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Acute toxicity evaluation of nanoparticles mixtures
using luminescent bacteria

Haijing Zhang & Jianhong Shi & Yinglong Su & Weiying Li & Kevin J. Wilkinson & Bing Xie

Abstract As the application of nanoparticles (NPs) and
their release to the environment has increased, it is im-
portant to verify their toxicity, with a special emphasis on
particle solubilization and the interaction of NP mixtures.
In the current study, a model luminescent bacteria, Vibrio
fischeri, was employed to test the acute toxicity of indi-
vidual NPs and their binary mixtures, including metal
NPs (ZnNPs, CuNPs) and metal oxide NPs (ZnONPs,
CuONPs). The independent action model was used to
reflect the synergistic, additive, or antagonistic interac-
tions of binary mixtures of these NPs. The results showed
that the median effective concentration (EC50) inhibited
the luminescence of V. fischeri were 20.5, 4.1, 11.6, and
118.7 mg L−1 for ZnNPs, CuNPs, ZnONPs, and

CuONPs, respectively, suggesting that the toxicity of
these NPs to V. fischeri were as the following order:
CuNPs > ZnONPs > ZnNPs > CuONPs. The combined
effect of NPs were found to be antagonistic for CuNPs-
ZnONPs and CuNPs-CuONPs, synergistic for CuONPs-
ZnNPs, CuNPs-ZnNPs, and ZnONPs-CuONPs, and ad-
ditive for ZnNPs-ZnONPs, revealing a complex pattern
of possible interactions. The differences of dissolved
metal ions partly accounted for the different combined
toxicity of binary mixtures of NPs. The findings have
important implications for better understanding the true
environmental risk of NP mixtures.

Keywords Metal nanoparticles .Metal oxide
nanoparticles .Mixture toxicity . Vibrio fischeri

Introduction

Engineered nanoparticles (NPs) are defined as particles
with at least two dimensions between 1 and 100 nm
(Klaine et al. 2008). Due to the unique and advanced
properties, NPs have been widespread used in cos-
metics, biological sensors, clinical diagnosis and treat-
ment, environmental remediation, and other applica-
tions (Bhatt and Tripathi 2011; Musee 2011; Nyberg
et al. 2008; Rantala et al. 2011). Metal-based NPs are
some of the most commonly incorporated engineered
NPs, such as Zn, Cu, ZnO, and CuO NPs, which are
often added to commercial products (Bolyard et al.
2013; Moore et al. 2016). ZnONPs are extensively used
in sunscreens, cosmetics, and bottle coatings because of
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its ultraviolet blocking ability and the visible transpar-
ency of nanoparticulate forms (Rousk et al. 2012).
CuONPs have been used in wood preservation and
antimicrobial textiles because of its antibacterial prop-
erties (Heinlaan et al. 2008). CuNPs and ZnNPs have
also been widely used in catalytic and coating fields
(Mortimer et al. 2010). A large amount of publications
have reported that these metal-based NPs were toxic to
bacteria (Xu et al. 2010), algae (Navarro et al. 2008),
plants (Ma et al. 2010), and fishes (Baek and An 2011)
due to particle-specific effect and/or the dissolved metal
species. With increasing use, the potential release of
these NPs into the environments and the subsequent
impacts on ecosystem health are raising greater concern.

Most studies focused on the toxicity of a single type of
NPs (Bondarenko et al. 2013; Chang et al. 2012). How-
ever, in the natural environment, a variety of NPs may
coexist (Hochella et al. 2012; Sharma et al. 2015), so that
the toxicity results of individual NPsmay not reflect its true
environmental impact (Huang et al. 2019). Due to the
interactions between different NPs or differences with
respect to their interaction with the biological interface,
the toxicity of NPs may be substantially higher
(synergistic) or lower (antagonistic) than that would be
predicted simply by the sum of effects (additive) (Liu
et al. 2018; Pagano et al. 2017; Ye et al. 2017). For
example, Tong et al. (2015) found that ZnONPs alleviated
the toxicity of TiO2NPs by reducing the contact between
bacterial cells and TiO2NPs, and, in turn, TiO2NPs
decreased the toxicity of ZnONPs due to their adsorption
of Zn ions. Wilke et al. (2018) reported that TiO2NPs and
AgNPs exhibited synergistic bacterial stress during light
exposure due to their enhanced photocatalytic activity and
the production of reactive oxygen species (ROS). There-
fore, it is important and necessary to evaluate the combined
toxicity of NPs for a better understanding of environmental
risk caused by NPs. Nevertheless, the study on the joint
effects of NP mixtures is very limited.

Vibrio fischeri is a species of bioluminescent bacte-
rium and is ubiquitously distributed in sub-tropical and
temperate marine environments (Abbas et al. 2018).
Bioluminescence inhibition assay is a rapid, sensitive,
cost-effective, and reproducible method for acute toxic-
ity estimation, which has been applied for the joint
effects test (Wang et al. 2014). Hence, V. fischeri was
chosen as the target organism for the bioluminescence
inhibition assay to evaluate the acute toxicity of individ-
ual NPs and their binary mixtures. Moreover, the two
classic concepts of additivity (i.e., independent action

(IA) and concentration addition (CA)) were often used
for mixture toxicity predictions (Huang et al. 2019;
Yang Liu et al. 2016). The IA model was reportedly
better for fitting the data of NPmixtures (Yang Liu et al.
2016) and accordingly was used to elucidate interactions
for binary mixtures of NPs. In addition, dissolved metal
ions from individual NP and their binary mixtures were
determined for the elucidation of the mechanisms un-
derlying the combined toxicity of NP mixtures. This
study not only provided new data on metal and metal
oxide NP mixtures’ toxic effect, but it also helped to
build a better theoretical construct for the systematic
evaluation of the ecological risk of NPs.

Materials and methods

Preparation of NPs and bacteria

CuNPs, ZnNPs, CuONPs, and ZnONPs with mean parti-
cle sizes of ~ 40 nm and purity greater than 99% were
purchased from Sigma Aldrich (St. Louis, MO). Prior to
toxicity tests, stock suspensions of NPs were prepared in
ultrapurewater (pH 7.0) and then sonicated (25 °C, 40 kHz
and 250 W) for 1 h to break aggregates and diluted into
different concentrations. V. fischeri (ATCC 49387) was
obtained from Li Hop Science and Technology Biology
Laboratory, and the bacterial suspension was prepared in
3% sterilized NaCl solution for use.

Toxicity tests

Four types of NPs were individually added to sterilized
Erlenmeyer flasks containing V. fischeri suspension to
perform the single toxicity test. The exposure concen-
tration of NPs were showed in Table 1. The control
samples were treated by an equal volume of ultrapure
water replacing NP suspension. After exposure for
15 min at 25 °C, the luminescence of V. fischeri was
measured using a toxicity analyzer (BHP 9514, Beijing
Hamamatsu Co., Ltd., China). Luminescence inhibition,
INH (%), was determined as follows:

INH %ð Þ ¼ 100%−
IT t

ICt
� 100%

where ITt was the luminescence of the sample at time t,
and ICt was the luminescence value of the control group
at time t.
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Based on the decrease in luminescence, the obtained
concentration relationship data were fitted using linear
regression. The median effective concentration (EC50),
i.e., the concentrations of NPs that inhibit 50% of the
luminescence, was obtained and used as an indicator of
individual toxicity. Equitoxic binary mixtures of NPs
were prepared based on the EC50 values of individual
NP to determine their joint effects. The toxicity test of
binary mixtures was conducted as described in the sin-
gle toxicity test.

Quantification of soluble metal ions

Four types of NPs were individually added to sterilized
Erlenmeyer flasks containing 3%NaCl suspension. Fol-
lowing a 15-min incubation at 25 °C, the NP suspen-
sions were centrifuged at 10,000g for 10 min, and the
supernatant was collected for dissolved metal ions mea-
surement using inductively coupled plasma-atomic
emission spectroscopy (ICP-AES, Thermo Scientific
iCAP6000 SERIES, MA, USA).

Data analysis

IA model based on the rules of “additivity” was
used to predict the combined toxicity of binary
mixtures of NPs. The model assumed that the
two toxicants in the mixture did not react with
each other and is supposed to be satisfactory for
modeling effects of mixtures in which the compo-
nents differ in uptake pathways or mode of action.

The mathematical expression of the IA model is as
follows:

Rmix ¼ Ra þ Rb−Ra
*Rb

where Rmix is the total effect of binary mixtures and Ri is
the effect of the individual NP.

The interactive toxicity in binary mixtures was stud-
ied by comparing the observed luminescence inhibition

(INHObs) of the binary mixtures with the estimated
luminescence inhibition (INHEst). Model values indicate
the type of interaction between the two NPs in the
mixture, namely, (1) for negative values of INHDiff

(INHDiff = INHEst − INHObs), the interaction is consid-
ered to be antagonistic, implying that the observed tox-
icity of the mixture is lower than the sum of toxicities;
(2) for positive values of INHDiff, the interaction con-
sidered to be synergistic, implying that the observed
toxicity of the mixture is higher than the sum of toxic-
ities; (3) otherwise, for values of INHDiff that were not
statistically significant from 0 (95% confidence level),
the interaction was considered to be merely additive.

Results and discussion

Toxicity of individual metal NPs

As the concentration of CuNPs increased from 0.5
to 10 mg L−1, the INH of V. fischeri increased
from 11.7 to 98.2% (Fig. 1). Similarly, as the
concentration of ZnNPs increased from 1 to
50 mg L−1, the INH of V. fischeri increased from
7.4 to 90.7%. The EC50 value of CuNPs was
4.1 mg L−1, and ZnNPs had an EC50 value of
20.5 mg L−1 (Table 2), suggesting that CuNPs
had considerably (~ 5 fold) higher toxicity than
ZnNPs for V. fischeri. Some studies have also
observed that the toxic effects of CuNPs on other
organisms; such as bacteria, yeast, and algae; ze-
bra fish; and mice (Chen et al. 2006a, b; Christl

Table 1 Concentration of nanoparticles used in toxicity tests

Nanoparticles Concentration(mg L−1)

CuNPs 0.5, 1, 2, 4, 5, 6, 8, 10

ZnNPs 1, 2.5, 5, 10, 12.5, 20, 25, 50

CuONPs 1, 5, 10, 50, 100, 150, 250, 350

ZnONPs 1, 2, 4, 6, 8, 10, 12, 15
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Fig. 1 The inhibition (INH) of the bioluminescence of V. fischeri
caused by CuNPs and ZnNPs
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and Kretzschmar 2007; Suppi et al. 2015). It has
been reported that NPs can physically adsorb over
the surface of bacteria and algae cells, and then
induced oxidative stress and even cell membrane
damage, due to their large surface area and unique
physical and chemical properties (González-Pleiter
et al. 2019; Sun et al. 2018; Thiagarajan et al.
2019). Moreover, some studies have reported that
the toxicity of metal NPs to some organisms could
be caused by the dissolved metal ions (Xia et al.
2008). The previous studies showed Cu was more
toxic than Zn to Pseudomonas putida CZ1 isolated
from metal-polluted soil (Chen et al. 2006a, b).
Liu et al. (2016) also found that the toxicity of
Cu was higher than that of Zn to lettuce seedlings
regardless of the metal being in the form of a
cation or NPs.

Toxicity of individual metal oxide NPs

As the concentration of CuONPs increased from 1 to
350 mg L−1, its INH towards V. fischeri increased from
10.6 to 82.2% (Fig. 2). Similarly, as the concentration of
ZnONPs increased from 1 to 15 mg L−1, its INH to-
wards V. fischeri increased from 9.9 to 76.7%. The EC50

value of CuONPs was 118.7 mg L−1, and ZnONPs had
an EC50 value of 11.6 mg L−1 (Table 2), indicating that
ZnONPs were more toxic to V. fischeri than CuONPs.
This observation was consistent with previous studies,
where ZnONPs showed higher toxicity than CuONPs to
V. fischeri and other organisms (Aruoja et al. 2009;
Blinova et al. 2010; Heinlaan et al. 2008). Some studies
have demonstrated that the toxicity of ZnONPs and
CuONPs were associated with the particle-specific ef-
fect or/and the ion dissolution (Mu and Chen 2011; Su
et al. 2015). Oxidative stress resulting from the highly
ROS-generated was considered to be an important toxic
mechanism for these metal oxide NPs (Mu and Chen

2011; Remans et al. 2012). The excessive ROS dena-
tured the proteins and nucleic acids, destroyed cell
membrane integrity, and eventually resulted in cell in-
activation (Lv et al. 2017). Su et al. (2019) reported that
ZnONPs led to the higher production of ROS compared
with the same amount of CuONPs. Besides, several
studies have also found that ZnONPs had a higher
solubility than CuONPs. For example, Adam et al.
(2015) showed that ZnONPs were largely dissolved
after addition to the test medium, whereas CuONPs
mostly formed aggregates and only a small fraction of
CuONPs was dissolved. Wang et al. (2016) also report-
ed that the negative effect of ZnONPs was mainly due to
the dissolution of zinc ions, while the toxicity of
CuONPs was caused by the combined effect of copper
ions dissolution and the NPs themselves. In the current
study, the dissolution of NPs in the toxicity test media
were determined at EC50 of NPs. The proportion of
dissolved ZnONPs (15.2%) was higher than that of
dissolved CuONPs (3.0%) (Table 4), whichmight partly
explain the higher toxicity of ZnONPs.

Toxicity of binary mixtures of NPs

In the natural environment, various NPs are likely to be
found together and thus it is important to evaluate the
combined toxicity of NPs mixtures. Binary mixtures of
NPs were each added at their EC50 values, and the
toxicity of six mixtures to V. fischeri was tested, based
upon the combinations of four NPs: CuNPs-ZnONPs;
CuNPs-ZnNPs; CuONPs-ZnONPs; CuNPs-CuONPs;
ZnNPs-CuONPs and ZnNPs-ZnONPs (Table 3).

Table 2 Parameters of inhibition curves of V. fischeri as induced
by the four metal-based nanoparticles

Nanoparticles Linear regression
equation

R2 EC50

(mg L−1)

CuNPs Y = 10.70X + 5.73 0.969 4.1

ZnNPs Y = 1.02X + 29.07 0.965 20.5

CuONPs Y = 0.34X + 9.63 0.927 118.7

ZnONPs Y = 3.57X + 8.45 0.989 11.6
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Fig. 2 The inhibition (INH) of the bioluminescence of V. fischeri
caused by CuONPs and ZnONPs



Table 4 Concentrations of soluble metals in the individual nanoparticle and binary mixture suspensions

Binary mixtures CCu (mg L−1) CZn (mg L−1) Individual nanoparticles CCu or CZn (mg L−1)

CuONPs-ZnONPs 3.714 (1.142) 2.243 (0.4545) CuO 3.498 (1.250)

CuNPs-CuONPs 2.181 (0.655) ZnO 1.763 (0.340)

ZnNPs-CuONPs 5.247 (1.668) 4.665 (0.9782) Cu 0.572 (0.106)

ZnNPs-ZnONPs 8.331 (1.4331) Zn 5.281 (0.660)

CuNPs-ZnONPs 0.388 (0.105) 2.214 (0.4692)

CuNPs-ZnNPs 0.5729 (0.0949) 6.213 (1.3038)

“CCu” and “CZn” represented the concentrations of Cu
2+ and Zn2+ from CuONPs and ZnONPs, respectively. Data in the parentheses were

standard deviation (SD)
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According to the IA model formula, INHEst = Rmix =
50%+ 50% − 50% * 50% = 75%. The INHObs of the
bioluminescence of V. fischeri for the combinations:
ZnONPs-CuONPs, CuNPs-ZnNPs, and ZnNPs-
CuONPs were 98.47%, 79.21%, and 98.34%, respec-
tively, which reflected their synergistic interactions. The
INHObs of the CuNPs-ZnONPs and CuNPs-CuONPs
combinations to the bioluminescence of V. fischeriwere
62.61% and 65.01%, respectively, and thus the com-
bined toxicity of these particles was antagonistic. The
INHObs of ZnNPs-ZnONPs was 74.84%, implying the
additive toxicity of ZnNPs and ZnONPs.

The mixed NPs were likely to interact with each
other, and thus affected their toxicity. For example, the
presence of HemNPs alleviated the toxicity of AgNPs
by surface adsorption of Ag ions (Huang et al. 2019).
Wilke et al. (2018) showed synergistic toxicity of
AgNPs and TiO2NPs due to the enhanced photocata-
lytic activity and cellular production of ROS. In the
present study, the binary mixtures of ZnONPs-
CuONPs, CuNPs-ZnNPs, and ZnNPs-CuONPs

exhibited synergistic toxicity to V. fischeri. These bi-
nary NPs could be observed to release different metal
irons, and it can be speculated that Zn and Cu uptake
by V. fischerii did not occur competitively. Further-
more, the concentrations of dissolved ions in these
mixture suspensions were found to be higher than
those in the individual NPs suspensions (Table 4).
The observation suggested that the coexistence of these
binary NPs were able to induce the dissolution of ions,
which partially accounted for the synergistic effect of
these binary NPs to V. fischerii. ZnNPs-ZnONPs,
CuNPs-CuONPs combinations released the same metal
ions (Zn2+ or Cu2+). According to the point competi-
tion theory, when a metal ion occupied a binding site
on the cell surface, the binding opportunity of ions of
the same property was lowered (Fulladosa et al. 2005).
The antagonistic effect between CuNPs and CuONPs
might be the result of the receptors for Cu uptake being
saturated. The combined effects of ZnNPs and
ZnONPs were found to be additive, indicating that
there is no obvious interaction between ZnNPs and

Table 3 Experimental versus estimated toxicity, expressed as INH, for several binary combinations of NPs as determined by the
luminescence of V. fischeri following a 15-min exposure to nanoparticles that were introduced at their EC50 values

Binary mixtures Experimental data Estimated data Interact effect

INHObs(%) SDObs INHEst(%) INHDiff(%)

ZnONPs-CuONPs 98.47 0.1869 75 − 23.46 SYN

CuNPs-CuONPs 65.01 6.556 75 9.99 ANT

ZnNPs-CuONPs 98.34 0.7172 75 − 23.34 SYN

ZnNPs-ZnONPs 74.84 6.383 75 0.26 ADD

CuNPs-ZnONPs 62.61 14.16 75 12.39 ANT

CuNPs-ZnNPs 79.21 5.017 75 − 4.21 SYN

INHObs, observed INH values; SDObs, standard deviations of INHObs; INHEst, estimated INH value; INHDiff, INHEst − INHObs; ANT,
antagonistic effect; SYN, synergistic effect; ADD, additive effect



ZnONPs and the receptors for Zn uptake might be not
saturated. For Zn/ZnO, Cu/CuO combinations that
released the same metal ions (Zn2+ or Cu2+), it
was not able to show synergistic effects due to the
capability of bacterial cells to take in metals (Zn
or Cu) was limited. Additionally, an antagonistic
effects was observed for CuNPs-ZnONPs mixtures,
which was consistent with the research of Liu
et al. (2016), where the antagonistic effect for
ZnONPs on the toxicity of CuNPs might be attrib-
uted to “interactions” between dissolved Cu and
dissolved Zn, particulate Cu and dissolved Zn,
particulate Zn and dissolved Zn, and particulate
Zn and dissolved Cu. Besides, NPs had a high
adsorption capacity due to their high surface-area-
to-volume ratio (Liu et al. 2005), and thus the
dissolved irons were likely to be attracted to other
NPs. In this study, we observed the lower concen-
trations of Cu ions in the mixture suspensions of
CuNPs-ZnONPs compared to that in the individual
CuNP suspensions (Table 4), which might be part-
ly responsible for the antagonistic effects of
CuNPs-ZnONP mixtures. In summary, the coexis-
tence of different NPs may exhibit different inter-
actions, including synergistic, additive, or antago-
nistic interactions. Further study was needed to
reveal the mechanisms underlying the combined
toxicity of these NPs for a better understanding
of their true environmental impact.

Conclusions

The acute toxicity of four typical metal and metal
oxide NPs (ZnNPs, CuNPs, ZnONPs, and
CuONPs) and their binary mixtures to V. fischeri
were determined. The results showed that acute
toxicity decreased in the order CuNPs > ZnONPs >
ZnNPs > CuONPs. Furthermore, synergistic effects
were found for the mixtures CuONPs-ZnONPs,
CuONPs-ZnNPs, and CuNPs-ZnNPs, whereas an-
tagonistic effects were observed for the mixtures
CuONPs-CuNPs and CuNPs-ZnONPs, and additive
effect for the mixtures ZnNPs-ZnONPs. The com-
bined toxicity of the binary mixture of NPs was
associated with the situation of metal ions dissolu-
tion. This study suggested that the co-existence of
different NPs should be taken into account in
assessing the realistic environmental risks of NPs.
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