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Abstract. Perspectives of using fluorescence of chlorophyll methods for the assessment of toxic effects of
nanomaterials on phytoplankton is analyzed. Measuring of light dependence curves of fluorescence allows changes in
energy storage in photosynthetic processes in algal cells to be detected at early stages of phytoplankton exposure to
modern nanomaterials.
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Phytoplankton forms the basis of water ecosystems and determines their state and productivity. Various
environmental factors and anthropogenic pollution first affect the concentration and photosynthetic activity of algal
cells, in turn, changed photosynthetic activity of phytoplankton results in changes in other levels of aquatic
ecosystems [1]. Changes in the amount and activity of algae in a waterbody, induced by anthropogenic factors, can
markedly deteriorate the quality of aquatic environment. In some cases, this can present a direct threat for population
health, owing to release of highly toxic substances by planktonic algae.

Characteristics of photosynthesis, which is the major energy storing process in algal cells [1, 2], can be used as an
indicator of the physiological state of phytoplankton. Presently, the most pressing task is to develop methods, which
allow early changes in the abundance and state of microalgae, induced by toxic pollutants to be continuously monitored
in teal time before the visible signs of ecosystem damage appear. Such integral information on the state of environment
can be obtained with bioindication methods, which are based on registration of the response of natural phytoplankton
populations. Bioindication methods can be used for continuous monitoring of water quality and for rapid detection of an
increase toxic pollutants (nanomaterials). After obtaining positive signal from bioindication of the environment for
integral toxicity, analytical methods can be additionally used to identify the chemical nature of the pollution.
Bioindication methods shold be informative, sensitive and operate in real time regime. Since algae form the base of
aquatic ecosystems, they can be used as bioindicators of their habitats. The basic idea of the methods developed is
research is that the fluorescence of chlorophyll, which is present in photosynthetic membranes, is a valuable source of
information on the amount and state of algal cells [1, 3-5]. Fluorescence yield at a low intensity of exciting light (Fo)
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was shown to correlate with the concentration of chlorophyll and biomass of microalgae. This characteristic is mainly
determined by the total concentration of light-harvesting pigments in algal cells and is a characteristic of phytoplankton
abundance [6, 7].

Measurement of variable fluorescence of chlorophyll (Fv) can be used to estimate the photosynthetic activity of
algae. Photosynthetic activity of phytoplankton depends on the primary processes of light energy transduction into the
energy of chemical bonds, which take place in photosystem Il reaction centers (PSIlI RC), which are involved in water
splitting and O evolution. The value of Fv is generally determined as the difference between the maximum
fluorescence yield, Fm, measured with closed (photochemically inactive) reaction centers, in which all light energy
absorbed by pigments of photosynthetic apparatus is emitted in the form of fluorescence and is dissipated into heat, and
the fluorescence yield Fo with open PSII RC, in which most part of the absorbed energy is used in photosynthetic
reactions, and energy loss is at its lowest [1, 7]. Thus, variable fluorescence (Fv=Fm-Fo) is a measure of the energy
which has been photochemically converted by PSII. The Fv/Fm ratio was shown to reflect the efficiency of
photochemical conversion of light energy in PSII (further referred to as photochemical activity) algae and to correlate
with photosynthetic rate measured from the rates of O, evolution or CO; fixation [8].

At the Department of Biophysics of the Faculty of Biology of the Moscow State University we designed a
complex of luminescence methods for diagnostics of the physiological state of phytoplankton cells, which comprises a
single-beam on-board fluorometer, a submersible pump-and-probe fluorometer, flow fluorometer, microfluorometer,
and a device for measuring delayed fluorescence [3, 7, 9, 10].

Fluorescence of algal cultures can be successfully used as biosensor for testing nanomaterials [7, 11]. However,
such work was not performed with natural phytoplankton.

In the present paper, we used fluorescence methods to study ecotoxicological effects of different nanoparticles on
natural phytoplankton.

Materials and methods. Experiments were performed with natural phytoplankton from shore waters of the Black
Sea. Chlorophyll concentration in samples was 1-0.5 ug 1. Samples were collected in the morning and were incubated
with added nanoparticles under conditions similar to natural habitat (20 °C and illumination 30 pE/m?s).

We studied synthetic nanocomposite FesOa/HAmecn, made from magnetite nanoparticles and humic substances,
diamond nanoparticles (10 nm) [12], nanosilver preparation [Ag] (average radius 40 nm) and nanogold preparation [Au]
(average radius 25 nm).

Fluorescence was measured with a portable pulse fluorometer MEGA-25 constructed at the Department of
Biophysics, MSU [7; 10], and a WaterPAM fluorometer (Walz, Germany). The maximum quantum vyield of
photosystem 1l (PSII) Fv/Fm, where Fv=Fm-Fo, was measured on dark-adapted algae. Measurements under light
illumination were performed with progressive increase of light intensity from 0 to 800 pE/m? s. At the end of each
illumination session, Fm' and fluorescence yield in the light F(t) were measured using saturating flashes (0.8 s,
3000 pE/m? s) [8]. These parameters were used to calculate nonphotochemical quenching of chlorophyll fluorescence
NPQ = (Fm-Fm')/Fm', quantum yield of photochemical conversion of light energy in PSII, as Y = (Fm'-Ft)/Fm' and
relative yield of the noncyclic electron transport at given light intensity rETR = Y X E;, x 0.5, where E; — illumination
intensity. The measured parameters are designated according to the generally accepted nomenclature [8].

Results. Fluorescence parameters showed the effect of various nanoparticles on natural phytoplankton (Table 1).
The maximum quantum yield of PSII - Fv/Fm differentially decreased during the exposure to different nanomaterials.
The number of cells and the parameter Fo, reflecting the abundance of phytoplankton [4], little changed during
incubation time - 20 hours. Particularly significant inhibition of photosynthesis in cells was seen under the effect of
colloidal solution, containing silver nanoparticle in the preparation «Argonica», recommended for medical use. The
effect was noted at concentrations down to 10 M. Silver and nanodiamond nanoparticles affected phytoplankton. By
contrast to silver, gold nanoparticles slightly affected photosynthetic activity of phytoplankton even at high
concentrations. Synthetic nanocomposite, FesO4/HAmeen also slightly affected phytoplankton activity (Table 1).

Table 1 — Changes in fluorescence parameters - Fv/Fm — samples in darkness, rETRmax — maximum relative rate of
electron transport and NPQ = (Fm/F'm) - 1-nonphotochemical fluorescence quenching at illumination 800 pE/(m? s) in
natural phytoplankton after the addition of various nanopreparations (incubation time — 20 hours) as percentage from
the control value

Diamond Colloidal silver in Nanocom-
Fluorescence Nanogold [Au] . Nanosilver preparation posite Fe3O4/
Control 5 nanoparticles 5 .

parameters 510" M (0.005%) 10° M «Argonikay HAmech

D70 107 M. (0.1%)
Fv/Fm 100% 93% 40% 70% 42% 80%
ETR (max), 100% 87% 20% 41% 27% 57%
NPQ 100% 110% 29% 61% 29% 76%

In another approach we used measurements of light dependence curves of various fluorescence parameters under a
gradual increase of light intensity. This method has been actively developed in recent time for the investigation of
photosynthesis in leaves and algae [13]. These dependences can be used to assess the relative rate of noncyclic electron
transport rETR and to measure the nonphotochemical fluorescence quenching (NPQ) [4].
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It was found that silver, gold and diamond nanoparticles, as well as nanocomposite FezOa/HAmecn, reduce the rate
of noncyclic photosynthetic electron transport in phytoplankton, as calculated from data on fluorescence parameters.
The reduction of ETRmax — (maximum relative rate of electron transport, as percentage of the control value) under the
effect of nanoparticles is shown in Table. It is seen that this parameter, when measured in light, is more sensitive to the
effect of nanoparticles, compared to Fv/Fm ratio. Nonphotochemical quenching of fluorescence at 800 pE/m? s is also
reduced to a greater extent under the effect of nanoparticles, compared to Fv/Fm. Parameter NPQ increased only in the
presence of gold nanoparticles.

Conclusion. Thus, our data shows that measurement of chlorophyll fluorescence is a promising method for the
early detection of nanomaterials in natural aquatic environment. These methods are able to give information about the
state of photosynthesis, the main process in algal cells, at early stages of the phytoplankton exposure to nanomaterials,
before a damage caused to aquatic ecosystems becomes visible. Such approach can afford to implement environmental
protection measures in proper time. Fluorescence measurements under varying light intensities load may increase the
sensitivity of this method in detecting damaging effects of nanomaterials.
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