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ABSTRACT  
   

 

Biogenic silica nanostructures, derived from diatoms, possess highly ordered porous 

hierarchical nanostructures and afford flexibility in design in large part due to the 

availability of a great variety of shapes, sizes, and symmetries. These advantages have 

been exploited for study of transport phenomena of ions and molecules towards the goal 

of developing ultrasensitive and selective filters and biosensors. Diatom frustules give 

researchers many inspiration and ideas for the design and production of novel 

nanostructured materials. In this doctoral research will focus on the following three 

aspects of biogenic silica: 1) Using diatom frustule as protein sensor. 2) Using diatom 

nanostructures as template to fabricate nano metal materials. 3) Using diatom 

nanostructures to fabricate hybrid platform. 

 

Nanoscale confinement biogenetic silica template-based electrical biosensor assay offers 

the user the ability to detect and quantify the biomolecules. Diatoms have been 

demonstrated as part of a sensor. The sensor works on the principle of electrochemical 

impedance spectroscopy. When specific protein biomarkers from a test sample bind to 

corresponding antibodies conjugated to the surface of the gold surface at the base of each 

nanowell, a perturbation of electrical double layer occurs resulting in a change in the 

impedance.  

 

Diatoms are also a new source of inspiration for the design and fabrication of 

nanostructured materials. Template-directed deposition within cylindrical nanopores of a 
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porous membrane represents an attractive and reproducible approach for preparing metal 

nanopatterns or nanorods of a variety of aspect ratios. The nanopatterns fabricated from 

diatom have the potential of the metal-enhanced fluorescence to detect dye-conjugated 

molecules. 

 

Another approach presents a platform integrating biogenic silica nanostructures with 

micromachined silicon substrates in a micro/nano hybrid device. In this study, one can 

take advantages of the unique properties of a marine diatom that exhibits nanopores on 

the order of 40 nm in diameter and a hierarchical structure. This device can be used to 

several applications, such as nano particles separation and detection. This platform is also 

a good substrate to study cell growth that one can observe the reaction of cell growing on 

the nanostructure of frustule.  
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CHAPTER 1 

INTRODUCTION 

1 INTRODUCTION 

1.1 Introduction To Diatoms  

Diatoms are eukaryotic, unicellular photosynthetic algae that are well known for the 

spectacular design of their silica-based cell walls [1-3], and ubiquitous presence in nearly 

every aquatic habitat on earth. Diatoms produce diverse three-dimensional, symmetric 

silica structures (called frustules) with pores from nanometer to micrometer dimensions. 

In addition, they also possess intricate geometries and spectacular patterns of their cell 

walls. These patterns are species-specific and are precisely reproduced during each cell 

division cycle. The number of the species is estimated to be over 100,000 and each of 

them has a unique frustule shape decorated with nanometer-sized pores [4, 5]. Diatoms 

are enormously important for the biological cycling of not only silicon but also carbon. 

Diatoms are responsible for approximately 25-30% of total photosynthetic CO2 fixation 

[6]. The advantage of diatom for nanotechnology over standard photolithography 

methods is that diatoms grow exponentially in solution [7], which is faster than the 

manufacturing rate of MEMS. Diatoms can be grown to more than 106 cells per milliliter 

of culture medium in a couple days at replication rates over many times a day and 

requiring only nutrients and light. For these reasons, cultivation of diatoms shows 

potential as the first step in the nanofabrication of complex functional structures.  

 

Silicic acid (H4SiO4) is an important nutrient in the ocean, which is an essential chemical 

requirement for diatoms, radiolaria, and siliceous sponges. These organisms extract 
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dissolved silicate from ocean water to build up their silica (SiO2) skeletal structures. 

Diatom cell wall is one of the most common siliceous structures observed of silica-

secreting organisms. They are responsible for the majority of silica extraction from ocean 

waters and account about 43% of the primary production. The silica skeletal structure 

from diatom primarily serves as a mechanical and structural support, providing protection 

from predators and also acts as sensors. They usually exhibit hierarchical structures and 

pores over several length scales ranging from tens of nanometers to hundreds of 

micrometers. This unique structure is challenging to achieve in the lab by synthetic 

approaches. There are three different hierarchical structures have been found in diatoms: 

(1) microscale (of the order of the cell), (2) mesoscale (higher order assembilies of 

biosilica pores) and (3) nanoscale (primary particles and aggregates). [8]  

 

Diatoms can make a three-dimensional micro- to nanoscale structure for them with no 

difficulties. By contrast, nanotechnology techniques, currently used in the semiconductor 

industry, are tedious to build up three-dimensional structures layer by layer. This presents 

an opportunity to use diatoms themselves as templates to make nanostructures as well as 

exploiting their unique properties.. For example, the regularly repeating micro and 

nanostructures in diatom cell walls lead to special optical photonic properties.  

 

Diatom research gained tremendous momentum after the identification of silicon 

transporters in the late 1990s and early 2000s. Genomes of two diatom species have been 

sequenced, with several genes associated with biosilica synthesis in diatoms identified. 
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[9] In the last ten years, there have been many research publications on the potential 

nanotechnology applications of biologically inspired silica from diatoms[2, 10-12]. 

 

1.1.1 Structure of Diatoms  
 
Diatoms are usually classified as one of two main groups: centric diatoms and pennate 

diatoms, depending upon the symmetry of their frustules (Fig. 1-1). Centric diatoms are 

radially symmetrical, while pennate diatoms tend to be elongated and have parallel 

groove on the surface.  

 

Figure 1-1 Centric diatom (left figure) and pennate diatom (right figure). 

The centric type is of primary interest as having nanotechnology potential, due to its 

uniform pore structure, well-aligned pores, and a wide range of sizes from 20 – 250 µm. 

The diatom cell is enclosed in unique cell walls known as frustules. The centric diatom 

frustule contains of two equal halves, and resembles a petri dish. Each half consists of a 

valve and a girdle. The valve forms the larger outer surface and the girdle is the circular 

band of silica attached to the edge of the valve (Fig. 1-2).  
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Figure 1-2 Schematic diagram of a centric diatom showing the petri-dish like 
nature of the frustule.[13] 

In most diatom species the construction of hypotheca and epitheca are identical. Both 

theca elements are siliceous and display the ornamental morphological features. In 

addition, the silicified cell walls are also associated with a range of organic coverings that 

function in a variety of ways, including protection from desilicification. [14] Each valve 

possesses three-dimensional (3D) and hierarchical structures of porous plates and solid 

walls. The pore diameters range from nanometres to micrometres (Fig. 1-3).  

The pores from valves and girdle bands provide the channels for diatom to interact with 

their environment, and facilitate transport of nutrients and waste materials.  

Possibly, the thick silica plate forming the biggest pore (areolar chambers) is responsible 

for the mechanical stability of the frustule whilst the comparatively thin membranes of 

200 nm and 40 nm porous membrane have developed for filtration and separation. From 

Losic’s group study, they have compared two different diatom species and investigated 

the size of the smallest pores (40 nm) is consistent. This consensus might imply that this 
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pearance, diatoms have evolved into the most
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pore size is the species comprehensive size exclusion limit for separation of salubrious 

particles and molecules (<40 nm) and deleterious particles like virus and bacteria (>40 

nm). [15]  

The large voids or pores in a diatom frustule have a dielectric constant of nearly 1, thus 

the dielectric constant of the whole silica diatom frustule may be reduced from 3.9, which 

is the dielectric constant of silica. Introduction of porosity is inevitably related to a 

decrease in mechanical robustness during the manufacturing process. So diatom frustule, 

with a robust hierarchical porous nanostructure, may be a good material with a low 

dielectric constant as interlayer dielectrics for the on-chip interconnection of integration 

devices to provide high speed, and low cross-talk noise. One could choose larger diatom 

with two or three layers hierarchical nanoporous structure as interlayer dielectric for the 

interconnection membrane. 
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The rigidity and architecture of silica cell wall force restrictions on the mechanism of cell 

division and growth. Vegetative reproduction (Fig. 1-4) (asexual) is the main mode of 

reproduction. As valves can only be formed during cell division and because new valves 

always develop within the parental cell wall, the sibling cell is usually smaller than the 

parental cell. As a consequence, the average cell size in a diatom population slowly 

decreases with continued vegetative growth and finally, the size reduction will result in 

 

Figure 1-3 Diatom structure. (a) Schematic of a centric diatom frustule with 3D 
profile of the silica wall. (b) SEM image of a Coscinodiscus sp. with corresponding 
layers [16]. 

long-chain polyamines) for which it is expected that they
accelerate silica precipitation’ [40], and pinocytosis of
Si(OH)4 occurs only via route C in Figure 4.

Note that none of these models invokes a prepattern of
silica binding to supramolecular scaffolds, as has been
presumed necessary to span the size gap from the 50 nm
sphere to the whole diatom [53,60]. The first two models
yield convincing patterns for a different range of diatom
valve patterns, so they are being combined into a three-
phase model: two liquids plus the solid silica precipitate
(in collaboration with Philip J. Camp). These separation–
precipitation patterns are uncannily similar to patterns
generated by more complicated, but more popular,
Turing reaction–diffusion equations [61], suggesting that
solutions of both sets of equations share a fundamental
mathematical topology [62]. We might find that all of the
models discussed here ‘work’, and that step by step exper-
imental analysis will prove necessary to get at the actual
mechanism of diatom morphogenesis. Synthesis, both by
experimental reproduction of diatom patterns [63], using
nanotechnology to create some semblance of an artificial
diatom cell with an SDV, and computer simulation is
needed to confirm that any analysis of morphogenesis is
sufficient [64].

Note that although purported STVs have not yet been
shown to contain silica, contrary to earlier beliefs [1],
present evidence suggests that the only detectable form
of silica within diatom cells is precipitated silica [65].
Thus, transport within the cell is of solid silica, not Si(OH)4
(Figure 4). This observation seems to contradict the

Figure 2. Scanning electron micrograph (SEM) of a pennate diatom, Didymosphenia geminata (Lyngbye) Schmidt from Cache la Poudre River in Colorado, USA. The two
slits along the midline are the raphes, which are involved in motility. The branching silica precipitation of costae proceeded from this midline to the periphery and down the
sides; this is more clearly visible on the inner view of the valve on the right. Girdle bands can be seen between the two valves. The scale bar represents 50 mm.

Figure 3. Diatom structure. (a) Schematic of a centric diatom frustule with cross-
sectional three-dimensional (3D) profile of the silica wall based on SEM data. The
inner layer contains honeycomb-like vertical chambers called areolae. The large
hole in the floor of an areola is known as a foramen. The roof of the areolae is
called the cribrum, which contains a regular pattern of pores. The layer over the
cribrum is a thin siliceous membrane known as the cribellum, which consists of
small pores. (b) SEM image of a Coscinodiscus sp. with corresponding layers
[46,133,134]. Reproduced from [134] with permission.

Review Trends in Biotechnology Vol.27 No.2

119
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cells being too small and the diatoms would die. The other route is by sexual 

reproduction as shown in Fig. 1-4. The molecular details of this process are almost 

completely unexplored. Some species of diatoms (e.g., Thalassiosira pseudonana) 

growing in laboratory keep the size constant. The mechanism by which these species 

avoid size reduction is not yet fully understood. 

 

Figure 1-4 Diatom life cycle (OE: original ephivalve, OH: original hypovalve) [3] 

 
6 

 

To survive, diatoms require only light, heat and some basic nutrients. Diatoms belong to, as a part of 
the ecological assembly known as phytoplankton. These require dissolved inorganic nutrients, 
including CO2, nitrogen, phosphorous, silicon and a wide range of metals and vitamins, to 
photosynthesize and reproduce. 

2.1.1. STURCTURE OF THE DIATOM 

The cell is encased in unique cell walls known as frustules. This frustule or the cell wall of the diatom 
is composed of biogenic silica, extruded by the cell which is synthesized intracellular by 
polymerization of silicic acid monomers. Individual cells could manufacture highly accurate 3D 
structures in silica from nano meter to micro meter range. Diatoms already create scores of very 
complex three-dimensional structures on a scale which would otherwise be content to create two-
dimensional structures.  Thus the shell is basically composed of SiO2 and can create fanciful forms. 

As silica in either form is used by a number of organisms to form their exterior coverings, diatoms, 
make their vegetative cell wall (frustules) using strongly differentiated plates (valves) and bands 
connecting the plates, usually the main component being silica (Figure 2.3).(8) A valve and a set of 
associated bands are composed in each half of the frustules. Both the valves and the bands are highly 
structured, but typically, valves are more ornamented and structured than the bands. The top half 
valve is known as the epivalve and the bottom is the hypovalve, slightly smaller than the epivalve. As 
a result, the entire frustule is built up of silica (hydrated silicon dioxide) and this is produced by the 
diatom itself under its natural conditions, which shows that there is no pre-requisite care to be taken 
for the growth of these organisms. 

 

Figure 2.3: Diatom life cycle (OE: original ephivalve, OH: original hypovalve) (8) 



 8 

1.1.2 Mechanical Properties of Diatoms 
 
 
In the environment, diatoms are exposed to many mechanical challenges like abrasive 

particles and sediments. Diatom frustule valves and girdle bands form boxlike protection 

as a defense mechanism to safeguard plasma inside. The knowledge of mechanical 

properties and organization of diatoms will inspire the design and engineering of these 

lightweight structures on the marco- and nano- scale. [17] Hamm et al. studied the 

mechanical strength of diatom frustule by measuring the minimum force to break a single 

cell. [18] Mechanical stresses ranging from 150 to 680 N mm-1 were tolerated depending 

on the region of the frustule. The mechanical stress values are similar to the materials of 

rubber and low-density polyethylene, where the values are ranging from 100 to 450 N 

mm-1. The hardness, and elastic modulus have also been done in pennate and centric 

diatom by using AFM. [19] The hardness variation ranges from 0.03 GPa to 0.11 GPa, 

and elasticity ranges from 0.6 to 2.8 GPa across the frustule. This is similar to the 

hardness and elastic modulus found in porous silicon with similar pore size. [20] Another 

materials having similar value of hardness and elastic modulus are polypropylene and 

polyethylene terephthalate.[21]  

 

1.1.3 Chemical Properties of Diatoms 
 
 
The density ranges of diatom are between 1.03 to 1.26 g/cm3 depending on different 

species. [22] There are many components in diatom cell, including proteins, 

carbohydrates, nucleic acids, lipids, and SiO2.   
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Component Density (g/cm3 ) 

Proteins ~1.3 

Carbohydrates ~1.5 

Nucleic acids ~1.7 

SiO2 ~2.6 

Lipids ~0.86 

 

After removing all the organic parts from diatom frustule, only silica nanostructures were 

left. The density of clean diatom frustule should be around 2.6 g/cm3.  One group using 

FTIR spectra to study diatom frustule had observed that the hydrogen atoms are 

essentially bonded in Si–H configurations and the absorption band of the H–O–Si bonds 

is usually negligible [23]. It suggests that oxygen-deficient amorphous-silica (a-SiOx:H) 

in diatom frustule which may cause the density of diatom frustule lower than 2.6 g/cm3 .  

The XPS spectrum of diatom frustule also shows binding energy peak of Si 2p of SiO2 is 

at around 102.5 to 103 eV [24],  which indicates the value X of SiOx  would be between 

1.24 to 1.78. 

 

The chemical nature of diatom frustule is very similar to hydrated glass: SiO2 nH2O, 

where have free hydroxyl groups on the surface. These reactive groups allow chemical 

modification of the surface and subsequent functionalization with relative ease. The rich 

chemistry that can be conducted on the silica structure of the diatom frustule provides 

huge potential for their application as biosensors.  

In order to immobilize a biological sensing element, like antibody or DNA, there are two 

basic approaches to bind biomolecules onto a surface using the ability of silanes to self-
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assemble on silica surfaces: (1) Electrostatic binding. (2) Direct covalent attachment. The 

first approach is the most common non-covalent method to immobilize biomolecules on 

the surface. It is simple and depends on the charge distribution of the biomolecules. 

However, as it also depends on the ionic strength and pH of the solution, changes in ionic 

strength and pH value can cause the molecules to be released from the surface. The 

second approach is using direct covalent attachment, which has the greatest potential for 

the biosensors due to the stability of the covalent bond. The silanes are tightly bound 

through covalent bonds with the surface.. In addition, silanes are good chelating ligands 

due to their reactivity with hydroxyls, and can couple organic groups to label diatom 

frustules with biomaterials.  

 
 

1.1.4 Diatom Culturing 
 

Two types of diatoms were chosen, the first one is pennate diatom, Nitzschia frustulum 

and the second is centric diatom, Coscinodiscus wailesii. The main feature of Nitzschia 

frustulum is that it has periodically organized pores with an average diameter of about 

100 nm, which can be used as template to fabricate nanorods and nanopatterns. The 

features of Coscinodiscus wailesii are that it is one of the largest diatom species with 

diameters 100 to 250 microns, and the pores size of Coscinodiscus sp. from the external 

membrane is around 40nm, which can also be used as template to fabricate nanopatterns. 

In addition, the diatom frustule can completely cover the gold electrodes of the biosensor 

that will be used in the chapter 2. The diatom species Coscinodiscus wailesii (fig. 1-5a), 

Nitzschia frustulum, and the f/2 medium to enrich the seawater were ordered from the 
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National Center for Marine Algae and Microbiota (NCMA). The diatoms were cultured 

in f/2 seawater medium at 20 C under continuous photoperiod in a sterile environment. 

The diatoms were cleaned by the addition of 50% (v/v) hydrogen peroxide (30% 

solution) and incubation at 90 C for 1–2 h to remove organic materials (Fig. 1-5b). 

Samples were centrifuged at 3000 rpm for 5 min, and washed several times with double 

deionized (18 MΩ*cm) water, and stored in 70% ethanol solution. These treatments 

cause the diatom frustule to be separated into two frustule valves and a girdle band. The 

frustule valves were separated from the girdle band and small debris using the settling 

method [25].  

 

 
Figure 1-5 Optical microscope image of Coscinodiscus wailesii, (a) before cleaning. 
(b) after cleaning 
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1.1.4.1 Prepare F/2 Medium 
 
1. Using 600mL flask and add 600ul of NaNO3, NaH2PO4, Na2SiO3, Trace metal 

solution and 300ul of Vitamin into 600mL seawater. (Kit purchased from NCMA: 
https://ncma.bigelow.org/mkf250l#.U7H1cBbO9g0) 

 
2. After adding these stock solutions, shake the flask and mix well. 
 
3. Add appropriate amount medium into diatom culture. 
 

3.1. Add about 1/3 new medium into original diatom culture. Ex: there is 300ml 
original diatom medium, add ~100ml new medium into it. 

 
3.2. If the original diatom medium is almost full of the flask, one is to divide it into 

two flasks, another way is to discard the old medium, keep the diatom sit at the 
bottom. (Turning off light, let the diatom precipitated at the bottom (about 3~4 
hours), then gently pour out the upper medium) 

 
4. Change the medium once a week, make sure diatoms is still growing. (Figure 1-6) 

 
5. Shake the diatom every one or two days. Give them quantity CO2 dissolved in the 

water. 
 
 
 
 
 
 
Table 1-1: Preparation of 1L F/2 medium with 
following components. 

NaNO3 (75.0 g/L dH2O) 1.0 ml 
NaH2PO4·H2O (5.0 g/L dH2O) 1.0 ml 
Na2SiO3·9H2O (30.0 g/L dH2O) 1.0 ml 
f/2 Trace Metal Solution 1.0 ml 
f/2 Vitamin Solution 0.5 ml 
Filtered seawater to 1.0 L 
 
 
 
 
 
 
 
 

 
Figure 1-6  Diatom culturing. 
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1.2 Potential Diatom Applications 

 
Diatom frustules give researchers many inspiration and ideas for the design and 

production of novel nanostructured materials. There are many reviews recently on diatom 

molecular biology, [8] and biotechnology. [26] Various applications have been 

suggested, including using diatom membranes for biomolecule separations [15], size-

selective biosensors, microelectromechanical systems (MEMS), and masks for micro- 

and nano- fabrication [27].  

 

The following four are potential applications that take advantage of the unique properties 

of biogenic silica.  

 

Protein sensors: Detection of protein markers has been identified as a diagnosis 

mechanism to provide information of a disease.[28] The enzyme linked immunosorbent 

assay (ELISA) is the standard for clinical diagnosis, however, the sensitivity is about 3 

picogram/ml [29], which requires large sample volume and further restricts in the 

application of testing sample from infants.  The advent of nanotechnology in the field of 

clinical diagnostics can increase the sensitivity with many new approaches such as 

surface plasmon resonance (SPR) and electroanalysis that have been developed and 

applied for the selective detection of different biomarkers. The silica frustules of diatoms 

functionalized with antibody have also been employed as a biosensor to detect antibody–

antigen reactions [30-32]. The major classes of nanomaterials that have been used for 

protein biomarker detection are: nanotubes, nanowires, nanoparticles and nanotemplates 
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[33]. The main advantage of these materials is their high surface to volume ratio with 

enhanced sensitivity and reduced use of reagents. Biogenic silica materials can play a 

critical role as nanotemplates due to the (i) high surface area to volume ratio, 200 m2/g 

for fresh diatom shells [34]band (ii) the unique hierarchical structures and properties.  

 

Fabrication of metal nanostructures: Fabrication of nanostructured materials is an 

emerging area of current research.[35] The development of sensing devices using 

localized surface plasmon resonance (SPR) exhibited by nanopatterned gold structures 

has been especially attractive[36].  The nanoscale structures made of gold and other noble 

metals also offer great potential for application in optoelectronics, chemosensing, 

biosensing, and catalysis [37-39]. However, the technological advancements will be 

limited by the ability to synthesize and fabricate such structures on the nanoscale. The 

potential of using biological scaffolds to fabricate of novel types of nanostructures is 

being investigated. [40-42] Biogenic silica materials offer a novel route for the design 

and fabrication of nanostructured materials.  

 

Membrane to separate nanoparticles: Nanopore membranes are highly interesting for 

particles separation[43], molecules detection and DNA translocation studies[44-46]. 

Nanopore membranes with high porosity also provide the advantage of a high fluid 

throughput[47, 48]. However, as many of these high fluid thourghput nanopore 

membranes are very thin with dimensions around 50nm, they suffer from being 

mechanically fragile and hence not ideal for several applications.  Biogenic silica 

materials with their highly ordered porous hierarchical nanostructures can be thin without 
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compromising the mechanical stability[27]. Thin nanopore membranes with short pores 

of a length of around 50 nm offer an advantage with respect to temporal and spatial 

resolution of particle and molecule translocation[49, 50]. 

 

Platform for cell culture: The nanostructure of diatom frustule is a good substrate to 

study cell growth and response. The effect of microstructured surfaces on cell behavior 

has long been recognized, and it has recently been shown that cells can react to nanoscale 

structures as small as 10 nm. However, little is known regarding cell responses to nano-

patterned surfaces. The topographical surface of diatom frustule could provide a 

biomimetic cell-stimulating substrate. One can observe the reaction of cell growing on 

the nanostructure of frustule. Cell may be stimulated by the nanostructure and attach on 

the rough nano-surface. Chemicals or drugs can treat a single cell from the other side of 

the diatom membrane due to the fast diffusion rate to observe the reaction and 

communication around the stimulated cell. This is a good platform to study cell-cell 

communication[51-53]. 

 

1.3 Aim Of This Dissertation 

The dissertation will focus on the following three aspects of biogenic silica and 

additionally include a chapter on using concept maps as a learning tool for nano science 

and technology.   

1. Using diatom frustule as protein sensor 

2. Using diatom nanostructures as template to fabricate metal materials 
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3. Using diatom nanostructures as transport membranes and to fabricate hybrid 

platform 

 

1.3.1 Using Diatom Frustule As Protein Sensor 
 
 
The goal of this research is to demonstrate the possibility of using nanoporous biogenic 

silica as a key component in developing a biosensor platform for rapid label-free 

electrochemical detection. The biosensor platform consists of a silicon chip with an array 

of gold electrodes, and each sensor electrode is overlaid with a nanoporous biogenic 

diatom frustule, that forms numerous nanowells on top of each electrode (figure 1-7). The 

sensor works on the principle of electrochemical impedance spectroscopy.[28] When 

specific protein biomarkers from a test sample bind to corresponding antibodies 

conjugated to the surface of the gold surface at the base of each nanowell, a perturbation 

of electrical double layer occurs resulting in a change in the impedance. The nanoporous 

silica structure of diatom frustule would mimic the multi well architecture of an ELISA 

plate [54].  

 
Figure 1-7 (a) Schematic model of frustule pore architecture for the diatom placed on the 
gold working electrode, (b) schematic showing the antibody–antigen binding inside a 
nanowell. 

2338 K.-C. Lin et al. / Biosensors and Bioelectronics 25 (2010) 2336–2342

Fig. 1. SEM and optical images of electrode and Coscinodiscus frustules on the chip: (a) Coscinodiscus frustule imaged by SEM, outer surface facing up; (b) Inner surface
consisting of the vertical chambers; (c) SEM image of gold electrode on the chip; (d) Optical image and (e) SEM image of a Coscinodiscus frustule on the gold electrode.

teins – CRP and MPO in isotonic buffer as well as in human
serum (b) enhancing the detection performance i.e. improving
the sensitivity and reducing the cross-reactivity more specifically
from human serum samples such that the detection performance
comparable to ELISA. We show that the use of diatoms signifi-
cantly enhances the sensitivity as compared to nanoporous alumina
membranes.

2. Materials and methods

2.1. Configuration of the diatom-based biosensor

The diatom species Coscinodiscus wailesii was chosen because of
its rather large diameter (100–200 !m) that can completely cover
the gold electrodes (Fig. 1a) and because of its hierarchical pore
structure and good symmetry (Losic et al., 2006). The siliceous cell
wall has a honeycomb structure consisting of the vertical cham-
bers arranged in hexagonal symmetry with porous plates forming
the floor and the roof of the honeycomb (Fig. 1b). In this particu-
lar diatom species, the outer surface (floor) of the plate, which in
touch with external environment (Fig. 2a), is perforated by highly
symmetric nanoscale pores, where as the internal surface (roof)

of the plate, which is in contact with the algal cell, exhibits a
single microscale pore in the center of each honeycomb. It was pur-
chased from the Provasoli-Guillard National Center for Culture of
Marine Phytoplankton (CCMP) at the Bigelow Marine Laboratory.
Cells were cultured in f/2 seawater medium at 20 ◦C under con-
tinuous photoperiod. The diatoms were cleaned by the addition of
50% (v/v) hydrogen peroxide (30% solution) and incubation at 90 ◦C
for 1–2 h to remove organic materials. Samples were centrifuged at
3000 rpm for 5 min, and washed with nanopure water for several
times, and stored in 70% ethanol solution. These treatments cause
the diatom frustule to be separated into two frustule valves and a
girdle band.

The microelectrode chips comprising of metallic gold sensing
sites were first coated with polylysine by treatment with 0.01%
aqueous solution of polylysine. In order to place a diatom frustule
on the electrode, one drop of cleaned diatom frustule suspension
was deposited on the polylysine-coated chips (Fig. 1c and d). Micro-
manipulation and attachment of an individual diatom frustule onto
the electrode was performed using KRN-09 Positioner (J MicroTech-
nology, USA). The diatom frustule was positioned such that the
outer surface (floor) of the porous plate, which has the nanoscale
pores, is in contact with the metallic gold sensing site, which forms

Fig. 2. (a) Schematic model of frustule pore architecture for the diatom placed on the gold working electrode, (b) schematic showing the antibody–antigen binding inside a
nanowell, (c) equivalent circuit of a sensing site.
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1.3.2 Using Diatom Nanostructures As Template To Fabricate Metal Nanomaterials 
 

The one- and two-dimensional arrays of patterned nanostructures, like nanoparticles, 

nanowires, nanotube, etc, have some unique optoelectronic, magnetic, or catalytic 

properties that can be adjusted by varying their size or separation distance [55]. The 

patterned gold nanoparticles have photonic properties and can be used in the detection 

system of surface enhanced Raman scattering with high sensitivities [56]. The 

development of effective patterning methods to control materials assembly on a 

nanometer scale is an important technological challenge. At present, there are several of 

top-down fabrication techniques, which offer a wide range of structures of high quality, 

but are generally neither cost- nor time-effective, and for some methods, resolution below 

the 100 nm range is not easily achievable [55]. Diatoms are a quite new source of 

inspiration for the design and fabrication of nanostructured materials. In this section, the 

use of diatom frustules as templates for the fabrication of nano-patterned metal 

nanostructures will be demonstrated. Template-directed deposition within cylindrical 

nanopores of a porous membrane represents an attractive and reproducible approach for 

preparing metal nanowires of a variety of aspect ratios (with diameters of 10– 300 nm 

and lengths of 50– 1000 nm) [57]. Two methods to fabricate nanostructures will be 

demonstrated from diatom frustules: electrochemical deposition and sputter deposition, 

and explore the potential of the metal-enhanced fluorescence to detect dye conjugated 

molecules. 
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1.3.3 Using Diatom Nanostructures To Fabricate Hybrid Platform 
 
 
This section presents an approach towards integrating biogenic silica nanostructures with 

micromachined silicon substrates in a micro/nano hybrid device. Solid-state nanopore 

membranes with nanopore diameters ranging from tens to hundreds of nanometers are of 

significant interest for particle separation [58], cell-cell communication [52, 59, 60], 

molecule [61-63] and DNA translocation studies [64-67]. However, they are usually 

patterned by electron-beam lithography to accomplish pore diameters of 20-300 nm [68]. 

Other ultrathin silicon membranes (~10 nm) with 25 nm diameter pores that employ an 

ion-beam drilling process are well suited for molecule separation applications, but the 

manufacturing process is too slow to allow easy scale up [69]. The details of a 

microfabrication process flow will be presented for producing a hybrid planar 

micromachined system, which consists of a biomineralized silica nanopore membrane 

combined with a single micropore through a silicon wafer. Silicon provides an ideal 

substrate because micropores can be precisely manufactured using photolithography and 

deep reactive ion etching and integrated with microfluids and microelectronics. The 

frustules, while being mechanically stable by themselves, need to be supported by an 

underlying substrate that provides the interface to the microfluidic system.  

This device can be used for several applications, such as nano particles separation and 

detection. This platform is also a good substrate to study cell growth that one can observe 

the reaction of cell growing on the nanostructure of frustule.  
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1.3.4 Using Concept Maps As A Tool To Teach Nano Science And Technology 
 

Nano science and technology have attracted interests not only from scientists/engineers 

but also from the general public. A concept map is a good tool of representing 

relationships between ideas, concepts, images, and words. For example, a road map 

represents the locations of highways and towns, and a circuit diagram represents the 

workings of an electrical appliance. The goal of this part is to provide a practical method 

to connect the real world problems to the nano research. Concept mapping has been 

shown to help students learn, teachers to better design and structure lessons, and 

researchers create new knowledge. One can use this tool to design lessons, and inspire 

students to think of the new solution for the grand challenges. 
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CHAPTER 2 

USING DIATOM NANOPORE AS PROTEIN SENSOR 

2 Using Diatom Nanopore as protein sensor 

2.1 Introduction 

Proteomics research has resulted in the identification of a number of biomarker proteins, 

which have the potential to greatly improve disease diagnosis [70-73]. Detection of 

multiple biomarkers has been identified as a diagnostic mechanism to provide the 

information necessary for robust diagnosis of a disease in any person within a population 

[74-76]. Widespread use of protein biomarkers in healthcare will ultimately depend upon 

the development of techniques that allow rapid and multiplexed detection of a wide range 

of biomarkers with high selectivity and sensitivity. 

The enzyme linked immunosorbent assay (ELISA), a fluorescent optical detection 

method, is the “gold standard” for clinical diagnostics with sensitivity down to about 3 

picogram/ml (pg/ml) [77]. ELISA is a well-established technology that is safe, 

inexpensive, and high throughput as there is no need of radioactivity. Before the 

development of the ELISA, the only option to conduct immunoassay is 

radioimmunoassay that is using radioactively labeled antigens or antibodies. However, 

ELISA can suffer from high background and also be limited in ability to detect low-

affinity antibodies. It also needs comparably large amount of reagents and the long 

incubation time for reach of the multiple steps. 

Electrical detection of protein biomarkers is a relatively new approach that monitors a 

specific electrical parameter that undergoes change during the protein detection event. 

The impact of nanotechnology on the field of clinical diagnostics has resulted in the 



 21 

incorporation of nanoscale materials in designing diagnostics assays. The major classes 

of nanomaterials that have been used for protein biomarker detection are: nanotubes, 

nanowires, nanoparticles and nanotemplates [33, 78]. Often these materials have been 

utilized for their improved surface area towards developing detectors with enhanced 

sensitivity and reduced use of reagents. The use of carbon nanotubes for cancer protein 

biomarker detection has been demonstrated (Kam et al. 2005). Electrochemical 

conductance technique has yielded sensitivity in the range of lower nanogram/ml (ng/ml) 

to a few hundred pg/ml [79]. Implementation of the field effect transistor based 

transconductance technique using silicon nanowires has made it possible to detect 

proteins with sensitivity in the range of picogram/ml- femtogram/ml [80]. The use of 

antibody-coated nanoparticles as electrical biosensors operating on electrochemical 

conductance technique has also resulted in sensitivities in the pg/ml range [79]. The use 

of silicon nanoporous templates for protein detection has been demonstrated with 

sensitivity in pg/ml [54]. In all the nanomaterial-based electrical protein biosensors, 

detection response is on the order of minutes with very low sample volume, typically on 

the order of nanoliters.  

While, each of these nanomaterial-enabled proteomic biosensors have demonstrated 

impressive performance metrics, there is a paucity of rigorous studies to benchmark these 

new technologies against the standard clinical diagnostics assay-ELISA, where detection 

occurs in a multiwell microtiter plate. Among the four nanomaterial classes mentioned 

above, nanotemplates can be most easily configured to generate a proteomic assay similar 

in geometrical configuration to the ELISA assay and this has led to the design of 

nanotemplate-based electrical biosensor assays [28]. It was expected that by generating 
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such an assay one would be able to benchmark the biosensor performance with respect to 

ELISA, enabling a quicker penetration into the domain of portable diagnostics assays. 

 

Bothara et al. [54] have proposed a biosensor assay architecture utilizing nanoporous 

alumina membranes that mimics the multi well architecture of an ELISA plate. It 

comprises of a base microelectrode array with multiple metallic microscale measurement 

sites/electrodes. A nanoporous alumina membrane is overlaid onto the base 

microelectrode generating a high-density array of nanoscale voids- also known as 

nanowells, on a single metallic sensing site. Each nanowell functions in a similar manner 

as that of a well in ELISA plates with the detected proteins bound to the base of the well. 

There are three key differences between the nanomonitor nanowells and the micro wells 

of ELISA. First, protein detection is achieved by measuring the perturbation to the 

electrical double layer in the nanowells resulting in an electrochemical impedance change 

due to the protein-binding event, whereas in the micro wells quantification of 

fluorescence is a measure of the protein-binding event.  Second, the measured electrical 

signal due to the electrical double layer perturbation is cumulative of the signals 

generated from an array of nanowells on a single microscale sensing site, whereas in the 

case of microwells in ELISA, the complete well is interrogated and quantified. Third, 

protein binding and detection is achieved through measuring single interactions between 

the primary antibody and the protein (antigen) in the nanowells, where as in the micro 

well proteomic assay there are two capture steps associated with the protein detection. 

The first step is the capture of the protein by the immobilized primary antibody and the 

second capture step binds the secondary antibody tagged with the flurophore to the 
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primary antibody-antigen complex. These three key differences between the ELISA and 

nanowell biosensor assays lead to (a) improved antigen-antibody association by 

increasing the antibody capture density within the nanowells, (b) enhanced detected 

signal strength due to signal accumulation from arrays of nanowells and (c) reduced the 

assay time due to protein detection through single capture step.  

 

Nanoporous alumina membrane has been employed for the detection of penicillin up to 

0.1 ng/ml through electrochemical conductance measurement [81]. The nanoporous 

alumina membranes have been used [54] for building the electrical immunoassay-based 

biosensor due to the following reasons: (a) the capacitance leakage between individual 

nanopores was eliminated because alumina is a good electrical insulator (b) interference 

from electrical noise due to the thermal shielding was reduced and (c) biocompatibility of 

the material in electrical biosensing. Despite these advantages, the manufactured 

nanoporous alumina membranes have a number of limitations, which can significantly 

impact the biosensor performance. They are (a) absence of simple chemistries to achieve 

surface functionalization of the surface of the nanopores in the nanoporous alumina 

membrane, making it difficult to improve the detection sensitivity and (b) absence of 

simple chemistries to adhere the alumina onto the sensing site, which is essential to 

minimize background noise signals.  

 

In the current work illustrates the design and fabrication of a biosensor using biogenic 

silica from diatoms as the nanoporous template, which has been heterogeneously 

integrated on to the microelectrode platform. Though alumina and silica surfaces appear 
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to be somewhat similar, there are significant differences, namely, (a) Si-O bond is much 

more covalent than the Al-O bond (50% covalent character in silica vs. 35% in alumina) 

(Table 2-1), and therefore, substitution reactions are more facile in silica (b) alumina 

surface is not as stable at pH below 8 and there are surface charges caused by lattice 

defects [82] and (c) surface hydroxyl groups of hydrated alumina are less acidic than 

those on silica surface because, the isoelectric point of alumina, which is an indication of 

the ionization of the surface hydroxyl groups Al-OH --à AlO- + H+, is attained at pH 9, 

while that for silica  the isoelectric point is reached at pH 2 [83]. 

Table 2-1  Comparison of % Covalent and Ionic character of Al-O and Si-O bonds 

Ceramic Compound % Covalent character % Ionic character 

Aluminum Oxide 35% 65% 

Silicon Dioxide 50% 50% 

 

Diatoms offer an alternative approach to engineering nanoscale systems because of the 

ability to design materials that are inspired by or adapted from biologically produced 

nanostructures. These biogenic silica nanostructures derived from diatoms possess 

several unique properties [27] including, 1) Highly ordered porous hierarchical 

nanostructures. Such a highly ramified network of micro and nanopores enhances 

diffusion of nutrients and facilitates “molecular traffic control”, which is vital for 

optimum performance. 2) The ability to undergo a variety of surface modifications 

through well-established chemistries that allow easy tethering of biomolecules [84]. 3) 

Flexibility of design through the availability of a variety of shapes, sizes, and symmetries, 

from more than a hundred of thousand species of diatoms. The micro- and nanoscale 
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hierarchical pore structures offer the potential for confinement enhancements in 

sensitivity. The large surface area (>200m2/g for fresh diatom shells) also makes them a 

promising platform for sensors in general and biosensors in particular. 4) Finally, these 

silica-based templates also offer the advantage of easier integration with conventional 

well-established processing methods in the semiconductor industry. 

 The potential of diatoms as biosensors has been shown previously. For example, 

photoluminescence generated by the biogenic silica frustules of diatoms has been 

employed as the physical transducing effect to detect the biomolecular interaction of 

complementary DNA chains, [31] and antibody-antigens [30]. However, all of the studies 

so far have only employed optical detection schemes. 

 It is believed that the present work is the first reported study of using diatoms as 

part of a sensor configuration that employs changes in electrical properties to selectively 

and quantitatively detects antibody-antigen interactions. The performance of this multi 

scale assay as a biosensor has been demonstrated by detecting two inflammatory proteins; 

C-reactive protein (CRP) and Myeloperoxidase (MPO), which have been identified to be 

biomarkers of vulnerable coronary vascular plaque rupture [85, 86]. The use of diatoms 

significantly enhances the sensitivity as compared to nanoporous alumina membranes. 

The improved detection sensitivity and specificity as compared to the detection of these 

two protein biomarkers in alumina membranes and the detection performance is shown to 

be comparable to an ELISA assay. 
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2.2 Configuration Of The Diatom-Based Sensor   

The diatom species Coscinodiscus wailesii was chosen because it is one of the largest 

diatom species with diameters 100 to 250 microns. In addition, the diatom frustule can 

completely cover the gold electrodes (fig. 2-1a). The siliceous cell wall has a honeycomb 

structure consisting of the vertical chambers arranged in hexagonal symmetry with 

porous plates forming the floor and the roof of the honeycomb (fig. 2-1b). In this 

particular diatom species, the outer surface (floor) of the plate, which is in touch with 

external environment (fig. 2-2a), is perforated by highly symmetric nanoscale pores, 

whereas the internal surface (roof) of the plate, which is in contact with the algal cell, 

exhibits a single microscale pore in the center of each honeycomb. The microelectrode 

chips comprising of metallic gold sensing sites were first coated with polylysine by 

treatment with 0.01% aqueous solution of polylysine. In order to place a diatom frustule 

on the electrode, one drop of cleaned diatom frustule suspension was deposited on the 

polylysine-coated chips (fig. 2-1c, 2-1d). Micromanipulation and attachment of an 

individual diatom frustule onto the electrode was performed using KRN-09 Positioner (J 

MicroTechnology, USA).  
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The diatom frustule was positioned such that the outer surface of the porous plate, which 

has the nanoscale pores, is in contact with the metallic gold sensing site, which forms the 

base of the nanowell of the biosensor (fig. 2-2a). SEM images were acquired using a 

Philips XL-30 field-emission scanning electron microscope operated at 15~20 kV to 

visually verify that the positioned diatom frustules completely covered an individual 

metallic gold sensing site (fig. 2-1e).  Hence each sensing site comprised of a working 

and a counter electrode. The diameter of the working electrode (WE) was 25 µm and the 

diameter of the counter electrode (CE) was 5 times larger. Electrical measurements were 

obtained across the WE and CE.   

 

Figure 2-1 SEM and optical images of electrode and Coscinodiscus frustules on the 
chip: (a) Coscinodiscus frustule imaged by SEM, outer surface facing up. Scale bar: 
50 µm; (b) Inner surface consisting of the vertical chambers.  Scale bar: 2 µm; (c) 
SEM image of gold electrode on the chip.  Scale bar: 50 µm; (d) Optical image and 
(e) SEM image of a Coscinodiscus frustule on the gold electrode.  Scale bar: 50 µm 

2338 K.-C. Lin et al. / Biosensors and Bioelectronics 25 (2010) 2336–2342

Fig. 1. SEM and optical images of electrode and Coscinodiscus frustules on the chip: (a) Coscinodiscus frustule imaged by SEM, outer surface facing up; (b) Inner surface
consisting of the vertical chambers; (c) SEM image of gold electrode on the chip; (d) Optical image and (e) SEM image of a Coscinodiscus frustule on the gold electrode.

teins – CRP and MPO in isotonic buffer as well as in human
serum (b) enhancing the detection performance i.e. improving
the sensitivity and reducing the cross-reactivity more specifically
from human serum samples such that the detection performance
comparable to ELISA. We show that the use of diatoms signifi-
cantly enhances the sensitivity as compared to nanoporous alumina
membranes.

2. Materials and methods

2.1. Configuration of the diatom-based biosensor

The diatom species Coscinodiscus wailesii was chosen because of
its rather large diameter (100–200 !m) that can completely cover
the gold electrodes (Fig. 1a) and because of its hierarchical pore
structure and good symmetry (Losic et al., 2006). The siliceous cell
wall has a honeycomb structure consisting of the vertical cham-
bers arranged in hexagonal symmetry with porous plates forming
the floor and the roof of the honeycomb (Fig. 1b). In this particu-
lar diatom species, the outer surface (floor) of the plate, which in
touch with external environment (Fig. 2a), is perforated by highly
symmetric nanoscale pores, where as the internal surface (roof)

of the plate, which is in contact with the algal cell, exhibits a
single microscale pore in the center of each honeycomb. It was pur-
chased from the Provasoli-Guillard National Center for Culture of
Marine Phytoplankton (CCMP) at the Bigelow Marine Laboratory.
Cells were cultured in f/2 seawater medium at 20 ◦C under con-
tinuous photoperiod. The diatoms were cleaned by the addition of
50% (v/v) hydrogen peroxide (30% solution) and incubation at 90 ◦C
for 1–2 h to remove organic materials. Samples were centrifuged at
3000 rpm for 5 min, and washed with nanopure water for several
times, and stored in 70% ethanol solution. These treatments cause
the diatom frustule to be separated into two frustule valves and a
girdle band.

The microelectrode chips comprising of metallic gold sensing
sites were first coated with polylysine by treatment with 0.01%
aqueous solution of polylysine. In order to place a diatom frustule
on the electrode, one drop of cleaned diatom frustule suspension
was deposited on the polylysine-coated chips (Fig. 1c and d). Micro-
manipulation and attachment of an individual diatom frustule onto
the electrode was performed using KRN-09 Positioner (J MicroTech-
nology, USA). The diatom frustule was positioned such that the
outer surface (floor) of the porous plate, which has the nanoscale
pores, is in contact with the metallic gold sensing site, which forms

Fig. 2. (a) Schematic model of frustule pore architecture for the diatom placed on the gold working electrode, (b) schematic showing the antibody–antigen binding inside a
nanowell, (c) equivalent circuit of a sensing site.
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Figure 2-2 (a) Schematic model of frustule pore architecture for the diatom placed on the 
gold working electrode, (b) schematic showing the antibody–antigen binding inside a 
nanowell. (c) Equivalent circuit of a sensing site. 
 

2.3 Electrical Impedance Spectroscopy    

All the biomolecules (linker molecules, antibodies and antigens) have surface charges. 

The binding of these molecules to the base of each nanowell perturbs the charge 

distribution in the electrical double layer that forms at the solid/liquid interface [54, 87]. 

This charge perturbation produces a capacitance change in the electrical double layer (fig. 
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Fig. 1. SEM and optical images of electrode and Coscinodiscus frustules on the chip: (a) Coscinodiscus frustule imaged by SEM, outer surface facing up; (b) Inner surface
consisting of the vertical chambers; (c) SEM image of gold electrode on the chip; (d) Optical image and (e) SEM image of a Coscinodiscus frustule on the gold electrode.

teins – CRP and MPO in isotonic buffer as well as in human
serum (b) enhancing the detection performance i.e. improving
the sensitivity and reducing the cross-reactivity more specifically
from human serum samples such that the detection performance
comparable to ELISA. We show that the use of diatoms signifi-
cantly enhances the sensitivity as compared to nanoporous alumina
membranes.

2. Materials and methods

2.1. Configuration of the diatom-based biosensor

The diatom species Coscinodiscus wailesii was chosen because of
its rather large diameter (100–200 !m) that can completely cover
the gold electrodes (Fig. 1a) and because of its hierarchical pore
structure and good symmetry (Losic et al., 2006). The siliceous cell
wall has a honeycomb structure consisting of the vertical cham-
bers arranged in hexagonal symmetry with porous plates forming
the floor and the roof of the honeycomb (Fig. 1b). In this particu-
lar diatom species, the outer surface (floor) of the plate, which in
touch with external environment (Fig. 2a), is perforated by highly
symmetric nanoscale pores, where as the internal surface (roof)

of the plate, which is in contact with the algal cell, exhibits a
single microscale pore in the center of each honeycomb. It was pur-
chased from the Provasoli-Guillard National Center for Culture of
Marine Phytoplankton (CCMP) at the Bigelow Marine Laboratory.
Cells were cultured in f/2 seawater medium at 20 ◦C under con-
tinuous photoperiod. The diatoms were cleaned by the addition of
50% (v/v) hydrogen peroxide (30% solution) and incubation at 90 ◦C
for 1–2 h to remove organic materials. Samples were centrifuged at
3000 rpm for 5 min, and washed with nanopure water for several
times, and stored in 70% ethanol solution. These treatments cause
the diatom frustule to be separated into two frustule valves and a
girdle band.

The microelectrode chips comprising of metallic gold sensing
sites were first coated with polylysine by treatment with 0.01%
aqueous solution of polylysine. In order to place a diatom frustule
on the electrode, one drop of cleaned diatom frustule suspension
was deposited on the polylysine-coated chips (Fig. 1c and d). Micro-
manipulation and attachment of an individual diatom frustule onto
the electrode was performed using KRN-09 Positioner (J MicroTech-
nology, USA). The diatom frustule was positioned such that the
outer surface (floor) of the porous plate, which has the nanoscale
pores, is in contact with the metallic gold sensing site, which forms

Fig. 2. (a) Schematic model of frustule pore architecture for the diatom placed on the gold working electrode, (b) schematic showing the antibody–antigen binding inside a
nanowell, (c) equivalent circuit of a sensing site.
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2-2b) [54, 88]. The biomolecule binding induced capacitance change can be measured by 

the electrical impedance spectroscopy technique. This technique is widely used in 

electrical biosensors for detecting surface charged analytes [54, 70, 81, 89]. In this 

technique a low AC voltage is provided as the input to a sensing site, which functions as 

the electrical stimulus to direct the surface charged biomolecules onto a sensing site. The 

binding of the biomolecules produces a change in the measured output impedance across 

a sensing site [54, 88]. The measured impedance is the sum total of two components, the 

resistance and capacitance of the sensing site. It is only the capacitive component that is a 

measure of the biomolecule binding event, as the capacitive component indicates the 

surface charge differential in the electrical double layer as a function of biomolecule 

binding [54, 90, 91]. Hence the input voltage parameters (frequency and voltage 

amplitude) need to be optimized to measure this capacitive component.  

 It was determined that an AC voltage of 100mV at a frequency of 1 kHz when applied 

between the WE and CE of a sensing site enabled the measurement of the changes to the 

capacitive component associated with the protein binding event.  When the biomolecules 

are added to the biosensor device, they cause the electrical double layer (EDL) to move 

upwards. Due to this perturbation of the electrical double layer the capacitance across the 

EDL changes. Hence monitoring the capacitance change in the EDL is a measure of the 

protein-binding event. An increase in antigen concentration will in turn increase the 

capacitance change in the EDL up to an upper bound that corresponds to the absence of 

free antibody sites. The EDL is approximately 20-50 nm in height, hence capacitance 

changes only due to biomolecule binding occurs in this region.  The equivalent electrical 

circuit of a sensing site (Fig. 2-2c) comprises of a resistor and two capacitors. The 
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resistor is a measure of the bulk resistance of the buffer solution, Rsol, due to the ions 

present in the bulk regions of the nanowells (>50 nm from base of the nanowell). The 

dielectric capacitance between the two electrodes, due to the base substrate is represented 

by Cde. This capacitance does not change for varying input AC voltage frequencies and 

hence this capacitance is accounted for when the biosensor is calibrated during 

baseline/control measurements.  The electrical double layer capacitance is represented by 

Cdl, which undergoes a change due to the biomolecule-based perturbation to the EDL.  

The measured Cdl capacitance is a sum of the contributions from the WE and CE 

nanowells. Based on electrochemistry, it has been determined that the bulk resistive 

component dominates the impedance measurements at high frequencies (>10 kHz) and 

the capacitive double layer component dominates the impedance measurements at low 

frequencies (1 kHz and lower) [91-93]. 1 kHz has been determined to be the optimum 

frequency for operating the biosensor after evaluating the biosensor performance over a 

frequency range from 50 Hz to 10 kHz. At 100 mV and 1 kHz, and it is at 1kHz the 

maximum change in the EDL capacitance with minimum background electrical noise was 

observed. 

  

2.4 Biosensor Surface Treatment    

The inflammatory proteins for testing the biosensor performance have been selected from 

a review of the literature for acute coronary syndrome (ACS) and are histologic 

participants that constitute a vulnerable plaque [94]. The constituent elements of 

vulnerable plaque include vascular cells (endothelial and smooth muscle cells) and 
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platelets. Protein markers from vascular leukocyte cells have been identified as primary 

markers for vulnerable coronary vascular plaque rupture because the immune system 

mediates the inflammatory response to vulnerable plaque rupture. The primary protein 

biomarkers associated with vascular cells are: soluble CD40Ligand, C-reactive protein 

(CRP), Oxidized-LDL and Myeloperoxidase (MPO). In recent years the research focus 

has been on identifying the presence of the two protein markers CRP and MPO on the 

pathophysiology of vulnerable coronary plaque rupture [85, 86]. Hence in this 

investigation, the focus was on (a) detecting two specific proteins - CRP and MPO in 

isotonic buffer as well as in human serum and (b) enhancing the detection performance 

i.e. improving the sensitivity and reducing the cross reactivity more specifically from 

human serum samples such that the detection performance is comparable to ELISA. 

Detection of clinically relevant concentrations for both the proteins will be examined in 

context of establishing the sensitivity of the diatom biosensor in distinguishing between 

low and high risk to ACS. Recent research has established that CRP level<1µg/ml 

indicates a low risk; CRP >1µg/ml and <3µg/ml indicates average risk and CRP >3µg/ml 

indicates high risk of developing cardiovascular disease. Similarly for MPO clinical 

samples exhibiting concentrations >0.3 ng/ml are at high risk for cardiovascular disease. 

Such a performance is especially relevant in the clinical environment, as it will provide a 

method to detect levels of multiple biomarkers simultaneously to assess activation of the 

endothelium, leukocytes, platelets, the coagulation system, and plaque turnover to 

identify patients who may already be primed for an exaggerated inflammatory response. 
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The antigens CRP, MPO and the biotinlyated monoclonal antibodies for these two 

proteins were all purchased from Calbiochem, San Diego, CA. The monoclonal 

antibodies were used for the detection assay in order to increase specificity. Detection of 

the two inflammatory protein markers and identifying the biosensor performance was 

achieved through a process through a single capture step where the binding of the 

antigens to the immobilized primary antibodies was transduced into a measurable change 

in the electrical double layer capacitance. The gold surface at the base of the nanowells 

was functionalized with dithiobis (succinimidyl propionate) (DSP, Pierce Chemicals, St 

Louis, MO). DSP (Fig. 2-2b), a covalent linker, has a thiol (sulfur) end group that has 

great affinity to gold [95, 96]. Hence the thiol end of the linker binds to the gold base of 

the nanowell and the NHS end group at the opposite epitope end of the linker is available 

to bind to streptavidin.  The entire gold base surface of the nanowell was saturated with 

DSP linker molecules prior to injecting streptavidin.  10 µl of streptavidin at a dose of 

100 µg/ml was injected into the diatom nanowells. After a 30-minute room temperature 

incubation, the nanowells were washed three times with 0.15 M PBS. The concentration 

of streptavidin required to saturate the nanowell surfaces was identified empirically. 10 µl 

of the biotinlyated antibody was then injected onto the nanowells and after a 15 minute 

incubation at room temperature was washed thrice with 0.15 M PBS. The saturation 

doses of the two antibodies were determined experimentally as detailed in the results 

section. The antibody-saturated surface was then treated with 10 µl of 100 µg/ml of 

Bovine Serum Albumin (BSA, Pierce Chemicals, St Louis, MO) to ensure blocking of 

any unbound surfaces of the nanowells. After 15 minutes incubation at room temperature 

the nanowells were washed thrice with 0.15 M PBS.  10 µl of 0.15 M PBS was then 
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injected onto the sensing site and AC input voltage (100 mV, 50Hz-1 kHz) was applied 

across working electrode (WE) and counter electrode (CE) of each sensing site. The 

impedance from each sensing site was obtained, which corresponded to the zero dose 

measurements. After aspirating the 0.15 M PBS solution, 10 µl of the lowest dose of the 

antigen was added to the sensing site of the biosensor surface, after 15-minute incubation 

at room temperature the impedance was measured using EIS. Typically steady state 

measurements were obtained within 15 minutes of injection of the test antigen sample. 

After the measurement of the impedance the sensing site was washed thrice with 0.15 M 

PBS. A schematic representation of the binding of the biomolecules for detection of the 

proteins within the nanopores of the diatom is shown Figure 2-2a. The same process was 

repeated for the next highest dose of the antigen for the entire range of doses of the 

antigen.  

 To detect antigens from human serum, 10 µl of commercial human serum free of 

CRP and MPO was injected into the diatom nanowells after saturating the diatom 

nanowells with the antibody. After steady state was achieved, the impedance value was 

noted as the baseline. Aliquots of both the antigens were prepared in the antigen free 

commercial human serum (GIBCO, Invitrogen, San Diego, CA) for the range of doses. 

The dose response was performed in a manner similar to that of the dose response for 

antigens when aliquoted in 0.15 M PBS.  

 Changes in impedance were measured for the various doses of the two proteins 

and the change was expressed as a percentage change with respect to the PBS baseline 

for the pure samples and as a percentage change with respect to human serum base line 

for the serum-spiked samples. 
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2.5 Results And Discussion 

 

The discussion of the results is dealt with in three parts (i) antibody saturation isotherms, 

(ii) protein dose response from pure buffer and serum samples and (iii) selectivity 

analysis. Two proteins CRP and MPO in pure buffer and human serum samples were 

tested (A) on planar gold microelectrodes, (B) alumina membranes overlaid on to the 

gold microelectrodes and (C) diatom membranes overlaid onto the gold microelectrodes 

to observe the differences. 

 

2.5.1 Antibody Saturation Isotherm 
 

The first set of experiments was performed to identify the dose of the antibody that would 

saturate the sensor surface. The impedances have been shown at the detection frequency 

of 1 kHz, as noted in the experimental section. (All measurements were taken triplicate. 

The measurements were averaged and the average error margin for the data is shown per 

dose.) Starting from a lower concentration (1ng/ml) of the monoclonal antibodies, 

nanomembrane-overlaid sensor platform was treated in a step-wise manner with 

increasing concentration of the antibodies. At 5 µg/ml for anti-CRP and 1 µg/ml for anti-

MPO, impedance reached saturation with the diatom membrane while the saturation 

doses for alumina were 1 µg/ml for anti-CRP as well as for anti-MPO as shown in figure 

2-3. There was 26%, 15% and 6 % change from baseline for anti-CRP saturation from 

diatom, alumina membranes and planar gold respectively and 22%, 12% and 9% change 

from baseline for anti-MPO saturation from diatom, alumina membranes and planar gold 
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respectively. This corresponds to a 1.5 to 2 times increase in the relative signal as one 

goes from alumina to diatom-based sensors, and 1.5 to 2.5 fold increase is seen from gold 

to alumina. 

 

Figure 2-3 Saturation isotherm for the two antibodies on the alumina and diatom 
substrates, respectively. 

 

The percentage change in impedance from the baseline was considerably higher on the  

diatom membrane as compared to the alumina membrane, which was higher than that for 

just the gold film.  

It is tempting to assign the increase in the measured signal strength to the increase in 

surface areas on going from planar gold to alumina to diatom. But, the surface area of the 

200 nm pores in the alumina membrane that is exposed to the gold electrode is estimated 
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Fig. 3. Saturation isotherm for the two antibodies on the alumina and diatom
substrates, respectively. The percentage change in impedance from the baseline
associated with antibody saturation is higher on the diatom (26%, anti-CRP and 23%
anti-MPO) as compared to alumina (15%, anti-CRP and 12% anti-MPO). The satura-
tion dose for anti-CRP was 5 !g/ml and 1 !g/ml on the diatom and alumina surfaces,
respectively, whereas the saturation dose of anti-MPO was 1 !g/ml on both the
alumina and diatom substrates.

tion on the antibody-saturated sensor surface for each specific dose
of the antigen.

3. Results and discussion

This section shows the results from initial control experiments,
dose response attained for two proteins CRP and MPO in pure buffer
and human serum samples from (i) planar gold microelectrodes, (ii)
alumina membranes overlaid on to the gold microelectrodes and
(iii) diatom membranes overlaid onto the gold microelectrodes. The
discussion of the results is included in the sections under the head-
ings (a) antibody saturation isotherms, (b) protein dose response
from pure buffer and serum samples and (c) selectivity analysis.

3.1. Antibody saturation isotherm

The first set of experiments was performed to identify the
dose of the antibody that would saturate the sensor surface.
The impedances have been shown at the detection frequency of
1 kHz, as noted in the experimental section. (All measurements
were taken from three different sensing sites. The measurements
from the three different sites were averaged and the average
error margin for the data is shown per dose.) Starting from
a lower concentration (1 ng/ml) of the monoclonal antibodies,
nanomembrane-overlaid sensor platform was treated in a step-
wise manner with increasing concentration of the antibodies. At
5 !g/ml for anti-CRP and 1 !g/ml for anti-MPO, impedance reached
saturation with the diatom membrane and the saturation doses for
alumina were 1 !g/ml for anti-CRP as well as for anti-MPO as shown
in Fig. 3. There was 26%, 15% and 6% change from baseline for anti-
CRP saturation from diatom, alumina membranes and planar gold
respectively and 22%, 12% and 9% change from baseline for anti-
MPO saturation from diatom, alumina membranes and planar gold
respectively. This corresponds to a 1.5–2 times increase in the rel-
ative signal as we go from alumina to diatom-based sensors, and
1.5–2.5 times increase is seen from gold to alumina. The percentage
change in impedance from the baseline was considerably higher on
the diatom membrane as compared to the alumina membrane, and
higher for the alumina membrane than that for just the gold film.

It is tempting to assign the increase in the measured signal
strength to the increase in surface area on going from planar

gold to alumina to diatom. But, the surface area of the 200 nm
pores in the alumina membrane that is exposed to the gold elec-
trode is estimated to be 25%, where as, the surface area of the
40 nm pores in the diatom membrane that is exposed to the gold
electrode is only 5% (data in Supplementary section). Therefore,
the observed increase cannot be explained purely on the basis
of surface areas. However, when one calculates the pore densi-
ties (40 pores of 40 nm diameter per 1 !m2) it is seen that the
pore density in the diatom is five times larger than in the alumina
membrane. Hence, the results obtained from antibody saturation
indicate that the enhanced confinement offered by the diatom
nanopores is perhaps playing a decisive role. Confinement-induced
enhancement of antibody–antigen interactions has been postu-
lated earlier (Krishnamoorthy and Himmelhaus, 2008) to explain
the increase of sensitivity due to nanopatterning the surface of a
sensor. It has been shown to be particularly effective when the
surface is tailored within a few multiples of the antibody–antigen
size (Krishnamoorthy and Himmelhaus, 2008). We believe that the
pore structure of the diatom that has been used in the present
experiment (Fig. 2b) offers a topography that is conducive for a
confinement-induced enhancement. Further work is being carried
out to control the size and chemistry of the smallest pore structure
and to test different combinations of molecular couples in order to
assess the generality of our explanation.

In our previous studies on nanoporous alumina (Bothara et al.,
2008), we have observed increased sensitivity compared to the
native gold film. This obviously cannot be explained by increased
surface area and we have suggested that spatial confinement of
the protein biomolecules within the nanopores in could be playing
a role. This phenomenon may be physically correlated to macro-
molecular crowding of proteins in cellular systems that enable
protein efficacy and functionality. Within cellular systems, the
cytoplasm inside of the cell is typically “crowded” with a com-
plex dispersion of proteins and ions. Unlike the intra cellular
environment, protein detection in in-vitro environments such as
the biosensor platforms is performed in relatively less dense or
“crowded” environments, which are thought to significantly affect
the protein efficacy and hence adversely influence the detection
of these proteins. To attain the crowding effects within biosen-
sor platforms, the packing density of the protein biomolecules is
significantly increased through biomolecule confinement in the
nanoporous platforms, which is believed to contribute to enhancing
the sensitivity of detection.

3.2. Protein dose response from pure and serum samples

We performed the dose response for the two proteins CRP
and MPO over a concentration range from 1 pg/ml to 1 !g/ml.). It
was observed that the percentage change in impedance increased
with the increase in concentration of the antigens over this con-
centration range. Saturation of the impedance values was not
observed over this concentration range. The percentage changes
in the impedance were significantly higher during the antigen
dose response on diatom membrane as compared to the alumina
membrane and planar gold electrodes. The percentage change in
impedance from PBS baseline ranged from 60% (MPO), 58% (CRP)
on diatom, 38% (MPO) 30% (CRP) on alumina and 22% (MPO), 20%
(CRP) on planar gold for the two proteins when aliquoted in PBS
over the protein dose range of 1 pg/ml to 1 !g/ml as shown in Fig. 4a.
The percentage change in impedance from human serum baseline
ranged up to 42% (MPO), 40% (CRP) on diatom, 33% (MPO), 26%
(CRP) on alumina and 15%(MPO) 12% (CRP), on planar gold elec-
trodes for the two proteins when aliquoted in human serum as
shown in Fig. 4b.

The limit of detection was found to be 1 pg/ml for CRP and MPO
in pure samples on diatom membranes and 100 pg/ml on alumina
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to be only 25% of the total surface area of the underlying gold film, where as, the surface 

area of the 40 nm pores in the diatom membrane that is exposed to the gold electrode is 

just 5%.  

 

(Note: The comparison of pore density and porosity of alumina membrane and diatom 

frustule (Fig. 2-4) 

Alumina membrane, there are around 800 pores in the area of 10 µm by 10 µm, hence the 

pore density is 8/µm2. The area of one 200nm pore is 0.0314 µm2. The porosity of 200nm 

pore equals 800*0.0314 µm2/100 µm2=25.12%.  

Diatom frustule: there are around 400 pores in the area of 10 µm by 10 µm, and in each 

200nm pore there are around ten 40nm pores. The pore density of 40nm pores is 40/µm2. 

The area of one 40nm pore is 1.256E-3 µm2. The porosity of 40nm pore equals 400*10* 

1.256E-3 µm2 / 100 µm2 =5%.) 
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Therefore, the observed increase cannot be explained on the basis of surface areas. 

However, when one calculates the pore densities, it is seen that the pore density in the 

diatom is five times larger than in the alumina membrane. Hence, the results obtained 

from antibody saturation indicate that the enhanced confinement offered by the diatom 

nanopores is perhaps playing an important role. Confinement-induced enhancement of 

antibody-antigen interactions has been postulated earlier [97] to explain the increase of 

sensitivity due to nanopatterning the surface of a sensor. It has been shown to be 

particularly effective when the surface is tailored within a few multiples of the antibody-

antigen size [97]. It is proposed that the hierarchical pore structure of the diatom offers a 

topography that can result in confinement-induced enhancement.  

In previous studies on nanoporous alumina [54], increased sensitivity has been observed 

as compared to the native gold film. This obviously cannot be explained by increased 

a b 

Figure 2-4 The SEM image of Alumina membrane and diatom frustule of C. 
Wailesii. (2a) Alumina membrane. (2b) Diatom frustule of C. Wailesii. The inserted 
image shows smallest 40nm pores inside 200nm pores. 
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surface area and it was suggested that spatial confinement of the protein biomolecules 

within the nanopores in could be playing a role. This phenomenon may be physically 

correlated to macromolecular crowding of proteins in cellular systems that enable protein 

efficacy and functionality. Within cellular systems, the cytoplasm inside of the cell is 

typically “crowded” with a complex dispersion of proteins and ions. Unlike the intra 

cellular environment, protein detection in in-vitro environments such as the biosensor 

platforms is performed in relatively less dense or “crowded” environments, which are 

thought to significantly affect the protein efficacy and hence adversely influence the 

sensitivity of detecting these proteins. To attain the crowding effects within biosensor 

platforms, the packing density of the protein biomolecules is significantly increased 

through biomolecule confinement in the nanoporous platforms, which is believed to 

contribute to enhancing the sensitivity of detection. 

2.5.2 Protein Dose Response From Pure And Serum Samples 
 

The dose response studies were performed for the two proteins CRP and MPO over a 

concentration range from 1pg/ml to 1 µg/ml.). It was observed that the percentage change 

in impedance increased with the increase in concentration of the antigens. The percentage 

changes in the impedance were significantly higher during the antigen dose response on 

diatom membrane as compared to the alumina membrane. The percentage change in 

impedance from PBS baseline ranged from 60% (MPO), 58% (CRP) on diatom, 38% 

(MPO) 30% (CRP) on alumina and 22%  (MPO), 20% (CRP) on planar gold for the two 

proteins when aliquoted in PBS over the protein dose range of 1 pg/ml to 1 µg/ml as 

shown in figure 2-5a. The percentage change in impedance from human serum baseline 
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ranged up to 42% (MPO), 40% (CRP) on diatom, 33% (MPO), 26%  (CRP) on alumina 

and 15%(MPO) 12%  (CRP) , on planar gold electrodes for the two proteins when 

aliquoted in human serum as shown in figure 2-5b. 

 The limit of detection was found to be 1 pg/ml for CRP and MPO in pure samples 

on diatom membranes and 100 pg/ml on alumina membranes and 1 ng/ml on planar gold 

electrodes as shown in figure 2-5a. Similarly the limit of detection was 10 pg/ml on 

diatom membranes, 500 pg/ml on alumina membranes and 5 ng/ml for planar gold 

electrodes for CRP and MPO detection from human serum samples. For proteins in pure 

buffer, 10-fold increase is seen in sensitivity upon use of nanoporous alumina membrane 

as compared to gold and a 100-fold increase is realized on going from alumina to diatom. 

In serum a 10-fold increase is seen from gold to alumina and a 50-fold increase is seen on 

going from alumina to diatom. 
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Figure 2-5 Dose response of the two proteins CRP and MPO. (a) The proteins were 
aliquoted in isotonic buffer samples and were evaluated over a detection regime from 1 
pg/ml to 1 µg/ml. (b) Protein dose response for proteins aliquoted in commercial 
human serum. Similar to the isotonic buffer samples, maximum changes to the 
impedance were observed from the diatom substrate as compared to the alumina and 
gold substrates. 
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Fig. 4. Dose response of the two proteins CRP and MPO. (a) The proteins were
aliquoted in isotonic buffer samples and were evaluated over a detection regime
from 1 pg/ml to 1 !g/ml. The maximum changes in the impedance from base line
for the two proteins were obtained from the diatom substrates as compared o the
alumina and gold substrates. (b) Protein dose response for proteins aliquoted in com-
mercial human serum. Similar to the isotonic buffer samples, maximum changes to
the impedance were observed from the diatom substrate as compared to the alu-
mina and gold substrates. The changes in impedance for a comparable dose were
much lower from the serum samples as compared to the isotonic buffer samples for
a specific substrate.

membranes and 1 ng/ml on planar gold electrodes as shown in
Fig. 4a. Similarly the limit of detection was 10 pg/ml on diatom
membranes, 500 pg/ml on alumina membranes and 5 ng/ml for pla-
nar gold electrodes for CRP and MPO detection from human serum
samples. For proteins in pure buffer, 10-fold increase is seen in sen-
sitivity upon use of nanoporous alumina membrane as compared
to gold and a 100-fold increase is realized on going from alumina
to diatom. In serum a 10-fold increase is seen from gold to alumina
and a 50-fold increase is seen on going from alumina to diatom.

3.3. Selectivity analysis

A key feature in identifying the potential of the diatom biosen-
sor towards clinical applicability is to identify its performance in
robustly and specifically detecting a targeted antigen from complex
samples. In order to simulate these conditions we have iden-
tified and compared the percentage changes to the impedance
of the diatom biosensor in detecting the two proteins markers
CRP and MPO aliquoted in PBS and commercial human serum
over the dose range from 1 pg/ml to 1 !g/ml, on their respective
antibody-saturated diatom surfaces as well as on the non-specific
antibody-saturated surfaces (CRP on anti-MPO surface and MPO
on anti-CRP surface). These sets of experiments were performed to
identify the cross-reactivity of the pure and serum protein samples
on similar inflammatory protein receptors. An impedance change
of 58% and 30% from base line was observed for CRP dose response
on anti-CRP saturated diatom and alumina substrates with the

Fig. 5. Demonstration of selectivity in detection of the protein CRP in isotonic buffer
and in human serum samples (a) dose response of CRP aliquoted in isotonic buffer on
anti-CRP and anti-MPO saturated diatom and alumina substrates. (b) Dose response
of CRP aliquoted in human serum on anti-CRP and anti-MPO saturated diatom and
alumina substrates.

protein samples aliquoted in isotonic buffer samples. Compara-
tively 10% and 11% change in impedance was observed for CRP
aliquoted in isotonic buffer on anti-MPO saturated diatom and
alumina substrates respectively (Fig. 5a). In the case of CRP pro-
teins samples aliquoted in human serum, 40% and 26% from base
line was observed for CRP dose response on anti-CRP saturated
diatom and alumina substrates respectively. Comparatively 19%
and 16% change in impedance was observed for CRP aliquoted in
human serum on anti-MPO saturated diatom and alumina sub-
strates respectively (Fig. 5b).

In the case of MPO aliquoted in isotonic buffer, 60% and
38% change in impedance was observed over the dose range
of 1 pg/ml to 1 !g/ml on anti-MPO saturated diatom and alu-
mina substrates, respectively. Comparatively a 10% change in
impedance for MPO samples was observed over the same dose
range on anti-CRP saturated substrates. For MPO samples aliquoted
in human serum impedance changes of 42% and 33% from base
line was observed for MPO dose response on anti-MPO saturated
diatom and alumina substrates respectively. Comparatively 22%
and 17% change in impedance was observed for MPO on anti-
CRP saturated diatom and alumina substrates respectively (data
in Supplementary section). Therefore these is a nearly two-fold
increase in impedance for any given dose in the dose response for
both the proteins on the specific antibody-coated substrate as com-
pare to the non-specific antibody-saturated substrate either in PBS
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Figure 2-6 Demonstration of selectivity in detection of the protein CRP in isotonic 
buffer and in human serum samples (a) dose response of CRP aliquoted in isotonic buffer on 
anti-CRP and anti-MPO saturated diatom and alumina substrates. (b) Dose response of CRP aliquoted 
in human serum on anti-CRP and anti-MPO saturated diatom and alumina substrates. 
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Fig. 4. Dose response of the two proteins CRP and MPO. (a) The proteins were
aliquoted in isotonic buffer samples and were evaluated over a detection regime
from 1 pg/ml to 1 !g/ml. The maximum changes in the impedance from base line
for the two proteins were obtained from the diatom substrates as compared o the
alumina and gold substrates. (b) Protein dose response for proteins aliquoted in com-
mercial human serum. Similar to the isotonic buffer samples, maximum changes to
the impedance were observed from the diatom substrate as compared to the alu-
mina and gold substrates. The changes in impedance for a comparable dose were
much lower from the serum samples as compared to the isotonic buffer samples for
a specific substrate.

membranes and 1 ng/ml on planar gold electrodes as shown in
Fig. 4a. Similarly the limit of detection was 10 pg/ml on diatom
membranes, 500 pg/ml on alumina membranes and 5 ng/ml for pla-
nar gold electrodes for CRP and MPO detection from human serum
samples. For proteins in pure buffer, 10-fold increase is seen in sen-
sitivity upon use of nanoporous alumina membrane as compared
to gold and a 100-fold increase is realized on going from alumina
to diatom. In serum a 10-fold increase is seen from gold to alumina
and a 50-fold increase is seen on going from alumina to diatom.

3.3. Selectivity analysis

A key feature in identifying the potential of the diatom biosen-
sor towards clinical applicability is to identify its performance in
robustly and specifically detecting a targeted antigen from complex
samples. In order to simulate these conditions we have iden-
tified and compared the percentage changes to the impedance
of the diatom biosensor in detecting the two proteins markers
CRP and MPO aliquoted in PBS and commercial human serum
over the dose range from 1 pg/ml to 1 !g/ml, on their respective
antibody-saturated diatom surfaces as well as on the non-specific
antibody-saturated surfaces (CRP on anti-MPO surface and MPO
on anti-CRP surface). These sets of experiments were performed to
identify the cross-reactivity of the pure and serum protein samples
on similar inflammatory protein receptors. An impedance change
of 58% and 30% from base line was observed for CRP dose response
on anti-CRP saturated diatom and alumina substrates with the

Fig. 5. Demonstration of selectivity in detection of the protein CRP in isotonic buffer
and in human serum samples (a) dose response of CRP aliquoted in isotonic buffer on
anti-CRP and anti-MPO saturated diatom and alumina substrates. (b) Dose response
of CRP aliquoted in human serum on anti-CRP and anti-MPO saturated diatom and
alumina substrates.

protein samples aliquoted in isotonic buffer samples. Compara-
tively 10% and 11% change in impedance was observed for CRP
aliquoted in isotonic buffer on anti-MPO saturated diatom and
alumina substrates respectively (Fig. 5a). In the case of CRP pro-
teins samples aliquoted in human serum, 40% and 26% from base
line was observed for CRP dose response on anti-CRP saturated
diatom and alumina substrates respectively. Comparatively 19%
and 16% change in impedance was observed for CRP aliquoted in
human serum on anti-MPO saturated diatom and alumina sub-
strates respectively (Fig. 5b).

In the case of MPO aliquoted in isotonic buffer, 60% and
38% change in impedance was observed over the dose range
of 1 pg/ml to 1 !g/ml on anti-MPO saturated diatom and alu-
mina substrates, respectively. Comparatively a 10% change in
impedance for MPO samples was observed over the same dose
range on anti-CRP saturated substrates. For MPO samples aliquoted
in human serum impedance changes of 42% and 33% from base
line was observed for MPO dose response on anti-MPO saturated
diatom and alumina substrates respectively. Comparatively 22%
and 17% change in impedance was observed for MPO on anti-
CRP saturated diatom and alumina substrates respectively (data
in Supplementary section). Therefore these is a nearly two-fold
increase in impedance for any given dose in the dose response for
both the proteins on the specific antibody-coated substrate as com-
pare to the non-specific antibody-saturated substrate either in PBS
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2.5.3 Selectivity Analysis 
 
A key feature in identifying the potential of the diatom biosensor towards clinical 

applicability is to identify its performance in robustly and selectively detecting a targeted 

antigen from complex samples. In order to simulate these conditions,the efficacy of the 

diatom biosensor was investigated in detecting the two proteins markers CRP and MPO 

aliquoted in PBS and commercial human serum over the dose range from 1 pg/ml to 1 

µg/ml, on their respective antibody saturated diatom surfaces as well as on the non-

specific antibody saturated surfaces (CRP on anti-MPO surface and MPO on anti-CRP 

surface).  These sets of experiments were performed to identify the cross-reactivity of the 

pure and serum protein samples on similar inflammatory protein receptors. An impedance 

change of 58% and 30% from base line was observed for CRP dose response on anti-

CRP saturated diatom and alumina substrates with the protein samples aliquoted in 

isotonic buffer samples. Comparatively 10% and 11% change in impedance was observed 

for CRP aliquoted in isotonic buffer on anti-MPO saturated diatom and alumina 

substrates respectively (figure 2-6a). In the case of CRP proteins samples aliquoted in 

human serum, 40% and 26% from base line was observed for CRP dose response on anti-

CRP saturated diatom and alumina substrates respectively. Comparatively 19% and 16% 

change in impedance was observed for CRP aliquoted in human serum on anti-MPO 

saturated diatom and alumina substrates respectively (figure 2-6b). 

 In the case of MPO aliquoted in isotonic buffer, 60% and 38% change in 

impedance was observed over the dose range of 1 pg/ml to 1 µg/ml on anti-MPO 

saturated diatom and alumina substrates respectively. Comparatively a 10% change in 
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impedance for MPO samples was observed over the same dose range on anti-CRP 

saturated substrates (Figure 2-67). For MPO samples aliquoted in human serum 

impedance changes of 42% and 33% from base line was observed for MPO dose 

response on anti-MPO saturated diatom and alumina substrates respectively. 

Comparatively 22% and 17% change in impedance was observed for MPO on anti-CRP 

saturated diatom and alumina substrates respectively (Figure 2-8).  Therefore, these is a 

nearly two fold increase in impedance for any given dose in the dose response for both 

the proteins on the specific antibody coated substrate as compare to the non-specific 

antibody saturated substrate either in PBS or in human serum samples. 
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Figure 2-7 Dose response of MPO aliquoted in isotonic buffer on anti-MPO and anti-CRP 
saturated diatom and alumina substrates. 
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2.6 Conclusion 

The design of the diatom membrane-based biosensor is believed to significantly 

contribute to the enhanced detection strength translating to enhanced sensitivity of the 

biosensor.  Approximately three times enhancement in the impedance changes from 

planar gold surfaces and twice the improvement in impedance changes as compared to 

manufactured alumina nanopore surfaces have been demonstrated for individual doses 

over the dose response range. The diatom membrane surface enables robust detection of 

the two inflammatory markers in commercial human serum samples at the lower 

picogram/ml dose regime, which is a clinically significant dose regime in identifying 

patient risk to cardiovascular disease. The five characteristics viz. Response time, 

Dynamic range, Signal Strength, Sensitivity and Selectivity, which are critical for a 
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Figure 2-8 Dose response of MPO aliquoted in human serum on anti-MPO and 
anti-CRP saturated diatom and alumina substrates. 
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successful sensor, are all enhanced for the diatom-based sensor. The faster response time 

and the enhanced sensitivity may be attributed to the enhanced diffusion of fluids in nano 

channels [98], which in this case would be the nanowells.  The linear dynamic range of 

detection extends from 1 pg/ml – 1 µg/ml (6 orders of magnitude), which is much higher 

than ELISA (1-2 orders) [99]. The diatom-based sensor exhibits an increase by nearly a 

factor of two in the relative signal as compared to alumina-based sensors. For proteins in 

pure buffer, 10-fold increase is seen in sensitivity upon use of nanoporous alumina 

membrane as compared to gold and a 100-fold increase is realized on going from alumina 

to diatom. In serum a 10-fold increase is seen from gold to alumina and a 50-fold 

increase is seen on going from alumina to diatom. Specificity studies have revealed that 

there is a two fold increase in impedance for any given dose for both the proteins on the 

specific antibody coated substrate as compared to the non-specific antibody saturated 

substrate either in PBS or in human serum samples. 

 In summary, the diatom biosensor could be used as a rapid, label-free screen for 

selectively detecting disease biomarkers and can be developed as a lateral flow 

immunoassay device due to the rapid and significantly enhanced impedance changes to 

the measured electrical impedance due to the binding of the protein biomolecules.  There 

is enormous potential of operating this device is in “real-life” conditions to distinguish 

between low and high cardiovascular risk by detecting proteins in clinically relevant 

concentrations. 
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CHAPTER 3 

USING DIATOM NANOSTRUCTURES AS TEMPLATE TO FABRICATE METAL 

NANOMATERIALS 

3 Using Diatom Nanostructures as Template to Fabricate Metal Nanomaterials 

3.1 Introduction 

Nanostructured surface can be broadly defined as the typical features have the dimension 

in the range of 1-100 nm.  So far, nanostructured materials or nanomaterials are perhaps 

the only sub-field of nanoscience that has made the transition from fundamental science 

to real world applications, thus becoming a technology. [40] Most fabrication processes 

in nanotechnology involve planar lithographic approaches. Three-dimensional structures 

are built up layer by layer. Diatom frustules have unique hierarchical nano structures, 

with regular porous patterns on it, which is so attractive for nanotechnology. One 

remarkable example is to convert the chemical composition of diatom frustules into a 

wide variety of non-natural chemistries without losing the 3D morphologies [100]. The 

porous structure of diatom frustules also motivated the following approaches for 

replication of two-dimensional patterns. It offers an alternative approach to expensive 

lithographic fabrication methods. Losic and his coworkers have demonstrated how to 

fabricate golden inverse diatom replicas by the thermal evaporation of gold [16, 41]. This 

gold nanostructures with unique morphology, including arrays of nanoscale pillars, rods, 

have special plasmonic properties, namely, localized surface plasmon resonance (LSPR). 

Payne’s group uses diatoms as templates for the formation of 3D metallic materials, 

which showed effective surface-enhanced Raman scattering (SERS) effects [36].  
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In this chapter, a variety of methods will be introduced to fabricate nanostructures 

through diatom frustules. One application of the metal-enhanced fluorescence will also be 

presented to show the special property of localized surface plasmon resonance (LSPR). 

3.2 Fabrication Nanostructures From Diatom 

3.2.1 Different Approaches From Other Group 
 

As mentioned in the introduction, Losic’s group has 

demonstrated the use of diatoms as template to fabricate 

gold nanostructures (Fig. 3-1). The process starts with the 

thermal evaporation of gold on the diatom frustules. 

Evaporated gold condenses inside of the frustule pores, 

which result in the transformation of the pores into reverse 

gold structures. [41] Good gold replicas have been obtained 

from two different diatom species, which suggests that this 

method may be used as a general approach. However, this 

method would need a lot of gold as one would have to 

deposit a minimum thickness of 1000 nm of gold to obtain 

a continuous film covering the whole diatom frustule.  

Payne’s group used very similar approach except (Fig. 3-2). 

they chose silver instead of gold to deposit on the diatom 

frustule. Only 30 nm Ag metal were evaporated onto the diatom, then resulting Ag-

coated diatoms were isolated by brief sonication. In order to get metallic microshell 

 

Figure 3-1  Schematic for fabrication 
of gold nanostructures using diatom 
frustules as templates from Losic’s 
group. 

 

A schematic diagram of our fabrication approach is given in
Fig. 1. The process starts by the thermal evaporation of gold
on the diatom frustule, followed by stripping of the gold film.
Evaporated gold condenses inside of the frustule pores (Fig.
1b), which results in the transformation of the pores into
inverse gold structures (Fig. 1e). In comparison with previous
studies, the focus of this method is on the preservation of the
diatom nanotopography rather than on the replication of the
curvature of the frustule valve. This approach is relevant to
potential applications of gold nanostructures which rely on
planar surfaces. The aims of this work are twofold, firstly, to
demonstrate that templating using diatom frustules could be
used as a generic approach for the fabrication of complex
metal nanostructures. The second aim is to fabricate gold
structures with intricate and unique morphologies that are not
accessible by conventional fabrication techniques.

Experimental

Three diatom species, Coscinodiscus sp., Thalassiosira eccen-
trica (T. eccentrica) and one unidentified species (from the
Derwent River in Hobart, Tasmania, Australia), were ob-
tained from the CSIRO, Marine Division (Hobart, Tasmania,
Australia). The cultures were maintained at 20 1C using a 12
hour light/12 hour dark cycle. GSE medium was used to
culture Coscinodiscus sp. and Guillard’s medium (f/2) was
used for T. eccentrica and the unidentified species.17 The live
diatoms were harvested after 2–3 weeks of culturing and
cleaned by concentrated sulfuric acid using a procedure de-
scribed elsewhere.18,19 This treatment also causes the separa-
tion of the diatom frustule into the two-frustule valves and
girdle band. Unidentified diatom species were gently cleaned
using 2% SDS in 100 mM EDTA followed by filtration and
subsequent washing with distilled water. Cleaned frustule

valves for both procedures were stored in 100% ethanol.
One drop of the cleaned frustule suspension was deposited
onto silicon wafers previously coated with polylysine (0.01%
aqueous solution). Samples were dried under a gentle stream
of nitrogen for 1 minute. Frustules settled on the substrate
surface exposing their inner surface (concave) or exterior
surface (convex) (Fig. 1a).
The evaporation of gold on the frustules template was

performed using a custom-made vacuum evaporation system
using procedures similar to those for fabrication of atomically
flat gold described previously.20,21 A silicon substrate was
sandwiched into a mica holder and clipped on a heater inside
the evaporation chamber. The substrate with its frustules was
heated to approximately 50–100 1C for at least 1 hour before
evaporation. Once the required vacuum was achieved (o 1 !
10"5 torr), gold was evaporated onto the substrate to form a
continuous film with a minimum thickness of 1000 nm (Fig.
1b). To obtain a thicker gold film, two subsequent evapora-
tions were performed without annealing. After cooling, the
evaporated gold/diatom frustule substrates were removed
from the chamber. The gold face was then glued to a solid
support such as glass using either Torr Seals (Varian Vacuum
Products, Lexington, MA) or polyester glue (Cadillac Plastics
Ltd., Australia) (Fig. 1c). The gold film was then mechanically
stripped off the silicon wafer and the removal of the frustule
from the gold was checked by light microscopy (Fig. 1e). In
most cases, the frustule templates were removed from the gold
and remained on the silicon wafer after stripping of the gold
film. A small percentage of the frustules adhered to the gold
layer, but could be easily removed by treatment with 6% HF.
The resulting gold films after removal of frustule remains were
rinsed with copious amounts of Milli Q grade water and dried
under a stream of nitrogen. The structural characterisation of
frustules and gold replicas was performed by scanning electron
microscopy (SEM) and atomic force microscopy (AFM).
SEM imaging was performed using a Philips XL 30 oper-

ated at 2–10 kV and fitted with a field-emission source and
energy-dispersive X-ray (EDX) analysis. Cleaned diatoms
were deposited on silicon, coated with a thin platinum layer,
and mounted on microscopy stubs with carbon sticky tape.
The crystallinity of the prepared gold replica samples was
investigated by the X-ray diffraction method (model Phillips
PW-1730, Co K-alpha radiation, l = 1.7902 Å).
AFM imaging of prepared diatoms and gold replica samples

was performed using a Nanoscope IV Multimode SPM (Veeco
Corp., Santa Barbara, USA). Tapping mode in air and ultra-
sharp (NT-MDT, Moscow, Russia) silicon tips with 150–350
KHz resonance frequencies were used. Different parts of the
frustule including external and internal membrane layer and
their corresponding gold replicas were characterized. Image
processing was performed using Nanoscope off-line software
(Veeco Corp., Santa Barbara, USA).
The absorbance spectra of the gold nanostructures were

obtained using a CCD spectrometer (Ocean Optics, USB 2000,
wavelength range 300–1000 nm) coupled through optical fibres
to an optical microscope (40! objective corresponding to an
illuminated area of less than 50 mm ! 50 mm. The UV/Vis
spectrum of the flat gold film was used as the background
spectrum.

Fig. 1 Schematic for fabrication of gold nanostructures using diatom

frustules as templates.
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replicas of the diatoms, the product was treated with 1 % HF for 12-15 hours to remove 

the silica shell of diatom. The resulting 30 nm thick silver microshell is robust and 

remains intact throughout the whole process. [36] The microshell with the rough metal 

surface was also examined with surface-enhanced Raman spectroscopy (SERS), allowing 

detection to 100 nM rhodamine 6G (R6G).  

 

Figure 3-2 The preparation of metal-coated diatom frustules and the isolation of 
diatom- templated metallic microshells from Payne’s approach. 

 

3.2.2 Electrochemical Deposition  
 
In this section, a method for the high-throughput generation of gold nanorods using 

template-assisted synthesis nanorod fabrication will be presented. Electrochemical 

deposition offers marked advantages over other methods for the synthesis of one-

dimensional nanostructures. Template-directed electrochemical deposition within 

nanopores of diatom frustule membranes represents an attractive and reproducible 

freshwater (Synedra) or seawater (Thalassiosira) silicate-rich
growth medium, were first subjected to piranha digestion to
remove their organic components (Figure 1). The remaining
silica frustules were washed with water and then suspended in

ethanol and deposited as a non-overlapping monolayer onto a
piranha-cleaned glass substrate. Ti metal (5 nm) andAgmetal
(30 nm) were evaporated onto the diatom-coated substrate.
Following evaporation, the resulting metal-coated diatoms
were isolated by brief sonication in EtOH (Figure 1). SEM
images of the 3D products reveal that the silver coating is
deposited homogeneously across the diatom surfaces and
maintains the morphology and intricate nanometer-scale
features of the diatom templates (Figure 2).

To isolate metallic microshell replicas of the diatoms, the
metal-coated diatoms were subjected to HF (1%) etching

solutions for 12–15 h which removed the silica shell and the 5-
nm Ti layer (Figure 1 and Supporting Information). The
resulting metallic materials (Figure 3) are structurally iden-
tical to their respective diatom templates in that they retain

all of the nanostructural detail present on the
diatom surfaces. Moreover, the 30-nm thick
silver microshell is robust and remains intact
throughout the etching process. This fabrica-
tion process is important for a number of
reasons. First, thousands of structurally unique
diatoms can be chosen as templates,[8] which
allows one to choose particular species with
topological patterns that best suit their inter-
ests. Second, the process is straightforward,
high-yielding, easily reproducible, and can be
performed with a variety of metals and metal
compositions, depending on the desired appli-
cation. Finally, the resulting 3D free-standing
products exhibit nanostructural detail, includ-
ing regularly patterned sub-200-nm pore sizes
(Figure 3b,d). Thus, the diatoms act as sacri-
ficial templates for the formation of 3D nano-
structured metallic microshells.

Both the silver-coated diatoms and silver
microshell diatom replicas (Figure 2b,d and
Figure 3b,d) display pronounced sub-100-nm
topological features. Similar features were not
observed upon the evaporation of 30 nm Ag

onto a glass microscope cover slip, showing that the fused
silica particles that constitute the underlying structure of the
diatom frustules are responsible for the observed roughness
of the resulting metallic materials. As roughened metal
surfaces and silver colloids have proven effective as surface-
enhanced Raman scattering (SERS) substrates, we hypothe-
sized that the diatom-templated metallic materials could
potentially be used as substrates for the optical detection of
analytes by using SERS.[9]

Figure 1. The preparation of metal-coated diatom frustules and the isolation of diatom-
templated metallic microshells.

Figure 2. SEM images of the a) and b) Synedra, and c) and d) Thalas-
siosira frustules coated with silver (30 nm). The nanometer-scale fea-
tures of the diatoms are preserved during the coating process.

Figure 3. SEM images of silver metallic microshells after HF (1%)
etching. The microshells exhibit the nanostructural detail present on
the diatom templates.
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approach for preparing metal nanorods.  This is a process that uses electrical current to 

reduce dissolved metal ions so that they form a coherent metal coating on an electrode, 

and does not require expensive instrumentation or high temperatures. Since 

nanomaterials grown inside the template have a high growth rate, this method is not time-

consuming. A power supply provides a direct current to the anode, oxidizing the metal 

atoms that comprise it and allowing them to dissolve in the solution. At the cathode, the 

dissolved metal ions in the electrolyte solution are reduced at the interface between the 

solution and the cathode. The general scheme for the synthesis of one-dimensional nano-

structures is shown in Fig. 3-3. The thin metal film is evaporated onto the one face of the 

template, or the template is placed on the conducting substrate. This metal film is used as  

a working electrode responding for depositing materials in the pores. Usually, there is a 

layer of sacrificial metal deposited into the pores to help releasing nanostructures from 

the substrate. Then, deposition of desired components is performed sequentially, and the 

nanorods/nanowires are released by dissolving the thin film electrode, sacrificial metal 

layer, and template. 

 
Figure 3-3 Schematic steps for the synthesis of nano-structures (nanorods and 
nanowires) by the deposition of materials into nanoporous templates. [101] 

hard templates is that, during synthesis, the placement and
dimensions of the different components of the rods can be
controlled. There are many materials, such as zeolites,[30]

glass,[31] nanoporous solids,[32] mica,[33] and block copolymer
films[34] which have been and are currently being used as
templates for the fabrication of nanorods and nanowires, but
ion-track-etched membranes and anodic aluminum oxide
templates are the most commonly used materials.

2.1.1. Ion-Track-Etched Membranes

Ion-track-etched membranes are commercially available
as filters and are usually prepared from either polycarbonate
or polyester thin films.[5,28] Nonporous films of these materials
are first bombarded with ions, which produce randomly
spaced damage tracks through the membranes. These tracks
are then chemically etched to form uniform pores through the
membrane, which can range from 10 to 2000 nm in diameter,
at densities as high as 109 pores per square centimeter
(Figure 1A). The random nature of pore formation during

this process can result in a large number of intersecting pores
that will detrimentally affect the number, homogeneity, and
dimensions of the multisegmented rods during their synthesis.
For this reason, anodic aluminum oxide (AAO) templates are
often used for the synthesis of multisegmented rods depend-
ing on the specific application.

2.1.2. Anodic Aluminum Oxide (AAO) Templates

AAO templates are also commercially available in a
limited number of pore diameters (e.g., 10, 20, 100,
200 nm).[28a] Fortunately, AAO templates of many diameters
(5–267 nm) can be synthesized following the two-step anod-
ization process established by Masuda and co-workers[35] in
which nanosized pores are grown in an insulating oxide film of
alumina. In this process, a thin sheet of high-purity aluminum
is first annealed and then subjected to an electropolishing
solution, which removes the top layers of aluminum oxide on
the surface leaving it with a mirrorlike shine. Subsequently,
the aluminum is subjected to an anodization step in an acidic
electrolyte solution. The sheet is then placed in a chromate
solution to remove the barrier oxide layer, and a second
anodization is performed in the same acidic solution. Finally,
the aluminum is removed. The resulting membrane contains
cylindrical pores of uniform diameter arranged in a hexagonal

array with pore densities as high as 1011 pores per square
centimeter (Figure 1B). Unlike the ion-track-etch mem-
branes, these pores do not intersect.

The dimensions of the AAO templates can be easily
tailored by using this scheme.[28b] The template thickness is
dependent, for example, on the time of anodization, with
longer anodizations resulting in thicker templates. These
thicker templates allow rods having longer lengths to be
synthesized. In addition, different pore diameters can be
produced by varying the composition and concentration of
the acidic electrolyte solution and the temperature and
voltage of the anodization. Pore diameters of 5–33 nm, 30–
70 nm, and 150–267 nm can be achieved by using H2SO4,
oxalic acid, and H3PO4, respectively, under varying temper-
atures and voltages.[28b]

2.2. Electrochemical Deposition

Electrochemical deposition can be used to deposit mate-
rials into ion-track-etched or AAO templates (see Sec-
tion 2.1).[5, 28] Electrochemical deposition offers marked
advantages over other methods for the synthesis of one-
dimensional nanostructures. Electrochemical deposition does
not require expensive instrumentation, high temperatures, or
low-vacuum pressures. This method is also not time-consum-
ing, since nanomaterials grown in this fashion have a high
growth rate. Multisegmented rods can be easily synthesized
by changing the plating solution and accordingly varying the
potential of the deposition. Also, by varying the shape of the
electrical pulse bringing about the deposition, the interface
between multiple electrodeposited components can be con-
trolled.

Regardless of the type of materials to be deposited, the
same general scheme applies for the creation of nanowires
through electrochemical deposition (Figure 2). In the first
step of the general process, a thin metal film is evaporated
onto one face of the template. This metal film is used as a
working electrode that is responsible for electrodepositing
materials in the pores. Typically, before the desired compo-
nents are deposited, a layer of sacrificial metal is deposited
into the pores to prevent a “puddling” effect, which causes
one end of the rod to have a deformed mushroom shape.
Then, deposition of the desired components is performed

Figure 1. A) Scanning electron microscopy (SEM) image of a poly-
carbonate membrane with !1-mm diameter pores. B) SEM image of
an AAO membrane (pore diameters !35 nm).

Figure 2. General scheme for the synthesis of one-dimensional nano-
structures (nanowires and nanorods) by the deposition of materials
into nanoporous templates.

Multisegmented One-Dimensional Nanorods
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3.2.3 Materials And Methods   
 
 
 The diatom frustules were deposited on the aluminum foil membrane, which was 

sputtered with a thin film of gold to assist electrochemical deposition and enhance the 

electrical contact. Two types of diatoms were chosen as templates, the first one is pennate 

diatom, Nitzschia frustulum and the second is centric diatom, Coscinodiscus wailesii. 

(Fig. 3-4)  The membranes were then transferred to a three-electrode electrochemical 

growth cell.  Gold electroplating solution (Orotemp 24 RTU RACK, Technic Inc.) was 

 

 

Figure 3-4 Left panel is pennate diatom; Nitzschia frustulum and right panel is centric 
diatom, Coscinodiscus wailesii.  Lower column is the higher magnification images of 
Nitzschia frustulum and Coscinodiscus wailesii. 
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added into the cell and gold layer was deposited at -0.9V. The gold deposition was 

conducted at 0.2 to 0.4 C (One coulomb is equivalent to one ampere flowing for one 

second (1 C = 1 A sec)). The final thickness of gold deposition will depend on the time 

and current. Upon completion of gold deposition, a final rinse was performed and the 

membrane was removed from the growth cell (Fig. 3-5).  

 

 

Figure 3-5 The serial procedures for the process of the electrochemical deposition. 

Membranes were then divided into two parts so that one part was saved for imaging and 

the other was dissolved for analysis of nanorods. The aluminum foil membranes were cut 

into small pieces and put into microtube. The 3 M NaOH solution was added to dissolve 

membrane for 15 min with agitation and sonication. Free gold nanorods were then 
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precipitated via centrifugation and rinsed in nanopure water repeatedly until a neutral pH 

was achieved. (Fig. 3-6) 

With the production of aluminates (Al (OH)-
4), the amphoteric (capable of acting as 

either an acid or a base) aluminum hydroxide Al (OH)3 goes in solution: 

2 Al + 6 H2O        > 2 Al (OH)3 + 3 H2 
 
Al (OH)3 + NaOH        > Na+ + [Al(OH)4]- 

A layer of aluminum oxide previously formed by passive corrosion is dissolved by the 

addition of sodium hydroxide.  Al2O3 + 2 NaOH + 3 H2O        > 2 Na+ + 2 [Al(OH)4]- 

 

 

 

 

Figure 3-6 Releasing gold nanorods from diatom template and substrate. 

 

 

Put$sample$into$
microtube,$add$
NaOH$

Agita8on$and$
Sonica8on$

Take$aluminum$
membrane$out$

Change$buffer$



 53 

3.2.4 Gold Nanorods/Nanopatterns From Diatom Frustules  
 
A series of SEM images of the gold nanopattern on the surface of the Nitzschia frustulum 

frustule are shown in Fig. 3-7. The main feature of this diatom is that it has periodically 

organized pores with an average diameter of about 100 nm, with the range from 60 nm to 

120 nm.   

 

Figure 3-7 The SEM images of gold nanostructures fabricated by electrochemical 
deposition using Nitzschia frustulum frustules as template. 

 

Another series of SEM images of the surface morphology of the frustule template from 

the external membrane and girdle band of Coscinodiscus sp. and the corresponding gold 
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nanorods/nanopatterns structures are shown in Fig. 3-8. The pore size of Coscinodiscus 

sp. from the external membrane is around 40nm, and the average pore size of girdle band 

is 200nm. 

From the gold nanopatterns left behind on the membrane surface, it is obvious that the 

shape, size, and organization of gold structures represent the void of the porous frustule 

valve. 

 

Figure 3-8 The SEM images of gold nanostructures fabricated by electrodeposition using 
Coscinodiscus wailesii frustules as template. Top two images are nanorods inside the valve of 
frustule. Bottom two images are nanorods in the girdle band of frustule. 

 

 



 55 

3.2.5 Gold Nanorods From Diatom Templates  
 

The next step is to release gold nanopatterns from membrane surface so that free gold 

nanorods in the solution can be obtained. Fig. 3-9 shows SEM images of gold nanorods 

from Nitzschia frustulum and the dimension of these rods are also analyzed.  

 

Figure 3-9 The SEM images of gold nanorods released from the membrane using 
Nitzschia frustulum frustules as template. 

 

The average length of gold nanorods is 168.7nm and the average diameter of gold 

nanorods is 73.4nm. (Fig. 3-10) This number is matched with the dimension of the pores 

of Nitzschia frustulum which pore size ranges from 60nm to 120nm. The length of 
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nanorods depends on two factors. One is the time period of electrochemical deposition, 

and another one is the thickness of the diatom frustule. For the first factor, under the same 

electric current condition, the longer time it was deposited, the longer nanowires would 

grow. However, the second factor would limit the length of nanorods. The average 

thickness of Nitzschia frustulum is 200 nm. If the nanrods were grown over the thickness 

of diatom frustule, then the gold would not only deposit within the pores, but also deposit 

on the surface of the frustule. For the case Nitzschia frustulum was used as template, the 

length limitation is 200 nm. The nanorods have been examined by the EDAX to 

characterize the composition. As shown in figure 3-11, the spectrum shows the major 

composition of nanorods is gold, verifying that the nanorods come from electrochemical 

deposition of gold. 
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Figure 3-10 The histogram of the length and diameter of gold nano rod fabricated 
by diatom-templated electrodeposition. The average length of gold nanorods is 
168.7nm and the average diameter of gold nanorods is 73.4nm. 
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Figure 3-11 EDAX spectrum of gold nanorods 

 

3.2.6 Conclusion  
 
The procedure is fairly generic and can be used with a variety of metals and any diatom 

species to produce a library of structurally unique materials. Diatom-templated approach 

can be used for the cost-effective generation of solid gold nanorods, followed by 

dissolution and detachment of the diatom template. By modifying the procedure of 

alternately deposition segments of desirable and non-desirable metals, multiple nanorods 

would be obtained. The alloy nanorod can also be obtained by depositing from gold-

silver mixed plating solution, and porous gold nanorods can be done by selective etching 

of alloy nanorods. Nanorods have wide variety of applications. Gold nanorods are 

considered excellent candidates for biological detecting applications. In addition, 

nanorods with near-infrared absorption peaks can be excited by a laser at the absorbance 

band wavelength to produce heat, potentially allowing for the selective thermal 

destruction of cancerous tissues [102].  
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Before releasing the nanorods from the surface, the gold nano-patterned surface could be 

used as substrates for the optical detection techniques, such as surface-enhanced Raman 

spectroscopy (SERS) and metal-enhanced fluorescence (MEF). However there is a 

significant problem with gold plating baths with the poor stability as the instability of 

gold plating solutions usually leads to the formation of colloidal gold. The formation of 

colloidal gold is undesirable, as the particles tend to increase surface roughness. If the 

nano-patterend substrate was fabricated by this method for SERS or MEF application, 

one have to control the plating bath condition very well to prevent the formation of 

colloidal gold. Or, another approach can be examined to get good nano patterns by using 

diatom as template. The next section the physical deposition method to fabricate nano 

structures from diatom frustules will be demonstrated, and the application of metal-

enhanced fluorescence will be studied. 
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3.3 Sputter Coating And Metal-Enhanced Fluorescence Application 

 
In this section, the gold nanostructures are formed by means of sputter deposition of gold 

onto porous frustules. Gold nano-patterns on substrate will be obtained upon release from 

the diatom templates and will be characterized using scanning electron microscopy 

(SEM), and atomic force microscopy (AFM). This gold nano-patterned surface can be 

used as substrates for the optical detection by using surface enhanced Raman 

spectroscopy (SERS) [36] and metal-enhanced fluorescence (MEF) [103].  

 

The most commonly used physical vapor deposition (PVD) evaporation techniques are 

thermal and sputtering. In thermal evaporation, the source material is brought to 

evaporation temperature either by the heat generated by the resistance of a metal 

container or by bombardment of a beam of high-energy electrons. In sputtering process, it 

requires the generation of energetic heavy + ions (generally Argon) that are responsible 

for sputtering atoms from the target. An electric field between target and anode contains 

the electron cloud. Magnetic fields cause the electrons to spiral and collide with Ar 

atoms, which are then ionized. The Ar+ are accelerated, strike the target, and knock off 

target atoms. Sputtered energies can be 1 to 10 eV, while evaporated energies are <1eV. 

The result is that the sputtered films are denser, generally amorphous in nature and more 

adherent than evaporated films. Thermal evaporation provides energy in the 0.1-0.15 eV 

range, thus does not damage substrate surface. However, sputtering with high energy can 

damage substrate surface for the impact of high-energy species.  
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The advantages of evaporation deposition include the high deposition rate (~0.1 

1µm/min), little surface damage, excellent purity of the film because of the high vacuum 

condition, and very little substrate heating. However, it is more difficult control of film 

composition than sputtering and also has x-ray damage caused by the electron beam 

evaporation. The advantages of sputtering deposition include more reproducible 

deposition control- same deposition rate for same process parameters, so it’s easy to 

control the film thickness via time. Although the substrate or diatom template may be 

damaged due to ion bombardment, it was still a proper attempt to examine if we can use 

this technique to get nanopatterns from diatom frustule.  

3.3.1 Metal-Enhanced Fluorescence 
 
Fluorescence technology has been one of the most widely used in many fields and plays 

an important role in biotechnology and medical diagnostics. This technique is of 

particular interest because the specific interaction of an antibody with its antigen is used 

for molecular recognition. While fluorescence detection can be very sensitive, the wide 

spread application of this technique is usually limited by the quantum yield and the 

photosatability of the fluorophores. The optimization of the performance of fluorophores 

has been explored by many methods; one approach is using quantum dots to enhance the 

sensitivity and stability [104-106] and another viable approach is to explore the 

nanomaterial and nanostructure based substrates to enhance fluorescence signals [103, 

107-109]. The strong interactions of fluorophores with metallic nanostructures lead to the 

production of surface plasmons and result in significant increases in intensity, 

photostability, and decreases in lifetime. Fluorophores are excited with an external light 

source and the energy from the electronically excited states (fluorescence emission) is 
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partially transferred (coupled) to surface plasmons in metals in close proximity (<100 

nm). As a result of the plasmon coupling, two distinct observations can be made: (1) an 

increase in fluorescence emission and (2) a decrease in the lifetime of the fluorophore. 

These effects result from interactions of the excited-state fluorophores with free electrons 

in the metal, the so-called surface plasmon electrons, which in turn produce favorable 

effects on the fluorophore. The effects of metallic surfaces include fluorophore quenching 

at short distances (~0–5 nm), spatial variation of the incident light field (~0–15 nm), and 

changes in the radiative decay rates (~0–20 nm). [110] 

Lakowicz and Geddes refer to this phenomenon as metal-enhanced fluorescence (MEF) 

[103, 110].  They discussed the interaction of fluorophores with the metal by the 

following mechanisms: (1) Energy transfer from the fluorophores to the metal surface, 

therefore quenching the fluorescence. It is a non-radiative process and at a distance less 

than 5 nm, and can be understood by damping of the dipole oscillation by the nearby 

metal. It is due to a coupling between the fluorophore and the plasmon polariton at the 

surface of the metal. (2) The concentration of the electromagnetic field. When metallic 

structures act as antennas concentrating the field in places where the fluorophore is 

located, consequently, enhance the fluorescence. In this case, it has been found that the 

electric field is intensified around sharp corners/tips of metal nanostructures, which is 

also known as the ‘‘antenna’’ effect. When subject to an external electromagnetic field, 

the electrons move coherently inside the material. The presence of these small 

displacements from equilibrium causes the charge density wave to oscillate in the metal. 

The oscillations are called localized surface plasmon resonances. Such localized plasmon 

resonances in two or more close nanopatterns may be coupled with the resulting 
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electromagnetic field highly amplified between the nanopatterns. (3) The modification of 

the rate of the fluorophore with an increased the intrinsic radiative rate and decreased the 

lifetime of the fluorophore. It is due to higher photonic mode density in the proximity of 

metal nanostructures. To better understand this concept it is informative to consider the 

Jablonski diagram for fluorophores in the free-space condition and the modified form 

when in close proximity to conducting metallic particles or colloids (Fig. 3-12). 

  

Figure 3-12 Classical Jablonski diagram for the free-space condition and the 
modified form in the presence of metallic particles, islands or colloids. E-excitation, 
Em-metal enhanced excitation rate, and Γm- represents the radiative rate due to the metal 
proximity; knr is the non-radiative rate. From Geddes and Lakowicz. [103] 
 

The fluorescence lifetime (τ0) is given by: 

  

Γ is the radiative rate of the fluorophore, and knr is the non-radiative rate. 

In the present of metallic particles or nanopatterns, the radiative rate is modified. The 
new lifetime replacing the previous equation to 

 

Γm represents the radiative rate due to the metal proximity. 
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fluorophore is located, consequently, enhancing the fluores-
cence; (3) modification of the radiative decay rate of the
fluorophore through the local modification of the photon
density of states, with an increased radiative rate, decreased
the lifetime of the fluorophore.

The first mechanism, energy transfer, is a non-radiative
process which dominates at small distances because it is
inversely proportional to the third power of the metal–fluoro-
phore distance.4 It is due to a coupling between the fluorophore
and the plasmon polariton at the surface of the metal.17

The second mechanism, enhancement of the electro-
magnetic field is a classical physics effect, accurately described
by solving Maxwell’s equations around the metal structure.
In this case, it has been found that the electric field is
intensified around sharp corners/tips of metal nanostructures,
which is also known as the ‘‘antenna’’ effect. In specific
frequency ranges, there is also the possibility of resonances
in the metal structures themselves. In metal nanoparticles,
these occur in the visible-near IR frequency range, leading
to the creation of dipoles and higher order modes.18 The
electromagnetic properties of metal nanoparticles can be
intuitively explained by Drude’s model of metals.19 This model
treats the metals as a matrix of positively charged ions and an
electron gas moving through the potential of these ions. When
subject to an external electromagnetic field, the electrons move
coherently inside the material.20 The displacement of electrons
generates restoring Coulomb forces where the negatively
charged electron gas is attracted back to the positively charged
ions. The presence of this restoring force for small displace-
ments from equilibrium causes the charge density wave to
oscillate in the metal. The oscillations in nanoparticles are,
of course, localized, hence they are called localized surface
plasmon resonances. They produce localized fields, which
are enhanced in the vicinity of the particles. Such localized
plasmon resonances in two or more close nanoparticles may
be coupled with the resulting electromagnetic field highly
amplified between the particles. Numerous authors, including

ourselves, have exploited this phenomenon to design highly
efficient MEF substrates.21–23

The locally amplified electric field (E) produces local
enhancement of fluorescence, due to the fact that the fluores-
cence emitted power (Pfluorophore) is proportional to the photon
flux which, by its turn, is proportional to the electric field
squared, assuming that there is no saturation effect in the
excited state:24

Pfluorophore = knQY (1)

and

n p |E|2 (2)

where k is the absorption crosssection of the fluorophore, n is
the photon flux of the excitation and QY is the quantum yield of
the fluorophore.

The third mechanism, the modification of the radiative rate
(G), is due to higher photonic mode density in the proximity of
metal nanostructures. For a fluorophore free from quenching
or other interferences, the QY can be expressed in the
following way:

QY ¼ G
Gþ knr

(3)

where knr is the non-radiative rate. The radiative rates are only
slightly dependent on the environmental parameters, such as
solvent polarity and temperature.4,5 These rates determine the
exponential decay of the fluorescence signal. The fluorescence
lifetime is given by:

t0 ¼
1

Gþ knr
(4)

In the presence of a metal, the radiative rate is modified.
This can be captured by adding a new radiative rate (Gm) (Fig. 1)
which modifies eqn (3) to:4,5

QY ¼ Gþ Gm

Gþ Gm þ knr
(5)
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with the new lifetime replacing that of eqn (4):

t ¼ 1

Gþ Gm þ knr
(6)

We emphasise here that the addition of the new radiative
rate in eqn (5) may raise the fluorophore quantum yield,
producing a higher fluorescence signal. The ability to obtain
an instantaneously higher fluorescence signal from the avail-
able fluorophores makes the MEF a promising approach for
biological applications such as immunoassays25,26 and nucleic
acid assays which use oligonucleotide probes.27,28 Additionally,
the MEF effect can be applied to conventional fluorescence
microscopy, for example using a thin metallic film for single-
molecule detection,29 or using a metallic probe in fluorescence
near-field scanning optical microscopy (NSOM) below the dif-
fraction limit as well as for the detection of typically non-
fluorescent molecules.5,30 A number of review papers discuss
recent accomplishments in this area.4,5,16,31

Our group has been developing and investigating MEF, with a
view to introduce this technology in real analytical applications
whenever they offer an advantage. Our program addresses the
problem of compatibility of MEF with practical technologies
used in biosensing and bioimaging, which is rarely a focus of
academic studies. One of the important applications of MEF is
in protein sensing, for example, by using immunoassays.32

It is well-known that immunoassays are underpinned by
the principle of highly specific antibody–antigen recognition.

The antibody is usually immobilized on a substrate such as a
glass slide. The fluorescently labeled antigen analyte conjugates
to that antibody, and adheres to the glass slide while all other
simultaneously labeled proteins in the sample can be washed
away (Fig. 2). MEF enables the substrate to play an active role, in
which specialized metal nanostructures deposited on the glass
increase the fluorescence signal compared to standard unmodi-
fied glass substrates. However, metal nanostructures developed
earlier often suffered from limited uniformity. Responding to
this need, we developed several approaches to develop homo-
geneous assay substrates and demonstrated their utility for
protein sensing.12,13 Another major application area for this
technique is bioimaging, where an ongoing demand exists for
fluorophores with ever increasing brightness and unique proper-
ties. The applications of metal enhancement to traditional
fluorophores, such as fluorescent dyes or genetically targeted
fluorescent proteins, and their applications in bioimaging have
been widely investigated.33–35 Our recent work focused on metal
nanostructure-modified lanthanide fluorophores for cell imaging
where we demonstrated enhanced fluorescence signals.36

Flow cytometry is another important analytical method,
commonly used in biotechnology, where it can be employed
for molecular assays. In this technique, fluorescently-labeled
analyte molecules are specifically conjugated to micrometer-
sized beads, also fluorescent. The bead color and the color of
the fluorescent label of analyte molecules are different. The
fluorescence from the beads and the analyte are then read out
as the beads (with and without conjugated analytes) move in a
single file through the laser focus. Co-registration of two brief
fluorescence signals from a bead and from a conjugated analyte
reports the presence of the target molecules. Flow cytometry
poses significant challenges for fluorescence detection due to
the high speed of the beads as they cross the laser focus,
limiting the time for fluorescence readout. As a result, for
ultrasensitive detection, the analyte fluorescence needs to be
amplified. We addressed this problem by developing MEF-
based flow cytometry beads whose utility was demonstrated
in flow cytometry experiments.37

This review is organized in the following way. In
Section 2, we describe our efforts to develop homogeneous

Fig. 1 Modified Jabłoński diagram in free space and in the presence of a metal.
E and Em represent the excitation rate without metal and the metal-enhanced
excitation rate; G is the radiative rate of the fluorophore; Gm represents the
radiative rate due to the metal proximity; knr is the non-radiative rate. From
Geddes and Lakowicz.4

Fig. 2 Schematic illustration of a highly specific antibody–antigen recognition on a glass slide. Only those fluorescently labeled antigen molecules that conjugate to
antibody will continue to adhere to the glass slide after washing.
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When fluorophores are placed at suitable distances from metallic particles or surfaces, 

fluorophores can undergo modifications to the radiative decay rates, Γm, where an 

increase in Γm results in reduction in lifetime. At this point it is informative to consider 

how modifications of both Em and Γm are likely to influence other free-space fluorescence 

phenomenon. 

Both quantum dots and nanostructured substrates approaches are useful and important to 

detect low concentration of biomolecules.[111] For the purpose of on-chip fluorescence 

detection and imaging, the MEF approach would be more useful if fluorescence substrate 

can be readily integrated into microdevices. Many metallic and non-metallic 

nanostructures have been used and show great potential, such as gold surface nanoscale 

grating [112], silver fractal nanostructures [113], gold plasmonic nano-antenna dots 

[114], and micropatterned nanostructured aluminum oxide [115].  However, the 

expensive nanofabrication process, such as electron-beam lithography or focused ion-

beam milling, needed to fabricate nanostructure substrates make MEF inaccessible to 

many potential users. Alternative simple and cost-effective techniques such as soft 

lithography, and polymer transfer printing have been developed to broaden the 

accessibility [116, 117]. Biomaterials are a relatively new source of inspiration and 

template for the design and fabrication of nanostructured materials [118, 119]. One group 

had used porous diatom frustules as template to fabricate gold nanostructures [16, 41]. 

The metal-coated diatom frustules and diatom-templated metallic shells also hold great 

potential for surface-enhanced Raman spectroscopy (SERS) applications [36].  
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As periodically metallic nanopatterns surfaces have proven effective as MEF substrates, 

it was hypothesized that the diatom-templated metallic substrates could potentially be 

used as substrates for the fluorescence detection of analytes. 

 

Here the approach of using the diatom frustule as template for fabrication of gold 

nanostructures is presented and the application of metal-enhanced fluorescence surface 

examined. The process starts by the sputter coating of gold on the diatom frustules and 

silicon wafer, followed by sonication to remove diatom frustules to leave the inverse gold 

structure on surface as MEF substrate. Given its simple and cost effective fabrication 

process and capability to be integrated with microchips and systems, this approach may 

suitable for a great deal of applications which require high-throughput and sensitive 

fluorescence detection of biomolecules. 

 

3.3.2 Material and Method 
 
The 10 mm x 10 mm individual pieces of silicon wafer was used as gold deposition 

substrate. Few drops of cleaned frustule suspension were deposited onto silicon wafers 

and were dried under a gentle stream of nitrogen for 1 to 2 minutes. Frustules were 

randomly deposited on the substrate surface by exposing their inner or exterior surface. 

The gold thin film (30 nm) on the diatom frustule templates and silicon wafers was 

performed using the Hummer X Sputter System. Following sputter coating, the resulting 

metal-coated diatom frustules were removed from silicon wafer surface by brief 

sonication in EtOH for 30 seconds, and leaving gold nanostructures on the substrate (Fig. 

3-12).  
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Figure 3-13 Schematic illustration of fabrication gold nano structures from diatom 
frustules. Serial procedures have been done on surface for the fluorescence enhancement 
experiment. 

SEM images of the products reveal that the gold coating is deposited homogenously 

across the silicon wafer surface and maintains the intricate micro- and nanoscale features 

of the diatom templates. In most cases, when the frustule templates were removed from 

the surface, a gold thin film remained on the silicon wafer after sonication. The resulting 

gold films after removal of frustule were rinsed with copious amounts of double 

deionized (18 MΩ*cm) water and dried under a stream of nitrogen.  

A series of surface modification procedures were conducted as schematically illustrated 

in Figure 3-13. The gold nanopatterned chips were immersed in 4 mg/mL DSP in DMSO 

for 30 min and then rinsed with DMSO and distilled water. In order to compare the effect 

of distance between the fluorescence dye and metal surface, two procedures have been 

used. One was to add 100 µg/mL Alexa Fluor® 488 conjugated with streptavidin directly 

on the activated gold surface, which was formed by thiolation reaction between the gold 
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film and DSP for 1 h, and then rinsed with distilled water. The other end of DSP is NHS 

group that will react with primary amino group protein from streptavidin. Another 

procedure was to add 100 µg/mL streptavidin on the activated gold surface for 1 hr, 

rinsed with distilled water and then 1 mg/mL NHS-PEG4-Biotin in DMSO. After 1 hr, it 

was rinsed with DMSO and distilled water. NHS-PEG4-Biotin was used as a spacer 

between dye and surface because biotin can bind to streptavidin and NHS group can react 

with primary amino group from Streptavidin-Alexa Fluor® 488. Final step was to add 

100 µg/mL Streptavidin-Alexa Fluor® 488 for 1 hr. The unbound dyes were washed 

away gently using DI water and substrate is dried under a stream of nitrogen. All 

reactions were conducted at room temperature. Fluorescent images were captured by 

using a fluorescence microscope equipped with a mercury arc lamp source (Olympus, 

Inc.). The sample was excited by mercury arc lamp source with excitation filter, 475-490 

nm. The fluorescence enhancement is determined by analyzing the fluorescence images 

using the ImageJ, developed at the National Institutes of Health. Program ImageJ has 

been used to read files of fluorescence images and measure the mean value of intensity 

on gold thin film and nanopatterns. 

 

 

 

3.3.3 Results And Discussion 
 
The scanning electron microscopy (SEM) images of Coscinodiscus wailesii frustules and 

gold micro-/ nano- patterns are shown in Figure 3-14. Figure 3-14(a) shows diatom 
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frustule placed on silicon wafer after gold sputter coating, and 3-14(b) shows the gold 

patterns after removing diatom frustule by sonication.  

 

Figure 3-14 SEM images of diatom frustule and replica nano structures. (a) Diatom 
frustule was deposited on surface after gold sputter coating. (b) SEM images of corresponding 
gold replicas from whole diatom. (c-d) images with greater details with micro and nano 
patterns. 

 

As seen from Figure 3-14(c) and 3-14(d), there are two different kinds of patterns 

depending on internal or external porous membrane layers of frustules which were used 

as templates. The typical size of micro patterns from Fig. 3-14(c) is in the range of 1-1.5 

µm, and the size of nano patterns from Fig. 3-14(d) is between 250-300 nm. The SEM 

images of the gold replicas of corresponding sections of the external diatom membrane 

are shown in Fig. 3-15. It is obvious that the size, shape and organization of gold 

(c)$ (d)$

(a)$ (b)$
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structures represent the negative of the porous frustule used as the template. The average 

cribrum pore size from diatom frustule is 284 ± 39 nm, and average size of gold replicas 

is 274 ± 56 nm, with the spacing 100 ± 17 nm. It is evident from the corresponding 

images that these small gold structures are conformal with the template pores. 

 Fig. 3-16 shows the gold replicas of corresponding sections of the internal diatom 

membrane. The average areola pore size from diatom frustule is 1.265 ± 0.113 µm, and 

average size of gold replicas is 1.245 ± 0.132 µm.  

 It has been demonstrated that patterns can be fabricated as small as hundred nanometers 

to several micrometers with high yield by combining a lift-off process with a sputter 

coating deposition process.  

 

Figure 3-15 SEM images of the external frustule membrane of Coscinodiscus sp. used as 
template with corresponding gold replicas. 
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Figure 3-16 SEM images of the internal frustule membrane of Coscinodiscus sp. used 
as template with corresponding gold replicas. 

 

The AFM images obtained of the gold replica fabricated from corresponding parts of the 

frustule are shown in Fig. 3-17. These images show ~250 nm sized gold patterns, which 

correspond to the main pores of cribrum (second layer in the template). The height of 

these nano patterns ranges from 20 to 25 nm determined by AFM measurement, which 

depends on the sputter deposition time. The thickness of gold thin film can be controlled 

by the deposition time of sputter coating to get 30 nm height gold nano structures. 

 

Figure 3-17 AFM images of gold structures replicated from cribrum membrane with 
profile graph showing the height of the gold nano structures. 
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This fabrication process is important for many reasons and has two types of advantages- 

one from the technique and the other arising from templates. First the advantages of 

technique: A) The process is very simple, straightforward, and easily reproducible. B) 

Sputter coating deposition is used extensively in the semiconductor industry, and sputter 

coater is also common for sample preparation for standard SEM imaging. C) It can also 

be performed with different deposition techniques and metals, depending on various 

desired application, such as thermal evaporation. Second, the advantages of templates: A) 

Given that there are over 100,000 different species diatoms, one can create thousands of 

structurally unique structures and pore sizes as templates [4]. B) The pattern can be 

tailored by choosing specific species with unique size and patterns to fit the needs. C) 

The resulting patterns exhibit periodic structural details, including nanometer sized 

patterns (Fig. 3-14d).  

 

(a)                                      (b)                                            (c) 

Figure 3-18 (a) Fluorescence image of Alexa Fluor® 488 on gold replica from diatom. (b) 
Enhancement factors of the Alexa Fluor® 488 with different dye-gold distance. Alexa Fluor® 
488 are attached onto either gold nano structures or planar gold substrates. Enhancement 
factors were calculated by dividing the value from Alexa Fluor® 488 on gold replica by that 
from Alexa Fluor® 488 on planar gold. (c) Schematic illustration the distance from Alexa 
Fluor® 488 to surface. 
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It is believed that the present work is the first reported study of using diatom-templated 

nanostructure to study metal-enhanced fluorescence.  

One of the main goals of this research is to demonstrate that the diatom-templated 

nanostructure surface can be used as MEF substrates; in other words, the fluorescence 

enhancement will be obtained on the diatom-templated nanostructure surface. The 

fluorescence images of Alexa Fluor® 488 on the gold nanostructure substrates are given 

in Figure 3-18a. The fluorescence images for this dye have demonstrated that, depending 

on the location of dyes, the fluorescence was either unaffected or enhanced in comparison 

to the controls, in which fluorescence was due to the Alexa Fluor® 488 located on the 

planar gold surfaces. The intensity of fluorescence was measured from the planar gold 

surfaces, and from the nanostructure from diatom frustule. The intensity of nanostructure 

divided by the intensity of planar gold (i.e., the ratio) gave the enhancement factor. The 

definition of enhancement factor is different from other groups [108, 110] where they 

used the intensity on glass or SiO2 substrate as reference. In our approach, the gold was 

deposited on whole surface, so the planar gold surface is our reference to calculate 

enhancement factor. From Fig. 3-18b, diatom-templated gold nanostructure surface 

produced an enhancement factor of 1.65 at 6.2 nm dye-gold distance.  The enhancement 

effect observed on the gold nanostructure could be result from interactions of the excited-

state fluorophores with free electrons in the metal, the so-called surface plasmon 

electrons. [110] However, there is another fluorophore quenching effect at this short 

distances (~0-5 nm). From Fig. 3-18c, the shortest distance between dyes to the gold 

surface in only 1.2 nm, which may cause fluorophore quenched. The energy transfers 

from the fluorophores to the metal surface due to a coupling between the fluorophores 
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and the plasmon polariton at the surface of the metal. When the distance increasing, EM 

field amplification takes responsible for the fluorescence intensity enhancement at this 

distance range (~5-15 nm). 

In order to examine the fluorescence enhancement at longer distance between the gold 

surface and the fluorescent dyes, the spacer had been added between dye and surface. 

Figure 3-18c schematically depicts the immobilization of Alexa Fluor® 488 at well-

defined distances on gold nano patterns using DSP, streptavidin and NHS-PEG4-Biotin. 

Two different assembly procedures are described in the Experimental Section and Figure 

3-13. The appropriate size and height of the building blocks by DSP was 1.2 nm, 

streptavidin was 5 nm, and NHS-PEG4-Biotin was 2.9 nm. The NHS groups on the gold 

film will react with primary amino group from streptavidin. However, it is difficult to 

predict the exact position of amino group on the streptavidin surface. But it can be 

assumed that the shortest distance between conjugated dye and gold surface is 1.2 nm, 

which is the length of DSP, and the longest distance of that is 6.2 nm, which is the 

summation of the length of DSP, and streptavidin. The average distance is 3.7 nm. For 

the second configuration, the only difference is adding streptavidin and NHS-PEG4-

Biotin. The shortest and longest distance becomes 9.1 nm and 14.1 nm, and the average is 

11.6 nm. These separations positioned the Alexa Fluor® 488 at two different spatial 

locations in the range of 1.2 nm to 6.2 nm and 9.1 nm to 14.1 nm respectively. These 

ranges are within the amplified local EM field of gold nanostructures. From Fig. 3-18c, 

the enhanced fluorescence can be clearly compared side by side at two dye-surface 

distances. The enhancement factor is 1.65 for 6.2 nm dye-gold distance. When the dye-
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gold distance changed to 14.1 mm, the enhancement factor becomes to 2.2. One can 

observe the difference of fluorescence intensity distinctively from fig. 3-18c.  

 

These data suggest that the fluorescence quenching effect takes responsible for the 

fluorescence intensity in such short range (<5 nm). The energy transfers from the 

fluorophores to the metal surface due to a coupling between the fluorophores and the 

plasmon polariton at the surface of the metal. When the distance increasing, EM field 

amplification takes responsible for the fluorescence intensity enhancement at the range 

between 5 and 15 nm. Fluorophores are excited with an external light source and the 

energy from the electronically excited states (fluorescence emission) is partially 

transferred (coupled) to surface plasmons in metals. The surface plasmons are the free 

electrons in metals which collectively oscillate at frequencies similar to light. 

Subsequently, light at visible spectral range can induce the surface plasmons. Since the 

wavelength of fluorescence emission and the surface plasmons overlap, the excited state 

energy of fluorophores species can be coupled to surface plasmons.  

 

The other metal-enhanced fluorescence platforms have also been reported. Zin’s group 

had developed template-guided immobilization of protein-functionalized QDs at well-

defined distances on plasmon resonant gold nanoarrays using designed peptides and 

protein spacers. [104] They observed the enhancement factor for 200 nm gold arrays with 

150 nm spacing for QD emission was ~3 at QD-gold distance ~ 16 nm.  This result is 

comparable to our date that the average size of gold nanopatterns is 274 ± 56 nm, with 
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the spacing 100 ± 17 nm. When fluorescence dye were placed on top of the gold 

nanopatterns surface at distance ~ 11.6 nm, the enhancement factor is ~ 2.2.  

 

The localized surface-plasmon resonance (LSPR) peak of 200 nm gold arrays with 150 

nm spacing is 549.0 nm. [104] The LSPR data from other group also have similar results. 

Petrou’s group observed strong absorption with a peak close to 560 nm wavelength for 

180 nm gold arrays with 270 nm spacing. [120] These data suggest the LSPR peak of  

~200 nm gold nanopatterns ranging from 549 nm to 560 nm wavelength. This range 

overlaps the fluorescence emission of Alexa-488, where the emission peak is at 515 nm 

with 36 nm FWHM, suggesting the excited state energy of fluorophores can be coupled 

to surface plasmons. Their results can support the MEF enhancement from diatom-

templated gold nanopatterns could be based on overlap of surface plasmons and 

fluorescence emission. 

 

The advantages of the diatom-templated nanostructures for fluorescence enhancement 

therefore can be summarized as follows. First, the diatom frustules can be used as 

template to fabricate gold nanostructures by combining a sputter coating deposition and a 

lift-off process. Diatoms can be routinely grown in laboratory conditions and it also 

provides a cheap resource to a huge number of preferred templates. Hence, the 

fluorescence enhancement substrate can be made rapidly and very cost-effectively. 

Second, after modifying surface with few steps, the fluorescent dyes or labeled 

biomolecules can be attached to the surface of the substrates to achieve fluorescence 

enhancement. By increasing the distance between dye and gold surface, we can get the 
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enhancement factor larger than two. Third, the use of a diatom-templated nanostructure 

substrate in our approach suggests the simplicity for integrating into lab-on-chip sensor or 

microfluidic devices for fluorescence-based bioassay applications. However, for diatom-

templated nano fabrication to become more established as a reliable approach, several 

limitations that exist will need to be overcome. As the diatom template technique is a 

relatively new approach, it still needs the high yield and precise controlled from other 

conventional fabrication methods. Especially the large-scale fabrication may be a critical 

issue because of a lack of enough quantities of purified diatom frustules. Additionally, 

because the exact mechanisms of formation of the porous patterns of diatom frustule are 

not yet fully understood, one have to invest a lot of time and effort to find out the 

appropriate patterns of diatom species for the purpose of application.  

 

3.4 Conclusion 

 

In conclusion, a straightforward fabrication method that employs diatoms as templates for 

the formation of gold nanostructure substrates is demonstrated. The method is very 

generic and can be used with different metals and desired diatom species to produce 

unique nanopatterned substrates. It has also been shown that the nanostructured surfaces 

of diatom-templated metallic materials could be used as useful MEF substrates. This 

substrate can enhance fluorescence signals up to 2.2 times compared to the planar gold 

substrate. Given its simple fabrication process and integrability with micro devices or 

microfluidics, this technology offers a new avenue for fluorescence-based bioassay and 

analysis.  
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CHAPTER 4 

USING DIATOM NANOSTRUCTURES TO FABRICATE HYBRID PLATFORM 

4 Using Diatom Nanostructures to Fabricate Hybrid Platform 

4.1 Introduction 

Solid-state nanopore membranes with nanopore diameters ranging from tens to hundreds 

of nanometers are of significant interest for particle separation [58], cell-cell 

communication [52, 59, 60] and even molecule [61-63] and DNA translocation studies 

[64-67]. Anodized aluminum oxide (AAO) membranes are commercially available 

examples, but the membranes have to be thick (60 µm) to ensure mechanical stability of 

the film, resulting in slow diffusion rates for particle separation and cell-cell 

communication studies. Silicon nanopore membranes overcome the diffusion limitation 

by being significantly thinner (~300 nm). However, they are usually patterned by 

electron-beam lithography to accomplish pore diameters of 20-300 nm [68]. Other 

ultrathin silicon membranes (~10 nm) with 25 nm diameter pores that employ an ion-

beam drilling process are well apt for molecule separation applications, but the 

manufacturing process is too slow to allow easy scale up [69]. Track-etched membrane 

technology is widely used for commercial membrane fabrication using hydrocarbon-

based plastic materials and it has recently been applied to SiN membranes, showing the 

ability to achieve pores with diameters between 1.5 nm and 20 nm pores [121]; however, 

this nanopore fabrication method is limited to a low density per area. Thin nanopore 

membranes with short pores of a length of around 50 nm offer an advantage with respect 

to temporal and spatial resolution of particle and molecule translocation [49, 50]. 



 78 

Nanopore membranes with a high porosity offer the advantage of a high fluidic 

throughput [47, 48]. However, thin, highly porous membranes suffer from being 

mechanically fragile. Thus, most nanopore membranes are not an ideal platform for the 

desired application, since they have to strike a balance between porosity and mechanical 

stability. This difficulty has already been solved by nature: diatoms produce diverse 

three-dimensional nanoporous silica structures that exhibit high porosity while 

maintaining mechanical stability [18]. 

 

With diatoms size up to 250 µm in diameter, they are ideal candidates to be combined 

with existing devices featuring micron-sized structures, such as microfluidics. The 

advantages of diatom nanoporous cell walls will be taken on silicon substrate to form an 

integrated membrane platform. 

 

In this chapter, the details of a microfabrication process flow will be presented for 

producing a hybrid planar micromachined system consisting of a biomineralized silica 

nanopore membrane combined with a single micropore through a silicon wafer. Silicon 

provides an ideal substrate because micropores can be precisely manufactured using 

photolithography and deep reactive ion etching and integrated with microfluics and 

microelectronics. The frustules, while being mechanically stable by themselves, need to 

be supported by an underlying substrate that provides the interface to the microfluidic 

system. By placing the diatom frustules on the micromachined silicon chip latter can 

serve as the macroscopic support structure. 
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4.2 Materials And Methods   

4.2.1 Fabrication Of Silicon Chip 

The silicon support structure was prepared using 4'' diameter, double-sided polished 

(DSP) Si (1 0 0) wafers with a thickness of 440 µm. The standard AZ 4620 resist was 

spun to a final thickness of 7.9 µm on one side of the substrate. The 100 µm diameter 

aperture was patterned on the OAI Model 808 high-resolution mask aligner and 

developed in AZ300MIF supplied by AZ Chemicals. Silicon etching was performed in a 

STS ICP Advanced Silicon Etcher, running a modified Bosch process with SF6 for the 

etching and C4F8 for the passivation step [122, 123]. The 100 : 1 etch selectivity of 

silicon over the photoresist allowed the 100 µm diameter patterned region thinning to a 

final thickness of 40 µm after the etch (Fig. 4-1(a)). The process was tailored for fast etch 

with a perpendicular side wall profile, providing a slightly concave bottom profile of the 

recess. In a subsequent step, the through-wafer via aperture with a diameter of 20 µm or 

30 µm was defined via the backside photolithography with AZ 3312 photo resist on the 

OAI 808 aligner. The Bosch process was employed again to create the through-wafer 

aperture (Fig. 4-1(b)). The micromachined silicon substrate was thermally oxidized to 

provide electrical insulation and an oxide surface for subsequent chemical modification 

(Fig. 4-1(c)). Next, SU-8 3025 UV-patternable negative tone epoxy resin was spun on the 

large recess side and exposed to open up the recess structure (Fig. 4-1(d)). The 40 µm 

thick epoxy layer reduces the capacitance of the silicon chip in a fluidic cell, thereby 

reducing the electrical noise originating from the setup. The wafer was then diced into 10 

mm x 10 mm individual pieces each holding a single aperture. 
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Figure 4-1 The bisector cross-section (top) and top (bottom) views of near aperture part of the 
diatom nanopore membrane device. (a) Using photolithography and a deep silicon etch process, a 
0.1mm recess is etched into one side of a silicon support substrate. (b) A 20 um or 30 um diameter 
aperture is etched through the center of the recessed region by backside alignment techniques and the 
same etch process (c) The surface is thermally oxidized. (d) A noise reducing 40 um thick SU-8 layer is 
patterned on the backside of the substrate. (e) A diatom frustule is positioned on top of a silicon aperture 
using a micromanipulator. The red poly-L-lysine layer which is dried from 0.1% poly-L-lysine solution 
generates electrostatically charge linkage. (f) The UV curable epoxy resin NOA-60 is applied surround 
the diatom by mechanical micromanipulator to stabilize the diatom frustule on the silicon substrate by 
the cross-linking of the resin. 

       

 

 
Fig. 1. The bisector cross-section (top) and top (bottom) views of near aperture part of the diatom 
nanopore membrane device. (a) Using photolithography and a deep silicon etch process, a 0.1mm 
recess is etched into one side of a silicon support substrate. (b) A 20 um or 30 um diameter aperture 
is etched through the center of the recessed region by backside alignment techniques and the same 
etch process (c) The surface is thermally oxidized. (d) A noise reducing 40 um thick SU-8 layer is 
patterned on the backside of the substrate. (e) A diatom frustule is positioned on top of a silicon 
aperture using a micromanipulator. The red poly-L-lysine layer which is dried from 0.1% 
poly-L-lysine solution generates electrostatically charge linkage. (f) The UV curable epoxy resin 
NOA-60 is applied surround the diatom by mechanical micromanipulator to stabilize the diatom 
frustule on the silicon substrate by the cross-linking of the resin.  
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4.2.2 Diatom Placement 

4.2.2.1 Manually Placement  
 
Upon a single silicon die with one micro-aperture, the diatom frustrules of Coscinodiscus 

wailesii suspended in a water-ethanol solution were placed using a micropipette and the 

solution was allowed to spread into a thin layer. A mechanical micromanipulator (KRN-

09 Positioner, J MicroTechnology, USA) was used to move one of the diatom frustules 

suspended in solution on top of the micromachined through wafer via aperture. The 

diatom frustule was positioned such that the outer surface of the porous plate, which has 

the nanoscale pores, is in contact with the silicon dioxide surface. During the drying step, 

the frustule adhered to the silicon dioxide surface and the addition of 0.1% poly-L-lysine 

solution resulted in electrostatically charge linkage (Fig. 4-1(e)).  

 

Figure 4-2 (a) The optical micrograph shows a diatom frustule which has been immobilized using 
poly-L-lysine. The perimeter of the diatom was subsequently sealed using UV-curable NOA-60 
epoxy resin. (b) One diatom frustule adheres on the silica substrate within 8 µm high, 300 µm 
diameter circular photoresist groove. (c) Diatom frustule has been immobilized using SU-8. SU–8 
has been removed in a ~ 100 µm area around the through – wafer via. 

 

 

 

Fig. 2: (a) The optical micrograph shows a diatom frustule which has been immobilized using 
poly-L-lysine. The perimeter of the diatom was subsequently sealed using UV-curable NOA-60 
epoxy resin. (b) One diatom frustule adheres on the silica substrate within 8 µm high, 300 µm 
diameter circular photoresist groove. (c) Diatom frustule has been immobilized using SU-8. SU–8 
has been removed in a ~ 100 µm area around the through – wafer via. 
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The optical image of diatom frustule positioned on top of a silicon aperture is shown in 

Fig. 4-2(a), where the silicon micropore is visible through the nanoporous membrane, 

indicating a free fluidic path through the diatom frustule. In order to provide enhanced 

stability in solution, the diatom was fixed on the silicon surface using a mechanically 

compliant UV curable epoxy resin (NOA-60) in addition to the charge linker. In this step, 

NOA-60 was applied around the diatom by mechanical micromanipulator, making sure 

that the center of the diatom was not accidentally coated (Fig. 4-1(f)). A subsequent flood 

exposure in ultraviolet (360-400 nm) resulted in cross-linking of the epoxy resin.  

 

It is a delicate job to place diatom precisely on top of the through wafer via aperture. 

First, one have to place diatom frustule on top of the chip in good contact. Because these 

centric diatom frustules are like petri dish, there are two ways for them to be placed on 

the surface. One is the ring of the petri dish sitting on the surface; another is the opposite 

way that whole plate of the petri dish is touching on the surface. Diatom frustules with 

the second configuration that the whole membrane is touching on the surface have to be 

used so that there is no gap between the silica surface and frustule membrane. In order to 

increase the possibility of diatom frustules sitting on the silica surface with whole plate, a 

thin layer of poly-L-lysine were coated on the silica surface. The silica surface carries 

SiO- group in the neutral buffer solution, so both silica chip and diatom frustules carry 

negative charges. If there is no linker like poly-L-lysine, diatom frustules prefer to land 

on chip with the ring sitting on the surface because of the electrostatic repulsive force 

between diatom frustules and silica surface. With the help from the linker of poly-L-

lysine, the chances of diatom frustules sitting on silica surface with whole plate increase a 
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lot. After diatom frustules were precipitated on the silica surface, the mechanical 

micromanipulator was used to position one diatom frustule on top of the micromachined 

through wafer via aperture. 

 

4.2.2.2 Self-Assembly Placement 
 

An alternate approach was devised based on patterning methods found in the literature by 

a high wettability contrast between hydrophilic bonding areas and hydrophobic 

surrounding areas on the wafers [124, 125]. The substrate was patterned into hydrophilic 

and hydrophobic areas using photoresist AZ 4620. The areas where photoresist was 

present were rendered hydrophobic and areas where the resist was removed by 

lithography where silicon dioxide surface was exposed were hydrophilic. The hydrophilic 

diatom frustules, when dispersed in a polar solvent such as water, adhered only to the 

hydrophilic spots. The 8 µm high, 300 µm diameter circular photoresist grooves ensured 

the placement of one 200 µm diameter diatom frustule on the pore of the silica substrate 

(fig. 4-2(b)). The silicon dioxide surface areas were coated with 0.1% poly-L-lysine 

solution resulted in charge linkage. The electrostatic force is strong enough that the 

adhered diatoms were not washed away during the acetone lift-off. Once the diatom was 

temporarily bonded to the chip with poly-L-lysine, a 5 µm thick SU-8 3005 was spun 

onto the diatom-silica chip.  A slow multi-ramp process was used to pre-bake the sample 

to prevent the SU-8 from forming bubbles at the surface and cracking of the diatom due 

to stress during curing. Exposure was completed with a mask consisting of a 100 µm 

diameter chrome dot that was positioned over the 20 µm pore but within the 
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circumference of 200 µm diameter diatom (Fig 4-2(c)). After a 2 hour post-exposure 

bake to speed up the cross-linking of SU-8, the chip was developed in SU-8 developer for 

two minutes and rinsed with iso-propyl alcohol. The immobilization process was 

completed by placing the diatom chip in a 3:1 mixture of sulfuric acid and hydrogen 

peroxide for two minutes to ensure clog-free pores. This ensures the presence of 

unclogged pores in the diatom frustule. 

 

4.2.3 Electrical Characterization 

 

A variety of electrical test were conducted to characterize the nanopores on diatom 

frustules when they were filled with electrolyte. The silicon chip with the attached diatom 

frustule was mounted vertically in a Teflon holder. The holder sealed against the chip 

using O-rings. The holder provides fluidic access to either side of the chip with a fluidic 

bath volume of 3 ml. Electrical connection to the fluidic baths was made via Ag/AgCl 

wire electrodes. The electrodes were connected to a HEKA EPC-8 patch-clamp 

transimpedance amplifier operating in voltage clamp mode with the Bessel filter set at 1 

kHz or 5 kHz cut-off frequency to limit the high-frequency noise. The nanopore 

resistance was derived from the slope of the current-voltage (I-V) response. Steady-state 

current was measured by applying a voltage within the range of -400 to 400 mV across 

the diatom frustule. The current was recorded using a National Instruments PCIe-6251 

Data Acquisition board at 10 kHz or 50 kHz sampling rate. The recording was controlled 

using the WinEDR software package developed at the University of Strathclyde. 
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4.3 Results and Discussion 

4.3.1 Hybrid Platform Structure Characteristics 

 
The main goal of this research was to demonstrate that this hybrid platform combining a 

diatom frustule with a silicon chip could be used as a lab on chip device for low noise 

measurements of electrochemical signatures such as pore conductance and impedance 

spectroscopy. Cylindrical micropore channel has been fabricated using standard 

microelectronic fabrication techniques as described in Section II. A cross-sectional SEM 

image of a single micropore after microfabrication is shown in Fig. 4-3(a).  

A 100 µm diameter recess was etched into the backside of silicon substrate to a final 40 

µm thickness, with a 30 µm through-wafer aperture at center. The surface is thermally 

oxidized to provide electrical insulation, and the backside of silicon substrate was coated 

with 40 µm of SU-8 to reduce noise. A diatom frustule is placed on top of the silicon 

aperture and was fixed on the silicon substrate by UV-curable epoxy resin (Fig. 4-2(a)). 

The diameter of diatom frustule is around 250 µm so that can cover the micropore of the 

silicon substrate. Fig. 4-3(b)-(d) show a series of SEM images of Coscinodiscus wailesii 

frustule. Fig. 4-3(b) shows the whole frustule with intact valve settled on the substrate 

exposing their exterior surface (convex). In our platform, this exterior surface is in 

contact with the silicon substrate, providing maximum contact area between the frustule 

and the surface.  



 86 

 

Figure 4-3 (a) Cross-sectional scanning electron micrograph of micropore after completion 
of the fabrication sequence with a diatom frustule mounted on top of it. (b) The whole 
frustule with intact valve settled on the substrate exposing their exterior surface (convex), 
and (c) the cross-sectional SEM image shows the profile structure of the frustule, the higher 
magnification image in (d) shows the details of the three porous layers hierarchical 
structure. 

The cross-section SEM image shows the profile structure of the frustule (Fig. 4-3(c)), and 

the higher magnification image in Fig. 4-3(d) shows the details of the three porous layers 

hierarchical structure. The outer porous layer containing the smallest pores with the pore 

diameter is determined as 45+/-9 nm [15], and the thickness of this layer is less than 50 

nm. This layer plays an important role as a selective membrane in contact with the 

 

 
Fig. 3 (a) Cross-sectional scanning electron micrograph of micropore after completion of the 
fabrication sequence with a diatom frustule mounted on top of it. (b) The whole frustule with intact 
valve settled on the substrate exposing their exterior surface (convex), and (c) the cross-sectional 
SEM image shows the profile structure of the frustule, the higher magnification image in (d) shows 
the details of the three porous layers hierarchical structure. 
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environment to uptake nutrient and to defend against bacterial and viral attack [15]. The 

second porous layer is connected to the internal (third) porous silica plate. The pores 

diameter in the second layer range from 200 nm to 250 nm and are overlaid with the first 

layer pore arrays. The thickness of second layer is around 250 nm that is comparatively 

thicker than the first layer. It is possible that thick silica plate of second layer is 

responsible for the mechanical stability to support the first thin layer for filtration and 

separation. The third porous (internal) layer with pore diameter around 1 µm also 

provides the support to the second layer for the mechanical stability. The thickness of this 

integrated multilayer porous membrane is range from 1 to 1.5 µm. This hybrid platform 

gives us the advantages of high volume manufacturing precisely from silicon substrate 

and high porosity and thin, mechanical stable nanopore membrane for high fluid 

throughput from diatom frustule. 

 

4.3.2 Hybrid Platform Electrical Characterization 

 

The preliminary conductivity measurements of hybrid platform in KCl solution have 

been completed for characterization purposes. Prior to making measurements, the dry 

nanpores on diatom membrane must be filled. To fill nanopores with water, it is 

immersed in the deionized water for up to 8 hours. The initial condition of the device is 

filled with deionized water and it is the minimum conduction state, and KCl sweeps were 

completed from lowest concentration to the highest. Fig. 4-4(a) shows the I-V traces of a 

hybrid platform for various KCl concentrations at 1 mM, 10 mM, 50 mM, and 100 
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mM.  The applied voltage across the pores was held constant for 5 s each from -400 to 

400 mV in 50 mV steps.  

The average current value was used to plot the I-V trace. The slopes of the lines 

correspond to the conductance of the diatom pores. Since the I-V relation is linear in this 

graph so that we can get conductance of the hybrid platform according to Ohm’s law. It’s 

also apparent that as the concentration of the KCl solution is increased, the conductance 

increases. For example, the conductance of the pores in 1mM KCl is 0.058 µS, and the 

conductance increases to 4.619 µS in 100 mM KCl. 

In order to measure the influence of diatom frustule, the I-V curves of the platform with 

and without the diatom are also compared in. Fig. 4-4(b). The conductance decreased 

from 0.098 µS to 0.058 µS in 1mM KCl, which implies that when a diatom frustule was 

fixed on the silicon surface, the only one possible route for ions to travel between two 

 

Figure 4-4 (a) The I-V curves of a hybrid platform for various KCl concentrations at 1 mM, 10 
mM, 50 mM, and 100 mM. The applied voltage across the pores was held constant for 5 s each 
from -400 to 400 mV in 50 mV steps. (b) The I-V curve of the hybrid platform with and without 
the diatom in 1 mM KCl solution. 

!
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fluidic baths is through the nanopores of diatom. This finding proves our hypothesis that 

the transport is through the nanopores and not the perimeter of diatom. 

The second set measurement to characterize the particles transport through the membrane 

pores have also been done. The fundamental of sensing particle through membrane pores 

is based on the concept of Coulter counter [126].  A device consists of two chambers 

containing an electrolyte solution and separated by one or few channels. When a particle 

enters through one of these channels, a change in electric current or voltage pulse is 

detected. In general situation, for a known single nanopore geometry the drop in current 

can be correlated to size, mobility, surface charge, and concentration of the particles 

passing through the pore. If nanoparticles move through the finest nanopores of diatom, 

then we should see a current reduction. According to the concept of Coulter counter, the 

size of particle can be calculated from a current reduction. However, the geometry of 

diatom nanopores is not perfect cylindrical and the pores size are not identical. Therefore, 

the magnitude of the current blockage could not be employed to estimate the size of 

particle. Although it is hard to estimate the size of the passing nanoparticle, we still can 

detect how many translocation events occur when we observe current reduction. And 

there are also some possible applications of this hybrid platform such as particle 

separations, cell-cell communication studies [43], and nanohole array based sensing 

[127]. In these scenarios, the size and shape of the nanopores is less importance 

compared to the number and order of the nanopores. The benefit of using biomineralized 

frustrules as nanopore membranes on silicon microstructures, effectively replacing thin 

silicon dioxide membranes structured using lithographic techniques is the extremely low 
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cost of the process while being able to have up to hundreds of nanopores accessible in the 

active area of the device. 

 

4.4 Potential Applications  

4.4.1 Nanoparticle Selection Through Pores Of A Diatom 

 
In most research, individual nanopores are the preferred configuration when it comes to 

nanoparticle counting and sizing, since for a known nanopore geometry the drop in 

current can be directly associated with the size of the nanoparticle passing through the 

pore. Single pores, however have the significant disadvantage of a low throughput and 

the danger of failure once the single nanopore becomes irreversibly clogged. Arrays of 

nanopores are a solution to the problem of catastrophic failure of a nanoparticle sensor 

due to single pore clogging. While top-down manufacturing of nanopores allows precise 

tailoring of the pore size and geometry, nanopore arrays of 100 or more closely spaced 

nanopores typically require long serial patterning processes using electron-beam or ion 

beam sculpting. In many possible application scenarios, such as filtration and cell-cell 

communication studies, the size distribution of the nanopores is less of importance 

compared to the number and maximum diameter of the pores. In these cases the benefit 

of using biomineralized frustrules as nanopore membranes on silicon microstructures, 

effectively replacing thin silicon dioxide membranes structured using lithographic 

techniques is the extremely low cost of the process while being able to have up to 500 

nanopores accessible in the active area of the device. For such a membrane to be useful in 
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applications, the integrity of the fluidic seal between the diatom frustule and the oxidized 

silicon surface were verified.  

 

Our experiments exposing the chip with the mounted diatom frustule to deionized water, 

phosphate-buffered saline (PBS) and 1M potassium chloride solution showed no 

detachment of the frustule. Using a horizontally mounted chip, we checked for eventual 

leakage paths by testing the permeability of the diatom frustule to fluorescent polystyrene 

particles of 500 nm diameter. No translocation events were observed when using an 

epifluorescence microscope. 

  

The next question to be addressed was if it was possible to record the passage of single 

nanoparticles through the nanopore membrane, using the assembled device as an 

electrofluidic particle counter and sizer.  The amount of reduction in ionic current upon 

particle translocation can be described by the theory of Coulter counting that has been 

reported by DeBlois and Bean [126]. Translocation of a particle through a pore of similar 

size causes the cross section area to be reduced, which results in a drop in conductance 

which is given by the geometrical parameters of the pore and the particle. Assuming 

known pore geometry, the size of the beads can be determined. The reduction in current 

of a single cylindrical pore is then given by the ratio of the cube of the particle diameter 

and the product of length and the square of the pore diameter. DeBlois et al. [126] 

introduced a correction factor S 
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which is a function of particle diameter d, and pore diameter D, accounting for the 

crowding of the electric field lines around the particle inside the pore, resulting in the 

following relation: 

,       (2) 

with ΔI being the drop in current, I0 the base line current without the particle blocking, 

and l the length of the cylindrical pore. If we assume that the current is limited by the 

nanopores, with a nanopore in the third tier of the hierarchical structure having a diameter 

of 40 nm and a length of 50 nm, we can determine the current through a single nanopore. 

Assuming cylindrical pore geometry, the base line current is given by: 

  (3) 

However, the nanopores of diatom frustules are not perfect cylinder, and the size of 

nanopores is not identical either. It is difficult to estimate the particle size based on the 

current drop when particle traveling inside the nanopore.  

From equation (3), we can calculate the theoretical current through a single nanopore by 

know conductivity, nanopore diameter, nanopore length, and applied voltage. The 

conductivity of 27 nm polystyrene beads in 1mM Potassium Hydroxide electrolytic 

solution is 243 µS/cm, and the diameter of a nanopore in the third tier of the hierarchical 

structure is 45 nm and the length is 50 nm. At 400mV transmembrane bias voltage V, a 

current through a single nanopore is calculated at 180 pA. Due to the sizes of nanopores 

in the third tier is determined as 45+/-9 nm [15], the currents through a single nanopore 

also range from 126 pA to 239 pA (Table 4-1). If there were a polystyrene bead of 27 nm 

2

3

0 )(
Dl
dDdSII
⋅

=Δ

.
)8.0(4

2

0 Dl
DVI

+⋅

⋅⋅
⋅=

σπ



 93 

diameter in the nanopore, it would reduce the current by 42 pA in 45 nm nanopore. The 

current drop caused by the 27 nm polystyrene particle ranges from 36 pA to 58 pA based 

on the size of nanopores in the third tier as 45+/-9 nm. A dip of this amplitude is still 

distinguishable from the noise floor of the setup. 

Table 4-1 Calculated current of single nanopore by different size at 400 mV 

Pore size 36 nm 45 nm 54 nm 

Current of single 

nanopore 126 pA 180 pA 239 pA 

Reduced current 
caused by a 27 
nm polystyrene 

bead 
58 pA 42 pA 36 pA 

 

The test had been examined by using a 1mM Potassium Hydroxide electrolytic solution 

at 400 mV transmembrane bias. In this test, 27 nm diameter polystyrene beads with 

negative charges were used. The drop in current corresponding to a single particle 

passing through a nanopore is 35 pA. Figure 4-5 shows the translocation events of 

polystyrene nanoparticles, visible as distinct drops in the transmembane current. 
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Figure 4-5 Ion current recording indicating translocation of 27 nm diameter 
polystyrene beads through the diatom nanopore membrane. The dwell time of these 
negatively charged particles is 0.6 ms. The drop in current corresponding to a single 
particle passing through a nanopore is ~35 pA. 

 

Based on equation (2), the diameter of nanopore of diatom D can be calculated by the 

known I0, l and d, and the value of D is 55.6 nm, which is very close to the range of 45+/-

9 nm.  However, it is difficult to estimate the particle size based on the current drop when 

particle traveling inside the nanopore, because the nanopores of diatom frustules are not 

perfect cylinder, and the size of nanopores is not identical either. For this reason, it 

cannot be used as Coulter counter or particle sizer. Although this platform cannot be used 

as Coulter counter, it still can be used as filter due to the arrays of nanopores that are a 

solution to prevent the catastrophic failure of a single pore clogging. It can keep particles 

size larger than 100 nm at one side, and allow smaller particles pass. The nanopore arrays 

of 100 or more closely spaced nanopores typically require long serial patterning 

 
 
Fig. 3: Ion current recording indicating translocation of 27 nm diameter polystyrene beads 
through the diatom nanopore membrane. The dwell time of these negatively charged 
particles is 0.6 ms. The drop in current corresponding to a single particle passing through a 
nanopore is ~35pA. 
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processes using electron-beam or ion beam sculpting and also are quite expensive. In the 

application of filtration and cell-cell communication studies, the size distribution and 

precision of the nanopores is less of importance compared to the number and maximum 

diameter of the pores. In these cases the benefit of using biomineralized frustrules as 

nanopore membranes on silicon microstructures, effectively replacing thin silicon dioxide 

membranes structured using lithographic techniques is the extremely low cost of the 

process.  

 

4.4.2 Hybrid Silicon MEMS/Diatom Platform For The Cellular Response To Molecules 

 

Nanoporous membranes are also very useful tools for cellular research. By growing cells 

in transwell where the chambers were separated by membrane into upper and lower 

compartments, one can maintain physical separation of the cells while still allowing 

soluble chemicals and nano particles to pass between chambers. This setup is useful to 

study the cell-cell communication, and the cell response from the chemicals. [52] The 

traditional membranes used in transwells are track-etched membranes, which are created 

by bombarding polycarbonate sheets with atomic particles, followed by chemical etching 

to open up holes along until pores are about 450 nm in diameter [128]. This pore size can 

prevent cell form migrating through the membranes, but still can allow chemicals or nano 

particles passing between compartments. However, the thickness of the track-etched 

membranes is ~10 µm that results in the low permeability of the soluble chemicals.  

The hybrid silicon MEMS/diatom platform will be employed to address and observe 

certain populations of cells in a selective manner. The thickness of the thinner layer of 
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diatom frustule is ~50 nm (Fig. 4-6), which is ~200 times thinner than commercial 

polymer membranes. One can expect the permeability will be orders of magnitude higher, 

and this hybrid MEMS/diatom platform will be expected to have values for cell culture. 

If different cell types can be grown on diatom frustule, then this platform can also be 

used as co-culture device to study cell-cell communication. Another possible application 

is that combine highly permeable membranes with microfluidic to enable time resoled 

studies of cellular responses to chemicals delivered with temporal and spatial control. 

 

The prostate cancer cell and reporter cell lines were cultured directly on one side of 

MEMS/diatom platform to test the biocompatibility. Prostate cancer was used because it 

 

Figure 4-6  Schematic drawing (bottom) of the nanoporous layers of a diatom frustule 
(Coscinodiscus wailesii). The three-tier hierarchical pore structure is visible at the edge of 
the structure. This structure provides mechanical stability while maintaining high porosity 
on the nanoscale level. 

!!
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Fig. 1: Scanning electron micrograph (top) and schematic drawing (bottom) of the 
nanoporous layers of a diatom frustule (Coscinodiscus wailesii). The three-tier hierarchical 
pore structure is visible at the edge of the structure. This structure provides mechanical 
stability while maintaining high porosity on the nanoscale level. 
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is the sixth leading cause of cancer-related death in men and in the United States it is the 

second [129]. PC3, derived from human prostate cancer, were cultured at 37 C in a 5% 

CO2, 90% humidified atmosphere and maintained in DMEM supplemented with 5% heat-

inactivated fetal calf serum. 1 × 104 cells were seeded in each well of 24-well cell culture 

plates and allowed to attach overnight. The silicon chips with diatom mounted on the 

micropore were placed at the bottom of transwell (Fig. 4-7). After 48h incubation, optical 

images and fluorescence images were taken to check cell viability (Fig. 4-8).  

 

Figure 4-7 The silicon chips with diatom mounted on the micropore were placed at 
the bottom of transwell. 



 98 

Cell viability on silicon surface and diatom frustule was examined by staining cells with 

live/dead fluorescent dyes in fluorescent images. A microscopy-based viability assay 

showed that after 2 days of culture, PC3 were viable on silicon and diatom frustule 

surface (Fig. 4-8), and the cell morphologies were normal.  

 

There are a few roles that the nanostructures of the frustule can play in terms of 

facilitating filtration and sorting based on the type of flow the diatoms experience. In 

figure 4-9 shows the pore structure and the associated diffusion coefficients and 

concentration gradient taking into account the nanoscale confining effects [130]. Bhatta 

et al. did more detailed experiments showing the diffusion coefficient of small molecules 

like fluoresceine was reduced through a Coscinodiscus valve. [131] The diffusion 

coefficient of a fluorescent dye in a pore was shown to be reduced significantly relative 

(a)                                                     (b) 

           

Figure 4-8 Cell spreading on silicon chip and diatom frustules. (a) Optical image 
captured after 48 hr incubation. (b) Fluorescence image show live cells after 48 hr 
incubation. Cell morphology was also normal. The 100 mm scale bar applies to all 
images. 
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to the free solution value. This decrease due to confinement is shown schematically in 

Figure 4-9. 

 

Figure 4-9 Schematic of a diatom valve pore structure (not to scale) and associated 
diffusion coefficients and concentration though the pore assuming pure diffusion and 
no advection. [130] 

 

Moreover filtering may also utilize electrostatic interactions via the electric double layer 

or even Van de Waals forces. If the negatively charged silica frustule was exposed to in 

salt water with an ionic strength of 0.7 M, the Debye length would be very small relative 

to the pore size so that it would have little effect on the transport properties. However, 

with the surface modification, such as a very thin layer of polysaccharides, may change 

the interaction lengths. One can modify surface properties inside frustule pores to select 

transport molecules. 

While different molecules, (e.g. dyes, drugs), and nanoparticles (e.g. quantum dots, gold 

nanorods) will be selectively released via microfluidic channels on the opposite side of 

the diatom membrane. Only cells cultured directly above the diatom surface will be 

exposed to small-molecule or nanoparticle treatments. This will allow us to interrogate 

all these analyses a single diffusion coefficient has been used

based on the free solution value.

Nanoscale effects and methods of filtering

Currently all the studies of nutrient uptake in diatoms have only

considered microscale flow around diatoms, or in other words

have considered only a bulk free diffusion coefficient, and

a diatom plasma membrane that has a nutrient uptake limit. In

reality, however, the nanostructured frustule between the bulk

solution and the cell plasma membrane will have a significant

effect on the transport properties. This is depicted in Fig. 9 for

a girdle band pore and in Fig. 10 for a valve pore showing the

pore structure and the associated diffusion coefficients and

concentration gradient taking into account the nanoscale

confining effects.

While allowing nutrients through the frustule, diatoms reject

suspended bacteria and viruses. The method they use to do this

is not understood, especially with regard to the role of the

frustule. It is clear that the organic components play a role

similar to regular cells without a hard outer silica layer. This is

illustrated in Fig. 11 that shows small molecules like fluorescein

(equivalent diameter !1 nm) and propidium iodide (<1 nm)

cannot penetrate a live diatom, but when the organic

membrane was ruptured with methanol, the dyes readily

entered the cell.

There have been a handful of studies investigating the role of

the nano-structure on the transport through and along diatoms.

The first in the area were by Hale and Mitchell113,114 who looked

at the lateral motion of Brownian fluorescent particles over

cleaned diatom frustules and over mimics etched in silicon. They

showed how the surface topography deflected the path of

Brownian particles (!0.3–0.5 mm) away from the mean flow

direction even when the flow was not dominated by diffusion.

They proposed that the diatom surface topography may help

diatoms sort and filter.

There are a few roles that the nanostructures of the frustule

can play in terms of facilitating filtration and sorting based on

the type of flow the diatoms experience. The methods that the

solvent (water) and the solutes (molecules and nanoparticles,

virus, bacteria etc.) interact with the diatom are dictated by

advection and diffusion. In order to determine the dominate

transport mechanism around diatoms, the Peclet number, is

often used which is defined as the ratio of advective to diffusive

transport and is given by

Pe ¼ Ur

D

where U is the average velocity and r is the characteristic length

scale. For flow around diatoms where the characteristic length is

the diatom radius Pe for nutrient transport is often in the order

of 1 to 10 meaning that both diffusion and advection are

important. Once particles enter the pores the characteristic

Fig. 11 Confocal images in the midplane of a Coscinodiscus wailesii in

fluorescein (left) and propidium iodide (right). a) In a live diatom, b)

Same diatom after organic membrane ruptured with methanol.

Fig. 10 Schematic of a diatom valve pore structure (not to scale) and associated diffusion coefficients and concentration though the pore assuming pure

diffusion and no advection.
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cellular response to drugs and imaging agents with a focus on how selective manipulation 

of certain cells influences the fate of surrounding cells (e.g. bystander effect). These 

studies will also allow us to determine spatial and temporal dependence of cellular 

microenvironment and probing cell-cell interactions as well as communication. The 

fluidic transport phenomena through well-characterized hierarchical nanopore structures 

towards designing hybrid devices for applications in separation, sensor and biomedical 

device technologies will also be addressed.  

 

4.5 Conclusion 

 

Single cylindrical micropore channel have been manufactured using standard MEMS 

microfabrication techniques. The diatom frustules have been mounted manually and self-

assembly on the oxidized silicon support, and were adhered by poly-L-lysine and UV-

curable epoxy, which renders them stable in aqueous solutions. By combining 

biomineralized nanoporous structures with microfabricated silicon supports, the hybrid 

platform is workable. The electrical conductance of hybrid platform has been measured 

for different KCl electrolyte concentrations. The I-V curves were linear and the slopes of 

these curves give the conductance of the diatom nanopores according to Ohm’s law. This 

platform also can be used for nanoparticle filtration, translocation detection, featuring 

high solution throughput, and a low probability for complete clogging. In addition, the 

small nanopores of diatom frustules are ideally suited for measurements of ion channels 

that cross lipid membranes which are suspended across the opening pores, and due to 
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diatom nanopore membrane is thinner than any polymeric membrane, thus lends itself to 

the application in cell-cell-communication. 
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CHAPTER 5 

USING CONCEPT MAPS TO TEACH NANO SCIENCE AND TECHNOLOGY 

5 Using Concept maps for integrating research and education in nano science and 
technology with grand challenges 

5.1 Introduction 
 
In recent years, nano science and technology have attracted interests not only from 

scientists/engineers but also from the general public. A concept map is a method of 

representing relationships between ideas, concepts, images, and words. The goal of our 

efforts to construct concept maps of nano science and technology is to integrate research, 

education, workforce development and outreach in a meaningful way. The target 

audiences are teachers and students of grades 7-14 as this is a critical stage for students to 

plan their career pathways. Using concept maps can help and motivate students to ask 

questions and explore the key concepts. It also helps students to develop logical thinking 

when they construct maps.  

 

5.2 What Is Concept Map? 
 
Concept mapping is a technique of visually representing the concepts, their hierarchy and 

their interconnections. This graphical tool for organizing and representing knowledge 

was originally developed by Prof. Joseph D. Novak [132] in the late 1960s and early 

1970s. Novak outlined the potential uses of concept mapping for the improvement of 

learning and teaching in science classrooms. These potential uses can be itemized into 

tour categories: (a) as a learning strategy, (b) as an instructional strategy, (c) as a plan 

curriculum, and (d) as a means of assessing students' understanding of science concepts.  

Concept mapping tasks have been used in a variety of ways in science and engineering 

education [133, 134]. This chapter is focused on the strategy for a planning curriculum 

for teachers, providing a good resource for high school and undergraduate level teachers.  
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The definition from Novak is a perceived regularity in events or objects, designated by a 

label, and propositions contain two or more concepts connected using linking words or 

phrases to from a meaningful statement [135]. There are different components in concept 

map including:  (1) nodes, (2) links, (3) labels, and (4) propositions. Nodes represent 

concepts, links (or lines) represent relationships between concepts, labels are the linking 

words signify the relationships between two linked concepts, and propositions are 

meaningful statements with two or more linked concepts.  

 
Based on the structure, concept map can be divided into two types. One is a 

hierarchically structured concept map: more general concepts on top, and then break 

down into sub-concepts or into specific ideas.  Figure 5-1 shows a complex example. The 

hierarchically structured concept maps could also be treated as a thought map, which is 

used to organize data and represent ideas and relationships as node-link diagrams. It 

implies taking a list of ideas, events, objects, or tasks, and organizing them in a graphic 

illustration with ideas and linking propositions. 

 
Figure 5-1 An example of hierarchically structured concept map. Source: 
http://goo.gl/F96qeb 
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The other one is semantic networks map (or mind map), which forms a network with no 

hierarchical structure. A central concept is at the center of the graphic map and other 

concepts drawn in a radial way around the central concept. Figure 5-2 is an example of 

semantic network on Mind map.  

 
Figure 5-2 An example of semantic network of mind map. Source: 
http://commons.wikimedia.org/wiki/File%3AMindMapGuidlines.svg 

The biggest distinction between thought maps and mind maps is that a mind map tends to 

possess one main thought, whereas a thought map might have many connected and 

interconnecting concepts, themes or topics [136]. So a mind map usually looks like a tree, 

whereas a thought map may have complicated networks to represent the concepts. 

 

There are several benefits from the concept mapping exercise. It can help students 

brainstorm and generate new ideas, and communicate thoughts more clearly.  It also 

encourages them to discover interconnections and even new concepts when they 
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construct the map. They will integrate new ideas with older concepts quickly and also can 

evaluate new information.  

 

In this chapter, the goal is to construct a concept map to provide an easy and clear way to 

explore the concepts of nanoscience for teachers/students, and to illustrate the connection 

to the grand challenges of engineering. Teachers can find useful resources, lesson plans 

and hands-on activities in the concept maps.  

 

5.3 Grand Challenges For Engineering 
 

In the 20th century, engineering recorded its grandest accomplishments. The widespread 

development and distribution of electricity and clean water, automobiles and airplanes, 

antibiotics and medical imaging, and computers and the Internet are just some of the 

highlights from a century in which engineering revolutionized and improved virtually 

every aspect of human life. The National Academy of Engineering (NAE) coordinated 

the efforts to determine which engineering achievements of the 20th century had the 

greatest positive effect on mankind. 

NAE sought leading thinkers with a wide range of expertise and experience and 

constituted the Grand Challenges for Engineering committee that brought together a 

diverse group of people dedicated to improving quality of life around the globe. The 

committee's task was to identify a select few grand challenges for engineering --- 

problems and opportunities --- facing those born at the dawn of this new century.  The 

Challenges were announced in 2008 and these examples merely scratch the surface of the 

challenges that engineers will face in the 21st century. The problems described here 

merely illustrate the magnitude and complexity of the tasks ahead. The fourteen 

identified as the grand challenges for the 21st century are: 

 

1. Make solar energy economical 

2. Provide energy from fusion 

3. Provide access to clean water 
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4. Reverse-engineer the brain 

5. Advance personalized learning 

6. Develop carbon sequestration methods 

7. Engineer the tools of scientific discovery  

8. Restore and improve urban infrastructure 

9. Advance health informatics 

10. Prevent nuclear terror 

11. Engineer better medicines 

12. Enhance virtual reality 

13.  Manage the nitrogen cycle 

14. Secure cyberspace 

 

To address these challenges awareness, commitment, and involvement of the research 

enterprise, graduate and undergraduate education as well as the K12 community will be 

required. To help achieve the goal of reaching out to the secondary and post-secondary 

segments of the educational pipeline, this chapter will focus on few topics to develop a 

representative teaching curriculum. Using these topics as examples, nanoscience concept 

maps will be constructed and are integrated with the notion of grand challenges for the 

21st century. Among fourteen topics, solar energy, clean water, urban infrastructure, and 

better medicine are chosen as examples to construct concept maps. 

 

5.4 Big Ideas In Nanoscale Science And Engineering 
 

Every scientific domain has some foundational core concepts, which are referred to as 

“big ideas”. These core concepts help us understand the field, explain relevant 

phenomena, and connect the field to ideas from other disciplines.  

 

The big ideas of nanoscience are cross-disciplinary and here is a list of key concepts in 

nanoscale science and engineering from Stevens et al. [Stevens, S. Y., Sutherland, L., 

Schank, P., & Krajcik, J. (2007). http://hice.org/projects/nano/index.html] 
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1. Size & Scale 

2. Surface to volume ratio 

3. Size-dependent properties 

4. Dominant forces 

5. Particulate nature of matter 

6. Quantum phenomena 

7. Self-assembly 

8. Tools and characterization 

9. Modeling and simulations 

10. Societal impact 

 

These big ideas will be used to construct concept maps, and the connection between the 

grand challenges and nano science will be made. 

 

5.5 Construct grand challenges concept map 
 

As mentioned in section 5.4, four areas were chosen from fourteen topics of grand 

challenges to construct map because a) there are plenty of research papers that are fairly 

understandable for the non-expert and b) the underlying concepts are quite relevant to the 

curriculum in grade 7-14.   

 

These topics are: 

1. Solar energy 

2. Clean water 

3. Better medicine 

4. Urban infrastructure 

 

From the ten big ideas listed above, the following six important concepts were chosen: 

1. Size dependent properties 
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2. Self assembly 

3. Surface dominate behavior 

4. Size and scale 

5. Surface to volume ratio 

6. Force and interaction 

The next step is to make connection between the grand challenges and big ideas of 

nanoscale science and engineering (Fig. 5-3).  

 

 

 
Figure 5-3 Concept map connection between grand challenges and big ideas. 
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The four selected grand challenges are then connected to different big ideas of nanoscale 

science. Nanotechnology research papers related to these 4 areas were collected to 

support the idea of nanotechnology as an enabling technology to address the grand 

challenges. In order to build up a database and useful resource, several nano-enabled 

research papers, which are related to the areas of grand challenges are gathered. If 

learners or teachers are interested in the current research from this area, they could 

quickly follow the citations in listed papers and conduct further literature search to 

identify other cutting edge research. (Figure 5-4) 

   

 
Figure 5-4 Grand Challenge Nano Concept Maps 
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Here, solar energy is used as an illustrative case. There are many big ideas underlying the 

development of economical solar energy. For example, if one wanted to develop an 

efficient solar cell, he had to use appropriate systems that absorb a significant fraction of 

the sunlight. He can also exploit the different sizes of particles as they have different 

properties, especially in the nanoscale. In addition, a high surface area would be 

advantageous. Therefore, the concept of size dependent properties, size & scale, and 

surface to volume ratio are important.  

 

It can start from an idea of photovoltaic solar cells, and then at the next level different 

systems can be added, such as single crystal silicon and dye-sensitized cell. Following are 

some of the ideas, topics, and systems that are collected to place in this map: 

 

1. The techniques needed to make solar cells 

2. The advantages and drawback of these techniques 

3. Issues and challenges with energy conversion  

4. Conventional sources of energy 

5. Alternative energy 

 

 

Figure 5-5 is the mind map of solar energy. 
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Figure 5-5 Solar energy mind map 



 112 

Using the same procedure, one also can create another concept map for the background 

of clean water.  

Here are some of the ideas and topics that could be included: 

1. The issues contributing to the water crisis 

2. The properties of water 

3. Quality of water 

4. The methods to filter water 

 

Figure 5-6 is the mind map of clean water. 
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Figure 5-6 Clean water mind map  
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The next step is to add more information to these maps to enrich their content and make 

them valuable tools for teachers and learners. Many hands-on activities and teaching 

materials from textbooks, Internet, previous publications and our own work were 

collected. The idea is to provide as many resources as we can on this map for the users, 

so that they can get appropriate teaching and learning materials in short time. Behind 

each activity, there will be at least one nano concept to teach. For example, the main idea 

of nano solution activity is to illustrate the idea of “nano” or “one billionth”, through 

decreasing concentrations of a solution. This activity is also connected to one of the big 

ideas on the concept map, which is size and scale.  

 

5.6 New Interface For Users To Retrieve Content From Maps 
 
From the Figure 5-7, there are lots of information, such as ideas, concepts, and 

connecting lines in this map. It is difficult for a user to translate this abundance of 

information and retrieve valuable knowledge from such a map. Therefore, it is better to 

have a good interface for users to navigate, especially one has little knowledge of nano 

science, but wants to use this tool to learn and get useful information quickly.  
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Figure 5-7 Adding teaching activities in the map. 
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Such a user-friendly interface, which is a free web-based concept map tool, is available 

from Spicynodes (http://www.spicynodes.org/). It organizes information in a logical way 

and let visitors quickly drill down to the information they seek. It is easy to author to 

construct interactive site map, and it is also a fresh way to display information for various 

creative and educational uses.  

Figure 5-8 shows one screenshot of the interactive concept map that we have constructed 

with Spicynodes.   

http://www.spicynodes.org/a/e01717e9a8c248ed930e6208c50c28c0 

 

 
Figure 5-8 The home interface of Grand Challenges, including four areas: Solar energy, 
Clean water, Better medicine, and Urban infrastructure. 
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5.7 Two Ways To Use Grand Challenge Nano Concept Map 
 
In this section, two different scenarios for teachers to use the resources from this map will 
be introduced. 
 
1. Starting from concept guideline relevant to grade 7-14: 
  
One can design a lesson of surface tension, which is an important concept from the 

curriculum. It also relates to one or more concepts of nano science. In figure 5-9 shows 

the road map for such a strategy.  

First, explore the mentioned activities related to the concept of surface tension, namely 

(1) molecular self-assembly, (2) subcellular self-assembly, (3) Lego self-assembly 

activity, and (4) bubbles self-assembly. All these activities have the same central idea: 

self-assembly, which is one of the important big ideas of nanoscience. Based on the 

concept map, there are three grand challenges - solar energy, clean water, and urban 

infrastructure, which are connected to the concept of self-assembly. If a teacher is 

interested in clean water, the figure provides an example of a research paper that can be 

provided to students to increase their motivation by connecting to cutting edge research. 

 

Figure 5-9 Starting from concepts to grand challenges and interested research paper. 
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2. Starting from interested research paper and current study in the lab 

 

If one finds out few interested articles related to the grand challenges, then he can choose 

one main area of grand challenges to focus on. Here solar energy was used as an 

example. From solar energy there are three different nano big ideas: (1) size dependent 

properties, (2) size and scale, and (3) surface to volume ratio. From these three big ideas, 

he can choose one idea to expand it and start to design lesson. After expanding the 

activities from the size and scale, he can find out eight different hands-on experiments. 

Here shows only four of them: (1) scale of objects, (2) cutting it down to nano, (3) serial 

dilution lab, and (4) nano sugar. All of these activities have the same concepts relevant to 

grade 7-14 for teacher to follow the teaching standard and guideline, which is structure-

properties correlation and measurement. Figure 5-10 shows the road map for this 

strategy.  

 
Figure 5-10 Starting from interested research paper to teaching activities. 
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5.8 Conclusion 
 
In this chapter the theoretical foundations of concept maps was discussed, and the 

practical way to construct and how to use these concept maps were also presented. In the 

beginning one may think concept maps are another kind of graphic representation of 

information.  But after understanding the original concept of this tool will lead the user to 

find out this is truly a powerful tool. Concept mapping has been shown to help students 

learn, teachers to better design lessons, and researchers create new knowledge. A grand 

challenges concept map was also demonstrated, which includes nano big ideas and 

teaching activities. Teachers can use this tool to design lessons, and inspire students to 

think of the new solution for the grand challenges. 
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