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Abstract 

An approach to solve the emerging need of prediction of the toxicity 
of mixtures of engineered nanoparticles (ENPs) is presented. The 
integration of classic approaches to mixture toxicity assessment and 
computational toxicology approaches is proposed to be a smart 
strategy for forecasting the toxicity of a mixture of ENPs. 
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Various nanostructured materials have been found to be attractive for 
applications due to their distinctive physicochemical properties from 
atoms, molecules, and traditional bulk materials. With the increasing 
market entry of existing nanomaterials and the uninterrupted 
development of new nanomaterials, a wide diversity of engineered 
nanoparticles (ENPs) will inevitably be released into the atmosphere, 
water, and soil, which also raises concerns about the risks of these 
ENPs to human and ecological health (Peijnenburg et al., 2015). 
Assessing the environmental risks of ENPs is not only a challenge for 
the scientific community but also a major international demand for 
the sustainable development of nanotechnology. 

The presence of chemical contaminants in the form of mixtures in the 
environment is a common rule rather than an exception. Due to the 
extensive use of ENPs in industrial and consumer products, ENPs will 
inevitably be released into the environment. Natural ecosystems will 
thus be exposed to a mixture of ENPs. At present, with the ongoing 
development and application of nanocomposites, different types of 
ENPs will be jointly discharged into the environment. In addition, 
sewage systems and municipal wastewater treatment plants have 
become important in-between ways to transfer ENPs to the 
environment. Thereupon, industrial and municipal sewage is viewed 
as the main source of mixtures of ENPs of varying composition. The 
formulation of current environmental quality standards and risk 
assessments is usually based on toxicity data of individual ENPs 
(Guinée et al., 2017), and the potential hazards of their combined 
toxic effects are not fully considered. This may be because the 
intrinsic toxicity of a mixture of ENPs (addition, synergism, or 
antagonism) is strikingly different from the toxicity of the individual 



 

 116 

ENPs. Meanwhile, a standardized and trustworthy method for 
estimation of ENP-mixture toxicity is lacking. 

We propose that the key strategy to quantitatively predict the joint 
toxicity of an emerging or untested/unknown mixtures of multiple 
ENPs is to integrate the classical mixture toxicology methods with 
computational toxicology approaches. This integration not only 
allows to properly incorporate the characteristics of the underlying 
mechanisms of toxicity (from the intrinsic structure information) as 
based on the classical mixture toxicology approaches but also 
strengthens the theorization (from the basic principles of mixture 
toxicology) of computational toxicology approaches. 

On the basis of the classical mixture toxicology, the toxicity induced 
by exposure to mixtures of ENPs can be assessed using a 
component-based (CB) method. The CB method relies upon the 
response of the individual components of a mixture to predict the 
joint toxicity of the mixture (Bopp et al., 2018). The CB method for 
the toxicity prediction of chemical mixtures can be further classified 
as following joint actions in toxicodynamic processes: similar joint 
action (concentration addition, CA), dissimilar joint action 
(independent action, IA), and synergistic/antagonistic actions. The 
CA and IA models are usually applied to quantify the joint toxicity 
(including toxicity indicators and full dose/concentration-response/ 
effect relationships) of chemical mixtures. CA is accustomed to 
predicting the toxicity of mixtures consisting of chemicals with a 
similar mode of toxic action (MOA), and IA is conditioned to 
predicting the toxicity of mixtures comprising chemicals with a 
dissimilar MOA. Joint action as induced by chemical mixtures is a 
fundamental hypothesis (Kar and Leszczynski, 2019). Note that the 
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assessment of distinctive types of MOA of individual ENP-induced 
toxicity is prerequisite for the assessment of joint action of ENP 
mixtures. Furthermore, CA and IA have become two prevailing 
approaches for the quantitative prediction of mixture toxicity based 
upon the hypothesis of joint action. It is reasonable to believe that the 
widely accepted approaches to modeling mixture toxicity are 
applicable to mixtures of ENPs. 

The development of nanotechnology has advanced by leaps and 
bounds, but our knowledge of the toxicological effects and risks of 
ENPs lags far behind the speed of their production and utilization. 
Most importantly, emerging nanomaterials are continuously being 
developed, introduced, and released. Nonetheless, different organism 
toxicity data are insufficient for single ENPs and yet are considerably 
scarcer for mixtures of ENPs. In addition, the experimental 
evaluation of the toxicity of single and mixtures of ENPs by means of 
biological models has a high cost and is time-consuming. In response 
to these issues, environmental scientists and toxicologists around the 
world have generally recognized the need to develop and validate 
theoretical prediction methods for ENPs, namely in silico (i.e., 
computational) toxicology models or predictive-toxicology models 
(mainly used for the prediction of toxicological indicators) (Chen et 
al., 2017). Computational toxicology can offer powerful technique 
support to fill a vacancy in mixture toxicity data, as the majority of 
mixtures even lack toxicity data for the individual ENPs. Additionally, 
computational toxicology methods have the potential of being capable 
of in advance prediction of the joint toxicity of ENP mixtures of any 
composition. There have been notable examples of the prediction of 
toxicity of chemical mixtures through computational toxicology 
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methods (Kar and Leszczynski, 2019), for example, the quantitative 
structure-activity relationship (QSAR) model, the structural alerts 
model, the rule-based model, the uncertainty factors model and 
read-across, docking, and expert systems. Such methods could be 
applicable to the toxicity prediction of mixtures of ENPs. 

The physicochemical and steric structures of ENPs determine the 
intrinsic mechanisms and linkages of their environmental behavior 
and toxicological effects, which are the core issues and challenges in 
constructing a predictive toxicology model, such as nano-QSAR. 
Through theoretical chemistry calculations such as molecular 
simulation, many nanodescriptors/parameters (such as energy levels, 
frontier orbital energy levels, charge, etc.) describing the 
characteristics of a single ENP structure can be obtained. 
Mechanism-based nanodescriptors for discriminating the toxicity of 
ENPs can be further screened via classification/regression methods, 
for example, decision tree, logistic regression, and support vector 
machine. The mechanism of toxicity of ENPs can also be revealed at 
the molecular level. The computation of descriptors for mixtures of 
ENPs is the real challenge. The weighted descriptor approach 
represents a preferred practice to work out descriptors for chemical 
mixtures (Giner et al., 2020). 

To achieve the integration of the classical mixture toxicity and 
computational toxicology methods, we suggest that research priorities 
for the prediction of the toxicity of mixtures of ENPs are identified to 
systematically sort out the toxicity and ecotoxicity information 
(macroscopic and microscopic toxicity end points) of ENPs gathered 
into "databases". Moreover, expected and/or actual environmental 
concentrations of ENPs need to be obtained to be implemented for 
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actual risk profiling of various combinations of ENPs in the 
environment. These environmental concentrations can be further 
used for the estimation of mixture ratios of multiple ENPs, and then 
the weighted descriptors of ENP mixtures can be evaluated by the 
mixture ratios. Furthermore, it is essential that information on the 
MOA of single ENPs to species is systematically documented, and this 
issue deserves priority in the selection of methods to assess mixture 
toxicity and the selection of mechanism-based nanodescriptors. 
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