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Keywords:
 Bacteria elimination from water sources is key to obtain drinkable water. Hence, the design of systems with ability to
interact with bacteria and remove them from water is an attractive proposal. A diversity of polycationic macromole-
cules has shown bactericide properties, due to interactionswith bacteriamembranes. In thiswork, we have grafted cat-
ionic carbosilane (CBS) dendrons and dendrimers on the surface of iron oxide magnetic nanoparticles (MNP), leading
to NP (ca. 10 nm) that interact with bacteria by covering bacteria membrane. Application of an external magnetic field
removes MNP from solution sweeping bacteria attached to them. The interaction of the MNP with Gram-positive
S. aureus bacteria is more sensible to the size of dendritic system covering the MNP, whereas interaction with Gram-
negative E. coli bacteria is more sensible to the density of cationic groups. Over 500 ppm of NPM, MNP covered
with dendrons captured over 90% of both type of bacteria, whereas MNP covered with dendrimers were only able
to capture S. aureus bacteria (over 90%) but not E. coli bacteria. Modified MNP were characterized by transmission
electron microscopy (TEM), thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FTIR), Z po-
tential and dynamic light scattering (DLS). Interaction with bacteria was analyzed by UV, TEM and scanning electron
microscopy (SEM). Moreover, the possibility to recycle cationic dendronized MNP was explored.
Water purification
Magnetic nanoparticles
Bacteria
Dendrimer and dendron
Carbosilane
1. Introduction

Bacteria are ubiquitous microorganism with irreplaceable functions for
life, including human beings. On the other hand, they are also responsible
of severe diseases. High quality drinkable water is critical to avoid infec-
tious diseases and still is one of the main health problems in underdevel-
oped countries. According to United Nation Organization (UNO), three in
ten people lack access to safely managed drinking water services [1]. In de-
veloped countries, pollution of spring water related with animal farm is be-
coming a concern and for travelers in remote regions the access to drinkable
water becomes a challenge [2,3]. Hence, bacteria elimination fromwater is
of paramount interest and the design of systemswith ability to interactwith
bacteria and remove them from water is a very attractive proposal.

Nanotechnology is becoming part of the solution creatingmaterials that
facilitate the combination of multiple treatments [4]. Among them, nano-
particles stand out as a promising area of research for water purification
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due to properties such as large surface-to-volume ratio and the possibility
to bemodified with a rich variety of active functions [5]. Particularly, mag-
netic nanoparticles (MNP) are being extensively explored due to their sus-
ceptibility to be guide by an external magnetic field [6] and due to the
variation of properties depending on MNP environment, becoming very in-
teresting inmany applications [7–10], including extraction and purification
of biomolecules [11,12] or water purification [13]. These magnetic parti-
cles are commonly based on magnetite (Fe3O4). However, these MNP
tend to aggregate forming large nanoclusters, decreasing dispersibility
and magnetization, which limit their applications. By functionalization, is
possible to reduce this phenomenon and achieve desirable dispersibility
in liquid medium, as for example water [14,15].

Regarding extraction of pathogens such as virus or bacteria, the choice
of NP functionalization is very important to achieve the correct interaction
between the MNP and the microorganism [16–19]. Although for bacteria it
has been reported the use of naked iron oxide MNP [16], adequate modifi-
cation seems a more promising procedure for bacteria capture [18–21].

Frequently, the systems employed to cover MNP and generate activity to-
ward bacteria capture contains cationic moieties, since different polycationic
macromolecules interact with and penetrate into bacteria walls [22–25]. For
the best activity, it is required an adequate hydrophobic/hydrophilic balance.
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Polymers not only protect and give functionality to NP, but can increase
the number of active sites on the new system, favouring interactions. In this
way, dendritic systems (dendrimers and dendrons) have become a very use-
ful tool. These systems can be considered a class of monodisperse polymers
with well-defined size and structure and a multivalent molecular surface
[26–28]. As has been commented for multicationic polymers, cationic den-
drimers also show relevant antimicrobial properties [29–34]. Their synthe-
sis is made step by step and the increase in the number of repetition steps
give dendrimers with higher number of functions (generations). While den-
drimers are spherical, dendrons contain an additional branch finished with
a different function named focal point. Both systems can transfer their activ-
ity to materials as NP by anchoring to NP surface. This procedure can be
done through one of the multiple functions in dendrimers or through the
focal point in dendrons [35–38]. For example, MNP covered with cationic
dendritic systems have been tested for bacteria capture [39,40].

As commented above, the hydrophobic/hydrophilic balance is relevant
to obtain a suitable antibacterial activity. For carbosilane (CBS) dendri-
mers, a type of dendrimers [41], the framework provides the hydrophobic
region andmodificationwith peripheral cationic ammoniummoieties leads
to dendritic systems with bactericidal properties, by themselves [42,43] or
when incorporated to NP [44–46].

In this work, we have developed MNP grafted with CBS dendritic sys-
tems to analyse the ability of the new MNP to capture Gram-positive
S. aureus and Gram-negative E. coli bacteria, taking into account the influ-
ence of topology (dendrimer vs. dendron) and generation (number of
branching points, two for G2 dendron and three for G3 dendrons, see
Fig. 1. Structures of cationic CBS dendrons (G2 1, G3
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Fig. 1). The MNP were characterized by transmission electron microscopy
(TEM), thermogravimetric analysis (TGA), Fourier-transform infrared spec-
troscopy (FTIR), Z potential. Interaction with bacteria was studied by UV,
TEM and scanning electron microscopy (SEM). Finally, the possibility to
recycle cationic dendronized MNP was also explored.

2. Experimental section

2.1. General considerations

All reactionswere carried out under inert atmosphere and solventswere
purified from appropriate drying agents when necessary. Thiol-ene reac-
tions were carried out employing a HPK 125 W Mercury Lamp from
Heraeus Noblelight with maximum energy at 365 nm, in normal glassware
under inert atmosphere. Reagents unless otherwise stated, were obtained
from commercial sources and used as received. MNP precursors, dendrons
(EtO)3SiGn(S-NMe3Cl)m (where n= 2, m= 4 (1); n= 3, m= 8 (2) [47])
were synthesized as published. On the other hand, dendrimer G1Si(S-
NMe2)7(Si(OEt)3) (3) [48] and MNP3 [48] were published elsewhere.
NMR spectra were recorded on a Varian Unity VXR-300 (300.13 (1H),
75.47 (13C) MHz) or on a Bruker AV400 (400.13 (1H), 100.60 (13C)).

FTIR analyses were recorded on a Perkin-Elmer SPECTRUM 2000.
Thermogravimetric analyses (TGA) were performed by using a Q500 an-

alyzer from TGA instrument. Dry and pure samples (2–10 mg) were placed
into a platinum sample holder under a nitrogen atmosphere. The measure-
ments were recorded from 50 to 900 °C, with heating rate of 10 °C/min.
2) and dendrimers (G1 3) employed in this work.

Image of Fig. 1
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The Z potentials and the hydrodynamic diameter of compounds were
measured by Zetasizer Nanno ZS instrument (Malvern Instrument Ltd.,
UK) at 25 °C in disposable Malvern plastic cuvettes. The solutions were pre-
pared by suspending each compound (0.5 mg) in distilled water (1 ml),
which was previously sonicated.

Transmission electron microscopy (TEM) was performed by using a
ZEISS EM10 transmission electron microscope with 30 μm lens and a
side-mounted 1 K CCD camera, operating at an acceleration voltage of
100 KV with 0.2 nm resolution. The samples were prepared adding a
drop of each MNP obtained onto a carbon-coated copper grid (400 mesh).
The samples were dried before observation (particle size measurements
were performed by using Image J).

2.2. Preparation of Fe3O4 MNP

TheMNPs (Fe3O4) were prepared following the coprecipitation method
with minor modifications [49]. A distilled water solution (76 ml) of
FeCl2·4H2O (0.483 g, 2.43 mmol) and FeCl3·6H2O (1.31 g, 4.86 mmol)
were mixed under inert atmosphere with 18 ml of ammonia in water solu-
tion (35%), which was added drop by drop with vigorous stirring for 2 h at
90 °C. Then, MNPwere obtained andwashed two times with distilledwater
and five times with ethanol, using magnetic decantation or centrifugation
to separate the MNP from the supernatant. 0.484 mg of MNP were ob-
tained.

2.3. Surface functionalization of the MNP

MNPs@G2(S-NMe3Cl)4 (MNP1). MNP without functionalization were
suspended in ethanol (210ml, 162mg, 3.33 mM). The suspension was son-
icated for 20 min. Then, the CBS dendron (EtO)3SiG2(S-NMe3Cl)4 (1, 0.883
g, 0.699 mmol, molar relationship Fe3O4:dendron 1:1), solved in 10 ml of
N,N-dimethylformamide (DMF), was added to the mixture. The reaction
mixture was sonicated 10 min more and the mixture was stirred at room
temperature for 16 h. The product was secluded and washed five times
with distilled water, magnetic decantation or centrifugation to separate
the MNP from the supernatant. Then, MNP1 were dried under vacuum
(137 mg). Data for MNP1: see Table 1.

MNPs@G3(S-NMe3Cl)8 (MNP2). These nanoparticles were prepared
following the procedure described previous, from an ethanol suspension
of unfunctionalized MNP (Fe3O4) (174 ml, 134 mg, 3.33 mM) and a DMF
solution of dendron (EtO)3SiG3(S-NMe3Cl)8 (2, 1.35 g, 0.580 mmol,
molar relationship Fe3O4: dendron 1:1). 104 mg of MNP2 were obtained.
Data for MNP2: see Table 1.

2.4. Bacterial assays

2.4.1. Stock solutions of MNP
Stock solutions of MNP coated with cationic carbosilane dendritic sys-

tems (MNP1–3) and subsequent dilutions were prepared in sterile distilled
water. The samples were sonicated for 30 min prior to the assays to avoid
agglomeration and to achieve a completely homogeneous sample.

2.4.2. Bacterial capture capacity of cationic MNP at different concentrations
Escherichia coli (CECT 515, Gram-negative bacteria) and Staphylococcus

aureus (CECT 240, Gram-positive bacteria) were used to evaluate the bacte-
rial capture capacity of MNP. These bacterial strains were obtained from
the Spanish Type Culture Collection (CECT).

Suspensions of MNP were prepared in the range of 125 to 4000 ppm in
conical tubes to determinate their bacterial capture capacity. Each bacterial
suspension, grown for 3 h in Muller Hilton medium, was adjusted to an op-
tical density (OD) of 0.2, at a wavelength of 625 nm. Then, 500 μl of these
bacterial suspensions (E. coli and S. aureus) were added to each suspension
of MNP (500 μl). These suspension mixtures were mixed with vortex for
1min and thenwere incubated at room temperature for another 10min. Af-
terward, bacteria-MNP systems were separated from supernatant by mag-
netic decantation for 10 min using a magnetic separation rack. OD of this
3

supernatant was then measured. Then, the percentage of bacteria capture
was obtained by comparison between OD of supernatant and OD of control
(bacteria suspension without treatment):

% bacterial capture
ODcontrol � ODsuperna tan t

ODcontrol
� 100

The surviving bacteria were determined for bacteria capture and bacte-
ria suspension supernatant. For that, 5 μl of each samplewere transferred to
plate count agar (PCA, obtained from Scharlau (Spain)) at 37 °C for 20 h.

2.4.3. Capacity ofMNP@G3(S-NMe3Cl)8 (MNP2) to capture bacteria at different
concentrations

Bacterial strains (E. coli and S. aureus) were grown in 10 ml of Muller-
Hilton medium at 37 °C and 150 rpm for 3 h. Then, Muller-Hilton medium
was removed by centrifugation and each bacterial strain was resuspended
in sterile water until an optical density of 0.08–0.1 at 625 nm (108 CFU/ml).

Bacterial suspensions were prepared in the range of 103 to 108 CFU/ml
to determinate the capacity ofMNP2 to capture low concentrations of bac-
teria. Then, 100 μl of each bacterial suspension were mixed with 900 μl of
MNP2 suspension (500 ppm final concentration). The positive controls
were tested on MNP-free wells adding each bacterial suspension in water.
Bacteria capture treatment was done following the protocol describe in
the previous section. Afterward, bacteria-MNP@G3(S-NMe3+)8 (MNP2)
were washed twice with sterile water and re-suspended again in 1 ml of
water. The percent of bacterial capture and their viabilitywas determinated
by counting colony forming units (CFU). For that, 100 μl of each treatment
(bacterial capture, supernatant and controls) were transferred to PCA plate
and incubated at 37 °C for 20 h. Higher concentrations of control bacteria
were diluted when was needed to count colonies.

2.4.4. MNP@G3(S-NMe3Cl)8 (MNP2) recovery and reuse
The evaluation of our capacity to recovery and reuse MNP@G3(S-

NMe3+)8 (MNP2) after the first cycle of bacterial capture were studied fol-
lowing different conditions. First of all, the bacteria-MNP2, MNP in the
range of 250 to 1000 ppm, from the first cycle were washed twice with
PBS and then, were directly mixed with new bacterial suspension (108

CFU/ml), at the same conditions that in the first cycle were used. This
was repeated for 3 cycles. The procedure was analogous to that described
above.

In addition, nanoparticles were recovered to be reused, after removing
the bacteria previously capture for each cycle. For that, bacteria-MNP2
were treated with a solution of ethanol/water 75/25 (v/v) and sonicated
for 5 min to decompose the bacteria cells that were captured. Then, the
MNP were decanted by magnetization (10 min in a magnetic separation
rack) and the supernatant was removed. Possible ethanol traces were re-
moved washing the MNP2 twice with sterile water, before doing the next
capture cycle.

Percentage of bacteria capture in each cycle for both assays was ob-
tained following the same method than in the first capture cycle.

2.4.5. Study of bacteria-MNP interaction
Images of the interaction between bacteria and our cationic magnetic

nanoparticles were obtained through transmission electron microscopy
(TEM) and scanning electron microscopy (SEM).

2.4.6. Transmission electron microscopy (TEM)
Bacteria/MNP suspensions, with high yield of capture, were transferred

by dropping onto a carbon-coated copper grid (400 mesh). Then, the sam-
ples were dried at room temperature before observation by TEM.

2.4.7. Scanning electron microscopy (SEM)
SEM was performed to evaluate the morphology of the S. aureus and

E. coli, when they are captured by MNP. Samples were prepared as follows:
200 μl of poly-L-lysine were used as a coating to enhance bacteria/MNP at-
tachment and adhesion to glass coverslip. After excess of poly-L-lysine was
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removed by washed twice with Phosphate-Buffered Saline (PBS) and 50 μl
bacteria/MNP suspensions were incubated on each glass coverslips at room
temperature, until dried. Milloning's solution containing 2% glutaralde-
hyde was used to fix bacteria/MNP suspensions completely. Afterwards,
bacteria/MNPwere washed in Milloning's solution with 0.5% and different
solutions with increasing ethanol concentrations were used to dehydrate
first our samples. Finally, each glass coverslip was dehydrated with anhy-
drous acetone. Samples were critical-point dried using a Polaron
CPD7501 critical-point drying system, and sputter-coated with 200 Å
gold‑palladium using a Polaron E5400. Scanning electron microscopy was
performed at 5–15 kV in a Zeiss DSM 950 SEM.

3. Results and discussions

3.1. Synthesis and characterization of cationic MNP

A common procedure for the modification of the MNP surface is a reac-
tion between the hydroxyl groups present on their surface and ligands with
a triethoxysilyl moiety. In this way, three different CBS dendritic systems
functionalized with ammonium groups (-NMe3+), to interact with bacteria
membrane, and a triethoxysilyl group were chosen and prepared as previ-
ously were described in our research group (Fig. 1) [44]. On one side, we
have employed two CBS dendrons (EtO)3SiGn(S-NMe3+)m (G2, n = 2, m
=4 (1); G3, n=3,m=8 (2)) [44], with the aim to evaluate the influence
of the number of cationic groups on the ligand; on the other side, a cationic
CBS dendrimer, G1Si(S-NMe3+)7(S-Si(OEt)3) (G1 3) [48], to know how the
dendritic morphology could affect to the functionalization of the MNP sur-
face and consequently, in their activity.

Hence, the reaction of the CBS dendritic systems commented above
with free Fe3O4 MNP (1:1 dendritic system:MNP ratio) in EtOH led to the
modified MNP MNP1–3 (Scheme 1). The MNP were separated from solu-
tion by precipitation using an external magnet or by centrifugation. After
grafting the dendritic systems on MNP surface, the newMNP1–3 dispersed
better in water, probably due to an electrostatic repulsion between their
ammonium groups. These MNP were characterized by TEM, Z potential,
DLS, TGA and FTIR (Table 1).

Images obtained by TEMwith our functionalizedMNP1–3 showed sim-
ilar sizes among them as expected coming from the same core, 11 ± 2 nm
forMNP1, 11±3nm forMNP2, 12±2nm forMNP3 (Fig. 2). (See Fig. 3.)

TGA analysis allowed us to study the percentage of organicmatter (den-
dritic system) grafted on the nanoparticle surface. This technique con-
firmed the modification on each MNP surface. The weight loss for MNP
decorated with second (G2) and third (G3) generation dendrons was
Scheme 1. Synthesis of functionalizedMNPwith cationic CBS dendrons,MNP1 (Gn(S-NM
DMF, r. T., 16 h.
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10.2% (MNP1) and 21.5% (MNP2), while for the MNP modified with G1
dendrimer MNP3, a weight loss of 6.7% was observed. With these data,
the final Fe3O4/L molar ratio was calculated (Table 1).

These ratio values are notably different to the Fe3O4/L molar ratio em-
ployed in the reaction because the majority of the Fe3O4 is not accessible,
since it belongs to the inner core of the MNP. However, addition of smaller
amounts of ligands led also to smaller functionalization degree. Addition-
ally, the number of ligands (that is, number of dendrons or dendrimers)
and ammonium functions were calculated from data obtained by TGA
and TEM for the different MNP prepared. Functionalization degree of
MNP was similar for both MNP covered with dendrons (NL (MNP1) =
224; ρL (MNP2) = 274), but with dendrimer the functionalization degree
was 3 times lower (NL (MNP3) = 83). Regarding the number of functions
on the NP surface, this value was higher for MNP2, containing G3
dendrons, than forMNP1, containing G2 dendrons, due the different gener-
ation of dendrons, and consequently, the different number of cationic
groups, eight for dendron 2 and four for dendron 1. In this way, the highest
number of cationic groups on the NP surface could be an advantage to cap-
ture bacteria. The lower functionalization degree of MNP3, covered with
G1 dendrimers, with respect toMNP1–2, covered with dendrons, can be at-
tributed to the topology of the ligands. The triethoxysilyl moiety in
dendrons is located in a longer chain than in dendrimers, sticking out of
the dendritic core and then making easier the reaction with the MNP sur-
face.

Z potential measurements (Table 1) supported that dendritic systems
were grafted onto MNP surface. Data of bare and dendritic systems coated
MNP showed significant differences, being negative for unfunctionalized
MNP (−38.6 mV) and clearly positive for modified MNP (+29.1 mV for
MNP1, +29.7 mV forMNP2, +26 mV forMNP3).

Analysis obtained by FTIR showed the presence of the magnetite core
by the strong stretching absorption band at 581 cm−1 corresponding with
FeO vibrations. The hydroxyl groups presence in MNP surface are related
with the broad band at 3417 cm−1 and the band at 1613 cm−1, being at-
tributed to OH stretching and OH bending respectively. In FTIR spectra of
MNP functionalized with dendritic systems the band at 1613 cm−1 can
be overlapped with a characteristic band of urea bond (C=O). The modifi-
cation of MNP surface was confirmed by the characteristic bands of den-
dritic systems, 3000–2800 cm−1, as consequence of the ammonium
groups (CH3-N+) and their hydrocarbon chains (CH2 and CH3). Addition-
ally, signal related with Si-OH and Si-O-Fe vibrations can be identified as
the band around 997 cm−1.

Since these reactions consumed large amounts of CBS dendritic systems,
we explored the recovering of the excess employed. Thus, the first
e3+)m (n=2,m=4) andMNP2 (n=3,m=4). i) H2O, 90 °C, NH3, 2 h; ii) EtOH/

Image of Scheme 1


Fig. 2. TEM image and size distribution histogram associated toMNP1–3.
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supernatant of the reaction was separated under inert atmosphere and
mixed with unmodified Fe3O4 MNP. In this case, the amount of Fe3O4

was reduced by the percentage that there was reacted previously, according
to TGA data. This process was repeated several times and subsequent TGA
of the new batches of modified MNP showed similar values to those previ-
ously obtained. In fact, thewhole batches of each type of modifiedMNP can
bemixed for a final characterization process, which showed similar data to
those discussed above. Anyway, for the bacteria assays explained below, we
have used the MNP produced in the first batch.

3.2. Evaluation of the capacity of MNPs@Gn(SNMe3+)m to capture bacteria

The functionalized MNP1–3 with cationic ammonium groups make
these systems a great candidate to capture and remove different type of bac-
teria from contaminated media. Our research group has studied the anti-
bacterial activity of CBS dendritic systems functionalized with ammonium
groups, being non-selective to interact with Gram-positive and Gram-
negative bacteria. For this reason, the first goal was compare the capacity
to capture different bacteria strains, E. coli (Gram-negative) y S. aureus
(Gram-positive) with MNP functionalized with different ammonium CBS
Fig. 3. FTIR spectra ofMNP ((MNPs@Gn(S-NMe3+)m (n=2,m=4 (MNP1); n=3,
m = 8 (MNP2)) and MNPs@G1(S-NMe3+)7) (MNP3)).
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dendritic systems (MNP1–3). The concentration of microorganism used,
in each treatment, was 108 CFU/ml (colony forming unit). For the MNP,
six different concentrations were measured. The methodology used for
magnetic separation has five easy steps (Fig. 4): i) Bacteria suspension
(108 CFU/ml) is mixed with MNP suspension (final concentrations
62.5–2000 ppm); ii) magnetic capture of MNP/bacteria systems; (iii) OD
measurement of supernatant; iv) washed of MNP/bacteria systems and
v) survival assessment of the bacteria captured by MNP.

A preliminary assay was done with unmodified MNP, that is, without
any dendritic system on their surface, which showed no bacteria capture
at all in the range of the concentrations employed. On the other hand, func-
tionalized MNP with CBS dendrons (MNP1–2) showed increase efficacy
capturing both types of bacteria with increasing concentration (Fig. 5).
For Gram-negative model bacteria (E. coli), the same tendency was ob-
served for both MNP1 and MNP2. However, the capture of the Gram-
positive model bacteria (S. aureus) was dependent on dendron generation
at lower concentrations. MNP1, covered with G2 dendrons, trapped a
high percentage of bacteria (> 90%) with concentrations over 1000 ppm,
Table 1
Physical and chemical data obtained for MNP (MNP1–3).

Molar ratio
Fe3O4/La

Dn
b %Lc NL

d Nfunc
e ρfuncf ZPg

Theo. Obt.

MNP1 1:1 42:1 11 10.2 224 896 2.36 +29.1
MNP2 1:1 34:1 11 21.5 274 2190 5.76 +29.7
MNP3 1:1 149:1 12 6.7 83 579 1.27 +26

a) Molar ratio obtained by TGA, L = dendritic system (Theo. theoretical; Obt. ob-
tained); b) Diameter (nm) obtained by TEM; c) Percentage of organic matter ob-
tained by TGA (%), corresponding with dendritic system coating; d) Number of
dendritic systems per MNP; e) Number of functions per MNP; f) Number of func-
tions per nm2 on MNP surface (Nfunc/nm2); g) Z potential in mV.

Image of Fig. 2
Image of Fig. 3


Fig. 4. Methodology followed to capture different bacteria with cationic MNP. i) Bacteria suspension (108 CFU/ml) is mixed with MNP suspension (final concentrations
62.5–2000 ppm); ii) magnetic capture of MNP/bacteria systems; (iii) OD measurement of supernatant; iv) washed of MNP/bacteria systems and v) survival assessment of
the bacteria capture by MNP.
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whereas for MNP2, covered with G3 dendrons, this percentage was
achieved with a concentration four times lower (250 ppm).

Regarding MNP3, covered with G1 CBS dendrimers, a striking differ-
ence was observed in its ability to capture bacteria with respect to MNP1
andMNP2. No activity was obtained for E. coli at any of the concentrations
studied, whereas for S. aureuswas even slightly more active at low concen-
trations (88–85%, at 125 ppm and 62.5 ppm, respectively) thanMNP2.

These results can be justified considering, on one side, the differences
between the outer layers of both types of bacteria, and on the other side,
the density of active functions, cationic -NMe3+ groups, on the surface of
MNP1–3 and the size of the dendritic system that coats these MNP. The
outer layer in Gram-negative bacteria is formed by a lipopolysaccharide
membrane, while in Gram-positive bacteria is formed by a peptidoglycan
layer with embedded teichoic acids. Although both of these layers are neg-
atively charged, the lipopolysaccharide layer of E. coli ismore negative than
the peptidoglycan layer of S. aureus [50,51]. The density of cationic groups
is clearly lower for MNP3, covered with G1 dendrimer, and this MNP was
not able to capture Gram-negative E. coli bacteria. Due to these facts, we
Fig. 5. Percentage (%) of bacteria capture (E. coli, (A); S. aureus, (B)) with MNPs@
Gn(S-NMe3+)m (n = 2, m = 4 (MNP1); n = 3, m = 8 (MNP2)) and MNPs@G1(S-
NMe3+)7 (MNP3).
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believe that interaction of modified MNP1–3 bacteria is more dependent
on the density of cationic groups on MNP surface. Then, MNP3 is not
able to stablish an interaction strong enough with bacteria to retire them
from the suspension. Regarding capture of Gram-positive S. aureus bacteria,
although the three MNP were able to trap them, at the lowest concentra-
tions studied MNP2 and MNP3 were more efficient. These MNP are cov-
ered with the biggest dendritic systems, while MNP1 are covered with
smaller G2 dendrons. The smaller size of this dendron entails that it spreads
out of the MNP surface to a lesser extent, making more difficult the interac-
tion of the dendrons on MNP1 with the bacteria wall. Then, at the lowest
concentration the interaction can be dependent of the ability of the den-
dritic systems to generate hydrophobic interactions between the dendritic
framework and S. aureus bacteria [52]. However, at higher concentrations
apparently the density of the cationic groups can compensate the smaller
size of G2 dendrons inMNP1. Finally, unmodified MNP are not able to re-
tire bacteria from the water suspension because the lack of positive charge
on these MNP prevents the establishment of electrostatic interaction with
bacteria.

The survival of bacteria captured by MNP was assessed by inoculation
of each sample in a Petri dishes containing Muller-Hinton agar (PCA) and
incubation at 37 °C for 20 h. In the case of the MNPs/bacteria systems, mi-
crobial growth was observed for all the concentrations used. These results
showed that MNP1–3 captured bacteria, but they were able to survive,
even at high concentrations of MNP. An analogous procedure was followed
for the supernatants of the bacteria capture treatments. The inoculum cor-
responding with the samples that showed better capture (over 99%) did
not show microbial growth.

The systemsMNP1–3/bacteria formed at higher concentration of MNP
(capture ca. 100%) during the interaction were isolated from the suspen-
sions with the magnet and were analyzed by TEM (S. aureus Figs. 6A-C, E.
coli Figs. 6D-E). The pictures showed that MNP wrapped completely bacte-
ria. Similarly, the images obtained by SEM allowed us to observe the
treated bacteria (S. aureus Fig. 6F-H, E. coli Figs. 6I-J).

3.3. Capture of S. aureus and E. coli at low bacteria concentration

SinceMNP2, dendronized with G3 CBS dendrons, presented higher ca-
pacity to interact with both bacteria than MNP1 and MNP3, even at low
concentration, they were selected for the following experiments.

In order to study the capture limit of S. aureus and E. coli, at ultralow
concentrations, a wide range of bacteria concentrations have been analyzed
(108–103 CFU/ml), mixing withMNP2 (500 ppmfinal concentration for all
samples). Bacteria capture process was carried out as previously was de-
scribe, but in this case, the percentage of bacteria capture and the toxicity
of each treatment was obtained by counting colonies of bacteria in PCA-
agar plates. Controls for each bacteria concentration, as well as all superna-
tants and bacteria/MNP2 aggregates were seeded in PCA-agar plates and
incubated at 37 °C for 20 h.

Image of Fig. 4
Image of Fig. 5


Fig. 6. TEM images of the interaction betweenMNPMNP1–3with S. aureus (A-C) and E. coli (D-E); SEM images of the interaction betweenMNP1–3with S. aureus (F-H) and
E. coli (I-J).
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Results obtained for each supernatant showed no colonies growing,
meaning a total bacteria capture, even at ultralow concentration
(Fig. 7A). Additionally, this methodology allowed knowing the viability
of the bacteria after being trapped with cationicMNP2 at low bacteria con-
centration (Fig. 7B). As can be seen, the decreasing of bacteria concentra-
tion led toMNP2 to significantly become more bactericide, that is, MNP2
removed most of the bacteria present in the medium and also kill them.
This behavior can be related with the presence of excess positive charges,
since these dendritic systems and NP modified with them have shown bac-
tericidal properties [43,45,46].

3.4. Recovery and reuse of MNP2 (MNP@G3(S-NMe3+)8)

The capacity to recovery and reuseMNP2 for successive water purifica-
tion cycles was assessed by two different processes. First, we analyzed how
many times could be used the MNP2 without any treatment between cy-
cles. For that, MNP2 at the concentrations used (1000, 500, 250 ppm)
were mixed three times with E. coli and S. aureus (108 CFU/ml). The results
(Fig. 8) showed that bacteria capture decreased for each repetition. This
was more notably as the concentration of MNP2 diminished, meaning
that saturation of MNP was reached before, as expected. In addition,
MNP2 exhibited better potential to be reused with S. aureus (Fig. 8B)
than with E. coli (Fig. 8A), confirming the behavior discussed above about
bacteria capture at low concentrations.

Second, the other procedure consisted on washing with an ethanol/
water solution (75/25 v/v) the MNP2/bacteria aggregates after each
Fig. 7. A) Percentage (%) of bacteria capture at different bacteria concentrations (107–1
viability at different bacteria concentrations (107–102 CFU/ml) after being capture byM
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bacteria capture cycle; with the aim to remove bacteria from the MNP sur-
face. However, this procedure worsened the results with respect to the pre-
vious assay without this washing (Fig. 8). In this treatment, MNP2
dispersed more difficultly in the ethanol/water mixture and consequently
these MNP kept higher level of aggregation, thus reducing the amount of
available surface to interact with bacteria. Furthermore, the ethanol/
water mixture denatured bacteria and their components released to the
mixture, which probably will interact electrostatically with the MNP sur-
face, blocking their ability to capture bacteria.

4. Conclusions

Cationic MNP grafted with cationic CBS dendritic systems are easily
prepared by reaction between unmodifiedMNP and the corresponding cat-
ionic CBS dendrons anddendrimers containing one triethoxysilylmoiety, at
the focal point in dendrons and at the periphery in dendrimers. The
functionalization degree of these modified MNP (MNP1–3) is clearly de-
pendent on the topology of the dendritic compounds, being more favorable
the reaction for CBS dendrons than for CBS dendrimers due to that the
triethoxysilyl moiety is more achievable in the first type of compounds
than in the second.

The ability to trap bacteria with these cationic MNP1–3 has been ex-
plored for a model of Gram-positive (S. aureus) and Gram-negative
(E. coli) bacteria. The results were affected by size of dendritic system
grafting the MNP surface, density of ammonium groups on MNP surface
and type of bacteria (Gram-positive vs. Gram-negative). The best
02 CFU/ml) withMNP2 (500 ppm of MNP@G3(NMe3+)8); B) Study of the bacteria
NP2 (500 ppm of MNP@G3(NMe3+)8).

Image of Fig. 6
Image of Fig. 7


Fig. 8. Analysis of the capacity to reuse MNP2 at different concentrations for three cycles: A) without treatment and B) with EtOH washing.
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interaction with E. coliwas performed by MNP covered with higher density
of cationic groups, that isMNP1 andMNP2, grafted with dendrons, as con-
sequence of the general higher affinity of Gram-negative bacteria toward
cationic charges due to their coating with lipopolysaccharide molecules,
which carry a negative charge. Regarding S. aureus capture, the most effi-
cient systems were MNP2 and MNP3, which were modified with the big-
gest groups, G3 dendron and G1 dendrimer respectively, favouring their
approach to the bacteria surface.

The reuse of these MNP for several cycles of bacteria capture was lim-
ited by the adsorption of bacteria on the MNP surface, which is related
with the amount of cationic groups on the surface. Hence, MNP2 with
highest ammonium density could be used three times for bacteria capture,
whereas the other two MNP were only effective for two cycles.

In the view of these results and considering the amount of MNP to re-
move bacteria, these systems could be considered as purification systems
for small amounts of water or as models to study the interaction of bacteria
with different ligands. Further studies to improve the results with different
bacteria or to translate them to other materials are being carried out.
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