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Abstract Cu accumulation in the internodal cell of
charophyte Nitellopsis obtusa or its compartments was
investigated after 3-h-exposure to lethal effective concen-
trations (8-day LC50) of CuO nanoparticle (nCuO) sus-
pension or CuSO4 solution, i.e. 100 mg/L nCuO or
3.18 mg Cu/L as CuSO4. In both cases, the major part
of Cu accumulated in the cell walls. The presence of
CuO NPs in the cell wall and within the cell was visu-
alized by scanning electron microscope images as well as
confirmed by energy dispersive X-ray spectrum data.
Although a threefold higher intracellular concentration
of Cu was found after treatment with nCuO suspension,
3.18 mg Cu/L as CuSO4 induced fast and substantial
depolarization of cell membrane potential contrary to that
of 100 mg/L nCuO. A delayed effect of nCuO on the
survival of the cells was also observed. This suggests
that internally accumulated Cu was far less active and
further supports the hypothesis of delayed toxicity of
internalized nCuO NPs to charophyte cells.
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Introduction

In recent years, numerous toxicity studies on the effects of copper
oxide nanoparticles (nCuO) in various organisms have been un-
dertaken. Asmetal nanoparticles (NPs) may interact with the cell
directly or induce toxicity through the release of toxic metal ions,
it is complicated to distinguish these effect-pathways (Perreault
et al. 2014a). Several studies on microalgae (Aruoja et al. 2009),
protozoa (Mortimer et al. 2010), bacteria (Bondarenko et al.
2012), or crustacean (Jo et al. 2012; Adam et al. 2014) have
found that toxicity of nCuO is mediated by the release of Cu
ions from the nanoparticles. However, other findings have indi-
cated that not all observed effects could be explained by dis-
solved Cu from nanoparticles (Griffitt et al. 2008; Saison et al.
2010; Manusadžianas et al. 2012; Perreault et al. 2012).
Furthermore, nCuO-induced toxicity may be a consequence of
both NP reactivity in terms of interaction with various cellular
compartments and Cu ions dissolution in lysosomes, as it has
been reported in the study on human cell lines (Moschini et al.
2013). It has also been suggested that exposure medium deter-
mines whether or not free Cu ions or CuO NPs are the main
mediators of toxicity in microalgae (Moos et al. 2015).

In plant and bacterial cells, prior to be internalized, the NPs
have to pass semipermeable cell wall and plasma membrane
barrier. Negatively charged algal cell surface is favourable for
the sorption of CuO nanoparticles that bear positive charge in
media of acidic to neutral pHs (Miao et al. 2015). It has been
previously shown that effective diameter of cell wall pores of
macrophytic algae does not exceed 4.6 nm (Proseus and Boyer
2005), while in cultured cells of various higher plants, the limit-
ing diameter of wall pores for unrestricted pass of the molecules
is up to 8.6 nm (Baron-Epel et al. 1988). It has also been sug-
gested that the size of the pores can increase during the cell wall
metabolism (Carpita and Gibeaut 1993) or interactions between
the cells and nanoparticles (Navarro et al. 2008). Another factor
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stemming from the cell wall, which conditions the state of nano-
particles or their aggregates attached to the cell wall surface is its
slight acidity. It is known that pH equals 5.0–5.5 in the acidic
zones of charophyte cell walls (Lucas and Smith 1973; Métraux
et al. 1980). Studer et al. (2010) have demonstrated that 95.2% of
nCuO solubilized within 3 days in non-complexing buffer solu-
tions at pH 5.5. Similar tendency, however, in lesser extent (up to
14% at pH 6.1), has been reported for Cu2+ releases from CuO
nanoparticles in aqueous media similar in chemistry to natural
fresh waters (Odzak et al. 2014).

The uptake of NPs, once they passed the cell wall, may
occur through various routes such as endocytosis (Moore
2006), carrier proteins or ion channels (Navarro et al. 2008).
The internalization of nCuO particles has been visualized by
means of transmission electron microscopy in blue-green al-
gaeMycrocystis aeruginosa (Wang et al. 2011) and unicellular
green algae Clamydomonas reinhardtii (Perreault et al. 2012;
Melegari et al. 2013); however, the data on NPs accumulation
and distribution within algal cell seem not to be sufficient. In a
prior study (Gylytė et al. 2015), fast (within minutes) accumu-
lation of Cu in Nitellopsis obtusa cells treated by 100 mg/L
CuO nanosuspension or 3.2 mg Cu/L as CuSO4 solution was
found. These concentrations are equivalent, since they in-
duced 50% cell mortality within 8 days. Besides, four to five
times higher concentrations of Cuweremeasured in algal cells
treated for up to 24 h by nCuO than CuSO4. Scanning electron
images confirmed the presence of nanoparticles or their ag-
glomerates on the surface of charophyte cell (Gylytė et al.
2015); however, it was not evident whether or not CuO nano-
particles reach cell interior and if so, in what proportions it
distributes between cell wall and charophyte cell interior. The
main objective of our report was to explore the uptake of CuO
nanoparticles into the charophyte cell as well as the Cu distri-
bution among cell compartments. This is possible due to well-
known properties of internodal cells of characean green alga
such as big size, cylindrical shape and their morphology
(Foissner and Wasteneys 2014), which enable mechanical
separation of the compartments, namely cell wall, cytoplasm
and vacuole.

Materials and methods

Charophyte algae

Freshwater charophyte N. obtusa (Desv.) J. Groves, was
harvested from Lake Obelija (54° 29′ N, 23° 83′ E),
south-east Lithuania (Kostkevičienė and Sinkevičienė
2008). After separation from thalloma, single internodal
cells were kept at room temperature (18–24 °C) in glass
aquaria filled with equal parts of non-chlorinated tap water
and artificial pond water (APW) containing 0.1 mM
KH2PO 4 , 1 . 0 mM NaHCO 3 , 0 . 4 mM CaC l 2 ,

0.1 mM Mg(NO3)2 and 0.1 mM MgSO4 (unbuffered, pH
7.0–7.8) (Multi 350i, WTW, Weilheim, Germany). All
chemicals were from Merck (Darmstadt, Germany). APW
was also used as control medium.

Before usage of the cells for experimentation, single inter-
nodal cells (each 4–15 cm in length) were placed on Petri
dishes (FGH plus, Anumbra, Šumperk, Czech) (10–15 per
dish) with APW and then kept in thermostat (TC 135 S,
AQUALYTIC, Dortmund, Germany) at 15–18 °C in the dark
for 1 to 2 days. The acclimatization procedure before the test
allowed discarding of the dead cells that had been injured
during the transfer to Petri dishes. Survival of the cells was
checked by gently picking up each cell with a spatula. A cell
was judged to be dead if a disappearance of turgor pressure
occurred when it was picked up, a state in which a cell bends
on the spatula.

Preparation of the stock nCuO suspension

Powder of ultrafine CuO nanoparticles, an average particle
size of less than 50 nm (mean 30 nm), was purchased from
Sigma-Aldrich. Stability characteristics of nCuO suspension
prepared in APW were analysed previously (Manusadžianas
et al. 2012). A stock of 10 g/L CuO nanoparticles was pre-
pared by dispersing the nanoparticles in deionized H2O with
sonication for 15 min in a bath-type sonicator at 150 W and
38 kHz (Kraintek, K-5LM, Podhájska, Slovak Republic).

Experimental design

To prepare fresh suspensions, stock suspension was soni-
cated for 15 min and then 20, 50, 150 or 500-μL aliquots of
the stock were transferred to individual flasks (BDL,
Turnov, Czech) with 50-mL APW to final concentrations
of 4, 10, 30 or 100 mg/L nCuO. Each flask was sonicated
for 15 min in bath sonicator with ice to prevent heating of
the suspension and maintain the temperature of 15–18 °C.
After sonication, the suspension was poured off the flask
on the algae cells in Petri dishes as fast as within 2 s. The
rapidity and the maintenance of the same manipulation
manner were undertaken to have a similar portion of non-
agglomerated nanoparticles and/or smaller aggregates. It
has been previously shown that particle size distribution
in suspension of nCuO in APW shifts toward aggregate
formation after sonication within 5 s (Manusadžianas et al.
2012).

The cells in each Petri dish were rinsed twice with the APW
after exposure to 100 mg/L nCuO or 3.18 Cu mg/L CuSO4

(Merck, Darmstadt, Germany), both prepared in APW, for 3 h,
and then left in APW for survival observation, measurement
of Cu concentration in the cell and its fractions or scanning
electron microscopy.
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Cell lethality examination

After the exposure to nCuO or CuSO4 and rinsing in APW, the
cells of N. obtusa were kept in thermostat at 15–18 °C in the
dark. Three to six replicates with 10 cells per Petri dish were
used for each treatment and control (untreated cells). The sur-
vival of the cells was examined for 48 days. APW were re-
placed weekly.

Electrophysiological measurements

Cell resting potential of up to 20 living internodal cells was
measured simultaneously according to K+-anaesthesia method
(Shimmen et al. 1976) modified for multichannel recording
with extracellular chlorinated silver wire electrodes (Evans
and Leal 1980). The details of computer-assisted experimental
setup have been published previously (Manusadžianas et al.
1995, 1999, 2010).

Cell fractionation

Cells were washed with APW twice at the end of 3-h-
exposure to 100 mg/L of nCuO or 3.18 mg/L Cu of CuSO4.
Then, a single cell was placed on a filter paper, air-dried for
~1 min until the surface was opaque. After the cell was placed
on the glass plate, one end of the internodal cell was cut by
sharp scalpel at approximately 4 mm distance from the node.
One or two drops were obtained from the cell, when it was
cautiously held by the health node in vertical position above
the microtube (Orange Scientific, Graignette, Belgium). The
collected fraction represents the vacuole. Visually, it looks
transparent and colourless, the pH value should be at about
5.5 (Gyanes et al. 1978). The rest of cell intracellular content
was gently squeezed by fingers along the cell surface up to the
cut end by leaving ~1 cm unsqueezed not to contaminate with
the nCuO from the cell surface. This fraction comprises the
rest of vacuole and cytoplasm with the organelles. After cen-
trifugation at 10,000 rpm for 7 min (Labnet Prism™ R
Refrigerated Microcentrifuge, Edison, NJ, USA), supernatant
represents vacuole-cytoplasm mixture and residuals–chloro-
plasts (Whitehouse and Moore 1993).

Cell wall fraction consists of what was left after separation
of intracellular content. Overall, the following fractions could
be isolated: intracellular content (without cell wall), cell wall,
vacuole, vacuole+cytoplasm and chloroplasts.

Measurement of Cu concentration in N. obtusa cell

To prepare the whole cell or cell wall samples for atomic
absorption spectroscopy (AAS) (Campbell and Plank 1998),
algal material were dried at 25–30 °C for 4–7 days to constant
dry weight, weighted (AEJ 220-4M, Kern, Balingen,
Germany) and placed in a ceramic crucible (Haldenwanger,

Waldkraiburg, Germany) to destroy the combustible (organic)
portion of the sample by thermal decomposition in a muffle
furnace (SNOL-1,6.2,5, Borispil, Ukraine) at 450–550 °C for
2–3 h. The sample was heated with 0.5-mL nitric acid (Roth,
Karlsruhe, Germany) until the acid evaporates up to a half
volume and then diluted to 5 mL with deionized water.
Freshly obtained cell fractions excepting the cell wall were
diluted up to 4 mL, prior to AAS analysis.

Content of Cu was determined by Perkin Elmer Optima
7000 Dual View ICP Optical Emission Spectrometer
(Waltham, MA, USA). Cu concentration measurements were
performed at 327.393 nm. Standard Cu ion solutions of 0.100,
1.00 and 10.0 mg/L (Perkin Elmer, USA) were used for the
device calibration. Cu concentration in the whole cell and cell
wall was expressed as milligram per gram of cell dry weight
(DW).

Determination of soluble Cu

The concentrations of dissolved Cu in 100 mg/L nCuO sus-
pension at pH 7.7 and 5.5 (pH was adjusted by the addition of
0.1 M HCl) as well as intracellular medium, vacuole and cy-
toplasm+vacuole fractions were evaluated spectrophotometri-
cally after their ultrafiltration in Microsep™ Advance
Centrifugal Devices (Pall Corporation, Ann Arbor, MI,
USA) containing polyethersulfone membranes with a cut-off
of 1 kDa, at 5000 g (5430R, Eppendorf, Hamburg, Germany)
for 1 h (Adam et al. 2014). For Cu measurements in ultrafil-
trates, freshly prepared unbuffered suspensions sonicated for
15 min and aged for 3 h were used.

Scanning electron microscopy

For the analysis by scanning electron microscope (FEI Quanta
250, the Netherlands), the samples of cell wall and cell interior
(vacuole or vacuole+cytoplasm) were obtained as described in
previous section. Then, small fragments of the cell wall cut
with a razor or droplets of respective cell interior fraction were
placed on a sample stub and left to dry at room temperature
and were used to obtain backscattered electron images. Prior
to elemental analysis by energy dispersive X-ray (EDX) spec-
troscopy, the sample was coated by a carbon layer (15–25 nm
of thickness; Emitech, CA7625 (Quorum technologies,
Laughton, UK) attachment for carbon coating). The diameter
of analysed spot was 5 μm.

Statistical analysis

Comparison between intracellular Cu concentrations before
and after ultrafiltration was done by using one-way ANOVA
and two planned contrasts for treatments with nCuO suspen-
sion and CuSO4 solution at a significance level 0.05. There
were three independent replicates per treatment. The statistical
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analysis was carried out using the software PASW Statistics
18.0 (Predictive Analytics Software, IBM).

Results

Cu distribution in the cell compartments

Cu accumulation in the whole cell or particular compartment
was investigated after 3-h-exposure at similar lethal effective
concentrations (8-day LC50) multiplied by approximately 150,
i.e. 100 mg/L nCuO suspension and 3.18 mg Cu/L as CuSO4.
In both cases, the major part of Cu accumulated in the cell
walls, respectively, 1.21 ± 0.23 mg Cu/g DW and
0.17 ± 0.010 mg Cu/g DW (Table 1). The overall cellular
Cu concentration after treatment with corresponding concen-
trations of nCuO and CuSO4 was found to be 1.94 ± 0.17 and
0.24 ± 0.027 mg/g DW (Table 1). As it is illustrated in the
SEM image of the cell wall (Fig. 1B), metallic aggregates of
approximately 0.2 μm or larger in size (bright spots) were
located on the nCuO-treated cell surface unevenly.
Elemental analysis of such areas (spectrum 1, Fig. 1) by ener-
gy dispersive X-ray spectroscopy confirmed high content of
Cu (up to 70%). Relatively low amount of Cu or none was
found in the areas enriched by insoluble CaCO3 deposits
(spectrum 2, Fig. 1). Similarly, the SEM image showed the
presence of nCuO aggregates (bright spots) associated with
intracellular content of charophyte cell after exposure to
100 mg/L nCuO suspension for 3 h (Fig. 2). The NP aggre-
gates associated with the vacuolar material were tracked dur-
ing the inspection of vacuole fraction that was air-dried before
analysis by the SEM.

The levels of total Cu concentration found in untreated
N. obtusa cells and in their cell walls equalled 24 ± 1.4 and
20 ± 1.3 μg/g DW, respectively (Table 1). For comparison,
20 μg/g DW is necessary for optimal functioning of aquat-
ic plant Ceratophyllum demersum (Thomas et al. 2013).
Approximately three times higher Cu concentration was
measured in cell interior content (without cell walls) treat-
ed with nCuO suspension than in those with CuSO4 solu-
tion, respectively, 0.54 ± 0.19 and 0.16 ± 0.037 mg/L
(Fig. 3). However, overall concentration of Cu when eval-
uated on the basis of the measurements in distinctive parts
of nCuO-treated cells, i.e. chloroplasts, cytoplasm-vacuole
mix tu re and vacuo le , was lower and equa l l ed
0.25 ± 0.072 mg/L (n = 3, data not shown). Further, as-
suming that charophyte cell vacuole occupies 90% of the
cell volume (Saltman and Christensen 1961), it was calcu-
lated that concentration of Cu in cytoplasm (including
chloroplasts) equals 1.44 ± 0.55 mg/L (Table 1). It was
impossible to measure Cu concentrations in the cell frac-
tions obtained after the exposure to CuSO4.

Intracellular concentrations of soluble Cu

Ionic Cu concentration measured in ultrafiltrates of intracellu-
lar content of nanosuspension-treated cells was found to be
0.061 ± 0.038 mg Cu2+/L (n = 3), i.e. approximately 10% of
the total intracellular Cu concentration 0.54 ± 0.19 mg Cu/L
(n = 3) (Fig. 3). In the case of CuSO4, the concentration of
ionic Cu equalled 0.094 ± 0.050 mg Cu2+/L (n = 3), i.e. ap-
proximately 60% of the total intracellular Cu concentration
0.160 ± 0.037 mg Cu/L (n = 3) (Fig. 3).

Ionic Cu concentration measured in the charophyte cell
compartments after treatment with nCuO consisted of
0.013 ± 0.023 mg Cu2+/L (n = 3) in the vacuole and
0.14 ± 0.069 mg Cu2+/L (n = 3) in the cytoplasm-vacuole
mixture (without chloroplast fraction).

The influence of pH on ionic Cu concentration
in the nCuO suspension

The concentration of Cu2+ measured in the ultrafiltrate of the
nominal 100 mg/L nCuO in APW at pH 7.7 and aged for 3 h
equalled 0.025 ± 0.006 mg/L (n = 3). This comprised 0.033%
of the total Cu concentration of 76.4 ± 0.51 mg/L (n = 3)
measured in the initial suspension at zero time. The concen-
tration of ionic Cu measured in the suspension ultrafiltrate
after 3 h at pH 5.5 was higher by 42.5% in relation to that of
pH 7.7.

Charophyte cell responses to CuSO4 solutions and nCuO
suspensions

Kinetics of cell bioelectrical response induced by 0.64–
3.18 mg Cu/L as CuSO4 and 100 mg/L nCuO are shown in
Fig. 4. Depolarization of cell resting potential (RP) starts im-
mediately when cells are treated with CuSO4 and decreases by
40% from its initial level within 3 h at 0.64 mg Cu2+/L, and
within one and a half hour at 3.18 mg Cu2+/L. In the latter
case, the depolarization proceeds further even after the re-
placement of CuSO4 solution into the control medium
(APW). On the contrary, depolarization induced by nCuO
suspension was slow, not exceeding 12% within 3 h, reaching
only less than 20% within 6 h (Fig. 4).

The effect of 3.18 mg Cu/L added as CuSO4, or 3.20, 7.99,
23.97 and 79.89 mg Cu/L added as 4, 10, 30 and 100 mg/L
nCuO suspensions, respectively, on the survival of characean
cells was investigated by treating them for 3 h and then keep-
ing in the control medium. A substantial mortality up to 90%
was observed already within 7–8 h from the beginning of the
treatment with CuSO4 solution (Fig. 5). Similarly, both 30 and
100 mg/L nCuO suspensions induced similar mortality; how-
ever, within 3–8 days. The cells treated for 3 h at lower nCuO
concentrations, 4 and 10 mg/L, evoked substantial lethality

27656 Environ Sci Pollut Res (2017) 24:27653–27661



later, for example, reaching 50%within approximately 24 days
(Fig. 5).

Discussion

Recent data on CuO NPs suggest two main mechanisms of
toxic action to the cell, i.e. through their solubilization by
releasing Cu ions and through direct interaction of NPs with
the cellular systems (Navarro et al. 2008; Misra et al. 2012;
Wang et al. 2016). The first one relates to the questions, where

and in what circumstances ions are released, e.g. in the sus-
pension media or in the cell and the second one—where NPs
are localized, e.g. associated on the cell surface or internalized
within the cell. The presence of CuO NPs or their aggregaates
attached to the cell wall ofN. obtusa cell have been confirmed
(Fig. 1) by SEM images and elemental analysis (this paper and
Gylytė et al. 2015). Various NPs localized on and in the walls
of plant cells have been visualized in the roots of Phaseolus
radiatus and Triticum aestivum (Cu, Lee et al. 2008),
Schoenoplectus tabernaemontani (CuO, Hua et al. 2014),
and in unicellular green alga Pseudokirchneriella subcapitata

Fig. 1 SEM images of the cell
wall of charophyte cell exposed to
100 mg/L nCuO for 3 h. a Dark
regions represent Bclean^ cell
wall surface (arrow 1), grey
regions represent cell surface
covered by calcium carbonate
deposits (arrow 2). Plus (+)
indicates points where elemental
EDX-analysis, an energy
dispersive X-ray spectroscopy
coupled to the SEM was accom-
plished (analysed spot comprised
the area of 5 μm in a diameter),
rectangle indicates enlarged area
shown on the B. b CuO nanopar-
ticle aggregates are shown in tur-
quoise colour. Spectrum 1 (s1)
and spectrum 2 (s2) represent the
areas with high Cu and high Ca
contents, respectively.

Table 1 Concentration of Cu in
the compartments of N. obtusa
cells treated by nCuO (100 mg/L)
and CuSO4 (3.18 mg Cu/L) for
3 h. Data represent
mean ± standard deviation
(number of independent
replicates).

Compartment Control (untreated) nCuO treatment CuSO4 treatment

Whole cell 0.024 ± 0.014 (mg/g DW) (3) 1.94 ± 0.17 (mg/g DW) (3) 0.24 ± 0.027 (mg/g
DW) (3)

Cell wall 0.020 ± 0.013 (mg/g DW) (4) 1.21 ± 0.23 (mg/g DW) (3) 0.17 ± 0.010 (mg/g
DW) (3)

Vacuole 0.12 ± 0.036 (mg/L) (3) nd

Cytoplasm-vacuole 0.22 ± 0.077 (mg/L) (3) nd

Chloroplasts 1.24 ± 0.74 (mg/L) (3) nd

Cytoplasma 1.44 ± 0.55 (mg/L) (3)

nd values below the detection limit
a The numbers were calculated from Cu concentration values measured in the fractions of vacuole, cytoplasm-
vacuole mixture and chloroplasts as well as presuming that the volume of vacuole comprises 90% of the cell
volume
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(SiO2, VanHoecke et al. 2008). The presence of CuONPs was
also shown in the cell interior of characean cell (Fig. 2), the
most veracious in the vacuole compartment. In most
characean cells, the central vacuole occupies about 95% of
the cell volume (Beilby and Casanova 2014) and can be col-
lected after the node(s) of internodal cell was(were) cut. Minor
contamination of the drops of freely seeping vacuole sap can
also be due to disintegrated vacuolar membrane (tonoplast)
and/or cytoplasm. By using similar fractionation method into
vacuole and cytoplasm (including cell wall) from Chara
australis, Oikawa et al. (2011) have justified high purity of
the compartments, respectively, 99.9 and 93.1%, as followed
from the results with two compartment-specific marker en-
zymes. For photosynthetic organisms, CuO NPs have been

observed internalized in blue-green alga M. aeruginosa
(Wang et al. 2011) and unicellular green alga C. reinhardtii
(Perreault et al. 2012, Melegari et al. 2013). Uptake and bio-
accumulation of CuONPs have also been suggested in aquatic
macrophytes Landoltia punctata (Shi et al. 2011) and Lemna
gibba (Perreault et al. 2014b), while Lalau et al. (2015) could
not observe NPs in tissues and cells of L. punctata.

Most of Cu accumulated in the charophyte cell was mea-
sured in the cell wall fraction, irrespective whether cells were
exposed for 3 h to 100 mg/L of nCuO suspension or 3.2 mg/L
ionic Cu as CuSO4, corresponding to 63 and 74%. It has to be
mentioned that the concentration of Cu determined in the
walls of nanosuspension-exposed cells represents the least

Fig. 2 SEM images of CuO aggregates (bright spots) associated with
intracellular content found in the vacuole of N. obtusa cell exposed to
100 mg/L nCuO for 3 h. Plus (+) indicates points where elemental EDX-

analysis was accomplished (analysed spot comprised the area of 5μm in a
diameter). Spectrum 1 (s1) and spectrum 2 (s2) represent the areas with
high Cu and low Cu contents, respectively

Fig. 4 Kinetics of resting potential (RP) depolarization ofN. obtusa cells
treated continuously with 0.64 mg Cu/L as CuSO4 or 100 mg/L of nCuO.
The treatment with 3.18 mg Cu/L as CuSO4 was stopped at 90th minute
by replacing with APW. Bold curves show average cell RP (n = 9 and 12
cells, respectively, for CuSO4 of 0.64 and 3.18 mg Cu/L, and n = 20 for
nCuO) and the dashed or dotted curves show corresponding standard
deviations

Fig. 3 Cu concentration in intracellular (cell wall-free) medium of
N. obtusa cells exposed for 3 h to nCuO suspension (100 mg/L) and
CuSO4 solution (3.18 mg Cu/L) before and after ultrafiltration (filtr).
Data represent the mean ± standard deviation (n = 3 independent repli-
cates). Asterisk is for significant difference between Cu concentrations in
the samples before and after ultrafiltration at α = 0.05
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concentration, since some part of nCuO NPs attached loosely
to cell surface could be lost during mechanical squeeze out of
the internal cell content. Post-exposure wash with
ethylenediamintetraacetic acid, in order to remove loosely
bound metal from the cell wall of marine diatom
Thalassiosira weissflogii exposed to 5 mg/L of nCuO or Cu
added as CuCl2, yielded 2–5% of the total accumulated Cu
(Bielmyer-Fraser et al. 2014). Interestingly, the percentage of
Cu concentration in the walls of this diatomic algae cell com-
prised almost 85% from the total accumulated Cu for nCuO-
treated cells, i.e.major part as it was obtained for N. obtusa in
our study. Whereas lower concentration (28%) was obtained
for the cells treated by ionic Cu, showing that the proportion
of intracellular versus cell wall concentrations in diatoms for
soluble Cu is opposite to that in characean cells.

Of the total intracellular Cu concentration measured in
N. obtusa cells after exposure to nanosuspension, roughly
one tenth was found to be soluble, i.e. ionic, Cu. The part of
intracellular Cu2+ could be generated by the NPs attached to
the cell wall with its milieu at pH 5.0–5.5 as it was assessed for
characeans (Lucas and Smith 1973; Métraux et al. 1980). We
found that solubility of 100 mg/L of nCuO in APW increases
bymore than 40% at pH 5.5 compared to negligible 0.033% at
pH 7.7. Similar relationship between the release of Cu ions
from nCuO and acidity in various media has been reported
(Studer et al. 2010, Odzak et al. 2014). Another source for the
appearance of intracellular Cu ions might be vacuole compart-
ment with pH 5.25–5.5 in N. obtusa (Gyanes et al. 1978;
Mimura and Kirino 1984).

To compare the effects of nCuO and ionic Cu on
charophyte cell, isobolic concentrations were chosen, i.e. con-
centrations equivalent to those inducing similar 8-day-lethal
effect (Gylytė et al. 2015). In our study, a threefold larger
intracellular concentration of Cu measured after 3-h-

treatment with nCuO suspension suggested that internally ac-
cumulated Cu was far less active than that found after the
same exposure duration to CuSO4 solution. Indeed, external
3.18 mg/L of ionic Cu concentration in the medium lead to
intracellular Cu concentration equal to 0.16 mg/L, which in-
duced fast (within 90-min), substantial and irreversible cell
membrane depolarization, whereas 100 mg/L nCuO condi-
tioned augmentation of intracellular Cu concentration up to
0.54 mg/L, however, yielded negligible depolarization
(Fig. 4), and this depolarization has been shown to be insig-
nificant even at elevated up to 1 g/L of nCuO (Manusadžianas
et al. 2012). Thus, the lack of immediate cell depolarization in
the case of exposure to nCuO serves as evidence that intracel-
lular Cu accumulated in charophyte cells after exposure to
nCuO have to be, in major part, in nanoparticle form.

In the present study, an early attempt to evaluate accumu-
lation of Cu in the main parts of charophyte cell exposed to
nCuO suspension or Cu salt solution was done. Mechanical
separation of charophyte cell into cell wall, protoplasm and
vacuole compartments applied in the study has also been used
earlier to explore the distribution of metals among cell com-
partments by means of radioactive labelling (Hampson 1967)
or localization and dynamics of metabolites in the vacuole and
cytoplasm by applying metabolomic approach (Oikawa et al.
2011). The author of the first reference mentioned that some
contamination of protoplasm with vacuolar sap could take
place, while the authors of the second study emphasized high
purity of vacuole fraction identified by using enzymatic mark-
er after its separation from the rest of the cell. Since we found
that both treatments lead to the exhibition of only minor part
of Cu in the cell interior relatively to the amount accumulated
in the cell wall, an accurate characterization and quantification
of isolated cell fractions in terms of their purity are necessary
to better understand the localization of CuO NPs and/or gen-
erated ionic Cu concentrations within the charophyte cell.

In general, the data of our study show that more than three
times higher Cu concentration accumulated intracellularly
when internodal cells of N. obtusa were treated for 3 h by
nCuO than by CuSO4 at used concentrations. Nevertheless,
contrary to CuSO4, the toxic effects of nCuOwere delayed. In
our previous study (Gylytė et al. 2015), it has been shown that
even very short, up to 1 min, exposure to 100 mg/L nCuO
causes cell death eventually, after several weeks. The mecha-
nism of adverse action in charophyte cells has to include the
occurrence of Cu ions due to slow dissolution of nCuO parti-
cles or its aggregates associated with the cell wall and/or with-
in the cell. However, the details of this process need to be
explored. In particular, although the intracellular ionic Cu
can be measured by ultrafiltration, it is difficult or even im-
possible to separate from the total Cu concentration measured
the part of Cu ions that dissolved from the nCuO and were
immediately bound on various intracellular sites. We found
that approximately one tenth of the total intracellular Cu

Fig. 5 Mortality kinetics of charophyte algae cells ofN. obtusa in control
medium after exposure for 3 h to 4, 10, 30 and 100 mg/L of nCuO
suspensions or 3.18 mg Cu/L as CuSO4. Each curve represents 30–60
cells/treatment. Mortality of untreated cells within 36-day observation
period did not exceed 10%
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comprised Cu ions when N. obtusa was exposed to nCuO;
however, no visible depolarization in comparison to that of
CuSO4-induced could be observed. To decide whether or not
ionic Cu release from nCuO comprises a primary mechanism
of CuO NPs toxic action in charophyte cell, further investiga-
tion on accumulation of Cu in the cells exposed to various
nCuO or Cu salt concentrations and treatment durations is
needed to relate intracellular soluble Cu concentrations with
bioelectrical reaction of the cell membrane.
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