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There is significant interest in harnessing the biosynthetic capacities of
photosynthetic diatom microalgae for the production of unique bioinspired
nanomaterials. Specifically, this research focuses on understanding the
photoluminescent properties of diatom biosilica and β-chitin nanofiber production in
diatoms. Diatoms are single-celled microalgae that possess intricately patterned
biosilica shells called, frustules. They require silicon for cell wall biosynthesis and
subsequent cell division, and as a result silicon availability can be used to manipulate
the cell cycle. Photoluminescence emission of diatom biosilica in living diatom cells
emerged once all dissolved silicon was consumed, with two primary peaks centered at
500-510 nm and 680 nm, attributed to the diatom biosilica and chlorophyll
autofluorescence respectively. Additionally, chitin nanofiber production is directly
tied to cell division, which is controlled by silicon availability. The extracellular
formation of β-chitin nanofibers by the centric diatom Cyclotella sp. was followed
during batch cultivation at low (0.25 mM) and high (1.7 mM) initial silicon loadings.
Chitin nanofibers are excreted as an individual fiber of nominal 50 nm diameter and

60 μm length through specialized ports called, fultoportulae (20 per valve, 40 per
cell), that line the rim of the diatom valve. Like photoluminescence, chitin production
primarily occurred once a state of silicon limitation was reached in suspension.
Furthermore, using a two-stage batch process for the co-feeding of dissolved silicon
and germanium to a silicon starved suspension generated diatom cells with
metabolically incorporated germanium in its frustule. Germanium incorporation had
no effect on chitin yield per cell. This study demonstrates the ability of diatoms to
produce a variety of co-products that may be useful for next generation advanced
materials.
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Chapter 1: Introduction
Research Rationale
Achieving the sustainable production of fuels and chemicals is arguably the
greatest challenge facing mankind in the 21st century [1]. As concern for global warming
and our dependence on fossil fuels grows, interest in clean and renewable energy sources
has increased dramatically. One direct route to clean energy is to harness the power of the
sun to convert atmospheric CO2 into energy-dense molecules by utilizing the biochemical
machinery of photosynthetic microorganisms to drive this process. In this regard,
microalgae are an attractive future platform for the production of advanced biofuels that
can serve as a sustainable replacement for fossil fuels [2]–[5]. However, it is now
recognized that co-products and diversified revenue streams are needed to improve the
cost-effectiveness of algal biofuel production systems [6]–[8]. This offers an opportunity
to explore non-traditional algal platforms for co-production of fuels and bioproducts.
Specifically, diatoms have been touted as a paradigm for the biological production of
hydrocarbon fuels and unique co-products, including glucosamine biopolymers for
nutraceutical and biomedical applications and metal oxide nanomaterials for advanced
material applications [9].
Diatoms
Diatoms are single-celled photosynthetic microalgae with cell walls made of a
nanopatterned, porous biosilica shell called a frustule [10]. Unlike other microalgae,
diatoms are unique in that dissolved silicon is a required substrate for cell wall
biosynthesis and subsequent cell division. This is achieved through the metabolic uptake
of dissolved silicon in the form of silicic acid, Si(OH)4, from its surrounding
environment. As a result, silicon limitation can be used to manipulate the cell division
cycle independently of typical external limitation conditions, such as light, nitrogen, or
phosphorous limitation.
The two most common classes of diatoms are centric (possessing radial
symmetry) and pennate (possessing bilateral symmetry). Diatom frustules consist of two
halves called thecae, the upper and larger epitheca and the lower one hpyotheca, which fit
together like a petri dish and are held together by a girdle band [10]. Prior to cell division,
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two additional biosilica half-shells are biosynthesized inside the cell at the plane of
division. During this time, soluble silicon in the form of silicic acid is actively transported
into the silicon deposition vesicle (SDV) where it undergoes biomineralization into
nanostructured SiO2, which is assembled into complex submicron patterns that ultimately
form the biosilica frustule [11]. Girdle band formation occurs in a separate SDV than the
valves, and upon completion, both are excised from their respective SDV and separate
into the newly formed daughter cells, thereby completing cell division [12].
Bioproducts from diatoms
Photosynthetic diatom microalgae have significant capacity for the biosynthesis
of energy dense biofuel molecules as well as unique co-products not found in other algae,
including glucosamine biopolymers for nutraceutical and biomedical applications, and
metal oxide nanomaterials for advance material applications [9]. Additionally,
nanostructured biosilica from cultured photosynthetic diatom cells has shown to possess
photoluminescencent properties that have a variety of sensing and biosensing applications
[13]–[15]. The aforementioned product streams belonging to the marine diatom,
Cyclotella sp. are overviewed, below.
Chitin Nanofibers from Diatoms
Chitin is a long chain polymer of N-acetyl glucosamine subunits. It is the second
most abundant biopolymer on earth after cellulose, and is commonly found in insects,
mollusks, and crustaceans, where it is used to strengthen their cell walls or skeletons [16].
Despite its abundance, chitin is very hard to find in pure form, since it is associated with
proteins and other fine structures [17]. In its pure, unmodified form chitin is a white,
hard, and semi-transparent material with low chemical reactivity and is insoluble in most
organic solvents [18]. In this regard, diatoms are an attractive source of chitin because
they produce it in its pure unmodified form. This presents a unique opportunity to harness
diatoms for the production of chitin for a variety of applications.
In nature, chitin exist in two primary polymorph structures, α-chitin, and β-chitin.
In α-chitin, biopolymer chains of N-acetyl glucosamine are hydrogen bonded in antiparallel array with intramolecular hydrogen bonds between chains [19]. The β-chitin form
is much rarer than its counterpart, and is only found in deep-sea tubeworms, squid pens
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[20], and two genera of centric diatom, Thalassiosira and Cyclotella [21]–[24]. In βchitin, the N-acetyl glucosamine chains are arranged in parallel array terminating at the
reducing end [25], and possess intermolecular hydrogen bonds as opposed to
intramolecular hydrogen bonds [26], [27]. In diatoms, pure β-chitin is extruded as
individual nanofibers of approximately 50 nm diameter and up to 100 µm in length
through specialized pores lining the rim of the valve face on the biosilica frustule [28].
The extrusion of pure nanofibers from the cell is also of key benefit from a bioprocessing
perspective, as it could facilitate harvest of the chitin product from the cell in a pure form.
In contrast, chitin produced in cultured fungal cells is imbedded within the cell wall
matrix [29], which complicates its isolation. Thus, the ability to extrude pure chitin fibers
would have advantages over other processes for chitin production by isolation from
shellfish waste or by microbial fermentation. Currently, there is enormous commercial
interest in chitin as a potential algal biorefinery product, given its high value, biomedical
properties with applications in tissue engineering, wound dressing, and drug delivery
[30]–[32].
Bioinspired Nanostructures
Currently, there is enormous interest in biomineralizing diatoms as a new
platform for the fabrication and self-assembly of nanostructured metal oxides with a
variety of potential applications [33]–[37]. Traditionally, bottom-up and top down
approaches have been extensively used to fabricate two-dimensional nanostructures and
devices. However, despite modern advancements in technical development, natural
fabrication is still superior to man-made devices. Modern top down manufacturing and
fabrication systems are overly costly, labor intensive, and resolution limited. As demand
increases, there is a growing need for inexpensive and scalable methods to reliably
generate complex micro-to nanoscale structures with a variety of three-dimensional (3-D)
morphologies [38], [39].
To address the limitations of conventional semiconductor material fabrication,
biologically-inspired or biomolecule-mediated fabrication techniques are increasingly
becoming recognized as a new platform for the bottom-up synthesis of nanostructured
materials and their self-assembly into hierarchical structures, including metal oxide
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semiconductors [40], [41]. Specifically, diatoms have been touted as a paradigm for the
controlled biological fabrication of nanostructured silica [42], [43]. Diatoms fabricate
from the bottom up, optoelectronic, three-dimensional, silica structures ordered at the
nano and microscales and are a model for controlled fabrication of nanostructured silica
[44], [45]. Additionally, the diatom frustule possesses high surface area that can easily be
modified through genetic manipulation, or chemical reactions [46], and their high
mechanical resistance and unique optical features (light focusing and luminescence)
make them an attractive platform for the development of next generation devices, such as
supercapacitors, batteries, solar cells, and electroluminescent devices [37], [47]. The use
of naturally occurring systems in the fabrication of new and emerging nanotechnologies
is necessary not only to realize enhanced manufacturing technologies, but also to mitigate
unnatural waste streams that are harmful to the environment.
Photoluminescent Properties of Diatom Biosilica
Another unique facet of diatoms not shared by other microalgae is the visible
photoluminescence of the nanostructured biosilica that comprise its frustule.
Nanostructured biosilica from cultured photosynthetic diatom cells has shown to possess
photoluminescencent properties, exhibiting strong blue light emission upon UV
excitation [48], [49]. Previous studies have shown that biosilica photoluminescence is
attributed to surface defects in the frustule including silanol groups, ≡Si-OH, surface
terminated hydrogens, ≡Si-H [50], and non-bridging oxygen hole centers, ≡Si-O [51].
Due to its photoluminescence, nanostructured silica has received significant attention
[52]–[54]. Recently there has been interest in doping silica with germanium (Ge) for
optoelectronic applications such as the next generation of displace devices and
nonvolatile memory device structures [55]. The metabolic insertion of nanostructured
germanium into diatom biosilica has shown to enhance the intrinsic photoluminescence
after activation via thermal annealing in air [56]. Additionally, Ge incorporation into the
frustule at low levels has shown to alter the pore structure of the frustule at the micro and
nano scales [49], [57], [58]. These studies were all performed using pennate diatoms.
To date, there have been no studies that have characterized the metabolic insertion
of germanium into diatom biosilica of centric diatoms. This presents a unique opportunity
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to study the effect of germanium incorporation on products found only in centric diatoms,
such as β-chitin from our model organism, Cyclotella.
Research Objectives
The overall goal of this research is to further the understanding of key metabolic
pathways in the marine diatom Cyclotella that could potentially lead to newly bioinspired
nanomaterials with unique properties. Using silicon limitation to manipulate the diatom
cell cycle, we will assess chitin nanofiber production and the intrinsic biosilica
photoluminescence in diatoms with and without germanium.
The objectives of this dissertation are the following:
-

Assess the evolution of photoluminescence from a single living diatom

-

Determine the effect of silicon limitation cell division on the formation of
extracellular β-chitin nanofibers from diatom cells

-

Assess how germanium addition affects cell and chitin formation during a twostage cultivation of the diatom Cyclotella sp.
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Abstract
Diatoms are single-celled microalgae that possess a nanostructured, porous
biosilica shell called a frustule. This study characterized the micro-photoluminescence
(PL) emission of single living cells of the photosynthetic marine diatom Thalassiosira
pseudonana in response to UV laser irradiation at 325 nm using a confocal Raman
microscope. The photoluminescence spectrum had two primary peaks, one centered at
500-510 nm that was attributed to the frustule biosilica, and a second peak at 680 nm that
was attributed to autofluorescence of photosynthetic pigments. The portion of the microPL emission spectrum associated with biosilica frustule in the single living diatom cell
was similar to that from single biosilica frustules isolated from these diatom cells. The
PL emission by the biosilica frustule in the living cell emerged only after cells were
cultivated to silicon depletion. The discovery of the discovery of PL emission by the
frustule biosilica within a single living diatom itself, not just its isolated frustule, opens
up future possibilities for living biosensor applications, where the interaction of diatom
cells with other molecules can be probed by micro-photoluminescence spectroscopy.
Introduction
Nature is an inspirational source of biologically derived silica structures with
unique optical properties. In particular, diatoms are a prolific class of single-celled algae
that possess silica shells or “frustules” with intricate submicron and nanoscale features
which have unique photonic [1] and optoelectronic [2] properties. During frustule
development, membrane-bound transporters actively take up the soluble silicon in the
form of silicic acid [3]. Once inside the cell, silicic acid is converted into silica and
molded into nanostructures by protein-mediated condensation reactions within the silicon
deposition vesicle [4].
Nanostructured biosilica from cultured photosynthetic diatom cells has shown to
possess photoluminescencent properties, exhibiting strong blue light emission upon UV
excitation [5], [6]. Furthermore, cultivation of diatom cells under controlled delivery of
soluble silicon and other trace metals offers a route to make nanostructured diatom silica
with controlled photoluminescent and electroluminescent properties [7], [8]. The
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photoluminescent properties of diatom biosilca have been harnessed for sensing and
biosensing applications [9]–[11].
In our previous work [5], frustule biosilica isolated from cultured diatom cells by
hydrogen peroxide treatment had exhibited PL emission centered around 440-500 nm
under UV excitation at 337 nm. The cultivation state also strongly affected the PL
response, with frustules isolated from stationary phase cells at silicon depletion showing
the highest PL emission. In this study, we measure the photoluminescent properties of
single living diatom cells from the model photosynthetic marine diatom Thalassiosira
pseudonana. We show that single living diatom cells exhibit photoluminescent behavior,
and that the portion of the photoluminescence emission spectrum attributed to diatom
biosilica emerges only after the cells are cultivated to silicon depletion.
Materials and Methods
Diatom cell culture
Axenic cultures of the photosynthetic marine diatom Thalassiosira pseudonana
were obtained from UTEX The Culture Collection of Algae (UTEX # LB FD2) and
cultivated in foam-stoppered 500 mL flasks with 100 mL of Harrison’s Artificial
Seawater Medium enriched with f/2 nutrients [12] and 0.50 mM dissolved silicon as
Na2SiO3 as described previously [13]. Flask cultures were maintained at 22 oC and 21
µE/m2-sec incident light intensity on a 14 h light, 10 h dark photoperiod, on an orbital
shaker at 100 rpm. The cell suspension was subcultured at 10% v/v every 14 days.
In the flask culture cultivation experiment, the cell suspension was inoculated to
initial cell density of 1.8 •106 cells/mL, and 5.0 mL samples were removed from the flask
every 24 hr and assayed for cell number density and dissolved silicon concentration. For
cell number density, a 0.1 mL aliquot of the cell suspension was diluted in 10.0 mL of
saline electrolyte solution and counted on a Beckman Z2 Coulter Counter at a minimum
threshold of 4 μm. Triplicate cell counts were performed on each sample. Immediately
following the cell count, the cell suspension was filltered with a 0.45 µm PTFE syringe
filter to separate the cell mass from the supernatant. The dissolved silicon concentration
in the supernatant was determined by spectrophotometric assay at 360 nm following
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derivatization of 1.0 mL of cell culture supernatant (diluted to 5.0 mL with silicon-free
distilled H2O) with 0.2 mL 13.3% w/v ammonium molybdate reagent in water and 0.1
mL 13.7% v/v HCl in distilled water [14]. Duplicate assays were performed on each
sample.
Photoluminescence of single living diatom cells and single biosilica frustules
Single diatom cells from the flask cultivation experiment were analyzed by microphotoluminescence spectroscopy. Living cells were deposited on a clean silicon surface
so that the biosilica signal from the diatom frustule within the cell could be resolved. A
square silicon wafer (1.0 cm/side) was cleaned with 70% v/v ethanol, dried under sterile
air, and placed within a petri dish containing a damp paper towel. A 5 µL aliquot of
diatom cell suspension (~1 •105 cells/mL) was pipetted onto the cleaned silicon wafer,
where the droplet dispersed to nominal diameter of 5 mm, with the cells also dispersed as
a monolayer on the wafer surface. The cells were kept hydrated in the humidified petri
dish and immediately analyzed by micro-photoluminescence. Biosilica frustules were
soaked in fresh culture medium and treated similarly prior to micro-photoluminescence
analysis.
The micro-photoluminescence (µ-PL) measurements on a single living cell were
performed on a Horiba Jobin Yvon Lab Ram HR Confocal Raman Microscope equipped
with a Kimmon 325 nm He-Cd laser (IK3151R-E, 15 mW average power), as shown in
Figure 2.1. A single cell on the silicon wafer in the valve up orientation was imaged
under a 40X-UV objective of the Olympus BS41 microscope with a 400 µm field of
view. The laser spot diameter was determined by 1.22 λ/NA, where λ is the laser
wavelength (nm) and NA is the numerical aperture. At 40X magnification, NA set to 0.5,
and the laser spot diameter at λ = 325 nm was 0.8 µm. The laser spot was manually
targeted to the center of the cell. The cell was individually lased at times of 0, 20, and 40
sec before emission spectra collection. At the end of each lasing time, the emitted light
was passed through the 40X UV objective with D1 optical density filter, and the filtered
PL spectra were captured by a Synapse CCD detector (model 354308, 300 grating) with
an integration time of 3 sec. The process was repeated for five individual cells. All
spectra were corrected for the silicon wafer background.
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Frustule isolation
Intact frustules of T. pseudonana cells were isolated by detergent extraction and
hydrogen peroxide treatment. For detergent treatment, centrifuged cells were resuspended in 0.5 mL of 100 mM EDTA containing 1% of the non-ionic detergent
IGEPAL CA-630 (octylphenoxy poly(ethyleneoxy)ethanol, Sigma-Aldrich 18896),
vortexed, and extracted at 37 °C for 60 min under gentle continuous shaking
(approximately 107-108 cells per 1.0 mL Eppendorf tube). The treated cells were
microcentifuged (13,200 g for 5 min) and the pellet was re-extracted for 5 min the same
conditions three times. The final white product was washed/centrifuged in 1.0 mL DD
water three times, once in 1.0 mL of phosphate buffer B (20 mM sodium phosphate, 100
mM EDTA, pH 7.0), and then stored in 0.1 mL phosphate buffer. Frustules were also
isolated from diatom cells by treatment with 30 wt% aqueous hydrogen peroxide at pH
2.5 as described previously [9].
Scanning electron microscopy (SEM) of diatom cells
Whole cells were imaged by SEM after fixation with glutaraldehyde and critical
point drying. To prepare the sample, one drop of diatom cell suspension from the flask
cultivation was allowed to gravity settle onto a clean 5 x 7 mm silicon wafer for 30 min at
20 °C. The adhered cells were then fixed in 2.5 wt% glutaraldehyde and 1 wt% paraform
in 0.1 M sodium cacodylate buffer for 30 min at 20 °C. The fixative was washed off with
0.1 M cacodylate buffer for 10 min, and the cells were then dehydrated by an ethanol
series (10% to 100% in 20-30% increments) for 10 min each at 20 °C. The dehydrated
samples were dried in a critical point dryer and then gold sputtered before analysis on a
FEI Quanta 600 FEG SEM. The physical dimensions of 14 randomly selected diatom
cells were determined by image analysis of their SEM images. The nominal thickness of
the diatom frustule (t) was estimated by
𝑡𝑡 =

𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆2 (𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 1/𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆2 )
𝜋𝜋𝜋𝜋(𝑙𝑙 + 0.5𝑑𝑑)

where d is the valve diameter, l is the girdle band length, ρSiO2 the density of silica (2.2
g/cm3), Vpore is the diatom frustule macropore volume (2.2 cm3/g, taken from [14]), and
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mSiO2 is the amount of SiO2 per cell (g/cell), estimated from the Si consumed per cell at
the stationary phase of growth.
Results and discussion
The cell number density and dissolved silicon concentration vs. time profiles for
the flask-cultured T. pseudonana cell suspension are presented in Figure 2.2. Silicon
starvation was achieved after 144 hr. After this time, one more nominal cell division
occurred to achieve a final cell number density of 2.0 •106 cells/mL after 336 hr, and
estimated silica content of 1.6 pg/cell (nominally 3.5 wt% biosilica in living cell). SEM
images of whole T. pseudonana diatom cells after 336 hr of cultivation, prepared by
critical point drying are provided in Figure 2.3. The biosilica frustule structure is clearly
evident. The average dimensions of the diatom cells are provided in Table 2.1. The
frustule thickness was estimated to be 67 nm, consistent with previous measurements of
frustule thickness for Thalassiosira pseudonana, which varied from 52 to 80 nm [15].
The micro-PL spectrum of the living diatom cells after 72 and 312 hr cultivation
time are compared in Figure 2.4. In these measurements, the lasing time was 40 sec.
There are two primary peaks, one centered at approximately 500-510 nm, and a second
larger peak centered at approximately 680 nm. The peak at 500 nm is attributed to the
biosilica in the diatom frustule of the living cell. The peak at 680 nm is attributed to
autofluorescence of photosynthetic pigments in diatom cells [16]. For cells cultivated at
72 hr in the active stage of silicon-replete growth, the emission in the 500 nm range was
clearly present but very week (see inset, Figure 2.4) However, for cells cultivated at 312
hr where silicon starvation was achieved and the cells were moving towards stationary
phase, the PL emission spectra in the 450-600 nm range strongly emerged with peak
wavelength centered at 500-510 nm.
The average PL peak emission (500-510 nm) for single living diatom cells vs.
cultivation time is presented in Figure 2.5. The PL response was normalized to the
measurement at 24 hr to more readily resolve relative changes during cell suspension
growth. The peak PL emission decreased from the inoculum state during active cell
division and silicon consumption, decreasing to almost zero just before the onset of
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silicon starvation. However, after silicon starvation was achieved and the cell culture
moved towards stationary phase, the PL emission shot up dramatically and then leveled
off. Errors in the mean PL measurements were due to variabilities associated with the
single cell measurement technique, including placement of the laser line on the cell and
time-dependent PL response of the lasing time.
Representative micro-PL spectra from a single living cell and a single intact
biosilica frustule isolated from the diatom cell are compared in Figure 2.6. The biosilica
peak was nominally the same for both the living diatom cell and its isolated diatom
frustule, although for the diatom frustule the shoulder was narrower and the wavelength
at peak emission was slightly lower (500 nm vs. 500-510 nm). The isolation of the
frustule from the living diatom cell by the detergent extraction method was carried out at
conditions designed to be minimally invasive to the native biosilica in the cell.
However, there was still residual organic material in the frustule, as evidenced by the
small chlorophyll auto-fluorescence peak at 680 nm. Frustules isolated by the harsher
hydrogen peroxide treatment method also possessed a residual peak at 680 nm. The
likely sources of PL emission by diatom biosilica under UV excitation have been detailed
in our previous work [5], [7]–[9], where silanol groups (Si-OH) on nanostructured silica
were largely responsible for PL emission in the 450-500 nm range, consistent with a
radiative decay mechanism [17].
For the living diatom cell, increasing the lasing time for the PL analysis
significantly decreased the emission peak centered at 680 nm, but only modestly
decreased the peak centered at 500 nm (Figure 2.7). Most likely, the increased lasing
time decomposed the photosynthetic pigments, leading to a decrease in the auto
fluorescence signal intensity. The cell viability after the micro-PL analysis was not
tested, but it was assumed that lasing action after 40 sec rendered the cell nonviable.
The model diatom described in this study, T. pseudonana, is nominally 4 µm in
diameter. However, large centric diatoms with nominal diameters of 200 µm that possess
intricate pore arrays, such Coscinodiscus species, exhibit interesting optical properties
when exposed to visible laser light, including light confinement [18], [19], optical
diffraction [20], and wavelength-dependent lens behavior [21], [22].
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Conclusions
This study showed for the first time that the biosilica frustules inside living
diatom cells can exhibit photoluminescence (PL) emission in response to UV excitation.
Furthermore, we showed that PL emission by the biosilica frustule within the living cell
emerged only after cells were cultivated to silicon depletion. The portion of the micro-PL
emission spectrum associated with biosilica frustule in the single living diatom cell was
similar to that from single biosilica frustules isolated from these diatom cells. The
emergence of the PL signal for the biosilica frustule was attributed to the likely formation
of nanoscale fine features on the frustule following silicon depletion from the medium, as
first identified by Qin et al. [5] for frustules isolated by diatom cell cultivation at various
points in the cell cycle.
In this study, the discovery of PL emission by the biosilica frustule in living
diatom cells opens up future possibilities for living biosensor applications, where the
interaction of diatom cells with other molecules can be probed by microphotoluminescence spectroscopy. In previous work [9], we showed diatom biosilica
functionalized with antibodies showed enhancement of PL response upon
immunocomplex formation, due to electron donor groups on antibody and the
immunocomplex. Likewise, enzymes and antibodies can now be expressed directly on
the biosilica itself during frustule biosynthesis, using recently developed genetic
engineering techniques with T. pseudonana as the model organism [23]–[25]. It may now
be possible to interrogate the attachment of foreign antibodies expressed on diatom
biosilica of living cells and their interaction with other molecules through microphotoluminescence.
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Table 2.1 T. pseudonana dimensions from SEM measurements.
Frustule Dimension

Average

1.0 S.D.
(n = 14)

Mean Valve Diameter (µm)

4.3

±

0.9

Mean Girdle Band Length (µm)

3.3

±

0.6

Mean Outer Surface Area (µm2)

74

±

27

Estimated Frustule Thickness (nm)

67

±

24
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Figure 2.1 Setup for micro-photoluminescence measurements of a single diatom cell
using the Raman microscope (not to scale).
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Figure 2.2 Cell number density and dissolved silicon concentration vs. time profiles for
the flask-cultured T. pseudonana diatom cell suspension. The dotted line indicates the
boundary at silicon limitation.
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Figure 2.3 SEM images of whole T. pseudonana diatom cells after critical point drying.
(a) Valve up view; (b) girdle band view.
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Figure 2.4 Representative micro-PL spectrum of T. pseudonana living diatom cells at 72
and 312 hr cultivation time. Lasing time was 40 sec. Inset: micro-PL spectrum at 72 hr
with scale adjusted to reveal spectrum peak in 450-650 nm range.

27

Figure 2.5 Average micro-PL peak emission (500-510 nm) of T. pseudonana living
diatom cells vs. cultivation time. Error bars are +/- 1.0 standard error based on 15 pooled
measurements per cultivation time. The dotted line indicates the boundary at silicon
limitation.
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Figure 2.6 Comparison of representative micro-PL spectrum of single living T.
pseudonana diatom cell and single intact diatom frustule isolated by detergent and H2O2
treatments after 336 hr cultivation, with focus on biosilica peak range. Lasing time was
40 sec. Each PL signal was normalized to peak biosilica signal, and then offset to stack
the spectra.
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Figure 2.7 Effects of lasing time on micro-PL peak response for biosilica (500 nm) and
chlorophyll auto fluorescence (680 nm) from single living T. pseudonana diatom cell (a)
vs. single intact diatom frustule isolated by detergent treatment (b).
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Chapter 3: Formation of extracellular β-chitin nanofibers during batch cultivation
of marine diatom Cyclotella sp. at silicon limitation
Paul LeDuff and Gregory L. Rorrer
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Abstract
Diatoms are unicellular algae that make nanostructured biosilica shells called
frustules possessing ordered pore arrays. Dissolved silicon (Si) in the form of Si(OH)4 is
the required substrate for cell wall biosynthesis and cell division. The extracellular
formation of β-chitin nanofibers by the centric diatom Cyclotella sp. was followed during
batch cultivation of the cell suspension within a bubble-column photobioreactor at a low
initial Si concentration (0.25 mM) leading to 1-2 cell divisions, and high Si concentration
(1.7 mM) leading to 4-5 cell divisions and final density of 8.4 · 106 cells/mL. Fiber
number and dimensions were tracked by differential interference contrast (DIC) imaging
and scanning electron microscopy (SEM). Single fibers were excreted from specialized
pores (fultoportulae) lining the rim of the frustule valve face. In Si-limited batch
cultivation, 80% of the fibers formed during the last cell division after dissolved Si was
depleted from the medium. The peak yield was 25 ± 1.5 (1.0 S.E.) mg chitin/109 cells at
low Si cultivation, and the peak volumetric production rate was 9.8 ± 0.6 (1.0 S.E) mg
chitin/L-day at high Si cultivation. Within 24 hr after the final cell division, each
fultoportula (20 per valve, 40 per cell) excreted a single fiber of nominal 50 nm diameter
and 60 µm length, with 85% of the fibers between 20 and 80 µm. Within 72 hr after the
final cell number density was achieved, one more fiber per fultoportula was formed,
presumably due to breakage or scission of the first fiber. The unprecedented length of the
β-chitin nanofibers, confirmed by SEM and DIC imaging, and their purity, confirmed by
X-ray diffraction (XRD) of isolated fibers, may have future unique applications as
advanced materials.
Introduction
Diatoms are unicellular algae that make nanostructured biosilica shells called
frustules possessing ordered pore arrays. Dissolved silicon in the form of Si(OH)4 is a
substrate for cell wall biosilica biosynthesis, and its availability controls the diatom cell
division cycle [1], [2]. Diatoms also possess unique carbon partitioning pathways [3]–
[5] that produce high levels of biofuel lipids under diverse environmental conditions [6],
[7], as well as valued polyunsaturated fatty acids [8] and polysaccharides [9]. Diatoms
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also make nanostructured materials [10], including semiconductor metal oxides [11] and
extracellular nanofibers composed of chitin, a β-1,4 linked linear biopolymer of N-acetyl
glucosamine [12].
In nature, chitin is a paracrystalline material with two primary allomorphs, αchitin, and β-chitin. In α-chitin, the biopolymer chains are hydrogen bonded in antiparallel array with intramolecular hydrogen bonds between chains. Nanowhiskers of αchitin isolated from crustacean shells or marine origin have been the subject of several
recent reviews, particularly with respect to their biomedical material applications [13]–
[16].
The β-chitin allomorph is much rarer than the α-form, and is only found in deepsea tubeworms, squid pens [17], and two genera of centric diatoms within order
Thalassiosirales, Cyclotella and Thalassiosira [18]–[21]. In β-chitin, the poly N-acetyl
glucosamine (poly-NAGlc) chains are assembled in a parallel array terminating at the
reducing end [22], and possess intermolecular hydrogen bonds [23], [24]. This structure
allows solvents to penetrate and swell the paracrystalline matrix of β-chitin [25], which
facilitates their chemical functionalization [26]. As new biomedical materials, selfassembled of β-chitin nanofibers have desirable properties as scaffolds for tissue
engineering [27] and promote blood clotting [28].
Previous work has suggested that for the diatoms Cyclotella and Thalassiosira, βchitin nanofibers extend through the frustule theca through specialized pores lining the
rim of the valve face called fultoportulae. Electron microscopy analysis of stained cross
sections from C. cryptica cells confirmed that the chitin fiber originated at a conical
invagination of the plasma membrane just below the fultoportulae [29]. In the
Thalassiosirales, the fultoportulae possessed an external, nozzle-like microstructure [30].
Controlled cultivation of the diatom Cyclotella to extrude individual β-chitin
nanofibers offers a scalable and high-purity source of this unique nanomaterial [12]. The
goal of this study was to characterize extracellular β-chitin nanofiber formation by the
diatom Cyclotella sp., focusing on the length and number of nanofibers produced by
successive cell doublings during batch cultivation in a bubble-column photobioreactor.
Our previous work suggests that chitin biosynthesis is initiated at the Si-limited state
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[31], [32]. In a batch cultivation process, it is believed that after all dissolved Si is
depleted from the medium, chitin biosynthesis occurs during the last cell division and
continues after final cell number density is achieved as long as a nitrogen source is
available. Therefore, chitin nanofiber formation will be assessed at a low initial Si
concentration designed to achieve only 1-2 cell divisions under nitrogen-replete
conditions, and a high initial Si concentration designed to achieve 4-5 cell divisions.
We report that the majority of β-chitin nanofiber formation occurs after Si
limitation during the last cell division, where the cells extrude nanofibers of 50 nm
nominal width and varying length centered around 60 µm. These results provide insights
on the nature of β-chitin nanofiber secretion from Cyclotella, and the bioprocessing
strategies needed to control their formation.
Materials and Methods
Diatom cell culture
The centric marine diatom Cyclotella sp. was obtained from the UTEX Culture
Collection of Algae (UTEX # 1269). Stock cultures of Cyclotella sp. were maintained in
artificial seawater medium (ASM) modified with f/2 nutrients [33] in 500 mL foamstoppered flasks (100 mL per flask) under cool white fluorescent light at 100 µmol
photons/m2-sec incident light intensity on a 14 h light/10 h dark cycle within an incubator
at 22 °C. The cell suspension in each flask was swirled for 10 sec once per day to
promote gas exchange. Flasks were sub-cultured at 10% v/v every 28 days, and 2-3 of
these flasks were pooled to serve as the inoculum for the photobioreactor cultivation
experiments.
Photoreactor cultivation
The Cyclotella cell suspensions were cultivated in an externally-illuminated, 5 L
bubble-column photobioreactor with 10.4 cm inner diameter as described in our previous
studies [34]. The bioreactor was operated at the following conditions: incident light
intensity of 292 μmol photons/m2-sec (14 hr light/10 hr dark photoperiod), aeration rate
of 0.5 L air/min (0.1 L air/L-culture-min, or 0.1 vvm) without CO2 supplementation
(nominally 400 ppm CO2), and temperature of 22 oC, and pH of 8.2 (2.0 mM
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bicarbonate). At these conditions, the total rate of CO2 transfer (CO2-TR) by the aeration
gas was 0.10 mmol CO2/L-hr, and the superficial gas velocity was 0.1 cm/sec. The
calculated shear rate based on the Nishikawa Eq. [35] was 5 sec-1, which is considered in
the low-shear regime for bubble-column algal photobioreactors [36]. Using previously
published methods [37], the mean light intensity of the bioreactor culture at a cell density
of 8 ⋅105 cells/mL was 540 μmol photons/m2-sec, which corresponded to 99% of light
saturation. At a cell density of 8 ⋅106 cells/mL , the mean light intensity decreased to 64
μmol photons/m2-sec, which corresponded to 66% of light saturation.
Diatom cells require dissolved Si for cell wall biosynthesis and cell division.
Batch cultivation experiments were designed for Si-limited growth, where the initial
dissolved Si concentration determines the final cell number density. In this context, two
cultivation experiments were carried out. In the first experiment (low Si cultivation), the
initial Si concentration was 0.25 mM, sufficient to enable at least one complete cell
division for the cell suspension at an initial cell number density of 2⋅105 cells/mL. The
initial nitrate concentration was 5.0 mM, designed to maintain a nitrate-replete state for
low cell number density cultivation.

In the second experiment (high Si cultivation), the

initial Si concentration was 1.7 mM, sufficient to enable 4-5 cell divisions. This high
initial Si concentration is near the solubility limit of dissolved SiOH)4 in seawater [38].
The initial nitrate concentration was increased to 10 mM, sufficient for Si-limited growth
to cell number density of ~107 cells/mL. The molar N:P ratio was kept fixed at 20:1. All
other medium components were the same as for maintenance culture.
Cell number density and the concentration of dissolved Si and nitrate in the
cultivation medium where described previously [34]. The total chitin content in the cell
suspension was assayed as glucosamine by high-performance liquid chromatography
(HPLC) following acid hydrolysis of the cell suspension sample (8 M HCl, 90 oC, 3 hr)
as detailed previously [34].
Fiber count and length analysis
Fiber count and measurements were obtained by optical imaging of cell
suspension samples using differential interference contrast (DIC) microscopy. DIC
enabled direct imaging of the 50 nm diameter fibers without staining. A 100 μL aliquot
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of the frozen cell suspension was thawed, and diluted in ASM medium to cell density of
5⋅104 cells/mL, and vortexed for 60 sec. A 20 μL aliquot of the diluted suspension was
pipetted directly into a Fuchs-Rosenthal counting chamber (Hausser Scientific 3720, 0.2
mm depth, 3.2 μL total volume). The counting chamber was placed in a drying oven at
80 oC for 30 min to evaporate the liquid medium, depositing the dried cells, fibers, and
salts from the cultivation medium on the hemocytometer grid. This process also detached
the fibers from the cells. The grid was imaged in DIC mode (20x objective) on a Leica
model DMR (Type 020-525.024) polarizing light microscope using SPOT imaging
software (Spot Imaging, Diagnostic Instruments, Inc.). All fibers lying within a
randomly-selected three-lined square with readily defined beginning and end points were
counted. From this region, 1 to 3 of the single-ruled squares were randomly-selected for
analysis of fiber length distribution from a minimum fiber count of 15. Each fiber was
manually traced in multi-point mode, and the total length was calculated using Fiji opensource image analysis software [39].
Chitin nanofiber isolation
Fibers were dislodged from diatom cells by high-speed blending of a 500 mL cell
suspension from the end of the high initial Si experiment (1.7 mM Si) on a Waring
blender at 20,000 rpm for 10 sec. The blended suspension was centrifuged under low
speed (1500 g) for 1.0 min. Chitin nanofibers were collected in the supernatant, whereas
the cell debris were retained in the solid pellet. The supernatant was centrifuged under
high speed (16,000 g) for 30 min. The resulting pellet, rich in diatom chitin, was washed
with HPLC-grade water and centrifuged again. The washed pellet was treated with 1.0 M
HCl at 70 oC for 30 min under stirring to dissolve residual calcium carbonate salts, and
then treated with 0.5 wt% sodium dodecyl sulfate (SDS) to remove any proteins adsorbed
on the chitin fibers. This fiber mass was finally treated in 95% ethanol at room
temperature to remove any residual organic impurities, rinsed again in ethanol, filtered,
and then dried in air at 45 oC for 4 hr. The typical dry mass recovery was about 30 mg.
X-ray Diffraction (XRD)
Isolated chitin nanofibers were analyzed by powder X-ray diffraction (XRD) on a
Bruker D8 Discover diffractometer. The XRD analysis was performed on a 10 mg
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sample dispersed on a glass surface from 0° to 60° (2θ) with a step size of 0.05° and a
scan rate of 0.1° 2θ/min using Cu Kα radiation.
Scanning electron microscopy (SEM)
Whole diatom cells and attached fibers were imaged by SEM. A 50 μL aliquot of
the cell suspension was drop cast onto a 12 by 12 mm poly(allylamine hydrochloride)
coated glass [40], and allowed to gravity settle for 30 min. The settled cells were fixed
with an aqueous solution containing 2.5 wt% glutaraldehyde and 1.0 wt% paraform in 0.1
M sodium cacodylate buffer for 30 min at room temperature. The fixed cells were rinsed
with 0.1 M sodium cacodylate buffer for 10 min, and then dehydrated by successive
washing with ethanol/water (10%, 30%, 50%, 70%, 95%, 100% v/v, 10 min each step).
The ethanol-dehydrated samples were prepared for SEM analysis by critical point drying
and gold sputtering, and then imaged by a FEI Quanta 600 field emission gun (FEG)
SEM at an accelerating voltage of 5 kV.
Data Analysis
Cultivation of the diatom cell suspension to Si limitation in batch culture resulted
in a sigmoidal profile for cell and chitin nanofiber production with time. The cell number
density (XN, cells/mL) was represented by a logistic model of the form
𝑋𝑋𝑁𝑁 (𝑡𝑡) =

𝑋𝑋𝑁𝑁,𝑜𝑜 𝑒𝑒 𝑘𝑘(𝑡𝑡−𝑡𝑡𝑜𝑜 )
𝑋𝑋
1 + 𝑋𝑋 𝑁𝑁,𝑜𝑜 (𝑒𝑒 𝑘𝑘(𝑡𝑡−𝑡𝑡𝑜𝑜 ) − 1)
𝑁𝑁,∞

(1)

Where XN,∞ is the final cell number density, XN,o is cell number density at reference time
to, and k is specific rate of cell division. Similarly the total chitin concentration in the
culture (Cp, mg chitin/L) vs. time data was represented by
𝐶𝐶𝑝𝑝 (𝑡𝑡) =

𝐶𝐶𝑝𝑝,𝑜𝑜 𝑒𝑒 𝑘𝑘𝑝𝑝 (𝑡𝑡−𝑡𝑡𝑜𝑜 )
𝐶𝐶𝑝𝑝,𝑜𝑜
1 + 𝐶𝐶 �𝑒𝑒 𝑘𝑘𝑝𝑝 (𝑡𝑡−𝑡𝑡𝑜𝑜 ) − 1�
𝑝𝑝,∞

(2)

and the fiber number count (Nf, fibers/mL) in the culture vs. time was represented by
𝑁𝑁𝑓𝑓,𝑜𝑜 𝑒𝑒 𝑘𝑘𝑓𝑓 (𝑡𝑡−𝑡𝑡𝑜𝑜 )
𝑁𝑁𝑓𝑓 (𝑡𝑡) =
𝑁𝑁𝑓𝑓,𝑜𝑜
1 + 𝑁𝑁 �𝑒𝑒 𝑘𝑘𝑓𝑓 (𝑡𝑡−𝑡𝑡𝑜𝑜 ) − 1�
𝑓𝑓,∞

(3)
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Parameters posed by Eq.s (1-3) were estimated by fitting data for XN vs. t, Cp vs. t, and Nf
vs. t to Eq.s (1-3) respectively by nonlinear-least squares (NLS) regression using the
Marquardt method. The chitin yield per cell (Yp/X, mg chitin/109 cells) was determined by
𝑌𝑌𝑝𝑝/𝑋𝑋 (𝑡𝑡) = 𝐶𝐶𝑝𝑝 (𝑡𝑡)/ 𝑋𝑋𝑁𝑁 (𝑡𝑡)

(4)

𝑌𝑌𝑝𝑝/𝑋𝑋,∞ = 𝐶𝐶𝑝𝑝,∞ / 𝑋𝑋𝑁𝑁,∞

(5)

The final chitin yield per cell was determined by
The peak volumetric rate of chitin production (Rp, mg chitin/L-day) was estimated by
𝑅𝑅𝑝𝑝 =

𝑘𝑘𝑝𝑝 𝐶𝐶𝑝𝑝,∞
4

(6)

The number of cell divisions (Nd) was determined by
𝑁𝑁𝑑𝑑 = ln(𝑋𝑋𝑁𝑁 /𝑋𝑋𝑁𝑁,𝑖𝑖 )/ ln(2)

(7)

where XN,i is the initial cell number density at time t = 0. The number of fibers per cell
(nf/X, # fibers/cell) was estimated by
𝑛𝑛𝑓𝑓/𝑋𝑋 = 𝑁𝑁𝑓𝑓 (𝑡𝑡)/𝑋𝑋𝑁𝑁 (𝑡𝑡)

(8)

The predicted average fiber length (l̅f, µm) was calculated by
𝑙𝑙�𝑓𝑓 (𝑡𝑡) =

4 𝐶𝐶𝑝𝑝 (𝑡𝑡)
𝜋𝜋𝑑𝑑𝑓𝑓2 𝜌𝜌𝑠𝑠 𝑁𝑁𝑓𝑓 (𝑡𝑡)

(9)

where df is the mean diameter of the fibers and ρs is the density of solid chitin (1.49
g/cm3). The theoretical fiber length assuming that all ports uniformly extrude one
continuous fiber (𝑙𝑙𝑓𝑓° ) was predicted from the chitin yield per cell using
𝑙𝑙𝑓𝑓° (𝑡𝑡) =

4

𝑌𝑌 (𝑡𝑡)
𝜋𝜋𝑑𝑑𝑓𝑓2 𝑛𝑛𝑝𝑝 𝜌𝜌𝑠𝑠 𝑝𝑝/𝑋𝑋

(10)

where np is the average number of fultoportulae per cell. Likewise, the final predicted
fiber length was estimated by
°
𝑙𝑙𝑓𝑓,∞
=

4
𝑌𝑌
𝜋𝜋𝑑𝑑𝑓𝑓2 𝑛𝑛𝑝𝑝 𝜌𝜌𝑠𝑠 𝑝𝑝/𝑋𝑋,∞

(11)

The chitin concentration in the cell culture was also estimated from the measured average
fiber length (lf) and fiber count (Nf) measurements by
𝐶𝐶𝑝𝑝′ =

𝜋𝜋𝑑𝑑𝑓𝑓2 𝜌𝜌𝑠𝑠
𝑙𝑙 𝑁𝑁
4 𝑓𝑓 𝑓𝑓

(12)
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Eq. (12) was used to compare the consistency of chitin concentration measurements by
HPLC with fiber measurements.
Results and discussion
Imaging of chitin nanofibers
Representative scanning electron microscopy images of nanofibers extruding
from the Cyclotella sp. diatom cell are presented in Fig. 3.1 for flask-cultured cells after
520 hr cultivation, and for the bubble-column photobioreactor at the end of cultivation.
The diatom cell samples were prepared by glutaraldehyde fixation, ethanol dehydration,
and critical point drying, and so the frustule appeared moderately crumpled. Average
frustule and substructure dimensions are presented in Table 3.1. Lining the rim of the
frustule valve were 20 conical pore structures called fultoportulae spaced about 1 µm
apart, each with single pore opening of 140 nm. A single nanofiber emanated from each
pore. The nanofibers exiting the pore appeared smooth and rigid with typical diameter of
around 50 nm. The fibers appeared twisted and tangled together, but this could have been
an artifact of sample preparation, and may not represent their true conformation in liquid
medium.
For diatom cells cultured in nonagitated flasks, the fibers were mostly attached to
the cells, although free fibers were also observed. For diatom cells cultured in the bubblecolumn photobioreactor at aeration rate of 0.1 vvm, only a few fibers were still attached
to the cells.
Cell division and chitin nanofiber production
Diatoms require dissolved Si in the form of Si(OH)4 for biosilica cell wall
biosynthesis and cell division. Under Si-limited growth in batch culture, the amount of
dissolved Si initially added to the cell culture determined the number of cell divisions and
the final cell number density. The bubble-column photobioreactor cultivation of diatom
Cyclotella sp. at an initial dissolved Si concentration of 0.25 mM, which was sufficient
for 1-2 cell divisions to final cell number density of 6.0 ⋅105 cells/mL, is presented in
Figs. 3.2a to 3.2c. Cultivation at an initial Si concentration of 1.7 mM, which was
sufficient for 4-5 cell divisions to 8.4 ⋅106 cells/mL, is presented in Figs. 3.3a to 3.3c.
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Parameters for cell number and chitin nanofiber production from this data are
summarized in Table 3.2.
Cell number density and dissolved Si concentration vs. time profiles shown in
Figs. 3.2a and 3.3a show that Si was depleted from the culture medium during the last
cell division. At the point of Si depletion, chitin nanofiber production increased and then
leveled off after the final cell number density was constant for at least 48 hr. The final
concentration of chitin in the cell suspension increased from 13 to 77 mg/L when the
dissolved Si initially added to the culture was increased from 0.3 to 1.7 mM Si (Figs.
3.2b, 3.3b). Therefore, increasing the initial concentration of dissolved Si in Si-limited
cultivation scaled both cell number and chitin production.
The final yield of chitin per cell decreased from 25 to 9.1 mg chitin/109 cells
when the initial Si concentration was increased from 0.25 to 1.7 mM (Figs. 3.2c, 3.3c).
Chitin nanofiber biosynthesis requires an exogenous nitrogen source. At the high Si
cultivation (1.7 mM Si) leading to 4.8 cell doublings and final cell number density of
8.4 · 106 cells/mL, all of the nitrate initially loaded to the culture (10 mM) was ultimately
consumed following Si depletion. At the low Si cultivation (0.25 mM) leading to 1.3 cell
divisions, since the final cell number density was only 6.0 ⋅105 cells/mL, not all of the
nitrate initially loaded to the culture (5.0 mM) was consumed. This cultivation was
considered Si-limited but nitrogen replete.
The contribution of each successive cell division to the total chitin production is
shown in Fig. 3.4 for the low Si cultivation (0.25 mM Si, 1.3 cell divisions) and the high
Si cultivation (1.7 mM Si, 4.8 cell divisions) experiments. Nominally 80% of the total
chitin was produced following the last cell doubling at both low and high Si cultivations.
At low Si cultivation (1.3 cell doublings), most of the chitin was produced after the cells
divided and the final cell number density was achieved. However, for the high Si
cultivation (4.8 cell doublings), most of the chitin was generated during the last doubling
before final cell number density was achieved, and this process was drawn out over a 232
hr period. This extended time for final cell doubling suggested that carbon assimilation
was affected nutrient and CO2 delivery demands, as well as light attenuation, at high cell
density. Consequently, for each sub-population of cells that divided, chitin nanofibers
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were produced, and so chitin was generated by the cell suspension until division of all
sub-populations was complete.
The peak volumetric rate of chitin production (Rp) also increased from 4.3 to 9.8
mg/L-day (Table 3.2) when the initial Si concentration was increased from 0.25 to 1.7
mM, but this was due to higher cell number density, not specific rate.
Chitin nanofiber number and length distribution
The fiber number concentration and fiber number per cell vs. time profiles are
presented in Figs. 3.5 and 3.6. The sample drying process used to analyze the nanofibers
by DIC microscopy caused any attached fibers to detach from the cell. Fiber number
increased dramatically after Si depletion, and continued to increase after the final cell
number density was obtained. The dotted horizontal line shown in Figs. 3.5 and 3.6
represents the case where only one fiber was produced per fultoportula, assuming each
cell has 40 fultoportulae (Table 3.1). If the fiber count per cell went above this line, then
more than one fiber was produced per fultoportula. Before cell division was complete, the
number of fibers per cell released to the medium was below the 40 fiber per cell
threshold. This behavior suggested that only a subpopulation of cells were producing
chitin nanofibers, or that not all of the fultoportulae were producing fibers. Within 24 hr
after cell division was complete, one fiber per fultoportulae was generated. Furthermore,
48-72 hr (2-3 photoperiods) after the final cell number density was achieved, multiple
fibers per fortuportulae were generated, up to nominally 80 fibers per cell (2 fibers per
fortuportula). Consequently, after cell division was complete, some of the extruded fibers
detached from the cell and continued to regrow.
Box and whisker plots for the fiber length distribution vs. time are presented in
Fig. 3.7 for cultivations carried out at low Si (1-2 cell divisions) and high Si (4-5 cell
divisions) initial concentrations. The fiber length distribution measurement at the initial
time (0 hr) corresponds to the fibers carried into the photobioreactor cultivation with the
cell inoculum from flask culture, and serves as a reference point. The progression of the
measured fiber length distribution at key points in the cultivation process are presented in
Fig. 3.8.
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These analyses concur that the fiber length was increasing, but detachment or
breakage of fibers kept them from forming to their maximum potential length,
particularly at the low Si cultivation designed for 1-2 cell divisions. After cell division
was complete, 85% of the fibers were between 20 and 80 µm in length, with median at 60
µm. The box plots also reveal that the fiber length distribution was asymmetrical, and
possessed a tail with a broad distribution of fiber lengths above the average length. The
predicted contiguous fiber length was higher at low Si cultivation (172 µm) relative to the
high Si concentration (63 µm). This suggests that multiple fibers per fultoportulae were
formed at the low Si cultivation. The average fiber length predicted by Eq. (9) using
HPLC chitin concentration and fiber count measurements provided a reasonable
estimation of fiber of the measured average fiber length. It is also noted that
measurement of chitin concentration by HPLC analysis of glucosamine after acid
hydrolysis was consistent with estimation of chitin concentration by fiber number count
and average length measurements using Eq. 12 (Figs. 3.2b and 3.3b). This result
confirms that chitin formation was predominantly localized in the extracellular fibers.
The experiments were not able to determine if the fibers were broken off from the
cell by hydrodynamic shear forces, or were released by the cell. It is noted that C.
cryptica has a nearly complete chitin degradation pathway with 22 chitinases [41], and so
one possible mechanism is hydrolytic cleavage of glycosidic linkage by chitinase
localized within the fiber excretion vesicle. As stated earlier, the bioreactor aeration rate
was in the low-shear regime. It was beyond the scope of this study to investigate the
effect of aeration rate on fiber attachment to the cells, although the results suggest that
bubble aeration at 0.1 vvm was sufficient to dislodge the most of fibers.
X-ray diffraction analysis
X-ray diffraction (XRD) analysis of chitin nanofibers isolated at the end of the
high Si cultivation process are presented in Fig. 3.9. Peaks at 2θ = 8.505o (010), 9.613o
(010), 18.515o (100) match previously-reported spectra for β-chitin isolated from the
diatom T. weissflogii [42] and confirm a monoclinic unit cell structure with c = 9.23 Å, b
= 10.43 Å, and a = 4.84 Å respectively [18], [24]. β-chitin possesses intramolecular
hydrogen bonds, but not intermolecular hydrogen bonds. Molecular models of the para-
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crystalline hydrogen bonding in diatom-derived β-chitin are described previously [24],
where carbonyl oxygen of N-acetyl group formed intermolecular hydrogen bonds
between the primary hydroxyl and amine groups, resulting in a two-dimensional
hydrogen bonding network in the plane perpendicular to the pyranosyl ring plane. Based
on an overall fiber diameter of approximately 56 nm, and the a-b planar cross-section
dimensions of 4.84 x 9.23 Å, approximately 5000 linear poly N-acetyl glucosamine
molecules are packed within the fiber cross section.
Chitin nanofibers being developed for advanced material and biomedical
applications are typically isolated from shellfish waste, which has many contaminants,
including proteins and minerals. Only a small fraction of chitin from these sources can be
purified into nanofibers [25], [43] Nanofibers of α-chitin or β-chitin isolated from nondiatom sources range from 2-20 nm diameter, with lengths usually less than 1 µm, but
typically never greater than 10 µm [16]. In contrast, β-chitin nanofibers extruded by the
diatom Cyclotella as described in this study are produced in pure form to uniform
diameter and unprecedented length up to 100 µm.
Conceptual model for β-chitin nanofiber formation in batch cultivation
In the diatom Cyclotella, dissolved silicate is required for biosilica cell wall
biosynthesis and subsequent cell division, and so the amount of dissolved Si initially
added to the cell suspension can be scaled to provide an integral number of cell divisions.
The formation of β-chitin nanofibers during Si-limited, batch cultivation of Cyclotella has
three regimes that are tied to the cell division process. In the first regime, cell division
and growth is considered Si-replete as long as dissolved Si is still in the medium. Before
the final cell division, essentially no β-chitin nanofibers are produced. In the second
regime, chitin nanofiber biosynthesis is triggered at Si depletion. When all of the
dissolved Si is depleted from the medium, the cell has taken up enough Si to enable one
more cell division. After each cell divides, a new valve on each daughter cell is now
exposed to the surrounding liquid medium. Each valve face has 20 fultoportulae, and a
single chitin nanofiber is biosynthesized within a vesicle beneath each port and then
excreted outside of the cell. By the time cell division is complete, all fultoportulae have
excreted one nanofiber, but the fibers have not necessarily detached from the cell. In the
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third regime, at final cell number density, as long as nitrate is still available for NAGlc
biosynthesis, a fraction of the cells release one nanofiber, either through breakage or
scission, and form an another nanofiber for at least another three photoperiods (72 hr)
before the process tapers off.
A conceptual model for β-chitin nanofiber extrusion by living cells of Cyclotella
is presented in Fig. 3.10, and a simplified scheme for chitin nanofiber biosynthesis is
provided in Fig. 3.11. Molecular studies have confirmed the genes encoding for all
enzymes needed for chitin biosynthesis Cyclotella [41]. The photosynthetic reduction of
CO2 provides the intermediates for gluconeogenesis. Reducing power provided by
photosynthesis also drives the reduction of nitrate (NO3-) to ammonium (NH4+) for
assimilation into the glutamine synthase/glutamine oxoglutarate aminotransferase
(GS/GOGAT) pathway. The first committed step for chitin nanofiber biosynthesis is the
conversion of fructose-6-phosphate is to glucosamine-6-P via aminotransferase using Lglutamine from the GS/GOGAT pathway. Glucosamine 6-P is converted to N-acetyl
glucosamine-6-P via N-acetyl transferase using Acetyl co-A as the co-substrate, and
finally to uridine diphosphate (UDP)-N-acetyl glucosamine via pyrophosphorylase.
Chitin synthase catalyzes the stepwise polymerization of UDP-N-acetyl glucosamine at
the non-reducing end of the molecule form β-1,4 linked linear chains, which subsequently
undergo intramolecular hydrogen bonding. The pore lumen guides the unidirectional,
lateral association and alignment of linear chains as they assemble into the nanofiber.
The structure is presumably stabilized in all directions by van der Waals interactions and
hydrophobic effects, but as stated earlier, β-chitin has no intermolecular hydrogen bonds
between adjacent lateral chains.
Conclusions
The extracellular formation of β-chitin nanofibers by the diatom Cyclotella sp.
was followed during batch cultivation of the cell suspension within a bubble-column
photobioreactor at a low initial Si concentration leading to 1-2 cell divisions, and high Si
concentration leading to 4-5 cell divisions. The β-chitin nanofiber formation was tied to
the cell division cycle in Si-limited batch cultivation. During the last cell division after
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all the dissolved Si was depleted from the medium, most of the fibers were formed.
Specialized pores called fultoportulae lining the rim of the frustule valve (20 per valve)
extruded a single fiber of nominal 50 nm diameter and 60 µm length, with 85% of the
fibers between 20 and 80 µm. Within 72 hr after the final cell number density was
achieved, up to two fibers per fultoportulae were formed, presumably due to breakage or
scission of the first fiber from the cell. The unprecedented length of the β-chitin
nanofibers, confirmed by SEM and DIC imaging, and their purity, confirmed by XRD,
may have unique properties for future advanced material applications. Furthermore, the
scalable production of β-chitin nanofibers can be realized through photobioreactor
cultivation of Cyclotella sp. diatoms using dissolved Si delivery to control final yield and
production rate.

45

References
[1]

V. Martin-Jézéquel, M. Hildebrand, and M. A. Brzezinski, “Silicon metabolism in
diatoms: Implications for growth,” J. Phycol., vol. 36, no. 5, pp. 821–840, 2000.

[2]

M. J. J. Huysman, W. Vyverman, and L. De Veylder, “Molecular regulation of the
diatom cell cycle,” J. Exp. Bot., vol. 65, no. 10, pp. 2573–2584, 2014.

[3]

N. L. Hockin, T. Mock, F. Mulholland, S. Kopriva, and G. Malin, “The Response
of Diatom Central Carbon Metabolism to Nitrogen Starvation Is Different from
That of Green Algae and Higher Plants,” Plant Physiol., vol. 158, no. 1, pp. 299–
312, 2011.

[4]

S. R. Smith, R. M. Abbriano, and M. Hildebrand, “Comparative analysis of diatom
genomes reveals substantial differences in the organization of carbon partitioning
pathways,” Algal Res., vol. 1, no. 1, pp. 2–16, 2012.

[5]

T. Obata, A. R. Fernie, and A. Nunes-Nesi, “The central carbon and energy
metabolism of marine diatoms,” Metabolites, vol. 3, no. 2, pp. 325–346, 2013.

[6]

A. K. Davis, M. Hildebrand, J. C. Traller, R. Abbriano, and S. R. Smith, “The
place of diatoms in the biofuels industry,” Biofuels, vol. 3, no. 2, pp. 221–240,
2012.

[7]

G. Hochman, O. Levitan, J. Dinamarca, and P. G. Falkowski, “Diatoms: a fossil
fuel of the future,” Trends Biotechnol., vol. 32, no. 3, pp. 117–124, 2014.

[8]

T. Lebeau and J.-M. Robert, “Diatom cultivation and biotechnologically relevant
products. Part II: Current and putative products,” Appl. Microbiol. Biotechnol., vol.
60, no. 6, pp. 624–632, 2003.

[9]

B. Gügi, T. Le Costaouec, C. Burel, P. Lerouge, W. Helbert, and M. Bardor,
“Diatom-specific oligosaccharide and polysaccharide structures help to unravel
biosynthetic capabilities in diatoms,” Mar. Drugs, vol. 13, no. 9, pp. 5993–6018,
2015.

[10] R. Ragni, S. R. Cicco, D. Vona, and G. M. Farinola, “Multiple Routes to Smart
Nanostructured Materials from Diatom Microalgae: A Chemical Perspective,”
Adv. Mater., vol. 30, no. 19, pp. 1–23, 2018.
[11] G. L. Rorrer, “Functionalization of Frustules From Diatom Cell Culture for
Optoelectronic Properties,” in Diatom Nanotechnology, Progress and Emerging
Applications, Nanoscienc., D. Losic, Ed. Royal Society of Chemistry Press,
London, UK, 2018, pp. 79–110.
[12] G. L. Rorrer et al., “The Potential of a Diatom-Based Photosynthetic Biorefinery
for Biofuels and Valued Co-Products chitin,” Curr. Biotechnol., vol. 5, pp. 237–

46

248, 2016.
[13] R. Jayakumar, M. Prabaharan, S. V. Nair, and H. Tamura, “Novel chitin and
chitosan nanofibers in biomedical applications,” Biotechnol. Adv., vol. 28, no. 1,
pp. 142–150, 2010.
[14] K. Azuma, S. Ifuku, T. Osaki, Y. Okamoto, and S. Minami, “Preparation and
biomedical applications of chitin and chitosan nanofibers,” J. Biomed.
Nanotechnol., vol. 10, no. 10, pp. 2891–2920, 2014.
[15] F. Ding, H. Deng, Y. Du, X. Shi, and Q. Wang, “Emerging chitin and chitosan
nanofibrous materials for biomedical applications,” Nanoscale, vol. 6, no. 16, pp.
9477–9493, 2014.
[16] R. A. A. Muzzarelli, M. El Mehtedi, and M. Mattioli-Belmonte, “Emerging
biomedical applications of nano-chitins and nano-chitosans obtained via advanced
eco-friendly technologies from marine resources,” Mar. Drugs, vol. 12, no. 11, pp.
5468–5502, 2014.
[17] R. A. A. Muzzarelli, “Chitin Nanostructures in Living Organisms,” in Chitin,
Topics in Geobiology, vol. 34, N. S. Gupta, Ed. Dordrecht: Springer Netherlands,
2011, pp. 1–34.
[18] J. Blackwell, K. D. Parker, and K. M. Rudall, “Chitin fibres of the diatoms
Thalassiosira fluviatilis and Cyclotella cryptica,” J. Mol. Biol., vol. 28, no. 2, pp.
383–385, Jan. 1967.
[19] N. E. Dweltz and J. R. Colvin, “Studies on chitan (β-(1-4)-linked 2-acetamido-2deoxy-D-glucan) fibers of the diatom Thalassiosira fluviatilis, Hustedt. III. The
structure of chitan from x-ray diffraction and electron microscope observation,”
Can. J. Chem., vol. 46, pp. 1513–1521, 1968.
[20] W. Herth and P. Zugenmaier, “Ultrastructure of the Chitin Fibrils of the Centric
Diatom Cyclotella cryptica,” J. Ultrastruct. Res., vol. 61, pp. 230–239, 1977.
[21] W. Herth and W. Barthlott, “The site of β-chitin fibril formation in centric
diatoms. I. Pores and fibril formation,” Journal of Ultrasructure Research, vol. 68,
no. 1. pp. 6–15, 1979.
[22] T. Imai, T. Watanabe, T. Yui, and J. Sugiyama, “The directionality of chitin
biosynthesis: a revisit,” Biochem. J., vol. 374, no. 3, pp. 755–760, 2003.
[23] Y. Ogawa, S. Kimura, and M. Wada, “Electron diffraction and high-resolution
imaging on highly-crystalline β-chitin microfibril,” J. Struct. Biol., vol. 176, no. 1,
pp. 83–90, 2011.
[24] Y. Nishiyama, Y. Noishiki, and M. Wada, “X-ray structure of anhydrous β-chitin

47

at 1 Å resolution,” Macromolecules, vol. 44, no. 4, pp. 950–957, 2011.
[25] I. Younes and M. Rinaudo, “Chitin and chitosan preparation from marine sources.
Structure, properties and applications,” Mar. Drugs, vol. 13, no. 3, pp. 1133–1174,
2015.
[26] C. K. S. Pillai, W. Paul, and C. P. Sharma, “Chitin and chitosan polymers:
Chemistry, solubility and fiber formation,” Prog. Polym. Sci., vol. 34, no. 7, pp.
641–678, 2009.
[27] M. Rolandi and R. Rolandi, “Self-assembled chitin nanofibers and applications,”
Adv. Colloid Interface Sci., vol. 207, no. 1, pp. 216–222, 2014.
[28] T. H. Fischer et al., “Non-classical processes in surface hemostasis: Mechanisms
for the poly-N-acetyl glucosamine-induced alteration of red blood cell morphology
and surface prothrombogenicity,” Biomed. Mater., vol. 3, no. 1, 2008.
[29] W. Herth, “The site of beta-chitin fibril formation in centric diatoms II. The chitinforming cytoplasmic structures,” J. Ultrasructure Res., vol. 68, no. 1, pp. 16–27,
1979.
[30] I. Kaczmarska, M. Beaton, A. C. Benoit, and L. K. Medlin, “Molecular phylogeny
of selected members of the order Thalassiosirales (Bacillariophyta) and evolution
of the fultoportula,” J. Phycol., vol. 42, pp. 121–138, 2005.
[31] O. Chiriboga and G. L. Rorrer, “Effects of nitrogen delivery on chitin nanofiber
production during batch cultivation of the diatom Cyclotella sp. in a bubble
column photobioreactor,” J. Appl. Phycol., vol. 30, pp. 1575–1581, 2018.
[32] O. G. Chiriboga N. and G. L. Rorrer, “Control of chitin nanofiber production by
the lipid-producing diatom Cyclotella Sp. through fed-batch addition of dissolved
silicon and nitrate in a bubble-column photobioreactor,” Biotechnol. Prog., vol. 33,
no. 2, pp. 407–415, 2017.
[33] O. Chiriboga and G. L. Rorrer, “Phosphate addition strategies for enhancing the
co-production of lipid and chitin nanofibers during fed-batch cultivation of the
diatom Cyclotella sp.,” Algal Res., vol. 38, no. December 2018, p. 101403, 2019.
[34] A. Ozkan and G. L. Rorrer, “Effects of CO2 delivery on fatty acid and chitin
nanofiber production during photobioreactor cultivation of the marine diatom
Cyclotella sp.,” Algal Res., vol. 26, no. July, pp. 422–430, 2017.
[35] Y. Chisti and M. Moo-Young, “On the calculation of shear rate and apparent
viscosity in airlift and bubble column bioreactors,” Biotechnol. Bioeng., vol. 34,
no. 11, pp. 1391–1392, Dec. 1989.
[36] L. López-Rosales, F. García-Camacho, A. Sánchez-Mirón, A. Contreras-Gómez,

48

and E. Molina-Grima, “Modeling shear-sensitive dinoflagellate microalgae growth
in bubble column photobioreactors,” Bioresour. Technol., vol. 245, no. June, pp.
250–257, 2017.
[37] A. Ozkan and G. L. Rorrer, “Effects of light intensity on the selectivity of lipid and
chitin nanofiber production during photobioreactor cultivation of the marine
diatom Cyclotella sp.,” Algal Res., vol. 25, no. April, pp. 216–227, 2017.
[38] Y. Kato and K. Kitano, “Solubility and Dissolution Rate of Amorphous Silica in
Distilled and Sea Water at 20 C,” J. Ocean. Soc. Japan, vol. 24, pp. 147–152,
1968.
[39] J. Schindelin et al., “Fiji: an open-source platform for biological-image analysis.,”
Nat. Methods, vol. 9, no. 7, pp. 676–82, 2012.
[40] W. Wang, T. Gutu, D. K. Gale, J. Jiao, G. L. Rorrer, and C. H. Chang, “Selfassembly of nanostructured diatom microshells into patterned arrays assisted by
polyelectrolyte multilayer deposition and inkjet printing,” J. Am. Chem. Soc., vol.
131, no. 12, pp. 4178–4179, 2009.
[41] J. C. Traller et al., “Genome and methylome of the oleaginous diatom Cyclotella
cryptica reveal genetic flexibility toward a high lipid phenotype,” Biotechnol.
Biofuels, vol. 9, no. 1, pp. 1–20, 2016.
[42] Y. Ogawa, C. M. Lee, Y. Nishiyama, and S. H. Kim, “Absence of sum frequency
generation in support of orthorhombic symmetry of α-chitin,” Macromolecules,
vol. 49, no. 18, pp. 7025–7031, 2016.
[43] G. Aranaz, I., Mengibar, M., Harris, R., Panos, I., Miralles, B., Acosta, N., Galed
et al., “Functional Characterization of Chitin and Chitosan,” Curr. Chem. Biol.,
vol. 3, no. 2, pp. 203–230, 2009.

49

Table 3.1 Cyclotella frustule dimensions from flask culture estimated from SEM
measurements. All reported errors are ± 1.0 S.E.
Frustule Dimension
Valve diameter (µm)

6.8

±

0.2

Girdle band (µm)

7.7

±

0.6

19.6

±

1.1

Fultoportula spacing

1.1

±

0.1

Fultoportula diameter (nm)

139

±

3.5

56

±

2.6

Number ports per valve (#)

Fiber diameter (nm)

Table 3.2 Summary of productivity parameters at low and high Si batch cultivation of
Cyclotella. All reported errors are ± 1.0 S.E.

Low Si Cultivation

Process Parameter

Initial nutrients
CSi,o (mmol Si/L)
CN,o (mmol N/L)
mol N/mol Si
Cells
XN,f (cells/mL)

0.25
5.2
21

k (hr-1)
XN,∞ / XN,o
Nd
Chitin nanofibers
Cp,∞ (mg chitin/L)
-1

kp (hr )
9

Yp/X,∞ (mg chitin/10 cells)
Rp,max (mg chitin/L-day)
Nf,∞ (#fibers/mL)
kf (hr-1)

High Si Cultivation
1.7
9.9
5.9

6.0 ⋅ 105 ± 1.3 ⋅ 104

8.4 ⋅ 106 ± 1.4 ⋅ 105

0.060 ± 0.009
2.5 ± 0.1
1.3

0.016 ± 0.001
28.6 ± 1.3
4.8

13.4 ± 0.5

77.0 ± 3.3

0.054 ± 0.002

0.021 ± 0.001

24.9 ± 1.5
4.3 ± 0.2
4.1 ⋅ 107 ± 4.6 ⋅ 106

9.1 ± 0.4
9.8 ± 0.6
3.7 ⋅ 108 ± 2.9 ⋅ 107

0.056 ± 0.006

0.017 ± 0.001

50

Figure 3.1 SEM images of whole Cyclotella sp. cells after fixation, ethanol dehydration,
and critical point drying. Figs. (a-d) are from flask-cultured cells, and (e,f) are from
bubble-column photobioeactor cultured cells. (a) Whole cell and attached fibers; (b)
fibers emanating from frustule valve; (c) fibers emanating from fultoportulae; (d) isolated
fibers; (e) area near whole cell with image contrast optimized to reveal fibers; (f) fiber
emanating from fultoportulae.
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Figure 3.1 cont.

(f)

(e)

5 µm

0.5 µm
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Figure 3.2 Batch cultivation of Cyclotella sp. at low initial Si concentration (0.25 mM)
designed to achieve 1-2 cell divisions. (a) Cell number density, dissolved Si
concentration, and nitrate concentration (divided by 10) vs. time; (b) β-chitin
concentration in cell suspension vs. time by HPLC analysis of glucosamine after acid
hydrolysis, and by fiber length and number count measurements; (c) chitin yield per cell
vs. time. Solid black arrow represents onset of Si limitation; solid gray arrow presents
the point after the first cell number division was achieved; dotted arrow represents point
where final cell number was achieved.
Low Si (0.25 mM)
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Figure 3.2 cont.
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Figure 3.3 Batch cultivation of Cyclotella sp. at high initial Si concentration (1.7 mM)
designed to achieve 4-5 cell divisions. (a) Cell number density, dissolved Si
concentration, and nitrate concentration (divided by 10) vs. time; (b) β-chitin
concentration in cell suspension vs. time by HPLC analysis of glucosamine after acid
hydrolysis, and by fiber length and number count measurements; (c) chitin yield per cell
vs. time. The solid black arrow represents the onset of Si limitation; solid gray arrow
represents the point after the 4th cell division was achieved, leading into the last cell
division; dotted arrow represents point where final cell number was achieved.

High Si (1.7mM)
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Figure 3.3 cont.
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Figure 3.4 Fraction of total chitin production vs. cell division number at low and high
initial Si concentrations.
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Figure 3.5 Fiber count during batch cultivation of Cylotella sp. at low initial Si
concentration (1-2 cell divisions). (a) Fiber number density (Nf) vs. time; (b) fiber
number per cell (nf/X) vs. time.
Low Si (0.25 mM)
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Figure 3.6 Fiber count during batch cultivation of Cylcotella sp. at high initial Si
concentration (4-5 cell divisions). (a) Fiber number density (Nf) vs. time; (b) fiber
number per cell (nf/X) vs. time.
High Si (1.7 mM)
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Figure 3.7 Box plot of fiber length distribution during batch cultivation of Cylcotella sp.
(a) low initial Si concentration of 0.25 mM (1-2 cell divisions); (b) high initial Si
concentration of 1.7 mM (4-5 cell divisions). The gray smooth line is the calculated fiber
length based on the measured fiber number count (Nf) and chitin concentration (Cp),
using Eq. (9); the dotted smooth line is the predicted fiber length by Eq. (10) assuming
the fiber was extruded from the fultoportulae without being detached or fragmented.
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Figure 3.8 Fiber length distribution and key points during batch cultivation of Cyclotella
sp. at (a) low and (b) high initial Si concentrations.
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Figure 3.9 XRD spectra of chitin fibers isolated from the end of the high initial Si
concentration (1.7 mM) cultivation.
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Figure 3.10 Conceptual model for chitin nanofiber secretion. UDP-NAGlc, uridine
diphosphate-N-acetyl glucosamine.
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Figure 3.11 Simplified scheme of putative chitin nanofiber biosynthesis in Cyclotella sp.
from externally supplied CO2 and nitrate (NO3-). Fruc-6-P, fructose-6-phosphate; G3P,
glyceraldehyde 3-phosphate; Gluc-6-P, glucose-6-phosphate; GS/GOGAT, glutamine
synthase/glutamine oxoglutarate aminotransferase; NR, nitroreductase; PSI, photosystem
I; PSII, photosystem II; UDP-NAGlc, uridine diphosphate-N-acetyl glucosamine.
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Chapter 4: The effects of germanium doped diatom biosilica on extracellular βchitin nanofiber formation in the marine diatom Cyclotella sp. in a two-stage batch
cultivation
Paul LeDuff and Gregory L. Rorrer

65

Abstract
Diatoms are unicellular algae that make cell walls of nanostructured biogenic silica called
frustules. The extracellular formation of β-chitin nanofibers by the photosynthetic diatom
Cyclotella sp. under two different germanium addition modes (A, B) was followed during
a two-stage batch cultivation process designed to limit cell division through silicon
limitation in the suspension. In stage I, diatom cells were grown in batch culture on an
initial loading of 0.46 mM dissolved silicon (Si), 2.45 mM nitrate (N) in mode A, and
5.32 mM N in mode B, to provide initial N:Si molar ratios of 2.5:1 and 5.4:1
respectively. Mode A was designed to generate a N-limited state under Si limited cell
division, whereas Mode B was designed to generate a N-replete state under Si limited cell
division. In stage II, cells were fed a single pulsed addition of dissolved silicon and
germanium to promote an additional 1-2 cell divisions. In mode A, germanium addition
was designed to generate a Ge-limited (10 µM) state, while mode B, was designed to
generate a Ge-replete (44 µM) state. Cell number and chitin production were sustained in
mode A, achieving a final concentration of 1.64•106 cells/mL and 35 mg/L in stage II.
Alternatively, in mode B, cell number and chitin production were inhibited, achieving
final cell number and chitin concentrations of 1.64•106 cells/mL and 54 mg/L. Cell
number and chitin production scaled with the N:Si ratio. In both modes, chitin fiber yield
per cell was unaffected by the presence of germanium. Overall, these germanium addition
strategies suggest that a two-stage diatom cultivation process can be used to achieve
scalable and tunable production of β-chitin nanofibers for advanced material applications.
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Introduction
Diatoms are unicellular algae that make cell walls of nanostructured biogenic silica
called frustules. They are distinguished from other types of microalgae in that they
require dissolved silicon for cell division, and its availability controls their cell cycle [1],
[2]. This unique facet of diatom metabolism provides a direct route for controlling
metabolite production that is not possible in other types of microalgae. In addition to
silicon metabolism, diatoms also possess unique carbon portioning pathways [3]–[5], and
make a variety of valued co-products [6], including extracellular nanofibers composed of
β-chitin [7]–[9], a β-1,4 linked linear biopolymer of N-acetyl glucosamine, and
nanostructured materials such as semiconductor metal oxides [10].
In nature, chitin exist in two primary polymorph structures, α-chitin, and β-chitin.
Nanofibers of α-chitin isolated from marine sources, where the biopolymer chains are
hydrogen bonded in anti-parallel array, have been the focus of several recent reviews due
to their biomedical applications [11]–[13]. The β-chitin form is much rarer than its
counterpart, and is only found in deep-sea tubeworms, squid pens [14], and two genera of
centric diatoms, Thalassiosira and Cyclotella [7]–[9], [15]. In particular, these genera of
centric diatoms are known to extrude β-chitin as individual nanofibers of approximately
50 nm diameter and up to 100 µm in length through specialized pores lining the rim of
the valve face on the biosilica frustule [9]. In this context, pure β-chitin nanofibers
isolated from diatoms have desirable properties as a future biomaterial because of their
large size and aspect ratio, uniformity, and purity [16].
In addition to chitin, there is also significant interest in harnessing diatom
metabolisms for bioinspired approaches for the synthesis of semiconductor and metal
oxide nanomaterials [10], [17]. In nature, diatoms carry out the hierarchical assembly of
nanostructured biosilica through the biomineralization of silicic acid found in its
environment [1]. The addition of various metal oxide materials to this process, could
potentially be utilized to fabricate new nanostructured materials.
In previous work, we have shown that through the controlled feeding of dissolved
silicon, germanium, and titanium to diatom cell culture and successive post processing,
composite silica and semiconductor metal oxide nanostructures with unique
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optoelectronic properties can be generated [18]–[21]. In these studies, metal oxide
incorporation into diatom biosilica significantly altered frustule morphology, however
any effect on intra and extracellular processes was not investigated. Additionally, these
studies were performed using a genera of pennate diatoms, no such studies have been
performed using centric diatoms.
The goal of this study was to assess how germanium incorporation using a two-stage
batch cultivation process at silicon limitation affected β-chitin nanofiber production in the
centric marine diatom, Cyclotella. Specifically, how germanium incorporation might
affect the chitin extruding pores lining the rim of the biosilica frustule and subsequent
chitin nanofiber formation. In previous work, we characterized how light delivery, CO2
delivery, and fed-batch addition of silicon as a limiting nutrient controlled the relative
production of chitin nanofibers [22]–[25]. Additionally, we determined that the majority
of β-chitin nanofiber occurs after Si limitation during the last cell division, where the cell
extrudes nanofibers of 50 nm nominal width and varied length centered around 60 µm
seen in Chapter 3. Therefore, chitin nanofiber formation will be assessed under siliconlimited cell division with Ge-limited and Ge-replete modes superimposed upon it.
We report that germanium addition inhibited cell and chitin production in replete
conditions, however chitin yield per cell and fiber number yield per cell were unaffected
in both modes. Additionally, chitin nanofiber width and length was unaffected, remaining
nominally 50 nm and 60 µm respectively, as presented in Chapter 3.
Materials and Methods
Diatom cell culture
The centric marine diatom Cyclotella sp. (UTEX #1269) was maintained in flask
culture on Harrison’s artificial seawater medium (ASM) as described previously [22]. To
facilitate gas exchange, each flask (100 mL liquid volume) was swirled for 10 sec once
per day. Flask cultures served as the inoculation source for the photobioreactor
cultivation experiments.
Bubble-column Photobioreactor
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Cyclotella diatom cells were phototrophically cultivated in a 5 L bubble column
photobioreactor with 10.4 cm inner diameter described previously [25] at the following
conditions: incident light intensity of 292 µmol photons/m2-sec, photoperiod of 14 h
light/10 hr dark, temperature of 22 °C, aeration rate of 0.5 L air/min (0.1 L air/L-culturemin, or 0.1vvm) without CO2 supplementation (nominally 400 ppm CO2), and pH of 8.2
(2.0 mM bicarbonate). The total culture volume was 4500 mL.
Two-stage cultivation with germanium addition
In our previous work we have shown that germanium can be metabolically doped
into diatom biosilica using a two-stage photobioreactor process [19]. This study
considered two modes (A & B) of germanium (Ge) addition to the two-stage cultivation
process for Cyclotella. In stage I, diatom cells were grown in batch culture on an initial
loading of 0.46 mM dissolved silicon (Si), 2.45 mM nitrate (N) in mode A, and 5.32 mM
N in mode B, to provide initial N:Si molar ratios of 2.5:1 and 5.4:1 respectively. Mode A
was designed to generate a N-limited state under Si limited cell division, whereas Mode
B was designed to generate a N-replete state under Si limited cell division. An N:Si ratio
of around 2.0 was determined previously to be the minimum for Si-limited cell growth
and optimal chitin yield [23]. Detailed process conditions are presented in Table 4.1a &
b.
Stage I was designed for Si limited growth, where the initial dissolved Si
concentration determines final cell number density. Once all dissolved silicon was
consumed and silicon starvation achieved, cells were held in stationary phase for at least
24 hrs. At the point of silicon starvation, Stage II was initiated 4 hrs into the photoperiod.
In stage II, a mixture of Si(OH)4 (0.62 mM) and Ge(OH)4 (Mode A- 10.0, Mode B - 44.0
µM) was fed to the Si starved cells, to provide initial Si:Ge molar ratios of 62:1 and 14:1
respectively. In both modes, germanium was added as a single pulse at the beginning of
stage II. Germanium addition parameters are summarized in Table 4.1a & b. For both
modes, respective control experiments with no germanium addition were run.
Assays
Cell number density, dissolved silicon concentration in the medium, dissolved
nitrate concentration in the medium, dissolved germanium in the medium [19], chitin
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concentration in the whole culture suspension, SEM imaging of whole cells, and chitin
fiber count and length were assayed as described previously (Chapter 3). Additionally
germanium content within the diatom biosilica was collected by ion-coupled plasma
(ICP) analysis using a Varian (Liberty 150) ICP emission spectrometer [19].
Results and discussion
SEM analysis of cell morphology
Representative scanning electron microscopy (SEM) images of fultoportulae
morphology from the Cyclotella sp. diatom cell are presented in Fig. 4.1 for cells
cultivated with (b & d) and without (a & c) germanium. The diatom cell samples were
prepared by glutaraldehyde fixation, ethanol dehydration, and critical point drying, and so
the frustule appeared moderately crumpled. Whole diatom cells appear surrounded by
attached and free chitin nanofibers at the end of Stage I (Fig 4.1a.) Lining the rim of the
frustule valve were conical pore structures called fultoportulae, from which a single
nanofiber emanated from each pore as seen in chapter 3. Cultivations without germanium
incorporation showed no alterations to the fultoportulae (Fig 4.1c). However, the
incorporation of germanium into the biogenic silica (Stage II) altered fultoportulae
morphology, appearing fused shut (Fig. 4.1b). In addition, the frustule pore array was no
longer linear and it too fused together. A whole cell at the end of Stage II is shown in Fig.
4.1d. The cell can be seen with an unaltered parent valve, and altered daughter valve.
Defined micro and nanostructure is conserved in the parent half, but the daughter half has
apparent aberrations to its morphology.
Two-stage cultivation under two germanium addition modes
A two-stage photobioreactor cultivation process incorporated germanium into the
silica frustule of the photosynthetic marine diatom Cyclotella sp. Diatoms require
dissolved silicon in the form of Si(OH)4 for biosilica cell wall biosynthesis and
subsequent cell division. Under Si-limited growth in batch culture, the amount of Si
initially loaded into the cell suspension will determine the number of cell divisions and
final cell number density. The amount of silicon added to stage I was designed to allow 2
cell doublings, from an initial cell number density of 2•105 cells mL-1, to a final cell
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number density of 8•105 cells mL-1. Cell number density, dissolved Si, and dissolve N
concentration vs. time profiles are shown in Fig. 4.2a-b for Mode A and Fig. 4.2c-d for
Mode B, and key productivity parameters for cell biomass, chitin, and total chitin fiber
for stage II are provided in Table 4.2.
Stage I was allowed to proceed until all of the dissolved silicon was consumed
from the medium to achieve a silicon starved state, and at which point cell number
density remained constant. In Mode B, an additional cell doubling was observed at the
end of stage I, which can be attributed to the higher initial N:Si molar ratio of 5.4:1. The
higher initial nitrogen loading increased stage I cell yield (YX/Si) from 1.71 ± 0.65 •109
cells/mmol Si in Mode A, to 2.89 ± 0.36 •109 cells/mmol in mode B. Stage II was
initiated after at least 24 hr of silicon starvation in stage I. The amount of silicon added to
stage II (0.62 mM Si) was designed to enable one additional cell doubling to ~1-2•106
cells mL-1. The initial germanium concentration added to stage II was designed to give
initial Si:Ge molar ratios between 0-62, and yield cells containing between 0-1 wt %
germanium. Detailed process parameters for stage II nutrient loadings and stage II
productivity parameters are presented in Tables 4.1 and 4.2 respectively.
Profiles of dissolved silicon and germanium concentration (CGe) vs. cultivation
time during stage II in Mode A (10 µmol Ge/L) and Mode B (44 µmol Ge/L) are
presented in Fig. 4.4b & d. During the first 10 hrs of stage II, soluble Ge uptake by the
diatom cell suspension culture was commensurate with the surge uptake of soluble Si. In
Mode A, the dissolved germanium concentration remained at zero after the initial surge
uptake. However, in Mode B, a co-efflux of silicon and germanium begins approximately
two photoperiods after the onset of stage II, commensurate with cell number density
leveling off. Additionally, Mode A also showed an efflux of silicon. However, this was
well into stage II and appears to have had no apparent effect on cell number density.
Chitin nanofiber production
Volumetric chitin concentration in the cell suspension vs. time profiles by HPLC
analysis and by fiber length and number count measurements are shown in Fig. 4.5. In
both Mode A and Mode B, the final chitin concentration decreased from 57 to 35 mg/L
and 156 to 54 mg/L respectively, after the addition of germanium. Therefore, adding a
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single pulsed addition of germanium in Si-limited cultivation limited both cell number
and chitin production (Figs. 4.3, 4.6). As a result, the final yield of chitin per cell (YP/X)
was unaffected after germanium addition in both Mode A and Mode B (Fig 4.7). With
final chitin per cell yields with and without germanium of 21.4 ± 1.0 and 20.4 ± 0.5 mg
chitin/109 in Mode A, and 32.8 ± 1.7 and 33.5 ± 1.8 mg chitin/109 in Mode B. However,
the chitin content per cell did increase from Mode A to Mode B, but this can be attributed
to the higher initial N:Si ratio. Both final cell number density (Xn,f) and final chitin
concentration (Cp,f) have been shown to increase when the initial nitrate/silicon ratio at
fixed initial silicon concentration increased [23].
The fiber number concentration and fiber number per cell vs. time profiles are
presented in Fig. 4.8 and 4.10. Typically, any attached fibers to the cell are dislodged
during the drying process used to analyze the nanofibers by DIC microscopy. Fiber
number increased significantly after Si depletion in both Mode A and Mode B when no
germanium was added, achieving final fiber concentrations (Nf) of 2.22•108 and 5.86•108
fibers/mL respectively. However, once germanium was added to the cultivations, within
24 hrs (1 photoperiod) fiber production is nominally shut off in both modes (Fig. 4.9).
Since chitin nanofiber production is directly tied to chitin production, it makes sense that
if chitin production is inhibited so would chitin nanofiber production. The dotted
horizontal line shown in Fig. 4.10 represents the case where only one individual fiber is
produced per fultoportulae, assuming an average number of 40 fultoportulae per cell. If
the fiber count per cell achieved was above this line, the number of fibers generated per
fultoportulae was greater than 1. In Mode A, where nitrogen was limited chitin nanofiber
production reached a state of at least 1 fiber per port by the end of stage I. In the nitrogen
replete case in Mode B, chitin production increased and was reaching 2 fibers per port.
By the end of stage II fiber yield per cell (YNf/X) reached ~ 80 and 120 fibers per cell
(nominally 2 and 3 fibers per port) in Mode A and Mode B respectively, when no
germanium was present. In both Mode A and Mode B, adding germanium to the
suspension decreased fiber yield significantly. In Mode B, final fiber yield appears to
increase, however this apparent increase is due to cells dying off in prolonged stationary
phase, and not representative of fiber yield actually increasing. The more accurate
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depiction of fiber yield in Mode B is closer to 100 fibers per cell, occurring after cell
division and nutrient depletion (2 photoperiods), and before cell death.
Conclusions
This study compared the extracellular formation of β-chitin nanofibers by the
diatom Cyclotella sp. under two different germanium addition modes over the course of a
two-stage batch cultivation process designed to limit cell division through silicon
limitation in the suspension. In stage I, diatom cells were grown on an initial loading of
dissolved silicon and nitrate to initialize the silicon-starved state. In the first mode, the
initial nitrate loading was designed to generate a N-limited state under Si limited cell
division, whereas the second mode was designed to generate a N-replete state. The
scalable cultivation experiments were carried out in a 5-L bubble-column photobioreactor
at initial N:Si molar ratios shown to both limit and promote cell and chitin production
[23]. In stage II, cells were fed a single pulsed addition of dissolved silicon and
germanium designed to generate Ge-limited and Ge-replete modes under silicon limited
conditions. Through this approach, the effects of germanium addition on cell division,
and its subsequent effects on the yield, number, and length distribution of chitin
nanofibers were assessed in the silicon limited state.
The outcomes of this study suggest two primary modes of germanium addition to
achieve scalable and tunable production of β-chitin nanofibers for advanced material
applications. In both modes, noticeable alterations to the chitin extruding pores were
observed after germanium addition. In the first mode, when germanium is added at the
beginning of stage II to generate a Ge-limited state, germanium is fully uptake by the cell
and subsequent cell division and chitin production was able to proceed. Alternatively, in
the second mode, where germanium concentration was designed to generate a Ge-replete
state, the diatom frustule contained a larger amount of germanium, but as a result cell and
chitin production were inhibited. Overall, the strategies detailed above can be used to
direct germanium incorporation into diatom biosilica while maintaining chitin nanofiber
productivity.
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Table 4.1a Summary of process condition for two-stage batch photobioreactor cultivation of Cyclotella.
Mode A

Process Parameter
Target Initial Conditions
Cell Number (cells/mL)

Stage I Batch

Mode B

Stage II Batch
no Ge
Ge

Stage I Batch

Stage II Batch
no Ge
Ge

2.00E+05

8.00E+05

8.00E+05

2.00E+05

8.00E+05

8.00E+05

CSi,i (mmol Si/L)

0.46

0.62

0.62

0.46

0.62

0.62

CN,i (mmol N/L)
mol N/mol Si

2.45
2.50

0.00
―

0.00
―

5.30
5.43

0.00
―

0.00
―

CGe,i (µmol Ge/L)
mol Si/mol Ge

0.00
―

0.00
―

10.0
62.0

0.00
―

0.00
―

44.0
14.0

Table 4.1b Summary of process condition for two-stage batch photobioreactor cultivation of Cyclotella.
Nutrient

Mode A

Mode B

N

Limited

Replete

Si

Limited

Limited

Ge

Incorporated (limited)

Not fully incorporated (replete)
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Table 4.2 Summary of productivity parameters at low and high Ge batch cultivation of Cyclotella.

Stage II Production
Parameters

Mode A

Mode A

Mode B

Mode B

no Ge

Ge

no Ge

Ge

Cell Productivity
2.82E+06

±

6.36E+04

1.64E+06

±

2.34E+04

4.67E+06

±

9.43E+04

1.64E+06

±

4.04E+04

0.020

±

0.006

0.014

±

0.005

0.023

±

0.001

0.027

±

0.001

8.17E+09

±

2.06E+08

1.03E+10

±

1.72E+08

8.81E+09

±

2.05E+08

6.57E+08

±

1.62E+07

Cp,f (mg/L)

57.4

±

1.5

35.2

±

1.0

156.3

±

8.3

53.8

±

2.8

k (hr-1)
YP/X (mg chitin/109
cells)

0.024

±

0.001

0.039

±

0.004

0.012

±

0.001

0.044

±

0.028

20.4

±

0.5

21.4

±

1.0

33.5

±

1.8

32.8

±

1.7

2.22E+08

±

1.44E+07

7.96E+07

±

9.14E+05

5.86E+08

±

1.12E+07

2.21E+08

±

5.28E+06

k (hr-1)

0.023

±

0.002

0.076

±

0.006

0.020

±

0.001

0.122

±

0.058

YNf/X (#fibers/cell)

78.85

±

18.33

48.48

±

23.79

125

±

7.43

135

±

4.76

Cp,f (mg/L)

49.5

±

4.3

18.8

±

0.6

117.4

±

5.2

47.9

±

2.3

0.000

±

0.000

0.012

±

0.003

0.000

±

0.000

0.033

±

0.008

Final XN,f (cells/mL)
k (hr-1)
YX/Si (cells/mmol Si)
Chitin Productivity

Fiber Productivity
Nf (#fibers/mL)

Ge Incorporation
Ge (wt.%)
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Figure 4.1 SEM images of whole Cyclotella sp. cells after fixation, ethanol
dehydration, and critical point drying. (a) Whole cell and attached fibers end of stage
I; (b) fultoportulae of Ge enriched diatom cell; (c) fultoportulae of native Cyclotella
cell; (d) whole cell of Ge enriched diatom cell.
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Figure 4.2 Cultivation number density and dissolved Si concentration vs. time
profiles. (a) Mode A control, no germanium addition; (b) Mode A Ge addition, 10
µM Ge; (c) Mode B Control, no germanium addition; (d) Mode B Ge addition, 44
µM Ge.
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Figure 4.3 Comparison of cell number density vs. stage II cultivation time for
germanium addition modes. Cell number density was reset to reflect stage II related
growth. (a) Mode A (b) Mode B.
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Figure 4.4 Effect of initial soluble Si and Ge concentration on Si and Ge uptake from
the culture medium during stage II of cultivation. (a) Mode A control, no germanium
addition; (b) Mode A Ge addition, 10 µM Ge; (c) Mode B Control, no germanium
addition; (d) Mode B Ge addition, 44 µM Ge.
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Figure 4.5 Volumetric β-chitin concentration in the cell suspension vs. time profiles
by HPLC analysis of glucosamine after acid hydrolysis, and by fiber length and
number count measurements. (a) Mode A control, no germanium addition; (b) Mode
A Ge addition, 10 µM Ge; (c) Mode B Control, no germanium addition; (d) Mode B
Ge addition, 44 µM Ge. Dashed vertical line represents the onset of stage II.
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Figure 4.6 Comparison of volumetric chitin concentration by HPLC vs. stage II
cultivation time for germanium addition modes. Volumetric chitin concentration was
reset to reflect stage II related growth. (a) Mode A (b) Mode B.
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Figure 4.7 Volumetric chitin yield per cell vs. time profiles during stage II of
cultivation. (a) Mode A control, no germanium addition; (b) Mode A Ge addition, 10
µM Ge; (c) Mode B Control, no germanium addition; (d) Mode B Ge addition, 44
µM Ge.
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Figure 4.8 Fiber number concentration and dissolved Si concentration vs. time
profiles. (a) Mode A control, no germanium addition; (b) Mode A Ge addition, 10
µM Ge; (c) Mode B Control, no germanium addition; (d) Mode B Ge addition, 44
µM Ge. Dashed vertical represents the onset of stage II.
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Figure 4.9 Comparison of fiber number concentration vs. stage II cultivation time for
germanium addition modes. Fiber number concentration was reset to reflect stage II
related growth. (a) Mode A (b) Mode B.
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Figure 4.10 Fiber number yield per cell vs. time profiles. (a) Mode A control, no
germanium addition; (b) Mode A Ge addition, 10 µM Ge; (c) Mode B Control, no
germanium addition; (d) Mode B Ge addition, 44 µM Ge. Dashed vertical line
represents the onset of stage II; dashed horizontal line represents number of fiber
ports per cell.
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Figure 4.11 Box plot of fiber length distribution during two-stage batch cultivation of
Cyclotella sp. (a) Mode A control, no germanium addition; (b) Mode A Ge addition,
10 µM Ge; (c) Mode B Control, no germanium addition; (d) Mode B Ge addition, 44
µM Ge. Top and bottom whiskers represent the extremes of the given distribution for
a given cultivation point. The gray smooth line is the calculated fiber length based on
measured fiber number count (Nf) and chitin concentration (Cp).
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Figure 4.11 cont. Box plot of fiber length distribution during two-stage batch
cultivation of Cyclotella sp. (a) Mode A control, no germanium addition; (b) Mode A
Ge addition, 10 µM Ge; (c) Mode B Control, no germanium addition; (d) Mode B Ge
addition, 44 µM Ge. Top and bottom whiskers represent the extremes of the given
distribution for a given cultivation point. The gray smooth line is the calculated fiber
length based on measured fiber number count (Nf) and chitin concentration (Cp).
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Figure 4.12 Conceptual model for the metabolic insertion of germanium into
Cyclotella sp. cell, as viewed from the proximal cross-section. (a) Surge uptake of Si
and Ge, silica deposition vesicle forms; (b) hypovlave and girdle band are fabricated;
(c) newly formed Ge enriched diatom cells.
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Chapter 5: Spectroscopic and microscopic imaging of extracellular β-chitin
nanofibers from marine diatoms
Paul LeDuff and Gregory L. Rorrer
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Summary
Diatoms are single-celled microalgae that make cell walls of nanostructured,
biogenic silica called frustules. Diatoms are unique from other microalgae in that they
require dissolved silicon for cell wall biosynthesis and subsequent cell division. In
addition to silicon metabolism, diatoms also are known to produce a variety of unique
co-products. In particular, two genera of diatoms, Thalassiosira and Cyclotella, are
known to extrude pure, paracrystalline β-chitin nanofibers of 50 nm diameter through
specialized pores lining the rim of the frustule. This chapter will describe various
analytical techniques used to characterize chitin nanofiber formation from our model
organism, the centric marine diatom, Cyclotella sp.
Introduction
Diatoms are single-celled microalgae that make nanostructured biosilica shells
called frustules that possess highly ordered pore arrays. Dissolved silicon (Si) in the
form of Si(OH)4 is the required substrate for cell wall biosynthesis and cell division,
and its availability controls the diatom cell division cycle . This unique attribute of
the diatom frustule has been harnessed for many potential applications in
nanomaterials and nanotechnology [1]–[5]. In addition to silicon metabolism, another
particularly unique bioproduct known to only two species of diatoms within genera
Cyclotella and Thalassiosira is chitin, an N-acetyl glucosamine biopolymer [6].
Currently, there is enormous commercial interest in chitin as a potential algal
biorefinery product, given its high value, biomedical properties, and its hydrolysis to
glucosamine, a widely used nutraceutical [7].
Chitin is the most abundant polymer in the ocean and the second most
abundant polymer on earth, only surpassed by cellulose [8]–[10]. It is commonly
found in fungi, insects, mollusks, crustaceans, algae, and protists; and primarily used
to strengthen their cell walls or skeletons [11]. It is advantageous to use diatoms to
produce chitin as opposed to traditional sources of chitin because of its unique
morphology and characteristics. Chitin in diatoms is extruded from the cell as rigid
microfibrils of approximately 50 nm diameter [12]–[15] with high purity in βcrystalline form [16]–[18]. The chitin fibers extend from the theca through
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specialized pores within the silica known as fultoportulae [19], [20]. The extrusion of
pure nanofibers from the cell is also of key benefit from a bioprocessing perspective,
as it could facilitate harvest of the chitin product from the cell in a pure form. In
contrast, chitin produced in cultured fungal cells is imbedded within the cell wall
matrix [21], which complicates its isolation. Thus, the ability to extrude pure chitin
fibers would have advantages over other processes for chitin production by isolation
from shellfish waste or by microbial fermentation.
The goal of this study was to develop analytical and characterization
techniques aimed at assessing chitin nanofiber production in the marine diatom,
Cyclotella sp. Towards this end, the techniques chosen were selected with the intent
of characterizing chitin nanofiber morphology, allocation, and chemical signature.
Materials and Methods
Diatom cell culture
The centric diatom Cyclotella sp. (UTEX 1269) was maintained in flask
culture on Harrison’s artificial seawater medium (ASM) as described previously [22].
Chitin Fiber Imaging
Chitin fiber images were obtained by optical imaging of cell suspension
samples using differential interference contract (DIC) microscopy. DIC enabled direct
imaging of the 50 nm fibers without staining. A 10 µL aliquot of Cyclotella sp. cell
suspension was pipetted directly onto a glass microscope slide and covered with a
coverslip. Samples were imaged in DIC mode (100x objective) on a Leica model
DMR (Type 020-525.024) polarizing light microscope running SPOT imaging
software (Spot Imaging, Diagnostic Instruments, Inc.).
Calcofluor white staining of diatom cells
Images of chitin nanofibers were also obtained using fluorescence
microscopy. The fluorescent dye Calcofluor White is known to preferentially bind to
cellulose, chitin, and other β-1,4-bound polysaccharides [23]. A 1 mL aliquot of cell
suspension was directly deposited onto a 12 x 12 mm poly(allylamine hydrochloride)
coated glass coverslip [24], and allowed to gravity settle overnight in a humidified
petri dish to prevent drying out. The prepared coverslips were washed in ASM to
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remove any unbound cells. Adhered cells were placed face down in a 6 well plate
filled with 2 mL of 0.1% (w/v) Calcofluor white in 0.1 M Tris-HCl (Fluorescent
Brightener 28, Sigma Aldrich, Prod. F3543-1G), covered, and left to incubate for 30
min in the dark on an orbital shaker set at 100 rpm. The stained cells were rinsed with
0.1 M Tris-HCl buffer to remove any unbound stain. The calcofluor stained cells
were prepared for imaging by directly pipetting a 10 µL droplet of ProLongTM Gold
antifade (Invitrogen, Cat # P36931) reagent onto a clean 25 x 75 mm microscope
slide and sealed with the prepared coverslip. Samples were imaged using fluorescence
mode (63x objective) on a Leica model DMR (Type 020-525.024) polarizing light
microscope equipped with a mercury arc lamp with a DAPI-BP filter set, 360/40 nm
excitation and 460/50 nm emissions, running SPOT imaging software (Spot Imaging,
Diagnostic Instruments, Inc.).
Atomic force microscopy of chitin fibers
Whole diatom cells and attached fibers were imaged by atomic force
microscopy (AFM) on an Asylum MFP-3D Origin AFM equipped with Bruker AFM
probes (Model: NTESP, Part: MMP-11200-10) in non-contact mode. A 1 mL aliquot
of cell suspension was directly deposited onto a freshly cleaved mica surface and
allowed to gravity settle overnight in a humidified petri dish to prevent drying out.
Excess media was wicked off with a kimwipe and the cells allowed to air dry at room
temperature.
Raman spectroscopy
Raman spectrum of isolated chitin were acquired with a Horiba Jobin Yvon
Lab Ram HR Confocal Raman Microscope. The Raman analysis was performed on a
10 mg sample of isolated chitin fibers dispersed on a CaF2 substrate (Crystran,
#54091, 25 mm diameter) which exhibited a low Raman background. Isolated chitin
fibers were excited with a 50 mW, 532 nm incident laser excitation source through a
100x (0.9 N.A>) objective of the Olympus BS41 microscope, which was manually
focused to yield the highest Raman signal intensity for collection. The confocal
pinhole was set at 300 µm to minimize background signal and maximize Raman
signal collection by a CCD equipped with a 600 grooves mm-1 grating. Additionally,
Raman mapping of whole calcofluor white stained diatom cells were acquired. Whole
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diatom cells were stained as mentioned above, with the following modifications:
stained cells were prepared on 18 mm diameter glass coverslips and mounted on a 25
mm diameter CaF2 substrate. Raman mapping was performed as stated above within a
defined 13 x 13 µm scan area with a 0.5 µm step size.
Results and discussion
Optical imaging of cells and chitin fibers
DIC images of living Cyclotella sp. cells are presented in Figure 5.1.
Individual cells seen attached in valve and girdle band views. Intracellular chloroplast
bodies are shown in green. Under further examination, individual chitin nanofibers
looked to surround the cells. These fibers were extremely rigid and smooth in shape
and appeared twisted and tangled together, suggesting that the cells themselves are
entangled in this network rather than stuck together. Distribution of cell associated
fibers and non-associated fibers varied, however a large portion of fibers appeared
non-associated, which could be due to the controlled release or breakage of fibers.
Fluorescence imaging of cells and chitin fibers
Fluorescence images of calcofluor white stained Cyclotella sp. cells are
presented in Figure 5.2. Individual ports can be seen lining the rim of the top and
bottom valves, however there is no semblance of fibers associated or not with the
cells. Chitin fibers may have been washed off during the rinsing process. There is
significant fluorescence at the ports where chitin nanofibers extrude from the cell.
Along the girdle band there is little to no fluorescence, suggesting chitin allocation
within the cell is confined predominantly to the pores lining the valve.
AFM analysis
Atomic force microscopy (AFM) images of an individual chitin fiber are
presented in Figure 5.3. Under close inspection, there appear to be slight aberrations
along the spine of the fiber that were not visible under DIC or fluorescence methods.
Additionally, the diameter does not appear uniform across the full length of the fiber.
Fiber diameter ranged from 80-150 µm along the span of the fiber. This could be due
to how the sample was processed, but the much more likely cause was the
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instrumentation. During analysis the cantilever tip had a tendency to move the sample
across the surface as it was scanning.
Additionally, whole diatom cells were imaged using AFM as shown in figure
5.4. A rough outline of a chitin fiber can be seen emanating from the cell, however
the fine features of the fiber and cell were unable to be resolved. This again was due
in part to the limitations of the instrumentation and the state of the sample. AFM
analysis was unable to resolve the 10 µm height difference from the surface to the
valve face. Either the tip crashed into the cell or trailed off the edge of the valve and
imaged air.
Raman Analysis
In order to verify the chitinous nature of the fibers found extruding from
Cyclotella sp. cells, Raman spectrum of bulk isolated chitin fibers were performed
and is presented in Figure 5.5. The Raman spectrum of β-chitin is characterized by
the presence of sharp peaks at 901 cm-1, 967 cm-1, 1432 cm-1 relating to CHx
deformation, 1114 cm-1 relating to C-O-C/C-O stretching, and 1360 cm-1 relating to
an amide III band [23], [25]. Raman bands of the Cyclotella sp. chitin were slightly
shifted from what was previously reported due to instrumentation, but was well
within the acceptable range.
Additionally, Raman mapping of calcofluor white stained diatom cell are
presented in figure 5.6. Raman mapping of stained cells was performed with the
intent to resolve individual extruding chitin fibers from the cells. Mapping the Raman
band associated with Calcofluor white we were able to observe stain allocation within
the cell, which was predominantly conserved to the two valves, however individual
extruding chitin fibers were unable to be resolved.
Conclusions
This study showed the potential of various spectroscopic and microscopic
imaging techniques used to characterize extracellular β-chitin nanofibers from marine
diatoms. Ultimately alternative methods were used to examine and characterize chitin
nanofiber production in the marine diatom Cyclotella sp. as reported in earlier
chapters.
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Figure 5.1 DIC images of live single cells of the marine diatom with surrounding
chitin fibers.

(a)

(b)

(c)

(d)
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Figure 5.2 Fluorescence images of Calcofluor white stained Cyclotella cells under
63X objective.

(a)

(c)

(b)
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Figure 5.3 AFM images of individual chitin fiber from the marine diatom, Cyclotella.
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Figure 5.4 AFM image of individual whole Cyclotella cell.

(a)

(b)
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Figure 5.5 Raman spectrum of bulk isolated chitin fibers. Vertical dashed lines
represent peaks at 901 cm-1, 967 cm-1, 1432 cm-1 relating to CHx deformation, 1114
cm-1 relating to C-O-C/C-O stretching, and 1360 cm-1 relating to an amide III band.
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Figure 5.6 Raman map of Cyclotella cells stained with calcofluor white. Map set to
the calcofluor white band of 1610 cm-1.
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Chapter 6: Conclusions
The capability of diatoms to produce unique co-products was evaluated in this
study. Specifically, intrinsic photoluminescence properties and chitin production were
investigated in the model centric marine diatom, Cyclotella.
This study showed for the first time that the biosilica frustules inside living
diatom cells can exhibit photoluminescence emission in response to UV excitation.
Furthermore, we showed that PL emission by the biosilica frustule within the living
cell emerged only after cells were cultivated to silicon depletion. The portion of the
micro-PL emission spectrum associated with the biosilica frustule in the single living
diatom cell was similar to that from single biosilica frustules isolated from these
diatom cells. The emergence of the PL signal for the biosilica frustule was attributed
to the likely formation of nanoscale fine features on the frustule following silicon
depletion from the medium. In this study, the discovery of PL emission by the
biosilica frustule in living diatom cells opens up future possibilities for living
biosensor applications, where the interaction of diatom cells with other molecules can
be probed by micro-photoluminescence spectroscopy.
Additionally, the extracellular formation of β-chitin nanofibers by the diatom
Cyclotella sp. was followed during batch cultivation of the cell suspension at low and
high initial Si loadings leading to 1-2 cell divisions, and 4-5 cell divisions
respectively. β-chitin nanofiber formation is closely tied to the cell division cycle in
Si-limited batch cultivation. A majority of fiber formation occurred during the last
cell division once all the dissolved silicon in the media had been consumed.
Individual chitin nanofibers extrude out of specialized pores called fultoportulae that
line the rim of the frustule valve face. Chitin fibers had an extremely high aspect
ratio, with a fiber diameter of approximately 50 nm, and lengths that ranged between
20 and 80 μm. Within 72 hr after the final cell number density was achieved, up to
two fibers per fultoportulae were formed, presumably due to breakage or scission of
the first fiber from the cell. The unprecedented length of the β-chitin nanofibers may
have unique properties for future advanced material applications. Furthermore, the
scalable production of β-chitin nanofibers can be realized through photobioreactor
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cultivation of Cyclotella sp. diatoms using dissolved Si delivery to control final yield
and production rate.
In a two-stage cultivation process, dissolved silicon and germanium were cofed to a silicon starved culture which yielded diatom cells with 0-1 wt% of
metabolically incorporated germanium in its frustule. The overall shape of the newly
divided cells was nominally the same, however the micron and sub-micron pore
structure array was distorted, as was the chitin producing fultoportulae. In germanium
replete conditions, this inhibited cell division and subsequent chitin nanofiber
production. In germanium limited conditions, Ge incorporation was less, however
subsequent cell division and chitin production were able to proceed. The Ge content
had no effect on chitin yield per cell. The outcomes of this study suggest two primary
modes of germanium addition to achieve scalable and tunable production of β-chitin
nanofibers for advanced material applications.
The photoluminescence of nanostructured diatom biosilica and chitin
production in diatoms with and without germanium was investigated with the aim of
furthering our understanding of key mechanisms in diatom metabolism for the
production of newly inspired nanomaterials. Towards this end, we characterized the
photoluminescent properties of living diatom cells, β-chitin nanofiber formation in
batch culture, and β-chitin nanofiber formation in germanium doped diatom cells. In
summary, diatoms are an attractive platform for the co-production of unique materials
with a host of potential sensing, biomedical, and advanced material applications.
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H2O2 Frustule Extraction
Paul LeDuff
Equipment
1. Centrifuge
2. Environmental Shaker
Materials
1. Diatom cells
2. 30 mL of 30 % wt. H2O2 w/ 0.2 mL of 37% wt HCl
3. 250 mL Flask
4. Ethanol
5. DiH2O
Procedure
1. Remove ~100 mL sample from flask/reactor and split into 50 mL conical vials
2. Centrifuge for 10 min @ 600g  Discard supernatant
3. Wash pellet 3x with DiH2O by repeated centrifugation (10 min @ 600g)
4. Add 30 mL of 30 % wt. H2O2 w/ 0.2 mL of 37% wt HCl to each vial
5. To 250 mL flask add resuspended pellet plus 40 mL of 30 % wt. H2O2 w/ 0.2
mL of 37% wt HCl. Cover with aluminum foil and poke hole in the top of
flask.
6. Shake for 24 hr at 100 rpm at 80 ̊C (cell mass should have changed from
yellow-green to white)
7. After incubation remove H2O2 by centrifugation (10 min @ 600g)
8. Wash frustules 3x with DiH2O by repeated centrifugation (10 min @ 600g)
9. Samples centrifuged and rinsed 4x with distilled water
10. Wash frustules 3x with Ethanol by repeated centrifugation (10 min @ 600g)
11. Store at room temp. in ethanol
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IGEPAL Frustule Isolation
Paul LeDuff
Equipment
1. Centrifuge
2. Environmental Shaker
Materials
1. Diatom cells
2. 100 mM EDTA + 1% IGEPAL
3. Phosphate buffer B (20 mM sodium phosphate, 100 mM EDTA, pH 7.0)
4. 50 mL conical vials
5. DiH2O
Procedure
1. Remove ~100 mL sample from flask/reactor and split into 50 mL conical vials
2. Count cells
a. Note: Changes in volumes for 107, 108, and 109 starting cell density
3. Centrifuge for 10 min @ 1950 g  Discard supernatant
4. Pipet off supernatant and resuspend cell pellet (consolidating tubes as
necessary – note, multiple spins may be needed depending on the number of
starting tubes) in 500uL, 5mL, or 50mL of 100mM EDTA + 1% Igepal CA630 (same as the no-longer-available Nonidet P-40; e.g., Sigma #I8896)
a. Note – Igepal is a non-ionic detergent, so resuspend by gently
pipetting to limit the amount of bubbles created
b. You should see the solution turn bright green within a couple minutes
– this is the chlorophyll spilling out from the cells
5. Place in environmental shaker an extract at 37 °C for 60 min at 100 rpm
6. Collect cells by centrifugation for 5 min @ 13200 g
7. Pipet off supernatant careful not to remove some of the pellet
8. Resuspend the pellet in 1 mL 100 mM EDTA + 1% IGEPAL by vortexing
9. Extract for an additional 5 min at 37 °C with agitation
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10. Collect cells by centrifugation: 13200xg, 4°C, 5min in a tabletop
microcentrifuge
11. Repeat 9-10 2 more times
12. Wash frustules: add 1mL wash per eppie, resuspend pellet, immediately spin
at 13200xg, 4°C, 5min in a tabletop microcentrifuge
a. 3 x water
b. 1 x Buffer B (20mM sodium phosphate pH 7.0, 100mM EDTA)
13. Resuspend frustules in 100uL, 1mL, or 1mL PBS
14. Frustules can be stored at 4°C for several weeks (i.e. immediate use) or at –
20°C for long term storage
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Single Cell PL Measurement
Paul LeDuff
Equipment
1. Mirco-Raman PL System
Materials
1. 5 x 7 mm Si wafer chip
2. 60 x 15 mm Petri dish
3. 70% Ethanol
4. Laminar Flow Hood
5. Kimwipe
Procedure
1. Using scissors, cut out a circle the size of your petri dish from a piece of
kimwipe
2. In the middle of the kimwipe, cut out a square
3. Place cutout kimwipe in the bottom of the petri dish and lightly dampen with
wash bottle (DI Water)
4. In laminar flow hood, wipe clean Si wafer chip with 70% ethanol
5. Place clean Si wafer in the middle cutout of the damp kimwipe in the petri
dish
6. Pipette 5 µL of cell suspension directly on top of cleaned Si wafer
(Concentration will vary depending on cultivation time)
7. Take sample over to Micro-Raman System
8. Turn on 325 nm Laser Source (1-hr warm up) Note: Do this before sample
prep
9. Set up the correct optics for the 325 nm line
10. Open the LabSpec5 software and match software settings to the hardware
11. Using 40X-UV objective focus on the sample
12. Take PL measurement at 510 nm
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Preparation of polyelectrolyte coatings on glass substrates
Paul LeDuff
Equipment
1. N/A
Materials
1. Cleaned glass substrates
2. 30ml plastic beakers
3. Poly(allylamine hydrochloride) 15,000 g/mol
4. Poly(sodium 4-styrenesulfonate), 70,000 g/mol
5. 1M sodium hydroxide (aq.)
6. Distilled water
7. Nitrogen (N2) gas
Procedure
1. Add 0.405 g of poly(allylamine hydrochloride) (PAH) to 300 ml of distilled
water in a polypropylene container.
2. Adjust the PAH solution to pH 6.0 using 1M sodium hydrochloride
3. Add 0.9 g of poly(sodium 4-styrenesulfonate) (PSS) to 300 ml of distilled
water
4. Adjust the PSS solution to pH 6.0 using 1M hydrochloric acid
5. Pipette 25ml of the prepared PAH solution into each plastic beaker
6. Place the substrate into the beaker vertically for 20 minutes
7. Remove the substrate and rinse under a stream of distilled water
8. Dry the substrate under a stream of N2 gas
9. Pipette 25ml of PSS solution into a plastic beaker
10. Place the substrate into the beaker vertically for 20 minutes
11. Remove the substrate and rinse under a stream of distilled water
12. Dry the substrate under a stream of N2 gas
13. Repeat steps 5 through 12 as desired to deposit additional layers of
polyelectrolyte
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14. Rinse each substrate with distilled water followed by ethanol and dry with a
stream of N2
15. Store substrates in a sealed container until ready for use.
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SEM of Diatom Cells
Paul LeDuff
Equipment
1. FEI Quanta 600 FEG SEM
2. Critical Point Dryer
Materials
1. 5x7 mm Si wafer or 12x12 mm cut glass squares
a. Note: Use Si substrate if planning to do PL/Raman measurements,
otherwise glass is fine
2. EM Fixative (2.5 % Glutaraldehyde, 1% paraform, 0.1 M Cacodylate)
3. Ethanol Series (10%->30%->50%->70%->95%->100%)
4. 0.1 M Cacodylate buffer
5. Diatom Cell Suspension in ASM (~1e6 cells/mL)
6. Diamond cutter
7. Petri dish
8. Kimwipe
Procedure
1. Drop cast cell suspension onto clean PAH treated glass squares
2. Allow to gravity settle for 30 min at ambient temperature
3. Fix cells in 2.5% Glutaraldehyde, 1% paraform, 0.1 M Caco for 30 min
4. Wash off remaining fixative with 0.1 M Caco buffer for 10 min
5. Ethanol series dehydration of samples
(10%->30%->50%->70%->95%->100%) for 10 min each at room
temperature
6. CPD
7. Gold sputter
8. Samples ready to examine on FEI Quanta 600 FEG SEM
Note: All solutions were added to the samples by gentle drop casting, and wicked
off with a kimwipe to minimize cells sliding off the substrate.

117

Chitin Fiber Imaging Sample Prep
Paul LeDuff
Equipment
1. Drying Oven (Shel Lab, SKU: SMO##)
2. Hemocytometer (Hausser Scientific, CAT # 3720)
3. Vortex mixer (Mo Bio, Vortex Genie 2)
Materials
1. ASM
2. 2 mL Epi tubes
Procedure
1. Thaw algal samples for 6 hours at room temperature
2. Mix algal samples using the vortex mixer for 1 minute
3. In a 2 mL Epi-tube dilute sample to the appropriate dilution factor w/ ASM
a. D.F. will depend upon CND & chitin concentration (Ex: 2X, 5X, 10X,
etc…)
4. Mix samples by pipetting up and down 10 times
5. Load hemocytometer with 18 μL
6. Put hemocytometer in drying oven set at 90 °C for 30 min to evaporate sample
7. After evaporation samples are ready for imaging
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Chitin Fiber Imaging via DIC/Nomarski Imaging
Paul LeDuff
Equipment
1. Leica model DMR (Type 020-525.024) polarizing light microscope
2. SPOT imaging software (Spot Imaging, Diagnostic Instruments, Inc.)
Materials
1. Evaporated hemocytometer algal sample
Procedure
1. Have chitin fiber samples ready
2. Record login info in the microscope log book
3. Turn on the computer and log in
4. Turn on the microscope lamp and camera
5. Login to the scope software (SPOT Image Capture)
6. Set the appropriate filters, polarizers, and lenses for DIC imaging
a. Can be found in configuration booklet at scope
7. Once the proper set of lenses are set you are ready to image
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Chitin Fiber Length Image Analysis
Paul LeDuff
Equipment
1. FIJI/ImageJ image analysis software
Materials
1. N/A
Procedure
1. Open chitin fiber images in FIJI
2. Set Scale (this will be objective specific)
a. Click Analyze  Set Scale (Example below set for 20X objective)
i. Distance in pixels = 270
ii. Known distance = 100
iii. Pixel aspect ratio = 1
iv. Unit of length = micron
3. Check Global  OK
4. Set Line Tool
a. Right-click line tool and select segmented line
b. Dbl-click it to set line width
c. You can zoom in and out (ctrl+scroll up/ctrl+↑ or ctrl+scroll
down/ctrl+↓)
5. Open ROI Manager
a. Click Analyze  Tools  ROI Manager
b. Check show all and labels
6. Tracing Fibers
a. With the line tool set left-click to begin line and set segments, rightclick to end line
b. Add selection to image (ctrl+b or Image  Overlay  Add selection)
c. Add to ROI Manager (ctrl+t or click add in ROI Manager)
d. Repeat for all available fibers in the image
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7. Measuring Fibers
a. Measure traces (Ctrl+m or click measure in ROI Manager)
b. Copy Length data and put in excel
File Name
Cy7-PL-08-20x-10X-14

Fiber Length (µm)
54.85

8. Flattening and Saving Image
a. Flatten image (Ctrl+shift+f or click flatten in ROI Manager)
b. Save flattened image as *.jpg (Keep original file name but add length
Ex. Cy7-PL-08-20x-10X-14-length)
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Chitin Fiber Number Image Analysis
Paul LeDuff
Equipment
1. FIJI/ImageJ image analysis software
Materials
1. N/A
Procedure
1. Open chitin fiber images in FIJI
2. Select the multi-point tool
3. Count fibers confined to the defined gridded section
4. Record the count number in Excel
5. Burn the count into the image
a. Ctrl+b will burn the selection of counted fibers into the image
6. Flattening and Saving Image
a. Flatten image (Ctrl+shift+f )
b. Save flattened image as *.jpg (Keep original file name but add count
Ex. Cy7-PL-08-20x-10X-14-count)
7. Repeat for a total of 12 gridded sections counted
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Chitin Extraction and Purification from Algal Suspension
Paul LeDuff
Equipment
1. Waring Blender
2. Centrifuge
Materials
1. Algal suspension
2. 15-50 mL Falcon Tubes
3. 2 mL Epi tubes
4. 1 M HCl
5. 0.5% SDS
6. 95% EtOH
Procedure
Extraction:
1. Measure 500 mL of cell suspension into the blender jar.
2. Dislodge fibers from cells by high-speed blending (“liquefy” setting) for 10
sec
3. Low-speed centrifuge the blended suspension at 1500 g for 1 minute
4. Collect suspended chitin nanofibers in the supernatant. Discard the pellet (cell
biomass)
5. Transfer the recovered supernatant to 2 mL Epi tubes (use as many tubes as
needed to recover the entire supernatant).
6. Centrifuge at 16000 g for 30 min
7. Discard the supernatant
8. Resuspend the chitin-rich pellet in HPLC-grade water and wash by repeated
centrifugation
9. Collect the pellet in a 10 mL borosilicate glass vial. Collect all the chitin-rich
pellets in the same vial for further purification
Purification:
1. Transfer the chitin-rich pellet to a 125 mL Erlenmeyer flask
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2. Add 30 mL of 1 M HCl at 70 °C with mild stirring for 30 min
3. Take off the heat/stir plate and let cool at room temp
4. Once cooled, transfer the suspension to 50 mL conical vial and wash by highspeed centrifugation at 2500 g for 30 min
5.

Collect the pellet and resuspend in DiH2O

6. Repeat high-speed centrifugation for a total of 3 washes
7. After washing further purify by resuspension in 50 mL of 0.5% SDS with
mild overnight stirring at room temp
8. Transfer the suspension to a 50 mL conical vial and wash by high-speed
centrifugation at 2500 g for 30 min
9. Resuspend in DiH2O and repeat for a total of 3 washes
10. Further purify by resuspension in 50 mL of 95% ethanol and mild stirring at
room temp for 30 min
11. Transfer to 2 mL epi tubes (use as many needed to process all the volume)
12. Centrifuge the suspension at 16000 × g for 30 minutes.
13. Collect the pellet, discard the supernatant. Let the remaining ethanol in the
chitin pellet evaporate under N2 flow.
14. Store the purified chitin fibers in an airtight container for further use.
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Chitin Hydrolysis
Paul LeDuff
Equipment
1. Vortex mixer (Mo Bio, Vortex Genie 2)
2. Mechanical homogenizer (Cole Parmer, LabGEN 125)
3. Dry block heater (IKA, Dry Block Heater 4)
4. Microcentrifuge (Eppendorf, 5475 R)
5. 100 - 1000 µL Eppendorf Research Pippette
6. 1-5 mL Eppendorf Research Pippette
Materials
1. 12 M HCl (Use directly from bottle)
2. 6 M NaOH (239.982g NaOH/L) (use HPLC grade water)
3. Nitrate and silicon free ASM (ASM0)
4. Deionized water HPLC grade
5. Purified algal chitin
6. Ice
Procedure
To wash the cells with silicon and nitrate free media:
1. Thaw algal samples for 6 hours at room temperature.
2. Mix algal samples using the vortex mixer for one minute and when visible
flocs are present homogenize using the mechanical homogenizer at 35,000
rpm for 30 seconds.
3. In a 2 mL epi-tube, add 2 mL from the thawed/homogenized algal sample. Do
this four times. You should have 4 epi-tubes for each sample. *(Use the green
screen scale to control the mass that you added into the 5 epi-tubes, RECORD
THE MASS, this will be helpful later, when reconstituting the original
volume).
4. Centrifuge the epi-tubes at 16,100 g for 15 minutes
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5. Collect the supernatant by pipetting it out of the epi-tubes (about 1.8 ml from
each vial) (* Leave 0.1 mL in the tube, so that chitin is not carried out) and
combine them in one 15 mL centrifuge tube. Label the tube.
6. Collect the algal pellets into a clean 15 mL centrifuge tube.
a. Add 0.5 mL of ASM0 in each epi-tube that contains the pellet.
b. Vortex-mix the epi-tubes.
c. Transfer the mixed suspension to a single 15 mL centrifuge tube.
d. Add another 0.5 mL of ASM0 in each epi-tube. Vortex mix it, and
transfer it to the 15 mL centrifuge tube.
e. Repeat step (d) again. This ensures that all the pellet was removed
from the epi-tube.
7. Adjust the volume of the washed algal suspension to the original value of 8
mL with ASM0. *(You can add ASM0 to the reconstituted pellet, to match the
original mass used).
To test the reconstituted algal suspension for chitin:
1. In a 6 mL glass vial, add 0.5 ml of the reconstituted algal sample, 0.5 ml of DI
water (HPLC grade), and 2 mL of 12 M HCl. Do this in duplicates. * (Use
plastic pippette tips).
2. Seal the vials using a PTFE lined cap.
3. Label the vials accordingly.
4. Mix all the samples using the vortex mixer for 1 minute.

To test the collected supernatant for chitin:
1. In a 6 mL glass vial, add 0.5 mL supernatant, 0.5 mL DI water and 2 mL 12 M
HCl.
2. Seal the vials using a PTFE lined cap
3. Label the vials accordingly.
4. Mix all the samples using the vortex mixer for 1 minute.
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Acid Hydrolysis Procedure:
1. Turn ON the Dry Block heater. (Make sure you do this well in advance of
time. It takes like an hour to reach 91 inside the vials oC.)
2. Set Temperature of Dry Block at 99 oC.
3. Select the mode “Timer On”
4. Place the samples in the dry block heater for 3 hours.
5. After three hours of hydrolysis, remove the vial from the heating block.
6. Place the vials in a water bath at room temperature for 5 minutes.
7. After the 5 minutes transfer the vials to an ice bath, let them sit there for 10
minutes.
Sample Preparation for HPLC measurement:
1. In a 2mL epi-tube, add 0.45 mL of the hydrolysate into 0.6 mL 6 M NaOH
(previously cooled in freezer for 3 hours).
2. Centrifuge the samples at 16,100 g for 10 minutes.
3. Pipette 700 µL of the solutions into a PTFE lined HPLC vial.
4. Keep the vials in refrigerator until HPLC analysis.
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X-ray Diffraction of Isolated Chitin Fibers
Paul LeDuff
Equipment
1. Bruker D8 Discover diffractometer with LynxEye™ - 1-D Compound silicon
strip high speed detector and Cu Kα radiation source.
Materials
1. Purified chitin fibers
2. 22x22 mm Glass microscope slide
3. Spatula
4. Kim wipes
5. Weighing papers
Procedure
1. To turn on the power, engage the green button on the right hand (when facing)
side of the instrument.
2. To turn on the high voltage source, turn the black lever on the right hand side
of the instrument.
3. Load 10 mg of the purified chitin onto a low background glass microscope
slide.
4. Pile the sample into the smallest diameter possible and packed down smooth
with the flat edge of a spatula.
5. Place the sample holder into the XRD aligning the sample so that the laser is
centered in the middle of the sample
6. Set the angles to φ (phi) = 90°, χ (chi) = 0°, x = 0, y = 0, z = 0.
7. Set the power to 40 mA, 40 kV. (full power). When finished reset it back to
20 mA & 5 kV.
8. For full range scans, set the scan range for 20° 2Θ - 80° 2Θ, “increment” (step
size) = 0.05 2Θ, and scan rate = 1° 2Θ/min.
9. For peak targeting scans, set the scan range for 23° 2Θ - 28° 2Θ set, increment
= 0.05 2Θ, and scan rate = 0.1 2Θ/min.
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10. Start the scan.
11. Save the raw data (.raw format) and open the file with EVA software.
12. Using the EVA “Toolbox”, remove background counts by setting the
curvature level to six, replace the scan, and save the data in the .raw file
format
13. Open the “Raw File Exchange” software package.
14. Select the source EVA .raw file you want to convert and set the destination
file path and format as .txt
15. Delete the .uxd extension from the end of the file name to complete the
conversion to .txt.
16. Use Excel to open the .txt document as a space delimited file.
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Atomic Force Microscopy (AFM) of Isolated Chitin Fibers
Paul LeDuff
Equipment
1. Asylum MFP-3D Origin AFM
2. Drying Oven (Shel Lab, SKU: SMO##)
Materials
1. 1 mg/mL isolated chitin fibers in HPLC grade H2O
2. Highest grade V1 Mica, 15 x 15 mm (Ted Pella, Prod. # 56-15)
3. Bruker AFM Probes (Model: NTESP, Part: MPP-11200-10)
4. AFM Specimen disks, 15 mm diameter (Ted Pella, Prod. # 16218)
5. Plain selected pre-cleaned glass microscope slide 25 x 75 mm (VWR, Cat No.
48300-025)
6. Scotch tape
Procedure
Sample Prep:
1. Place mica on glass microscope and cover it with tape
2. Either with your finger or the edge of a spatula, rub the tape into the mica
sheet so that there are no air bubbles
3. Gently pull back the tape off. There should be a sheen on the bottom side of
the tape indicating successful cleaving of the mica
4. Repeat 2-3 times to ensure even cleaving
5. Using the adhesive purchased with the specimen disks, adhere the freshly
cleaved mica to the specimen disk
6. Mix chitin samples using the vortex mixer for one minute and if visible flocs
are present homogenize using the mechanical homogenizer at 35,000 rpm for
30 seconds.
7. Dilute to 0.001 mg/mL by serial dilution
8. Pipette 10-20 µL of the chitin sample onto the cleaved mica surface
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9. Anneal samples for 60 min at 90 °C in the drying oven
AFM:
1. Log on to the computer
2. Open the Asylum AFM software
3. Select the proper operating parameters
a. Imaging medium  Air
b. Imaging mode  Tapping
4. Mount the prepared chitin sample
a. Lay two strips of double sided tape across a microscope slide leaving a
gap in the middle
b. Place the edges of the specimen disk with the chitin sample over the
two strips of tape
c. Load the slide on the imaging platform of the machine and use the
magnetic knobs to hold the slide in place
5. Load the Bruker AFM probe into the cantilever holder
a. Using tweezers carefully load the AFM tip into the holder. Make sure
that the tip lies flush with the holder, it should lie at a slight angle.
b. Once set, properly screw down and lock the tip in place
c. Place the tip in the imaging head and lock in place
6. Flip over the imaging head and place in the appropriate mounts on the
imaging platform.
a. NOTE: Make sure the height is set correctly before placing the head
or else the tip will crash and snap. This can be done by adjusting the
up and down dials on the imaging head.
7. Once set turn on the camera and white light source
8. Place a level on the imaging head and lower the head until the cantilever
comes into view on the camera and the cantilever is close to the sample
surface all while ensuring that it is still level
9. Find the laser
a. Rotate the LDX and Y knobs until the laser comes into focus on the tip
of the cantilever
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10. Set the deflection to “0” with the PD knob on the imaging head
11. Perform an “Auto Tune” , -8% f0
a. Check the achievable scan rate
12. Let sit for 10 min then re-zero the deflection.
13. Repeat “Auto Tune”
14. Perform a soft engage
a. Engage system with chamber open. Then lower the imaging head with
the knobs on the head until you get a z-voltage response. This will
signify contact with the surface (set z-voltage ~60)
15. Disengage the system
16. Close the imaging chamber
17. Re-engage the system
18. At this point the tip is ‘hard’ engaged on the surface and is ready for imaging
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Calcofluor white staining of diatom cells
Paul LeDuff
Equipment
1. Leica model DMR (Type 020-525.024) polarizing light microscope equipped
with mercury arc lamp
2. SPOT imaging software (Spot Imaging, Diagnostic Instruments, Inc.)
3. Orbital Shaker
Materials
1. Plain selected pre-cleaned glass microscope slide 25 x 75 mm (VWR, Cat No.
48300-025)
2. PAH treated 22 x 22 mm glass coverslips
3. 0.1% (w/v) Calcofluor white in 0.1 M Tris-HCl (pH 8.8)
4. 0.1 M Tris-HCl Buffer (pH 8.5)
5. ProLongTM Gold antifade reagent (Invitrogen, Prod. # P36930)
6. Fluorescent Brightener 28 (Sigma-Aldrich, Prod. F3543-1G)
7. Diatom cell suspension
8. Nitrate and silicon free ASM (ASM0)
9. 6 well plate
Procedure
1. Place clean PAH treated coverslip in a humidified petri dish (kimwipe soaked
with water place in it)
2. Load ~ 1 mL of algal suspension across the coverslip.
3. Seal with parafilm and let gravity settle overnight
4. Dip rinse coverslips in ASM0 to remove any unbound cells
5. Place rinsed coverslips in a 6 well plate filled with 5-10 mL of 0.1% (w/v)
Calcofluor white in 0.1 M Tris-HCl
6. Cover and let sit in the dark for 30 min on an orbital shaker set at 100 rpm

133

7. Remove the coverslips and rinse 3x by dip rinsing in 0.1 M Tris-HCl buffer.
Changing out the washing solution each time.
8. Pipette a 10 µL droplet of ProLongTM Gold antifade reagent directly on a
clean microscope slide
9. Mount the washed coverslip directly onto the antifade droplet (cell side
down). Lay a kimwipe over the mount to let it soak up the excess wash and
gently pull it off. Repeat until the mount is dry and clean.
10. The sample is now ready for imaging
11. Take the sample to the microscope. Turn on the mercury arc lamp and let
warm up for at least 30 min
12. Put in the appropriate filters and lenses for fluorescence (DAPI for calcofluor)
which can be found in the imaging booklet
13. Image
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Eluent Preparation for Dionex HPLC – Chitin Measurement
Paul LeDuff
Equipment
1. N/A
Materials
1. 50% (w/w) Sodium Hydroxide Solution (Fisher Chemical, Catalog # SS2541)
2. HPLC Grade H2O
3. 1 L Volumetric Flask
4. Stir plate
Procedure
1. Add 60 mL sodium hydroxide solution to 1 L volumetric flask
2. Fill to the line with HPLC grade water
3. Add a stir bar and cap. Let mix on stir plate for 10-15 min
4. Eluent is now ready to be added to the eluent bottle connected to the HPLC
system
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Priming the Pump for Dionex HPLC – Chitin Measurement
Paul LeDuff
Equipment
1. Dionex GP40 HPLC Pump (Serial # 96030711)
Materials
1. Prepared HPLC eluents
Procedure
1. Unscrew the eluent bottles and load the prepared eluents into their respective
bottle
2. Screw the bottle closed and open the He tank, blanketing the eluents. Set
between 5-7 Psi
3. Open the pressure transduce by turning counter-clockwise
4. Turn the pump on. You should see the pump waste line fill with eluent
5. Prime until no air bubbles remain in the line or 40 mL of eluent volume has
passed
6. Shut off the pump and close the pressure transducer
7. The pump is now primed and ready for analysis
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Dionex HPLC Operation – Chitin Measurement
Paul LeDuff
Equipment
1. Dionex ED40 electrochemical detector (Serial # 98110167)
2. Dionex GP40 HPLC Pump (Serial # 96030711)
3. AS3500 Autosampler (Thermoelectron, Serial # 077/07599)
4. Dionex CarboPacTM MA1 Analytical Column 4 x 250 mm (Prod # 044066)
5. Dionex CarboPacTM MA1 Guard Column 4 x 50 mm (Prod # 044067)
6. Peaknet 2.1 Software
Materials
1. Hydrolyzed chitin samples

Procedure
1. Proceed only after eluents have been made and pump primed.
a. NOTE: Run eluent through the column at operating conditions for at
least an hour before operating to equilibrate the column.
2. Turn on the ED40 detector and AS3500 autosampler
3. Load the autosampler racks with standards and samples to be run
4. If not already on, turn on the computer and login
5. Open the peaknet software
6. Click on configuration
a. Make sure all modules are on before proceeding
b.

System “test” will show the GP40 pump and ED40 detector in green
if the system is up and running

c. If not check the com ports and module inventory
d. Close window
7. Open the Schedule Editor
a. Label all samples in accordance with their respective position in the
autosampler. Vial # A01, A02, B01, B02, etc…
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b. A 10µL single injection per vial will be preset. This does not need to
be adjusted
c. Name the sample
d. Check the sample type (check std., calibration std., or sample)
e. Double-click the method tab to select the method (Method  Durst 
Gln run np rorrer lab)
f. Name the data file
g. Save the schedule as a (*.as3 file type)
h. Close window
8. Open the run window
a. Click on the schedule icon to load the schedule you just set
b. Select where to save the data
c. Click run

