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Abstract

Graphene family nanomaterials are used in a broad range of applications. These materials have 
been released into the aquatic system where they can have toxicological effects in non-target organisms. 
Although several studies have investigated their toxicity, there is little information on the toxicity and 
mechanisms of graphene nanomaterial mixtures in Microcystis aeruginosa. This study investigated 
the toxicities of individual and binary mixtures of graphene family nanomaterials (graphene oxide 
(GO), GO quantum dots (GOQD), and carboxylic acid-functionalized single-walled carbon nanotubes 
(C-SWCNT)) in M. aeruginosa. The toxicological interaction profiles of the mixture rays were also 
examined. The results showed that the three types of nanoparticles and their binary mixture rays 
had significant inhibitory and hormetic effects in M. aeruginosa. Metabolomics analysis showed that 
the nanomaterials had different toxicity mechanisms. Amino acid metabolism was sensitive to GO 
exposure, while C-SWCNT and GOQD exposure led to a sharp decline in sugars and an increase in 
fatty acids, respectively. The toxicological interactions in the binary GO and GOQD mixtures were 
different from that of the GO and C-SWCNT mixtures.  These findings increase our understanding 
of the nanotoxicity and toxicity mechanisms of GO, C-SWCNT, and GOQD and will aid in the risk 
assessment of nanomaterials in aquatic environments. Amino acids, sugars, and fatty acids can be used 
as indicators of the corresponding biological responses to these nanomaterials.
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Introduction

Graphene oxide (GO) has useful mechanical and 
hydrophilic properties and is highly flexible and ductile. 
Thus, it has been extensively applied in various fields, 
including environmental protection [1], medicine [2], 
biology [2], and chemistry [3]. The increasing use of 
graphene nanomaterials has led to their inevitable 
release into the aqueous environment and poses an 
ecological risk. The size and shape of nanomaterials 
play a major role in their biocompatibility and are 
closely related to the toxicity of these materials [4]. For 
example, GO is 0.5-5 µm, GO quantum dots (GOQD) 
have a lateral dimension of approximately 20-50 nm, 
and carboxylic acid-functionalized single-walled carbon 
nanotubes (C-SWCNT) are 1-2 nm. Furthermore, 
toxic pollutants often coexist in the environment.  
The combined toxicity of graphene-family nanomaterials 
has been unclear. Therefore, in addition to assessing  
the toxicity of these pollutants individually, it is 
necessary to investigate the joint toxic action of 
graphene-related materials and their corresponding 
toxicity mechanisms. 

The concentration addition (CA) model and the 
independent action (IA) model have been widely used 
to investigate the combined effects of environmental 
contaminants [5, 6]. These two reference models are 
applicable in different situations. The CA model is 
assumed to apply to pollutants with similar modes of 
toxicity, while the IA model is employed to evaluate 
the joint action of a mixture that contains components 
with independent modes of action. A new top-to-down 
method based on CA and IA models was evaluated, 
which effectively eliminated the effect of cosolvents [7]. 
The IA model is more appropriate for components that 
have a hormetic effect. The joint toxic effects of three 
halogenated organic pollutants were investigated using 
the IA model. This model is often used to evaluate 
the combined toxic effect based on different modes of 
toxicity, particularly the hormetic effect [8]. 

Microcystis aeruginosa (M. aeruginosa) is a 
bacteria that plays a large role in harmful freshwater 
algal blooms [9, 10]. For this reason, it has often been 
used as model organism for evaluating the toxic effects 
of pollutants such as nanoparticles, antibiotics, and 
metals [11]. Previous studies have suggested that many 
types of nanoparticles can induce hormetic responses in  
M. aeruginosa [12]. Hormesis typically shows a biphasic 
dose-response curve and is not included to evaluate the 

toxic effects of pollutants in ecological risk assessment 
[13, 14]. However, there has been little focus on the 
potential hormetic effects of nanoparticle exposure, 
and the underlying mechanisms of nanoparticle toxicity 
remain unclear. The potential hormetic effects of 
pollutants can contribute to algal blooms, which can 
degrade the health of the aqueous environment. 

Hormetic effects usually involve subtle changes [15]. 
The common toxicological end points of nanomaterial 
exposure, such as inhibition of alga growth and changes 
in biological parameters related to oxidative stress, 
are difficult to differentiate from natural variability 
[16]. Metabolomics can be used to precisely identify 
phenotypic characteristics and provides a snapshot of 
the nutrient status, abiotic and biotic stress [17, 18], and 
growth conditions of an organism [19, 20]. In the present 
study, direct equipartition ray design, an IA prediction 
model, and M. aeruginosa metabolic profiling were 
employed to explore the specific toxic effects of GO, 
C-SWCNT, and GOQD and their underlying toxicity 
mechanisms.

Experimental  

Chemicals and Organism

The three graphene family nanomaterials used in 
this study (GO, GOQD, and C-SWCNT) were purchased 
from Jiangsu Xianfeng Nanomaterials Technology Co., 
Ltd. (China). Their physical properties are provided in 
Table 1. Stock solutions of each material were prepared 
at their maximum solubility in Milli-Q water and 
stored at 4ºC. The nanomaterials used to make the 
stock solutions were of analytical grade. M. aeruginosa 
FACHB-469 (nontoxic strain) was purchased from 
the Institute of Hydrobiology, Chinese Academy of 
Sciences (Wuhan, China). 

Toxicity Tests

M. aeruginosa was cultured to the exponential 
phase and then added to sterile 300 mL Erlenmeyer 
flasks containing standard BG-11 culture medium 
and different concentrations of graphene family 
nanomaterials, alone or in binary mixtures. Each flask 
had a cell concentration of 5.0 × 105 cells/mL and 
a total volume of 150 mL. Control groups containing no 
nanomaterial were also established. All of the samples 

Table 1. Physical properties of the three nanomaterials.

Nanomaterials Abbr Purity Size

GO quantum dots GOQD - <15 nm

Graphene oxide GO >99% 500-5000 nm

Carboxylic acid-functionalized single-walled carbon nanotubes C-SWCNT >90% 1-2 nm
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were cultured for 7 d at 25ºC under a light intensity  
of 2500 Lux with a 12 h bright: 12 h dark cycle and 
shaken three times per day. After culturing, the cell 
absorbance was determined by an enzyme-labeling 
instrument. The inhibitory rate was calculated  
as follows:

where Ii is the inhibitory rate of the nanomaterial 
at concentration i towards the algae, Ai is the absorbance 
after culturing the algae with the nanomaterial for 72 h 
or 7 d, and A0 is the absorbance of the control group. 
The dose-response relationship between the 
nanomaterial and the algae was plotted using the 
nanomaterial concentration and the corresponding 
inhibitory rate. 

Nanomaterial Mixture Design 

The three graphene family nanomaterials were 
grouped into two binary mixture systems (GO-C-
SWCNT and GO-GOQD). To assess the nature of the 
toxicity of these mixtures at different concentrations of 
the components, mixture rays with different mixture 
ratios were established using the direct equipartition 
ray design (EquRay) procedure [21, 22] for a total 
of six rays (denoted as GO-C-SWCNT-R1, GO-C-
SWCNT-R2, GO-C-SWCNT-R3, GO-GOQD-R1, GO-
GOQD-R2, and GO-GOQD-R3). The mixture ratios 
(pi,j) [23] of the two components in the six mixture rays 
are listed in Table 2. The mixture ratio is the ratio of 
the concentration of the j th component in the i th ray to 
the total concentration of the ray.

Concentration-Response Curve Fitting 
and Toxicological Interaction

Concentration-response curves (CRCs) were fitted 
using an Origin software function [21]. The 95% 
observation-based confidence intervals (OCIs) of the 
fitted CRCs were also calculated [24]. The root mean 
square error (RMSE) and coefficient of determination 

(R) were used to assess the curve fitting performance. 
The IA model can be used to assess toxicological 
interactions because it is suitable for predicting 
combined toxicity, especially there is a hormetic effect 
in at least one component. The total lethality of the 
mixture can be calculated as follows:

where n is the number of components in the mixture 
system, Cmix is the total concentration of the mixture, 
E(Cmix) is the total lethality of the mixture, and E(ci) 
is the lethality from the i th component with 
concentration ci. The joint toxic effect can be assessed 
by comparing the experimental results of the mixture 
ray and the IA model results. If the combined toxicity 
calculated by the IA model is larger than the upper OCI, 
the joint toxic action is considered antagonistic; if it is 
less than the lower OCI, the joint toxic action of the 
mixture ray is considered synergistic. The toxic effect 
of the mixture is considered additive when the combined 
toxicity calculated by the IA model is between the two 
OCIs. 

Biochemical Index Determination

The reactive oxygen species (ROS) activity was 
determined using a fluorescence spectrophotometer 
(LS55, PerkinElmer, USA) according to a previous 
report [25]. The superoxide dismutase (SOD) activity 
was determined using an SOD assay kit (A001-2, 
Nanjing JianCheng Bioengineering Institute, Nanjing, 
China) in accordance with the manufacturer’s 
instructions. The absorbance was obtained at 450 nm 
using a UV-vis spectrophotometer (T3200, Yoke, 
China). Relative SOD levels were calculated as the ratio 
of the treatment group to the control group.

Altered algal cell permeability was determined 
using a fluorescence spectrophotometer in accordance 
with a previous report [25] using fluorescein diacetate 
(FDA) as a coloring agent. The mitochondrial 
membrane potential loss was measured by fluorescence 

Table 2. Mixture ratios (pi,j) of the two components (j = 1, 2) in the six mixture rays (i = 1, 2, 3).

No Mixture ray
pi,j  (i = 1, 2, 3; j = 1, 2) (%)

GO C-SWCNT GOQD

1 GO-C-SWCNT-R1 50.5 49.5

2 GO-C-SWCNT-R2 75.4 24.6

3 GO-C-SWCNT-R3 90.2   9.8

4 GO-GOQD-R1 33.4 66.6

5 GO-GOQD-R2 50.0 50.0

6 GO-GOQD-R3 66.6 33.4
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microscopy (IX71, Olympus, Japan) and recorded as the 
ratio of the red-to-green emission intensities (I590/I530) 
in accordance with a previous report [25].

Metabolic Analyses 

The algal suspension was centrifuged (9000 g, 5 min), 
freeze-dried, and ground to a uniform powder. The 
algal cell powder was stored at −80ºC until metabolic 
analysis. For the metabolic analysis, a 4.5 mL solution 
of methanol and water (4:1 volumetric ratio) was used 
to resuspend the cell powder sample, and the cells 
were completely broken by three freeze-thaw cycles in 
liquid nitrogen. To extract the metabolites, the samples 
were ultrasonicated (200 W, 30 min), vortexed (4 min), 
and then centrifuged at 18,730 g for 10 min at 4ºC. 
This extraction procedure was repeated twice for each 
cell pellet, and the supernatants of the two extraction 
rounds were mixed. Next, 500 µL of supernatant 
was freeze-dried in a vacuum concentrator for 24 h. 
Methoxamine hydrochloride (20 mg/mL, 50 µL) and 
N-methyl-N-(trimethylsilyl) trifluoroacetamide (80 µL) 
were added to the dried samples for derivatization. 
The sample supernatant (150 µL) was then transferred 
to a glass injection vial for gas chromatography-mass 
spectrometry (GC-MS) analysis. A Shimadzu single 
quadrupole GC-MS QP2010 (Kyoto, Japan) was used 
for the analysis.

Statistical Analysis 

All of the experiments were performed in triplicate, 
and the results are presented as the mean±standard 
deviation. To analyze differences between the exposed 
groups and the control, significant differences were 
determined by one-way analysis of variance (ANOVA) 
using the least significant difference, followed by 
Duncan’s test in heat map. In the pathway analysis, 
significant differences were determined by two-way 
analysis of variance (ANOVA), which was used to 
achieve the discrimination of two independent factors 
using MetaboAnalyst 5.0 (http://www.metaboanalyst.

ca/). Statistical significance was accepted at p<0.05. 
A heat map was generated using Multiple Experiment 
Viewer (version 4.9.0, Dana-Farber Cancer Institute, 
Boston, MA, USA) to depict relationships between the 
significantly differential metabolites among the samples. 
Visualization and Analysis of NeTworks Containing 
Experimental Data (VANTED, version 2.1.0) was used 
to create the pathway map. 

Results

Toxicities of Individual Nanomaterials 
in M. aeruginosa

Fig. 1 shows plots of M. aeruginosa inhibition 
vs. the logarithm of the individual nanomaterial 
concentrations on the third and seventh days. GO and 
C-SWCNT had significant inhibitory effects but were 
less than 60% on the third day and less than 40% on 
the seventh day. The J-shaped concentration-response 
effect of GOQD indicated a significant hormetic effect 
over a wide concentration range. The CRCs were well 
fitted. The equation model, statistics (R and RMSE), 
and hormetic effect ranges are presented in Table 3. The 
R values were >0.9049, indicating good relationships 
between the nanomaterial exposure concentrations and 
M. aeruginosa inhibition.

As shown in Fig. 1, GOQD was much more toxic 
than either GO or C-SWCNT in the low- and high-
dose ranges, but it was less toxic in the medium-dose 
range because of the hormetic effect on the third day. 
GOQD toxicity on the third day was lower than on the 
seventh day, while the hormetic effect was much higher 
on the seventh day. Maximum stimulation was 44% on 
the third day but 104% on the seventh day. The GO and 
C-SWCNT inhibition rates on the third day were higher 
than on the seventh day. 

As shown in Fig. 2a) and b), 0.01-10 mg/L GOQD 
significantly promoted the ROS and SOD levels, which 
were significantly higher than those in the GO- and 
C-SWCNT-treated groups. The relative ROS and SOD 

Fig. 1. Toxic effects of GO, C-SWCNT, and GOQD on the third a) and seventh day b). 
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potential loss results are shown in Fig. 2c) and d). The 
permeability of algae cells exposed to C-SWCNT was 
significantly higher than of those exposed to either 
GO or GOQD. No significant differences between 
the nanoparticle-exposed groups and the control were 
found at the low exposure concentration. Compared 
with the control, the red-to-green fluorescence intensity 
ratios were significantly decreased by 90.28% (p<0.05) 

levels were 113-115% in the GO group and 119%-120% 
in the C-SWCNT group at the low nanomaterial 
concentrations of 0.01, 0.1, and 1 mg/L. These values 
were only slightly higher than those of the control 
group. In contrast, at 10 mg/L, the ROS and SOD 
levels of C-SWCNT were 135% and 185%, respectively, 
and were significantly higher than in the control. 
The cell permeability and mitochondrial membrane 

Table 3. CRC models of individual and binary nanomaterial mixtures on the seventh day.

Nanomaterials Equation model R RMSE Hormetic effect Maximum stimulation (%)

Single

GO Sine 0.9704 3.220 No

SWCNT Lorentz 0.9049 5.603 No

GOQD BoltzIV 0.9922 5.221 Yes 104.0  

Binary 
mixture

GO-C-SWCNT-R1 Sine 0.9996 0.219 Yes 12.35

GO-C-SWCNT-R2 Gauss 0.9764 1.334 No

GO-C-SWCNT-R3 Gauss 0.9734 1.251 No

GO-GOQD-R1 BoltzIV 0.9696 10.722 Yes 87.34 

GO-GOQD-R2 BoltzIV 0.9971 3.209 Yes 84.40

GO-GOQD-R3 Rational5 0.9941 4.708 Yes 97.47

Fig. 2. Alterations in the ROS levels a), SOD activities b), cell permeability c), and mitochondrial membrane potential loss d) after 
exposure to nanomaterials for 72 h (3 d). *p<0.05, **p<0.005 compared with control.
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effect of the GO-GOQD rays on the seventh day was 
much stronger than on the third day. The hormetic 
effect of GO-GOQD-R3 was much stronger than that 
of the other GO-GOQD rays (Table 3). The maximum 
hormetic effect of GO-GOQD-R3 based on the fitting 
function was 104.0%. However, increasing the GOQD 
proportion in the binary mixture did not result in a 
stronger hormetic effect.

The combined toxicity of a mixture can be assessed 
by comparing the IA curve with the actual dose–
response curve of the mixture and its corresponding 
OCI limits. The fitted CRCs, OCIs, and IA models 
are shown in Fig. 4. For GO-C-SWCNT-R1 and GO-
C-SWCNT-R2, the predicted inhibitions were greater 
than the upper OCI, indicating that the joint toxic 
actions of these mixture rays exhibited antagonism. In 
GO-C-SWCNT-R3, only one low concentration in the 
prediction model was located below the lower OCI, 
indicating synergism. Another low concentration was 
located between the OCIs, while the remaining six 
predicted inhibitions were all greater than the upper 
OCI, indicating that the combined toxicity exhibited 
both additive effects and antagonistic, respectively. 
The three GO-GOQD mixture rays had the same 
overall trend. Antagonism occurred at low and middle 
concentrations, but additive and synergistic toxicity 
occurred at high concentrations. 

and 69.44% (p<0.005) after exposure to 1 mg/L GO 
and C-SWCNT, respectively. There was no significant 
difference between the GOQD group and the control.

Toxicities of the Binary Mixtures

Fig. 3 shows the CRCs of M. aeruginosa exposed 
to the six nanomaterial rays (GO-C-SWCNT-R1, GO-
C-SWCNT-R2, GO-C-SWCNT-R3, GO-GOQD-R1, 
GO-GOQD-R2, and GO-GOQD-R3). The CRC of 
each binary mixture was well fitted. The statistics  
(R and RMSE) and hormetic effect ranges are presented 
in Table 3. 

The toxic effect of the GO-C-SWCNT mixture 
was stronger on the third day than on the seventh day, 
especially at the low and high concentrations (Fig. 3a 
and b). The joint effect of GO and C-SWCNT (R1) 
showed greater toxicity than any of the other rays. The 
combined toxicity increased as the GO proportion in 
the binary mixture increased. As shown in Fig. 3a) and 
c), the CRCs of the GO-GOQD rays are steeper than 
those of GO-C-SWCNT, and the inhibitory trend of 
GO-C-SWCNT increases more slowly. The results of 
the GO-GOQD mixture rays varied with the culture 
time. On the third day, the toxicities of the GO-GOQD 
mixtures were similar to that of GO alone, but on the 
seventh day, this pattern changed and resembled the 
pattern seen with GOQD alone. That is, the hormetic 

Fig. 3. Toxic effect of the binary mixture rays. GO-C-SWCNT on the third day a); GO-C-SWCNT on the seventh day b); GO-GOQD on 
the third day c); and GO-GOQD on the seventh day d). Six rays (denoted as GO-C-SWCNT-R1, GO-C-SWCNT-R2, GO-C-SWCNT-R3, 
GO-GOQD-R1, GO-GOQD-R2, and GO-GOQD-R3) of the two components are listed in Table 2.
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Metabolic Analysis
 
Overall, 66 metabolites were identified by GC-

MS; these included amino acids (11), carbohydrates 
(18), organic acids (15), fatty acids (7), and other small 
molecule metabolites (15). There were significantly 
different between the control and nanomaterials treated 
groups and 54 metabolites were screened by ANOVA 
with p<0.5. A heat map was created to understand 
the differences in metabolites between the control 
and the groups exposed to 1 mg/L nanomaterial  
(Fig. 5). Hierarchical clustering (HCL) was performed 
with average linkage and Pearson correlation analyses. 
Using HCL analysis, the samples were divided into 
two clusters: control&GO and C-SWCNT&GOQD. 
The metabolites were also divided into two clusters. 
HCL analysis was used to identify differences in the 
metabolic profiles among the control, GO, C-SWCNT, 
and GOQD groups. Compared with the control group, 
the GOQD and C-SWCNT groups had higher contents 
of fatty acids and carbohydrates, respectively, which 
are related to glycolysis, while the GO group had a 
higher content of the major amino acids. The results of 
metabolic changes among the control, GO, C-SWCNT, 
and GOQD groups, followed by HCL, suggested that 
C-SWCNT and GOQD exerted a stronger influence on 
the algal metabolic profile than GO did. 

The cell cultures exposed to the three nanomaterials 
at 0.01, 0.1, 1, and 10 mg/L underwent metabolic 
profiling, and the analysis results are shown in Fig. 6. 
The profiling revealed strong involvement of sugar 
metabolism, branched-chain amino acid (BCAA) 
metabolism, amino acid metabolism, and fatty acid 

(FA) metabolism. For sugar metabolism (except for 
glucose), significant differences from the control were 
observed for all exposure groups, especially at the 
low concentrations of 0.01 and 0.1 mg/L. The levels 
of fructose, melibiose, and mannose decreased with 
increasing C-SWCNT concentration, but they increased 
with increasing GO and GOQD concentrations. 
Regarding amino acid metabolism, in the GO group, 
all detected amino acids decreased with increasing 
nanomaterial concentration, and these decreases were 
significantly greater than in the C-SWCNT and GOQD 
groups. Except for isoleucine, the BCAAs levels in the 
GOQD group showed greater increases than in any 
of the other exposure groups, especially at the high 
exposure concentrations. Regarding FA metabolism, 
the long-chain FAs had the highest contents in the 
GOQD group at the 0.1, 1, and 10 mg/L exposure 
concentrations. 

Discussion

The particle size of nanomaterials is an important 
factor in their biological distribution, absorption, 
transfer, transformation, and toxicity [4]. The toxicity 
of nanomaterials is closely related to their physical and 
chemical properties [26, 27]. The chemical properties 
of the nanomaterial surface are strongly related to their 
distribution in solution and their cellular interactions. 
To examine the nanotoxicology and possible associated 
mechanisms of action, three typical nanomaterials 
were chosen as the research object in this study: GO, 
C-SWCNT, and GOQD. 

Fig. 4. Concentration–inhibition profiles of the six binary mixtures. Black solid squares indicate the experimentally observed values; 
black solid lines indicate the fitted CRCs; purple dashed lines indicate the OCIs; and green solid lines indicate the predicted IA models.
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Toxicity Mechanism of Individual 
Nanomaterials 

Oxidative stress, as indicated by the ROS and 
SOD levels, was investigated 72 h after exposing 
the cells to 0.01, 0.1, 1, and 10 mg/L nanomaterial  
(Fig. 2). In the enzymatic system, SOD is the first 

defense against reactive oxygen species in algae cells. 
The order of the ROS and SOD levels was GOQD>C-
SWCNT>GO. Mitochondria are also important sites for 
producing oxidative free radicals; therefore, the loss of 
the mitochondrial membrane potential can change the 
oxidative stress levels in cells. The stronger the red-to-
green fluorescence ratio, the healthier the mitochondria. 

Fig. 5. Heat map of the identified metabolites in the control and nanomaterial-exposed groups. Red and blue indicate the relative 
metabolite contents: Red indicates higher contents, and blue indicates lower contents. Abbreviations: Graphene oxide (GO), GO quantum 
dots (GOQD), Carboxylic acid-functionalized single-walled carbon nanotubes (C-SWCNT). 
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This ratio was the highest in the GOQD group and was 
not significantly different from the control, indicating 
that the algae cells exposed to GOQD were healthier 
than the other exposure groups. The cell permeability 
is indicated by the FDA fluorescence intensity, where a 
stronger intensity indicates lower cell permeability and 
thus greater membrane integrity. The cell permeability 
is closely related to oxidative stress. Although the 
ROS and SOD levels were the highest in the GOQD 
group, the FDA fluorescence intensity at high exposure 
concentrations was low because of the hormetic effect, 
especially at 1 mg/L.  

The hormetic effect is related to the elimination 
of free radicals (via oxidation and antioxidation). In 
the body, when cells are stimulated by the external 
environment to produce ROS, the activity of antioxidant 
enzymes rapidly increases to eliminate the ROS, 
thereby protecting the body. The low concentrations 

of nanomaterials activated the oxidation system 
of the algae cells but did not produce oxidative 
stress. The hormetic effect might reduce the ROS 
content in algae cells, thereby promoting algal cell 
growth. The hormetic effect in the GOQD-treated 
group induced a marked rise in ROS and SOD as 
the GOQD concentration increased, indicating that 
the oxidation system was stimulated. However, the 
relatively low level of FDA fluorescence intensity 
and high red-to-green fluorescence ratio implied 
that the hormetic effect induced by 1 and 10 mg/L 
GOQD did not produce oxidative stress, and these cells 
had little cell permeability and healthy mitochondria. 
The results confirmed that the hormetic effect helped to 
maintain high algae cell growth rates while successfully 
managing macromolecular damage. Oxidative stress 
was induced by GO and C-SWCNT, which damaged the 
cells and inhibited the proliferation of M. aeruginosa.

Fig. 6. Pathway map of the differentially expressed metabolites involved in sugar, amino acid, fatty acid, and glycolysis metabolism. 
Red line indicates carboxylic acid-functionalized single-walled carbon nanotubes (C-SWCNT), blue line indicates GO quantum dots 
(GOQD), and green line indicates graphene oxide (GO). Significant metabolites involved in the pathway were screened by two-way 
analysis of variance (ANOVA) at p < 0.0001. Metabolic profiling was conducted after exposing the cells to 0.01, 0.1, 1, and 10 mg/L 
nanomaterial for 72 h. The ratio of nanomaterials treated groups to control groups for each metabolite was subjected to pathway analysis. 
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Altering the mitochondrial membrane potential 
and inducing oxidative stress are considered to 
be the main mechanisms of nanotoxicology, but 
these nanotoxicological mechanisms have not 
been further elaborated by assessing the metabolic 
pathways of small molecules in cells. To clarify the 
nanotoxicology mechanisms, metabolic profiling was 
conducted after exposing the cells to 0.01, 0.1, 1, and 
10 mg/L nanomaterial for 72 h (Fig. 6). The ratio of 
nanomaterials treated groups to control groups for 
each metabolite was subjected to pathway analysis.  
The three nanomaterials investigated exhibited different 
dose-response relationships with M. aeruginosa. 
The CRCs of GO and C-SWCNT showed no hormetic 
effect (Fig. 1). GO caused mild growth inhibition at 
all concentrations. The growth inhibition caused by 
GO increased slightly with culture time. There was 
no significant increase in inhibition by exposure to 
C-SWCNT, but the toxicity of C-SWCNT was higher 
than that of GO. The CRCs of the GOQD group were 
J-shaped, indicating a significant hormetic effect; 
furthermore, with the prolongation of culture time, 
the maximum stimulation and hormetic effect range 
were increased, but the toxicity was decreased. GOQD 
caused strong inhibition only at the high concentration. 
These results suggest that GO, C-SWCNT, and GOQD 
have different toxic mechanisms in M. aeruginosa, 
which was confirmed by the metabolic analysis. 

Sugars are the products of photosynthesis and 
strongly influence cell wall synthesis [28]. In response 
to C-SWCNT toxicity, the sugar content decreased 
significantly, which was thought to be caused by  
the consumption of sugars. The inherent characteristics 
of amino acids enable them to promote energy 
metabolism and photosynthesis [29]. In particular, 
glycine and serine can increase the chlorophyll content 
of plants, improve enzyme activity, promote the 
penetration of carbon dioxide, and make photosynthesis 
more vigorous. Amino acid depletion was the most 
obvious in the GO-treated group, with declines  
in glycine, serine, threonine, aspartic acid, and 
glutamine; however, the BCAAs were not depleted.  
The BCAA levels in the GOQD group increased  
with the exposure concentration, which might have 
resulted from the hormetic effect. The hormetic effect 
stimulated the growth of algae cells, which induced 
protein synthesis. BCAAs are important components 
in protein synthesis. Moreover, the biosynthesis of 
unsaturated fatty acids is related to cell permeability 
and plasmolysis [30]. As a membrane lipid, linolenic 
acid contributes to membrane fluidity, and changes 
in this unsaturated fatty acid induce perturbations 
in the plasma membrane. Therefore, linolenic acid 
upregulation in the 0.1, 1, and 10 mg/L exposure 
groups was induced by the hormetic effect. This is 
consistent with the fact that GOQD likely reduced the 
loss of mitochondrial membrane potential and triggered  
the oxidation system but did not affect oxidative stress 
(Fig. 2a). 

Previous reports have found that M. aeruginosa 
cells have a diameter of approximately 5 µm, which is 
similar to the size of GO [25]. GO was found to cover 
the surface of the cells, causing a shielding effect. 
Both C-SWCNT and GOQD could be internalized by 
the cells [25, 31]. The cellular uptake of C-SWCNT 
occurred more readily than GO owing to its smaller 
size. GOQD was the smallest of the investigated 
nanomaterials and showed the largest uptake because it 
could permeate the cell wall and be endocytosed. Based 
on the metabolic perturbations, nanomaterial exposure 
led to a resource reallocation among photosynthesis, 
cell wall synthesis, and energy metabolism. The 
metabolic analysis showed that the nanomaterials 
induced different resource reallocations, which was 
indicated by the sugar, amino acid, and FA contents. 
There are several possible reasons for this phenomenon. 
First, the shielding effect of GO might have inhibited 
photosynthesis and energy metabolism, resulting in 
sharp declines in amino acids. Second, C-SWCNT may 
have permeated the cell wall during internalization, 
thus fracturing the cell wall. This would induce cell 
wall synthesis pathways, indicated by the melibiose 
and mannose contents. Third, the synergistic effect 
of hormesis and internalization may have led to the 
promotion of fatty acid metabolism and then inhibition 
in the GOQD-treated group. Our findings suggest that 
metabolic analysis is potentially useful in the ecological 
risk assessment of nanomaterials.

Joint Action Prediction by the IA Models

In the GO-C-SWCNT-R1 and GO-C-SWCNT-R2 
mixture systems, the two rays exhibited antagonism 
over the entire concentration range (Fig. 4). GO 
produces a shielding effect, whereas C-SWCNT is 
internalized, and the combined effect inhibited cell 
proliferation. However, because the shielding effect of 
GO hindered C-SWCNT internalization, the joint toxic 
action was antagonistic. The low concentration of the 
GO-C-SWCNT-R3 mixture produced a joint synergistic 
action, and it can be inferred that it resulted in  
a combined effect on proliferation.  

The toxicological interactions between GO 
and GOQD differed according to their respective 
concentrations, with antagonism at low doses and 
synergism at high doses. The mechanisms for the 
joint actions might vary because of differences in 
the individual toxic mechanisms of GO and GOQD. 
Middle concentrations of GOQD significantly increased 
the cell growth rates because of the hormetic effect, 
while GO significantly decreased the cell growth 
rates owing to internalization. The opposing effects 
of promoting and inhibiting cell growth produced  
by GOQD and GO may have weakened their combined 
toxicity in M. aeruginosa. Therefore, the joint toxic 
action of the GOQD and GO mixture is antagonistic. 
With increasing GOQD concentration, there was  
a shift from the hormetic effect to internalization; as 
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a result of GOQD and GO internalization, the high-
concentration mixtures exhibited a joint synergistic 
action.

Understanding the reasons underlying the toxicity of 
mixtures of common nanomaterials that often coexist 
will help us to understand the toxicity mechanisms of 
other similar combinations, ultimately improving the 
accuracy of risk assessment. Our findings indicate that 
such mixtures may even produce stimulatory effects 
in M. aeruginosa. Notably, the hormetic effect in M. 
aeruginosa and its possible contribution to algae blooms 
may increase the harm of nanomaterials. Freshwater 
cyanobacteria blooms usually comprise competitive 
nontoxic and toxic species and strains [4, 32]. The 
hormetic effects of nanomaterials in M. aeruginosa 
may profoundly impact the dynamic changes in the 
abundance and proportions of nontoxic and toxic 
species, which would determine the algal bloom 
toxicity and could influence the formation and trends of 
cyanobacteria blooms. Hence, there is an urgent need to 
include hormesis in environmental risk assessments of 
pollutants.

 Conclusion

This study investigated the toxicity of single 
and binary nanomaterials, namely, GO, C-SWCNT, 
and GOQD, in M. aeruginosa. A hormetic effect on 
proliferation was observed for GOQD and for the 
GO–GOQD mixtures, with maximum stimulation 
ranging from 84.40% to 104.0%. The toxicological 
mechanisms of these nanomaterials were analyzed 
through metabolic profiling. Regarding the metabolic 
status of the algae exposed to the three nanomaterials, 
the sugar contents were significantly downregulated 
in the C-SWCNT-treated group, amino acid depletion 
was strongest in the GO-treated group, and the FA 
levels in the GOQD-treated group were higher than in 
the other treatment groups. These metabolic variations 
indicated that distinct toxic mechanisms were induced 
by different metabolic pathways. We propose that 
these metabolites could be used as indicators of the 
corresponding biological toxicity of nanomaterials. 
The experimental results indicate that the overall joint 
antagonistic action of the GO-C-SWCNT mixtures 
derives from the shielding of GO interfering with 
C-SWCNT internalization. The joint toxic action of 
the GO-GOQD mixture shifted from antagonism to 
synergism. This change occurred because of a shift from 
antagonism between shielding and the hormetic effect 
to cooperation between shielding and internalization. 
This study provides toxicity data and mechanisms for 
three nanomaterials and demonstrates the complexity of 
the individual and joint toxic actions. The findings will 
benefit the growing field of nanomaterial toxicological 
research. The striking hormetic effect of nanomaterials 
in M. aeruginosa may aggravate the harm of these 
materials because of their potential ability to amplify 

algae blooms. Therefore, the hormesis effect should be 
included in pollutant risk assessments.
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