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Abstract: To assess the fate and behavior of engineered nanoparticles in the aquatic environment, it is crucial to 

conduct appropriate bacterial bioassay procedure. However, test conditions of bacterial bioassay are limitedly 

investigated; especially in the field of environmental media chemistry or aging of nanoparticles which interfere the 

procedure. For this purpose, TiO2 nanoparticles were treated with different test conditions by keeping them in 1% 

and 100% seawater for one day and 20 days. The bacterial bioassay of treated nanoparticles towards gram-negative 

(Pseudomonas aeruginosa) and gram-positive (Staphylococcus aureus) bacteria were examined, as well as the 

mechanism by biochemical responses of bacteria and physicochemical properties of TiO2 nanoparticles. The 

viability response of tested bacteria reduced remarkably in seawater concentration, while treatment (aging) duration 

of tested nanoparticles slightly affected the viability response of tested bacteria. Moreover, key events which affected 

the bioassay response were changed with the treatment duration and media concentration. The results also showed 

that aging duration and concentration of the media influenced the main physicochemical properties due to the 

alterations in surface from aging media compared to unaged ones. 
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1. Introduction 

Nanoparticles (NPs) have found widespread application in consumer products, medicine, 

technology, etc. Especially, titanium dioxide (TiO2) is one of the most common NPs due to its unique 

physicochemical properties [1,2]. Their numerous uses will eventually lead to their entry into the aquatic 

environment, either direct or indirect process, transport, or use [3].  
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Numerous studies have evaluated the ecological impact of TiO2 NPs in the aquatic environment 

using various organisms including bacteria, algae, invertebrates, and fish [2-5]. In the majority of these 

previous studies, TiO2 NPs were freshly suspended in aquatic systems by various methods. In the 

meantime, the size, shape, and composition of NPs can change with time upon exposure to the aquatic 

environment [6]. Although their ecological impact might be affected by these properties, there has been 

very little attention to the test conditions which cause interferences on the procedure [5]. However, to 

understand the effect of test conditions on the NPs toxicity, there has no standard procedure, as well as 

there is no consensus in the scientific community to study regarding various conditions that have potential 

to interfere the procedure response. On the other hand, it is known that environmental fate and effects on 

environmental biota of NPs change before, during and after the testing. In the meantime, changes in the 

composition and chemical configuration before, during and after the testing have a major impact on the 

properties of the material [7,8]. Additionally, precise test condition has important role to obtain the desired 

information during the procedure. Besides, to obtain reliable test procedure, different challenges exist 

respecting stable exposure condition and characterizing. In this field, exposure or treatment duration in 

environmentally relevant medium exclusively need attention. It is indicated that long-term exposure and 

its identification and qualification of the effects is therefore of high regulatory relevance [8]. On the other 

hand, to examine the long-term exposure or exposure duration effect, a few limited toxicological studies 

are existed. They suggested that the aged NPs showed different toxicities compared to the unaged ones. 

Moreover, it is known that the occurrence and distribution of NPs in the environment lead to the 

interaction with chemicals which originated natural or anthropogenic sources in the environment [1,3-7]. 

The interaction between NPs and chemicals were evaluated in several studies and depending on the type 

of NPs and tested chemicals, NPs fate was changed [1,3-7]. Moreover, in most of these eco-studies, aging 

solutions/media were not environmentally relevant media. Artificial or ultra-pure water was applied to 

the NPs during the aging process as an environmental media [2,9,10]. Additionally, in most of these 

studies, aging was relatively lower duration (approx. hours to 10 days) and applied only on the rutile form 

of TiO2 NPs [2,9-12]. Furthermore, to understand the environmental impact of the NPs during aging, 

different additives or spiked chemicals were used to reflect environmental components. This method is 

frequently applied for model studies. However, chemical compounds can be found as chelates under 

natural conditions, and artificial additives might not reflect the natural condition. Moreover, isolation of 

specific compounds from the environmental media is mostly impossible. Thus, dilution of the real 

environmental media can be an appropriate approach to understand and reflect the environmental 

condition.  

Therefore, in this study, we investigated the impact of the various test conditions, environmental 

media chemistry and aging of NPs, on the bioassay responses of gram-negative and gram-positive 

bacteria. 

 

2. Experimental 

2.1. Materials and Methods 

In this study, two commercial TiO2 NPs with different forms (anatase and rutile) were analyzed, 

and provided by Nanografi-Turkey. Anatase (Ti-A) and rutile (Ti-R) form TiO2 NPs were 99.5% and 

99.9% purity and 5 nm and 45 nm, respectively. Selected gram-negative Pseudomonas aeruginosa (P. 

aeruginosa) and gram-positive Staphylococcus aureus (S. aureus) were obtained from American Type 

Culture Collection (ATCC).  

Seawater was taken from Florya, Istanbul-Turkey. Seawater solutions as an environmental media 

were prepared in two concentrations (1% and 100%) with ultra-pure water. The procedures of chemical 

analysis to characterize the environmental media are summarized in Supplementary Table 1 and results 

of the seawater are shown in Supplementary Table 2.  

 

2.2. Aging Procedure 

The aging procedure consisted of preparing various suspensions of TiO2 NPs prepared in different 

concentrations of seawater in 20 mL sample vials. Then samples were kept under laboratory conditions 

and vigorously shaken with shaker [1,3,6,7]. TiO2 NPs were separated from the solution media by 
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centrifugation after certain aging durations (1 day and 20 days). Separated NPs were dried in a furnace at 

70oC and they were used in further physicochemical characterization and toxicity analysis. The pH of the 

solution was not change during both aging durations with checking the pH various time intervals.  

 

2.3. Bacterial Bioassay Procedure 

To examine the toxicological behavior of aged TiO2 NPs, freshly cultured bacteria (P. aeruginosa 

and S. aureus) were exposed to 25 mg/mL TiO2 NPs in nutrient broth medium. They were incubated in a 

dark oven at 37oC for 24 h. Growth inhibition was measured by optical density measurement, which is a 

widely applied method in the literature [12-15]. In this method, turbidity caused by bacterial growth was 

measured at 600 nm after 24h incubation (exposure) time. Controls for toxicity assessment did not contain 

any type of TiO2 NPs, they only contained isolated bacteria suspended in broth. All samples had five 

replicates. Averages of those five replicas are reported in the results, figures, and tables. Error bars in the 

results represent the standard deviation of their five measurements.  

 

2.4. Biochemical responses of tested bacteria 

Biochemical responses were measured immediately after the 24 h period from the incubated 

bacteria harvested from the broth. Samples were placed in the wells of 96-well plates so that their OD600 

measurements and biochemical assays can be conducted simultaneously.  

Total protein concentration was measured by the Bradford method using bovine serum albumin 

as the standard. Control and sample solutions were measured at 595 nm using a UV-VIS 

spectrophotometer (Thermo Scientific MULTISKAN GO, Finland). 

Lipid peroxidase enzyme activities of bacteria exposed to TiO2 NPs were measured according to 

the method described in the work of Arora et al. [16]. Method involves the addition of TRIS buffer, ferrous 

sulfate and ascorbic acid to the bacterial solution that was exposed to TiO2 NPs (or non-exposed bacterial 

solution in case of control). After incubation at 37oC for 15 min, thiobarbutiric acid was added to the 

mixture and kept in a 100oC water bath for another 15 min. Obtained reaction mixtures were centrifuged 

and obtained supernatants were placed in wells and measurements were taken at 532 nm with the UV-Vis 

spectrometer (Thermo Scientific MULTISKAN GO, Finland). 

Total antioxidant capacities of samples were conducted according to the CUPRAC method 

described in the work of Apak et al. [17]. Briefly, sample solutions were mixed with 0.01M CuCl2, 7.5x10-

3 M Neocuproine, and 1 M CH3COONH4 and measurements were taken at 450 nm, after the 30 min 

waiting period. Trolox was used as a standard.  

Finally, superoxide dismutase (SOD) enzyme activity was analyzed as described by Kono [17]. 

Method involves the addition of Triton X-100, nitro blue tetrazolium, and hydroxylamine-hydrochloric 

acid, and quantifies the inhibition of photochemical reduction of nitro blue tetrazolium chloride caused 

by SOD activity. SOD activity was monitored for 5 min with 1 min intervals at 560 nm. 

 

2.5. Physicochemical Characterization of TiO2 NPs 

The surface chemistry of TiO2 NPs was investigated using Fourier-transform infrared (FTIR) 

spectrometry (VERTEX 70 ATR, Bruker, Germany). The FTIR analysis was acquired in the range of 

4000 to 650 cm-1 to examine the impact of aging and seawater concentration on surface chemistry of TiO2 

NPs [19,20].  

Particle sizes and zeta potentials of aged TiO2 NPs aged in different concentrations of seawater 

were measured via Dynamic light scattering (DLS) using Zetasizer Nano ZS instruments (Malvern, UK) 

at 25°C at a scattering angle of 173° using a 4 mW He-Ne laser. Control (unaged) and TiO2 NPs were 

sonicated for 5 minutes and placed in standard zeta potential disposable capillary cells and polystyrene 

cuvettes for zeta potential and size measurements, respectively [21,22]. 

 

 

 

 



Test conditions effect on the bacteria bioassay   

 

 

4 

3. Results and discussion 

 

3.1. Effect on the response of bacterial bioassay 

 

Due to the lack of suitable and standard methodologies, the influence of test conditions (e.g. 

treatment duration (aging) and environmental media chemistry) on the bacterial bioassay response is 

rarely investigated [23]. However, bacteria have a vital role in the environment and living systems. As 

well, the bacteria model system is a good indicator to examine the environmental changings or any 

contaminants released to the environment [1,3,7,19-23]. To understand the impact of aging duration and 

seawater concentration as test conditions of procedure, bioassay responses of gram-negative (P. 

aeruginosa) and gram-positive (S. aureus) bacteria to TiO2 NPs were investigated (Figure 1). The 

viabilities of tested bacteria were significantly decreased when TiO2 NPs were aged in different 

concentrations of seawater. However, aging duration has no or slight effect on the the bacterial bioassay 

response of NPs.In the one day aging, the viability of gram-positive S. aureus was decreased with the 

increased concentration of seawater. The viability decrease was significant in the Ti-A, however there 

was no significant changes in the Ti-R. With the 20-days aging, the viability of S. aureus was not changed 

and it was affected neither by the test media nor the form of TiO2 NPs. 

The viability of gram-negative P. aeruginosa was different from tested gram-positive bacteria, 

and the concentration of test media affected the viability; it significantly increased with increasing 

concentration of seawater. Moreover, aging duration did not significantly influence the bioassay response, 

while there had a slight trend with aging duration that increased aging reduced the viability of P. 

aeruginosa. 

 
Figure 1. Bacterial bioassay response at different concentrations of seawater and aging duration (n=5) 
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3.2. Effect on the physicochemical properties of TiO2 NPs 

 

It is known that toxicity response of NPs affected by the physicochemical transformations of NPs. 

However, the literature has rare studies that investigated the test conditions or analytical methodology. 

For example, Baysal et al. [1,7] examined the effect of sample pretreatments on the bacterial bioassay 

response of various NPs. These studies indicated that sample pretreatment method influenced the 

physicochemical properties of NPs. On the other hand, these studies did not examine the treatment 

duration and environmental media chemistry which can also influence the bacterial response. To examine 

aging on the physicochemical changes of anatase and rutile form of TiO2 NPs under various 

concentrations of seawater, surface chemistry, particle size, and zeta potentials were analyzed. FTIR 

spectra of control and aged TiO2 NPs in various concentrations of seawater in the 650-4000 cm-1 region 

are shown in Figure 2. The characteristic functional groups on the control surfaces of anatase and rutile 

form of TiO2 NPs are slight band at 3100-3500 cm-1 and slight peak 1640 cm-1 ascribed O-H and N-H 

groups, respectively. The surface chemistry of anatase and rutile form of NPs was changed with aging in 

seawater. In Ti-A, the intensities of characteristic peaks increased with aging and seawater concentration. 

Increased concentration of seawater affected the surface with respect to both increasing intensities of 

characteristic peaks and the alteration of new functional groups. For example, S-related groups at 1200 

and 2085 cm-1 were introduced to the surface of Ti-A NPs.  

 

 

Figure 2. FTIR spectra of the control ‘fresh’ and 1 day and 20 days aged of TiO2 NPs in seawater, (a) Anatase 

form of TiO2 NPs in 1% concentration of seawater, (b) Anatase form of TiO2 NPs in 100% concentration of 

seawater, (c) Rutile form of TiO2 NPs in 1% concentration of seawater, (d) Rutile form of TiO2 NPs in 100% 

concentration of seawater.  
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In the meantime, with increased seawater concentration, rutile form showed similar behavior with 

anatase and new functional group (S-related groups at 1200 and 2085 cm-1) was attached to the surface, 

but intensities of existing functional groups were not to dramatically change compared to anatase form. 

Also surface chemistries of Ti-R were not affected by the aging at low concentration (1%) of seawater. 

On the other hand, aging duration mostly did not influence the surface chemistries of TiO2 NPs, except 

for aging at high concentration of seawater, in which the intensities of both TiO2 NPs decreased. In the 

study of Lu et al. [9], various surface chemistry behaviour was observed among TiO2 NPs, such as 

alteration of chemical groups or intensities of existing chemical groups, after aging TiO2 NPs for 10-days 

in dark and under light. Each tested NPs showed different surface chemistry variations. Changes in the 

surface chemistry were also examined in another study and results showed that surface chemistry was 

transformed by aging [24]. 

The hydrodynamic size of the control and aged TiO2 NPs were also studied (Table 1). The sizes 

of aged NPs in various concentrations of seawater were significantly different from the control. Moreover, 

increasing the aging duration decreased the particle size of Ti-A. However, the particle size of Ti-R 

increased with the aging. Additionally, similar results were obtained for the seawater concentration: high 

concentration of seawater decreased the particle size of Ti-A compared to low concentration of seawater, 

and particle size of Ti-R increased with the high concentration of seawater compared to the low 

concentration of seawater. 

The effect of seawater aging on the zeta potentials of TiO2 NPs at different seawater 

concentrations and aging durations is summarized in Table 1. Zeta potentials were also significantly 

different from control. Moreover, the aging duration at different concentrations of seawater was effective 

on the zeta potentials. As expected, there was a high correlation between zeta potentials and particle sizes. 

The changes in zeta potentials might be caused by the changes in surface chemistries with aging durations 

and environmental media chemistry. It was also observed that the Ti-A particles were more stable with 

increased aging and seawater concentration, regarding their zeta potentials. Contrarily, Ti-R particles were 

more stable with short aging duration and low seawater concentration. Changings on the zeta potentials 

and particle sizes were also observed by other studies related with TiO2 NPs and the results indicated that 

decreasing trend during the aging process was attributed to the change in the surface structural 

degradation, and surface properties of aged ones were no longer as same as the unaged ones [2,9,10]. On 

the other hand, the rutile form TiO2 NPs was the most used form in previous studies, but anatase form 

was not tested crystalline form of TiO2 NPs in the available studies [2,9-12]. Increased zeta potentials and 

decreased particle size of anatase form of TiO2 NPs can be explained by the alteration of new chemical 

groups on the surface.  

 To evaluate the measurement quality which includes reproducibility and repeatability, the 

standard deviations of the tested physicochemical parameters were compared [1,7] and there has no 

significant differences. 

 

   Table 1. Particle sizes and zeta potential of different form of TiO2 NPs with the aging in various 

concentrations of seawater (N=3, SW: Seawater, Ti-A: anatase form of TiO2 NPs, Ti-R: rutile 

form of TiO2 NPs). 

NPs Particle size of TiO2 NPs 

Control  

(unaged) 

1% SW 100% SW 

1day aged 20days aged 1day aged 20days aged 

Ti-A 1038±96 333±18 256±24 273±11 148±9 

Ti-R 353±32 
 

291±21 419±35 443±44 978±81 

 Zeta potentials of TiO2 NPs 

NPs Control  

(unaged) 

1% SW 100% SW 

1day aged 20days aged 1day aged 20days aged 

Ti-A -3.8±0.2 -0.1±0.01 -15.7±1.1 -10.7±1.0 -14.3±1.3 

Ti-R -27.5±2.2 -14.0±1.0 -11.0±0.6 -12.1±0.9 -10.1±0.7 
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3.3.  Effect on the biochemical properties of bacteria 

 

The test conditions can affect the physicochemical properties of NPs and bacterial bioassay 

response. As well as, the biochemical pathways of bacteria responses can be influenced by the test 

conditions. These key bio-events are also important to observe the changings on the method caused from 

the test conditions.. Therefore, to understand how the biochemical properties of gram-positive and gram-

negative bacteria were affected by the test conditions, some main biochemical responses (protein, 

antioxidant activity, SOD and LPO) of bacteria were investigated. The protein content of the tested 

bacteria is shown in Figure 3, and these were significantly affected, except for, S. aureus to Ti-R at a high 

concentration of seawater, P. aeruginosa at a high concentration of seawater in the presence of Ti-A and 

P. aeruginosa  at both concentrations of seawater in the presence of Ti-R.  

 

 
Figure 3. Protein responses of gram-negative and gram-positive bacteria to TiO2 NPs with respect to age 

at different concentrations of seawater (n=5). 

 

Also, there were high correlations between protein content and viability of tested bacteria with 

the Ti-A at both aging duration and aging media concentrations. However, the correlation was shown for 

the Ti-R to the viability at the low concentration of seawater. Furthermore, antioxidant responses were 

evaluated in Figure 4. A high correlation was observed with S. aureus against Ti-A in both aging durations 

and concentrations between the viabilities and antioxidant responses. In the meantime, while antioxidant 

responses were slightly reduced in other cases, there were no correlations with viabilities of tested bacteria 

or differences to the aged TiO2 NPs. As shown in Figure 5, similar results were observed for the SOD 

activities.  
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Figure 4. Antioxidant responses of gram-negative and gram-positive bacteria to TiO2 NPs with respect 

to age at different concentrations of seawater (n=5). 

 
Figure 5. SOD responses of gram-negative and gram-positive bacteria to TiO2 NPs with respect to age at 

different concentrations of seawater (n=5). 
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Moreover, the response from the lipid metabolism was examined by LPO activities of tested 

bacteria (Figure 6). Results showed that there was a high correlation with viability and LPO activities, 

except for S. aureus exposed to Ti-A at high concentration of seawater and P. aeruginosa against exposed 

Ti-R at high concentration of seawater.  

 
Figure 6. LPO responses of gram-negative and gram-positive bacteria to TiO2 NPs with respect to age at 

different concentrations of sea-water (n=5). 

 

To determine the dominant effected biochemical response, tested biochemical parameters were 

evaluated to understand which one was affected the most. The significance order of inhibition pathways 

for S. aureus is LPO>antioxidant>protein>SOD, and antioxidant>protein when Ti-A NPs were aged in 

low and high concentration of seawater, respectively. On the other hand, the inhibition pathways were not 

specific for the S. aureus in the low concentration seawater aged Ti-R and tested parameters affected the 

inhibition similarly. Ti-R aged in high concentration seawater caused inhibition for S. aureus only via 

LPO activity. The significance  order of inhibition pathways for P. aeruginosa are LPO>protein and 

LPO>SOD>antioxidant for Ti-A aged in low and high seawater concentration, respectively. Ti-R aged in 

low and high seawater concentration inhibited P. aeruginosa via SOD>protein>LPO and only LPO, 

respectively. 

 

4. Conclusions 

 
The present study investigated the effect of test conditions, such as seawater concentration and 

aging, on the bacterial bioassay responses under influence of TiO2 NPs. For this purpose, 

physicochemistry of TiO2 NPs and biochemical phenomena of test bacteria were evaluated. The main 

physicochemical properties of TiO2 NPs indicated that zeta potentials and particle sizes of TiO2 NPs were 

mostly influenced by aging duration and media concentration due to the alterations in surface from test 

media compared to control. On the other hand, while the viability of tested bacteria reduced remarkably 

in seawater, but aging duration slightly influenced the bioassay responses and the viability showed TiO2 
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NPs form-depended response. Also, the key events of the bacterial bioassay response were affected not 

only by physicochemical properties but also by biochemical properties. 

As a conclusion, these results indicated that bacterial bioassay responses can influence from the 

test conditions, such as aging duration and seawater concentration. 

Supporting Information  

Supporting information accompanies this paper on http://www.acgpubs.org/journal/ journal-

of-chemical-metrology  
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