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Abstract
In this paper, we disclose a novel biomaterial with a considerable capacity for cell growth and bone mineralisation. The biomaterial
is manufactured by sintering diatom (Cyclostephanos sp.) frustules under two different moulding pressures at temperatures of
1100◦ C over varied times (5-72 hours). The in vitro cell biocompatibility of the biomaterial was initially assessed using human
kidney HEK cells and MDA-MB-231 breast cancer cells. These cells attached to the biomaterial and were in fact observed to grow
preferentially on the diatomaceous biomaterial in larger densities than on commercial cell culture plates over longer time-periods
(> 15 days). As part of a bone-regeneration proof-of-principle study, cell biocompatibility of the material was also tested in vitro
using pre-osteoblast MC3T3-E1 cells over 21 days and osteoblast activities were measured by staining with von-Kossa stain for
mineral deposits. Cells had attached to the biomaterial on day 2 and showed positive staining for mineral deposits after the
21-day period. The material was also noted to be autoclavable and reusable without any adverse effect observed on subsequent
cell cultures.
Keywords:
Biosilica, Cell-Growth, Cell-Culture, Biomaterial, Bone-Graft

1. Statement of Significance

2. Introduction

The work is significant as it demonstrates how a ubiquitously available inexpensive material (diatomaceous earth)
can be manufactured to form 3D cell-culture platforms,
without any loss in the nano-architectures of each diatom
cell wall, which benefits cell-adhesion and colony formation. Perhaps more significantly, we show that cells preferentially adhere to our diatomaceous material, rather than
to platforms manufactured specifically for cell-culturing.
Since our material can also be subtractively manufactured
into 3D shapes, we envisage it has potential significance as
a 3D cell-culture platform, bioreactor/fermentation technologies, or as bone-grafting materials; a proof-of-principle
for which is provided herein.

Advances in the development of novel biomaterials are
driven by factors such as material availability, biocompatibility, economic practicality, ease-of-manufacturing, and
end-use. Biomaterials are engineered substances from either natural or synthetic sources, that interact with living
systems to control the course of therapeutic or diagnostic procedures. There is a plethora of biomaterials today that have been developed to be biocompatible and
non-toxic to cells. However, the lack of cell-toxicity does
not always correlate with cell-growth and cells may only
thrive on certain substrates. This is usually very evident
when observing attached cell structures and morphologies,
which become less distinct on lower compatibility biomaterials, as do the cell proliferation rates. Manufacturing biomaterials with heightened properties of cell-proliferation
is not a trivial task. Improved cell-interaction is usually
1
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achieved through physical and/or chemical modifications
to the material. Chemical modifications include the two
major families of integrins and proteoglycans, which improve cell adhesion to biomaterials through focal adhesions
with connective tissues [1]. Biopolymer templates such as
gelatins [2], biomimetic extracellular matrix proteins [3],
hyaluronans [4], polylactic acids [5, 6], and alginates [7, 8]
are also shown to improve cell-proliferation once grafted
to the surface of a host material.
Since cell adhesion and proliferation can also be improved by physically modifying a material surface, chemical grafting is often coupled to changes made to the topography [9]. A noteworthy topographical refinement involves
coupling the vertical alignment of TiO2 nanotubes with
a judicious spacing arrangement onto material surfaces.
This modification to the material surface alone results in
a 300-400% increase in the proliferation rate of osteoblasts
[10]. The research reported by Oh and co-workers [10]
highlights the importance of nanoscale surface engineering as a means to improving the health of adhering and
proliferating cells. There are numerous methods that can
be used to nanoengineer a cell-growth substrate surface
including; structural self-assembly [11], anodising oxidised
surfaces [12], laser-engineering [13] and patterned differential stiffness hydrogels [14].
Silica nanoparticulate coatings have shown some
promise in inducing cell proliferation. Pelaez-Vargas and
co-workers [15] for example, demonstrated that silica coatings on zirconia substrates supported osteoblastic cell adhesion and proliferation. The work of Porte-Durrieu et al
[16] demonstrated cell adhesion onto silica surfaces could
be facilitated by covalently functionalising the silica with
the cell-adhesion peptide sequence Arg-Gly-Asp. Importantly, silica can be functionalised with relative ease as
it has a high affinity to osteogenic growth peptide adsorption and is consequently able to promote osteoblastic
growth both, as neat silica, and as a silica/apatite composite [17]. Silica/apatite composites have also been manufactured using diatomaceous earth (SA-DE) (mined deposits
of biosilica exoskeletons (frustules) of microalgal diatoms)
[18] and compared against both tissue-culture polystyrene
platforms (TCPS) and silica/apatite using synthetically
manufactured silica (SA-SM). Though the SA-DE showed
marginal improvements in osteoblast growth over SA-SM,
neither of these showed any improvement over TCPS.
All platforms did however show the cells were growing
with primarily a healthy polygonal morphology. A point
of note on the research nevertheless, is that on observing the scanning electron microscope images, it is evident that through the manufacture of SA-DE as a composite, much of the nano-topographical detail that ordinarily exists on diatom surfaces is lost. Diatom frustules are ornamented with nanopores that create a bioglass with an elaborate hierarchical solid state continuum.
Since as discussed earlier, nano-architectures improve celladhesion and proliferation, it would seem beneficial to try
and preserve such a structure. Diatom frustules are es-
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sentially, protective houses for single celled organisms and
one could easily hypothesise thence, that the structures
of diatom frustules benefit cell longevity, the lifespan of
which can theoretically be indefinite [19]. Though diatom
frustules have not been researched extensively in view of
their cell grow-potential, there are a number of recent reports that show frustules to be highly promising materials upon which living cells can form healthy biointerfaces.
Thalassiosira weissflogii frustules for example, show excellent excellent NHDF and Saos-2 cell-compatibility as bare
clean frustules. When surface grafted with -SH the frustules actually enable improved cell-compatibility, though
grafting the frustules with -NH2 reduces cell-compatibility
and the merging of these two grafting methods may be
a route to controlling cell-growth patterns on biomaterials [20]. Doping Thalassiosira weissflogii frustules with
Ca2 + ions has also shown itself to be promising for Saos2 cell-compatibility [21] yielding almost double the number of cells as compared to untreated frustules, and close
to triple the number of cells grown on glass. TEMPO
oxidisation of Thalassiosira weissflogii enables improved
fibroblast and osteoblast compatibility [22], while levels
of osteoactivity between frustules is increased by functionalising the surfaces with sodium alendronate, which
increases the hydrophilicity of the material [23]. Importantly, osteoactivity is improved when using mesoporous
surfaces such as diatom frustules instead of smooth surfaces [22], with biosilica valves reported as promoting osteoblast cell growth more effectively than biosilica rods,
clarifying the relevance of nanotexturisation as a parameter for cell growth [24].
In this paper, we aim to sinter pure diatom frustule
continua to create viable 3D cell growth platforms with an
application in bone-grafting, and potentially other 3D cellgrowth technologies. We hypothesise that pure biosilica as
a continuum structure, with the preserved frustule architectures, will create a platform conducive to healthy cell
growth as the cells will attach to a nanostructured material that originally existed as a material in continuous
intimate contact with single celled organisms.
3. Methods
3.1. Manufacture of nanoporous biosilica biomaterials
Diatomaceous earth (Diature - Natural Feeds and Fertilisers Ltd (NFF)), comprised of Cyclostephanos sp. diatom frustules sourced from fresh water deposits, was used
in the sintering process to form solid-state continua of
fused diatom frustules (hereinafter: FDF). The physical
and chemical properties of the diatomaceous earth are
shown in Tables 1 and 2, respectively, and were provided
by NFF. There is considerable inherent damage of the frustule material since they are several thousands of years old,
and this naturally increases the surface area of the frustules shown in Table 1, and moreover accounts for many of
the smaller PSD values reported in this table. A total of
2
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112 samples were prepared in ceramic crucibles filled with
powdered diatomaceous earth and subjected to moulding
pressures under high heat (1100◦ C), with an aim of accelerating the rate of solid-state diffusion between the diatom
frustules to form a continuum biomaterial of nanoporous
biosilica. Table 3 provides the manufacturing rubric for
this work. The final materials were cut into cuboids using a Proxxon 37172 Micro Band Saw MBS/E. Each block
was weighed and dimensions were measured to calculate
the densities of each manufacturing condition.

3

AR software (Nikon). HEK-293T cells were stained with
Alexa fluor 400 phalloidin (Invitrogen) and NucBlue (Invitrogen), or transfected with a plasmid expressing CIB1
protein fused with mitochondrial targeting signal and GFP
using Turbofect reagent (ThermoScientific).
3.5. Differentiation of MC3T3 cells
MC3T3 cells, isolated from mouse calvarial at early
stages of differentiation, were cultured in T75 cm flasks
until 60% confluency. They were then trypsinised and
counted using a haematocytometer, before being plated
onto the material. 1 ml of MC3T3 pre-osteoblast cell suspension (75×103 cells per well) was seeded onto the FDF
in 6-well plate, and cultured for the next 48h in a tissue
culture incubator (37◦ C and 5% CO2 ) for the cells to grow
to near-confluency. After 48 h the medium was replaced
by 2 ml of osteogenic medium (a-MEM full medium conditioned with 10 µM deaxamethasone, 50µg of ascorbic acid,
and 5 mM Na-beta-glycerophosphate). The medium was
replaced by fresh osteogenic medium every 2 days for the
next 21 days.

3.2. Scanning electron microscopy (SEM)
A Jeol JSM-6335-F scanning electron microscope (SEM)
was used to characterise the sintered biosilica diatoms.
The SEM was operated at 15kV and the samples were
sputter coated with platinum.
3.3. Mechanical testing of sintered biosilica diatoms
Biomaterial blocks were subjected to compressive loading at a speed of 5 mm per minute using an Instron (8872)
servo hydraulic test machine (1.5kN load cell capacity).
Force outputs were converted to 1st Piola-Kirchhoff (engineering) stresses and crosshead displacement was used
to determine the Lagrangian (engineering) strains. The
crosshead was calibrated using a thick piece of steel to ensure all variations arising from crosshead movement were
accounted for in the strain calculations.

3.6. Mineralisation by von-Kossa assay
Fragments of FDF cultured with or without (control)
pre-osteoblasts were stained as follows: the samples were
washed 3 times with dH2 O, followed by addition of enough
2.5% nitrate solution (protected from light) to cover the
FDFs, and incubated for 30 minutes. Samples were exposed to bright light to enhance the reaction for 30 minutes. The silver nitrate solution was then suctioned off and
the FDFs were rinsed with dH2 O three times. The FDF
was covered with dH2 O and washed to ensure all silver
nitrate was removed. The FDF fragments were then imaged under a stereo microscope (AxioCam ICc3 Carl Zeiss
Lumar V12).

3.4. Biocompatibility testing of the material with different
cell types
Human embryonic kidney cells (HEK-293) stably transfected with the AmCyan-P2A-mCherry plasmid [25]
(available in Addgene plasmid #45350) and MDA-MB-231
breast cancer cells were cultured in Dulbecco’s Modified
Eagle Medium/F-12 (DMEM/F12) (DMEM/F-12; Gibco,
Cat#11320033) cell culture medium supplemented with
10% fetal calf serum (FCS), 50 U/ml of penicillin and 50
mcg/ml streptomycin (both - from Gibco, Cat#15140122).
The cells were maintained at 37◦ C in humidified atmosphere with 5% CO2 . Cells were grown and maintained
in culture flasks until trypsinised and re-plated on 6-well
plates for the experiments at a density of 50-100,000 cells
per well. Cell culture media was exchanged for fresh
medium every two days. Visualisation of the cells was performed using an EVOS FL microscope (Thermo Fisher scientific). Viability was analysed by the use of viability dye
Calcein-AM (Thermo Fisher Scientific). Pre-osteoblast
MC3T3-E1 cells were cultured in alpha minimum essential medium (α-MEM) cell nutrient medium supplemented
with 10% fetal bovine serum (FBS USA). This cell line
was a gift by Dr Riku Kiviranta, Department of Medical
Biochemistry and Genetics, University of Turku, Finland.
Additional confocal images were taken using a Nikon Ti
Eclipse Confocal Microscope equipped with Plan Apo VC
100× 1.4 Oil Dic N2 objective, which uses a laser for fluorescence detection. Images were rendered in NisElements

3.7. Sterilisation of the diatomaceous material
The FDF material was washed with dH2 O/96% ethanol
and then autoclaved using standard procedures.
4. Results
4.1. Characteristics and mechanical properties of FDF
All samples regardless of heating time and pressure were
successfully diffusion bonded through a sintering process.
Solid state diffusion between diatom frustules is, therefore, possible under the conditions reported herein. FDF
can be easily manufactured into many shapes (in both 2D
and 3D) with the mere application of heat and pressure,
and they can easily be subjected to post-sintering subtractive manufacturing. Figure 1(a) shows the diatomaceous earth prior to sintering, and Figure 1(b) shows postsintered, subtractive-manufactured 3D geometrical primitives of FDF.
The scanning electron micrograph images, Figure 2 (ac), of samples of FDF (42h/3kgf) show that accelerated
3
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Table 1. Physical properties of the diatomaceous earth used in this study. PSD = Particle size distribution [µm], SA = Surface area [m2 /g].

NFF No.
D10
4.86
0.53
1.09

131-11
133-16
133-17

PSD
D50
13.31
1.29
4.58

SA
D90
26.56
2.79
12.55

33.0
33.1
30.5

Table 2. Bulk Chemistry (normalised to 100%, excluding loss on ignition (LOI)) of the diatomaceous earth used in this study.

NFF No.
131-11
133-16
133-17

N a2 O
0.36
0.3
0.3

M gO
0.20
0.21
0.20

Al2 O3
2.32
2.45
2.44

SiO2
94.9
95.6
95.0

P2 O 5
0.03
0.03
0.03

SO3
0.15
0.12
0.12

Cl
-

K2 O
0.11
0.1
0.13

CaO
0.85
0.45
0.74

T iO2
0.11
0.11
0.11

M nO
0.02
0.01
0.02

F e2 O3
1.0
0.89
0.87

LOI
4.1
3.7
3.9

Table 3. Manufacturing rubric for sintered biosilica.

Number of samples
14
14
14
14
14
14
14
14

Sintering Force (N)
10
10
10
30
30
30
30
30

Sintering temperature (◦ C)
1100
1100
1100
1100
1100
1100
1100
1100

Sintering time (hours)
5
10
24
5
10
24
42
72

Figure 1. Free diatom frustules (a) cut and moulded into differently shaped FDF (b) by sintering, followed by subtractive manufacturing.

solid state diffusion between the frustule walls (from sintering) results in a connected network of frustules. The
nanopores of the individual diatom frustules are very likely
to be a key parameter for cellular attachment and growth
[9]. In the SEM micrographs of Figure 2(d), it is clear that
these frustules remain ornamented with interconnected
nanopores, a feature needed for e.g. bone cell infiltration
and rapid bone tissue growth.

The way in which a biomaterial is used often depends on its mechanical character alongside its physicochemical character. Bone grafts for example, may require porosity, chemical biocompatibility, and a degree
of stiffness, strength and toughness that would enable it
to be used as a grafting material. Sintering time appears to have no effect on the strength, toughness and
strain to failure properties of FDF. In the case of the
4
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(a)

(b)

(c)

(d)

5

Figure 2. (a-d) representative SEM micrographs from a sample of FDF after sintering at 42 hours/3kgf and (d) the frustule nano-architectures
remain preserved after sintering which we propose is important for cell attachment. Scale bars = 1 µm.

Young’s modulus however, we notice that the Young’s
modulus is very similar, irrespective of time, for samples sintered at 3kgf under 25 hours ranging averaged
at 25.1MPa (±5.4MPa), and for samples at 3kgf sintered over 25 hours averaged at 37.3MPa (±11.3MPa).
The Young’s modulus of 1kgf FDF could not be calculated as considerable micro-cracking observed in the stressstrain curve from the onset of loading made it impossible to identify any region of linear elasticity in the stressstrain curve. We find nevertheless, the independent variable that most prominently affects the mechanical performance of FDF is the sintering pressure. The compressive
strength of FDF at 1kgf and 3kgf have strength values of
0.77MPa (±0.23MPa) and 1.42MPa (±0.45MPa) respectively, and toughness values of 76.2kJm−3 (±17.2kJm−3 )
and 134.6kJm−3 (±24.7kJm−3 ) respectively.

wavelengths and cellular localisations (nuclei is AmCyanpositive while cytoplasm is mCherry-positive). Prior to
plating the HEK-AC cells, we checked the FDF set upon a
NUNC cell culture plate under the EVOS FL fluorescence
microscope and confirmed that it did not fluoresce, Figure
3.

4.2. FDF material as growth platform for culture cells
To test whether FDF is biocompatible with human
cells, a series of in vitro biocompatibility tests were performed. The FDF was initially washed with distilled water and autoclaved. Small fragments of FDF were then
placed in 6-well culture plates and covered with cell culture medium (DMEM/F12 with 10% FCS). FDF is not
translucent and it would be unlikely that we could see
cells attach to it without using autofluorescence staining.
We therefore used HEK293 cells stably transfected with an
AmCyan-P2A-mCherry construct that we have previously
reported [25]. These cells (HEK-AC) glow at two distinct

Figure 3. The Figure shows the FDF (bottom left) does not autofluoresce and thus appears black under the EVOS FL fluorescence
microscope. The image is a composite (or overlay) of light emission
and fluorescence imaging using green and red filters. The NUNC
cell culture plate is showed in grey colour (upper right). Scale bar
= 400µm.

5
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We plated the HEK-AC cells on the NUNC plates holding the FDF, as well as on control NUNC plates with only
FDF and no HEK-AC cells. 24 hours after plating we
could hardly see any cells on the plate surface of wells
containing FDF under white light, Figure 4 (a), (c) and
(e). However, once we switched on the fluorescence, the
cells became visible and were densely packed on the primarily FDF, Figure 4 (b), (d) and (f), and sparsely on the
NUNC cell culture plate. This suggested that HEK-AC
cells prefer to adhere to the FDF rather than on the surface of the NUNC plates. The cells continued growing to
higher densities on the FDF for the next 21 days, and only
after this point did cells start growing in greater density
on the NUNC plate surface.
In order to make sure the cells were alive, and that
other cells types would grow to FDF, we plated MDAMB-231 breast cancer cells in the same way as described
for the HEK-AC cells. We used a viability fluorescent dye
(Calcein-AM), which is non-fluorescent until metabolised
by esterases in living cells, into a green-fluorescent dye.
MDA-MB-231 cells also selectively attached to the FDF
rather than to the plate surface, Figure 5, and after 5
days of culture we added Calcein-AM. As shown in, Figure
5(b-c), living MDA-MB-231 cells (Calcein-positive) were
attached on the surface of the FDF. To ensure that the
cells where not placed under the FDF, we collected fragments of the material using sterile tweezers, washed them
in PBS, and place them into new plates. Visualisation
of the cells under the fluorescence microscope at the later
stages of development shows that the MDA-MB-231 cell
structures and morphologies were preserved, Figure 5(d).
Early stage and late stage HEK-AC cell growth on FDF
was compared (>300 cells for each stage) using Fiji-ImageJ v.1.52p. We laid particular focus on the perimeters of the
cells normalised against the dimensions of the surrounding box as this was indicative of cell spread, and on the
aspect ratios of HEK-AC cells as an indication of cellhealth. We found that the normalised perimeter of early
stage cells (153 µm/µm) were approximately one quarter
that of later stage cells (655 µm/µm) indicating that later
stage cells had grown and spread effectively across the FDF
as a function of time. The aspect ratios of early stage cells
were notably smaller on average (2.84 µm/µm) than later
stage cells (5.30 µm/µm), indicating that cell-structures
had developed healthily from the early to the late stages.
In order to visualise the attachment of HEK-293T cells
to the FDF, we used probes labelling the cell cytoskeleton and mitochondria (labelling the actin plus nuclei, or
mitochondria plus nuclei, respectively). Figures 5(e-f) are
representative images of HEK-293T cells growing on the
FDF whilst retaining their correct morphologies, an indication of good cell-health.

6

and visualised under the microscope that there were cells
on the FDF fragments. These same fragments were then
either 1) washed with 96% ethanol for 10 minutes, following a series of washings with PBS, or 2) washed with dH2 O
and autoclaved. In both cases, no fluorescent cells could
be detected after sterilisation. The same fragments were
thereafter placed in 6-well plates and MDA-MB-231 cells
were seeded onto them. The newly attached cells were
monitored for up to 15 days using Calcein-AM staining,
showing that the material is reusable and its reuse had no
observed effect on cell survival.
4.4. FDF:an exemplar growth platform for bone formation
Since one of the potential uses of this material is bonegrafting, an in vitro bone formation test was performed
where pre-osteoblasts (MC3T3 cells) were stimulated for
osteogenic differentiation and mineralisation. For this, flat
fragments of FDF were selected, washed and autoclaved.
FDF was then plated in 6-well plates with complete alpha
minimum essential medium (a-MEM) cell nutrient media
until near confluency. The medium was then replaced with
osteogenic medium and changed every 2 days for the subsequent 21 days.
Pre-osteoblast MC3T3 cell viability and adherence to
FDF was analysed by taking some FDF fragments out of
the media using sterile tweezers, and placing them in a separate well with 2 ml of a-MEM medium conditioned with
Calcein-AM for 5 minutes. Cells were then observed under the fluorescent microscope (EVOS FL). Mineralisation
was analysed using the von-Kossa staining test. Culture
medium was removed from the wells, after which it was
rinsed with ice-cold PBS. The cells on the FDF were then
fixed in cold 10% neutral formalin buffer (NFB) for 15
minutes. After fixation, the fixative was removed, and the
FDF fragments washed with PBS and completely covered
with sterile dH2 O and stored at 4◦ C until further use.
The von-Kossa assay detects the formation or mineralisation of bone or mineral nodules and normally results in
brown to black staining. Many brown/black stains were
observed to form on the FDF samples cultured with osteoblasts, Figures 6 (a-b), whereas no phosphate deposits
(brown/black) spots were observed on the negative control samples, Figures 6 (c-d). The mineralisation detected
by this method is a standard procedure for determining
the differentiation of osteoblasts and their activity as bone
forming cells. All samples were tested using 3 biological
replicates.
5. Discussion
Diatomaceous earth is the raw material used to make
FDF. Diatom frustules are abundantly available in largescale deposits around the world (diatomaceous earth),
which have been mined in large volumes since the 1800s.
They are a natural, sustainable and renewable material
resource, offering an economic eco-friendly alternative to

4.3. FDF is a reusable cell culture platform
We tested if the FDF could be reused as this would
make FDF more useful through increased longevity. We
thence grew HEK-AC cells on it for 21 days (as above)
6
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Figure 4. Preferential growth of kidney HEK cells on chunks of fused bio-silicate diatom material over the cell growth plate at 15d of cell
culture. Larger chunk of fused bio-silicate material appears black in (a), (c), (e) in transmission light microscope (red arrows), have high
densities of kidney HEK cells growing on them as verified in (b), (d) and (f) (blue arrows) (glowing AmCyan green in the nuclei in (b) and
(d)) and (glowing red as mCherry fluorescent protein in the cytoplasm in (f)), as compared to fewer cells on the commercial NUNC-cell
growth plate (Sigma-Aldrich) (orange circles) or no cells at all in areas (yellow arrows). All images were taken with an EVOS FL fluorescence
microscope (Thermofisher Scientific). Scale bar = 200µm in all images.

synthetic cell growth platforms and indeed bone substitutes. Two frequently used synthetic bone graft substitutes include; demineralised bone matrix (brand name
DBX) and beta-tricalcium phosphate (TCP). These materials cost on average 750USD and 1100USD per case,
respectively (bone substitute cost only). Other synthetic

bone graft substitutes include a 25×100×4mm Vitoss scaffold foam material from Orthovita costing ca. 1,380USD,
and 10 mls Norian bone void filler from Synthes costing ca.
2,315USD (Bostrom and Seigerman, 2005). The diatomaceous earth used herein to manufacture FDF is available
in bulk and is often priced under 70USD/tonne depending
7
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Figure 5. Selective growth of breast cancer cells on chunks of FDF (in black) over the cell growth plate (in grey). The fused material looks
dark (in all images) while cells glow green having being stained (green) with cell viability dye Calcein-AM in (b-d). In (b) we see the early
stages of attachment, in (c) a point where the cells are affixed to the FDF surface, and in (d) a later stage where the cells have proliferated
on the FDF. The structure/morphology of the MDA-MB-231 cells are clearly preserved after attachment to the FDF as seen most clearly in
image (d). Scale bar in images (a-d) = 400µm. Confocal images of HEK-293T cells growing on the material: (e) cells stained with Alexa
fluor 488 phalliodin (actin F) and (f) expressing CIB1 fused with mitochondrial targeting signal and GFP (mitochondria). NucBlue staining
was used for nuclear labelling. Scale bar in images (e-f) = 20µm

on the grade and quality.

into different shapes (in both 2D and 3D) since the sintering process used herein forms a lightly bound porous

FDF can be moulded and/or subtractive manufactured
8
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Figure 6. Representative images (A and B) of samples of stained mineral deposits (dark brown to black spots, von-Kossa staining procedure)
on FDF after 21 days of cell culturing (post differentiation stage) with MC3T3 osteoblast cells using a Carl Zeiss Lumar V12 microscope
(AxioCam ICc 3 camera). The same material, not in culture, does not stain positive with the von-Kossa staining procedure in Images C and
D (control). Images scale bar = 1mm.

chanical interlocking [27, 28]. Many hydroxyapatite bone
grafts are still used as dense material [29], however, they
may also be infused with pores, enabling higher levels of
mechanical interlocking [30], and as such, cell growth and
health. FDF is naturally nanoporous and the sintering
process applied herein does not appear to affect the architectural integrity of the biomaterial. It does nevertheless,
allow individual frustules to diffusion bond, which allows
the structures to be post-processed, used and reused, with
no observable detriment to attached and colony-forming
cells. The interconnected pore network of FDF is a critical feature in many biomaterials, especially grafting materials (such as bone grafts) [31]. FDF has mechanical
properties not dissimilar to many porous materials in bone
grafting including; hydroxyapatite fibre reinforced poly(ahydroxy ester) [32], polyurethane foams [33, 34], polyHIPE
foams [35], HA (TTCP + DCPA)/-/Na2 HPO4 calcium
phosphate cements [36], α-tricalcium phosphate (α-TCP)
powder with a foamed polysorbate 80 [37] and silicatephosphate specular glasses [38]. These are all examples
of bone graft materials with mechanical properties at the
lower end of the grafting materials spectrum, however, if
FDF were to be used as graft, we expect that calcification
through osteoblastic proliferation, growth and maturation
would strengthen and stiffen the material in a similar way
to that described in [33]. Porosity is critical for the performance of bone graft materials in bone reconstruction.

structure that can be easily machined (c.f. Figure 1).
FDF is strong enough to be handled, washed, and autoclaved without any effects on its shape and structure.
Since FDF is highly porous, it can be cleaned easily and
reused to culture cells, suggesting its utility as a long-term
bio-supporting platform. FDF is a non-toxic biocompatible material and supports the growth and colony growth
of a variety of cell types including; osteoblasts, HEK cells
and breast cancer cells. The results from HEK293 cells
and breast cancer cells show that cells were able to grow on
FDF with their natural morphologies, which is not always
the case with other biomaterials [26]. FDF is non-toxic to
cells and exhibits stronger cell adherence than surface culture plates (such as the NUNC plates used herein). This is
probably due to its rough surface structure at the microscopic level. Moreover, cells are able to grow to high densities, a feature that is probably due to the high porosity
of the material so cells can obtain nutrients and exchange
gases via the three-dimensional structure of the material.
Three different cell types were seeded on the material and
in all cases cells adhered to FDF fragments far more often
as compared to the plate surface.
Moreover, as a proof-of-principle that FDF can be used
for bone formation, osteoblasts were differentiated and
mineralised on the material. FDF has a nanoporous architecture, which provides topographical irregularity, benefitting cell-substrate adhesion, presumably through me9
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Yet, most bone grafting materials are still being infused
with pores through complicated time and energy consuming processes. HA bone graft substitutes, the most extensively used artificial bone graft materials [39], are still
being administered in a high density form where pores
are created by the use of volatile particles, water soluble
porogens and/or ceramic foaming techniques among others [40]. Indeed, most 3D bioactive glass osteoconductive
scaffolds are still nonporous despite their performance in
bone regeneration, and their high price [41, 42]. Contrarily, diatom frustules have naturally designed 3D porous
architectures, an essential parameter in bone formation
and integration, which remains intact after sintering into
FDF. Since the sintering of FDF requires high pressure
and temperature, no organic materials remain attached to
FDF, which could otherwise be a source of immune reactivity or potential contamination.
FDF has been shown herein to be biocompatible, and
diatom frustules are biodegradable by modification [43].
Silica materials have been shown to be slowly degraded in
vivo, using rabbits as models, while being replaced by bone
tissue. Several clinical trials have shown that silica-derived
grafts have good contact with host bone [44, 45] and these
materials get reabsorbed with little local effects [46], at a
speed that depends on their nanoporosity [47]. Taking this
together, FDFs have similar properties and they should be
tested in animal models to determine their in vivo biocompatibility and bio-reabsorption. The combined biocompatibility and biodegradability of FDF suggest that this material could be an effective enabler for bone growth and
repair, though further studies in vivo would be needed to
obtain evidence of this, and their ability to biodegrade in
vivo with the growth of specialised bone resorbing osteoclast cells. As with other synthetic bone graft substitutes,
FDF also circumvents problems associated with donor site
morbidity and the pain that would otherwise result from
autograft harvesting [42].
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