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RECENT PROGRESS TOWARDS MICROBIOTA-INCLUSIVE NANOSAFETY RESEARCH

by Dr Bregje B.W. Brinkmann

All multicellular organisms host microbes on their tissues, and these microbes jointly make up the host-associated microbiota. Microbes are important to the health of organisms and
play a crucial role at the exposure interface with nanoparticles. To illustrate this, you can imagine a nanoparticle to increase to the size of a football. Following the same size scale, a
football would approximately increase to size of the Earth. Adding a microbe to this comparison, would mean that you add an object with roughly the size of a city bus. Massive as

compared to the ‘football-sized nanoparticle’, tiny as compared to ‘the Earth-sized football’. And there are many of them: according to current estimates for humans, 1 cm? of bronchial

tissue is colonized by approximately 103 bacteria [1], 1 cm? of skin hosts around 10° bacteria [2], and 1 mL colonic content includes around 1011 bacteria [3]. Likewise, we observed
dense microbial assemblages on the external surface of zebrafish eggs (Figure 1) [4].

Figure 1. Dense microbial colonization on a zebrafish egg at one day post-fertilization.

Left: The zebrafish embryo develops inside of a protective (chorion) membrane;
Right: using a fluorescent dye (Syto-9), microbes can be observed on the chorion membrane.

Recent advances in the nanosafety field have shown that host-associated microbiota can significantly affect the toxicity of nanoparticles [5]. Mechanistically, this has mainly been
explained by the intricate interactions between the host and microbes that colonize the exposure interface. Host-associated microbes aid in the digestion of food, help to fight off
pathogens, protect against autoimmune inflammatory disease, and can even influence behavioral responses by signaling to the brains via the so-called gut-brain axis. This axis is
formed by immune cells, hormones, and other biomolecules that functionally connect the intestinal nervous system with the central nervous system, and thereby facilitate the
communication between the intestines and the brains [6]. These intricate interactions between microbiota and the host, however, can be disturbed by the detrimental effects of certain
nanoparticles. In rodents, changes in the composition of microbiota caused by silica and titanium dioxide nanoparticles have already been shown to result in severe microbiota-
dependent pathologies like lung inflammatory injury and colitis [7],[8],[9]. Interestingly, the opposite effects have been obtained by exposing animals with a perturbed microbiota

community structure to these nanoparticles. In these cases, the nanoparticles restored the community structure of microbiota and cured the related pathologies [10].

At our lab in Leiden University, we have recently identified two additional mechanisms that contribute to microbiota-dependent nanoparticle toxicity [5]. In contrast to the above, these
mechanisms concern the direct interactions between microbiota, the host and nanoparticles. In this Nanopinion, I will first explain the progress we have made in elucidating these
interactions. Thereafter, I will discuss how the progress we have made can aid to more realistic safety assessment for nanoforms.

The first mechanism that we uncovered, concerns the signaling between microbiota and the host organism. Hosts can sense diverse microbial constituents (called ‘microbe-associated
molecular patterns’, or shortly MAMPs) using receptors of the Toll-Like Receptor (TLR) family. Depending on their location, and the kind of MAMPs involved, TLRs can either initi-ate pro-
inflammatory signaling cascades, resulting in the clearance of invading pathogens, or can dampen immune responses, increasing the tolerance to symbiotic microbes of the resident
microbiota. In a series of experiments with zebrafish larvae, we have recently shown that these interactions can also affect the sensitivity of hosts to immunotoxic nanoparticles, like
silver nanoparticles (nAg) [11]. We found that zebrafish larvae without functional TLR2 receptors, are more sensitive to the pro-inflammatory effects of nAg than larvae with functional
TLR2 receptors. However, for germ-free larvae that lack microbiota, this protective effect of TLR2 receptors against nAg toxicity could not be observed. Based on this finding, and the
related results presented in [11], we could conclude that signaling between resident microbiota and the host organism lowers the sensitivity of hosts to pro-inflammatory nanoparticles
like nAg.

The second mechanism that we studied, concerns the adsorption of microbial metabolites to the nanoparticle surface. To a large extent, immune responses like the above depend on
what external particle surface the host 'sees' [12]. Hence, we constructed models to predict the adsorption affinity of microbial metabolites to the nano surface. We specifically focused
on metabolites that are produced, modified or regulated by the dense microbiota in the intestines. Our quantitative structure-activity relationship (QSAR) models predicted a general
pattern of higher adsorption affinities to carbon nanoparticles than to metal nanoparticles. Small, aliphatic metabolites like short-chain fatty acids formed an interesting exception to this
pattern, and exhibited higher predicted adsorption affinities to metal nanoparticles than to carbon nanoparticles. Altogether, the QSAR results suggested that microbial metabolites can
adsorb to the particle surface via n - n stacking and hydrogen-bond interactions. Molecular dynamics simulations, which are based on physical models rather than statistical
relationships, supported these QSAR results well [13]. These results indicate what biomolecules will potentially form the 'microbial fingerprint' on the surface of ingested nanoparticles
that travel through the intestines.

So, where do these 'city buses' take us in the nanosafety field? Perhaps to multiple places. There are several opportunities to include this mechanistic insight into extrapolation
strategies that support 'microbiota-inclusive' nanosafety predictions. For example, the evolutionary conservation of TLR2 can be used to predict similar effects for other host organisms
comprising these receptors. Likewise, the specificity of microbiota-mediated interactions to the core material (carbon vs. metal) and biological activity (i.e. immunotoxicity) of
nanoforms, can be employed for microbiota-inclusive nanosafety strategies. Firstly, regarding the core material, the distinct adsorption interactions for carbon and metal nanoparticles
can be used to inform the safe and sustainable by design process for nanomedicines. For example, the adsorption of beneficial biomolecules to the nano surface will lower the
concentrations that remain available to the host. If a hanomedicine is designed for patients with inflammatory bowel diseases, who already have lower concentrations of short-chain
fatty acids in their intestines, choosing a carbon rather than a metal surface might reduce such undesired adsorption interactions. Secondly, considering the microbiota-dependent
effects for immunotoxic nanoparticles, these results indicate that extra care should be taken for nanoforms exerting both antimicrobial and immunotoxic effects. In these cases, the loss
of protective microbiota might sensitize hosts over chronic or repeated exposure regimes. As precautionary strategy to account for these potentially chronic effects, nanotoxicity data for
germ-free organisms could be included in nanosafety databases. This would allow to perform a worst-case hazard assessment for immunotoxic effects in germ-free organisms.

Combined, these strategies can further progress the important transition towards microbiota-inclusive nanosafety assessment.

References

1. Hilty M, Burke C, Pedro H, Cardenas P, Bush A, Bossley C, Davies J, Ervine A, Poulter L, Pachter L, Moffatt MF, Cookson WOC. 2010. Disorder microbial communities in asthmatic
airways. PLoS ONE, 5: e8578. https://doi.org/10.1371/journal.pone.0008578.

2. Grice EA, Kong HH, Renaud G, Young AC, NISC Comparative Sequencing Program, Bouffard GG, Blakesley RW, Wolfsberg TG, Turner ML, Segre JA. 2008. A diversity profile of the
human skin microbiota. Genome Res., 18: 1043-1050. https://doi.org/10.1101/gr.075549.107.

3. Sender R, Fuchs S, Milo R. 2016. Revised estimates for the number of human and bacteria cells in the body. PLoS Biol., 14: e1002533. https://doi.org/10.1371/journal.pbio.1002533.

4. Brinkmann BW, Beijk WF, Vlieg RC, Van Noort SJT, Mejia J, Colaux JL, Lucas S, Lamers G, Peijnenburg WIGM, Vijver MG. 2021. Adsorption of titanium dioxide nanoparticles onto
zebrafish eggs affects colonizing microbiota. Aquat Toxicol. 232: 105744. https://doi.org/10.1016/j.aquatox.2021.105744.

5. Brinkmann BW. 2022. Nanomaterial safety for microbially-colonized hosts: Microbiota-mediated physisorption interactions and particle-specific toxicity [dissertation]. Leiden: Leiden
University. https://hdl.handle.net/1887/3494409.

6. Carabotti M, Scirocco A, Maselli MA, Severi C. 2015. The gut-brain axis: interactions between enteric microbiota, central and enteric nervous systems. Ann Gastroenterol., 28: 203-
209.

7.Ju Z, Ren G, Zhou M, Jing J, Xiang J, Liu X, Huang R, Zhou P-K. 2020. Exposure to a combination of silica nanoparticles and low-dose radiation aggravates lung fibrosis in mice via
gut microbiota modulation. Environ Sci: Nano., 7: 3979-3998. https://doi.org/10.1039/d0en01021a.

8.ZhaoY, LiuS, Tang Y, You T, Xu H. 2021. Lactobacillus rhamnosus GG ameliorated long-term exposure to TiO2 nanoparticles induced microbiota-mediated liver and colon
inflammation and fructose-caused metabolic abnormality in metabolism syndrome mice. J Agric Food Chem., 69: 9788-9799. https://doi.org/10.1021.acs.jafc.1c03301.

9. Zhao Y, Tang Y, Chen L, Lv S, Liu S, Nie P, Aguilar ZP, Xu H. 2020. Restraining the TiO, nanoparticles-induced intestinal inflammation mediated by gut microbiota in juvenile rats via
ingestion of Lactobacillus rhamnosus GG. Ecotoxicol Environ Saf., 1-11: 111393. https://doi.org/10.1016/j.ecoenv.2020.111393.

10. Gao Y, LiT,Duan S, Lyu L, LiY, Xu L, Wang Y. 2021. Impact of titanium dioxide nanoparticles on intestinal community in 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced acute
colitis mice and the intervention effect of vitamin E. Nanoscale, 13: 1842-1862. https://doi.org/10.1039/DONR08106].

11. Brinkmann BW, Koch BEV, Peijnenburg WJGM, Vijver MG. 2022. Microbiota-dependent TLR2 signaling reduces silver nanoparticle toxicity to zebrafish larvae. Ecotoxicol Environ Saf.,
237: 113522. https://doi.org/10.1016/j.ecoenv.2022/113522.

12. Walczyk D, Bombelli FB, Monopoli M, Lynch I, Dawson KA. 2010. What the cell 'sees' in bionanoscience. J Am Chem Soc. 132: 5761-5768. https://doi.org/10.1021/ja910675v.

13. Brinkmann BW, Singhal A, Sevink GJA, Neeft L, Vijver MG, Peijnenburg WIGM, 2022. Predicted adsorption affinity for enteric microbial metabolites to metal and carbon
nanomaterials. J Chem Inf Model., 62: 3589-3603. https://doi.org/10.1021/acs.jcim.2c00492.

Biography of the author

Bregje Brinkmann is postdoctoral researcher at Leiden University's Institute of Environmental Sciences (CML), the Netherlands. Bregje obtained her doctoral
degree in 2022 for her research on the effects of host-associated microbiota on nanomaterial toxicity [5]. With her postdoctoral research, she aims to contribute

to extrapolation strategies (read across, cross-species extrapolation, acute to chronic toxicity extrapolation) for advanced materials. This work is part of the

project 'EcoWizard' (ERC-C 101002123) awarded to professor Martina Vijver. Since 2023, Bregje is also Member of the Editorial Board of the journal Aquatic

Toxicology.

To leave a comment on this Nanopinion we welcome you to join the conversation in EUON LinkedIn discussion group.

B0 &o

General information

* History of nanomaterials
and nanotechnology

* Nanomaterials are
chemical substances

* Publications

0 This site uses cookies to offer you a better browsing experience. Find out more on how we use cookies.

Uses

* What kind of products
contain nanomaterials

* Apartment

* Cosmetics

* Food

* Environment
* Medicine

* Pigments

Safety

* Characterisation of
nanomaterials

* Exposure to
nanomaterials

* Nanomaterials in the
environment

* Human health and
nanomaterials

* Nanomaterials at the
workplace

Regulation

» International activities

* National reporting

schemes

* ECHA’s activities on

nanomaterials under
REACH and CLP

* The Biocidal Products

Regulation (BPR) and
nanomaterials

* Overview of REACH

information
requirements and
available methods

* Cosmetics

a CAnA

Search for
nanomaterials

Research & Innovation

* Key safety issues

* The future of * eNanoMapper
nanotechnology
* Environmental research News & Events

* EU research projects

Accept all cookies Accept only essential cookies


https://echa.europa.eu/
https://euon.echa.europa.eu/
https://euon.echa.europa.eu/sso
https://euon.echa.europa.eu/contact
https://euon.echa.europa.eu/about-us
https://euon.echa.europa.eu/general-information
https://euon.echa.europa.eu/uses
https://euon.echa.europa.eu/safety
https://euon.echa.europa.eu/regulation
https://euon.echa.europa.eu/research-innovation
https://euon.echa.europa.eu/search-for-nanomaterials
https://euon.echa.europa.eu/news-events
https://euon.echa.europa.eu/
https://euon.echa.europa.eu/nanopinion
https://euon.echa.europa.eu/nanopinion?p_p_id=com_liferay_blogs_web_portlet_BlogsPortlet&p_p_lifecycle=0&p_p_state=normal&p_p_mode=view&_com_liferay_blogs_web_portlet_BlogsPortlet_mvcRenderCommandName=%2Fblogs%2Fview
https://doi.org/10.1371/journal.pone.0008578
https://doi.org/10.1101/gr.075549.107
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1016/j.aquatox.2021.105744
https://hdl.handle.net/1887/3494409
https://doi.org/10.1039/d0en01021a
https://doi.org/10.1021.acs.jafc.1c03301
https://doi.org/10.1016/j.ecoenv.2020.111393
https://doi.org/10.1039/D0NR08106J
https://doi.org/10.1016/j.ecoenv.2022/113522
https://doi.org/10.1021/ja910675v
https://doi.org/10.1021/acs.jcim.2c00492
https://www.linkedin.com/feed/update/urn:li:activity:7109790288797196289?utm_source=share&utm_medium=member_desktop
https://www.linkedin.com/groups/12089697/
https://euon.echa.europa.eu/general-information
https://euon.echa.europa.eu/history-of-nanomaterials-and-nanotechnology
https://euon.echa.europa.eu/nanomaterials-are-chemical-substances
https://euon.echa.europa.eu/publications
https://euon.echa.europa.eu/uses
https://euon.echa.europa.eu/what-kind-of-products-contain-nanomaterials
https://euon.echa.europa.eu/apartment
https://euon.echa.europa.eu/cosmetics
https://euon.echa.europa.eu/food1
https://euon.echa.europa.eu/environment
https://euon.echa.europa.eu/medicine
https://euon.echa.europa.eu/nano-pigments-inventory
https://euon.echa.europa.eu/safety
https://euon.echa.europa.eu/characterisation-of-nanomaterials
https://euon.echa.europa.eu/exposure-to-nanomaterials
https://euon.echa.europa.eu/nanomaterials-in-the-environment
https://euon.echa.europa.eu/human-health-and-nanomaterials
https://euon.echa.europa.eu/nanomaterials-at-the-workplace
https://euon.echa.europa.eu/regulation
https://euon.echa.europa.eu/international-activities
https://euon.echa.europa.eu/national-reporting-schemes
https://euon.echa.europa.eu/echa-s-activities-on-nanomaterials-under-reach-and-clp
https://euon.echa.europa.eu/the-biocidal-products-regulation-bpr-and-nanomaterials
https://euon.echa.europa.eu/reach-test-methods-for-nanomaterials
https://euon.echa.europa.eu/cosmetics1
https://euon.echa.europa.eu/food
https://euon.echa.europa.eu/research-innovation
https://euon.echa.europa.eu/key-safety-issues
https://euon.echa.europa.eu/the-future-of-nanotechnology
https://euon.echa.europa.eu/environmental-research
https://euon.echa.europa.eu/eu-research-projects
https://euon.echa.europa.eu/search-for-nanomaterials
https://euon.echa.europa.eu/enanomapper-info
https://euon.echa.europa.eu/news-events
https://euon.echa.europa.eu/sitemap
https://echa.europa.eu/legal-notice
https://echa.europa.eu/cookies
https://www.linkedin.com/groups/12089697/
https://echa.europa.eu/cookies
https://euon.echa.europa.eu/nanopinion/-/blogs/recent-progress-towards-microbiota-inclusive-nanosafety-research#accept
https://euon.echa.europa.eu/nanopinion/-/blogs/recent-progress-towards-microbiota-inclusive-nanosafety-research#refuse

