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Abstract: Spherical Ag nanoparticles (AgNPs) were biologically synthesized using four different extracts prepared from
Parachlorella kessleri algae cultivated for 1, 2, 3 and 4 weeks. The influence of algae life cycle on AgNPs formation and effect of
different storage conditions on AgNPs long-term stability were investigated. The age of algae influenced the rate of AgNPs synthesis
and amount of AgNPs in solution. The age of algae did not influence the AgNPs long-term stability. UV—vis and TEM observation
revealed that long-term stability of AgNPs can be influenced by storage temperatures, and low temperature positively influences the
AgNPs stability. AgNPs stored at dark and at temperature of ~5 °C showed the best long-term stability regardless of the culture age.

Such AgNPs remained spherical, fine (5-20 nm) and stable (no agglomeration) even after 6 months.
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1 Introduction

The possibility of silver nanoparticles (AgNPs)
synthesized with different sizes, shapes and amounts puts
this product in focus for the widest range of needs (water
disinfection applications, medical implants, bandages,
surgical coatings, biosensors, catalysis and antimicrobial
surface coatings, optoelectronics, cosmetics, dietary
supplements, food packaging, and textiles) [1—5]. For
that reason, lots of physical, chemical and biological
methods focused on AgNPs formation were
developed [6—11]. Physical methods (chemical vapour
deposition, molecular beam epitaxy etc.) usually require
expensive technology, chemical methods belong to more
affordable methods but they are not environment
friendly. The green syntheses gain advantage over
physical and chemical methods because overall material
and energy consumptions are extremely lower, offering a
low-cost green alternative [9]. Many different kinds of
plant extracts, bacteria, fungi and algae have been used
synthesis  of
ketones/

materials for the
[12-17]. Reducing

as biological

nanoparticles sugars,

aldehydes, amine groups, water soluble heterocyclic
compounds and proteins are naturally present in such
materials and play a key role not only as the silver ions
reduction agents but also as AgNPs stabilizers [18,19].

The biochemical pathways responsible for the
production of metal NPs using biological materials are
well researched. However, the life cycle or stability of
AgNPs is still the subject of research. There was some
research in the field of environmental, health and safety
risks aimed to better understand over the entire life cycle
of chemically prepared AgNPs [20,21]. However, the
long-term stability of AgNPs prepared by green synthesis
is still not researched in detail, so lots of questions are
not answered.

For the synthesis of fine AgNPs, the extract of
Parachlorella kessleri algae (1, 2, 3 and 4 weeks old
algae) was used. The aim of the study was to investigate
the impact of culture age and storage conditions
(exposure to dark at different temperatures) on long-term
stability of AgNPs. Since knowledge in the field of
AgNPs stability is not well known, the results
reported in this study will shed light on entire AgNPs
life cycle.
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2 Experimental

Algae Parachlorella  kessleri, (syn. Chlorella
kessleri) strain LARG/1, supplied by CCALA, No. 253,
supplied by Institute of Botany, Czech Academy of
Sciences were used for the experiments. The algae were
cultivated in Petri dishes for 1, 2, 3 and 4 weeks at the
ambient temperature. Nutrient medium consisted of 2%
agar and Millieu Bristol nutrient solution. After
cultivation the algae of different age were collected
separately and treated by boiling in water bath for 15 min
and centrifuging at 3000 r/min for 15 min. The cells
amount used for extract preparation was determined by
automatic cell counter and was the same for all extracts.
The liquid phases obtained after centrifugation (four
different extracts, labelled as: 1wE — the algal extract
derived from one week old algae; 2wE — the algal extract
derived from algae cultivated for two weeks; 3wE — the
algal extract derived from algae cultivated for 3 weeks;
4wE — the algal extract derived from algae cultivated for
four weeks) were removed and transferred into four
Erlenmeyer flasks containing 0.92 mmol/L AgNO;
solution (concentration of Ag 100 mg/L). The solutions
were left for 4 days at room temperature. Subsequently
two AgNPs solutions were chosen, divided into
Erlenmeyer flasks and stored in dark at room
temperature and at 5 °C (in refrigerator).

The AgNPs stability was monitored by measuring
the UV-vis spectra of the solutions in 10 mm
optical-path-length quartz semimicrocuvettes (UNICAM
UV/vis Spectrometer UV4). The size and morphology of
the nanoparticles were studied by a transmission electron
microscope (JEOL model JEM—2000FX microscope
operated at an accelerating voltage of 200 kV). EVE™
automatic cell counter was used to obtain Parachlorella
kessleri exact cell count.

3 Results and discussion

All organisms, from little one cell algae to moss, go
during their life through a number of biological phases.
Therefore, the composition and amount of trace
elements, vitamins, bioflavonoids, lipoid acids, enzymes,
amino acids, proteins, as well as plant substances and
fatty acids in algae changed with time. The contribution
and ability of culture to create the AgNPs logically
changed during their life. The extracts prepared from
algae with different age was used for comparing their
ability to form AgNPs.

Addition of the green algae extracts to AgNO;
solutions led to changes of solution colour (Fig. 1). The
colour change is the result of the radiation absorption in
the visible region of the electromagnetic spectrum

(380—450 nm) due to the localised surface plasmon of
AgNPs [21-23].
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Fig. 1 UV-vis absorption spectra of AgNPs (after 24 h) (The
insets show solution colour on the 1st day of experiment)

After 24 h the solution colours changed in
dependence of the extract type from light brown (1wE)
to dark brown (4wE) (Fig. 1), which confirmed the
presence of AgNPs in all experimental solutions. UV-vis
spectra in Fig. 1 show surface plasmon resonance (SPR)
bands of AgNPs. It is clear that regardless of culture age
is possible to prepare AgNPs, but using 2wE and 3wE
extracts is the most efficient. This two extracts gave
symmetric and narrow SPR bands with the highest
absorbance. Depending on the SPR band shape it is
possible to assume the AgNPs shape and size
uniformity [15,24]. Small spherical nanoparticles exhibit
a single, symmetrical SPR band, whereas large and/or
different shaped particles reveal two or three peaks.
Based on the SPR band shape and the absorbance
(Fig. 1), it is possible to say that AgNPs prepared by 1wE,
2wE and 3wE extracts are symmetric with narrow
interval of size distribution.

The weaker symmetry of SPR band of nanoparticles
prepared by 4wE extract indicates larger particles with
wider size distribution and in comparison to above
mentioned SPR bands the absorbance is the lowest,
which indicates the low concentration of AgNPs in
solution.

For further analyses and comparison of algae ability
to form nanoparticles, the best and the weakest results
(Fig. 1) (prepared by 3wE and 4wE extract) were chosen.
The SPR bands of these AgNPs measured on the 1st, 2nd
and 4th day of experiment are shown in Fig. 2(a).

The UV-vis spectroscopy (Fig. 2(b)) shows
symmetric SPR bands with a maximum wavelength at
about 428 nm. The increasing of absorbance intensity
with time indicates that Ag" ions are still presented in
solution [25]. The TEM image of AgNPs formed on the
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Fig. 2 UV-vis absorption spectra of AgNPs (1st day) prepared by 3wE and 4wE extracts (a); and SPR bands of AgNPs, size
distribution and TEM images of AgNPs on 4th day of experiment for 3wE (b) and for 4wE (c)

4th day (Fig. 2(b)), clearly confirmed the formation of
fine, spherical AgNPs surrounded by a thin layer of
organic material which is characteristic of AgNPs
prepared in plant extracts. Particle size histogram
revealed that more than 90% of AgNPs are down to
20 nm in diameter.

The SPR bands measured on the 1st, 2nd and 4th
day of AgNPs prepared by 4wE extract, (Fig. 2(c)), show
SPR  bands with weaker symmetry, maximum
absorbances were lower, 0.477, 0.607 and 0.646 for the
Ist, 2nd and 4th day of experiment respectively, and
slight red shifts of wavelength are evident, from 414 to
425 nm for the 1st and 4th day respectively. Nanoparticle
size histogram (on the 4th day of experiment) shows
wider interval of AgNPs size, 80% of AgNPs were in
interval from 20 to 60 nm in diameter.

For analysing of AgNPs long-term stability,
nanoparticles after 4 days experiment were used. The 4th
day was considered as day 0 for subsequent experiments.

It is well-known that light acts destructively on
AgNPs. IZAK-NAU et al [21] assumed that such
changes in AgNPs' stability under this condition could be
attributed to the elevated temperature of the dispersions
exposed to daylight, which can increase the NPs collision
rate and subsequently induce faster agglomeration.
Additionally, daylight can cause photo-reduction of
already dissolved Ag' that consequently may lead to the

production of new NPs increasing the overall sample
polydispersity. Therefore, combination of dark with low
(~5 °C) and room temperature was chosen for long-term
stability experiments.

Figure 3 shows the UV-vis spectra and size
distribution of AgNPs prepared by extract from three
weeks’ old algae stored under different conditions.

The SPR bands of AgNPs prepared by 3wE extract
were symmetrical, the time and temperature of storage
did not influence the symmetry of SPR bands which
indicated small and uniform AgNPs. However, at room
temperature steady increase of absorbance, 4., against
time of experiment (from 1.206 on day 0 to 1.533 on the
300th day) and slight increase of SPR band width may
indicate the onset of changes in solution (Fig. 3(a)).
According to works [26,27], this behaviour could be
possible if the dissolution or agglomeration of
nanoparticles occurs in solution. The visual inspection of
the stored solution confirmed slight sediment of AgNPs
on the bottom of Erlenmeyer flask on the 300th day.

Based on the TEM micrograph the size distribution
of AgNPs was determined (Fig. 3(c)). Irrespective of the
storage time almost 90% of AgNPs were down to 20 nm.
However, in solutions stored at room temperature slight
increase of particles amount in interval from 5 to 10 nm
on the 300th day of experiment was observed.
Considering the slight amount of AgNPs sediment on the
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bottom of Erlenmeyer flask we assume that small, well
dispersed particles remained in solution and some
agglomerated particles settled down.
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Fig. 3 UV-vis spectra of AgNPs prepared by 3wE extract
stored under different conditions

The combination of dark and low temperature can
guarantee better long-term stability of AgNPs (Fig. 3(b)).
UV-vis for AgNPs stored at 5 °C did not change at all, no
agglomeration and no significant increase in particle

frequency in dependent of time were observed

(Fig. 3(c)).

The UV-vis spectra and size distribution of AgNPs
prepared by extract from four weeks old algae stored at
different temperatures in dark are shown in Fig. 4. The
absorbance of AgNPs stored at room temperature
increased from 0.646 to 0.871 for day 0 and the 300th
day of experiment respectively (Fig. 4(a)). The change of
SPR band position or shape was not observed at low
temperature (Fig. 4(b)). The AgNPs remained the same
as that at the beginning of experiment.
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Fig. 4 UV-vis spectra of AgNPs prepared by 4wE extract
stored under different conditions



978 Oksana VELGOSOVA, et al/Trans. Nonferrous Met. Soc. China 28(2018) 974979

The size distribution of AgNPs (Fig. 4(c)),
confirmed that AgNPs are more stable at low
temperature. Increase of particles size was observed only
at room temperature.

Above mentioned experimental results showed that
dark has a crucial influence on AgNPs long-term stability.
The position of the peaks and shape of SPR bands of
nanoparticles stored at temperature can be
considered stably throughout long-term stability
experiment. It is clear that algae age did not influence the
stability of nanoparticles. The only difference in using
three or four weeks old algae extract is in decreasing of
the Anax (Fig. 2). The culture age influenced only the
efficiency of AgNPs production. The best efficiency of
AgNP production was observed using extract prepared
from three and two weeks old algae.

low

4 Conclusions

1) The long-term stability of Ag nanoparticles can
be influenced by storage conditions.

2) Dark and low temperature positively influence
the AgNPs stability.

3) The algae life cycle is important for AgNPs
formation and the age of algae does not influence the
long-term stability.

4) The rate of nanoparticle production and amount
of AgNPs in solution can be influenced by the algae age.
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