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The discovery and development of quantum dots (QDs), which are tiny luminescent nanoparticles (NPs),

was awarded the Nobel Prize in Chemistry in 2023, highlighting the prospects of their technological

applications. However, it is still not very well known how such NPs could affect aquatic ecosystems,

especially given that natural conditions are varied and unpredictable. Thus, the aim of this study was to

determine the influence of natural and artificial aqueous media on the interaction of CdSe/ZnS–COOH

QDs with Desmodesmus communis algae using fast non-invasive optical methods. The cumulative short-

term effects of QDs on algae growth and population structure were evaluated and changes in the

photosynthetic activity of green algae were demonstrated using pulse-amplitude modulated (PAM)

fluorometry. The present study demonstrated that natural and artificial cultivation media had different

effects on the growth pattern, physiological processes and photoadaptation properties of algae as well as

altering their responses to core/shell QDs. Thus, to fully assess the environmental risk of NPs, it is necessary

to evaluate the simultaneous interactions of NPs with abiotic and biotic factors using a combination of

physico-optical and ecotoxicological tools.

Introduction

The nanosize range of materials has been the focus of
scientific interest and technological applications for some
time due to the quantum properties inherent in materials of
this size. Although nanoobjects, such as large polymer
biomolecules, occur naturally, the smallest artificial
semiconductor nanoparticles – quantum dots (QDs) – have
large surface areas relative to their volume, resulting in size-

dependent photoluminescence (PL) and allowing QDs to
interact unpredictably with their environment. Because
biocompatible photoluminescent QDs can be easily detected
and tracked,1 they are used in optical instruments or
monitoring techniques also intended for direct contact with
living organisms. The hydrophilic QDs are sensitive to
various environmental factors, including temperature,2

medium pH,3 and the presence of ions or proteins.4,5

Therefore, these NPs can be used as sensors for rapid
detection of environmental pollutants (for instance, heavy
metals, pesticides and antibiotics) in food.6 The interaction
of QDs with biological systems7 is closely correlated with
their structure, surface properties (including diameter of
core, presence of shell, types of surface ligands and coating)
and exposure duration.8,9 The metal-containing QDs are
widely used in a variety of biomedical and industrial
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Environmental significance

This short-term study provides new information about how various environmental conditions can alter the effects of nanoparticles on green algae, which
play a key role in the food chain in the aquatic environment. There is a possibility that, due to increasing technological needs and applicability, QDs will
eventually end up in surface water and groundwater, posing a risk to ecosystems. Our experiments showed that the growth of the tested algae was better in
the artificial medium, and the QDs properties changed less compared to natural media. Therefore, it can be assumed that the results obtained using
artificial media for algae cultivation, as well as the conclusions and predictions made on their basis, can only be extrapolated to natural aquatic
environments with great caution.
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applications,10 which can lead to their appearance in water
bodies and then in the food chain,11 thereby creating a
potential risk to animal and human health.12

There are a lot of studies that have confirmed the uptake of
QDs and demonstrated their translocation in various
organisms.7,11,13,14 While aquatic organisms are often used in
studies assessing toxicological and ecotoxicological risk due to
the sensitivity of their physiological processes (especially
photosynthesis) to pollutants and the simplicity of cultivation,
there are few works11,15,16 related to the study of the
internalization and toxicity of metal-based QDs to algae, which
become one of the first targets of QDs in the aquatic
environment. Algae are capable of accumulating various
contaminants, including heavy metals, and often serve as
model organisms for more complex plants in studies to assess
the toxic effects of substances on ecosystems and global
environmental processes.17 In addition, as primary producers,
the algae play a key role in the aquatic food chain. Therefore,
according to Grigoriev et al.18 changes in the species
composition and structure of algal communities can influence
the flow of photosynthetically produced energy in aquatic
ecosystems. Generally, the impact of NPs on algae is associated
with the occurrence of oxidative stress, which can affect gene
expression, metabolism, photosynthesis, nitrogen fixation and
growth of algae.19 However, there is insufficient information
on the possible mechanisms of QDs phytonanotoxicity.

Transition of core QDs into a less stable state under the
influence of various environmental factors (solvent, light,
biological materials) is sensitively reflected both in changes
in the PL intensity and a spectral shift of the PL band.20

Moreover, the impact of NPs on the photoadaptation of wild
type microalgae has been revealed by autofluorescence (AF)
measurements. Thus, optical methods work well for non-
invasive, fast, real-time and possibly remote assessment of
both the stability of QDs and their effects on algae. In a
number of studies, pulse-amplitude modulated (PAM)
fluorometry has been used to explore the effects of metal on
the process of photosynthesis.21,22 The fluorescence (FL)
intensity of chlorophyll a (Chl a) serves as an indicator of its
content and electron transport inhibition in autotrophs.23 It
can also reflect the interactions of metals with photosystem
II (PSII), membrane degradation and the efficiency of
photosynthetic electron transport. The non-photochemical
quenching (NPQ) indicates the relative increase in the sum of
the rate constants of the non-photochemical deactivation
processes (FL emission, heat dissipation and spillover of an
excitation energy from PSII to PSI) relative to the dark-
adapted state.23 However, there are very few studies that have
used PAM methodology to evaluate the effects of QDs on
algae.24 Additionally, the associated changes in the Kausky
curves and the quantum yield of FL quenching have not been
presented and discussed.

Since there may be a significant mismatch between the
results of toxicity studies of NPs conducted only in
artificial aquatic media and actual potential contamination
scenarios in natural conditions, one artificial algae

cultivation medium and two natural aquatic media (deep-
well water and lake water) were used in this study, these
latter more closely replicating the conditions that QDs
interact with algae in nature. The interaction of NPs with
biota in natural waters turns out to be interconnected
and, when assessing toxicity, it is necessary to take into
account the influence of the presence and composition of
natural organic matter or exopolymeric substances
produced by bacteria, algae and fungi25,26 as well as other
abiotic factors.27 Moreover, the different chemical
composition of algae cultivation media has influence on
QDs stability.28 Even the aggregation of the QDs caused
by the higher ionic strength in algae growth media
compared to distilled water does not suppress contacts
between NPs and algae cells.29,30 Thus, and as yet
unstudied, the simultaneous interaction of NPs with
abiotic and biotic factors may have an unpredictable
impact on organisms in the aquatic ecosystem.

Desmodesmus sp. are among the most popular green
freshwater microalgae species used in toxicity studies.
However, the toxicity assessment of QDs on algae must be
conducted under environmentally relevant conditions that
can fully account for heterogeneous causes influenced by
various environmental factors. Therefore, after optical
measurements of the photostability of negatively charged
hydrophilic CdSe QDs capped with ZnS shell in natural and
artificial cultivation media and in the presence of
Desmodesmus communis, a combination of physico-optical
and ecotoxicological techniques was applied in the present
study to compare the cumulative short-term effects of QDs
on the algal growth, population structure and photosynthesis
activity in the selected lake water, deep-well water and
artificial algae growth medium.

Experimental
Materials

Two natural and one artificial aqueous media were used in
two sets (without and with CdSe/ZnS core/shell quantum
dots) to evaluate the growth of green microalgae
Desmodesmus communis exposed to QDs. The detailed
composition of the natural deep well water (DWW) (pH 8.3)
and Lake Balsys water (Balsys) (pH 8.8) is given in Tables S1
and S2.† A description of the modified Wilkins–Chalgren
(MWC) algae grow medium (pH 7.6) is available in open
sources.31 Analytical or higher-grade reagents (Sigma Aldrich,
Germany and Carl Roth, Germany) were used in the
preparation of the medium.

The green algae Desmodesmus communis (former
Scenedesmus communis (Turpin) Brébisson) isolate 2012/KM/G2
was obtained from the collection of pure cultures of algae and
cyanobacteria at the Nature Research Centre, Lithuania.32

Culture isolate was cultivated as unialgal (but non-axenic)
culture in MWC with the addition of selenium at +21 °C under
continuous illumination (approximately 100 μmol photons per
m2 s) using a cool white fluorescent light source.
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Commercially available semiconductor CdSe/ZnS core/shell
quantum dots coated with a polymer layer (polyethylene glycol
(PEG)) having carboxylic acid (–COOH) side groups (a PL peak
at 625 ± 5 nm, cat. no. A10200 (Life Technologies, USA)) were
used as model hydrophilic nanoparticles possessing a negative
surface charge, this allowing facile dispersion of QDs in
aqueous solutions with retention of their optical properties.
The concentration of QDs suspended in the stock solution
prepared using aqueous 50 nM borate buffer (pH 9) was 8 μM.
The samples with final concentrations of QDs were prepared
for measurements by diluting the stock solution with Lake
Balsys water, DWW and MWC medium.

The QDs stability and microalgae autofluorescence

Samples used for photoluminescence and autofluorescence
measurements were prepared in a 24-well plate (Buddeberg
GmbH, Germany) by pouring 2 mL of the test aqueous
medium with or without QDs at a final 4 nM (or 40 nM)
concentration and with or without green algae inoculum to
get ∼5 × 105 cells per mL (or ∼5 × 106 cells per mL). Samples
of each medium (DWW and MWC) were divided into two
groups for lower and higher concentrations of QDs and algae,
each consisting of six wells. Two wells of each group
contained algae with QDs, two wells were filled with the same
suspensions of QDs without algae and two wells contained
only algae. The well plates were kept in a Shrimp Set Smart
aquarium (Aquael, Suwalki, Poland) at about 21 ± 1 °C under
continuous illumination with a white light emitting diode
lamp (34 μmol photons per m2 s).

Spectral measurements of the samples were carried out in
4 × 10 mm plastic cuvettes (Brand GmbH, Germany)
immediately after preparation and continued in the
subsequent days of the experiment. The optical density (OD)
spectra of QDs were measured using an AvaSpec-3648 fibre
optic spectrometer (Avantes, Netherlands). A
spectrofluorimeter LS55 (PerkinElmer, USA) was used to
register the photoluminescence and autofluorescence spectra.
Excitation for PL was set at 405 nm, the excitation slit was
10.0 nm, and the emission slit was 2.5 nm. Excitation for AF
was set at 480 nm, 435 nm and 411 nm, the excitation and
emission slits were 7 nm. Spectroscopic data from pairs of
samples of each type were combined to obtain average
spectra. The PAM measurements were performed from the
bottom of a well at a randomly chosen spot using a JUNIOR-
PAM chlorophyll fluorimeter (Heinz Walz GmbH, Germany)
after at least 20 min of adaptation in the dark.

The samples were imaged using a fluorescence
microscope Eclipse 80i (Nikon, Japan) through the 40×/0.75
objective Plan Fluor, DIC M/N2 (Nikon, Japan) using three
different excitation/emission cubes with following optical
properties: UV-2A (an excitation range λex = 330–380 nm, a
dichroic mirror (DM) 400 nm, a barrier filter (BA) 420 nm)
and G-2A (λex = 510–560 nm, DM 575 nm, BA 590 nm). A
Digital Sight DS-SMc colour camera (Nikon, Japan) was used
to capture the images.

The assay of microalgae growth inhibition

Isolates of D. communis in an exponential growth phase were
used for bioassays following OECD recommendations for
growth-inhibition testing of freshwater alga and
cyanobacteria.33 Three different media (Balsys, DWW, MWC)
without and with QDs (Balsys + QDs, DWW + QDs, MWC +
QDs) were used to study the inhibition of D. communis
growth and autofluorescence. Bioassays were performed in
100 mL Erlenmeyer flasks (Schott Duran, Mainz, Germany)
containing 50 mL of each tested medium (without or with
QDs at a final 4 nM concentration) with the green algal
inoculum of ∼104 cells per mL. Samples were maintained at
+21 °C under continuous illumination of approximately 100
μmol photons per m2 s using a cool white fluorescent light
source. All assays were run in quintuplicate for 96 h. Cell
numbers were scored through a light microscope Ti (Nikon,
Japan) using a Fuchs–Rosenthal chamber at ×400
magnification after 24, 48, 72 and 96 hours of treatment. To
evaluate the changes in the structure of the algal population,
the numbers of cells in cenobia (one, two, four, and eight-
celled) were counted.

Statistical analysis

Bioassay data were first tested for normal distribution by
performing Kolmogorov–Smirnov and Shapiro–Wilk tests,
and for homogeneity of variances by performing a Levene's
test. ANOVA (F-statistic, two-way) followed by post hoc Tukey's
HSD test were applied to compare algal responses after
different exposure durations (0 h, 24 h, 48 h, 72 h and 96 h)
and between corresponding groups of samples with QDs
(MWC + QDs, Balsys + QDs and DWW + QDs) and without
QDs (MWC, Balsys and DWW) using STATISTICA 10.0
software (TIBCO Software Inc., USA). Bioassay data were
expressed as mean ± standard deviations (SD). To express the
relationship between the number of cenobia species and the
number of individuals, a Shannon–Wiener diversity index
was used.34 The OriginPro9 (OriginLab, USA) software was
used to analyse spectroscopic data.

Results and discussion
Stability of QDs in media with microalgae

Combined effects of solvent composition and illumination
conditions are known to affect the optical properties and
structural integrity of QDs. For instance, the degree of
reduction in PL intensity induced by light and media
depends on both a higher irradiation dose and a lower QDs
concentration.35 Proper assessment of toxicity of NPs on
algae cells also requires estimating the mutual effects of NPs
and other medium components.34,36 Therefore, before
determining the effects of CdSe/ZnS–COOH QDs on D.
communis, the photostability of the QDs was monitored in
the natural algae cultivation media Balsys and DWW and the
artificial media MWC. The data of spectral measurements are
presented in Fig. 1 and S1–S6.† The optical density spectra of
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the QDs at the beginning (0 day) and at the end of the
experiment (after four days under white light illumination
(100 μmol photons per m2 s)) were compared for 4 nM QDs
concentration (Fig. 1a). The initial OD spectra of QDs
suspended in Balsys and MWC were very similar, but an
increased scattering signal was observed in the OD spectra of
4 nM and 40 nM QDs concentrations in DWW (Fig. 1a and
S1†). However, excitonic bands at about 475 nm and 615 nm
in Balsys slightly decreased and shifted to the red side of the
spectrum after 4 days under illumination, while no changes
were detected in the OD of the QDs samples in MWC
(Fig. 1a). The scattering signal after 4 days decreased
markedly along with the OD in the samples of QDs in DWW,
and a bathochromic shift of the excitonic absorption band
was also observed compared to the QDs samples in MWC.

The initial PL band of the QDs was red-shifted in Balsys
and in DWW with respect to that of the QDs in MWC (Fig.
S2–S4†). An additional bathochromic shift of the PL band
was observed in all three media during the experiment, with
the smallest shift being in MWC. The PL intensity also
decreased in all QDs samples within 4 days, but the degree of
decrease depended on the composition of the medium and
chosen illumination conditions (Fig. 1b, S5c and S6†). After 4
days, the PL intensity of QDs was the lowest in DWW, in
which the strongest QDs aggregation was observed during
the experiment. On the other hand, the PL intensity of QDs
in MWC retained about 50% of its initial values. The relative
decrease in PL intensity of QDs in Balsys within 4 days was
comparable to that in the MWC. Imaging of QDs solutions in
DWW and MWC media revealed the presence of the red
photoluminescence from the QDs in both media, but the
influence of the composition of the surrounding medium on
the QDs stability was clearly manifested in the DWW
medium, in which the QDs were the least photostable, and
the sedimentation of nanoparticles was observed (Fig. S5a
and b†). The optical properties of QDs (the intensities of OD
and PL, spectral characteristics of PL) in Balsys water

demonstrated an intermediate stability compared to other
media. Thus, the stability and photostability of the QDs were
affected less in the artificial algae cultivation media (MWC)
than in the natural media (Lake Balsys and DWW), while the
QDs were the least photostable in DWW.

It has been implied that natural exudates in aquatic
systems comprising extracellular polymeric substances and
protein-rich metabolites can eventually adsorb onto the QDs
surface, which can effectively mitigate the inherent toxic
effects of the QDs.24 The presence of D. communis algae did
not have a noticeable effect on the spectral properties of the
QDs immediately after preparation of the samples (Fig. S2–
S6†). Although the PL intensity of illuminated QDs also
decreased in all three media during the experiment (with one
exception in Balsys after one day), the PL of QDs with algae
in the case of MWC was more stable than in corresponding
samples without algae (Fig. 1b). Also, a smaller bathochromic
shift of the PL band was observed in the presence of algae in
all media (Fig. S3 and S4†). No improvement in stability of
PL intensity of QDs was detected in samples with algae in
DWW. These results on algae exposed to QDs complement
our previous findings20 that D. communis algae can improve
the stability of the optical properties of CdSe/ZnS–COOH QDs
in aqueous media under illumination and demonstrate that
the protective effect depends not only on the light intensity
and exposure time, but also on the composition of the
medium. However, when the damaging effects of the
medium or light on the stability of the QDs reach a certain
critical level, even the presence of algae in the medium
cannot help QDs to retain their spectroscopic properties.

The effect of QDs on autofluorescence spectra of microalgae

Physiological processes (especially photosynthesis) in algae
as primary producers and indicators of environmental
changes are sensitive to sublethal concentrations of
contaminants.37 Thus, monitoring of algae autofluorescence

Fig. 1 The optical density (OD) (a) of QDs (4 nM) registered in different media (Balsys, DWW and MWC) at the beginning (0 day) and at the end of
the experiment (after 4 days under white light (100 μmol photons per m2 s)). The changes in normalized photoluminescence intensities (Norm. PL
int) (b) detected at the peak value of the band (at about 620 nm) of QDs in different media, without and with algae D. communis (initial
concentrations ∼104 cells per mL) after 4 days. PL excitation was at 405 nm. The excitation slit was 10.0 nm, and the emission slit was 2.5 nm. The
dashed line represents the variation trends, not the experimental results. o.d.u. means optical density units.
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by means of optical methods is suitable for evaluating the
pressure of surroundings, for example, under exposure to
NPs.38 The autofluorescence of D. communis occurs mainly
due to the fluorescence of chlorophyll a, thus living algae
cells fluoresce in red and dying cells – in blue (Fig. 2). The
QDs in media with D. communis localize on cells in both
states and may cause the disintegration and death of some
cells, − even using a barrier filter at 590 nm, which cut of the
photoluminescence signal of QDs, we still saw the bright red
fluorescent spots leaked from the cells in the fluorescence
images (Fig. 2). However, the cause-and-effect relationship
between the localization of QDs and algae status is unclear.

The AF spectra in the MWC and DWW media had the
main peak at 683 nm and the shoulder at about 740 nm
(Fig. 3). The higher AF intensity at 683 nm was excited with
480 nm light and was relatively higher in DWW than in
MWC (Fig. S7†). The fluorescence spectrum of samples with
algae and QDs consisted of both the AF of algae and the PL
of QDs (Fig. S8a and b†). The PL spectra of QDs in the
corresponding media without algae were normalized at 650
nm (Fig. S8c and d†) and subtracted from normalized spectra
of algae with QDs (Fig. 3c and d). An increase in the AF
intensity of samples was recorded in both media over 96
hours, regardless of the presence of QDs. However, the
relative intensity of the AF spectral bands changed over time.
Thus, in the MWC medium without QDs, the peak at 683 nm

apparently did not increase between 48 and 72 hours, but an
increase was at about 720 nm (Fig. 3b). The opposite
tendency was observed in the MWC medium with QDs
between 72 and 96 hours (Fig. 3d). The spectral properties of
the AF of algae with QDs (4 nM, Fig. 3) in both media (DWW
and MWC) did not differ markedly from the corresponding
samples without QDs on each day of measurements.
However, the changes in the ratio of AF intensities of algae
samples measured at 683 nm and 720 nm showed bifurcation
of behaviour in two different media from the second day,
regardless of the presence of QDs (Fig. 4). It is noteworthy
that the relative increase in AF intensity in the spectral region
of 720 nm was more pronounced in MWC compared to that
in DWW. After four days the ratio of intensities 683/720 nm
became larger than on the initial day for the samples in the
DWW media (from 7 to about 9) and decreased for the
samples in MWC (from 7 to about 5). Apparently, the changes
in ratio were caused by cessation of AF intensity growth at
720 nm in DWW after 48 hours (Fig. S9†).

Thus, the AF properties of D. communis were influenced
more by the type of growth medium (natural DWW and
artificial MWC) than by the presence of QDs in it over 96
hours. Apparently, the composition of the environment, in
which algae grow, affects the adaptive abilities of algal cells,
which may be due to differences in the development of PSI
and PSII and their contribution to the photosynthetic

Fig. 2 The bright field and fluorescence images of D. communis without QDs, after 1 hour and after 96 hour incubation with QDs (4 nM) in DWW
and MWC media. UV-2A filter (an excitation range λex = 330–380 nm, a dichroic mirror (DM) 400 nm, a barrier filter (BA) 420 nm) and G-2A filter
(λex = 510–560 nm, DM 575 nm, BA 590 nm). The scale bar is 10 μm.
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process. It has been shown39 that core/shell copper oxide NPs
have a deleterious effect on chlorophyll a by inducing the
photoinhibition of PSII in Chlamydomonas reinhardtii algae
samples, resulting in inhibition of photosynthetic electron
transport and a strong energy dissipation process via non-
photochemical pathways. The observed lower AF683/AF720
ratio implies a higher PSI/PSII chlorophyll emission ratio for
algae cells in MWC.

The effect of QDs on photosynthesis parameters of microalgae

Analysis of chlorophyll fluorescence induction curves
measured with a PAM fluorometer (Fig. 5) allows the
evaluation of the physiological state of PSII and components
of a photosynthetic electron transport chain. Once in the
dark or after adaptation to light conditions all PS II reaction
centres are opened, a maximal photochemical quenching is
reached, and the FL intensity is reduced.

Although, under actinic light, the AF of D. communis in
both media (DWW and MWC) decreased during the first 20 s
(Fig. 5a and b), the decrease of AF of algae after incubation
with QDs for 24 hours was reduced in both media

Fig. 3 The representative normalized autofluorescence intensity (Norm. AF int) spectra of D. communis (initial concentration ∼5 × 105 cells per
mL) in DWW (a), in MWC (b), in DWW with 4 nM QDs (c) and in MWC with 4 nM QDs (d) over 96 hours under white light (34 μmol photons per m2

s). Excitation was at 480 nm. The excitation and emission slits were 7 nm.

Fig. 4 The changes of autofluorescence (AF) intensities ratio at 683
nm and 720 nm band of D. communis (initial concentration ∼5 × 105

cells per mL) in DWW and MWC media without and with QDs (4 nM)
over 96 h under white light (34 μmol photons per m2 s). Excitation at
480 nm. The excitation and emission slits were 7 nm. N = 3, mean ±

SD. The dashed line represents the variation trends, not the
experimental results.
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(Fig. 5c and d). During the same time in actinic light, the
decrease in AF was less than 15% (from 2.3 a.u. to about 2 a.u.,
Fig. 5c) in DWW. In the MWC + QDs medium, the AF intensity
at first decreased faster than in the DWW + QDs when
actinic light was turned on, but the AF intensity began to
increase after 100 seconds, reaching a relative value of 2 a.u.
(Fig. 5d). However, this increase of signal intensity registered
in both algae samples (in DWW + QDs and MWC + QDs)
was not induced by photoenhancement of the QDs PL. Due
to the presence of aggregates in DWW, the PL intensity
values measured from the bottom of a plate were higher than
in MWC, where QDs did not precipitate during the 96 hours
(Fig. S10†). The PL intensity of QDs decreased a little
immediately after saturating pulses in DWW and slightly
recovered in the dark (Fig. S10b†), but it did not react to
actinic light. By measuring PAM, changes in photosynthetic
processes can be determined, which helps explain the
mechanisms by which QDs affect algae.

Several parameters related to a physiological state of
photosynthesis were calculated from the induction and
recovery curves of the algae AF measured in the DWW and
MWC media after 24 hour incubation of algae samples without
and with QDs (40 nM). During illumination intervals, the rate
of photosynthetic electron transport (ETR) increased in all
samples (Fig. 6a), but higher values were registered in the
MWC medium, regardless of the presence of QDs. The

exposure to QDs reduced the ETR values in algae by two times
in MWC and even four times in DWW. The photochemical
quantum yield of the photosystem II (Y(II)) estimates the
photochemical use of excitation energy in the light, the value
of which in the case of algae was 0.31 in MWC medium and
about 0.26 in DWW (Fig. 6b). However, the QDs reduced the
Y(II) values in both algae media to 0.17 and 0.07, respectively.
The low value of Y(II) in DWW + QDs medium in weak light
shows a strongly reduced activity of the Calvin–Benson cycle.
The non-photochemical fluorescence quenching Y(NPQ)
quantifies the fraction of excitation energy, which is dissipated
as heat via photo-protective mechanisms. Due to an increased
emission of excitation energy in light-acclimated algae samples,
the quantum yield of the Y(NPQ) was decreased in algae
samples with QDs compared to the samples in the same media
without QDs (Fig. 6c). Being well-acclimated to dark conditions
algae samples have all reaction centres in the open state, and
non-photochemical dissipation of excitation energy is minimal.
The yield of all other non-photochemical losses in dark-
acclimated algae is given by the parameter Y(NO), which was
about 0.3 in the MWC and DWW media (Fig. 6d). In the
samples with QDs this parameter was higher, by almost three
times – in DWW and by a little less – in the MWC media.

The studies on the autofluorescence of algae in the
presence of less stable core QDs have revealed their ability to
retard the photoadaptation of wild type microalgae.20

Fig. 5 The representative D. communis (initial concentration ∼5 × 106 cells per mL) normalized autofluorescence intensity (Norm. AF int)
induction and recovery curves in DWW (a and c) and MWC (b and d) media after 24 hour incubation without (a and b) and with QDs (40 nM) (c
and d) under white light (34 μmol photons per m2 s). Dash lines show the actinic light period.
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However, the presence of more stable core/shell QDs
apparently affects photoadaptation of algae too, which was
reflected in 3-fold higher value of Y(NO) in comparison with
algae cells in the corresponding control media. Thus, while
D. communis in the DWW medium had lower values of ETR,
Y(II) and Y(NO) and higher values of Y(NPQ) than algae in
the MWC medium, the changes in those values induced by
the presence of QDs were stronger in the case of DWW. In
turn, the growth medium not only differently affects the
growth pattern, physiological processes and photoadaptation
properties of D. communis algae, but also modifies their
response to quantum dots.

Microalgae growth inhibition

The obtained results showed that the growth of the algae and
the changes in their population structure significantly
depended on the composition of the growth media (DWW,
MWC and Balsys) (Fig. 7 and 8). The presence of QDs in the
growth media affected the proliferation of D. communis to
varying degrees (Fig. 7). Analysis of the cumulative effect of
treatment and exposure duration in groups with QDs and
without QDs revealed statistically significant differences in
algal growth in both Balsys and MWC media (F(3.32) = 4.29,
p < 0.001 and F(3.32) = 457.82, p < 0.001, respectively,

according to two-way ANOVA). However, no significant
differences were found in DWW (F(3.32) = 1.93, p = 0.144,
two-way ANOVA). The inhibition of algal growth over 96
hours of exposure was markedly dependent on the medium
type. The proliferation of algae in the MWC + QDs medium
was significantly higher compared to the Balsys + QDs and
DWW + QDs media (Fig. 7). Significant effects after 24 h were
observed for D. communis when exposed to QDs in Lake
Balsys water (p = 0.046) compared to this lake water without
QDs. However, no further differences in proliferation of algae
were identified with extended duration of exposure to QDs in
Lake Balsys water (p > 0.05). Cell numbers in DWW medium
did not change significantly during exposure to QDs
compared to DWW without QDs (p > 0.05). The proliferation
of D. communis was markedly decreased by QDs in MWC
compared to the control, especially between 48 and 96 hours
(in all cases p < 0.001). In most observed cases, there was an
increase in algal growth with QDs exposure duration. For
instance, the algae growth observed in MWC + QDs medium
after 24 hours was notably different from that seen after 96
hours (p < 0.01).

The presence of QDs caused changes in the structure of D.
communis algae colonies (cenobia) growing in different
incubation media (Fig. 8). Rapid formation and
predominance of unicellular algal colonies (after 48 h) were

Fig. 6 The photosynthetic electron transport rate (ETR) (a), photochemical quantum yield (Y) of photosystem II (b), and the kinetics of quantum
yield of non-photochemical fluorescence quenching (NPQ) due to an increased emission of excitation energy in light (c) and quantum yield of
non-regulated heat dissipation and fluorescence emission (NO) (d) of D. communis (initial concentration ∼5 × 106 cells per mL) in DWW and MWC
after 24 hour incubation without and with QDs (40 nM) under white light (34 μmol photons per m2 s). The dashed line represents the variation
trends, not the experimental results.
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observed in MWC and MWC + QDs media. The number of
unicellular colonies in these media reached 91% and 89%,
respectively (Fig. 8b). The predominance of single-cell
colonies was maintained throughout the entire incubation
period. However, after 96 h of incubation, a significant
increase in the number of four-cell and eight-cell colonies in
the MWC medium was observed as compared to the MWC +
QDs medium (Fig. 8d). It should be noted that the
composition of the colonies in the algae population did not
differ significantly in the water of Lake Balsys and DWW after
96 h of incubation. However, when QDs were added,
differences in composition of the colonies were observed in
both media (Fig. 8). The present study also investigated the
influence of treatment with QDs and exposure duration on

the Shannon–Wiener diversity index of algae growth in the
Balsys, DWW, and MWC media (Fig. S11†). The results
showed that different treatment groups and exposure
duration had a significant effect on the Shannon–Wiener
diversity index in the Balsys and MWC media (F(4.40) =
7.494, p < 0.001 and F(4.40) = 32.499, p < 0.002, respectively;
two-way ANOVA), but not in DWW (F(4.40) = 2.232, p = 0.083,
two-way ANOVA) (Fig. S11†).

According to Cornwallis et al.,40 multicellularity has
allowed new levels of morphological complexity to develop,
but it is still unclear what ecological advantages or benefits
multicellularity provides. It has been suggested that possible
benefits of forming multicellular groups as an adaptation are
to protect unicellular organisms from various environmental
stressors such as predation and toxins.40,41 Earlier studies
examining the costs and benefits of group formation in algae
have produced mixed results.41,42 According to Lürling
et al.,42 multicelled colonies of algae have a higher sinking
rate and lower ability to absorb nutrients compared to
unicellular algae, but according to Cornwallis et al.,40 they
can protect themselves from various stressors. Thus, the
formation of four-celled colonies initiated by QDs in the
population of D. communis in natural media may be
associated with a protecting reaction of the algae to the
effects of toxins. In our opinion, the predominance of single
cells in the MWC and MWC + QDs media as well as the
inability of the population in the MWC + QDs media to
restore their pre-exposure diversity within 96 h showed that
algae cannot adequately respond to stress factors when
cultured in artificial media. Therefore, the results obtained
using such media, as well as the conclusions and predictions
made from these data, cannot be widely extrapolated to the
aquatic environment. This study suggests that if the physical
and chemical characteristics of freshwater media and NPs
(e.g. core/shell, negative surface charge) are similar to those
tested, then only in this case the fate of NPs and their effects
on green algae will be comparable.

Most experimental findings in aquatic nanotoxicology are
based on standardized laboratory studies. The extrapolation
of these findings to multiple stress environments is complex
and poses numerous questions.43,44 Our data suggest that
nanotoxicity studies conducted under optimal, low-stress
conditions in standardised laboratory tests can only serve as
a reference, since they cannot provide sufficient information
on the susceptibility of organisms to NPs in their natural
habitat, where NPs, other pollutants, organisms and
environmental factors act simultaneously and the
interactions between them can be very complex. Translating
toxicity data from the laboratory to the field appears to be a
major challenge in nanoecotoxicology.

Conclusions

The joint application of optical and ecotoxicological methods
to monitor changes induced in Desmodesmus communis,
green freshwater microalgae, after exposure to CdSe/ZnS–

Fig. 7 Cell amount (per 1 mL) of algae D. communis in different
growth media (Balsys (a), DWW (b), MWC (c)) without and with QDs
(4 nM) under white light (100 μmol photons per m2 s). The initial
concentration of algae was ∼104 cells per mL. Different letters for
data in each medium indicate significant differences between groups
with QDs and without QDs after different exposure durations;
identical letters in doublets indicate the absence of significant
differences for the corresponding pair of groups (two-way ANOVA, p
< 0.05, mean ± SD).
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COOH core/shell QDs revealed the complex effects on their
growth, population structure, and photosynthetic activity.
The PAM technique was the most sensitive in detecting
differences between photosynthetic activity parameters in
unaffected and QDs-affected algae after 24 h of incubation.
After 48 hours, spectral changes in autofluorescence were
recorded, indicating the effect of QDs on algae photosystems.
However, the changes induced in the population structure
and growth of algae appeared only after 72 h. The diverse
impact of QDs on the photoadaptation ability of D. communis
in different media was demonstrated by variation in their

autofluorescence and photosynthetic parameters, this being
closely related to PSII, with its extent depending on the
composition of growth medium. The higher growth rate and
photosynthetic efficiency, as well as the stronger effect of
QDs on algae, that were all observed in the artificial medium
could be related with higher prevalence of unicellular
cenobia compared to the natural media, implying that young,
rapidly growing and dividing algae were less resistant to a
negative QDs impact. However, it should be taken into
account that the stability of the optical properties of QDs
depends, among other things, on the composition of the

Fig. 8 Structural composition of colonies after 24 h (a), 48 h (b), 72 h (c) and 96 h (d) of algae D. communis in different growth media (Balsys,
DWW, MWC) without and with QDs (4 nM) under white light (100 μmol photons per m2 s).
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algae growth medium and the presence of algae. The
stronger aggregation occurring in DWW, as opposed to
MWC, may also be a contributing factor to the differences in
the observed effects on the algae. Therefore, when assessing
the effect of QDs on algae or other organisms, it is important
to have experimental conditions as close as possible to
natural ones. As this study showed, the actual response of
microalgae depends on the complex nature of the interaction
of QDs with living systems, which appears to be interrelated
with the properties of quantum dots, as well as their stability,
and with the type of algae, their growth conditions and the
treatment used.
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