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ABSTRACT

The majority of nanoparticles tend to agglomerate in bacterial growth media. Thus, nanoparticle-specific characteristics
can get lost. To investigate the influence of nanoparticles on bacteria, these particles should remain in their nanopar-
ticulate state. The present study demonstrates the stabilization of commercially available zinc oxide (ZnO) with sodi-
umhexametaphosphate (SHMP) in bacterial growth medium (LB) to avoid agglomeration of these particles after the
addition to LB. This established method is appropriate to stabilize ZnO agglomerates as small as 43 nm. The method of
fractionated centrifugation was used to obtain stable agglomerates (also stable in the presence of bacteria) with different
mean diameters. The SHMP-stabilized ZnO inhibits the growth of Pseudomonas putida with increasing concentration

(up to 500 mg/L) and decreasing agglomerate size (43 - 450 nm).
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1. Introduction

The dynamic development of nanotechnology has led to
the increasing use of nanoparticles in convenience goods.
Nanoparticles are used in the automotive, food, and cos-
metic industries, as well as in medicine [1]. The small
diameter of nanoparticles leads to a much higher sur-
face-to-volume ratio compared with micro particles; con-
sequently, a lot of possible applications arise, e.g. cata-
lytically active materials, catalysts for exhaust emissions
and nanoporose filters. Secondly, the decreasing diame-
ter of nanoparticles leads to an increased invisibility of
these particles in scratch-proof lacquers, self-cleaning
surfaces, and cosmetics (especially sun blockers), as well
as for antibacterial coatings in food packaging and tex-
tiles [2].

The annual production in Switzerland of metal oxide
nanoparticles amounts from a few to several tons, which
will still increase in the next years [3]. The increasing use
of nanoparticles results in more of these engineered
nanoparticles finding their way into the environment.
Gottschalk et al. [4] predicted that nano-ZnO concentra-
tions in sediment would be up to 6 pg/kg in 2012 in the
US with this concentration showing an increasing ten-
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dency with time.

Regarding the behavior of these particles in the envi-
ronment, two central questions arise: Do particles remain
in their nanoparticulate state or do they congregate to
coarse agglomerates/aggregates? Do substances such as
humic acid that exist in the environment influence ag-
glomeration behavior? In this study we assume that the
particles maintain their nanoparticulate state, which we
believe is the most critical condition.

The release of engineered nanoparticles into the envi-
ronment leads to the contact of these particles with soil
bacteria. This contact can result in inhibition of bacterial
growth with the inhibitory effect increasing with de-
creasing agglomerate size [5-9]. The assessment of
growth inhibition due to nanoparticle-specific character-
istics of metal oxide nanoparticles requires the dispersion
and stabilization of these particles in aqueous, pH neutral,
ion- and protein-containing growth media such as lysog-
eny broth (LB) medium. Additionally, particles should be
characterized suspended in the respective medium.
Without particle stabilization, the composition of bacte-
rial growth media leads to formation of micrometer-sized
coarse agglomerates (200 - 2000 nm) with possible loss
of nanoparticle-specific characteristics. This agglomera-
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tion phenomenon is observed in media for algae and
animals [10-15]. To our knowledge, no study about the
agglomeration behavior of ZnO nanoparticles in bacterial
growth media, especially LB medium, has been pub-
lished. Due to the wide use of LB media in bacterial
growth tests, this medium was chosen for dispersion and
stabilization studies to analyze nanoparticle-specific
characteristics. The aim of our study was to stabilize zinc
oxide (ZnO) nanoparticles in order to avoid agglomera-
tion after adding a ZnO suspension to LB (LB = lysog-
eny broth, without sodium chloride = salt-free LB). To
achieve this goal two different stabilizers (sodiumhexa-
metaphosphate (SHMP) and 2-[2-(2-methoxyethoxy)
ethoxy] acetic acid (MEEAA)) were used. Sonication
was used to disperse coarse agglomerates. The stabilizing
ability of the abovementioned stabilizers was assessed in
distilled water and salt-free LB by measuring particle
size (by dynamic light scattering) and zeta potential (by
microelectrophoresis). Dispersed and stabilized suspen-
sions were centrifuged for various time intervals to sepa-
rate larger agglomerates and achieve suspensions with
different mean agglomerate sizes, down to 43 nm. These
suspensions were utilized to assess the nanoparticle-spe-
cific effects on growth of Pseudomonas putida. P. putida
was selected because of its ubiquitous occurrence in the
environment.

2. Materials and Methods

2.1. Preparation and Characterization of ZnO
Nanoparticles

ZnO nanoparticles were available in dry, agglomerated
form with a primary particle size of about 40 nm. The
powder was mixed with stabilizing agent (either sodi-
umhexametaphosphate (SHMP, 0.05 g/L) or 2-[2-(2-
methoxyethoxy) ethoxy] acetic acid (MEEAA, 0.2 g/L)).
The powder mixture was filled up with distilled water to
a final concentration of 50 g/L ZnO. The obtained sus-
pension was dispersed using sonication with a specific
energy input of 72 MJ/kg. The sonicated dispersion was
fractionated by centrifugation (differential centrifugation)
to gain suspensions with different mean agglomerate
sizes (1 min for 130 nm, 20 min for 43 nm). The dry
mass of each centrifuge effluent was determined by dry-
ing overnight (100°C). Analysis of the agglomerate size
distribution was carried out in a Zetasizer NanoZS (Mal-
vern). This instrument determines the hydrodynamic di-
ameter via dynamic light scattering. Each measurement
consisted of at least 12 runs and was repeated 3 times.
Stability analysis in salt-free LB was carried out by
diluting a ZnO suspension to approximately 5 g/L with
distilled water. This diluted suspension was given to
salt-free LB to reach a final concentration of 500 mg/L.
After measuring agglomerate size distribution, suspen-
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sions were stored for at least seven hours. This corre-
sponded to the duration of bacterial growth tests. Subse-
quently, the sizes of ZnO agglomerates were determined
again to assess the stability of ZnO in salt-free LB during
the cultivation period.

An additional important factor is the long-time term
stability of nanoparticles. To consider this factor, ag-
glomerate size distribution of SHMP- and MEEAA-sta-
bilized ZnO was measured after storage times of up to 90
days.

2.2. Zeta Potential Measurement

The electrophoretic mobility of ZnO was determined
using a Zetamaster S (Malvern Instruments). Unstabi-
lized and stabilized (with SHMP and MEEAA) ZnO
nanoparticles were diluted with distilled water and LB,
respectively, to a final concentration of 100 mg/L. The
zeta potential was calculated from the mean of five
measurements using the Smoluchowski equation [16].

2.3. SEM-Image

In order to visualize dispersing effects, SEM images of
raw material and MEEAA- and SHMP-stabilized ZnO
were prepared. This preparation comprised of centrifug-
ing the samples (13,000 rpm for 20 min), discarding the
supernatant, drying the pellet overnight, and resuspend-
ing the pellet in ethanol. One drop of the obtained sus-
pension was put on a glass slide. Samples were sputtered
with gold to ensure electric conductivity.

2.4. Microbiological Analysis

SHMP-stabilized ZnO was studied with regard to growth
inhibition of P. putida (DSM 50026, gram-negative, ob-
tained from DSMZ, Braunschweig). To increase the con-
fidence level growth tests were performed in 96-well
plates. Each ZnO/stabilizer combination was measured
nine-fold. With regard to stabilization of ZnO agglomer-
ates, the LB media used contained no sodium chloride.

ZnO suspensions to be tested were diluted with dis-
tilled water in such a way that the ratio of ZnO suspen-
sion and salt-free LB was identical at any concentration.
Tested doses (0 - 500 mg/L) were used to get an over-
view over a wide concentration range. Media was inocu-
lated with an overnight culture (10%) of P. putida and
the 96-well plates were incubated on a special shaker
(30°C, 7 h).

Bacterial growth was determined hourly by measuring
the optical density (OD) in the individual wells by means
of the SUNRISE Absorbance Reader (TECAN, 600 nm).
The optical densities of the ZnO suspensions were sub-
tracted as blank values from the respective measurements
because ZnO suspensions exhibit an internal turbidity
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according to their concentration. Mean value and stan-
dard deviation were determined from nine parallel meas-
urements for each concentration. Correlation between
OD and bio dry mass (BDM) is represented by

BDM = 0.00323 +0.8424 -OD
+0.10549-0D2 +0.21024-0OD*

Maximum bacterial growth rate (pm,) Was determined
from the mean growth curves by estimating the slope of
the exponential growth phase. Bacterial growth was cal-
culated by division of p,.x with respective ZnO concen-
trations and ., without ZnO.

3. Results and Discussion
3.1. Stabilization of ZnO

Assessing the influence of nanoparticles on microorgan-
isms requires interaction between the microorganisms
and the particles in their nanoparticulate state. Industri-
ally produced metal oxide nanoparticles tend to agglom-
erate in aqueous, pH-neutral bacterial growth media con-
taining ions and proteins [17-19]. The aim of this study
was to establish a stabilization method for ZnO in
salt-free LB in order to avoid agglomeration after adding
the ZnO nanoparticles to bacterial growth media. The
screening of potential stabilizers led to the exclusion of
any pH-shifting agents such as chloric acid or potassium
hydroxide. Additionally, the stabilizing agent had to be
nontoxic toward microorganisms. With regard to the
aqueous media, no hydrophobic agent could be used.

The result of the screening led to sodiumhexameta-
phosphate (SHMP) and 2-[2-(2-Methoxyethoxy) ethoxy]
acetic acid (MEEAA) being investigated with regard to
their ability to stabilize ZnO in salt-free LB (Figure 1).
These agents differ in their dispersion mechanism in that
SHMP causes electrostatic stabilization, whereas MEEAA
causes steric stabilization.

MEEAA-stabilized ZnO with sonication remained sta-
ble in distilled water over a period of at least seven hours
(corresponding to the duration of the bacterial growth
test). However, the addition of these particles to salt-free
LB media led to immediate agglomeration with increas-
ing x50 and increasing distribution width (Figure 2).

In contrast, the SHMP-stabilized and sonicated ZnO
remained stable after addition to distilled water and
salt-free LB. It should be noted that ZnO agglomerates
were not completely dispersed and the measured xs re-
fers to agglomerates containing approx. three primary
particles.

Optimized stabilizing methods of nanoparticles in
bacterial growth media are one of the requirements for
analyzing the inhibitory effects of nanoparticles to mi-
croorganisms.

The dispersion and stabilization effect of ZnO was
visualized via SEM images (Figure 3). Before sonication
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Figure 1. Chemical structure of SHMP (a) and MEEAA (b).
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Figure 2. Agglomerate size of MEEAA (blue) and SHMP
(red) stabilized ZnO in H,O and salt-free LB. ZnO agglom-
erates (primary particle size approx. 40 nm) were dispersed
by sonication, stabilized, and the obtained suspension was
centrifuged for 1 min to separate coarse agglomerates. To
measure particle size distribution ZnO suspension was
added to distilled water and salt-free LB to reach a final
concentration of 500 mg ZnOJ/L. The measurements were
carried out directly after addition of suspension and after 8
hours storage.

the agglomerated powder was mixed with distilled water
(Figure 3(a)). This mixture contained coarse agglomer-
ates. These agglomerates were disrupted by sonication
and the resulting smaller agglomerates and primary par-
ticles had to be stabilized. The comparison of Figures
3(b) and (c) supports the assumption that SHMP is a fa-
vorite stabilizer for this task because of the slightly
higher amount of dispersed agglomerates. By means of
SEM images, the centrifugation effect on the dispersed
suspension can be explained as follows: With increasing
duration of centrifugation an increasing amount of larger
agglomerates are separated. Consequentially, the centri-
fuge effluent contains smaller agglomerates and primary
particles and the concentration of solids decreases.
Physically stable dispersions are identified by main-
taining their particle size distributions. The physical sta-
bility is a function of repulsive and attractive forces
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(DLVO (Derjaguin, Landau, Verwey, Overbeek) theory
(20D).

Stabilizing agents were used to keep the particles at
bay in order to avoid attraction and thereby agglomera-
tion. The zeta potential is a value for the stability of dis-
persions [21]: high absolute value of zeta potential means
high stability.

Different stabilizing methods (no stabilizer, SHMP
and MEEAA) and the usage of sonication resulted in
different agglomerate sizes and zeta potentials (Table 1).

Sonication led to smaller agglomerate sizes due to dis-
persion of coarse agglomerates. In the case of no stabi-
lizer and MEEAA as stabilizer, the zeta potential of ZnO
was positive and increased slightly through sonication.
SHMP addition effected a charge conversion: unstabi-
lized ZnO exhibited a positive zeta potential, whereas the
zeta potential of SHMP stabilized ZnO was negative with
nearly the same absolute value. Nearly all absolute val-
ues were located between 21 and 30 mV; this meant little
agglomeration could occur [21]. Suganthi et al. [22] ob-
served an increasing zeta potential of SHMP stabilized
ZnO with increasing volume concentration. Their mini-
mum tested concentration (250 mg/L) exhibited a zeta
potential of 38 mV.

The similar high absolute zeta potential value of
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Figure 3. SEM images of ZnO agglomerates. a) ZnO powder mixed with H,O; b) SHMP stabilized and sonicated ZnO; c)
MEEAA stabilized and sonicated ZnO, scale bar: 1 um; c) MEEAA stabilized and sonicated ZnO; d) detail from b)

SHMP-stabilized (negatively charged) and MEEAA-
stabilized (positively charged) ZnO do not cause similar
stabilizing effect in salt free LB, although a high absolute
value means high stability. In salt-free LB the zeta poten-
tial of all tested ZnO was about —28 mV; this means all
agglomerates had a negative surface charge, probably
due to adsorption of LB components, mainly phosphate.
Agglomeration of MEEAA-stabilized ZnO in salt-free
LB (Figure 2) can be explained by time-delayed adsorp-
tion of LB components and associated surface charge
reversal; already negatively charged particles attract to
still positively charged particles and agglomeration oc-
curs. SHMP-stabilized ZnO particles are a priori nega-
tively charged, thereby repulsive forces predominate and
agglomeration is avoided.

In consideration of reproducibility, long-term stability
of the water-based suspension is favorable (Figure 4).
SHMP-stabilized ZnO-water suspension remained stable
for at least three months, which enabled a high number of
measurements based on the same charge of produced
suspension.

MEEAA-stabilized ZnO, however, showed a higher
inconsistency in agglomeration states over this time pe-
riod.

During cultivation of bacteria the media composition
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Table 1. Agglomerate size and zeta potential of different dispersion and stabilization methods. Particle size measurements
were conducted three times (suspension concentration 5 g/L in H,O, 500 mg/L in LB), zeta potential measurements were con-
ducted five times (suspension concentration 100 mg/L); xs, values do not agree with those of Figure 2 because the suspensions

here were extra produced for zeta potential measurements.

Stabilizer Sonication Media Agglomerate Size X503 [nm] Zeta Potential [mV] pH
No No H,0 3403 + 1800 20.6 £2.3 7.4
No Yes H,0 n.m.” 25.0+0.3 7.4
No Yes LB 2850 = 1760 —28.2+0.6 6.9

SHMP No H,O 433+ 79 -26.9+0.5 7.3
SHMP Yes H,O 147+ 10 —26.9+0.6 7.4
SHMP Yes LB 163 +9 -27.9+0.9 6.9
MEEAA No H,O 274 +20 25.6+0.3 7.3
MEEAA Yes H,O 152+ 14 28.6+0.3 7.3
MEEAA Yes LB 248 £ 14 —273+0.3 6.9

"n.m.: not measurable.

’é — without cells
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Figure 4. Long-term stability of SHMP- and MEEAA-sta-
bilized ZnO dispersions. Particle size distribution was
measured three times for each data point (suspension con-
centration approx. 3.5 g/L).

is altered through bacterial metabolism. Due to this fact,
ZnO can agglomerate. To analyze this consideration par-
ticle size distribution was measured during cultivation
experiments (Figure 5). Addition of P. putida cells led to
a peak in the volume distribution in the range of three to
six microns. This peak arose from the presence of bacte-
rial cells; due to bacterial growth this peak increased with
increasing cultivation period. The particle-to-cell propor-
tion was possibly falsified due to differences in refractive
indices of ZnO and bacterial cells. However, agglomera-
tion of ZnO particles could not be completely excluded,
but at least the amount of agglomerated particles was
insignificant. To summarize, SHMP-stabilized ZnO was
stable enough during cultivation to assess the nanopar-
ticulate features.

Based on our knowledge no study exists about the ag-
glomeration behavior and stabilizing methods of ZnO in
LB media. Merely the observation of increasing agglom-
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Figure 5. Volume distribution of SHMP-stabilized ZnO
particles during cultivation of P. putida in salt-free LB. Par-
ticle size measurements were conducted three times per
each time value in salt-free LB (ZnO suspension concentra-
tion: 500 mg/L).

erate size was observed by Li et al. [18] Other metal ox-
ide nanoparticles such as titanium dioxide P25 (TiO2)
were dispersed by Ji et al. [17] in LB media among other
culture media. Addition of particles to all media led to
immediate agglomeration. FBS (fetal bovine serum) was
suitable to stabilize P25 in LB. However, the stabilizing
effect refers to dispersion of P25 in H,O, where agglom-
erate size is about 200 nm (primary size: 25 nm). Com-
pared to our study, no stabilized agglomerates smaller
than 100 nm were obtained by Ji et al. in either water or
LB.

3.2. Agglomerate Size Dependent Influence of
ZnO on Growth of P. putida.

SHMP-stabilized ZnO was used to investigate the influ-
ence of nanoparticles on the growth of P. putida. ZnO
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Figure 6. Growth of P. putida in the presence of SHMP
containing ZnO according to agglomerate size and ZnO
concentration. Bacterial growth (9-fold) was determined by
estimating maximal growth rate from growth curves; ob-
tained values were normalized to growth values without
ZnO (0 mg/L ZnO); indication of size was the respective
xgo-value; 43 nm particles were obtained by centrifugation
of sonicated dispersions for 20 min.

inhibited the growth of P. putida with decreasing ag-
glomerate size and increasing concentration (Figure 6).
Bulk nano-ZnO means the undispersed raw material,
which was only mixed with SHMP and distilled water.
Real nanosized agglomerates with X5y, of 43 nm noticea-
bly inhibited bacterial growth already at a concentration
of 1 mg/L, whereas coarser nanoparticle agglomerates
needed a concentration >10mg/L for a clear influence on
bacterial growth. Bulk nano-ZnO showed no toxic effects
in the tested concentration range.

Growth inhibition of bacteria due to ZnO has been part
of research for at least ten years. Former studies [5,6,
23,24] dispersed available nanoparticles (mostly primary
particles, agglomerated in powder form) in water by stir-
ring or sonication. Subsequently, bacterial inhibitory ef-
fects of these dispersions were analyzed without charac-
terization of agglomerates in the bacterial growth media
with respect to size and agglomerate state.

More recent studies [17] analyzed the agglomeration
state of ZnO in LB media and detected coarse agglomer-
ates. In the current study we not only detected the ag-
glomeration, but also avoided it. The formation of coarse
ZnO agglomerates in LB media as studied in literature
complicates comparison of research results.

It is important to characterize agglomeration states of
particles in test media prior to bacterial growth tests [25].

4. Conclusion

In this study we succeeded in the dispersion and stabili-
zation of zinc oxide with different mean agglomerate
sizes in bacterial growth media. The fractionated cen-
trifugation resulted in stable agglomerates clearly below
100 nm. Furthermore, the stabilized agglomerates re-
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mained stable during the bacterial cultivation period and,
moreover, in the presence of bacteria as well. Thus, as-
sessment of nanoparticle specific characteristics regard-
ing growth inhibition of bacteria becomes possible. In-
vestigating growth inhibition of P. putida in the presence
of SHMP-stabilized ZnO resulted in increasing growth
inhibition with decreasing agglomerate size. This growth
inhibition could be explained by three possible mecha-
nisms: production of increased amount of reactive oxy-
gen species (ROS), interaction of nanoparticles with
bacterial surface and associated disorganization and dis-
ruption of bacterial cell walls as well as increased release
of zinc ions. The latter mechanism is the most likely one
and object of future research.
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