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Diatoms are ubiquitous monocellular microalgae, responsible for about 20–25% of the global oxygen produced by photosynthesis.
Living in environments where sunlight is not so easily accessible, evolution shaped diatoms in order to exploit light with high
efficiency. In particular, diatoms are provided with an external, micro- and nanopatterned silica shell, the frustule, surprisingly
similar to artificial photonic crystals and able to manipulate light in many different ways. The present paper reviews the most
relevant studies on optical and photonic properties of diatoms that have been performed throughout the last years making use of
SEM characterizations, transmittance measurements at different wavelengths, holographic microscopy, Raman spectroscopy and
imaging, photoluminescence spectroscopy, and the predictive support of different numerical simulation algorithms.

1. Introduction

From insects to flowers to birds, nature offers several exam-
ples of organisms able to manipulate light just in virtue of
micro- and nanoscaled architectures, without contribution
of any pigment [1–4]. Among these, diatoms play a fun-
damental role due to their massive contribution (estimated
around 20–25%) to global photosynthetic oxygen production
[5]. Diatoms are ubiquitous and monocellular microalgae
which dominate phytoplankton through tens of thousands of
species, differing in dimension and shape [6]. Nevertheless,
all the species share a common feature: the protoplasm is
enclosed in a micro- and nanopatterned silica box, the frus-
tule, constituted by two valves interconnected by a lateral gir-
dle. Dimensions of frustules (from some millimeters to some
microns) and of pores (from several microns to some tens of
nanometers) and their more or less periodic arrangement are
species-specific. Single valves can bemade by a superposition
of several layers, each characterized by pores of different
dimensions and different geometrical distribution [7].

Starting from the shape of the frustule, we can distinguish
between centric diatoms, characterized by circular symmetry
and whose large majority is planktonic, and pennate diatoms,
with elongated, bilaterally symmetric frustules and mainly
inhabiting shaded areas in benthic and epipelic communities.

Examples of single valves for different species are reported in
Figure 1.

In Figure 2(a) the scheme of a generic frustule is rep-
resented. One-half (the hypotheca), formed by a hypovalve
and relative lateral band, is inserted into an analogue, bigger
structure (the epitheca), thus forming, as a whole, a sort of
Petri-dish box that encloses the protoplasm of the cell.

Several hypotheses about the evolutionary advantages
represented by the frustule have been proposed over the
years. Surely it gives protection to the cell versus animal graz-
ing and other noxious agents; secondly, it ensures a noticeable
protective function against mechanical stress, supporting the
greatest possible force with minimal amount of material in
virtue of ribs and pores dissipatingmost of it [8].The fact that
diatoms are photosynthetic organisms living in environments
where sunlight is often not so easily accessible, in conjunction
with the extraordinary resemblance of frustule ultrastruc-
tures with those of photonic crystals [9], has induced both
biologists and experts in optical properties of materials to
hypothesize that frustule could play a fundamental role also
in light manipulation.

In the following we want to offer a wide overview of
the photonic properties of frustules identified at present and,
when possible, describe their relationship with the function-
alities of the living cell; furthermore, the main spectroscopic
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Figure 1: Single valves of Coscinodiscus wailesii (a) and Actinoptychus senarius (b) centric diatoms. Examples of pennate diatoms: arctic
unspecified species (c) and Cocconeis scutellum (d) valves.

and imaging techniques aimed at the identification and
characterization of these properties are examined; finally,
most of their possible applications are illustrated.

2. Chemical Characterization of the Frustule

Before examining the optical properties of diatom frustules
and how these properties influence the living cell, it can
be useful to analyze their chemical composition. Usually,
in Raman spectra of single diatom frustules acquired after
removal of organic content, several peaks related to hydrated
silica appear, as can easily be expected. Furthermore, peaks
relative to organic impurities incorporated in the porous,
siliceous matrix of the frustule (mainly C-H bonds) are also
present [10]. In Figure 3 some Raman spectra acquired from
a single valve of Coscinodiscus wailesii after removal of the
organic content are reported. As stated above, mediating over
20 spectra acquired from different points of the valve we
obtain typical bands relative to the hydrated siliceous matrix
and trace organic compounds still present after protoplasm
removal (mainly Si-O-Si and C-H stretching modes, respec-
tively). Local signals associated with sulfur bonds are also
detected (C-S and S-H bonds). This allows us to highlight

another fundamental aspect of diatoms biology. It is known
indeed [11] that diatoms and, in general, phytoplankton are
deeply involved in sulfur global cycle. In a stage of their
metabolism, they produce dimethyl sulfide (DMS), which is
then emitted in the atmosphere, representing in fact themain
natural source of atmospheric sulfur. Oxidized DMS is in
turn involved in sulfur aerosols production, which contribute
to cloud condensation and solar radiation scattering. Conse-
quent variation in radiative balance of the Earth has influence
on phytoplankton growth and relative sulfur production; in
this way the sulfur cycle is properly self-regulated [12].

But sulfur compounds are also strictly involved in frustule
formation. Since early Fifties, indeed, the role of sulfhydryl
groups in silicates uptake by diatoms was experimentally
observed [13]. In 1998 Hildebrand and coworkers [14] identi-
fied five silicon transporter genes in Cylindrotheca fusiformis
whose corresponding amino acid sequences presented nine
conserved cysteines; cysteines, together with methionines,
are the only amino acids involved in protein synthesis which
contain sulfur as part of their chemical structure. In 1999,
the polypeptides involved in silica precipitation starting
from silicic acid solutions, the so-called silaffins, were finally
identified [15]. In general, the molecules involved in biosilica
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Figure 2: Schematic of a generic frustule (a) and of a centric diatom frustule (b) with cross-sectional profile of the valve.The inner layer with
chambers called areolae is known as 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 membrane known as cribellum, which is characterized by smaller pores. (b) is reproduced with permission
from [7].
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Figure 3: Raman spectra of a single valve of C. wailesii in the range
400–3200 cm−1 acquired after removal of organic content from the
frustule. The red curves refer to the mean over 20 spectra acquired
in different points of the valve. Black curves refer to the mean
over three spectra where the presence of sulfur composites has
been detected. The assignments of the bands are as follows: 450–
550 cm−1: Si-O-Si stretching vibrations; 800–850 cm−1: SiO4 sym-
metric stretching; 900–950 cm−1: SiO3/SiO2 symmetric stretching
(not indicated in figure for clarity purpose); 950–1050 cm−1: CC
aromatic ring chain vibrations; 1050–1100 cm−1: SiO/SiO2 symmet-
ric stretching (not indicated in figure for clarity purpose); 1150–
1200 cm−1: CS; 1450–1550 cm−1: CH2/CH3/CC; 2100–2250 cm−1:
CC; 2550–2600 cm−1: SH; 2800–3000 cm−1: C-H stretching vibra-
tion.

synthesis (silaffins, long-chain polyamines, frustulines, and
cingulines [16]) and the corresponding genes are still far to be
fully characterized in terms of functionalities and expression.
All these lacking information will assume a fundamental
role in the realization of frustules with desired morphology
starting from single cells properly mutated.

3. The (Living Photonic Crystals)

A photonic crystal is defined as a spatial, periodic distribu-
tion of refractive index which, properly dimensioned, can
inhibit propagation of light in specific wavelength ranges
(the so-called photonic bandgaps). The whole mathematical
formalism describing the optical behavior of a photonic
crystal is the same which describes the electric properties of
a semiconductor, where the periodic refractive index plays
the role of the periodic electric potential, the photons are the
analogous of the electrons, and the photonic bandgaps are the
equivalent of the forbidden bandgaps separating valence and
conductive bands [17].

A lot of insects, flora, and even birds possess, as part of
their scales, cuticles, petals, and plumage, some submicro-
metric, periodic structures whose features have dimensions
of the same order of magnitude of visible wavelengths
and which act as photonic crystals [3, 4]. In the case of
Morpho rhetenor butterfly, for example, blue radiation cannot
propagate through the wings in virtue of ordered, periodic,
nanometric ridges inside the wing scales which act as a
sort of Bragg reflector [18]. Blue light is then scattered
back, thus giving rise to what is called structural color, that
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Figure 4: Details of a single valve of C. wailesii, reproduced with
permission from [29].

is, a color that is not due to any pigment absorbing light
at specific wavelengths but only to geometrical features of
micro- and nanostructures and their refractive index contrast
with respect to the surrounding environment.

Diatom frustules and valves present the most impressive
resemblance with artificial photonic crystals [9], as it can be
seen fromFigure 4: a single layer of a single valve ofC. wailesii
can be described, in first approximation, by a photonic
crystal slab with hexagonal lattice. Even though it has been
numerically demonstrated that, for light propagating out of
the plane defined by the slab, photonic bandgaps can be
accessible even for refractive index contrasts as small as that
of silica and air [19], they have not been experimentally
observed yet; in any case, they can be hardly found for
refractive index contrasts similar to that between silica and
water/cytoplasm (𝑛 ≃ 1.45 and 1.34 in the visible range, resp.)
and for light propagation in the plane defined by the slab
[9, 20, 21].

In Figure 5(a) the result of numerical calculations based
on Plane Wave Expansion (PWE) [22] and aimed at the
reconstruction of the photonic band structure of a single
layer of a single valve of C. wailesii diatom is shown: for light
propagation in the plane of the valve no bandgap is present.
Nonetheless, as we will see in last section, we are nowadays
able not only to dope diatom frustules with molecules other
than silica [23, 24], but also to obtain replicas of them choos-
ing the proper material for a specific application [25–27]. In
Figure 5(b), for example, the band structure for a valve made
of titania (a material typically applied in optoelectronics) is
reported, showing several photonic bandgaps for Transverse
Electric (TE) polarization.

We have to keep in mind that, in a photonic crystal slab,
the properties of a two-dimensional photonic band structure
combinewith that of a planar waveguide. Fuhrmann et al. [9],
who for the first time introduced the analogy between diatom
frustules and photonic crystals talking of diatoms as “living
photonic crystals,” calculated the guided modes coupled into
the girdle and valves of a Coscinodiscus granii frustule taking
into account the influence of the associated photonic band
structures. They also evaluated the penetration depth of the
evanescent waves associated with the guided modes into
the cell. It is known that, under dim lighting conditions,

the chloroplasts (the organelles where photosynthesis takes
place) tend to locate close to the frustule walls [28], thus
well within the evanescent wave of the coupled modes. The
evanescent field is expressed as

𝐸 (𝑧) = 𝐸0 exp(−2𝜋𝜆0√𝑛
2
eff − 𝑛2𝑚𝑧) , (1)

where 𝑛eff is the effective refractive index of the frustule; 𝑛𝑚
is the refractive index of the surrounding medium; 𝜆0 is the
vacuum wavelength; and 𝑧 is the direction perpendicular to
the plane of the slab. It is thus straightforward that, for small
refractive index contrasts (like the one between porous silica
and water and/or cytoplasm), the evanescent wave can reach
far into the living cell, letting an efficient optical couplingwith
the chloroplasts.

4. Light Collection and Confinement by
a Single Diatom Valve

After considering the optical modes coupled to the girdle and
valves, it is important to study the behavior of light impinging
out of the plane of the valve, being transmitted by it and
reaching the interior of the cell.

De Stefano et al. [29] firstly demonstrated the ability
of a single valve of C. wailesii, about 150𝜇m in diameter,
to confine red, coherent light in a tiny spot < 10 𝜇m at a
distance of ≃100 𝜇m from the valve along the optical axis.The
hypothesis was that this phenomenon, far to be ascribed to
refraction by the valve disk, was due to the coherent super-
position of the diffraction contributions coming from the
single pores. The diffractive nature of the effect was con-
firmed by Noyes et al. [30]: making use of an Euler cradle
(traditionally applied in X-ray diffraction characterization
of crystal samples), they were able to analyze intensity and
orientation of light transmitted by single valves of C. wailesii
diatoms, after irradiationwith blue (472 nm), green (543 nm),
and red (633 nm) laser light.What they found is that red light
is transmitted with more efficiency with respect to blue and
green one, with a difference of 350% and 250%, respectively.
Light whichwas not transmitted, reflected, or scattered by the
valve was coupled into the guidedmodes already identified in
[9] and described in the previous section. It has to be noticed
that, in the interval between 630 and 675 nm of the optical
spectrum, we can find the absorptionmaxima of chlorophylls
𝑎 and 𝑏, the main molecules involved in photosynthesis [31].
Furthermore, the use of a broadband supercontinuum laser
allowed retrieving diffraction patterns from a single valve of
C. wailesii (so far the most studied diatom species in terms of
photonic properties) [21]: the symmetry of the patterns is of
course related to the symmetry of the pore spatial distribution
of the valve (hexagonal for C. wailesii), while the spectral
content of the diffracted light depends on the region of the
valve which is illuminated.

Since diatoms interact with sunlight, the confinement
of optical radiation transmitted by a single valve and its
dependence by wavelength have been studied also starting
from incoherent sources, for example, for C. wailesii [32–34],
C. centralis [35], and Arachnoidiscus sp. valves [36].
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Figure 5: Calculated two-dimensional band structure of the inner layer of a single valve ofC. wailesii diatom, with pores diameter 𝑑 = 1.4 𝜇m
and lattice constant 𝑎 = 1.8 𝜇m (a). The same calculations have been performed substituting silica (𝑛 = 1.45) with titania (𝑛 = 2.4) (b).
Calculations have been performed for Transverse Electric (TE) polarization.
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Figure 6: Light confinement induced by a single valve of Arachnoidiscus sp. (a) and A. senarius (b). See text for details.

In Figure 6(a), images of a single valve of Arachnoidiscus
sp. diatom, illuminated by blue radiation (𝜆 = 460 ± 5 nm)
coming from a halogen lamp properly filtered and colli-
mated, are reported. Diatoms from Arachnoidiscus genus are
characterized by a relatively big valve whose diameter is, on
average, of about 200𝜇m; their mature frustule consists of
several girdles, so that the overall length of it can overcome
the diameter of the valve [37]. Images shown in figure have
been acquired at different distances from the valve along the
direction of propagation of light (𝑧 direction). It can be seen
how, at specific distances (𝑧 = 130 𝜇m for the second row
and 𝑧 = 670 𝜇m for the third row) incident light is confined
in a very bright hot spot, whose position along the optical axis
strictly depends on the wavelength of the incoming radiation
and on the medium in which the valve is suspended.

Both experimental data and numerical simulations based
on Wide Angle Beam Propagation Method (WA-BPM) [32,
36] (see Figure 7 forC. wailesii) confirmed that these hotspots

are the result of the coherent superposition of light diffracted
from pores and edges of the valve (in case of Arachnoidiscus
also the central flange and the radiating costae contribute to
light diffraction). According to the dependence of diffraction
angle from wavelength, the longer the wavelength is, the
closer to the valve the hotspot takes place. This implies
that, for sufficiently short wavelengths, the superposition of
diffractive contributions takes place far beyond the frustule
or it does not take place at all. This could be one of the
mechanisms by which diatom frustules are able to protect the
cell from harmful UV radiation, the other being absorption
from the amorphous silica of the frustule itself. In case
of Arachnoidiscus, for example, UVB transmitted radiation
reaches the first, weak intensity peak at 500𝜇mfrom the valve
(with values comparable to that of incident radiation), while
for red light we have a first maximum at 90 𝜇m from the valve
and an intensity enhancement factor of more than 3 with
respect to incident radiation [36].
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Figure 7: Transmitted, normalized intensity distribution in the𝑋𝑌 plane (where the valve lies) calculated at 180 (a) and 249 (b) 𝜇m from the
valve and for red light (𝜆 = 633 nm); on right column, details of the same distributions are reported, for the sake of clarity.

Irradiating and imaging a single valve at different posi-
tions along the optical axis is not the only way to observe its
ability to collect and concentrate light in local hotspots. In
particular, Digital Holography (DH) allows the reconstruc-
tion of the optical field interacting with a single valve after
the acquisition of its hologram. In [36, 38], diatom valve
holograms have been acquired by means of a classical Mach-
Zehnder interferometer. A polarized laser source emitting at
a wavelength of 𝜆 = 633 nmwas split in two beams, the refer-
ence and the object beam, respectively, by a polarized beam
splitter.Microscope objectiveswere used along the path of the
object beam, both to focus light onto a single valve deposited
on a glass slide and to collect the light transmitted by the valve
itself. A CCD plane array recorded the interference pattern,
formed after both the object and the reference beams passed
through a second, recombining beam splitter. After acquiring
the interference pattern, the complex transmitted field (i.e.,
intensity plus phase) can be retrievedmaking use of the oper-
ator algebra proposed by Nazarathy and Shamir in [39], by
which the Fresnel-Kirchhoff diffraction integral and the lens
transfer factor are substituted by algebraic operators, bypass-
ing the cumbersome integral calculus. Examples of intensity
maps reconstructed at different positions along the optical

axis after hologram acquisition (always for an incident wave-
length 𝜆 = 633 nm) are reported in Figure 6(b) for Actino-
ptychus senarius and in Figure 8 for C. wailesii, respectively.
Among the advantages of the operator algebra applied to
DH, there is the possibility to retrieve light propagation in
a medium different than air, just substituting the proper
refractive index in the reconstruction algorithm. In Figure 8,
for example, the field intensity has been reconstructed for a
refractive index 𝑛 = 1.35, corresponding to cytoplasm. Both
DH [38] and previous WA-BPM numerical simulations [32]
demonstrated that, in water and in cytoplasm, the confine-
ment of incoming light takes place closer to the valve if com-
pared to air, thus increasing light collection inside the cell.

At this point we can try tomake some reasonable hypoth-
esis on the correlation between photonic properties of diatom
frustules and spatial distribution of chloroplasts inside the
living cell. In particular, it is interesting to consider how
chloroplasts relocate inside the cell according to illumination
conditions.We already reminded (see Section 3 and [9]) that,
for centric diatoms and in weak illumination conditions, it
has been observed how chloroplasts tend to migrate close
to the frustule walls thus coupling efficiently to the modes
guided by girdles and valves. On the other hand, under
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Figure 9: Dark field image of a single valve of a C. wailesii diatom (a) and corresponding fluorescence macroscope image after excitation in
the 450–490 nm spectral range (b).

intense irradiation, chloroplasts migrate towards the nucleus
[28], that is, to the center of the cell, where visible light
is mainly collected by means of the diffractive mechanism
described above. This migration is enhanced for red light, as
observed in [40], thus in the spectral intervalwhere botNoyes
et al. [30] and Romann et al. [34] observed higher trans-
mission of light through valves with respect to other wave-
lengths and where some of the absorption maxima of chloro-
phylls are located. Nevertheless, if we look at the penetration
depth of sunlight through ocean [41], we can see how red
radiation can penetrate at most to approximately 10–20m,
while light in the blue-violet range can penetrate up to almost
150m. If we consider that, in this wavelength range, other
more intense absorption maxima of chlorophylls are present,
concurrent mechanisms of efficient light harvesting have to
take place, as we will see in the next section.

5. Photoluminescence of Diatom Biosilica

It is known that the wide bandgap which characterizes bulk,
amorphous silica does not allow any photoluminescence
emission. Nevertheless, the various surface defects by which
nanostructured silica is affected (mainly Si-OH and Si-H

groups; nonbridging oxygen hole centers; self-trapped exci-
tons) guarantee the presence of photoluminescence emission
after excitation at the proper wavelengths [42].

Living diatoms present twomain source of luminescence:
frustule photoluminescence [43, 44] and autofluorescence
from chloroplasts [38, 45] and lipid layers [46].

Besides the mentioned mechanisms at the origin of
nanostructured silica photoluminescence, in the case of
diatom frustules we have to mention also the contribution
of organic residuals incorporated in the porous silica matrix
[10, 47] and which are very difficult to remove even after
severe treatment of the living cell with strong acid solutions.

In Figure 9 the image of a single valve of C. wailesii
emitting green radiation after blue excitation in a wide spec-
tral range (450–490 nm) is reported, while in Figure 10 photo-
luminescence spectra after excitation at 325 and 442 nm
(emission wavelengths of a He-Cd laser) are shown.

It is interesting to notice how the photoluminescence pro-
cess allows the conversion of UV radiation (harmful for DNA
mainly through the formation of dimeric photoproducts
between adjacent pyrimidines [48]) in blue radiation, where
action spectrum of photosynthesis has one of its maxima
(the other being placed, as we saw before, in red spectral
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Figure 10: Photoluminescence spectra of C. wailesii diatom valves after excitations at 325 (a) and 442 nm (b), respectively.

region) [31]. Thus we can identify three specific mechanisms
by which the frustule protects the living cell from detrimental
UV radiation: absorption by amorphous porous silica; light-
collection inhibition by diffraction; wavelength conversion by
means of photoluminescent emission. However, systematic
studies are still needed in order to better understand the
complex relationship between the different optical properties
of diatoms and their interaction with UV radiation [49].

6. Applications

First applications of diatom frustules date back to the Nine-
teenth century [6], when they were used as standards to
test the resolving power of light microscope objectives [50].
Nowadays, the fossilized remain of diatom frustules, the so-
called diatomite or diatomaceous earth, is routinely used in
toothpaste and in some facial scrubs due to its abrasive
property and in infiltration of water due to the submicron
porosity of thematerial. Application of living diatoms include
environmental monitoring and assessment of seas and fresh-
waters [51] and forensic science (starting from the analysis of
the diatomcontent of dead bodies recovered fromwater) [52].

In the following we will mainly focus on applications
strictly related to the optical properties described in previous
Sections.

6.1. Metallized Frustules as Substrates for Surface Enhanced
Raman Spectroscopy. It is well known that the irradiation
of metallic-dielectric interfaces at the proper optical wave-
length can excite surface plasmon polaritons (SPPs), that is,
propagating fields due to collective oscillations of conductive
electrons. In case of metallic nanostructures the excited field
is well localized around the single metallic nanofeatures
and we talk of localized surface plasmons (LSPs). LSPs are
able to strongly enhance the Raman emission of molecules
which stand in proximity of the metallic nanostructures,
making possible what is called Surface Enhanced Raman
Spectroscopy (SERS). Due to very high amplification factors,
SERS compensates the low cross section of Raman scattering
allowing the detection of single molecules.

In order to guarantee high levels of reproducibility, SERS
substrates have to be characterized by extreme order and
precision in the distribution of the nanofeatures, which is
possible only recurring to very expensive top-down nanofab-
rication techniques. On the other side, the high reproduction
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rate of diatoms guarantee the availability of a massive num-
ber of very complex micro- and nanostructured dielectric
structures which, properly metallized, could act as SERS
substrates. In particular, we can reasonably hypothesize that
the modes propagating in the valves and girdles of the
frustules (see Section 3) can efficiently couple to the LSPs
which can be sustained by the same valves and girdles after
proper metallization [53].

In Figure 11 some Raman spectra of rhodamine 6G
deposited on different substrates are shown. In particular, the
spectrum of rhodamine (10−5M in water solution) deposited
on a quartz slide is compared to the ones acquired on the same
slide and on a diatom valve after deposition of 20 nm of gold.
Gold has been deposited by means of thermal evaporation.
Analyzing data an enhancement factor of about 9 × 102 can
be retrieved comparing SERS and Raman intensities.

Besides thermal metal evaporation, other techniques can
be exploited in order to obtain efficient SERS substrates start-
ing from diatom frustules. Among others, Ren et al. [53]
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incorporated silver nanoparticles in frustule of Pinnularia
sp. diatom. More precisely, the nanoparticles were self-
assembled onto an amine-functionalized, diatom-coated
glass slide.This technique allowed obtaining an enhancement
factor up to 12, comparing nonresonant Raman spectra of
rhodamine 6G dropped on frustules and glass slide, respect-
ively, both covered with silver nanoparticles.

In [54], a fabrication method that employs diatom frus-
tules as templates for the formation of intricate microscaled
and nanopatternedmetallic structures is described. It is based
on chemical removal of silica after frustule covering with a
metal. The resulting metallic structures, if used as SERS sub-
strates, guaranteed enhancement factors up to 106 (in case
of silver and using a Synedra sp. frustule as template) for
rhodamine as analyte and assuming a 100% coverage of the
dye on the silver shell.

Kwon et al. [55] presented a method aimed at the cover-
ing of a substrate with a uniform diatom layer through a
simple, low cost floating interface assembly technique. After
assembling, Coscinodiscus sp. diatom layers have been func-
tionalized by thin gold film deposition or by gold nanopar-
ticle attachment. They observed, for methylene blue test
molecules, enhancement factors of about 2×104 for gold film
deposition and 7×104 for gold nanoparticles (due to stronger
localization of the LSPs).

Other phenomena mediated by plasmonic effects have
been observed starting from diatom frustules. Among all,
very remarkable are the effects of extraordinary transmission
observed in the infrared region of the spectrum through a
gold replica of a single valve of Coscinodiscus asteromphalus
diatom, obtained after metal coating and subsequent selec-
tive dissolution of silica [56]. Both experimental data and
calculations suggest that the exhibited enhanced infrared
transmission takes place through generation and mediation
of surface plasmons.

6.2. Subdiffraction Light Squeezing. In the last few years
several techniques have been proposed and tested in order
to confine visible light below the diffraction limit in the far
field, for example, making use of properly designed nano-
fabricated structures able to shape light beams and exploit the
phenomenon of superoscillation [57, 58].

On other side, Optical Eigenmodes (OEi) technique
[59] allows describing an optical system and its response
to incident fields as a mode coupling problem and to
determine the optimal excitation for a given, desired output:
a superposition of initial fields is optimized such that the
minimum/maximum measure is achieved. For example, the
transmission through a pinhole is optimized by maximizing
the energy flux through the pinhole itself or the spot focused
by amicroscope objective can be squeezed byminimizing the
so-called spot size operator (SSO) defined, in scalar form, as

𝑀(2)𝑗𝑘 = ∫
𝑆
r2𝐸∗𝑗𝐸𝑘 𝑑𝜎, (2)

where the probe fields 𝐸1 ⋅ ⋅ ⋅ 𝐸𝑁 are used as initial Hilbert
basiswith respect towhichwedefine theOEi (experimentally,
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Figure 12: First four experimental eigenmodes contributing to the
smallest squeezed spot through a single valve of Arachnoidiscus sp.
diatom, with color encoding phase and brilliance encoding complex
amplitude (see central legend).

these probes are obtained by means of a spatial light modu-
lator); the integral is evaluated over the region of interest 𝑆; r
stands for the position vector.

OEi method has been recently combined with focusing
properties of a single valve of Arachnoidiscus sp. [60] leading
to light squeezing under the diffraction limit to an unprece-
dented level if compared to other far-field subdiffraction
techniques reported in literature until then: working at
532 nm with circular polarization, a full width at half maxi-
mum of the transmitted spot of 0.21 𝜆/NA (with 𝜆 incident
wavelength and NA numerical aperture of the system) is
obtained, corresponding to a squeezing ratio of 41% with
respect to the classical resolution limit of 0.51 𝜆/NA.

In Figure 12 the first four OEi contributing to minimiza-
tion of the transmitted spot are represented in terms of phase
(color) and amplitude (brilliance), while in Figure 13 the light
spot transmitted by a single valve and detected at a distance
of 20𝜇m from it is visualized under different conditions. In
(a) the spot is affected only by the focusing property of the
valve. In (b) the point spread function (PSF) through the
quartz slide onwhich the valve was placed is shown. PSF is, in
this case, defined as the combination of OEi that decompose
a Dirac function and it corresponds to the local aberration
correction of the optical system. In (c) the PSF relative to
the valve is reported while finally, in (d), the squeezed spot
transmitted by the valve after the minimization of the SSO
is reported. The presence, in the squeezed spot, of sidebands
which always accompany all linear subdiffraction focusing
methods has to be noticed.

6.3. Light Trapping for Solar Applications. The ability of
diatom frustules to collect and confine light with high effi-
ciency can be exploited in the development of new biobased
or bioinspired solar cells if properly chemicallymodified [61].

In [62], for example, diatom frustules were coated with
titania nanoparticles (less than 20 nm in diameter) by means
of plasma treatment (thus avoiding any linking agent) and
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Figure 13: Transmitted intensity distributions in the 𝑥𝑦 plane at a distance 𝑧 = 20 𝜇m from the diatom valve. Spot focused by valve alone (a);
PSF of the glass slide (b); PSF of the valve (c); OEi squeezed spot (d).

used in dye sensitized solar cells (DSSCs) in order to improve
their efficiency. In this kind of cells the dye generates, after
absorption of light, electrons that are excited into the conduc-
tion band of a semiconductor (usually thin films of titania,
indeed) which then travel to the working electrode. Titania-
functionalized frustules allow to obtain three-dimensional
titania structures with high specific surface, thus increasing
the interaction between titania nanoparticles themselves and
dye electrons. After only three cycles of plasma treatment, an
increase of DSSC efficiency of about 30% with respect to the
use of titania thin films has been achieved.

Besides the application of modified frustules in improv-
ing solar cells efficiency, a biomimetic approach can also
be applied. Wang et al. [63], for example, applied genetic
algorithms to the design of light-trapping structures, mim-
icking the evolution of periodic, natural photonic structures,
reaching estimated enhancement factors over three times the
Yablonovitch limit.

6.4. Diatom-Based Sensors and Biosensors. Diatom pho-
toluminescence characteristics, in terms of both involved
intensities and spectral features, are strongly dependent by
the chemical composition of the surrounding environment.
This property, together with the high specific surface of
porous biosilica, makes diatom frustules very suitable in
optical sensing.

It has been observed [64] that, in presence of electrophilic
gases or vapors such as NO2, acetone, and ethanol, the photo-
luminescence spectra ofThalassiosira rotula frustules (peaked
around 533 nm in air after excitation at 325 nm) are pro-
gressively quenched and red-shifted. On the other side, the
exposure to nucleophilic gases like xylene and pyridine
causes, apart from the above-mentioned red shift in the
emission spectra, a noticeable enhancement of the photo-
luminescence intensity. An extension of this study to other
species (C. wailesii and Cocconeis scutellum [65, 66]) allowed
observing different responses of photoluminescence to gases
concentration and different ranges of sensitivity varying the
species and, thus, the morphology of the frustules and the
dimensions and arrangements of their pores.

Even though gas sensors based on frustule photolumi-
nescence are characterized by high specificity (i.e., different
gases produce different and distinct spectral responses), they
lack selectivity, (i.e., they are not able to distinguish among

different analytes in a mixture). This can be fixed by linking
to the frustule surface molecules which, acting like probes,
are able to selectively bond to specific analytes. Typically,
biomacromolecules such as proteins (enzymes, antibodies,
etc.) and single strands ofDNAorRNAare used as bioprobes.
A possible way to link such molecules to diatom silica is
to use an organosilane compound such as the aminopropyl-
triethoxysilane (APTES) and a functional cross-linker such as
glutaraldehyde (GA), which reacts with the amino groups on
the silanized surface and coats the surface of the frustule with
another thin layer of molecules [67]. Such a modified surface
works as an active substrate which allows the attachment of
the biological probes [68].

In Figure 14 a comparison of photoluminescence spec-
trum of bare Cyclotella sp. biosilica with those obtained after
functionalization with rabbit-IgG antibody and rabbit-IgG
antibody-antigen complex is shown (from [69]).

7. Conclusions

In this paper all the main optical properties of diatom frus-
tules have been reviewed, trying to link them, when possible,
to functions and properties of the living cell. In addition to
representing an evolutionary advantage in efficient collection
and exploitation of sunlight in aqueous environment where
it is not easily accessible, these properties can also find
application in several technological fields.

Other possible applications of frustules, not only or
not strictly related to their photonic properties, need to be
mentioned: porous nanoparticles obtained from diatomite
can be used, if properly chemically functionalized, in a
drug delivery system, for example, for cancer therapy [70,
71]; nanoscale germanium and titanium particles have been
incorporated in diatom frustules by means of bioreactor
processes in silicon starvation, for possible applications in
optoelectronics [23, 24]; diatom silica frustules can be used
as templates to fabricate replicas of different materials, such
as gold [25] or polymers [27] or they can be reduced into
silicon [26] for possible applications as optical elements,
masters for nanofabrications, biosensing device components,
and nanoreactors; diatomite and biofilm frustules have been
used as scatterers in PMMAmatrix composite random lasers
containing rhodamine B as gain medium [72]; finally, the
proper engineering of the genes involved in silaffins encoding
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Figure 14: Variation of intensity in photoluminescence spectra
of Cyclotella sp. frustule after functionalization with rabbit-IgG
antibody and linking with its antigen. Inset: photoluminescence
emission from antibody-functionalized diatom biosilica. Repro-
duced with permission from [69].

could lead to the design and fabrication of frustules with the
desired shape and morphology [16].

Competing Interests

The author declares that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The author thanks Mario De Stefano from the Department
of Environmental, Biological and Pharmaceutical Sciences
and Technologies of the Second University of Naples and
Luca De Stefano from the Institute for Microelectronics
and Microsystems of the Italian National Research Council
for introducing him to the fascinating world of diatoms
and their photonic properties; Anna Chiara De Luca and
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