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Chronic Exposure to Complex Metal Oxide Nanoparticles Elicits 
Resistance in Shewanella oneidensis MR-1 

Traditionally, the toxicity of nanoparticles is
gauged by the acute exposure of a model organism 
to a range of nanoparticle concentrations. 
However, in a real environment, organisms will 
have prolonged encounters with nanoparticles. In 
our study, bacteria that were chronically exposed
to nanoparticles rapidly developed permanent
resistance to the nanoparticles. We have 
determined that although the compositional
metals of the nanoparticles are responsible for
much of the toxicity of the nanoparticle as they are 
released in their ionic form, there is also
nanoparticle-specific toxicity and therefore,
nanoparticle-specific resistance. This work 
illustrates that the impact of nanoparticles goes
beyond simple toxicity and can lead to long-lasting
and dangerous modifications to microbial
biochemistry and fitness in the environment. 
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Project outcome: In a recent Center for Sustainable Nanotechnology (CSN) study published in Chemical Science, the environmentally critical bacteria, Shewanella oneidensis MR-1, was revealed to rapidly develop resistance to the prominent transition metal oxide nanoparticle, lithiated nickel manganese cobalt oxide (NMC). Chronic exposure to the NMC caused the bacteria to rapidly adapt to NMC toxicity within 6 replication cycles. Multiple assays were used to confirm that this adaptation can be accurately defined as resistance. Interestingly, resistance to the NMC nanoparticle is more complex than multi-metal (lithium, nickel, manganese, and cobalt) resistance. When comparing bacteria that had become resistant to the nanomaterial to those that had become resistant to the dissolved ion equivalent of the nanoparticle, the nanoparticle-resistant bacteria grow more quickly. This nanoparticle-specific toxicity factor may be related to reactive-oxygen species generation as the nanoparticle-resistant bacteria elongated in a process called filamentation, which is a common bacterial response to stress and DNA damage. Both nanoparticle-resistant and the ion-resistant bacteria have responded to the increase in metal concentration in the media by increasing the production of the cofactor, riboflavin, which is used by the organism to transfer electrons to extracellular metals. This work is the first demonstration of nanoparticles resistance outside of known antimicrobial silver, as well as biochemical impacts that are unique to nanoparticles beyond multi-metal toxicity.
 
Impact and benefits:  
The Center for Sustainable Nanotechnology has recognized the detrimental effect of technologically-relevant nanomaterials on the health of microbial ecosystems and sought to explore this toxicity with a chronic exposure model. This study benefits the broader scientific community by stressing the importance of a chronic exposure model when studying the danger of products to bacteria. The evolution of resistance can greatly change the homeostasis critical for a healthy ecosystem, as well as change the biochemistry of water- and soil-based organisms. This work will continue to impact how scientists view the environmental impact of nanomaterials, and highlight that although a nanoparticle may not be toxic to a microbe it can still be dangerous. 

Background: the work was conducted as a collaboration within the Center for Sustainable Nanotechnology, and was supported by the NSF Centers for Chemical Innovation Program. The work involved four faculty and contributed to the training of four graduate students, four undergraduates, and one postdoctoral research associate.
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