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1           Introduction 

 Nanoparticles are materials with different shapes (spherical, triangular, rods etc.) 
and dimensions between 1 and 100 nm having specifi c properties which make them 
very interesting with respect to both fundamental and applicative research. The 
behaviour of matter at nanoscale is very different from what is familiar and com-
monly accepted at macroscopic level. Laws relating to physical, chemical, biologi-
cal, electrical, magnetic and other properties at the nano-scale are different from 
those that apply at macro scale (Bhat  2003 ) metals become harder and ceramics 
become softer, a whole variety of composites and alloys become possible, chemical 
resistance is increased, interactions with light/other radiations are different (e.g. the 
absorption of solar radiation in photovoltaic cells is much higher in materials com-
posed of nanoparticles than in thin fi lms of continuous sheets of material, the smaller 
the particles, the greater the solar absorption) (Bhat  2003 ; Nalwa  2004 , 2011). 
Furthermore, biologically produced nanoparticles have, sometimes, better applica-
tive properties as compared to not only the bulk material, but also with abiotically 
produced nanoparticles. For example, the same amount of Pd (0)  nanoparticle has a 
ninefold higher catalytic activity with respect to pollutant removal than commercial 
Pd (0)  powder (De Windt et al.  2005 ). Nanoparticles studies and applications belong 
to the Nanotechnology fi eld (Bhattacharya and Gupta  2005 ), defi ned as “the under-
standing and control of matter at dimensions between approximately 1 and 100 

 This paper is dedicated to the memory of my respected master Professor Gheorghe Zarnea 
(September 22, 1921–June 16, 2012), from the University of Bucharest and the Institute of Biology 
Bucharest (Romania). His distinction and intelligence impressed and guided his numerous stu-
dents, including me, to whom his enthusiasm was lastingly transmitted. 

        I.  I.   Ardelean      (*) 
  Department of Microbiology ,  Institute of Biology Bucharest, Romanian Academy , 
  Splaiul Independentei 296 ,  Bucharest   060031 ,  Romania   
 e-mail: ioan.ardelean57@yahoo.com  

5

mailto:ioan.ardelean57@yahoo.com


430

nanometers,” and technology that “involves imaging, measuring, modeling, and 
manipulating matter at this length scale.” (National Nanotechnology Initiative 
 2009 ). The commercial value of nanotechnological industry, including the produc-
tion of nanoparticles, is expected to increase signifi cantly from $91 billion in 2009 
to $1 trillion by 2015 and $3 trillion by 2020 (  http://www.nanotechproject.org    ). 

 The synthesis of Metallic NanoParticles (MNPs) can be performed, essentially, 
by physical, chemical and biological methods, each method having advantages and 
disadvantages (see below). The synthesis of MNPs mediated by living matter, so 
called biogenic synthesis of MNP, is a relatively new scientifi c topic, reporting the 
use of bacteria, cyanobacteria and actinomycetes, fungi, lichens, algae and plants 
extracts in this process (Gericke and Pinches  2006 ; Prathna et al.  2010 ; Rai and 
Duran  2011 ). These syntheses, usually occur under normal conditions of tempera-
ture and pressure, with no toxic chemicals involved in the process, with the excep-
tion of metallic ions to be reduced. Thus, this type of protocol is friendly to the 
environment, with high potential in developing a green technology. However, so far 
the processes involved in the biogenic synthesis are poorly understood. 

 MNPs have great potential for applications in the electronic, chemical, mechani-
cal and life sciences industries. In biology and medicine the main applications are 
in the following directions: fl uorescent biological labels; drug and gene delivery; 
biodetection of pathogens, detection of proteins, probing of DNA structure, tissue 
engineering, tumor destruction via heating (hyperthermia), separation and purifi ca-
tion of biological molecules and cells (Li et al.  2011 ; Salata  2004 ; Nalwa  2004 , 
2011; Brayner et al.  2013 ). In few years MNPs with improved catalytic activity have 
become important also for in situ destroying of organic pollutants (Karn et al.  2009 ; 
Hennebel et al.  2009 ,  2011 ; Mishra and Malik  2013 ). 

 Cyanobacteria are the most diversifi ed, ecologically most successful and evolu-
tionary most important group of prokaryotes, clearly defi ned by the ability to carry 
out oxygenic photosynthesis in the thylakoid membranes and respiration both in 
plasma membrane and thylakoid membrane, in some species the major respiratory 
activity occurring at plasma membrane whereas in other species the main site of 
aerobic respiration being thylakoid membrane (Peschek  1996 ).  Gleobacter viola-
ceus  is the only cyanobacterium found so far which lacks thylakoides, respiration 
and photosynthesis occurring at the level of cell membrane. Oxygenic photosynthe-
sis, the ability to use the light energy to synthesize glucides from carbon dioxide and 
water and to evolve oxygen from water molecules is essential for all the other forms 
of life on earth. Historically, cyanobacteria were the fi rst organisms to perform oxy-
genic photosynthesis and this metabolic ability of ancient cyanobacteria have con-
verted the early reducing atmosphere of earth (when no free molecular oxygen was 
available) into an oxidizing one. This process emerged approximately 3.5 billion 
years and had an essential effect on the evolution of life on our planet. There is a 
general agreement that the oxic atmosphere allowed the emergence and evolution of 
aerobic microorganisms, most probably by endosymbiotic association between dif-
ferent types of prokaryotic cells. The ancient cyanobacteria participated to this 
endosymbiosis thus all photosynthetic organisms on earth have some cyanobacteria 
as ancestors; together with cyanobacteria all these photosynthetic eukaryotes, 
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including higher plants, contribute today to the synthesis of organic matter and oxy-
gen production, the basis of all life forms here. Cyanobacteria being very versatile 
microorganisms can live, freely or attached or in symbiosis with different types of 
organisms, in very different environments with respect to temperature, pH, salinity, 
light intensity etc., some of them being able to use atmospheric nitrogen for the 
synthesis of organic compounds (Bryant  1994 ; Seckbach  2007 ; Gault and Marler 
 2009 ; Peschek et al.  2011 ; Govindjee and Shevela  2011 ; Whitton  2012 ; Srivastava 
et al.  2013 ). 

 The diversity of cyanobacteria, whose systematics and nomenclature is still a mat-
ter of debate (Oren  2011 ) and their involvement in essential processes occurring in 
nature (primary production, oxygen evolution, nitrogen fi xation etc.) allow them to be 
very important actors in biotechnology. Important reviews on biotechnological appli-
cations and potential of cyanobacteria have been published in the last years the most 
known topics being the photoproduction of molecular hydrogen or electricity, biomass 
(and related processes, including valuable products), removal of different pollutants 
(petroleum hydrocarbon, heavy metals, nitrogen and phosphorus etc.) CO 2  mitigation, 
biosensors (Becker  1994 ; Vonshak  1997 ; Borowitza and Boroworzka  1988 ; Ardelean 
and Zarnea  1998 ; Kuyucak and Volesky  1989 ; Richmond  2008 ; Gault and Marler 
 2009 ; Grewe and Pulz  2012 ; Aryal et al.  2013 ; chapter “  Algal Biotechnology    ” by 
Borowitzka, this volume). The presentation of these biotechnological applications is 
very well widespread in academic literatures, some of the very good contributions in 
the fi eld being freely accessible on internet/academic site/web pages.  

2     Cyanobacteria and Nanotechnology 

 Cyanobacteria are important for nanotechnology mainly for the following topics: (i) 
model cells to test biocompatibility/cytotoxicity of nanoparticles, (ii) bioenergetics 
and (iii) model cells for metallic nanoparticle synthesis. Their use as test organisms 
for measuring the biocompatibility/cytotoxicity of NP takes the advantage of the 
occurrence of major metabolic processes at different cellular sites- photosynthesis 
only at the thylakoid level and respiration both at cell membrane and thylakoid 
membrane level. It is thus possible to measure the interplay between aerobic respi-
ration or oxygenic photosynthesis and different types (chemical nature, size, shape 
etc.,) of nanoparticles. Some of the results in this fi eld concerns the toxicity of 
cerium oxide for  Anabaena  CPB4337 (Rodea-Palomares et al.  2011 ), titanium 
dioxide nanoparticles (nTiO2) against the nitrogen-fi xing cyanobacteria  Anabaena 
variabilis  (Cherchi et al.  2011 ), nanosized cadmium sulfi de (CdS) against the cya-
nobacterium  Anabaena fl os-aquae  (Brayner et al.  2011 ) or of CdSe quantum dots 
against  Synechocystis  PCC 6803 in light or in darkness (Ardelean et al.  2011 ; 
Sarchizian et al.  2011 ). The results show structural and functional disorders induced 
in cyanobacteria by the interactions with these nanoparticles which could be limit-
ing factor for the synthesis of MNP by cyanobacteria (see Biological signifi cance of 
MNPs synthesis). In the last years there are several reports on using cyanobacteria 
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as model systems to develop biomimetic nanodevices for energy conversion. 
Grimme et al. ( 2008 ) used abiotically synthesized platinum/gold nanoparticles 
which were coupled directly to isolated cyanobacterial photosystem 1 (PSI) parti-
cles; this new structure is able to evolve (for short time) molecular hydrogen. In 
another approach (Iwuchukwu et al.  2010 ) -directly related to the ability of cyano-
bacteria to produce MNP, the topic of this chapter- the reduction of platinum ion 
(“platinization reactions” according to their terminology) took place in a photobio-
reactor by incubation of cyt c 6 , PSI (from  Thermosynechococcus. elongatus  or 
 Synechocystis  PCC 6803) and platinum ions. The self-organized platinization of the 
photosystem I nanoparticles allows electron transport from sodium ascorbate to 
photosystem I via cytochrome-c 6  and fi nally to the platinum catalyst, where hydro-
gen gas is formed. Their system produces hydrogen at temperatures up to 55 °C and 
is temporally stable for >85 days with no decrease in hydrogen yield when tested 
intermittently. The maximum yield is 5.5 mmol H 2 /h/mg chlorophyll and is esti-
mated to be 25-fold greater than current biomass-to-fuel strategies (Iwuchukwu 
et al.  2010 ). In another very interesting approach, the thermophilic cyanobacterium 
 Thermosynechococcus elongatus  was genetically modifi ed in such a way that their 
photosystem II (PSII) particles can be immobilized in vitro on abiotically synthe-
sized GNPs by orienting the electron acceptor side to the gold surface. The PSII 
immobilized on GNP (four to fi ve PSII dimmers are bound to a single GNP) retained 
O 2  evolution activity comparable to that of free PSII. According to the authors, the 
PSII-GNP conjugate will be a useful nanodevice for the development of artifi cial 
systems for light-driven water splitting into O 2  and H 2  (Noji et al.  2011 ).  

3     Cyanobacteria and Metals 

 The interaction between metals and (cyano)bacteria is very complex in nature, 
MNPs synthesis by microorganisms, including cyanobacteria, being only one face 
of these interactions. Other interactions between microorganisms and metals 
involves biomining – the use of (micro)organisms to extract metals from ores- and 
bioremediation- the use of (micro)organisms to remove metals from wastes. All 
these processes are part of the biogeochemical cycles of metals which involve com-
plex biochemical reaction interacting with pure chemical reactions; these reactions 
induce changes in the physical and chemical properties of the resulting products 
(Gadd  2010 ; Mishra and Malik  2013 ). The recovery of gold, and other metals, from 
solutions has been actively studied for industrial purposes to process billions of tons 
of metal waste every year; however, as the conventional methods for removing met-
als from ore processing solutions are extremely expensive, alternative methods for 
metal recovery using living or dead microorganisms have been actively investigated 
(Lengke et al.  2006a ). 

 For our topic it is important to know that the scientists fi rstly used microorgan-
ism for bioremediation and metal recovery and afterwards the interest for biological 
synthesis of MNP occurs (Lengke et al.  2006a ; Gadd  2010 ; Mishra and Malik 
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 2013 ). As pointed out by Lengke et al.  2006a , in the case of cyanobacteria, several 
laboratory experiments have been conducted to understand the interaction of Au 
ions with cyanobacteria; it was shown that cyanobacteria were able to accumulate 
Au from AuCl −4  by a biosorption mechanism, but the morphology of Au particles 
resulting from this mechanism has not been investigated (Lengke et al.  2006a ). 

 There are several books and reviews concerning the synthesis of MNPs by 
microorganisms some of them containing excellent results obtained also with cya-
nobacteria (Mandal et al.  2006 ; Gericke and Pinches  2006 ; Rai and Duran  2011 ; 
Prathna et al.  2010 ; Narayanan and Sakthivel  2010 ; Li et al.  2011 ; Lengke et al. 
 2011 ; Ghorbani et al.  2011 ; Tikariha et al.  2012 ; Liesje et al.  2012 ) but, up to my 
best knowledge, this is the fi rst review devoted exclusively to the synthesis of MNPs 
by cyanobacteria. 

 The present chapter is focused on the use of cyanobacteria for the synthesis of 
MNPs which is an upcoming topic and has got lot of attention during last few years 
because of its basic and applied potential.  

4     MNP Synthesis by Cyanobacteria 

 The fi rst experiments on MNPs synthesis by cyanobacteria were done on  Plectonema 
boryanum  (Lengke et al.  2006a ,  b ,  c ). One paper reports two types of experiments 
to examine the role of cyanobacterium  Plectonema boryanum  UTEX 485 on the 
accumulation of Au from aqueous solutions of AuCl −  4  (Lengke et al.  2006b ). In 
type 1, Au solutions (up to 5 mM) were added to the cultures and incubated at dif-
ferent temperature and times (25 °C, 60 °C and 100 °C for up to 1 month, and 200 
°C for 1 day). In type 2, Au solutions (up to 5 mM) were added to dead, autoclaved 
cultures incubated at 25 °C; control experiments were conducted using AuCl −  4  solu-
tions (2 mM) and no cyanobacteria present (Lengke et al.  2006b ). In the type 1 
experiments, after addition of AuCl −4  all cyanobacteria were killed within several 
minutes, with concomitant change in color of the culture vessel from (blue) green to 
purple. Signifi cant increase in precipitation of Au occurred with increase in tem-
perature from 25 to 60–200 °C. In the type 2 experiments, after addition of AuCl −  4  
to the dead, autoclaved cyanobacteria the rate of Au precipitation was faster by 
approximately three times than that in the type 1 experiments at similar temperature 
indicating that Au precipitation and formation of octahedral platelets were directly 
related to degradation of cyanobacteria, clearly showing that increased rates of GNP 
formation can be obtained in the absence of any metabolic activity (Lengke et al. 
 2006a ). The microscopic images from the type 1 experiments show that at 25 °C, 
the addition of AuCl −  4  to the cyanobacteria killed the cells instantly, but the fi la-
ments remained intact. Gold particles of irregular to octahedral habit were precipi-
tated on the bacteria cells. Gold particles were also dispersed throughout the interior 
of the cells. At 60 °C, the cell structure was distorted and cells became rounded, and 
the fi laments were separated into their constituent cells. At 100 °C, the fi laments 
were distorted and encrusted by Au particles and at 200 °C, the cyanobacteria cells 
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exhibited rounded form, and Au particles were deposited on the individual cells 
(Lengke et al.  2006b ). One can see that, with increasing temperatures, the morpho-
logical changes of cyanobacterial fi laments become more pronounced; furthermore, 
in the range of unphysiological temperatures for this strain (above 60 °C), where 
temperature only can cause cells death, morphology of cells and fi laments is far 
from normality. The authors also showed that the size of Au particles increased with 
increase in temperature from an approximate diameter of 1.5 μm at 25 °C to 10 μm 
at 100 °C with a nanometer scale thickness. In the abiotic, chemical control experi-
ments, in the absence of cyanobacteria, the precipitation of Au was observed only at 
100–200 °C the pure chemical reaction being promoted by heat. When it comes to 
the mechanism(s) of gold precipitation both outside and inside the cell, the authors 
(Lengke et al.  2006b ) suggest that Au entered the cells as AuCl −  4  ,  and then gold ion 
(Au 3+ ) was reduced to Au° in an unknown manner not directly linked to bacteria 
metabolism as the cyanobacteria were probably killed by either the gold (III)-
chloride or the acidic pH. The results demonstrates two important things: (i) interac-
tion of cyanobacteria with the chemical environment is an important factor 
controlling the morphology of Au particles and (ii) the reduction of Au(111) is 
actually two-step, involving an intermediate Au(I)-S phase, with the sulfur being of 
organic origin (Lengke et al.  2006b ). 

 Another study of this scientifi c group (Lengke et al.  2006c ) was focused on 
extensive use of laboratory-based cyanobacterial experiments to go deeper in under-
standing the processes involved in the mechanisms of MNPs formation. The authors 
clearly stated that the elucidation of the functional groups derived from the cyano-
bacteria for gold binding is required to understand chemical mechanisms of gold 
accumulation by cyanobacteria. For the fi rst time, the authors pay a special attention 
to the effect of interaction between cyanobacteria and the aqueous solutions of gold 
(III)-chloride on cell viability. Their results showed that at 0.8 mM initial gold chlo-
ride concentration the color of the cyanobacteria remained green, but dark purple 
color was observed in the solution after several hours of reaction. The purple color 
in the solution is characteristic of formation of colloidal gold. At 1.7 and 7.6 mM 
initial gold(III)-chloride concentrations change was observed in the color of the 
cyanobacteria and solutions, from green to reddish brown and yellow to colorless, 
respectively. Interestingly, the cyanobacteria were killed several minutes after the 
addition of gold (III)-chloride which argue for a sacrifi cial gold NP synthesis mech-
anism (Lengke et al.  2006c ). In a larger perspective, the authors discussed their 
results with respect to geochemical implications for the formation of secondary 
gold deposits stressing on the fact that the gold concentrations in natural environ-
ments are 2–3 orders of magnitude lower than those used in their study, expecting 
that the reduction of gold (III)-chloride to metallic gold by cyanobacteria is presum-
ably a slow process in nature. The authors put forward a very interesting hypothesis 
that at low gold concentrations (at ppb level), gold toxicity would not kill all viable 
bacterial cells, the remaining cells would be able to grow and probably adapt to the 
presence of gold. To the best of my best knowledge, there are no reports on quantita-
tive relationship between cell viability (either single cells or fi lamentous cyanobac-
teria) and gold NP synthesis over a large range of gold chloride concentration. 
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When it comes to the mechanisms involved in gold NP synthesis, the authors stress 
on the fact that the formation of an intermediate species, gold (I)-sulfi de, shows the 
importance of organic reduced sulfur species (e.g., cysteine, methionine) in gold 
binding mechanisms by cyanobacteria. Passive gold accumulation via organic sul-
fur present in the cyanobacterial outer membrane or periplasm may explain the 
mechanisms of gold bioaccumulation by cyanobacteria as well as by other living 
(micro) organisms such as algae, fungi and plants (Lengke et al.  2006b ,  c ,  2007c ). 
As Gram-negative bacterium,  Plectonema boryanum  is able to release vesicles, and 
this is the case when this cyanobacterium interact with gold ions at high concentra-
tion, the interactions being followed by the precipitation of elemental gold (Lengke 
et al.  2011 ). 

 The formation of palladium nanoparticles was investigated by reacting palla-
dium (II) chloride with the fi lamentous cyanobacterium  Plectonema boryanum , 
strain UTEX 485 (Lengke et al.  2007b ). The growth of cyanobacteria and experi-
mental design were as in (Lengke et al.  2006a ), with the signifi cant exception that 
palladium ion PdCl 2  was used instead of gold ion. After PdCl 2  addition all cyano-
bacteria were killed within several hours at all temperatures investigated (25–100 
°C), probably due to the low pH (1.9) and high temperatures (Lengke et al.  2007b ). 
The interaction of cyanobacteria with PdCl 2  solutions at 25, 60, and 100 °C resulted 
in distinctive morphologies for palladium metal nanoparticles which were precipi-
tated outside the cell (equal or smaller than 30 nm). The authors showed that the 
reaction of aqueous PdCl 2  with cyanobacteria caused the precipitation of dispersed 
palladium metal (equal or smaller than 30 nm) on the bacterial cells, claiming that 
the release of organic materials from cyanobacteria during their death plays a role 
in this process. 

 The same cyanobacterium produce spherical silver nanoparticles and octahedral 
silver platelets by a mechanism which could involve metabolic processes from the 
utilization of nitrate at 25 °C and also organics released from the dead cyanobacteria 
at 25–100 °C (Lengke et al.  2007a ). The papers from this group are pioneering work 
on MNP synthesis by cyanobacteria, having very important contributions to the cor-
relation between the shape and structure of MNP and physical and chemical param-
eters during their synthesis. 

 Another important group in this fi eld demonstrated that three fi lamentous cyano-
bacterial strains  Anabaena, Calothrix  and  Leptolyngbya  have the capability to 
reduce Au, Ag, Pd and Pt ions to elemental metal organized as nanoparticles 
(Brayner et al.  2007 ). They have reported about the attempts to use cyanobacteria as 
recyclable bioreactors, showing that the cells recover their full activity (measured as 
chlorophyll fl uorescence and gold nanoparticle production) after a fi rst metal salt 
addition and reduction (Brayner et al.  2007 ). These cyanobacteria were cultivated 
(6–30 days) before the addition of metal as salts at different ions concentration (10 −3  
10 −4  10 −6  M) in media without added nitrogen, in order to promote nitrogen fi xation 
activity. These strains have different sensibilities against initial ions concentrations; 
for example, in  Calothrix  grown in culture medium at 10 −6  M gold the fi laments 
appear in bright fi eld having their normal blue-green color, thus enabling the authors 
to claim that the cyanobacteria are alive. At higher Au concentrations (10 −3  M), the 
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heterocysts color changed from yellow-green to purple-blue and vegetative cells 
were bleached, this concentration being very close to the lethal dose (Brayner et al. 
 2007 ). Contrary to fi laments belonging to the genus  Calothrix , fi laments belonging 
to the genus  Anabaena  remain unbleached, both vegetative cells and heterocysts, 
indicating that, in this strain, the lethal dose was not reached at 10 −3  M. The authors 
put forward the hypothesis that nitrogenase is involved in nanoparticle production, 
taking into account that most part of these nanoparticles was formed inside the het-
erocysts where nitrogenase is present. Interesting results were obtained with silver, 
palladium and platinum salts (Brayner et al.  2007 ). The authors also reported 
in vitro enzymatic, nitrogenase mediated, reduction of metallic salts to Au, Ag, Pd, 
and Pt metallic nanoparticles; the reduction was observed after addition of 10 −3  M 
metallic salts under vigorous stirring at 25 °C during 20 min in the presence of 
nitrogenase and isolated exopolysaccharides from  Calothrix  (Brayner et al.  2007 ). 
However, there are no details about the way nitrogenase activity was sustained in 
their in vitro experimental conditions with respect to ATP need. This is the fi rst 
report concerning screening of cyanobacteria for nanoparticles synthesis over a 
large metal ion initial concentrations, paying special attention to the structural and 
functional integrity of cyanobacteria during MNPs synthesis. 

 Another report (Govindraju et al.  2008 ) argue the use of the highly structured 
physical cells of  Spirulina platensis  for the biosynthesis at room temperature of 
pure metallic silver, gold as well as Au core/Ag shell nanoparticles. The reduction 
of aqueous gold and silver ions, in pure solutions or in mixtures, to the correspond-
ing nanoparticles occurs at room temperature and is aided by the polypeptide/pro-
teins of this cyanobacterium; furthermore it is believed that protein might have 
played an important role in the stabilization of Ag, Au and Au/Ag bimetallic 
nanoparticles (Govindraju et al.  2008 ). This is the fi rst report concerning bimetal 
nanoparticule synthesis by cyanobacteria. 

 The use of cyanobacteria  Lyngbya majuscula ,  Spirulina subsalsa  both for bio- 
recovery of gold (Au) out of aqueous solution and nanoparticles synthesis is reported 
(Chakraborty et al.  2009 ). Interestingly, Au (III) spiked with  198 Au was used for the 
experiment. Gold accumulation by cyanobacterial biomass was 1.93 mg g −1  for  L. 
majuscula  and 1.73 mg g −1  for  S. subsalsa . It was shown that  L. majuscula  biomass 
exposed in HAuCl 4  solution produce <20-nm-sized gold particles located both 
inside as well as on the surface of the cell. As mechanism, the authors put forward 
that the fi rst step involves the trapping of the metal ions on the surface of the cells 
possibly via electrostatic interaction between the ions and the negatively charged 
carboxylate groups present in the cell surface; this fi rst step occurs quickly and is 
independent of metabolism. Thereafter, the ions are reduced by the enzymes leading 
to the formation of nuclei, which subsequently grow through the further reduction 
of metal ions and accumulation of these nuclei. Most probably the reduction of gold 
particles occurs due to the presence of cellular reductases (Chakraborty et al.  2009 ). 
Following the suggestion concerning that the mechanism of bioaccumulation of 
gold by sulfate reducing bacteria cultured in the presence of gold (I)-thiosulfate 
complex (Lengke and Southam  2006 ), these authors (Chakraborty et al.  2009 ) put 
forward that in cyanobacteria, (as in sulphate reducing bacteria) localized reducing 
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conditions may be produced by bacterial electron transport chain via energy 
 generating reactions within the cells (for more details Chakraborty et al.  2009 ). This 
is the fi rst report concerning the use of mixtures of isotopes for nanoparticule syn-
thesis by cyanobacteria. 

 The extracellular synthesis of copper oxide nanoparticles by  Phormidium cyano-
bacterium  seems to occur by extracellular hydrolysis of the cationic copper by cer-
tain metal chelating anionic proteins/reductases secreted by this cyanobacterium 
under normal growth conditions (aerobic environment, neutral pH and room tem-
perature); the proteins also play a signifi cant role in stabilization of formed nanopar-
ticles at room temperature (Rahman et al.  2009 ). 

 Focsan and co workers ( 2011 ) aimed to elucidate the interplay between biomin-
eralization and metabolic activities in the case of the cyanobacterium  Synechocystis  
sp. PCC 6803 exposed to gold ions. The authors demonstrated the ability of the 
cyanobacteria to reduce gold ions, the yield of GNPs synthesis being strongly 
dependent on the intensity of aerobic respiration and oxygenic photosynthesis. The 
biosynthesized GNPs (13 ± 2 nm) are localized at the cell wall, plasma membrane 
and inside the cytoplasm, inclusive at the level thylakoid membranes (Focsan et al. 
 2011 ). Interestingly, the authors, alternative to the direct demonstration by TEM of 
GNP accumulation at the level of thylakoid membranes, surveyed the accumulation 
of GNPs in cells in real time by making use of a fl uorescent signal from  chl a  mol-
ecules at room temperature (Focsan et al.  2011 ). Indeed, they observed a gradual 
quenching of fl uorescence at 681 nm as a function of GNP production inside cells 
when cyanobacteria are incubated with gold ions, relative to a reference sample of 
living cyanobacteria which served as control (cyanobacteria with no gold ions). 
This quenching of fl uorescence can be the result of energy transfer from the excited 
fl uorophore to vicinal GNPs in the cyanobacterial membrane (Focsan et al.  2011 ). 
If this quenching of chlorophyll  a  fl uorescence is the mechanism by which the rate 
of oxygenic photosynthesis (measured as the production of molecular oxygen) 
decreases during the synthesis of gold nanoparticles is still an open question. To 
study the interplay between GNP biosynthesis and metabolic activity, the culture of 
cyanobacteria was divided into four sub-cultures, one for control and the other three 
were exposed to similar concentrations of gold ion solution and incubated for 50 h 
in three different external conditions, respectively: (i) in light at 20 °C, (ii) in dark 
at 20 °C and (iii) in dark at 4 °C. The results show an inhibition, after 16 h of incuba-
tion in the presence of gold ions, of aerobic respiratory (oxygen consumption in 
darkness) and oxygenic photosynthesis (oxygen production in light); the inhibition 
is stronger in cultures where the synthesis of MNP is higher (in light at 20 °C) and 
lower in cultures where the synthesis of MNP is slower (in dark at 4 °C). Interestingly, 
after the fi rst 4 h of incubation there are no differences in the intensity of either aero-
bic respiration or oxygenic photosynthesis in all sub-cultures, indicating that MNPs 
synthesis occurred without any inhibition of respiration or photosynthesis. These 
results argue the involvement of aerobic respiration and oxygen photosynthesis in 
MNP synthesis by  Synechocystis  sp. PCC 6803, and the sacrifi cial nature of this 
synthesis. When it comes to the electronic mechanisms involved in GNP biosynthe-
sis the authors (Focsan et al.  2011 ) claim that in their experiments the electron 
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needed for the reduction of gold ions could come from an intracellular electron 
donor during both photosynthesis and respiration, pointing out the major role of 
thylakoids in the synthesis of GNPs determined mainly by the photosynthetic elec-
tron transport and, to a lesser extent, by the respiratory electron transport occurring 
both at the cell membrane and at the thylakoid membrane. A signifi cant factor in the 
synthesis of GNPs by cyanobacteria could be the NADPH 2  (nicotinamide adenine 
dinucleotide phosphate) or NADH-dependent reductases. The reduced cofactor 
would be oxidized during the reduction of gold ions and recycled via energy gener-
ating reactions within the photosynthetic electron transport, respiratory electron 
transport and redox reaction of the so-called intermediary metabolism, occurring in 
the cytoplasm (Focsan et al.  2011 ). The authors do not exclude that, additionally, the 
reduction of gold ions can also occur due to exported electrons from the molecular 
ambient by a membrane transporter system or/and by the presence of carboxyl 
groups and polysaccharides at the cyanobacterial cell membranes, and due to cyste-
ine- or methionine- containing compounds. This is the fi rst paper on cyanobacteria 
where surface-enhanced Raman scattering, SERS, use biogenic MNP as reporter 
structures to analysis their own cellular localization, and where the evolution of 
respiratory oxygen consumption and photosynthetic oxygen production are quanti-
fi ed during (gold) nanoparticule synthesis, thus arguing the involvement of these 
catabolic and anabolic processes in MNP synthesis by cyanobacteria, in physiologi-
cal conditions. 

 Gold chloride reduction by healthy, exponentially growing fi laments of the cya-
nobacterium  N. ellipsosporum  produce gold nanorod (137–209 nm in length and 
33–69 nm in diameter) (Parial et al.  2011 ). The same group (Parial et al.  2012 ) 
further shows that three species of cyanobacteria  Phormidium valderianum ,  P. tenue  
and  Microcoleus chthonoplastes  when exposed to hydrogen tetrachloroaurate solu-
tion produced gold nanoparticles inside the cell. Interestingly, the shape of NP is 
dependent on the incubation pH.  Phormidium valderianum  at pH 9 synthesized 
mostly spherical nanoparticles (around 13.78 nm) whereas at pH 7 mostly spherical 
particles (around 7.92 nm) were produced, and at pH 5 gold nanorods (411 nm × 32 
nm) together with gold nanospheres 15 nm in diameter (more details on other shapes 
Parial et al.  2012 ). Moreover, in all the experimental genera cells were poisoned and 
died after converting Au (III)- to elemental gold; the reduction of gold is associated 
with cellular metabolism and presumably involves reducing enzymes or synthesis 
of other metabolites, the results arguing for a suicidal MNP synthesis (Parial et al. 
 2012 ). 

  S. platensis  IPPAS B-256 is able to reduce gold ion from Au(III) to Au(0) by 
proteins and enzymes on the cell surface, and aggregation of the gold nanoparticles 
in the solution (Kalabegishvili et al.  2012 ). Interestingly, the size of GNP is depen-
dent on the extracellular initial gold concentration; at 5 × 10 −3  M most of the parti-
cles are spherical and their sizes are in the range of 15–40 nm, the majority being in 
the range of 20–30 nm, with different shapes, whereas at concentration of 10 −2  M 
the size of formed particles is broader, from nanoscale range to the micrometer 
range (Kalabegishvili et al.  2012 ). 
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 In the cyanobacterium  Anabaena fl os-aquae  the processes of gold ion incorpora-
tion, its intracellular reduction, and Au 0  nanoparticle synthesis has been studied, as 
compared with similar processes occurring in eukaryotic photosynthetic microor-
ganisms (Dahoumane et al.  2012 ). In  Anabaena fl os-aquae  the synthesized GNP 
(20 °C, 16 h light/8 h dark) have a disperse location within the bacterial cell, and the 
dimension depends on the initial concentration of gold ion: at 10 −3  M gold ions the 
mean diameter is 10.0 ± 4.7 and at 10 −4  M gold ions the mean diameter is 8.1 ± 2.1. 
It is important to point out that in the absence of cells, no gold reduction was 
observed, even when extracted exopolysaccharides (EPS) were present (Dahoumane 
et al.  2012 ). One main concern of the authors is the impact of gold reduction on the 
physiological state of the cells. Before addition of gold salts, the photosynthetic 
activity of all the microorganisms remains stable during more than 2 months. The 
addition of gold ion and the interaction of cyanobacterial cells with gold ion at low 
(10 −4  M) or high (10 −3  M) concentrations causes the inhibition of photosynthesis as 
measured by monitoring chlorophyll a fl uorescence in vivo. The authors claim that, 
in  Anabaena fl os-aquae , all the observed phenomena related to gold colloids occur 
when cells are damaged, assuming that the diffusion of gold ions and formed 
nanoparticles is easier and faster, due to the loss of membrane integrity. The experi-
mental results show that the internal and external particle size is different, with 
larger particles outside the cells, probably involving extracellular and intracellular 
reduction combined with easy in/out transport through damaged membranes 
(Dahoumane et al.  2012 ). Based on their original results, the authors (Dahoumane 
et al.  2012 ), in connection with other papers, conclude that the Au(III) species are 
fi rst in contact with EPS network, where the reduction take place. However, the 
authors agree that the reduction can also occur directly on the cell surface, as dem-
onstrated by Lengke and Southam  2006 , where an intermediate Au(I) species would 
be involved, which can be stabilized by some cellular products. These two mecha-
nisms are in good agreement with the data showing gold particle formation even 
with dead cells (Dahoumane et al.  2012 ). For the particles observed within the cells, 
the authors (Dahoumane et al.  2012 ) suggest that, in the case of dead cells, these 
particles correspond to pre-formed Au(0) particles penetrating damaged mem-
branes. However, for living cells, the specifi c localization of these particles in the 
thylakoids strongly suggests that the gold precursor, being either in the form of 
Au(III) or stabilized Au(I) reach these specifi c compartments. For the reduction 
occurring at the level of thylakoides, the authors claim that NAD(P)H can be 
involved in GNP formation, hydrogenase or nitrate reductase being, in their opin-
ion, the enzyme fueling this co-factor (Dahoumane et al.  2012 ). They claim that it 
would be of high interest to perform in vitro experiments with isolated chloroplasts 
or artifi cial membranes, involving hydrogenase enzymes or mimicking systems, the 
immobilization of the biocatalyst within solid supports representing an important 
step towards the design of “living” bionanoreactor (Dahoumane et al.  2012 ). This is 
also the fi rst paper which comparatively discusses about varied effects of different 
gold ion concentration on photosynthesis in prokaryote and eukaryote microorgan-
isms during GNP formation. 
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 In another report,  Spirulina platensis  strain PCC 9108 has been shown to convert 
silver ions to SNP when concentrated biomass from an exponential growth phase is 
put in contact with 1 mM aqueous AgNO3 solution for 24 h at 25 °C (Mahdieha 
et al.  2012 ). The authors claim that, the most probably, the formation of SNPs 
occurs due to the presence of cellular reductases released by  Spirulina platensis  into 
the solution. SNPs are in range of 5–35 nm, the majority of them being within three 
peaks, with a mean value of the size of 11.6 nm. There are no details concerning the 
structure and functions of cyanobacteria during and after SNP synthesis. 

 An interesting proposal concerns the in vitro synthesis of CdS nanoparticles by 
the use of phycoerythrin extracted from the marine cyanobacterium  Phormidium 
tenue  NTDM05 (MubarakAli et al.  2012 ). This protein was used for the biosynthe-
sis of CdS nanoparticles by simply mixing the phycoerythrin extract with aqueous 
CdCl 2  and Na 2 S in the concentration 0.25 mM and 1 mM, respectively. The reaction 
mixture was closely monitored for color change over a period of 5 days. The fi rst 
step in this reaction sequence of nanoparticles synthesis was the formation of C-PE–
Cd  2+  complex, then this complex reacted with Na 2 S to produce CdS nanoparticles, 
when the color reaction mixture changed to orange. The TEM results confi rmed the 
spherical shape of nanoparticles at the size of about 5 nm. Essentially, it was found 
that the pigment is involved in the synthesis but also in the stabilization of CdS 
nanoparticles (MubarakAli et al.  2012 ). According to the authors the simplicity of 
the procedure presented in this study can be useful in commercial scale production 
of stable CdS nanoparticles. 

 The screening of cyanobacteria isolated from muthupet mangrove (A phanothece 
sp, Oscillatoria sp, Microcoleus sp, Aphanocapsa sp, Phormidium sp, Lyngbya sp, 
Gleocapsa sp, Synechococcus sp, Spirulina sp ) showed that only  Microcoleus sp  
has the ability to reduce silver ions to silver nanoparticles (Sudha et al.  2013 ). Silver 
nanoparticles were spherical shaped, with an average size of about 40–80 nm and 
well distributed without aggregation in solution. These nanoparticles were further 
characterized with respect to physical properties and antibacterial activity against 
test pathogenic bacteria ( Proteus vulgaris, Salmonella typhi, Vibrio cholera, 
Streptococcus sp., Bacillus subtilis, Staphylococcus aureus , and  Escherichia coli ) 
as compared with classical antibiotics (cephotaxime, ampicillin, tetracycline, ceph-
alexin etc.). The results showed that the synthesized silver nanoparticles are effec-
tive antimicrobial agent and proved as an alternative for the development of new 
antimicrobial agents to combat the problem of resistance to classical antibiotics 
(Sudha et al.  2013 ). These results argue the need to select cyanobacterial strains able 
to reduce metallic ions and to understand the mechanism(s) involved in this ability 
which could help scientists in understanding more deeply the interplay between 
metallic ions and cyanobacteria. 

 MubarakAli et al. ( 2013 ) reported the synthesis of gold nanoparticles using pho-
tosynthetic microorganisms such as  Phormidium  sp. The reaction mixture contain-
ing cyanobacterium and chloroauric acid (HAuCl 4 ) was incubated for an hour in 
dark room condition and it was found that nanotriangles (25 nm) were synthesized 
by a mechanism involving cellular proteins present in  Phormidium  (MubarakAli 
et al.  2013 ). 
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 Rosken et al. ( 2014 ) show the ability of the cyanobacterium  Anabaena  sp. (SAG 
12.82) to reduce Au  3+  (at a starting concentration of 0.8 mM HAuCl4•H2O) to Au 0  
with the subsequent formation of crystalline Au 0 -nanoparticles. Formation of 
nanoparticles, recorded by X-ray powder diffraction and transmission electron 
microscopy over a range of several days, starts within the fi rst minutes at the hetero-
cyst polysaccharide layer. After 4 h, the dominating amount of nanoparticles is 
found in the vegetative cells. The bioproduced nanoparticles are found in both cell 
types, mainly located along the thylakoid membranes of the vegetative cells, and 
have a fi nal average size of 9 nm within the examined timescale of a few days. 
Interestingly, the authors fi nd that the heterocysts are not the favorite place for 
nanoparticle formation by their strain of  Anabaena  sp (SAG 12.82) the most favor-
able regions, where nanoparticles are recorded, being the thylakoid membranes, 
inside the vegetative cells (Rosken et al.  2014 ). The authors stress that another 
advantage of their experimental system for the production of gold nanoparticles is 
the absence of anatoxin  a  production by this strain.  

5     Biological Signifi cance of MNP Synthesis 
by Cyanobacteria 

 Taking into account the above presented results and different proposed mechanisms 
of NP synthesis, it seems that the reduction of metal ions to elemental metal orga-
nized as nanoparticles when catalyzed/performed by living cyanobacteria is fol-
lowed by death of cyanobacteria, arguing that MNP bioproduction is detrimental to 
the cells. However, no experiments are made to check if-at population level- death 
of some cells during MNP synthesis is related to the chance of other cells to survive 
because the decrease in metal ion concentration. As suggested by Lengke et al. 
( 2006c ) the cyanobacteria reaching low concentration of gold ions could remain 
active thus having a role in ore formation. Recently, Johnston et al. ( 2013 ) has 
shown that  Delftia acidovorans , a gold resident non-photosynthetic bacterium, pro-
duces a secondary metabolite, a non ribosomal synthesized peptide, that protects 
this bacterium from soluble gold through the generation of solid gold forms. This 
fi nding is the fi rst demonstration that a secreted metabolite can protect against toxic 
gold and cause gold biomineralization (Johnston et al.  2013 ). Theoretically this 
mechanism could act in other bacteria as well, including cyanobacteria. More 
experiments are needed in order to better understand the biological signifi cation of 
MNP synthesis by living cyanobacteria, using not only ion over a large range of 
concentration, but also different ratio between bacterial biomass and amount of 
ions, more diverse methods to measure the intensity of cyanobacterial metabolism 
and their structural and functional integrity, as well as genetically modifi ed 
cyanobacteria.  
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6     Advantages and Disadvantages of MNP Production Using 
Cyanobacteria 

 The large application of nanoparticles is dependent on the ability to synthesize par-
ticles with different chemical composition, shape, size, and monodispersity 
(Ghorbani et al.  2011 ). Chemical methods are high energy- consuming and 
unfriendly to the environment as they use (toxic) chemical reducing agents; how-
ever, the rate of synthesis is rather high (Ghorbani et al.  2011 ). In contrast, biologi-
cal synthesis use reactions which are carried out in normal conditions thus the 
energy cost are lower; this topic emerges as an eco-friendly and exciting approach 
which is still in its infancy (Ghorbani et al.  2011 ). Furthermore, the growth of cells, 
the biological catalysts, is not very expensive, and the cells are self regenerable. It 
was shown that, by controlling the temperature and the pH of the bioreactors, the 
size and the shape of the synthesized MNP can be changed (Rai and Duran  2011 ). 

 Besides the evident (potential) advantages of bioproduced nanoparticles, there 
are some challenges that need to be addressed such as: long production times as 
compared to chemical production (Hennebel et al.  2009 ; Ghorbani et al.  2011 ) opti-
mization for accurate control of the particle size, proper extraction protocols and the 
search for strains harboring bioprecipitation potential for other unexplored metals 
(Hennebel et al.  2009 ). Furthermore the shape, size, and functionalization of the 
nanoparticles is defi ned by the biological system used to produce the nanoparticles, 
hence for every application a specifi c biological production process needs to be 
chosen (Sintubin et al.  2012 ). On the other hand, biogenic nanoparticles need to 
compete with chemically produced nanoparticles on the market. Hence, the true 
challenge for biogenic nanoparticles is fi nding the balance between scalability, 
price, and applicability (Sintubin et al.  2012 ). More fundamental research is essen-
tial to obtain MNP produced by cyanobacteria which can be really commercialized 
on a free market for applications.  

7     Further Prospects 

 Here are some ideas for developing the ability of cyanobacteria to synthesize metal-
lic nanoparticles:

    1.    Isolation of new cyanobacterial populations, including those living in so called 
extreme environments (high metal concentrations, elevated temperatures, high 
salinities and/or pH etc.,) and enrichment of these microorganisms in culture 
media supplemented with different metal ions (Au, Ag, Pt, Pd, etc.,) over a 
large ion concentrations.   

   2.    Selection from enriched populations of strains with abilities to produce MNP 
and isolation in pure culture of representatives of the two ways, sacrifi cial and 
non –sacrifi cial, of MNP synthesis.   
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   3.    Optimization of the overall process occurring at laboratory level with respect 
to: (i) cyanobacterial strain selection and growing conditions before the addi-
tion of metal salts; (ii) the nature of metal ion and its initial concentration in the 
process, and (iii) incubation conditions (pH, temperature, light-dark regime 
etc.,) during MNP synthesis (in vegetative cells or in heterocysts) at different 
cellular sites (Table  1 ), implying different metabolic processes, single enzy-
matic reaction or pure chemical reaction, having also in mind the need to 
recover the MNP from the reaction mixtures.

       4.    Advanced physical and chemical characterization of the MNP produced in each 
optimized process, in order to understand the interplay between the structure 
and properties of MNP and biotic and abiotic conditions during their 
synthesis.   

   5.    Finding of at least one specifi c utilization for (some of the) produced MNP in 
order to develop a supply chain production, for scaling up the process and 
checking its economic viability.   

   6.    A deeper understanding of the processes involved in MNP synthesis by cyano-
bacteria – via either sacrifi cial or non sacrifi cial way- would help the scientists 
to genetically modify the selected cyanobacteria in order to: (i) change the 
structure of their cellular components (intraparietal and extraparietal structures 
etc.,) involved in biomineralisation, and (ii) facilitate the ions reduction at very 
specifi c sites, by specifi c enzymes involved in respiration, photosynthesis, 
hydrogen uptake, intermediary metabolism etc. (see Table  1  and Fig.  1 ).

       7.    The data reported by Focsan et al. ( 2011 ) concerning the use of biologically 
synthesized MNP as (nano)structures reporter inside the (living) cells, taking 
the advantages in studying living matter using surface-enhanced Raman scat-
tering, represents a highly increasingly topic within the last years (for more 
details see Premasiri et al.  2005 ).   

    Table 1    Proposed structures and processes that could be involved in MNPs synthesis by (living) 
cyanobacteria   

 Source of electrons  Template  Process  Driving energy 

 Hydrogen sulphide  Thylakoids  Photosystem 1  Light 
 Water  Thylakoids  Photosystem 2  Light 
 Water  Thylakoids  Photosystem 2 + 1  Light 
 Molecular hydrogen  Thylakoids  Uptake hydrogenase  Chemical 

energy 
 Intermediary 
metabolites 

 Intracytoplasmic 
structures 

 Intermediary metabolism  Chemical 
energy 

 Organic molecules  Cell membrane  Aerobic respiration  Chemical 
energy 

 Organic or inorganic 
molecules 

 External membrane  (Bio)chemical reactions  Chemical 
energy 

 Organic or inorganic 
molecules 

 Capsule, glycocalix  (Bio)chemical reactions  Chemical 
energy 
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   8.    The MNP synthesis during detoxifi cation and remediation of toxic metals could 
be important not only for the utilization of selected microorganisms to produce 
MNP in laboratory or at industrial scale, but also for the in situ degradation of 
other pollutants. So far, there are no reports concerning the participation of 
MNP produced in the environment by cyanobacteria to the catalytic degrada-
tion of organic pollutants.   

   9.    Cooperation between scientists working on MNP production by cyanobacteria 
with those focused on other types of MNP producers such as heterotrophic 
prokaryotes (e.g.  Shewanella , magnetotactic bacteria etc.,) and photosynthetic 
eukaryotes. So far, the best understood biomineralisation process in magneto-
tactic bacteria refers to the synthesis of magnetosome, which are bacterial 
organelle containing magnetic crystals (magnetite or/and greigite) (Bazylinski 
and Frankel  2004 ; Faivre and Schüler  2008 ; Moisescu et al.  2011 ,  2014 ; Lefèvre 
et al.  2013 ). Furthermore, on this topic there are some data concerning gold and 
silver trapping by uncultured magnetotactic cocci (Keim and Farina  2005 ), as 
well as on the controlled doping of magnetosome (Staniland et al.  2008 ).   

   10.    Cooperation between scientists working on MNP production by cyanobacteria 
with those focused on other aspects of cyanobacterial biology, including other 
types of biomineralisation (calcium, silica etc.,) carried out by some cyanobac-
teria (more details see Thompson and Ferris  1990 ; Benning et al.  2002 ).         

  Acknowledgements   This work was supported by the Romanian Academy (Grant 
RO1567-IBB05/2013)  

  Fig. 1    Schematic representation of the possible cellular sites where MNPs could occur in cyano-
bacteria:  1  capsule/glycocalix,  2  external membrane,  3  cell membrane,  4  thylakoide,  5  cytoplasm. 
The fi gure suggests that, at different sites, the shape of produced nanoparticles ( N ) could be 
different       
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