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Abstract	

Silicon plays an important role in bone formation and maintenance, improving osteoblast cell function and 

inducing mineralization. Often, bone deformation and long bone abnormalities have been associated with 

silica/silicon deficiency. Diatomite, a natural deposit of diatom skeleton, is a cheap and abundant source of 

biogenic silica. The aim of the present study is to validate the potential of diatom particles derived from diatom 

skeletons as silicon-donor materials for bone tissue engineering applications. Raw diatomite (RD) and calcined 

diatomite (CD) powders were purified by acid treatments, and diatom microparticles (MPs) and nanoparticles 
(NPs) were produced by fragmentation of purified diatoms under alkaline conditions. The influence of processing 

on the surface chemical composition of purified diatomites was evaluated by X-ray photoelectron spectroscopy 

(XPS). Diatoms NPs were also characterized in terms of morphology and size distribution by transmission 

electron microscopy (TEM) and dynamic light scattering (DLS), whilst diatom MPs morphology was analyzed by 

scanning electron microscopy (SEM). Surface area and microporosity of the diatom particles were evaluated by 

nitrogen physisorption methods. Release of silicon ions from diatom-derived particles was demonstrated using 

inductively coupled plasma optical emission spectrometry (ICP/OES); furthermore, silicon release kinetic was 

found to be influenced by diatomite purification method and particle size. Diatom-derived microparticles (MPs) 
and nanoparticles (NPs) showed limited or no cytotoxic effect in vitro depending on the administration 

conditions.  
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Abbreviations	

RD: Raw diatomite powder TEM : Transmission electron microscopy 

CD: Calcined diatomite powder SAED: Selected area (electron) diffraction 

AD:  Acid-purified raw diatomite powder SEM : Scanning electron microscopy 

CAD: Acid-purified calcined diatomite powder ICP:  Inductively coupled plasma 

D-MPs:   Diatom microparticles EDAX : Energy dispersive X-ray analysis 

D-NPs:  Diatom nanoparticles DLS: Dynamic light scattering 

XPS: X-ray photoelectron spectroscopy  

1.	Introduction	

Silicon is the main component of silica formed exo- and endo-skeletons in some marine organisms [1]. The 

skeleton of unicellular marine organisms such as sea sponges and diatoms consists of hydrated amorphous 

silica which is gradually formed by immobilization and internalization of monosilicic acid in a process addressed 

as biosilicification [2]–[4].  

Nevertheless, silicon is also involved in the biomineralization processes in mammals. Calcification involves many 
stages including formation of calcium phosphate under the direct regulatory control of several biological systems 

and in presence of elemental traces such as silicon, zinc and magnesium [5]–[7]. Silicon is believed to be an 

essential element for bone development, although its role is not completely understood [8], [9]. For instance, 

silicon has been associate with the precipitation of calcium phosphate in the early stage of bone mineralization 

[7], [10]. In addition, the presence of silicon at the inorganic/organic interface regulates the interaction between 

collagen and proteoglycans improving the quality of the extracellular matrix (ECM) [11]. Silicon can induce stem 

cell differentiation in osteoblasts and osteocytes [12]–[14]; furthermore, silicon directly inhibits osteoclast 

formation and bone resorption [15].  
Use of degradable amorphous silica particles has been proposed to improve mineralization in bone regeneration 

applications besides other inorganic materials such as hydroxylapatite, tri-calcium phosphate, glass ceramic or 

zirconia [16], [17]. However, bioactivity of particles significantly depends on size, shape and surface properties 

[18]–[21]. Recent studies have been focused on possible applications of amorphous silica nanoparticles as 

dietary supplement for bone regeneration [22], [23]. Additionally, silica has been successfully incorporated with 

hydroxylapatite to enhance osteoconductivity of scaffolds for bone tissue regeneration [24], [25]. Silk or collagen  

scaffolds loaded with amorphous silica particles have been successfully proposed to improve osteoinductivity 
[26]–[28].  So far a variety of amorphous silica sources have been considered. Often silica particles are of 

synthetic origin and are produced using chemicals and surfactants whose residues might have toxic effects [18], 

[29]. So, there is a quest for abundant and reliable alternative sources of amorphous silica. 

Diatomite, also known as diatomaceous earth, is the marine sediment of silica diatom skeleton remains. 

Diatomite is an inexpensive and unlimited source of biogenic silica. Thanks to their peculiar morphology and 

porosity, diatom skeletons derived from diatomite have been proposed for uses in photonics, drug delivery and 

molecular catalysis applications [30]–[33]. We think that diatomite could be a promising natural source of 

amorphous silica also for bone tissue engineering applications. Biomedical uses of biogenic silica have been 
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preconized by Wang et al. [2], but to date diatomite-derived silica particles have never been used as a part of 

tissue engineering scaffolds. We think that diatom microparticles and nanoparticles be useful as bioactive 

silicon-donor additives for degradable engineered scaffolds and bone defect fillers following the silicon role on 
bone mineralization. 

However, raw diatomite contains some local contaminations such as clays and other inorganic and organic 

compounds that require purification before any medical use and the yield of diatomite purification processes 

depend on diatom type and source [34]. 

Here, raw diatomite (RD) and calcined diatomite (CD) powders were purified in strong acid conditions, and 

diatom nanoparticles (NPs) and microparticles (MPs) were subsequently produced by treating the skeletons in 

alkaline solution. NPs and MPs morphology, elemental composition and specific surface area were determined. 

Silicon ion released by diatom particles dissolution has been evaluated with dissolution experiments and 
cytotoxicity tests of diatom particles have been performed. 

2.	Materials	and	Methods	

2.1 Materials 
Powder form of raw diatomite materials (RD) used in this study was provided by Phu Yen mineral joint stock 

company (Phu Yen province, Viet Nam). RD powder was passed through a metallic sieve (mesh size 250 µm) to 

remove aggregates and macroscopic contaminations. 

Phosphate buffer solution (PBS), sodium hydroxide (NaOH), hydrochloric acid (HCl) and Triton X-100 were 

purchase from Sigma-Aldrich (St. Louis, MO, USA). All reagents and solvents were used as received without 

further purification. 

2.2 Raw diatomite purifications 

2.2.1	Acid-purified	raw	diatomite	powder	

RD powder underwent acid treatment to remove inorganic contaminations; purification protocol modified from 

[35]. Briefly, RD powder was dried overnight in oven at 102ºC, passed through a metallic sieve (mesh size 125 

µm) to remove larger aggregates, and then acid-treated with 1M HCl solution at 55ºC (in the proportion of 100 
mg of powder per ml of HCl solution) for 24 hours under continuous stirring to remove the inorganic 

contamination. Afterwards, the obtained slurry was concentrated with a paper filter; the remaining solid part was 

washed and allowed to sediment in deionized water (DI water) for at least 10 times. Finally, the sediment was 

dried in oven at 102ºC and sieved through a 63 µm pore size sieve to obtain acid-purified RD (hereinafter AD) 

consisting of single diatoms.  

2.2.2	Acid-purified	calcined	diatomite	powder		

In this case, raw diatomite powder (RD) was heated at 650ºC in air for 3 hours to reduce organic contaminations 

[36]. Calcined diatomite powder (CD) was then passed through a metallic sieve (mesh size 125 µm), then 

treated with acid as explained before to obtain acid-purified CD (hereinafter named CAD). 
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2.3 Diatom microparticles and nanoparticles from purified diatoms 
Diatom microparticles and nanoparticles were produced from purified diatoms powders (both AD and CAD) by 

mechanical fragmentation in alkaline conditions [37], [38]. Briefly, AD and CAD powders were suspended in 

0.1M NaOH solution (typically, 10 mg of diatomite powder per ml of alkaline solution was used), and suspension 

was vigorously stirred for 2 weeks at room temperature (RT) to break diatoms. Afterward, the alkaline 

suspension was kept at RT for one week to allow for sedimentation.  
The unsettled colloidal suspension was collected separately and centrifuged at 15000 rpm for 30 minutes to 

retrieve diatom nanoparticles (here named AD-NPs and CAD-NPs). The obtained NPs were subsequently 

washed in DI water and centrifuge (15000 rpm for 30 minutes) for 3 times to remove any NaOH traces. The 

settled solid fraction was also collected, re-suspended in DI water and centrifuge as above to recover trapped 

NPs. 

Finally, the remaining settled fraction was collected and washed with DI water to obtain diatom microparticles 

(named AD-MPs and CAD-MPs, depending on the source of purified diatomite). 

2.4 Diatomite, purified diatomite and diatom particles characterization  
Composition and mineral contamination of the RD powder , AD and CAD purified powders were characterized by 
X-ray diffraction (XRD) with a high resolution powder diffractometer (Rigaku PMG/VH, Tokyo, Japan), with 

Bragg-Brentano geometry in the range 2θ from 5.0 - 60.0 degrees using CuKα radiation (λ =1.5405981 Å). 

Surface atomic composition of diatomite powders before and after purification was analyzed by X-ray 

photoelectron spectroscopy (XPS) with a Scienta Gammadata ESCA 200 (Uppsala, Sweden), equipped with 
monochromatic Al-Kα radiation source (hν = 1486 eV).  

A Field-Emission scanning electron microscope (FESEM-Supra 40, Zeiss, Germany) was used for the 

observation of diatomite powders, diatoms morphology and microparticles size distribution using type II 
secondary electrons (SE2). 

Back scattered electrons (BSE) combined with Energy-Dispersive X-ray analysis (EDAX) were used to detect 

elemental composition of diatom and contaminations using a FEI/Philips XL30 Environmental Scanning Electron 

Microscope (ESEM, FEI, Hillsboro, Oregon, USA) equipped with Falcon X-Ray Microanalysis System. 

The hydrodynamic radius of diatom NPs in both DI water and PBS was determined by Dynamic Light Scattering 

(DLS) using a Malvern 110 Zetasizer Nano ZS instrument (Malvern, United Kingdom), equipped with a He–Ne a 

5 mW laser at 633 nm). Morphology and chemical analysis of the NPs were also confirmed by transmission 

electron microscopy with a CM12 TEM, (Philips, Eindhoven, Netherlands) - accelerating voltage 120 KeV - 
combined with Energy Dispersive X-Ray spectrometer (EXDS).  

Surface area and pore size distribution microparticles and nanoparticles were evaluated by physisorption 

measurements. Nitrogen physisorption experiments were performed at the liquid nitrogen temperature using a 

Micromeritics ASAP 2010 system (Norcross, GA, USA). All the samples were degassed below 1.3 Pa at 25 °C 

prior to the measurement. The Specific Surface Area (SSA) values were calculated by the BET equation in the 

interval 0.05 ≤ (p/po) ≤ 0.33 [39]. Pore size distribution was calculated using the BJH method applied on both 

branches of the physisorption isotherms [40].  
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2.5 Silicon release from diatom particles in DI water 
Aliquots of the diatomite-derived NPs and MPs prepared above were dispersed in DI water (100 µg of particles 
per ml of water) and stored at 37°C to allow for particles dissolution and silicon release. Three replicates for 

each experimental group (AD-MPs, AD-NPs, CAD-MPs and CAD-NPs) were extracted at predetermined time 

points (4, 8 and 24 hours; 2, 3, 4, 7 and 14 days). Samples were centrifuged at 15000 rpm for 30 min, and 

supernatant were collected and stored at –20ºC. Before measurement, the frozen samples were thawed at RT, 

vortexed and diluted for silicon quantification. Silicon concentration was determined by inductively coupled 

plasma/optical emission spectroscopy using a Ciros Vision ICP-OES (SPECTRO AnalyticaI Instruments, 

Germany). A sodium silicate silicate solution (Sigma-Aldrich) was used as standard to build a calibration curve 

for silicon concentration. 

2.6 Cytotoxicity test 
Cytotoxicity of diatomite-derived NPs and MPs were performed following the ISO 10993-5 8.3 standard both with 

direct contact and elution methods. Embryonic Swiss mouse fibroblast cells (3T3) were expanded and cultured 

at 37ºC with 5% CO2 in high glucose medium (DMEM) (Euroclone, Pero, Italy), supplemented with 10% fetal 

bovine serum (Gibco, NY, USA), 2mM L-glutamine, 1mM sodium pyruvate and 0.1% antibiotics (Gibco, NY, 

USA). The medium was changed every 2 days until cells confluence, then cells were detached with 0.1% trypsin 

and re-suspended in culture medium. Later, 3T3 cells were plated in polystyrene 48-well plate at a density of 

5´103 cells/cm2 and incubated under standard culture conditions.  

A reduced culture medium was prepared with Dulbecco's Modified Eagle basal medium without phenol red with 

10% heat-inactivated serum, 1 mM sodium pyruvate, 2 mM L-glutamine and 0.1% antibiotics. 

Diatom particles (AD-MPs, AD-NPs, CAD-MPs and CAD-NPs) were disinfected with 70% ethanol solution and 

then collected by centrifugation at 15000 rpm for 30 minutes.  

For the evaluation of cytotoxicity in elution mode, diatom particles extracts were prepared by soaking diatom 

particles in reduced medium for 4 days at 37°C (particles concentration 100, 200, and 500 µg/ml). When cells 
reached about 70-80% of confluence, culture medium was removed and replaced with conditioned media 

containing diatom particles extracts. Cells were then cultured in conditioned medium with extracts for 24 hours.  

For the evaluation of cytotoxicity in direct contact mode, diatom particles (AD-MPs, AD-NPs, CAD-MPs and 

CAD-NPs) were directly re-dispersed in reduced medium at designed concentrations (100, 200, and 500 µg/ml). 

In this mode diatom particles were directly supplied to the cells. 3T3 cells were culture in presence of diatom 

particles for 24 hours. 

Lactate dehydrogenase assay (LDH) (TOX7, Sigma-Aldrich) was used to evaluate the cytotoxicity impact of 

particles extracts and particles themselves on the cells, following manufacturers' instructions. Cells cultured in 
reduced medium and treated for 30 min with 0.05% Triton x-100 were used as positive controls. Cell cultured in 

reduced medium without any diatom sample were used as negative control. Absorbance was measured using a 

Tecan Infinite 200 microplate reader (Tecan Group, Männedorf, Switzerland) at 490 nm, background 

absorbance was measured at 690 nm. Results were presented as mean ± standard deviation (n = 5). 
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3.	Results	and	discussion	

3.1 Purification of the raw diatomite powder 
Raw diatomite powder (RD) and calcined diatomite powder (CD) were acid-treated with 1M HCl solution to 

reduce inorganic contaminants.   

The yield of the purification process was about 75% in the case of acid-purified diatomite (AD) and 65% for the 

acid-treated calcined diatomite powder (CAD); that is, 25 to 35 % of the initial RD weight was lost during the 

different sieving steps, washed away or dissolved during the acidic treatment. 

3.2 Characterization of raw diatomite and purified-diatomite  
SEM analysis of RD powder revealed whole diatom skeletons surrounded by broken diatom fragments, small 

aggregates and impurities due to many sources of organic and inorganic contaminations (Figure 1A). In Figure 
1B and C it is possible to see that the different sieving steps and the acid treatment significantly reduced diatom 

fragments and small aggregates both for acid-purified diatomite (AD) and for acid-treated calcined diatomite 

powder (CAD). However, in both cases it was possible to spot damage diatom skeletons and large diatom 

fragments. 

X-Ray diffraction analysis (Figure 1D) demonstrated the presence of mineral contaminants including illite, 

halloysite, muscovite, and quartz both in the RD as well as in the purified diatomite powders (AD and CAD). Yet, 

a reduction of the intensity of the characteristic peaks after purification indicated a decreased amount of quartz 

and halloysite contaminations (Figure 1D and E). 

 
Figure 1: Morphology and mineral composition of raw diatomite (RD) and purified diatomite (AD and CAD) 
powders. A) SEM micrograph of diatomite powder (RD), B) and C) SEM micrographs of acid-purified raw 
diatomite (AD) and acid-purified calcined diatomite (CAD), respectively, D) X-Ray spectra of diatomite powders 
before and after purification showing clay mineral contaminations including illite (I), halloysite (H), muscovite (M) 
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and crystalline silica (Quartz-Q), E) Detail of the X-Ray spectra in correspondence of the Quartz peak at 2θ = 
26.5. 

 

A chemical description of the material surfaces as well as the surface atomic composition of RD powder and 

purified diatomite powders (AD) and (CAD) were obtained by XPS analysis.  

The characteristic wide spectra of diatomite powders (data not shown) established that the surface composition 

of diatomite powders was formed by a rather rich list of elements. The main elements were oxygen, carbon and 
silicon, aluminum, iron and magnesium were present to a lower extent. The elements concentrations together 

with the chemical bond interpretation are summarized in Errore. L'origine riferimento non è stata trovata..  
While analyzing the high-resolution spectra of the main component elements, it is possible to understand how 

the material changes in relation to specific treatments. This is shown in Figure 2 where the C1s core lines of 

samples RD, AD and CAD are presented. At it can be seen in Figure 2, there is a rather strong change of the 

core line upon sample treatment. In particular the cleaning procedure leads to a total reduction of the C1s 

intensity due to the elimination of the main part of the organic contaminants with a significant decrease of the 

carbon content, from 20.6% to 8.5% and 6.1% in AD and CAD samples, respectively. 
In the meanwhile, purified materials AC and CAD resulted to be enriched in silicon, oxygen, aluminum and iron 

(Errore. L'origine riferimento non è stata trovata.). 
Also the calcinations processing influenced the C1s line shape. In this case there was an increase of the 

intensity of the C1s oxidized components which fall in the range 286eV – 290eV for CAD material. 

Effect of purifications was mirrored also by the O1s core lines reported Figure 2. The reduction of the 

hydrocarbon contaminants upon purifications leads to an increase of the total oxygen concentration. Slight 

decrease of the total oxygen abundance is induced by the calcination in agreement with the decrease of the 
carbon concentration in the CAD sample. 

 
Figure 2: High energy resolution C1s, O1s and Si2p core lines obtained by XPS for raw diatomite powder (RD) 
and purified diatom powders (AD) and (CAD). In the inset is shown the deconvolution of the C1s core line in 
Gaussian components. Both purification procedures lead to a drastic reduction of the C1s intensity at 288 eV 
due to the elimination of the organic contaminants.  

As for carbon, also in the case of oxygen sample treatments induce a modulation of the chemical bond 

intensities. In particular the removing impurities process induces an increase of the intensity of the component 

associated to the SiO2 bonds in agreement with the increase of the Si concentration while the component 

located at high binding energy and associated to H2O decreases. Also Si2p core line showed a similar trend 
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(Figure 2). The Si core line was fitted using just one component which represents silicon in SiO2 chemical 

configuration. Apart the core line intensity the sample treatments does not have any effect on this chemical 

bond. 

 

Table 1: Elemental composition of raw diatomite powder (RD) and purified diatomite powders (AD) and (CAD) as 
determined by X-ray photoelectron spectroscopy (XPS). 

Atom % Si2p O1s C1s Al2p Fe2p Mg2p 

RD 13.2 ± 1.0 58.9 ±1.7 20.6 ± 1.8 1.7 ± 0.2 2.9 ± 0.2 1.9 ± 0.1 

AD 18.4 ± 0.5 62.8 ± 0.6 8.5 ± 0.2 4.7 ± 0.5 4.8 ± 0.4 1.2 ± 0.2 

CAD 20.8 ± 0.7 64.0± 0.9 6.1 ± 0.3 4.2 ± 0.3 3.7 ± 0.3 1.6 ± 0.2 

 

While removing small aggregates and diatom fragments, purification processes of RD powder did not change the 
morphology of diatom skeletons. At the same time, the results from XPS and XRD analyses and SEM 

observation demonstrated the efficiency of both process of diatomite purifications.  

The morphology of single diatom skeletons observed by SEM illustrated the typical morphology of the 

Aulacoseira diatom group, cylindrical-body shape with diameter of 5 – 20 µm, length of 10– 40 µm, and a wide 

circular opening on one side (Figure 3). The wall of diatom skeleton presented the typical honeycomb structure, 

densely populated by pores 400 nm to 800 nm in diameter.  

EDAX observation of single diatom skeletons (Figure 3B) indicated the presence of silicon, oxygen, carbon and 
aluminum, in an agreement with Abramson et al. [4] and Koning et al. [41]. Composition of contaminant particles 

adhering to the skeleton revealed the presence of iron, potassium and magnesium (Figure 3C). 

For a deeper understanding of diatom structure, single skeletons were also investigated by TEM (supplement 

S1). Diatom skeleton wall revealed rows of aligned nanometric strips of biogenic silica consisting of a regular 

array of silica nanoparticles. Moreover, biogenic silica strips were organized in lamellar-like structures with 

different orientations depending on the specific location along the diatom skeleton (supplement S1). Silica 

nanoparticles deposition and formation of the biogenic silica strip are regulated by the presence of organic 

molecules [1], thus it could be assumed that association between organic substance and inorganic still remains 
at the nanoscale on the diatom skeleton structure. This is an agreement with the presence of carbon 

components in diatom skeleton before and even after purifications (See Table 1). 



9 
 

 
Figure 3: Morphology and elemental composition of diatom skeletons isolated from acid-purified calcined 
diatoms (CAD) obtained by Energy dispersive X-ray analysis (EDAX). A) SEM micrograph of a single diatom 
skeleton, B) elemental composition of the clean diatom wall, C) elemental composition of an impurity/defect of 
the diatom skeleton. The patterned diatom wall presents a silicon/oxygen composition with low carbon and 
aluminum content, impurity shows high aluminum content and relevant iron/potassium/magnesium 
contaminations.   

3.3 Diatomite nanoparticles preparation and morphology  
Diatom nanoparticles and microparticles were produced from purified diatomite powders (both AD and CAD) by 

mechanical fragmentation in alkaline conditions. Nanoparticles were separated by microparticles by 

sedimentation and recovered from the unsettled colloidal suspension by high speed centrifugation. The yield of 

the process was around 15% in weight with respect to the weight of purified diatomites (AD and CAD) both for 

AD-NPs and fro CAD-NPs.  
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Dynamic light scattering (DLS) demonstrated that purified NPs presented a symmetric broad size distribution 

both in DI water and PBS, with diameters ranging from 70 to 300 nm, and average size around 170 nm. No 

statistical differences were found between different samples. 

 

Table 2: Average size of diatom nanoparticles measured by dynamic light scattering (DLS) in DI water and in 
PBS   

Nanoparticles 
Average Diameter (nm) 

DI water PBS 

AD-NPs 171 ± 68 185 ± 66 

CAD-NPs 161 ± 79 172 ± 84 
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TEM micrograph of AD-NPs and CAD-NPs (

 
Figure 4C and D) showed irregular particles with a size of 50 nm or more. Interestingly, the irregular particles 
seemed to be generate by aggregation of smaller biogenic silica nanoparticles about 10 nm in size.   

In fact, it is well known that biogenic silica nanoparticles (1 to 10 nm in size) are formed by precipitation of  

biogenic nanopartilces silica by the action of silaffins in presence of silicic acid and some metallic ions in sea 

water [1].  

These observations are partially in contrast with DLS measurements (Table 2) that demonstrated nanoparticles 

ranging from 70 to 300 nm. Probably diatom nanoparticles were partially aggregated in DI water as well as in 

PBS.  
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EDS spectra for both NPs types showed similar elemental compositions consisting of silicon, oxygen, aluminium 

and traces of iron and magnesium (

 
Figure 4E and F). No differences was found about the presence of elemental composition of diatom 

nanoparticles and diatom skeleton nanostructure (supplement-S1c). 
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Figure 4: Size distribution, morphology and elemental composition of nanoparticles obtained from acid-purified 
diatomite (AD-NPs) and acid-purified calcined diatomite (CAD-NPs). A) Size distribution of AD-NPs measured by 
dynamic light scattering (DLS) in DI water and PBS, B) Size distribution of CAD-NPs, C) and D) TEM 
micrographs of AD-NPs and CAD-NPs, E) and F) elemental composition of AD-NPs and CAD-NPs determined 
by EDS. The presence of carbon (E, F) was mainly contributed by ethanol solvent suspended NPs. 

Diatom nanoparticles derived from purified diatoms was formed both fragmantation and destructive skeleton by 

reaction of alumium component under extreme alkaline condition.  

The reduction of H2O at the surface of diatom, the slight changed energy of Si – O based on wider enegry core 

line of oxygen as well as silicon, and the oxidation of carbon after calcination could be affected resulting NPs 

composition and also their surface chemical properties. 
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3.4 Diatoms microparticles morphology 
Diatom microparticles were produced from purified diatomite powders (both AD and CAD) and were formed via 

mechanical fragmentation of diatom skeletons in alkaline conditions. Microparticles were separated by 
sedimentation and the yield of the process was around 80% in weight with respect to the initial weight of purified 

diatomites (AD and CAD) both for AD-MPs and fro CAD-MPs. SEM micrographs revealed irregularly-shaped, 

highly porous MPs with size ranging from 1 to 10 µm (Figure 5). Clearly, the MPs consisted of micrometric 

fragments of skeleton diatom wall; and SEM observation did not show any significant morphological difference 

between AD-MPs and CAD-MPs. 

 
Figure 5: SEM morphology of diatom microparticles. A) Diatom microparticles produced from acid-purified raw 
diatomite (AD-MPs), B) Diatom microparticles from acid-purified calcined diatomite (CAD-MPs) 

3.5 BET surface area of nanoparticles and microparticles 
All samples display isotherm curves that can be classified as Type IIb isotherms, according to the IUPAC 

classification [42] (supplement 2). The presence of a Type H3 hysteresis loop allows to identify the samples as 

aggregates of plate-like particles with non-rigid slit-shaped pores, whose dimensions fall mainly in the micropore 

dimensions (< 2 nm in diameter), again according the IUPAC classification. The results are in agreement with 
those reported in literature for clays [43]. Corresponding surface area values, obtained from BET model, are 

ranging from 25 m2/g from diatom AD-MPs to 45 m2/g for diatom AD-NPs, typical values for this class of solids. 

Differences between micro- and nano-particle samples can be obtained from the analysis of the derived t-plot, 

where the adsorbed amount of analysis gas is plotted against the standard multilayer thickness at the 

corresponding P/P0 values. Within the limits of this method, pore areas due to the presence of micropores can 

be determined; as a result, nanoparticle sample displays a higher amount of micropores (about 40% of the 

whole specific surface area), whereas microparticle one has a lower amount (less than 15% of the whole specific 

surface area). This result represents the specific feature characterizing different sample; in fact, the pore 
distribution curves, obtained from BJH method, are quite similar for both samples, as already evidenced by 

physisorption isotherms, with an approximately monomodal distribution displaying a mode of the curves falling in 

2-4 nm diameter range. 

BET surface area results, TEM and SEM observations suggest that biogenic silica nanoparticles and microsilica 

particles were successfully produced from diatom whole skeletons.  
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3.6 Silicon ion release from dissolution of diatom particles in DI water 

 
Figure 6: Silicon release profile from diatom nanoparticles and microparticles quantified by inductively couple 
plasma/optical emission spectroscopy (ICP/OES). A) Particles derived from acid-purified raw diatomite (AD-NPs 
and AD-MPs), B) Particles derived from acid-purified calcined diatomite (CAD-NPs and CAD-MPs) 
 

The release of silicon ion from diatomite particles dissolution in DI water was determined by ICP/OES analysis of 

the supernatants.  

The kinetics of silicon release from diatoms particles showed an initial fast release followed by a lowering of the 

rate as the incubation time increased. In particular, in the first 4 days the released silicon ranged from 87% to 

92% of its final value. 
After 4 days, silicon content, in AD-NPs supernatant was around 3 times higher than in CAD-NPs supernatant 

(Figure 6), in spite of the comparable silicon content in the two particle groups. Instead, released silicon was 

15.6 ppm and 11.1 ppm for AD-MPs and CAD-MPs, respectively. 

Nitrogen physisorption analyses determined that diatom NPs presented a specific surface area larger than 

diatom MPs, and a large part of this difference was related to the contribution of nanosize porosity. Most likely, 

this difference in surface area between diatom MPs and NPs can partially explain why AD-NPs solubilize faster 

than AD-MPs.  

Solubility of materials based on amorphous biogenic silica has been a controversial topic and a widespread 
conception [44]. Dissolution can be affected by many experimental factors including solvent characteristics such 

as ion strength, dissolution temperature and aging mechanisms of the diatomite deposits. DI water was 

proposed as a suitable model system to assess silica particles solubility and  dissolution kinetics [46], [47]. 

 

However, dissolution of diatom particles can be influenced by many diatom particles characteristics, such as 

surface chemistry and structure, morphology, composition and microstructure. For example, the density of 

hydrophilic silanol groups (-Si-O-H) at the surface of biogenic silica is believed to be an important factor for the 
control of the dissolution of diatom particles [1].  

Zhuravlev [45] found that silanol groups of amorphous silica decreased more than 50 percentage of initial 

amount after calcination at 6000C. This probably means that the partial removal of hydroxyl group at the surface 
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of diatoms during to calcination can transform hydrophilic silanol group into hydrophobic siloxanes (≡Si-O-Si ≡) 
and reduce the density of silanol groups. 

As a consequence, different amounts of silanol group at the surface of two types of diatomite NPs could also 

contribute to explain differences in silicon release kinetics. We suppose that NPs derived from acid-purified raw 

diatomite should (AD-NPs) presented more surface silanol groups than NPs derived from calcined diatomite 

(CAD-NPs). For this reason, AD-NPs should dissolve faster than CAD-NPs, thus leading to faster silicon release.  

 

3.7 Cytotoxicity of diatom particles 
Toxic effect of diatom particles on 3T3 cells membrane integrity determined the LDH assay showed significant 

dependence on purifications of diatomite particles and dose of particles. Toxic effect of AD particles was 
generally larger than CAD particles for both elution and direct method (Figure 7). Either no toxicity or negligible 

toxicity were observed at all concentrations of CAD particles for extract method whilst AD particles showed 

higher toxicity, especially AD-MPs (Figure 7), 5.4% of AD- NPs and 10.6% of AD-NPs respectively. 

 

Figure 7: Percentage of cytotoxicity of the different groups of diatom particles on 3T3 cells determined with LDH 
assay; A) Elution method and B) Direct contact method. Cell cultured in reduced medium without any diatom 
sample were used as negative control (0% cytotoxicity), while cells treated with 0.05% Triton X-100 surfactant 
were used as positive control (100% cytotoxicity). 
 

By comparing the results of cytotoxicity from elution method and direct method, no more difference between the 

cytotoxicity of CAD-NPs performed by extract method and another was found; however, cytotoxicity of CAD- 

MPs slightly increased at the highest concentration with direct method. Cytotoxicity of AD particles examined by 

direct method disclosed the increase at the highest concentration, especially AD- MPs (Figure 7). 

Considering dose dependence, cytotoxicity generally increased following the increase of dose for both NPs and 

MPs all same concentration. 
The presence high silanol groups in AD-supernatant could explain higher toxicity of both AD-NPs and AD-MPs in 

comparison to CAD-supernatants in the elution mode. Dissolution of possible residual contaminants could also 

contributed to cytotoxicity of AD samples [18], [48]. Moreover, contact between materials and cells in direct 

method could be increased their toxic effect on 3T3. 
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4.	Conclusion	

In summary, our study has demonstrated the preparation of diatom particles derived from diatom skeletons 

purified with different purifications of diatomite. Diatom particles could be supposed for bone regenerative 

application according to silicon release from their dissolution as well as toxic evalution.  
The present work compared two different diatomite purifications methods, with and without calcination, and 

different size diatoms particles derived from, in terms of their element composition, morphology, size and 

cytotoxic effect on cell cultures. As reported, the two investigated methods resulted in diatoms with different 

characteristics, mainly in term of composition and stability. Concerning the important role of silicon on the early 

stage of mineralization, release of silicon from the different types of investigated diatoms fragments has been 

evaluated. A noticeable effect of the purification method on silicon release and a reduction of silicon release from 

calcined samples have been demonstrated. Furthermore, we found that diatom-derived particles have limited or 

no cytotoxic effect in vitro, but purification route could impact the cytotoxicity, especially in the case of 
microparticles. 

The concept of study is due to the introduction of a promising silica source for bone regeneration. Diatoms 

particles could be used as a supplemental silica materials improving osteoinductive features of natural 

engineered scaffolds in the future.   
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