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Цибахашвили Н. Я. и др. E14-2011-17 
Синтез наночастиц серебра микроорганизмами Streptomyces glaucus 
и Spirulina platensis 

Впервые в Грузии для синтеза наночастиц серебра использовался вид актино-
мицетов Streptomyces glaucus 71 MD, выделенный из соевой ризосферы. Снимки 
наночастиц, полученные на просвечивающем электронном микроскопе (ПЭМ), 
показывают, что большая часть частиц, синтезированных этими микроорганиз-
мами из AgNO3, имела сферическую форму со средним размером 13 нм. Снимки 
растрового электронного микроскопа (РЭМ) подтверждают внеклеточный синтез 
наночастиц, что дает преимущества с точки зрения их применения. Образование 
наночастиц протекает вне клеток и с участием другого микроорганизма — сине-
зеленой микроводоросли Spirulina platensis. При этом синтез наночастиц зависит 
не только от начальной концентрации AgNO3, но и от времени взаимодействия. 

Работа выполнена в Лаборатории нейтронной физики им. И. М. Франка 
ОИЯИ, в Институте физики им. Э. Л. Андроникашвили АН Грузии (Тбилиси) и 
в Государственном университете им. И. Чавчавадзе, Тбилиси (Грузия). 
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Tsibakhashvili N. Ya. et al. E14-2011-17 
Microbial Synthesis of Silver Nanoparticles by Streptomyces glaucus 
and Spirulina platensis 

For the first time in Georgia a novel actinomycete strain Streptomyces glau-
cus 71 MD isolated from a soy rhizosphere has been used for microbial synthesis 
of silver nanoparticles. The Transmission Electron Microscope (TEM) images re-
vealed that most of the particles produced by these microorganisms from AgNO3 are 
spherical-like in shape with an average size of 13 nm. The Scanning Electron Micro-
scope (SEM) allowed one to observe extracellular synthesis of nanoparticles, which 
has many advantages from the point of view of applications. Production of silver 
nanoparticles proceeds extracellularly with the participation of another microorgan-
ism, blue-green microalgae Spirulina platensis. It is shown that the production rate 
of the nanoparticles depends not only on the initial concentration of AgNO3 but also 
varies with time in a no monotonic way. 

The investigation has been performed at the Frank Laboratory of Neutron Physics, 
JINR, at the Andronikashvili Institute of Physics of the Georgian Academy of Sci-
ences, Tbilisi and at the Ilia State University, Tbilisi (Georgia). 
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INTRODUCTION 

Silver nanoparticles have a great number of applications, e.g., in nonlinear op-
tics, spectrally selective coating for solar energy absorption, biolabelling, interca-
lation materials for electrical batteries, high-sensitivity biomolecular detection and 
diagnostics, antimicrobials and therapeutics, catalysis and microelectronics [1-3]. 
Now silver nanoparticles are commonly synthesized on chemical/physical path-
ways, which are low-yield, energy-intensive, difficult to scale up, often producing 
high levels of hazardous wastes, and may require the use of costly organometallic 
precursors. So, these techniques yield extremely expensive materials. In addition, 
these aqua-chemical routes lead to particles with a strong hydrophobic surface, 
requiring further special modification in order to overcome the resulting problems 
for application. Also, the produced nanoparticles exhibit undesirable aggregation 
with time. Hence, there is an ever-growing need to develop inexpensive, clean, 
nontoxic, and environmentally safe synthesis procedures. Biological methods, if 
properly designed and implemented, make it all possible [4]. 

In the last years great attention has been paid to microbial technologies of 
nanoparticle production [5,6]. Microbial cells have developed specific mecha-
nisms for interacting with inorganic ions in the aqueous environment. Sometimes 
these microbial processes result in inorganic precipitation, both intracellular and 
extracellular [7]. 

Various microorganisms (bacteria, yeast, fungi) are known to synthesize silver 
nanoparticles [5,6,8-12]. The produced nanoparticles have different size and 
shape. Nanoparticles resulting from some microbial processes are composite 
materials and consist of inorganic component and special organic matrix (proteins, 
lipids, or polysaccharides) and they have unique chemical and physical properties 
different from the properties of conventionally produced nanoparticles and of 
other microorganisms even when they are incubated in the same medium under 
the same conditions. So, it is important to examine new classes of microbes to 
synthesize silver nanoparticles with technologically important properties. 

It is also important that the methods of chemical synthesis may entail the 
presence of some toxic chemical species adsorbed on the surface that could have 
adverse effects in medical applications. Synthesis of nanoparticles using microor-
ganisms can potentially eliminate this problem by making the nanoparticles more 
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biocompatible. However, up to date, most of the microorganisms that have been 
reportedly used for synthesis of silver nanoparticles are pathogenic to either plants 
and/or humans [5,12]. So, last years the researchers have turned to nonpathogenic 
microorganisms [13,14]. Spirulina platensis, a blue-green microalgae (cyanobac-
teria), is an important representative among these microorganisms. Moreover, it is 
used as a biologically active food additive for humans and animals [15]. Although 
the therapeutic potential of S. platensis is promising, its property of bioreduction 
of inorganic materials is yet to be exploited. Recently, the first study of this 
subject has appeared [12]. However, as the microbial synthesis of nanoparti-
cles strongly depends on the experimental conditions, further investigations are 
necessary. 

In this study, we aimed at testing the ability of Streptomyces glaucus 71 MD, a 
novel strain of actinomycetes isolated in Georgia, to produce silver nanoparticles. 
The authors have great experience in studying heavy metal interactions with 
S. platensis [16,17]. In addition, synthesis of silver nanoparticles by S. platensis 
was investigated in more detail. The Scanning Electron Microscope (SEM) and 
the Transmission Electron Microscope (TEM) were used as the key techniques. 

Actinomycetes-mediated «green chemistry» approach to the synthesis of 
nanoparticles has many advantages [18]. Specifically, compared to bacteria, fungi 
and actinomycetes are known to secrete much higher amounts of proteins, thereby 
significantly increasing the productivity of this biosynthetic approach. In addition, 
actinomycetes are classified as prokaryotes and can be manipulated genetically 
without much difficulty in the future in order to achieve better control over size 
and polydispersity of the nanoparticles. 

EXPERIMENTAL 

Isolation and Characterization of the Actinomycetes Strain Streptomyces 
glaucus 71 MD. The strain was isolated from the soy rhizosphere using the 
method of dilution [19,20]. Incubation was carried out in a thermostat at 26-
28 °C for 14 days. Pure colonies were subjected to various biochemical tests 
to investigate into their morphological and physiological characteristics. Growth 
ability of the culture was studied in different synthetic and organic nutrient me-
dia. Pridham's method was used to study the carbon source uptake ability [21]. 
One percent of the carbon source, in particular, monosaccharides (glucose, fruc-
tose, galactose, arabinose, xylose, ramnose), alcohols (mannitol, sorbitol, inositol, 
dulcite, glycerol), disaccharides (saccharose, lactose, maltose), polysaccharides 
(starch), and organic acids (sodium citrate, sodium lactate, and sodium succi-
nate), was added to nutrient medium. Fedorov's nutrient medium was used to 
establish the uptake of different sources of nitrogen [20]. Nitrogen-containing 
organic and inorganic compounds were used as the nitrogen source. Ability 
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of actinomycetes to grow on hydrocarbons, such as hexane, benzene, naphtha-
lene, benzpyrene, dichlorobenzene, crude oil containing nutrient medium, was 
investigated. Hydrocarbon absorption ability of actinomyces was determined 
according to its growth intensity. Antagonistic properties were studied by the 
agar block method [22]. Staphilococcus aureus, Echerichia coli, Pseudomonas 
aeroginosa, Azospirillum brassilens G-3, Mycobacterium phlei, Rodoccocus spp., 
Saccharomyces cerevisiae, Candida utilis, Rhizoctonia spp., and Fusariom solani 
strains were selected as the test cultures. Protease activity was determined by 
Anson's method modified by Petrova [23]. Identification of actinomycetes was 
performed according to Krassilnikov and Bergey's Manuals [24,25]. 

Cultivation of Streptomyces glaucus 71 MD. Cells were grown aerobically at 
pH 7-8, 28-30 °C in 500-ml Erlenmayer flasks. The cells were grown in a liquid 
medium Gauze-1 [19]: K2HPO4 (0.05%), MgSO4 (0.05%), NaCl (0.05%), KNO3 

(0.1%), FeS0 4x7H 20 (0.001%), starch (2%), yeast extract (0.03%), pH 7.5. The 
culture was grown with continuous shaking on a shaker (200 rpm) at 30 °C for 
9 days. After cultivation, mycelia (cells) were separated from the culture broth 
by centrifugation (4500 rpm) for 20 min and then the mycelia were washed thrice 
with sterile distilled water under sterile conditions. The harvested mycelial mass 
(16 g of wet mycelia) was then resuspended in 100 ml of 10~3 M aqueous AgN03 

solution in 500-ml Erlenmeyer flasks. The whole mixture was put into a shaker 
at 30 °C (200 rpm). 

Cultivation of S. platensis. Cells were cultivated in Zarrouk growth media 
at constant shaking at 30-31 °C, pH 9 [14]. The bacterial cells were harvested 
after 5-6 days and then were washed twice in distilled water. Then 1 g of wet 
biomass was placed in a 250-ml Erlenmeyer flask with 100 ml 10~3 M aqueous 
AgN03 and incubated at room temperature for different time intervals (1-5 days). 
The pH was checked during the course of reaction and it was found to be 5.6. 

For UV-Vis spectral analysis, a 2-ml sample was taken after different time 
intervals (1 and 5 days) and the absorbance was measured. 

For SEM and X-ray analysis, the bacterial cells were harvested by centrifu-
gation at 12000 g for 20 min and this wet biomass was placed in an adsorption-
condensation lyophilizer and dried following the procedure reported in [26]. 

All chemicals were of ACS-reagent grade and purchased from Sigma 
(St. Louis, MO, USA). 

METHODS 

UV-Vis Spectrometry. The UV-Vis spectra of the samples were recorded on 
a «Cintra 10e» spectrophotometer (GBC Scientific Equipment Pty Ltd. Australia, 
wave length range of 190-1100 nm). 

X-ray Diffraction (XRD). XRD measurements of the bacterial biomass were 
made on a Dron-2.0 diffractometer. The BCV-23 X-ray tube with the Cu anode 
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(CuKa radiation, Л = 1.54178 A) was used as a source of irradiation; the Ni grid 
with the width of 20 pm was used for filtration of irradiation; the rate of the 
detector was 2°/min, the interval of intensity was 1000 pulses/min and the time 
constant was 5 s. 

Transmission Electron Microscope (TEM). TEM was performed using the 
Jeol SX-100 equipment (Japan) operating at 100 kV. The TEM studies were done 
at 50 000x magnification. Samples were prepared by placing a drop of solution 
of silver nanoparticles on carbon-coated TEM grids. The films on the TEM grids 
were allowed to dry at room temperature before analysis. 

Scanning Electron Microscope. SEM was carried out using the SDB (small 
dual-beam) FEI Quanta 3D FEG with the EDAX Genesis EDX system with the 
resolution 1.2 nm. Operational features of the microscope used in the experiment: 
magnification 5000-150000x; voltage 1-30 kV. 

EDAX (Energy-Dispersive Analysis of X-rays). Microprobe analysis of nanopar-
ticle clusters (silver) was conducted with the energy-dispersive X-ray spectrometer 
(EDAX, USA). The acquisition time ranged from 60 to100 s, and the accelerating 
voltage was 20 kV. 

RESULTS AND DISCUSSION 

The work consisted of two parts: synthesis of silver nanoparticles (i) by 
Streptomyces glaucus 71 MD and (ii) by S. platensis. 

i) Synthesis of Silver Nanoparticles by a Novel Actinomycetes Strain Strep-
tomyces glaucus 71 MD. 

Characteristics of a Novel Actinomycete Strain. The strain isolated from a 
soy rhizosphere showed typical characteristics of Streptomyces glaucus. Specifi-
cally, it is aerobic and creates a spirally twisted sporophore. The spore envelope 
is smooth, and the aerial mycelium is bluish-green. It develops melanoid pig-
ments. In a synthetic nutrient medium the growth is good, colonies and the 
nutrient medium are colorless, the aerial mycelium is bluish-green. In an organic 
nutrient medium the growth is also good, colonies and the nutrient medium are 
colorless, and the aerial mycelium is weakly developed, light blue. 

From carbohydrate sources the strain intensively uptakes starch, dulcitol, and 
mannitol and weakly uptakes glucose, lactose, and sodium citrate. It does not 
uptake fructose and xylose, galactose, maltose, glycerol, sodium lactate, cellulose. 

From nitrogen sources it uptakes KNO3, Ca(NO3)2, peptone, leucine, as-
paragine, ^-alanine glycine, asparagine. Antagonistic properties are not well 
expressed. It does not affect gram-positive and gram-negative bacteria. It inhibits 
some species of fungi. The culture is mesophilic. SEM images show that the 
cells of the strain form oval-shaped colonies (Fig. 1). Discrete lipopolysaccharide 
layers on the bacteria cell surface caused the bacteria to glue to each other. 
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Fig. 1. SEM of the colonies of Streptomyces glaucus 71 MD cells 

Synthesis of Silver Nanoparticles by Streptomyces glaucus 71 MD and 
Their Characterization. Addition of actinomycetes biomass to a silver nitrate 
solution led to the appearance of yellowish brown color in the solution after 
a few days, indicating formation of silver nanoparticles. First, the UV-visible 
spectroscopy method was used to quantify this process (Fig. 2). The spectrum 
presented in Fig. 2 exhibits an absorption peak at 425 nm, which is characteristic 
of silver nanoparticles [27]. In the case of the silver nitrate solution alone, or 
actinomycetes cells alone, no change in color was observed for 10 days. Thus, 
Streptomyces glaucus 71 MD could synthesize silver nanoparticles by incubating 
with a AgNO3 solution. 

Then the cells of Streptomyces glaucus 71 MD were imaged by the SEM 
method after the reaction with the silver nitrate solution for one week. The SEM 
images (Fig. 3) illustrate that most of the particles are spherical-like and do not 
create big agglomerates. 

In Fig. 1 the colonies of the actinomycete cells are numbered. The image 
with index 3 belongs to a disintegrated colony. The SEM images of the inner 
area of this colony (Fig. 4, a, b, c) demonstrate that silver nanoparticles are not 
observed there, while they exist on the outer surface of the colony (Fig. 4, d). It 
seems that the disintegration took place in the process of drying after an exposure 
to silver salts. 
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Fig. 2. UV-Vis spectra recorded after one week for the reaction mixture prepared using 
1 mM silver nitrate and 1 g biomass of Streptomyces glaucus 71 MD 

Fig. 3. SEM of Streptomyces glaucus 71 MD cells with silver nanoparticles 
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Fig. 4. SEM of Streptomyces glaucus 71 MD colony N3: a,b,c) inner area, d) outer 
surface 

Fig. 5. SEM of Streptomyces glaucus 71 MD cell N3 taken at different voltages of 
accelerating field; a) 1 kV, b) 20 kV 
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Fig. 6. EDAX spectrum recorded from Streptomyces glaucus 71 MD cells after formation 
of silver nanoparticles. Different X-ray emission peaks are labeled 

Figure 5, a presents a SEM image of cell taken at the accelerating field voltage 
of 1 kV. This voltage corresponds to the scanning of the most superficial layer, 
while, at 30 kV, the electrons penetrate slightly deeper, but it is still a surface, 
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Fig. 7. a, fe) TEM micrograph recorded from drop-cast films of silver nanoparticle solution 
formed by the reaction of silver nitrate solution with Streptomyces glaucus 71 MD biomass; 
c) selected area diffraction pattern recorded from the silver nanoparticles shown in Fig. 7, e; 
d) particle size distribution histogram 

and the nanoparticles are attributed to it (Fig. 5, b). The SEM results indicate that 
the process of formation of silver nanoparticles takes place on the surface of the 
cells. Reduction and surface accumulation of metals may be a process by which 
microorganisms protect themselves from the toxic effects of metal ions. Today 
the exact mechanism for formation of silver nanoparticles by microorganisms is 
not fully understood. 
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In addition to the images, EDAX (Energy Dispersive Analysis of X-rays) 
spectra were also registered proving the presence of silver in Streptomyces glaucus 
71 MD (Fig. 6). The EDAX spectrum was recorded in the spot-profile mode 
from one of the densely populated silver nanoparticle regions on the surface of 
the actinomycete cells. All the peaks of Ag are observed and assigned. Signals 
from C, O, S, P, and Mg atoms were also recorded. The C, O, S, P, and Mg 
signals are likely to be due to X-ray emission from proteins/enzymes present in 
the cell wall of the biomass. As is known, proteins can bind to nanoparticles 
either through free amino groups or cysteine residues in the protein and/or via 
the electrostatic attraction of negatively charged carboxylate groups in enzymes 
present in the actinomycetes cell wall of [4]. 

In the last set of experiments the silver nanoparticles synthesized by Strepto-
myces glaucus 71 MD were characterized using TEM (Fig. 7). Figures 7, a and b 
show the TEM images recorded from the drop-coated films of silver nanoparticles 
synthesized after the reaction of the silver nitrate solution with 2 g of wet Strep-
tomyces glaucus 71 MD biomass for 7 days. In Fig. 7, c the selected area electron 
diffraction (SAED) spots that correspond to the [111], [200], [311] planes of 
the face-centered cubic (fcc) structure of elemental silver [28] are clearly seen. 
The particle size histogram for the particles shown in this image and in other 
similar images is given in Fig. 7, d. The histogram shows that the particle sizes 
range from 4 to 25 nm with an average of 13 nm. Comparison of the SEM and 
TEM images suggests that the tested actinomycetes Streptomyces glaucus 71 MD 
produce relatively monodispersed Ag nanoparticles extracellularly. Extracellu-
lar formation of nanoparticles is advantageous over intracellular formation, as it 
eliminates the need to harvest nanoparticles formed within the cell. In addition, 
extracellular synthesis of nanoparticles makes it possible to immobilize particles 
onto the desired solid support for different practical applications. 

ii) Synthesis of Silver Nanoparticles by S. platensis. 
In the second part of our work we investigated synthesis of silver nanoparti-

cles by S. platensis under different experimental conditions. 
As has recently been shown, S. platensis produces silver nanoparticles extra-

cellularly in the range of 7-16 nm [12]. Our current experiments have confirmed 
this result. Figure 8 shows the TEM image recorded from the drop-coated films 
of silver nanoparticles synthesized after the reaction of the silver nitrate solution 
with 2 g of wet S. platensis biomass for 5 days. Here (Fig. 8, a) the SAED pat-
terns that correspond to the [111], [220] planes of the face-centered cubic (fcc) 
structure of elemental silver are also given. The particle size histogram shows 
that sizes of silver nanoparticles range from 5 to 20 nm with the average size 
value of 10 nm (Fig. 8, c). 

In our further experiments the presence of silver nanoparticles in the biomass 
of S. platensis after exposure to the silver nitrate solution for 1 and 5 days was 
investigated. For this purpose, the XRD method was first employed (Fig. 9). 
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Fig. 8. a) Selected area diffraction pattern recorded from the silver nanoparticles; b) TEM 
micrograph recorded from drop-cast films of silver nanoparticle solution formed by the 
reaction of silver nitrate solution with S. platensis biomass; c) particle size distributiom 
histogram 
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Fig. 9. XRD spectra of silver nanoparticles synthesized using 2 g wet biomass of S. platen-
sis incubated with 1 mM AgNO3 for 1 and 5 days 
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Fig. 10. EDAX spectrum of S. platensis cells after exposure to silver nitrate solution. 
Different X-ray emission peaks are labeled 
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The diffraction patterns presented in Fig. 9 correspond to the amorphic struc-
ture of samples. However, a number of Bragg's reflections corresponding to the 
fcc structure of silver are also seen here. Specifically, the XRD pattern shows four 
characteristic peaks corresponding to the (111), (200), (220), (222) and (311) sets 
of lattice planes. The XRD pattern thus clearly shows that the silver nanoparti-
cles formed by the reduction of Ag+ ions by S. platensis are crystalline in nature. 
It should be noted that the relative crystalline silver content of the S. platensis 
biomass was not high, not more than 1%, which was at the sensitivity limit of 
the XRD analysis. This result confirmed that silver nanoparticles were produced 
in general extracellularly. 

EDXA also confirmed the presence of silver nanoparticles in the S. platensis 
biomass (Fig. 10). 

Further characterization of silver nanoparticles remained in the cells of 
S. platensis was carried out with SEM (Fig. 11). S. platensis is a filamentous 
cyanobacterium (Fig. 11, a). The main morphological feature of this genus is the 
arrangement of the multicellular cylindrical trichomes in an open left-hand helix 
along the entire length. The cylindrical trichomes of S. platensis were strongly 
damaged after exposure to 1 mM AgNO3 for 1 day (Fig. 11, b). They became 
serrated and even broken in many places (Fig. 11, c). It is interesting that in 
cells these visual morphological damages completely disappeared after exposure 
to the silver nitrate solution for 5 days (Fig. 11, d). In addition, the biomass of 
S. platensis increased (from 112 mg after 1 day to 140 mg after 5 days). So, it 
can be suggested that S. platensis cells were adapted to the toxic action of silver 
in five days. 

Figure 12 presents SEM images of S. platensis cells with silver nanoparticles 
and illustrates that on the surface of the cyanobacteria both the size and the distri-
bution of the silver nanoparticles depend on the time of silver action. Specifically, 
after one day of the silver ion action, large agglomerates of nanoparticles could be 
observed. The mean size of the nanoparticles observed in these agglomerates is 
about 27 nm (Fig. 12, a, b). However, after immersion of S. platensis cells in the 
silver nitrate solution for 5 days, the produced silver nanoparticles are relatively 
uniformly distributed along the surface of the cyanobacterium cells. In this case, 
the maximum size of the formed agglomerates is about 235 nm and the minimum 
size is 75 nm (Fig. 12, c, d). 

As is known, the cell growth and metal incubation conditions can be the 
cause for the formation of particles of different sizes. For example, addition 
of AgNO3 to the photoautotrophic cyanobacterium Plectonema boryanum caused 
production of silver nanoparticles both inside and outside the microbial cells [9]. 
At 60 °C, silver nanoparticles were deposited on the cell surface. At 100°C, 
the cyanobacteria cells were incrusted by silver nanoparticles. The size of the 
nanoparticles inside the cell ranged from 1 to 40 nm. The size of the silver 
nanoparticles which were precipitated outside the bacteria cells was in the range 
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Fig. 11. SEM of S. platensis cells: a) control; b, c) at 1 mM AgNO3 for 1 day, and d) at 
1 mM AgNO3 for 5 days 

of 1 to 200 nm. The bioreduction of the Ag+ ions was associated with metabolic 
processes utilizing nitrate by reducing nitrate to nitrite and ammonium. 

The silver-resistant bacterial strain Pseudomonas stutzeri AG259 isolated 
from silver mines accumulates silver nanoparticles in the cells where particle 
size ranges from 35 to 46 nm [29]. Larger particles (200 nm or more) are formed 
when P. stutzeri AG259 is placed in a concentrated aqueous solution of silver 
nitrate (50 mM). 

We assume that the synthesis of silver nanoparticles by S. platensis proceeded 
differently under the short-term and long-term silver action. The exact reaction 
mechanisms for formation of silver nanoparticles by S. platensis should be elu-
cidated. This will help to develop a rational microbial nanoparticle synthesis 
procedure. 
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CONCLUSIONS 

1. The morphological and physiological characterization of the novel actino-
mycetes strain Streptomyces glaucus 71 MD isolated from a soy rhizosphere was 
conducted in Georgia. 

According to our experiments, the tested actinomycetes Streptomyces glaucus 
71 MD produces silver nanoparticles extracellularly when acted upon by the silver 
nitrate solution, which offers a great advantage over an intracellular process of 
synthesis from the point of view of applications. 

TEM, SEM, EDAX were used to characterize the silver nanoparticles. TEM 
showed formation of nanoparticles in the range of 4-25 nm with an average 
of 13 nm. 
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2. Production of silver nanoparticles proceeded extracellularly by blue-green 
microalgae Spirulina platensis; however, in this study we have shown that this 
process depends on the experimental conditions. Specifically, it is different under 
the short-term and long-term silver action. After 1 day of action by 1 mM AgNO3, 
nanoparticles were arranged into long aggregates along S. platensis cells strongly 
damaged by silver ions. However, after 5 days of silver action, S. platensis 
cells were completely recovered and the nanoparticles were distributed more 
uniformly on the surface of cells (with maximum size of 235 nm and minimum 
size of 75 nm). 
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