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Silver�containing materials, including metallic sil�
ver nanoparticles, are presently widely used for manu�
facturing a number of products. These include fabrics,
air filters, cosmetics, toothpaste, childcare products,
vacuum cleaners, and washing machines [1]. Numer�
ous silver�containing medicinal preparations that pos�
sess antimicrobial properties due to the presence of sil�
ver ions have entered the market [2].

For a long period of time, it was considered an
ascertained fact that Ag+ ions, rather than metallic sil�
ver, exhibit therapeutic effects. However, the mecha�
nism of action of silver nanoparticles on various bio�
logical objects is still unclear and requires further
investigation [2]. Toxicity of silver ions against algae
has been studied in a number of works [5, 6]. The toxic
effects of AgNP on freshwater algae Chlamydomonas
reinhardtii was demonstrated [7, 8]. It was found that
AgNP may inhibit photosynthesis in environmental
phytoplankton, which is the basis of the productivity
of aquatic ecosystems [4].

The probability of AgNP arriving into aquatic eco�
systems and becoming a source of dissolved silver,
which may exert toxic effects on water organisms, is
high [3, 4].

In toxicological experiments on microalgae, fluo�
rescence methods are used, making it possible to mon�

itor the photosynthesis processes and providing
detailed information on the primary defects of cell
metabolism, mainly at the membrane level [4, 9, 10].
Importantly, these methods provide information on
the state of natural phytoplankton in real time. Due to
emission of fluorescence quanta, chlorophyll of the
algal photosynthetic membranes may act as a natural
indicator of photosynthetic activity. Measurement of
the ratio between the fluorescence intensity under the
photosynthesis�saturating illumination (Fm) and
under conditions inducing no changes in the state of
the photosynthetic apparatus (Fo) (low light intensity)
makes it possible to determine the maximum effi�
ciency of the PS2 processes, which is equal to (Fm –
Fo)/Fm = /Fm. The /Fm value presents a dimen�
sionless energetic characteristics of photosynthesis,
similar to the coefficient of efficiency and indepen�
dent of the species�specific features of an organisms.

Methods of fluorescence induction curve detection
with high time resolution (starting from 10 µs) under
excitation with intense light have been recently used to
assess the work of photosynthetic apparatus in higher
plants and algae cultures [11–15]. Measurement of
fluorescence induction curves with high resolution
takes several seconds and is performed on the PAM or
PEA type equipment. The M�PEA2 instrument makes
it possible to measure the changes in Р700 (PS1 pig�
ment) absorption alongside registration of fluores�
cence. In other words, this instrument allows simulta�
neous registration of separate reactions in PS1 and
PS2 [11, 12]. Moreover, it monitors induction changes
in delayed fluorescence, which provides information
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on kinetics of the proton electrochemical gradient
across the photosynthetic membrane [4].

In the work, we used an M�PEA2 fluorimeter to
study the processes in PS1 and PS2 and the proton
electrochemical gradient on a thylakoid membrane of
the alga Chlamydomonas reinhardtii after treatment
with silver nanoparticles at concentrations inducing
changes in the /Fm ratio.

The goal of the present work was to study the pos�
sibility of application of analysis of chlorophyll
prompt fluorescence kinetics to assess the state of the
algal photosynthetic apparatus at early stages of toxic
action of silver nanoparticles.

MATERIALS AND METHODS

Green algae Chlamydomonas reinhardtii Dang
c137+ grown under phototrophic conditions in Tris–
acetate–phosphate medium were chosen as the sub�
ject of the study. The algae were cultured by accumulation
under illumination with 30 µE/m2 light at 18–20°С.
Initial density of the culture was 300 × 103 cells/mL.
Stationary�phase cultures were used in the experi�
ments. Algal cells were counted microscopically in a
Goryaev chamber.

Fluorescence measurements of the algae were per�
formed on an M�PEA2 (HansaTech, United King�
dom) instrument that allows simultaneous registration
of prompt and delayed fluorescence induction, as well
as of the changes in Р700 absorbance at 820 nm with
high time resolution (starting from 0.01 ms). Prompt
and delayed fluorescence were registered upon alter�
ation of periods of actinic illumination (627 nm,
1200 µE/(m2 s)) and darkness. Prior to the measure�
ments, the cells were concentrated on a membrane fil�
ter, and the filtered sample was placed in a measure�
ment cell and incubated in the darkness for 10 min.
The Fv/Fm values were measured directly in the algal
culture on an Aqua�Pen fluorimeter (Photon Systems
Instruments, Czech Republic).

vF

A sample of silver nanoparticles from Sigma Ald�
rich was used in the experiments. Particle size was
determined in a purified suspension in water using
dynamic light scattering on a Zetasizer Nano ZS
(Malvern, Great Britain). A chemical preparation of
silver nitrate (AgNО3) was used for comparison.

All measurements were performed at least in five
repeats. The figures present data of at least three
repeated experiments.

RESULTS

Figure 1 presents a histogram of silver nanoparticle
size distribution. In 10% water solution, the average
diameter of the major group of particles was about 80 ±

13 nm.
Fluorescence measurements of C. reinhardtii cul�

tures confirmed that the photosynthetic apparatus of
this alga was a sensitive target for silver nanoparticles.
After a 24�h incubation with silver nanoparticles (2 ×
10–6 M), PS2 activity decreased. At concentration of
2 × 10–5 M, AgNP induced a decrease in the /Fm

value from 0.71 to 0.66 (table). Silver nitrate was also
found to induce a decrease in /Fm to the value of
0.64 at the same concentration (10⎯5 M).

For more detailed investigation of the effect of
AgNP on photosynthetic activity of the algal cells,
parameters of prompt and delayed fluorescence, as
well as Р700 absorption, were measured on M�PEA2
(Fig. 2). These studies were important not only to
understand the basic mechanisms of AgNP effect on
PS1 and PS2 functioning and the processes of energi�
zation the photosynthetic membranes, but also for the
possible application of various fluorescence parame�
ters in biomonitoring studies on toxicological effects
of silver nanoparticles in aqueous systems.

Figure 2 presents kinetic curves of fluorescence
induction after switching the light on normalized
against the O level. In the control cells, the shape of
the fluorescence curve corresponded to that described
in the literature [11–15]. Usually, several components
are observed in the kinetics of fluorescence induction
in response to high�intensity illumination, namely, the
O–J–I–P transitions. The initial level O corresponds
to chlorophyll fluorescence intensity under open RCs
of PS2 (Fo) when all QA are oxidized. The time period
required to reach this level is up to 50 µs. The O−J
phase is caused by light�induced reduction of QA,
while the subsequent phases reflect mainly further

accumulation of reduced  caused by a decrease in
its re�oxidation rate as a result of reduction of QB

acceptors and the pool of quinones.
It should be noted that measurements on an

M�PEA2 fluorimeter were performed using the cells
that have been preliminarily filtered through a mem�
brane filter. Control measurements performed on an
Aqua�Pen demonstrated matching between its data
and the curves obtained with M�PEA2 (Figs. 2 and 3).
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Fig. 1. Histogram of silver nanoparticle size distribution
measured on a Zetasizer Nano ZS.
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This similarity indicates that the procedure of sample
enrichment on filters that used in the present work did
not affect the physiological state of the cells.

Treatment with AgNP resulted in changed shape of
the O−J−I−P curve and in decreased contribution of
the J−I−P photochemical phase, indicating impaired
electron flow from PS2 to the quinone pool.

To quantitatively analyze the characteristics of the
primary processes of photosynthesis on the basis of
O⎯J−I−P kinetic curve parameters, the so�called JIP�
test [4, 11] was used. The JIP�test operates the follow�
ing parameters of the fluorescence induction kinetic
curve: (a) fluorescence intensity at 50 µs (Fo), 300 µs
(F300 µs), 2 ms (FJ), 30 ms (FI), 6 s (F6 s), and FP (Fm, the
maximum fluorescence yield); (b) time to reach the
maximum fluorescence (tFm), and (c) area under the
kinetic curve below the Fm level.

These characteristics were used to calculate the fol�
lowing parameters presented in the table: (1) maxi�
mum efficiency of PS2 ( /Fm = Fm – Fo/Fm); (2) rel�
ative amplitude of the O–J phase (Vj = (Fj – Fo)/ ),
which reflects the share of non�QB�reducing PS2
which lack the contact between the two consecutive
PS2 acceptors, QA and QB; (3) relative amplitude of the
J–I phase (VI = (FI – FJ)/ ); (4) MO parameter (MO =
4 × (F300 µs – Fo)/ ), which reflects the initial slope of
the induction curve; МO value is proportional to the
rate of QA reduction under conditions when QB and the
pool of plastoquinones are mainly in the oxidized
state; (5) SM = (Area)/ , normalized value of the area
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between the OJIP curve and Fm value reflecting the
total rounds of PS2 during the OJIP phase of growth of
the fluorescence yield; (6) ABS/RC – MO (1/ /Fm)
(l/VJ), average value of absorbed photon streams in RC
of PS2 (observed size of the active PS2 antenna);
(7) capacity for pH�induced non�photochemical flu�
orescence quenching (qE = (Fm – F6 s)/ ); and (8)
capability of the quinone pool to quench fluorescence
qPQ = (Fm – FI)/ .

Many parameters of the JIP test are mutually
dependent; that is, change in some of them leads to
changes in the others. Independent parameters (VJ

and MO) derived form the analysis of the O–J phase
provide the information on QA reduction. From the VI

and SM parameters, it is possible to derive information

on further accumulation of reduced  which occurs
due to reduction of QB and the quinone pool.

It is assumed that the O–J phase of fluorescence

induction reflects accumulation of  in both

�reducing and non�reducing PS2 [11, 13]. The
hypothesis is supported by the fact that diuron,
which inhibits electron transport between QA and
QB, leads to fast growth of fluorescence to the max�
imum level within 2 ms, corresponding to the
appearance of the J peak in the control. Analysis
demonstrated that AgNP treatment resulted in an
increased number of non�QB�reducing centers in
PS2 incapable of reduction of the quinone pool.
This was supported by a number of other parameters
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Parameters of OJIP kinetics of fluorescence induction measured in Chlamydomonas reinhardtii cells after 24 h incubation
with AgNP at various concentrations. The kinetic parameters of fluorescence induction were measured on M�PEA2 under
illumination of 1000 μE/(m2 s)

JIP test parameters Control AgNP 2 × 10–6 M AgNP 2 × 10–5 M

/Fm
Maximum quantum yield of charge separation in PS2 0.71 0.69 0.66

VJ Relative amplitude of the O−J phase 0.39 0.41 0.43

VI Relative amplitude of the J−I phase  0.67 0.68 0.68

MO Initial slope of the O−J fluorescence phase 0.86 0.90 0.93

SM Area between the fluorescence kinetic curve (O–J–I–P) 
and the level of Fm normalized against the Fv value

19.11 19.78 20.9

ABS/RC Average value of absorbed photon flows in PS2 RC 
(or apparent size of the active antenna in PS2)

3.12 3.17 3.29

qE Capacity for pH�induced non�photochemical fluorescence 
quenching

0.41 0.40 0.32

qPQ Capacity of the quinone pool for fluorescence quenching 0.33 0.32 0.32
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(table). Accordingly, values of the parameters MO,
which reflect the initial slope of the induction
growth curve, as well as SM, increased. Total flow of
photons consumed by the pigments of the PS2
antenna normalized against RC (ABS/RC)
increased in the cultures treated with AgNP, if com�
pared to the control values. At the same time, the
relative amplitude of the J–I phase (VI) practically
did not change.

Prompt fluorescence induction curves also demon�
strated the suppression of fluorescence decay after
reaching the maximum due to ΔpH�dependent non�
photochemical quenching (qE = (Fm – F6 s)/ ). The
value of this parameter decreased in the presence of
AgNP, which evidences a decrease in the membrane
energization. At the same time, the ability of the
quinone pool to quench fluorescence qPQ = (Fm –
FI)/  in algae treated with AgNP did not change.

Simultaneous registration of ΔА820 kinetic curve
on M�PEA2 showed that light applied to a darkness�
adapted subject induced initial oxidation of Р700 (with

the maximum P  accumulation at t ≈ 30 ms), which
was followed by reduction of Р700 (Fig. 2). Signals of
fluorescence reflecting QA reduction and processes of
Р700 reduction reached a plateau at approximately the
same time. Accumulation of reduced forms of Р700 and
QA in parallel reflected reduction of carriers over the
whole region of ETC between the photosystems due to
the lack of flow�out of electrons from the acceptor part
of PS1 under conditions when ferredoxin–NADP
reductase (FNR) was inactivated due to incubation in
the dark [12, 14]. Prolonged illumination (~10 s)
resulted in a second wave of Р700 oxidation, which is
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Fig. 2. Induction curves of prompt (a) and delayed (b) flu�
orescence and change in absorption at 820 nm (c) after
turning on the light in the culture of Chlamydomonas rein�
hardtii after 24 h of incubation with AgNP at various con�
centrations: control (1), 2 × 10–6 M (2), and 2 × 10–5 M
(3). Intensity of the light was 1000 µE/(m2 s). Incubation
with AgNP for 24 h. Simultaneous measurements of all the
parameters on M�PEA2.
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explained by the electron flow�out from the PS1 upon
activation of FNR and the Calvin cycle enzymes.

In the presence of AgNP, the PS1 RC pigment,
Р700, was capable of processes of oxidation upon turn�
ing on the light (Fig. 2). However, in algae treated with
AgNP, decrease in the rate of reduction from PS2 was
observed due to inhibition of electron transport. These
changes were especially noticeable in the time interval
>10 s and were in agreement with an increase in non�
QB�reducing RC of PS2.

Delayed fluorescence is known to be one of the
methods used to monitor the changes in proton gradi�
ent across the cell membrane [4]. The phenomenon of
delayed fluorescence refers to the weak, slowly attenu�
ating red glow emitted by chlorophyll in photosynthe�
sizing cells upon excitation with light [4, 15]. This
glow rises after termination of the prompt fluores�
cence (PF) at the expense of the energy exerted in the
process of reactions of the primary photoproducts in
the PS2 RC. The difference between the prompt and
delayed fluorescence stems from the nature of excita�
tion of the emitting chlorophyll molecule. PF is linked
to the processes of deactivation of chlorophyll excita�
tion before separation of the charges in RC, while DF
rises after the primary act of photosynthesis and the
energy appears as a result of reverse recombination of
separated charges in the reaction center of PS2. PF is
a purely photophysical process and is caused by emis�
sion of a fraction of the energy adsorbed by the
antenna chlorophyll which did not migrate to the
reaction center. DF is in tight connection with the
photochemical reactions occurring in the PS2 RC.
The peak of the DF curve in the millisecond range (II)
matches the phase of J–I increase of the fast fluores�
cence induction curve (Fig. 2). Formation of I1 may be
caused by accumulation of certain redox states
responsible for recombination of the charges and
emission of DF quanta (that is, emitting states), as well
as for the increase in DF due to the membrane electri�
cal potential thus formed. The presence of the second
DF peak, I2, in the range of seconds, is associated with
the light�induced formation of the proton transmem�
brane gradient that increases the constant of rate of
emission transitions in the RC of PS2. These mecha�
nisms are reviewed in many works (see [4]).

In the presence of AgNP (at relatively low concen�
trations), peaks of delayed fluorescence curve in the
ranges of 20–50 ms and around 1 s decreased, which
evidenced a decrease in the electrical (potential) and
chemical constituents of the electrochemical proton
gradient.

Thus, simultaneous registration of fast and delayed
fluorescence induction, together with changes in Р700,
made it possible to monitor the individual reactions of
accumulation of reduced carriers between the photo�
systems, switching on of PS1, and kinetics of electro�
chemical proton gradient on a thylakoid membrane in
the presence of AgNP.

DISCUSSION

Microalgae using solar energy for synthesis of
organic matter act as the main source of energy in
aquatic ecosystems and as food for other organisms.
Therefore, phytoplankton may be the first stage/bar�
rier in accumulation of nanoparticles in the food
chains of aquatic ecosystems. Owing to their wide
spectrum of applications, the probability of silver
nanoparticles (AgNP) may arrive into aquatic ecosys�
tems is high [3, 4].

Our results confirmed toxicity of low concentra�
tions (10–6–10–5 M) of silver nanoparticles for a
microalgal culture. Simultaneous studies performed
on an M�PEA2 revealed the specific features of nano�
particle (AgNP) effect on reactions in PS2 and the
absence of direct effect on reactions of oxidation of the
PS1 pigment Р700. Analysis of fluorescence induction
curves demonstrated the inhibition of electron trans�
port in PS2 and an increase in the share of non�QB�
reducing centers. Moreover, analysis of induction
curves for delayed fluorescence revealed the effect of
nanoparticles on the processes of energization of the
cellular photosynthetic membranes.

Despite the fact that AgNP toxicity for bacteria was
studied in a number of works [16–18], the mechanism
of this effect is not clear yet. It is assumed that the toxic
effect of AgNP may be associated with the damage of
the cell membrane, oxidative stress, or interaction of
Ag+ with proteins and enzymes. Besides, the question
on whether the toxic effect on microorganisms is spe�
cific for nanoparticles in general, or if it is the result of
the action of silver ions, remains unclear.

In our experiments, no considerable difference was
observed between silver in the form of nanoparticles
and silver nitrate. This effect agrees with abundant lit�
erature data, since the release of metal ions from
nanoparticles and the complexes they form may be the
major factors of environmental toxicity of nanoparti�
cles. Indeed, it has been demonstrated in vitro in cell
cultures that the solubility of nanoparticles of metal
oxides (including TiO2 and ZnO) affected their cyto�
toxicity considerably [19]. It was shown for the alga
Pseudokirchneriella subcapitata that toxicity of nano�
particles and large ZnO particles may be exclusively
associated with dissolved Zn. The results obtained in
work [20] also demonstrated that toxicity of CuO
and ZnO against bacteria and a crustacean Thamno�
cephalus platyurus was mainly associated with the bio�
availability of Cu and Zn ions, in spite of low solubility
of CuO and ZnO in water [21]. Similar data for the
effect of CuO and ZnO nanoparticles on the alga
Pseudokirchneriella subcapitata and Selenastrum capri�
cornutum were presented in work [22]. In work [8], the
authors tried to resolve the issue by adding cysteine, a
strong ligand of Ag+. It was found that cysteine
removed the inhibitory effect of both AgNP and Ag+

on photosynthesis in algae. This allowed the authors to
conclude that the presence of Ag+ in suspension of
AgNP cannot explain their toxicity completely. These
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results indicate interaction between the particles and
the algae, which enhances toxicity of AgNP via Ag+. A
hypothesis was proposed that toxicity of the particles is
due to the release of silver ions formed in the presence
of algae.

Our studies showed that changes in prompt and
delayed fluorescence induction curves are among the first
parameters of algal response to the introduction of nano�
particles in the medium. These parameters may be effi�
ciently used for diagnostics of effect of nanomaterials on
the algae, as well as for rapid detection of the presence of
nanomaterials in the aquatic environments.
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