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The adverse effects of engineered nanomaterials (ENMs) on bacterial populations found in wastewater treatment
plants (WWTPs) or natural systems have been studied for more than a decade, but conflicting evidence on the
matter still makes it a subject of considerable concern. In this paper, the short-term exposure impact of titanium
dioxide nanoparticles (nTiO3), carboxyl-functionalized multiwall carbon nanotubes (f-MWCNT), and zero-valent
iron nanoparticles (nZVI) toward activated sludge and Escherichia coli (E. coli) was investigated through respi-
ration inhibition experiments. Microorganisms were exposed to nanoparticle concentrations of 50, 100 and 200
mg/L (nTiO,, f-MWCNT) and 20, 50 and 100 mg/L (nZVI). The experiments showed that nTiO5 produced no
inhibition in activated sludge or E. coli; up to 100 mg/L of nZVI did not inhibit the activated sludge respiration
but 50 mg/L inhibited 24 + 3% the respiration of E. coli and damaged its cell membrane. Activated sludge
respiration was inhibited 17 + 3% with 200 mg/L of f-MWCNT while for E. coli the inhibition was 36 + 15% and
the cell membrane was damaged with a 100 mg/L dose. Transmission electron microscopy (TEM) showed nTiO»-
bacteria and nZVI-bacteria surface interaction while bacteria appeared punctured by f-MWCNT. E. coli was more
susceptible than activated sludge to the nanomaterials and nZVI was more toxic than f-MWCNT for E. coli. These
results demonstrated the absence of acute toxicity effects of the studied nanomaterials at those concentrations
expected to occur in activated sludge facilities, and it would only be a concern in case of extremely high inputs,
underscoring the resilience of WWTPs biological treatment.

1. Introduction

Wastewater treatment plants (WWTPs), either municipal or indus-
trial, are engineered systems designed to preserve surface water and can
be considered a critical component of the human water cycle. The
activated sludge process, probably the most widely used process in
WWTPs for biochemical oxygen demand (BOD) removal, relies on a
consortium of microorganisms, mainly bacteria, that degrades organic
compounds under aerobic conditions. The small size and high surface
area to volume ratio of nanomaterials make them more likely to interact
with the cell membrane of bacteria. This interaction has the potential to
disturb the electron transport chain, affecting the respiratory activity
and compromising the performance of WWTPs.

The unique physico-chemical properties of engineered nano-
materials (ENMs) have spurred applications in a wide variety of fields:
ENMs can be found in research laboratories, materials and biomedical
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science, consumer products, water treatment and environmental reme-
diation [1-6]. As ENMs leach out of nano-enabled products during their
use and disposal [7-10], they are likely to be present in sewage or other
wastewaters and reach treatment facilities [11, 12] as well as natural
systems [13, 14].

Nanosized materials have been fabricated with a variety of chemical
compositions, for example, metal oxides, carbon-based, or metallic. Ti-
tanium dioxide nanoparticles (nTiOy), carboxyl-functionalized multi-
wall carbon nanotubes (f-MWCNT) and zero-valent iron nanoparticles
(nZVI) are representative materials of each of the above-mentioned
classes with widespread industrial use. The estimated worldwide pro-
duction of nTiO, in 2015 was 200,000 tonnes (t). It is used in paints,
cosmetics, and catalysts. Moreover, production is forecasted to reach
600,000 t in 2025 [15]. Carbon nanotubes (CNT) are the ENMs with
most commercial applications [15]. Particularly, f-MWCNT have all the
characteristics of non-functionalized multiwall carbon nanotubes
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(MWCNT), such as high tensile strength, lightweight, electricity and
heat conduction capacity [16], while they exhibit hydrophilic proper-
ties, which makes them promising for many biomedical [17] and envi-
ronmental [18-20] applications. Zero-valent iron nanoparticles (nZVI)
have been recognized as effective catalysts in groundwater, and soil
in-situ remediation [21]. Recent research on nZVI has focused on their
use coupled with WWTPs aerobic bioreactors [22, 23], as an additive in
anaerobic bioreactors [24-27], and also as a removal agent of phos-
phorous (bare nZVI [28]) and ciprofloxaxin (encapsulated nZVI [29]) in
contaminated water.

The antibacterial activity of nTiO, has been examined for pure
bacterial cultures in the presence and absence of ultraviolet (UV) radi-
ation. Adams et al. [30] observed a 15% reduction in the growth of
Escherichia coli (E. coli) after six hours of exposure to sunlight and 500
mg/L of nTiOy, but no effect with 100 mg/L. Brunet et al. [31] described
a 25% survival in E. coli cultures treated with 100 mg/L of nTiO for six
hours when UV radiation was used. Other reports [32, 33] found poor or
no antibacterial activity when E. coli cultures were exposed under dark
conditions. For complex systems, such as activated sludge, the results
reported in the literature are contradictory. Several studies have shown
no effect in the chemical oxygen demand (COD) removal by activated
sludge in long-term exposure (days) up to 15 mg/L of nTiO; [34, 35] or
the respiratory activity after a 4 h exposure to 840 mg/L of nTiO, [36].
However, Yuzer et al. [37] found inhibition of the activity in activated
sludge, measured as respiration rate, when exposed to 20 mg/L of nTiO,
for only thirty minutes. Also, Li et al. [38] found respiration inhibition
but only after an 8-hour exposure under simulated solar radiation with a
50 mg/L dose.

Reports on the effect of f-MWCNT on E. coli are scarce. A study by
Roy et al. [39] found no effect on bacterial growth, while Young et al.
[40] reported growth inhibition and cell membrane damage. Never-
theless, the concentrations used in both studies differed significantly (8
and 100 mg/L, respectively). Furthermore, -MWCNT up to 875 mg/L
showed no significant toxic effect against other Gram-negative and
Gram-positive cultures [41]. To the best of our knowledge, there are no
studies on the acute effect of -MWCNT toward activated sludge and only
a few onthe toxicity of pristine MWCNT or single-wall carbon nanotubes
(SWCNT). The inhibition of respiration in activated sludge exposed to
MWCNT has been reported for concentrations ranging from 1500 to
3240 mg/L [42, 43]. Moreover, Akdemir et al. [44] described the
decrease in the specific growth rate of the activated sludge when the
concentration of MWCNT was 20 and 30 mg/L. Parise et al. [45]
observed that SWCNT also inhibited the respiration of activated sludge.

Reports of the toxicity of nZVI toward pure cultures are contradic-
tory. Some authors found that nZVI were not toxic to E. coli under aer-
obic conditions [46, 47], while others observed strong bactericidal
effects under de-aerated conditions and weaker effects under
air-saturated conditions [48]. There are few studies on the impact of
nZVI in the activated sludge community. Ma et al. [49] discovered no
effect of nZVI (20 mg/L) against activated sludge in long-term exposure
while Wu et al. [50] observed an increase in the COD removal in acti-
vated sludge for the same concentration. Bensaida et al. [25] investi-
gated the use of nZVI as an additive in the aerobic digestion of sludge
and found an increase in COD removal efficiency when the nZVI dose
was 50 mg/L.

Research on the toxicity of ENMs toward activated sludge has mainly
been focused on the long-term effects using doses higher than those
expected in wastewater [13, 51, 52], whereas short-term studies are
scarce and contradictory.

While it is essential to assess the potential impact of ENMs in the
activated sludge system, experimental approaches of reported research
have led to results that cannot be directly compared and, in some cases,
displayed contradictory outcomes. Conflicting reports and data gaps are
impeding the assessment of the effect of ENMs on the operation of sec-
ondary treatment in wastewater treatment plants.

In order to address these limitations, the aim of this work was to

investigate the effects of short-term exposure to a representative selec-
tion of nanomaterials (a metal oxide (nTiO3), a carbon-based (f-
MWCNT) and a metal (nZVI)) on a pure bacteria culture (E. coli) and a
complex microbial community (activated sludge). The total oxygen
uptake rate (OUR) was measured as an indicator of the activity of both
systems, and the respiration inhibition was calculated to assess the acute
toxicity. The interactions between the nanomaterials and E. coli were
further investigated by optical and electron microscopy.

2. Materials and Methods
2.1. Materials

All reagents were of analytical grade and used without further pu-
rification; 3-5 dichlorophenol (DCP), 2-4 dinitrophenol (DNP),
FeCl3-6H20, MgS04-7H20, NaBH4, NaCl, NH4Cl, were purchased from
Sigma Aldrich (St Louis, MO, US); disodium succinate hexahydrate,
glucose, KHoPO4, and NapoHPO4 from Merck (Darmstadt, Germany);
CaCly-2H0, KoHPOy, urea, isopropyl alcohol and ethanol from Anedra
(Buenos Aires, Argentina); and meet extract and peptone from Oxoid
(Basingstoke, UK). Solutions were prepared using Ultrapure Type I
water (18 mQ.cm) with a Purelab Ultra system from Elga Labwater
(Lane End, UK).

Aeroxide TiO2 P25 nanoparticles (nTiO3) were supplied by Evonik
Degussa Corporation (Parsippany, NJ, US). P25 is composed of 99.5%
hydrophilic fumed TiO9, a mixture of the rutile and anatase forms, with
an average primary size of 21 nm and a specific surface area of 50 + 15
m?/g, as reported by the manufacturer.

Carboxyl-functionalized multi-wall carbon nanotubes (f-MWCNT,
>95 wt%, 1.8% COOH groups) were purchased from Cheap Tubes Inc.
(Brattleboro, VT, US), with a diameter of 10-20 nm,10-30 um in length
and a specific surface rea of 232 m2/g, as reported by the manufacturer.

Zero-valent iron nanoparticles (nZVI) were synthesized by reduction
of Fe (III) with sodium borohydride as described elsewhere [53]. Briefly,
a 0.2 M NaBH4 aqueous solution was added dropwise to a 0.05 M
FeCl3-6H20 aqueous solution (1:1 volume ratio) at room temperature
with constant stirring. Fe (III) was reduced according to: 4Fe3* + 3BH, +
9H,0—4Fe’(s) + 3H,B03 + 12H" (aq) + 6H,(g)

The solution was mixed for 30 minutes after all the NaBH4 was
added. The particles were vacuum filtered (0.22 pm) and washed with
type I water and ethanol, three times each.

2.2. Characterization

The size distribution and zeta potential (Zpot) of the nanoparticles
were measured by dynamic light scattering (DLS) using a Zetasizer Nano
ZS system (Malvern Instruments, Worcestershire, UK). All suspensions
were prepared freshly, using deionized water (nTiOg, f-MWCNT) or 5%
ethanol solution (nZVI), with no dispersant addition, as prepared for the
inhibition tests. For the proper dispersion of f-MWCNT, the solution was
bath sonicated for 30 minutes. All measurements were conducted at 21
+ 1°C, at least in triplicates.

Scanning electron microscopy (SEM) images of nTiO5 and f-MWCNT
were taken with a Zeiss Supra 40 scanning microscope (Carl Zeiss,
Oberkochen, Germany). Transmission electron microscopy (TEM) was
used to investigate nZVI as well as bacteria-nanoparticles interactions,
using either a Philips EM 301 (Philips Electronics, Eindhoven, The
Netherlands) or a Zeiss 109T (Carl Zeiss, Oberkochen, Germany) mi-
croscope. The images were analyzed using the software ImageJ [54].

2.3. Bacterial Strains and Activated Sludge

Overnight cultures (37°C and 250 rpm) of Escherichia coli K12 [55],
obtained from Dr. Gisela Storz, National Institute of Child Health and
Human Development (Bethesda, MD), were grown in M9 minimal media



Table 1

Nanoparticles and conditions tested. Symbol x represents the Respiration In-
hibition tests as described in methods; (*) represents TEM images obtained for
those solutions; (t) represents additional tests done with 90-minute exposure and
(d) additional tests with 90-minute exposure in the dark; symbol - represents
concentrations that were not tested.

Concentration (mg/ L)

20 50 100 200
Escherichia coli
nTiO, - - x (O(d) x (%) (O(d)
f-MWCNT - X x (%) -
nZVI X x (*) —
Activated sludge
nTiO, - X x (d) x (%)
f-MWCNT - X X
nZvl X X X

300m EHT = 300KV Mag = 50000KX  Signal A= InLens [

100 nm* EHT = 3.00kV WD = 46mm Mag=16000KX  Signal A=InLens [

: y|

with 0.2% glucose for the respiration inhibition tests. Cells were har-
vested by centrifugation (8000 g, 10 min, 20°C), washed twice with
minimal media, and resuspended to an optical density of 1 at 650 nm
(OD650) (Shimadzu UV-1800 spectrophotometer, Shimadzu Corp,
Kyoto, Japan).

Fresh activated sludge was kindly provided by the Planta Norte
Domestic Wastewater Treatment Plant (San Fernando, Buenos Aires)
and kept aerated and fed with synthetic sewage in a sequencing batch
reactor (SBR) at room temperature (21 + 2°C) for 20 days before the
experiments [56]. A stock solution of synthetic sewage feed was pre-
pared with the following composition: 16 g/L peptone, 11 g/L meat
extract, 3 g/L urea, 0.7 g/L NaCl, 0.4 g/L CaCly.2H;0, 0.2 g/L
MgS04.7H50, and 2.8 g/L KoHPO4. The mixed liquor suspended solids
(MLSS) concentration of the sludge was measured daily by gravimetry
[57] and kept at 4000 + 500 mg/L.
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Fig. 1. SEM micrographs and size distribution of nTiO, (A-B) and f-MWCNT (C-D); TEM micrograph and size distribution of nZVI (E-F).



2.4. Respiration inhibition test

The oxygen uptake rate of the E. coli suspension was determined by
extant respirometry with a Clark-type electrode, YSI model 53 Oxygen
Monitor (Yellow Springs Instruments, Yellow Springs, OH, US) at a
temperature of 29 + 1°C. Briefly, 4 mL of E. coli suspension was poured
into a micro-reactor and a volume of the nanomaterial suspension was
added to achieve the final concentrations indicated in Table 1. Oxygen
saturation was accomplished by stirring, and after 3 minutes, the
exposure phase ended. Then, 40 pL of 5 mM disodium hexahydrate
succinate (carbonsource) was added and the oxygen electrode was fitted
to the micro-reactor.

The oxygen uptake rate of the activated sludge was determined ac-
cording to a modified protocol of the OECD Respiration inhibition test
[58]. Briefly, synthetic sewage (25 ml) was poured together with 200 ml
of activated sludge, a volume of the nanomaterial suspension, and
distilled water up to 500 ml to achieve the final concentrations indicated
in Table 1. Aeration (1 liter/min) was supplied with a diaphragm pump
(Atman HP4000, China) through an air stone diffuser. After 75 minutes,
25 ml of synthetic sewage was added. The aeration was stopped 15
minutes later, ending the exposure phase. The mixture was poured into
an extant Erlenmeyer flask fitted with a Sension6 oxygen electrode
(Hach Company, Loveland, CO, US).

In both tests, the dissolved oxygen (DO) was measured every 30
seconds for 10 minutes or until the concentration dropped to 1.5 mg/L.
The OUR was determined as the slope of the line of DO concentration
versus time.

The specific oxygen uptake rate (SOUR) was calculated by dividing
the OUR by the protein content [59] (E. coli) or the MLSS (activated
sludge) of the sample. Samples were run in triplicates; negative controls
were runin triplicates for E. colitests and duplicates foractivated sludge.
A positive control was tested periodically, using a known toxicant (DCP
or DNP).

The respiration inhibition of the sample was calculated in accor-
dance with:

SOURy

% Inhibition = (1 — m

).100% (@]

were SOURg is the specific oxygen uptake rate (mg O/(g protein or
MLSS)/hour) of the test sample and SOURc.ay is the average of the
specific oxygen uptake rate of the negative controls.

The nanomaterial concentrations were selected based on literature
reports of modeled and analytical concentrations of ENMs in WWTPs
effluents [51]. Considering the production rate of nTiOg, we chose this
nanoparticle as the worst-case scenario for environmental release. The
concentration of nTiO2 in WWTPs was reported to be as high as 1000
pg/L. Consequently, we selected a 200-fold increase of the 1000 pg/L
value to attain the maximum concentrations used in the nTiO, and
f-MWCNT experiments; and a 100-fold increase for the nZVI experiment.
The calculated concentrations were intended to model a pulse input due
to an accidental spill from a manufacturing facility.

The materials and conditions tested are summarized in table 1.

2.5. Bacterial membrane damage

The viability of E. coli exposed to the nanoparticles was assessed
using the BacLight live/dead bacterial viability kit (Molecular Probes
Co, OR, US).

Cultures of E. coli grown to mid-log phase in nutrient broth were
harvested and used according to the supplier’s kit instructions. The
E. coli suspensions were incubated for one hour at 25°C, with 0.85%
NaCl solution and a volume of the nanoparticle suspensions to give a
final concentration of 200 mg/L for nTiO3, 100 mg/L for f-MWCNT, and
50 mg/L for nZVL.

Next, the suspensions were washed, 3 uL of the dye mixture (1:1) was

Table 2

Respiration inhibition of nanoparticles on E. coli and activated sludge, as
calculated by equation (1). Symbol — represents concentrations that were not
tested.

% Inhibition (Mean + SD)

20 mg/L 50 mg/L 100 mg/L 200 mg/L
Escherichia coli
nTiO, - - 6.4 + 6.2 14.5 + 6.3
f-MWCNT - 15.2+6.8 36.3 + 15.3* -
nzZvl -12.4 £10.5 24.3 £+ 3.0* - -
Activated sludge
nTiO, - -3.2+6.8 1.7 £ 29 10.3 + 5.0
f-MWCNT - 54+20 -11.6 £ 7.9 17.8 £ 3.1*
nZVI -8.1+2.0 -16.2 £ 5.4 -6.2+1.3 -

* Denotes a significant difference from the control (p < 0.05).

added every 1 ml of sample, and incubated in the dark, at room tem-
perature (21 + 1°C, for 15 minutes). Dead bacteria (70% isopropyl
alcohol) and live bacteria (0.85% NaCl solution) controls were also
tested.

After incubation, 5 L of the stained bacterial suspension was trap-
ped between a slide and an 18 mm square coverslip and observed in a
Leica DME fluorescence microscope (Leica Microsystems GmbH, Wet-
zlar, Germany) equipped with a mercury lamp and two sets of filters: L5
(excitation filter: BP 480/40 nm, dichromatic mirror: 505 nm, sup-
pression filter: BP 527/30 nm) and N2.1(excitation filter: BP 515-560
nm, dichromatic mirror: 580 nm, suppression filter: LP 590 nm). The
number of red and green stained cells was obtained from counts of at
least 6 random microscope fields at 400 x. The fluorescence images
were analyzed with ImageJ [54].

3. Results and discussion
3.1. Nanoparticle characterization

Measurements of hydrodynamic diameter of nTiOy (pH: 5.69), f-
MWCNT (pH:4.86), and nZVI (pH:8.65) yielded values of 113 + 26 nm,
243 + 55 nm, and 1442 + 528 nm, respectively. The zeta potential, at
the same indicated pH, was determined to be 11 + 0.2 mV, -33 + 1.68
mV, and ~ 0 mV, for the nanomaterials in the same order. SEM images
(Fig. 1A) showed that nTiO were roughly spherical with a primary size
ranging from 9 to 40 nm, and an average size of 20.7 & 6.2 nm (Fig. 1B);
f-MWCNT had cylindrical structures (Fig. 1C) with an average diameter
of 15.2 + 4.2 nm, a minimum of 7.8 nm and a maximum of 31.7 nm
(Fig. 1D). The measurements were in good agreement with those re-
ported by the manufacturer. TEM micrograph of nZVI (Fig. 1E) revealed
their typical chain-like cluster morphology [53] with an average size of
58.6 £+ 25 nm and primary size in the range of 16 to 124 nm (Fig. 1F).

While nTiO, and f-MWCNT suspensions showed good stability under
these experimental conditions, nZVI underwent aggregation and settling
a few minutes after preparation. Nevertheless, no dispersant was used;
the suspensions were freshly prepared for each test and thoroughly
mixed before use.

3.2. Respiration inhibition tests

The effect of the presence of the nanomaterials was first investigated
in a pure culture of E. coli, as a simple model system and a frequently
used organism in eco-toxicity tests. Results of the respiration inhibition
are summarized in Table 2.

When E. coli cells were exposed to nTiO,, no significant difference in
oxygen consumption from controls was detected at nanoparticle con-
centrations of 100 and 200 mg/L, in regular length tests or at extended
exposure times (90 minutes), under light or dark conditions (Fig. 2; p >
0.05).

The reported research concerning the interaction of nTiOy and
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bacteria has been focused on the bactericidal effect of the nanoparticles
under UV radiation. Various authors [31, 33] agreed that nTiO; exerts
no toxicity under dark conditions at concentrations as high as 800 mg/L,
although others have found small growth inhibition under dark condi-
tions exposed to 50 mg/L and 90 minutes [60]. Interestingly, Adams
et al. [30] found no inhibitory effect in suspensions with 100 mg/L dose
and a 6-hour exposure in presence of light. The concentration used in
this study (200 mg/L) was much higher than the concentrations ex-
pected in sewage or surface water [12, 51], nevertheless, it exerted no
acute toxicity against E. coli. This implies that a 200 mg/L dose is under
the threshold for the target microorganism.

When E. coli was exposed to 100 mg/L of f-MWCNT, the respiration

was significantly inhibited (p < 0.05). The SOURs of the control and the
sample were 6.41 + 1.52 and 4.08 + 0.98 mg 0y/(g protein.h),
respectively (Fig. 2), a decrease of 36.3 + 15.3% (Table 2).

Abiotic oxygen consumption was detected in nZVI suspensions,
contrary to the observations in the presence of nTiOy and f-MWCNT.
Thus, abiotic controls were run, and the abiotic oxygen consumption
was subtracted to obtain the net SOUR to be used in Equation (1). nZVI
exerted a significant inhibitory effect toward E. coli exposed to 50 mg/L
of nanoparticles (p < 0.05). The SOURs of the control and sample test
were 4.25 + 0.56 mg Oy/(g protein.h), and 3.21 + 0.23 mg Oy/(g pro-
tein.h), respectively (Fig. 2), resulting in a 24.3 + 3.0% inhibition of the
bacteria respiration (Table 2). Interestingly, the nZVI respiratory
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inhibition for E. coli occurred at a lower concentration than that of f-
MWCNT, which indicates a higher susceptibility of E. coli to this
nanomaterial.

The results of E. coli experiments provided preliminary data for the
tests on a more complex microbial community such as activated sludge.

Fig. 3 shows the SOUR of the activated sludge exposed to suspensions
of different concentrations of nTiO;,. The results showed no significant
inhibition in the respiration of activated sludge for any of the concen-
trations tested. An additional test in the dark (200 mg/L) yielded similar
results; furthermore, abiotic controls had no oxygen consumption (data
not shown). However, Yuzer et al. [37] observed a 20% respiration in-
hibition when activated sludge was exposed for 30 minutes to 20 mg/L
of nTiO, and Li et al. [34] found a 26% respiration inhibition on acti-
vated sludge when the nTiO; dose was 50 mg/L for 8 hours under
simulated sunlight. Considering that activated sludge absorbs and
scatters light [61], it seems unlikely that UV radiation may effectively
penetrate the activated sludge mixed liquor. Our results confirmed that

there is no acute toxicity under dark conditions or when UV radiation is
negligible. These findings are in agreement with the results of the
respiration inhibition tests on E. coli and consistent with the findings of
Garcia et al. [36] where no respiration inhibition was found. It is
important to highlight that although lower concentrations of nTiO; are
expected in the raw sewage than those considered in this study, nano-
particles may adsorb to the sludge particles and accumulate in the
aeration tank [62, 63], and localized exposure to higher nanoparticle
concentrations is possible within the system.

The respirometry experiments in the presence of 200 mg/L f-
MWCNT (Fig. 4) showed a reduction in the SOUR of the activated sludge
from 15.02 =+ 1.32 to 12.35 + 0.47 mg Oy/(g MLSS.h) (p < 0.05). This
represents an inhibition of the respiration rate of 17.8 + 3.1% (Table 2).
Abiotic tests with f-MWCNT revealed no oxygen consumption. Previous
studies have found respiration inhibition in activated sludge treated
with doses of MWCNT from 640 to 3240 mg/L [42] but no effect when
the concentration was below 500 mg/L [43] after 3 hours of exposure.



Fig. 6. Representative TEM micrographs of (A-B) Activated sludge and nTiO,; (C) E. coli and nTiOy; (D) E. coli and f-MWCNT. Arrows indicate fragments of f-

MWCNT; (E-F) E. coli and nZVI. Scale bar = 500 nm in all images.

The surface functionalization of the CNT makes them more hydrophilic
and hence increases their bioavailability. This could be the reason for
the inhibitory effects observed in our study at lower concentrations (200
mg/L) and shorter exposure times (90 minutes) than those in the
literature.

The net SOURs in the tests where activated sludge was exposed to
nZVI are depicted in Fig. 5. In this case, abiotic oxygen consumption in
the controls was detected and, though comparably small, it was sub-
tracted from the total consumption. When the net biotic oxygen con-
sumption was considered, no significant difference between the tested
concentrations and their controls was observed (p > 0.05). These results
are consistent with the work of Ma et al. [49] as nitrifiers are more
susceptible to toxic substances than heterotrophic bacteria, and they
reported no inhibition in the nitrification function of the activated
sludge in long-term exposure to 20 mg/L of nZVLI. Interestingly, Wu et al.
[50] found that COD removal efficiency was enhanced with concen-
trations of 20 and 50 mg/L of nZVI but considerably reduced at 200

mg/L. They hypothesized that nZVI, at low concentrations, might have a
positive effect on the production of dehydrogenase enzyme, responsible
for catalyzing the oxidation of organic compounds. Our results indicated
no inhibition or increase in the activity of activated sludge exposed up to
100 mg/L of nZVI. Although no inhibitory effect was found for this
nanoparticle, it is important to consider the abiotic consumption as a
probable negative impact on the operation of the WWTPs. Since the
nZVI disposed of in wastewaters will undergo surface oxidation and
passivation before it enters the activated sludge system, it is reasonable
to assume that the abiotic consumption will be small. Still, this is
dependent on conditions such as pH, temperature, organic matter, and
most importantly, the presence of dissolved oxygen in the sewage. In this
study, at 100 mg/L of nZVI, the abiotic consumption after 90 minutes of
exposure was 0.038 mg Oy/(L.min). Although small in comparison with
the biotic oxygen uptake rate, this abiotic consumption in WWTPs may
require adjustments in the operational variables.

Overall, the respiration inhibition produced in E. coli by 100 mg/L of
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Fig. 7. SEM micrograph of short fragments of -MWCNT in the deionized water dispersions.

f-MWCNT was about 36%, whereas 200 mg/L of f-MWCNT inhibited
17% the respiration of activated sludge. In a similar trend, 50 mg/L of
nZVI inhibited E. coli respiration by 24% but produced no effect in
activated sludge. These differences in response become significant when
considering the exposure time in the experiments. An explanation for
the higher resilience of activated sludge may be the nature of the tar-
geted microorganisms (physiology, metabolism, etc.) and the fact that
activated sludge is composed of a consortium of different bacteria as
opposed to a pure E. coli culture.

A second potential cause of the differential effect may be the pres-
ence of extracellular polymeric substances (EPS). EPS play a vital role as
a matrix in which bacteria are embedded, forming biofilms or aggre-
gates such as flocs. These biopolymers also function as a protective
barrier [64, 65] by means of adsorption or hindered transport of toxic
substances to the innermost cells in this matrix. It has been reported that
activated sludge respiration inhibition by MWCNT was augmented when
the flocs were shredded and bacteria were released from the EPS, losing
its protection [38]. Planchon et al.[66] also observed the protective role
of EPS in the toxicity of nTiO3 on a model cyanobacteria and Ostermeyer
et al.[67] found that in the presence of alginate, a model EPS, the
toxicity of silver nanoparticles toward Nitrosomonas europaea was
reduced. In the same trend, Khan et al. [68] showed that silver nano-
particles capped with EPS were less toxic to bacteria. Taking into ac-
count the synthesis of EPS by activated sludge [69-71] and E. coli [65,
72]; and the concentration of the cells in the experiments, the difference
in EPS concentration may translate into higher vulnerability for E. coli.

3.3. Bacteria-nanoparticles interaction and bacterial membrane damage

TEM images provided insights into the physical interaction between
the bacteria and the nanoparticles after the respiration inhibition ex-
periments (Fig. 6). Several nTiO, nanoparticles were observed covering
the surface of a few isolated activated sludge bacteria (Fig. 6A), but the
nanoparticles were mostly agglomerated in the EPS matrix (Fig. 6B).
Conversely, nTiO, was found as clusters attached through the EPS to
E. coli (Fig. 6C).

E. coli bacteria appeared associated with fragments of f-MWCNT,
with no adhesion of the nanotubes to the bacterial surfaces or EPS.

Fig. 6D illustrates a damaged E. coli cell with dart-like fragments of f-
MWCNT. f-MWCNT’s length used in this study ranged from 10-30 pm (as
reported by the manufacturer), but 0.11-2 pm fragments were observed
in the SEM images during the characterization of the nanotubes (Fig. 7).
These fragments could have originated in the fabrication of the f-
MWQCNT or the dispersion process by sonication. Others have also re-
ported membrane damage through piercing of bacteria exposed to
MWCNT [73], SWCNT [74], and f-MWCNT [40]. nZVI showed a ten-
dency to bind to the EPS as clusters (Fig. 6E) but also some nanoparticles
were attached individually to the E. coli (Fig. 6F).

It is likely that in activated sludge, a medium with high organic
matter and EPS content, the nanoparticles would also be adsorbed and
stabilized in the biological floc [75, 76] producing accumulation in the
system and increasing the concentration over time.

Bacteria have a double-layered EPS structure composed of a tightly
bound fraction that surrounds the cells and a loosely bound fraction that
irradiates from the first layer; both fractions are negatively charged. As
evidenced by the TEM images, nTiO2 and nZVI seemed to present an
affinity with EPS as they adsorbed directly to the cell or the surrounding
EPS. These findings are in good agreement with the results of other
authors that stated that nTiO, and nZVI adsorbed onto cell membranes
and agglomerated within the EPS [49, 62, 77]. Likewise, Luongo et al.
[42] showed direct physical contact between bacteria and MWCNT. The
present study could not evidence the direct interaction of f-MWCNT.
However, since TEM sample preparation involved a drying stage,
nanoparticles and bacteria may have been reorganized and aggregated,
and then the obtained images may not exactly reflect their state in
suspension.

The mechanism of the acute toxicity of the nanoparticles to E. coli
was further examined using the Live/Dead® Bacterial Viability Kit,
which allowed the direct use of the E. coli-nanoparticle suspensions.
Representative images of the live (intact cell membrane in green) and
dead bacteria (damaged cell membrane in red) exposed to nTiO,, f-
MWCNT, and nZVI are illustrated in Fig. 8A and overall results are
shown in Fig. 8B.

Fig. 8B shows that E. coli presented no membrane damage by nTiOy
(200 mg/L) compared to the control. On the contrary, we found the cell
membrane damaged when E. coli was exposed to f-MWCNT or nZVI. The
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Fig. 8. Live and dead viability test. (A) Representative images of the stained E. coli with intact cell membrane (LIVE: green) and damage membrane (DEAD: red)
exposed to nTiO,, f-MWCNT and nZVI. Scale bar = 50 microns (B) Percentage of live to total bacteria (live+dead) exposed to nTiO,, f-MWCNT and nZVI. * Denotes a

significant difference from the control (p < 0.05).

percentage of live bacteria against total bacteria was significantly
reduced to 63 + 19% with 100 mg/L of f-MWCNT and to 54 + 11% with
50 mg/L of nZVI, as depicted in Fig. 8B. Comparatively, the 50 mg/L
dose of nZVI had a reduction (p < 0.05) in the percentage of live versus
total bacteria similar to the 100 mg/L dose of f-MWCNT. This represents
a higher susceptibility of E. coli to nZVI than to f-MWCNT.

These results showed that the damage to the cell membrane is an
important mechanism in the toxicity of f-MWCNT and nZVI. Particularly
for -MWCNT, the damage was associated, at least in part, with the
piercing of the nanotubes through the cell membrane. In the case of
nZVI, the damage to the cell membrane could be related to the

dissolution of nZVI to release Fet? and Fe'? [78, 79]. Even in small
concentrations and at a neutral pH, these ions may promote the gener-
ation of reactive oxygen species that trigger lipid peroxidation and the
damage of the cell membrane.

As demonstrated, f-MWCNT and nZVI damaged the cell membrane
and inhibited respiration. The cell membrane damage is not a require-
ment to exert the respiration inhibition, but it may be one of its causes,
as the electron transport chain of the respiration function is located in
the cell membrane. Also, the aggregation of the nanoparticles within the
EPS matrix may play a protective role against nanoparticles. Either way,
it is reasonable to hypothesize that close contact between the



nanoparticles and the bacteria, as a first step, is necessary and influences
the toxicity. This contact can be hindered by the EPS matrix.

Further research is needed to elucidate if there is a correlation be-
tween the respiration inhibition/membrane damage and the concen-
tration and/or composition of the EPS matrix. Such an investigation
should also consider a comprehensive characterization of the nano-
particles and their behavior in the activated sludge matrix. A better
understanding of the underlying phenomena is of utmost importance to
improving operational strategies in wastewater treatment facilities and
coping with these emerging contaminants.

4. Conclusions

The impact of nTiOy, f-MWCNT, and nZVI on activated sludge and
E. coli was investigated. The respiration of activated sludge was inhibi-
ted only at high concentrations of f-MWCNT, while inhibitory effects on
E. coli were observed at lower concentrations of nZVI and {-MWCNT. The
nanomaterials also tended to bind to the bacteria, and damage to the cell
membrane was observed.

Even though our study showed that nanoparticles exerted toxicity
and damaged bacteria, this only happened when nanoparticle doses
were 200-fold higher than the expected concentrations in wastewater.
These findings put in context the risk arising from the toxicity of
nanoparticles toward activated sludge plants since WWTPs near point
sources may control and mitigate high inputs of ENMs through an effi-
cient emergency response plan.
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