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ABSTRACT 

 

Diatoms represent a natural source of mesoporous silica whose applications range from 

biomedical to photonic fields. Porous hierarchically organized micro structures, the biosilica 

shells called frustules, can be obtained by removal of the organic biological matter from the 

unicellular living algae. Diatoms frustules have been investigated as scaffold for bone tissue 

growth taking advantage of their nanostructured surface and of the possibility to chemically 

modify the biosilica. Here we report on an easy way to calcium-doped biosilica supports for 

bone tissue regeneration by in vivo feeding the algae. FTIR and EDX analyses confirmed the 

incorporation of calcium into the mesopouros biosilica. Cell viability studies showed an 

ameliorative effect on the Saos-2 cells spreading compared with the cells grown on non-

doped biosilica supports.  

 

INTRODUCTION  

  

Over the past few decades, silica substrates and mesoporous silica nanoparticles (MSNs), 

fully biocompatible and highly porous materials, have attracted considerably the scientific 

community for their potential applications, especially for biomedical studies. [1-3]  

However the production of mesoporous structures requires time and use of expensive and 

sometimes toxic materials. Nature represents a possible source of inspiration as a solution de 

facto: living organisms are able to create complex and functional structures, with particular 

features of high technological interest, which are artificially irreproducible, even at high 

costs. Among the various organisms carrying out complex biomineralization processes, the 

interest of the scientific community has been intensively caught over the last decades by a 

particular type of photosynthetic microalgae: diatoms. 

Diatoms are photosynthetic microalgae which are able to produce finely ornate silica shells 

with a species-specific organization of pores through a biomineralization process leading to 

highly symmetrical and regularly size-distributed structures. [4]  

These refined biosilica shells called frustules exhibits a Petri dish-like structure with two 

valves and surrounding girdles which totally form the entire box-like structure. [5,6] 

Frustules can be envisaged as a natural source of mesoporous biosilica. In particular, after 

optimized diatoms growth, a nearly-monodisperse porous biosilica shells (called frustules) 

can be produced. This is possible after the removal of the organic matter from living diatoms 

cells via specific protocols which maintain the biosilica nanostructure while at the same time 

remove all the biological matter. [7] 

Applications of cleaned frustules from living diatoms or fossil frustules (from diatomaceous 

earth) range from biomedical to photonic fields. In the specific way, biosilica from cultured 

diatoms or fossil biosilica has already been proposed for several applications [8] in optics [9], 
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sensing [10], photonics [11,12], fluorescent biosilica-organic hybrids production [13], drug 

delivery [14-16], separation techniques [17].  Frustules can be easily functionalized [18], 

purified and used as an alternative scaffold for regenerative medicine.  

Recently, diatoms shells have been investigated as functional biological interfaces for bone 

tissue growth thanks to their refined nanostructured. We recently proposed the use of 

Thalassiosira weissflogii as a biosilica drug delivery support studied for Ciprofloxacin, an 

antimicrobial employed in orthopedic implant related infections; moreover, the same biosilica 

shells were functionalized with the TEMPO molecule, scavenger of the reactive oxygen 

species, leading to the creation of an antioxidant nanoporous scaffold for osteoblast-like cells 

growth, useful for drug delivery, potentially exploitable in implantology [19]. In this last case 

we performed an in vitro functionalization of frustules followed by extraction/purification of 

biosilica, exploiting the surface chemistry.  

On the other hand, in vivo functionalization of diatoms frustules has been reported as a 

convenient approach to introduce various functional molecules in the biosilica for different 

purposes. [20-22] 

In this study we investigated doping of biosilica with calcium cations, for applications in 

biomedicine. It’s well known that fibroblasts and osteoblasts well grow on 

silica/bioglass/ceramics supports and that the presence of calcium ions stimulates the growth 

of these cells [23].  

At the same time calcium also stimulates the growth of the diatoms themselves [24]. 

Focusing on this field, we considered interesting to investigate doping of diatoms in vivo with 

calcium cations and the growth of model osteoblast-like cells (Saos-2) on the resulting 

calcium enriched biosilica, in view of possible applications in tissue engineering.  

Here we report the results of our investigation leading to a convenient way to produce in vivo 

Ca
2+

-doped diatoms frustules for bone tissue engineering. Ca
2+

-doped shells can be produced 

by specific growth of living diatoms in a calcium chloride-based enriched diatoms’ medium, 

and a subsequent treatment for removal of organic matter. FTIR and EDX analyses 

confirmed the incorporation of calcium into the cleaned biosilica, while data on Saos-2 cells 

viability showed an effective attitude of this material to become a new generation functional 

silica-based 2D-scaffold. 

Promising further developments can be expected from our study: it is known that osteoblasts 

are very sensitive to the surface geometry [25] and a meso-scale surface, like a film of diatom 

frustules, can enhance both cells proliferation and adhesion. On the other hand, previous 

results on calcium-enriched hydroxyapatite scaffolds with silicon for bone regeneration [26] 

also confirm our approach. 

 

 

 

EXPERIMENTAL SECTION 

 

Diatoms culture: CaCl2 feeding  

 

As reported in literature [7], Thalassiosira weissflogii diatoms species (culture collection of 

algae and protozoa, CCAP strain 1085/10), were grown in autoclaved and ultra-filtered sea 

water (salinity rate 3.8%) enriched with F/2 Guillard solution, diluted 1: 5 in PS flasks (25 

mL). Then glucose (0.55 mg/L), Na2SO4 (4.26 g/L) and kanamycin (0.5 mg/L) were added 

[27-29]. In order to in vivo dope diatoms with calcium, in all the flask, except the control, 1.4 

mL of CaCl2 14 mM were added. The concentration of CaCl2 was chosen according to 

calcium concentration used to enhance diatoms growth. 
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These cultures were maintained at a controlled temperature of 18-22 °C, exposed to a 

light/dark cycle of 12:12 hours under continuous photon flux density (PFD) provided by 

cool-white fluorescent tubes. The light source was placed 15 cm away from cultures. Diatoms 

were oxygenated for 5 minutes, 3 times per day. In order to control cells growth a Burker 

room count was used; for the evaluation of the viability a UV-visible spectrophotometry was 

used for the chlorophyll c and d, respectively, of which the absorption peaks are at 660 nm 

and 700-730 nm. 

 

 

Purification of diatoms biosilica via acid-oxidative treatment 

 

In order to obtain isolated frustules of Thalassiosira from flasks of diatoms grown with (F-

Ca
2+

) and without (F) calcium cloride, cells were previously collected by centrifugation 

(1000 rpm, 20’) and the pellet rinsed with distilled water, and then the organic matter was 

removed using the acid-oxidative treatment already described in literature [7]:H2SO4 (5 

drops, 98 % w/w) and KMnO4 (2 grains from solid powder) were added to the sample at 

80 °C for 30’; then hydrogen peroxide (200 μL, 30 % w/w) addition at 90 °C for 4 h was 

performed to ensure the exposure of hydroxy group on SiO2 surfaces. After this treatment, 

repeated washing steps were made by soft centrifugations (1100 rpm, 10’).  

 

SEM-EDX analysis of biosilica shells 

 

For the SEM-EDX analysis a field emission gun (FEG) Zeiss SUPRA 40 apparatus at a 

voltage of 3 KV at tilting angle of 0°was used. The purified frustules were dried and 

suspended in methanol (200 μL). The silicon wafers were washed with acetone (3x), with 

ethanol (3x) and with isopropanol (3x), sonicated (80 W) for 10’’ per wash. Then frustules 

suspension (5 μL) was dropped on a hot plate (60°C) for 5 times, and the temperature was 

increased to 70 °C for 1h allowing the thermal annealing and solvent evaporation. 

 

Saos-2 viability test: MTT  

 

For biocompatibility studies the substrates (F, F-Ca
2+

) were immobilized on glass coverslips 

of 12 mm in diameter: the frustules suspensions were spotted on the slides, then dried and 

treated for thermal annealing for 2 hours at 90 °C. 

Saos-2 cells were tested on the substrates F and sample F-Ca
2+

 for the MTT viability test. 

Cells grown using the culture medium McCoy EMEM (EBSS+ 2 mM Glutamine + 1% Non 

Essential Amino Acids (NEAA) + 10% Foetal Bovine Serum). 

During the MTT procedure the medium was removed, the cells washed with PBS and then 

treated with trypsin for 2 ' at 37 °C, inhibited by the addition of new colture medium.  

Cells were collected in a sterile tube, centrifuged at 1500 rpm for 5' and resuspended in 1 mL 

of medium, then the cell density was evaluated using the Thoma chamber: cells were diluted 

in medium to obtain the concentration of 1.5x10
4
 cell/ mL. 

The MTT test multiwells were set up allowing to test all the substrates in triplicate: in each 

well a substrate was accommodated and 1.5x10
4
 Saos-2 cell were added. One multiwell was 

left for 24 h in incubation and another for 96h. Then MTT assay was carried out removing 

the medium, washing with PBS and adding the DMEM (4500 mg / L glucose, 25 mM 

HEPES, sodium bicarbonate and L-Ala-L-Gln,) without phenol red; 100 μL of MTT solution 

were added to each well and the multiwell was left in incubation at 37°C/ 95% CO2 for 2h. 

Then 1 mL of a stock solution (50 mL isopropanol, 55 mL Triton-X100, 48 mL of HCl 37%) 

was added to each well and formazan crystals were broken through a strong pipetting. The 
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difference between the absorbance at 570 nm (typical of formazan) and the absorbance at 690 

nm (absorbance of the background) was measured.  

For the analysis, an UV-2401 PC Shimadzu spectrophotometer was used to measure the 

absorbance. Statistical analyses were assessed by a two-way ANOVA test, followed by 

Bonferroni post-test, using the GraphPad Prism version 4.00 for Windows, GraphPad 

Software (San Diego, CA; www.graphpad.com). Differences were considered statistically 

significant for p < 0.01. 

 

Saos-2 morphological analysis: comassie blue and fluorescent staining  
 

The dye Coomassie Brilliant Blue R250 (BIO RAD) was used to stain the Saos-2 cells after 

the same cultivation procedure of the MTT test, in order to study morphological parameters. 

A preliminary step of fixing was performed removing the culture medium, covering the cells 

and fixing with a 4% solution of paraformaldehyde in PBS for a minimum time of 20’; then 

the solution was removed, cells were washed in PBS and 1 mL of the staining solution was 

added: (2 g Coomassie Blue R250, 450 mL of Methanol, 450 mL of H2O, 100 mL Acetic 

Acid). After 3’, the excess of the dye is removed washing in PBS and the slide is observed 

using an optical microscope (contrast phase, Leica DM ILI) at different magnifications. The 

images were acquired by a CCD camera (Leica DC100) and analyzed using image J software 

(National Institute of Health, US). 

488 Phalloidin fluorescent staining (SIGMA) was used to stain the actin fibers of Saos-2 

grown in the same conditions of the cells for the MTT test and fixed using PFA 4%. Cells 

were then coated with Triton-X100 solution for 30’, then washed with PBS and coated with 

400 μL of phalloidin solution for 30’. After PBS washings the samples were observed under 

a optical fluorescent microscope. Acquired images were analyzed using the Image J software 

(National Institute of Health, US) in order to evaluate morphological parameters on single 

cells like perimeter. 

 

DISCUSSION 

 

FT-IR analysis 

 

In Figure 1 a comparison of FT-IR spectra of purified shells of diatoms grown with and 

without CaCl2 show the typical signals related to the symmetric stretching of the Si-O-Si 

bound (884 cm
-1

), the asimmetric stretching of Si-O-Si (1175 cm
-1

), the Si-O-H stretching 

(584-450 cm
-1

) and the Si-O-C stretching (1066-1009 cm
-1

), confirming that the introduction 

of calcium in the culture medium did not cause any covalent modification of the biosilica. [7] 
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Figure 1. FT-IR spectrum of F and F-Ca2+ after acid-oxidative treatment. IR absorbance in a range of FT-IR analysis 

from 1600-400 cm-1 

 
 

SEM analysis  

 

The SEM analysis of diatoms purified frustules (F) (Figure 2.a, 2.b) and frustules with CaCl2 

14mM (Ca
2+

-Frustules) (Figure 2.c, 2.d) revealed that the presence of calcium doesn’t change 

the diatom shape and nanostructure, leaving the pores empty. Frustules were not clustered 

and the porous surface has no debris because the acid-oxidative treatment has removed all the 

organic matter. 

https://doi.org/10.1557/adv.2017.49
Downloaded from https:/www.cambridge.org/core. Cornell University Library, on 23 Jan 2017 at 15:38:20, subject to the Cambridge Core terms of use, available at https:/www.cambridge.org/core/terms.

https://doi.org/10.1557/adv.2017.49
https:/www.cambridge.org/core
https:/www.cambridge.org/core/terms


 
 

Figure 2. SEM images of F a. and nanostructure control b. and Ca2+-F doped c. and nanostructure d. after acid-oxidative 

treatment. Marker for a. and c. : 1 m; for b. and d. : 200 m. 

 

 

 

MTT biocompatibility test 

 

The MTT test (Figure 3) proves that the best substrate is composed by frustules but, in terms 

of growth overtime, Ca
2+

-frustules highly enhance Saos-2 metabolic activity compared to the 

others. 

The ratio between the metabolic activity of the Saos-2 between 96 and 24 h shows an 

enhancement of the activity which is better for calcium doped frustules. 

This behavior is more enhanced after 96 h: indeed, the growth after 2 days is more efficient 

on calcium doped frustules than on frustules control: the MTT value between 24 and 96 h is 

greater in the Ca
2+

-frustules sample.  

These results are statistically significant for p-value < 0.01.  
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Figure 3. MTT data analysis of Saos-2 grown on frustules, calcium-doped frustules and glassy substrates after 24 and 96 h of 

incubation. 

 

 

 

EDX analysis 

 

The EDX elemental analysis (Figure 4) revealed that calcium is present in the frustules of 

diatoms grown with CaCl2 in the culture medium: the FT-IR spectrum shows that not 

covalent bounds with calcium are present in the frustules but here it’s demonstrated that 

calcium remains in the frustules despite the acid-oxidative treatment. For the frustules control 

the main component is silicon, while no calcium has been identified. The presence of traces 

of sulfur is instead probably due to sulfuric acid residues used during cleaning.  

The presence of calcium occurs only for doped frustules, influencing also Si/Ca ratio that’s 

different from 0 in doped frustules (Table 1). 
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Figure 4. EDX representation of a. frustules control and b. calcium-doped frustules after acid-oxidative treatment. 

 
 F 

Atomic % 

F-Ca
2+

 

Atomic % 

Si 29.13±0.4 30.14±0.55 

C 51.6±0.7 47.5±0.8 

O 19±0.3 18±0.5 

Cl 0.1±0.01 0.110±0.015 

Na 0.1±0.01 0.2±0.06 

K 0.2±0 0.2±0.03 

S 0.12±0.03 0.11±0.09 

Ca 
0±0 0.9±0.05 

N 
0.141±0.025 0.305±0.015 

Ca/Si 0.00 0.03 
 

Table 1: elements percentage for frustules and Ca2+-doped frustules 
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Comassie and fluorescent staining 

 

The  viability test does not give any informations about Saos-2 cells morphology and 

behaviour on glass, frustules control and Ca
2+

-frustules: these information were obtained by 

staining. 

As shown in Figure 5.a  after 24h of growth on glass, bare frustules and Ca
2+

-frustules 

substrates, Saos-2 cells are better spreaded on frustules-covered substrates (better for bare 

frustules) while on the glass support there is not so much growth. The normal shape is 

mantained on frustules based substrate while on the glass, Saos-2 cells appeared round. After 

96 h the frustules substrate without CaCl2 remains a good substrate compared to glass but the 

presence of calcium makes the frustule substrate a more efficient scaffold than the bare 

frustules substrate. On frustules, the Saos-2 also have  greater tendency to form clusters: such 

behavior is very pronounced on simple frustules and increased if there is calcium. 

The same situation is confirmed by fluorescent staining (Figure 5.b) that makes possible to 

obtain more informations about the cystoskeleton: on the glass cells are single, rounded, and 

show little stress fibers; this behavior, combined with poor growth and vitality, is index of 

cells suffering. On the contrary, on frustules substrates the stress fibers are more evident, and 

tend to be parallel: this indicates that they are spreading on the substrate because of their 

higher affinity towards it. 

 

 

 
 

Figure 5. Staining of Saos-2 grown on frustules, calcium-doped frustules and glassy substrate with Comassie after 24 and 96 

h a. and DAPI Phalloidin after 24 h. The symbol * indicates the position of nuclei. 

 

Morphological analysis 
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In Figure 6 the perimeter of single cells adhering to different samples were calculated: 

Comassie stained sample were used to obtain morphological information about the Saos-2 

perimeter (magnification 20X) using software Image J: 60 cells per samples were evaluated.  

All the Saos-2 growth on frustulic substrates show higher perimeter compared to glassy 

substrate: this situation is better for calcium doped frustules. Moreover, there is also an 

increase over time (96 h), indicating good health of cultured cells. 

 

 

 
 

Figure 6. Graphic representation of perimeter of Saos-2 grown on frustules, calcium-doped frustules and glassy substrates 

after 24 and 96 h of incubation 
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CONCLUSIONS 

 

In this work we have compared nanostructured biosilica from diatom frustules with and 

without calcium as biological interface for osteoblast-like cells growth. The biocompatibility 

increases on frustules substrate compared to glass: for the MTT apparently the best viability 

is obtained on bare frustules substrate but, in terms on growth overtime, the best results are 

obtained for Ca
2+

-doped frustules. Morphological tests confirmed that the use of a minimal 

amount of CaCl2 in culture medium make diatoms a better substrate for Saos-2 cells that 

maintain a cytoskeletal pyramidal organization more than on non-porous silica substrates. 

Moreover, the presence of calcium doesn’t affect diatoms nanostructure of natural biosilica 

but, at the same time, calcium-biosilica interaction appears very resistant to the acidic 

oxidative treatment carried out to purify the biosilica from the algae source. Our results 

confirm that a typical algae culture medium additive can be used to improve the effectiveness 

of biosilica as a substrate for cells growth with possible applications in regenerative 

medicine. 

 

REFERENCES 

[1] Z.  Li, J. C. Barnes, A. Bosoy, J. F. Stoddart,, J. Zink, Chem. Soc. Rev., 41, 2590 (2012) 

[2] F. Tang, L. Li, D. Chen, Adv. Mater., 24, 1504-1534 (2012) 

[3] C. Argyo, V. Weiss, C. Bräuchle, T. Bein, Chem. Mater., 26, 435 (2014) 

[4] M. Hildebrand, Chem. Rew., 108 (11), 4855 (2008)  

[5] D. Werner, The Biology of Diatoms, (University of California Press, Berkley, 1977) 

[6] R. Wetherbee, Science, 298 (5593), 547 (2002) 

[7] D. Vona, L. Urbano, M. A. Bonifacio, E. De Giglio,  S. Cometa, M. Mattioli-Belmonte, 

F. Palumbo, R. Ragni, S. R. Cicco
 
, G. M. Farinola, Data in brief, 8, 312 (2016) 

[8] R. Gordon, D Losic, M. A. Tiffany, S. S. Nagy, F. A. S. Sterrenburg, Trends Biotechnol., 

27, 116, (2009) 

[9] D. Losic, J. G. Mitchell, N. H. Voelcker, Adv. Mater., 21, 2947 (2009) 

[10] S. Leonardo, B. Prieto-Simon, M. Campàs,. Trends in Analytical Chemistry, 79, 276 

(2016) 

[11] T. Fuhrmann, S.  Landwehr, M.  El Rharbi-Kucki, M.  Sumper, Appl. Phys. B: Lasers 

Opt., 78, 257 (2004) 

[12] A. R. Parker, H. E.  Townley, Nat. Nanotechnol., 2, 347 (2007) 

[13] D. Vona, M. Lo Presti, S. R. Cicco, F. Palumbo, R. Ragni, G. M. Farinola, MRS Adv., 1 

(2015) 

[14] D. Losic, Y. Yu, M. S. Aw, S. Simovic, B. Thierry, J. Addai-Mensah, Chem. Commun., 

46, 6323 (2010) 

[15] D. Vona, G. Leone, R. Ragni, F. Palumbo, A. Evidente, M. Vurro, G. M. Farinola, S. R. 

Cicco, MRS Advances, 1 (2015) 

[16] B. Delalat, V. C. Sheppard, S. R. Ghaemi, S. Rao, C. A. Prestidge, G. McPhee, M.L. 

Rogers, J. F. Donoghue, V. Pillay, T. G. Johns, N. Kröger, N. H. Voelcker, Nat. Comm., 6 

(2015) 

[17] D. Losic, G. Rosengarten, J. G. Mitchell, N. H. Voelcker, J. Nanosci. Nanotechnol., 6, 

982 (2006) 

[18] H. E. Townley, A. R. Parker, Adv. Funct. Mater., 18, 369 (2008) 

[19] S. R. Cicco, D. Vona, E. De Giglio, S. Cometa, M. Mattioli-Belmonte, F. Palumbo, R. 

https://doi.org/10.1557/adv.2017.49
Downloaded from https:/www.cambridge.org/core. Cornell University Library, on 23 Jan 2017 at 15:38:20, subject to the Cambridge Core terms of use, available at https:/www.cambridge.org/core/terms.

http://pubs.rsc.org/en/results?searchtext=Author%3AZongxi%20Li
http://pubs.rsc.org/en/results?searchtext=Author%3AJonathan%20C.%20Barnes
http://pubs.rsc.org/en/results?searchtext=Author%3AAleksandr%20Bosoy
http://pubs.rsc.org/en/results?searchtext=Author%3AJ.%20Fraser%20Stoddart
http://www.sciencedirect.com/science/article/pii/S2352340916303213
http://www.sciencedirect.com/science/article/pii/S2352340916303213
http://www.sciencedirect.com/science/article/pii/S2352340916303213
http://www.sciencedirect.com/science/article/pii/S2352340916303213
http://www.sciencedirect.com/science/article/pii/S2352340916303213
http://www.sciencedirect.com/science/article/pii/S2352340916303213
http://www.sciencedirect.com/science/article/pii/S2352340916303213
http://www.sciencedirect.com/science/article/pii/S2352340916303213
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Danilo%20Vona&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Marco%20Lo%20Presti&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Stefania%20Roberta%20Cicco&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Fabio%20Palumbo&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Roberta%20Ragni&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Gianluca%20Maria%20Farinola&eventCode=SE-AU
http://www.nature.com/articles/ncomms9791?utm_source=tech.mazavr.tk&utm_medium=link&utm_compaign=article#auth-1
http://www.nature.com/articles/ncomms9791?utm_source=tech.mazavr.tk&utm_medium=link&utm_compaign=article#auth-2
http://www.nature.com/articles/ncomms9791?utm_source=tech.mazavr.tk&utm_medium=link&utm_compaign=article#auth-3
http://www.nature.com/articles/ncomms9791?utm_source=tech.mazavr.tk&utm_medium=link&utm_compaign=article#auth-4
http://www.nature.com/articles/ncomms9791?utm_source=tech.mazavr.tk&utm_medium=link&utm_compaign=article#auth-5
http://www.nature.com/articles/ncomms9791?utm_source=tech.mazavr.tk&utm_medium=link&utm_compaign=article#auth-6
http://www.nature.com/articles/ncomms9791?utm_source=tech.mazavr.tk&utm_medium=link&utm_compaign=article#auth-7
http://www.nature.com/articles/ncomms9791?utm_source=tech.mazavr.tk&utm_medium=link&utm_compaign=article#auth-7
http://www.nature.com/articles/ncomms9791?utm_source=tech.mazavr.tk&utm_medium=link&utm_compaign=article#auth-8
http://www.nature.com/articles/ncomms9791?utm_source=tech.mazavr.tk&utm_medium=link&utm_compaign=article#auth-9
http://www.nature.com/articles/ncomms9791?utm_source=tech.mazavr.tk&utm_medium=link&utm_compaign=article#auth-10
http://www.nature.com/articles/ncomms9791?utm_source=tech.mazavr.tk&utm_medium=link&utm_compaign=article#auth-11
http://www.nature.com/articles/ncomms9791?utm_source=tech.mazavr.tk&utm_medium=link&utm_compaign=article#auth-12
https://doi.org/10.1557/adv.2017.49
https:/www.cambridge.org/core
https:/www.cambridge.org/core/terms


Ragni, G. M. Farinola, ChemPlusChem, 80 (7), 1104 (2015) 

[20] Y. Lang, F. Del Monte, L. Collins, B. J. Rodriguez, K. Thompson, P. Dockery, D. P. 

Finn, A. Pandit, Nat. Comm., 4, 3683 (2013) 

[21] C. Jeffryes, T. Gutu, J. Jiao, G. L. Rorrer, Mat. Sci. Eng., 28 (1), 107 (2008) 

[22] Y. Lang, F. Del Monte, P. J. Rodriguez, P. Dockery, D. P. Finn, A. Pandit, Sci. Rep., 3 

(2013) 

[23] T. Yamaguchi, O. Kifor, N. Chattopadhyay, E. M. Brown, Bioc. Bioph. Res. Comm., 243 

(3), 753 (1998) 

[24] B. Cooksey, K. E. Cooksey, Plant. Phys., 65 (1), 129 (1980) 

[25] C. Wu, J. Chang, Interface Focus, 2, 292 (2012) 

[26] A. M. Pietak, J. W. Reid, M. J. Stott, M. Sayer, Biomat., 28 (28), 4023 (2007) 

[27] R. R. L. Guillard, J. H. Ryther, Can. J. Microbiol., 8, 229 (1962) 

[28] J. G. Radchenko, L. V. Il’yash, V. D. Fedorov, Biol. Bull. Russ. Acad. Sci., 31, 67 (2004) 

[29] S. Ratti, A. H. Knoll, M. Giordano, Geobiology, 9, 301 (2011) 

 

https://doi.org/10.1557/adv.2017.49
Downloaded from https:/www.cambridge.org/core. Cornell University Library, on 23 Jan 2017 at 15:38:20, subject to the Cambridge Core terms of use, available at https:/www.cambridge.org/core/terms.

http://www.nature.com/articles/ncomms3683?WT.ec_id=NCOMMS-20131106#auth-1
http://www.nature.com/articles/ncomms3683?WT.ec_id=NCOMMS-20131106#auth-2
http://www.nature.com/articles/ncomms3683?WT.ec_id=NCOMMS-20131106#auth-3
http://www.nature.com/articles/ncomms3683?WT.ec_id=NCOMMS-20131106#auth-4
http://www.nature.com/articles/ncomms3683?WT.ec_id=NCOMMS-20131106#auth-5
http://www.nature.com/articles/ncomms3683?WT.ec_id=NCOMMS-20131106#auth-6
http://www.nature.com/articles/ncomms3683?WT.ec_id=NCOMMS-20131106#auth-7
http://www.nature.com/articles/ncomms3683?WT.ec_id=NCOMMS-20131106#auth-7
http://www.nature.com/articles/ncomms3683?WT.ec_id=NCOMMS-20131106#auth-8
http://www.sciencedirect.com/science/article/pii/S0928493107000045
http://www.sciencedirect.com/science/article/pii/S0928493107000045
http://www.sciencedirect.com/science/article/pii/S0928493107000045
http://www.sciencedirect.com/science/article/pii/S0928493107000045
http://www.nature.com/articles/srep03205#auth-4
http://www.nature.com/articles/srep03205#auth-5
http://www.sciencedirect.com/science/article/pii/S0006291X98981785
http://www.sciencedirect.com/science/article/pii/S0006291X98981785
http://www.sciencedirect.com/science/article/pii/S0006291X98981785
http://www.sciencedirect.com/science/article/pii/S0006291X98981785
http://www.sciencedirect.com/science/journal/0006291X
https://doi.org/10.1557/adv.2017.49
https:/www.cambridge.org/core
https:/www.cambridge.org/core/terms

