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Abstract: The synthesis of gold and silver nanoparticlesheyblue-green algagpirulina platensis for medical
purposes was studied. A complex of optical andyaical methods was used in order to characterinelyred
nanopatrticles. It was shown that the extracellfdemation of metal nanoparticles of spherical shajib sizes in
the range between 8 and 40 nm (the average siz@-80 nm) takes place. The characteristics of galdi silver
nanoparticles in thé&pirulina biomass were compared. The role of biosorption ggses in the synthesis of
nanoparticles was estimated by using equilibriualydis. A positive influence of sonication on theqess of
microbial synthesis and yield of nanoparticles wegmonstrated. The neutron activation analysistha@tomic
absorption spectrometry were applied for charagtegithe dynamics of gold and silver nanopartiétesation

in the Spirulina platensis biomass. The neutron activation analysis was fmestudying the elemental content of
the Spirulina platensis biomass.

Keywords: gold, silver, nanoparticlesSpirulina platensis, biotechnology, optical and analytical methods,
ultrasound

Introduction

The development of ecologically friendly nanotedbg@ées for production of new
medical substances, including the nanoscale primhjcthas recently become of
considerable importance in expenditure of theirldgiwal and medical applications.
Nanomaterials have unique physical and chemicapegoties, which can be used to
overcome some limitations of traditional mediciig. [Nanoparticles can be engineered in
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a way that allows them to be attracted to celldatlitate earlier detection and direct
treatment of some diseases.

A variety of inorganic nanoparticles with well-dedid chemical composition, size, and
morphology has been synthesized by using diffem@ntoorganisms. Their applications in
biology and medicine have been explored as well §#tals are required for the proper
sustenance and growth of all microorganisms. Sorhahese microorganisms have
developed highly efficient metal-scavenging systefos capturing and concentrating
specific metal ions from a solution; the other odesnot possess such active systems [3].
Bacterial surfaces are typically anionic and interavith metal cations. Gram-positive
microbial walls consist of a variety of hetero- dr@mopolymers, which in combination can
produce an electronegative charge density througtieu cell wall. Metal nanoparticles
production takes place as extracellularly, as aglintracellularly.

Gold and silver nanoparticles represent a clasmethllic nanoparticles with great
potential for a variety of applications in medigineuch as oncology, cardiology,
immunology, neurology, and endocrinology.

A variety of studies has shown that gold nanoplagi@are promising as anticancer
agents. Gold nanoparticles have good optical aedhital properties for use in the tumors
infrared phototherapy; therefore, they can be useckarlier detection and treatment of
different types of cancer. The optical effect oldyoanoparticles is associated with the
collective excitation of conduction electrons agdoicalized in a broad region, from visible
to infrared. It depends on the particle size, shapel structure in laser therapy, gold
nanoparticles injected in the body, are accumul@ted tumor. Subsequently, the tumor
areas are illuminated with a near-infrared laseavatelengths where light has its maximum
depth of penetration in tissue. Gold nanopartiees capable to specifically absorb this
laser light, converting it into heat and selectvaééstroying the tumor tissue.

The activity of silver ions and silver-based compasl including silver nanoparticles,
is well known. Silver nanoparticles have uniqueiaglt electrical, magnetic and thermal
properties and are being incorporated into phoimlpgical and chemical sensors. Silver
has long been used to exhibit a strong toxicity taide range of microorganisms. Many
biomedical devices contain silver ions to inhikdckerial action [6, 7].

The blue-green microalg&pirulina platensis (S platensis) is one of the most widely
used microorganisms in the biotechnology of natnitipharmaceutics, and medicine. It is
the world’s richest natural source of vegetabletging, amino acids, vitamins, essential
fatty acids, beta carotene, iron, and other bialalty active beneficial substanc&pirulina
is often used as a matrix for pharmaceuticals dsasea biologically active food additive
for humans and animals [8-10]. Being a living origam it accumulates essential elements
(Se, I, Cr and others) and produces complexesyesssimilated by the human organism in
sufficient quantity. It may be hypothesized that tiiomass of. platensis with gold and
silver nanoparticles has great potential for mddiapplications. The synthesis of
nanoparticles b platensis has been studied elsewhere [11, 12].

In our earlier investigation§ platensis was used as a matrix for the development of
new pharmaceutical substances [13-16]. The elementaent of the initialbiomass of
Soirulina was studied using the neutron activation analygiswas shown that the
concentrations of some toxic elements in the biemalsS. platensis do not exceed
permissible levels [14].
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The synthesis of silver and gold nanoparticles iy biomass ofS platensis was
studied in [17] and [18], respectively. The presgatk is a continuation of these studies.

Materials and methods
Sample preparation

In all the experiments, the strain &fplatensis IPPAS B-256 from the A.K. Timiriazev
Institute for Plant Physiology of the Russian Aaagleof Sciences was used. The
cultivation conditions forS platensis cells in standard water-salt nutrient medium are
described elsewhere [13, 14]. After 5-day cultivaficells ofS platensis were separated
from the culture broth by centrifugation (12,000fg) 20 min, and then the biomass was
washed twice with sterile distilled water. The remted biomass (1 g) was resuspended in
250-ml Erlenmeyer flasks with 100 ml of 2™ aqueous chloroauric acid (HAug!
solution for synthesis of gold nanoparticles andesys silver nitrate (AgN$p solution for
synthesis of silver nanoparticles. The resultingtanes were again put into the shaker
(200 g) at room temperature with pH 5-8 for difféaréme periods (1 to 6 days).

Methods

A complex of spectral and analytical methods waduse characterize gold and silver
nanoparticles in th&. platensis biomass: ultraviolet-visible spectrometry (UV-Vig§-ray
diffraction (XRD), transmission electron microsco@EM), scanning electron microscopy
(SEM) with energy-dispersive analysis of X-rays @0, equilibrium dialysis, atomic
absorption spectrometry (AAS), and neutron actiratinalysis (NAA).

For the UV-Vis spectral analysis and TEM, 5-ml seamf the suspension were taken
at different time intervals. For SEM, XRD, AAS, aN#\A, the bacterial cells in each case
were harvested by centrifugation at 12,000 g fon@. The wet biomass was placed in an
adsorption-condensation lyophilizer [19] and diiedonstant weight.

The UV-visual spectra of samples were recordedheyQintra-10 spectrophotometer
(Australia). The XRD measurements of theplatensis biomass were made at the Dron-2.0
diffractometer. TEM was performed using the JEOL-BX (Japan) equipment. SEM was
carried out using the Quanta 3D FEG with the EDAZnEsis systenA flame AAS was
carried out with the Beckman-495 spectrometer.

The elemental content & platensis samples was determined using NAA at the IBR-2
reactor of the Frank Laboratory of Neutron PhygiesNP), JINR, Dubna, Russia. The
concentrations of elements based on short-livedonadlides were determined by 60-s
irradiation under a thermal neutron fluency rateapproximately 1.6xT8 n cm? s™.
Following the decays of 2 and 20 minutes, the samplere measured for 5 and 20 min,
respectively. To determine long-lived isotopes, aalmium-screened irradiation channel
under a resonance neutron fluency rate of apprdgigna.31x16?n cm® s*was used. The
samples were irradiated for 5 days, repacked agwl teasured twice following the decays
of 4 and 20 days. The counting time varied froom80 to 1.5 hours.

The gold content was determined with the 411.8-kdite of *®Au and silver content
with the 657.7-ke\f line of 1°"Ag.

The spectra of induceg activity were processed using the Genie 2000, and
concentrations were calculated by means of softalaveloped at FLNP JINR [20].
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Results

The UV-Vis spectrometry was used for testing thentdiss ofS. platensis with gold
and silver nanoparticles. Dose dependency of alieargersus chloroauric acid and silver
nitrate concentrations within a range of 200* M in the UV-Vis spectra by first was
studied forS. platensis. The optimal concentration in both cases was riga? M.
At a concentration of I8M, the sizes of nanoparticles were larger than 80 and the
peaks were not observed.

The UV-Vis spectra of absorbance at concentratinndé0> M of gold and silver
compounds and different reaction time are giveRigures 1a and 1b, respectively [17, 18].
In these figures, the peak intensity for nanopkegiof specific sizes increased as a function

of the reaction time.
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Fig. 2. TEM images of nanoparticles B platensis biomass (a), selected area diffractograms (b),
and nanoparticle sizes distributions (c) for Adt{land Ag (right), respectively
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In the TEM, images for th&pirulina biomass with gold and silver nanoparticles of
spherical and other shapes were observed. Theadiffn patterns corresponded to the
face-centered cubic (fcc) structure. Figure 2a shaWwrEM image and a diffractogram of
Au nanoparticles synthesized in the biomassS.aflatensis treated by HAuGI510° M
solution for 5 days. The particle size histogramtfe studied sample shows that the sizes
of gold nanoparticles varied within the range bemvd5 to 40 nm, with an average of
25-30 nm. Figure 2b shows the TEM image and a atifigram of Ag nanoparticles
synthesized in the biomass &fplatensis treated with AGQN@ 10> M solution for 5 days.
The particle size histogram shows that the sizesileér nanoparticles varied in the range
between 5 to 20 nm, with an average of 10-15 nm.

The XRD data for gold and silver nanopatrticles Bgnized byS. platensis confirmed
the presence of an fcc structure. For instancer€i@ shows the XRD pattern of gold
nanoparticles synthesized by treatiigplatensis with chloroauric acid aqueous T
solution for 4 days. The diffraction patterns rdeda an amorphous structure of
nanoparticles. However, a number of Bragg reflesticorresponding to the fcc structure of
gold and silver were also seen in both casgsfour characteristic peaks (111), (200),
(220), and (311).
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Fig. 3. XRD pattern of gold nanoparticles synthediby treatingS. platensis with chloroauric acid
aqueous of 1GM solution for 4 days

The Scherrer equation [21, 22] applicable to gré#ss than 0.um was used for an
approximate assessment of the nanoparticle sizegdban broadening of one of
interference peaks on the diffractogram (Fig. 3)e Obtained results showed that at the
HAuUCI, concentration of I8 M, 510°M, and 10°M, the size of gold nanoparticles
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was~ 14,~ 20, and~ 100 nm, respectively [18]. These results weretiodgagreement with
those obtained by using the TEM image.
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Fig. 5. EDAX spectra of gold nanoparticles3rplatensis cells
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Figure 4a presents an example of a SEM images oflatensis cells after their
interaction with HAUGJ at a concentration of B0>M for 5 days. The image illustrates that
most of the particles were spherical and did neat big agglomerates. Figure 4b shows an
example of a relatively large agglomerate (27 nommftion at the synthesis of silver
nanoparticles by th& platensis biomass treated with AgNGat a concentration of ToM
for 1 day.

The example of the EDAX X-ray spectra proved thespnce of gold nanoparticles in
S platensis cells: three peaks of Au were observed (Fig. }gnd&s from C, O, and ClI
atoms were also recorded. Their presence was likedyto the X-ray emissions from the
proteins and enzymes that were present in thevedll

Two analytical methods - NAA and AAS - were usedstiody the growth dynamics of
gold and silver total concentrations in the biomabs platensis. The obtained results
showed that the dependence of metal concentratonthe interaction time of gold and
silver compounds with the solution containi&grulina cells were similar in all the studied
cases. For example, see Figures 6a and b, whereoAgentrations inS platensis
determined by NAA and AAS, respectively, are présen
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Fig. 6. Au concentrations irs. platensis determined by NAA (a) and the Au concentrations in
S platensis biomass and supernatant determined by AAS (b)

To study the biosorption process 8nplatensis cells during nanoparticle production,
the method of equilibrium dialysis and AAS were dis€he concentration of metal sorbed
by Spirulina in solution at equilibrium obeyed the Freundlicfuation and suggested the
presence of heterogeneous sorption sites on theuréces [23].

The study of biosorption of Au b$pirulina platensis was carried out at various pH
values. The experimental data were fitted to treufdlich model, in which the capacity of
the adsorbent and the equilibrium relationshipsvbenh adsorbent and adsorbate are
described by the Freundlich adsorption isotherms:

(:b - k((:&lh1
whereC, is the concentration of the metal adsorl@djs the equilibrium concentration of
metal ions in a solutior andn are empirical constants, which may be characterézethe

biosorption constant and sorption capacity, re$pelgt In Figure 7, the biosorption
isotherms of Aus. platensis at various pH are presented.
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Fig. 7. Biosorption isotherms for AuSpirulina platensis fitted using the Freundlich model at various

pH

The process of biosorption in compliance with theuRdlich model showed its strong
dependence on the surface properties of microlgilid.cThese results encouraged us to
increase the total surface 6f platensis by reducing in size its fibers by sonicating the
suspension with ultrasound to disrupt cell memlsariehe experiment was carried out
dur;ng the synthesis of gold nanoparticles. Theceatration of HAuG) solution was
107 M.

Following 10-minute ultrasound application at 35zk/Spirulina was comminuted into
small fragments (0.5-1um), which was clearly visible by an optical micrope with
x400 magnification. Accordingly, an increase in thtl sorption surface was observed.
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Fig. 8. Spectra of the gold nanoparticles obtailoed. platensis subjected to ultrasound (1, 2, 3, 4) and
without subjection to ultrasound (5, 6, 7, 8)
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Figure 8 shows the UV-Vis spectra of tBeplatensis biomass with gold nanoparticles
obtained through ultrasonic irradiation and witholitasound influence. It emerged that the
surface plasmon peak value at 530 nm in the caséirasound influence oSpirulina was
about 4 times more intense than the one withoyestibn to ultrasound.

The size distribution of gold nanoparticles detewdi for this sample by using the

TEM imaging is given in Figure 9. The average Sfehe gold nanoparticles decreased
down to 16 nm.
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Fig. 9. Size distribution of the gold nanopartialespirulina after subjection to ultrasound

NAA was also used to study multi-elemental contes. platensis samples, taking

into account the possible medical application @ ditained substances with Au and Ag
nanoparticles.

Discussion

As is known, absorption bands of surface plasmorntheé UV-Vis absorption spectra
depend on particle size and the dielectric constérthe medium and surface-adsorbed
species. The gold surface plasmon resonance (SP&) st ~ 530 nm corresponded to
aggregation in the solutions of gold nanopartickdsich were formed by gold ion reduction
from Au(lll) to Au (0) by biomolecules, proteins drenzymes on the surface of bacteria
cells [18]. The spectra in silver case exhibitedadsorption peak at 425 nm, which is
typical of silver nanoparticles and correspondsilicer reduction from Ag(l) to Ag (0) [19].
The shape of plasmon resonance absorption banandkeg on the particle morphology
[24]. Single SPR bands were expected in the adsormpectra of spherical isotropic
nanoparticles.

At higher concentrations, the number of active ofgj@n the surface &pirulina cells
that were involved in the synthesis was not sudfitifor the reduction of metal ions [25].
Consequently, synthesis depended on the metal octvatien as well as on the number of
cells in solution. This differential response irates the possibility of custom-designed
nanoparticles by varying cell number and metal eatration in solution.
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As could be seen from the comparison of the spdatrgold and silver nanoparticles
in the S platensis biomass, the surface plasmon gold peak at 530 asnmwore separated
than the silver peak at 425 nm. Such differencddcba caused by dispersed sizes of the
nanoparticles, dielectric properties of the mediamd the poor state of surface-adsorbed
specieon S platensis cells due to the antibacterial properties of silve

The results obtained by XRD clearly showed that db&l and silver nanoparticles
formed by bacterial reduction of ions were crystallin nature; moreover, they were
generally produced extracellularly. The comparisdérthe XRD spectra for Au and Ag
nanoparticles in th&pirulina biomass also showed that the peaks of Au wereehitifan
those of Ag.

The data obtained by NAA and AAS analytical methifidstrated that on the first day
the metal concentration increased rapidly; aftetaait did not significantly change. During
the “rapid” phase, the metal ions were mainly aldedron the surface of microorganisms by
the biomolecular functional groups that can bindtahdons and are synthesized
extracellularly. During the second (“slow”) phaskee metal ions were transported across
the cell membrane into the cytoplasm and accundiiateacellularly.

The NAA multi-elemental results showed that the camirations of some toxic
elements (such as Hg, As, Cd, etc.) in the biomasker investigation did not exceed
permissible levels [26]; moreover, it was reveakbadt the biomass of platensis
containing gold and silver nanoparticles could lsedufor medical, pharmaceutical, and
nutrition purposes.

Conclusions

The results of the performed study showed thabthe-green algagpirulina platensis
effectively produced gold and silver nanopartidbgsinteracting with aqueous solutions of
chloroauric acid (HAUG) and silver nitrate (AgNg), respectively.

The gold and silver nanoparticles formed by algahitass were shown/proved to be
crystalline in nature and were produced mostlyamdahularly. In general, they proved to
have spherical shapes and sizes in the rangeco#8 hm. Total concentrations of gold and
silver determined in the biomass showed that orfitkeday the metal ions were rapidly
adsorbed mostly into the cell surface and then Igltnansported into bacterial cells. The
experiments carried out using a method of equilioridialysis confirmed the importance of
surface processes in the synthesis of metal natidpar The use of ultrasound for the
sonicatingSpirulina biomass increased the nanoparticles productidd.yie

The concentrations of some toxic elements inSbieulina platensis biomass did not
exceed permissible levels, and the obtained narsiabstturned out to have great potential,
especially for medicine and pharmacology.

The developed microbial methods of nanoparticleyithesis proved to be innovative,
simple, non-toxic, and applicable to many branafescience and industry.
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BIOMASA Spirulina platensisZ NANOCZ ASTKAMI ZLOTA | SREBRA
DO ZASTOSOWAN MEDYCZNYCH

Abstrakt: Zbadano synteznanoczstek ziota i srebra przez niebieskozielone glSpiyulina platensis, ktére g
wykorzystywane do celéw medycznych. Do scharaktemania wytworzonych nanoggtek zastosowano szereg
metod optycznych i analitycznych. Wykazare, zachodzi tworzenie pozakomdrkowej, sferycznejonasstki

0 rozmiarach w zakresie od 8 do 40 nirednia wielké¢ 20-30 nm). Poréwnano charakterystyki nanstek
zlota i srebra wytworzonych w biomasspiruliny. Do oceny roli proceséw biosorpcji w syntezie namstek
wykorzystano dializy rownowagowe. Wykazano pozytywrptyw ultradzwiekéw na procesy mikrobiologiczne
i na wydajné¢ syntezy nanoestek. Do okrélenia dynamiki tworzenia nanagsteczek zlota i srebra w biomasie
Soirulina platensis zastosowano neutrongvanaliz aktywacyjry i spektrometg absorpcji atomowej. Stenia
pierwiastkéw w biomasi&pirulina platensis okreslono za pomog neutronowej analizy aktywacyjnej.

Stowa kluczowe:ztoto, srebro, nanoggtki, Spirulina platensis, biotechnologia, metody optyczne i analityczne,
ultradzwigki



