
An overview of the green road to the synthesis of nanoparticles 

Abstract— Nanotechnology is progressing at a very fast pace and has an overwhelming number of applications in 
medicine, agriculture, cosmetics, etc. Daily more and more discoveries and innovative applications are being 
brought to light. This new and exciting technology involves materials and devices in nanometer dimensions. The 
synthesis/fabrication of these all important nanoparticles should be in a clean and safe manner with minimum risk 
to the environment. This article examines and reports the ways of synthesizing nanoparticles in a green way, with 
low carbon footprint and minimum health hazards.  
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Introduction 

All matter and life originates at the nanoscale with atoms and molecules and this provides us with a 

very useful set of tools and techniques called Nanotechnology, which includes nanoparticles (NP), 

nanofabrication, nano biotechnology and other cognitive sciences. The unifying force is the 

manipulation of nanoscale matter for the diverse applications that we see today. By definition 

nanomaterials have dimensions of 1-100 nm and the main appeal is their large surface to volume ratio 

which gives them unique and enhanced properties. The size, shape and type of the NPs greatly 

influence its properties and field of applications. Nanomaterials find applications in environment and 

toxic gas sensing [1-5], food and agriculture [6-8], drugs and medicine [9-12] and in energy [13-15]. 

While nanotechnology is making many things in life easier and providing a lot of benefits to society, 

the large scale production of nanomaterials and the use of self replicating nano-machinery can pose 

incalculable risks. It is important to understand the role of nanoparticles in the uptake of pollutants 

and nutrients and also the toxicity of nanoparticles in food and agriculture. Safer design and 

manufacturing practices have to be adopted to ensure minimum risk to environment and human 

health. The concerns of toxicity and energy efficiency have lead to substantial research on green and 

sustainable production of NPs. This overview is an attempt to highlight the different green routes that 

can be taken to produce NPs with the minimum of environmental contamination and added benefits of 

antibacterial and antimicrobial properties of green NPs. The review is organized under the sections: 

importance of green synthesis, methods of green synthesis, disease inhibition using green NPs and 

finally conclusions. 

I. GREEN SYNTHESIS AND WHY IT IS IMPORTANT 

A. What is green synthesis? 

Green synthesis is the production of NPs using natural resources like plant extracts, microorganisms 

and energy saving methods in a sustainable, non-toxic and economical way. Extracts from different 

plants can be used to produce NPs with special characteristics and functionality to suit a specific 

application [10, 16-17]. The microorganisms can be bacteria, fungi, yeast etc and the choice will be 

based on the type, size and functionality that is desired of the NP [18-20]. 
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B. Benefits of Green Synthesis 

Why use green synthesis when convention methods of production exist? The answer lies in the 

numerous benefits that come with the use of a green route for NP synthesis. First of all, NPs produced 

in this manner are more stable and effective in comparison with those produced by physicochemical 

methods. Next, they are eco-friendly, sustainable, inexpensive and free of contaminants. Purity of NPs 

is a major consideration for biological and medical applications.  In addition, they are energy efficient 

and do not need high pressure, temperature, special culture preparation/isolation techniques or toxic 

chemicals. Moreover, most NPs produced by the green method show excellent antifungal, 

antibacterial and anti-parasitic properties. Other advantages are the ease of large scale synthesis and 

disposal of the non-toxic waste products.  

II.  METHODS OF GREEN SYNTHESIS 

 

The production of nanoparticles (NP) using natural substances is an important and emerging area in 

nanotechnology. The conventional methods of synthesis of NPs using chemicals as precursors or 

reducing agents have potential risks of toxicity and in general are not environmentally friendly or 

quick processes. To overcome these disadvantages the use of renewable resource natural biological 

systems to produce NPs is finding widespread acceptance. The different methods of green synthesis 

will be expanded based on the type of resource used and classified under: a) Use of micro-organisms 

b) Use of plant extracts and c) use of energy saving methods. 

A.  Use of plants and plant extracts 

The Green synthesis using biological molecules from plant extracts is proving to be far superior to 

chemical means. The huge plant diversity provides a natural bank of resources that can be utilized to 

rapidly synthesize in a one step protocol different types of NPs having a range of antimicrobial 

activity and application. The use of plant extracts to produce NPs of high quality, specific morphology 

and function is wide spread due it the simple steps involved in nanoparticle recovery. Fig 1 shows a 

schematic diagram of the steps involved [21]. The steps involved are extraction of plant by hand 

grinding/blender, filtration of the extract, addition of metal NP salt, stirring the resultant solution and 

finally recovery of salt from precipitate.  

 

 

 

 

 

 

 

 

 

 

Fig. 1 The various steps involved in the extraction of nanoparticles using plants [21] 
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Different parts of the plant like stem, fruit, fruit peels, bark, root, leaves etc can be used to produce the 

NPs. Taking Silver (Ag) NPs as an example the specific parts of the various plants used for synthesis 

is presented in Table 1 adapted from Ahmed et al [10].  

TABLE I.  SYNTHESIS OF SILVER NANOPARTICLES USING EXTRACTS FROM DIFFERENT PARTS OF VARIOUS PLANTS  

Plants 
Size 
(nm)                                         

Plant’s part                  Shape References 

Alternanthera 
dentate 

50–100          Leaves            Spherical          [22] 

Acorus calamus  31.83          Rhizome           Spherical          [23] 

Boerhaavia diffusa  25           whole plant            Spherical          [24] 

Tea extract 20-90            Leaves             Spherical          [25] 

Tribulus terrestris   16-28            Fruit                 Spherical          [26] 

Abutilon indicum           7-17            Leaves             Spherical          [27] 

Ziziphora tenuior   8–40           Leaves              Spherical          [28] 

Cocous nucifera                   22         Inflorecence         Spherical          [29] 

Pistacia atlantica           10–50            Seeds               Spherical          [30]          

 

The advantage of using plant and plant extracts over other biological methods is that there is no need 

for elaborate culturing and cell maintenance. Also, it is an easily scalable process. The success of 

producing NPs by this method has been reported in several research articles and reports [10, 16, 17, 

21-30].  

B. Use of micro-organisms 

Many microorganisms can be considered as nano factories that produce metal nanoparticles with 

different efficiency, size and shape. The use of physical and chemical means for NP synthesis may 

result in contamination due to toxic solvents, precursors and generate harmful byproducts with 

generally low yields. In contrast the use of micro-organisms like fungus, yeast etc for NPs synthesis is 

nontoxic, safe, reliable, clean and environmentally friendly with high yields. Fungi act as reducing 

agents of metal salts through secretion of enzymes and proteins. The mechanism may be extracellular 

that is outside the cell or between group of cells or intracellular meaning inside the cell or cytoplasm. 

This form of biosynthesis has great potential as large scale production of NPs from various strains of 

fungi is possible and they can even be grown in vitro. Table 2 lists some of the NPs obtained from 

diverse fungi and yeast species. 

The extracellular biosynthesis of Ag NPs using filamentous fungi like ‘Aspergillus fumigatus’ has 

been reported by Kuber et al [18]. These fungi are excellent candidates for extracellular process 

applications, since, they secret a variety of enzymes and are easy to grow and handle. Well dispersed 

Ag NPs of 5-25 nm were formed within minutes of silver ion coming in contact with the cell filtrate 

showing that the extracellular reduction process is a very fast and feasible biosynthesis method for Ag 

NPs. 
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TABLE II.  NANOPARTICLES OF VARYING SIZE AND SHAPE FABRICATED FROM FUNGAL AND YEAST SPECIES 

Fungi and Yeast NPs Size 
(nm) 

Shapes Location Ref 

Alternaria alternate Au 12 ± 5 Spherical 
triangular 
hexagonal 

Extracellular [31] 

Aspergillus clavatus Au 24.4 ± 1
1 

Triangular 
spherical 

hexagonal 

Extracellular [32] 

A. fumigatus ZnO 1.2–6.8 Spherical 
hexagonal 

Extracellular [33] 

A. oryzae  
TFR9 

FeCl3 10–24.6 Spherical – [34] 

A. sydowii Au 8.7–
15.6 

Spherical Extracellular [35] 

A. terreus Ag 1–20 Spherical Extracellular [36] 
A. tubingensis Ca3P2

O8 
28.2 Spherical Extracellular [37] 

Aureobasidium 
pullulans 

Au 29 ± 6 Spherical Intracellular [38] 

Candida albicans Au 5 Mono 
dispersed 
spherical 

Cell-free 
extract 

[39] 

C. glabrata CdS – – Intracellular [40] 
Coriolus versicolor Au 20–100, 

100–
300 

Spherical 
ellipsoidal 

Intra- and 
extracellular 

[41] 

Cylindrocladium 
floridanum 

Au 19.05 Spherical Extracellular [42] 

Fusarium oxysporum Pt 70–180 Rectangular 
triangular 
spherical 

aggregates 

– [43] 

 

Another typical example is the size controlled synthesis of silver NPs using ‘Fusarium oxysporum’ to 

obtain well-dispersed nanoparticles with size between 5 and 13 nm by Husseiny et al [9]. The NP size 

is controlled by the environmental and nutritional parameters viz substrate concentration, temperature, 

pH, weight of biomass etc. The biosynthesized NPs showed antibacterial and antitumor activities 

which will be discussed in more detail in section IV. 

C. Use of energy saving methods 

The synthesis of molybdenum disulfide nanostructures (MSNs) for host of applications by the ‘green’ 

microwave-assisted (MW) solvothermal synthesis method [44] is a clear example of energy saving 

techniques for green NP synthesis. In this process, Ammonium Molybdate and elemental Sulphur are 

mixed in 1:1 molar ratio in 10 ml of hydrazine monohydrate and 30 ml deionized water under 

magnetic stirring for 5 minutes. The resultant solvent mixture is transferred to a Teflon vessel and 

subjected to microwave radiation of 270 Watt in a microwave oven for 10 minutes, and is allowed to 

cool down naturally to room temperature. Black precipitate settled at the bottom of the solution is 

filtered, washed with distilled water, diluted hydrochloric acid and ethanol successively and 

centrifuged to remove any un reacted precursors. The final product is dried in vacuum oven at 50 

degrees Celsius for 4 hours to obtain MoS2 nanostructures. This technique qualifies for the energy 

efficient ‘greener’ approach by drastically reducing the reaction time (~300 times faster than the 
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conventional method). Microwave radiation penetrates through Teflon vessel and interacts with the 

solvents directly causing localized heating and thus generates supercritical conditions favorable for 

nucleation and growth of nanoparticles. The Schematic of the strategy for MW green synthesis of 

MSNs via generation of supercritical conditions is shown in Fig. 2 taken from the work of Qureshi et 

al [45]. 

 

 

 

 

 

 

 

 

Fig. 2. The Schematics for microwave assisted green synthesis of Molybdenum disulphide nanoparticles [45] 

In their work they demonstrated interestingly, biofilm inhibition and antimicrobial behavior of MSNs 

produced using this method. This is a significant discovery since the biofilm protects pathogenic 

organisms from drugs and immune system by resisting entry and recognition, respectively. They also 

showed the MSNs to be non-cytotoxic which gives them biocompatibility and increases their 

antimicrobial potential.  

The green synthesis of Ag NPs with demonstrated antibacterial activity by Fatimah [16] using MW 

is another example of energy efficient green process for NP synthesis. The use of MW shows the 

rapid formation of Ag NPs with similar properties to those obtained through the time consuming 

aging method. In addition, the use of microwave irradiation yielded larger particles. 

III. DISEASE INHIBITION USING GREEN NPS 

 

The excellent antibacterial and anti-parasitic properties of green NPs allows them to play significant 

roles in medicines, clinical applications and in vitro diagnostic applications and also in agriculture, 

water treatment, food packaging and textiles.  

Antibiotic resistance poses a major problem in healthcare due to the inherent tendency of microbial 

cells to alter their genes. In this context, the exploitation of inorganic nanoparticles to develop 

antiseptics that are deadly to microbes and demonstrate wide-ranging activity with lower prospects 

of microbial resistance is the most needed solution. 

Especially, the use of Ag NPs in the biomedical sector has seen increasing number of applications 

with large number products such as ointments, dressing materials, body hygiene etc already in the 

market. Ag NPs have been reported to possess antimicrobial property against myriad array of 

pathogenic microorganisms. An excellent example is the work of Husseiny et al [9] who showed the 

inhibitory capabilities of green Ag NPs towards bacteria and tumor. The NPs biosynthesized from 

‘Fusarium oxysporum’ showed excellent antibacterial activities when studied using agar well 

diffusion and zone of inhibition method against pathogenic strains of E. coli and S. aureus. Also, 

their work reveals promising antitumor capability against human breast carcinoma cell line (MCF-7). 

Fig. 3 shows the antibacterial and antitumor activities taken from their work. 
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Fig. 3.  The Antibacterial activity of different concentrations of biosynthesized AgNPs (A) against E. coli and S. aureus 
strains (B) viability chart of biosynthesized AgNPs against MCF-7 cell line. [9]. 

A serious concern is bacterial resistance to conventional antibiotics based on organic molecules. The 

prevalence of multidrug-resistant bacteria requires an effective solution and green NPs are coming to 

the rescue. An example is the interesting microbial resistance mechanism using non-cytotoxic MSNs 

by reactive oxygen species via disruption of cellular functions demonstrated in the work of Qureshi 

et al [45]. Fig. 4 taken from their work compares and illustrates the effectiveness of MSNs with other 

inorganic NPs against various forms of bacteria. 

 

Fig. 4.  Comparative illustration showing the antimicrobial effect of different NPs with MSNs on various gram-positive 
and gram-negative bacteria [45] 
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IV. CONCLUSIONS 

 
The use of natural and biogenic resources for production of NPs is a green eco-friendly, sustainable, 

inexpensive and contaminant free process. The NPs synthesized in this manner from plants and 

microorganisms are more stable, controllable and effective in treatment against pathogens and are 

less toxic to humans and environment as compared with those produced by chemical methods. 

Green NPs play a crucial role in all walks of life and find application in environmental remediation, 

nano-scale catalysis, treatment of water contaminated by toxic metal ions, water splitting, CO2 

sequestration, food and packaging, drugs and medicine, control and management of plant disease and 

also as effective fertilizers. 

 

 

        REFERENCES 

 

1. Basu S and Bhattacharyya P, 2012, Sens. Actuators, B, 173, 1 

2. Yue Q, Shao Z, Chang S,  Li J, 2013, Nanoscale Res. Lett. 8, 425 

3. Ramanathan, A.A., 2018, Defect Functionalization of MoS2 nanostructures as toxic gas 
sensors, IOP Conf. Ser.: Mater. Sci. Eng. 305 012001  

4. Luo Hao et al, 2016, Chemical Physics Letters 643, 27–33 

5. Najmaei S et al, 2015, Acc. Chem. Res., 48 (1), pp 31–40 

6. Khot, L. R.; Sankaran, S.; Maja, J. M.; Ehsani, R.; Schuster, E. W., Applications of 
nanomaterials in agricultural production and crop protection: A review. Crop Prot. 2012, 35, 
64−70. 

7. Kottegoda N et al, UreaHydroxyapatite Nanohybrids for Slow Release of Nitrogen. ACS 

8. Nano 2017, 11, 1214−1221. 

9. S M Husseiny et al,  beni-suef university journal of basic and applied sciences 4 (2015) 225–
231 

10. S. Ahmed, M. Ahmad, B. L. Swami, S. Ikram, A review on plants extract mediated synthesis 
of silver nanoparticles for antimicrobial applications: A green expertise, Journal of Advanced 
Research (2016) 7, 17–28. 

11. J. Santhoshkumar, S. Venkat Kumar, S. Rajeshkumar, “Synthesis of zinc oxide nanoparticles 
using plant leaf extract against urinary tract infection pathogen,” Resource-Efficient 
Technologies 3 (2017) 459–465. 

12. Loureiro, A., Azoia, N.G., Gomes, A.C., Cavaco-Paulo, A., 2016. Albumin-based 
nanodevices as drug carriers. Curr. Pharm. Des. 22, 1371–1390. 

13. Ramanathan A.A., Aqra M.W. and Al-Rawajfeh A.E (2018) Recent advances in 2D-
nanopores for desalination. Environmental Chemistry Letters, DOI: 10.1007/s10311-018-
0745-4 

UNDER PEER REVIEW

EL7_gazy
Highlight
delete

EL7_gazy
Highlight
contolled, effective

EL7_gazy
Highlight
controlled

EL7_gazy
Highlight
subscript

EL7_gazy
Highlight
References should be compatible with reference style recommended by the journal in GUIDELINE FOR AUTHORShttp://www.sciencedomain.org/journal/133/authors-instruction



14. Ramanathan, A.A, and Khalifeh, J.M., (2018) Enhanced thermoelectric properties of 
suspended mono and bilayer of MoS2 from first principles, special issue IEEE nano 2017, 
DOI: 10.1109/TNANO.2018.2841640. 

15. Avasare V., et al, 2015. Room-temperature synthesis of TiO2 nanospheres and their solar 
driven photoelectrochemical hydrogen production, Int. J. Energy Res. 39, 1714–1719. 

16. Is Fatimah Green synthesis of silver nanoparticles using extract of Parkia speciosa Hassk 
pods assisted by microwave irradiation, Journal of Advanced Research, 2016, 961-969. 

17. Lori Rastogi and J.Arunachalam, Sunlight based irradiation strategy for rapid green synthesis 
of highly stable silver nanoparticles using aqueous garlic (Allium sativum) extract and their 
antibacterial potential, Materials Chemistry and Physics, 129, 2011, 558-563 

18. Kuber C, Bhainsa S.F.D'Souza, Extracellular biosynthesis of silver nanoparticles using the 
fungus Aspergillus fumigates, Biointerfaces Volume 47, Issue 2, 1 February 2006, Pages 
160-164. 

19. M D Balakumaran et al, Mycosynthesis of silver and gold nanoparticles: characterization 
Optimization, and antimicrobial activity against human pathogens  Microbiological Research 
182 (2016) 8–20 

20. P Azmath et al, Mycosynthesis of silver nanoparticles bearing antibacterial activity, Saudi 
Pharmaceutical Journal (2016) 24, 140–146 

21. Amarendra DD, K.Gopal,"Biosynthesis of silver and gold nanoparticles using Chenopodium 
album leaf extract."Colloid Surface A, 2010, 27-33. 

22. Nakkala JR, Mata R, Kumar Gupta A, Rani Sadras S. Biological activities of green silver 
nanoparticles synthesized with Acorous calamus rhizome extract. Eur J Med Chem 
2014;85:784–94. 

23. Nakkala JR, Mata R, Gupta AK, Sadras SR. Green synthesis and characterization of silver 
nanoparticles using Boerhaavia diffusa plant extract and their antibacterial activity. Indus 
Crop Prod 2014;52:562–6. 

24. Suna Q, Cai X, Li J, Zheng M, Chenb Z, Yu CP. Green synthesis of silver nanoparticles 
using tea leaf extract and evaluation of their stability and antibacterial activity. Colloid Surf 
A: Physicochem Eng Aspects 2014;444:226–31. 

25. Nabikhan A, Kandasamy K, Raj A, Alikunhi NM. Synthesis of antimicrobial silver 
nanoparticles by callus and leaf extracts from saltmarsh plant, Sesuvium portulacastrum L.. 
Colloids Surf B: Biointerfaces 2010;79:488–93. 

26. Mariselvam R, Ranjitsingh AJA, Usha Raja Nanthini A, Kalirajan K, Padmalatha C, Mosae 
Selvakumar P. Green synthesis of silver nanoparticles from the extract of the inflorescence of 
Cocos nucifera (Family: Arecaceae) for enhanced antibacterial activity. Spectrochim Acta 
Part A: Mol Biomol Spectrosc 2014;129:537–41. 

27. Sadeghi B, Gholamhoseinpoor F. A study on the stability and green synthesis of silver 
nanoparticles using Ziziphora tenuior (Zt) extract at room temperature. Spectrochim Acta 
Part A: Mol Biomol Spectrosc 2015;134:310–5. 

UNDER PEER REVIEW



28. Ulug B, HalukTurkdemir M, Cicek A, Mete A. Role of irradiation in the green synthesis of 
silver nanoparticles mediated by fig (Ficus carica) leaf extract. Spectrochim Part A: Mol 
Biomol Spectrosc 2015;135:153–61. 

29. Mariselvam R, Ranjitsingh AJA, Usha Raja Nanthini A, Kalirajan K, Padmalatha C, 
Selvakumar MP. Green synthesis of silver nanoparticles from the extract of the inflorescence 
of Cocos nucifera (Family: Arecaceae) for enhanced antibacterial activity. Spectrochim Part 
A: Mol Biomol Spectrosc 2014;129:537–41. 

30. Sadeghi B, Rostami A, Momeni SS. Facile green synthesis of silver nanoparticles using seed 
aqueous extract of Pistacia atlantica and its antibacterial activity. Spectrochim Part A: Mol 
Biomol Spectrosc 2015;134:326–32. 

31. Sarkar J, Ray S, Chattopadhyay D, Laskar A, Acharya K. Mycogenesis of gold nanoparticles 
using a phytopathogen Alternaria alternata. Bioprocess Biosyst Eng. 2012;35:637–643.  

32. Verma VC, Singh SK, Solanki R, Prakash S. Biofabrication of anisotropic gold nanotriangles 
using extract of endophytic Aspergillus clavatus as a dual functional reductant and 
stabilizer. Nanoscale Res Lett. 2011;6:16–22. doi: 10.1186/1556-276X-6-261 

33. Raliya R, Tarafdar JC. ZnO nanoparticle biosynthesis and its effect on phosphorous-
mobilizing enzyme secretion and gum contents in cluster bean (Cyamopsis 
tetragonoloba L.) Agirc Res. 2013;2:48–57.  

34. Raliya R. Rapid, low-cost, and ecofriendly approach her for iron nanoparticle synthesis 
using Aspergillus oryzae TFR9. J Nanopart. 2013; 141274:4. 

35. Vala AK. Exploration on green synthesis of gold nanoparticles by a marine-derived 
fungus Aspergillus sydowii. Environ Prog Sustain Energy. 2015;34:194–197.  

36. Li G, He D, Qian Y, Guan B, Gao S, Cui Y, Yokoyama K, Wang L. Fungus-mediated green 

synthesis of silver nanoparticles using Aspergillus terreus. Int J Mol Sci. 2012;13:466–476. 
36. Tarafdar JC, Raliya R, Rathore I. Microbial synthesis of phosphorous nanoparticle from 
tri-calcium phosphate using Aspergillus tubingensis TFR-5. J Bionanosci. 2012;6:84–89.  

37. Zhang X, He X, Wang K, Yang X. Different active biomolecules involved in biosynthesis of 
gold nanoparticles by three fungus species. J Biomed Nanotechnol. 2011;7:245–254.  

38. Ahmad T, Wani IA, Manzoor N, Ahmed J, Asiri AM. Biosynthesis, structural 
characterization and antimicrobial activity of gold and silver nanoparticles. Colloids Surf B: 
Biointerfaces. 2013;107:227–234 

39. Chauhan A, Zubair S, Tufail S, Sherwani A, Sajid M, Raman SC, Azam A, Owais M. 
Fungus-mediated biological synthesis of gold nanoparticles: potential in detection of liver 
cancer. Int J Nanomedicine. 2011; 6:2305–2319.  

40. Krumov N, Oder S, Perner Nochta I, Angelov A, Posten C. Accumulation of CdS 
nanoparticles by yeasts in a fed-batch bioprocess. J Biotechnol. 2007;132:481–486 

41. Sanghi R, Verma P. pH dependant fungal proteins in the “green” synthesis of gold 
nanoparticles. Adv Mater Lett. 2010;1:193–199.  

UNDER PEER REVIEW



42. Narayanan KB, Sakthivel N. Mycocrystallization of gold ions by the fungus Cylindrocladium 
floridanum. World J Microbiol Biotechnol. 2013;29:2207–2211.  

43. Govender Y, Riddin T, Gericke M, Whiteley CG. Bioreduction of platinum salts into 
nanoparticles: a mechanistic perspective. Biotechnol Lett. 2009;31:95–100.  

44. Shinde et al. Field emission and photocatalytic investigations on hierarchical nanostructures 
of copper doped CdS synthesized by ‘kitchen-chemistry’ approach. J Nanosci Nanotechnol, 
2012, 12:3788–3798. 

45. N. Qureshi et al, Appl Nanosci (2015) 5:331–341 

46. Fang J, Lyon DY, Wiesner MR, Dong J, Alvarez PJ (2007) Effect of a fullerene water 

suspension on bacterial phospholipids and membrane phase behavior. Environ Sci Technol 
41:2636–2642 

47. Chen WJ, Tsai PJ, Chen YC (2008) Functional Fe3O4/TiO2 core/shell magnetic 
nanoparticles as photokilling agents for pathogenic bacteria. Small 4:485–489 

48. Maenosono S, Suzuki T, Saita S (2007) Mutagenicity of water-soluble FePt nanoparticles in 
Ames test. J Toxicol Sci 32:575–579 

49. Morones JR, Elechiguerra JL, Camacho A, Holt K, Kouri JB, Ramı´rez JT, Yacaman MJ 
(2005) The bactericidal effect of silver nanoparticles. Nanotechnology 16:2346–2353 

50. Ruparelia JP, Chatterjee AK, Duttagupta SP, Mukherji S (2007) Strain specificity in 
antimicrobial activity of silver and copper nanoparticles. Acta Biomater 4:707–716 

51. Reddy KM, Feris K, Bell J, Wingett DG, Hanley C, Punnoose A (2007) Selective toxicity of 
zinc oxide nanoparticles to prokaryotic and eukaryotic systems. Appl Phys Lett 90:2139021–
2139023 

52. Tsuang YH, Sun JS, Huang YC, Lu CH, Chang WH, Wang CC (2008) Studies of photo 
killing of bacteria using titanium dioxide nanoparticles. Artif Organs 32:167–174 

53. Lyon DY, Fortner JD, Sayes CM, Colvin VL, Hughe JB (2005) Bacterial cell association and 
antimicrobial activity of a C60 water suspension. Environ Toxicol Chem 24:2757–2762 

54. Heinlaan M, Ivask A, Blinova I, Dubourguier HC, Kahru A (2008) Toxicity of nanosized and 

bulk ZnO, CuO and TiO2 to bacteria Vibrio fischeri and crustaceans Daphnia magna and 
Thamnocephalus platyurus. Chemosphere 71:1308–1316 

55. Stoimenov PK, Klinger RL, Marchin GL, Klabunde KJ (2002) Metal oxide nanoparticles as 
bactericidal agents. Langmuir 18:6679–6686 

56. Xie Y, He Y, Irwin PL, Jin T, Shi X (2011) Antibacterial activity and mechanism of action of 
zinc oxide nanoparticles against Campylobacter jejuni. Appl Environ Microbiol 77:2325–
2331 

57. De Windt W, Boon N, Van den Bulcke J, Rubberecht L, Prata F, Mast J, Hennebel T, 
Verstraete W (2006) Biological control of the size and reactivity of catalytic Pd(0) produced 
by Shewanellaoneidensis. Antonie Van Leeuwenhoek 90:377–389 

 

UNDER PEER REVIEW



 

UNDER PEER REVIEW




