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Abstract Knowledge of the interaction between graphene-
based materials and low-molecular-weight organic acids
(LOAs) is essential to understand fate and effects of graphene-
based materials in the aquatic environment, but this interaction
remains poorly elucidated. In this study, the effects of LOAs on
the physicochemical properties of graphene nanoplatelets
(GNPs) in an aqueous medium and on the GNP toxicity to algae
were studied. The unicellular green alga Scenedesmus obliquus
was exposed to GNP suspensions in the presence of benzoic
acid or gallic acid at various concentrations. The GNPs had
smaller hydrodynamic sizes and the GNP suspensions were
more stable and had higher or lower surface zeta potentials in
the presence of LOAs than when LOAs were not present. The
toxic effects in S. obliquus cultures incubated with GNP suspen-
sions containing LOAs were related to the LOA concentration,
and the presence of LOAs caused three effects: stimulation,
alleviation, and synergistic inhibition. The intensities of the ef-
fects mainly correlated with the LOA concentration, the extent

of agglomeration, and particle-induced oxidative stress. The re-
sults indicate that the environmental fates and toxicities of GNPs
are strongly affected by the binding of GNPs to LOAs.
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Introduction

Graphene is one of the most fascinating nanostructures.
Graphene has extraordinary physicochemical, electrical, and
mechanical properties, and it has a wide range of uses in
electronic devices, biomedicine, and environmental protection
(Akhavan and Ghaderi 2010; Lakshmi and Vasudevan 2013;
Mu et al. 2012). Increasing amounts of graphene-based mate-
rials are being used, and it is likely that graphene-based ma-
terials will be mass-produced in the future. This will probably
mean that graphene-based materials will be released into the
environment and that biota will be exposed to them (Hu and
Zhou 2013; Seabra et al. 2014; Zhao et al. 2014). It is therefore
essential that the fate and effects of graphene in the environ-
ment are understood (Radic et al. 2013; Zhao et al. 2014).

Graphene present in the environment is likely to pose risks
to ecosystems (Hu and Zhou 2013). Algae, as key primary
producers, play important roles in maintaining balance in eco-
systems (Toussaint et al. 1995). Algae are small, reproduce
quickly, and are sensitive to toxicants, so they are some of
the most vulnerable aquatic organisms to engineered nanopar-
ticles and can be considered to be indicator organisms
(Schwab et al. 2011; Van Hoecke et al. 2009; Wang et al.
2012). Monolayer graphene and graphene nanopowder have
been found to have 72-h median effect concentrations of 1.14
and 2.25 mg/L, respectively, for algae (Pretti et al. 2014).
However, to the best of our knowledge, little information is
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available on the behavior of graphene in aquatic ecotoxicity
tests and the toxic effects graphene has on algae. In particular,
the toxicity of graphene to algae and the mechanisms through
which graphene affects algae under different environmental
conditions are poorly understood. Graphene has some proper-
ties that are similar or identical to the properties of carbon
nanotubes (Akhavan and Ghaderi 2010). It has previously
been shown that carbon nanotubes inhibit the growth of green
algae (Long et al. 2012; Zhao and Liu 2012). It is widely
accepted that oxidative stress is one of the mechanisms in-
volved in the toxic effects caused by carbonaceous
nanomaterials (Liu et al. 2013; Long et al. 2012). The effects
of graphene on algae therefore urgently need to be assessed.

The amounts of effort focused on defining the natures of the
interactions between dissolved organic matter and nanoparticles
are currently increasing because of the concern about the fates
and effects of engineered nanoparticles released into the aquatic
environment (Lowry et al. 2012; Pan and Xing 2008; Wang
et al. 2015). Low-molecular-weight organic acids (LOAs) are
produced in considerable amounts during the decomposition of
plant and animal matter (Strobel 2001). LOAs contribute a con-
siderable proportion of naturally occurring dissolved organic
matter. However, synthetic LOAs are typically used in
manufactured products because synthetic LOAs are less expen-
sive than LOAs derived from natural sources and because higher
LOAyields can be achieved using synthetic processes than nat-
ural processes. It is noteworthy that LOAs have strong capacities
to combine with carbon-based nanoparticles, so LOAs present
in natural water directly affect the fates and stabilities of carbon-
based nanoparticles in the water (Chang and Vikesland 2009;
Wang et al. 2011). A fundamental understanding of the interac-
tions between graphene and LOAs would improve our ability to
evaluate the behavior and effects of graphene in the environ-
ment, particularly the aquatic environment.

The aim of this study was to investigate the effects LOAs
have on the physicochemical behaviors and effects of
graphene nanoplatelets (GNPs) in aquatic ecotoxicity tests.
Two naturally occurring aromatic LOAs, benzoic acid (BA)
and gallic acid (GA), were used as model compounds. The
sizes and zeta potentials of GNPs in algal cultures were deter-
mined in the absence and presence of LOAs. The toxic effects
caused byGNPs in Scenedesmus obliquus (a green alga) at the
population level were measured. Changes in the antioxidant
capacities of the algae caused by GNPs were measured using
biochemical assays.

Materials and methods

Test materials and test medium

GNPs were purchased as powders with thickness of 1–4 nm
and particle size of 2 μm from PlasmaChem GmbH (Berlin,

Germany). Detailed information provided by the manufac-
turers is given in Table S1 of the Supplementary material.
BA (CAS RN 65-85-0) with a purity of 99 % and GA (CAS
RN 149-91-7) with a purity of ≥99.5 % were purchased from
Shanghai Lingfeng Chemical Reagent CO., LTD (Shanghai,
China) and Sinopharm Chemical Reagent Co., LTD
(Shanghai, China), respectively. The algae growth and test
medium were prepared at pH 7.8 ± 0.2 according to the
OECD guideline (OECD 2006).

Treatments and concentrations tested

A stock 5 g/L GNP suspension in ultra-pure water was pre-
pared and stirred for 24 h in the dark at room temperature and
then stored at 4 °C until use. The stock solution was sonicated
for 30 s in a temperature-controlled sonication bath (150 W,
40 Hz, 25 °C) before an aliquot was added to an experimental
tank. A test GNP suspension was prepared by adding,
dropwise, an aliquot of a stock GNP suspension to the algae
culture medium. A stock 10 g/L LOA solution in analytical-
grade dimethylsulfoxide (DMSO) was prepared. The actual
LOA concentrations that were used in the tests (1, 10, and
40 mg/L) were determined using an ultraviolet–visible spec-
trophotometer (UV1102; Shanghai Tian Mei Scientific
Instrument Co., Shanghai, China). A suspension of a GNP
and LOA complex was prepared by mixing an aliquot of the
GNP stock suspension with a dilute LOA solution.

Physicochemical analysis

The morphology of GNPs was characterized by using trans-
mission electron microspectroscopy (TEM, FEI, Tecnai
G2F20, US). Each test sample was immediately analyzed after
being prepared. The average hydrodynamic sizes of the GNPs
in 1 and 5 mg/L GNP suspensions were measured using the
dynamic light scattering method, and the zeta potentials of the
GNPs in 1 and 5mg/LGNP suspensions were measured using
the phase analysis light scattering method. Both methods were
performed using a Nano S90 ZetaSizer (Malvern Instruments,
Malvern, UK).

Suspensions of GNPs in the absence and presence of LOAs
were allowed to settle for 96 h under the same conditions as
were used in the toxicity tests. These sedimentation experi-
ments were performed as previously described by Quik et al.
(2010). The hydrodynamic sizes and zeta potentials of GNPs
in 1 and 5 mg/L GNP suspensions (a toxicologically relevant
concentration range, including the highest concentration used
in the toxicity tests) were determined using the ZetaSizer men-
tioned above when 96 h had passed.

A 20-mL aliquot of a 1 mg/L GNP suspension was added
to each of a series of amber vials. Half of the aliquots also
contained BA and the other half also contained GA, and the
initial BA and GA concentrations ranged from 1 to 60 mg/L.

Environ Sci Pollut Res (2016) 23:10938–10945 10939



The suspensions were adjusted to pH 7.8±0.2 by adding 1 M
NaOH or 1 M HCl, and then, the contents of the vials were
stirred at 100 rpm for 24 h at 20 °C, to allow equilibrium to be
reached. The test samples were then centrifuged at 15,000 rpm
for 30 min at 20 °C (using a D3024 high speed micro-
centrifuge; Scilogex, Rocky Hill, CT, USA), and then, each
sample was passed through a 0.22-μm Durapore membrane
filter (EMD Millipore Corp., Billerica, MA, USA). The equi-
librium LOA concentrations in the samples were determined
using the ultraviolet–visible spectrophotometer described
above. The Freundlich model (Eq. (1)) was fitted to the sorp-
tion isotherm for the tests performed using each LOA.

qe ¼ K FCe
1
n ð1Þ

where qe is the equilibrium adsorption capacity (mg/g), KF is
the Freundlich adsorption coefficient ((mg/g)(mg/L)−(1/n)), Ce

is the equilibrated concentration (mg/L), and 1/n is the
Freundlich intensity parameter.

Density functional theory quantum chemical calculations
were performed using Dmol3 code. Calculations were per-
formed for isolated molecules and compounds using the local
density approximation method and the local density approxi-
mation with empirical dispersion corrections “DFT-D” meth-
od. The conductor-like screening model “COSMO” was used
to simulate the solvent (water) environment (Klamt 1995). A
dielectric constant of 78.54 was selected for water. The ad-
sorption energy (Ea) was calculated using the equation below.

Ea ¼ Ecomplex –EGNP –Eanionic‐LOA ð2Þ

where Ecomplex, EGNP, and Eanionic-LOA refer to the energies of
the anionic LOA-GNP complexes, the isolated GNP, and an-
ionic LOA, respectively.

Algal growth assays

A culture of the unicellular green alga S. obliquuswas obtain-
ed from the Chinese Academy of Sciences Institute of
Hydrobiology (Wuhan, China). The algal cell culture medium
recommended by the OECD was used in the algal growth
assays, which were conducted following OECD guideline
201 “Freshwater Alga and Cyanobacteria, Growth Inhibition
Test” (OECD 2006). Algae that were growing exponentially
were resuspended in fresh medium to give a final cellular
density of 3×105 cells/mL. Control experiments were includ-
ed to ensure that the observed effects were associated with
exposure to the test materials. Flasks containing various con-
centrations of the test materials (GNP at 0.5, 1, and 5 mg/L
and BA or GA at 0, 1, 10, and 40 mg/L) were inoculated with
algae and incubated for 96 h. Every flask was shaken by hand
three times each day. The algal cell density was determined
after 96 h to allow the specific growth rate to be calculated.
Growth inhibition (%) was calculated by dividing the specific

growth rate for a treatment by the mean specific growth rate
for the controls. The DMSO concentration was 0.4 % v/v
DMSO in the test and control media. The control suspensions
were adjusted to pH 6.5, which was the lowest pH value found
in the test suspensions.

Antioxidant capacity assays

The ferric-reducing antioxidant power was measured using a
commercial total antioxidative capacity (T-AOC) assay kit,
obtained from the Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). The T-AOC assay was used be-
cause it is simple and gives reproducible results. Test algae
were cultured for 96 h and then harvested by centrifuging the
medium. The harvested cells were resuspended in 1 mL phos-
phate buffer and then analyzed using the T-AOC assay follow-
ing the method described by Chen et al. (2014) with the slight
modifications described below. The absorbance at 520 nm and
the stability of the color of the Fe2+-o-phenanthroline complex
produced were measured using a spectrophotometer. The
modified T-AOC end point was estimated using the equation
T-AOC = ([ODsample (520 nm) −ODblank (520 nm)] / 0.01) /
([30 × dilution of the system] / algal cell ODsample (680 nm),
where OD is the optical density.

Statistical analysis

All data are expressed as means ± standard deviation (SD).
Based on normality and homogeneity of variance, statistically
significant differences between the test treatments were deter-
mined by t test at a significance level of p<0.05.

Results and discussion

Impacts of LOAs on physicochemical properties of GNPs

The TEM image of GNPs is presented in Fig. S1. The TEM
image reveals that the GNPs used in this study aggregated
intensely. The hydrodynamic sizes of GNPs in the absence
and presence of LOAs are shown in Fig. 1. The mean initial
GNP sizes in the 1 and 5 mg/L suspensions were 2217
±666 nm and 981±69 nm, respectively. The initial GNP size
was lower when an LOAwas present than when no LOAwas
present, and the initial GNP size decreased as the LOA con-
centration increased (Fig. 1a, b), implying that the effect of the
LOA on the GNP size depended on the LOA concentration.
After 96 h, the GNP size in the 1 mg/L suspension (in the
absence of LOAs) had decreased to 1030±99 nm and the
GNP size in the 5 mg/L suspension had increased to 2179
±907 nm. This indicated that suspensions of GNPs at higher
concentrations are more likely to deteriorate than are suspen-
sions of GNPs at lower concentrations. At different times after
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the suspension was prepared, the GNP size was lower in the
presence of an LOA than in the absence of an LOA, and the
size decreased as the LOA concentration increased (Fig. 1c,
d). After 96 h, however, the GNPs were markedly larger in the
1 mg/L suspension containing 40mg/L BA than in the 1 mg/L
suspension without BA present (p<0.01) (Fig. 1c). The hy-
drodynamic sizes of the GNPs were lower in the presence of
GA than in the presence of BA, implying that GA improved
the stability of the GNP suspension in the culture medium
more effectively than did BA.

The GNP zeta potential in the culture medium changed
from −9.3 to −15.9 mV as the pH increased from 4.1 to 10.0
(Fig. S2). The GNP zeta potentials were <0, suggesting that
each GNP could have been stabilized by a surface layer of
electrolyte anions, causing the GNP to have a negative surface
charge. The primary GNPs contain <7 at.% oxygen
(Table S1), so the zeta potentials could have been also nega-
tive because of oxygen-containing functional groups at the
GNP surfaces being ionized. The hydrodynamic sizes and zeta
potentials of the GNPs were not significantly different when
the culture medium contained and did not contain DMSO
(p>0.05) (Fig. S3), implying that the GNPs and DMSO did
not interact under the conditions we used. The surface charges
of GNPs in the absence and presence of LOAs are shown in
Fig. 2. The initial GNP zeta potentials in 1 and 5 mg/L

suspensions were −19.0±0.8 nm (as shown in Fig. 2a) and
−17.9±0.5 nm (as shown in Fig. 2b), respectively. The GNP
zeta potentials at 0 h in the absence and presence of LOAs
were not significantly different. However, the GNP zeta po-
tential in the 1 mg/L suspension was significantly lower when
the BA concentration was 1 mg/L than when no BA was
present (p<0.05) and was higher when the BA concentration
was 40 mg/L than when no BA was present (Fig. 2a). After
96 h, the GNP zeta potentials in the 1 and 5 mg/L suspensions
were −18.8±0.5 nm (as shown in Fig. 2c) and −17.3±0.3 nm
(as shown in Fig. 2d), respectively. The GNP zeta potentials at
0 and 96 h were not significantly different. During the 96-h
exposure tests, the GNP zeta potential increased as the BA
concentration increased (Fig. 2c) but decreased as the GA
concentration increased (Fig. 2d).

The pKa values for the LOA –COOH and –OH groups are
shown Table S2. All of the –COOH groups will be ionized but
the –OH groups will not be ionized at the pH values of most
natural waters (pH 6.5–8.5). LOA anions will therefore have
strongly affected the physicochemical properties of the GNPs
under the conditions used in our study. As mentioned above,
the surface charges of the GNPs became more positive when
BA was present but more negative when GA was present.
After 96 h, the 1 mg/L GNP suspension pH was 6.9 and the
40 mg/L GA suspension pH was 7.1. This suggests that the

H
y

d
ro

d
y

n
am

ic
 S

iz
e 

(n
m

)

100

1000

10000

G
N

P
(1

)
G

N
P

(1
)+

B
A

(1
)

G
N

P
(1

)+
G

A
(1

)
G

N
P

(1
)+

B
A

(1
0)

G
N

P
(1

)+
G

A
(1

0)
G

N
P

(1
)+

B
A

(4
0)

G
N

P
(1

)+
G

A
(4

0)

0 hA

H
y

d
ro

d
y

n
am

ic
 S

iz
e 

(n
m

)

100

1000

10000

G
N

P
(5

)
G

N
P

(5
)+

B
A

(1
)

G
N

P
(5

)+
G

A
(1

)
G

N
P

(5
)+

B
A

(1
0)

G
N

P
(5

)+
G

A
(1

0)
G

N
P

(5
)+

B
A

(4
0)

G
N

P
(5

)+
G

A
(4

0)

0 hB

H
y

d
ro

d
y

n
am

ic
 S

iz
e 

(n
m

)

100

1000

10000

G
N

P
(1

)
G

N
P

(1
)+

B
A

(1
)

G
N

P
(1

)+
G

A
(1

)
G

N
P

(1
)+

B
A

(1
0)

G
N

P
(1

)+
G

A
(1

0)
G

N
P

(1
)+

B
A

(4
0)

G
N

P
(1

)+
G

A
(4

0)

96 hC

H
y

d
ro

d
y

n
am

ic
 S

iz
e 

(n
m

)

100

1000

10000

G
N

P
(5

)
G

N
P

(5
)+

B
A

(1
)

G
N

P
(5

)+
G

A
(1

)
G

N
P

(5
)+

B
A

(1
0)

G
N

P
(5

)+
G

A
(1

0)
G

N
P

(5
)+

B
A

(4
0)

G
N

P
(5

)+
G

A
(4

0)

96 hD

Fig. 1 Hydrodynamic sizes
of GNPs at 1 (a, c) and 5 mg/L
(b, d) of suspensions in the
absence and presence of three
different concentrations (1, 10,
and 40 mg/L) of benzoic acid
(BA) and gallic acid (GA),
respectively. Values expressed as
mean ± standard deviation (n= 3)

Environ Sci Pollut Res (2016) 23:10938–10945 10941



GA anions adsorbed onto the GNP surfaces induced more
negative surface charge than did the H+ ions that were
adsorbed. However, it appears that H+ donors may have con-
tributed to the surface charge being more positive when BA
was present than when no BA was present. The surface was
much less charged in the GA system than in the BA system,
implying that GA anions interacted more strongly with the
GNP surfaces than did BA anions. This was supported by
adsorption equilibrium isotherms (Table 1). The Freundlich
model fitted the isotherms for the adsorption of the LOAs on
the GNPs well (determined from the goodness-of-fit (R2) of
the model to the data). The GNP KF values were higher for

GA than for BA, indicating that the GNPs had higher adsorp-
tion capacities for GA anions than for BA anions. Hyung and
Kim (2008) found that higher molecular weight fractions of
dissolved organic matter are more favorably adsorbed than
lower molecular weight fractions of dissolved organic matter
onto multiwalled carbon nanotubes.

Quantum chemical calculations at the molecular level were
performed to investigate in a theoretical way the differences
between the affects BA and GA had on the physicochemical
properties of the GNPs (Table 1). The absolute Ea values,
calculated using the local density approximation method and
the local density approximation with DFT-D method, were
lower for the anionic BA–GNP complex than for the anionic
GA–GNP complex. This implies that GA will interact much
more strongly than BAwith GNP surfaces. Therefore, GAwill
be more effective than BA in increasing the dispersion stabil-
ity of a GNP suspension.

Impacts of LOAs on 96-h growth inhibition toxicity
of GNPs

The effects of GNPs in the absence and presence of LOAs on
growth inhibition effects on algal cells after 96 h are shown in
Fig. 3. The 0.5, 1, and 5 mg/L GNP treatments in the absence
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Fig. 2 Zeta potentials of GNPs
at 1 (a, c) and 5 mg/L (b, d)
of suspensions in the absence
and presence of three different
concentrations (1, 10, and
40 mg/L) of benzoic acid (BA)
and gallic acid (GA), respectively.
Values expressed as mean
± standard deviation (n= 3)

Table 1 Freundlich isotherm fitting parameters and simulated
adsorption energies (Ea) at the local density approximation (LDA) level
and the local density approximation with empirical dispersion corrections
“DFT-D” (LDA+DFT-D) level for adsorption of the anionic benzoic acid
(BAӨ) and anionic gallic acid (GAӨ) on GNPs

Systems Isotherm-Freundlich Ea (kcal/mol)

KF (mg/g)(mg/L)−(1/n) 1/n R2 LDA LDA+DFT-D

BAӨ-GNP 9.27 0.81 0.88 −3.84 −32.87
GAӨ-GNP 42.17 0.91 0.96 −5.99 −38.83

10942 Environ Sci Pollut Res (2016) 23:10938–10945



of LOAs caused 17±7 %, 22±2 %, and 34± 1 % growth
inhibition, respectively. The GNP suspensions therefore ap-
peared to induce significant toxic effects in the algae. The
5 mg/L GNP suspension caused more inhibition than did the
0.5 and 1mg/LGNP suspensions, implying that the toxicity of
the GNPs depended on the GNP concentration. No toxic ef-
fects were found to be caused by 4 % v/v DMSO or by the
suspensions being at pH 6.5 (Fig. S4).

The roles the LOAs played in the toxicity of GNPs to the
algae were explored by performing a set of experiments with
different LOAs and different concentrations (Fig. 3). As is

shown in Fig. 3a, the presence of 1 or 10 mg/L BA caused
the growth inhibition rate to become negative, implying that
BA mitigated the toxicity of the GNPs to S. obliquus. A
hormesis effect occurred when the BA concentration was
low to moderate. Hormesis is a dose–response relationship
that is characterized by stimulation at low doses and inhibition
at high doses (Calabrese 2008). The toxicities of 0.5 and 5mg/L
GNPs to the algae were not significantly different when BAwas
absent and when the BA concentration was 40 mg/L (p>0.05).
1 mg/L GNPs was significantly more toxic in the presence of
40 mg/L BA than when only 1 mg/L GNPs was present. The
growth inhibition rate was not significantly different when only
40 mg/L BAwas present and when 1 mg/L GNPs and 40 mg/L
BAwere present, implying that BA alone may contribute to the
increase in the toxicity. The growth inhibition rates at GA con-
centrations of 1 and 10 mg/L were lower than or similar to the
growth inhibition rates in the absence of GA (Fig. 3b), suggest-
ing that low and moderate GA concentrations mitigated the
toxicity of the GNPs to S. obliquus. However, the GNPs were
significantly more toxic in the presence of 40 mg/L GA than
when no LOA was present (p<0.05). The growth inhibition
rates were not significantly different when only 40 mg/L GA
was present and when 0.5 or 1 mg/L GNPs and 40 mg/L GA
were present, implying that GA alone may have been responsi-
ble for increasing the toxicity. The growth inhibition rate was
significantly higher when 5 mg/L GNPs and 40 mg/L GAwere
present than when only 5 mg/L GNPs was present or when only
40 mg/L GA was present. This implies that synergistic effects
between GNPs and GA occurred at the higher GNP
concentrations.

Hydrodynamic size and surface charge might play an im-
portant role in governing the behavior and effect of engineered
nanoparticles (Li et al. 2013; Song et al. 2012). Based on the
present study’s results, there is no direct correlation between
the physicochemical properties and the algal toxicity
(Fig. S5). Furthermore, the agglomeration of carbon-based
nanomaterials has been found to affect the growth of photo-
autotrophs in aquatic systems because of shading (i.e., an in-
direct effect) in previous studies (Hu et al. 2015; Long et al.
2012; Pretti et al. 2014; Schwab et al. 2011). As mentioned
above, the presence of LOAs decreased the hydrodynamic
sizes of the GNPs in the culture medium. This behavior was
particularly apparent at high LOA concentrations. It is there-
fore reasonable to conclude that LOAs can promote shading
by increasing the stability of a GNP suspension and that this
may increase the toxicity of the GNPs to the algae.

Impacts of LOAs on GNP-induced total antioxidant
capacity

The degree of oxidative stress that occurred was deter-
mined by measuring the T-AOC induced by GNPs in the
absence and presence of LOAs (Fig. 4). The T-AOC was
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Fig. 3 Growth inhibition rates of Scenedesmus obliquus exposed to 0.5,
1, and 5 mg/L GNPs in the absence and presence of three different
concentrations (1, 10, and 40 mg/L) of benzoic acid (BA) (a) and gallic
acid (GA) (b), respectively. Values expressed as mean ± standard
deviation (n= 3). Data within all columns in each figure with a letter in
common are not significantly different at p< 0.05 level
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significantly higher in the algae exposed to GNPs than in
the algae in the controls. Furthermore, the T-AOC
depended on the GNP concentration. These findings in-
dicate that the GNPs may have caused oxidative damage
in the algae by causing reactive oxygen species to be
produced. Oxidative stress has previously been found to
be an important toxicity pathway for materials in the
graphene family and to occur when fresh algae are ex-
posed to graphene oxide (Hu et al. 2015; Nogueira et al.
2015; Pretti et al. 2014).

The T-AOCs in the treatments in which only the LOAs
were present were negligible, suggesting that the LOAs did
not cause much oxidative damage to the algae (Fig. 4). The
presence of either BA or GA significantly decreased the T-
AOC induced by the GNPs, implying that the adsorption of
LOAs onto the GNPs may have inhibited the production of
reactive oxygen species induced by the presence of the GNPs
and, therefore, decreased the amount of oxidative stress that
occurred. These results also indicate that a decrease in the T-
AOC may have been responsible for the toxicity of GNPs to
the algae being lower when the LOAs were present at low and
moderate concentrations than when the LOAs were not pres-
ent or were present at higher concentrations.

Conclusions

In summary, we have shown that the presence of LOAs in-
creased the stability of a GNP suspension in algal culture
medium. The Freundlich isotherm and simulated Ea values
indicated that GA interacted much more strongly than BA
with the GNPs, which may have caused GA to affect the
physicochemical properties of the GNPs in the aquatic medi-
um more than did BA. The growth inhibition caused by the
GNPs was mitigated by the presence of low and moderate
concentrations of the LOAs. Specifically, hormesis occurred
when the GNPs were present with low and moderate BA
concentrations. The presence of LOAs decreased the T-
AOC, and this may be why the GNPs were less toxic to the
algae when the LOAs were present than when the LOAs were
absent. The GNPs were more toxic to the algae when the LOA
concentrations were high than when the LOA concentrations
were lower or no LOAs were present, and this could have
been because LOAs were directly toxic to the algae and be-
cause a large amount of disagglomeration occurred. Our re-
sults show that the actual risks posed by GNPs in aquatic
systems may be affected by the presence of LOAs.
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