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Abstract
The ability of cyanobacteria and green microalgae to synthesize gold nanoparticles is well known, as is the ability to
use these nanoparticles to degrade pollutants (e.g., methyl orange, methylene blue, etc.). In this paper we present our
original results on the biosynthesis of gold nanoparticles in both light and dark, by the cyanobacterium Synechocystis
PCC 6803, green microalga Chlorella sorokiniana UTEX 1230, as well as our two green microalgae strains
temporarily named Ra and Rd. In this way we try to find out the contribution of photosynthesis to the synthesis of
nanoparticles, as well as the contribution of aerobic respiration to this process. Up to our best knowledge this is the
first report concerning the possibility to influence the intracellular position of nanoparticles by varying the conditions
of NP synthesis, namely in our experiments the darkness coupled with anaerobiosis. The synthesized nanoparticles were
inspected by TEM, both in situ (on ultra-thin sections) and after extraction. The collected gold nanoparticles were
further used as catalysts for the degradation of methylene blue.
Key words: cyanobacteria, gold nanoparticles, green microalgae, TEM.

INTRODUCTION

biological macromolecules (Bhat, 2003;
Bhattacharya & Gupta, 2005; Sidhu et al.,
2022). Nanoparticles are materials with
different shapes (spherical, triangular, rods etc.)
and dimensions between 1 and 100 nm having
properties which make them very interesting
with respect to both fundamental and
applicative research. The synthesis of Metallic
NanoParticles (MNPs) can be done by physical,
chemical, and biological methods. In nowadays
nanotechnology, there is a keen interest for the
development of environmentally friendly
methods of nanoparticle synthesis using
different natural sources, the so-called biogenic
synthesis of MNP, and is based on the use of
bacteria,
including
cyanobacteria
and
actinomycetes, fungi, lichens, algae, and plants
extracts in this process (Rai & Duran, 2011;
Khan et al., 2019; Uzair et al., 2020). Among
microorganisms, algae and blue-green algae are
of particular interest for nanoparticles

It is well known that the oxygenic photosynthetic
microorganisms (OPhM), cyanobacteria and green
microalgae, have different biotechnological
applications such as the synthesis of metal
nanoparticles as well as a source for dedicated
chemicals (proteins, lipids, pigments, antioxidants,
etc.) (Borowitza & Boroworzka, 1988; Lengke
et al., 2006; Brayner et al., 2007; 2011; Grewe
& Pulz, 2012; Dahoumane et al., 2012;
Ardelean, 2015; Ardelean et al., 2018;
Moisescu et al., 2018; Ardelean et al., 2019;
Nguyen et al., 2019; Moisescu et al., 2019a;
2019b; Ardelean et al., 2020; Ardelean et al.,
2020a; 2020b, Fabris et al., 2020).
With respect to the synthesis of metal
nanoparticles, this process belongs to the
biomineralization
category,
which
are
processes often under a strict biological control
and involve the interaction of a large number of
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synthesis. Gold nanoparticles (GNP) have a
wide range of applications in medicine,
diagnostics, catalysis, and sensors because of
their significant key roles in important fields
based to a combination of optical, physical, and
chemical properties as well as the miscellany of
size, shape, and surface composition that has
been adopted through green synthesis methods
(Khan et al., 2019; Hamida et al., 2020).
The main advantage of biogenic synthesis concerns their occurrence under normal conditions
of temperature and pressure, in general with no
toxic chemicals involved in the process. Thus,
this type of approach is friendly to the environment, with high potential in developing a green
technology. The main constrains concerns the
fact that processes involved in the biogenic
synthesis are relatively poorly understood.
The aim of this paper is to show our results
concerning gold nanoparticles synthesis by the
cyanobacterium Synechocystis PCC 6803,
green microalgae Chlorella sorokiniana UTEX
1230 as well as our two green microalgae
isolates called Ra and Rd, both in light and in
darkness, in aerobiosis, the subcellular
localization of these NanoParticles (NPs) and
their dimensions as well as their ability to
catalyse the degradation of methylene blue.

centrifugation (8000 rpm, 7 min) until they
reached reach OD660 = 1. Then, 2 ml of 10 mM
sodium tetrachloroaurate (NaAuCl4 2H2O)
were mixed with 18 ml of each concentrated
cell suspension. Each of the 20 ml samples
were divided in two: 10 ml in one flask that
was kept in the light and 10 ml in another flask
which was wrapped in aluminium foil to create
dark conditions. All samples were incubated in
the same conditions for 48 h at 30°C with
agitation.
For the aerobic versus anaerobic nanoparticles
synthesis experiments, the cultures were
concentrated by centrifugation (8000 rpm, 7
min) until they reached OD660 = 1. NaAuCl4
was added as in the method described above to
1 mM (final concentration) and, in addition
5 mM glucose (final concentration) was added.
Similarly, each sample was divided in two: one
10 ml flasks was kept under aerobic conditions
and the other in anaerobic conditions obtained
with the GENbag anaer (bioMerieux, France).
All samples were incubated in the same
conditions, in dark, at 30°C for 72 h.
Nanoparticles extraction from cells
After the formation of nanoparticles, the
microbial cultures were centrifuged at 7000
rpm, for 10 minutes and 10 mL of lysis solution
(Tris-HCl 1 M, pH = 7.6, 1 mM EDTA, 1%
Triton X-100, 10% glycerol, 0.1% SDS, 10%
toluene and 10% chloroform) was added to the
sediment to break up the cell walls and release
the nanoparticles formed inside. In addition, the
samples thus prepared were subjected to
ultrasonication using a Sonopuls homogenizer
GM3100 (Bandelin, Germany), according to
the following program: 55% power with a total
time 5 minutes and 6 seconds (5 sec impulse
and 60 sec pause).

MATERIALS AND METHODS
Microbial strains and growth conditions
Cyanobacterium Synechocystis PCC 6803 and
green microalga Chlorella sorokiniana UTEX
1230 were used as model microorganisms as
they are two well-known collection strains for
gold nanoparticles synthesis. Our two isolated
strains, called as Ra and Rd, which are in the
process of molecular identification (results in
progress), were also included in the present
study (Ardelean et al., 2017; 2018; Moisescu
et al., 2018; Ardelean et al., 2019; Moisescu
et al., 2019a; 2019b; Ardelean et al., 2020;
Ardelean et al., 2020a; 2020b, Ardelean et al.,
2021a; 2021b; Chen & Wang, 2022). Cells
were pre-grown photoautotrophically in flasks
with standard medium BG11, under aerobic
conditions, with agitation, at 30℃.

Measurement of GNPs by UV-VIS
spectroscopy
A 0.2 mL reaction mixture was taken from each
sample and was further scanned by UV-VIS
spectroscopy (Specord 210 Plus, Analytik Jena)
at wavelength from 350 to 750 nm (Huang et
al., 2019). The color change from pale yellow
to purple indicates the formation of AuNPs.
The absorbance at 530 nm is due to surface
plasmon resonance of AuNPs.

Nanoparticle synthesis
For the light versus dark nanoparticle synthesis
experiments, the cultures were concentrated by
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Transmission Electron Microscopy (TEM)
and Image Analysis
Transmission electron microscopy (TEM)
studies were performed on both nanoparticlefree cells and nanoparticle-synthesizing cells.
The cells were pre-fixed overnight in 3%
glutaraldehyde in 0.05 M cacodylate buffer pH
7.4 at 4°C, and then they were included in 3%
agar so that they could be further processed
according to the routine protocol (Mirancea et
al., 2007). After 6 successive washes with
0.05 M cacodylate buffer, the samples were
postfixed with 4% OsO4 (in 0.1 M cacodylate
buffer) for 2 h at room temperature, followed
by other washes, and then dehydrated in a
graded series of ethanol (30, 50, 70, 90, and
100%). After treatment with propylene oxide
(PO) and pre-embedment of samples (PO and
Epon), the final embedment at 60°C for at least
24 hours followed. Sectioning was performed
on the Ultrotome III LKB ultramicrotome with
a glass knife, and the ultrafine sections (70-90
nm thick) were double counterstained with
Uranyless and lead citrate. All the prepared
grid samples were analyzed using a JEM-1400
(JEOL, Japan) operated at 80 kV accelerating
voltage, and visualized with Quemesa CCD
camera (Olympus Soft Imaging Solutions). For
statistical analysis of the NPs sizes, at least 100
particles were measured. The crystal outlines
were digitized and their dimensions calculated
using
the
ImageJ
software
(https://imagej.nih.gov/ij/).

Accordingly, 1 mL of freshly prepared 0.2 M
sodium borohydride (NaBH4) solution was
added to 25 ml solution of 10 mg L-1 methylene
blue (MB) and 0.5 ml of GNPs. The
degradation of MB was monitored by UVvisible spectroscopy in the range of 400-800
nm at room temperature. The degradation of
MB could be observed both by the color
change over time (from blue to colorless), and
by the decrease in absorbance at 664 nm (664
being the wavelength at which MB has
maximum absorption).
The MB degradation percentage was calculated
according with the following formula:
%𝐷𝐷𝐷𝐷 = (𝐴𝐴𝐴𝐴0 - 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴0) × 100
where: 𝐴𝐴𝐴𝐴0 is the absorbance (at 664 nm) at 𝐴𝐴𝐴𝐴 =
0 and 𝐴𝐴𝐴𝐴 is the absorbance (at 664 nm) at time 𝐴𝐴𝐴𝐴
(León et al., 2016).
RESULTS AND DISCUSSIONS

In Figure 1 there are presented TEM images of
Ra and Rd green microalgae without NP. In the
case of Ra strain, the predominantly
euchromatic nucleus and the very welldeveloped photosynthetic apparatus can be
observed; these, along with the mitochondria
and the Golgi apparatus, indicates a
metabolically active cell. Also, in the case of
Rd strain, the photosynthetic apparatus is very
well represented (Figure 1).
In Figure 2 there are presented TEM images of
green microalgae Ra, Rd and Chlorella
sorokiniana UTEX 1230 and cyanobacterium
Synechocystis PCC 6803, with intracellular
GNPs produced in the presence of light and in
total darkness (48 h).

Methylene blue degradation
Was performed according to Fairuzi et al.
(2018) with the specification that the work was
done with half of the volumes they used.
(a)

(b)

Figure 1. TEM images of (a) Ra and (b) Rd green microalgae (N - nucleus; Ph. App. - photosynthetic apparatus; GA Golgi apparatus; m - mitochondria; CW - cell wall)
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(a)

(b)

(c)

(d)

Figure 2. TEM images of ultrathin sections showing the intracellular localization of GNPs in (a) green microalga Ra;
(b) green microalga Rd; (c) Synechocystis PCC 6803, and (d) green microalga Chlorella sorokiniana UTEX 1230 in
light (left) and dark (right) conditions (n - nucleolus; N - nucleus; Ph. App. - photosynthetic apparatus; CW - cell wall)

No notable differences were observed in terms
of GNPs distribution at the level of the
ultrastructure of the cells for all four strains

studied, regardless of the conditions of
exposure to light or its absence. As can be seen
in the images (Figure 2), the distribution of
12

nanoparticles predominates at the level of the
photosynthetic apparatus regardless of the
lighting conditions, being only exceptionally
found at the level of the cell wall.
Nanoparticles characterization. The GNPs
synthesized by the various photosynthetic
microorganisms studied were imaged via TEM
and their sizes and morphologies were determined (Figure 3). Size-controlled synthesis of
GNPs is critical for their application in various
(a)

fields such as electronics, optics, optoelectronics and biosensors (Rai and Duran, 2011).
In this study, the synthesized GNPs were all
located intracellularly indicating a certain
degree of microbial control over the size and
morphology of the crystals. The TEM analysis
revealed that the GNPs synthesized by both
green algae and cyanobacterial cells had similar
round-shaped morphologies with an average
size of ranging between 10 to 40 nm.
Rd

Ra

Synechocystis
PCC 6803

(b)

(c)

Figure 3. (a) TEM images, (b) crystal size distributions (CSDs), and (c) shape factor distributions (SFDs), of GNPs
synthesized by the green microalgae Ra, Rd and by the cyanobacterium Synechocystis PCC 6803 cells

The crystals synthesized by the green microalga
Ra exhibited a narrow size range (~7-24 nm)
with an average diameter of 15 nm (Figure 3b
at left) and a spherical morphology (Figure 3c).
The crystal size distribution (CSD) of these
crystals has a normal asymmetric distribution,
with a sharp cut-off towards bigger sizes, and a
positive skewness of 0.25.
This type of distribution is usually found at
intracellular synthesized NPs, where the cell
exerts a control over the biomineralization
process, and the crystals stop growing once
they reach a certain strain-specific size. The
shape factors, describing the elongation of the

crystals, were calculated from their width to
length ratio, so that W/L ≤ 1.
The shape factor distribution (SFD) in case of
Ra strain showed a wide distribution, with a
shape factor > 0.7, indicating the presence of
possibly immature crystals.
Compared to the nanoparticles formed by Ra,
the GNPs synthesized by Rd strain revealed a
different behaviour. We observed a wider CSD
(Figure 3b at middle), the crystals are welldefined and noticeably bigger (~16-64 nm),
with an average diameter of 39 nm. They also
have a 0.02 positively skewed CSD, a narrow
and negatively skewed SFD with a maxima
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equal to 1, corresponding to perfectly isometric
shape crystals (Figure 3c at middle).
In contrast, the GNPs synthesized by
Synechocystis PCC 6803 were characterized by
slightly smaller crystals (~5-19 nm), with an
average diameter of 10 nm, round morphologies, positively skewed CSD (i.e., 0.85), and
asymmetric SFD with a distinct maximum at 1.
Absorption spectra of isolated GNPs. UVvisible spectroscopy is a useful technique to
0,14
0,12
0,1
0,08
0,06
0,04
0,02
0

(b)
0,58
0,57
0,56
0,55
0,54
0,53
0,52
0,51

Rd

UTEX

Absorbance

Absorbance

(a) 0,16

study the formation of GNPs. In Figure 4 are
presented the UV-visible spectra of the
extracted GNPs.
Green microalga Ra and Chlorella sorokiniana
UTEX 1230 showed absorption maxima at 540
nm, while Rd at 535 nm and cyanobacterium
Synechocystis PCC 6803 showed absorbance
peaks at 550 nm, which corresponds to the
reported absorption maxima for GNPs.

450

550

nm

650

470

520
nm

570

620

Figure 4. UV-Vis absorption spectra of isolated GNP from (a) green microalga Rd and cyanobacterium Synechocystis
PCC 6803 and (b) green microalgae Chlorella sorokiniana UTEX 1230 and Ra

Methylene blue degradation by GNPs.
Methylene blue is a dye used in many industries as for dyeing different types of textiles.
Pollution with this dye represents a risk to both
human and animal health and nanotechnology
has been successfully used for textile dye
removal (León et al., 2016).
To test whether the GNPs synthesized by
photosynthetic microorganisms could be also
used for the removal of pollutant dyes, we used
the GNPs synthesized by Synechocystis sp.
PCC 6803 to reduce MB. The results showed
that the GNPs produced by Synechocystis sp.
PCC 6803 were able to degrade MB in 4 minutes, with an efficiency of 60.59% (Figure 5).
In a previous paper Focsan et al. (2011)
reported the intracellular synthesis of GNPs by
the cyanobacterium Synechocystis sp. PCC
6803 exposed to an aqueous solution of
chloroauric acid and also corelated the
biomineralization process and the metabolic
activities (i.e., photosynthesis and respiration)
of cyanobacterial cells with the GNPs synthesis
and yield with the amount of respiratory and
photosynthetic oxygen exchange. The TEM
analysis, in conjunction with spectroscopic
measurements (i.e., surface plasmon resonance,
fluorescence quenching and surface-enhanced

Raman scattering, revealed the localization of
biogenic GNPs at the level of intracytoplasmic
membranes.

Absorbance (664 nm)

1
0,8
0,6
0,4
0,2
0

1 min

2 min

Time

3 min

4 min

Figure 5. Methylene blue degradation over time by
GNPs synthesized by Synechocystis sp. PCC 6803

That contribution aimed to elucidate the interplay between biomineralization and metabolic
activities in the case of the cyanobacterium
Synechocystis sp. PCC 6803. Focsan et al.
(2011) also demonstrated the ability of the
cyanobacteria to reduce gold ions and the
affinity of biosynthesized GNPs to accumulate
mainly inside the cyanobacterial thylakoids.
The yield synthesis of GNPs is strongly
dependent on different metabolic activities
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chemicals could be responsible for the lack of
noticeable differences between GNPs synthesis
in light versus dark conditions, in microalgae.
A last type of experimental setup was the
cyanobacterial cells incubated in darkness,
either in aerobiosis or in anaerobiosis in an
attempt to stimulate the reduction of gold
chloride at the plasma membrane, with
concomitant formation of GNPs. Figure 6
contains images of TEM sections of
Synechocystis sp. PCC 6803 incubated in
darkness in aerobiosis or anaerobiosis.
As it can be seen in these images there are
some cells (the proportion is different in
aerobiosis as compared with anaerobiosis
(Table 1) that have GNPs exclusively at the
plasma membrane. Up to our best knowledge
this is the first report concerning the possibility
to manipulate the intracellular position of
nanoparticles by controlling the conditions of
NPs synthesis, namely in our experiments the
darkness coupled with anaerobiosis, in the
presence of added glucose.

quantified by the amount of respiratory and
photosynthetic oxygen exchange.
In the present paper, we show that there are
some differences between GNPs synthesis by
prokaryotes (Synechocystis sp. PCC 6803) as
compared to eukaryotes (Ra, Rd, and Chlorella
sorokiniana UTEX 1230), which will be
further detailed. In cyanobacteria the mechanisms depend on aerobic respiration and
photosynthesis whereas in microalgae the
process seems to be more complex.
When Synechocystis PCC 6803 was grown in
light conditions and in the presence of 1mM
NaAuCl4, GNPs were formed mainly at the
level of the photosynthetic apparatus, further
arguing the implication of photosynthesis in
nanoparticles formation. When cultivated in
dark conditions, no GNPs could be observed
either microscopically (results not shown) or in
TEM
sections,
demonstrating
that
Synechocystis sp. PCC 6803 does not form
GNPs in these conditions and only the dark
respiration intensity is affected during
nanoparticles synthesis (Focsan et al., 2011).
In the case of microalgae, the presence of GNP
at photosynthetic apparatus level during dark
incubation suggest that either the dark incubation was too short to devoid the photosynthetic
apparatus of reducing equivalents or that the
mechanism of GNPs synthesis in these
microalgae is more complex than in
prokaryotes, not directly depending on the
function of oxygenic photosynthesis. In this
respect, we must note that GNPs synthesis also
occurs in spent medium from microalgae,
suggesting that some chemicals present in those
supernatants might be involved in GNPS
synthesis (results not shown). These unknown

Table 1. Proportion of Synechocystis PCC 6803 cells
grown in BG11 supplemented with glucose 5 mM, which
presents GNPs in the plasma membrane, when incubated
in light and aerobiosis, in darkness and aerobiosis and in
darkness and anaerobiosis

Synechocystis in LIGHT
and AEROBIC conditions
Synechocystis in DARK
and AEROBIC conditions
Synechocystis in DARK
and ANAEROBIC
conditions

Number
of cells

% Cells with
nanoparticles
at plasma
membrane

100

0

74

24

64

35

a)
b)
Figure 6. (a) Cells in dark and anaerobioses incubated in BG11 supplemented with 5 mM glucose (x 15.000),
(b) cells in dark and aerobioses incubated in BG11 supplemented with 5 mM glucose (x 12.000)
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CONCLUSIONS

tion but specific subcellular localisation of
GNPs could have applications, for example,
with respect to promoting redox reactions at
specific subcellular sites inside the algal cells,
or other applications.

In this paper we show our results concerning
GNPs synthesis by the cyanobacterium
Synechocystis PCC 6803, green microalga Chlorella sorokiniana UTEX 1230 a well-known
green microalga collection strain as well as our
two green microalgae isolates Ra and Rd, both
in light and in darkness conditions. This way
we try to find out the contribution of photosynthesis to GNPs synthesis as well as the contribution of aerobic respiration to this process.
The experimental results show that in green
microalga, Chlorella sorokiniana UTEX 1230
as well as the other two isolates Ra and Rd, the
GNPs synthesis occur in light and in darkness,
mainly at the photosynthetic apparatus. In the
cyanobacterium Synechocystis PCC 6803 the
synthesis occurs in light at the level of the
photosynthetic apparatus.
Very interestingly, in darkness, in the presence
of added glucose, gold nanoparticle formation
occurs, including at the level of plasma membrane. As we already said, up to our best
knowledge this is the first report concerning the
possibility to manipulate the intracellular position of nanoparticles by controlling the conditions of NPs synthesis, namely in our experiments the darkness coupled with anaerobiosis.
In these conditions, we put forward that both
the lack of natural electron acceptor (molecular
oxygen) and the excess of reducing power generated by the presence of added glucose, create
conditions which favour the reduction at plasma membrane - where aerobic respiration occurs
- of gold ions instead of molecular oxygen.
These types of experiments are in development
aiming at further control of gold nanoparticle
synthesis mainly with respect to subcellular
localisation. Logically, stimulating the contribution of aerobic electron transport to the
process of gold nanoparticle formation would
favour the localisation of GNPs at specific sites
of respiration, namely plasma membrane.
Further experiments will show the real degree
to manipulate the subcellular localisation of
GNP by controlling the growing conditions.
Apart of the fundamental interest in this
approach, the so controlled synthesized GNPs
could have specific properties and applications.
The synthesized and collected GNPs could be
used as catalysts for methylene blue degrada-
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