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Abstract

The antimicrobial effects of engineered nanomaterials (ENMs) on the Bacteria are poorly
understood in anoxic conditions. Knowing about these effects can better inform environmental
risk assessments. This study investigates the inhibitory effects on growth of silver nanoparticles
at 3 — 6 mg I"!, CuO nanoparticles at 100 mg I"' or CdTe quantum dots at 3 mg " towards
Escherichia coli K-12 MG1655. These exposure concentrations reflect sub-lethal thresholds
identified from a screening exposure in 96-well plates. Uncoated or functionalised ENM
variants (negative carboxylate, positive ammonium and neutral polyethylene glycol) are
investigated, along with bulk materials or metal salts. Bacterial growth is satisfactory, with test
reproducibility of 11 % coefficient of variation in oxic flasks, and 13 % in anoxic serum bottles.
Irrespective of the aeration conditions, Ag test materials cause most bacterial growth inhibition,
as followed by CdTe and CuO test materials. The bulk form of Ag, CuO and CdTe, as well as
the Cu, Cd and Te metal salt cause more growth inhibition under anoxic conditions, compared
to oxic conditions (#-test, p < 0.05). However, by surface coating type, there is no clear trend in
bacterial growth inhibition, and this also applies across all test materials. Under anoxia, the
appearance of millimolar concentrations of fermentation products confirm that the organism
can ferment glucose in the presence of ENMs, but with detrimental effects, as there is less
energy available to biologically control the presence of metals. Hence overall, the ENMs are
more toxic to E. coli in anoxic conditions, suggesting that regulatory tests with microbes that

use oxic conditions may underestimate the hazards.

1. Introduction
There is immense bacterial diversity and specialisation within microbial communities in the
natural environment, where bacteria are capable of aerobic respiration and/or anaerobic
fermentation, with facultative anaerobes often preferring to use oxygen when it is available.
Bacteria can be found in many ecological niches in seawater, freshwater, sediments and soils,
where the oxygen concentration may also vary.! Indeed, microbes such as **Cyanobacteria’
may generate oxygen during oxygenic photosynthesis in surface water.? In contrast, deep down
on the seafloor anoxic conditions tend to prevail in sediments; these layers support significant
methane production, nitrate and sulfate respiration where heterotrophic bacteria thrive.? In soils
during flooding events, oxygen can become limited, and bacterial communities adapt from
aerobic functioning, to facultative, and to even completely anaerobic growth.*

The manufacturing, use, recycling and end-of-life disposal of engineered nanomaterials

(ENMs), inevitably contribute to their releases to the environment. Modelling shows that soils
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are a major sink for ENMs, predominantly through the application of sewage sludge to soils.’
For example, the predicted environmental concentrations (PECs) for Ag nanoparticles (NPs) in
agricultural soils was around 30 pg kg! in 2017 and is predicted to reach 10 pg kg™ by 2050;
and with PECs that are 30 — 40 higher in sludge-treated soils.® Soils are inherently complex
ecosystems and in sludge-amended soils naturally occurring microbes will be exposed to aged
ENMs.” Recent advancements in analytical chemistry allow for direct measurements of some
metallic ENMs in environmental matrices including soil,® but the effects on ENMs on naturally
occurring microbes is only just being understood.

Most microbial ecotoxicological studies published to date have been designed to
simulate aerobic growth in the presence of potential bactericidal ENMs, e.g., ZnO, CuO, Ag.9
Clinical studies have mostly explored ENM toxicity towards facultative microbes, such as the

oral pathogen Strepococcus mutans'

and wound-infecting Staphyloccus aureus subsp.
aureus.'' However, there is also a need to understand how microbes function in naturally low
oxygen conditions. Only a few studies have explored bacterial growth in both oxic and anoxic
conditions with ENMs. Fortner, et al.!> exposed two bacterial species, Escherichia coli DH5a,
and Bacillus subtilis CB315, to a fullerene Ceo concentration greater than 0.4 mg I''; and no
bacterial growth was observed in either oxic or anoxic conditions. Taylor, et al.!* cultured
different strains of E. coli and Salmonella enterica py. Typhimurium in the presence of multi-
walled carbon nanotubes (MWCNTs) and toxicity was observed when grown aerobically, and
in contrast to growth in anoxic conditions, suggesting that the latter conditions were less
hazardous to the microbes. However, the response may also depend on the redox chemistry of
the ENM. Zou, et al.'* found that microbial biodiversity in the presence of Ag NPs varied
between surface waters in oxic and anoxic conditions, and might partly arise from the
complexation of Ag(I) with sulfide in the latter.

Studies have also explored methanogenic bacteria in wastewater treatment plants
exposed to ENMs. Microbes are used to stabilise the sludge and to generate energy mainly
through methane production. Nano-forms of CuO, ZnO and CeO- caused a dose-dependent
decrease in bacterial activity during anaerobic digestion of sewage sludge; whereas no adverse
effects were observed following exposure to TiO> NPs and inconsistent results were seen with
Ag NPs.!*> This suggests that toxicity is material-specific in anoxic conditions. The toxic
mechanisms are mostly unknown in anoxic conditions. However, Cu NPs were found to be
toxic to methanogens by inhibiting glucose fermentation at 2.5 mg 1! Cu; and with complete

inhibition of bacterial fermentation at 40 mg 1! Cu.
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Anaerobic growth studies with facultative bacterial models in the presence of ENMs are
scarce (e.g., Ag NPs!7?, Fe NPs?® and CeO, NPs?!). E. coli is widely found in soil and is a
good model for environmental studies.?> Unsurprisingly, it is also abundantly found in sewage
sludge.? This bacterium grows under oxic and anoxic conditions. In the presence of oxygen it
grows by aerobic respiration, whereas in sufficiently low oxygen concentrations an alternative
electron acceptor to oxygen, e.g., the nitrate ion, is used.?* In the complete absence of an
electron acceptor E. coli is able to grow via mixed-acid fermentation.?> Clearly, understanding
the microbial toxicity of ENMs in both oxic and anoxic conditions will enable more accurate
environmental risk assessments, as well as clarifying the applicability of standardised microbial
degradation tests used in hazard assessment for ENMs (e.g., OECD test guidelines 301-304%6).

The present investigation primarily sought to assess the antibacterial potential of Ag
NPs, CuO NPs and CdTe QDs towards E. coli K-12 MG1655 grown under anoxic conditions
in sealed serum bottles. Copper is an essential biological element, whereas silver, cadmium and
tellurium are not.?” A secondary aim was to evaluate any differences in the bacterial response
to the presence of uncoated or coated (functionalised) ENM variants, specifically as described
in Table 1: carboxylic acid (-COOH), ammonium (-NH4") and polyethylene glycol-coated types,
representing a negative, positive and neutral surface functionalisation, respectively. Microscale
(bulk) material counterparts or metal salts, as appropriate, were also tested. The study also
aimed to measure the concentration of bacterial fermentation products in the presence of the
different test materials, under anoxic conditions, as a result of mixed-acid fermentation; namely
the concentrations of acetate, ethanol, formate, and D-, L-lactate. This work also explored any
differences in the observed bacterial growth responses in sealed serum bottles, as compared to

aerobic bacterial growth in well-aerated Erlenmeyer flasks.

2. Methods

2.1 Bacterial Culture

All glassware was cleaned and deionised by washing overnight with 5 % (v/v) nitric acid (Fisher,
Primar Plus) and then dried in a hot-air oven. E. coli K-12 MG1655 (DSM 18039) (Migula
1895) Castellani and Chalmers 1919 was initially stored in glycerol as a cryoprotectant. This
derivative of the K-12 strain was chosen as it has been cured of plasmids, virulence factors and
phages; thus it gives more consistent behaviour in vitro and also has a high specific growth rate.
A batch culture of E. coli K-12 MG1655, prepared to ensure a consistent inoculum supply,?

was grown for 12 h at 37 °C with shaking at 130 rpm (New Brunswick Scientific Model G25),
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then harvested by centrifugation (Harrier 18/80R) at 4 °C, 10,000 x g for 30 min, washed and
suspended in sterile saline (0.90 % (w/v) NaCl, 155 mM). The culture was then diluted to a final
optical density (OD) at 440 nm circa 0.90 (Jenway 7315 UV/Visible Spectrophotometer) and
stored at - 80 °C until required for the experiments.

Concentrations of dry biomass (mg 1) were determined using optical density at 440 nm
versus calibration curves; an ODa4o of 0.1 corresponding to 14 mg dry biomass I''.>* E-basal

salts (EBS) was used as a minimal defined growth medium (viz. pH 7.2, 0.314 M ionic strength)

and supplemented with 10 mM D-(+)-glucose (Sigma, = 99.5 % purity) as the sole carbon and

energy source.?? Growth curve analysis of E. coli K-12 MG1655 was carried out separately in
oxic 250 ml Erlenmeyer flasks and in anoxic 120 ml sealed glass serum bottles (Fig. S2). To
sterile flasks (n = 3) stoppered with a foam bung, 45 ml of sterile EBS were added, followed by
10 % (v/v) inoculum. Similarly, in sterile serum bottles (n = 3) the inoculum addition was
followed by the EBS to the brim, until a positive meniscus was visible. The bottles were then
sealed with sterile butyl rubber vaccine stoppers ensuring no trapped air, before crimping into
place with aluminium crimp seals. All flasks and serum bottles were incubated at 37 °C and 130
rpm as before. At hourly intervals, 1 ml was sampled from each flask or bottle and turbidity
was measured at ODas40 (Jenway 7315 UV/Visible Spectrophotometer). A sterile hypodermic
needle attached to a syringe was used each time 1 ml of culture was extracted from the serum
bottles. The volume of air was each time replaced with N> gas in order to maintain anoxia
without a fall in pressure.

Elemental microanalyses were carried out on bacterial cell suspensions grown
aerobically and anaerobically, respectively (Fig. S3). The cell suspensions were harvested by
centrifugation (Harrier 18/80R) for 15 minutes at 4500 x g, with cooling at 4 °C and rinsed
twice with ice-cold distilled water (double-quartz distilled water, 18 MQ resistance; used within
10 days of distillation in order to avoid significant uptake of CO; from the air). The resulting
pellets were dried to constant mass (Gallenkamp OV-160) at 85 °C in glass beakers, loosely
covered with foil. Dried bacterial samples (n = 3), from both aerobic and anaerobic E.coli K-
12 MG1655 grown cultures, were sent for carbon, hydrogen, oxygen, nitrogen, and sulfur
(CHONS) analysis (Elemental Microanalysis Ltd, UK), with carbon, hydrogen, nitrogen and
sulfur analysed by the Dumas?® combustion method and oxygen by the Unterzaucher? pyrolysis

method. Each biological replicate was analysed as two technical replicates.
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2.2 Test Suspensions Preparation and Characterisation of Nanomaterials

The characterisation details of the test materials investigated in this study, including
composition, primary particle size, purity, surface area, zeta potential, and total metal
concentration measurements in oxic and anoxic conditions, have been described in Table 1 and
Fig. S4. Details of the behaviour of the nanomaterials and their bulk controls in sterile saline
prior to microbial exposure, including mean aggregate size, mean particle concentration and
metal dissolution rate, have been presented elsewhere.?? Ultrasound (sonication) methods were
not used in order to avoid potential damage to the surface coatings on the ENMs; instead all
test suspensions or solutions were stirred for 3 h (IKA-WERKE R015), set at speed 3. Then, a
1:10 dilution of the stock in sterile physiological saline (0.90 % NaCl) was prepared to achieve
a working nominal concentration of 100 mg 1!, followed by dilutions in the same to the required
nominal concentrations. Physiological saline was used to prevent osmotic stress to the test
organism during the exposures, while enabling a suitable dilution for the experiments.

The final nominal test concentrations adopted in this study were chosen to reflect sub-
lethal thresholds previously identified from the minimum inhibition concentration assay,? in
order to achieve a comparable exposure between oxic and anoxic conditions. All exposures, in
the presence of ENMs, bulk and metal salts equivalent, as appropriate, were assessed at the
same tested nominal concentrations. Given that different metals have different toxicities, in
order to achieve an equivalent sublethal dose across all substances, it was necessary to utilise
different metal concentrations. With silver a higher nominal concentration was adopted during
anaerobic growth because Ag is not known to be particularly harmful under anoxic conditions!”.
For metal salts, the amount of powder weighed was adjusted to account for the relative mass
contribution of the metal species in the uncoated ENMs and bulk controls. The test materials
were uncoated and coated (functionalised) ENM variants as follow: carboxylic acid (-COOH),
ammonium (-NHy4"), or polyethylene glycol (-PEG), along the equivalent metal salts or bulk
controls (see Table 1 for details). The precise details of how the coatings were synthesised and
attached to the ENM core is commercially sensitive information of the suppliers, but for clarity
we use the term ‘~NH4" to mean a primary amino group that has been protonated to form a

positively charged state.??

2.3 Bacterial Exposure Tests
In this study, the term ‘test suspension’ refers to the dispersion of ENMs or micron scale
particles in a liquid, whereas the phrase ‘test solution’ refers to metal salts or other soluble

substance in solution. During the actual exposures, test suspensions/solutions in sterile saline
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were diluted with the growth medium and the inoculum; with the resultant exposure medium
referred to hereafter as ‘NaCl-EBS medium’. Experiments in the 250 ml sterile Erlenmeyer
flasks (n = 3) consisted of 41.0 ml of test suspension/solution, with added 4.1 ml EBS
supplemented with glucose at 10 mM concentration (sterilised just before plating, 0.2 um pore-
size Minisart Plus filter) and 4.9 ml cell suspension. Flasks were covered with sterile foam
bungs to minimise moisture loss during the incubation period. Likewise, the exposures in sterile
120 ml volume capacity serum bottles (n = 3) consisted of 98.0 ml of each test
suspension/solution, with 10.0 ml of the EBS with glucose and 12.0 ml inoculum from the batch
preparation. The bottles were sealed by means of sterile rubber stoppers.

Abiotic controls were also tested in parallel to account for the turbidity effect of the
saline solution and for the turbidity caused by the test suspension or solution (n = 3). A set of
normal growth controls for growth in the absence of any test suspensions and positive controls
(HgCl,) for complete growth inhibition were also included (z = 3). The flasks and serum bottles
were incubated together for 12 h at 37 °C with shaking at 130 rpm (New Brunswick Scientific
Model G25). After the exposure period, each bottle was vigorously shaken by hand for about
30 s to re-suspend any material which may have deposited to the bottom. Then 1 ml aliquots
were pipetted from each flask/bottle into cuvettes (Fisher, polystyrene 10 mm path length) and
the optical density (ODas0) was immediately measured.

The concentration of unconsumed glucose in the test vessels was measured using the
Glucose (GO) Assay Kit from Sigma. Briefly, 4 ul of the supernate from the cultures (n = 3 for
bacterial growth in flasks and serum bottles) was diluted with 36 pul of distilled water in new
flat bottom 96-well plates. Then 80 pl of the reagent mixture were added to each plate well.
The microplates were incubated for 30 min at 37 °C. The reaction was stopped by the addition
of 80 pl of 6 M sulfuric acid (Sigma ACS reagent, 95.0 — 98.0 %). Absorbance was determined
at 540 nm using the plate reader (VersaMax microplate reader with SoftMax Pro 4.0 software,
Molecular Devices, Sunnyvale, CA, USA). The amount of glucose in the wells was calculated
using a calibration curve of plated glucose standards (n = 3) at zero, 0.11, 0.22, 0.33, 0.44 mM
concentration. The specific molar growth yield with respect to carbon (Yc) was determined (g

dry biomass / mol C consumed).

2.4 Total Metal Analysis
Following the bacterial exposures to the test materials in oxic and anoxic conditions,
respectively, the remaining volume of each test suspension/solution was harvested by

centrifugation (Harrier 18/80R) for 15 min at 4500 x g. A 1.0 ml aliquot was transferred from
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the resulting supernatant into a 15 ml polypropylene tube, and to which 1.0 ml of concentrated
nitric acid was added. After an hour at room temperature, the contents of the tubes were digested
for 2 h in a water bath set at 70 °C. Subsequently, these digests were cooled to room temperature
and diluted 1:2 with 5 % nitric acid. Total metal concentrations of silver, copper, cadmium and
tellurium were then analysed by inductively coupled plasma optical emission
spectrophotometry (ICP-OES, Thermo Scientific iCAP 7000 Series) or by inductively coupled
plasma optical mass spectrophotometry (ICP-MS, Thermo Scientifc, X Series 2), as appropriate.
Acidified, matrix-matched standard metal solutions were used for calibrations and with sample
blanks included every 10 samples in each run of the instruments. The results are presented in

Table 1 and Fig. S4.

2.5 Biochemistry

In order to confirm the presence of anaerobic fermentation growth (see Fig. S1), mixed-acid
fermentation products were determined. The measurement of acetate concentrations
(Megazyme, Eire) present in the cultures was done in polystyrene cuvettes. In triplicate, 840 ul
of bacterial supernatant aliquots, blanks or standard samples, respectively, were added,
followed by 200 ul of buffer and 80 ul of NAD" with adenosine-5'-triphosphate (ATP),
coenzyme A (CoA), and polyvinylpyrollidone (PVP). NADH production was monitored at 340
nm based on a millimolar extinction coefficient. From this, acetate concentrations were
determined from a calibration curve of standard solutions (z = 3) ranging from 0.02 mM to 0.5
mM acetate. Similarly, the measurement of ethanol concentrations present in the cultures was
done using the Ethanol Assay Kit (Megazyme, Eire). In polystyrene cuvettes, in triplicate, 840
ul of bacterial supernatant aliquots, blanks or standard samples, respectively, were added;
followed by 80 ul of buffer, 80 ul of NAD" and 20 pl of aldehyde dehydrogenase solution.
Absorbance was determined at 340 nm after approximately 2 min at room temperature. Then,
8 ul of alcohol dehydrogenase suspension were added to the mixture. The final absorbance at
340 nm was measured after approximately 5 min. The concentration of ethanol was calculated
from a calibration curve of standard solutions (n = 3) ranging from 1.1 mM to 0.1 mM ethanol
concentration (Absolute ethanol standard, Sigma E7023).

A non-enzymatic colorimetric determination of formate concentrations was carried
out.’’ A fresh reagent mixture consisting of 0.50 g of citric acid monohydrate (Sigma C1909, >
99.0 %) and 10.0 g acetamide (Sigma 00160, > 99.0 %), diluted to 100 ml with propan-2-ol
(Sigma, 99.5 % HPLC grade) was prepared. Then, 1 ml of this reagent mixture was added to
0.5 ml of the bacterial supernate aliquots (z = 3), 0.05 ml of 30 % (w/v) sodium acetate (VWR,
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>99.0 %) and 3.5 ml acetic anhydride (Sigma 320102, > 99 %) into a 6 ml propylene tube, and
incubated for 2 h at room temperature; and the absorbance was then read at 515 nm. The
concentration of formate was calculated from a calibration curve of standard solutions (n = 3)
prepared by weighing 0.68 g sodium formate (Sigma 456020, 99.998 %) in 500 ml distilled
water (20 mM) and diluted to 0 - 10 mM acid. D- and L-lactate concentrations (Megazyme,
Eire) present in the bacterial supernate aliquots (n = 3) were also measured. In cuvettes, in
triplicate, 840 ul of the supernatant aliquots, blanks or standard samples were added,
respectively; followed by 200 pl of buffer and 80 ul of NAD", and 8 ul of D-glutamate-pyruvate
transaminase suspension. The final absorbance reading was measured after 10 min. The
concentration of D- and L-lactate was calculated from a calibration curve of standard solutions

(n = 3) ranging from 0.025 mM to 0.300 mM acid.

2.6 Statistical Analyses

All data are shown as mean + standard error of the mean (S.E.M). Following descriptive
statistics, the Kolmogorov-Smirnov test was used to assess the normality of the distribution of
data. Independent Student’s #-tests and one-way analysis of variance (ANOV A, Tukey post hoc
test) were used to check for significant differences amongst responses from within test material
and treatments. In instances where the data were not found to be normally distributed, the non-
parametric Mann-Whitney U test was used to assess differences between two independent
groups. Likewise, the Kruskal-Wallis test was used as an alternative to a one-way between-
groups analysis of variance. All statistical analyses used a 95 % confidence limit, so that p
values > 0.05 were not considered statistically significant. Figures were prepared using

SigmaPlot 13 and statistical analyses were carried out using IBM SPSS Statistics 22.

3. Results

3.1 Total Metal in the NaCI-EBS Medium

The nominal test concentrations of each substance on a mass basis, along with the expected
fraction of total metal present from each material dispersed in NaCI-EBS medium are shown
(Table 1). The calculated total metal concentrations, reflect the composition of the materials
and as expected, the metal concentrations are less than the mass concentration for the whole
material, but provided exposures in the mg 1! range. The total metal concentrations were also
measured in the supernatants after the exposures (Table 1). In most cases, there was detection

of total metal in the supernatants, indicating that the exposure had persisted. Inevitably, because
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of adsorption and/or uptake by the test organism, and ENM aggregation in the high ionic
strength media, the measured total metal in the supernatants were less than the initial dose, but
consistent with our previous measurements in the same media.*?

There were also some differences in the total metal residues in the supernatants in oxic
compared to anoxic conditions (Table 1), with metal concentrations often being higher in the
former. There were also some metal-specific effects on the proportion of the initial dose
remaining in the supernatants. Notably for the Ag materials, the supernatants had low total Ag
concentrations (Fig. S4a), in keeping with the high affinity of Ag" for biological ligands such
as -SH. For AgNOs, approximately 6 % of the initial concentration of Ag remained in the
supernatants in oxic conditions, but much less for the other materials (e.g., ~ 0.3 % for the Ag
bulk). Both AgNO; and Ag NPs also had less total Ag in the supernatants in anoxic compared
to oxic conditions (z-tests, p < 0.05); but this was not the case for Ag bulk (Fig. S4a). For the
copper treatments (Fig. S4b), between 49 — 85 % of the metal remained in the supernatants
during the aerobic exposure. Some coating-effects were clear in both oxic and anoxic
conditions. For example, significantly (ANOVA, p < 0.05) more total Cu was measured in all
coated CuO NPs relative to their respective uncoated type. In anoxic conditions, all the
supernatants had less total Cu than the equivalent exposure in oxic conditions (#-test, p < 0.05),
except the CuO-PEG.

For the cadmium-containing test materials (Table 1), all the supernatant total Cd
concentrations in anoxic conditions were statistically different from the oxic counterpart (Fig.
S4c, t-tests, p <0.05). Notably, around 39 % or more of the Cd from CdCl, remained, regardless
of conditions, and the CdTe bulk material showed the least amount of Cd remaining in the
supernatant (0.3 % Cd in oxic, 0.6 % Cd in anoxic conditions). There was a coating-effect, with
the CdTe-NH4" QDs showing less total Cd in the supernatants than the other ENMs (Fig. S4c).
There were no statistical differences between oxic and anoxic conditions for total Te (z-tests, p
> 0.05, Fig. S4d). Again, there was a material coating-effect with the CdTe-NH4" showing the
least Te remaining for the ENM exposures (Fig. S4d).

3.2 Bacterial Growth Response in the Absence of Test Materials

Following hourly measurements of £. coli K-12 MG1655 during aerobic and anaerobic growth,
respectively, logarithmic curves were fitted to the data (Fig. S2). Aerobically, a relatively long
lag phase was observed from 0 h to 8 h, followed by an exponential growth phase from 9 h to
15 h. In contrast, under anoxia, a relatively shorter lag phase was observed from 0 h to 4 h,

followed by an exponential growth phase until 10 h, and a stationary phase that followed

10
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afterwards. Nonetheless, bacterial growth was confirmed to be optimal, in terms of the
calculated mean absolute biomass, in both test vessels: flasks (aerobic growth) and serum
bottles (anaerobic growth), with less absolute growth measured in the latter. The percentage
composition from the elemental microanalyses of E. coli K-12 MG1655 are shown in Fig. S3.
In each case, the biomass formula for the bacterium was confirmed to be Ci12H2406N3 (306 g

mole™!) under both oxic and anoxic conditions.

3.3 Bacterial Growth in Flasks Relative to 96-well Plates

Overall, a reproducible bacterial growth outcome was evident from most of the exposures here
in flasks, as compared to the cultures in 96-well plates.”? Nonetheless, there was more
statistically significant bacterial growth inhibition in flasks as compared to plates (¢-test, p <
0.05) and with the following test materials: Ag NPs, CuO-COOH NPs, CdTe-COOH, CdTe-
NH4" and CdTe-PEG QDs. Indeed, the results here suggest more growth inhibition in flasks
versus the plates used in our previous study, at the same test concentrations. This apparent test-
vessel effect needs further investigation. The dynamics of gas diffusion and particle behaviour
could be different in the actual conical shape of the flask compared to the tubular shape in the
96-well plates. The larger flasks may allow more frequent contact between the bacterial culture
and the test materials, and hence resulting in more growth inhibition. This also highlights the

need for standardising apparatus for any regulatory tests with microbes and ENMs.

3.4 Percentage of Growth and Absolute Biomass in Oxic and Anoxic Conditions with
Nanomaterials
Fig. 1 shows the relative percentage growth and the absolute growth as biomass compared to
unexposed controls for oxic and anoxic conditions. The positive control for total bacterial
growth inhibition (mercuric chloride) prevented growth at 3 mg I'! nominal concentration, as
expected (data not shown). Most of the materials showed statistical differences between
percentage growth in oxic and anoxic conditions, and with some material-type effects, including
coating-effects, within each condition (Fig. 1). Broadly, the Ag-materials had the biggest impact
on growth inhibition, followed by the CdTe-containing materials, and with the Cu-containing
materials generally having the least effect on growth, regardless of using oxic or anoxic
conditions (Fig. 1).

Irrespective of the aeration conditions, the antibacterial response of silver (Fig. 1a) was
in the order of AgNO3 > Ag NPs > Ag bulk. Silver nitrate completely inhibited E. coli K-12
MG1655 bacterial growth, under both oxic and anoxic conditions (Fig. 1a). Similarly, Ag NPs

11
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caused more than 99 % relative growth inhibition under both oxic and anoxic conditions (Fig.
la). Only the Ag bulk material showed a statistical difference between the oxic and anoxic
conditions, with no effect in the former and 25 % growth inhibition in the latter conditions (Fig.
1). No particle coating experiments were performed with silver because coated versions of the
Ag NPs were not available, but the Ag NPs were more hazardous to percentage growth than the
bulk material (Fig. 1a). The data for growth were also calculated as mean absolute biomass, and
for the Ag-materials this followed a similar pattern (Fig. 1b) as the relative percentage growth.

At the 100 mg I'' nominal dose of copper, CuSOs was very toxic under anoxic conditions
(Fig. 1¢), with > 97 % relative growth inhibition compared to 41 % in oxic conditions (#-test, p
< 0.05). The CuO bulk also showed significant (¢-test, p < 0.05) relative growth inhibition in
anoxic conditions (> 65 %), as compared to very minimal growth inhibition (4 %) under oxic
conditions (Fig. 1¢). There were also some coating-effects with only the CuO-COOH and CuO-
NH4" materials showing statistically significant differences in relative bacterial growth (r-test,
p < 0.05) between aerobic and anaerobic growth (Fig. 1c). Notably, in the anoxic conditions,
all the Cu-containing ENMs enabled about 20 — 40 % more growth than the unexposed control,
while the Cu salt and CuO bulk material reduced relative growth (Fig. 1c). The changes in
relative growth were also reflected in absolute biomass production in the presence of the ENMs
(Fig. 1d), with less absolute biomass in anoxic compared to oxic conditions; but once in anoxic
conditions the CuO ENMs generally promoted biomass compared to the unexposed controls,
while the metal salt and CuO bulk caused absolute biomass to decline.

For the Cd and Te-containing materials (Fig. 1¢), neither of the metal salts, nor the CdTe
bulk were bactericidal, with only the CdTe QDs causing growth inhibition in oxic conditions
(Fig. le). There was also a coating-effect with the CdTe-NH4" being the most toxic of the QDs
in oxic conditions and causing complete inhibition of growth. In contrast, under anoxia, all of
the Cd-containing substances showed some growth inhibition, and this time with a different
coating-effect within the QDs, where the CdTe-COOH was the most hazardous to growth (Fig.
le). However, there was no statistical difference in relative growth with CdTe-COOH QDs
between the oxic and anoxic conditions (#-test, p > 0.05); with approximately 40 % growth
inhibition in both exposure scenarios. However, the PEG-coated QDs were more harmful (¢-
test, p < 0.05) under oxic conditions (60 % growth inhibition) relative to the anaerobic bacterial
exposure with 22 % growth inhibition (Fig. le). The above trends in relative growth were also

reflected in the absolute measurements of biomass (Fig. 1f).
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3.5 Mean Absolute Yield of Biomass in Oxic and Anoxic Conditions with Nanomaterials
The mean absolute yield of biomass per mole of carbon consumed is shown (Fig. 2). In general,
absolute biomass (Fig. 1b, d and f) was reflected in the absolute yield (Fig. 2). This confirms
that growth was dependent on the amount of carbon substrate used, in this case glucose. For
absolute yield (Fig. 2), the situation was similar to that for relative growth (Fig. 1), with the
absolute yield generally being less in anoxic conditions compared to aerobic growth. The
absence of absolute biomass at the lethal doses was also reflected in zero measured absolute
yields. Notably, the absolute yield tended to normalise the data, and fewer material-type or
coating-effects were observed during anaerobic growth (Fig. 2a-c).

In terms of absolute yield for the silver materials, AgNO3 and the Ag NPs remained the
most hazardous to growth, with the Ag bulk being less biocidal than the nano-form (ANOVA,
p < 0.05). Again, the bulk Ag was notably more toxic in anoxic versus oxic conditions where
no effects on absolute yield were observed (Fig. 2a). For copper, the differences between yields
was modest with only small biocidal effects on absolute yield in oxic conditions (Fig. 2b), but
with some coating-effects between the CuO ENMs. However, absolute yield decreased in
anoxic conditions, and the apparent coating-effect within the CuO ENMs was lost with no
statistical differences (ANOVA, p > 0.05) between any of the CuO ENMs and the control (Fig.
2b).

In the presence of the CdTe bulk equivalent, the cadmium and tellurium metals salts,
respectively, there was less production of absolute biomass (Fig. 1f) when compared to the
normal growth control (ANOVA, p <0.05); but this difference was not reflected in the absolute
growth yield measurements of these materials (ANOVA, p > 0.05), relative to the control (Fig.
2c). There were no statistical differences between any of the Cd-containing substances on
absolute yield under oxia (ANOVA, p > 0.05), except where the CdTe-NH4" QDs completely
inhibited growth. Within the anoxic conditions, only the CdTe-COOH showed a reduction in
absolute yield (Fig. 2c, ANOVA, p <0.05).

3.6 Products of Fermentation

The fermentation products were measured in the experiments conducted under anoxia. Fig. 3a-
d shows the measured quantities of fermentation products following E. coli K-12 MG1655
exposure to the silver-based test materials. The measured concentrations of acetate, ethanol and
formate reflected the bacterial growth inhibition during those exposures, with the lowest
concentrations of fermentation products for the AgNOs (least bacterial growth), then followed

by Ag NPs and Ag bulk, respectively (ANOVA, p < 0.05). A significant size effect was clear
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between the Ag NPs and Ag bulk, where a lower concentration of acetate, ethanol and formate
was measured following the former exposure (Fig. 3a-c). D- and L-lactate concentrations were
only detected in the normal growth control cultures, except for L-lactate concentration detection
in the AgNO3 treatment, but was not different from that measured in the growth control (Fig.
3d).

The pattern of fermentation products with copper (Fig. 4a-d) reflects the observed
bacterial growth pattern for these materials and the normal growth control (Fig. 1d). Such
fluctuations in measured bacterial dry biomass (Fig. 1d) and fermentation metabolites (Fig. 4)
is normal and within acceptable limits. The lowest quantities of acetate, ethanol and formate
were measured in the presence of the copper metal salt (Fig. 4a-c). These differences (ANOVA,
p < 0.05) were consistent relative to the growth control, the uncoated CuO NPs, the COOH-
and the NHs"-coated NPs. There was no detection of either D- or L-lactate in the CuSOs
exposure (Fig. 4d). The CuO bulk material also resulted in significant lower measured
concentrations of acetate and ethanol (ANOVA, p < 0.05) relative to the quantities of these
fermentation products measured from the growth control, the uncoated CuO NPs, the COOH-
and the NH4"-coated NPs exposures. In general, there were few coating-effects within the
fermentation products from the CuO ENM exposures, except the CuO-NH4" NPs (Fig. 4a)
showed a significantly higher concentration of acetate relative to the control. This corroborated
earlier evidence of bacterial growth promotion (Fig. 1c) in the presence of this test material.
Also, within the coated CuO ENMSs, the CuO-PEG treatment has statistically less acetate and
formate than the others (Fig. 4a and ¢, ANOVA, p <0.05).

With the CdTe-based materials, the patterns of the fermentation product concentrations
(Fig. 5) also reflected the observed patterns of bacterial growth with the same test materials
(Fig. 1e, f). For acetate, formate and lactate, the metal salt and bulk CdTe caused concentrations
to decrease compared to controls, and within the CdTe QDs there was a coating-effect with
lower concentrations of fermentation products in the CdTe-COOH treatment (Fig. 5). One
exception was ethanol (Fig. 5b), were none of the values in any treatment were statistically

different from each other (ANOVA, p > 0.05).

4. Discussion

This study is one of the first to expose E. coli K-12 MG1655 to ENMs under both oxic and
anoxic conditions. The key findings were that the majority of exposures showed different
bacterial growth in oxic compared to anoxic conditions, with the latter generally being more

hazardous. Notably, the metal salts and bulk materials were especially more toxic under anoxia.
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There were also coating-effects within each type of ENM, but the effect was not necessarily the
same in anoxic compared to oxic conditions. The measurements of fermentation products
confirmed the presence of fermentation for energy production in anoxic conditions. Microbial
growth measured as biomass, and bacterial growth efficiency measured as growth yield, showed
that less energy is produced via anaerobic mixed-acid fermentation, in comparison to complete
oxidation of glucose in aerobic respiration. Consequently, E. coli K-12 MG1655 under anoxic
conditions might have less metabolic scope to manage the energetic costs of metal or

nanomaterial toxicity.

4.1 Dissolved Metal Toxicity in Oxic and Anoxic Conditions

For metal species that can change oxidation state, the good aeration during the preparation of
the test media will have allowed for the normal oxidised forms of the soluble metal salt controls
to prevail; such as Ag’, Cu*’, Cd*" and TeO;>. With AgNOs, at a nominal exposure
concentration of 3 mg 1" (0.03 mM Ag) during aerobic respiration and at a nominal exposure
concentration of 6 mg I'! (0.05 mM Ag) during anaerobic fermentation, toxicity (~ 100 %) was
the same in oxic and anoxic conditions (Fig. 1a). This is expected, since the minimum inhibition
concentration (MIC) for E. coli with Ag is around 0.01mM?? to 0.06 mM?>' and the metal salt is
known to be toxic at very low concentrations.?’ The mechanism of acute toxicity of dissolved
silver to E. coli includes inhibiting the respiratory chain®’ and interference with DNA
replication to prevent bacterial growth.** In anoxic conditions in soil, Ag" from AgNOs can be

reduced to the insoluble metallic Ag®**

or relatively inert Ag>S particles when sulfide is
present.*® However, in the EBS-NaCl media, the high ionic strength will drive sparingly soluble
silver chloride complexation. The calculated species present were: Ag”™ 0.027 %, AgCl (aq)
5.0 %, AgCly” 75.2 %, and AgCls* 19.8 % (Visual MINTEQ version 3.1). Consequently,
AgNOs is instantaecously transformed to silver chloride-containing NPs in such salines with
only a tiny fraction of Ag" remaining.'’ Since there was no added sulfide, the same speciation
will occur in anoxic conditions, and hence in both exposures the toxicity potential is the same.

During aerobic growth, CuSO4 at a nominal exposure concentration of 100 mg 17! (1
mM Cu) caused 10 — 40 % growth inhibition (Fig. 1¢). This was also as expected, since the E.
coli MIC for Cu** ranges from > ImM?? to 4.5 mM.?! Under anoxia, the Cu metal salt was
found to be highly toxic, showing > 97 % bacterial growth inhibition (Fig. 1c¢). When oxygen

is very limited, copper is known to become reduced from Cu?* to Cu* and the metal becomes

even more toxic to E. coli cells; as it is the Cu” form that is taken up through biological
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membranes.*® Cu(I) inhibits the Fe—S-containing dehydratases involved in amino acid synthesis
and interferess with the metabolic functioning of E. coli cells.?’

Despite appearing very soluble in the EBS-NaCl growth medium (Table 1), the
cadmium and tellurium metal salts were not toxic here under oxic conditions, while in anoxic
conditions bacterial growth was reduced by 30 — 40 % (Fig. 1e). With respect to the cadmium
metal salt, the test concentration used here (3 mg I"! nominal exposure concentration, 0.01 mM
Cd) was about a 100-fold less than the Cd*>" MIC for E. coli at 1.1 mM.*' An MIC value of
more than 0.34 mM Cd has also been reported for E. coli during aerobic growth in 96-well
plates.?? The toxicity of Cd (II) ions has often been synonymous with its high affinity for
binding to sulthydryl (R-SH) protein-containing groups, causing oxidation and depletion of
cellular thiol groups with the resulting consequences of protein denaturation.?” Speciation
calculations showed a good proportion of Cd** in the media: Cd*" 12.2 %, CdC1* 61.9 %, CdCl,
(aq) 23.3 % and CdHPO4 (aq) 2.7 % (Visual MINTEQ version 3.1). Tellurite speciation is
challenging to calculate as the stability constants are not agreed. Nonetheless, the metalloid
oxyanion in potassium tellurite (TeOs>") causes oxidative stress in most bacterial species.?’ In
aerated 96-well plates, bacterial growth inhibition in the presence of potassium tellurite was

observed to be dose-dependent.?

Bacteria, including E. coli, can regulate the presence of the
tellurite anion intracellularly by reducing Te*" to insoluble elemental and non-toxic black Te’.*3
This metal detoxification approach was also evident here with E. coli K-12 MG1655. Incidental
visual observation at the end of the bacterial incubation period confirmed the presence of black
particles within the test suspensions following the tellurite exposures, in both aerobic and
anaerobic growth. Parallel incubation of control flasks with K;TeOs; in the absence of the

bacterial inoculum, did not result in the formation of the black metallic deposit.

4.2 Are There Particle Size Effects and Are They Different in Anoxic Conditions?

In terms of comparing ENMs with their micron scale counterparts, under oxia, the bulk material
for Ag, CuO and CdTe were not appreciably bactericidal (Fig. 1). Similar observations were
made in experiments carried out in 96-well plates with the same materials.??> The bulk materials
should, in theory, be less reactive than the nanoscale equivalents, where the latter have a larger
surface area to volume ratio and with more reactive surfaces at the nano scale. For example,
with the bulk form of silver, the amount of ionic species available for surface reactivity is
restricted, unlike in the nano form of the same metal.** The Ag bulk and the CdTe bulk
inherently also displayed minimal dissolution in the EBS-NaCl growth medium;?? as seen from

measurements of total metal concentration here (Fig. S4) following both aerobic and anaerobic
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bacterial growth. To some extent, one could argue that being insoluble would make the bulk
materials even less hazardous to the bacterial test suspensions. It is therefore unclear from
chemical properties alone why the bulk materials were generally bactericidal to E. coli K-12
MG1655 grown under anoxic conditions. However under anoxia, enzyme-mediated reduction
of metal oxides by microbes can cause dissolution.*’

For the Ag NPs, the measured bacterial growth did not differ between oxic and anoxic
conditions (Fig. 1a, b). This material is known to be toxic to bacteria,>® with a MIC value (0.06
mM) equal to that of Hg?".3! It appears that oxygen was not a limiting factor in the toxicity (Fig.
la, b). Studies with Ag NPs on the early phases of bacterial biofilm formation, observed less E.
coli cells adherence during both aerobic and anaerobic growth.'® Despite showing minimal
dissolution in the EBS-NaCl growth medium??, there was 0.2 — 0.4 % measured total silver
from Ag NPs (Fig. S4). In anoxic conditions, any Ag" released by dissolution is not toxic to
bacteria via oxidative stress because there is no oxygen.!” Instead, the high affinity of the Ag”,
or the Ag NPs, with ligands in the organism (phosphated or sulfated ligands on proteins, etc.,)
may be enough to drive toxicity.!” In the conditions here, the formation of insoluble and less
toxic Ag>S NPs is likely to be limited because there was only incidental sulfur sources (~0.4
mM from MgSO4) in the media. The bacterial growth responses of CuO and CdTe ENMs are

discussed in the next section in context with the coating-effects.

4.3 Are There Coating-Effects Within ENMs and Do They Differ in Anoxic Conditions?

In terms of a coating-mediated effect with the CuO ENMs in oxic conditions, only the carboxyl-
coated CuO NPs caused a significant reduction in bacterial growth relative to the control (Fig.
lc, d). Dissolution experiments on these same test materials have shown that the ENM coatings
do increase the release of dissolved Cu by a few percent.?? Despite this, in aerated 96-well plates,
the CuO ENMs, both coated and uncoated, were not found to be bactericidal?? up to a nominal
concentration of 100 mg I'!. Interestingly, under anoxia, the uncoated, COOH- and ammonium-
coated CuO NPs, respectively, led to an increase in absolute biomass production (Fig. 1d) and
absolute yield (Fig. 2b), relative to the growth control. Thus, in the anoxic conditions adopted
here at 100 mg 1"! nominal exposure concentration (uncoated CuO NPs containing 1 mM Cu;
CuO COOH NPs containing 0.6 mM Cu, CuO NH4" NPs containing 0.7 mM Cu and CuO PEG
NPs containing 0.4 mM Cu), the CuO NPs improved growth, irrespective of the type of coating.
This might be a hormetic effect associated with the early induction of metal binding proteins as
is the case for copper salts.*! Any apparent Cu resistance associated with CuO NPs requires

further investigation.
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In oxic conditions, unlike their bulk semiconductor form, the CdTe QDs were confirmed
to be highly bactericidal (Fig. 1e). The CdTe QDs have electron confinement in all three spatial
configurations.** This causes higher bandgap energy** leading to the harmful production of free
radicals in aqueous solutions, but only when oxygen as a precursor is present. Consequently in
aerobic growth QDs may be toxic via lipid peroxidation of the bacterial cell membrane.*
However, the toxicity is also coating-dependent. In this study, aerobically, growth inhibition
was most severe in the presence of the CdTe-NH4" QDs form, followed by the carboxylate and
the PEG-coated form (Fig. le, ). Similar to our previous finding using aerobic growth.?? In
contrast, in anoxic conditions, the QDs were generally much less toxic with only partial growth
inhibition (~ 20 %), except for the COOH-coated QDs that caused an equal growth inhibition
effect (60 %) with and without oxygen presence (Fig. le, f). The surface coatings on the QDs
might have influenced the particle behaviour, but with the organism having a net negative
charge one might expect the postively charged CdTe-NH4" QDs to be attracted to the bacterial
cell surface. There is no clear mechanistic explanation for the observed coating-effects here. In
the earthworm Eisenia fetida (Savigny 1826), there were also inconsistent trends in toxicity
ranking following exposures to the differently coated CdTe QDs used here that were not readily
explained by dissolution or other ENM behaviours.*> Human in vitro toxicological studies using
the same CdTe QDs batches, found these materials to be cytotoxic, irrespective of the surface

coating form.*® So, the coating-effects are also dependent on the type of test organism.

4.4 Products of Fermentation

The anaerobic bacterial growth patterns (Fig. 1, 2) were reflected in the measured
concentrations of the fermentation products (Fig. 3 - 5). The test materials could be classified
by their scope of fermentation; whereby the most bactericidal test materials resulted in the least
fermentation. For example, Ag NPs were observed to be more toxic than the microscale Ag
material (Fig. la, b). This was reflected in lower concentrations of measured respiratory
products with Ag NPs (Fig. 3a, ¢) in comparison with bulk Ag.

E. coli cells can regulate the formation of CO> and the concentration of acidic
fermentation products in their growth environment, that may otherwise inhibit cell survival in
a highly acidic medium.*’ In aerobic growth, the pH of the medium did not decrease below pH
5.6, whereas anaerobically the pH of the medium decreased to a final lowest pH of 5.2 (data
not shown). Arguably, the decrease in pH during fermentation could have contributed to an
increase in free metal ion concentrations within the supernatants due to dissolution. However,

metal concentrations in the supernatants did not increase for silver, copper and tellurium (Fig.
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S4a, b and d). The cadmium-containing test materials, namely CdTe bulk, CdCl>, CdTe-COOH
and CdTe-PEG QDs, measured statistically significant higher cadmium concentrations
anaerobically relative to the aerobic counterparts (Table 1); and with more total Cd in the
supernatants (Fig. S4c). But this would not increase the proportion of dissolved and particulate
cadmium in the EBS-NaCl media used here in anoxic conditions. For example, the proportion
of Cd*" species was calculated as 12.2, 12.5, and 12.5 % at pH 7, 5.6 and 5.2 respectively
(Visual MINTEQ version 3.1). The presence of more dissolved cadmium ions in the anoxic test
media (Fig. S4c) was likely responsible for instances with less absolute growth measured
relative to the unexposed control (Fig. 1f), and possibly also the apparent coating-effect.
Metals are known to have a strong affinity for naturally occurring organic matter and
negatively charged ligands.?! * However, the metabolites themselves, are unlikely to influence
metal bioavailability here. The fermentation products acetic acid, formic acid and lactic acid,
have one carboxyl acid group in their structure (Fig. S1). At the pH range of the anaerobic
bacterial culture medium (pH 5.2 — 6.7), these acids tend to be in their carboxylate anion state.
Stability constants of less than two have been measured for formate and acetate, respectively,
in the presence of Cu?" or Cd**.*’ These affinity values are considered low;>® with very weak

complexation with transitional metal ions (e.g., Cu®").

4.5 Metabolic Costs of Toxicity

Microbes have well-known mechanisms for the homoeostatic control of essential metals and
managing the toxicity of non-essential dissolved metals, for example, by the induction of metal
binding ligands.?” 3! In order to ensure a probabilty of survival in the long term, the metabolic
scope of the organism must be able to meet the cost of metal toxicity. Thus, in the presence of
excessive metal concentrations, a continual good supply of energy is essential for bacterial
growth. In this study, bacterial growth inhibition in the presence of Ag, Cu and CdTe,
respectively, was in general more severe under anaerobic relative to aerobic growth (Fig. 1);
suggesting that decreased metabolic scope was limiting growth. This was also observed in the
presence of Fe’ NPs.2’ As a facultative microbe E. coli K-12 MG1655 can produce energy via
complete or partial (mixed-acid fermentation) oxidation of glucose (Fig. S1). Typically for
members of the phylum Pseudomonadota (such as Escherichia spp.) growing by respiration of
glucose, around 50 — 60 % of glucose-carbon is assimilated into biomass and 40 — 50 % 1is
dissimilated to CO; for generation of ATP/reducing equivalents; however, during glucose
fermentation, only 1 — 5 % of glucose-carbon is assimilated and 95 — 99 % is dissimilated into

CO; and fatty acids and alcohols for generation of ATP/regeneration of NAD(P)".3! In other
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words, the bacteria had 20 times as much energy available to deal with metal or ENM exposure
during oxic conditions, and so these conditions are generally less toxic (for calculation details,

see Supplementary Material).

4.6 Environmental Implications

Bacteria are extensively used in regulatory testing for environmental hazard assessment of
chemicals.?® A few regulatory tests are specifically directed to microbes living in the soil.
Amongst these, the Organisation for Economic Co-operation and Development (OECD) Test
No. 216 and 217 measure microbial nitrogen and carbon transformations in soil. These two tests
have been used in the presence of Ag and TiO2 NPs, and modification to these protocols have
been proposed to better adapt the tests for ENM exposures.’> OECD Test No. 303A was also
adapted to investigate the effects of TiO> NPs on the biodegradation and nitrification of sewage
sludge and effluents.>> However, for the soil tests especially, these are usually conducted in
oxic conditions where the soil has been mixed. In contrast, an undisturbed natural soil will be
stratified and with less oxygenated layers deeper down in the soil. The findings here suggest
that the ENMs are generally more toxic in anoxic conditions to E. coli K-12 MG1655, and also
for some of the metal salt and bulk materials. Consequently, the current OECD tests may
underestimate the hazard to microbes and their functions in soils/sediments.

A second concern is whether the existing risk assessments for dissolved metals will
adequately protect for the nano form. During both aerobic and anaerobic growth, the metal salts
of Ag and Cu were found to be more bactericidal than the corresponding nano forms (Fig. 1a,
¢). In contrast, the QDs were more harmful (Fig. 1e) than the cadmium and tellurium metal salt,
irrespective of the aeration conditions. The coated CdTe QDs were previously found to be more
bactericidal than their metal salts equivalent, following E. coli K-12 MG1655 aerobic growth.??
This would imply that the existing metal risk assessments for cadmium and tellurium might not
be protective enough from environmental releases of QDs. Detrimental effects from metal
toxicity burden can lead to less fertile soils.* Albeit so far, such consequences on soil microbial

communities were minimal.>>

5. Conclusion

In this work, the facultative E. coli K-12 MG1655 was observed to be more negatively affected
by the presence of Ag, Cu and CdTe during mixed-acid fermentation, as compared to aerobic
respiration; particularly for the bulk test materials and their equivalent metal salts. The

reduction in metabolic scope during anoxic conditions limited bacterial growth, and increased
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the disposition of the organism to toxicity. The detection of fermentation products in the media
confirmed anaerobic growth, and still occurred as expected in the presence of ENMs. The Ag
materials were most bactericidal, followed by the Cd-containing materials, regardless of oxic
or anoxic conditions. Coating-effects were observed in both Cu and CdTe ENMs; but were not
readily explained by known aspects of metal dissolution or other particle properties and
behaviours. This study highlights that the toxicity of ENMs to microbes, such as E. coli K-12
MG1655, can be greater in anoxic conditions. Arguably, it would be prudent to also conduct
some regulatory tests with microbes, along an oxygen concentration gradient and with chemical
dose response curves, to better support hazard assessment. Or at least, include safety factors for
the extrapolation from oxic to anoxic conditions in the ecosystem for environmental risk
assessment purposes. Only a few ENMs are explored here, and further research on other types
of ENMs is needed to have an in-depth understanding of the hazards of EMNs to facultative
microbes. This would include more knowledge of how ENMs are transformed with the dynamic

changes in oxygenation in water, soils and sediments.
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Table 1. Characterisation details of the test materials, with nominal test exposure concentrations in 0.90 % NaCl, along with the pre-exposure
calculated total metal concentrations in the NaCl-EBS medium, and post-bacterial exposure measured total metal concentrations, following aerobic

and anaerobic growth, respectively.

Test material

Manufacturer's

Aerobic growth

Anaerobic growth

i i i )
(supplier) information § Nominal test Pre-exposure Measured metal Between- . Pre-exposure Measured metal Between-
S . Nominal test — .
exposure calculated total concentration in the replicate eXPOSUTe calculated total concentration in the replicate
concentration metal concentration supernatant post- percentage concEn tration metal concentration supernatant post- percentage
in 0.90 % NaCl  dosed in NaCI-EBS bacterial exposure coefficient of (me I') dosed in NaCI-EBS bacterial exposure coefficient of
(mg 1) medium (mg 1) (mg 1')» variation (%) g medium (mg I'") (mg 1I')» variation (%)
Ag Bulk, CAS
7440-22-4 Diameter, 2 - 3.5
(Sigma-Aldrich um; purity > 99.9 3 2.63 Ag 0.001 +0.00004 Ag 7.8 6 527 Ag 0.002 £ 0.001 Ag 51.5
327085, Lot % trace metal basis
MKBRS8201V)
AgNOs, CAS 0.10 M volumetric
7761-88-8 (BDH o . 3 2.78 Ag 0.157+0.001 Ag 1.2 6 5.55 Ag 0.106 = 0.001 Ag Y 1.4
Chemicals) solution, certified
Ag NPs, with Diameter, < 100
PVP dispersant, nm; purity, 99.5 %
CAS 7440-22-4 trace metals basis;
(Sigma-Aldrich Fisher sub-sieve 3 2.64 Ag 0.012 £ 0.0003 Ag 44 6 528 Ag 0.012+0.002 Ag 24.2
576832, Lot sizer surface area,
7721KH) 50m? g’
CuO Bulk, CAS
13.1.7_38-0 Analar grade 100 66.4 Cu 32.24+0.481 Cu 2.6 100 66.4 Cu 28.88 +0.298 Cu? 1.8
(British Drug
Houses Ltd)
CuS04.5H,0,
CAS 7758-99-8
(Sigma-Aldrich Purity, 99 - 102 % 100 65.5 Cu 56.80 £ 0.436 Cu 1.3 100 65.5 Cu 49.56 +0.396 Cu? 1.4

31293, Lot
SZBC0170V)
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Aerobic growth

Anaerobic growth

Test material Manufacturer's
. . o
(supplier) A Nominal test Pre-exposure Measured metal Between- ] Pre-exposure Measured metal Between-
.. . Nominal test .. .
exposure calculated total concentration in the replicate —— calculated total concentration in the replicate
concentration metal concentration supernatant post- percentage concE - metal concentration supernatant post- percentage
in 0.90 % NaCl  dosed in NaCIl-EBS bacterial exposure coefficient of (mg I dosed in NaCIl-EBS bacterial exposure coefficient of
(mg I'") medium (mg I'') (mg I'H)® variation (%) & medium (mg 1) (mg I'H)® variation (%)
ung)l;zg[\]%s AS Diameter, 10 - 20
1317—3,8—0 nm; surface area,
(PlasmaChem 42+2m’g'; zeta 100 66.4 Cu 33.10+0.372 Cu 1.9 100 66.4 Cu 16.48 +1.528 Cu? 16.1
potential, 14.0 +
GmbH, Lot
YF1309121)® L2 o]
CuO NPs COOH- .
Diameter, 10 - 20
C?gtle;i_}ggs nm; surface area,
(PlasmaChem 74+£05m?>gl; 100 35.7Cu 24.97 +0.554 Cu 3.8 100 35.7 Cu 19.63 £0.564 Cu? 5.0
GmbH. Lot zeta potential, -7.3
YF140114)9 el
CuO NPs NH,"- .
Diameter, 10 - 20
C(l)gtle;i_}(éﬁ)s nm; surface area,
(PlasmaChem 6.1 £0.5m’?g"; 100 432 Cu 29.86+0.477 Cu 2.8 100 432 Cu 22.84+£0.188 Cu? 14
GmbH. Lot zeta potential, 27.7
140114) el
CuO NPs PEG-
ctl)gtle;i_,?gﬁ)s Diameter, 10 - 20
(PlasmaChem nm; zeta potential, 100 24.1 Cu 20.00 +£0.799 Cu 6.9 100 24.1 Cu 19.37+£0.245 Cu 2.2
-16.8 £ 0.4 mV
GmbH, Lot
YF140114)®
CdTe Bulk, CAS 1.23Cd 0.004 +0.0001 Cd 6.5 1.23Cd 0.007 +0.0001 Cd¥ 2.6
1306-25-8 Diameter, < 250
Sigma-Aldrich m; purity, > 99.99 3 3
g pm; purity
o .
1\/1212613513&}80:/) V6 trace metal basis 1.38 Te 0.004 Te® b 1.38 Te 0.004 Te © 0
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Aerobic growth Anaerobic growth
Test material Manufacturer's
. . o
(supplier) A Nominal test Pre-exposure Measured metal Between- . Pre-exposure Measured metal Between-
R . Nominal test — .
exposure calculated total concentration in the replicate I calculated total concentration in the replicate
concentration metal concentration supernatant post- percentage concl;n tration metal concentration supernatant post- percentage
in 0.90 % NaCl  dosed in NaCI-EBS bacterial exposure coefficient of (mg ") dosed in NaCIl-EBS bacterial exposure coefficient of
(mg 1) medium (mg 1) (mg 1) variation (%) g medium (mg I'') (mg 1) variation (%)
CdCl,, CAS
10108-64-2 . o
1gma-Aldric . . . +0. . . . +0. .
(Si Aldrich Purity, 99.99 % 3 1.21Cd 0.477 +0.007 Cd 2.6 3 1.21Cd 0.623 +0.005 Cd¥ 1.3
202908. Lot trace metal basis
MKBM1769)
K,TeOs, CAS
7790-58-1 97 % minimum o o
(Hopkin and K,TeOs 3 1.45 Te 0.049 +0.002 Te 8.2 3 1.45 Te
Williams Ltd)
ngg‘:g?; q 1.11¢cd 0367 =0.009 Cd 4.1 111 Cd 0.405 = 0.004 Cd 9 1.7
o Diameter, 3 - 5 nm
PlasmaChem. . : :
;}FI?E&OL;;E) 0.18 Te 0.007 +0.001 Te 28.3 0.18 Te 0.010 +0.0002 Te 27
+
CdTe QDs NH, - 1.63 Cd 0.142 +0.006 Cd 7.0 1.63 Cd 0.084 £ 0.009 Cd 9 18.1
coated, CAS
1306-25-8 Diameter, 3 - 5 nm 3 3
(PlasmaChem
gn;g&oggg 0.88 Te 0.004 Te® » 0.88 Te 0.004 Te® »
CdTe QDs PEG- o
coated, CAS 1.55Cd 0.458 +0.002 Cd 0.8 1.55Cd 0.468 + 0.003 Cd 1.0
(Pi:sonﬁ;z(g};gm Diameter, 3 - 5 nm 3 3
GmbH, LOt) 0.29 Te 0.014 + 0.0004 Te 45 0.29 Te 0.012 +0.0005 Te 7.2
YF140402)*
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Aerobic growth Anaerobic growth

Test material Manufacturer's
i i ion &
Ll oo Nominal test Pre-exposure Measured metal Between- . Pre-exposure Measured metal Between-
S . Nominal test S .
exposure calculated total concentration in the replicate o i calculated total concentration in the replicate
concentration metal concentration supernatant post- percentage po:urt. metal concentration supernatant post- percentage
in 0.90 % NaCl  dosed in NaCI-EBS bacterial exposure coefficient of con((rzsn lr_ell)lon dosed in NaCIl-EBS bacterial exposure coefficient of
(mg I'") medium (mg I'') (mg I'H)® variation (%) g medium (mg 1) (mg I'H)® variation (%)
HgCl, CAS
7487-94-7
(Sigma-Aldrich Purity, 99 % 3 2.59 Hg 9 o 3 2.59 Hg 2 2
M1136, Lot
071K1201)

% Material supplied via the NANOSOLUTIONS Project; Quantum dots (QDs); Polyethylene glycol (PEG); Nanoparticles (NPs);
Polyvinylpyrrolidinone (PVP);

) Data are means + S.E.M (n = 3 replicates) of total measured metal concentration by inductively coupled plasma optical emission
spectrophotometry (ICP-OES) or by inductively coupled plasma mass spectrophotometry (ICP-MS), as appropriate;
© Measured value for tellurium below the detection limit of the ICP-MS instrument at 1.122 pg I'';
9 Indicates a statistical significant difference in measured metal concentration between oxic and anoxic exposure conditions, respectively (-
test, p < 0.05);
° Not measured;
 Not possible to measure;
® Brunauer—-Emmett-Teller (BET) surface area values (mean + one standard deviation, n = 3) and zeta potential measurements (mean + one
standard deviation, n = 5) in Milli-Q water, pH 5.0 at 25 °C using a Zetasizer Nano ZS90 from Malvern Instruments; both provided via the
NANOSOLUTIONS Project.
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Figure Legends:

Fig. 1 Escherichia coli K-12 MG1655 growth, as percentage biomass relative to the normal
growth control (no test suspension) and absolute biomass in mg dry weight biomass 1! for: a,
b) silver at 3 mg I'! nominal concentration in oxic conditions and 6 mg I"! nominal concentration
in anoxic conditions, ¢, d) copper at 100 mg I nominal concentration and, e, f)
cadmium/tellurium test materials at 3 mg 1! nominal concentration, unless otherwise stated.
Data are mean = S.E.M (n = 3). Different letters indicate significant differences amongst the
relative tested materials (ANOVA, p <0.05) during aerobic and anaerobic growth, respectively.
Light shaded grey letters refer to aerobic growth statistical labels and dark grey letters represent
anaerobic growth statistical labels. Asterisk (*) refer to significant differences by test material
type (¢-test, p < 0.05) between oxic or anoxic conditions. Complete absence of histogram bars

signifies no measurable biomass.

Fig. 2 Absolute growth yield as mean = S.E.M (g per mole of carbon consumed), respectively,
where n = 3 from: a) silver at 3 mg 1"! nominal concentration in oxic conditions and 6 mg 1'!
nominal concentration in anoxic conditions, b) copper at 100 mg 1"! nominal concentration and,
¢) cadmium/tellurium at 3 mg 1! nominal concentration, unless otherwise stated. Different
letters indicate significant differences amongst the relative tested materials (ANOVA, p <0.05)
during aerobic and anaerobic growth, respectively. Light shaded grey letters refer to aerobic
growth statistical labels and dark grey letters represent anaerobic growth statistical labels.
Asterisk (*) refer to significant differences by test material type (z-test, p < 0.05) between oxic

or anoxic conditions. Complete absence of histogram bars signifies no measurable yield.

Fig. 3 Measured concentration of fermentation products (mM) as mean £ S.EM (n = 3): a)
acetate, b) ethanol, c) formate, and d) D-, L-lactate, following silver containing test materials
exposure relative to the normal growth control (no test suspension) during anaerobic growth of
Escherichia coli K-12 MG1655. Statistical significant difference amongst the test materials is
represented with different letters, where ANOVA, p < 0.05. Complete absence of histogram

bars signifies no measurable concentration of fermentation product.

Fig. 4 Measured concentration of fermentation products (mM) as mean = S.E.M (n = 3): a)
acetate, b) ethanol, ¢) formate, and d) D-, L-lactate, following copper containing test materials
exposure relative to the normal growth control (no test suspension) during anaerobic growth of

Escherichia coli K-12 MG1655. Statistical significant difference amongst the test materials is
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represented with different letters, where ANOVA, p < 0.05. Complete absence of histogram

bars signifies no measurable concentration of fermentation product.

Fig. 5 Measured concentration of fermentation products (mM) as mean = S.E.M (n = 3): a)
acetate, b) ethanol, ¢) formate, and d) D-, L-lactate, following cadmium/tellurium containing
test materials exposure relative to the normal growth control (no test suspension) during
anaerobic growth of Escherichia coli K-12 MG1655. Statistical significant difference amongst
the test materials is represented with different letters, where ANOVA, p < 0.05. Complete

absence of histogram bars signifies no measurable concentration of fermentation product.
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Fig. 3
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Fig. 4
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