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This is a very interesting and, potentially, solid thesis. It details a highly interdisciplinary work, which
bridges biology, solid mechanics, advanced materials and nanophotonics. The work involves the
investigation of various aspects of the functionality of diatom algae on different scales: (i) colonies
suspended in water, (ii) individual living cells and just frustules, and (iii) diatomite powder. The
underlying efforts represent a tremendous amount of work carried out by the candidate, which has
already resulted in 8 peer-reviewed publications, where the candidate is a lead author (including
Scientific Reports, Photoacoustics and Physical Chemistry and Chemical Physics), another 9 co-authored
papers (including Nanomaterials, ACS Photonics and ACS Applied Nano Materials), 2 book chapters and
13 oral talks given by the candidate at national and international conferences and workshops.

The candidate’s research presented across Chapters 4, 6 and 8 is novel and of a high standard, as would
be expected of work already published in good peer-reviewed journals. Such work is time consuming
and requires the mastery of scientific principles across disciplines, which the candidate may not have
been originally trained in, and the candidate should be applauded for this work. Yet, it feels that the
thesis has been put together in a rush with some of its sections (and even chapters) appearing more
finished than others. For instance, chapter 7, which presents a systematic study of the optical properties
of diatom frustules, is overall of an average quality — most notably, it lacks proper analysis and
discussion of the obtained results and the novelty of the work there has not been clearly
communicated. The structure of the thesis also needs improving, as there are considerable overlaps
between various sections/chapters, duplications and repetitions in the text, while division into sections
(and even chapters) in some parts of the thesis does not seem to be justified.

Below | summarize minor and major issues to be addressed, while my comments and recommendations
can be found in the marked up copy of the thesis attached to this report.

> Formatting

The size of pages the candidate chose for her thesis corresponds to Letter, while the current standard is
A4, | believe.

> Writing style

|ll

In some places of the thesis the candidate refers to herself using royal “we” and in other places passive
voice is used. While “we” is perfectly acceptable for an ordinary scientific publication (which is typically
authored by more than one person), a thesis can have only one author and so the use of “we” does not
seem appropriate. Hence, my recommendation for the candidate is to use passive voice throughout the

thesis and refer to herself as “the author” where needed.

> Thesis structure

There are a number of shortcomings in the structure of the thesis, which need mending. In particular,
there are quite a few repetitions and duplications throughout the thesis. For example, applications are
discussed in the introduction in sub-section 2.4.5 and then again in sub-section 2.5.3, as well as in
various other parts of section 2.5, yet the entire sub-section 2.5.5 is seemingly dedicated to
applications. The fabrication of gold-coated diatomite is given in both section 8.2 and chapter 3. The
detailed description of frustules appears in both sections 5.2 and 6.2.

Some sections in the thesis contain irrelevant or misplaced pieces of information or discussions. For
example in MEMS intro section 2.6 the candidate talks about optical structures, photonic integrated
circuits and optical properties. The thesis introductory chapter features the description of the




methodology (see, for example, section 2.3) that is later described in chapter 3. One will be surprised to
find a detailed description of how chloroplasts control their position and orientation in response to
changing light conditions in section 7.4.3, which is meant to discuss the distribution of electric field
intensity in a frustule integrated over all incident angles and polarizations. Some methods are descried
in chapters other than chapter 3 (for example, FLIM visialisation in section 5.4, or research methodology
in section 6.1)

Also, | am not convinced that certain chapters are worth being included in the thesis, at least as parts of
its main body. In particular, chapter 5 is descriptive in nature, providing information on the size and
shape of frustules, and the distribution of chloroplasts inside the frustules. It does not really feature any
novelty or intellectual contribution from the candidate (at least, that has not been conveyed) and,
essentially, just describes the ‘materials’ that the candidate used in her studies (which should have,
actually, appeared in chapter 3). Chapter 3 contains the description of various methods/techniques,
many of which are fairly standard and/or well documented anyway. On the other hand, the investigative
chapters also feature the description of several methods, some of which either overlap with those in
chapter 3 or appear exclusive to the project. Therefore, the best course of action for the candidate,
perhaps, would be to leave only the standard methods/techniques in chapter 3, and transform chapter
3 and 5 into new appendices (or add them to the existing ones). Then, the methods and setups
developed and/or improved by the candidate exclusively for her projects can be described in the
investigative chapters in the context of relevant studies.

> Plagiarism

Some sections/chapters (e.g., most of section of Chapter 2, Chapters 3, 4 and 5) are seemingly better
composed and feature better English than others, which suggests that the text there might have been
copied from published sources. While self-plagiarism (i.e., the use of text from the publications
authored/co-authored by the candidate) is acceptable, the instances of plagiarism (if it does take place)
must be avoided all together, for example, by paraphrasing the respective sections of text.

> Citing candidate’s own papers

The candidate does not have to (and, in fact, should not) refer to her published papers in the thesis as if
they represent the sources of additional information. This thesis is not a review of the candidate’s own
publications — it is the primary source of information for the work the candidate did in the course of her
postgraduate research. The thesis is, in fact, expected to provide a much more detail account of the
candidate’s research than the papers she co-authored.

While it is very good that the candidate has managed to publish her work in a number of peer-reviewed
journals by now, that did not have to be the case — the candidate’s papers could have been still under
review or not even submitted. Hence, | recommend the candidate to provide at the beginning of each
chapter a list of relevant papers she co-authored (e.g., like she has done so far) but, otherwise, write her
thesis as a self-contained piece of research pretending that the work has not been published yet.
Correspondingly, rather than referencing her papers in the thesis, the candidate should refer to relevant
chapters/sections instead.

Apart from investigative chapters, the candidate also explicitly refers to her own publications in
introductory chapters, which looks rather odd if not confusing. The introductory chapters are meant to
give an overview of the existing body of literature on the topic and serve to provide a context for the
candidate’s postgraduate research detailed in the following chapters. Hence, one does not expect to




find a review of the candidate’s work in the introduction. If the candidate wants to introduce/mention
the relevant work that she did outside/prior to her postgraduate research, then | suggest those
publications should be treated on the same footing as all other papers reviewed in the introduction (i.e.,
without mentioning explicitly their relation to the candidate).

> Figures

| expect the candidate to use her original plots and diagrams (i.e., created by her) in the thesis, in which
case she does not need to refer to her publications in figure captions.

If, instead, the candidate requires to reproduce certain images or diagrams directly from either her
publications (say, because they were created by other co-authors) or papers published by other groups
(e.g., Figure 3), it is my understanding that the candidate needs to obtain copyright permissions from
the publishers of those works. Once permissions have been granted (it maybe just a matter of checking
copyright statements of respective publishers, who often allow the re-use of figures in one’s thesis), the
candidate should add to figure captions the corresponding statements along with justifications/reasons
for including in her thesis someone else’s results/creations.

Quite often figure captions appear to have been split across two pages (or even completely moved to
the next page) — this does not look professional. A figure and its figure caption are a single entity and
should appear on the same page. For a particularly large figure the candidate should use a whole page.
If a whole page is not enough then the figure contains too many panels and/or its figure caption is
unnecessarily detailed. In such case the candidate should consider dividing the figure into several
separate figures and/or trimming its figure caption. Alternatively, some of the panels/plots may well be
moved into an appendix, as quite often only few panels in multi-panel figures are properly
discussed/analysed in this thesis.

In some figures (and/or plots in figures) the numbers and notations are hard to see because the fonts
are too small. This is because the candidate elected to squeeze too many plots in such figures. My
recommendation would be as above — the candidate should divide such figures into several separate
figures and/or move some plots into an appendix.

Dividing large figures will also help the candidate avoid copyright issues in those cases when the figures
are taken from the candidate’s publications.

> Tables

As per my comments above regarding figures, the candidate should also use her original tables, in which
case no acknowledgement or reference to the candidate’s publication is needed.

Some tables appear split across two pages — this should be (and can be) avoided. Also, some tables need
mending, as text/numbers in those tables appear corrupted.

> Acknowledging colleague’s contributions

Given the tremendous amount of material presented in the thesis, | could not help but wonder whether
the candidate managed to do all the work herself. If the candidate happened to receive some help with
collecting and/or preparing samples, developing of apparatus and setups, taking measurements, data
processing, analysing results, simulations etc., it should be properly acknowledged in the relevant places
of the text. Also, if the candidate included in the thesis rather large chunks of the work/results that were
done/collected by others, she needs to explain the reason for doing so (because this thesis is about the




candidate’s work and the results she obtained).
> Data analysis and conclusions

Many plots and tables are presented in the thesis without proper analysis or discussion. The candidate
needs not to forget that experiments or simulations are conducted in order to test/verify the existing
theories/hypothesis or find new dependencies/effects not covered by or contradicting the current
understanding. Otherwise, one’s research activity simply turns into ‘stamp collecting’. | appreciate the
desire of the candidate to include in her thesis all the data she collected/simulated in the course of her
postgraduate research, but without interpretation and analysis such data present little scientific value,
as well as invites one to question the candidates analytical skills and overall interest in the research.
Therefore, | recommend that the data, the analysis of which has not been commenced or finished yet,
should be moved from the main text into an appendix, and then the candidate’s intention to carry out
the analysis of that data in the near future should be indicated in Outlook section (which is, by the way,
currently missing).

Also, it would be great to see some sort of conclusions at the end of investigative chapters. For example,
at the end of MEMS chapter the candidate could have concluded that the mechanical resonance
frequencies of diatom frustules that were determined in the study were in the right range for certain
MEMS applications etc.

Provisional Recommendation

[ ] 1 recommend that the candidate should defend the thesis by means of a formal thesis defense

|X| | recommend that the candidate should defend the thesis by means of a formal thesis defense only
after appropriate changes would be introduced in candidate’s thesis according to the recommendations of
the present report

|:| The thesis is not acceptable and | recommend that the candidate be exempt from the formal thesis
defense
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Abstract

Nanostructured natural objects featuring advanced properties serve as an endless
source of inspiration for the development of new materials and devices. A rich gallery of
such objects are the skeletons of diatom algae — Nature’s glass (silica) lace. The neat
slender structures resemble woven lace that combines elegance with strength and
durability, and provoke the effort to explore the organization and properties of the objects
created and refined by nature over millions of years of evolution.

In recent years, climate change due to global warming from greenhouse gas
emissions, particularly carbon dioxide (COz), has become an increasingly pressing issue.
Diatoms have shown impressive performance in removing CO; from the atmosphere
through photosynthesis. To maximize the amount of CO, that can be extracted using
diatoms and their biomass production, it is vital to properly monitor them and identify any
issues that may be limiting their growth. Dlaugl optical methods proposed here, such as
fluorescence and photoacoustic (optoacoustic) visualization, can be readily used for
monitoring algae growth, not only in laboratory conditions but also in their natural
environment.

Uuexuogiing the structure and properties of diatoms down to nanometer scale |gads
to breakthrough advances reported here in the mechanical and optical characterization of
silica frustules, as well as of air-dried and wet cells with organic content. Static and
dynamic mode Atomic Force Microscopy (AFM) and in situ nanoindentation in the
scanning electron microscope column revealed the peculiarities of diatom response with

separate contributions from material nanoscale behavior and membrane deformation of the
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entire valve. The optical properties of diatoms that stem from their periodic photonic
crystal structure are of interest in the development of new devices for photonic
applications. By studying the optical and mechanical properties of diatoms in tandem, a
holistic view of their interdependent structure-property relationships can provide insights
into materials design. Through the functionalization, diatom properties and the range of
applications can be further upgraded and expanded. The%]wgmgn of the diatomite with
gold nanoparticles presented in this work has the potential to create a versatile material
with enhanced properties that can be used as surface enhanced Raman scattering (SERS)
platform and for sensing applications. %

This dissertation examines the potential {Qg using goygl optical methods {QOBUK

diatom colonies and the combination of optical and mechanical properties of diatoms as

well as n%el techniques to alter silica surface for future development of advanced

technologies with the% new materials and devices.

Keywords: diatoms, carbon dioxide, hierarchical structure, monitoring, growth,

optical properties, mechanical properties, modification, diatomite
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Schematic diagrams of two modes of AFM measurement: force vs distance and amplitude
modulation-frequency modulation (AMFM), e) In situ nanoindentation inside SEM
column, f) Schematic illustration of a copepod crushing diatom cell with the help of a silica
tooth as an example of indentation in nature. L ............cccoovvievereiiiieceeceeee 168

Figure 54. SEM images of: a) the cleaned diatom frustule consisting of a hypotheca
and an epitheca joined together by girdle bands, b) the frustule FIB cross-section showing
areola walls ¢, d) outer surface of the valve, e details of the external side of the valve:

cribrum, f) cribellum, g) inner surface of the valve, h) details of the internal side of the
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Chapter 1. Introduction

Diatoms are single cell micro%e enclosed in silica exoskeletons called frustules
that provide inspiration for advanced hybrid nanostructure designs mimicking multi-scale
porosity to achieve outstanding mechanical and optical properties.! They are of planetary
ecological importance, making a huge contribution to biomineralization and carbon
dioxide capture by accounting for approximately 20% of oxygen production via
photosynthesis® .

The global concentration of CO; in the atmosphere has reached levels that are
higher than those in the past several hundred thousand years.® This poses significant threats
to our ecosystems, natural resources and modern civilization. Thus, measures to reduce the
amount of CO; released into the atmosphere and technologies to efficiently extract CO>
from the atmosphere are urgently needed. Extracting CO> from the atmosphere is a
challenging problem because it is a very dilute gas in air, and the extraction and storage
process is energy-intensive and expensive. Meanwhile, the current energy-intensive
methods of extracting and purifying CO: require time-consuming processes, high
temperatures and pressures, and large capita?]investment. Therefore, alternative
technologies and innovative strategies are needed to address the problem of CO» extraction

and storage while minimizing energy consumption and cost.

In order to use diatom algae for gq;b%@mgg extraction, we need to be able to
grow them in large quantities. Monitoring the growth of diatom algae is important because
it allows us to optimize their growth conditions, such as nutrient availability and light

intensity, and ensure that they are healthy and productive. By carefully monitoring their
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growth, we can identify and take steps to address any issues that may be limiting their
growth. This will ultimately help us to maximize the amount of carbon dioxide that can be
extracted from the atmosphere using diatom algae and their biomass production for
biotechnological applications. The need to monitor the growth of diatom algae using novel
optical methods arises from the limitations of traditional methods. Traditional methods of
monitoring diatorréowth involve manual counting of cells, which is time-consuming and
labor-intensive. AddiiRRally, these methods are prone to errors and may not provide
accurate measurements of growth rates. Novel optical methods, such as fluorescence and
photoacoustic visualization, offer several advantages over traditional methods as they
provide non-invasive and real-time information about the physiological state of the algae,
which can help to optimize growth conditions for biotechnology applications or to assess
the impact of environmental changes on diatom populations.

However, diatoms gaxpgt attention not solely for their ecological significance but
also for the distinctive characteristics of their highly porous silica cell wall. A unique

micro- and nano-scale architecture of diatom silica exoskeletons provides high-

wssbaucAl Rronediss with the potential%] advanced materials.

Studying the optical and mechanical properties of diatoms is essential for developing new
technologies and materials inspired by natural systems.! In order to design effective
technologies and materials, a deep understanding of the fundamental properties and
structure of natural materials is needed. The optical properties of diatoms, such as their
light scattering and absorption properties, are of interest in the development of new sensors

and devices for environmental monitoring, as well as for photonic and biomedical
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applications. Similarly, the mechanical properties of diatoms, such as their strength,
stiffness, and fracture toughness, are of great interestw biomimetic
materials development, the production of microelectronic and nanophotonic devices, and
biodegradable implants.

Another important aspect for future application of diatom frustules is the
modification of the surface to further improve their properties. For example, modifying the
surface of diatomite with gold nanoparticles has the potential to create a composite material
for sensing applications. Gold nanoparticles on the surface of diatomite can act as a catalyst
for chemical reactions, while the porous structure of diatomite can provide a large surface
area for adsorption of pollutants or other molecules. Additionally, the combination of gold
nanoparticles and diatomite can be used in biomedical applications, where the unique
properties of both materials can be leveraged to create new and innovative solutions.

Hence, this thesis undertakes a comprehensive investigation of diatoms on three
levels, encompassing the study of colonies in suspension, individual living diatoms, as well

as purified frustules and diatomite powder, as schematically shown in Figure 1.
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Figure 1. Research design and methodology

The main tasks in this dissertation are based on the monitoring of diatom growth
by novel optical methods, study of optical and mechanical properties of diatoms, and
modification of their surface which is of great importance for advancing our understanding
of fundamental physics, developing new materials, and addressing pressing environmental
and technological challenges. After a thorough study of the literature, no% found
on a fundamental and systematic study of the relationship between the structural and
%mnm features of diatom frustules, as well as wet and air-dry cells containing organic
material, and their mechanical characteristics under static and dynamic loading. Therefore,
one of the key objectives of my research is to fill this gap and understand the mechanical
behavior of diatom frustules and living cells under different conditions. Given the fact that

the diatom frustule itself can be considered as a nanostructured membrane, the
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determination of the mechanical properties of both membranes and cells with all organic
components present seems extremely important and necessary both from the point of view
of fundamental research and from the point of view of the use of these systems as functional
materials for new devices. By characterizing the mechanical properties of diatom frustules,
we can gain insights into their ability to withstand external forces and protect the cell from
damage. Leveraging a biomimetic approach, it becomes feasible to fabricate micro-electro-
mechanical systems (MEMS) devices based on diatoms, hybrid membranes, and sensitive
optoacoustic microphone arrays for minimally invasive endoscopic procedures.

Another important aspect of my research is to investigate the role of the hierarchical
structure in determining the optical properties of diatom frustules. By using advanced
imaging techniques such as electron microscopy and fluorescence lifetime imaging
microscopy as well as numerical simulations, the goal is to study the interaction of light
with the highly porous hierarchical frustule, taking into account the chloroplast distribution

=

E%@,q, and how they contribute to the overall optical performance of %}g&m

photonic crystal.

By revealing the underlying (%ﬂm the diatom structure-properties-function
chain, this dissertation aims to contribute to our understanding of these fascinating
organisms and the development of new approaches and practices to address the problem of
efficient diatom monitoring, while also providing insight and inspiration for future
research. By combining physics, biology, and materials science, we can unlock new

insights into the natural world and develop new technologies that benefit society.
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Chapter 2. Literature review

2.1 Introduction to the world of diatoms

Phytoplankton is a diverse group of photosynthetic microorganisms that includes
diatoms, dinoflagellates, cyanobacteria, coccolithophores and other types of algae. It is
estimated that these single-celled primary producers account for about half of the global
fixation of carbon, and are responsible for the export of fixed carbon to the deep ocean
through the biological carbon pump®. The main functional groups of marine phytoplankton
include nitrogen fixers (cyanobacteria), silicifiers (diatoms), and calcifiers

(coccolithophores). Phylogenetic diversity of these eukaryotes is illustrated in Figure 2.

Hacrobia
Viridiplantae Coccolithophorids
Excavata
Bangiophytes Rappemonads
Euglenozoa
Embryophytes
Charophytes
........ : Rhizaria
Chlorophytes e
Chlorarachniophytes
e » Foraminiferans
B Cercozoa

Opisthokonta

b

A
A

Eustigmatophytes
Metazoans
Chrysophytes

Diatoms

Ciliates
Fungi
Raphidophytes

Dinoflagellates Brown algae

Alveolata Heterokonta

Figure 2. Phylogenetic diversity of eukaryotes showing the four major lineages of
phytoplankton highlighted in bold typeface (prasinophytes, coccolithophorids, diatoms and

dinoflagellates)®.
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At present, diatoms are considered to be an extensive taxonomic group of
unicellular microorganisms at the type or division level (Biota: Chromista, Kingdom:
Harosa, Subkingdom: Heterokonta, Infrakingdom: Bacillariophyta, Phylum). Despite the
fact that many species of diatoms are capable of forming colonies of considerable size, at
the individual level they remain unicellular. Figures on the origination period of diatoms
as an evolutionary group of marine organisms differ depending on the method of study.
There are several specific assumptions about the lifetime of diatoms depending on the
various studies on their age. Thus, according to the estimation using the molecular clock
method, they may be as old as 240 million years’. However, paleontological approaches—
revolving around an age analysis of ancient microfossils—indicate that diatoms were
separated as a group in the world ocean about 145 million years ago’. The paleontological
approach with respect to the diatoms should now be considered as more reliable.

According to the taxonomy used by Algaebase.org!’, the diatoms include the
centric species with multiradial and bipolar symmetry (classes Coscinodiscophyceae and
Mediophyceae), and pennate species with bilateral symmetry (class Bacillariophyceae)'!.
The latter includes the subclasses Fragilariophycidae and Urneidophycidae (without raphe
on the valve) and Bacillariophycidae (with raphe)'!. They appear as individual cells or
colonies in different shapes (filaments, chains, ribbons, fans, zigzags, or stellate), either as
free-floating (planktonic) or attached to the substrate (benthic or periphytic)'?. The frustule
consists of two intersecting halves: the upper, called the epitheca, and the lower, the

hypotheca!®, which fit into each other, resembling a Petri dish, with sizes varying from 2
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pum up to several mm. Figure 3 shows basic diatom terminology, division and structural
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Figure 3. Diatom terminology. 1-3: Frustule terminology; 4—6: Examples of two
major orders of diatom based on frustule shape—elliptical (pennate) (4 and 5) or circular
(centric) (6) in valve view; these make up the two orders of diatoms (Pennales and Centrales,
respectively). 4 and 5: Pennate diatom; 4: Valve view; 5: Connective view. 6: Centric
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diatom. 7: Symmetry axes. 8—11: Diatom species showing Raphe. 12 and 13: Diatom species

showing pseudoraphe. 14: Structural details of the cell wall.!*

Figure 4 shows the general cell features and the main terms associated with diatoms
using as an example Karayevia amoena (K. amoena)'. The valve surfaces are ornamented
with radiate and parallel striae, represented by a row of pores called areolae. Striae are

formed between nonornamented, thickened ribs called costae.

frustule
%

girdle bands

costae

SUED areolae

/ " .

hypotheca

Figure 4. SEM image of K. amoena showing basic cell structure and frustule

dimensions: length L, width w, areola width wa, costa width wc, girdle band thickness t'°.

Humans have been fascinated by the intricate structure of diatom frustules for well

over a century. Figure 5 contains reproduction of plates from Ernst Haeckel’s
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“Kunstformen der Natur”!® published in 1899-1904. Haeckel made hand drawings as the
basis for fabricating engraving plates, in a manner similar to that used by Hooke in
preparation of his Micrographia treatise!”. Their beauty fascinated even Charles Darwin,
who mentioned them in his work “On the origin of species by means of natural selection,
or the preservation of favoured races in the struggle for life”: “Few objects are more
beautiful than the minute siliceous cases of diatoms, were they only created to be admired

under the microscope?”!®

Figure 5. Left — Cover page of Ernst Haeckel’s Kunstformen der Natur. Right —

Plate 84 devoted to diatomea.!”

These organisms formed in vast lagoons with variable salinity. The earliest diatoms
lived in conditions where the rains filled the lagoons with water, and then the sun dried

them up again. They formed dense silicon shells around them, through which they
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interacted with the habitat, where temperature and mineralization often changed. Since
then, gradually evolving and assimilating new ecological niches, diatoms have spread
across the world. They populated a variety of aquatic and semi-aquatic biotopes: seas,
rivers, lakes, streams, wet rocks and wet salt crusts, swamps, moss clumps, tree bark and
soil. There are several types of diatoms that live on the surface of rocks, at an altitude of
over 3 km, while others have found stable ecological niches on the skin of whales!®. In the
areas of water bodies, diatoms live both in the water column (in plankton) and at the bottom
(as part of benthos, to depths of several hundred meters), as well as on macroalgae, on the
covers of invertebrates and fish, and on floating objects (as part of communities of
periphyton). In recent decades, when different types of plastic ended up in the water bodies
of the planet as garbage, some species of diatoms have successfully adapted to g and,on
artificial polymers. They even formed very special communities on them, capable of
surviving in a rather aggressive environment. Planktonic diatoms are most often endowed
with a radial symmetry of the shell, benthic and periphyton (feathery), or, in various forms,
bilateral, although representatives of some genera look like a loaf of bread (Figure 6). In
terms of the number of species, pennate (bilaterally symmetric) diatoms clearly
predominate over the centric diatoms accounting for only 19% of the nearly 17,000 diatom
species within the accepted taxonomic description'. However, planktonic species, mainly
centric ones, are responsible for the bulk of diatom population by numbers and volume,
especially in nutrient-rich and well illuminated marine waters®®. According to some
estimates, diatoms are the largest group of eukaryotic algae, numbering over 100,000

known species?!-?2,
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Figure 6. Centric diatoms (a—c, e-g); pennate diatoms (d, h-1)’.

According to Zhang et al.?’, the diatom frustules may be classified into three
categories: rod shaped, flake shaped and generic 3D shape, as illustrated in Figure 7. The
plane of the valve surface is defined as g,y plane. The major axis of the valve is X, while
the minor axis of the valve is Y (for pennate diatoms only; for centric diatoms: X=Y). The
valve-through axis is z-axis, and the length of the line connecting the centers of epivalve

and hypovalve is Z.
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Figure 7. Shape classification of diatom frustules®?

The diatom's complex adaptations allow it to survive, carry out metabolic functions,
and reproduce successfully in any biotope. Many of them are reflected in the form of their
shells, in the way the pores are arranged, the configuration of the pore apparatus itself,
sutures, outgrowths, in the size of the cells and the thickness of the shell. Diatom shells
reflect the evolutionary path and adaptive response of the species to the varying
environmental conditions in which it has evolved. Mobile diatoms (class
Bacillariophyceae)** capable of sliding at different speeds among thickets or sediment
particles have a bilateral shell shape and are endowed with special devices for locomotion

— variously organized raphes’. The forms with radial symmetry of the frustule are grouped
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into the Coscinodiscophyceae class. These diatoms have characteristic adaptations that
allow them to float in the water column: singly or in colonies. For example, thalassiosiroids
have cells in the form of tablets, forming chains during division using exopolymers?>-26,
They excrete exopolymers through special pore structures (fultoportula and rimoportula),
which also increases the ability of the colony to float in water. The coscinodiscoids shown

in Figure 8 hover due to the large size of single cells, have thin-walled shells and contain

large vacuoles in the cells, which balance their density with the surrounding water’.

Figure 8. Different representatives of thalassiosiroids (1-6) and coscinodiscoids
Coscinodiscus radiatus (7, 8).
The presence of a silica exoskeleton called frustule ensures the performance of

many vital functions of the unicellular micro-organisms — the interaction and exchange
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between diatom cells and the surrounding environment, protection from external
mechanical influences, attachment to substrates, filtration, regulation of metabolism
processes, control of light absorption during photosynthesis and the protection of DNA
from UV radiation?>27-2,

Due to the large number of pores of various sizes, cells have a high specific surface
area, high iQu and porosity, the ability to change the structure using genetic
manipulation or chemical reactions, high mechanical stability, biocompatibility, low cost
and toxicity*®. To proliferate in the shallow well-illuminated waters in the presence of
predators, diatoms must protect themselves from various mechanical influences using a

stable and lightweight structure.

2.2 Hierarchical structuring of diatom algae

Essentially, hierarchical structure refers to the thoughtful and purposeful
organization of material building blocks at each dimensional level in order to create
multifunctional structures and mechanisms’. Nature provides numerous examples of
successful hierarchical structuring in soft and hard tissues to satisfy the diverse and

frequently contradictory requirements posed by the varying environments of living

organiﬁ%“. Generally speaking, the fundamental reason for hierarchical structuring, i.e.,

scale specific arrangement of parts and components, [ JORR SRRSO AN
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The hierarchical structuring of diatom algae is a fascinating area of study that has
%&9{;@ the attention of researchers for many years. At the macroscopic level, diatoms
exhibit a wide range of shapes and sizes, which are Ld%]ermined by the intricate patterning
of their frustules. These patterns are highly complex and can vary greatly between different
species, making them an important tool for taxonomic classification. At the microscopic
level, the frustule is composed of a series of layers that are arranged in a hierarchical
manner’*2. The outermost layer is typically composed of large, irregularly shaped pores
that allow for the exchange of nutrients and gases with the surrounding environment.
Beneath this layer, there is a series of smaller pores that are arranged in a regular pattern.
These pores are thought to play a role in the control of water flow around the diatom cell,
which is important for nutrient uptake and waste removal. The innermost layer of the
frustule is composed of a dense, highly ordered lattice structure that is responsible for the
overall strength and rigidity of the cell wall. This lattice structure is made up of silica
nanoparticles that are arranged in a hierarchical manner, with smaller particles forming the
building blocks for larger structures. Such hierarchical structure is well demonstrated in
Figure 9a%. Figure 9b shows regular array of large pores — foramen; a circular or hexagonal
chamber — areola, under the foramen; second-level pores with a diameter of 200 nm,
located at the bottom of the areolae. Sieve pores with diameter 40 nm are distributed inside
second-level pores (Figure 9c). The mantle and girdle band also contain numerous pores,

as shown in Figure 9d. It is also believed that the formation of these patterns is the result

of a self-organized phase separation process®*.

54


ShuvaS
Highlight

ShuvaS
Note
or decorated?

ShuvaS
Squiggly

ShuvaS
Note
been attracting


Figure 9. Typical structure of multilevel pores (Coscinodiscus sp.). a) 3D model;
b) arrays of foramen and second-level pores, scale bar 1 pum; c) array of sieve pores, scale

bar 2 um; d) array of nanopores on girdle band, scale bar 1 pm.??

In ourb%(x])k chapter’, we discussed the structural design of diatom shells in pursuit
of the idea that the variety of appearance of diatoms and the key structural features of the
shells are closely related to their specific living conditions, which require different
mechanical and optical properties for optimal shell performance. Recent advances in
imaging techniques have allowed researchers to study the hierarchical structuring of diatom

algae in unprecedented detail®?>. For example, electron microscopy has been used to
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visualize the intricate patterning of the frustule at the nanoscale level**, while X-ray

tomography* has been used to study the internal structure of diatoms.

Certain hierarchical multifunctional architecture of a diatom frustule is DNA-coded

and biologically driven. For example, the biosilicification process in diatoms is

demonstrated on Thalassiosira pseudonana (Figure 10)3°.
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Figure 10. Biosilicification in diatoms. a) Thalassiosira pseudonana diatom (credit
to University of Washington). b) Biosilicification mechanisms in the formation of

hierarchical silica-based honeycomb-like structure of diatom skeleton. 3¢
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Diatom frustules formation is a complex process that involves the synthesis and
assembly of a silica shell, which serves as a protective layer and structural support for
diatoms. The process requires water-soluble silicic acid Si(OH)4, which is transported by
silica transport vesicles (STV) to the silica deposition vesicles (SDV) where the valves are
formed? as shown in Figure 11a. The silanol groups of Si(OH)s are hydrolyzed in SDV
and form Si-O-Si bonds. Silaffins proteins and long chain polyamines (LCPA) in SDV
catalyze the hydrolysis reaction and influence the valve structure’’. Firstly, the framework
structure is produced, followed % thickening of the valve and development of
microstructure. Once the silica layer formation is complete, the diatom cell separates into
two; each half inherits one valve and undergoes an identical frustule formation process.
This process results in two new cells with symmetrically placed valves, but with different
sizes labelled as 1 and 2; the newly formed “half-thecas” in SDV are slightly smaller
(labeled as 2 and 3) (Figure 11b). After the first division, the two daughter cells have
frustules composed of 1-2 and 2—3 separately. After the second division, four daughter
cells are produced, and so on. Every act of division reduces the size of frustule by dozens
of nanometers, but without the change in the pore size. When the size of a cell reduces to
below two-thirds of the biggest cell, the cells undergo a unique form of cell division called

the auxospore formation, which allows them to restore their size and morphology.
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Figure 11. Schematic illustrations of: a) formation, b) reproduction of diatom

frustules.?

Nevertheless, the fine local mechanisms of phase separation in silica deposition
vesicles at the nanometer scale still needs to be systematically studied to be understood.

This would open the pathways for these processes to be directed and customized, and
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potentially used to implement the paradigm of Bio-Assisted Nanometer Size Additive
Manufacturing (BANSAM)’. BANSAM assumes the transition to nature-like fabrication
technologies%,the 21st century that are simultaneously green, sustainable, non-carbon,

and possess nanometer tolerance.

2.3 The mechanical properties of diatoms

The material, shape and thickness of the frustules, as well as the spatial order of the
pores and the topology of the channels connecting them determine such gQEIIERRAL
properties as stiffness, strength and natural oscillation frequency. However, the fine
structure of the frustule porosity and the nanomechanical properties associated with it
present challenges for the experimental study involving the application and detection of
forces at scales relevant to the diatom cell. The elastic modulus, hardness, and tensile
strength of various diatom species were studied using various experimental methods such
as nanoindentation®®, AFM probing**~*!, and bending with glass microneedles*. In the
sastsigtiisantoigneeringwork of C.E. Hamm et al.*? the mechanical performance of the
diatom frustule was assessed by performing loading tests with calibrated glass
microneedles which led to the conclusion that the frustules evolved to provide necessary

mechanical protection for the cells against predators, as shown in Figure 12.
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Figure 12. Glass needle tests: Live single cells of 7. punctigera (a—c) and F.
kerguelensis (d—f), in chains (e,f). Pressures applied along the girdle bands, (a,d), across the
girdle bands (b,e), and across the centre of the valves (c,f). g) Forces necessary to break

frustules. Scale bars, 10 pm.*?

The first AFM studies gRlatgdatr the mechanical behavior of diatom silica

nanostructure were done in 2001 on dried diatoms by Almqyvist et al.*' They measured
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elasticity and hardness of the diatom Navicula pelliculosa semi-quantitatively with a
resolution down to approximately 10 nm and found that Young's modulus varied from
seven GPa to hundreds of GPa, depending on the location. ﬁ%he same time, hardness
values ranged from 1 GPa to 12 GPa. The elastic modulus was calculated from the AFM
force curves using indentation and deflection methods. Even though both methods revealed
the same overall elastic pattern, differences in absolute elastic modulus observed on the
hardest part of the frustules could be explained by the calibration of the AFM cantilever.
Besides, it was assumed that the elastic response is due to the deformation of the shell
material, which is valid only at the central nodule (CN) and central rib (CR) where the
modulus is high, but not on the transapical rib (TR), where the shell gets elastically
deformed. On the other hand, hardness, which is directly related to the material's structure,
was also higher on the CN and at the curved-end side of the raphe fissure (RF).

These results confirmed that micromechanical characteristics are not restricted only
to the biosilica itself, but they are also influenced by the hierarchical three-dimensional
morphology of the porous structures of the exoskeleton on scales from nanometers to
micrometers. Also, the change in mechanical properties can potentially be %ained by
differences in silica content and phase of development of a frustule. This study firstly
confirmed that the micromechanical properties could be studied using AFM method.
However, the authors suggested that in order to increase knowledge of silica
biomineralization, the instrumentation should be improved along with the comparison of
the properties of several species under physiological conditions and the study of the

mucilaginous organic coating.
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Later, Losic et al.** mapped the nanoscale mechanical properties of Coscinodiscus
sp. at different locations along the frustule using an AFM nanoindenter and calculated the
hardness and elastic modulus from force penetration curves. AFM nanoindentation tests
confirmed significant variations of the elastic modulus E (1.7-15.6 GPa) and hardness H
(0.076-0.53 GPa) depending on frustule morphological features as pore size, porosity, and
distance between pores. The lowest values were obtained on the cribellum and the girdle
band. The location of the indentation, different biomineralization processes, and the quality
of the nutrition can also influence the micromechanical properties of diatom frustules.
Figure 13 shows AFM images of the internal plate with a series of indentations performed
at various positions from the central region to the periphery and a typical force penetration

curve.
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Figure 13. a) Low-resolution AFM image of the internal plate after

nanoindentation. b) Series of indentation points (solid arrows) obtained using a force of 1.5-
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3 uN. c¢) Typical force penetration curve showing loading and unloading parts (dashed
arrows). d) AFM image showing nanoindentation performed on an areola rib at higher

applied load (12 uN). White scale bar is 10 pm.*°

Overall, the studies performed by AFM and nanoindentation demonstrated
significant variations of the elastic modulus depending on the location®®-%#! which may be
due to the porous structure, nonuniform distribution of pores having different sizes and
shapes, orientation of the frustule, location of the indent, etc. As tha auphxs suggested*!,
improved instrumentation and the study of several species under physiological conditions
are needed to gain more knowledge about the native mechanical properties and their link
to morphogenesis, i.e., the process of silica biomineralization.

Coscinodiscus sp. were also tested in situ by three-point bending. Aitken et al.!!
analyzed the bending of the beam with a square cross section and obtained a brittle fracture
of the diatom frustule at the average stress of 1.1 GPa and strain 3.0% with the elastic
modulus of 36.4 + 8.3 GPa. Moreover, they estimated the relative frustule density near
30% and got the highest strength-to-density ratio, approximately 1700 N-m/kg among all

t4 3

known biologic materials, as provided by Ashby plot* in Figure 14.
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Figure 14. Ashby plot of strength vs. density for naturally occurring biological

materials, including diatoms.

11,43

The authors proved the given results via nanoindentation of the girdle band of the

frustule with modulus from 21.0 = 7.7 GPa at 28 nm to 39.7 + 8.3 GPa at 217 nm, which

%ﬁmmwith the mechanics of the bending test. These results clearly showed how

nature could build live organisms with hierarchical architecture simultaneously with the

record lightweight and strength.

64


ShuvaS
Highlight

ShuvaS
Note
which authors, Ashby or Aitken et al.?

ShuvaS
Squiggly

ShuvaS
Note
corroborates or agrees

ShuvaS
Note
Nature builds shells for live organisms, no?

ShuvaS
Highlight


=

Xing et al.** reconstructed a complex three-dimensional structure and built a
numerical model of the radially symmetric frustule in a diatom from the genus
Coscinodiscus after tomography using ion etching in a scanning microscope column. De
Tomassi et al.?” summarized the data on the selective properties and effects observed in the
interaction of light and the hierarchical nanoporous structure of diatom shells with central

symmetry: optical tunnelling, selective transmission, and photoluminescence.

As already mentioned, g

=

blasking At elry, to protecting against predator jaws and pre\%inggt]hgm from being

digested, among other things. As a result, diatoms are especially useful when it comes to
the design of armor and other protective items. Perhaps, the reduction (by means of
magnesiothermic reaction*) of silica to ultimately obtain silicon frustule would allow to
eliminate the natural variability of hydrosilica material and through this to exclude the
contribution of this factor in mechanical response interpretation. In our study we examined
mechanical behaviour of living diatoms as well as cleaned frustules in the static and
dynamic mode, revealing differences in nanomechanical properties of layers, depending
on silica hydration and support from internal organic content, and providing insights for
the design of new nanodevices!. The summary of nanoindentation and bending

experiments of diatom algae is shown in Table 1.
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Table 1. The summary of various experiments of diatom algae by nanoindentation

and bending tests.’

Strain or  Young's
) Stress or )
Genus Test Specimen Load Penetration Modulus, Hardness, Reference
Type Location ’ Depth, GPa GPa
mN
nm

A" girdle 1.1£03GPa 35+0.7% 364+83 -
o B+ 1

Coscinodiscus - 28 21.0+7.7 -

- 217 397483 -
Coscinodiscus B center 0.01-0.03 60-100 1.1-10.6  0.10-1.03 6

Synedra B center 0.01 20 13.7-18.6  0.85-1.41
Coscinodiscus A - 2.81+0.15 2000 36.4+8.3 — 47
B center 0.02-0.07 300-500 0.591-2.768 0.033-0.116 .
Coscinodiscus
B edge 0.02-0.07 300-500 0.347-2.446 0.076-0.120
Didymosphenia B - 0.1-1.4 1000— 31.8 - 48
6000
Coscinodiscus B center 0.12 200 1.562 - 49
transapical 4-8 7-25 - 4
rib
Navicula central rib 25-5 15-30
pelliculosa central 0.01-0.05 1.5-4 30— -
nodule hundreds -
of GPa

*A = three-point bending
B = nanoindentation
2.4 The optical properties of diatoms
For both phototrophic organisms as well as autotrophic organisms, light plays an
important role in their growth, behavior, and development. Over the course of evolution,
several species of animals and plants have developed highly efficient photonic structures
WX, BAZROIASSFIRRARLASDEN SRARNRANRICMIDS e AHRISSR 18 how  micro-opto-

electromechanical systems (MOEMS) are fabricated by replicating these natural photonic
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structures. While bio-inspired technology is often QeI DVARKSICRASUGICRIRE,

teebolguss, and the infeasibility of large-scale production, there are still some promising
applications for it. Therefore, it becomes increasingly apparent that a bottom-up fabrication
approach would be ideally suited {Q ytlicipg the ability of living organisms theinsetves to
manufacture micro- and nano-optical devices 2. %

The properties of nanoscaled well-organized silica materials enable hgin to be used
for optical studies due to their low refractive index and extremely low absorption
coefficient >3. The species-specific patterns of pores, ridges, and indentations on the silica
cell walls endow diatoms with unique appearances under high magnification. These
microscale structures have profound implications for the interaction between light and
diatoms, as the porous silica induces diffraction and interference based on the dimensions,
forms, and L_V%]nﬁgurations of the pores and-ridges. Diatoms showcase an exceptional array
of natural phenomena, spanning from their biodiversity and ecological roles to the optical
effects and nanofabrication capabilities conferred by the silica frustules. They exemplify
the capacity for microscale life to exert substantial impacts on ecosystems and global
climate, as well as the potential for nanoscale structures in nature to generate remarkable
optical effects and inspire novel technologies.

In recent years, considerable attention has been devoted to investigating the optical
properties of diatom algae, particularly with I%ard to their scattering and absorption of
light. Diatoms are known to efficiently absorb light in the blue, green, and ultraviolet
wavelengths, and to scatter light across a broad range of angles >+, This proficiency in

capturing light energy renders them crucial constituents in aquatic food webs.
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Optical studies of diatom frustules have the potential to yield insights into the
structure and function of these microorganisms, as well as applications in nanotechnology,
optics, and materials science. Researchers have investigated the optical properties of%
diatom frustules for use in photonic devices, such as biosensors and photovoltaic cells.
Additionally, the study of diatom frustules has implications for understanding the%]
ecological and environmental roles of diatoms. For instance, diatom frustules are
responsible for a significant portion of the carbon fixation in the ocean, and knowledge (J%
their optical properties can help to better understand the impact of climate change on
marine ecosystems. Overall, optical studies of diatom frustules offer a fascinating area of

research with broad-ranging applications and potential impacts.

2.4.1 Light propagation in diaz‘omgl

When light enters water, it is absorbed more strongly than in air and becomes
partially polarized. Blue light penetrates much deeper depending on the concentration of
dissolved matter and particles, whereas red, orange, and yellow light are quickly absorbed
by water. A couple of meters below the surface, almost half of the light intensity is in the
UV region (below 400 nm), compared to about 3% at the surface level, which means that
diatoms live in a light environment dominated by UV and blue light, and supports the idea
that the frustule may play a role in %light protection.

1%@3@(, most studies of the optical properties of diatoms are carried out on
cleaned frustules without taking into account the organic material. In addition, most of

these studies are conducted or simulated in the air, which is contrary to the aquatic natural
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habitat of diatoms. In this sense, the calculated effects of these experiments and simulations
cannot provide complete biological answers to how living diatoms benefit from the
interaction between frustule and light. These differences between measurements on cleaned

frustules and diatoms in their natural habitat are shown in Figure 15.

Photonic experiments  in air In (salt)water Diatom biology
Single frustule Whole cell
No cell content Organic content
Light propagation in air Light propagation in water
Slide
Light I Frustule
—>
Pinhole
a

Figure 15. Overview of relevant features that differ between the diatom in its
natural habitat and rinsed diatom valve in a typical photonic setup (a). b) A diatom valve
rinsed of organic material, ¢) A living diatom in water, d) A scheme of spectral changes in
light through water column.>®

=
Moreover, the orientation of the frustule also affects the optical properties of
diatoms when measuring the relationship between the frustule nano-and micropattern and
incident light. In the natural environment, light usually falls on diatoms from the outer
(convex) side, but it is quite possible that it can also be affected by the inner (concave) side

when passing through the cell.
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T ARSUOBRSNZRARI Gt Siugsulss occurs due to the interaction of light

waves with the complex surface structure of the frustule. The pores and ridges on the
frustule’s surface act as diffraction gratings, which split the incident light into a spectrum
of colors and produce interference patterns’. This phenomenon has been observed in many
different species of diatoms and has been studied extensively for its potential %ﬂications
in optics and photonics. The diffraction patterns produced by diatom frustules can be used
to create high-resolution optical devices, such as lenses, filters, and diffraction gratings,
that are much smaller and more efficient than those currently available. By understanding
the principles behind this phenomenon, scientists can develop new technologies {RALNK,
RS RRIUS S AAFDINRRIGRICRIRARISDOIS IR AXaU3DLe. The interaction of
light with the complex internal structure of diatom frustules can be described
mathematically using the theory of wave propagation in periodic structures. This theory
predicts that the propagation of light in diatom frustules is an interference of scattered,

diffracted, and reflected Waveg]

2.4.2 Light focusingér’ concentration

Light focusing works by the diatoms harvesting photons from light, which are then
scattered and refracted by their cell walls and directed into a single point. This allows the
diatoms to concentrate the light into a specific area which can be used for photosynthesis
or other metabolic processes. The process of light focusing in diatoms is important for the
survival of the species, as it allows them to absorb more light for photosynthesis and

therefore create more energy for the organism. Furthermore, the diatoms can use this
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focused light to detect potential predators or food sources, allowing them to quickly react
and avoid danger.

The focusing of light in diatoms has been studied extensively in the past, with some
researchers suggesting that the diatom cell walls may even be able to focus light more
efficiently than some optical lenses. In the study by De Stefano et al.’®, the light
concentration and focusing ability of Coscinodiscus wailesii (C. wailesii) were studied
using a red laser beam with a diameter 100 pm, gaigh showed that the beam diameter was
reduced by about 12 times at a distance of 104 pm from the valve position, acting like a

lens, as demonstrated in Figure 16.
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Figure 16. Left: The intensity distribution of the transmitted light at the distance (z)

of 4 um (top) and 104 pm (bottom): the red line is the experimental recorded one, the black
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line is the numerically estimated. Right: The corresponding images of the diatom surface

recorded by a CCD at the two distances considered.>®

The focusing of light to a smaller diameter at a certain distance from the valve was
due to the way the light waves passed through the valve's areolae. While the authors of the
study attributed such behaviour to the coherent superposition of the transmitted unfocused
wave through quasi-regular areolae, De Tomassi et al. explained it by the regular pore
pattern and the superposition of the diffracted wave fronts.>”

The focusing distance of the laser beam was found to be wavelength dependent,

with different wavelengths (532, 557, 582, and 633 nm) m

distanges, (130, 115, 110, and 105 um), as shown in studies on C. wailesii (Figure 17)>° and

Arachnoidiscus sp., where a 633 nm laser beam was Gopdoedatadistarce 163 um.*°
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Figure 17. Distance z* of maximum intensity of the transmitted spot as a function
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of the wavelength of the incoming light beam. >
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In that way, the spatial distribution of the pores in the periodic structure of the valve
affects light propagation, so the valve can be considered as multifocal lens. Romann et al.?
investigated waveguide ability and multifocal lens properties of Coscinodiscus centralis
and C. wailesii using confocal hyper-spectral imaging and found that multiple light cones
were transmitted through the centric valve at several wavelengths, including 485, 535, 625,
and 675 nm. Additionally, they showed that the intensity of transmitted light depends on
the orientation of the valve, with light intensity decreasing when the incident light
illuminates the internal side of the valve and increasing when it illuminates the external
side.?” The experiment also found that tilting the incident light at an angle of 10 degrees
did not change the concentration behavior of the frustule. This suggests that the material is
able to maintain its optical properties even when the angle of incident light is changed,
which is important because it suggests that silica-based biomaterials may have potential
applications in industries that require stable and consistent optical properties, such as in the
production of optical fibers or lenses. However, it is important to note that this experiment
was conducted on a limited number of species and further research is needed to fully
understand the optical properties of silica-based biomaterials in different environments and
with different spetéuj.

The light trapping ability of Coscinodiscus sp. in photovoltaic application was
demonstrated in the study by Chen et al. The first band diagram simulations for valve and
girdle bands of Coscinodiscus granii (C. granii) showed that the generated gxs{als
phtouissuuades depend on the periodicity of the structure, slab thickness, and incident

wavelength.®! However, some authors suggested that to exhibit a complete 2-D photonic
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crystal band-gaps, a refractive index contrast in the material of about 2 is needed.®? Overall,
light %]using in diatoms is a fascinating example of nature’s ability to create efficient and
effective optical solutions.

In the experiment conducted by Kieu et al.® C. wailesii diatom valve was fixed on
top of an optical fiber and irradiated with a coherent supercontinuum broadband laser%@
agangs of 400-1700 nm in a small region of about 20 micrometers in order to study the
diffracted and transmitted light through the valve as a function of the lattice constant in the
periodic structure. When the valve was irradiated with different wavelengths at different
angles, it generated colorful transmitted pagiuys in a hexagonal pasiay (Figure 18), as a

result of the interaction with the periodic structure of the diatom valve.

Figure 18. Optical images of the diffraction patterns obtained from the different

regions of C. wailesii valve. a) No diatom was present in the beam path. b-d) The frustule
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valve was present in the beam path. The color of the central spot changed according to the

location of the partial photonic band gap. ¢

@A study performed using a microfiber spectroscopic method found that the
cylindrical frustule of the diatom Melosira variance (M. variance) has%@e},ggiyq;ws}gl}i;{;‘V
chractsustica that assist light absorption depending on the orientation, with a
transmittance valley observed between 400 and 500 nm when irradiated through its internal
side, but not when it was irradiated perpendicular to the silica side wall, as shown in Figure
19%. The periodicity of the refractive index in the structure was found to be related to the

observed transmitted spectra.
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Figure 19. Transmittance spectra of a frustule using the following alignment: a)
Incident light passing through the side wall of the frustule, b) Incident light passing through
the frustule perpendicular to the side wall. Optical microscopy images of: c¢) parallel, d)

perpendicular alignments. %
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2.4.3 Light filtration

Light filtration is an important process in the life cycle of diatoms. To produce
energy and food in the process of photosynthesis, they need to be able to access light in the
water. However, light levels can vary, so the diatoms must have to filter the light in order
to get the most out of their photosynthesis. Diatoms use their cell walls to absorb some of
the light that enters their environment. The cell walls are made of a transparent silica, which
allows most of the light to pass through. However, some of the light is filtered out as it
passes through the diatoms’ cell walls which helps them better regulate and take advantage
of the light that is available. In addition to filtering out some of the light, the diatoms’
frustules also act as a physical barrier to protect them from predators. Many of the
microscopic predators in their environment cannot penetrate the frustules, so they are able

=

In several studies, the ability of diatoms to act as light filters has been researched,

to stay safe and conserve energy.

both for their fundamental properties and possible technological applications. Despite the
fact that diatoms use blue and red wavelengths of sunlight for photosynthesis, an excessive
supply of blue light can cause living cells to generate active oxygen molecules. Ellegaard
et al.>® investigated the protective properties of frustules and found that the frustules of
certain diatom species were effective at protecting cells from harmful radiation. The
samples were more transparent to the light in the visible range of the spectrum, than in the
UV range, as shown in Figure 20. However, for UV-mediating effects, it is necessary to

consider the periodicity of the large holes, the refractive index contrast between the frustule
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and the medium, the orientation of the valves, the degree of the coverage of a layer of

frustules.
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Figure 20. Transmittance spectra for: a) Coscinodiscus concinnus (C.
coscinodiscus), cleaned frustules. b) C. granii cleaned frustules. ¢) C. concinnus, dried cells
with cell content. d) C. granii, dried cells with cell content. The reference spectrum is the

UV-transparent quartz silica microscope glass plate with nothing on top of it. >

M. varians frustules exhibit wavelength-dependent filtering behavior, with
enhanced transmission of red light and absorption in the blue range®. On the other hand,
Ferrara et al. showed that circular valve of Arachnoidiscus sp. absorb more green and red
wavelengths®., UVB light is weakly transmittedw, which was
in agreement with simulations. Table 2 summarizes the studies on optical properties of

diatoms.
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Table 2. Summary of studies on optical properties of diatoms

Species Method Main results References
C. wailesii Spectroscopy The beam diameter was reduced by about 12 58
times at a distance of 104 pm from the valve
position
C. wailesii Spectroscopy Focus distance depends strongly on the 3
wavelength.
Arachnoidiscus sp. ~ Spectroscopy, A 633 nm laser beam was confined at a distance 60
digital holography 163 um.
M. variance Microfiber Light absorption depending on the orientation, 64
spectroscopic with a transmittance valley observed between
method 400 and 500 nm when irradiated through its
internal side
C. granii & Spectroscopy Valves more transparent in the visible region 36
concinnus than in UV region of the spectrum
C. wailesii & Confocal Light trapping depends on wavelength and the »
C. centralis hyperspectral valve orientation, but not on the incident angle
imaging
C. granii Spectroscopy The generated crystal photonics modes depend 62
on the periodicity of the structure, slab
thickness, and incident wavelength
M. variance Spectroscopy Enhanced transmission of red light and 65

absorption in the blue range
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2.4.4  Photoluminescence

Diatom shells contain various pigments, including chlorophylls and carotenoids,
which absorb light and transfer the energy to other molecules, resulting in the emission of
light, or luminescence. The photoluminescence (PL) properties of diatom algae have been
extensively studied in recent years due to their potential use in bioluminescence

applications. According to studies®®-¢7

, upon illumination of the porous silicon (Si) and
porous silica (SiO2) by UV wavelengths, they emitted PL peaks in the visible spectral
region.

The PL properties of diatom algae have been studied using spectroscopy,

1.8 showed that the intrinsic

fluorimetry, and imaging techniques. De Tomassi et a
photoluminescence from frustules is strongly influenced by the surrounding atmosphere,
since during the exposure to gases, the induced luminescence changes in the optical
intensity and position of peaks. Photoluminescence responses of Thalassiosira rotula
valves when exposed to different gases and volatile substances were demonstrated in the
study by De Stefano et al.° The frustules were irradiated by a He-Cd laser (325 nm), which
resulted in a multiband PL between 450 and 690 nm. Such result was attributed to oxidized
silicon nanocrystals (533 nm), porous silicon (609 nm), and hydrogenated amorphous
silicon (661 nm).

The PL properties of the frustules were then tested with different gases. The valves'
PL was quenched with electrophilic gases, which are attracted to electrons, while it was

enhanced for nucleophilic ones, which are attracted to positively charged ions. For

example, the PL was quenched when exposed to NOx(,) flux, showing high sensitivity in

79


ShuvaS
Highlight

ShuvaS
Note
This information is not important for understanding of PL. It's the wavelength that is important...


the order of sub-ppm level, as shown in Figure 21. This sensitivity was strongly dependent

on the structure, porosity, and gas nature.”
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Figure 21. Thalassiosira photoluminescence spectrum in dry air (continuous line),

in 167 ppb of NO; in dry air (dashed line) and in 10 ppm of NO; in dry air (dotted line). 7

Some studies demonstrated the photoluminescence of chemically modified
diatoms. For example, the results obtained by Townley et al. showed that intact frustules
exhibited a broad PL peak in the range of 500-650 nm upon irradiation with 442 nm laser’".
However, frustules that were grown with nickel sulfate showed a quenched PL, meaning
that their PL properties were suppressed. This suggests that the chemical modification of

frustules can affect their PL properties. De Stefano et al.”? found that green PL of diatoms

peaked between 520 and 560 nm, can be attributed to fhg,, Si—H groups, but also to the

presence of nanostructures which
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Antibody doped frustules showed high sensitivity (1.2 + 0.2 nm-uM ") and detection limit
(100 nM™!) when irradiated by 325 nm laser’?, while frustules from Psammodictyon
panduriforme exhibited emission peaks at 417 nm and 534 nm due to oxygen-vacancy
defects”. Under pulse laser excitation, the results showed a single narrow emission peak
near 475 nm, which may be explained as a consequence of a putative quantum confinement
effect due to the mesoporous silica and the quasi-regular pores in the frustules' structure.

The PL spectra obtained in the study are shown in Figure 2273
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Figure 22. The micro-photoluminescence spectra of diatom frustule were measured

by: a) 325 CW laser and b) 355nm pulse laser acted the excitation laser sources.”

Arteaga-Larios et al.”* studied the UV-excited photoluminescence emitted by the
diatoms and compared it between both species of diatoms, of different ages, and with the
PL of synthetic porous SiO. They also conducted morphometric analysis of the size and

arrangement of pores to observe any correlation with the PL of two diatom species of
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different ages. The UV-excited PL displayed four clearly defined peaks within the blue-
region spectrum, on top of the broad PL characteristic of synthetic porous silicon dioxide.
The observed PL shifts are correlated with a substantial increment of Si-OH groups
adsorbed on the frustule surface, as revealed by Fourier transform infrared spectroscopy.

As suggested in the study’>, the different defect states in the material cause different
levels of electron excitation, which in turn causes the emission of light in the blue and green
regions. The oxygen defect centers, specifically, allow for the emission of light in the blue
region, while the neutral oxygen vacancy and self-trapped excitons are responsible for the
emission of light in the green region.

All above mentioned studies have provided valuable insight into the
photoluminescence properties of diatom algae and their potential applications. For
example, they could be used to detect the presence of pollutants in aquatic environments
or to illuminate underwater structures. In addition, diatom algae can be used to create novel
materials for optical displays and sensing applications. However, further research is needed
to fully understand how these properties arise and what factors influence their intensity and

spectral characteristics.

2.4.5 Potential applications based on the optical properties

In addition to their YsUl RRREAASDEADUSULKADSTIRS of diatoms have practical

applications and have inspired new technologies. Their sensitivity to changes in the
environment around them means that diatoms can be used as biosensors to detect chemicals

or other factors. The nanoscale structures of diatom cell walls have also inspired new
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approaches to nanofabrication, such as using diatoms as templates to create replicas of their
pores and ridges in materials like metals, plastics, and ceramics. Diatoms demonstrate how
intricately patterned microscale structures can be engineered to produce remarkable optical
effects and nanoscale phenomena.

Fi%e 23 summarizes optical properties and some of the potential applications of

diatom biosilica.

Figure 23. Diatom biosilica optical properties and their potential applications

Aulacoseira and Thalassiosira frustules have been employed for detecting trace
amounts of pure gases such as NO(g), Ha(g), and NO»(g)"*’¢. Diatoms have the ability to
trap light, which can enhance the amount of light harvested by solar cells®>. In addition,
frustules from diatoms can be modified with TiO2 to improve the efficiency of Dye
Sensitized Solar Cells (DSSC) technology”’.
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Diatoms can be modified with molecules that can endow them with an ability to
attract specific target molecules or pathogens. Researchers have experimented with the
immobilization of proteins, antibodies, DNA and other biomolecules on the surface of
diatom shells that can interact with a specific analyte, leading to detectable optical changes.
Photoluminescence modulation in antibody functionalized diatom frustules of Amphora sp.
was used by Viji et al.”® to detect BSA protein at mM level, whereas Selvaraj et al.” used
the same species to detect Salmonella typhi at detection limit of 10 pg. The review of
diatom-based biosensors is provided in the article’.

Biosilica has potential for photonics applications due to the nanoscale 3D structures
of frustules, which can be modified with luminescent dyes for %—M luminescent
materials and used as nano-plasmonic sensors for label-free chemical and biological

sensing.308!

=

2.5 The modification and applications of diatoms

There are different ways g{madificaiionfdigta algae that can transform them
into a custom-designed micro/nanomaterial with desirable properties for various
applications.?
2.5.1 Surface modification

One of the most common methods of diatom modification is surface modification,
which aims to enhance the surface properties of the diatom algae, such as hydrophilicity,
surface charge, and increase the surface area for higher catalytic activities. Surface

modification can be achieved by changing the chemical composition of the surface using
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various techniques such as chemical treatment, plasma treatment, or thermal treatment.
Some of the most widely used functionalization approaches include noncovalent and
covalent functionalization and chemical conversion of diatomite®*. The surface of siliceous
diatom frustules containing reactive silanol (Si-OH) groups can be readily modified with
different functional groups, such as —SH, -NH2, -COOH, —CHO for the immobilization
of different biomolecular probes (DNA, proteins, antibodies)®* and drug loading®>®°.
Schematic representation of different functionalization techniques for pharmaceutical

applications are shown in Figure 24.%

Figure 24. Schematic representation of the surface modification techniques used in
pharmaceutical applications. NP: nanoparticles. Small interfering RNA (siRNA); Vitamin B
12 (Bi2); Iron oxide nanoparticles (Iron ox. NPs); Fluorescent dye (Fluo. dye);
Photoluminescent compound (PL); Carbon monoxide-releasing molecules (CORMs); Nitric

oxide releasing molecules (NORMs); Scavengers of reactive oxygen species (ROS scav.). %
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2.5.2 Genetic or metabolic modification

Diatoms' genes can be modified or transferred to enhance their properties. Genetic
modification can be achieved using various techniques such as gene cloning, transfection,
or CRISPR-Cas9 gene editing”'®*. Genetic modification can alter the structure and
composition of the diatom cell walls, enhancing their desirable properties, such as efficient
CO; fixation, higher lipid production, and increased tolerance to environmental
challenges.”® Moreover, diatoms can be bioengineered by modifying their metabolism
pathways through genetic or metabolic engineering. This method aims to optimize the
metabolic pathways of diatoms for the production of desired products such as biofuels,
high-value chemicals, and proteins. Bioengineering of diatoms can be achieved by
overexpressing the genes involved in the desired metabolic pathways, or by deleting the
genes involved in the non-desired metabolic pathways.
2.5.3  Incorporation of nanoparticles

The incorporation of nanoparticles into the diatom frustules can enhance the
structural, optical, and electrical properties of diatoms. Nanoparticles can be incorporated
into diatoms via electrostatic or bio-mineralization processes, enhancing their properties
such as increased catalytic activity, improved mechanical strength, and higher optical
absorption.

The possibility to insert semiconducting or metallic elements, such as

55,94,95 96-98 101,102
2

germanium , nickel’!, titanium”®-%8, aluminium®, europium!®, tin'!, zirconium
in diatom frustules for applications in sensing, optoelectronics, solar energy harvesting,

catalysis, and biomedicine is thoroughly explained in the review!®. Losic and co-workers
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demonstrated the functionalization of diatomaceous earth with T%Jmine-modiﬁed iron-
oxide nanoparticles and proved their capability to be used as magnetically guided micro-
carriers for non-invasive and targeted drug delivery.®” Silver nanoparticles/diatomite
nanocomposites exhibited antibacterial effect against infectious pathogens.!%4103

Jantschke et al. used two approaches—covalent linking and layer-by-layer
assembly (LbL)—to decorate diatom frustules with noble metal (Ag, Pt, Au) and
semiconductor (CdTe) nanoparticles for surface-enhanced Raman spectroscopy (SERS) of
components, for catalysis, and to obtain enhanced image quality in scanning electron
microscopy.!% Fischer and co-workers used a [;:%ialent-coupling method to prepare gold
nanoparticle-decorated diatom biosilica and successfully applied the obtained catalysts for
the oxidation of D-glucose to D-gluconic acid.'”” Pannico et al. used a method based on
electroless deposition of gold to cover diatom frustules and showed that such composites
could be used as a support for SERS.!® According to the study by Kong et al., plastaoiis,
SARRRAtIRIS A deratsdadiiomrita, served as a lab-on-a-chip device for on-chip
chromatography and label-free biosensing of small molecules from complex biological
samples.'?”

Moreover, an ultrasensitive SERS immunoassay based on diatom biosilica with
integrated gold nanoparticles has been developed for the detection of interleukin 8 (IL-8)
in blood plasma.''® The results confirmed that diatom frustules increase the sensitivity of
the immunosensor when compared with a conventional flat glass-based sensor. It was also
demonstrated that diatom shells functionalized with gold nanoparticles via a photo-

deposition process could be used for the harvesting and detection of biological analytes,
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such as bovine serum albumin (BSA), and chemical pollutants (mineral oil) in low dilutions
down to 107'® M for BSA and 50 ppm for mineral oil leading to applications in
biotechnology, medicine, safety, monitoring and control of environmental hazards.!!!-!12
Polyethylene glycol (PEG)-modified diatomite dec%ed with gold nanoparticles by one-
pot liquid-phase synthesis demonstrated the potential for usage as advanced nanodevices

adding imaging features to the nanocomplexes.!'!?

Recently, Bracefio et al. showed that
diatom biosilica modified with gold nanoparticles by In-situ and Ex-situ methods
represents a promising candidate for controlled release of the gentamicin in simulated body
fluid.!'* The experimental findings showed that while In-situ method resulted in a slower
release, the Ex-situ method showed a faster release of gentamicin by using gold/cetyl-
trimethylammonium bromide (CTAB) nanoparticles.

2.5.4 Physical modification

Physical modification methods, such as mechanical milling or sonication, can be
used to change the size and morphology of diatoms, enhancing their properties such as
increased surface area, porosity, and size distribution. This method can also be used to
reduce the size of the diatoms, making them more suitable for applications such as drug
delivery and tissue engineering.®?

% 2.5.5 Different applications of diatoms

The abundance and versatility of diatoms opens up wide opportunities for choosing
the optimal types of structures with desirable characteristics. Nanostructured silica

exoskeletons of diatoms are readily available both through cultivation by aquaculture

methods and through the extraction of diatomite, widespread sedimentary rock, which is
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widely used for the production of refractory and heat-insulating materials, as feed in animal
husbandry, for filtration and sorption of various substances, including oil spills'!®>. These
applications exploit the standard features of diatom frustules — the chemical composition,
the developed multilayered structure and the presence of an internal cavity as a thermal
barrier. At the same time, such features of the specific structure of diatom exoskeletons as
a diverse morphology and complex topology of nanosized pores, which determine the
spectrum of natural vibration frequencies, as well as structural characteristics (stiffness and
strength under quasi-static loading), have not yet been used in engineering devices.

The particular spatial organization of nano- and micropores of the diatom frustules

offers promising prototypes of functional systems and elements for targeted drug

116,117 118,119 121

delivery , electrochemical energy storage , photovoltaics'?’, metamaterials'?!,
catalysis'?>!23, filtration!?*, metal modification and removal'®*'?> and many others!'26-128,

Some potential applications of diatoms are schematically represented in Figure 25.

Figure 25. Qiffexgnt applications of diatoms.
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2.6 On the MEMS perspective
The requirements of small size, specific optical properties, low density and high

129,130 and

strength are important for numerous applications, especially in silicon photonics
for MEMS!?!:132 a5 well as nanoelectromechanical systems (NEMS). The interest in diatom
frustules as prototypical photonic crystals for microelectronic technology arose relatively
recently and has already been reflected in a number of high-profile publications’”-83:125.133-
136, Dimensional and structural correspondence between diatom exoskeletons and devices
such as photonic integrated circuits (PICs) and MEMS for high-sensitivity microphones
serve as a starting point for seeking further opportunities to create nanotechnology
components using biomimetics and biotechnology!*’. To underpin the development of
theoretical concepts in this area, comprehensive studies are required to include structural
and mechanical characterization which remain small in number and limited to specific
diatom species. Consequently, studies devoted to the possible use of diatom frustules as a
basis for MEMS elements!**!3° rely on unproven hypotheses or numerical simulation
results!*’ that need validation.

Successful fabrication of nanostructured silicon structures reduced from
diatomaceous silica earth and firmly integrated into silicon wafers shows that neat
nanostructured objects obtained in the framework of the BANSAM paradigm’#>126 can be
readily applied as elements in smart electronic chip technologies. Since diatoms are able

to colonize silicon monocrystalline wafers®?, a simple technique of guided, highly precise

deposition of single diatom cells might be developed for mass production of NEMS and
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MEMS containing diatom frustules as an integral part of a sensor, such as a microphone,
or an energy harvesting element.

The description of vibration behavior for a single openwork architected element is
a relatively simple task for modern computational math. Numerous finite element analysis
(FEA) or finite element modelling (FEM) software packages are available on the market
such as Ansys, COMSOL and many others. These software tools are capable of predicting
main modes of vibrations and eigenfrequency spectra processing 3D-meshed geometrical
models of diatom frustules fixed to the infinitely thick substrates in a manner (boundary
conditions). Figure 26 exemplifies typical results of FEM analysis of diatom frustule

vibrational patterns'3’.
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Figure 26. Mode shapes and natural frequencies of Coscinodiscus sp. (centric) and

Ulnaria acus (pennate) observed in the simulation using COMSOL Multiphysics. !*7
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Calculated values of eigenfrequencies of Ulnaria acus and Coscinodiscus sp. are
as high as 7-17 MHz, which is undoubtedly very attractive for NEMS and MEMS elements
and microelectronics in general. It is important to note that elastic modulus of amorphous
hydrated silica (22.4 GPa) was input for calculations. One can suggest that the reduction
of silica to silicon will increase eigenfrequencies a few times due to the dimensional
thinning and material stiffening (Young’s modulus of silicon is 140-180 GPa). The values
of calculated eigenfrequencies for the geometrical models of diatoms are in good
agreement with the data of photoacoustic measurements, which we recently conducted for

several species of live diatoms!>!141:142

. Live diatoms, as believed, absorb the energy of
laser pulses in chlorophyll molecules and convert some part of absorbed energy to a wide
spectrum of vibrations resonating with frustules’ vibrations at eigenfrequencies.

The drawback of this computational Math applied to this aspect of diatom science
is quite obvious — simple 3D geometrical models of frustules capture the rough details of
frustules neat architecture only. Two approaches can be put forward to deal with difficulty:

- Parametrization of a simplified analytical solution adopted from continuum
mechanics of thin shells as we demonstrated at the paper by Abdusatorov et al.!*’

- the development of destructive (through FIB-SEM milling — Figure 27) or non-

destructive tomography (e.g., using ptychography with help of synchrotron coherent beam

— Figure 28).
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Figure 27. The example of FIB-SEM milling of diatom species (destructive

method).’

~AVAN

Figure 28. Ptychography of Aulacoseira diatom cells (courtesy of T.E.J. Moxham,

University of Oxford / Diamond Light Source, U.K.).

93



Parameterization techniques are relatively simple since they require g calibration
and fitting of few parameters for the series of vibration modes, the i-th eigenfrequency of

which obeys to formula’!37:

w; X %% [ai£ + bi] p; (g) (D

where E, p, D, d and t are Young modulus, density, diatom principal size (outer
diameter for centric and longest size for pennate diatoms), pore diameter and frustule
thickness, respectively.

Parameters @; and b; as well as morphology factor P; are to be fitted and
experimental measurements are vital in this case in order to retrieve the values of

parameters from the correlation analysis.

pAtsulan pxanstiss, — mechanical (static and vibrational for MEMS), optical (light

confinement, focusing and diffraction) and hydraulic (fine filtering).
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Chapter 3. Materials and methods

3.1 Diatom algae cultivation
3.1.1 Sampling diatoms from natural populations. Isolation and introduction into clonal

cultures of certain species of diatoms. Cultivation of various types of freshwater

and marine diatom algae

Marine diatoms were isolated from planktonic and benthic samples. Clones of
radial centric diatoms Coscinodiscus oculus-iridis (Ehrenberg) Ehrenberg and
Coscinodiscus sp., were subsequently isolated from the plankton samples at the surface
water layer (depth of about 1-2 m) in the Tsushima Strait to the north of Okinashima Island
and from the pier of the Karadag Scientific Station (Crimea), respectively. A benthic
sample was taken in the form of a scraping of fouling from the surface of stones at a depth
of about half a meter in a small bay near the settlement of Caleta de Caballo (Lanzarote
Island, Canary Islands archipelago) and the polar centric diatom Biddulphiopsis titiana
(Grunow) von Stosch & R. Simonsen was isolated from it. The samples were placed in
plastic containers and delivered to the laboratory of algae and microbiota of the Karadag
scientific station'. All diatom samples were isolated by micropipetting single cells of
diatom species of interest, which gave rise to clonal cultures!'**. According to the Medlin
and Kaczmarska system!'®, C. oculus-iridis and Coscinodiscus sp. belong to the class
Coscinodiscophyceae, while B. titiana belongs to the class Mediophyceae. Clonal marine
diatom cultures were kept in 100 ml Erlenmeyer glass flasks filled with 40—50 ml medium.

A modified ESAW medium was used as a culture medium!#®. ESAW medium is an
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artificial sea water with a composition similar to natural sea water. To maintain the
exponential growth phase, the cultures were reseeded once every 7—10 days. The culture
flasks were placed in a room kept at 20 + 2°C near a window oriented to the north to prevent
direct sunlight.

Benthic diatom species K. amoena were collected from the tidal zone of Gdansk
Bay, Baltic Sea in the area of Zelenogradsk, in early June 2016'°. The salinity of the
interstitial water across the collection sites, as well as the water salinity of the tide pools,
was 5 ppt. Samples were collected in the mid-littoral zone during the low tide in the form
of strips of sand with a width of 1.5 cm, length up to 15 cm and a depth of 0.7 0.9 cm, by
using a 0.5-1 polyethylene terephthalate (PET) bottle. Then, the sample container was filled
with water from a nearby tide pool. The specimen was not fixed, but it was preserved alive
and subsequently delivered to Moscow. The material in the bottle was placed on the
windowsill of the laboratory to ensure natural diffuse lighting and an alternating day/ night
regime. The temperature ranged from 17 to 26 °C, and the material was kept in the same
plastic bottle for 3 years. The cap of the bottle was slightly loose so as not to hamper the
gas exchange between the internal space of the container and the external environment and
accommodate room temperature variation. The water capacity of the sample (water + sand
at the bottom of the bottle) was 400 ml. The amount of water evaporated from the sample
container was recovered by trickling distilled water down the inner wall of the bottle, once
the evaporation achieved more than 5 mm from the initial level. This was done to avoid
the fouling diatoms inhabiting the PET bottle close to the water surface being osmotically

stressed. During the growth period of the accumulation culture, no minerals were fed. At
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the end of June 2016, we observed microscopic colonies of K. amoena on the surface of
sand grains in the ground sample. Permanent preparations were used to identify the species.
The frustules were purified from organic components with concentrated sulfuric acid and
were embedded in rosin. The macroscopic monocultural colonies of K. amoena, appearing
as brown spots with ramified edges (diameter, 2—3 mm), were observed on the inner surface
of the PET bottle in October 2017. By mid-July 2019, a complete brown coating had
already been formed by the colonies on the inner wall of the bottle. As part of this coating,
K. amoena cells were arranged in a dense one-layer pattern and formed a complex
ornamented mosaic.

Freshwater diatom strains Amphipleura sp. (strain Ne Ov 466), Asterionella
formosa (BZ 33), Hannaea baicalensis (BK 479), Nitzschia graciliformis (BK 611, 2.5BK
576), Ulnaria acus (15K 595), Achnanthidium sibiricum (256) and Encyonema silesiacum
(459) were isolated from the natural populations of the lake Baikal and river Yenisei. Cell
isolation into monoclonal cultures was carried out according to the previously described
protocol in the Limnological Institute, Siberian Branch, Russian Academy of Sciences
(Irkutsk, Russia)'#’. Freshwater diatom cultures were grown on DM medium'#® in flasks at
around 8 °C and illumination of 16 uM ms! using a 12/12 hour artificial light/dark cycle.

All cultures were successfully delivered to Moscow and grown at the Skolkovo
Institute of Science and Technology in T-25 culture flasks (Eppendorf, Germany) in a
volume of 40 ml. Freshwater diatoms were grown in refrigerators equipped with a

phytolamp to provide optimal illumination at a temperature of 10 £ 1 °C, while marine
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cultures were grown in natural diffused light, on the laboratory windowsill, with alternating
day and night, in the temperature range from +19 to + 22 °C.
3.1.2  Cultivation of diatoms in the incubator

Some part of the freshwater diatoms (4. sibiricum, U. acus, E. silesiacum) has been
grown in a specially designed incubator in cell culture flasks "T-25" (Eppendorf,
Germany), with sterile filter caps, which provide the gas exchange between the internal
space of the flask and the external environment. Each flask contained approx. 30 mL of
DM medium. The cultivation temperature was maintained at about 12+ 1 °C, while the
blue and red light-emitting diodes (LEDs) with a 12:12 day-night cycle promoted the
growth of the strains.

The Algae reactor'#:14214% consists of two parts: the control unit, maintaining
suitable conditions for diatom algae well-being, and the growth chamber. The entire reactor
is powered by a 220V AC, transformed into 12V by two independent power supply units
(50W for light controlling and 150W for water cooling system). The control unit consists
of two independent circuits: the first to control the day-night regime and light brightness,
the second one for thermal regulation placed in the PC case. A dry-contact time relay (220V
supply, 12V regulation) provides the day-night cycle with the ability to set on and off by a
day of the week and time of day. In the same circuit, a smooth PWM light power controller
with an operating frequency of 10 kHz (which prevents flickering of the lighting) is
integrated. '41-142.149

In the thermal regulation circuit, the purified water from the growth chamber is

sucked by an impeller pump into a water block located on the 80W Peltier element's cold
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side. The hot side of the Peltier element is cooled by a maintenance-free liquid cooling
system with a peak dissipated power of 250 W. Feedback of the Peltier element and the
pump is carried out through continuous temperature monitoring by a thermostatic
controller with two sensors at the point where water is sucked into the system and water is
released back into the core chamber. This way, the temperature inside the growth chamber
could be maintained down to 10°C with high precision. The control unit is combined with
the growth chamber with quick-release connectors on the rear panel: a 3.5 mm jacks for
temperature sensors and a 12V DC-DC connector for power supply and control of the
lighting system. Two silicone hoses connect the water circuit to the pump and the chilled
water block. The growth chamber is a vessel, the walls of which are insulated with layers
of foamed polyethylene to maintain the temperature. Inside the growth chamber, a rack is
located, in which the temperature sensors and the inlet and outlet hoses are mounted. Inside
this frame, another frame on which the cultural flasks with diatoms are rest. On the top
cover of the growth chamber, made of 8 mm acrylic (thermal barrier), a lighting system is
mounted: two LED strips with LEDs that correspond to the bands of maximum light
absorption by chlorophyll (phyto light). The strips are stacked to the aluminum profile,
which is both a supporting structure and a radiator, and are directed to the cultural flasks

at the bottom. The scheme of the incubator is shown in Figure 29.
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Figure 29. A scheme of the diatom algae incubator”Z%]

3.2 Monitoring of the growth of diatoms
3.2.1 VIS SpectrumCT In vivo Imaging system

The IVIS SpectrumCT In Vivo Imaging System (Xenogen Corp., California, USA)
was used to monitor the growth of diatoms during long-term cultivation. Different diatom
cultures (4. sibiricum, Coscinodiscus sp., Biddulphiopsis titiana and Ulnaria acus) were
monitored over a long period of time up to 100 days. Visualization of samples cultivated
in 40 ml cell culture flasks was carried out without preliminary sample preparation. The
frame with flasks containing diatom cultures cultivated in the incubator was transferred
directly from the incubator to the chamber of the setup for monitoring. The fluorescence
signal was excited by optical radiation at a wavelength of 465 nm and recorded at 680 nm.

The images were acquired and analyzed with Living Image 4.7.3.141,142,149
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Besides, suspensions of diatoms in a 96-well plate and diatoms mixed with agarose
gel were also visualized. To prepare diatom-agarose phantoms, in one case, 3 uL of a
diatom suspension was mixed with 7 uL of 1 % agarose gel (A9045-5G, Sigma Aldrich,
Germany) and pipetted into a petri dish. In another case, 15 pL of diatoms were mixed with
35 uL of melted agarose. Agarose drop served as a reference sample. 142
3.2.2  Spectroscopy measurements

To verify the results, fluorescence spectra were obtained using an Infinite M Nano+
spectrophotometer (Tecan Trading AG, Switzerland). The fluorescence excitation
wavelength was 465 nm, and the emission was recorded in the region of 620-750
nm, 5141142149130 The gbsorbance spectra were also collected in the wavelength range 400—
700 nm on the specific days during cultivation. '41-142.149
3.2.3  RSOM monitoring

To monitor the growth of diatoms using RSOM Explorer P50, cultures of A.
sibiricum (strain 256), C. oculus-iridis (strain 0.1211-OD), Coscinodiscus sp. (strain
21.0407-OA), B. titiana (strain 0.0212-OH), and U. acus (strain 15k 595) were mixed with
agarose gel and measured on the certain days during cultivation. For this purpose, a mixture
of 3 ul of diatom suspension with 7 pl of 1% melted agarose was prepared. Drops of
diatoms immersed in agarose gel were pipetted onto the bottom of a Petri dish and, after
solidification, filled with deionized water to ensure coupling between the ultrasonic sensor
and samples. Diatom-agarose drops were scanned with a scanning step of 20 pm and the
field of view up to 12 x 12 x 3 mm. The images were processed using the ImageJ software.

The average pixel intensity in the region of interest was found from the MIP RGB images
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by analyzing color image histograms that show the average pixel intensity for the red (11-
33 MHz) and green (33-99 MHz) channels. 141142
3.2.4 Monitoring of the growth of diatoms using microfluidic cell

For in situ monitoring of the process of growth and division of diatoms, a
microfluidic cell was developed with the ability to adjust the temperature (from 10 to 40
°C), medium flow rate (1-6000 pl/min) and CO> content (0.01-5 vol.). The schematic
diagram of the monitoring device is shown in Figure 30.

The flow cell is made in the form of a microfluidic chip. The cell body was cast
from Sylgard 184 polydimethylsiloxane elastomer (Dow Corning, USA). The casting mold
was made by photopolymer 3D printing using SLA technology. A spacer was used to
prevent inhibition of polymerization of the elastomer. The flow cell has a central working
channel 1 mm wide, which in the middle has an expansion of up to 5 mm. This makes it
possible to reduce the flow rate in the region of observation of the growth of diatoms. The
entrance and exit from the channel are carried out using fluoroplastic tubes with an outer
diameter of 1 mm. To reduce the number of air bubbles in the tubes, a peristaltic pump
(Figure 30 (pump 1)) is installed at the outlet of the cell, and the cell inlet tube is immersed
directly into the nutrient medium receiver. A cavity is formed around the main channel in
the chip, forming a pressure suction cup. This cavity is connected through a PTFE tube to
a compact membrane vacuum pump. When creating a vacuum, the suction cup securely
presses the flow cell against the glass slide and provides a tight connection between the
main channel and the glass. Such a scheme of the device allow%}é to quickly disassemble

and assemble the flow cell for washing, it is very compact and easy to use. In terms of size,
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such a cell practically does not differ from a non-separable one and is installed on a

standard microscope slide with a standard preparation driver.
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Figure 30. Scheme of a setup with a microfluidic cell for monitoring the growth of

diatoms using optical microscopy

The cooling system of the flow cell is liquid. Two stainless steel tubes with a
diameter of 1.2 mm are installed in the cell body. The tubes are connected in series to the
cooling circuit. The presence of metal tubes built into the cell body allows it to be cooled
more evenly. As a cooler in the cooling circuit, a thermoelectric element (TV-71-1.0-1.3,
Kryotherm, Russia) with a copper heat exchanger is used, to which a coil made of a 2 mm
stainless steel tube is soldered, which is included in the cell cooling circuit. The reverse
side of the Peltier element is cooled by a copper-aluminum radiator, which is blown by a
fan. The Shenchen Lab V-1 peristaltic pump (Shenchen, China) is used as a pump in the

103



cooling system circuit (Figure 30 (pump 2). The flow rate in the cooling system is 2 ml/min.
A 40% aqueous ethanol solution is used as the coolant in the cooling circuit, since pure
water freezes in the heat exchanger when the flow cell is strongly cooled. A k-type
thermocouple is installed in the main channel to control the temperature. The temperature
is measured using a UNI-T UT325 thermometer (Uni Trend Group, China) connected to a
PC.

An aerator is installed in the nutrient medium receiver to accelerate the exchange
of gases between the nutrient medium and the gas receiver. The aerator pump constantly
pumps gas through the gas receiver and delivers it to the aerator atomizer. To control the
CO: content in the gas receiver, a sensor is installed, connected to the Hobbit-T-CO2 gas
analyzer (Informanalitika Group, Russia). CO> is supplied to the gas receiver from a
cylinder through a reducer and a throttle, which allow accurate dosing of gas in small
quantities. The division of diatoms was monitored by installing a flow cell in an inverted
fluorescent microscope NIB-FL (LOMO-Microsystems, St. Petersburg, Russia).

3.2.5 Monitoring of diatom concentration changes using photoacoustic imaging

Before measurements, K. amoena stock suspension was removed from the bottom
of the plastic bottle and was diluted 1:2 seven times. A 0.1-g portion of agarose (Low type
1-B, A-0576, Sigma-Aldrich, Germany) was mixed with 10 ml of distilled water at 120 °C
to obtain agarose gel. The concentration was determined with a hemocytometer (Goryaev’s
chamber). Different K. amoena concentrations (1080, 540, 270, 135, 67.5, 33.8 16.9, and
8.4 cells/pl) were mixed with agarose (3 pl of the suspension plus 7 ul of 1 % melted

agarose). K. amoena-free agarose and K. amoena—agarose mixtures (in descending order
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of dilutions) were pipetted into a petri dish that was subsequently filled with water and
placed in the imaging chamber of an RSOM Explorer P50 setup (iThera Medical GmbH,
Germany). The photoacoustic signal of the agarose-gel-embedded K. amoena was excited
by a Wedge HB frequency-doubled flashlamp-pumped Nd:YAG laser (Bright Solutions,
Pavia, Italy) at an excitation wavelength of 532 nm (repetition rate, 1-2 kHz; pulse energy,
200 pJ; pulse length, 2.5 ns). The agarose—diatom samples were scanned over an 11 x 11
x 2.5 mm field of view with a raster step size of 20 um. The axial and lateral resolution
capabilities of the RSOM system were 10 pm and 40 um, respectively. Induced
photoacoustic signals were detected with a custom-made spherically focused LiNbO;
detector (center frequency, 50 MHz; bandwidth, 11-99 MHz; focal diameter, 3 mm; focal
distance, 3 mm).!>:15!
3.2.6 Setup for optical monitoring of diatom concentration changes

An optical setup developed m)%]i;ggchanges in algae concentrations is shown in
Figure 31a-c.!>® A light emitting diode (LED) with a central wavelength of 505 nm was
used as a light source. This wavelength was chosen to match the absorption maximum of

152 presented in diatoms, such as fucoxanthin and beta-carotene*. The emission

carotenoids
spectrum of LED is shown in Figure 31d. Emitted light was coupled in a multimode optical
fiber with 105 um core for spatial filtering then collimated by f=7.5 mm aspheric lens,
passed through plastic cuvette with analyzed volume of algae suspended in nutrient
medium and measured by a linear photodiode (PD) with preamplifier (OPT101P, Texas

Instruments, USA). The data transfer between the optical system and the personal computer

was performed using a microcontroller Arduino Nano. The LED and the photodiode were
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powered by a 5V voltage source. The diameter of the probe light beam was 1.5 mm. The
PD square shaped photosensitive area size was 1.7x1.7 mm. Discretization frequency for
Arduino analog-to-digital converter (ADC) was set to 100 Hz. A python code was used to
read the data from Arduino, and calculate mean value and standard deviation over 12000
measurements during 2 minutes. To avoid external illumination influence, the optical setup

was covered with a non-transparent enclosure.
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Figure 31. Experimental setup for monitoring changes in the diatom algae
concentration. (a) Direct LED light coupling in multimode optical fiber. (b) Artistic
representation of an optical system for measuring the transmission of algae in a nutrient

medium depending on their fractional dilution. (c) Schematic representation of the
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experimental setup key components for transmission measurements. (d) Emission spectrum

of LED. 3¢

LED illumination was coupled into an optical fiber by placing the end of the optical
fiber to the LED light-emitting crystal at a distance of 200 pm. For this purpose, a 350 um
diameter hole was drilled in the LED transparent body under the optical control of a
stereomicroscope ADF S645. An optical fiber was placed in the LED drilled hole and fixed
using epoxy resin as shown on Figure 31b. The resulting output power of the LED light
output of the collimating aspheric lens was 8.5 pW. Mounting elements of the optical
system were produced by photopolymer printing approach.

To verify cell counting ability of the experimental setup, 7 diatom strains were
examined.!>® For optical measurements, 1.5 mL of each strain were put into a plastic
cuvette in the experimental setup. A custom python script was used to record light intensity
values for 2 minutes, and, subsequently, average them over measurement time and
calculate standard deviation. Then, for each strain the sample was diluted x1.154 times.
This new sample was placed into the experimental setup, and new light intensity values
were recorded. This procedure of dilution and measurement was repeated 11 times for each
strain. The well-plate with the same 12 dilutions for each of 7 diatoms strains was placed
into a spectrophotometer Tecan Infinite M Nano+ (Tecan Trading AG, Méinnedorf,
Switzerland). For all the initial diatoms concentrations extinction and fluorescence spectra
(the excitation wavelength was set to 430 nm) were measured. Then for each sample

extinction value and fluorescence intensity were measured. Extinction was measured at the
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wavelength of 505 nm. The fluorescence intensity was registered at 680 nm, when the

excitation wavelength was set to 430 nm.

3.3 Cleaning of diatom cells from organic components

Purification of diatoms from organic material by chemical (acid) treatment consists
of several stages. In the case of a marine culture in the initial medium, it is replaced with
distilled water for 3 days, after which the cells are washed several times with distilled water
to remove the remaining salts with centrifugation in a 5340 centrifuge (Eppendorf,
Germany) (500 x g, 5 min). To remove a thick polysaccharide layer between the shell and
the cell of freshwater diatom species, they were first washed 3 times in 6% sodium dodecyl
sulfate (SDS) for 30 min at 95°C and successively washed with distilled water. The next
step is boiling in concentrated nitric acid for 1-2 hours at 95°C. The boiling process can be
repeated the next day by adding fresh nitric acid. After centrifugation (500xg, 5 min) and
washing with distilled water at least 8 times, concentrated hydrochloric acid (36%) was
added and left for 24 hours, followed by washing. Cleaned shells were stored in 50%

ethanol to avoid bacterial growth and other possible contamination.

3.4 Characterization of the morphology and structure of diatoms
3.4.1 Scanning electron microscopy

A variety of scanning electron microscopes were used to image diatom samples
over the course of 4 years, depending on the purpose and the need for high resolution

images. To study diatom cultures before purification, as well as after acid treatment, a
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scanning electron microscope TESCAN VEGA 3 (TESCAN ORSAY HOLDING, Brno,
Czech Republic) was used. Samples were mounted on an aluminum holder using double-
sided carbon tape and visualized without sputtering at 10 kV.

SEM images of Coscinodiscus oculus-iridis were acquired using a TESCAN
CLARA (Brno, Czech Republic) electron microscope. Samples were mounted on a
standard aluminum stub using carbon adhesive tape and visualized without sputter coating
in a high vacuum at 1 keV landing energy and 30 pA beam current. The cross-sections of
cleaned diatom samples were obtained by focused ion beam (FIB) under high vacuum in a
TESCAN SOLARIS S9000 (TESCAN ORSAY HOLDING, Brno, Czech Republic)
electron microscope.!

Scanning electron microscope (Quattro S, Thermo Fisher Scientific, USA) was
used to investigate the appearance, morphology, and dimensions of K. amoena diatoms.
Before SEM analysis, 20 pl of a stock suspension of K. amoena was deposited on a
precleaned crystalline silicon substrate and three-stage drying in a vacuum oven (50 °C for
5h, 80 °C for 3 h, and 100 °C for 1 h) was carried out to eliminate any organic components.
Samples were analyzed without sputter coating at an accelerating voltage of 2.5-5 kV. 13
Such microscope was also used to examine the morphology of precleaned frustules of A.
sibiricum at an accelerating voltage of 3 kV.!4°

FIB-SEM TESCAN SOLARIS S9000 (Tescan, Czech Republic) electron
microscope was used to study the surface of A. sibiricum frustules at the energy of 1 keV

with a Mid-Angle BSE detector.
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3.4.2 Transmission electron microscopy

To describe the ultrastructure, the cells of several strains were fixed for
transmission electron microscopy (TEM) with a mixture of 2.5% glutaraldehyde (Sigma-
Aldrich, Germany) and 1% paraformaldehyde (Sigma-Aldrich, Germany) in the medium
for 1 hour, then in solution 2.5% glutaraldehyde and 2% paraformaldehyde in phosphate
buffer (0.1 M, pH 7.4) with the addition of tannic acid (Sigma-Aldrich, Germany) for 2.5
h. After that, the cells were washed with the same phosphate buffer and post-fixed in 1%
osmium oxide solution (Sigma-Aldrich, Germany). The further procedure of dehydration
and inclusion in the embedding medium was done as described previously'>®. Sections
were obtained using a Diatome diamond knife (Germany) and stained with uranyl acetate
and lead citrate. Sections were examined with a transmission electron microscope at an
accelerating voltage of 80 kV. The micrographs were taken with a Mega View Il Zeiss
digital camera.
3.5 Visualization of living diatom cells
3.5.1 Optical microscopy

Diatoms were visualized and counted under the inverted luminescent microscope
NIB-FL (LOMO-MA, Russia) using PH10x and PH40x objectives. Images were taken
with an UltraHD-4k (35k/s) camera.
3.5.2 Confocal laser scanning microscopy

A. sibiricum diatoms were studied by confocal microscopy using Zeiss Axio
Observer.Z1 inverted microscope with PlanApochromat 40%/1.3 Oil DIC (UV) VIS-IR

M27 objective and confocal unit LSM 800 (Carl Zeiss Microscopy GmbH, Germany).!?
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The microscope is equipped with four solid-state lasers for illumination of the samples at
405, 488, 561, and 647 nm, three GaAsP PMT detectors, and one T-PMT detector for
transmission light detection. Diatoms were imaged using Airyscan detector for higher
resolution confocal scanning with appropriate filters. Before measurements, diatoms were
stained with DAPI (4',6 diamidino-2-phenylindole, Sigma Aldrich) to visualize nucle.
Briefly, the diatom cells were fixed with 4 % formaldehyde for one hour and washed with
0.1 M phosphate buffer (pH 7.4) twice. The cells were collected by centrifugation at 2000
x g for 10 min, followed by DAPI (final concentration, 10 pg/mL) staining. Subsequently,
the cells were rinsed twice with the phosphate buffer and mounted using Fluoromount
Aqueous Mounting Medium (Sigma Aldrich). DAPI fluorescence was excited with a 405
nm laser, and the emission was registered in the 420-470 nm region. The images were
obtained and processed with ZEN 2.3 imaging software.!4?

Laser scanning microscopy (LSM) was used to observe the DNA material of diatom
cells and newly formed valves during division. To accomplish this task, U. acus, N.
graciliformis, Amphipleura sp., A. Formosa, C. oculus-iridis were exposed to the vital dye
PDMPO (Thermo Fisher Scientific, USA) or LysoTracker Yellow (Thermo Fisher
Scientific, USA) at a concentration of 5 pg/ml for 1 day, after which they were fixed with
a 4% solution of paraformaldehyde in phosphate buffer (0 .1 M, pH 7.4) for 1 hour, washed
with phosphate buffer three times and, in the case of LysoTracker Yellow staining,
additionally stained with DAPI (10 pg/ml, for 10 min). The cells were then embedded in
Mowiol® 40-88 (Sigma-Aldrich, Germany) and examined using an LSM 710 laser

scanning microscope (Zeiss, Germany). Chlorophyll autofluorescence was excited by a
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laser with a wavelength of 561 nm and its radiation was recorded in the range of 650-723
nm. Fluorescence of Lysotracker Yellow H-123 was excited by a laser with a wavelength
of 488 nm; its radiation was recorded in the range of 496-647 nm. DAPI fluorescence was
excited by a laser with a wavelength of 405 nm; its emission was registered in the ranges
0f 410-492 nm. Fluorescence of PDMPO was excited by a laser with a wavelength of 405
nm, the radiation was recorded in the range of 441-587 nm. 3D reconstruction obtained
from 100 optical sections (thickness along the z axis 14.3-50 pm).
3.5.3 Operetta High Content Imaging System

For fluorescent visualization, 100 pl of each diatom strain (Asterionella formosa —
strain BZ 33, Amphipleura sp. — strain Ov 466, Hannaea baicalensis — strain BK 479,
Ulnaria acus — strain 15k 595, Biddulphiopsis titiana - strain 0.0212-OH, Coscinodiscus
oculus-iridis - strain 0.1211-OD, Coscinodiscus sp. - strain 21.0407-OA ) was placed in
the individual well of 96-well plate (CellCarrier Ultra, PerkinElmer, USA) and imaged
with a x20 and x60 magnification objectives using the Operetta High Content Imaging
System (Perkin Elmer, USA) in the fluorescence mode. The chlorophyll autofluorescence
was excited at 410-430 nm, while the emission was registered at 650-700 nm. The obtained
images were processed using Harmony 4.1 software (Perkin Elmer, USA).!°
3.5.4 Fluorescence lifetime imaging microscopy (FLIM)

Fluorescence lifetime imaging microscopy (FLIM) measurements of diatoms and
image processing were done using a MicroTime 200 STED microscope (PicoQuant
GmBH, Germany), a 402- and 638-nm laser as the excitation source, and a 690-nm

bandpass filter. Measurements were carried out at a pulse rate of 40 MHz, a pulse duration
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of 40 ps, and a maximum power of 50 uW. Fluorescence lifetime images were acquired in
the time domain. The laser beam was focused on diatom cells with a 100 x 1.4 NA oil
immersion objective (UplanSApo, Olympus, Japan). According to the dwell time of 0.2 ms
with a pixel size of 0.200 um/px, the total image acquisition time was 40 s for an image

size of 400 x 400 pixels—i.e. 80 x 80 um."

3.6 Study of mechanical properties of diatoms
3.6.1 Preparation of samples for SEM nanoindentation and AFM

Cleaned diatom frustules and air-dried living cells were prepared for AFM and in
situ SEM nanoindentation measurements.! Purification of diatoms from organic material
consists of several stages. For the purpose of bacterial destruction of organic matter, the
medium was first filled with distilled water and left for 3 days. After that it was washed
with DI water several times to remove the remaining salts by centrifugation using the
Centrifuge 5340 (Eppendorf, Germany) (500 x g, 5 min). After removing salt, the cell
suspension was boiled in concentrated nitric acid for 2-3 hours. The boiling process was
repeated the next day adding fresh nitric acid. The suspension was subsequently
centrifuged (500 x g, 5 min) and rinsed with DI water at least 8 times. The cleaned frustule
suspension was pipetted onto a silicon wafer and air-dried for further measurements. Air-
dried living diatom cells containing cellular material were also placed on a silicon wafer
and used for in situ SEM nanoindentation. A vial with live diatoms in water was transferred
into the AFM glovebox. A drop of water with diatoms was placed on a silicon substrate.

After water evaporation the live diatom cells were measured using the AFM. The diatom
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samples were imaged with intact and separated frustules or the so-called valves. Separated
frustules settled on the substrate exposing their interior concave surface and exterior
convex surface.
3.6.2 AFM measurements

AFM measurements were performed using Cypher ES microscope (Asylum
Research, Oxford Instruments) installed inside an Ar filled glove box (MBraun).
Topography was measured in a tapping mode using a single crystal diamond probe with
147 kHz first resonance frequency and 3.5 N/m spring constant. Nanomechanical
properties were measured in the AM-FM viscoelastic mapping mode and by force-distance
curve acquisition using stiff (DRP_IN purchased from TipsNano, Estonia, k=400 N/m,
Fres=750 kHz) and soft (HA NC/FD purchased from TipsNano, Estonia, k=3.5 N/m,
Fres=147 kHz) single crystal diamond probes. Nanoindentation was performed on the
concave surface of a separated frustule using the stiff (k=400 N/m) diamond probe. All
AFM probes were calibrated on a TGT1 test grating in order to measure radius of curvature
of the tip apex and on a fused silica reference sample in order to test models for fitting
experimental data. The stiff probe was additionally calibrated on a diamond coated silicon
wafer in order to get accurate values of the displacement and spring constant. The DMT
model was implemented for data fitting and analysis. Force-distance curves on the inner
surface of the cleaned frustule and on the wet diatom cell were acquired by the stiff
diamond probe (k=400 N/m) under the maximum force load of 8 uN. Force-distance curves
on the outer surface of the cleaned frustule were obtained by the soft diamond probe (k=3.5

N/m) under the maximum force load of 100 nN because the cleaned cribrum is brittle and
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often breaks when measured by the stiff probe. Besides, the outer surface bends as a
membrane under the stiff probe. Image processing and analysis was performed using
Gwyddion software.!
3.6.3 In situ SEM nanoindentation

The Alemnis Standard Assembly (ASA) indentation platform (Alemnis, Gwatt,
Switzerland) was used to perform in situ nanoindentation testing of cleaned frustules and
air-dried living diatom cells placed on silicon wafer inside the chamber of a TESCAN
SOLARIS S9000 SEM (TESCAN ORSAY HOLDING, Brno, Czech Republic). In the
current work, the ASA tester was equipped with a flatpunch conductive diamond indenter
with the diameter of 2.5 um on the cutting edge and 60° cone angle. The experiment
implied synchronization of two parallel processes like SEM images acquisition and
indentation test. In order to achieve the best SEM resolution considering design limitations
of the devices, ASA platform was tilted on 20° and moved to the working distance of ~7
mm. The SEM images were recorded under the following conditions: high voltage of 5 kV,
beam current of 1 nA, spot size of 15 nm, pixel size of 40 nm and recording speed of 0.5
fps. The nanoindentation testing was done in both static and dynamic modes. The static
mode was done under the regime of the linear depth control where the test consisted of
three stages as indenter approach, holding and indenter retraction. The dynamic mode
included a sinusoidal signal instead of a holding stage. The penetration depth was estimated

for each diatom cell height before the test.!
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3.7 Study of resonant frequencies of diatoms
3.7.1 Numerical simulation using COMSOL Multiphysics

In silico calculations were done with COMSOL Multiphysics by the finite-element
method. The geometrical dimensions of the computational model were taken from the
corresponding SEM images of the diatom. For evaluation of vibrational eigenfrequencies,
the COMSOL Multiphysics Structural Mechanics module was used. The density and
Poisson ratio of the silica were described previously'?’. The Young’s modulus value was
obtained in our study on the mechanical properties!. All these values are shown in Table
6. Fixed boundary conditions were applied to the lower part of the diatom.
3.7.2  AFM measurements

Before AFM measurements, cleaned diatom frustules were prepared according to
the procedure described in the section 3.3. After that, a drop of a cleaned frustule
suspension was applied to a precleaned silicon wafer. The transfer of diatom frustule from
a silicon substrate to an AFM chip was carried out using a nanomanipulator inside the
chamber of a TESCAN Solaris microscope. Individual frustules were subsequently welded
to the chip using FIB to ensure that they would not come off the surface during
measurements and gold-sputtered using magnetron sputtering machine Quorum Q150R ES
(Quorum, England) at sputter current 25 mA. AFM measurements were performed using
Cypher ES microscope (Asylum Research, Oxford Instruments) installed inside an Ar
filled glove box (MBraun). Measurements were performed by collecting thermal spectra
with the subsequent FFT analysis and by mechanical excitation followed by detection via

a lock-in amplifier. The thermal spectra measurements (without piezodriver swing) are
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used to search for natural frequencies and calibrate the stiffness and amplitude of the AFM
probes to avoid spurious frequencies. Image processing and analysis was performed using
Gwyddion software.
3.8 Study of optical properties of diatoms
3.8.1 Numerical simulations using Fourier modal method

In numerical simulations, the shell is approximated by a periodic structure
constituting a multidimﬁ%bnal array of pores in a silica matrix. To calculate the near-field
field distribution of the transmitted wave, a Fourier modal method (FMM) in the scattering
matrix form was used!>*. The formalism of the FMM includes splitting the periodic
structure into elementary planar layers, homogeneous in Z direction. The solutions to
Maxwell’s equations for each layer are found by expansion of the electric and magnetic
fields into Floquet-Fourier harmonics. In these numerical simulations the Fourier series is
truncated on 97 harmonics.
3.8.2 Absorbance spectroscopy of individual diatoms

To measure UV-VIS steady-state absorption spectra of individual living diatom
cells and cleaned frustules and kinetics of transitions induced by actinic light, a combined
system consisting of a stabilized deuterium UV light source SLS204 and a stabilized
tungsten-halogen lamp SLS201L/M (Thorlabs, USA) coupled to CCD detectors Flame and
Maya2000Pro (Ocean Insight, USA) was used.
3.8.3 Chloroplast distribution study using FLIM

Fluorescence lifetime imaging was also performed in the time-correlated single-

photon-counting (TCSPC) mode using the confocal system DCS-120 (Becker&Hickl,
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Berlin, Germany) installed on the Eclipse Ti2 (Nikon, Tokyo, Japan) microscope.
Excitation was performed with a 473 nm picosecond laser BDS-SM-473-LS-101
(Becker&Hickl, Berlin, Germany) with a 30 ps duration impulse driven at 50 MHz
repetition rate synchronized with hybrid detector HMP-100-40 (Becker&Hickl, Berlin,

Germany) via board SPC-150 (Becker&Hickl, Berlin, Germany).

3.9 Modification of diatomite with gold nanoparticles
3.9.1 Gold nanoparticle synthesis

Gold nanoparticles were synthesized by standard citrate synthesis. 88 pL of 1 M
HAuCls aqueous solution was diluted to 50 mL by deionized water and heated up to
boiling. While boiling, 8.9 mL of 1% sodium citrate tribasic dihydrate was added. The
resulting solution (concentration, 2x10!? particles/mL) was stirred at boiling temperature
for 1 h, then slowly cooled, and stored in the fridge at +4 °C. Gold nanoparticle size and
zeta potential were characterized by ZetaSizer Nano ZS analyzer (Malvern Panalytical,
Malvern, UK), extinction spectrum was collected by Infinite M Nano+ (Tecan Trading
AG, Switzerland).®3
3.9.2  Fabrication of gold-coated diatomite

Before modification, diatomite powder was washed with DI water two times. A
standard LbL procedure consists of depositing alternating layers of oppositely charged
materials with washing steps in between. Firstly, 20 mg of negatively charged diatomite
were suspended in positively charged polyallylamine hydrochloride (PAH) solution (2 mL;

0.1% PAH in 0.15 M sodium chloride), followed by agitation in a vortex for 15 min. After
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this standard adsorption procedure, the samples were washed three times with DI by
centrifugation using the Centrifuge 5340 (Eppendorf, Germany) (664 x g, 3 min). Gold
nanoparticles were subsequently deposited onto the PAH-coated diatomite using FIL
approach. Namely, 2 mL of gold nanoparticle solution (10'? particles/mL) were added, and
the mixture was placed in a freezer (—20°C) in a continuously rotating flask for 2 h. After
the water was completely frozen, the samples were thawed at room temperature,
centrifuged at 664 x g for 3 min, and washed at least three times with DI water, resulting
in the formation of a bilayer consisting of a polyelectrolyte/nanoparticle composite.
Depending on the sample, the cycle was repeated up to five times to obtain a multilayered
composite structure. The resulting composites were stored in water. 3
3.9.3 Zeta potential measurements

Zeta-potential measurements of gold-coated diatomite®® were performed upon
deposition of each layer using ZetaSizer Nano ZS analyzer (Malvern Panalytical, Malvern,
UK). All samples were diluted in DI water and placed in the U-cuvette. Measurements
were carried out at 25 °C and repeated three times.
3.9.4 SEM study of prepared samples

Diatomite modified by gold nanoparticles was imaged with FIB-SEM TESCAN
SOLARIS S9000 (Tescan, Czech Republic) under a high vacuum at 5 keV landing energy,
300 pA beam current and with registration of the signal using a backscattered electron

detector. Samples were analyzed without applying a conductive coating.®3
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3.9.5 TEM and EDX measurements

Bright field TEM (BF-TEM) images, high angle annular darkfield scanning
transmission electron microscopy (HAADF-STEM) images, and energy-dispersive X-ray
(EDX) spectra and compositional maps were acquired in STEM-mode on an aberration
corrected FEI Titan Themis Z (ThermoFisherScientific, Breda, Netherlands) transmission
electron microscope equipped with a Super-X detection system and operated at 120 kV.
Specimens were prepared by depositing a drop of gold-coated diatomite solution onto a
holey copper grid with a carbon/lacey supporting layer and letting them dry in the air
followed by transferring into TEM columns.3?
3.9.6 Photoacoustic visualization of gold-coated diatomite

The photoacoustic signals from the gold-coated diatomite composites were
obtained using RSOM setup Explorer P50 (iTheraMedical GmbH, Germany) as described
in the section 3.2.5. For the purpose of imaging, we performed a 2-fold serial dilution of
stock suspensions of gold-coated diatomite 5 times. 3 ul of these suspensions were mixed
with melted agarose gel (7 pl), which was previously obtained by dissolving 0.1-g portion
of agarose in 10 ml of distilled water at 90°C. 4-ul droplets containing different
concentrations of these mixtures were pipetted into a petri dish that was filled with DI water
after solidification and placed in the imaging chamber. The photoacoustic signal was
collected upon illumination with 532-nm laser.*?
3.9.7 SERS measurements of gold-coated diatomite

For SERS measurements®®, diluted suspensions of gold-coated diatomite consisting

of one (Diatomite-(PAH/Au)i), three (Diatomite-(PAH/Au);), and five (Diatomite-
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(PAH/Au)s) bilayers were mixed with 0.2 mM Rhodamine 6G in an equal volume and left
overnight. The Raman spectra from liquid droplets pipetted onto the quartz glass were
collected by a confocal Raman spectrometer upon excitation with 633 nm He-Ne laser. A
grating with 600 grooves/mm was used throughout. Spectra were registered in the Raman-
shift range 600-1700 cm™! at laser power 6.1 mW with 20 s acquisition time and averaged
on 10 accumulations. Baseline correction was provided by instrument-embedded software

(LabSpec6, HORIBA France SAS, France) after the signal acquisition.
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Chapter 4. Monitoring and characterization of diatom colonies

This chapter introduces novel methods for monitoring and characterization of
diverse diatom cultures throughout their extended cultivation within controlled laboratory
environments. The most of the results presented here are part of the following published
articles: Cvjetinovic J, et al '>. Photoacoustics, 2020, 18; 10017; Cvjetinovic J, et al.!>
Journal of Biomedical Photonics and Engineering, 2023, 9(1):1-9; Cvjetinovic J, et al.!*!
Journal of Physics: Conference Series, 2022, 2172; 012011; Cvjetinovic J, et al.'¥
Journal of Physics: Conference Series. 2021, 1984; 012017; Cvjetinovic J, et al.'** SPIE

Proceedings, 2021, 11641; 116410G.

4.1 Background

Monitoring the growth of diatoms during cultivation is crucial for optimizing their
growth conditions and achieving high biomass production. Several techniques can be used
to monitor the growth of diatoms during cultivation, such as optical density, dry weight,
chlorophyll concentration, and cell counting.

1. Optical density measurements: Optical density (OD) measurement is a rapid and
non-destructive method of measuring the biomass concentration of diatoms.!>*> This
method measures the amount of light scattered or absorbed by the cells in a culture using
a spectrophotometer which can be related directly to cell mass or cell number. As the cell

concentration increases, the OD increases proportionally, allowing for real-time
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monitoring of the culture growth. However, this method does not provide information
about the cell size and morphology of the diatoms.

2. Dry weight measurement: Dry weight measurement is a destructive method that
estimates the biomass concentration of diatoms by weighing the dried cell pellets. This
method is accurate and provides information about the cell size and morphology of the
diatoms, but it requires the destruction of the entire cell culture and is time-consuming.!>¢

3. Chlorophyll concentration measurement: Chlorophyll concentration
measurement is a reliable method for monitoring the growth of photosynthetic diatoms, as
it reflects the photosynthetic activity of the cells. This method involves the extraction of
chlorophyll from the cells using organic solvents and subsequent measurement of the
chlorophyll concentration using a spectrophotometer. However, this method does not
provide information about the cell count or cell size of the diatoms. !>’

4. Cell counting: Cell counting is a direct and accurate method of measuring the
concentration of diatoms in a culture. This method involves the use of a microscope and a
hemocytometer to count the number of cells in a given volume of the culture. Cell counting
provides information about the cell size, morphology, and viability of the diatoms.
However, it is a time-consuming and labor-intensive method.!>%15

Each of the above-mentioned methods has its advantages and limitations. Since
microalgal cells are usually dispersed in the medium, estimating their biomass remains
difficult. It is therefore impossible to perform direct gravimetric measurements due to the
concentration of cells required. OD (turbidity) and chlorophyll fluorescence indirectly

estimate microalgal biomass, but are susceptible to faulty measurements caused by light-
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cell interference. Depending on the application and the specific requirements, one or more
of these methods can be used to optimize the growth conditions of diatoms and achieve
high biomass production.!>7-1%°

We suggested another approach to monitoring of the growth using optical methods
and commercially available setup. Optical methods can be used for monitoring the growth
of diatoms, and two notable techniques are photoacoustic (optoacoustic) imaging and
fluorescence-based methods.!4!:142

1. Photoacoustic imaging: Photoacoustic visualization is non-invasive, high-
resolution imaging technique that utilizes laser light to produce acoustic waves within the
sample, which can be detected by ultrasound transducers!'®. It is readily used to collect
meaningful acoustic signals from complex biological objects with unprecedented spatial
accuracy of detection of their components containing light-absorbing molecules. The
excitation of hierarchically finer scale objects—light-absorbing chromophore molecules
(melanin, hemoglobin, water, lipid, etc.)—ultimately converts to the vibrations of much
bigger, hierarchically larger-scale objects such as cell organelles (e.g., melanosomes) or
whole cells (erythrocytes)'®-192. The flow of energy across hierarchical levels of
organization is associated with the changes in the underlying physical phenomena

according to size and scale effects'®?

. The frequencies of these vibrations, recorded owing
to the optically driven acoustic signal, range from 1 MHz to 100 MHz, which is of the same
order of magnitude as the eigenfrequencies of capsular mechanical objects having sub- and

165,166

micrometer sizes!®*, Very limited data are available on the photoacoustic studies of

single-cell organisms—both prokaryotes (e.g., cyanobacteria) and eukaryotes (e.g.,
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diatoms)—which contain light-absorbing chromophores such as chlorophyll or
carotenoids. The photoacoustic visualization of such living objects may have a number of
ecological, biotechnological, and biomedical applications, such as the remote and rapid
control over microbial cultures and media, cell studies, sanitary control, and aquaculture.
The photoacoustic technique is very interesting from the standpoint of observations gg
diatoms in their natural environments and also during culturing. It is potentially possible
to install photoacoustic tools in vessels or in harbor constructions that are used to monitor
diatoms in aquatic environments. Owing to laser irradiation and subsequent absorption of
light by the diatom chromophores, the photoacoustic method is promising for studying the
activity of these objects in their natural environments, as well as for monitoring their
growth in bioreactors or aquaculture installations by means of the imaging of colonies.

2. Fluorescence-based methods: Fluorescence imaging and spectroscopy are highly
sensitive techniques that have been widely used to monitor phytoplankton. Two types of
light-harvesting pigments of diatoms are well documented>*!67-16%; chlorophylls and
carotenoids. The predominant form of chlorophyll observed in diatoms is chlorophyll a,
which absorbs energy in the violet-blue and orange-red regions®*!7-16°, Unlike many other
types of algae, diatoms also contain chlorophyll ¢, which absorbs mostly blue and red
light>*. The main carotenoid identified in diatoms is fucoxanthin, which absorbs light in

>4167.168 " Therefore, fluorescence-based methods

the blue-to-green region of the spectrum
can be used to monitor the chlorophyll content and the growth of diatoms.!*® For example,

by measuring the fluorescence intensity emitted by the chlorophyll in a culture using a

fluorometer, the chlorophyll concentration and the growth rate of the diatoms can be
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estimated. Fluorescence-based methods are non-destructive, fast, and sensitive, and can be
used to monitor the growth of diatoms in real-time.

However, it is noteworthy that the accuracy of both methods can be affected by the
density and size of the diatom population, as well as by experimental factors such as
temperature and light intensity. The results on optical monitoring of diatom growth are
presented separately based on the division of the cultures by natural environment and form:

freshwater pennate and marine centric diatoms.

4.2 Monitoring of freshwater pennate diatoms

A. sibiricum diatoms isolated from the Baikal Lake were cultivated over 70 days in
the incubator (Figure 32) and monitored using raster scanning optoacoustic mesoscopy
(RSOM) approach and IVIS SpectrumCT In vivo Imaging system. To gain a better
understanding of the state of diatoms during cultivation and their growth phase, we also
carried out absorbance and fluorescence spectroscopy measurements in parallel with
photoacoustic and fluorescence imaging. This set of monitoring techniques, as believed,
will be further widely used elsewhere in aquaculture and incubator practice to facilitate the
harvesting of diatom algae and diatom-derived bioactive substances for pharmaceutical and
biomedical purposes.

a)
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Fﬁe 32. a) A scheme of incubator, b) photo of incubator and cell culture flasks

with diatoms. !4’
A. sibiricum are monoraphid pennate diatoms with bilateral symmetry, whose raphe
is present only on one valve of the frustule, as shown in Figure 33a. Valves are dorsiventral,
with rounded apices. Their length ranges from 9.8 to 18.7 um, while the width is 4.5-6.0

um. Distal raphe ends are curved toward the ventral margin.
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Figure 33. A. sibiricum: a) SEM image, b) culture growth during three days after
inoculation, ¢) light image, d) confocal images of: cells fixed formaldexyde and stained with

DAPI (blue, nucleus; red, chlorophyll).!4?

The growth kinetics of a periodic culture of diatoms is very similar to the growth

kinetics of prokaryotic organisms!”’. In this case, the lag phase and the onset of the
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exponential growth of the culture were observed by cultivating diatoms in microvolumes.
%}1 counting during the first four days of cultivation showed a steady growth of the culture
(Figure 33b). After four days of culture, counting was difficult due to the formation of cell
clusters. Light microscopy image of 4. sibiricum is shown in Figure 33c. During the first
days of culturing, we employed confocal laser microscopy to observe the DNA material of
DAPI-labeled cells (Figure 33d). Nuclei, located in the center of the cells, had an oval
shape (Figure 33d). The red fluorescence of the chloroplasts was excited with 647 nm
wavelength. Chloroplasts occupy most of the cells, which is also confirmed by light
images. The state of chloroplasts and cell division indicate the viability of the culture.

Further growth was more accurately controlled by gthstaRigposgd methods—
fluorescence visualization using IVIS imaging system and photoacoustic measurements
with RSOM setup. Since the studied species are benthic (that is, they live on substrates '7!),
and capable of secreting a lot of mucus and forming cell clusters!’, the main difficulty in
counting cells in microvolume in a well-plate is the impossibility of selecting adequate
aliquots and plotting growth curves with sufficiently large technical errors. The proposed
methods for assessing chlorophyll, which do not require the extraction of cells from the
medium, increase the accuracy of experiments.

The results of fluorescence visualization of 4. sibiricum in cell culture flasks during
100 days of cultivation using IVIS SpectrumCT imaging system are shown in Figure 34a,

b.
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Figure 34. (a) Images of cell culture flasks containing diatoms obtained using the
IVIS platform (top view), (b) The average radiant efficiency of diatoms during the
cultivation period, (c) Normalized fluorescence spectra of A. sibiricum cells, (d) Comparison
of fluorescence intensity at 680 nm and average radiant efficiency depending on the

cultivation time. 14!

The average radiant efficiency increases with increasing inct:%tion time up to 45
days, followed by a steady decrease. The result indicates that the cell division is slowed
down after 45 days, probably due to the lack of necessary nutrients, since batch cultivation
implies that nutrients are provided only at the beginning without further add[f%.o]n. However,
during 100 days of monitoring, we couldn't observe the final death phase. The fluorescence
spectra collected during the cultivation demonstrate an emission band, which is attributable
to chlorophyll a (Figure 34c). We also compared the fluorescence intensity at 680 nm and
IVIS imaging results. According to Figure 34d, the maximum values were obtained after

45 days of incubation, which corresponds well with the results obtained with the IVIS. By
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using this technique, the growth of diatoms can be evaluated very quickly, without
preliminary sample preparation, which would affect the integrity of the cells and sterility
flask with culture.

Diatoms exhibit strong photoacoustic signals owing to the presence of chlorophylls
and carotenoids that absorb very well the 532 nm wavelength upon illumination's. Figure
35a shows the images of diatom-agarose droplets obtained after 7, 28, 45, 60, 90, and 100
days of cultivation using the RSOM system. The dependence of the mean pixel intensity
signal on the incubation time is illustrated in Figure 35b, where red color corresponds to a
low-frequency signal emitted by larger samples. In contrast, a high- frequency signal,
shown with green bars, is emitted by smaller structures. The highest intensity of the
photoacoustic response was achieved after 45 days of cultivation. Before mixing with
agarose, cells in DM medium have to be properly shaken. However, we can observe that
this diatom species tends to aggregate due to secreted mucilage, which explains why the
red signal at 11-33 MHz is higher. The absorbance spectra shown in Figure 35c
demonstrate peaks attributable to chlorophyll a and ¢ and the carotenoid fucoxanthin. By
comparing the absorbance and photoacoustic signals in two frequency ranges (Figure 35d),
we can conclude that they are in good agreement. Thus, the spectroscopic characterization
confirmed the results obtained using the IVIS and RSOM imaging systems and proved

their capabilities in assessing the growth of diatoms.
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Figure 35. (a) RSOM images of 4. sibiricum diatoms mixed with agarose gel at 11-
99 MHz, 11-33 MHz (red), 33-99 MHz (green) after 7, 28, 45, 60, 90, and 100 days of
cultivation. Scale bar: x, y-axis — 0.5 mm. (b) The dependence of mean pixel intensity on the
cultivation time, (c) Absorbance spectra collected at different periods of cultivation, (d)

Comparison of absorbance at 523 nm and mean pixel intensities at 11-33 MHz and 33-99

MHz JQRaDJIRZQA the cultivation time. 14!

4.3 Monitoring of the growth of marine centric diatoms
The same techniques were employed for monitoring of the growth of marine centric

diatoms, which were cultivated on the windowsill, as described in Materials and methods
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section: Coscinodiscus sp. (strain 21.0407-OA) and B. titiana (strain 0.0212-OH) (Figure

36a,b, respectively). IVIS results are shown in Figure 36c¢, d.
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Figure 36. SEM images of: a) Coscinodiscus sp. (21.0407-OA), b) B. titiana
(0.0212-OH). c¢) Images obtained using IVIS imaging system, d) Total radiant efficiency

depending on the cultivation time of both strains.

The total radiant efficiency in both cases increases with increasing cultivation time
up to 30 days, followed by a decrease in intensity (Figure 36b, c). The result indicates that
the cells, after slow division, begin to die. One of the reasons for inhibition of cell growth
and death is the lack of essential nutrients, as nutrients are provided only at the beginning.
In addition, the passing of the mitotic cell cycle is inhibited by the products of cell

metabolism that accumulate in the “old” culture.
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The fluorescence spectra obtained during cultivation show an emission band that is
attributed to chlorophyll a (Figure 37a, c). A comparison was also made between the
fluorescence intensity at 680 nm and IVIS imaging results (Figure 37b, d). According to
Figure 37b, d the maximum values were obtained after 30 days of incubation, which is in

good agreement with the results obtained using the IVIS system.
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Figure 37. Fluorescence spectra of: a) Coscinodiscus sp., ¢) B. titiana. Comparison
of normalized fluorescence intensity at 680 nm and normalized total radiant efficiency
depending on the cultivation time of: b) Coscinodiscus sp., d) B. titiana. 1-lag phase, 2-

exponential growth, 3-stationary phase, 4-decline.
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To monitor the growth of diatoms using RSOM, cultures of C. oculus-iridis (strain
0.1211-0OD), Coscinodiscus sp. (strain 21.0407-OA), B. titiana (strain 0.0212-OH) and U.
acus (strain 15k 595) were mixed with agarose gel and measured on days 7, 15, 25 and 32
of cultivation, as described in the Materials and Methods section. The resulting images are
shown in Figure 38.

Using the RSOM system, an optoacoustic signal from diatoms was successfully
obtained (Figure 38a), excited by a laser with a wavelength of 532 nm. The dependence of
the average pixel intensity signal on the cultivation time is shown in Figure 36b for each
species. The red color in the figures indicates a low frequency signal obtained from the
reconstruction in the frequency range 11-33 MHz and corresponds to larger samples. On
the other hand, the high frequency signal in the 33-99 MHz frequency range, shown in
green, comes from smaller samples. The signal intensity increases with cultivation time,
reaching a maximum value after 32 days of cultivation for all cases except for strain
21.0407-OA, where the maximum is reached after 25 days. Typically, the signal in the 11-
33 MHz frequency range, which occurs from larger samples, is more intense, which may
also indicate possible cell aggregation and insufficient mixing of the suspension.
Insufficient agitation could also result in a stronger signal in the 33-99 MHz frequency
range for strain 21.0407-OA after 25 days of cultivation. The most intense signal comes
from the largest species, B. titiana. In this case, the resolution of the microscope is large

enough to receive a signal from one cell.
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Figure 38. a) RSOM images of 4 different cultures obtained during 32 days of

cultivation, b) Mean pixel intensity vs. cultivation time for all strains.

Monitoring of the growth of three different diatom species (Coscinodiscus sp.,

strain 21.0407-OA; B. titiana, strain 0.0212-OH, U. acus, strain 15k 595) was also carried
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out using the spectrophotometric method. The absorption spectra obtained during long-
term cultivation of diatoms are shown in Figure 39a-c. In addition, graphs of the time-
dependence of the absorption of the main pigments (chlorophyll a, fucoxanthin,

chlorophyll ¢), normalized to the maximum, were plotted (Figure 39d-f).
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Figure 39. Absorbance spectra of: a) Coscinodiscus sp., b) B. titiana, c) Ulnaria
acus. Normalized absorbance at maximum wavelengths of: d) Coscinodiscus sp., €) B.

titiana, f) Ulnaria acus.

The obtained spectra correlate well with the optoacoustic measurements carried out
during 32 days of cultivation. Maximum values are observed after 30 days in the case of

marine species Coscinodiscus sp. and B. titiana (Figure 39d, e) and 44 days for U. acus
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(Figure 39f), after which a drop is observed. One possible reason for the deviation is
insufficient mixing prior to measurement. In addition, with continuous long-term
cultivation, artifacts are possible due to a lack of nutrients or contamination by other algae
and bacteria. Also, decomposing pigments outside a living cell are not very stable
compounds and can potentially affect the change in the spectra. The data obtained by IVIS,
RSOM, spectrophotometry and fluorescence spectroscopy are in good agreement in the
case of marine cultures.

It should be noted that for all spectroscopic measurements, we extracted the culture,

which introduces certain errors that necessarily appear
DA DGARKANRRAND AP OARNRR AN AUURIASERSRRSS,. At the beginning of the
cultivation, we performed the cell counting the first four days of cultivation and observed
the lag phase and the onset of the exponential growth of the culture. However, small species
of diatoms begin to form clusters a few days after seeding, which makes the counting
almost impossible with more prolonged cultivation.'*!** For long-term batch culturing,
growth can be monitored using the proposed photonic approaches based on chlorophyll
absorbance and fluorescence, which expands the possibilities of cultivation not only in
laboratory conditions but also in aquaculture and bioreactor practice. '4!
4.4 Monitoring changes in diatom concentrations
4.4.1 Photoacoustic imaging

The first successful photoacoustic visualization of diatom algae is reported in our
study'®. Figure 40a-c shows clearly that the photoacoustic signal from K. amoena was

successfully obtained. The dependence of the photoacoustic signal (represented as the
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As an example, "The first successful photoacoustic visualization of diatom algae is reported in this sub-section below."


=

volume of 3D objects, Figure 40d) on the diatom concentration shows that the volume of
the 3D objects emitting the acoustic signal and the mean pixel intensity increased with the
diatom concentration. As shown in Figure 40e, a low-frequency signal (shown with red
bars) is emitted by a greater number of 3D objects than a high-frequency signal (shown
with green bars), whereas a high-frequency signal (33-99 MHz) shows a higher mean pixel
intensity than a low-frequency signal within the whole concentration range (Figure 40f).
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?gure 40. (a) RSOM image of different concentrations of K. amoena embedded in
agarose gel at frequencies of 11-99 MHz. Inset: Photograph of different dilutions of K.
amoena in agarose gel drops, where 1 — Agarose gel; 2 — Stock suspension; Diluted
suspensions: 3 - 1:2; 4 — 1:4; 5 — 1:8; 6 — 1:16; 7 — 1:32; 8 — 1:64; 9 — 1:128. (b) RSOM
image of K. amoena at low frequencies (11-33 MHz). (c) RSOM image of K. amoena at
high frequencies (33-99 MHz). Scale bar (a,b,c): x-axis — 1 mm, y-axis — | mm, z-axis — 0.2
mm. (d) Volume of 3D objects vs. the concentration of diatoms mixed with agarose gel. AF
— all frequencies. (¢) Volume of 3D objects vs. the concentration of diatoms mixed with
agarose gel. LF — low frequencies, HF — high frequencies. (f) Mean pixel intensity vs. the
concentration of diatoms mixed with agarose gel. (g) Absorbance spectra of different
concentrations of K. amoena embedded in agarose gel. Chl a — chlorophyll a, Chl ¢ —
chlorophyll c. (h) Dependence of photoacoustic signal and absorbance at 532 nm on

concentration of diatoms mixed with agarose gel. !>

The interrelation between the volume of diatoms in gel and the volume of 3D
objects emitting a photoacoustic signal remains an important issue for discussion in view
of the development of fidelity techniques for the quantitative analysis of diatom colonies.
The volume of diatoms in an agarose gel drop, Vg, is calculated from the volume of one
diatom cell, the concentration of diatom cells cd, and the volume of agarose gel drop Vel

by using equation:

V, = (S) mabc - cq * Vyer (2)
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The diatom cell is approximated as an ellipsoid, where a, b, c are the length, width,
and height, respectively. The volume of agarose gel drop Vgl is 10 pl. As one can see from
the data in Table 3, there is a wide span of the “volume of 3D objects to the volume of

diatoms” ratio for different dilutions of the diatoms in gel.

Table 3 Comparison of the volume of 3D objects obtained by using the Image]

program with the calculated volume of diatom cells in an agarose gel drop'?

Volume of 3D objects (ImageJ) / Volume of diatoms in

Dilutions gel (Calculated)

Stock suspension 31
1:2 38

1:4 25

1:8 13

1:16 89
1:32 109

1:64 24

1:128 13

First of all, the volume of 3D objects is one to two orders of magnitude larger than
that of the diatoms. Second, this ratio seems independent of dilution, which hints that the
volume of 3D objects is not related to the volume of separate diatom cells but to the volume
of cell assemblies containing a number of cells. The resolution of the PA microscope is not
high enough to resolve separate diatoms, and the volume of the gel surrounding separate
cells is detected as the volume apparently emitting a photoacoustic signal. Another
important issue is the nature of the structural element that emits the signal. The chloroplast

grains are the obvious candidates; therefore, the distribution and absorption efficiency of
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the chloroplast grains inside the frustules may contribute to the intensity of the
photoacoustic signal.

On the other hand, we believe that the frequencies of acoustic signals emitted by
diatoms may correspond to the eigenfrequencies of the natural oscillations of vibrating
silica frustules, which can be described as capsular mechanical objects (membrane-shaped
shells) having sub- and micrometer sizes!*”!%4, Low frequency modes require less energy
for excitation; therefore, even diatoms located deeper in the gel or those partly shadowed
receive sufficient energy to excite these low frequencies, ultimately giving rise to 3D
objects emitting an acoustic signal. High-frequency vibrations require a higher excitation
energy and emit a more intense signal, which varies proportionally to the square of the
frequency.

Because the extinction value for K. amoena (Figure 40g) at 532 nm is in agreement
with the photoacoustic signal (Figure 40h), we consider chlorophyll ¢ and ¢ and
fucoxanthin as the principal light absorbers responsible for the photoacoustic effect in
diatoms, since the 532 nm laser light is absorbed by all of them. A more exact contribution
of each chromophore to the detected acoustic signal remains an open question, because it
should be examined with two factors in mind:

- The molar absorption coefficient of every chromophore at the wavelength of the
laser causing the photoacoustic signal;

- The volume fraction and spatial distribution of the chromophores within the

frustule.
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It is worth noting that both hemoglobin and chlorophyll, whose photoacoustic
behavior is well studied, are complex metal—oré;r]lic molecules with a central metal atom
(Fe and Mg) surrounded by pyrrole rings!”3. Fucoxanthin does not contain pyrrole rings,
which supports the suggestion that chlorophyll has a leading role in the formation of a
photoacoustic signal.

The application of photoacoustics to bacteria, algae, and other nonhuman natural
objects is a relatively undeveloped area that leaves lacunae of knowledge and unexplored
opportunities in biotechnology. Separate small diatom cells are not resolved because of the
instrumental limitations, whereas diatom clusters and colonies are clearly visualized, which
is of utmost importance for aquaculture monitoring. This successful demonstration of the
working principle of photoacoustics for the visualization of diatom colonies promises
further developments toward the photoacoustic imaging of individual cells. The
fundamental cell studies related to the careful continuous characterization of algal colonies
could be substantially improved, facilitated, automated, and simplified if supported by
large 3D probes.

Considering the significant role of diatoms in Earth’s biosphere, we suppose that
our findings may pave the way to a number of applications mainly related to the rapid
probing of sea, fresh, and waste water, in which the diatom concentration reflects the
ecological well-being and the productivity of biomass. Recent advances in diatom
biofuel'”, aquaculture!”, and the management of plastic waste in the world ocean!”®
suggest that the use of rapid and remote monitoring systems based on the photoacoustic

effect may find interesting applications.
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4.4.2 Monitoring of diatom concentration changes using a developed optical setup

A’simple device consisting of LED illumination with a central wavelength of 505

nm that @%&QW changes in diatom concentrations was described in the Materials

and methods section 3.2.6. Marine centric and freshwater pennate diatoms with different

morphologies, sizes and volumes were measured to prove the ability of the developed setup

to track changes in their concentrations. Sample probes were taken for measurements

during the stationary phase of growth. All studied cultures are shown and described in

Table 4 and Figure 41.

Table 4. The size and morphology of the studied diatom cultures!>®

Diameter, Length
Diatom culture Volume,
No. Type Shape pm (height),
(strain number) pm®
pm
Biddulphiopsis rectangular
marine
1 titiana with round 132 255 3.5:10°
centric
(0.0212-OH) corners
Coscinodiscus
marine
2 oculus-iridis disc-shaped 31 10 7.5-10°
centric
(0.1211-0OD)
Coscinodiscus sp. marine
3 cylindrical 27 36 2.1:10*
(21.0407-0A) centric
Amphipleura sp. freshwater
4 elliptical 57 2.2:10°
(Ov 466) pennate 7
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Hannaea

freshwater
5 baicalensis banana-shaped 65 2.5-10°
pennate
(BK 479)
single:
Asterionella
freshwater elongated,
6 formosa 85 1.7-10°
pennate star-shaped
(BZ 33)
colonies
Ulnaria acus freshwater
7 needle-shaped 175 3.4:10°
(15k 595) pennate

Brightfield images of centric (Figure 41a-d) and pennate diatom cells (Figure 41i-

1) show how the chloroplast color changes from yellow to golden brown depending on the

strain. Fluorescence images demonstrate distribution of chlorophyll throughout the cells

(Figure 41e-h, m-p). In the case of Biddulphiopsis titiana (0.0212-OH), whose size is

around 250 pum, chloroplasts partly fill the volume from both sides (Figure 41e). On the

other hand, chloroplasts in Coscinodiscus species (0.1211-OD, 21.0407-OA) are more

densely packed and have oval shape (Figure 41f-h). Figures 41c, g show a side view of

Coscinodiscus oculus-iridis in the process of division. Chloroplasts in the case of

freshwater cultures Amphipleura sp. (Ov 466) and Ulnaria acus (15k 595) occupy most of

the cells (Figure 41m, p), while in Hannaea baicalensis (BK 479) and Asterionella formosa

(BZ 33) they are distributed in the form of grains (Figure 41n, o).
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0.0212-OH 0.1211-0D .1211-0 21.0407-04

Figure 41. Brightfield microscopy images of marine centric diatoms: (a)
Biddulphiopsis titiana (0.0212-OH), Coscinodiscus oculus-iridis (0.1211-OD): (b) top view,
(c) side view, (d) Coscinodiscus sp. (21.0407-OA). Fluorescence images of marine centric
diatoms: (e) Biddulphiopsis titiana (0.0212-OH), Coscinodiscus oculus-iridis (0.1211-OD):
(f) top view, (g) side view, (h) Coscinodiscus sp. (21.0407-OA). Brightfield microscopy
images of freshwater pennate diatoms: (i) Amphipleura sp. (Ov 466), (j) Hannaea
baicalensis (BK 479), (k) Asterionella formosa (BZ 33), (1) Ulnaria acus (15k 595).

Fluorescence images of freshwater pennate diatoms: (m) Amphipleura sp. (Ov 466), (n)
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Hannaea baicalensis (BK 479), (0) Asterionella formosa (BZ 33), (p) Ulnaria acus (15k
595). 130
The results of measurements obtained using experimental setup described ir%gure
31 are demonstrated in Figure 42. For each diatom strain guggsnked light intensity values
were normalizec% the nutrient medium light intensity values, and the concentration
values were multiplied by the number of cells in mL, calculated on the microscope for each
diatom strain. Standard deviation, that was calculated from 12000 measurements for each
sample, cannot be seen on graph because error bars do not exceed the size of a dot. The
observed dependence of the measured light intensity on the relative concentration of
diatoms was approximated by the linear fit for each diatoms strain. It can be seen that all
values have high correlation with the linear fit, and are in a good agreement with Bouguer-
Lambert-Beer law, which states that sample's optical density has linear dependence on light
absorber’s concentration: A = €lC, where A - absorbance, € - molar extinction coefficient,

1 - optical path, C - concentration.
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Figure 42. Optical measurements of diatom cultures. D@pm
QARSI RB S CRRSSDBUQRs:  Light intensity was normalized on the

measurements of nutrient medium. Scatter plot represents measured values, solid lines

represent linear fit. 1>

To demonstrate the advantages of our system over conventional spectrophotometric
approach and investigate opportunities for future development of the device, the extinction
and fluorescence intensity measurements were made. Figure 43a demonstrates extinction
spectra for initial concentrations of 7 diatom strains. The dependence of diatoms extinction
on the concentration is demonstrated in Figure 43b. For all strains measured values were

approximated by the linear fit.
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Figure 43¢ demonstrates fluorescence intensity spectra for initial concentrations of
7 diatom strains (excitation wavelength: 430 nm). It can be seen that all strains exhibit
fluorescence except for nutrient medium and BK 479 strain. This observation correlates
with the absence of extinction peak of chlorophyll ¢ in BK 479, that should be located near
680 nm. Brightfield microscopic images and the growth curve allow to assume, that this
strain was in the transition between stationary growth phase and the last (death) phase
during measurements. The composition and quantity of pigments is not constant and
depends on the intensity of light, its quality, the content of nutritional elements in water,
as well as on the growth phase and the characteristics of diatom vital activity’*!”’. The
amount of chlorophyll rather decreases at the end of the stationary phase of growth without
renewal of the medium. Thus, fluorescence and extinction measurements of diatoms at the
wavelength of 680 nm might be a potential marker of the diatom growth phase.

Also, Figure 43d shows the dependence of fluorescence intensity on the
concentration for 7 diatom strains (excitation wavelength: 430 nm, emission wavelength:
680 nm). One can observe, that marine centric diatom cultures (strain No. 0.0212-OH,
0.1211-OD and 21.0407-OA) exhibit stronger fluorescence dependence on concentration

than pennate diatom cultures (strain No. 15k 595, Ov 466, BK 479, BZ 33).
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Figure 43. Spectrophotometric and fluorescence measurements of diatoms. (a)
Extinction spectra. (b) Dependence of extinction (A = 505 nm) on the diatom concentration.
Scatter plot represents extinction values normalized on the nutrient medium extinction. Solid
lines represent linear fit. (c) Fluorescence intensity spectra. Excitation wavelength: 430 nm.
(d) Dependence of fluorescence intensity (Aex = 430 nm, Aem = 680 nm) on the diatom
concentration. Scatter plot represents fluorescence intensity values normalized on the

nutrient medium values. !3°
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The coefficients of determination (COD) for all linear fits are shown in Table 5. It
can be seen, that for all strains spectrophotometric measurements demonstrate lower COD
values, than optical measurements on the custom setup, which indicates higher accuracy of
the last. This can be explained by the difference in the sensing volume. According to the
manufacturer, the spot size of the absorbance light beam is 0.7 mm in diameter. The optical
path for 200 uL sample is 6.25 mm, thus the sensing volume is V = 2.405 mm?. In contrast
to that, our setup has a spot size of light beam scaled to 1.5 mm in diameter, and the optical
path is 10 mm. Therefore, the sensing volume in our setup is V = 17.67 mm?, which is 7
times greater than in spectrophotometer. This allows our setup to average values more

accurately even for small diatom cell concentrations.

Table 5. Comparison of the coefficient of determination (COD) for

spectrophotometric measurements with optical measurements on the custom device. 1>

Diatom strain Spectrophotometer, COD Custom device, COD
0.0212-OH 0.840 0.981
0.1211-OD 0.954 0.997

21.0407-0A 0.983 0.998
Ov 466 0.929 0.996
BK 479 0.975 0.993

BZ 33 0.638 0.995
15k 595 0.901 0.999
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It can be noted from Figures 42, 43, that slopes of lini%?ts differ between diatom
strains. To be more precise, slope of linear fit is connected to geometrical parameters of a
strain, and this dependence is demonstrated in Figure 44. One can clearly see the monotonic
dependence of the slope on the volume of diatom cells, that was extracted from the Table
4. The relation between slopes of linear fits and diatom volume is similar in both extinction
and transmission measurements and mostly determined by the extinction coefficient, that
combines absorption and scattering properties of diatoms. This knowledge could be used
for more accurate tuning of the photodetector sensitivity for monitoring of each diatom

strain and for characterization of diatom biomass.
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Figure 44. The dependence of linear fit slopes on the diameter of diatom cells. The
red circles represent slopes of linear fit in extinction measurements. The blue squares
represent absolute values of slopes of linear fit in transmission measurements on the custom-

made setup described in Figure 31. 15°
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4.5 Monitoring of the division of diatoms in a microfluidic cell
The division of diatoms was monitored by installing a microfluidic cell (Figure 30)
in an inverted fluorescent microscope NIB-FL (LOMO-Microsystems, St. Petersburg,

Russia), as presented in Figure 45.%]

Figure 45. a) Photography of the whole experiment setup, b) Photography of

microfluidic cell.

Figure 46 shows the division of Coscinodiscus oculus-iridis in a flow cell at a

temperature of 21°C, a CO; concentration in the gas receiver of 0.05 vol.% and a nutrient

medium flow rate of 10 pl/min.
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Figure 46. Division of C. oculus-iridis in the microfluidic cell

Figure 47 shows an example of a microfluidic cell temperature profile and images
taken at different times while monitoring the division of the diatom Coscinodiscus oculus-
iridis. Monitoring was performed at a nutrient medium flow rate of 10 pl/min and a CO;
concentration in the gas receiver of 0.05 vol.%. Lowering the temperature to 10°C slows

down the division of Coscinodiscus oculus-iridis. When the temperature rises to 23°C for

3 hours, cell division is observed. The images show that paEr__jE the algae is carried away
by the flow of the nutrient medium during the observation. Therefore, further optimization
of the channel configuration is required in order to reduce the flow rate directly in the field

of visual observation. Thus, the device allows for several days to carry out in situ
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monitoring of the process of division of individual cells with the possibility of varying the

concentration of CO», temperature and flow rate of the nutrient medium.
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Figure 47. Monitoring of the division of C. oculus-iridis in the microfluidic cell
during temperature changes.

4.6 Summary

In summary, freshwater pennate and marine centric diatom cultures were cultivated
in the specially designed bioreactor and windowsill under specific conditions optimized
for their growth. The growth of diatom colonies was monitored through the application of
novel optical techniques, including fluorescence and photoacoustic visualization, which
allowed for rapid evaluation of diatom growth without the need for extensive sample
preparation. Consequently, the spectroscopic characterization confirmed the findings

obtained through the IVIS and RSOM imaging systems, validating their efficacy in
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assessing diatom growth. Diatoms exhibited pronounced photoacoustic signals attributed
to the absorption properties of chlorophylls and carotenoids at the 532 nm wavelength.
Moreover, capabilities of transmission measurements using fabricated optical setup
at the wavelength of 505 nm for seven diatom strains were demonstrated and compared to
the spectrophotometric approach. As a result, the linear dependence of measured
transmission on the diatom concentration was observed with high accuracy for all strains.
The described approach is promising for continuous monitoring of diatoms in bioreactors,
and can be improved with addition of transmission measurements at the wavelength of 680
nm and fluorescence measurements with the same emission wavelength, as well as fine
tuning of a photodetector sensitivity based on the obtained dependencies of the linear fits

=

A specially designed microfluidic cell allowed for several days to carry out in situ

on the diatom volume.

monitoring of the process of division of individual cells with the possibility of varying the

concentration of CO», temperature and flow rate of the nutrient medium.
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Chapter 5. Visualization of living and cleaned individual diatoms

This chapter {pitirtgs the investigation of individual diatoms through the application
of various methodologies employed to visualize both intact living cells and purified
frustules devoid of organic constituents.
5.1 Background

Diatoms are classified based on their morphology and nanopatterned structures of
their silica cell walls, allowing for accurate identification and classification. The study of
diatom morphology and structure enables the characterization and classification of
different diatom species, helping to understand their ecological roles and interactions. The
changes in the diatom community structure and morphology are considered early warning
signals of environmental impacts, such as pollution, eutrophication, and climate change.
The study of diatom morphology and structure can, therefore, facilitate the detection of
environmental changes and help develop management strategies for maintaining
sustainable ecosystems. Understanding the diatom morphology and structure can also
enable the design of custom-shaped silica structures with specific chemical and physical
properties for targeted applications. The conservation and application of diatoms rely on
the in-depth knowledge of their morphology and structure, making this an important
research area with a broad spectrum of scientific and technological implications.
5.2 Scanning electron microscop)%

The morphology of diatom frustules after purification from organic material was

studied using SEM (Figure 48).
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Nitzschio graciliformis Ulnaria acus Asterionella formasa ﬂanq(c bulkalensis 5

100 um

Coscinodiscus
oculus L':‘['j"-)/ \

Figure 48. SEM images of different pennate and centric diatom frustules. Insets:

enlarged view of individual frustules

Nitzschia graciliformis Lange-Bertalot & Simonser@

The cells are solitary needle-shaped, with two chloroplasts, one at each end of the
cell. Valves are straight lanceolate, sharply narrowed to very thin ends. The keel runs along
the edge of the cell; it contains a canal-suture with central pores. Fibulae, supports on which
the tube of the canal-like suture is held, are located along the entire length of the leaf. The
two median brooches are widely spaced and form a central knot. Terminal nodules are
visible at the ends of the valves. Rows of areolas are distinguishable only in an electron
microscope. The species is widely distributed in the pelagic zone of the lake Baikal, as well
as in the river Selenga and in the Selenga shallow water.

Ulnaria acus (Kiitzing) Aboal

Cells are solitary, needle-shaped, two large chloroplasts are elongated along the
valves. The valves are narrow towards the ends gradually narrowing; the axial field in the

center of the valve is narrowly linear. Two-lipped outgrowths are located at each end of
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the valve. At each end is a pore field - the ocellulimbus. It is one of the mass dominant
species of phytoplankton in the pelagial of Lake Baikal.

Asterionella formosa Hassall

Cells are rod-shaped, connected in stellate colonies. Chloroplasts are small. The
frustule is narrowly linear with widened ends, of which the basal end is wider than the
head. Axial field narrowly linear, transverse rows of areoles consist of single areoles. At
the ends of the valve there are two-lipped outgrowths, the slit of which opens on the outer
surface with a hole much larger than the pores. Small irregular spines are located on the
border of the front part of the valve and the bend. At the apical ends of both valves, there
are fields of small pores arranged in short rows in the direction of the central axis of the
valve. The species is widespread in the lake Baikal from spring to autumn.

Amphipleura Kutzing sp.

Valves linear-lanceolate and very narrow, gradually tapering to rounded ends. The
suture branches are greatly shortened and only slightly increase in length as the valve
length increases. On the branches of the seam, the seam is surrounded by two longitudinal
ribs. The rows of areolas are very small and visible only under optimal lenses and
illumination in a light microscope. The outer distal and proximal ends of the suture are
straight. The strain was isolated from the river Yenisei.

Hannaea baicalensis Genkal, Popovskaya & Kulikovskiy

Cells are rod-shaped, slightly crescent-shaped, solitary. The single chloroplast is
pressed against the girdle rims. The valves are crescent-curved with capitate ends, the

suture is absent. Rows of areoles are parallel, interrupted in the middle on the ventral side
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of the valve, where a unilaterally convex field is located. The axial field is narrow-linear.
There are two-lipped outgrowths at the ends of the valve. The species is widespread in the
littoral zone of the lake Baikal.

Coscinodiscus oculus-iridis (Ehrenberg) Ehrenberg

The frustule is low-cylindrical, the valves are flat, there are no hyaline fields on the
valves. Areoles on valve are rounded, with external velum, unequal in size, densely spaced.
There are no macroprotrusions on the valve fold on the inner side of the ring of bilabial
outgrowths (rimoportula), which open from the outer side of the valve with simple holes.
Plastids are small, granular, multiple, more or less evenly distributed throughout the entire
thickness of the cytoplasm. The species is free-living, marine and often abundant in
phytoplankton.

Coscinodiscus sp.

A species with a taxonomic position that has not yet been clarified by us. Cells are
solitary, while frustule is cylindrical. The valves are flat. Chloroplasts are multiple,
granular, in a healthy cell evenly distributed throughout the volume of the cytoplasm. At
the time of measurements, the cell diameter of the strain Coscinodiscus sp. (Black Sea)
21.0407-OA varied from 28 to 35 um.

The genus Coscinodiscus includes 221 species!?. Representatives of the genus,
apparently, are exclusively marine, with the exception of species with an unclear
taxonomic position. This large genus requires taxonomic revision as there is a lot of

variation at the ultrastructural level. Several species formerly in this genus have been
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moved to the genus Thalassiosira, others to Actinocyclus - many of the changes concern
species living in tropical lakes.

Biddulphiopsis titiana (Grunow) Stosch & Simonsen

Cells are rectangular with rounded corners, forming short chains that can attach to
a substrate (usually other algae). The contour of the valve is oval to semicircular with deep
vertical mantles. When viewed from the girdle, the surfaces of the valves look slightly
convex. Areoles occluded by mouths (variant of velum) scattered over elongated central
area, arranged radially in single row outside it. On the apexes there are areas with smaller
pores, forming rather indistinct false eyes (pseudocellus). The edge of the mantle is slightly
extended inward, forming a pseudo-septum. Next to the pseudocellus there is a row of
rimoportulae, sometimes forming an irregular ring around them. The waistband consists of
four closed rings. The marginal edges of the rims have short thin protrusions with a few
inclusions of pores, inside which there is a smooth platform. The areoles run in rows down
the rims and have single or multiple elongated mouths. Small, lamellar, multiple plastids
occur in the peripheral cytoplasm and in strands extending from a prominent central
nucleus. This widespread marine genus consists of two species, B. fitiana and B.
membranacea.

The cell ultrastructure examined using a transmission electron microscope is

described in Appendix A.
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5.3 Confocal laser scanning microscromE
Laser scanning microscopy (LSM) was used to observe the DNA material of diatom
cells and newly formed valves during division, as described in the Materials and methods.
Confocal images of pennate species (U. acus, N. graciliformis, Amphipleura sp., A.
formosa) after staining are shown in Figure 49. Newly formed valves are visible on all
images (Figure 49a-j). In the case of Amphipleura sp. Chloroplasts are clearly visible and
occupy the central part of the cell (Figure 49e-h).
a) b) e). f
’ V . | -
= h —
_. g

d

_

Figure 49. Visualization of pennate diatoms using laser scanning microscopy. a)
Confocal image of U. acus (15k 595) after PDMPO staining, b) 3D confocal image of U.
acus, c) Fluorescent image of N. graciliformis, d) Bright field image of N. graciliformis, e)
Confocal image of Amphipleura sp. (Ov 466) after PDMPO staining, f) 3D confocal image

of'a dividing cell of Amphipleura sp., g)-h) 3D images of Amphipleura sp., 1) Confocal image
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of A. formosa (BZ 33) after PDMPO staining, j) 3D -confocal image of A. Formosa. Scale

bar:a,b,c,d,i,h- 10 um;e, g, j—5 um.

Confocal images of a marine culture of C. oculus-iridis after staining are shown in Figure

50.
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Figure 50. Visualization of C. oculus-iridis (strain 0.1211-OD) using laser scanning

microscopy. a) Confocal image of a fixed C. oculus-iridis cell stained with LysoTracker
Yellow and DAPI (lateral view), b) 3D image of a dividing cell with nuclei (lateral view),
¢) 3D image of a divided cell without a nucleus, d) 3D image image of a dividing cell, e)
Confocal image of a fixed C. oculus-iridis cell (top view), f) 3D image of a cell without a
nucleus (top view), g) 3D image of a cell with a nucleus (top view). Red: chlorophyll
autofluorescence, green: newly formed valves, blue: nucleus. Scale bar: a, e — 20 um; b, c,

f,g—5 um.
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According to Figure 50a, b, g, the nuclei located in the center of the cells are round.
Oval-shaped chloroplasts are rather densely distributed inside the cells (Figure 50a, c, d, f,
g). The formation of new valves (represented in green) is shown in Figure 50a-g. The state

of chloroplasts and cell division indicate the viability of the culture.

5.4 FLIM visualization %]

Fluorescence lifetime imaging microscopy is a powerful tool for studying
biological structures by measuring the fluorescence decay rate of molecules!>!73-180 This
technique has recently found use in many applications, because it can provide both
information on the location of specific fluorophores and on their local
environment! 7180181 “Ag an intrinsic property of a fluorophore, the fluorescence lifetime
depends on temperature, pH, concentration, polarity, the presence of fluorescence
quenchers, and internal factors that are connected with fluorophore structure!'$!-1%2,
Therefore, it is important to understand the state of the fluorophore in diatoms. According
to the literature, the fluorescence lifetimes of chlorophyll a range from 3.0 to 5.1 ns for an
isolated molecule, depending on the polarity of the solvent'®*. In living cells, the lifetime
ranges from 0.3 to about 1.5 ns, because a great amount of absorbed energy is used in

photochemical reactions'®?,

It is well known that diatoms use the mechanism of
nonphotochemical quenching of chlorophyll a fluorescence to dissipate excess energy and

prevent overexcitation of the photosynthetic apparatuslg".%
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The bright-field transmission and FLIM images of different pennate diatom species
(K. amoena, Haslea karadagensis, A. sibiricum, E. silesiacum) are shown in Figure 51.

H. karodogensis

A. sibiricum 3 i < (N E. silesiacum

Figure 51. Transmission bright field (left) and FLIM images (right) of different

pennate diatoms.

FLIM results demonstrate that diatoms generally have a very short yet changeable
average lifetime—from 0.5 ns up to 2 ns. The fluorescence signal originated from
chlorophyll a, because the detection system that was used includes a 402-nm and 638-nm
lasers as the excitation source and a 619;%1m bandpass filter, and it does not record signals
other than those from chlorophyll a. The system records a variety of chlorophyll lifetimes,
probably owing to the complex physiology of diatoms and the state of the cell. Another
reason could be that in diatoms, pigments have different concentrations, and in some

diatoms, they only partly fill the volume of the frustule. The longest fluorescence lifetime
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was observed in the case of the old bacteria-contaminated culture of E. silesiacum, which
confirms the assumption that these values may also depend on the life cycle of diatoms.
The bright-field transmission and FLIM images of different centric diatom species

(C. oculus-iridis, Coscinodiscus sp., B. titiana) are shown in Figure 52.%

ST C. oculus-iridis
o N

Figure 52. Transmission bright field (left) and FLIM images (right) of different

centric diatoms.

While transmission bright field images demonstrate the highly ornamented silica
frustule, FLIM images show the distribution of chloroplast inside the diatoms. In the case
of C. oculus-iridis, chloroplast distribution is shown from the top and from the side. Also,
Figure 52 on the left bottom demonstrates that there is no signal from the empty frustule

without organic content. Fluorescence lifetime ranges from 0.4 to 0.8 ns.
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The distribution of chloroplasts in the frustules is also demonstrated using Operetta
High Content Imaging System in Figure 41.
5.5 Summary

In order to design silica structures with specific physical and chemical properties,
it is necessary to understand the diatoms' morphology and structure, which were
investigated after purification using SEM and TEM, respectively.

Living diatom cells were studied using different fluorescence-based techniques,
such as confocal laser scanning microscopy, FLIM, and Operetta High Content Imaging
system, owing to the presence of the main fluorophore — chlorophyll. Fluorescence images

demonstrated the size, shape, and distribution of chloroplasts inside the frustules.
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Chapter 6. Mechanical properties of diatoms
Interrogating the structure and properties of diatoms down to nanometer scale leads
to breakthrough advances reported in this chapter in the nanomechanical characterization
of Coscinodiscus oculus-iridis diatom silica frustules, as well as of air-dried and wet cells
with organic content. The results on mechanical properties of diatom algae presented here
are published in Cvjetinovic J et al.' Scientific Reports, 2023, 13(1), 5518, while results
on resonant eigenmodes of diatoms e kSAIXARRK submitted to the journal Applied Physics

=

6.1 The biomimetic approach and research methodology

Letters.

For the present study the centric diatom Coscinodiscus oculus-iridis was chosen as
a representative sample with some of the most interesting variations in structural elements
that can affect their mechanical and photonic properties. We investigated cleaned frustules
consisting of two halves with different outer and inner surfaces, as well as wet and dried
diatom cells containing organic components (Figure 53a). The state of the sample
interrogated is indicated by the small cartoons shown in the upper right corner to aid
understanding. The striking similarity between diatom valves and the membranes used in
modern MEMS microphones!3! (Figure 53b) is shown in Figure 53c. Two different AFM
modes used in this study are schematically illustrated in Figure 53d, whilst in situ
nanoindentation in the SEM column is shown in Figure 53e. The details of these
experimental approaches are explained in the Materials and Methods section. The
mechanical contact between a sharp indenter and diatom frustule is a frequent occurrence

in nature in the course of interaction with marine zooplankton. For example, several species
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of copepods use the force of their mandibles to crush diatoms using silica-tipped parts

=

called opal teeth!'®, as illustrated in Figure 53f.

a) cleaned frustule external side
- b) MEMS microphone c¢) diatom structure
diatom cell internal side
N .
d) Atomic Force Microscopy @) in situ SEM nanoindentation  f) copepod crushing diatom cell
Cantilever Daflection Cantllever Deflection
Force vs Distance Resonancs 1 (AM) + Hesonancs 2 - EM sifica tooth
copepod %
z \
- diatom cell

Force curve AMFM viscoelastic mapping

Figure 53. Study objects, biomimetic approach and research methodology. a)
Samples used in this study: cleaned frustule (organic matter removed), external and internal
sides of cleaned frustules, diatom cell containing organic components, b) SEM images of
the MEMS microphone and the membrane perforation (inset). Adapted with a permission
from'3!. ¢) SEM image of diatom frustule showing the porous structure (inset), d) Schematic
diagrams of two modes of AFM measurement: force vs distance and amplitude modulation-
frequency modulation (AMFM), e) In situ nanoindentation inside SEM column, f)
Schematic illustration of a copepod crushing diatom cell with the help of a silica tooth as an

example of indentation in nature. !
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6.2 Morphology and topography study: from micro to nanoscale
Figure 54 shows morphology and topography of Coscinodiscus oculus-iridis first

identified by Ehrenberg in 1839.

Figure 54. SEM images of: a) the cleaned diatom frustule consisting of a hypotheca
and an epitheca joined together by girdle bands, b) the frustule FIB cross-section showing
arcola walls ¢, d) outer surface of the valve, e details of the external side of the valve:
cribrum, f) cribellum, g) inner surface of the valve, h) details of the internal side of the valve:
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rimoportulae, i) foramen. AFM topography of: j) an outer surface of the cleaned frustule
decorated with porous domes (cribrum), k) foramen holes on the inner surface of a cleaned
frustule, 1) a surface of a wet diatom cell forming a hilly terrain, m) close view of regularly
spaced pores on the outer surface (cribellum) of a wet diatom cell. !

The frustule shown in Figure 54a consists of two valves: the upper epitheca ar%lhe
lower hypotheca, connected by a series of siliceous rings called girdle bands. The diameter
of valves ranges from 30 to 70 um, while their height varies from 10 to 15 um, although
much larger size ranges can be found in literature. The cross-sectional view of a diatom
frustule after FIB (Figure 54b, ¢) demonstrates the multi-layered hierarchical structure of
the cell wall, formed by orthosilicic acid in silica deposition vesicle!*!?’. The wall
thickness is in the 0.3-1.5 pum range. The disk-shaped valve faces are slightly depressed in
the central area, which is frequently less silicified than the peripheral region!®6. The outer
thin perforated silica layer called cribrum (Figure 54d, e, j) consists of a regularly spaced
array of 40-70 nm pores (cribellum)'®’ (Figure 54f, m). The pore-to-pore distance in one
array is around 100 nm. The honeycomb-like chambers called areolae are open to the cell
interior via rimmed circular openings (Figure 54g) — foramen with a diameter of around
0.2-0.5 pm (Figure 54h, 1). The porous pattern of the cribrum layer is located exactly above
the foramen. The rimoportula openings having the shape of a pair of lips are distributed
along the perimeter of the internal valve (Figure 54h). On the external valve face, the
rimoportula opening is a simple, round aperture, through which they extrude

polysaccharides and other carbon compounds. AFM topography images (Figure 54j-m)
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show that the surface of the air-dried live diatom cell containing organic material is not flat
and monotonously "smoothed", but form a hilly terrain (Figure 541, m). Organic
components of diatoms can be classified in the following way: 1) an organic casing
represented by a thin layer surrounding silica wall, 2) the diatotepum or diatotepic layer
located between the plasmalemma and the silica, 3) molecules or organic complexes
trapped within the silica, 4) mucilage associated with the cell surface or secreted by diatoms
which can be used for motility, adhesion or protection!®®. On the cleaned frustule the
perforations on the outermost surface are simple openings (Figure 54j), while on the inner
surface they have thickened rims (Figure 54k).

The analogy between the natural appearance of silica diatom frustule lase structure
and artificial MEMS (especially microphone membrane) served as a motivation to
carefully study diatoms as a mechanical system. Mechanical sensitivity of the MEMS
capacitive microphones increases when the thickness of the diaphragm increases'®.
However, it is important to find an optimal Size correlation between thickness and
mechanical response. On the one hand, a thin membrane with a large radius has more
flexibility, but at the same time can be brittle. On the other hand, a thick membrane with a
small radius has a poor flexibility. According to the review article!’, the average
membrane diameter is 600 pm, while the thickness makes up 1 um, which corresponds

well to the silica frustule thickness.
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6.3 AFM and AMFM studies of mechanical properties of diatoms

Figure 55 shows AFM topography and corresponding maps of Young’s modulus
measured on the inner (Figure 55a, d) and the outer (Figure 55b, e) surfaces of cleaned
diatom frustules and on the wet cell containing organic material (Figure 55c, f). The
Young’s modulus data were obtained by collecting force-distance curves in the elastic
regime.
527

40

oz
500 nm

Figure 55. AFM study of cleaned frustules and wet diatom cells. Topography of a
measured: a) inner side and b) outer side of cleaned frustule, c) wet diatom cell. Young’s

modulus of: d) inner and ¢) outer surface of cleaned frustule, f) wet diatom cell. !

The results show that Young’s modulus of the thick space between pores is E=15+2
GPa and E=10+4 GPa for the inner and the outer surfaces of cleaned frustules, respectively,

while for the wet diatom cell E=25+5 GPa, which was expected considering the support
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from the organic material trapped inside the frustule. According to study '°!, the
introduction of molecular water into the silica network leads to an increase of Young's
modulus of silica glass at low water content. On the other hand, due to excessive boiling
in concentrated nitric acid, the frustule material can become friable and fine structures in
some cases may be lost which leads to the lower mechanical performance. Conversely, if
the oxidation was weak and the samples were poorly washed, the organic matter lays down
on the surface of the frustuleyg a thin layer, covering and masking fine structures. The
stronger mechanical structure of the internal plate is expected as this layer is the basic
framework for building the other porous layers — cribrum and cribellum. However, that the

values fall within the error margins (Figure 56).
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Figure 56. Calibration of a stiff diamond probe (k=400 N/m) on a fused silica
reference sample. a) Topography, b) The stiff diamond cantilever, ¢) The DMT model, d
The Hertz model), €) Hardness depending on the applied force. !

Th%t]iff diamond cantilever has a spherical tip apex with R = 100 nm and a pyramid
body with half angle = 45 deg (Figure 56b). During indentation the contact geometry
changes from spherical at low force to pyramidal at high force. Different models were used
to fit force-distance curves and calculate Young’s modulus. Using the reference fused silica
sample (Figure 56a) we established that at the low indentation force (<20 uN) where the
tip-sample contact geometry is mainly determined by the tip apex (assuming flat surface)
the DMT (Derjaguin-Muller-Toropov) model gives results in agreement with literature
reference, which can be found elsewhere (Figure 56¢). Here the DMT model assumes a
spherical indent with R=100 nm made of synthetic diamond, and the sample’s Poisson ratio
0.15. At the high indentation force (>70 uN) where the tip-sample contact geometry is
mainly determined by the tip body, the Hertz model gives adequate results (Figure 56d).
The Hertz model assumes a conical indent with 50° half angle made of synthetic diamond,
and the sample’s Poisson ratio 0.15. For the diatom samples we applied low loading force
and implemented the DMT model except for the hardness measurements.

Hardness was calculated as a ratio of indentation force to the indent area (Figure

56e). The measured hardness is higher than the literature reference, but of the same order of
magnitude. The difference might be due to the size effect, since the AFM indents are much

smaller than the Vickers indents.
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Finite element simulation of an isolated pleura of T. punctigera® showed that the
Young's modulus of diatom silica is 22.4 GPa, which is comparable to cortical bone (20
GPa) and in good agreement with our study. Young’s modulus of the rims around pores is
lower probably because the material of the rims is not clamped in in-plane direction, as

shown in Figure 57.

a) Before indentation b) After indentation
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Figure 57. Inner surface of a frustule measured by the stiff diamond probe (k=400

N/m). a) Topography before nanoindentation, b) topography after nanoindentation with
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indicated Young’s modulus values calculated using DMT model, c) force-indentation and

force-deflection curves collected at specific indentation points. !

We also performed indentation at specific points on the inner surface of the cleaned

frustule by applying different indentation force, as indicated in Figure 58a.
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“[J30uN x|  ee s
E 45 uN s | . b .
“DCeoun &% 131 g .
- T !
= [C] 7S uN g‘o‘: - #4904
24 o !
) S o B % % @™ m % % @ %%
Applied force, uN Applied force, pN

Figure 58. AFM indentation at specific points of a cleaned inner valve. a Inner
surface of a frustule measured by the stiff probe after indentation at specific points by
applying different indentation force, b Young’s modulus calculated using the Derjaguin-
Muller-Toropov (DMT) model at different applied forces after averaging over 10 points, ¢

the dependence of hardness on the applied force. !

Young’s modulus calculated from these data using the DMT model (Figure 58b)
show the same trend as for the reference fused silica sample (Figure 57), i.e., correct values
are at the applied force below 20 uN where the tip-surface contact geometry may be
approximated by a sphere and interaction is mainly elastic. At higher forces the model does
not fit well because the contact geometry deviates from the spherical one, while at 75 uN
the valve breaks. Hardness calculated as a ratio of the maximum indentation force to the

indent area is between 4.0 and 4.5 GPa and slightly decreases with increasing loading force,
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which is typical for nanohardness measurements (Figure 58¢).!°? Similar behaviour was

observed on the reference fused silica sample (Figure 57). The hardness of the measured

=

values obtained on the outer porous layers ((0.033 - 0.116 GPa) — at the center, (0.076 -

cleaned inner valve was significantly higher as compared to the previously reported?

0.120 GPa) — at the edge). The Young’s modulus values obtained in our study were higher
than in the study by Losic et al.*°, where they varied from 0.591 to 2.768 GPa at the center
of the frustule and from 0.347 to 2.446 GPa closer to the edge.

Young’s modulus on the cribrum in Figure 55 appears smaller than on the thicker
parts of the sample. It can be explained by the fact that the cribrum is so thin that during
force-distance curve acquisition it bends as a membrane even at low applied force (100
nN). In this case the obtained values of Young’s modulus do not correctly reflect properties
of the material. In order to obtain more accurate results for the cribrum, we used a gentler
AMFM viscoelastic mapping method!®?, in which the AFM cantilever scans the sa%e’s
surface in the tapping mode in the repulsive regime!** being excited simultaneously at two

resonance frequencies. The results are shown in Figure 59.
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Figure 59. The AMFM study of cleaned frustules and wet diatom cells. External
side of the cleaned valve: a) Topography, b) The AMFM Young modulus, ¢) The AMFM
Y oung modulus profile along the white line shown in Figure 60b. Internal side of the cleaned
valve: d) Topography, ¢) The AMFM Young modulus, f) The AMFM Young modulus
profile along the white line shown in Figure 60e. External side of the wet diatom cell: g)
Topography, h) The AMFM Young modulus, i) The AMFM Young modulus profile along

the white line shown in Figure 60h.

The AMFM Young’s modulus is up to two times higher than the modulus

calculated from the force-distance curves. On the outer surface of the cleaned frustule
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Young’s modulus of the cribrum is about 3 times lower than of the thicker space in
between, while on the wet diatom cell, where the inorganic frustule is supported by the
organic interior, the difference almost vanishes. This result implies that Young’s modulus
calculated on the cribrum from the force-distance curves is indeed affected by the
membrane effect and is lower than the real one.

To get deeper insight into mechanical properties of the cleaned valve we acquired
force-distance curves from the edge towards the center of the outer surface along green
lines shown in Figure 60a using the stiff diamond probe. The maximum loading force of
7.7 uN falls into the elastic regime (without indentation) and the frustule’s outer surface
bends as a membrane under the load. The results showed that the bending increases from
the side towards the center of the valve. Young’s modulus calculated using the Hertz fitting
model decreases as the distance from the edge towards the center of the valve increases.

There is a strong correlation between MEMS' performance and the mechanical
properties of the materials they are constructed from. By selecting, designing, fabricating,
and packaging materials in accordance with mechanical properties, some of the mechanical
failure modes may be eliminated!®>. Polysilicon, the most frequently used MEMS material,
has Young’s modulus mostly in the range between 160 and 180 GPa, similar to single-
crystal silicon (160 — 190 GPa)'®. Silicon-carbide and silicon-nitride are also promiséf
MEMS materials having Young’s modulus values determined by indentation method 39
GPa and 101 — 251 GPa, respectively!'®>. Silicon oxide is often included in MEMS devices
(e. g. as a sacrificial material in polysilicon surface micromachining), but has low stiffness

and strength (64 GPa)!>.
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6.4 Compliance of cleaned frustules: Static vs. dynamic approach

The data obtained was used in combination with the analytical model for circular
membrane deformation given by Melnikov!%S. The Green’s function of a point force G(z,{)
for Kirchhoff plates satisfies the equation:

V*G(2,{) =6(z—9) 3)
where D = Eh3/12(1 — v?) is the flexural rigidity of the diatom valve given in terms of
Young’s modulus E, thickness h and v is Poisson’s ratio, while z = r(cosg + ising)
and { = p(cosy + isiny) represent the observation point and the force application
point, respectively. The solution is given by:

|a2—z(|

G(z0) = — |- (a* — |z1*)(@® - [{|?) — |z — {|2In =—= 4)

8nD |2a2 alz—Q|

where a is the radius of the diatom. By fitting the model to experimental
observations, the membrane flexural rigidity can be used to determine the overall apparent
Young’s modulus of the diatom valve as a circular membrane. The compliance defined as
the measure of the structure deformation under the action of external forces was calculated
as the reciprocal of rigidity. The dependence of compliance on the relative radial position
calculated using influence function of a point force is shown in Figure 60b. Maximum
similarity with the experimental values was achieved at h=477 nm and E=9.35 GPa. In the
study by Shubham et al.!*2, the mechanical compliance of a semiconstrained polysilicon
diaphragm with peripheral and center protrusions on the backplate is calculated to be
7.154 x1073 m/N, which is in good correspondence with our results, as demonstrated in

Figure 60b.
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Figure 60. Compliance of cleaned frustules: static vs. dynamic approach. A)
Young’s modulus depending on the distance from the edge towards the center of the outer
surface of the valve. Inset: topography of outer surface of a cleaned frustule. The
measurements were carried out using AFM by pressing the diamond probe on the sample
with a force of 7.7 uN along each green line. b) Compliance vs. relative radial position
calculated using the Green’s function of a point force, c) SEM images of whole diatom
frustule acquired during different stages of nanoindentation in the SEM column, d)

Calculated compliance vs. cycle number. !

The results of cyclic loading (amplitude 1 pm, period 1 s) performed on cleaned

diatom frustule in the SEM column are shown in Figure 60c and Figure 61. Based on the

181



dependence of the displacement on time, considering sinusoidal motion represented as
A-sin(ot), we found the stiffness and subsequently compliance as a function of cycle
number, as presented in Figure 60d. Compliance increases with increasing number of
cycles. The average compliance was found to be 0.019. The frustule begins to break along
one edge after ca. 300 s, but continues to oscillate during cyclic loading without complete
rupture. Figures 61a-d show the analysis of vibration behaviour of upper diatom valve,

while Figure 61e-h represent the analysis of the whole frustule.

d) 600740 Cov = 0,008

Time, s

stiffness = &« reliiiien
r R K7

Figure 61. a) SEM image of a measured cleaned diatom upper valve, b)
Displacement vs. time, the whole region — 300 seconds, ¢) Displacement vs. time, a short
time interval — 5 seconds, d) Compliance vs. cycle number, ¢) SEM image of a measured
cleaned diatom frustule, f) Displacement vs. time, the whole region — 300 seconds, g)
Displacement vs. time, a short time interval — 5 seconds, h) Compliance vs. cycle number.

Amplitude 1 um, period 1s.!
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Considering the deformation response of the frustule valve to local indentation
illustrated in Figure 62, the total compliance of the system can be written as the sum of the

local material compliance under the indenter, Cr, and the global structural compliance Cg:

=C, + (g )

Figure 62. The deformation response of the frustule valve to local indentation !

It is well known from the literature for elastic'®”-1?® as well as plastic indentation'®’
that the force-displacement relation is described by a power law function of the type F =
5+m) where m>0. Therefore, the local compliance decays with increasing applied force
as C; = F~™, whilst the global compliance C remains appreciably constant within the
range of forces for which the structural deflection remains elastic. By the same argument,
the local compliance Cr dominates over global compliance Cg for small applied forces.

This transition between the two regimes takes place over a range of loads that depend on
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the material properties and the indenter shape. It can therefore be concluded that both the
local material and global structural responses can be interrogated via the suitable choice of
loading conditions and indenter tips under the small and large applied forces, respectively.
Both local and global effects can be considered together only once the global compliance

has been calibrated.

6.5 In situ SEM nanoindentation

We also performed static in situ nanoindentation inside SEM on dried cells with
cellular material (Figure 63a) as well as cleaned diatom frustules (Figure 63b) and based
on the force- displacement curves we analyzed their mechanical performance. Static
studies lead us to a more precise definition of the module of a material as a whole. Figure
63c shows the force-displacement curves of dried cells, which vary depending on the
orientation and size. As can be seen, dried cells 1-4 (diameter, 37-40 um; height, 11-13
um) have a similar size and mechanical behaviour, which is different from the dried cell 5,
whose diameter/height ratio is smaller (diameter, 41 pum; height, 18 pm). On th%]her
hand, we observed a difference in mechanical performance when indenting a dried cell 6

from the girdle band point.
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Figure 63. In situ SEM nanoindentation of cleaned frustules and dried diatom cells.
a) SEM images of air-dried diatom cells measured by nanoindentation in the SEM column,
b) SEM images of cleaned frustules. Scale bar, 10 um. c¢) Force-displacement curves
obtained during indentation of dried cells, d) Calculated area under the force-displacement
curves of dried and cleaned diatoms equal to work done, e) The case of a layered structure

of the frustules of some diatoms, potentially responsible for difference in the obtained force-

distance curves. !

The nature of the curves of cleaned frustules and dried cell with organic material is
different (Figure 64). Also, the forces are significantly lower in the case of cleaned
frustules, as well as the area under the curves, which is equal to work done on the object
(Figure 63d). With the help of AFM, we made local indentations which gives us more

information about material, however we did not completely deform the structure, as in the
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case of nanoindentation in SEM column performed with the blunt tip indenter. The
differences between the values can also be attributed to the layered “burger” structure
within the frustule of some diatoms, as demonstrated in Figure 63e. This situation can occur
in old cultures when the process of cell division is corrupted and formation of the valves is
not accompanied by cytokinesis. The combination of organic and inorganic components in
diatom cells, leading to their superior mechanical characteristics, can serve as an
inspiration for layer-by-layer assembly, which can be used to modify the inorganic

substrate for the manufacture of multilayer composites.2*

a) 254 ——— Frustule 1 b) 1.0, A 1 ——— Frustule 1
{ Frustule 2 / Frustule 2
Frustule 3 f Frustule 3
20+ Frustule 4 0.3 [ Fruust:Ie -
z Frustule 5 z 1 / Frustule 5
? 154 Frustule 6 E 06 / M f ) Frustule 6
8 | ] ‘ |
5 " =
£ 10- / 0
/]
54 A
0 — el i :
0 2 4 6 8 10 12

Displacement, pm Displacement, pm

Figure 64. Force-displacement curves of cleaned frustules obtained by in situ SEM
nanoindentation. a) force-displacement curves for forces up to 25 mN, b) magnified view of

force-displacement curves for forces up to 1 mN. !

186


ShuvaS
Highlight

ShuvaS
Note
... between the valves or the way they behaved, their mechanical response?


6.6 Vibrational eigenmodes of diatom frustules

%]wm, there has been a surge of interest in leveraging natural structures as
a source of inspiration for innovative engineering solutions, showing the potential of
biomimicry. One particularly intriguing avenue of research involves the utilization of
diatom algae frustules as—ain—iuspivation for fabricating an array of micro- and

nanoelectronic devices!26-135,201-203

. As already mentioned in this chapter, the high
mechanical strength, small size, low density, optical properties and tailored nanostructures,
have inspired researchers to explore their potential in the development of MEMS and
NEMS devices with improved performance, efficiency, and longevity!!372%4  The
dimensional and structural congruence observed between diatom exoskeletons and
advanced devices, including PICs and MEMS microphones, represents a promising
foundation for exploring additional avenues in the realm of nanotechnology component
development through the application of biomimetics and biotechnology!-!2%131,

The gsguant frequencies of MEMS devices play a crucial role in their design and
performance optimization as they determine the dynamic behavior of the devices and
significantly impact their functionality, efficiency, and reliability. Hence, understanding
the resonant frequency characteristics of MEMS devices inspired by diatom algae frustules
is of paramount importance. Resonant frequencies play also an important role in the

characterization of other biological objects, including red blood cells®®®, bacteria?’®207,

virus?®, algae®”, etc. Zinin et al.?°® found that the natural vibrations of specific bacteria

are in MHz range W&WMMQ@WM
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Vibrational modes of diatom silica frustules have been g.obirat of research, but
primarily through the utilization of FEM as reported by Abdusatorov et al.!*” who explored
the potential of using diatom silica frustules for vibrational MEMS applications. The results
showed that diatom frustules have natural frequencies in the range between several Miiz
and tens of MHz and are determined by the stiffness and density of the material, the valve
diameter, and the wall thickness of the frustules. Gutierrez et al.?!® investigated the
mechanics of centric diatom frustules using the FEM in combination with morphology and
material properties obtained from SEM and mechanical tests respectively. The study
reveals that the first ten deformation modes correlate noticeably well with deformation
patterns observed through SEM. A quadratic correlation was observed between the pore
size and the critical buckling load, alongside a cubic relationship between the thickness of
the frustule and the critical buckling load. The findings in this research provide insights
into the mechanical response of diatom frustules that can aid the realization of tailored
properties in new bio-inspired materials, in particular for nanotechnology applications, but
also for advanced metamaterials and optomechanical devices.

Despite these notable advancements, further exploration and experimental
validation of the resonant frequency characteristics of MEMS devices inspired by diatom
algae frustules are warranted. We conducted the first experimental study of vibrational

modes of a diatom silica frustule and compared the obtained results with computational

data. The numerical simulations utilize FEA to model the dynamic response of the
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frustules. This numerical approach allows for the evaluation of resonant frequencies based
on the frustules' geometric and material properties, providing insights into their inherent
mechanical behavior.

To experimentally validate the numerical findings and provide precise
measurements of resonant frequencies of individual diatoms, two different mett%s to
register vibrations were employed using an AFM optical detection system: (1) thermal
spectra collection and f%__]an external mechanical excitation followed by detection via a
lock-in amplifier, which are described in the supplementary material. These experimental
techniques allow for the direct observation of the frustules' dynamic behavior, providing
valuable data for comparison with the numerical simulations.

As a model we used the same diatom frustules as for the study of mechanical
properties — Coscinodiscus oculus-iridis. Firstly, we performed numerical calculations of
eigenfrequencies of diatom frustule, taking into account its geometry, silica density,
Young’s modulus, and Poisson’s ratio (Table 6) and applying Comsol Multiphysics
Structural Mechanics module to obtain the simulation results, as illustrated in Figure 65a.

Table 6. Diatom model parameters

Frustule diameter D=60/70/72 pm
Frustule thickness t=1 pum
Frustule height 15 ym
Pore diameter 0.6 um
Silica density p=2300 kg/m’
Poisson’s ratio v=0.17
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Young’s modulus E=15 GPa

For experimental validation samples were prepared by welding a frustule to an
AFM Si cantilever chip by FIB, followed by sputtering a ~ 30 nm thick layer of gold on
top of the frustule gg order to increase laser reflectance (Figure 65b). The AFM
measurements were performed by collecting thermal spectra from a still sample (Figure
65c), and by measuring the amplitude-frequency response from the sample which was

externally excited by a piezodriver (Figure 65d).

(a) In silico simulation
Input Parameters Simulation Results
p— Comsol Module

. Comsol Multiphysics ‘\ - .
= Structural Mechanics
Frustule geometry
Density (p) ]

Young’s Modulus (E)
Poisson’s ratio (v) Displacement (u)

Experimental validation

© e (@) e

(b)

FIB-SEM welding of the frustule to the AFM chip thermal vibrations,  external modulation,
kT shake piezo
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Figure 65. a) Flowchart of modelling steps using COMSOL Multiphysics. b) SEM
image of AFM chip after FIB-assisted welding of diatom frustules, right: enlarged view of
the samples. Schematic illustrations of two AFM approaches: c¢) thermal vibrations, d)
external modulation. (Cvjetinovic J. et al. Probing vibrational eigenmodes in diatom
frustules: a combined in silico study and atomic force microscopy-assisted measurements.
Ready for submission to Applied Physics Letters)

Thew obtained from different parts of the diatom frustule
are shown in Figure 66a. They show that the vibration amplitude is position sensitive which
corroborate the computational results, shown in Figure 66b. The experimental
eigenfrequency values closely match those obtained by COMSOL calculations (1.93, 3.20,
3.65, 4.68, 5.43, 7.68 MHz) and highlighted by the color bars. The majority of the
resonance peaks were ascertained through measurements conducted on the elevated region

of the valve.
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‘-'—'_—J | S ‘ ) \ —')
24 ~ —% e
0 - - - v - r - F=193MHz, Q,« 21 fy=3.20 Mz, Q= 66
44 ! \ |
Z_M_/\ ____J\-_A\L . - _— /
0 . v v ' v v . 1,53.65 MHz, Q=57 | LASEMML Qu6d
[
<
2
o

side
L’ I \ "7‘4; V
6 7T 8

0 1 2 3 4 5
Frequency, MHz

Defloction, a.u

Figure 66. a) Experimental thermal spectra collected from different parts of the
diatom frustule, as shown in the optical microscopy insets on the right side. The spectra were
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smoothed to avoid spurious spectral lines. The raw spectra are shown in Appendix B. b)
Calculated vibrational eigenmodes of diatom frustules with indicated frequencies and quality
factors. (Cvjetinovic J. et al. Probing vibrational eigenmodes in diatom frustules: a combined
in silico study and atomic force microscopy-assisted measurements. Ready for submission

to Applied Physics Letters)

Using the peaks in Figure 66 we calculated quality factors %m g from 21 to 90

(Table 7). The quality factor (Q) was calculated based on the obtained thermal frequency

spectra using the equation: Q = f/ Af, where f is the resonant frequency, and Af represents

the full-width at half-maximum (FWHM) of the resonance peak. The rigid nature of the

diatom's silica cell wall contributes to the preservation of oscillation energy, resulting in

high-quality oscillations characteristic of these microorganisms. As demonstrated in the
=)

work by Zinin’gualitieg of the quadrupole vibrations for different types of cells range from

0.8 (E. coli) to 23.2 (Carota).?®® It appears feasible for various types of bacteria

a rigid cell wall to exhibit natural oscillations pQgsgsaiag a sufficiently
high quality factor. While higher quality factors are generally desired in MEMS
microphones to improve their sensitivity and performance, quality factors below 100 can
still be suitable for certain applications with specific requirements, for example where a
wider bandwidth is required rather than high sensitivity?!!-2!2,

Inomata et al.>!* proposed a novel method for controlling the quality factor of

mechanical resonators using a variable phononic bandgap on periodic microstructures.

They showed how the vibration spectra of the resonator with 5.79 MHz resonant frequency
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and Q-factor of 42,960 and 82,690 appeared at a displacement of 150 pm and 200 pm,
respectively. The quality factors exhibited a hierarchical ranking, with the highest values
observed in the following order: periodic microstructure, periodic microstructure with
waveguide, non-periodic microstructure, and finally, the plain sample. As the resonant
frequency exhibited an increment, a corresponding decrease in the quality factor was noted.
Mechanical resonators characterized by shorter dimensions demonstrated higher resonant
frequencies. Furthermore, a larger surface-to-volume ratio was found to be associated with
a decrease in the quality factor due to increased energy loss from the surface. Similarly, a
smaller length-to-width ratio resulted in higher energy loss via the supporting component,
leading to a decline in the quality factor.

Experimentally obtained and calculated resonant frequencies as well as calculated
quality factors are shown in Table 7.%]

Table 7. Experimentally obtained and calculated resonant frequencies and quality

factors
Calculated Position Peak Resonant frequency, FWHM, Q
frequency, No MHz MHz
MHz
1
0.93 1.48 0.09 16
1.93 2
1.67 0.08 21
Side up
3.20 3
2.32 0.08 28
3.65 4
3.50 0.06 57
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Experiments are conducted not for the sake of collecting data (in the hope that somebody will find it useful) but for testing/verifying the existing theories/hypothesis or finding new dependencies/effects not covered by or contradicting the existing theories etc.


4.68 5
5.09 0.08 64
5.43 6
5.40 0.07 81
6.38 7
7.16 0.13 56
1
7.68 1.48 0.07 21
2
1.68 0.07 24
. 3
|
middle 4.03 0.06 67
4
4.51 0.07 64
5
7.19 0.08 90
middle- 1 3.28 0.05 66
side

The observed peaks were successfully replicated in subsequent measurements

conducted on the identical sample which was not welded to the chip by FIB (Figure 67).
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Figure 67. Thermal spectra of the diatom frustule with calculated eigenmodes.

Amplitude-frequency spectra of different parts of the diatom frustule obtained by
external mechanical excitation are shown in Figure 68. Besides the pronounced
background signal from the substrate in the frequency range below 1.5 MHz, two peaks
ci%e distinguished at about 2 MHz, which is in agreement with the thermal spectra data.

Intensity of these peaks is position sensitive. Higher order resonances were below the

detection sensitivity.
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Figure 68. Amplitude-frequency spectra of different parts of diatom frustules

obtained by mechanical excitation in the region: a) 0-8 MHz, b) 0-3 MHz. Phase frequency
spectra collected at different positions in the region: ¢) 0-8 MHz, d) 3-7.8 MHz. (Cvjetinovic
J. et al. Probing vibrational eigenmodes in diatom frustules: a combined in silico study and
atomic force microscopy-assisted measurements. Ready for submission to Applied Physics

Letters)
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We also applied both techniques to measure three diatom frustules with diameters
60, 70 and 72 um, as shown in Figure 69. Table 8 shows calculated resonant frequencies

for all three diatom frustules.

Table 8. Calculated resonant frequencies for diatom frustules with diameters 60, 70

and 72 um @

Mode Ne Calculated frequency | Calculated frequency | Calculated frequency
for D=60 um, MHz for D=70 um, MHz for D=72 um, MHz
1 1.29 0.93 0.89
2 2.62 1.93 1.82
3 4.35 3.20 3.03
4 4.96 3.65 3.45
5 6.36 4.68 4.43
6 7.30 5.43 5.14
7 8.67 6.38 6.04
8 9.66 7.68 7.28
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The measured thermal spectra vibrations posses%sition sensitivity, but had much
lower amplitude. The mechanical excitation vibrations showed resonance peaks at about 2

MHz as in the case discussed above.

=
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Figure 69. Thermal vibration spectra of diatoms with diameter: (a) 72 pum, (c) 60
pum, (e) 70 um, with enlarged view of peaks on the right. Externally modulated vibration
spectra of the same diatoms. Optical microscopy images of the samples and positions of the

laser spot are shown on the right. (Cvjetinovic J. et al. Probing vibrational eigenmodes in
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diatom frustules: a combined in silico study and atomic force microscopy-assisted

measurements. Ready for submission to Applied Physics Letters)

Different sensitivity for different samples might be explained either by different
properties of the samples or by specifics of the optical detection system of AFM. The
optical detection system is optimized to measure an AFM cantilever deflection angle rather

than direct displacement 2!4, The incident laser beam is reflected from a cantilever into a
. . A : . .
photodetector. The cantilever deflection A8 = STZ’ where Az is the cantilever displacement

and / is the cantilever length, leads to change in the laser reflection by 2A68 and shift of the
laser spot on the photodetector, which is measured. This means that the measured vibration
amplitude depends not only on the actual surface displacement, bu%]m on how this
displacement is transferred into the reflection angle, which depends on the laser position
on the surface and the surface geometry. The sample which demonstrated the highest
vibration amplitudes possess a 1.5 pm dome-shaped valve in the middle (Figure 70), and
the valve slope may facilitate transfer of the surface displacement into the

anglescbangs Surface with lower curvature may transfer surface displacement into the {aggx,

SHesiouAngls changa to a JQwRRARZLER, Which may explain the observed variation in

vibration amplitudes obtained from different samples.
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Figure 70. a) 3D AFM image of the diatom frustule. b) Horizontal and vertical

profiles of diatom frustule as shown in the image c). d) Topography of the surface layer.
(Cvjetinovic J. et al. Probing vibrational eigenmodes in diatom frustules: a combined in
silico study and atomic force microscopy-assisted measurements. Ready for submission to

Applied Physics Letters)
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The deformation modes of the diatom frustule are similar to those of circular
membranes, which are described by Bessel functions®!. Gutierrez et al.?!° highlighted the
importance of considering the curvature of the dome-shaped valve in the creation of a
computer-aided design (CAD) model approximating a centric diatom frustule. However,
they pointed out that a different curvature could be used instead of that chosen for the CAD
model, or the frustule could be considered flat, suggesting that such changes are unlikely
to significantly change the deformation modes of the structure. Here, we considered flat
diatom frustule based on the SEM images. However, AFM scanning showed the 3D image
of the frustule having the dome in the middle (Figure 70 a-c).

The simplified model utilized in this study disregards the intricate and multi-layered
structure of diatom frustules, comprising three distinct layers possessing varying thickness,
pore sizes, and pore distributions. Such structural complexity is known to impact the
mechanical properties of diatom frustules, thereby potentially influencing their vibrational

characteristics.

changssaudstiffoesashauges due to the porosity of the membrane. As the number of pores

increases, the mass of the membrane decreases, which can lead to an increase in the
resonance frequency. On the other hand, as the number of pores increases, the stiffness of
the membrane decreases, which leads to a decrease in the resonance frequency.

In addition to these two factors, the study by Yoon et al.?!¢ found that the geometric
structure of the pores can also have a %niﬁcant impact on the resonance frequency of

porous graphene membrane which can be useful for designing and optimizing graphene-
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based devices for various applications such as sensors, actuators, and resonators. By
changing the shape or orientation of the pores, the resonance frequency can fluctuate
meaningfully, starting from 7.86 MHz (porosity, 10 %; number of pores, 6) to 16.1 MHz
(porosity, 20 %, number of pores 3). Even though the frequency values are in the same
range as we obtained in this study, the porosity of diatom frustules varies a lot depending
on the layer. For example, the porosity of the cribrum layer of Coscinodiscus sp. (25.2 +
2.5%) is significantly higher than that of the cribellum (7.5 £ 1.2%)'?*. Another study
showed that when the diameter scale, pore size, and density of diatom frustules decrease,
their natural frequencies increase!®’. Besides, frustules with lower stiffness and thickness
vibrate at lower frequencies than frustules with higher stiffness and thickness.

Han Je et al. designed a surface-micromachined capacitive microphone consisting
of a membrane center hole and back-plate supports with improved sensitivity and
frequency response, which looks similar to diatom frustule!3!. In the proposed microphone,
the resonant frequency of the back-plate is increased from 86 to 853 kHz by the back-plate
supporting beams. Westerveld et al.!? fabricated a ultrasound sensor based on silicon
photonics technology thataaghigyucs remarkable sensitivity through the implementation of
an innovative optomechanical waveguide. The waveguide employs two movable
components with a highly confined 15 nm air gap, consisting of a silicon dioxide lower
cladding and an upper cladding (membrane) structure. The performance of the resulting 20
um sensor operating within the range 3-30 MHz, surpasses that of piezoelectric elements

of equivalent dimensions by two orders of magnitude.

202


ShuvaS
Highlight

ShuvaS
Squiggly

ShuvaS
Note
, which achieved

ShuvaS
Highlight

ShuvaS
Note
Why do you provide this example in such great detail? Are you implying that this approach can also be employed in the case of frustule-based MEMS? If so, state this explicitly and explain which part of the frustule will be suitable for implementing such an approach...


Ldesianding thsacigsulicairneins exhibited by diatom frustules holds

significance in comprehending their mechanical attributes, including stiffness, elasticity,
and bending strength, thereby facilitating the design and fabrication of nanoscale devices
like sensors, filters, and photonic devices. Furthermore, it can potentially serve to establish
an avenue for taxonomic classification and species identification of diatoms, as they are
vital indicators of environmental changes owing to their remarkable sensitivity to various
environmental parameters®!’. Therefore, the measurement of frustule eigenfrequencies in
sediment or fossil archives holds promise in revealing structural transformations and
mechanical traits over geological time scales, thereby providing valuable inferences
concerning past environmental conditions.
6.7 Summary

Static and dynamic mode AFM and in-SEM nanoindentation revealed the
peculiarities of mechanical performance. Significant differences in the nanomechanical
properties of the different frustule layers were observed. Furthermore, the deformation
response depends strongly on silica hydration and on the support from the internal organic
content. The AMFM viscoelastic mapping method gaxg up to two times higher Young’s
modulus values of the measured samples compared to the values calculated from the force-
distance curves. Besides static in sifu nanoindentation measurements, the behavior of the
frustule was reported for the first time under the cyclic loading, which is vital for the
application of diatom-like structures in MEMS devices. The nanoindentation

measurements in the dynamic mode showed that the average compliance of a cleaned

frustule is 0.019 m/N.
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The intricate architecture of diatom frustules, combined with their unique
properties, offer tremendous potential for the development of advanced MEMS devices.
We aimed to investigate the resonant frequency characteristics of diatom algae frustules by
employing combination of numerical simulations and experimental characterization using
AFM technique. Numerically predicted eigenfrequencies of centric diatom frustule in the
range 1-8 MHz were in good agreement with experimental data provided by AFM. We
believe that our findings will contribute to a deeper understanding of the relationship
between the structural attributes of diatom frustules and the resonant frequencies of MEMS
devices, enabling the development of more efficient and optimized devices for a wide range

of applications.
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Chapter 7. Optical properties of diatoms
In this chapter the mechanisms behind diatom Qpfigs uisiiig-approacihicstike thc

mn A a1 1

Pouriermodal mctiiod have been presented and grlyzrd. By investigating how changes in
cell wall geometry influence the interaction of light with periodic microscale structures,
the optical effects of diatoms can be understood in more detail.
71 Back%md

The Fourier modal method provides an efficient approach gy modeling the optical
phenomena exhibited by periodic microscale structures in diatom frustules, such as light
diffraction and interference. Diatoms provide a model system for understanding how to
engineer microscale and nanoscale structures with precise control over their optical
properties. Analyzing the diffraction of light by diatoms under different conditions also
enables their properties to be applied for biosensing, such as detecting shifts in factors like
pH, salinity, temperature, and the presence of chemicals.

When studying diatom frustule, two important factors need to be considered from an
optical point of view. The first factor is the physical dimension of the periodic structure,
which includes the number of porous silica layers, the thickness of eachléer, and the size
of the holes within the material. These parameters can affect how the material interacts
with light, including how it scatters, diffracts, or guides light. '%e]second factor is the
refractive index contrast, which is created by the complementarity of silica (with a
refractive index of approximately 1.45) and air pores (with a refractive index of 1) in the
visible range. The refractive index contrast refers to the difference in refractive index

between the silica-based material and the air pores within it. Silica has a higher refractive
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index than air, which means that light will bend differently when passing through the
material compared to when passing through air. This contrast is important for enabling and
quantifying certain optical properties, such as light diffraction through silica/air patterns.
Overall, understanding these two factors is important for studying the optical
properties of silica-based materials, particularly in relation to hoii%tl?ey interact with light.
Diatom Valves%']th periodic patterns of holes can resemble a glgh WAXKIWAR VLUK,
costala enabling  light-frustule interaction and part%l (photon)-particle (matter)
interaction.
7.2 The diali_%- m(t%

The model of diatom C. oculus-iridis has been made based on the SEM and AFM
images shown in Figure 54. C. oculus-iridis was chosen as a model due to the multilevel
hierarchical 3D porous structure, which has been thoroughly described in the section 6.2.
SEM and the corresponding pattern of the dielectric permittivity in each elementary layer

(horizontal and vertical cross-sections) are shown in Figure 71%
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Figure 71. SEM images and the model of Coscinodiscus oculus-iridis. Blue: water
(n=1.33), green: silica (n=1.45%0.031)
All results are obtained based on the model presented in Figure 71.
7.3 Reflection and transmission %
é]he results of numerical calculations of reflection and transmission of diatoms in
the main, diffraction and all channels are shown in Figure 72 (incidence from top) and

Figure 73 (incidence from bottom). The following diatom structure parameters were used

for calculations: a;=120 nm, h;=200 nm, r;=35 nm, a,=1000.1 nm, h»=200 nm, r,=250 nm,

he=800 nm, ;=520 nm, hg=100 nm, r¢=80 nm.
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Figure 72. Reflection and transmission of diatoms — incidence from the top.
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The reflection is observed mainly in the diffraction channel, in the region of wavelengths

400-1000 nm. The situation is similar in the case when the incidence is from the top (Figur

73).
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Figure 73. Reflection and transmission of diatoms — incidence from the bottom.
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Transmission was calculated using the formalism of the Fourier modal method by
calculating the z-components of the Poynting vector. The small absorption g{ the silica
shell is taken into account. Water absorption is not taken into account, since it is very small
for these wavelengths. More importantly, there is scattering by imperfections and non-
periodicity, but we cannot account for scattering as long as we use the modal Fourier
method. The transmission spectra of a non-periodic structure of the same thickness and the
diatom frustule in the main, diffraction and all channels in the case of a normal incidence

is shown in Figure 74.
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Figure 74. The transmission spectra of diatoms and non-periodic structure of the
same thickness.
A dual-periodic photonic lattice due to diffraction increases the transmittance of

light in the region A = 400-500 nm by 1.5-2 times compared to a homogenous layer of the
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%ne material with the same thickness. The none-periodic structure has the thickness:

hi+hy+he=1200 nm. For calculations, it was assumed that the dielectric permittivity of

silica has a small imaginary part.

The absorption of water is minimal just in the region of wavelengths 400—% nm,

in which chlﬁ%)hyll a has an absorption maximum, as demonstrated in Figure 75. For this

purpose, we collected the absorbance spectra from individual living diatom cells (Figure

75a) and cleaned frustules without organic material (Figure 75b).

a) Living cells

b) Cleaned frustules
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Figure 75. Absorption spectra of: a) individual living diatoms, b) individual cleaned

frustules with corresponding images showing where the spectra were collected.
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Besides chlorophyll a, the absorption spectra of living diatoms demonstrate peaks
attributable to chlorophyll ¢ and carotenoid fucoxanthin. On the other hand, the spectra of
cleaned frustules show no peaks, as expected, since the organic content was removed

during acid treatment.

7.4 Electric field intensity distribution
7.4.1. The solar spectra at different depths in watelv§|

The solar spectra at different depths in water (D65 illuminant) as well as modelled
color of water as a function of depth are shown in Figure 76 (Color matching functions:

CIE 1931; normalization: overlap integral of solar spectrum at sea level with Y-function

equals to 1.)

100

> | ” M ]
0

Intensdty (a.u.)

Intenstty (a.u.)
f
Depth (m

200 m

300 400 500 L0 100 &0 900 400 500 o600 T00
Wavelength (nm) Wavelangth (nm)

Figure 76. a) Solar spectra and b) normalized solar spectra at different depths in

water, ¢) modelled color of water as a function of depth.
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As sunlight penetrates into water, its spectral composition changes due to
absorption and scattering properties of water (Figure 76a-c). The pf%ry factors that
influence the spectral composition of light in water are water depth, the angle of the sun,
and water clarity. The rate of absorption of different wavelengths of light in water varies
with depth, leading to distinct changes in the solar spectrum at different depths. In some
cases, like algae blooms, the surface water can appear green due to chlorophyll, while in
other cases, it can have a brownish or yellowish hue due to the presence of dissolved
organic matter. At shallow depths up to 1 meter, the visible spectrum of sunlight dominates,
with red and yellow wavelengths being absorbed more rapidly than green and blue. 'I%
effect is known as Rayleigh scattering, which occurs when sunlight interacts with small
particles in the water. At depths greater than 3 meters, there is a significant drop in the
amount of visible light, and the spectrum contains mostly blue and ultraviolet light. The
water appears very dark blue or black in the deepest parts of the ocean, where sunlight is
absent (Figure 76c). The availability of different wavelengths of light affects the
photosynthesis rates of primary producers, the visual perception and behavior of predators
and prey, and the distribution and abundance of different species in the water column.

Diatoms, since they are predominantly autotrophs, need enough light, so they
inhabit the so-called euphotic zone in water bodies, which extends from the surface to the
depth of the compensation point (where photosynthesis exceeds respiration). Usually, this
depth corresponds to about 1% of the solar radiation coming to the surface of the water. In

practice, the euphotic zone extends for several tens of meters, up to 150-200 m.
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Coscinodiscus oculus-iridis used here as a model, represents a marine species
obtained from samples from the Tsushima Strait (Sea of Japan). Since this is a planktonic
species, ﬁ%)ars in the water column and lives at depths of up to several tens of meters.
7.4.2  Electric field intensity at specific incident angles

The first results of electric field simulation at A=420 nm (6=0°, ¢=0°) are shown in

Figure 77.
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Figure 77. Electric field simulation at A=420 nm, 6=0°, ¢=0° on the surface of the

frustule.
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=

Figure 77 shows the intensity of the electric field and interference pattern within
vertical and horizontal cross-sections of the diatom. Maximal field enhancement within the
horizontal cross-section at z=1850 nm and z=4000 nm is also shown. The obtained

interference pattern looks very similar to Talbot interference pattern®!®

. The intensity of the
electric field at bright points can be increased several times compared to the case of a flat
homogenous frustul %I

Electric field intensity at A=420 nm, 6=45°, ¢=0° is shown in Figure 78.
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Figure 78. Electric field simulation at A=420 nm, 6=45°, ¢=0° on the surface of the
frustule. %]
7.4.3. Electric field intensity integrated over all incident angles and polarizations
Since, due to the angle of incidence O=C%_i’], the interference pattern in Figure 78 has
changed compared to Figure 77, the electric field intensity should be integrated over all
incident angles and polarizations. Here we considered two different model structures:

structure 1 “with cavity” — the whole frustule, and structure 2 “without cavity” — only one

valve (Figure 79).
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Figure 79. a) Vertical cross-sections of two model structures: 1 (with cavity) and 2
(without cavity). b) Maximal and c¢) mean electric field intensity over a horizontal cross-

section with coordinate z.
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The graph in Figure 79b represents the maximum intensity of the electric field
depending on the z coordinate. Field distribution in Xy plane is shown by fixing z-coordinate.
Both maximal and mean fields have higher intensities in the case of a structure with cavity,
due to the reflection of light and occurrence of Fabry Perot resonances. At bright points, for
a structure with two halves, the maximum field is 1.7, and for a structure with one half, the
maximum is 1.25 (Figure 79). For a strt%lre without cavity, the mean field is slightly less
than 1 because there is reflection and the tail indicates that the structure is a weak waveguide.
This wave mode has a slightly stronger field compared to the surrounding field. The jutggtal

field for the structure with cavity along the plane reaches 1.3%]

Vertical cross-sections Horizontal cross-sections
Structure 1 Structure 2 Structure 1 Structure 2

2% 22875 o ~ 2% 22875 am

&= 37375 om . 2= 37375 am

Figure 80. Electric field distribution with structure 1 and 2 at different coordinates.
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Figure 80 shows the electric field intensity in the coordinates z=2287.5 nm
z=3737.5 nm, which correspond to the point ghgg the mean and maximal field intensities
are large for the structure with cavity, respectively. The field in the case of a structure with
a cavity integrated over the plane is 1.35 times larger than that of the incident field, and in

the case of a structure without a cavity it is slightly less than%]

=

The green lines represent the Hxds 3ls and are superimposed here for
visual evaluation. In essence, the periodic porous silica structure makes a diffraction image
such that the intensity of the field increases under the holes where the chloroplasts are
located, as demonstrated in Figure 81. FLIM data displayed here as color-coded intensity
images, where the color or brightness of each pixel corresponds to the fluorescence decay

rate, reveal details about the distribution of chloroplasts inside diatom frustules, such as

their overall density and spatial variability.

Figure 81. FLIM images of C. oculus-iridis showing distribution of chloroplasts in

the frustule: a) top view, b) side view. @
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= —
HOUERSARADEL RSOt that also deserves attention is %roplast rr’%gation in

response to changes in light intensity and quality. When exposed to |Qw light or directional
light, diatom chloroplasts move to the cell periphery to capture incoming light, while under

’%]gh light they move towards the cell center to reduce the amount of light absorbed and
maintain photosynthesis efficiency?!*??°, The chloroplast migration in diatom algae is
mediated by actin filaments, which form a cytoskeletal network inside the cells??!. Actin
filaments extend from the cell periphery towards the chloroplasts, binding to them and
pulling them towards their desired location in the cell. During this process, the actin
filaments and other associated proteins form a dynamic and flexible structure that allows
for the movement and positioning of the chloroplasts.

The process of chloroplast migration in diatom algae occurs relatively rapidly 22!,
with chloroplasts changing their location within a few minutes of changes in light
condition. Chloroplasts are also able to orient themselves within the cytoskeleton in a way
that maximizes their exposure to light and minimizes the amount of shading from other
chloroplasts. By optimizing their chloroplast positioning, diatoms can regulate their
photosynthetic efficiency and minimize photodamage from excess light exposure. This can

be especially important in environments with variable light conditions, where diatom algae

must be able to quickly adapt to changing levels of irradiance.
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7.4.4. Electric field intensity depending on the distance between two valves and
polarization
In the previous section 7.4.3, we calculated the electric field intensity for a fixed
distance between two plates or valves, equal to 25 um, and integrated over all incidence

angles and polarizations. However, we also analyzed separately S- and P-polarizations and

m between valves starting from g=5 pm to g=25 um with

the step of 5 um (Figure 82). In a structure with two shell%/alves), not only diffraction
occurs, but also interference of two modes that propagate up and down, and therefore, as
in any resonator structure of this kind, there are points at %hich the incident field is
amplified both locally and on average over z-coordinate. The permeability contrast in this
particular structure is small, and therefore the field enhancement is small, but it is still
present. In a strucﬂf%with one valve, only diffraction occurs, so although the field can be
amplified locally, it is constant on average along the z-coordinate, with the exception of
the region near the shell, where m associated with the shell itself make
a contribution. The dependence of the maximal electric field intensities on z-coordinate
exhibits similarities between S- and P-polarization for a specific height. This concordancg]
suggests that certain underlying factors or mechanisms influence the electric field
distributions similarly for these two polarization states. In contrast, when comparing
different heights of the frustule, significant deviations arise in the dependency of the
maximal electric field intensities on the z-coordinate between S- and P-polarizations. These
variations imply that the electric field distributions and their corresponding intensities are

influenced differently at varying heights within the frustule structure. The observed
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discrepancies, thus, highlight the importance of sample height as one of determining factors
in shaping the electric field characteristics and intensities for different polarization states.
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Figure 82. a) Two model structures: with cavity and without cavity. Mean and
maximal electric field intensity calculated for S- and P- polarizations taking into account
distance between valves g equal to: b) 5 um, c¢) 10 um, d) 15 um, e) 20 um, f) 25 pm.

z%l an example, %e is shown electric field intensity calculated for S- and P-
polarizations in the case of a sample with height g=5 um (Figure 83). Results of calculations
of electric field intensity for sample with height g=10 um, 15 pm, 20 um and 25 pm are

shown in Appendix C.

a) Xz cross-section
¥z cross-section

Xy cross-section b )

b) X2 cross-section

S-polarization

yI cross-section

Xy cross-section ‘

Figure 83. Electric field intensity calculated for: a) S- and b) P-polarization, within

P-polanzation

horizontal and vertical cross-sections of a sample with height g=5 um.
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Our numerical stu%demonstrates that across varying polarization states and
sample heights, a distinct interference pattern emerged characterized by bright spots at
specific positions. The repetitive occurrence of the interference pattern for all polarization%]
states and sample heights underscores the ubiquity and generalizability of interference
phenomena in optical systems. This finding emphasizes the fundamental nature of
interference as a powerful tool for investigating and manipulating light.

7.5 Summary E]

This chapter is related to the theoretical study of optical properties by using Fourier
modal method. A dual-periodic photonic crystal structure due to diffraction increases the
transmittance of light in the region A = 400-500 nm as well as intensity of electric field
compared to a homogenous layer of the same material with the same thickness. Regardless
of the polarization, the resulting interference pattern exhibited a consistent spatial
arrangement of bright spots for specific diatom frustule height, characterized by enhanced
intensity regions. The presence of these bright areas signifies the constructive interference
of light waves and provides a foundation for further analysis of the underlying physical
mechanisms governing interference. Further exploration of the mechanisms responsible for
the observed diffexsoces Anong eigbis aAnd Ralakizadonst’ses will shed light on the intricate
interplay between the frustule structure and the resultant electric field distributions. Such
insights hold promising potential for advancing our understanding of the optical properties

and functionalities of diatom frustules, ultimately fostering the development of novel optical

devices and technologies inspired by these micro-scale structures.
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Chapter 8. Modification of diatomite

In this chapter a modification of diatomite — a soft, loose, and fine-grained siliceous
sedimentary rock composed of the remains of fossilized diatoms — by gold nanoparticles
using layer-by-layer technology in combination with a freezing-induced loading approach
is demonstrated. The obtained composite structures are characterized by dynamic light
scattering, extinction spectroscopy, SEM and TEM, photoacoustic imaging technique, and
tested as a platform for surface-enhanced Raman scattering (SERS) using Rhodamine 6G.
The results presented here are published in article Cvjetinovic J et al.®3 Physical Chemistry
Chemical Physics, 2022, 24: 8901-8912.
8.1 Gold nanoparticle characterization

Gold nanoparticles can be synthesized using different approaches depending on the
desired size, shape, and surface functionality.??> Here, we used a standard method
developed by Turkevich et al.?>* According to bright-field TEM (BF-TEM) image in Figure
84a, the spherical gold nanoparticle sizes follow a normal distribution with an average
diameter of 19 + 5 nm (Figure 84b). The obtained gold nanoparticles have an absorption
peak at 524 nm, as shown in Figure 84c. The absorption band results from the collective
oscillation of the conduction electrons due to the resonant excitation by the incident
photons.?** Zeta potential measurements showed that the nanoparticles have an average
surface charge of -29.3 + 0.9 mV, indicating that their stability is on the borderline between
incipient instability and moderate stability ??°. Owing to the unique features of gold
nanospheres??®, such as size- and shape-related optoelectronic properties, good

biocompatibility, low toxicity, large surface-to-volume ratio, they have been exploited for
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a wide range of alf%l]ications in bionanotechnology, diagnostics, imaging, deliverﬁif_e]md
therapy.?*>?? Howsyel, some of the most important physical pr%rties are surface

lasmon resonance, which occurs when free charges on the surface of AuNPs oscillate with
the electromagnetic field, and the ability to quench fluorescence.??® Moreover, AuNPs have
been widely used as photoacoustic contrast agents in recent years.??° Considering the
a,:%ementioned facts, in this study, we used AuNPs to modify the diatomite surface,

expecting excellent photoacoustic and enhanced SERS signals.
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Figure 84. a) Typical BF-TEM image of gold nanoparticles (scale bar, 20 nm), b)
Size distribution histogram of synthesized gold nanoparticles, ¢) Extinction spectrum of

AuNPs, d) Zeta potential distribution of AuNPs. 83
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8.2 Fabrication of gold-coated diatomitel%

For the deposition of gold nanoparticles onto the surface of diatomite, we applied
for the first time the LbL technique in combination with freezing-induced loading. LbL is
based on electrostatic interactions between a positively charged polyelectrolyte and, in this
case, negatively charged nanoparticles. Therefore, the desired composite material can be
obtained by depositing alternating layers of oppositely charged materials with washing
steps in between. PAH, as one of the most popular positively charged polyelectrolytes,
according to the scheme shown in Figure 85a covers the negatively charged surface of the
diatomite and subsequently attracts the negatively charged gold nanoparticles. The
LbL+FIL process can be repeated several times, which makes it possible to obtain a high
efficiency of nanoparticle deposition. Here, we applied it up to five times, which resulted
in hybrid materials based on diatomite with different coverage by gold nanoparticles.

The freezing-induced loading approach is based on the controlled directional
freezing, in which the ice crystals grow parallel to the a-direction of the hexagonal base
and form the so-called cold-finger interfaces.*° During crystallization, AuNPs and
diatomite fragments were pushed by the crystallization front, so the nanoparticles
concentrated around the diatomite surface. In the final stage of the process, the
nanoparticles were pressed into the surface of the diatomite shards by the growing pressure
of the forming ice. German et al. showed that the FIL method leads to a higher amount of
magnetite adsorbed into vaterite particles, as compared to the conventional encapsulation

methods, such as adsorption and coprecipitation. 23
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8.3 Extinction spectroscopy

=

Figure 85b shows the extinction spectra of bare AuNPs and gold-coated diatomite
hybrid materials consisting of different number of layers. The absorption peak%ys@
URRCRARRADOU SRR Sl Incksasravith the increasing number of deposition cycles up
to three, but after that, we observed the decrease, which may be due to two processes. First,
upon each layer deposition, we had to remove the weakly adsorbed polyelectrolytes and
nanoparticles by rinsing with deionized water at least three times, which leads to the loss
of the certain amount of pagiiglgs. Therefore, even though the AuNPs can ggitlea oA ARe
SURse e, due to the smaller number of particles, the absorbance values decrease.
Second, according to spectrum of gold-coated diatomite composites consisting of five
PAH/AuNPs bilayers, the band at ca. 525 nm practically disappears. Qupbeothsnhaud, we
can observe the long tail in the region 560-700 nm, which indicates the presence of
aggregates. Thus, the number of small nanoparticles which absorb well at ca. 525 nm

decreases, while the number of larger aggregates of various shapes increases.
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Figure 85. a) A schematic representation of layer-by-layer approach, b) Extinction
spectra of AuNPs and diatomite decorated with different number of PAH/AuNPs bilayers,

¢) Zeta potential depending on the layer number. ¥

8.4 Zeta potential measurementg

Figure 85c shows the change of zeta potential after each @%&q&g depending
on the layer number. Even though the AuNPs are negatively charged, upon deposition on
PAH-coated diatomite, we did not obseWWe. Usually, repeated
adsorption of polyanions and polycations onto the charged particles leads to the change of
zeta potential between positive and negative values. However, the absence of negative zeta
potential values after depositing AuNPs indicates that they didn’t completely cover the

surface of diatomite as polyelectrolyte.

8.5 SEM study of degree of coverage of diatomite surface by gold

SEM images of diatomite decorated with one, three, and five PAH/AuNPs bilayers
are shown in Figure 86. We can clearly see the difference in the level of coverage of the
diatomite surface by AuNPs. One PAH/AuNPs bilayer leads to insufficient coverage,
which significantly increases as the number of bilayers increases. The AuNPs are relatively
uniformly distributed onto diatomite templates following their surface morphologies via
electrostatic interactions. Nanoparticles are located more at the edges, along the rim, but
we can also observe them around the pores. SEM images illustrate that the diatomite

surface is not entirely covered with AuNPs, explaining the obtained zeta potential
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distribution. Usually, nanoparticles at low concentrations are homogenously adsorbed on
the substrates, but at higher concentrations, they tend to form clusters. Some nanoparticles
get deposited in the proximity of other particles because, at high concentrations, all the
favored sites at the polyelectrolyte surface become immediately occupied.?*!3? Generally,
the deposition of a polycation on a surface previously treated and partially covered with
negatively charged nanoparticles will occur predominantly on the nanoparticles’
surface. 2?1?33 Subsequently, in the case of multilayer gold deposition, further anionic
AuNPs also bind to locations of previously deposited AuNPs, and therefore, clusters are
formed.

Diatomite-(PAH/Au)

Diatomite-(

PH/Au) Diatoite-(PAH/Au)

.

~

Figure 86. SEM images of gold-coated diatomite consisting of one (left), three

(middle), and five (right) PAH/AuNPs bilayers. *
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8.6 TEM and STEM-EDX study

Overview HAADF-STEM and BF-TEM images of a sample consisting of three

PAH/AuNPs bilayers (Diatomite-(PAH/Au)3) are shown in Figure 87a-d.
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Figure 87. Diatomite-(PAH/Au);: a, b) HAADF-STEM image, ¢, d) TEM images,

¢) HAADF-STEM image, corresponding elemental EDX maps and f) EDX spectrum. &

In the HAADF-STEM images, the contrast is proportional to squared atomic
number, and heavy gold nanoparticles appear as bright spots, while in the BF-TEM the
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color scheme is different and AuNPs look dark. The diatomite is covered with a dense layer
of AuNPs which tend to form clusters, especially along the edges. STEM-EDX maps and
spectra confirmed the presence of AuNPs on the surface of diatomite, composed of silica
(Figure 87e,f). The dominant peaks in the EDX spectrum arise from oxygen, silicon and
gold, as expected. The C and Cu signals are attributed to the supporting TEM grid, though
the carbon can be present also due to residual organics in the diatomite powder. The
presence of Fe can be explained by the nature of diatomite which is composed of 2.5 wt.

% iron oxide; as well, Fe-K can be interpreted as an escape peak of intensive Cu-Ka line.

8.7 Photoacoustic imagingl

photoacoustic signals from the gold-coated diatomite composites were collected using

RSOM technique. RSOM images of all the fabricated samples are shown in Figure 88.
Here we performed a 2-fold dilution to show the dependence of the signal intensity on the
concentration of such hybrid materials. The number of applied PAH/AuNPS bilayers
increases from the left to the right side. The images show the signal over the entire
frequency range from 11 to 99 MHz. A low-frequency signal in the 11-33 MHz range,
emitted by larger particles is shown with red color, while the green-colored high-frequency

signal (33-99 MHz) corresponds to smaller objects. The signal decreases with the decrease

230


ShuvaS
Highlight

ShuvaS
Note
Again, the title is not adequate -- it implies you will be describing a technique...

ShuvaS
Note
This sentence is too long -- try splitting it in two...

ShuvaS
Squiggly


in concentration, as expected. The red-colored signal is usually higher indicating the
aggregation of gold nanoparticles, especially at higher concentrations. On the other hand,
the high frequency signal is higher in the case of% number of layers and lower

concentrations.
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Figure 88. RSOM images of 2-fold diluted diatomite coated with different number
of PAH/AuNPs bilayers (up) and the corresponding mean pixel intensity depending on the

dilution (down). 83

Figures 89a-c illustrate the RSOM signal from the bare AuNPs and stock
suspensions of diatomite covered with different number of PAH/AuNPS bilayers in the
frequency range 11-99 MHz, 11-33 MHz and 33-99 MHz, respectively. By comparing the
collected signals from all samples, we can conclude that the highest value was obtained
from the sample with three bilayers (Figure 89d). Here we also compared the extinction at
532 nm and mean pixel intensities in both frequency channels (Figure 89¢) and observed

=

the good agreemept between extinction and signal in the frequency range from 33 to 99
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MHz. Low frequency signal deviations can be explained by the tendency of particles to
accumulate in the center of the droplet and probably insufficient mixing before

measurements.
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Figure 89. RSOM images of gold nanoparticles and stock suspensions of diatomite
coated with different number of PAH/AuNPs bilayers at: a) 11-99 MHz, b) 11-33 MHz, c)
33-99 MHz frequency range, d) Mean pixel intensity depending on the sample, e)
comparison of the extinction at 532 nm and mean pixel intensities at 11-33 and 33-99 MHz.
1-Diatomite-(PAH/Au)i, 2-Diatomite-(PAH/Au),, 3-Diatomite-(PAH/Au)3, 4-Diatomite-

(PAH/Au)s, 5-Diatomite-(PAH/Au)s. Scale bar, 200 pm. %

The signal from the bare AuNPs is very low when compared to that of AuNPs

deposited on the diatomite surface. As already mentioned, the gold-based nanoparticles
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have been widely used as photoacoustic contrast agents owing to their strong and tunable
optical absorption that results from surface plasmon resonance (SPR) effect. When
illuminated with a pulsed laser, AuNPs absorb light and generate substantial heat that can
sometimes result in their melting. This problem can be solved by silica coating as it lowers
the interfacial thermal resistance between gold and the surrounding medium. Moreover,
some studies have shown the amplification of photoacoustic signals and the stability
generated by silica-coated gold compared to pure gold caused by a decrease in the thermal
resistance of gold to the solvent.?33-2%7

8.8 SERS measurement%]

The potential of diatomite AuNPs to serve as a SERS platform was
tested using Rhodamine 6G as a model analyte. The resulting Raman and SERS spectra of
droplets on a glass slide containing bulk Rhodamine 6G, as well as bare diatomite and
diatomite coated with one, three and five PAH/AuNPs bilayers%]g\gb@@g with Rhodamine

6G are shown in Figure 90.
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Figure 90. Surface-enhanced Raman spectra of Rhodamine 6G obtained using gold-

coated diatomite hybrid materials with a different number of PAH/AuNPs bilayers. %3

A variety of strong bands corresponding to Rhodamine 6G on the gold-coated
diatomite can be identified. Rhodamine 6G provides an intense peak at 613 cm™!, which is
assigned to C—~C—C ring in-plane bending.?*8 The vibrational mode of 660 cm™! band is due
to a symmetric deformation localized in the phenyl ring.%*° 774 cm™! corresponds to the C—
H out-of-plane bending vibration, while 1127 and 1182 ¢cm™! are C—H in-plane bending. 2
Peaks at 1310, 1362, 1507, 1573, 1648 cm™! are assigned to the aromatic C—C stretching
vibrations. 23

Figure 90 illustrates strong enhancement of SERS signal from Rhodamine 6G using
diatomite coated with three and five PAH/AuNPs bilayers compared with bare analyte.
Droplets of Rhodamine 6G with Diatomite-(PAH/Au)s or Diatomite-(PAH/Au)s substrates
provided approximately 50 times stronger signal g{an analyte, calculated at peaks ca. 1362
and 1507 cm™! (Table 9).

Table 9. Raman and SERS intensities 3 %]

R6G Diatomite-(PAH/Au); Diatomite-(PAH/Au)s

Peak Mean RSD Peak Mean RSD | Isers Peak Mean RSD | Isgrs
position, intensity position, intensity Irs position, intensity Irs

cm’! Igs, a.u. cm! Isgrs cm’! Isgrs

a.u. a.u.
1368 122 41% | 1363 7081 11% | 58 1362 6426 26% | 53
1512 120 44% | 1509 4723 22% | 39 1507 5523 27% | 46
Qusbe i hang, the K’hﬁ amine 6G signal when usi% the substrate containing

only one PAH/Au bilayer was not significantly improved. Spectra were collected at a set
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of points on the surface of the samples, showing a consistent and reproducible scattering
pattern without large variability in the intensity in the case of samples coated with three
and five bilayers. A quantitative evaluation of the reproducibility of the spectra in terms of
average relative standard deviation (RSD) over the intensities of the prominent Rhodamine
6G Raman peaks are provided in Appendix D. The enhancement factor (EF) was calculated
as follows?*":

I N
EF = SERS/ surf (6)
IRS/Nvol

where Irs, Isers are Raman and SERS intensities of Rhodamine 6G, Ngyr is the
average number of Rhodamine 6G molecules adsorbed onto the gold-coated diatomite
composite in the scattering area for the SERS measurements, and Nyor is the number of
Rhodamine 6G molecules present in the bulk scattering volume for spontaneous Raman
scattering measurements. For the EF estimation, Raman modes at ca. 1362 and 1507 cm’!
were used, as they correspond to benzene ring stretching and are the most prominent ones.
The detailed calculation steps are provided in Appendix D. The SERS EF for diatomite
coated with three PAH/AuNPs bilayers was calculated to be 6 x 10°. Therefore, hybrid
materials based on diatomite decorated with gold nanoparticles can be utilized as a low-
cost and easy to fabricate SERS platform.

The signal enhancement introduced by diatomite gpbgddgd with gold nanoparticles
can be explained {ROQLSRXSLRARSDEL S, Given that a diatomite has a high specific surface
area, AuNPs can be adsorbed not only on the surface but also around the pores using LbL.

technique in combination with FIL.>*! Dense gold coating in an ordered manner creates
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=

numerous ‘‘hot spots’” and ensures high SERS enhancement and reproducibility. During
multilayer deposition, AuNP clusters are formed, which is indicated by long tail in the
extinction spectra of diatomite coated with three and five PAH/AuNPs bilayers (Figure
85b) and confirmed by photoacoustic imaging (Figure 88, 89). Strong SERS enhancement
in the case of multilayer deposition, which is absent in the case of one bilayer, is probably
resulting from the increase in the number and efficiency of SERS ‘hot spots’’ caused by
the aggregation of AuNPs with the deposition procedures.
8.9 Summary

Here we demonstrated the capabilities of %lc]l-coated diatomite as SERS platform.
LBLA+FIL hybrid material fabrication techniques {gsuyliedain a strong SERS signal due to
the optimization of the %ial distribution of AuNPs over the surface of nanostructured
silica substrate. Photoacoustic imaging offers a simple, fast and meaningful technique for
the visualization and characterization of obtained materials and many other materials with

SERS-active nanoparticles.
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Chapter 9. Conclusions@

This thesis focuses on the investigation of diatom algae and related materials at

three distinct levels, namely diatom colonies in E%)ension, individual living diatoms cells

and cleaned frustules, and diatomite powder. After each chapter, a concise summary was

provided.

Based on the findings presented in this thesis, the following main conclusions can

be drawn:

The fluorescence and photoacoustic signal collected from diatoms depend
on their growth phase and can be used for monitoring of their growth during
long term cultivation.

Diatoms exhibit strong photoacoustic signals owing to the presence of
chlorophylls and carotenoids that absorb very well the 532 nm wavelength

=

Using a fabricated optical device consisting of LED illumination with a

upon illumination.

central wavelength of 505 nm, a linear dependence of the measured
transmission on the concentration of diatoms was obtained with high
accuracy for 7 strains of diatoms of various shapes and volumes.

Significant differences in the nanomechanical properties of the different
frustule layers were observed (E=15+2 GPa (inner surface) and E=10+4
GPa (outer surface)). The deformation response depends strongly on the

support from the organic content (E=25+5 GPa).
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e The structure-mechanical properties relationship has a direct impact on the
vibrational properties of the frustule as a complex micrometer-sized
mechanical system. The diatom resonant frequencies in the range 1-8 MHz
obtained from COMSOL calculations have been for the first time
experimentally validated through AFM laser-induced resonance excitation.

e A dual-periodic photonic crystal structure due to diffraction increases the
transmittance of light in the region 4 = 400-500 nm as well as intensity of
electric field compared to a homogenous layer of the same material with the
same thickness.

e A novel approach to modifying the surface of diatomite with gold
nanoparticles, based on a combination of layer-by-layer assembly and
freeze-induced loading methods, resulted in 6x10° enhanced Raman signal
from Rhodamine 6G owing to the optimization of the spatial distribution of
AuNPs over the surface of nanostructured silica substrate.

Lessons from Nature’s nanostructuring of diatoms open up pathways to new
generations of nano- and microdevices for electronic, electromechanical, photonic, liquid,

energy storage, and other applications.
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Appendix A

Cell ultrastructure

To study the ultrastructure, the prepared sections of diatoms were examined using
a transmission electron microscope.

Ulnaria acus (Kiitzing) Aboal

The internal structure of the cells of Ulnaria acus (Kiitzing) Aboal (=Synedra acus
Kiitzing 1844) corresponds to previously obtained data 2** (Figure 91). Cross sections show
a nucleus with a large nucleolus through the center of the cell, between two chloroplasts
(Figure 91a-c). Chloroplasts are pressed against the valves and have an indistinct pyrenoid
(Figure 91a, b). A few plastoglobuli are located between the thylakoids (Figure 91b). On
sections of many cells, there are emerging girdle rims (Figure 91c). The Golgi apparatuses
are adjacent to the nucleus (Figure 91a, c¢). Mitochondria on transverse sections are small
rounded (Figure 91b), and on longitudinal sections they are elongated and can reach a

length of more than 4 um (Figure 91d).
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Figure 91. Structural details of Ulnaria acus 15K595 cells (TEM). Cross sections -
a, b; longitudinal sections, c, d. The arrows in Figure 1b show plastoglobules, and in Figure
Ic, a fragment of the forming girdle rim. Symbols: GA - Golgi apparatus; H - hypotheca; m
- mitochondrion; P - pyrenoid; E - epitheca; N — nucleus, NS - nucleolus. Scale: a, ¢, d — 1

um; b — 500 nm.

Coscinodiscus oculus-iridis (Ehrenberg) Ehrenberg
The cell ultrastructure of Coscinodiscus oculus-iridis (Ehrenberg) Ehrenberg has
not been previously described. On sections, the nucleus with a large nucleolus is located in

the center of the cell, surrounded by chloroplasts and lipid droplets, or can be shifted to the
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girdle rims (Figure 92a). The bulk of the cell is occupied by the vacuole (Figure 92a).
Numerous chloroplasts are pressed to the cell periphery, have a rounded pyrenoid (Figure
92b), thylakoids are packed in stacks of three and can form anastomoses (Figure 92d),
plastoglobuli are located between the thylakoid stacks (Figure 92e). In all sections, the
polysaccharide layer adjacent to the valve is clearly visible (Figure 92c). Mitochondria are
oblong, most often pressed against the cell periphery (Figure 92c¢). On the periphery of the

cytoplasm, there are vesicles transporting mucus to the plasmalemma (Figure 92¢).

Figure 92. Details of the cell structure of Coscinodiscus oculus-iridis. a) general
view of the cell, cross section, the arrow shows the nucleolus; b) section through the
chloroplast (arrow — plastoglobules); c) section through the mitochondrion (arrow—

polysaccharide layer); d) fragment of a chloroplast section (black arrow, thylakoid; white
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arrow, anastomosis between stacks of thylakoids); e) Section fragment through the
chloroplast (arrow — plastoglobule) and transport vesicle (asterisk). Scale: a — 5 um; b — 1

um; c-e - 500 nm. Designations as in the previous Figure 91.

Hannaea baicalensis Genkal, Popovskaya & Kulikovskiy

The ultrastructure of Hannaea baicalensis Genkal, Popovskaya & Kulikovskiy is
described for the first time. The only chloroplast is pressed against the shell from the side
of the girdle rims and is distinguished by a large pyrenoid located in the center of the
chloroplast (Figure 93a, b). Stacks of thylakoids are not numerous - from 4 to 7 on a
chloroplast section (Figure 93a-c), plastoglobuli are located between the thylakoids (Figure
93b). The nucleus is adjacent to the pyrenoid; it can be shifted to one of the lobes of the
chloroplast (Figure 93a, b). Mitochondria are small and irregular in shape (Figure 93d).
There are several Golgi apparatuses in the cell, but on the cut, as a rule, it is one and is

adjacent to the nucleus (Figure 93b) or to the chloroplast (Figure 93e).
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Figure 93. Details of the cell structure of Hannaea baicalensis. A) general view of
the cell, cross section; b) enlarged fragment of figure 48a; c) section through a part of the
chloroplast without a pyrenoid; d) cross section of mitochondria; e) section of the Golgi
apparatus adjacent to the chloroplast. Scale: a, c — 1 um; b, d, e — 500 nm. Designations as

in Figure 91.
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Appendix B

Thermal frequency spectra of diatom frustule at different positions are shown in

Figure 94.
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Figure 94. Raw thermal spectra of the diatom frustule collected at different spots.
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Figure 95. Electric field intensity calculated for: S- (upper row) and P-polarization
(bottom row), within horizontal cross-sections of samples with height g=5, 10, 15, 20, 25

pum.
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Figure 96. Electric field intensity calculated for P-polarization within vertical cross-

sections of samples with height g=5, 10, 15, 20, 25 um in yz plane.
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Figure 97. Electric field intensity calculated for S-polarization within vertical cross-

sections of samples with height g=5, 10, 15, 20, 25 um in yz plane.
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Figure 98. Electric field intensity calculated for P-polarization within vertical cross-

sections of samples with height g=5, 10, 15, 20, 25 um in xz plane.
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Figure 99. Electric field intensity calculated for S-polarization within vertical cross-

sections of samples with height g=5, 10, 15, 20, 25 um in xz plane.
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Appendix D
SERS measurements justification

1. Choosing traces of Raman scattering

For each diatomite-based sample type, 9-10 measurements were taken. Then for
each sample type intensity distribution of the modes around 1362 and 1509 cm™ was
analyzed, and measurements with amplitudes in the lower quartile (1-2 measurements per
sample type) were excluded. Therefore, each sample type had 7-9 measurements that were
used for further calculation of mean trace and its standard deviation, as shown in Figure

100.
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Distribution of Raman intensity at around 1507 cm-1
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Figure 100. Distributions of peak intensities of two prominent peaks of Rhodamine

6G (1362 cm! —up, 1509 cm™ — down).

In Table 9, mean intensity values and their relative standard deviations (RSD) are
calculated for each pair of prominent Rhodamine 6G (R6G) Raman peaks detected. For a
general enhancement factor (EF) estimation for the substrates, Raman modes at 1362 and
1509 cm! were used, as they correspond to benzene ring stretching and are the most
prominent ones.

2. Enhancement Factor Calculation

The enhancement factor was calculated using equation (6), as shown in the section
8.8.

2.1. Determination of Ng,,

To determine the average number of R6G molecules adsorbed onto the gold-coated

diatomite composite in the scattering area, concentrations of bulk R6G before and after
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incubation with Diatomite-(PAH/AuNPs); were estimated by means of the calibration
curve built for R6G absorption at 500 nm.

To absorb R6G on diatomite coated with PAH/AuNPs layers, 120 pL of 200 uM
R6G, that equals to 24 nmoles, were mixed with 120 pL of Diatomite-(PAH/AuNPs); with
concentration cp, = 1.3 - 10® particles/mL, that equals to Ny, = 1.56 - 107 particles in
solution.

According to spectroscopic data obtained, the concentration of non-absorbed R6G
after incubation with gold-coated diatomite was 72 uM, that equals to 17.3 nmoles. We
presume that the rest of R6G molecules, n%25 = 6.7 nmol, were absorbed on gold-coated

diatomite composites, therefore on average 1 diatomite absorbed 2.8 - 108 particles:
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Figure 101. Calibration curve for R6G
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Raman spectrometer was equipped with an objective having magnification M = 10
and the pinhole size @ was set to 100 um. Therefore, the laser spot size radius way be

estimated as2*3:

¥ 14-M

Then the laser spot area
S = mir? = 40 pm?

That is obviously greater than the diatomite size, therefore we assume that we get
a SERS signal from a single diatomite particle. We also assume that we collect only a half
of intensity that could be obtained from one diatomite, as irradiation and detection is
provided from just one side, in a backscattering mode. Furthermore, only molecules in
vicinity of AuNPs are enhanced, and according to SEM images (Figure 86) 15.5% of
diatomite surface is covered with AuNPs, therefore

1 Ngeg
Nsurf = E

15.5% = 2 - 107 molecules
Dt

2.2. Determination of Ny,

Liquid drop height / is around 0.5 mm. Assuming that for a given objective the

whole height participates in Raman scattering, the volume participating may be found as

Ves =S-h= 2-10% um3
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Therefore, the number of R6G molecules participating in Raman scattering is

1
mol

Nyor = Vis * Creg * Na = 2+ 10*um? - 200 - 1072122 - 6.02 - 10%° — = 2.4 -
10° molecules

2.3. Determination of the Enhancement Factor
Thus, according to equation (6) and data from Table 9, the EF may be estimated as:

ISERS . Nvol

EF = ~6-103

IRS Nsurf
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