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Abstract

Zinc oxide (nZnO) and iron oxide (nFeOx) engineered nanoparticles (ENPs) are widely used 

in consumer products and industrial applications, and consequently, are continuously being 

emitted into the environment. Numerous studies have reported on the toxicity of ENPs to 

bacteria, especially in synthetic aqueous exposure media. However, investigations in natural 

aqueous exposure media such as river water are limited. Herein, the toxicity of nZnO and 

maghemite iron oxide (γ-nFe2O3) on Bacillus subtilis was investigated in two natural river 

water samples; the Elands river (ER) and Bloubank river (BR). Four endpoints, namely; cell 

viability, cell membrane integrity, adenosine triphosphate levels (ATP), and reactive oxygen 

species (ROS) production were evaluated to determine the effects of the ENPs on bacteria. 

nZnO induced significant reduction in cell viability and membrane integrity at higher tested 

concentrations of 100 and 1000 µg L-1 in ER; but none were observed in BR. In addition, 

higher decrease in ATP levels were observed in ER than in BR, and ROS production was 

negligible irrespective of ENPs type and exposure media. The γ-nFe2O3 induced no effects 

on B. subtilis on all tested endpoints. These results demonstrated that the observed 

differences in effects of nZnO towards B. subtilis were influenced by the physicochemical 

properties of each river water. Therefore, the unique physicochemical properties of natural 

aqueous media were established to be key determinant attributes in enhancing or inhibiting 

the effects of ENPs to bacteria.     
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Environmental Significance

Increasing zinc oxide (nZnO) and iron oxide (nFeOx) engineered nanoparticles global 

production and associated uses are likely to increase their presence, for example, in 

freshwater systems. Thus, assessment of likely environmental impacts of ENPs are critical; 

although to date very limited studies have investigated their effects on microorganisms 

under relevant environmental exposure-media and –concentration(s) scenarios. Herein, 

effects of nZnO and γ-nFe2O3 on Bacillus subtilis were assessed in natural water media using 

multiple endpoints with variant degrees of toxicity sensitivities to contaminants. Toxicity of 

nZnO was shown to be dependent on water physicochemical properties, however; the same 

properties were observed to mitigate likely γ-nFe2O3–cell interactions. Findings on sub-

lethal endpoints like ATP production revealed nanoparticle toxicity unlike traditional 

endpoints such as cell viability where no bacterial effects were observed. Our study 

contributes towards understanding of plausible nanoparticle-organism interaction 

mechanisms in natural water matrices, necessary for prediction of meaningful 

environmental outcomes.

Introduction 

Increasingly, numerous consumer products have incorporated engineered nanoparticles 

(ENPs) in recent years1-5 due to their unique physicochemical properties to enhance 

functionality and meet consumer needs. Among the most produced and used top five ENPs 

in the fast-growing nanotechnology market are zinc oxide (nZnO) and iron oxide (nFeOx)6, 7; 

with medium-term production growth expected to increase.8 For example, nZnO are widely 

incorporated in consumer products, e.g. cosmetics, sunscreens, nanomedicine,  paints and 

coatings due to their UV radiation blocking properties9, 10; whereas linked to their superior 

properties and functionalities (e.g. magnetic, catalytic, etc.) γ-nFe2O3 are used in biomedical 

imaging, environmental remediation catalysis, fertilizers, pigments, sensors, bio-medical 

and lithium ion batteries.11-14 Therefore, as the use and applications of both ENPs become 

more common, their release and eventual accumulation into the environment continue to 

grow exponentially.6, 15, 16 As a result, this exponential growth will likely surpass current 

predicted concentration of  iron oxides and  nZnO concentrations predicted at 12.8 to 44 ng 

L-1 17, and 2 to 360 ng L-1 18-20 in Europe,  respectively, for example. 
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The antimicrobial properties of ENPs heighten their likelihood to exert adverse impacts to 

non-target and useful microbes once in the aquatic systems10, 15, 21, for example, Sinorhizobium 

meliloti22 and Shewanella oneidensis23, respectively, essential for nitrogen fixation and metal 

reducing capacity. To date, observed ENPs toxicity to microbes have been attributed to  

oxidative stress through generation of reactive oxygen species (ROS), release of toxic 

metallic ions, surface contact, cell membrane damage, and internalization of ENPs 

particulates.10, 21, 24, 25 Both the interaction of ENPs and microorganisms as well as their 

concomitant toxicity are dependent on inherent ENPs physicochemical properties and water 

chemistry.5, 26-28 In particular, numerous studies have demonstrated the influence of water 

chemistry (e.g.  pH, ionic strength (IS), light, and natural organic matter (NOM)) 29, 30 on 

ENPs transformation, and the eventual observed toxicity to bacteria.31, 32 

Notably, most of these studies investigated the influence of water chemistry on ENPs 

transformation and observed toxicity predominantly in synthetic media although such 

media are too simplistic to accurately represent the actual complex aquatic ecosystems.33, 34 

This is because of the complexities and high variability of freshwater systems that can alter 

the transformation of ENPs35-37, and in turn, yield different toxicological outcomes, for 

example, to microbes.31, 38 Thus, data and information on the effects of ENPs to microbes in 

these deterministic freshwater systems remain scarce, and therefore, impedes realistic 

assessment of ENPs risks to the environment. 

To date, experimental toxicity investigations of ENPs have been assessed at concentrations 

several magnitudes above both modelled and measured ENPs concentrations,39-41 

consequently, this has severely limited our ability to realistically assess their likely 

implications to the aquatic systems. Only few studies, for instance, have demonstrated the 

effects of ENPs on bacteria at concentrations within an order of magnitude to those 

predicted or measured in actual environmental matrices. Yi and Cheng28 evaluated the 

effects of nAg on Bacillus subtilis in natural waters whilst Wilke et al42 examined the effects of 

Ag and TiO2 on Escherichia  coli. Studies from the Gray’s group43, 44 have also demonstrated 

the importance of using toxicity measures like adenosine triphosphate (ATP) depletion to 

determine the effects of ENPs on microorganisms to obtain a complete understanding of the 

likely risks posed by ENPs in the environment, even at very low concentrations where cell 

Page 3 of 33 Environmental Science: Nano

https://www.sciencedirect.com/science/article/pii/S0304389412009806
https://www.sciencedirect.com/science/article/pii/S0304389412009806
https://doi.org/10.1039/C9EN00585D


4

death is not apparent. Even in dark conditions, for example, at concentrations < 250 µg L-1, 

the obtained results demonstrated that bacterial ATP levels can be significantly reduced by 

nAg and nZnO42, 44 with likely adverse implications to the environment. 

 The highlighted knowledge gaps raise the need to understand the implications of ENPs in 

the aquatic systems, particularly at environmentally relevant concentrations. Therefore, in 

this work the toxicological effects of the nZnO and γ-nFe2O3 on B. subtilis as influenced by 

water chemistry characteristics were evaluated. Here, the natural water chemistry matrix 

differences were due to their distinctive sources (two river water systems). B. subtilis, an 

environmentally ubiquitous organism was selected as the model organism due to its ability 

to tolerate extreme environmental conditions and stress.28, 45 Secondly, the organism has 

been used in nanotoxicity studies, and is reported to be more sensitive to ENPs compared to 

gram-negative bacteria e.g. E. coli, or other gram-positive bacteria like Streptococcus aureus.46 

Understanding the induced toxicity of ENPs on microorganisms in natural water by 

investigating four end-points: cell viability, membrane integrity, ATP levels, and oxidative 

stress from ROS can aid to better assess their risk to natural water matrices such as river 

water used in this study. 

Experimental procedure 

Freshwater sampling 

The freshwater samples were collected from two rivers, namely; the Elands river (ER) 

(25°32'58.4"S 28°33'53.4"E, Gauteng Province, South Africa) and Bloubank river (BR) 

(26°01'20.3"S 27°26'31.6"E, North West Province, South Africa). The collected water samples 

(from ER and BR) were used as exposure matrixes to represent different complex 

environmental surface freshwater chemistries. The collected river water was filtered using 

Whatman No. 1 filter paper (pore size:  11 µm) followed by filtration through 0.2 µm pore 

sized membrane filters to remove microorganisms and larger particles. All water samples 

were stored at 4°C until analysis. The physicochemical properties of both river water 

systems are summarised in Table 1. 
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Materials

nZnO (< 100 nm, 20% dispersion in H2O, CAS 1314-13-2), nFe2O3 (γ- Fe2O3, < 50 nm, nano 

powder, CAS 1309-37-1), 2′,7′-Dichlorofluorescin diacetate (DCF-DA) and Dimethyl 

sulfoxide (DMSO) were purchased from Sigma-Aldrich, South Africa. According to the 

manufacturer, the particle sizes were < 100 nm and < 50 nm for nZnO and nFe2O3, 

respectively. All chemicals were analytical grade reagents and used as received without 

further purification. The Bacillus subtilis (ATCC 11774) strain was purchased from Anatech 

(Johannesburg, South Africa).

Table 1: Physicochemical parameters of freshwater samples from Bloubank and Elands 
River

Parameter Unit Bloubank River (BR) water Elands River (ER) water

pH 7.9 8.1

DOCa mg C L-1 8.25 5.51

Electrical conductivity ms/m 25°C 39.8 19.6

CODb mgL-1 21.3 6.67

Alkalinity mgL-1 217 75.6

NH4
+ mgL-1 3.4 4.27

NO3
- mgL-1 0.2 0.33

Cl- mgL-1 12.9 17.1

SO4
2- mgL-1 6.77 9.03

PO4 mgL-1 1.23 0.57

Fe3+ mgL-1 <0.004 <0.004

Zn2+ mgL-1 0.01 0.008

Ca2+ mgL-1 36 14

Mg2+ mgL-1 31 9.82

Na+ mgL-1 22.4 15.6

K+ mgL-1 3.13 4.24

ISc mM 5.23 2.43
aDissolved organic matter; b Chemical oxygen demand; cIonic strength - calculated by visual Minteq 
(Version 3.1)

Characterization of ENPs
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The ENPs size and morphology were characterised by transmission electron microscope 

(TEM) (JEM 2010F, JEOL Ltd., Japan); with ENPs diameter measured using imageJ software 

(National Institutes of Health, USA) based on particle size analysis from several 

micrographs. Phase composition was determined using Bruker D8 Advance powder X-ray 

diffractometer (XPRD) with monochromatized Cu Kα radiation of wavelength (λ) 1.54 Å. 

The hydrodynamic diameter (HDD) and zeta potential (ζ-potential) for ENPs suspensions in 

river water were characterised using dynamic light scattering (DLS) on a Zetasizer Nano-ZS 

instrument (Malvern Instruments, UK), and results are listed in Table S1 (supporting 

information). Concentrations of 20 mg L-1 ZnO and 5 mgL-1 γ-nFe2O3 were used for 

hydrodynamic size and ζ-potential measurements.

To determine the dissolved metal concentrations of nZnO and γ-nFe2O3, suspensions of 

ENPs were prepared similarly to experimental conditions (bacterial culture and exposure 

preparation), without the bacteria. Nanoparticle suspensions were filtered through 

regenerated cellulose centrifugal filters with a 3 kDa molecular weight cut-off (Merck 

Millipore, Darmstadt, Germany) by centrifuging for 30 min at 4000 xg (Eppendorf 5810 R, 

Eppendorf, Germany), to remove undissolved ENPs, but allow dissolved ions in the 

aqueous phase to pass. The dissolved fraction was acidified with 5 µL of concentrated HNO3 

and the concentration of dissolved ions in the supernatant were analysed by inductively 

coupled plasma mass spectrometer (ICP-MS) (ICPE-9820, Shimadzu, Japan). 

Visual MINTEQ (Version 3.1, https://vminteq.lwr.kth.se) was used to predict speciation of 

zinc in ER and BR water based on parameters listed in Table 1. The Stockholm Humic Model 

(SHM) was used with default parameters as model inputs. 

Bacterial culture and exposure preparation

Bacterial strain B. subtilis was plated on sterilized lysogeny broth (LB) agar plates and stored 

at 4°C until use. For cell viability studies, a single colony was inoculated in LB broth and 

incubated at 30°C with shaking at 150 rpm overnight until cells attained mid-exponential 

phase (0.4 – 0.5 at OD600nm). Bacterial cells were harvested by centrifugation at 7 500 xg for 5 

min, washed once with physiological saline (0.85 % NaCl), and then once using filtered river 

water. The cells were finally re-suspended in filtered river water and final concentration of 
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cells used in the exposure tests adjusted to 2 x 108 CFU/mL (≈ 0.3 at OD600nm) measured by 

direct plating counting.

Stock solutions of ENPs at concentration of 100 mg L-1 were prepared using ultrapure water 

(18 MΩ cm resistivity, Elga PureLab Option System, United Kingdom), and sonicated for 20 

min using ultrasonic bath prior to exposure experiments. The stock suspensions were 

diluted to target nominal concentrations of, 10, 100 and 1000 µg L-1 for nZnO; and, 10, 100, 

1000 and 10 000 µg L-1 for γ-nFe2O3 in 250 mL flasks containing bacterial cells (OD600nm of 

0.3) and river water to achieve a final volume of 25 mL. The controls were run without ENP 

suspensions. The flasks were incubated at room temperature (20 –23°C) on a rotating shaker 

at 75 rpm for 2 h under visible light (338 lux). 

Cell viability and membrane integrity 

Both exposed and non-exposed (control) samples were serially diluted in 0.85% NaCl, and 

thereafter, viable bacteria were determined on LB agar plate following the drop count 

method47. Nine drops of 20 µL for each dilution were transferred onto solid LB agar plates. 

The plates were incubated overnight at 37°C. The bacterial viability following exposure to 

ENPs suspensions was measured by counting the number of colony forming units (CFU) 

from the appropriate dilution on nutrient agar plates. Hence, the percentage of viable cells 

was determined by comparing the CFU per mL of the culture as a ratio of the number of 

CFU from ENPs exposed samples to non-exposed (control) samples. All viability 

experiments were done in triplicates and repeated twice.

The Live/Dead BacLight kit (Molecular Probes, US) was used to test the cell membrane 

integrity of bacteria following exposure to ENPs. Hundred-µL of ENPs exposed and non- 

exposed (control) samples were transferred to individual wells in a 96-well microplate 

(Greiner Bio-One, Austria), combined with 100 µL of SYT09/PI mixture (10/60 µM), and then 

mixed thoroughly. The PI and SYTO9 stain nucleic acids were used to differentiate between 

intact cells (live organisms–stained in green) and damaged cells (dead organisms – stained 

in red), respectively. The microplate was then incubated with assay reagents for 15 min at 

Page 7 of 33 Environmental Science: Nano

https://doi.org/10.1039/C9EN00585D


8

room temperature (20–23°C) in the dark (covered by aluminium foil). Fluorescence was 

measured with excitation and emission wavelengths for SYTO9 and PI of 485/538 nm (green) 

and 485/635 (red), respectively, using a Flouroscan Ascent FL microplate reader 

(ThermoFisher, USA). A calibration curve was obtained using cells with known percentages 

of intact cells. For each test, three replicates of each treatment were included per plate, and 

two plates were used to ensure reproducibility. 

Oxidative stress from ROS

Intracellular ROS following exposure to ENPs in the river water was determined as a 

measure of oxidative stress using the membrane permeable non-fluorescent dye 2′, 7′-

dichlorofluorescin diacetate (DCF-DA, Sigma Aldrich). DCF-DA is converted into the 

fluorescent 2′, 7′-Dichlorofluorescin (DCF) after reacting with ROS, thus making the cell to 

fluoresce. Following the 2 h exposure, 150 µL of the exposed and non-exposed samples were 

transferred to 96-well microplates and incubated with DCF-DA (100 µM final concentration) 

for 30 min at 37°C under dark conditions (covered using aluminium foil). DCF fluorescence 

intensity was measured with a Flouroscan Ascent FL microplate reader (ThermoFisher, 

USA) at an excitation and emission wavelengths of 485 and 538 nm, respectively, to quantify 

ROS activity both in the treated and control groups. ENPs without bacteria were also 

incubated with DCF-DA as controls. ROS production was expressed as percentage 

fluorescence of the control over the exposed samples. For each test, three replicates of each 

treatment were added per plate, and two plates were used to ensure reproducibility. 

Bacterial ATP levels

BacTiter-Glo Microbial Cell Viability assay (Promega, Germany) was used to quantify 

bacterial ATP levels. This was achieved by measuring luminescence signal intensity from 

reaction of luciferin and ATP to test bacterial activity changes in response to ENPs 

treatment. Hundred-µL of ENPs exposed and non- exposed samples were transferred to 

individual wells in a 96-well microplate combined with 100 µL of the BacTiter-Glo reagent 

and mixed thoroughly. The microplate was then incubated for 5 min at room temperature 

(20–23°C) under dark conditions (covered with aluminium foil). The luminescence signal 
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was measured using the Flouroskan Ascent FL microplate reader, and the results were 

expressed as relative percentage of ATP of exposed bacteria to the control. For each test, 

three replicates were included in each treatment per plate, and two independent microplates 

were used to ensure reproducibility of the results. Also, the potential interference of the 

ENPs with the BacTiter-Glo assay reagent were analysed to ascertain whether the effects 

observed were wholly due to ENPs treatment.

Statistical analysis

Data herein are expressed as mean with corresponding standard deviation (SD). Two-way 

analysis of variance (ANOVA) was used to evaluate statistical differences followed by post 

hoc Tukey’s multiple comparisons tests. Differences between samples were considered 

statistically significant when at p < 0.05. All analyses were done with GraphPad Prism V7.04 

(GraphPad Prism software Inc., San Diego, CA, USA). 

Results and discussion

Nanoparticles characterization

The γ-nFe2O3 had a hexagonal shape and an average particle size of 41 ± 25 nm. nZnO 

exhibited non-uniform shapes consisting of hepta-, penta-, hexa-gonal, and rod shapes, with 

diameter ranging from 15 to 57 nm due to asymmetry of the morphology. The representative 

TEM images of the ENPs are shown in Fig. S1 a, b, e and f. Results from XRD revealed the 

crystalline phase of nZnO was zincite (Fig. S1 c) whereas that of nFe2O3 was maghemite (γ-

nFe2O3) (Fig. S1 d). The ζ-potential for both ENPs were negative in all river water samples 

(Table S1), and at narrow range between -12.3 ± 0.6 and -15.1 ± 1.3 mV. 

Zetasizer results indicated immediate aggregation of nZnO and nFe2O3 in both river water 

samples post-sonication (Table S1). nZnO had average sizes of 512 ± 22 and 1 069 ± 187 nm 

in ER and BR, respectively, whereas nFe2O3 had HDD of 958 ± 188 nm and 1 056 ± 120 nm in 

ER and BR, respectively (Table S1).  High aggregation of ENPs observed in both river water 

samples was associated with low ζ-potential of between -12.3 ± 0.6 and -15.1 ±1.3 mV; 

considered to be too low as ζ-potential of above ± 30 mV is required to maintain ENPs 
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dispersed by charge stabilization48, or against aggregation, or dispersion49-51. For both ENPs, 

increased aggregation was more significant in BR compared to ER after 2h (Table S1).

Figure S2 summarizes dissolution results of nZnO in both river water samples. Fe ions could 

not be detected as their concentration were below analytical detection limit. Indeed, nFe2O3 

are known to exhibit very low or no dissolution in aqueous matrices15, 52. Dissolution of 

nZnO was observed to be concentration-dependent in similar fashion to earlier studies31, 53-55. 

At nominal exposure concentration of 100 µg L-1, 14 µg L-1 of dissolved zinc were measured 

in ER compared to less than 2 µg L-1 in BR. At higher nominal exposure concentration of 

1000 µg L-1, higher dissolution of nZnO was observed in ER and BR water at values of 366 

and 183 µg L-1, respectively.  

The observed differences in aggregation and dissolution in ER and BR were attributed to 

differences in water physicochemical properties (Table 1); which are known to influence the 

transformation processes of ENPs in aqueous matrices.30, 35, 36 Natural organic matter (NOM) 

coating on ENPs in aquatic systems can either enhance or inhibit their aggregation and 

stability through mechanisms like electrostatic interaction and ligand exchange, among 

others. 56-59 Moreover, it has been reported that under high IS conditions and in the presence 

of NOM, likely cation binding enhances the aggregation of ENPs.30, 57, 60 

In this study, aggregation of both ENPs was observed, with larger aggregate sizes in BR. 

This may be due to higher NOM content in BR (Table 1) that could have resulted in 

adsorption onto ENPs surfaces, likely through ligand exchange since both ENPs were 

negatively charged in both water samples. This is because NOM is known  to strongly 

adsorb due to ligand exchange between carboxyl and hydroxyl groups of NOM, and the 

hydroxyl groups on ENPs.30 Both river water samples had high NOM content (> 5 mg L-1) 

which is within reported range of 0.1 to 30 mg L-1 in surface water59, 61, 62, and therefore, 

rendered NOM dependent aggregation highly likely. 30, 59 

Secondly, differences in IS with both monovalent and divalent ions being higher in BR 

compared to ER (Table 1), could also explain the enhanced aggregation in the former, as 

such conditions are known to increase NOM and ENP complexes.59, 63-65 Increased 

aggregation in BR were also linked to higher concentration of electrolytes (mainly divalent 
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ions e.g. Ca2+
, Mg2+, etc.) via compression of the electric double layer (EDL) through the 

reduction of electrostatic repulsion between particles and/or formation of aggregates by 

cation bridging.30, 66 55, 63, 64, 67 Consequently, nZnO dissolution in BR was significantly lower 

due to reduced surface area as  larger aggregates were formed compared to those in ER 

water samples. Dissolved zinc from nZnO could have also been reduced due to 

complexation with NOM and PO4, resulting to lesser concentration of ions measured in BR 

water. Li et al31 and Lv et al68 showed that release of Zn2+ decreased with increasing 

concentrations of PO4 due to strong metal-complexation  between the phosphates and metal 

ions. In this study, BR water had higher concentration of PO4 than ER water, pointing to 

reduced bioavailability of the ions in the former.  

The observed differences in the dissolution of nZnO were therefore linked to differences in 

aggregation and water chemistry component differences observed between ER and BR 

water samples. Similarly, results of Odzak et al36 indicated enhanced aggregation and low 

dissolution of nZnO in freshwaters sourced from river and lake waters with high IS ranging 

between  3.4 and 6.4 mM  compared with those characterized by low IS. These researchers’ 

results are consistent with findings reported herein where in BR water samples with high IS 

of 5.23 mM had higher aggregation and low dissolution of nZnO when compared to low 

aggregation and high dissolution observed in ER with low IS of 2.43 mM. 

Overall, results therefore point to NOM coating-controlled release of ions from ENPs in 

freshwater due to the blockage of active sites – which in turn – inhibits the diffusion of ions 

from ENPs surfaces; thus accounting for high aggregation and low dissolution observed in 

BR water samples characterised by both high NOM, and IS. In addition, complexation of 

metal ions with NOM and phosphates could also account for reduced dissolution of nZnO. 

These outlined transformations have direct or indirect influence on the bioavailability and 

toxicity of nZnO and γ-nFe2O3 in the two freshwater systems as discussed in the following 

sections.

Cell viability and membrane integrity 

Results of B. subtilis exposure to nZnO and γ-nFe2O3 in ER and BR revealed distinctive 

cytotoxic effects (Fig. 1a and b). At higher concentrations of 100 and 1000 µg L-1, nZnO 
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reduced B. subtilis viability in ER with markedly significant effects observed at 1000 µg L-1 (p 

≤ 0.001); whereas at 10 µg L-1 nZnO no viability inhibition was apparent. Conversely, 

exposure to nZnO in BR had no effect on cell viability at all tested concentrations (Fig. 1a) 

which was linked to larger aggregates formed in BR water samples as discussed in 

nanoparticles characterization section. This is because larger aggregates could not 

compromise cell integrity due to limited or lack of contact with cells. For the γ-nFe2O3, 

irrespective of the exposure concentration (10 – 10 000 µg L-1) no effect on cell viability were 

observed in both water samples (Fig. 1b). 
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 Fig. 1 Effects of (a) nZnO and (b) γ-nFe2O3 on B. subtilis viability in river water. Data 

represents the average ± SD (n=3). Asterisks (*) represent significance levels from Tukey’s 

post hoc tests in two-way ANOVA (*p < 0.05, **p ≤ 0.01, ***p ≤ 0.001). 
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Fig. 2 Effects of (a) nZnO and (b) γ-nFe2O3 against B. subtilis cell membrane integrity in 

natural water. Data represents the average ± SD (n=3). Asterisks (*) represent significance 

levels from Tukey’s post hoc tests in two-way ANOVA (*p < 0.05, **p ≤ 0.01, *** ≤0.001).

Bacterial cell membrane integrity was also evaluated for both ENPs, and the results are 

summarized in Fig. 2. Effects of nZnO on cell membrane integrity were found to be 

concentration dependent in both river waters. For instance, results indicated that nZnO 

induced significantly higher effects on cell membrane integrity disruption at all 

concentrations in ER with maximum reduction of 46% (Fig. 2a), and the trend was similar to 

reduction in cell viability (61%) observed at the same concentration (Fig. 1a). A 26% cell 

membrane integrity disruption was observed in BR at 1 000 µg L-1, but insignificant minimal 

effects at lower concentrations (Fig. 2a). Moreover, the cell membrane integrity significantly 

decreased (p ≤ 0.01) in BR (1 000 µg L-1) for nZnO, and the results were similar to those of 

100 µg L-1 in ER (Fig. 2a). The observed differences on cell membrane integrity were 

attributed to two factors: (i) water physicochemical properties (Table S1) where in ER a 

marked reduction was observed, likely due to low aggregation and high dissolution of ENPs 
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(specifically nZnO), and (ii) the type of ENPs with nZnO inducing a higher disruption 

compared to that of γ-nFe2O3 (Fig. 2). 

To date, the toxic effects of nZnO on bacteria have been widely reported, with effects linked 

to mechanisms such as nanoparticles surface contact and uptake, release of ions (Zn2+), and 

ROS production.31, 46, 69-74 In this study,  the three mechanisms were evaluated in an effort to 

account for the observed cytotoxic effects of both ENPs on B. subtilis, and the results are 

discussed in the following paragraphs and sections. Concentration-dependent effects on cell 

membrane integrity were observed in both water samples (Fig. 2a) but cell viability effects 

were only observed in ER water samples (Fig. 1a). Our findings are consistent with other 

studies71 53 where bacterial viability was found to be dependent on nZnO exposure dosage (2 

ug L-1 to 5000 mg L-1). Herein, the observed effects were linked to the increased dissolved 

zinc ions concentrations as the exposure concentration increased (Fig S2), which was 

dependent on the river water chemistry (Table 1). This is consistent with earlier findings 

where dissolved zinc from nZnO was established to be responsible for the observed toxicity 

to bacteria as influenced by exposure media chemistry.31, 53 Herein, the effects of nZnO in ER 

may be linked to measured dissolved zinc of 366 ugL-1 compared to 183 ugL-1 in BR at 

nominal exposure concentration of 1 mgL-1. Modelled speciation results of dissolved zinc 

species in both river water systems using visual Minteq showed that about 50% of  dissolved 

zinc formed complexes with DOM in BR water compared to about 39% in ER water (Table 

S2); whereas the rest formed labile complexes that could also account for the observed 

toxicity as similarly reported elsewhere.75

The γ-nFe2O3 showed no cell membrane integrity effects to B. subtilis irrespective of water 

samples source across all exposure concentrations (Fig. 2b), and the results are in agreement 

with literature where no effects were observed on bacteria at concentrations of < 70 mgL-1 (< 

70 000 µg L-1). 52, 76, 77 In this study, no cytotoxic effects of γ-nFe2O3 were observed due to high 

aggregation (Table S1) that, in turn, reduced bacterial cell-nanoparticle contact. High 

aggregation was evident at higher exposure concentrations where γ-nFe2O3 sedimented to 

the bottom of the exposure vessels. And, due to γ-nFe2O3 low solubility, implied very low or, 
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non-release of ions especially in the short 2 h exposure period used in this study; further 

accounts why no cytotoxic effects were evident.  

Herein, TEM was used to observe bacteria-ENPs interactions and the likely resultant effects 

on the bacterial cells, and the micrographs are shown in Fig. 3. For the γ-nFe2O3, intact 

bacteria cells at all nominal exposure concentrations (10–10 000 µg L-1) were observed with 

only limited contact between the ENPs and cells as the exposure concentration increased 

(Fig. 3 (a-d)). Raptured cells were observed at higher concentrations of 100 and 1 000 µg L-1 

for nZnO (Fig. 3 f and g), but the cells remained apparently intact at the lower concentration 

of 10 µg L-1.

The cross-sections of B. subtilis following exposure to ENPs (Fig. 4) depicts a qualitative 

assessment on the integrity of membrane structures. At lower concentrations of 10 and 100 

µg L-1, γ-nFe2O3 intact cells were evident (Fig. 4 a and b), however, at higher ones (1 000 and 

10 000 µg L-1) as shown in Fig. 4 c and d, impairment of cell walls and membrane were 

observed likely due to close proximity of ENPs to the cells enhanced by increased 

aggregation as concentration increased as well as likely entrapment of cells in the formed 

aggregates. For nZnO, raptured cells were observed at 1 000 µg L-1 (Fig. 4 g), but at 10 and 

100 µg L-1 qualitatively higher proportions of unimpaired cells were observed (Fig. 4 e and f 
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Fig. 3 Transmission electron micrographs of B. subtilis following exposure in (a) 10, (b) 100, 

(c) 1000, (d) 10000 µg L-1 γ-nFe2O3; (e) 10, (f) 100, (g) 1000 µg L-1 nZnO; and (h) control in ER. 

Fig. 4 Cross-sections of transmission electron micrographs of B. subtilis following exposure 

to (a) 10, (b) 100, (c) 1 000, (d) 10 000 µg L-1 γ-nFe2O3; (e) 10, (f) 100, (g) 1 000 µg L-1 nZnO; 

and (h) control in ER.

Bacterial cell wall serves as a barrier that controls and/or prevents the entry of certain 

compounds from the surrounding  environment into the cell interior.78, 79 Engineered 

nanoparticles have been reported to show anti-microbial activity through ENPs-induced 

disruption of the membrane.10, 71, 80 Contact between the ENPs and bacteria, for example, 

where nZnO have been observed to cause cell wall permeability on B. subtilis was reported 

by Rago54 and on other organisms.22, 71 Herein, TEM results point to restricted contact 

between  ENPs (nZnO and γ-nFe2O3) and bacteria cells with no evidence of uptake; yet cell 

membrane damage was observed in the case of nZnO. From our findings, negatively 

charged ENPs (as reported herein for both river water samples, Table S2) suggest minimal 

ENP-cell interactions (if any) due to repulsion, however, ENP-cell surface contact could not 

be ruled-out especially at higher concentrations where membrane damage occurred for 

nZnO. For instance, nZnO with HDD of 558 ± 28 nm as measured by DLS represents the 

average size of larger-sized particles; however, smaller-sized particles can still interact with 
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the bacteria cells due to the concentration effect as suggested by other researchers81. Such 

nZnO - bacteria interactions could also occur aided by mechanisms such as hydrogen 

bonding, Van der Waals forces, and receptor-ligand interactions through bacterial cell 

moieties where there’s weak electrostatic repulsion.74, 82, 83 However, no such similar effects 

were observed for γ-nFe2O3 due to formation of larger aggregates (µm sized) that tended to 

sediment and settle at the bottom of the vessels; thus leading to no plausible ENPs-cell 

interactions. Zn2+ have also been suggested to attach to the cell membrane and  rupture the 

cell wall leading to membrane integrity loss.84, 85 . In addition , in circumstances where 

disruption of zinc homeostasis occurs due to internalised Zn2+ cell death may occur through 

the denaturation of protein.85-87 Tong et al,44 for example, reported marked inhibition of 

between 10 and 20% on Aeromonas hydrophila and E. coli by nZnO (1 000 µg L-1) under dark 

and light conditions without increased ROS production and with minimal contact between 

nZnO and bacterial cells. Therefore, results herein show Zn2+ effects may be via reduction of 

cellular functioning due to pure chemical effect in the bacterial cells. 

ATP Production 

In this study, the ability of ENPs to disrupt ATP production was also evaluated. Results of 

measured ATP abundance following exposure to nZnO and γ-nFe2O3 on B. subtilis in both 

water samples for 1 h are summarised in Fig. 5. ATP levels were observed to decline as a 

function of time, nominal exposure concentration, and water chemistry (Fig. 5). For example, 

nZnO exhibited significant concentration-dependent effects on ATP levels which were more 

pronounced in ER compared to BR water samples (Fig. 5a).  To date, only limited studies 

have investigated the likely effects of ENPs on bacterial ATP levels42-44.  Tong et al,44 for 

example, reported significant concentration-dependent reduction in ATP levels exerted on 

E.coli and A.  hydrophila by nZnO in lake water at concentrations of 250 and 1 000 µg L-1 

following 1 h incubation under dark conditions. 

Herein, our results revealed significant reduction on ATP levels even at lower concentration 

of 10 µg L-1 nZnO (p < 0.05) following 1 h incubation in river water under visible light.  To 

account for these findings, we propose two plausible mechanisms. First, the depletion of 

cellular ATP may have been due to the disruption of cellular membrane leading to the loss 

of homeostasis in cells.54, 87 Secondly, release of ions following the dissolution of ENPs (in 
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this case nZnO into dissolved zinc species) may have deactivated energy-dependent 

reactions in the cells as previously observed in toxicity studies of silver and zinc.88, 89 In most 

organisms, Zn is an essential micronutrient required for biochemical processes, however; 

when present at elevated quantities may also interfere with biological pathways.89 Therefore, 

the dissolved zinc from nZnO may have been taken up via the transport chains without 

causing damage to the cell membrane –  but rather induced denaturation of ribosome and 

suppression of enzymes and proteins involved in ATP production – leading to the 

disruption of the cell functionality.90, 91 This is consistent with the findings of nZnO toxicity 

in this study as evidenced by reduction in cell viability (Fig. 1a), and cell membrane integrity 

(Fig. 2a). This correlation is highly plausible due to two reasons. First, because minimal 

ENPs-cell contact was established, thus indicated unlikely cell membrane perforations (Fig. 

3 e - g). And secondly, results herein indicate that the observed reduction in ATP levels 

followed the dissolution patterns responsible for the release of  dissolved zinc as also earlier 

suggested by Tong et al.44 Therefore, the observed variant nZnO effects between water 

matrixes from different sources were linked to differences in dissolution as influenced by 

water chemistry characteristics. 
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Fig. 5 Effects of (a) nZnO and (b) γ-nFe2O3 on B. subtilis ATP levels in ER and BR water 

samples. Percentage of bacterial ATP was normalized to that of the control (no exposure to 

ENPs). Asterisks (*) represent significance levels from Tukey’s post hoc tests in two-way 

ANOVA (*p < 0.05, **p ≤ 0.01, ***p ≤ 0.001). 

Results summarized in Fig. 5 also illustrates the influence of ENPs type on ATP production. 

The results in Fig. 5b show ATP levels following exposure to γ-nFe2O3 (compared to nZnO 

in Fig 5a) were insignificant irrespective of nominal exposure concentration and water 

chemistry in both water samples. In certain cases, however, like in BR γ-nFe2O3 was 

observed to induce increased ATP production levels above the control after 30 min 

incubation (Fig. 5b). To the authors’ knowledge, this is for the first time ATP levels on 

bacteria exposed to γ-nFe2O3 in natural water samples were observed (10–10 000 µg L-1). The 

lack of significant effects observed by ATP measurements, even at 10 000 µg L-1, suggest that 
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γ-nFe2O3 may not pose any undesirable effect on microorganisms in aquatic systems,  

particularly at current  predicted environmental concentrations of 28 ng L-1.92 

 ROS production 

To determine whether oxidative stress contributed to the observed effects of ENPs, ROS 

production was evaluated. Results showed that nZnO and nFe2O3 induced no significant 

change in intracellular ROS levels on B. subtilis, compared to the control, in both water 

samples under visible light conditions (Fig 6). Hence, these findings indicate that ROS 

production and oxidative stress were not linked to the observed nZnO toxicity.
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Fig. 6 Effects of (a) nZnO and (b) nFe2O3 on ROS levels in BR and ER water samples. Data 

represents the average ± SD (n=3). Asterisks (*) represent significance levels from Tukey’s 

post hoc tests in two-way ANOVA (*p < 0.05, **p≤0.01, ***≤0.001).
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To date, numerous studies have reported cell damage due to oxidative stress to be among 

the key toxicity causing mechanisms for metal-based ENPs.25, 74, 93-95  For example, nZnO has 

been observed to induce significant ROS generation from E. coli relative to the control even 

in absence of UV illumination71 – although at higher concentration of 8 mg L-1 (80 000 µg L-1) 

but unlikely to be found in actual freshwater systems. Dasari and Hwang32 observed 

cytotoxic effects in natural river  water following exposure of nZnO to bacterial assemblages 

at 100 and 1 000 µg L-1 under both dark and light (sunlight) conditions, however; ROS 

generation was similar to the controls. Similarly, findings of Rago et al54 revealed no 

induction of oxidative stress (ROS production) to B. subtilis following exposure to nZnO  (10 

– 250 000 µg L-1); yet cytotoxic effects were observed. 

Herein, results show that nZnO induced cytotoxicity and cell membrane damage to B. 

subtilis in both river water samples; but the observed effects could not be accounted for by 

ROS production (as it was absent). In addition, our results are consistent with observations 

of Dasari et al32 where cytotoxicity was evident but could not be linked to oxidative stress. 

As argued by Kadiyala et al83,  and the evidence of results from this study, on cytotoxicity 

and cell membrane damage to B. subtilis indicate that ROS generation cannot be the 

predominant mechanism to account for the nZnO antimicrobial activity87. Therefore, more 

analysis is essential to elucidate the likely oxidative stress implications on the toxicity of 

ENPs, and particularly generate knowledge that can offer valuable insights that can account 

for the current contradictory data.

Environmental implications

The need to generate ENPs toxicity data from an environmental point of view, especially to 

build an understanding on their impacts to bacteria – organisms known to play a key role in 

efficient and effective functioning of the ecological systems – remain of high importance. 

This is because adverse effects to bacteria due to ENPs can trigger far reaching yet 

undesirable implications. To contribute towards achieving this objective, in this study, 

multiple lines of evidence on effects (lethal and sub-lethal) of ENPs to bacteria were 

considered – particularly at relevant likely exposure concentrations and in complex dynamic 

natural water matrices (sourced from two rivers). Evidence shows that differences in water 
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chemistry properties play a significant role on the observed (or lack thereof) effects of ENPs 

to microorganisms as they control the extent of ENPs bioavailability and transformation(s) 

in a given media. This means, based on the results generated from this study, it is not 

possible to generalize the effects of ENPs in freshwater, (whether at organism or sub-lethal 

level); rather the role of the water chemistry should be carefully considered.

To date, very limited studies have investigated the implications of ENPs to microorganisms 

in actual environmental matrices at relevant exposure concentrations such as freshwater 

used in this study.  To contribute and improve risk assessment of ENPs in the environment, 

data presented herein particularly at sub-lethal level effects (cell membrane integrity and 

ATP production) should be considered even when no evidence of effects at whole body 

organisms, or even in absentia of widely known mechanisms of toxicity such as ROS 

production. This is because, exclusion of non-standard toxicity endpoints can lead to flawed 

conclusions if only absence of adverse effects of ENPs to microorganisms (based on effect or 

lethal concentration endpoints) are exclusively considered, and especially given the 

increasing concentrations of these emerging contaminants in different environmental 

compartments. The authors acknowledge that due to divergent and fragmented data 

especially on the mechanisms of toxicity and levels of toxicity on bacteria compounds the 

ability to make meaningful conclusions concerning the extent of ENPs implications to the 

environment. Thus, this points to two priority areas that needs urgent consideration – if risk 

assessment of ENPs in the environment particularly to microorganisms is to achieve a 

certain degree of standardization among experts in different fields (technical, regulatory and 

policy) similar to what has been done for their counterpart bulk chemicals. 

Overall, the study findings suggest that γ-nFe2O3 at current environmental concentrations 

may not pose a risk to environmental organisms such as bacteria based on both 

physiological and sub-lethal effects. In contrast, the effects of nZnO on bacteria were 

dependent on the type of water chemistry where dissolution was a key precursor parameter 

to the observed toxicity. These results suggest that sub-cellular effects need to be 

incorporated jointly with traditional endpoints to establish the toxicity of ENPs, as the case 

with nZnO in this study vividly illustrates. However, findings herein cannot be deemed 

representative of all possible permutations of environmental conditions which could not be 
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considered in a single study. This raises the need to broaden testing conditions (represented 

by different sources of freshwater) including aspects such as irradiation and use of sensitive 

trophic levels e.g. crustaceans in natural water matrices. More data generated using natural 

waters as exposure media and in consideration of multiple toxicity endpoints will improve 

the possibility to undertake meaningful ecological risks of ENPs. Such approach will aid to 

draw firm conclusions necessary to map out proactive approaches aimed to manage 

nanoscale contaminants in a responsible and sustainable manner. 

 Conclusions

In this study, the toxicity of nZnO and γ-nFe2O3 in natural water samples with varying 

physicochemical parameters were assed. Results indicated that cell viability, cell membrane 

integrity, and ATP production were more diminished in ER (lower NOM, low IS, etc.) 

compared to BR (high NOM, high IS, etc.) water samples for nZnO exposures. However, γ-

nFe2O3 induced very low or no cytotoxicity to microorganisms at exposure concentrations 

investigated in this work. In addition, we demonstrated that the toxicity of ENPs to B. 

subtilis were dependent chiefly on the differences in IS and NOM in the studied water 

samples. ROS production was observed to be negligible for both ENPs. Moreover, with no 

observed interactions of nZnO and bacteria indicated that the effects of nZnO were likely 

driven by dissolved zinc, and water chemistry played a key role as evidenced by the 

differences in their dissolution between the two water samples. 

The study also illustrates the benefit of using multiple endpoints to assess the toxicity of 

ENPs as valuable insights on discrete effects were gained as certain endpoints showed no 

apparent responses but other revealed likely deleterious effects. For instance, in certain cases 

cell viability could not reveal cytotoxic effects of nZnO whereas cell membrane damage and 

ATP production demonstrated the effects of ENPs on bacteria. These findings suggest a 

plausible correlation between dissolved zinc and observed effects at different concentrations 

in the two water sources. This implies, the induced adverse interference on the metabolic 

pathways and cell membrane structures; which in turn, lead to the observed outcomes on 

bacteria, however, the nanoparticulate effects cannot be ruled out. Overall, the study 
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highlighted the complexity and variations in natural water sample physicochemical 

properties that should be considered when establishing the toxicity of ENPs to bacteria. 
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