determined.  To do 

this, DMSO was titrated into cell culture in a 96-well plate and incubated over 4 days.  

The IVF was measured each day (DMSO causes no interference), and the limit to 

DMSO concentration that did not diminish cell growth by more than 10% was 

determined to be 0.1% DMSO (Figure 40).  Typically, library compounds are kept in 

stocks of 10 mM, so a 0.1% DMSO concentration limit would correlate to a maximum 

drug concentration of 10 µM.  While this may seem high compared to other screening 

assays, it should not pose a problem for this screen.  In many cell-based assays, cell 

death is the desired phenotype since drug-discovery and therapeutics is a common 

goal.  In our assay, however, we want T. pseudonana to prosper, and we only want to 

affect the silicon content and/or placement in their frustule.  Therefore, higher 
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Figure 40. DMSO resistance of T. pseudonana culture 
from 0% to 10% DMSO in a 96-well plate format 
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concentrations of drugs are better, so as not to cause cell death.  For instance, a dose-

response curve of trans,trans-2,4-decadienal, which causes cell death in Thalassiosira 

weissfloggii122 reveals that after two days, the IC50 of IVF (representing cell death) is 

1.147 ± 0.008 µM (Figure 41a).  Cells with low concentrations of drug, those less than 1 

µM began to recover their growth slightly, and by day 6, the IC50 is 1.61 ± 0.02  µM 

(Figure 41b).  From this we can see that, at least for this drug, concentrations of 1 µM 

may start to affect cell viability, measured by IVF.  Therefore, performing this screening 

assay at DMSO concentrations less than 0.1% will not be an issue.   

 

PDMPO Fluorescent Probe for Silica Quantification and Imaging 

The formation of new silica can be tracked and monitored by using the pH 

dependent fluorophore, PDMPO (Figure 42).  This probe, {2-(4-pyridyl)-5-((4-(2-

dimethylaminoethylaminocarbamoyl)methoxy)phenyl)oxazole}, is a dual 

excitation/emission probe that can be taken up by the diatom into acidic environments, 
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Figure 41. Dose-response curves of T. pseudonana after (a) 2 days and (b) 6 days incubated 

with trans, trans-2,4-decadienal in a 96-well plate format.  Cell viability is measured by IVF; blue 
and black lines represent different trials, points represent triplicate means and S.D. error bars 
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such as the silicon deposition vesicle (SDV).  Here, as polymerization occurs, the probe 

is incorporated into the growing frustule as new silicic acid is polymerized123.  This 

probe can then be used to monitor changes in the amount of silica that has formed in 

the wells, as well as to image the resulting frustules.  Because PDMPO has dual 

excitation/emission properties that correspond to pH environment, it is typically used as 

a ratiometric pH monitor.  At pH 3 or below, the emission of PDMPO centers around 

540 nm.  As the pH increases over 3, the emergence of a second peak, or shoulder, at 

450 nm occurs (Figure 43a).  The differences in these profiles allows a ratio of the two 

peaks to be taken to determine the pH.  Interestingly, this emission change is also 
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Figure 42. Structure of PDMPO (LysoSensor Yellow/Blue DND-160). 

Figure 43. PDMPO fluorescence and emission profiles at varying pH 
conditions in the (a) absence and (b) presence of polymerized silicic 
acid (silica) as observed by Shimizu et al5; PDMPO is added to buffer 

before polymerization occurs 
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induced by the incorporation of PDMPO into polymerized silica.5 When it is incorporated 

into silicic acid oligomers, the emission profile at any pH will be one peak centered 

around 510 nm (Figure 43b) rather than two peaks at 450nm and 510nm when pH 

conditions are above 3.  Therefore, in a neutral or basic conditions, like those of ASWm 

used to culture cells, the PDMPO profile in the background medium is different than the 

PDMPO profile in silica (Figure 44a). 

 In order to investigate this property, we wanted to verify the different profiles of 

PDMPO outside of biological conditions.  In ASWm (pH 8), we added 1 µM PDMPO to 

all samples.  In triplicate, we titrated in silicic acid from 0 to 80 mM.5  At concentrations 

above ~2 mM, silicic acid will self-condense into silica oligomers.  Therefore, we can 

see that as the concentration of Si(OH)4 increases, the ratio of the fluorescence at 510 

to 450 increases (Figure 44b), as the emission profile shifts from two peaks at 450 and 

550 nm (Figure 44a, blue) to one peak at 510 (Figure 44a, black).  While this 

concentration of silica is much higher than would be found in the frustules of diatoms, 

400 500 600 700
0

1000

2000

3000

Without Si With Si
Wavelength (nm)

R
FU

Figure 44. (a) PDMPO emission in the presence (black) and absence (blue) of silicic acid at pH 
8 (b) ratio of PDMPO fluorescence at 510 to 450 as a function of silicic acid concentration, 

collected by Summer Arrowood 
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we need to use high concentrations to induce condensation of silicic acid to oligomers 

at pH 8.  In the screen, however, T. pseudonana will condense the available silicic acid 

and PDMPO into silica.    

 In order to test this probe for our assay, we needed to determine how it would 

interact with T. pseudonana.  In order to do this, we starved cells of Si, an essential 

nutrient for their growth, in order to synchronize them according to previously published 

work.9 After 24 hours, cells were plated into a 96-well plate and treated with PDMPO 

and either Si or media.  Cells that had Si added back to them would begin growing, and 

cells where Si was not added would remain arrested at the same stage in their cell 

cycle.  Therefore, we expected the ratio of fluorescence at 510 to the fluorescence at 

450 to be the same for all conditions where Si was solely in the media, and for the ratio 

to differ only in those wells where cells were actively growing, making new frustules, 

and had PDMPO in the media.  This is exactly what we saw (Figure 45).  In two 

separate trials, we saw consistent values for the ratio of the 510:450 emissions of 

Figure 45.  Two different trials of cells or media incubated with PDMPO with or without 
silica. White bars represent mean of n=15 and grey bars represent mean of n=3; error 

bars are S.D. 
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PDMPO, in the presence of cells that were not actively growing and in media where 

there were no cells, and therefore no polymerized silica. 

 Due to the low linear range available for PDMPO incorporated into a frustule vs 

left in the media, we run into a similar issue as with Si colorimetric quantification: there 

will be excess background signal that will interfere with our ability to detect cell Si and 

frustule changes.  Like with Si, we don’t want to limit the PDMPO available to cells, both 

of these need to be in excess concentrations.  Therefore, we need to impose washing 

steps in order to separate media from the cells.  

 

Plate Processing by Cell Separation 

 In order to remove excess elements of the media that may interfere with 

detection (either Si or PDMPO), we attempted a few separation techniques.  One typical 

method for harvesting diatom and other alga cells involves centrifugation at low speeds 

to pellet the cells.  We used centrifugation of plates to pellet cells at the bottom of the 
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Figure 46. 250 µL of cell culture in 96-well plates were washed after (a) 1 day and (b) 3 
days of growth; white and gray bars represent 2 different trials of n=60 
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plate; the supernatant was then removed and tested for cell content and Si content.  In 

flat bottom plates, the cells essentially coat the entire bottom, and the loss of cells when 

removing the supernatant is significant (Figure 46).  However, silicon in the media is 

negligible after two washes.  An alternative to this that still retain the high-throughput 

format are v-well plates, which will allow the cells to pellet specifically into the trough of 

each well. 

In a 96-well v-shaped plate, cells were added to the center 80 wells (columns 2-

11) and ASWm was added to the outer 16 wells in columns 1 and 12.  The plate was 

centrifuged at 3000 rpm, and the supernatant was removed and added to a second 

plate.  ASWm was added to the original plate, and the process was repeated twice.  

Each step was measured for IVF.  While most cells were retained and very few were 

lost, after 2 washes the %CV across the plate was larger than 10% (Figure 47), which is 

above the threshold for a good high-throughput screening assay.  This means that the 

few that were lost were randomly distributed across the plate, increasing the error 

across the plate as a whole.  

Figure 47. IVF of T. pseudonana during 
series of washing steps in 2 96-well v-

bottom plates 
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To avoid centrifugation to pellet the cells, we studied 96-well and 384-well plates 

that have a filter bottom to retain material, typically using a molecular weight or size cut-

off, in the wells.  We used 0.4 µm filter sizes that would let the media and subsequent 

wash steps flow through and retain the cells (~2x2x4 µm).  We used two techniques to 

separate through the filter: centrifugation into a receiver plate or an Aurum Vacuum 

Manifold.    

For an HTS assay, the number of transfer steps should be minimized, and ideally 

there would be none.  We tested how well the filter would stand up to NH4F to 

determine if the cells could be digested in the plate.  12 samples of 40 ppm Si in 200 

mM NH4F were added to each of two different plates.  12 samples of 0 ppm Si in 200 

mM NH4F were also added to each plate.  Plates were incubated for 1 hour and 

centrifuged at 1800 rpm, followed by colorimetric determination of the stocks before 

filtration and the samples after filtration (Figure 48) in a new plate.  There was no 

background signal from 0 ppm Si in 200 mM NH4F above the limit of detection.  We 
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Figure 48. 40 ppm Si samples from pre and 
post filtration through a 96-well filter plate; 

grey and white represent different trials 
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concluded that cell samples could be dissolved using NH4F without destruction of the 

filters and without interference in a subsequent colorimetric assay.    

To determine the accuracy of how well samples would flow through the filter, so 

as to eliminate the need to transfer some of the sample to a new plate using liquid 

handlers, we added Si standards (Figure 49a-c) and Si samples of 40 ppm (Figure 49e) 

to 3 96-well plates.  In this case, we did not add excess volume; we added 40 µL 

samples.  In this way, the receiver plate could be directly used for colorimetric detection.  

We used the vacuum manifold to process the plates.  We found that while the samples 

did average an accurate concentration, the variability across the samples was much 

higher than 10%, even as high as almost 30%.  We also found that the standard 

samples had very high variability, and the sensitivity of the colorimetric assay suffered 

compared with typical conditions (Figure 49d).  Essentially, eliminating the transfer step 

after filtration is not going to be possible for a robust assay.  This also means cells will 

be dissolved in more than 40 µL of NH4F, diluting the end signal.  Using centrifugation 

to filter through the plates, rather than the vacuum manifold, saw similar results, with 

very high error across the samples and a decreased sensitivity of the colorimetric 

assay.  
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Lastly, cells do not grow well in 96-well filter plates (Figure 50a, blue), and they 

do not prosper at all in 384-well filter plates (Figure 50b, blue).  Cells would have to be 

incubated in a normal plate for the assay and transferred to the filter plate for 

processing before analysis.  Therefore, without a better technique for separating cells 

from the media, we needed a new way to analyze the cells.  

 Most of the problems discussed so far arise from the fact that these are non-

adherent cells, yet they need to be washed for either PDMPO or colorimetric detection.  

We hypothesized that if we could capture the cells onto magnetic beads during 

processing, we could make them essentially ‘adherent’ using a plate magnet.  One way 

of separating recombinant proteins is by expressing them with a chitin binding domain 

(CBD) and purifying them using chitin magnetic beads.  Many cells express proteins 

with chitin binding domains naturally, and at least one has been identified in the cell wall 

of Thalassiosira psuedonana.124  Thalassiosira pseudonana cells produce chitin, some 

of which is associated with the cell wall125, and therefore it is likely there are multiple 
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CBDs associated with their frustules.  Using this information, we incubated T. 

pseudonana culture (~2 million cells/mL) with chitin magnetic beads in a 1:1 v/v ratio or 

with chitin binding buffer and measured the IVF of the supernatant after one hour.  Even 

with the bead stock undiluted, there was no statistical difference between the 

supernatant of cells incubated with beads and those without (Figure 51). 

 

 We also investigated electrostatic interactions to separate cells from the 

surrounding media.  Algae have been studied as a source of biofuel126-128, so their 

harvesting has become an area of interest in recent years.129  A newer harvesting 

method involves the magnetic separation of cells by tagging algal with magnetic 

particles via electrostatic interactions between the negative alga and a positively coated 

magnetic particle.130 Magnetite particles are typically coated with a cationic natural or 

synthetic polymer, and polymers such as polyethyleneimine (PEI) and chitosan have 

been studied.131 We titrated PEI-coated magnetite (Fe3O4) particles (50 nm) into cell 

Figure 51. IVF content of supernatant of T. 
pseudonana culture incubated in the presence 

and absence of chitin magnetic beads 
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culture in microcentrifuge tubes; we measured the supernatant for cell content using IVF 

(Figure 52).  As the number of beads added to the culture increases, the cell content in 

the supernatant decreases.  When translating this method to a plate format, the beads 

tended to spread across the bottom and would get caught in the supernatant of washes.  

While doing this by hand allows the operator to carefully try and avoid the beads, an 

automatic liquid handler may get the beads.  To facilitate the beads grouping at the 

edge of the wells, the surfactant tween-20 was added to the bead stock.  This helps to 

reduce the interaction of the magnetic particles with the polystyrene plate.  Repeating 

the titration in a plate format (cell density 1*106 mL-1), we found that with just 5 µL of 

beads (50 µg), we could capture 100% of cells from the media.  Using 10 µL of beads 

(100 µg) reduced the amount of cells lost in one wash to less than 10%, according to 

IVF (Figure 53).  Two washes sufficed to remove excess silicon from the media and one 

wash was enough to remove PDMPO. 
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Figure 52. IVF of cell culture supernatant when treated 
with varying amounts of PEI-coated magnetic particles  
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 In order to elute the cells off the beads once the capture and washes are complete, 

we used different methods to disrupt the electrostatics.   We used both high and low pH 

conditions to elute cells from the beads; we incubated cells with beads, washed them 

twice, and then used NaOH (Figure 54a) and HCl (Figure 54b) to elute off the beads.  

Subsequent titrations revealed that altering the pH of the solution would not be the 
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strategy for elution in this assay.  A titration of salt conditions is the next step for using 

this avenue for the screening assay.  However, as this part of the project progressed, I 

also investigated developing this project as a flow cytometry screening assay.   

 

Flow Cytometry as an Alternative to Washing 

 Flow cytometry is a technique that allows for the detection and analysis of cells 

as they flow one-by-one past a laser.  Due to this, signal is only generated when a solid 

particle (such as a cell) interrupts the laser beam, and small molecules dissolved in 

solution, like the PDMPO probe, won’t be detected. 

 Using a 384-well plate format, the cell counting using flow cytometry versus a 

hemocytometer was compared.  As seen in Figure 55, these techniques line up well, 

particularly at concentrations of 6 million cells/mL, which is far more than would be 

found in our assay. 

 We needed to verify that the PDMPO probe would be detected by flow cytometry 

when it was incorporated in the frustule.  Cells were incubated overnight in silicon-free 
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media.  In triplicate, cells were given a combination of Si or H2O and PDMPO or DMSO: 

+Si/+PDMPO, +Si/-PDMPO, -Si/+PDMPO, -Si/-PDMPO.  Cells were then allowed to 

grow overnight and were analyzed by flow cytometry.  20 µL from each well was 

sampled.  As seen in Figure 56a, cells grew when incubated with Si, and PDMPO (grey) 

did not affect T. pseudonana growth.  Event populations were gated as PDMPO positive 

or PDMPO negative, and cell wells not incubated with PDMPO showed less than 0.1% 

positive cell events.  There was a statistical difference in cells incubated with PDMPO in 

the presence vs the absence of silicon (Figure 56b).  However, this difference was very 

slight.  Over 80% of cells still showed PDMPO incorporation.  In order to use this as a 

reliable method of detection in the HTS assay, we needed to bring down the 

background signal of non-actively growing cells incubated with PDMPO.  To find a more 

ideal concentration, cells were incubated in silicon-free media and titrated with PDMPO 

to determine if the concentration of PDMPO was too in excess.  However, analysis by 

flow shows that even concentrations as low as 50 nm would lead to 80% PDMPO 

positive cells (Figure 57).   
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We hypothesized that the signal could be due to PDMPO incorporation by 

passive uptake as PDMPO diffuses into the cell across the concentration gradient.  To 

investigate this, we proposed lysing the cells so that any internal PDMPO, not 

incorporated into the frustule, would be part of the background media that is 

undetectable by flow.  

 Cell lysis disrupts the PDMPO signal inside the cell, but it also disrupts the 

chlorophyll a signal.  Because this signal was the main method of determining positive 

cells in flow cytometry, we needed to determine if cells could be positively identified 

without the ChlA signal.  To do this, we compared both unlysed and lysed samples.  

Interestingly, we found that the Triton X-100 surfactant used to lyse open cells 

enhanced the chlorophyll a fluorescence; any small bits of chlorophyll a left associated 

with the cell frustule were picked up on flow easily regardless of the cell’s pre-lysed 

state (actively growing or not).  Other features of flow cytometry measurements were 

altered by lysis as well, including the “forward scatter”, which represents the way the 

laser scatters as the cell passes through.  Due to this, we could not confidently gate 

cells without the IVF signal (Figure 58).  
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Limitations and Future Work  

 During development of this screening assay, a lot of progress was made towards 

understanding the best growth conditions, and the different types of analysis that could 

be used to quantitate and image silica in diatom frustules.  Unfortunately, there are a 

number of technological limitations hindering this assay.  

 One current limitation is in the resolution of confocal, plate imaging.  A high 

content, imaging screen was originally designed to be a secondary screen, to image 

only the compounds identified as hits during the primary screen.  However, it is possible 

to use an imaging screen as the primary screen.  At ~2x2 µm, these cells are smaller 

than many cells used in typical assays.  In order to investigate the differences between 

frustules, the resolution of a confocal microscope with a plate adaptor would need to be 

increased.  For instance, using the OPERA confocal microscope on Navicula radiosa 

cells (~10 µm x 40 µm cells) stained with PDMPO, we still don’t see clear patterns in the 

frustule (Figure 59).  

Figure 58. Cell counts in cells unlysed vs lysed, using the 
same gate (white and light gray), and by gating the lysed 

population directly (dark gray): lysis affects cell 
detection by flow cytometry 
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 Another limitation that plays into the limitation in imaging is the fluorescent probe 

PDMPO.  This probe has a high background signal, regardless of silica presence or pH, 

because it fluoresces under all aqueous conditions.  This puts a significant limit to the 

linear range between the negative signal and the positive signal.  Additionally, there 

appears to be serious probe signal in non-growing cells, whether by passive diffusion or 

simple association with the outside of the cell, that decreases the linear range between 

negative and positive signal.  Various other probes that were expected to give no 

fluorescence in basic conditions, like those of the background media, did not perform 

well with T. pseudonana.  The development of a probe like PDMPO that will fluoresce in 

the presence of polymerized silica, but not in acidic conditions like the silicon deposition 

vesicle or basic conditions like the growth media, would significantly increase the linear 

range and the differentiation between positive and negative signal.   

Figure 59. Confocal microscopy image of 
Navicula radiosa diatoms stained with 

PDMPO 
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A third limitation is the methods available for separation of non-adherent cells.  

Essentially, none of the current techniques described above are viable options except 

for magnetic separation, which has the potential to work.  Unfortunately, the scope of 

this research did not fully uncover the possibilities of this technique.  The most important 

next step in developing this assay without separate technological advancements would 

be exploring the elution of T. pseudonana cells from PEI-magnetic particles or 

investigating another magnetic tagging method.  
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CHAPTER VI 

 

RESEARCH SYNOPSIS AND FINAL THOUGHTS 

 

 This dissertation focused on the in vitro and in vivo studies of biosilicification in 

two different biological systems: diatoms and sea sponges.  In Chapter II, we 

investigated PAMAM dendrimers with varying terminating groups to determine their 

ability to precipitate silica and titania from their respective precursors.  We found that 

the PAMAM dendrimers reacted with TMOS, TEOS, and TiBALDH to form a range of 

sizes of silica and titania particles.  The size of the resulting particles and the reactivity 

of the dendrimers was particularly affected by electrostatic interactions between the 

precursors, the growing metal oxide, and the dendrimers themselves.  While we found 

that we could control the size of metal oxide spheres, we still did not have control over 

the overall patterning of the material. 

 In Chapter III, the protease enzymes trypsin and papain were studied as 

biomimics of the sea sponge enzyme, silicatein.  We hoped to discover the role of the 

hydrolytic active site of the proteases in the formation of the metal oxides silica and 

titania.  We found that, despite being a member of the same family as silicatein, papain 

was not a direct biomimic of silicatein; the active site of papain was not responsible for 

hydrolyzing the TMOS substrate.  Trypsin, on the other hand, did require the active site 

to hydrolyze the TMOS substrate.  We hypothesize that this difference is due to the 

decreased positive charge of the trypsin surface compared to the papain surface, which 
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doesn’t allow for as much localization of the relatively negative TMOS, or the hydrolysis 

by amine groups.  Neither enzyme requires the active site to hydrolyze TiBALDH, likely 

due to the increased susceptibility to nucleophilic attack with respect to TMOS.  Like in 

Chapter II, we found interesting differences in the reactions and morphologies of metal 

oxides precipitated using these protease enzymes, but we still lacked control over the 

overall patterning. 

 Chapter IV focused on increasing our control over metal oxide material patterning 

using a variation on nanosphere lithography.  By combining the results and knowledge 

gained from Chapter III with a twist on a current bottom-up approach, we were able to 

precipitate interesting silica ‘flowers’ into an organized fashion on a substrate.  While 

our control was limited to two-dimensions, I believe that future work developing this 

technique could begin to see control over the third-dimension.  Metal oxide features 

could be grown up vertically from the pores, and a variety of templates could be created 

using different masking conditions.   

 Lastly, Chapter V investigated a new approach to material development.  Instead 

of mimicking biological processes, we aimed to allow these processes to occur in their 

biological environment, while probing different results using small molecules.  We 

worked towards developing a screening assay of the diatom T. pseudonana to probe 

the silicon metabolic cycle with small molecules in order to affect the frustule formation 

and patterning.  While a lot of interesting information came out of this work, there are 

still questions to be answered in order to finalize the screen.  The most important 

question to answer to move this project forward without waiting for other technological 
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or scientific advancements is “can we separate cells from background media in a 

robust, reproducible fashion?”  I believe that with magnetic beads bound to cells, 

whether through electrostatics or another tagging method, this goal can be achieved.  

 The work described in this dissertation adds knowledge to biomimetics, enzyme 

silicification in sea sponges, and nanolithography approaches, and paves the way for 

increased information about the biosilicification processes in Thalassiosira pseudonana 

and other diatoms as well as the enzymatic control in sea sponges.     
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