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Abstract: Silver and gold nanoparticles are a promising tool for medical and industrial application, 

therefore, their ecotoxicity should be carefully examined. The effect of silver (12 nm) and gold (4.7) 

nanoparticles coated with polyethylene glycol on Spirulina platensis biomass growth and 

biochemical composition was investigated. The spirulina cultivation medium was supplemented 

with nanoparticles in concentration range 0.025-0.5 µM. Given concentrations stimulated spirulina 

biomass growth, while content of proteins, carbohydrates and auxiliary pigments was affected 

insignificantly by presence of nanoparticles in cultivation medium. The pronounced effect of gold 

nanoparticles at concentration 0.5 µM on the lipids content was observed. TEM images demonstrate 

that nanoparticles penetrate inside the cell, resulting in ultrastructural changes in cells. 

Keywords: Spirulina platensis, silver nanoparticles, gold nanoparticles, spirulina growth, 

biochemical composition, cell ultrastructure. 

1. Introduction

Engineered nanoparticles are increasingly used in industry and medicine due to their 

advantageous properties inherent to their very small sizes, and most of them have been already 

marketed for years [1]. Metallic nanoparticles are widely exploited for different applications and 

among them silver (AgNPs) and gold (AuNPs) nanoparticles are highly remarkable [2].  

Silver nanoparticles due to their physical, optical, chemical, antimicrobial properties are 

excellent candidates for many purposes such as cancer treatment, molecular detection and diagnosis, 

transportation of the drugs, etc. [3- 5]. Nowadays, AgNPs are used in in textile engineering, in 

electronics, in optics, in medical devices, as well as in different consumer products (in air sanitizer 

sprays, pillows, respirators, socks, wet wipes, detergents, soaps, shampoos, toothpastes, washing 

machines, etc) [6, 7]. Another aspect of AgNPs application is related to their activity as biosensor and 

regulators of metabolism in plants [8, 9]. 
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Unique properties of AuNPs have resulted in their application in different domains, especially 

in medicine. They have suitable properties for controlled targeted drug delivery, imaging, 

photothermal and photodynamic therapy, detection of cancer cells, and cancer treatment [2, 10-12]. 

AuNPs are also widely applied in optoelectronics, photonics, catalysis, imaging technology, space 

science, etc. [13].  

The exponential production and utilization of nanoparticles raises environmental concerns 

owing to their potential harmful effects on natural environments and human health [1]. The 

nanoparticles can exhibit toxicity to living organisms mainly because of their small size (>100 nm), 

large surface-to-volume ratio and highly reactive facets [14]. Since nanoparticles have the same 

dimensions as biological molecules they can damage DNA, denature proteins and enzymes and 

produce free radicals [3]. In human and animals, nanoparticles easily penetrate the circulatory system 

are accumulated in different organs and even translocate the blood–brain barrier [6, 15].  

The microorganisms including cyanobacteria present in the natural ecosystem are the primary 

targets that get exposed to nanoparticles. Cyanobacteria have several important functions in aquatic 

and terrestrial ecosystems including CO2 and N2 fixation, oxygen evolution, biomass production. 

They are considered as primary producers of organic compounds [16]. Cyanobacteria have gained 

much attention as a rich source of bioactive compounds and have been considered as one of the most 

promising groups of organisms to produce them [17]. 

As a biological test organism cyanobacteria Spirulina platensis was used. Spirulina contains a 

unique physiologically balanced combination of substances, vital for human: 60–70% protein, 10–20% 

carbohydrates, 5% fat, 0.9% chlorophyll, and also vitamins, minerals, carotenoids, etc. (about 50 items 

in total) and is one of the few sources of dietary γ-linolenic acid (GLA) [18, 19]. Effect of metal 

nanoparticles on cyanobacteria was described in several papers [16, 20-22]. However, in the main 

part of the research devoted to nanoparticles toxicity the effect of high concentration of metal 

nanoparticles on living organisms was investigated.  

The objective of the present study was to study the influence of low concentrations (0.025 - 0.5 

µM) of PEG-coated AgNPs and AuNPs nanoparticles on the growth and biochemical composition of 

Spirulina platensis biomass during its cultivation in the closed system. 

2. Materials and Methods  

2.1 Nanoparticles  

 Polyethylene glycol coated silver (PEG-AgNPs) and gold (PEG-AuNPs) nanoparticles used 

in this study were purchased from M9 company (Tolyatti, Russia).  

2.2 Object of study 

 As the object of study, Spirulina platensis CNMN CB-02 strain from the National Collection 

of Nonpathogenic Microorganisms of the Institute of Microbiology and Biotechnology was used.  

2.3 Experiment design  

Spirulina platensis Nordst (Geitl) CNMN-CB-02 biomass was grown in the cultivation medium 

with the following composition: macroelements (g/L) – NaNO3-2.5; NaHCO3-8.0; NaCl-1.0; K2SO4-1.0; 

Na2HPO4-0.2; MgSO4·7H2O-0.2; and microelements (mg/ml medium): H3BO3-2.86; MnCl2·4H2O-1.81; 

CuSO4·5H2O -0.08; MoO3 –0.015; FeEDTA-1 ml/L. The spirulina was cultivated in Erlenmeyer flasks 

of 500 ml volume with culture volume 250 ml for six days fulfilling the optimal conditions of biomass 

growth: temperature 30±1 oC, рН 8-10 and illumination 37-55 µM photons/m2s. AgNPs and AuNPs 

were supplemented to cultivation medium in concentration range from 0.025 to 0.5 µM in the first 

day of biomass cultivation. On stationary growth phase (6th day) the cyanobacteria biomass was 

separated from the culture medium by filtration and used for further analysis.  

Quantitative parameters evaluated after experiments were biomass quantity, content of proteins, 

phycobilins, carbohydrates, β-carotene and chlorophyll a, lipids and malondialdehyde (MDA). 

Obtained values for biomass were expressed in g/L and for other components – in percentages of dry 

biomass, and compared with values obtained for control biomass (spirulina growing in standard 

culture medium without addition of nanoparticles).   
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2.4 Biochemical analysis  

Biomass quantity was determined spectrophotometrically (T80+UV/VIS Spectrometer, PG 

Instruments LTD, UK), with recalculation of the mass of cells to absolutely dry biomass (ADB), 

according the method described in [23]. For proteins extraction 10 mg of biomass was mixed with 0.9 

mL NaOH (concentration 0.1N) for 30 min. 0.1 mL of the obtained protein extract was mixed with 1.6 

mL of Na2CO3 (2%) in NaOH 0.1N, 0.4 mL of CuSO4 (0.5%) in Na₃C₆H₅O₇ (1%) and 0.2 mL of Folin-

Ciocalteu reagent. After 30 min the absorbance was measured at 750 nm. The protein content was 

determined using a calibration curve for bovine serum albumin. Phycobiliprotein content was 

determined spectrophotometrically in water extract (10 mg of wet biomass was mixed with 10 mL of 

distillated water). The absorbance of supernatant separated from the culture medium by 

centrifugation was measured at 620 and 650 nm. Phycobiliprotein content was calculated using molar 

absorption coefficient for phycocyanin and allophycocyanin. To determine carbohydrates content, 

0.25 mL of the sample was mixed with 2.5 mL of Antrone reagent (0.5%) in H2SO4 (66%). The mixture 

was incubated at 1000C for 30 min. The absorbance was measured at 620 nm. Carbohydrates content 

was calculated using a calibration curve for glucose. Lipids content was determined 

spectrophotometrically on the basis of the lipids degradation using fosfovanilinic reagent. Hydrolysis 

of the lipids (10 mg biomass) was produced by sulfuric acid at 1000C. Obtained hydrolysate (0.5 mL) 

was mixed with 1.5 mL fosfovanilinic reagent. After 45 min the absorbance was measured at 560 nm. 

Lipids content was calculated using calibration curve. The content of aforementioned biomolecules 

was expressed in % of absolute dry biomass. β – carotene and chlorophyll a were determined 

spectrophotometrically in ethanolic extract as is indicated in [24]. The MDA content was determined 

spectrophotometrically based on the reactive products of thiobarbituric acid. Absorbance was 

measured at 532 nm (the maximum absorbance for the MDA-TBA complex) and at 600 nm (for the 

correction of the non-specific turbidity). 

All measurements were performed in triplicate an d the average values were used. 

2.5 Methods  

The zeta potential of nanoparticles was determined by photon correlation spectroscopy (PCS) 

using a Zetasizer Nano ZS system (Malvern Instruments, Malvern, UK). The phase composition as 

well as type of crystal structure of the nanoparticles have been analyzed by X-ray diffractometer 

EMPYREAN (firm PANalytical) in Cu-Kα radiation λ= 1.541874 Å. The powder diffraction software 

package HighScore Plus [The HighScore suite] which includes the standards of the ICDD 

(http://www.icdd.com/) was used to identify and to refine crystal structures with Rietveld analysis 

(Rietveld, 1969). 

The morphology of spirulina cells before (control) and after exposure to nanoparticles 

(experiment) was characterized by transmission electron microscopy (TEM) using a JEM-1400 

microscope («Jeol», Japan) at accelerating voltage of 100 kW. 

3. Results 

3.1. Nanoparticles characterization 

The zeta potential values determined for analyzed nanoparticles constituted -12.1 mV for PEG-

AgNPs and -27.2 mV for PEG-AuNPs, thus indicating a high stability of the colloidal system. The X-

ray diffraction method was used to examine the PEG-AgNPs and PEG-AuNPs and obtained XRD 

patterns are shown in Fig. 1.  
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Figure 1 X-ray diffraction patterns of a) AgNPs and b) AuNPs measured at room temperature and fitted by the 

Rietveld method 

In diffractogram obtained for AgNPs are present silver crystals of cubic (Ag XRD Ref. 98-042-

6921) [25] and hexagonal (Ag XRD Ref. 01-071-5025) [26] forms. Characteristic peaks (111) and (002) 

corresponds to cubic form, while peak (101) to hexagonal form. The wide peak in area 70-90° can be 

attributed to the overlapping of characteristic peaks of cubic and hexagonal forms. In case of PEG-

AuNPs the peaks in 38.08°, 44.26°, 64.38°, 77.31° and 81.45° can be attributed to the (111), (002), (022), 

(113) and (222) crystalline structures of the face centered cubic gold (Au XRD Ref. 98-005-3763).  

The Scherrer equation was used to determine the average size of crystallites.  

<D> = Kλ/βcosθ,  (1) 

where K is the shape factor, which for cubic crystals it is ~ 0.9; λ is the X-ray wavelength for Cu-Kα; 

β is the line broadening at half the maximum intensity in radians; θ is the Bragg angle, and D is the 

size of a nanoparticle in Å .  

According to calculated data the average size of AuNPs is ~ 4.7 nm, while of AgNPs ~12 nm. 

Since both type of nanoparticles were PEG-coated in the further discussion terms AgNPs and 

AuNPs were used. 

3.2. Effect of silver nanoparticles on Spirulina platensis growth 

Introduction of AgNPs in cultivation medium in concentration range 0.025 -0.1 μM produced 

favourable effects on spirulina biomass, resulting in its increase by 24.2 – 31.6 % in comparison with 

control (Fig. 2). At AgNPs concentrations 0.25 and 0.5 µM biomass increased by 18.9 and 14.7 %, 

respectivly.  

 
Figure 2. Spirulina platensis biomass at introduction of AgNPs in cultivation medium in concentration range 

0.025 – 0.1 μM 
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At AgNPs concentrations in medium 0.05 and 0.1 µM a slight increase of proteins content by 7.0 

and 9.5%, respectively takes place. At other concentrations increase of proteins content was 

insignificant. The carbohydrates content in control biomass constituted 9.6%. Introduction of AgNPs 

in cultivation medium at given concentrations did not affected their content in biomass, which lies 

between 8.64 and 9.54% (Fig. 3). The amount of primary and secondary photosynthetic pigments 

(chlorophyll a, β-carotene and phycobilins) did not change significantly under the action of AgNPs 

in studied range of concentrations. Thus, the content of phycobolins in spirulina biomass varied from 

10.9 to 13.8 % that fell whitin the values characteristic for native spirulina biomass (Fig. 3). The content 

of phycobolins in control biomass was 12.1%. 

 

Figure 3 Change of a) proteins and carbohydrates, b) phycobilins, c) β-carotene and chlorophyll a and d) lipids 

and MDA content in Spirulina platensis biomass at introduction of AgNPs in cultivation mediu in 

concentration range 0.025 – 0.1 μM 

The oscillations of the contents of the two pigments (β-carotene and chlorophyll a) were very 

similar. The content of chlorophyll a in AgNPs supplemented biomass varied from 0.95 to 1.14% of 

biomass, variation being statistically insignificant. And in the case of β-carotene, which values varied 

from 0.19 to 0.24% of biomass the variations were also minor (Fig. 3).  

The components whose content changed signifficanly under AgNPs action were lipids. At 

AgNPs concentration in solution 0.025-0.1 µM the increase of their content by 20.3-28.6% in 

comparison with control biomass was observed (Fig. 3). The content of lipids oxidation products 

malondialdehyde (MDA) showed the tendency of increase at AgNPs concentrations 0.1 and 0.5 µM 

by 26.2 and 49.2%, respectively in comparison with control biomass.  

3.3. Effect of gold nanoparticles on Spirulina platensis growth 

Introduction of AuNPs in the cultivation medium in the concentration range 0.025 – 0.5 µM 

has a positive effect on spirulina biomass growth (Fig. 4). Thus, biomass productivity increased by 

29.4 – 35.8% in comparison with control biomass.   
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Figure 4. Spirulina platensis biomass at introduction of AuNPs in cultivation medium in concentration range 

0.025 – 0.1 μM 

The content of proteins in biomass was not influenced by the presence of AuNPs in the 

cultivation medium, and varied between 64.6 and 69.7% (Fig. 5). The same applies to carbohydrates, 

which content in biomass was not affected by AuNPs presence and was within 8.8- 9.8 %. The 

carbohydrates content in biomass was 9.6 %. 

 

Figure 5. Change of a) proteins and carbohydrates, b) phycobilins, c) β-carotene and chlorophyll a and d) 

lipids and MDA content in Spirulina platensis biomass at introduction of AgNPs in cultivation medium in 

concentration range 0.025 – 0.1 μM 

At AuNPs concentration in solution 0.025 µM the content of phycobilins in biomass decreased 

by 21%, while at concentration 0.1 µM it increased by 10%. Other concentrations of AuNPs have not 

affected phycobilins content and it remained at the level of control biomass (12.1%). The content of 

β-carotene and chlorophyll a changed in the same way. The lowest AuNPs concentration of 0.025-

0.05 µM, induced the decrease of content of β-carotene by 19.8-22.5%, and of chlorophyll a by 11.3-

14.7% in comparison with native biomass (Fig. 5). At concentration range of 0.1-0.5 µM the decrease 
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of β-carotene by 8.4-16.3 % was noticed. AuNPs concentrations 0.1-0.5 µM did not influence 

significantly chlorophyll a content, it decreased by 1-6%.  

The increase of lipids content by 33.5 and 18.7%, respectively was noticed at AuNPs 

concentrations 0.05 and 0.10 µM. Instead, at AuNPs concentration 0.5 µM the drastic decrease of 

lipids content by 63.1% in comparison with native biomass takes place (Fig. 5). The increase of MDA 

content in the AuNPs concentration range 0.025-0.1 µM by 29.5-50.8% in comparison with control 

biomass was noticed. The increase of MDA content was also observed at AuNPs concentration 0.5 

µM by 21.3 % in comparison with control biomass, what is relevant, especially taking in the account 

the reduced content of lipids in biomass. 

3.4. Transmission electon microscopy 

As can be observed from the TEM images (Fig. 6) exposure to AgNPs and AuNPs led to 

ultrastructural changes of the cells, depending on concentration of nanoparticles. Micrographs of 

control cells showed an intact cell wall, very thin capsule, compact thilakoids, a large number of 

carboxysomes. Under the influence of nanoparticles, the cell wall becomes diffuse. The thilakoids in 

control cells are presented by a large number of dense lamellae. Nanoparticles produce a partial 

degradation of thilakoids. In control and AgNPs (0.05 µM) supplemented biomass the large number 

of carboxysomes, polyhedral inclusion bodies that contain the enzyme ribulose 1.5-diphosphate 

carboxylase/oxidase (RuBisCO), responsible for carbon dioxide fixation in spirulina, was observed. 

In AuNPs (0.05 µM) and in AgNPs (0.5 µM) supplemented biomass these inclusion bodies are 

missing, that indicate on lower efficiency of ribulose 1.5-diphosphate carboxylase and consequently 

of carbon fization, because the efficiency of 1.5-diphosphate carboxylase is quite reduced, and the 

compartmentalization of the enzyme in carboxysome is the mechanism of carbon dioxide 

concentration with the scope of its fixation.  

 

Figure 6. Transmission electron microscopy images of Spirulina platensis a) control, b) exposed to 0.05 µM 

AgNPs, c) exposed to 0.05 µM AuNPs, and d) exposed to 0.5 µM AgNPs (red arrows indicate carboxysomes; 

blue – vacuolizated space, green – membrane rupture, black – exopolysaccharides layer, TL – thylakoids, CW – 

cell wall). 
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4. Discussion 

According to literature data mechanisms of metal nanoparticles toxicity can be associated with 

generation of oxygen species (ROS), DNA damage, disturbances in the cellular phosphate 

management, denaturation of ribosomes, etc. Often AgNPs toxicity is attributed to the formation of 

Ag+ ions, which easily interact with thiol groups and proteins, inactivating enzymes [27-29]. The 

toxicity of AgNPs in general, is lower than toxicity of silver ions. For example, the toxicity of AgNPs 

of 25 nm size to Chlamydomonas reinhardtii was 18 times lower than of Ag+ ions [30]. The toxicity effect 

of polyvinylpyrrolidone (PVP)-stabilized silver nanoparticles, of size 70 nm, toward Escherichia coli, 

Staphylococcus aureus, human mesenchymal stem cells, and peripheral blood mononuclear cells was 

a factor of 20 to 30 less pronounced than that of silver ions [31]. However, AgNPs toxicity is strongly 

dependent of nanoparticles size, shape, coating and concentration. It was shown, that AgNPs with 

size less than 5 nm were more toxic to nitrifying bacteria than nanoparticles of other size or their 

counterpart bulk species [27].  

In the present study at AgNPs (12 nm) concentration range 0.025- 0.5 µM cell viability and 

biomass biochemical composition was not affected significantly by the nanoparticles addition in the 

cultivation medium. Obtained data are in agreement with results presented by Pinzaru et al. [32], 

who showed a lack of toxicity of AgNPs at concentrations lower than 10 μM. The lack of toxic effect 

of AgNPs to cells in present study can be explained by AgNPs coating with polyethylene glycol (PEG). 

In Bastos et al. [33] and Pinzaru et al. [32] studies it was shown that PEG-coated AgNPs showed a 

lesser degree of toxicity to HaCat cells as compared to bare AgNPs and NPs with other type of coating. 

At given concentrations AgNPs did not change or produce a slight increase of the proteins, 

carbohydrates, β-carotene and chlorophyll a content in spirulina biomass. The carbohydrates play 

important role in cell protection against different pollutants, including nanoparticles. This 

compounds produced by cyanobacteria can surround the cells as capsules and prevent nanoparticles 

penetration inside the cell [34, 35]. The phycoblins are biomass components, which are reacting 

promptly to pollutants impact and in case of pronounced toxic effect, their content in biomass 

significantly decrease. In performed experiments the content of phycobilins modification was less 

evident, indicating on lack of nanoparticles toxic effect on spirulina biomass. The decrease of content 

of lipids and increase of the MDA content at AgNPs concentration 0.5 µM can be associated with 

oxidative degradation of lipids. Thus, the possible toxic effect of AgNPs on spirulina biomass can be 

assumed. In [33] it was shown that uptake of PEG-coated AgNPs can be associated with their partially 

dissolution that lead to the formation of Ag+ ions. Thus, it can be concluded that lipids are mainly 

affected by PEG-coated AgNPs. 

In general, it is considered that toxicity of AuNPs for living organisms is lower than that of 

AgNPs. However, as in case of AgNPs their toxicity is strongly dependent of factors such as shape, 

size, concentration, surface charge, coating, and surface [36]. There are numerous report proving the 

toxicity of AuNPs to living organisms. For example, the toxicity of 4 nm polyallylamine 

hydrochloride-wrapped gold nanoparticles to a panel of bacteria from diverse environmental niches 

(Azotobacter vinelandii, Acinetobacter baylyi, Shewanella oneidensis, Pseudomonas aeruginosa) is expressed 

by the different minimum bactericidal concentrations determined (0.028 – 2.8 ppm) [37]. AuNPs 

showed to be toxic to fungal species Aspergillus niger, Mucor hiemalis, and Penicillium chrysogenum, 

and the level of their toxicity was determined by NPs shape and size. Thus, larger and non-spherical 

AuNPs had relatively stronger toxicities against fungi [38]. AuNPs with the size range of 0.8–10.4 nm 

were tested for their antibacterial activity against pathogenical species. AuNPs with core diameters 

of 0.8 and 1.4 nm and a triphenylphosphine‐monosulfonate shell have minimum inhibitory 

concentration and minimum bactericidal concentration of 25 µM against Staphylococcus aureus, 

Staphylococcus epidermidis, Escherichia coli and Pseudomonas aeruginosa. At the same time, similar sized 

thiol-capped AuNPs were nontoxic even at 32-fold higher concentrations. AuNPs toxicity was 

associated with loss in the membrane permeability [39]. The pegylated AuNPs were found to be less 

toxic for the alga Pseudokirchneriella subcapitata compared to amphiphilic coated particles [40]. At the 

same time according to Lehmann et al. [41] the toxicity of coated-AuNPs arises from the Au core 

rather than from the polymer shell. 
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AuNPs at concentration 0.025-0.5 µM had a positive effect on biomass growth and did not 

influence significantly proteins and carbohydrates content. At low concentrations of AuNPs the 

content of β-carotene, phycobilins and chlorophyll a in biomass decreased by more than 20%. With 

increase of concentration up to 0.5 µM the content of accessory pigments in AuNPs supplemented 

biomass has not change significantly. Instead, at AuNPs concentration 0.5 µM the drastic decrease of 

lipids content by 63.1% in comparison with native biomass takes place. Thus, the deviation from 

normal metabolism of lipids is evident (Fig. 5). Coated AuNPs easily penetrate into the hydrophobic 

moiety of the lipid bilayers and cause membrane disruption at increased concentration [42]. 

According to images obtained by TEM both, AgNPs and AuNPs caused a pronounced 

vacuolization of the cytoplasm, especially AgNPs at concertation 0.5 µM. Also, the accumulation of 

nanoparticles leads to the release of a larger amount of extracellular polymers, which form a more 

pronounced layer of exopolysaccharides. Therefore, as it was mentioned below, external layers of 

polysaccharides play protective role against the toxic compounds and can be can be regarded as the 

protective mechanism. 

5. Conclusions 

Silver and gold nanoparticles in concentration range 0.025 – 0.5 µM have a stimulating effect on 

spirulina biomass accumulation (by 31.6 and 35.8%, respectively). Both type of NPs did not alter 

significantly the content of proteins, carbohydrates and pigments. The content of lipids was changed 

significantly in NPs supplemented biomass by increase of their content at AgNPs concentrations of 

0.025, 0.05 and 0.1 µM and at AuNPs concentrations of 0.05 and 0.1 µM, and decrease at AuNPs 

concentration of 0.5 µM. High levels of MDA in NPs-supplemented biomass are associated with the 

increase of the lipids content in biomass. However, at AuNPs concentration of 0.5 μM  high MDA 

quantity is a possible stress indicator under a minimal lipid level. The exposure to AgNPs and AuNPs 

resulted in ultrastructural changes of the cells, expressed in membrane and cell wall ruptures, partial 

degradation of tilacloids, absence of carboxysomes, more pronounced vacuolization of the cytoplasm, 

release of a larger amount of extracellular polymers, which form thick layer of exopolysaccharides. 

Obtained results indicate on the potential hazard of studied nanoparticles and the need to study in 

depth the mechanisms of nanomaterials effect on living organisms. 
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