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Ferromagnetic nanoparticles (Fe-nanoparticles) have been functionalized with recombinant poly-Glu
[glutamic acid]-tagged silicatein, a biomineral-synthesizing enzyme from siliceous sponges that forms the
inorganic silica skeleton of those animals. The biocatalytic activity of silicatein was used to form a titania
(TiOy,) shell around the iron nanoparticle core, using the water-soluble non-natural substrate titanium
bis(ammonium lactato)-dihydroxide (TiBALDH). Thereby the diameter of the nanoparticles increases
from 7 nm to =22 nm. This procedure also allows the layer-by-layer fabrication of titania/silica-Fe-
nanoparticles. SEM/EDX analysis confirmed the presence of the Ti and Si signals in the resulting titania-
Fe-nanoparticles and titania/silica-iron nanoparticles, besides the dominant Fe signal. Utilizing the
photocatalytic and ferromagnetic properties of the titania-Fe-nanoparticles a method has been developed
for cleaning aquatic systems from bacterial contaminants. For that purpose, a novel magnetic nanoparticle
separator has been constructed, with a motor-driven coil stirrer submersed into the reaction tube that
contains, besides of the bacteria, the titania-Fe-nanoparticles. This device enables the irradiation of
contaminated water samples with UV-A light in order to initiate the photocatalytic reaction mediated by
the titania-Fe-nanoparticles, resulting in the killing of the bacteria. At the end of the reaction, the iron
nanoparticles can be recovered from the solution by applying an electromagnetic force, leaving behind the
bacterial remains. This photocatalytic method and the magnetic nanoparticle separator allow a fast and
efficient elimination of bacteria from aqueous solution and can be applied for remediation of aquatic
environments.

ref. 8); in reality the nanoparticles are arranged to aggregates,

1 Introduction causing a turbid appearance of the dispersion. This problem can

be overcome by a functionalization of the surfaces and — by that —

an overcome of the electrostatic forces between the particles by

so turning their surfaces to hydrophilic residues, causing a repulsion
of the particles.’

Besides of dissolved inorganic and organic ions and molecules
the aqueous milieu is heavily loaded with microorganisms,
bacteria [usually > 10° mL 1" and viruses [likewise ~10+10°

ss viruses per milliliter of surface seawater]''. It should be stressed
on this point that in some instances bacterial bioremediation, e.g.
by using mercury-resistant bacteria, is advantageous.'” Very
efficient in the elimination of bacteria from the marine
environment are some filter feeder animals, e.g. sponges, that can
¢ eliminate almost all bacteria from the water circulating through
their body.13 However, many bacterial toxins are produced that
are harmful for the biotic ecosystem in general'* and to humans
in particular'. Besides of mechanical cleaning, chlorination and
ozonation have been proposed to help to reduce the load of
bacteria and organic matter in the marine wastewater.'®
Accompanying to these procedures, dose-controlled ultraviolet
irradiations have been proposed.'’

The usefulness of iron nanoparticles as a vehicle for targeted
decontamination processes is well documented.! Those
nanoparticles can bind either a broader range spectrum of
dissolved inorganic ions and molecules by physico-chemical
adsorption, absorption or chelation, e.g. as shown initially for
arsenic.' Basically, those adsorption processes are comparable
with the use of functional groups linked to matrices or ion
exchangers.>® The utilization of iron nanoparticles for the
remediation of the environment is attractive because of the
straightforward separation feasibility, based on magnetic
attraction and — by that — collection of the loaded nanoparticles
for waste disposal and management.’ In the following,
ferromagnetic nanoparticles have been successfully introduced as
recyclable adsorbent in aqueous environmentally
contaminated/polluted milieu.%” The nanoparticles are superior to
functionally larger active surfaces or filters due to their
drastically larger active surface areas per weight of matrix, the
very high surface to volume ratio.®

Usually the dispersion of the particles to nanosize dimensions,
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45 prior to magnetic separation is typically not verified (reviewed in:
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15 Fig. 1 Preparation of silicatein-Fe-nanoparticles. (A to C) In the
first step iron nanoparticles are prepared that are covered with an
oleic acid layer. They can readily be translocated in organic
(ethanolic) suspension using a round disc circular magnet (m).
(D) (Left tube) The surface of the organic-coated nanoparticles

20 has been functionalized with -COOH groups, by suspending them

in hexane and subsequent exposure to acetic acid. After reaction

the bulk of nanoparticles is suspended in the aqueous phase (ap),
while the non-reacted oleic acid-covered particles are attached to
the plastic surface of the Eppendorf tube in the upper, organic
phase (op). (Right) The reaction process has been performed in
the absence of iron(III) chloride; the sample remains non-colored
and pellucid. (E) Separation of the iron nanoparticles by
vertically fixed magnet (m). Left: Suspension with silicatein-Fe-
nanoparticles, formed during the reaction; middle: Orientation of

30 the magnet; right: Assay without added iron(II) chloride. (F)
Assay with (left) or without iron nanoparticles (right). The
nanoparticles are vertically attached through the forces of the
vertically fixed magnet. All size bars measure 1 cm.

)
a

35 Now we apply ferromagnetic nanoparticles that are covered by
silica or titania as functional coatings with a purpose to be
introduced in the remediation of aqueous environmental systems.
Both oxides have been enzymatically deposited onto the
ferromagnetic nanoparticles, using silicatein from sponges.'®

g0 reviewedin:ref 1920 Thoce animals (phylum: Porifera) use this enzyme
to fabricate their siliceous skeletons.”’ Focusing on silica it is
known that this polymer, especially if formed in a sol-gel process,
adsorbs toxic compounds.*® In a future series of experiments this
application will be studied in a greater detail. In the present study

4s we propose that titania (TiO,), prepared from the titanium
bis(ammonium lactato)-dihydroxide precursor via silicatein, can
be used to efficiently eliminate bacteria from the aquatic
environment. Titania is well established and commercially
extensively used component in semiconductor technology.” In
so addition, this inorganic material has been proven to be
photocatalytically active and can kill bacteria.’**® This toxic
effect of titania is attributed to the production of reactive oxygen
species (ROS) that inactivate and kill the bacteria.’ During the
photocatalytic mechanism of the water-splitting reaction
ss hydrogen and oxygen are formed; in parallel hydroxyl radicals
and superoxide ions are produced when illuminated under UV
light. In turn, photocatalysts coupled to UV lights have the
potency to oxidize organic pollutants into nontoxic materials (e.g.

CO, and water) and can disinfect bacteria in water. This

0 technology can also be effectively applied to remove hazardous
organic compounds and kill bacteria and viruses in the secondary
wastewater.

Fig. 2 Reaction of the silicatein-Fe-nanoparticles, layered on a

s glass slide (A) with anti-silicatein antibodies (B). The
immunocomplexes formed (A) are highlighted with the labeled
secondary antibodies (B).

In the present study we apply a technology to fabricate titania-
so iron nanoparticles and show that those particles efficiently kill
bacteria. In turn, we propose that this technology may represent
an alternative to the use of chlorine-based oxidants, ozonation
and short wavelength UV-C irradiation as a method to remediate
aqueous systems from microorganisms. As light source we used
ss illuminating UV-A light source (wavelength Ay, 365 nm),
known to kill bacteria, e.g. Escherichia coli, Staphylococcus
aureus, Pseudomonas putida and Listeria innocua, if having
contact to TiO,-coated surfaces.”® In the home-made magnetic
nanoparticle separator we could demonstrate an effective
s procedure to kill bacteria by titania-coated nanoparticles, through
a photocatalytic reaction. Those nanoparticles can be re-used by a
straightforward magnetic collection procedure.

2 Results

2.1 Ferromagnetic nanoparticles covered with Glu-tagged
o5 silicatein
In the first step iron nanoparticles were prepared as iron oleate
complex nanoparticles. The iron nanoparticles formed have an
average size of approximately 7 nm. They display strong
magnetic properties (Fig. 1A to C). The hydrophobic surface
100 residues had to be replaced by -COOH groups in order to allow a
coating of the ferromagnetic particles with silicatein. The
separation of the two phases, organic layer from the aqueous
layer, can be readily performed (Fig. 1D). The non-reacted
particles remain attached at the surface of the tubes within the
10s organic phase. The particles are stained brownish/darkish, while
the solution of the control assay lacking the iron precursor
remains translucent.
After transfer of the oleate ferromagnetic particles to acetic
acid they can be covered by Glu-tagged silicatein. The silicatein-
1o Fe-nanoparticles can be readily suspended and concentrated in a
matching manner with the spatial dimension of the magnet (Fig.
1E and F). In Fig 1E and F reaction samples are shown during
which no iron chloride had been added. During functionalization
the size of the particles increases from ~ 7 nm to 10-30 (in
115 maximum) nm.
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Fig. 3 Nanoparticles formed from iron(Ill)acetyl acetonate and
35 oleic acid; TEM analysis. (A) Plain iron-oleate nanoparticles
show a highly clustered and organized arrangement. (B) Iron
nanoparticles whose surfaces are transferred from a hydrophobic
to a hydrophilic property are arranged more irregular on the grid.
Those hydrophilic nanoparticles have been covered with

w0 silicatein. (C) The silicatein-Fe-nanoparticles have been
incubated with prehydrolyzed TEOS, allowing the formation of a
silica mantel. (D) If the silicatein-Fe-nanoparticles are reacted
with TiBALDH, the second substrate for this enzyme, an
electron-dense coat around the iron nanoparticles is formed.

4s Higher magnification both of a silica-coated iron nanoparticle (E)
and a titania-coated iron nanoparticle (F). The formed
enzymatically silica (Si) cover and titania (Ti) cover around the
iron (Fe) nanoparticle are marked.

so The nanoparticles, functionalized with Glu-tagged silicatein,
can be spread onto a glass slide for reaction with antibodies
against silicatein (Fig. 2). The silicatein-Fe-nanoparticles (Fig.
2A) highlight in green with the stained anti-silicatein antibodies
(Fig. 2B).

55
2.2 Morphology of the particles
The plain iron-oleate nanoparticles show, due to their
hydrophobic surface behavior, a highly clustered and organized

arrangement, if they are inspected by TEM (Fig. 3A). There sizes
e are 6-8 nm. If they are transferred to hydrophilic particles by
functionalization with -COOH groups the size of the particles
does not change. If they become coated with silicatein-Fe-
nanoparticles, the distribution of the particles becomes more
irregular on the grid (Fig. 3B); their sizes vary between 10-14
nm. If the silicatein-Fe-nanoparticles become exposed with the
substrate of the enzyme, with prehydrolyzed TEOS, the silica
formed around the iron nanoparticles let the particles grow to 22
nm (20-25 nm) (Fig. 3C). If the enzyme, linked to the iron
nanoparticles, reacted with TIBALDH a more electron-dense
70 mantel around the iron nanoparticles is formed (Fig. 3D) with a
slightly larger size of 22-26 nm. At a higher magnification it is
apparent that the silica mantel around the iron particles is more
translucent (Fig. 3E), compared to the almost opaque titania
cover (Fig. 3F). The titania/silica-iron nanoparticles formed by
75 layer-to-layer silicatein-directed syntheses of the silica and the
titania coat have the same dimension of 25-30 nm (not shown).
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Fig. 4 EDX-based elemental analyses of clusters of silicatein-iron
nanoparticles. Clusters of 5x5 pm areas of ferromagnetic particles
(Fe-NP) (A), titania-Fe-nanoparticles (Ti-Fe-NP) (B), as well as
of titania/silica-iron nanoparticles (Ti/Si-Fe-NP) (C) were
10s analyzed. The element peaks for iron (Fe), sulfur (S) [originating
from silicatein], titanium (Ti), as well silicon (Si) are shown.

2.3 EDX analysis of the ferromagnetic nanoparticles

o The samples with the ferromagnetic particles, silicatein-Fe-
nanoparticles, titania-Fe-nanoparticles, as the
titania/silica-iron nanoparticles were analyzed by SEM/EDX.
Clusters of particles, spanning an area of 5x5 pm were analyzed.
In Fig. 4 the spectra for the ferromagnetic particles (Fig. 4A), for

11s the titania-Fe-nanoparticles (Fig. 4B) as well as the titania/silica-
iron nanoparticles (Fig. 4C) are shown. It is evident that the

well as

This journal is © The Royal Society of Chemistry [year]
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ferromagnetic particles contain Fe as a dominant signal, while the
titania-Fe-nanoparticles are characterized both by the Fe and the
Ti signals. The titania/silica [layer-by-layer]-iron nanoparticles
comprise both silicon, Ti and Fe signals.

2 Fig. 5 Effect of UV light exposure on growth of E. coli on LB-
Medium/LB-Agar medium, supplemented with 50 pg/mL of
titania-Fe-nanoparticles. (A) Growth of the bacteria in the dark. A
homogeneous layer of bacterial cultures is seen after 12 h. (B and
C) The bacteria have been exposed to UV-A light for 2 h (B) or 4

s h (C); an almost complete elimination of bacterial colonies is
seen. (D to F) SEM analysis of E. coli grown in the absence of
light for 12 h (D), or exposed to UV-A light for 2 h (E) and 4 h

®).
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Fig. 6 Magnetic nanoparticle separator (A scheme; B device),
suitable for killing of bacteria by the photocatalytic reaction
proceeding on titania coated around iron nanoparticles. The
so reaction tube (rt), containing E. coli bacteria in medium, is
supplemented with titania magnetic iron nanoparticles (np). The
culture is stirred via a motor by a coil stirrer (cs). This stirrer is
connected through a socket (s) with a motor (m). In order to
collect the nanoparticles the system is connected with a lifting
ss magnet (Im). In order to kill the bacteria the cell suspension is
illuminated under UV-A light exposure (Apax, 365 nm).

2.4 Reaction of E. coli to UV light

6 The bacteria were grown on LB-Medium/LB-Agar that was
supplemented with 50 pg/mL of titania-Fe-nanoparticles,
remained either in the dark, or were exposed to the UV-A light
(Amax: 365 nm) at a distance of 5 cm. If those cultures were
incubated in the dark for 12 h the bacterial colonies grew to an

s almost homogeneous dense layer (Fig. SA). However, if those
cultures were exposed to UV-A light for 2 h (Fig. 5B) or 4 h (Fig.
5C), an almost complete growth inhibition is observed. If those
cultures are inspected by SEM the morphology of the bacteria
changed and turned from rod-shaped (Fig. SD; in the absence of

70 light) to partially (Fig. SE) or completely fragmented bacterial
membrane clusters (Fig. 5F).
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Fig. 7 Function of the magnetic nanoparticle separator. (A)

Schematic outline of the killing process of bacteria due to the
os photocatalytic reaction on titania-Fe-nanoparticles. After addition
of nanoparticles (np) and the living bacteria (ba-1) to the reaction
tube (rt), the rotation of the coil stirrer is started. The resulting
suspension is exposed to UV-A light (1) resulting in initiation of
the photocatalytic reaction of the titania on the iron nanoparticles.
Finally, the rotation of the coil stirrer is terminated and
electromagnetic force is applied to remove the nanoparticles (np),
leaving behind the dead bacteria (ba-d). (B) Close up of the
reaction tube (rt) in the nanoparticle separator. (C) Course of the
attraction of the titania-Fe-nanoparticles to the coil stirrer (cs). At
the bottom of the reaction tube the dead bacteria (ba-d) are
accumulating.
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2.5 Photocatalytic killing of bacteria using a magnetic
nanoparticle separator

1o We constructed a magnetic nanoparticle separator with the
purpose of a photocatalytic killing and elimination of E. coli. As
outlined under “Material and Methods” the Eppendorf reaction
tube was placed into a small docking platform (Fig. 6). A coil
stirrer was submersed into the reaction tube and turned around via

1s a motor. The reaction tube contained, besides of the bacteria,
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titania-Fe-nanoparticles. If wanted electromagnetic force was
applied that pulled out the iron nanoparticles from the solution.
A schematic outline of the process is shown in Fig. 7A. The
bacterial culture, suspended in LB-Medium, is supplemented with
s titania-Fe-nanoparticles (Fig. 7A-a). Then the suspension is
mixed with a coil stirrer, connected with a motor (Fig. 7A-b).
Then the system is exposed to UV-A light, resulting in an
elimination of the bacteria, in response of a photocatalytic
reaction, driven by titania that is surrounding the iron
10 nanoparticles. During this process the bacteria are killed. After
termination of the rotating of the coil stirrer and activation of the
lifting magnet the nanoparticles are attracted and can be removed
from the system. In Fig. 7B a close-up of the reaction tube with
the coil stirrer that is hooked to the motor is shown. Finally, the
1s process of attraction of the titania-Fe-nanoparticles to the coil
stirrer after applying an electromagnetic force to the titania-Fe-
nanoparticles is shown (Fig. 7C-a to 7C-d).
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Fig. 8 Growth curves of E. coli cells measured after exposure to
UV light to the magnetic nanoparticle separator. Cultures of E.
coli in LB-Medium were supplemented with 50 pg/mL of titania-
Fe-nanoparticles and then incubated in the absence of UV light

40 (controls; open bars). In parallel, the bacterial suspension was
supplemented with either silica- (silica-Fe-nanoparticles; hatched
bars), or titania-coated iron nanoparticles (titania-Fe-
nanoparticles; closed bars) and then exposed to UV light. After a
total incubation period of 60 min, 120 min, or 180 min samples

ss were taken and the optical density (ODgy) was determined.
Values represent the means (£SD) from 10 separate experiments
each (*P <0.01).

2.6 Effect of photocatalysis on TiO, surfaces on iron
so hanoparticles
E. coli cells were suspended in 2 mL LB-Medium at an initial
density of 0.2 (ODggp). The cell suspension was supplemented
with 50 pg/mL of titania-Fe-nanoparticles and incubated in the
absence of UV light for 180 min. After a pre-incubation period of
ss 1 h, samples were taken and the optical density of the suspension
was determined (Fig. 8). It is seen that the cell density of the
culture, reflected by the optical density of the solution, is
increasing from 0.43£0.05 (time 0) via 0.75+0.08 (after 60 min)

to 1.2340.14 (120 min). A similar growth kinetics is seen for the
« bacteria, growing in cultures with silica-Fe-nanoparticles, and
exposed to light; the optical density increased from 0.4 (start) to
0.7240.07 (60 min) and 1.15+0.12 (120 min) to finally 1.31+0.14
(180 min). Only after the longer incubation period of 180 min a
slight, but significant reduction of bacterial growth, in
comparison to the controls is measured.

In the assay with E. coli that was cultivated together with
titania-Fe-nanoparticles in the nanoparticle separator and exposed
to UV light, the bacteria showed a reduced growth and even cell
death. After an exposure period of only 60 min the optical density
70 is reduced from 0.4 (time 0) to 0.35+0.04. After an extended
incubation period the die-off of the bacteria is even more
pronounced to 0.11+0.02 (120 min) and 0.05+0.01 (180 min);
Fig. 8. In controls it was established that bacteria growing with
titania-Fe-nanoparticles, however in the absence of UV light,
showed the same growth kinetics (not shown here).
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3 Discussion

Nanoparticles have, in contrast to micro- or larger particles, or
even to plates the inherent property to expose a comparatively
ultralarge functionally-active surface. The 15 nm sized titania-Fe-
nanoparticles display a surface of 7x10™"° mm? equivalent to
1.5x10° particles per 1 mm?, if compared with a plain planar and
functionally reacting surface. In our assay system we added 50 pg
of titania-Fe-nanoparticles, equivalent to 1x10" [9.43x10'%]
particles (suppose a density of 3 g/em® for iron oxide) per mL
assay. Taking a diameter of 30 nm, still 1.18x10% particles are
present in the 50 pg nanoparticle preparation. This impressive
advantage of the nanoparticles with respect to their functional
surface over planar plates or larger particles qualify the
nanoparticles for an application in process technology with a
9 maximum possible economically and spatial cost-effective
utilization.

In the present study we succeeded to fabricate iron
nanoparticles whose hydrophobic surface had been changed to a
hydrophilic one allowing a strong ionic interaction® to the poly-

os Glu [glutamic acid]-tagged silicatein. In turn, the enzymatic
function of the enzyme silicatein could be utilized to form around
the iron nanoparticles either a silica mantel, by using
prehydrolyzed TEOS as a substrate, or a titania mantel, if
TiBALDH is used as a substrate. Through this coating process
10 the size of the nanoparticles increased from =7 nm to 20 to 30
nm. By this process it could even be succeeded to fabricate layer-
by-layer titania/silica-Fe-nanoparticles. Those particles — as
expected®™' — comprise ferromagnetic properties allowing a
straightforward attraction of the particles from the solution.
s For the application-oriented studies summarized here the
titania-Fe-nanoparticles have been applied to clean the aqueous
environment in which the nanoparticles have been added. In the
present study we took advantage of the photocatalytic property of
titania and its effect to kill bacteria.”®*> As a result of the
discovery that titanium dioxide (TiO,) can clean water by
photoinduction.*® This catalyst, titania/titanium
dioxide/titanium(IV) oxide, gained increasing interest not only as
a semiconductor material but also as an environmentally friendly
material applicable for purification of water and ajr,™ie"ed in: ref. 34
ns 2237 I illuminated with UV light with wavelengths of < 385 nm,
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titania generate strong oxidizing power due to photocatalysation.
Via holes (H") and hydroxyl radicals (OH’), formed in the
valence band, and electrons and superoxide ions (O, ), produced
in the conduction band, titania decomposes and mineralizes
organic compounds through a series of oxidation reactions. In
line with earlier studies, demonstrating that bacteria are killed on
Ti0,/Si0, platforms (e.g. ref. 38), it is shown here that titania-Fe-
nanoparticles added to the culture broth/agar rapidly kills the
bacteria (E. coli) after exposure to UV light.

This property of photocatalytic killing and disinfection of E.
coli suspensions by titania is retained if titania is surrounded
around the Fe-nanoparticles. If those particles are added to E.
coli, growing in suspension in a reaction tube inserted into a
magnetic nanoparticle separator, and exposed to UV light, the
cells are prevented from growth, even more they are lethally
affected and die away. During the incubation under light the
nanoparticles can randomly directed via Brownian forces but
especially as a result of the directing rotating coil stirrer the
nanoparticles can reach the space of the incubation tube. The
attractive aspect of this magnetic nanoparticle separator is that
after a relatively short operating time the titania-Fe-nanoparticles
can be collected from the bacterial cultures, leaving behind the
bacterial remains. Under the incubation conditions and cell
concentrations used, no filtration of the assays had been
necessary reach the goal. In addition, the system allows the
application of diversified functionalized nanoparticles, especially
iron nanoparticles, e.g. by the use of the iron nanoparticles,
coated with the silica adsorbent. As shown in the present study
also silica-Fe-nanoparticles can be prepared by the catalytic
s function of silicatein, starting from the prehydrolyzed TEOS.
Those silica surfaces around magnetic nanoparticles have been
shown to bind, after functionalization with cetylpyridinium
bromide heavy metals, e.g. Cd(II), Co(II), Cu(II),Mn(II), Ni(I),
or Pb(IT) from the water samples.***’

4 Material and Methods

4.1 Materials
The sources for the enzymes and reagents, used for the molecular
biological experiments, were listed previously.*!

4.2 Recombinant silicatein (Glu-tagged silicatein)

The recombinant protein of silicatein (SILICa_ SUBDO) was
prepared from the short form of the mature silicatein-a of
Suberites  domuncula.*%* In short, the silicatein-o cDNA
(accession number CAC03737.1) with a forward primer 5’-
CATGCCATGGTGGAAGAGGAAGAGGAAGAGGAAGAGC
CTGAAGCTGTAGACTGG-3" and a reverse primer 5’-
CCCAAGCTTATTAGGGTGGGATAAGATGCATCGGT-3’
was used to generate the recombinant 8x Glu-tagged silicatein.
The cDNA was ligated into the expression vector pBAD/gIIl A
(Invitrogen, Karlsruhe; Germany) and used for transformation of
TOP10 Escherichia coli cells (Invitrogen, Karlsruhe; Germany).
Expression was induced with arabinose (0.2%) for 24 h, followed
by the extraction of the protein. The recombinant Glu-tagged
silicatein was purified by affinity chromatography, unfolded in 6
M urea/5 mM imidazole and finally refolded in 50 mM Tris/HCI
buffer (0.5 M L-arginine, glutathione [9 mM glutathione / 1 mM

3

>

S

a5

3

S

oxidized glutathione] redox couple, 0.3 M NaCl, 1 mM KC1).*
The final protein concentration was 110-130 pg mL™.

4.3 Determination of the enzymatic activity of silicatein
The standard enzyme assay was composed as given before.
a typical assay, samples of 1 mL were prepared in 50 mM
Tris/HC1 buffer (pH 7.4; 150 mM NaCl) containing 6 pug of
purified recombinant silicatein. The enzyme preparation was
supplemented with 200 puM substrate, prehydrolyzed TEOS
(tetracthyl  orthosilicate, #759414; Sigma, Taufkirchen;
Germany). Acid hydrolysis was performed as previously
described,* with a 1:5 molar ratio of TEOS/H,O in 10 mM HCI
for 10 min. The reactions were run at 22°C for 1 h under shaking.
To determine the amount of biosilica formed, the samples were
centrifuged (10,000 g, 30 min, 4°C) and, after washing with
ethanol, the sedimented biosilica was treated with 2 M NaOH for
30 min (30°C) to hydrolyze biosilica formed. Then the
concentration of the liberated, soluble silicic acid was determined
applying the molybdenum blue colorimetric method*® and using
the Silicon Test colorimetric assay kit (#1.14794, Merck
Darmstadt; Germany). A calibration curve with a silicon standard
(#1.09947 Merck) was established to calculate the absolute
amounts of silicic acid from the obtained absorbance values at
795 nm. The specific activity was =~ 12 pg biosilica formed pg'l
enzyme protein during an incubation period of 1 h.

244 1

4.4 Synthesis of ferromagnetic nanoparticles
The preparation of magnetic iron oxide nanoparticles was
performed as described.”***! In brief, an iron oleate complex was
prepared from 2 mmol iron(Ill)acetyl acetonate [Fe(acac)s] that
was mixed with 20 mL of benzyl ether, followed by addition of
10 mmol 1,2-hexadecanediol, 6 mmol oleic acid and finally 6
mmol oleylamine under argon atmosphere and heated to 200°C at
a heating rate of 5°C per min to reflux for 30 min. The dark-
brown solution was cooled to room temperature and the particles
were precipitated with ethanol. The magnetite nanoparticles
produced had a size of =7 nm. They were found to be
monodisperse, as analyzed by scanning electron microscopy.

The iron nanoparticles could be conveniently attracted and
translocated in the organic or aqueous environment with a round
disc circular magnet 18 x 10 mm (rare earth neodymium).

4.5 Functionalization of ferromagnetic nanoparticles with
silicatein

In order to make the hydrophobic nanoparticles water-dispersible
and to replace the oleic acid layer surrounding the particle
surface’ the particles (500 mg) were suspended in hexane,
containing 0.1% acetic acid, under rotation (72 hr) to facilitate the
ligand exchange reaction. Then the suspension was briefly
sonicated and the precipitate formed was collected, washed twice
with ethanol, and then resuspended in 5 pg mL™ of Glu-tagged
silicatein, dissolved in 50 mM Tris/HCI buffer. After incubation
for 24 h Glu-tagged silicatein iron nanoparticles [silicatein-Fe-

110 nanoparticles] were recovered and purified using a magnet-based

separator (MagnaRack CS15000; Invitrogen).
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4.6 Layering of the ferromagnetic particles with silica and
titanium

The ferromagnetic particles, functionalized with silicatein, the
silicatein-Fe-nanoparticles, were incubated with prehydrolyzed
TEOS, using the assay conditions described above. A suspension
of iron nanoparticles in the 50 mM Tris/HCI buffer was incubated
with 200 uM prehydrolyzed TEOS for 12 h. Then the particles
formed were sedimented with a magnet at the bottom of tube then
suspended again in distilled water; they were termed “silica-Fe-
nanoparticles”.

“Titania-Fe-nanoparticles” were prepared in the same way. The
iron nanoparticles were incubated with 250 pM titanium
bis(ammonium lactato)-dihydroxide (TiBALDH; Sigma-Aldrich
#388165) under the same conditions,*® like described for the
silica-Fe-nanoparticles.

In one series of experiments layer-by-layer ferromagnetic
particles have been prepared by a sequential combination of the
coating process. At first silica-Fe-nanoparticles were prepared.
After washing them they were transferred to the 250 puM
TiBALDH containing assay system. The incubation period was
again terminated after 12 h. The particles are termed
“titania/silica-iron nanoparticles”.

4.7 Immunostaining of the silicatein-Fe-nanoparticles
Antibodies against the S. domuncula recombinant silicatein-o
were prepared in rabbits.*’ The silicatein-Fe-nanoparticles were
applied onto a glass slide and reacted with polyclonal antibodies
(1:2000 dilution). After washing and blocking with goat serum
(Invitrogen) the samples were incubated with the anti-silicatein
antibodies. The immunocomplexes we visualized by reaction
with fluorescently labeled (Cy3 [green]; Dianova, Hamburg;
Germany) secondary antibodies (dilution 1:3000). Antibodies,
adsorbed with recombinant silicatein, did not show any reaction
to the silicatein-Fe-nanoparticles (not shown).

4.8 Electron
spectroscopy
Samples of ferromagnetic particles, silicatein-Fe-nanoparticles,
silica-Fe-nanoparticles and titania-Fe-nanoparticles = were
analyzed electron microscopically. In order to broaden the
spectrum  of the nanoparticles formed here also
titania/silica/layer-by-layer-iron nanoparticles, the titania/silica-
iron nanoparticles, have been prepared and analyzed.

Scanning electron microscopy (SEM) analysis of the
nanoparticles was performed with a Zeiss DSM 962 Digital
Scanning Microscope (Zeiss, Aalen; Germany). The samples
were mounted onto aluminum stubs (SEM-Stubs G031Z; Plano,
Wetzlar; Germany) that were covered with adhesive carbon
(carbon adhesive Leit-Tabs G3347). Prior to analysis, the samples
were sputtered with a 20-nm-thin layer of gold in argon plasma.
The SEM/EDX (energy-dispersive X-ray spectroscopy) analyses
were performed as described recently; those samples were not
sputtered.”’

Transmission electron microscopy (TEM) was performed as
previously described,® using a Philips EM-420:120-kV
microscope equipped with a CCD camera.

microscopy/energy-dispersive X-ray

4.9 Escherichia coli culture

G

a

b3

E. coli (strain TOP10; Invitrogen) was cultivated in LB-Medium

o (Luria/Miller #X968.1; Roth, Karlsruhe; Germany). For starting

of the experiments, a cells density of 0.2 ODgg has been chosen.
After an initial incubation period for 60 min the experiments in
the Eppendorf test tubes were started by exposing the cultures to
ultraviolet (UV) light. After the indicated period of incubation the
cultures were removed and the optical density was determined.

Where outlined the bacteria, growing on LB-Medium/LB-Agar
(Roth  X969.1) and supplemented with 50 pg/mL of
nanoparticles, remained either in the dark, or were exposed to the
UV-A light (Ayax: 365 nm; see below) at a distance of 5 cm from
the top of the Petri dish.

4.10 Killing of bacteria by using a magnetic nanoparticle
separator

In our home-made apparatus the Eppendorf reaction tube (volume
2 mL) was hooked to a small docking platform (Fig. 6). The
cover of the tube was removed and replaced by a socket into
which a stainless coil stirrer was fitted. Nanoparticles were filled
into the reaction tube, containing the culture medium with the
bacteria. The cell suspension was stirred by a motor via the coil
stirrer. At the end of the incubation the nanoparticles were
collected from the incubation assay. The assay system, medium,
E. coli, and nanoparticles were irradiated, at a distance of 1 cm,
with an illuminating UV-A light source (UV-Emitter 365 nm
SMD; Star-UV365-10-00-00; Ayay: 365 nm; 1600 mW/em?, 11
W). This light quality can penetrate the polypropylene tubes with
an efficiency of 85 % (information by the Eppendorf company
[http://www.eppendorf.com/int/index.php?l=1&action=library&c
ontentid=11&sitemap=4.5.3&listid=9808]).

4.11 Statistical analysis
The results were statistically evaluated using paired Student's ¢-
test.”!

Conclusions

This safe application of titania-Fe-nanoparticles in cleaning of
sewage will surely receive positive public attention, also based on
the facts that nanoparticles are routinely applied in many different
areas, e.g. electronics, biomedicine, pharmaceutics, or cosmetics.
Especially, in regenerative medicine the application of iron
nanoparticles gain increasing interest and is indispensable; while
short-term studies are auspicious, long-term in vivo studies are
still ongoing. However, it can be expected that the general
acceptance of the titania-Fe-nanoparticles for the photocatalytic
disinfection in the highly polluted sewage is granted.

In future studies we will develop iron nanoparticles that have
the capacity to bind to heavy metal ions in order to broaden the
application range of the magnetic nanoparticle separator,
described here.
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