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Abstract: 

 
 We have investigated some of the many photonic and plasmonic properties of the diatom 

Coscinodiscus wailesii.  We start by showing that when diatom frustules are converted to high-

index magnesium silicide while maintaining their structure, they exhibit a broad (1 µm - 2 µm) 

photonic bandgap that varies in wavelength according to the position and angle of the incident 

light on the frustule.  We then demonstrate the use of the micro and nanostructured silica diatom 

frustule as a low-cost, easily prepared substrate for surface-enhanced Raman spectroscopy by 

coating the frustule in 25 nm of silver and a monolayer of thiophenol.  Some potential 

applications of diatoms to water quality measurements are suggested, and steps are taken to 

image a diatom frustule and chloroplasts simultaneously in vivo using rhodamine 19 dye and 

fluorescence microscopy.  We propose future experiments that could ascertain whether there is 

any biological effect of the light filtering properties of the diatom frustule, and put forth some 

suggestions as to how to influence the morphology and photonic properties of the frustule via 

chemical contaminants in the diatom seawater growth medium. 
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Introduction: 

There has been recent interest in the development of new microscale devices with 

mesoscale to nanoscale features for a variety of applications including use in solar cells, 

batteries, biosensors, detectors, and photonic and plasmonic devices [1, 2].  Current methods of 

fabrication of such devices tend to rely on 2D photolithography or chemical etching, and while 

these techniques can be very precise and reliable for 2D patterns, they are not well-suited to 

producing complex 3D structures [3].  In addition, fabrication techniques that can be used into 

the sub-100nm regime tend to be resource intensive and time consuming.   

Diatoms, a type of single-celled photosynthetic algae, offer an alternate route to the 

production of micro and nano-structured materials (Figure 1). 

 

   

Figure 1: Living Coscinodiscus Wailesii diatoms.  Source: 

http://nordicmicroalgae.org/taxon/Coscinodiscus%20wailesii?media_id=Coscinodiscus%20wailesii_3.JPG&page=2 
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Diatoms produce rigid cell walls (called frustules) made of amorphous silica, the material 

out of which optical fiber is made, with a wide variety of species-dependent shapes and features 

(Figure 2) [3, 4].  Of particular interest is the fact that in many species, these frustules have 

periodic holes, or pores, ranging in size from tens of nanometers to a few microns.  

Conveniently, this micro- and nano-structured diatom silica is readily biologically renewable 

since diatoms are nearly ubiquitous in water on earth and can reproduce at a rate of several 

divisions per day [5, 4].  In addition to the abundance of diatoms in water on earth, some species 

are quite easily cultivated in a lab when provided with appropriate light, temperature, and 

nutrient conditions.  
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Figure 2: Optical image showing the wide variety of diatom morphology. 

With on the order of 105 unique diatom species, there are a wide variety of frustule 

shapes to investigate as potentially interesting photonic devices [6].  Much work has already 

been done to explore uses of various diatom species in the context of photonics.  For example, 

Jeffryes et al. created a nanocomposite of Pinnularia sp. diatoms frustules and titania, which was 

then deposited on top of the photoanode of a dye-sensitized solar cell (DSSC) [2].  DSSCs with 

this nanocomposite had efficiencies of 6.67% ± 1.40%, a marked improvement over control 
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DSSCs without the diatom nanocomposite, which had efficiencies of 2.95% ± 1.1% [2].  Lettieri 

et al. showed that three species, Thalassiosira rotula, Coscinodiscus wailesii, and Coscinodiscus 

concinnus, can be chemically modified to act as biosensors for various molecules [7, 8].  There 

are also many devices that already use diatom-like microstructured silica, for example some 

types of optical fibers [9, 10]. 

Here, we present three experiments related to the use of diatoms in nanostructured 

photonics.  First, we explore a way to characterize the photonic properties of a diatom frustule, 

both in its original silica form and once it has been chemically modified to have a higher index of 

refraction.  The chemically modified diatom has a refractive index of approximately 3.5, which 

is high enough for the potential existence of 3D photonic band gaps.  We then investigate the use 

of diatom silica as a substrate for surface-enhance Raman spectroscopy (SERS); the periodicity 

of the diatom structure matches well with the requirements for structure assisted plasmonic 

resonances in the visible and near infrared.  Finally we speculate as to some methods of 

environmentally influencing the structure of diatoms, a subject that has inspired some recent 

interest, and show some preliminary results pertaining to diatom imaging in vivo [11].  
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Chapter 1: Diatoms as Photonic Crystals 

Introduction: 

Coscinodiscus wailesii is a centric marine diatom whose flat, circular frustules have large 

pores of about 1-2 µm diameter, with smaller pores of about 100 nm diameter (Figure 4) [12].   

 

Figure 3: SEM images of a C. wailesii frustule showing frustule morphology.  Source: [13]. 

Because these frustules have structure in the 1 µm range in particular, they can interact 

with light as a photonic crystal or as a microlens [13, 14, 15].  Kieu et al. showed that C. wailesii 

diatoms exhibit a minimum transmission at a wavelength that varies with position on the frustule 

and agrees with theoretical simulations of a periodic structure with 1.3 µm diameter pores spaced 

at 4.5 µm apart [16].  Other species have been investigated for potential photonic crystal 

behavior, notably Coscinodiscus granii by Fuhrmann et al. and Melosira variance by Yamanaka 

et al., but we restrict our discussion here to C. Wailesii due to its large size, ease of cultivation, 

and appropriate feature size [17, 18].   

It is useful to have access to the micro and nanostructured silica produced by diatoms, but 

in many situations silica is not the preferred material for a given application.  Therefore, much 

work has been done to convert diatom shells to different materials while maintaining the shape 

and features of the original frustule.  Some examples include the conversion of diatom frustules 
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to silicon [4, 19], gold [20], zirconia [6], titania [1], and epoxy [3]. In particular, for light guiding 

it is beneficial to use a very high-index material.  Here, we investigate the photonic properties of 

a Coscinodiscus Wailesii diatom frustule that was converted to the high-index (n = 3.6) material 

magnesium silicide.  At these refractive indices true photonic crystal bandgaps become possible. 

 

 

Figure 4: SEM images of a C. Wailesii diatom showing various levels of silica structure 

Sample preparation:  

Coscinodiscus Wailesii diatoms were cultured in the lab in L1 growth medium obtained 

from CCMP (https://ncma.bigelow.org) and kept under a 20W fluorescent light with a 12/12 

hour light/dark cycle.  The diatoms were kept at 18˚ C and the growth medium was changed 

every 6 weeks.  For our experiment, some diatoms were harvested with a 10 µm sieve.  Their 

silica shells were cleaned of organic material using a bath of equal parts 1% EDTA and 100 mM 

SDS.  The shells were then rinsed thoroughly with water and cleaned in a bath of ~10% H2O2.  

They were rinsed and stored in ethanol so that they could be shipped to Georgia Institute of 

https://ncma.bigelow.org/
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Technology where they were chemically converted to magnesium silicide (Mg2Si) (Figure 5).  

This process used the silica structure of the diatom frustules as a scaffold, so that the shape and 

micro-scale features of the frustule were preserved.  The Mg2Si diatoms were then shipped back 

to the University of Arizona for optical characterization.  

 

Figure 5: Diatom frustule converted to Magnesium silicide. 

Optical characterization: 

Each diatom frustule was mounted onto the end of a fiber optic taper using UV-curing 

epoxy (Figure 6).  The fiber taper was then mounted in a rotating chuck, which was mounted on 

an xyz stage.  This allowed for four degrees of freedom in the mounted diatom’s position (3 

linear, 1 rotational). 
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Figure 6: Diatom frustule mounted on a fiber taper 

Figure 7 shows a photograph of the setup for optical characterization, and Figure 8 shows 

the optical path of light through the system.  Light from a broadband supercontinuum light 

source (of wavelengths ranging from 400 to 1700 nm) was focused down to an approximately 10 

µm spot.  The light was then coupled into a collection fiber and sent into an optical spectrum 

analyzer.  The diatom was placed in the focus of the beam.  Some light reflected back from the 

diatom, and was sent to a CMOS camera so that the diatom could be visually aligned within the 

beam.  The diatom was aligned with the beam waist by moving the diatom up and down until it 

was in focus on the camera. 
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Figure 7: Photograph of optical characterization setup 
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Figure 8: Optical path diagram 

 

Results and Discussion: 

The light was first centered on a cleaned and mounted SiO2 diatom frustule and the 

transmission spectrum, shown in blue in Figure 9, was measured.  Then the light was centered on 

a second, Mg2Si frustule.  The transmission spectrum, shown in green in Figure 9, was 
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approximately 10 dB smaller than that of the SiO2 diatom.  This is consistent with Mg2Si having 

a larger index of refraction (about 3.6) than SiO2.  

 

Figure 9: SiO2 and Mg2Si  transmission data 

The Mg2Si diatom was then characterized in more detail.  The effect of the beam spot 

position was measured by keeping the diatom flat (so that the beam was normally incident) and 

moving it in the beam such that the beam struck different parts of the frustule.  SiO2 diatoms 

have been characterized this way in previous work, and were shown to have a dip in transmission 

that moved from smaller wavelength near the center of the frustule to larger wavelength near the 

edge of the frustule [16].  This general trend was corroborated by our findings using the Mg2Si 

diatom, as shown in Figure 10.  The dip in transmission was much more pronounced (note that 

this is a dB scale), due to the emergence of a true band gap, but the dependence on position was 

similar, indicating that the periodic structure was preserved upon conversion. Figure 11 shows 

the transmission spectra at various positions divided by the input spectrum.  To characterize the 

angular dependence of transmission, we simply rotated the fiber chuck to various angles and 
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recorded the transmission spectra (Figure 12, Figure 13).  We found that the dip in transmission 

stayed approximately constant for small angles, but for angles larger than 45˚ the dip was smaller 

at low frequency.    

 

Figure 10: Transmission data at various positions on Mg2Si diatom 

 

Figure 11: Normalized position data 
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Figure 12: Transmission data at various incident angles on a Mg2Si diatom 

 

 

Figure 13: Normalized angle data 

Conclusions:   

We have shown that converted, high-index Mg2Si diatoms act as photonic crystals 

directly related to how SiO2 frustules diffract light.  The advantage of the high-index material is 
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that it permits a true photonic bandgap in the frustule while maintaining the original 

microstructure.  The position and angular dependence of this bandgap are clearly evident. 
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Chapter 2: Diatoms as a SERS Substrate 

Introduction: 

Surface-enhanced Raman scattering, or SERS, is another application area in which 

diatoms are potentially useful.  A primary application of SERS is low-concentration detection of 

any substance with a Raman signal, for example nitrate and sulfate ions [21], or various amino 

acids [22].  In previous work, SERS has been done using silver-coated micro and nanoparticles 

[23, 24], silver colloids [22], electrochemically roughened surfaces [21], nanoimprinted 

plasmonic Ag nanostructures [25], and other methods.  The fundamental process that enables 

SERS is the coupling of the incoming excitation optical field with surface plasmon modes 

present in metallic nanostructures, especially high conductivity metals such as silver and gold.  

Enhancement factors can be quite high, on the order of 106 to 107 for nonlinear optical processes 

such as Raman scattering [21], and there has been particular recent interest in SERS in the 

biomedical fields; indeed, surface plasmon resonance sensors are commercially available.  Here 

we demonstrate the use of C. Wailesii diatom frustules as a low cost, easily prepared substrate 

for surface enhance Raman spectroscopy. 

Because diatoms have a nanostructured silica shell, they are good candidates for use as a 

SERS substrate, since there are ample opportunities for light to couple into the surface plasmon 

modes.  In particular, C. Wailesii diatoms have a relatively large diameter (100-200 µm) and 

multiple layers of increasingly fine structure with features in the 100nm to 10µm range (Figure 

14), providing the opportunity for a rich variety of plasmonically enhanced phenomena. 
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Figure 14: SEM images showing pore size and spacing on a C. Wailesii diatom 

Sample preparation: 

Diatom frustules were first cleaned of organic materials that tend to fluoresce under 

excitation light using a mixture of 5% SDS and 5mM EDTA as described in Chapter 1. The 

clean frustules were suspended in ethanol and deposited on a glass slide. They were then coated 

with a layer of Ag by thermal evaporation followed by depositing a monolayer of thiophenol, 

which has a well-known Raman spectrum with strong peaks around 1100 cm-1 and 1600 cm-1 

(Figure 15).  
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Figure 15: Thiophenol Raman spectrum.  Strong peaks at 1100 cm-1 and 1600 cm-1 are visible.  Source: 

https://www.swinburne.edu.au/engineering/caous/projects/sers.htm 

As a control, samples without Ag were also tested to verify that the effects observed are 

indeed plasmonic.  After testing samples with 10nm, 15nm, 20nm, 25nm, 30nm, and 40nm of 

deposited Ag, it was determined empirically that the greatest enhancement was observed at 25 

nm Ag thickness.  Thiophenol thickness was not varied, as thiophenol naturally forms a 

monolayer on Ag. Samples were simply allowed to sit in a 5mM solution of thiophenol in 

ethanol for 30 minutes, during which time the thiophenol formed a monolayer on the Ag, then 

rinsed with ethanol to remove excess thiophenol.  Thiophenol is toxic when inhaled, ingested, or 

in contact with eyes or skin (and can permeate the skin into the bloodstream), in addition to 

being flammable and smelling repugnant, so appropriate safety precautions were observed.  It 

was critical during the coating process not to allow the Ag to oxidize before the thiophenol was 

applied.  Therefore, samples were stored in a hermetically sealed, evacuated chamber between 

the Ag and thiophenol coating steps. The coated samples were then imaged on a confocal Raman 

microscope with a 532 nm excitation wavelength.   
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Results and Discussion: 

Control experiments: 

Based on accepted literature values for the Raman spectrum of thiophenol, we expect to 

see the strongest peaks around 1100 and 1600 cm-1.  An 1100 peak is present in the two 

thiophenol-coated control samples, but the 1600 peak is not present (Figure 16).  There is a 

slightly higher signal from the diatom as compared to the flat glass slide.  This may be due to an 

inconsistent coating of thiophenol, since there is no Ag to bond to and form a monolayer on.  The 

larger background slope on the diatom sample may be due to fluorescence from lingering 

biological substances on the imperfectly cleaned diatom frustule.  It is also possible that the 1600 

cm-1 peak is not present due to the specific configuration that thiophenol adopts when adsorbed 

onto a dielectric such as silica as opposed to a metal.  The dielectric environment could distort 

the thiophenol molecule in such a way that the 1600 cm-1 peak becomes inactive.  This particular 

Raman mode involves coordinated rotational motion on the thiophenol benzene ring, and 

therefore its uniaxial nature is very sensitive to the local environment. 
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Figure 16: Raman spectra of the control samples, coated in thiophenol but no Ag.  Top: Flat glass slide.  Bottom: Diatom 

deposited on glass slide. 

Ag-coated diatom vs flat surface 

In the flat glass sample with Ag and thiophenol, both peaks are visible but are only ~100 

counts.  In the diatom sample with Ag and thiophenol, peaks are enhanced by a factor of 100-

300. The three separate peaks around 1100 cm-1 are now clearly distinguishable, whereas before 

they were not, even on the control samples.  The expected, much smaller peaks at 400 cm-1 and 

700 cm-1 even appear in the diatom-enhanced signal.  There is some broadening present in the 

1600 peak, possibly because some biological residue on the diatom frustule is fluorescing.  All 

else being constant between the two samples, this Raman enhancement is presumably due to the 

periodic, rough diatom surface (Figure 17), which aids in the coupling of the incident light into 
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the surface plasmon modes.  These naturally developed SERS substrates require no sophisticated 

lithographic techniques or processes other than simple cleaning of the diatom frustule and 

deposition of silver. 

 

Figure 17: Flat glass (Top) and a diatom (Bottom), coated in 25 nm Ag and thiophenol. Of particular note is the enhancement of 

10-30x between the two. This indicates surface enhancement of the Raman signal due to the periodic pore structure of the 

diatom. 

 

Conclusions: 

We have successfully demonstrated that diatom frustules can function as a SERS 

substrate with minimal, non-costly preparation.  With more research, larger enhancement with 
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less peak broadening can probably be achieved, perhaps by selecting a diatom species with 

morphological structures tuned to the particular Raman species being used. 
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Chapter 3: Towards Chemically Influencing Frustule 

Morphology 

Introduction:  

Because of the multiple applications of diatom frustules outlined in Chapters 1 and 2, it 

would be advantageous to have some influence over the size and spacing of the pores on a 

diatom frustule.  One potential method of doing so is to vary the conditions in which the diatoms 

are grown.  For example, Townley et al. found that when C. Wailesii diatoms were cultivated in 

low concentrations of nickel sulfate, the size of the pores was increased (Figure 18) [26].   

 

Figure 18: SEM images of C. Wailesii diatoms grown in (a,c) seawater and (b,d) .5 mg l-1 nickel sulfate.  Source: [26] 

Additionally, it would be interesting to investigate whether there may be some biological 

function associated with the photonic properties of the frustule.  If so, the chloroplasts are the 

cellular structures most likely affected since they use visible and UV light to create energy via 

photosynthesis.  Di Caprio et al found that chloroplast distribution changes with exposure to 
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intense white light (Figure 19), so there is clearly some response to changing light conditions, 

but the issue of how the frustule’s photonic properties play into this reaction is unknown. 

 

Figure 19: Diatom with chloroplasts a) evenly distributed and b) agglomerated after exposure to intense white light.  Source: 

[12] 

In order to ascertain whether there is a link between chloroplast location and pore spacing 

and size, it is necessary to image the diatoms in vivo in such a way that both chloroplasts and 

frustule morphology are visible.  Here, we propose a fluorescence microscopy method by which 

this might be possible, and show some first steps toward this goal. 

 

Sample preparation: 

In 2011, Kucki and Fuhrmann-Leiker exposed diatoms to a variety of rhodamine dyes 

and discovered a handful that will not kill the diatoms (Figure 20) [27].  They discovered that of 

these, rhodamine 19 is a good candidate for fluorescence imaging of the silica shell of the diatom 

(Figure 21) [27]. 
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Figure 20: Results of an experiment exposing diatoms to various rhodamine dyes.  Source: [27]. 

 

Figure 21: C. wailesii diatoms stained with a) 1µM and b) 10µM Rh 19 dye for three days.  Source: [27] 

Diatoms from the genus Thalassiosira were first used as a quick proof-of-concept test, as 

they divide even more rapidly than C. Wailesii.  Diatoms were dyed by immersion for three days 

in 5 µM Rhodamine 19, as this dye will selectively stain the silica frustule and is nontoxic to the 

diatoms [27].  Additionally, Rh 19 has a similar excitation peak to chlorophyll, whose excitation 

peak is around 400-450 nm.  This means that both the chlorophyll and Rh 19 can be excited at 



31 
 

402 nm.  However, the emission peaks of the two dyes are narrow and separated by about 200 

nm, with the Rh 19 emission peak around 550 nm and the chlorophyll A emission peak around 

680 nm so that they can be easily distinguished by using a 525 nm and a 685 nm filter. 

 

Images: 

Diatoms were imaged on a confocal fluorescence microscope.  A 402 nm excitation laser 

was used along with a 525 nm emission filter for the Rh 19 dye and a 685 nm emission filter for 

the chlorophyll.  Images on each channel were taken simultaneously and overlaid such that 

information about chloroplast location and frustule morphology could be extracted.  Images are 

in false-color, but the Rhodamine 19 seems to have bonded to the silica frustule (left, Figure 22).   

 

Figure 22: Thalassiosira diatom on a background of unidentified algae.  Green is Rhodamine 19, while red is chlorophyll. 

Unfortunately, samples were contaminated with an unidentified species of algae without a 

frustule, which is why the chlorophyll shows up in red (mid, Figure 22) across the background.  

However, the overlaid image (right, Figure 22) shows that this technique does distinguish 

between chlorophyll and dyed silica while maintaining location information for both.  When the 

same imaging technique was applied to C. Wailesii, the resulting image was slightly less clear 

(Figure 23).  A ring of Rhodamine 19 is visible around the edges of the diatom, which means that 
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it is probably binding to the silica, but the more detailed structure of periodic pores does not 

show up.  Some cellular structures, probably chloroplasts, are visible as red spots inside the cell.  

It is possible that because of the difference in size between the two species they require different 

dying times.  More work needs to be done to determine the correct way to dye C. Wailesii.   

 

Figure 23: C. Wailesii diatom dyed with Rh 19. 

Future work: 

More work needs to be done to refine the Rhodamine 19 dying technique so that the silica 

frustule is visible.  The two obvious variables that might affect how well the dye binds to the 

frustule are dye concentration and diatom cultivation time in the dye.  Ideally, we are interested 

in being able to see pore size and spacing in addition to chloroplast location.  If there is some 

correlation between pore spacing and chloroplast location, it is possible that the photonic 

properties of the frustule as described in Chapter 1 have some biological function or impact on 

cell processes. 
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Conclusion: 

The subject of diatoms as photonic or plasmonic devices is an area of research rich in 

potential.  In their naturally occurring state, they offer a source of micro and nanostructured 

silica which exhibits photonic crystal properties and can be used, for example, as a substrate for 

SERS.   In addition to their photonic properties, diatom frustules can be converted to many 

different materials for a variety of potential applications.  It is as yet unclear whether the living 

organism derives any benefit from these structured frustules, but if there is an impact on 

photosynthesis this could open new possibilities for applications to solar cell and biofuel 

technology.  Moreover, if pore size is correlated with contaminants in the water in which the 

diatom was grown, imaging and analyzing diatom pore size could be applied to water quality 

testing for some contaminants.  More research must be done to fully explore and make use of this 

natural resource.  Future directions would include using image processing software to 

quantitatively measure chloroplast location and pore size and spacing to see if there is a 

correlation, and also cultivating diatoms in heavy metal salt contaminated water to see if 

changing pore size affects photonic properties or chloroplast location. 
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