Environ Sci Pollut Res (2017) 24:3790-3801
DOI 10.1007/511356-016-8131-x

@ CrossMark

RESEARCH ARTICLE

Modulatory effects of Zn** ions on the toxicity of citrate-
and PVP-capped gold nanoparticles towards freshwater algae,

Scenedesmus obliquus

V. Iswarya1 - J.B. Johnson' - Abhinav Parashar' - Mrudula Pulimi’ -

N. Chandrasekaran' - Amitava Mukherjee'

Received: 17 May 2016 / Accepted: 18 November 2016 /Published online: 28 November 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Gold nanoparticles (GNPs) are widely used for
medical purposes, both in diagnostics as well as drug delivery,
and hence are prone to release and distribution in the environ-
ment. Thus, we have explored the effects of GNPs with two
distinct surface capping (citrate and PVP), and three different
sizes (16,27, and 37 nm) at 0.01-, 0.1-, and 1-mg L' concen-
trations on a predominant freshwater alga Scenedesmus
obliquus in the sterile freshwater matrix. We have also inves-
tigated how an abundant metal ion from freshwater, i.e., Zn>*
ions may modulate the effects of the selected GNPs (40 nm,
citrate, and PVP capped). Preliminary toxicity results revealed
that gold nanoparticles were highly toxic in comparison to
zinc ions alone. A significant modulation in the toxicity of
Zn ions was not noticed in the presence of GNPs. In contrast,
zinc ions minimized the toxicity produced by GNPs (both
CIT-37 and PVP-37), despite its individual toxicity.
Approximately, about 42, 33, and 25% toxicity reduction
was noted at 0.05-, 0.5-, and 5-mg L' Zn ions, respectively,
for CIT-37 GNPs, while 31% (0.05 mg L_l), 24 %
(0.5 mg L"), and 9% (5 mg L") of toxicity reduction were
noted for PVP-37 GNPs. Maximum toxicity reduction was
seen at 0.05 mg L™ of Zn ions. Abbott modeling substantiated
antagonistic effects offered by Zn®* ions on GNPs. Stability
and sedimentation data revealed that the addition of zinc ions
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gradually induced the aggregation of NPs and in turn signifi-
cantly reduced the toxicity of GNPs. Thus, the naturally
existing ions like Zn®* have an ability to modulate the toxicity
of GNPs in a real-world environment scenario.

Keywords Gold nanoparticles (GNPs) - Size - Surface
capping - Zinc ions - Freshwater - Scenedesmus obliquus

Introduction

Gold NPs (GNPs) have found increasing applications in a
multitude of biomedical approaches, such as diagnostics and
therapy vectorization (Stuchinskaya et al. 2011; Brown et al.
2010; Ali et al. 2012; Perrault and Chan 2010). The wide
variation in the optical (i.e., absorbance and fluorescence) fea-
tures of GNPs due to its particular surface plasmon resonance
made its enormous usage in various fields (Priyadarshini and
Pradhan 2017; Saha et al. 2012; Riddhi et al. 2014). Also, the
ease of synthesis and surface functionalization with ligands
that confer different properties and biocompatibility has made
GNPs one of the best-characterized systems (Larguinho et al.
2014). However, the increasing use of GNPs not only for
research purposes but also in the industrial sector might be
associated with environmental risk due to inappropriate dis-
posal (Larguinho et al. 2014). The occupational and public
exposures to nanomaterials are assumed to increase dramati-
cally in anticipated years, and therefore, there is a desperate
need for information on toxicity and safety of manufactured
nanoparticles (Kasemets et al. 2009). Owing to the inert and
insoluble nature of GNPs, they have gained attention as a
general model to determine its toxicity and behavior in various
systems (Riddhi et al. 2014; Yah 2013). Although gold NPs
has been used for several in vivo studies for decades due to its
significant advantage of functionalization with any ligands,
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distinct cytotoxic effects were noted for functionalized nano-
particles based on the moieties attached (Goodman et al.
2004). A definite conclusion has not been made so far from
the literature available on the toxicity studies performed in
various model organisms concerning the properties of GNPs
(Alkilany and Murphy 2010). Hence, the effect of different
aspects of gold nanoparticles such as size, shape, surface
charge, capping agent, and functionalized ligands needs to
be addressed that may interfere with the toxicity of NPs
(Yah 2013).

Microalgae are primary producers of the aquatic ecosystem
and play a consequent role in the ecological balance of food
chain. They are strongly affected by pollutants of organic and
metallic origins, as a result of their small sizes and conse-
quently high surface-to-volume ratios (Gilroy et al. 2014).
Available information on the toxicity of GNPs to algae is
limited to a few studies, each focusing on different algae spe-
cies and different types of particles with regard to their coating
or functionalization and colloidal stability (Behra et al. 2015).
The cytotoxicity of GNPs alone on the freshwater algae
Scenedesmus sp. has been reported by Renault et al. (2008)
where statistically significant GNP toxicity was observed
(50% effect at 1 mg L "). Dedkova et al. (2014) reported an
ECs, value of 0.028 and 0.014 mg mL™"' for synthesized
GNPs on Desmodesmus subspicatus and Raphidocelis
subcapitata, respectively. Whereas PVP-stabilized GNPs
showed an ECsq of 0.4823 mg mL ! in D. subspicatus. In
contrast, PVP-stabilized GNPs stimulated the growth of
R. subcapitata. Amphiphilic-coated gold NPs with a size
range of 4-5 nm exhibited a 72-h ECs, of about
7.5+ 23 mg L' for Pseudokirchneriella subcapitata (Van
Hoecke et al. 2013).

It has been reported in various studies that size and surface
capping has an impact on the toxicity of gold nanoparticles
(Pan et al. 2007; Bozich et al. 2014; Kim et al. 2013). The
toxic effects of different surface cappings of GNPs were pre-
viously explored by our group on Chlorella sp. (Iswarya et al.
2015). Still, current knowledge on dispersion routes of
nanomaterials in the environment and consequent hazards is
limited (Moore 2006). Nanoparticles entering the aquatic en-
vironment react in a highly dynamic manner, which depends
on the environmental conditions (Rana and Kalaichelvan
2013; Maurer-Jones et al. 2013).

Various metal ions have been known to impart toxicity on
algal cells, with a few studies showing the joint effects of these
metal ions. Campbel and Stokes (1985) outlined ten potent
heavy metals (Ag, Al, Cd, Co, Cu, Hg, Mn, Ni, Pb, and Zn)
associated with acidification and/or speciation thereby caus-
ing toxicity to freshwater algae. Harris and Ramelow (1990)
have shown the relative binding efficiencies of silver, copper,
cadmium, and zinc, where zinc proved to be least effective
adhering to the surface of Chlorella and Scenedesmus sp.
Contrarily, zinc and cadmium showed maximum adherence

at around pH 7, which further decreased with a decrease in
pH exhibiting a pH dependent sorption. Franklin et al. (2002)
analyzed the impact of metals such as Cu, Cd, and Zn both
individually as well as mixtures (binary and ternary) upon the
cell division of freshwater alga, Chlorella sp. They showed
distinct toxic effects from antagonistic to synergistic based on
the combinations of metal mixtures tested. Also, the metallic
uptake changed when the metals exist in mixtures, especially
in the presence of Cu. Although, with the advent of nanopar-
ticles, the exposure conditions of metals to the environment
has considerably changed at a global level. Zou et al. (2013)
studied the toxic effect of FesO4 NPs in combination with
As(V) on Tetrahymena pyriformis where they noticed that
Fe;04 NPs alone were non-toxic. When they were combined
with As(V), it promoted significant ROS generation and led to
oxidative damage and cell death. Yang et al. (2012) noticed a
decrease in the toxicity of Cd** ions in the presence of TiO,
NPs towards Chlamydomonas reinhardtii. Adsorption of
Cd** by TiO, NPs reduced its bioavailability and its toxicity.

Zinc is an essential metal, inevitable for the plant growth
and metabolism. In contrast, it also behaves as a potent toxi-
cant at the higher concentrations beyond its threshold level
(Rout and Das 2009). The maximum permissible limit of zinc
in the drinking water was determined to be 5 mg L™, as per
the WHO standards (WHO 2003). In the freshwater environ-
ment, the concentration of zinc varies from 0.002 to 50 mg/L,
with an average of <0.05 mg/L (Roney 2005; Bodar et al.
2005; Luoma and Rainbow 2008; Naito et al. 2010). The
toxicity of zinc to green algae in freshwater has been well
elucidated by Wong and Chau (1990), where they have shown
concentrations as low as 50 pg/L to exhibit toxicity by ham-
pering both cell growth and productivity. A similar report was
provided by Kumar et al. (2014), where the toxicity of zinc
ions was examined over five different algal species with zinc
concentrations ranging from 5 to 1500 pg/L. Moreover, both
GNPs and Zn>* ions find their route to the freshwater ma-
jorly through the sewage treatment plants. Since ZnO is one
of the most abundant metal oxide contaminants found in
stationary aquatic systems (Gottschalk et al. 2009; Sposito
et al. 1982), the effects of zinc ions (at different concentra-
tions) on the toxicity of gold nanoparticles should be exam-
ined comprehensively.

The current study aims to explore the impact of Zn** ions
on the toxicity of GNPs over Scenedesmus obliquus, a pre-
dominant green algal species. Different-sized (16, 27, and
37 nm) and surface-capped (citrate- and PVP-capped) GNPs
were synthesized by the Turkevich method, and their sizes
were characterized by both TEM and DLS. To examine the
effect of size and surface capping on the toxicity of gold nano-
particles, various-sized (16, 27, and 37 nm) and surface-
capped (citrate- and PVP-capped) GNPs were tested on
S. obliquus primarily at different concentrations such as
0.01, 0.1, and 1 mg L " in a freshwater matrix. Since various
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metal ions were known to exist in the freshwater, the impact of
zinc ions (a major essential metal ion present in the freshwa-
ter) on the toxicity of GNPs was also assessed. The minimum
concentration of Zn>* ions tested in the study was kept as
0.05-mg L' equivalents to the actual concentration of zinc
in source freshwater. Since the study uses sterile freshwater as
an experimental matrix, to mimic the real environmental sce-
nario, it provides a better holistic understanding of the com-
bined toxic effects of GNPs (1 mg L") and zinc (0.05, 0.5,
and 5 mg L") on green algae, S. obliguus. Further, the toxicity
results have been defended with the particle size assessment
and sedimentation analysis.

Materials and methods
Chemicals and reagents

Tetra aurochloric acid (HAuCly), trisodium citrate, and poly-
vinyl pyrrolidone (PVP, K-30) were purchased from Sisco
Research Laboratories Pvt. Ltd. (Mumbai, India). BG-11 me-
dium was procured from Hi-media Laboratories Pvt. Ltd.
(Mumbai, India).

Synthesis of gold nanoparticles

Different-sized (16, 27, and 37 nm) and surface-capped (cit-
rate and PVP) GNPs were synthesized and used further for
toxicity assessment. Citrate-capped GNPs of three different
sizes such as 16, 27, and 37 nm are hereafter designated as
CIT-16, CIT-27, and CIT-37 GNPs, respectively. While PVP-
16, PVP-27, and PVP-37 GNPs represent PVP-capped GNPs
with a size of 16, 27, and 37 nm, respectively.

Citrate-capped GNPs Citrate-capped gold nanoparticles
(GNPs) were synthesized by the citrate reduction method ac-
cording to the Turkevich protocol as described by Frens
(1973) with slight modifications. One millimolar tetra
aurochloric acid (250 pL) was added drop by drop to the
25 mL of de-ionized water and heated at 90 °C with constant
stirring. Varying amounts of 1% trisodium citrate (CIT-16:
2.7mL; CIT-27: 2.3 mL; and CIT-37: 2 mL) was added quick-
ly to the reaction mixture within a minute. The molar ratio of
gold (Au):citrate in the solution ranges from 1:367.2 to 1:272.
The solution was further heated for about 10 min until a red
wine color was obtained indicating the formation of GNPs.
The synthesized gold nanoparticles (GNPs) solution was
allowed to cool down to room temperature and stored at
4 °C for further use. Besides, the synthesized GNPs were
centrifuged at 1000g, 4 °C for about 10 min to remove the
excess citrate remained in the suspension.
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PVP-capped GNPs For the synthesis of different-sized PVP-
capped GNPs (PVP-16, PVP-27, and PVP-37), a similar pro-
cedure was followed as for CIT-16, CIT-27, and CIT-37 GNPs
other than the addition of PVP. After the formation of GNPs,
i.e., red color, 5% PVP solution was added finally to the so-
lution in less than a minute, followed by a constant stirring for
an hour to achieve a uniform capping over the gold nanopar-
ticles. The molar ratio of Au:PVP was 1:5. Solutions were
centrifuged at 1000g for 10 min (4 °C), and the supernatant
containing PVP-capped GNPs was stored at 4 °C and used for
further studies.

After synthesis, shape and diameters of the GNPs were
confirmed with the transmission electron microscopy (TEM,
FEI Tecnai T20 S-TWIN TEM). All the GNPs were of spher-
ical in shape (Fig. 1). Sizes of the citrate-capped gold nano-
particles were observed to be 16 +2,27 + 1, and 37 £ 2 nm for
CIT-16, CIT-27, and CIT-37, respectively. Similar sizes were
obtained for the PVP-capped gold nanoparticles. Their sizes
were noted to be 15 £ 3, 26 £ 2, and 36 + 2 nm for PVP-16,
PVP-27, and PVP-37, respectively.

Characterization of nanoparticles

The hydrodynamic diameters of all the as-synthesized GNPs
(both citrate and PVP capped) in the stock suspension were
evaluated using dynamic light scattering analysis (90 Plus
Particle Size Analyzer, Brookhaven Instruments Corp., USA).

Test organism and experimental setup

S. obliquus, an axenic and green single-celled freshwater
microalgae isolated from Vellore Institute of Technology
(VIT) Lake, was used as a test organism for the toxicity ex-
periments. BG-11 medium, a specific growth media, was used
for growth and maintenance of the culture. A day/light rhythm
of 16/8 h was maintained for the growth of algal cultures and
illumination was provided by white fluorescent lights (18 W,
TL-D Super 80 linear fluorescent tubes, Phillips, India) with
an intensity of 3000 Lux. All the toxicity studies were con-
ducted in the freshwater matrix, i.e., sterile freshwater as per
OECD guidelines (OECD 2011).

Freshwater used in this study was collected from VIT Lake
located in the VIT University, Vellore, India. It was further
filtered with Whatmann No 1 and subsequently with the blotting
paper. Besides, they were sterilized to deprive of microbes and
used for the toxicity studies. The composition and metal content
of the freshwater has been reported in our previous study
(Iswarya et al. 2016). It contains about 1730 + 100 mg L™ of
dissolved solids, 14.6 = 0.5 mg L™ of total organic carbon
(TOC) with pH of 7.2 + 0.4, conductance of 2.45 + 0.23 mS/
cm, and temperature of 24 + 1.4 °C. The metal ion content of
the freshwater was Cr®* 0.002 mg L', Zn** 0.060 mg L™ ";
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Fig. 1 Transmission electron
micrograph (TEM) images of

citrate- and PVP-capped GNPs of
three different sizes—16, 27, and

37 nm. The images are shown on ® *
a 20-nm scale in all cases along ‘
with the identifiers just below the ®

individual images

TEM Images

20m ( i
CIT-16 GNPs CIT-27 GNPs CIT-37 GNPs
(16£2 nm) (27+1 nm) (37£3 nm)

(1543 nm)

Fe 0.048 mg L', Mn®* 0.011 mg L', Ni 0.004 mg L',
and Ti 0.006 mg L.

Algal cells were harvested at the exponential phase from
the growth medium by centrifugation (3000g, 10 min, 4 °C)
and washed with sterilized freshwater to remove the residues/
exudates from the growth medium. Then, the algal cells with
an initial cell count of about 5 x 10° cells were prepared in
sterile freshwater and used for the toxicity assessment.

Toxicity assessment of gold nanoparticles

Algal cells (5 x 10° cells) prepared in sterilized freshwater
were treated with three different-sized (16, 27, and 37 nm)
and two differently capped (citrate- and PVP-capped) GNPs
at three different concentrations of 0.01, 0.1, and 1 mg L.
The cells were thereafter kept in the visible light condition
(18 W, TL-D Super 80 linear fluorescent tubes, Philips,
India) for about 72 h.

After the interaction period, cell viability was assessed by
the cell enumeration method using a hemocytometer as de-
tailed in our previous work (Pakrashi et al. 2013). The abso-
lute cell number of viable cells alone was counted to evaluate
the cell viability. The cells without any morphological defor-
mity were counted as live/viable cells, whereas the cells with
damaged surface and shrinks were considered non-viable.
Then, the number of the viable cells obtained after GNP treat-
ment were normalized with respect to control cells and
expressed as percentage relative toxicity (%). Similarly, the
impact of capping agents alone such as 1% citrate and 5%
PVP was studied on freshwater algae as that of GNPs.

PVP-16 GNPs

PVP-37 GNPs
(36+2 nm)

PVP-27 GNPs
(26£2 nm)

Effect of zinc ions on the toxicity of gold nanoparticles
Preparation of zinc solution

Zinc sulfate (ZnSO,4.7H,0) was used for the preparation of
zine (Zn**) solution. Zinc stock solution of about 100 mg L
was prepared by dissolving 43.98 mg of ZnSO,4.7H,0 in
100 mL of de-ionized water. Further, the test concentrations
(0.05,0.5, and 5 mg L") were analyzed by atomic absorption
spectroscopy (AAanalyst400, PerkinElmer) to determine its
actual Zn concentration in a test matrix, i.e., sterile freshwater.
Zinc concentration was corrected with blank, i.e., freshwater
Zn ions. The actual zinc concentration was found to be
0.061 + 0.01, 0.519 = 0.07, and 4.46 + 0.07 mg L' for
0.05, 0.5, and 5 mg L™! of zinc, respectively.

Toxicity assessment of zinc ions in the absence and presence
of gold nanoparticles

From the preliminary toxicity assays with different-sized and
surface-capped GNPs, gold nanoparticles (CIT-37 and PVP-
37) which showed highest toxicity was selected to evaluate
the effect of zinc ions on GNPs. Initial concentration of GNPs
was kept constant at 1 mg L™, while Zn nominal ion concen-
trations were 0, 0.05, 0.5, and 5 mg L Suspension of algal
cells made in sterile freshwater with an initial cell count of
5 x 10° cells was treated with GNPs along with three different
concentrations of Zn>* ions (0, 0.05, 0.5, and 5 mg Lfl) for
about 72 h under the visible light condition. Experiments were
carried out in triplicates per treatment. After the interaction
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period of 72 h, the viability of treated cells was assessed by the
cell enumeration method with the help of a hemocytometer
using the phase contrast microscope (Zeiss Axiostar
Microscope, USA). Similarly, the toxicity of zinc ions alone,
i.e., without GNPs, was also determined. Then, the viability of
the treated cells was normalized with control cells and repre-
sented as percentage relative toxicity (%).

Abbott modeling

Abbott’s statistical model was widely used to characterize the
interactions (synergism, antagonism, or addition) between two
different toxicants when they were present as a binary mixture
in the system (Teisseire et al. 1999; Chesworth et al. 2004).
From the toxicity results, i.e., cell viability (%) results of
GNPs and zinc ions alone, expected toxicity (C.y,) of the
mixture (GNP + Zn) was calculated with the help of Eq. (1):

Coyp = A + B—(AB/100), (1)

where

A represents the percentage toxicity caused by the GNPs
alone and

B represents the percentage toxicity caused by the zinc ions
alone.

Then, the ratio of inhibition (R;) was calculated by compar-
ing the observed toxicity with expected toxicity using Eq. (2)

R; = observed toxicity /expected toxicity (Cey, ), (2)

where the observed toxicity is the percentage relative toxicity
noted for the mixtures (GNP + Zn) after a 72-h exposure to
algae.

By comparing R; value with 1, the effect of the binary
mixture was characterized into antagonistic (when R; is less
than 1), synergistic (when R; is larger than 1), and additive
(when R; value is equal to 1). The calculated R; value was
presumed to be statistically different from additivity when
the mean R; value obtained from the triplicates was either
larger or lesser than its standard deviation from 1. Also, two-
way ANOVA (p < 0.01) was performed to confirm the model-
ing data by analyzing the statistical differences between the
observed and expected toxicity using the software, GraphPad
Prism, Version 5.

Influence of zinc ions in the stability of gold nanoparticles
in the experimental matrix

The hydrodynamic size and sedimentation profile of CIT-37
and PVP-37 GNPs (1 mg L") were analyzed in the presence
and absence of zinc ions to determine the effect of zinc ions on
the stability of GNPs in the sterile freshwater.
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Hydrodynamic size analysis by DLS

Hydrodynamic size analysis was performed using dynamic
light scattering. This study was done to see the effect of zinc
ions on the aggregation and stability of gold nanoparticles
(CIT-37 and PVP-37) regarding size (Dalai et al. 2014).
Various concentrations of zinc ions (0, 0.05, 0.5, and
5 mg L") were added to the sterile and filtered freshwater
along with 1 mg L' of GNP (CIT-37 and PVP-37). Then
the sizes of the GNPs were analyzed at different time intervals
(0, 24, 48, and 72 h) using dynamic light scattering analysis
(DLS, 90 Plus Particle Size Analyzer, Brookhaven
Instruments Corp., USA).

Sedimentation analysis

Sedimentation analysis was done to find out aggregation po-
tential of the gold nanoparticles in the presence and absence of
zinc ions (Dalai et al. 2012).The experiment was carried out in
the 50-mL centrifuge tube where freshwater matrix, i.e., sterile
freshwater, was added. GNPs (CIT-37 and PVP-37) at a con-
centration of 1 mg L™', and different concentrations of zinc
ions such as 0, 0.05, 0.5, and 5 mg L' were added to the
sterile freshwater. Then, they were kept under the visible light
condition and left undisturbed for about 72 h. At different time
intervals, i.e., 0, 24, 48, 72 h, 1 mL of the solution was taken
without disturbing the experimental setup and analyzed under
UV-vis spectrophotometer (HITACHI, Japan) at the wave-
lengths 520 and 525 nm for CIT-37 and PVP-37, respectively.

Statistical analysis

All the toxicity assays were carried out as three independent
experiments with triplicates for each treatment. Data were
represented as mean + SD. Statistical analysis was performed
with software, GraphPad Prism v.5. Two-way ANOVA was
followed to compare the statistical differences among toxic
effects of the GNPs and zinc ions. The level of significance
was kept at 1%. One-way ANOVA was followed to compare
the statistical differences among the control and GNPs at
p <0.05.

Results and discussion
Characterization of gold nanoparticles

Through the dynamic light scattering method, the hydrody-
namic diameters of citrate-capped GNPs were found to be 15,
33, and 39 nm for CIT-16, CIT-27, and CIT-37, respectively
(Fig. 2). Whereas the hydrodynamic diameters of the PVP-
capped GNPs were doubled than that of the citrate-capped
GNPs and found to be 33, 63, and 72 nm for PVP-16, PVP-
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1500

Fig. 2 Effective hydrodynamic
diameter of initially 37-nm-sized
citrate (CIT-37) and PVP-capped
(PVP-37) GNPs under different
exposure concentrations of zinc
ions over a period of 0-72 h in
freshwater. The statistical
significance with respect to 0 h of
suspension is shown. Asterisks
represent the statistical
significance in the following
order: ***p < 0.001, **p < 0.1,
and *p < 0.5. No asterisk denotes
insignificant difference

1000;

500

Effective hydrodyanamic diameter (nm)

27, and PVP-37, respectively (Fig. 2). From the TEM and
DLS results, it has been inferred that the size of the PVP-
capped GNPs was double than its TEM size. Whereas the
sizes obtained from TEM and DLS were similar for citrate-
capped GNPs. The size variation obtained for PVP-capped
GNPs were due to a long chain polymer, PVP, used as a
surface capping agent for the synthesis of PVP-capped
GNPs (Tejamaya et al. 2012). As illustrated by Nur (2013),
the variation among the sizes of GNPs measured by TEM and
DLS is higher for PVP-capped GNPs than citrate-capped
GNPs.

Citrate-capped GNPs showed higher aggregation with re-
spect to time which indicates its unstable nature in the test
matrix tested, i.e., sterile freshwater (Fig. 2). At 1 mg L' of
GNPs, the hydrodynamic diameter of CIT-37 was found to be
increased from 214 nm (0 h) to 561, 654, and 1004 nm at 24,
48, and 72 h, respectively. The differences between the sizes
were found to be statistically significant at each time interval
except 24 to 48 h. When PVP-37 GNPs (1 mg L") were
present alone in the sterile freshwater, sizes of GNPs were
found to be consistent throughout the experimental period in
the size range of 43-53 nm.

Toxicity assessment of gold nanoparticles

The cytotoxicity of various-sized (16, 27, and 37 nm) citrate-
and PVP-capped GNPs was evaluated on Scenedesmus sp. by
cell enumeration method and expressed as percentage relative
toxicity in Fig. 3. As the concentration of GNPs was in-
creased, the relative toxicity of algal cells was also found to
increase for all the types of GNPs tested in the study. They
were found to be statistically significant with respect to con-
trol. Among the different-sized citrate-capped GNPs, the
highest toxicity was observed at 1 mg L™' of CIT-27
(53 + 2.6%) and CIT-37 (54 + 1.2%) GNPs. Smaller-sized
citrate-capped GNPs (CIT-16) showed significantly less tox-
icity in comparison with CIT-37 and CIT-27 GNPs, larger-
sized GNPs, whereas significant differences were not ob-
served between CIT-27 and CIT-37 at the concentrations 0.1
and 1 mg L. Size-dependent toxicity of citrate-capped GNPs

0.05

Concentration of Zn>* ions (mgL” l )

PVP-37
= 0h
mm 24h
= 48h
= 72h

500

Effective hydrodyanamic diameter (nm)

05 5 0

0.05 05

Concentration of Zn>" ions (mgL™ H)

W Oh [ 24h W 48h H 72h

was obtained till CIT-27. Smaller-sized citrate-capped GNPs
react more rapidly with the substances in the solution and
induce higher aggregation than larger-sized GNPs (Zeng
et al. 2012). Probably, due to the more facile aggregation of
the smaller-sized citrate-capped GNPs, they were less toxic
than the larger-sized citrate-coated GNPs.

Among the PVP-capped GNPs, highest toxicity of about
42% was observed at | mg L' of PVP-16 and PVP-37. PVP-
16 and PVP-37 showed similar toxicity at all the concentra-
tions tested. PVP-27 showed significantly less toxicity than
other PVP-capped GNPs only at 1 mg L™'. PVP-capped
GNPs did not show any size-dependent toxicity on
S. obliquus. Distinctive size-dependent toxicity results obtain-
ed for PVP-capped GNPs were contradictory with the reports
(Pan etal. 2007; Coradeghini et al. 2013) studied so far, i.c., as
the size of NPs decreases, the toxicity of nanoparticles

GNP Toxicity
60 Citrate capped PVP capped

> T
3 w0
= 1
S
= xk P
o
E
£
=
204
X

0 — —

16 27 37 16 27 37
Diameter of GNPs (nm)
M 0.01 mgL! 0.1 mgL! M | mgL!

Fig. 3 The cytotoxic effects of 16-, 27-, and 37-nm citrate- and PVP-
capped GNPs (0.01, 0.1, and 1 mg L") were evaluated on Scenedesmus
sp. after 72 h. The relative toxicity (%) was calculated by normalizing the
number of viable cells with respect to control cells (no exposure of
GNPs). After normalization, the relative toxicity (%) for control group
was considered as zero. Asterisks (***) representing the statistical
significance of GNP treatment with respect to control at p < 0.001
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increases. Zhang et al. (2011) studied the in vivo toxicity of
different-sized PEG-coated GNPs (5, 10, 30, and 60 nm) using
a mice model system. They found that the GNPs toxicity did
not vary with relevance to size, i.e., independent of size.

Comparing citrate- and PVP-capped GNPs, citrate-capped
GNPs showed higher toxicity than PVP-capped GNPs at all
the concentrations, irrelevant of size. These differences in the
toxicity of GNPs were found to be statistically significant with
each other. It could be due to the primary difference in the
capping agent on the surface of GNPs. Citrate-capped GNPs
have citrate weakly bound to the surface of GNPs, which
interacts rapidly with the substances in the suspension
(Tolaymat et al. 2010). While PVP-capped GNPs has PVP, a
large polymer strongly constrained to the GNPs and thereby
less prone to the substantial interaction with other substances
(Romer et al. 2011; Cumberland and Lead 2009). Wang et al.
(2014) reported a similar, less toxic effect of PVP-capped Ag
NPs than citrate-capped NPs. It has been previously described
that the protective coating of GNPs helped in decreasing its
cytotoxicity (Sathishkumar et al. 2014).

The effect of capping agents such as 1% citrate and 5%
PVP on the toxicity of GNPs towards S. obliguus was also
studied. Citrate and PVP showed 76 + 8 and 55 + 5% relative
toxicity on S. obliguus, which clearly signifies that PVP was
less interactive with the algal cells in comparison to citrate.
Thus, PVP-capped GNPs were of less toxic than citrate-
capped GNPs.

Influence of zinc ions on toxic effects of gold nanoparticles

As zinc ions were predominant in the freshwater matrix used
in the study among other metal ions, the effect of zinc ions on
the GNPs (CIT-37 and PVP-37) toxicity towards S. obliquus
were checked. Toxicity exhibited by zinc ions and their effects
on the toxicity of GNPs are illustrated in Fig. 4.

Zinc ions alone shown 12, 25, and 31% toxicity at the con-
centration 0.05, 0.5, and 5 mg L', respectively, and were sta-
tistically significant with respect to control. A concentration-
dependent increase in the toxicity was observed when algal
cells were treated with zinc ions alone. Zinc ions were found
to be significantly less toxic than GNPs. In a study by Omar
(2002), Zinc ion was found to accelerate the growth of
S. obliquus and S. quadricauda at its low concentrations
(0.5-1.5 mg L") and gradually decreased the growth at higher
concentrations (4.5-8 mg L™"). They also reported a growth
inhibition of about 24 and 33% for S. obliquus and
S. quadricauda, respectively, at the concentration, 8 mg L.
Monteiro et al. (2011) reported that S. obliquus has a potential
to tolerate higher concentrations of zinc.

A sharp reduction in the GNPs (both CIT-37 and PVP-37)
toxicity was observed when zinc ions were added to it. The
decrease in the toxicity of GNPs by Zn ions was found to be
statistically significant with respect to the toxicity of GNPs

@ Springer

alone. When the concentration of zinc ions was low, i.e.,
0.05 mg L', the toxicity of GNPs was found to be reduced
drastically from 54 to 12% for CIT-37 and 42 to 11% in case
of PVP-37. As the concentration of zinc ions was increased to
0.5 and 5 mg L', the effective toxicity of GNPs + Zn in-
creased to 21 and 29% for CIT-37-capped GNPs and 18 and
33% for PVP-capped GNPs, respectively. This increase in
toxicity was due to the toxic effect of Zn ions at higher con-
centrations tested. This reduction reveals an antagonistic ef-
fect of Zn ions over the GNPs toxicity. Although a significant
difference in the toxicity of GNPs alone with respect to
GNPs + Zn was observed, an insignificant difference was
noted while comparing the toxic effect of GNPs + Zn with
Zn ions alone for both CIT-37 and PVP-37. In other words, the
presence of GNPs did not reduce the toxicity of Zn ions in this
study. A similar insignificant difference in the toxicity of
As(V) and Cu was noted by Kim et al. (2016) upon the addi-
tion of citrate-capped Ag NPs towards Daphnia magna.
Hence, the toxicity imparted by GNPs was entirely masked
in presence of Zn ions, and therefore, the effective toxicity
was exclusively that of Zn alone.

Antagonistic effect of Zn ions over GNPs toxicity was
confirmed with a statistical model, Abbott modeling
(Table 1). From the Abbott modeling, ratio of inhibition (R))
was calculated and found to be in the range of 0.2 to 0.5 for all
the combinations of GNP + Zn, even for both CIT-37 and
PVP-37. Since the R; values were less than 1, the type of
interaction was found to be antagonistic and statistically sig-
nificant from 1 (Abbott et al. 1986). Hence, it was confirmed
once again that the antagonistic action will be produced when
GNPs and zinc ions were present together.

GNPs + Zinc Toxicity
60-

B
=
1

Fkk

1l ﬁl il

Zinc Zinc + CIT-37 Zinc + PVP-37

% Relative Toxicity
8

B OmgL™! B 0.05mgL '™ 05mgL"! [ 5mgL!

Fig. 4 The toxicity imparted by zinc ions at concentrations of 0.05, 0.5,
and 5 mg L ! and its effect on CIT-37 and PVP-37 GNPs (1 mg LY
induced toxicity on Scenedesmus sp. at the end of 72 h. Asterisks,
**#%p < 0.001, represents the statistical significance with respect to
toxicity exhibited by either CIT-37 or PVP-37 to that of zinc effected
GNPs toxicity
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From the reports available, it has been known that toxicity
of heavy metals was found to be reduced in the presence of
various nanoparticles such as TiO, and Fe,O3. (Dalai et al.
2014; Zou et al. 2013). Our previous work explored the effects
of TiO, and Al,O3 NPs on the toxic effects of Cr (VI) on the
same Scenedesmus sp., showing the antagonistic effects be-
tween these metal species (Dalai et al. 2014). At other in-
stances, a synergistic effect was observed on addition of nano-
particles such as As(V) + TiO, NPs (Wang et al. 2011). At
non-toxic concentrations of Fe,Os3 (200 ugmLfl) and Al,O3
(150 ng mL ™), the toxicity of As(V) was increased (Hu et al.
2012).

As an essential nutrient, zinc plays a significant role
in the defense mechanisms of plants being antioxidants,
a key factor of various vital enzymes and proteins,
structural stabilizers, etc. (Hafeez et al. 2013; Bray and
Bettger 1990). A recent study by Tsuji et al. (2002)
demonstrated that the zinc pretreatment on cells reduced
the toxic effects of heavy metals (Cd, Hg, Cu, Pb, and
arsenate) on the marine alga, Dunaliella tertiolecta.
Higher production of phytochelatins by zinc pretreatment
helped in the elimination of toxicity as well as oxidative
stress produced by the heavy metals. Aravind and Prasad
(2005) stated that zinc supplementation attenuated the ox-
idative stress induced by cadmium upon Ceratophyllum
demersum by modulating the redox pathway. Thus, the
potent antioxidant property of zinc ions might have
imparted the toxicity of GNPs and thereby induced the
antagonistic effect.

Moreover, the physicochemical processes such as ag-
glomeration, surface adsorption, dissolution, and bio-
availability of NPs in the test matrix during the expo-
sure period also reflect the toxicity of nanoparticles
(Auffan et al. 2009, 2010; Kahru et al. 2008).
Adsorption of heavy metals/other contaminants onto to
the surface of nanoparticles may either decrease its bio-
availability through entrapment or increase its uptake
through Trojan horse effect (Von Moos and
Slaveykova 2014; Auffan et al. 2010). Thus, in this
case, adsorption of zinc over the gold NPs surface

might have resulted in a larger agglomeration of the
NPs (as detailed in section 3.4) which would have re-
duced the toxicity of GNPs. Adsorption of various
heavy metals such as Hg, Cd, and Cr onto the surface
of GNPs and subsequent NPs aggregation have been
reported earlier in various sensing studies (Sugunan
et al. 2005; Shellaiah et al. 2016; Guo et al. 2014).
This property has been widely utilized for the develop-
ment of NPs sensors to determine the concentration of
heavy metals (Priyadarshini and Pradhan 2017).
Henceforth, one or more complex processes were in-
volved in modulating the toxicity of GNPs.

Influence of zinc ions on the stability of gold nanoparticles
in the experimental matrix

Hydrodynamic size analysis by DLS

Stability of gold nanoparticles (CIT-37 and PVP-37) in the
presence and absence of zinc ions were investigated at differ-
ent time intervals (0, 24, 48, and 72 h) using DLS method.
Sizes of GNPs in the sterile freshwater were expressed as hy-
drodynamic diameter and shown in Fig. 2, for CIT-37 and
PVP-37 GNPs, respectively. When CIT-37 GNPs were ex-
posed to various concentrations of Zn ions, a similar size pat-
tern was noted as of GNPs alone. The sizes of GNPs were
rapidly increased with increase in the concentration of Zn
ions. At 5 mg L™! of Zn ions, the hydrodynamic diameter of
CIT-37 GNPs was found to be 138.33, 943, 1121.33, and
1379nmat0, 24,48, and 72 h, respectively. This aggregation
was more intense than the aggregation of gold nanoparticles
observed, i.e., without any zinc ions. Differences between
GNPsand GNPs+Znwere found to be statistically significant
only at the concentration, 5 mg L~ of Zn ions. Interaction of
GNPs with the natural colloids and ions exists in the freshwa-
termighthave destabilized the GNPs and thereby induced the
aggregation of nanoparticles (Stankus etal. 2011). The pres-
ence of zinc exacerbated the aggregation of GNPs which
might be due to its sorption over the surface of NPs.

Table 1 Antagonistic/synergistic

model calculated using Abbott’s Concentration of GNPs  Observed Expected Ratio of Statistically ~ Type of binary

formula for CIT-37 and PVP-37 at (CxorPx)andZnions  toxicity toxicity inhibition significant action

1 mg L™ in the presence of zinc at (Zn x) in mg/L < 0.05)

0.05,0.5, and 5mg L™’
C1,Zn0.05 12.76 £3.23 59.78 £ 1.38 021 +0.04  Yes Antagonistic
C1,Zn0.5 21.6 £2.12 6422 +£272  034+0.04  Yes Antagonistic
C1,Zn5 29.56 = 0.98 6837+0.76 043 +0.01  Yes Antagonistic
P 1,Zn 0.05 11.04 £ 1.55 4946159 022+0.02  Yes Antagonistic
P1,Zn0.5 18.69 £ 3.17 5707+ 1.74  032+0.04  Yes Antagonistic
P1,Zn5 33.87 £ 2.15 60.26 £0.65  0.56 £0.03  Yes Antagonistic

C citrate-capped GNPs (CIT-37), P PVP-capped GNPs (PVP-37)
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In the presence of Zn ions, PVP-37 GNPs were
found to be aggregated immediately and with respect
to time. Though the size of PVP-37 GNPs was in-
creased, they were considered to be statistically insignif-
icant at all the concentrations tested, except 5 mg L™
of Zn ions. The hydrodynamic diameter of PVP-37
GNPs in the sterile freshwater was increased from
76.67 nm (0 h) to 159, 187, and 627 nm at 24, 48,
and 72 h, respectively upon addition of 5 mg L' of
Zn ions.

Comparing the PVP-37 and CIT-37 GNPs alone, CIT-
37 showed higher aggregation in the sterile freshwater.
Their size differences were considered to be statistically
significant between them. Nur (2013) illustrated similar
aggregation results in the environmentally relevant con-
ditions. Higher stability of PVP-capped GNPs was due
to the surface capping agent, PVP, which are less prone
to the environmental changes such as ionic strength and
pH than citrate-capped GNPs, readily reactive and un-
stable (Zhang and Zhang 2014; Hitchman et al. 2013;
Badawy et al. 2010). Natural organic matter (NOM), a
component of natural colloids in the freshwater, may
accelerate the rate of aggregation. Stankus et al. (2011)
evaluated the consequences of humic acid (from
Suwannee River) on the stability of various-coated
GNPs. They observed that the citrate-capped GNPs
showed higher aggregation than other GNPs which has
different coatings.

Similar aggregation profile was found for both CIT-
37 and PVP-37 GNPs even after the addition of Zn
ions. Citrate-capped GNPs aggregated rapidly in each
time intervals in the presence of Zn ions. Dalai et al.
(2014) reported a similar increase in the aggregation of
TiO, NPs when exposed to 0.05 mg L' of Cr (VI) as a
mixture in the freshwater system. They also stated that
aggregation of NPs resulted due to the sorption of Cr
(VD) on the surface of NPs. In contrast, PVP-capped

Fig. 5 Sedimentation analysis of
CIT-37 and PVP-37 over a period

GNPs does not show any intense aggregation when Zn
ions were added to the solution. It remained stable at
every time interval, except 5 mg L™' of Zn at 72 h.
Due to the steric hindrance of PVP, coated on the
GNPs, significant change in the hydrodynamic diameter
was not observed.

The reduced toxicity observed upon addition of zinc
could owe to the aggregation of GNPs. Although, we
do not see a strict size-dependent toxicity, still, zinc
concentration-based effect on toxicity could be clearly
seen. PVP-capped GNPs exhibited maximum toxicity
in the presence of zinc, possibly due to lesser aggrega-
tion and smaller size of the GNPs.

Sedimentation analysis

Sedimentation analysis gives the supporting data to
prove the size data of GNPs in the presence of different
concentrations of zinc ions. From the Fig. 5, it has been
observed that the absorbance of citrate-capped GNPs
was found to decline significantly with respect to time
both in the presence and absence of Zn ions. Even
though a decrease in the absorbance was increased upon
addition of Zn ions, they were statistically insignificant
when compared with sedimentation rate observed for
CIT-37 GNPs at all the concentrations tested, except
5 mg L™ of Zn ions. As similar to stability data, sed-
imentation profile for PVP-37 GNPs (Fig. 5) revealed
that the concentration of GNPs was found to be stable
with the increase in time. Their absorbance ratios were
noted in the range of 0.97-0.79, even Zn ions are added
to it. Only at the 5 mg L' of Zn ions, a slight change
in the absorbance ratio was observed which was statis-
tically insignificant with the increase in time. Citrate-
capped GNPs showed a higher sedimentation rate than
PVP-capped GNPs both in the presence and absence of
zinc ions. Gliga et al. (2014) reported a similar higher

Sedi . Iysi

of 0-72 h in presence of 0, 0.05, CIT-37 PVP-37
0.5, and 5 mg L' of zinc. The 0.20 0.300-
analysis was done at absorbance 'é‘ 'g
maxima of CIT-37 (520 nm) and = o154 = 0275
PVP-37 (525 nm) S e
\c 2
E 0.101 & 0.2501
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172
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sedimentation rate for citrate-capped Ag NPs in compar-
ison with PVP-capped Ag NPs.

From the stability results (DLS and sedimentation pro-
file), it has been observed that the agglomeration of GNPs
occurred upon addition of Zn ions, especially at 5 mg L™".
Aggregation of GNPs reduces the bioavailability of NPs and
in turn affects their uptake and internalization. Albanese and
Chan (2011) demonstrated that aggregation of citrate-capped
GNPs influences their bioavailability in the system and in
turn its interaction with cells. Subsequently, it may affect
the uptake of GNPs and makes it more complicated in the
toxicity assessments (Alkilany and Murphy 2010). Zn up-
take by algal cells decreased, although not significantly,
when it was added to GNPs in a freshwater matrix (Fig. S1,
detailed in the supplementary information). Thus, aggrega-
tion of CIT-37 and PVP-37 GNPs reduced the toxicity of NPs
towards algae when GNPs and Zn ions were co-exposed
together.

Conclusion

GNPs exhibited surface capping related variability in the tox-
icity on S. obliquus. Citrate-capped GNPs were more toxic and
showed a size dependency, optimum 27 nm, while PVP-
capped GNPs did not give a distinctive difference with respect
to size, 27 nm being least effective. This study confirms that the
zinc ions, present as a predominant metallic species in fresh-
water, have shown the antagonistic ability to interfere with
the toxicity caused by GNPs on green algae Scenedesmus sp.
The ability of zinc ions to mask the toxicity of GNPs was
observed to be independent of the surface capping of GNPs,
which suggests an interaction of the nanoparticle with the cell
was completely blocked and hence the toxicity due to GNPs
were compromised in total. Zinc ions along with other metal
ions present in freshwater should therefore be considered for
any agonistic/antagonistic effects over other nanoparticle
toxicity. Future studies on the mechanism of combined toxic
effect of GNPs with zinc are required to understand the route
of inhibition and the cellular dysfunction causing toxicity.
Also, this study brings our attention and demands future
toxicity studies to consider the presence of other metal ions
in the in vivo environment before attributing the effective
toxicity exhibited by a pollutant.
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