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This master thesis is focused on the investigation of effect of titanium dioxide, silver
and zero-valent iron nanoparticles on distinct bacterial strains and communities
from the wastewater treatment plants and soil. A gas chromatography and a nitric
oxide analysis were conducted in order to study possible impact of titanium dioxide
and silver nanoparticles on the process of denitrification and nitrification of single
bacterial strains (Thauera linaloolentis, Paracoccus denitrificans and Nitrosomonas
europaea) and bacterial communities present in the activated sludge and biofilms
of municipal wastewater treatment plants. The effect of nanoscale zero-valent iron
on the bacterial consortium present in the soil was addressed using fluorescence in
situ hybridisation method in a 28-days experiment. Following bacterial groups were
analysed: Proteobacteria (o, B, v), Firmicutes, Actinobacteria and the domain of
Fubacteria. Titanium dioxide nanoparticles did not reveal any significant impact on
the respiration process of denitrifying bacteria. Silver nanoparticles had negative
effect on the oxygen respiration and nitrite production by nitrifying bacteria at the
highest tested concentrations (0.1 and 1 mg/L). Combination of titanium dioxide
and silver nanoparticles showed no substantial effect on the respiration kinetics of
the bacterial biofilm or the activated sludge. Fluorescence in situ hybridisation
unveiled shifts in the structure of soil microbial communities after the exposure to

selected nano zero-valent iron nanoparticles.
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Tato diplomova prace je zamérena na vliv nanocastic oxidu titanic¢itého, stiibra
a nulmocného zZeleza na vybrané bakteridlni kmeny a bakterialni spolecenstva vysky-
tujici se v ¢istirnach odpadnich vod a v pudé. Pro studium vlivu nanocastic oxidu
titanic¢itého a stiibra na proces denitrifikace a nitrifikace jednotlivych bakterialnich
kment (Thauera linaloolentis, Paracoccus denitrificans a Nitrosomonas europaea)
a bakterialnich spolecenstev, které se vyskytuji v aktivovaném kalu a biofilmu ¢istiren
odpadnich vod, byla pouzita plynova chromatografie a analyza oxidu dusnatého.
Vliv nanocastic nulmocného zeleza na pudni bakteridlni spolecenstva byl sledovan
pomoci metody fluorescencni in situ hybridizace po dobu 28 dni. Zkouméany byly
nasledujici bakteralni skupiny: Proteobacteria («, (3, v), Firmicutes, Actinobacte-
ria a doména Fubacteria. Nanocéastice oxidu titanicitého nemély zadny vyznamny
vliv na respirac¢ni procesy denitrifikacnich bakterii. Nanocastice stiibra negativneé
ovlivnily proces respirace kysliku a produkce dusitanu u nitrifikacnich bakterii pouze
pii nejvyssich testovanych koncentracich (0.1 a 1 mg/L). Zadny vyznamny vliv
nanocastic oxidu titani¢itého a stiibra na respiraci bakterialntho biofilmu a ak-
tivovaného kalu nebyl detekovan. Flurescenéni in situ hybridizace ukazala zmény
ve struktufe ptdnich bakteridlnich spolecenstev po vystaveni vybranym druhtim

nanocastic nulmocného zeleza.

Klicova slova:
oxid titanicity, sttibro, nZVI, nanocastice, Thauera linaloolentis, Paracoccus deni-

trificans, Nitrosomonas europaea, aktivovany kal, biofilm, FISH
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Nowadays, nanomaterials (NMs) are commonly used in many different industries
around the world. Whether they are silver nanoparticles (Ag NPs) for their antimi-
crobial properties [1, 2], nanoparticles of titanium dioxide (7705 NPs) for photo-
catalytic applications [3, 4], nanoscale zero-valent iron (nZVI) for decontamination
[5, 6] or others, this besides all the positive properties means that NMs are also part

of the industrial pollution.

The introduction of NMs to the environment could be done in several ways. First
of all, it is crucial to differentiate between conscious and unconscious intrusion.

In the first case, we usually talk about nZVI and its abilities in fields of decontam-
ination and remediation of soil [7] and groundwater [6, 8]. Among other methods,
adsorption technique using the nZVI has been considered simple and effective tool
for the removal of heavy metal ions from wastewater due to its wide adaptability,
environment-friendly usage and low cost [9, 10, 11].

On the other hand, extensive use of NMs such as 770, nanostructures due to their al-
luring material properties and applications in numerous fields as optical devices and
sensors [12], photocatalysis [4, 13], antibacterial coatings, organic pollutants [14, 15]
and others NMs in consumer products such as appliances, textiles, electronics and
computers, home furnishing, motor vehicles and health [16], has resulted in their
tremendous leakage into environment and finding their way to landfills, incineration
plants and wastewater treatment plants (WWTPs). Therefore, microorganisms,
which are responsible for the removal of organic nitrogen in WW'TPs, are constantly
exposed to a broad range of “new” contaminants. In order to provide satisfactory
water quality standards, it is necessary to ensure that these contaminants, such
as NMs, do not compromise the biological processes carried out in the WWTPs.
Another problem could arise, if NMs elude all the processes and stay in the sewage

sludge — usually in a new form, for example, Ag NPs in form of sulphides (Ag..S)



[17, 18]. As sludge is commonly applied to an agricultural land as a fertiliser [19],
plants might take up and store those NPs and their transformation products from
the soil. This could be a potential way for NMs to get into the human food chain

and cause additional harm [18, 19].

Although several studies proved that the toxicity of NMs is decreasing over time
in sewage sludge [20, 21], the impacts on the removal of organic nitrogen from
wastewater and the possible toxic effects of NMs on the bacteria themselves, remain

unclear.

Moreover, application of nZVI in the decontamination of organic pollutants in
aquatic and soil environments is rising. In order to apply nZVI safely, it is essential

to investigate its possible harm on bacterial cultures living in these environments.

Several analytical assessments could be provided in order to investigate influence of
NMs in different environments. [In vitro tests are widely used. Their advantages
lay in requiring only small amount of testing material; limitation of toxic waste;
speed, price and reproducibility of experiment; and mainly in maintaining control
of conditions and environment throughout the whole process of examination [22].

Assessment techniques are often divided into groups by aspects of approach. For
instance, cell viability is the group where ratio of live/dead cells, growth rate, prolif-
eration, apoptosis and necrosis are closely explored [23]. Subsequently, it is crucial
to understand toxicity mechanisms by examination of oxidative stress and DNA

damage of the testing subjects.

MTT and XTT are widespread proliferation assays where a cellular reduction of
tetrazolium salts produces formazan dyes. These dyes are then detected by optical
absorbance and utilised as an indicator of cell metabolism. This method requires
minimal physical manipulation of model cells and generate quick and reproducible
results. Nevertheless, the understanding of results could be misleading, for example,
due to the reaction of tetrazolium salts with NPs [24].

Correspondingly, [*H]thymidine incorporation and Alamar Blue (known as resazurin



test) are based on metabolism of model organism. In the case of [*H|thymidine,
radioactively labelled thymidine is incorporated in freshly synthesised DNA. It is ut-
terly accurate method for detection of cell proliferation but due to its high price and
possible in vitro toxicity it is usually avoided [22]. Alamar blue is a non-fluorescent
dye which is reduced in viable cells to soluble resorufin. In contrast, resorufin is ex-
tremely fluorescent. Still, NPs could react with it and therefore compromise the

results [25].

In addition, supravital dyes, namely, Trypan Blue, Neutral Red and propidium
iodide assess membrane integrity as a tool to determine cellular viability. Both try-
pan blue and propidium iodide are molecules with charge which do not enter cell
freely. However, damaged cells have disrupted membranes and thus the entrance
is achievable [26]. After the access of dyes, each cell fluorescents with slightly differ-
ent wavelength. Alternatively, Neutral Red is uncharged molecule which can access
both live/dead cells but only inside the living cell fluorescencents in specific wave-
length. This is viable solely due to the change of pH which allows protonation of
Neutral Red by acidic lysosomes [27].

Another approach could be taken by using LDH (lactate dehydrogenase) which is an
oxido-reductive stable enzyme presented in almost all organisms. It catalyses the
interconversion of pyruvate and lactate with concomitant interconversion of NADH
and NAD™. Now, if a tissue or a cell is spoiled by toxic material, it releases LDH
into its surrounding. With regard to its stability, it is conceivable to identify it in
higher levels. As for colorimetric LDH tests, reduction of MTT in NADH-coupled
enzymatic reaction to form of reduced MTT is used [28].

Naturally, it is vital to observe any potential interference between NPs and assay
components which could lead to decrease in the test accuracy. Unfortunately, recog-

nition of such interference is difficult to predict and might often occur [29].

In order to investigate cell death as a result of action of NPs, it is desirable to apply

assays which include inspection of single cells changes, for instance, TUNEL assay



[30] and annexin-V assay [31].

The TUNEL assay manipulates with double-strand breakage and DNA fragmenta-
tion during the process of apoptosis. DNA polymerase is consistently used along
with BrdU (5-bromo-2-deoxy-uridine) which is fused with the repaired double-strand
breaks inside the cells. Subsequently, anti-BrdU antibody is joined to the incorpo-
rated BrdU in respect of labelling the DNA. This implies that they are likely to be
detected via the microscope.

Moreover, annexin-V is a phosphatidylserine specific binding substrate which oper-
ates the phospatidylserine located on the surface of the cell during apoptotic restruc-
turing of membrane. The substrate can be labelled by a fluorescence dye to draw

attention to membrane in early and late state of apoptosis [23].

Genotoxicity and DNA damage are often inspected by the single cell gel electrophore-
sis assay (SCGE) also known as COMET assay [32]. Cells embedded in agarose gel
are lysed with detergent and high salt to form a nucleoid. Afterwards, the nucleoid
is tagged by ethidium bromide and separated by process of electrophoresis. A fluores-
cence microscope then indicates the damage of DNA by amount of DNA fragments

[33).

Different approaches could be employed in order to examine effect of NMs on organ-
isms living in soil or groundwater. Interest is focused on the abundance structure
of microbial community and its function throughout the experimental period.
Specifically, total cell number expressed, e.g. as number of bacteria per mL or
L in liquid samples or per g of dry weight in soil samples, can be determined by
direct counting using DAPI (4’-6-diamidino-2-phenylindole) staining as a DNA flu-
orescence agent. Cell viability, besides other methods, is assessed using a two-dye
fluorescent bacterial viability kit that distinguish viable (commonly green) and dead
(red) cells under a fluorescence microscope. Afterwards, it is possible to calculate
live and dead cells abundance.

Another technique for evaluation of toxicity of NPs in soil applies the Luria-Bertani

agar plates. In this simple assessment, the treated bacteria are after the incubation



period compared to the control bacteria (without treatment) by counting the num-
ber of colony forming units on the plates [34]. The problem is that the cultivability
of bacteria from soil samples ranges between 0.1 and 1.5% [35]. Therefore, com-
position of the soil microbial communities are often analysed in the soil by FISH
(fluorescence in situ hybridisation).

One of the key features of this technique is the ability to observe each individual
cell and therefore know what exactly is happening in certain time. Application of
proper probes and protocols [36, 37] is vital in this case. Although this method
is more time consuming due to the microscopy and image analysis process, it can
give detailed information about the real structure of the targeted microbial groups
[38] and might bring more precise information than molecular biology techniques
that rely on proper DNA extraction. FISH method was used in this study, therefore

further explanation will be provided in chapter Material and methods.

Furthermore, inductively coupled plasma atomic emission spectroscopy (ICP-OES)
is relevant analytical technique for detection of chemical elements. This method al-
lows to analyse almost all elements of the periodic table, that could be transformed
in solution, with sensitivity to units of ppb to hundreds of units of ppm [17, 18, 19].
The ability to evaluate gas production/reduction during the period of an experi-
ment that investigates an effect of NPs is a significant advantage. Therefore, gas
chromatography (GC) is broadly used and its mechanised modifications are utterly
popular [19, 39, 40]. For instance, by monitoring nitric oxide (NO) it is achievable
to study denitrification as well as other bacterial NO transformations. NO is known
as a vital signal molecule [41], an agent in interactions amid pathogenic bacteria and

microbiota [42], and, for example, a releasing agent of other molecules [43].

This thesis is focused on the effect of several types of NPs on different bacterial
strains and communities living in environments such as WWTPs and soil.

Firstly, a potential toxic effect of TiO, and Ag NPs on bacteria was studied. Partic-
ularly, single strain denitrifiers Thauera linaloolentis and Paracoccus denitrificans,

single strain nitrifiers Nitrosomonas europaea, and more complex bacterial commu-



nities present in the activated sludge and biofilms of municipal WW'TPs were ex-
amined. Both complexes were examined to elucidate NPs impact on the process of
denitrification.

Secondly, an investigation of toxic effect of nZVI on bacterial community present in
the soil was addressed using the FISH method in a 28-days experiment. Following
bacterial groups were analysed: Proteobacteria (c, 3, ), Firmicutes, Actinobacteria

and the domain of Fubacteria.




2 Materials and methods

2.1 Nanoparticles

Two different types of NPs were used in the WWTPs assessments: titanium dioxide
NPs (TiO5 NPs, JRC ID: JRCNMO01001a, obtained from the Joint Research Centre
(JRC), Ispra, Italy) and silver NPs (Ag NPs, obtained from Nanocomposix, San
Diego, USA).

Titanium dioxide NPs were uncoated anatase particles with a primary particle size
of 5-8 nm measured by the JRC using the small-angle X-ray scattering (SAXS) and
TEM (see Figure 2.1). Based on the information provided by the JRC, the number
of dispersed aggregates and agglomerates smaller than 100 nm was 95.2%, smaller
than 50 nm was 77.3% and smaller than 10 nm was 10.7% (measured by TEM).
The surface area was 316.1 m?/g (measured by BET).




Figure 2.1: Representative TEM image of dispersed TiOy NPs (left); scale bar
is 500 nm. Detail of TiO, aggregates (right). Both images were provided by
the JRC.

The NPs were received in a powder form and subsequently suspended in a deionised
(DI) water by sonication following the NANoREG protocol for producing repro-
ducible dispersions of engineered NMs in exposure media. Suspended NPs were

then stored at 4°C in darkness.

Ag NPs had a primary particle size around 21.2 + 7.9 nm (see Figure 2.2), a surface
area of 21.3 m?/g and hydrodynamic diameter in water equal to 41.5 nm. These
NPs were coated with polyvinylpyrrolidone (PVP).

The NPs were received as a stable suspension with a nominal concentration of

5.2 g/L. The NPs were kept at 4°C in darkness before testing.




Figure 2.2: Representative TEM images of Ag nanospheres. Both images were

provided by Nanocomposix.

In FISH assessments were examined following NPs: BC-nZVI (batch 14-H, obtained
from Regional centre of advanced technologies and materials, RCPTM), Palacky
University Olomouc, Czech Republic) and NANOFER 25S (obtained from NANO
IRON s.r.0., Czech Republic).

BC-nZVI consisted of three phases: a-Fe (35%), 7-Fe (13%) and C-graphite (51%).
Its quantification and parameters were set by Rietveld analysis. The surface area

was approximately 184 m?/g (see Figure 2.3).




nZBC_14-07 5.0kV 6.7mm x30.0k 1.00um

Figure 2.3: SEM image of nZVI on carbon particle; scale bar is 1 um. Image was

provided by RCPTM.

NANOFER 25S was used as an aqueous dispersion of stabilised nZVI (coated with
sodium polyacrylic acid 3%) with average particle size <50 nm and specific surface
>25 m?/g (Figure 2.4). NANOFER 25S was composed of iron (14-18%), magnetite
(Fe304; 6-2%), carbon (0-1%), water (77%) and surfactant (3%).

500 nm

Figure 2.4: SEM image of NANOFER 25S aggregated particles; scale bar is 500 nm.
The slurry was dried before the SEM imaging, therefore it may not accurately reflect

the size of the original material [44].
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2.2 Effect of 77Oy, and Ag nanoparticles on bacteria

from activated sludge and biofilms

The examination of single strain denitrifiers, nitrifiers and complex bacterial com-
munities obtained from activated sludge and biofilms of municipal WWTPs with

TiO5 and Ag NPs is described in this section.

2.2.1 Bacterial cultures and communities

Single bacterial strains were obtained from the German Collection of Microorgan-
isms and Cell Cultures (Leibniz Institute DSMZ, Braunschweig, Germany), namely,
Paracoccus denitrificans (DSM-413), Thauera linaloolentis (DSM-12138) and Nitro-
somonas europaea (DSM-28437).

Paracoccus denitrificans is a gram-negative, non-motile, denitrifying bacterium with
a typically rod-shaped cells. It belongs to the class of a-Proteobacteria. This
bacterium is a model organism for studying denitrification and can be commonly
found in WWTPs, where it reduces nitrate to nitrogen gas. Metabolically, it
can grow as a chemolithoautotroph (carbon dioxide used as an inorganic energy
source)[45]. Strain was isolated from activated sludge and its optimal growth tem-
perature is around 20°C.

P. denitrificans was cultivated in Sistrom’s medium ([46]; see Table Al) with an
initial pH of 7.3. In addition, trace elements solution and vitamins solution (see
Table A2) were added. pH was adjusted to 7.3 with 10 M KOH and the medium

was sterilised in autoclave.

Thauera linaloolentis is a gram-negative, mesophilic, motile bacterium. It belongs to
the class of B-Proteobacteria. This bacterium is exhibiting a rapid complete onset

(RCO) denitrifying phenotype, which means that it can shift rapidly from oxic to




anoxic respiration [47]. The optimal growth temperature is around 25°C.
T. linaloolentis was cultivated in Thauera’s medium ([47]; see Table A3) with an

initial pH of 7.6. The medium was subsequently autoclaved for sterility.

Nitrosomonas europaea is a gram-negative obligate chemolithoautotroph which de-
rives all energy for growth from the oxidation of ammonia to nitrite. It belongs
to the class of 3-Proteobacteria. N. europaea participates in the biogeochemical ni-
trogen cycle in the process of nitrification — the conversion of reduced nitrogen in
the form of ammonia [N Hs] or amonium [N H, | to oxidised nitrogen in the form
of nitrate [NO3 ], nitrite [NO5 |, or gaseous forms [NO, N,O]. The optimal growth
temperature is around 15°C.

N. europaea was cultivated in basal salts medium (see Table A4 with an initial pH
of 7.8. In addition, solution of modified trace elements (see Table A5) was added.
pH was adjusted to 7.8 and the medium was sterilised in autoclave. Additionally,

the medium was filter-sterilised before inoculation by the bacterium.

Natural bacterial communities were obtained from actively operating WWTPs (BEVAS
and VEAS in Oslo, Norway). In the case of BEVAS, I operated with their activated
sludge which was freshly sampled on the day of the experiment. More information

about BEVAS WWTPs can be found at: http://www.bvas.no

In the case of VEAS, biofilm associated bacteria present on the LECA (Light Ex-
panded Clay Aggregate) particles was sampled from the denitrification tank and

stored (4°C) few days before the realisation of the experiment. Additional informa-

tion about VEAS WWTPs can be found at: http://www.veas.no

2.2.2 Experimental design
Seven separate experiments were performed: six of them dealt with an impact of

NPs on the process of denitrification and one experiment dealt with the process of

nitrification. Each of them is described in detail below.



Effect of TiOy NPs on denitrifying bacteria

Firstly, the toxic impact of Ti0O, NPs on the single bacterium strain P. denitri-
ficans was examined. Assays were performed in 120 m/L vials under a vigorous
stirring (750 rpm, triangular stirring bar 25 x 8 mm). Each vial contained 40 mL of
the Sistrom’s medium, 0.9 mL of bacterial culture (ODggo - 0.1), a specific volume
of Ti05 NPs to reach exact concentration and additional DI water to fulfil the final
sample volume of 50 mL. Investigated concentrations were in a range of 0.1 mg/L
up to 10 mg/L with a factor of 10 between them. Dilution of 79Oy NPs was made in
DI water. In addition, 100 uL of 1 M K NO3 was added to each vial to set the final
concentration of NO3 to 2 mM. The vials were crimped with a butyl septa and alu-
minium caps. Prior to the inoculation, the air was replaced with helium during six
cycles of a evacuation and a helium-filling using a semi-automated system ([39]; see
Figure B1). During this process, the medium in the vials was stirred at 950 rpm to
ensure sufficient gas exchange between liquid and gas phases. Thereafter, the excess
pressure of each vial was released using a ethanol-filled syringe where the piston
was removed. In addition, 1 mL of Oy was added in each vial to adjust the final
concentration of Oy to 1 % w/v. Immediately after, 0.9 mL of bacterial culture was
added to all of the vials. The GC bath was set to 20°C and the frequency of gas
sampling was set to every 2 hours. After the vials reached the equal temperature,
the excess pressure was released again. Thereafter, the gas analysis started.
Secondly, the toxic impact of 7O, NPs on a single strain bacterium 7. linaloolentis
was investigated. This experiment was set in the same conditions as the one with
P. denitrificans. Tested concentrations were in a range of 10 ug/L up to 10 mg/L
with a factor of 10 between them, the GC bath was set to 25°C and the frequency
of gas sampling was set to every 2.4 hours.

All samples were measured in triplicates. Sterile environment was maintained

throughout the whole process.



Effect of Ag NPs on N. europaea

Assays were performed in 120 mZL vials under stirring (200 rpm, triangular stirring
bar 25 x 8 mm). Each vial was sterilised by 1 M HCl and subsequently autoclaved.
The basal salts medium was filter-sterilised before adding into fresh autoclaved vials.
Each vial contained 1 mL of the bacterial culture, a specific volume of Ag NPs to
reach exact concentration and the basal salts medium to fulfil the final sample vol-
ume of 50 mL. Investigated concentrations were in a range of 0.1 ug/L up to
1 mg/L with a factor of 10 between them. The dilution of Ag NPs was made in the
basal salts medium. In addition, 25 L of Phenol red (pH indicator, pink at neutral
pH and turning yellow at lower pH) was added to each vial to stain the growing
bacterial culture. A special septa with teflon on one side together with aluminium
caps were sterilised by an ethanol and an UV light (15 minutes) before crimping the
vials. Prior to the inoculation, the air was replaced with helium during six cycles
of the evacuation and the helium-filling using a semi-automated system. During
this process, the medium in the vials was stirred at 950 rpm to ensure sufficient gas
exchange between liquid and gas phases. Thereafter, the excess pressure of each
vial was released using an ethanol-filled syringe where the piston was removed. In
addition, 3.5 mL of Oy was added in each vial to adjust the final concentration of
O3 to 5% v/v. Immediately after, 1 mL of the bacterial culture was added to all of
the vials. The GC bath was set to 30°C and the frequency of gas sampling was set
to every 6 hours. After the vials reached the equal temperature, the excess pressure
was released again and 0.6 mL of the liquid sample for NO; analysis were taken
from each vial. After 120 hours, 1 mL of 0.1 M N H4Cl was added to each vial to
set the final concentration of NH; to 2 mM. In addition after 168 hours, 0.1 mL of
0.1 M NaHCO3 and 1 mL of 0.1 M N H,Cl were added to each vial in order to feed
the bacterial culture. All samples were examined in duplicates. Sterile environment

was maintained throughout the whole process.



Effect of TiOy and Ag NPs on bacterial biofilm

The effect of Ag NPs on a complex of bacterial communities that formed a biofilm
on the surface of the porous LECA particles (VEAS, Oslo, Norway) was examined.
LECA particles were stored in dark cold (4°C) place and activated by mixing with
synthetic wastewater (SWW, see Table A7) for 30 minutes before the experiment
started. Assays were performed in 145 mL stainless steel gas-tight reactors with
stirring (950 rpm, triangular stirring bar 25 x 8 mm, see Figure B2). Each reac-
tor was composed of 6 g of LECA particles, a specific volume of Ag NPs to reach
exact concentration and SWW to fulfil the final sample volume of 65 mL. Inves-
tigated concentrations were 0.1 and 1 mg/L of Ag NPs. The dilution of Ag NPs
was made in SWW. LECA particles were situated on the nonmagnetic metal screen
(1 mm-diameter pores) approximately one centimeter above the bottom of reactor
to ensure proper flow of liquid [48]. The reactor openings were crimped with a butyl
septa and aluminium caps. The air was replaced with helium during six cycles of
the evacuation and the helium-filling using a semi-automated system. The GC bath
was set to 15°C and the frequency of gas sampling was set to every 1.2 hours. After
the reactors reached the equal temperature, the excess pressure was released and
0.6 mL of the liquid sample for NO, analysis were taken. Thereafter, 0.65 mL
of 0.1 mM KNOj; was added to each reactor to adjust the final concentration of
NO;3 to 1 mM. 30 minutes later, the second liquid samples were taken. Since then,
liquid samples for NO, analysis were taken every hour until the quantity of NO5
plummeted.

Furthermore, the impact of 790y NPs was investigated following the same protocol
as for Ag. The only difference was that the investigated concentrations were 1 and
10 mg/L of TiOy NPs.

In addition, the impact of the combination of 79O NPs and Ag NPs was tested.
The conditions of the assessment were the same as the ones above with only dif-
ference being that the investigated concentrations were combinations of 0.1 mg/L

of Ag NPs and 1 mg/L of TiOy NPs and subsequently 1 mg/L of Ag NPs and



10 mg/L of TiOs.
All samples were prepared in duplicates. Since I worked with LECA particles, which
are commonly used in the WWTPs, it was not necessary to work in a sterile envi-

ronment.

Effect of T1O9 and Ag NPs on bacterial community in activated sludge

The effect of T9Oy NPs and subsequently the combination of 770, NPs and Ag NPs
on a complex of bacterial communities presented in the activated sludge (BEVAS,
Oslo, Norway) was examined. Activated sludge was freshly sampled and stored
inside the cold box (4°C) for a few hours before the experiment started. Assays were
performed in 120 mL vials with stirring (750 rpm, triangular stirring bar 25 x 8 mm).
Each vial was composed of 40 mL of an activated sludge (pH 7), 8 mL of SWW
(pH 7.7, source of carbon, see Table A7), a specific volume of TiOy and Ag NPs to
reach exact concentration and DI water to fulfil the final sample volume of 50 mL.
SWW was freshly prepared before the experiment. Investigated concentrations were
0.1 mg/L and 1 mg/L for TiOy NPs and as well for the combination of 7Oy NPs
and Ag NPs. Dilutions of 770y NPs and Ag NPs were made in DI water. The vials
were crimp-sealeded with a butyl septa and aluminium caps. The air was replaced
with helium during six cycles of the evacuation and the helium-filling using the semi-
automated system. The GC bath was set to 16°C and the frequency of gas sampling
was set to every 2.4 hours. After the vials reached the equal temperature, the excess
pressure was released. In addition, 100 uL of 1 M K NO3 was added to each of vials
to set the final concentration of NO3 to 2 mM. No O, was added. All samples were
tested in triplicates. Since I worked with the activated sludge, it was not necessary

to work in a sterile environment.



2.2.3 Analytical methods

An improved version of robotised gas analysis system by Molstad et al. (2007)
was used for gas analysis (see Figure B3) [39]. The application of gas chromatog-
raphy (GC) was primarily designed for characterising of microbial communities
(such as denitrifying bacteria) based on their gas production/reduction (Oz, NO,
N>O and N3), hence electron flows to the different electron acceptors, during and
after the transition from oxic to anoxic conditions. The incubation system was
composted of a thermostated water bath with positions for 30 crimp-sealed serum
flasks (120 mL) and a magnetic stirring (Variomag HP 15, art no 41500 from H+P
Labortechnique Gmbh, Munich Germany) controlled by a Variomag Telemodul
40 S (H+P Labortechnique GmbH, Munich, Germany) [39]. The headspace gas
was sampled periodically by an Agilent CTC GC-PAL autosampler and a Gilson
Minipuls 3 peristaltic pump. The outlet from the sampling loop of the GC car-
ried the gas with a He-flow (24 mL/min) to the open inlet of a chemiluminescence
NO analyser (Sievers NOA 280i, Teledyne instrument, Norway). The GC (Agilent
7890A) was equipped with various valves, columns (molesieve column for separation
of Ny and Oy, PLOTQ column for separation of C'Hy, NoO and C'O3) and detectors
such as Thermal Conductivity Detector (TCD) for a detection of a higher concentra-
tion of NyO, Flame Ionisation Detector (FID) for a sensitive detection of C'H, and
Electron Captured Detector (ECD) for more sensitive measurement of NoO (pro-
portionally lower concentration than TCD), to analyse all relevant gases by a single

injection.

In short: Samples were taken from the headspace of 120 mL serum vials using
an autosampler connected to a peristaltic pump. The autosampler operated a nee-
dle which pierced the septa on the vials (never twice at the same spot), and the pump
took approximately one 1 mL of headspace gas from the vials into the sample loops
of the GC and the NO analyser. After the injection the pump was reversed, pumping

helium and the portion of the up-pumped gas in the pipelines back into the vials,



thus minimising dilution of the gas in the vials while maintaining atmospheric pres-

sure [49)].

The NO; measurement was performed by using the sodium iodide (1 % w/v in 50 %
acetic acid) that worked as a reducing agent of NO [50]. Subsequently, NO was
analysed using the chemiluminescence NO analyser (Sievers NOA 280i, Teledyne
instrument, Norway). This suitable and accurate method measures the NO; down
to nanomolar levels.

A liquid sample (0.6 mL) was centrifuged at 13400 rpm (12000*g) for 2 minutes
using the MiniSpin centrifuge (Eppendorf). An aliquot of supernatant (200 pL)
was then stored in Eppendorf tubes at 4°C in the dark before further analysis.
The supernatant was stirred for approximately 30 seconds right before the NO, anal-
ysis. Thereafter, 10 uL of supernatant was injected into the system via the injection
port with the septa where the reducing agent immediately reduced the injected NO5
to the NO gas following this reaction:

The produced NO gas was subsequently transferred via a tubing into the chemilu-

minescence NO analyser where it was measured.

Raw data from GC was firstly refined by Calculus excel sheet (authors: prof. Lars
Bakken, dr. Daniel Mania, Norwegian University of Life Sciences). Therefore,
the results of the analysis of gas kinetics data took into account both the solu-
bility of the gas and diffusion properties and were corrected for the dilution and

the leakage.

Figures with error bars are displayed as mean of triplicate or duplicate samples
with standard deviation (SD). Each detailed gas figure was statistically analysed
in every inspected time and compared to control sample. In addition, statistical
analysis of times when depletion (less than 95%) or accumulation (more than 95%)

of investigated gases occurred was conducted.



In this section, the experiment with bacterial soil communities and NPs, namely,
BC-nZVI and NANOFER 258, is described. FISH method was applied for the

evaluation of possible effect on the bacterial community.

2.3.1 Experimental design

The experiment was established in this order - two selected materials, BC-nZVI
and NANOFER 25S, were mixed with 50 g of soil to reach 5% of the total weight.
Control sample was prepared as a soil without any NPs. Sub-samples were taken in

the beginning, after 8, 16 and 28 days.

Soil microcosms

Standard soil (batch 2.3, LUFA Speyer, Germany) was used, according to GLP
(Good Laboratory Practice), in order to investigate influence of NPs on soil bacteria.
This soil originated from naturally treated agricultural areas in Germany. The main
physical-chemical characteristics are described in Table A6. Additional information

can be found at: http://www.lufa-speyer.de/

50 g of soil was weighed in a 100 mL plastic vial. Subsequently, 20% suspension of
NANOFER 25S (1 g of commercial suspension and 4 mL of DI water) and 11.1%
suspension of BC-nZVI (1 g of NPs and 8 mL of DI water; dissimilar ratio due to
a different structural composition) were separately prepared by mixing NPs with DI
water and stirred thoroughly (Vortex genie 2, Scientific Industries, USA). To secure
the nano-dimension of the particles in the suspension, ultrasound bath was applied

for 15 minutes. Afterwards, 2.5 g of suspension of NANOFER 25S or BC-nZVI was



added into vials to form 5% of the total weight of the sample.

After the incubation period, enumeration of bacterial cells was performed in 1-g soil

samples, according to published protocols [34, 36, 37].

Preparation of filtrates

1 g of soil sample was weighed on the laboratory weights (KERN 440-33N, Ger-
many) and mixed with 11 mZL of filter-sterilised phosphate-buffered saline (PBS)
using the minishaker (lab dancer, IKA). The suspension was incubated overnight
(37°C, 160 rpm) in orbital shaking incubator (INFORS AG CH-4103, Bottmingen,
Switzerland).

Next day, the suspension was centrifuged for 10 minutes at 5000 rpm and 4°C
(Universal 320R classic, Hettich lab technology, Germany) and the supernatant was
discarded. Following that, the supernatant was replaced by 9 mL of filter-sterilised
PBS containing 0.5% Tween 20, 2% formaldehyde and 10% SDS with a final pH of
7.4. The suspension was stirred vigorously and incubated in orbital shaking incuba-
tor overnight again.

Following day, the solution was mixed briefly for 15 minutes (Vortex genie 2, Scien-
tific industries, USA). In order to detach and separate cells from inorganic particles,
bacteria were extracted from soil slurries by density gradient centrifugation using
the non-ionic medium OptiPrep?™ Density Gradient Medium (Merck KGaA, Dan-
mstadt, Germany, 60% (w/v) solution of iodixanol in sterile water, for further infor-
mation visit: https://www.sigmaaldrich.com). Supernatant (3 mL) was transferred
and gently stirred with 3 mL of OptiPrep using a syringe in a plastic tube. Then
the centrifugation was applied for 99 minutes at 12000 rpm and 4°C. Approximately
400 pL of the cell layer (intermediate phase, see Figure B4), located just above the
OptiPrep cushion, was thereafter taken and stored. To dilute and evenly distribute
the cells on a filter paper, 900 L of sterilised DI water was mixed with 100 uL of

intermediate phase. Afterwards, 1 mL of sterilised DI water was added on a pre-



filter Qualitative filter paper (DP 597 055, 55 mm diameter, ALBET Labscience,
Hahnemiihle, Germany) combined with 0.2 pym polycarbonate filter (45 mm diam-
eter, Isopore GTTP, Millipore, Germany) followed by 1 mL of prepared solution.
The filtration was undertaken in gentle vacuum and then the filtrates were air-dried

and stored at -20°C until further processing.

2.3.2 Fluorescence in situ hybridisation

2 sections that

Before the performance of FISH, the filters were cut into 0.15 cm
were settled on a glass with parafilm in order to avoid movement of sample during
the process of hybridisation.

The solution of proper probes and hybridisation buffer was vigorously stirred us-
ing the centrifuge (Denver instruments, USA). The filters were kept in closable
50 mL falcon tubes (see Figure B5) together with filtration papers which were
soaked in humidity buffer (0.9 M NaCl, 20 mM Tris-HCl and DI water, pH 7).
Since the phylogenetic probes were used, the hybridisation temperature and incuba-
tion time were set to 46°C and 90 minutes ([36]; see Figure B6). Afterwards, the
filters were transferred into a pre-warmed vials containing 100 pL of washing buffer

(0.9 NaCl, 20 mM Tris-HC'1, 10% SDS, pH 7) and incubated at 46°C for 11 minutes.

The same washing step was performed twice.

The hybridisation was performed using a combination of the specific Cy3-labelled
probe that was special for each bacterial group, and the general FAM-labelled
EUB338 bacterial probe as follows:

for «a-Proteobacteria 30 pL of hybridisation buffer (0.9 M NaCl, 20 mM Tris-
HCI, pH 7, 10% SDS, and 20% formamide) together with 5 L of ALF1B probe
(100 pmol/uL final concentration) and 5 pL of EUB338 (100 pmol/uL final concen-
tration) were added on filter;

for B-Proteobacteria 25 pL of hybridisation buffer (0.9 M NaCl, 20 mM Tris-
HCI, pH 7, 10% SDS, and 35% formamide) together with 5 L of BET42a probe



(100 pmol/uL final concentration), 5 uL of GAM42A (without fluorescence dye,
100 pmol/uL final concentration) and 5 pL of EUB338 were added on filter;

for ~-Proteobacteria 25 pL of hybridisation buffer (0.9 M NaCl, 20 mM Tris-
HCI, pH 7, 10% SDS, and 35% formamide) together with 5 uL of GAM42a probe
(100 pmol/uL final concentration), 5 uL of BET42a (without fluorescence dye, 100
pmol/uL final concentration) and 5 pL of EUB338 were added on filter;

for Actinobacteria 30 pL of hybridisation buffer (0.9 M NaC'l, 20 mM Tris-HC'l, pH
7,10% SDS, and 25% formamide) together with 5 uL of HGC69A probe (100 pmol/uL
final concentration) and 5 pL of EUB338 were added on filter;

for Firmicutes 30 pL of hybridisation buffer (0.9 M NaCl, 20 mM Tris-HCl, pH 7,
10% SDS, and 35% formamide) together with 5 1L of LGC353a probe (100 pmol/uL
final concentration) and 5 pL of EUB338 were added on filter;

and for domain of Fubacteria 25 pL of hybridisation buffer (0.9 M NaCl, 20 mM
Tris-HCl, pH 7, 10% SDS, and 20% formamide) together with 5 pL of EUB338I1
probe (100 pmol/pL final concentration), EUB33S8III probe (100 pmol/uL final con-
centration) and 5 pulL of EUB338 were added on filter.

After hybridisation, each filter section was mounted using drops of Citifluor AF1
(antifading solution, Citifluor, United Kingdom) on a glass slide and explored with
fluorescence microscope (Axiolmager, ZEISS, Germany; see Figure B7). Autofluo-

rescence of the cells was investigated using negative controls.

2.3.3 Image analysis

The evaluation of the FISH images was performed by program Matlab (The Math-
works) with Image Processing Toolbox. Image analysis processing was several times
discussed with dr. Lucie Svobodova who is also the author of final script (length

940 rows).

Basic correlation of image background such as adjustment of brightness and con-

trast, balance of histogram were optimised based on literature overview [51, 52, 53].



Each image was divided into three colour components (RGB), namely red, green
and blue. The yellow objects were evaluated by intersection of red and green com-
ponents, i.e. the yellow object had to be in red and green layer simultaneously.
Each separated layer (red, green or blue) was basically greyscale image which con-
sisted of 256 levels of grey. This layer was subsequently transformed into black and
white image using the Otsu method. This is a thresholding method that determines
boundaries of object/background (in this case cell/background) and provides a con-
version of the image into binary one which has solely two levels of grey, white (values
are equal to one) and black (values are equal to zero) respectively. Thresholding
is a process where all pixels with a value of greyscale lower than a certain value
(threshold) are changed to zero and all above this threshold are changed to 1. Black
and white image is obtained and is composed of only two disjoint sets.

Objects that were excluded from the image analysis: 1) smaller or bigger than ac-
ceptable limit (the smaller ones corresponded to the limit of microscope detection, it
was image noise; and the bigger ones were undesirable for the experiment); 2) objects
that had a lower or higher brightness than a fixed limits (the lower limit was dou-
ble of the brightness of background and the higher limit was arranged empirically
by myself based on advices of an experience co-worker); 3) objects that had a low
circularity (these were apparently not cells).

Number of objects was evaluated in each binary image (in each R-G-B layer and yel-
low objects separately) using the “bwboundaries” function. This function seeks for
internal contours. In order to investigate area parameters such as area, diffusivity,
circularity and directionality of the objects, the function “regionprops” was applied.
The default units of parameters were pixels or after recalculation pum eventually.
Results were summarised in excel file. An example of image analysis is illustrated

in Figures 2.5 and 2.6.

Soil microbial population was inspected in the fluorescence microscope. 10 im-
ages were taken per each specific probe. Afterwards, the total number of FEu-

bacteria (green objects) and the total number of specific bacterial group (yellow



objects - intersection of green and red objects) were evaluated by image analysis.
The %-representation of specific bacterial group within the total number of Fubac-

teria was then calculated.




Figure 2.5: Adjustment of image from fluorescence microscope: (A) original image;

(B) image after adjustment and calibration of background.

Figure 2.6: Image with identified objects - red, green and yellow objects were in-

cluded; blue circled objects were excluded from the analysis.



2.4 Statistical analysis

Investigation of 7705 and Ag NPs impact on bacteria from WWTPs was statistically
analysed by GraphPad PRISM 6. One-way or two-way (also called one-factor or two-
factor) ANOVA test was applied depending on the data set. Furthermore, Dunnett’s
multiple comparisons test was used in order to compare each NPs concentration to
control in specific time. Smaller analysed groups were inspected by t-test. Results

were considered statistically different when the p value was < 0.05.

Statistical analysis of nZVI effect on soil bacteria could not be performed due to
complex and time demanding experiments which were not possible to be prepared

in duplicates.




3 Results and discussion

Generally, effect of three different nanomaterials was evaluated on bacterial cultures
and microbial consortia from WWTPs and soil. The first part aimed to describe
unintended impact of 770y and Ag NPs in WW'TPs while the second part aimed
to describe effect of two types of nZVI on natural soil bacteria in relation to its

intended application in polluted environments.

3.1 Effect of 770, and Ag NPs on bacteria from WWTPs

Nanomaterials have been increasingly used in industry, agriculture, consumer prod-
ucts and variety of other applications [14, 54]. Therefore, they are expected to acci-
dentally enter the aquatic and terrestrial environments via various pathways in in-
creasing amounts. Some studies have already described such phenomena [55, 56, 57].
Accordingly, increasing amounts of 790, and Ag NPs will likely end in WW'TPs
where they may compromise important biodegradation processes such as nitrifica-
tion and denitrification. Therefore, potential effect of TiOs and Ag NPs on bacterial
cultures and natural bacterial communities from WWTPs is described in this sec-

tion.

3.1.1 Effect of 7O, NPs on denitrifying bacteria

Oy respiration by P. denitrificans was measured over 32 hours in three 770y con-

centrations (0.1, 1 and 10 mg/L; Figure 3.1).

Time course of O, respiration remained stable during the whole incubation time
at all concentrations. Significant differences were noticed between 10 and 16 hours

in 10 mg/L concentration (p value = 0.0154 in 10 hours and p < 0.0001 between
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Figure 3.1: Time course of respiration of Oy by P. denitrificans after exposure to

various concentrations of 1770, NPs. Error bars represent SD of triplicate samples.

12 and 16 hours). Less significant differences were observed in the case of 1 mg/L
concentration (p = 0.0155 and 0.0008 after 14 and 16 hours, respectively). Other
concentrations and time-points showed no significant differences.

Further analysis of respiration process focused on depletion of 95% of O, was con-

ducted (see Table D1). In this case, no significant difference was discovered.

Similar effect was observed with 7. linaloolentis (see Figure 3.2). 10 mg/L concen-
tration was significantly different between 7.1 and 16.6 hours with lowest p < 0.0001
between 11.9 and 14.2 hours. Statistical analysis revealed no significant variations

for other concentrations.

Detailed analysis of 95% O, depletion due to the respiration of T. linaloolentis did

not show any significant variations (see Table D2).

Although the concentration of 10 mg/L of TiO might be high enough to somehow
affect the process of Oy respiration, the respiration was not, in fact, compromised.
In addition, the time of NO highest accumulation was investigated (see Tables D3

and D4). No significant difference was observed.
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Figure 3.2: Time course of respiration of Oy by T. linaloolentis after exposure to

various concentrations of 770, NPs. Error bars represent SD of triplicate samples.

In short, no substantial effect of 79Oy NPs on the overall process of respiration of
denitrifying bacterial cultures (P. denitrificans and T. linaloolentis) was detected.
The time course of Oy respiration revealed slight differences during the phase of
significant decrease in oxygen in 10 mg/L concentration, but 95% depletion was

detected in similar time with no significant variations in comparison to control.

Only a limited number of studies have been published on the topic of TiOs potential
impact on denitrifying bacteria. Still, results of this study are in agreement with
other published studies [58, 59, 60]. For instance, a report on the effect of T90O,
NPs (0 - 10 mg/L) on the microbial communities in activated sludge have not re-
vealed any impact [58]. Interestingly, certain concentrations of 7Oy (5 - 60 mg/L)
promoted the denitrification process in the same study. Nonetheless, this effect was
not detected in my study.

Li et al. (2014) examined possible impact of TiOy NPs on the process of total N
(nitrogen) removal from wastewater in activated sludge [59]. Low concentrations
(2 - 50 mg/L) did not affect N removal, but higher concentrations (100 - 200 mg/L)
induced decrease in biological N removal due to a likely inhibitory effect on the

denitrification process.




Accordingly, Zheng et al. (2011) did not observe any acute effect of TiOs NPs
(2 - 50 mg/L) on wastewater N and P (phosphorus) removal after 1 day of exam-
ination [60]. However, long-term exposure (70 days, re-supplementation of a cer-
tain amount of Ti0, every 2 days due to likely decreasing concentration in time)
of 50 mg/L resulted in significant decrease in total N removal efficiency. Further
FISH analysis revealed that the abundance of nitrifying bacteria exceptionally de-
creased and thus led to a serious deterioration of ammonia oxidation. For this reason,

nitrifying bacteria might be more sensitive to the exposure of nanoparticles.

Respiration kinetics of denitrifying bacteria after exposure to 790, NPs are sum-

marised in Figures C1, C2 and C3. No significant differences occurred.

3.1.2 Effect of Ag NPs on nitrifying bacteria

Figure 3.3 illustrates time course of O, respiration by N. europaea that was measured

over 254 hours after exposure to Ag NPs (0.1 - 1000 pg/L).
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Figure 3.3: Time course of respiration of Oy by N. europaea after exposure to various

concentrations of Ag NPs. Error bars represent SD of duplicate samples.




Higher concentrations of Ag (100 and 1000 ug/L) clearly did not cause any Os
depletion (Figure 3.3). Therefore, these doses of Ag NPs were likely lethal to
N. europaea. In addition, further statistical analysis revealed that concentration
of 10 ug/L were significantly different compared to control between 169.4 and
199.5 hours (p = 0.0341 - 0.0003). Lower concentrations did not reveal any differ-

ences.

Analysis of times when more than 90% of Oy was depleted (see Table D5) showed

no statistical difference.

Moreover, the maximal accumulation of nitrite (NO; ) in time was investigated
(see Table D6). 100 and 1000 pg/L concentrations of Ag showed substantially lower
amount of NO; than other concentrations, therefore, they were not further analysed.

Other concentrations revealed no significant differences.

Several studies have investigated the impact of Ag nanoparticles on nitrifying bac-
teria [20, 61, 62, 63, 64]. Inhibitory effects of Ag NPs on microbial growth of
autotrophic nitrifying microorganisms was studied using extant respirometry and
an automatic microtiter fluorescence assay [61]. It was described that 1 mg/L of
Ag NPs had a high inhibition impact (86 +3%) on nitrifying microorganisms which
is in a correspondence with the result of this study where the same concentration
was classified as lethal. Despite this fact, dramatically lower inhibition was observed
at 100 pg/L (proximately 30%, exact numbers were not provided) than showed in
my study. However, they had prepared their own NPs whereas NPs applied in this
study were purchased with PVP coating and thus might less aggregate in time [65].
Bigger clusters of NPs are less harmful to cells and thus the evaluation might indi-
cates lower inhibition. Yuan et al. (2013) evaluated toxic effect of differently-coated
Ag nanoparticles on N. europaea and suggested that toxicity of Ag NPs is highly size
and coating dependent and ought to be consistent with the released concentration
of Ag™ [66].

Similarly, Arnaout et al. (2012) investigated impacts of nanoparticle coating on



the nitrification potential of N. europaea [63]. They described that PVP-coated Ag
NPs had the highest degree of inhibition at concentration of 20 ppm (20 mg/L).
Thus, they also supported the idea that distinct Ag NPs would have different effects

on N. europaea.

To conclude, O, respiration process and NO,; accumulation of Nitrosomonas eu-
ropaea were negatively affected by 0.1 and 1 mg/L concentrations of PVP-coated
Ag nanoparticles. Nitrification loss might occur due to ROS generation [63] and/or
consequent membrane disruption [67]. No significant effect was observed in lower
concentrations probably due to quick Ag passivation by sulphides [20, 68].

Although the gaseous products of nitrification are “greenhouse gases”, nitrifyers play
a significant role in increasing availability of Ny to plants in the soil and are a critical

part of the WWTPs [69].

Kinetics of the respiration of N. europaea after exposure to Ag NPs are summarised
in Figures C4 and C5. No O, depletion and NOy accumulation were visible at

the highest concentrations (100 - 1000 ug/L).

3.1.3 Effect of TiO; and Ag NPs on bacterial community in

biofilm

In this subsection, kinetics of the respiration of bacterial community forming biofilm
on LECA pellets after exposure to Ti0s NPs, Ag NPs and their combination is dis-

cussed. All GC analysis data are summarised in Figure C6, C7 and C8.

Figure 3.4 demonstrates time course of Ny gas production by biofilm after exposure
to TiOy NPs. A slight variation of Ny production of the investigated concentra-
tion was detected from 9 to 13 hours, although not significant from control sample
(p > 0.05). Detailed statistical analysis of time when 95% of Ny was accumulated

did not reveal any significant difference (see Table D7).
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Figure 3.4: Time course of production of Ny by bacterial consortium from biofilm

after exposure to Ti0Oy NPs. Error bars show SD of duplicate samples.

Similar results were observed with Ag NPs (Figure 3.5), even though some errors
occurred. Unfortunately, in this case, gas leakage was observed in 1 mg/L concen-
tration in one of the samples. Therefore, this sample was not further statistically
analysed. Furthermore, significant variation in one of the samples at 0.1 mg/L con-
centration was detected (p = 0.0024). This might be again caused by a minor gas
leakage, because such a phenomena was not observed in other experiments. In order
to investigate 95% production of Ny by bacterial consortium from biofilm after expo-
sure to Ag NPs in time modified statistical analysis was conducted (see Table D10).
No significant differences were observed, yet the limitations of this analysis (number

of samples) must be kept in mind.

Figure 3.6 shows process of production of Ny by investigated biofilm after exposure

to combination of TiOy and Ag NPs.
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Significant differences at 10 mg/L and 1 mg/L concentrations with highest p value
(0.0002 - 0.0006) between 8.7 and 12.3 hours were observed. Detailed analysis of
times when production of N, gas reached more than 95% did not unveil any sub-
stantial differences, however a minor delay (1.2 hours) of Ny production with higher

examined NPs concentration was detected (see Table D13).

Interestingly, time when more than 95% of Ny was accumulated in control samples
varied from one experiment to another. The same amount of LECA pellets (6 g) was
used each time, so the volume of biofilm was similar in all samples in one experiment,
but could be different in other experiment due to the different age of the biofilm and
therefore the results could vary. Thus, direct comparison between these experiments

was not possible.

In addition, time of the maximal accumulation of NO and NO; by bacterial biofilm
after exposure to various concentrations of NPs was further statistically evaluated
(see Tables D8, D11 and D14 for NO analysis and Tables D9, D12 and D15 for
NO;3). No significant differences were observed. Time of maximal accumulation of
NO and NO; was very similar within investigated concentrations of 770y and Ag
nanoparticles. It ought to by pointed out that the detection of actual concentrations
of NO in time showed modest errors. In both experiments, one of the duplicates
demonstrated lower amount of NO gas. In my opinion, this might be due to an in-
sufficient stirring (problem with proper magnetic stirring on one exact spot) during
the procedure. However, this error was not detected when combination of 7905 and
Ag NPs was studied. Comparison of experiments revealed small delay of accumula-
tion of both gases in the case of exposition to the combination of investigated NPs.

Nevertheless, this effect was not significantly different.

In summary, no significant effect on the bacterial biofilm by investigated concentra-
tions of 705 and Ag NPs was detected. Despite some errors, minor impacts within

each tested groups did not affect overall process of respiration.

In general, comparison between the effect of TiOy or Ag NPs on single bacterial



strains and bacterial biofilm revealed that the impact on biofilm was slightly lower
than on single bacterial strains. Indeed, overall process of respiration on either in-
vestigated bacteria was not compromised, but minor effects occurred within some
tested groups. In my opinion, the impact of NPs on bacteria from biofilm was lower
due to their better protection against contaminants. Even if some of the bacterial
species from the biofilm might suffer and reduce their populations, other might have
replaced them and thus the global impact would have diminished. Similar conclusion
was reported by Liang et al. (2010) [62]. They studied bacterial responses to a shock
load of Ag NPs in an activated sludge and discovered that nitrification inhibition
was significantly lower in activated sludge than in enriched nitrifying bacteria. They
suggested that the differences could be due to factors such as bacterial concentration
and NPs aggregation in the presence of extracellular polymeric substances. These
substances due to its composition have high biosorption properties and thus work
as a protective barrier for bacterial cells [70]. Further analysis revealed shifts in nitri-
fying bacterial community structure, where populations of some species drastically

decreased but the overall impact was not significant.

3.1.4 Effect of 77O, and Ag NPs on bacterial community in ac-

tivated sludge

Kinetics of the respiration of bacterial community located in activated sludge after
exposure to 770y NPs and combination of 770, and Ag NPs is discussed in this

section. Summarised data from GC are shown in Figure C9.

N, production by bacteria was analysed after exposure to various concentration of
Ti0y and Ag NPs (Figure 3.7). Control sample reached its maximal Ny production
after 11.9 hours (=~ 25000 ppm) which was well before other tested concentrations
(after 21.3 hours with ~ 38000 ppm). Unfortunately, there is no satisfactory expla-
nation for this phenomenon, therefore it is attributed to an experimental flaw I am

not able to diagnose, because all triplicate samples were very similar. This effect
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Figure 3.7: Time course of production of N, by bacteria community located in

activated sludge after exposure to Ti0Oy NPs and combination of 770y and Ag NPs.

did not occur in any other experiment of this study and as far as I know, no studies
have published such impact. In other experiment with biofilm (and bacterial cul-
tures as well) the lower concentrations of 79Oy and Ag (0.1 mg/L) were not different
from control sample. For this reason, I would consider these concentrations similar
to samples without NPs. Thus, this non-standard control was excluded from the

evaluation.

Statistical analysis did not show any significant variations between tested concen-
trations. Further investigation of times when more than 95% of N, was produced
did not reveal any significant differences, however, it seemed that with higher con-
centrations Ny was produced in slower manner (see Table D16). Similar effect was
observed in other experiments of this study. It was not possible to analyse NO
accumulation (Figure C9) for the reason of the samples volume. First control sam-
ple was measured before the peak of maximal accumulation of NO appeared, but
sampling process took few minutes and therefore the peak was not discovered in

samples with higher investigated concentrations which were evaluated at last.




Several studies were published on the topic of possible effect of 770y and Ag NPs on
performance of bacterial community from activated sludge [58, 60, 62, 71]. Briefly,
Zheng et al. (2011) revealed that the long-term exposure (70 days) of 50 mg/L TiO4
NPs could significantly lower the efficiency of total N removal in the activated sludge,
as discussed in previous subsection (3.1.1), and caused shifts in community structure
of the sequencing batch reactor (SBR) [60]. Furthermore, Li et al. (2014) described
that low concentrations (2 - 50 mg/L) of TiOy NPs had no impact on total N removal
from SBR during 7-day study, whereas the higher concentrations (100 - 200 mg/L)
decreased the total N removal efficiency substantially [59]. Further investigation
of an impact of TiOy NPs on the process of bioflocculation was evaluated [72].
Bioflocculation is a process of aggregation of microbial cells (predominantly bacteria)
and pollutant particles in the wastewater [73] and it is an essential process for the
activated sludge stability. It was shown that 5 ppm (5 mg/L) TiOy NPs did not
cause significant difference in surface potentials, however, 100 ppm resulted in very
strong stability which meant that long exposure of 7705 to the bioflocs might lead
to a low deposit efficiency and afterwards to the collapse of the activated sludge
treatment plant. Wang et al. (2012) studied impact of selected NPs on the ability
of wastewater bacteria to biodegrade organic material via analysis of chemical O,
demand (COD) and described that environmentally relevant loadings (0.5 - 2 mg/L)
had negligible impact on wastewater bacteria [74]. Potential effects of sole Ag NPs

are described in previous subsection (3.1.2).

To conclude, all evaluated concentrations most probably had no significant effect
on Ny production of bacterial community from activated sludge after exposure to
TiOy and Ag NPs, however the control samples could not be included in the sta-
tistical analysis. Statistical analysis between concentrations revealed slightly bigger
influence by higher concentrations. Generally speaking, 7705 in low concentrations
(less than 5 mg/L) should not be harmful to the bacteria located in the activated
sludge. Nevertheless, Ag NPs showed greater impact on the respiration kinetics at

low concentrations (0.1 - 1 mg/L) and in high doses might be toxic to the bacte-



rial community situated in activated sludge. Moreover, both NPs undergo several
transformations such as homo and heteroaggregation, degradation, sulfidation in ac-
tivated sludge and therefore their original form (nano-dimension) would have enter
the WWTPs in far greater amounts to cause any substantial harm. The experi-
ments in my study illustrated the worst case scenarios where NPs suspensions could

directly react with the bacterial cultures from the biofilm or the activated sludge.

The application of nanoscale zero-valent iron represents one of the most advanced
technologies for environmental remediation and decontamination [6, 75]. Highly
reactive materials such as nZVI have an imminent impact on natural microbial
communities. These can often metabolically utilise different pollutants in soil and
therefore substantially enhance the nZVI performance. Monitoring of nZVI effect
on microbial communities is thus essential part of successful evaluation of in situ
remediation.

Furthermore, effect of nZVI on indigenous microbial communities inhabiting or-
dinary soil has not been sufficiently explored. This lack of knowledge might be
an additional barrier for its successful commercialisation.

In this section, changes in the structure of the soil microbial community (belonging
to a-Proteobacteria, B-Proteobacteria, v-Proteobacteria and Actinobacteria) after in-
troduction to BC-nZVI and NANOFER 25S nanoparticles inspected by FISH are
described.

3.2.1 Image analysis of FISH data

Few studies have been published on the topic of nZVTI influence on indigenous mi-
crobial communities using FISH method [34, 36, 76, 77].

All of them used confocal microscope for imaging process, which is far more ex-



pensive, advanced and superior to the fluorescence one. However, I was able to
adjust the protocols [36, 34] and successfully operate FISH on fluorescence micro-
scope with some shortages. Unfortunately, it was not possible to use DAPI for an
additional labelling because of its extremely high brightness. On the other hand,
LGC353a probe for inspection of Firmicutes (low G4C content) was too dimmed
and faded, and thus inapplicable. This is the reason why the probe is not illustrated
in Figure 3.8. In my opinion, these shortages were observed due to the application
of fluorescence microscope because other research groups mentioned above faced no

such problem.

FISH images are commonly analysed by a well-experienced person who counts all
objects/cells manually from each image. The advantage is that the results are pre-
cise and the person can discover irregularities if some appear.

Despite the fact, from my point of view, the disadvantages outweigh advantages. If
the personnel do not have enough experience or sufficiently sharp sight (to recognise
the smallest objects on black background), the human-error will increase. Another
problem is that the manual objects counting is immensely time-consuming. Long-
time investigation could harm eyes (maximal brightness of screen is necessary for
observation of small and faded objects) and ergo be dangerous.

The first solution in mind was to find software that would automatically analyse
FISH images based on set requirements of investigated objects/cells by an experi-
enced person. Unfortunately, programs or scripts such as Al-Kofahi et al. (2013)
were hard to operate or simply inappropriate for this task [78].

With all these facts in mind, I decided to address dr. Lucie Svobodova, who spe-
cialises in MATLAB environment, to contribute to a creation of new script based on
my expertise in FISH image analysis. This script combines the advantages of both
approaches - it is fairly autonomous and swift, but more importantly, it is adequately

precise in process of objects/cells recognition.



3.2.2 Comparison of BC-nZVI and NANOFER 25S impact

Both materials were developed for remediation of polluted aquifers and soils; NANO-
FER 25S contains higher amount of nZVI, and BC-nZVI contains biochar and less
nZVI. In my opinion, NANOFER 25S was more reactive than BC-nZVTI because of
its initial smaller and well-dispersed particles that were produced by a specialised
company. BC-nZVI suspension was dispersed manually and had a lower initial
nZVI concentration due to its different structural composition (BC-nZVI 11.1% and
NANOFER 25S 20% suspension).

The results of FISH analysis are shown in Figure 3.8. No substantial variations were
observed in the total number of cells belonging to Fubacteria domain except for BC-
nZVI after 16 days where lower total number of cells was observed. Nonetheless,

some trends were observed within this domain.

The most striking shifts in the microbial community structure developed after 16 days.
Each of examined bacterial group (a-Proteobacteria, B-Proteobacteria, v-Proteobacteria
and Actinobacteria) in control sample increase in abundance whereas in the case of
BC-nZVI and NANOFER 25S, monitored bacterial groups decreased to some ex-
tent. Both materials likely caused an increase in number of other Eubacteria not
specifically covered in this study such as Acidithiobacillus ferrooxidans species that
are exceptionally adaptable and tolerant to harsh environmental conditions [79].
As an energy source they are oxidising iron and sulphur to support their growth and
while producing ferric iron and sulphuric acid. Therefore, BC-nZVI and NANOFER
25S could donate iron to these organisms and give them a considerable advantage.
The significant rise of Fe availability in heavy metal polluted soil treated by nZVI
was observed by Fajardo et al. (2015) [77]. They analysed the Fe concentration
associated with the most available fraction (exchangeable and linked to carbonates)
and discovered that availability of F'e was independent on the metal contamination
and, more importantly, the application of nZVI to metal-polluted soil had improved

soil properties and increased F'e availability in the soil.
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Moreover, BC-nZVI and NANOFER 25S might induce oxidative stress in cells of
bacteria that are not tolerant to higher ROS (reactive oxygen species) and thus
substantially lower their abundance [80]. NANOFER 25S had higher negative im-
pact on examined groups after 16 days which might be due to its higher reactivity.
Similar results were observed by Fajardo et al. (2012), who discovered significant
shifts in phylogenetic microbial composition of heavy metal (Pb and Zn) polluted
soils after treatment of NANOFER 255, providing an evidence of selective pressure
on the microbial community [34]. They reported that the number of Archaea do-
main, a-Proteobacteria and Firmicutes (low G+C content) dominated, whereas the

number of 3-Proteobacteria and y-Proteobacteria declined.

Interestingly, the visible impact of BC-nZVI on tested bacterial groups remained
even after 28 days. BC-nZVI was partly composed of biochar which probably pro-
vided high concentration of available carbon in soil which is essential to vast ma-
jority of Fubacteria and therefore, it caused increase in the total number of other
Fubacteria groups. The NANOFER 25S was very similar to control after 28 days
with a slight difference in Actinobacteria (high G+C content). This corresponds
to Sacca et al. (2014) who analysed the phylogenetic composition of microbial com-
munity of two different soils (Lufa 2.2 and 2.4) using FISH [76]. Their similarly
observed that NANOFER 25S had a positive effect on the number of Actinobacteria
in soil 2.4. Nonetheless, other results showed different observation such as a nega-
tive effect of NANOFER 25S on «-Proteobacteria and 3-Proteobacteria whereas in
this study such effect was not observed. The differences in the phylogenetic profiles
of those evaluated soils could be due to the soil matrix differences as was already

reported [76].

Interesting fact is that there was no considerable impact on microbial community
structure after 8 days. This might be due to a slow reaction of soil bacteria to
such stimulus. Another explanation is that these organisms reacted primarily to
the change of their environment rather than directly to the presence of nZVI. nZVI

modifies conditions of environment such as increase in pH and decrease in PO3~



(phosphate), NO3 and partly O, availability, to some extent [81]. However, it was
reported that effects of nZVI are highly context dependent and vary notably with
different soil types [82].

The buffering capacity of the soil might be crucial fact as well. Nevertheless, there
was no rapid or notable change in the composition of investigated microbial commu-

nity after 8 days.

Generally speaking, studies of NPs effect on bacterial communities in soil are very
scarce, thus it is complicated to compare the results. Several studies have proven
nZVI bactericidal effects on various soil bacteria and its possible impact on compo-
sition of microbial community [76, 82, 83]. All studies revealed that the impact of
nZVI vary greatly with soil and nZVI type, indicating the importance of considering

the affected matrix case by case.

Furthermore, it would be interesting to study the amount of ZVI throughout the
whole experiment in order to observe a real consumption and transformation of zero-
valent iron. Then, it would be possible to explain the changes in diversity in soil

microbial community more precisely.

To conclude, the effect of BC-nZVI or NANOFER 25S on soil microbial community
was most probably due to the changes in the soil nutrient availability or shifts in
pH which are direct effect of nZVI. Nevertheless, it seems that this effect is tem-
porary and the bacterial community structure might recover after zero-valent iron

is oxidised.



This study provides a detailed analysis of possible effect of selected NPs on dif-
ferent bacterial strains and bacterial communities from WWTPs and soil. Each
segment was thoroughly studied and results compared with current literature. In
order to clarify some results, recommendations for further analysis were made. Pro-
gressive statistical tools were applied to secure a minimal error during evaluation
of the results. In addition, original FISH protocol for soil samples and confocal mi-
croscopy was adjusted for the application on the fluorescence microscope. In order
to enhance the process of bacterial cells enumeration, an advanced image analysis

was developed and successfully applied.

Ti0Oy NPs showed no significant effect on the respiration process of single strain
denitrifiers Paracoccus denitrificans and Thauera linaloolentis. However, detailed
analysis of O, respiration of T. linaloolentis revealed delay in the highest concentra-
tion (10 mg/L).

Ag NPs negatively affected O, respiration and NO,; accumulation of single strain
nitrifier Nitrosomonas europaea at 0.1 and 1 mg/L. Lower concentrations did not
reveal any significant effect.

TiOy, Ag and combination of this NPs had no substantial effect on the respiration
kinetics of bacterial biofilm or activated sludge from WWTP and the overall process
of respiration was not compromised.

These “worst case scenarios” experiments therefore disclose no impact of 1770, and

Ag NPs on studied bacterial strains and communities.

Shifts in the structure of soil microbial communities after exposure to BC-nZVI
or NANOFER 25S were detected by FISH. These effects occurred most likely due
to changes in the soil nutrient availability or changes in pH and they seem to be

temporary.



This thesis has achieved outlined goals and partly contributed to the research of
TiO,, Ag and nZVI effects on bacterial strains and communities located in WWTPs

and soil.
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Appendix A

Table Al: Sistrom’s medium

Chemical lg/L]

KyHPO, 348 g
(NHy4)2504 0.50 g
succinic acid 4.0 g

L-glutamin acid 0.10 g
L-aspartic acid 0.04 g
NaCl 0.50 g
nitrilotriacetic acid  0.20 g
MgSOy x TH50 0.30 g
CaCly x 2H,0 0.033 ¢




Table A2: Trace elements and vitamins solution for Paracoccus’s medium

Chemical [g/L]
EDTA 1.765 mg
ZnSO, x TH,0O 10.95 myg
FeSO, x TH,O 5 mg
MnSO, x H,O 1.54 mg

H;BO; 0.114 mg
nicotinic acid 1.0 mg
thiamine HC 0.5 mg
biotin 0.010 mg

Table A3: Thauera’s medium

Chemical lg/L]
NH,ClI 0.45 g
K504 0.05 g

MgCly x 6H,0 0.1g
CaCly x 2H,0 0.025 g
NaHCO;3 0.04 ¢
CH3;COONa 02g¢
peptone 0.5¢g
meat extract 0.3 g
1M NaH,PO, 15.5mL
1M NayHPO, 84.5mL

1] |
¥
[ ] ] |



Table A4: Basal salts medium

Chemical [9/L]
NaCl 1.0g
MgCly x 6H,0 04g¢
CaCly % 2H50 0.1g
KHy,PO, 02g¢g
KCi 0.5¢
1M NaHCOs4 2.0 mL
7.5 mM FeNaEDTA 1.0 mL
1M NH,Cl 0.5 mL

Table A5: Modified trace elements solution for Nitrosomonas’s medium

Chemical lg/L]

H3;BO; 30 mg
MnCly x 4H50 100 mg
CoCly % 6H50 190 mg
NiCly x 6H50 24 mg
CuCly x 2H5,0 2.0 mg

NasMoOy x 6H,O 36 mg
125 M HCI 8.0 mL




Table A6: The main characteristics of the soil.

standard soil type no. 2.3
batch no. (SP=stored;
F=field fresh)

SP 2.3 08/2015

sampling date 18/02/2015
organic carbon in % C 0.67 + 0.03
nitrogen in % N 0.08 + 0.01
pH value 5.9 4 0.6

(0.01 M CaCly)

cation exchange capacity

7.6 £ 0.8
(meq/100g)
soil type sandy loam
maximum water holding

35.6 + 1.4
capacity (g/100g)
weight per volume

1310 + 43

(/1000 mL)

Table A7: Synthetic wastewater solution

Chemical [mg/L]

CaCl, 127.5
NaHCOs 210.0
NaCl 200.0
NH,CI 100.0
KyHPO, 50.0
Dry milk 300.0

Potato starch 60.0




Appendix B

Figure B1: Evacuation and a helium-filling semi-automated system for GC analysis.




Figure B2: Stainless steel gas-tight reactors for biofilm testing.

Figure B3: Improved version of robotised gas analysis system [39)].




Figure B4: Demonstration of the intermediate phase that consisted of 400 pL of
the cell layer.

Figure B5: The falcon tube with the filtration paper ready for the filter entry.




Figure B6: Filters prepared for hybridisation.

Figure B7: Fluorescence microscope (Axiolmager, ZEISS, Germany).
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Figure C1: Kinetics of the respiration of P. denitrificans after exposure to Ti0,

NPs. Each plot represents one sample.
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Figure C2: Kinetics of the respiration of 7. linaloolentis after exposure to T70y NPs

with concentration of 0.01 and 0.1 mg/L. Each plot represents one sample.
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Figure C3: Kinetics of the respiration of T'. linaloolentis after exposure to TiOy NPs

with concentration of 1 and 10 mg/L. Each plot represents one sample.
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Figure C4: Kinetics of the respiration of N. europaea after exposure to Ag NPs with

concentration of 0.1 and 1 pug/L. Each plot represents one sample.
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Figure C5: Kinetics of the respiration of N. europaea after exposure to Ag NPs with
concentration of 10 and 1000 ug/L. Each plot represents one sample.
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Figure C6: Kinetics of the respiration of bacterial consortium located in biofilm
after exposure to 79Oy NPs with various concentrations. Each plot represents one

sample.
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Figure C7: Kinetics of the respiration of bacterial consortium located in biofilm after

exposure to Ag NPs with various concentrations. Each plot represents one sample.
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Figure C8: Kinetics of the respiration of bacterial consortium located in biofilm after
exposure to combination of 790, and Ag NPs with various concentrations. Each

plot represents one sample.
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Figure C9: Kinetics of the respiration of bacterial community located in activated

sludge after exposure to Ti0Oy and combination of 770y and Ag NPs with various

concentrations. Fach plot represents one sample.




Appendix D

Table D1: Analysis of 95% O, consumption by P. denitrificans after exposure to

T10Oy NPs in time. No significant variation was observed.

TiOy [mg/ L] control 0.1 1 10
Time when more 20 20 20 18
than 95% of O, 18 20 20 18
was consumed [h] 20 20 20 18

mean + SD 19.3 £ 1.15 20.0 £ 0.00 20.0 £ 0.00 18.0 £ 0.00

Table D2: Analysis of 95% O, consumption by 7. linaloolentis after exposure to

TiO5 NPs in time. No significant variation was detected.

TiOy [mg/L] control 0.01 0.1 1 10
Time when more 16.6 16.6 16.6 16.6 16.6
than 95% of Oy 16.6 16.6 14.2 16.6 19
was depleted [h] 16.6 16.6 16.6 19 19
mean + SD 16.6 £ 0.00 16.6 £0.00 158 +£1.39 174 £1.39 182+ 1.39




Table D3: Analysis of NO maximal accumulation by P. denitrificans after exposure

to 770y NPs in time. No significant variation was observed.

Ti0y [mg/ L) control 0.1 1 10
22 24 22 22
Time of maximum
22 24 22 22
accumulation of NO [h]
24 22 24 22
mean + SD 227+ 1.15 233+ 1.15 227+ 1.15 22.0 £ 0.00

Table D4: Analysis of NO maximal accumulation by T. linaloolentis after exposure

to 7705 NPs in time. No significant variation was observed.

TiOy [mg/L] | control 0.01 0.1 1 10
Time of max. 26.1 23.7 26.1 26.1 23.7
accumulation 28.5 26.1 21.3 28.5 28.5

of NO [h] 23.7 28.5 28.5 30.5 23.7
mean + SD | 26.1 &£ 2.40 26.1 £ 2.40 25.3 £ 3.67 284 £ 2.20 25.3 £ 2.77

Table D5: Analysis of 90% O, consumption by N. europacea after exposure to Ag NPs

in time. No significant variation was detected between 0.1 - 10 pg/L concentrations.

NC = no consumption.

Ag [pg/L] control 0.1 1 100 1000
Time of maximum 199.5 205.6 211.6
accumulation of NO [h] 217.17 211.6 205.6 N
mean + SD 208.6 + 12.87 208.6 + 4.24 208.6 + 4.24 226.8 £+ 21.43

Table D6: Analysis of NO, maximal accumulation by N. europaea after exposure

to Ag NPs in time. No significant variation was observed between 0.1 - 10 pug/L.

LV = significantly low values.

Ag [ug/L) control 0.1 1 100 1000
Time of maximum 264 264 264
accumulation of NO; [h] 240 240 264 v
mean + SD 252.0 £16.97 252.0 £ 16.97 264.0 £ 0.00 264.0 £ 0.00




Table D7: Analysis of times when more than 95% of N, was accumulated by bacterial

consortium from biofilm after exposure to T@Oy NPs. No significant variation was

detected.

Ti05 [mg/ L] control 1 10
Time when more than 95% of 11.1 11.1 11.1
N, was accumulated [h] 11.1 15.8 15.8

mean + SD

11.1 £ 0.00 13.45 £ 3.32 13.45 £ 3.32

Table D8: Analysis of NO maximal accumulation by bacterial consortium from

biofilm after exposure to T@Oy NPs in time. No significant variation was observed.

Ti0y [mg/ L] control 1 10
Time of maximum 9.9 8.7 8.7
accumulation of NO [h] 9.9 11.1 9.9

mean -+ SD

9.9+ 0.00 99 +1.70 9.3 £0.85

Table D9: Analysis of NO, maximal accumulation by bacterial consortium from

biofilm after exposure to 770y NPs in time. No significant variation was observed.

Ti05 [mg/ L] control 1 10
Time of maximum b} 3.5 5
accumulation of NO; [h] 5 5 5

mean + SD

5.0 £0.00 4.3 £1.06 5.0+ 0.00

Table D10: Analysis of times when more than 95% of Ny was accumulated by

bacterial consortium from biofilm after exposure to Ag NPs. No significant variation

was detected.

Ag [mg/L] control 0.1 1
Time when more than 95% of 9.9 9.9 8.7
Ny was accumulated [h] 9.9 14.6 X

mean + SD

9.9 £0.00 1225 4+ 3.32 8.7




Table D11: Analysis of NO maximal accumulation by bacterial consortium from

biofilm after exposure to Ag NPs in time. No significant variation was observed.

X = sample problem.

Ag [mg/L] control 0.1 1
Time of maximum 8.7 8.7 7.5
accumulation of NO [h] 7.5 9.9 X

mean + SD

8.1+£0.85 93+£0.85 7.5

Table D12: Analysis of NO, maximal accumulation by bacterial consortium from

biofilm after exposure to Ag NPs in time. No significant variation was noticed.

Ag [mg/L] control 0.1 1
Time of maximum 5 5 )
accumulation of NO; [h] 3.8 5 5

mean + SD

444085 5.0=£0.00 5.0=£0.00

Table D13: Analysis of times when more than 95% of N, was accumulated by

bacterial consortium from biofilm after exposure to combination of 7O, and Ag

NPs. No significant variation was detected.

TiOy + Ag [mg/L] control 1+ 0.1 10 + 1
Time when more than 95% 14.6 15.8 134
of Ny was accumulated [h] 14.6 14.6 13.4

mean + SD

[ | ] |
100 W

14.6 = 0.00 15.2 £ 0.85 13.4 £ 0.00




Table D14: Analysis of NO maximal accumulation by bacterial consortium from
biofilm after exposure to combination of 77O, and Ag NPs in time. No significant

variation was observed.

TiOy + Ag [mg/L] control 1+ 0.1 10+ 1
Time of maximum 11.1 12.3 11.1
accumulation of NO [h] 12.3 12.3 8.7
mean + SD 11.7 £ 0.85 12.3 £0.00 9.9 £ 1.70

Table D15: Analysis of NO, maximal accumulation by bacterial consortium from
biofilm after exposure to combination of T@Os and Ag NPs in time. No significant

variation was noticed.

Ti0y + Ag [mg/ L] control 1+ 0.1 10 + 1
Time of maximum 7 9 7
accumulation of NO [h] 7 7 7
mean + SD 7.0 £0.00 8.0#£ 1.41 7.0+ 0.00

Table D16: Analysis of times when more than 95% of Ny was accumulated by
bacteria community located in activated sludge after exposure to TiOy and combi-

nation of 70y and Ag NPs without control sample. Weird control not included in

the statistical analysis (red).

[mg/L] control 0.1 790, 1 Ti0, 0.1 Ti0Oy + Ag 1 TiO, + Ag
Time when more 11.9 21.3 21.3 21.3 26.1
than 95% of N, 11.9 21.3 23.7 23.7 26.1
was accumulated [h] 11.9 21.3 21.3 21.3 21.3

mean + SD - 21.3 £0.00 22.1 +£1.39 22.1 £ 1.39 24.5 £ 2.77

| 101




102

Appendix E

Attached CD contents:

e Master thesis text:

master thesis 2018 Filip Hrncirik.pdf

« Data sheets:
nitrite_ analysis.xlsx
GC_results analysis.xlsx
statistical analysis.pzfx

FISH analysis.xlsx
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