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 Cation exchange polymeric matrices are widely used in water treatment 
protocols to reduce the mineral content of hard waters, even for human 
consumption. However, they are not antibacterial and fl owing bacteria can be 
trapped in their structures and proliferate, thus acting as microbial contami-
nation sources. Here, Ag@Co-nanoparticles (Ag@Co-NPs) with a low-cost 
superparamagnetic Co 0 -core and an antibacterial Ag-shell are synthesized on 
granulated cation exchange polymeric matrices under soft reaction condi-
tions. The presence of these NPs provides the fi nal nanocomposite (NC) with 
additional functionalities (superparamagnetism and antibacterial activity) 
making it ideal for water purifi cation applications. Ag@Co-NPs are synthe-
sized in situ on four cation exchange polymeric matrices containing either 
strong (sulfonic) or weak (carboxylic) acid functional groups homogeneously 
distributed (C-type) or concentrated on an external shell (SST-type) by the 
intermatrix synthesis (IMS) method. The NCs are characterized (metal con-
tent, NP size and distribution, metal oxidative state, and metal release) and 
evaluated for water purifi cation applications. 
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  1. Introduction 

 The requirement of safe water for livestock, 
food production, and energy is enormous 
and is expected to increase with the popu-
lation growth. This huge demand and the 
limited natural water resources make the 
access to potable water one of the major 
concerns worldwide nowadays. [  1  ]  Only con-
sidering human consumption, millions of 
people around the world die or become 
ill due to lack of potable water, especially 
in China, India, and Southeast Asia. [  2  ]  
On the other hand, the contamination of 
water supplies traditionally considered 
clean (e.g., water sources and aquifers) in 
industrialized and developing countries, 
the reduction of snowmelt and the loss 
of glaciers may limit the future access to 
potable water even in North America and 
Europe. [  3  ]  Future actions to mitigate this 
are focused on the development of suitable 
water treatment protocols for water disinfection, decontamina-
tion, and desalinization. [  1  ]  From all contaminants present in 
impaired waters, microorganisms are the ones with a highest 
social, sanitary, and economical impact. [  4  ]  Microbial contamina-
tion of water sources is commonly eliminated with intensive 
and continuous chemical treatments, mainly with chlorine 
compounds or ozone. However, the continuous production of 
residual chemicals in the water distribution systems [  5  ]  and the 
emergent presence of microorganisms resistant to multiple 
antimicrobial agents [  6  ]  recommend the development of alter-
native purifi cation methods. Silver, silver colloids, and more 
recently silver nanoparticles (Ag-NPs) have been positioned as 
potential alternatives to the traditional disinfection methods 
for being highly effective against Gram-positive and Gram-
negative bacteria and produce fewer residues. [  7  ]  However, one 
of the main concerns about using Ag-NPs for water purifi ca-
tion is their toxicity since Ag-NPs have been found more toxic 
than bulk silver. [  8  ]  The main strategy to prevent the post-con-
tamination of samples treated with Ag-NPs consists of using 
stabilizers (e.g., functionalized polymers) to retain the NPs on 
their structure. [  9  ]  Interesting examples are the hydrogel-silver 
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   Table  1.     Polymeric matrix, IEC, concentration of ionic precursor (Ag  +   
and Co 2 +  ), and metal content (from ICP-AES) of the nanocomposite 
materials synthesized in this work. 

Sample Matrix IEC 
[meq/g]

[Ag  +  ] 
[ M ]

[Co 2 +  ] 
[ M ]

Ag content 
[mmol Ag /meq]

Co content 
[mmol Co /meq]

A C100E 2.3 0.1 0.254

B 0.01 0.064

C 0.01 0.01 0.069 0.061

D SST80 a) 4.2 0.01 0.053

E 0.01 0.01 0.053 0.073

F C104E 6.0 0.1 0.054

G 0.01 0.010

H 0.01 0.01 0.011 0.017

I SST104 a) 7.2 0.01 0.010

J 0.01 0.01 0.010 0.017

    a) SST is shallow shell technology.   
nanoparticle composites presented by Varaprasad et al. [  10  ]  or the 
agar-agar matrix used by Ghosh et al. [  11  ]  to stably immobilize 
Ag-NPs. With these materials, the number of Ag-NPs released 
during the treatment is low but still persistent, thus limiting 
their application to water purifi cation. One alternative to solve 
it is the selective collection of the released NPs with non-inva-
sive methods that do not modify the quality of the treated water. 
Based on it, some groups have synthesized core-shell NPs or 
nanocomposites (NCs) with magnetic and antibacterial activity, 
which, in case of being released from the matrix, could be 
easily collected with a simple magnet. [  12  ]  This additional safety 
level is essential for their application to real-life water purifi ca-
tion systems. 

 Here, Ag@Co-NPs with a low-cost superparamagnetic 
Co 0 -core and an antibacterial Ag-shell are synthesized in situ 
under soft reaction conditions (short reaction times and 
low temperatures) on granulated cation exchange polymeric 
matrices for water purifi cation applications. Cation exchange 
polymeric matrices are commonly used in water treatment pro-
tocols to reduce the mineral content of hard waters, even for 
human consumption. However, because they are not antibac-
terial, bacteria can be retained and proliferate, thus acting as 
microbial contamination sources. The presence of antibacterial 
Ag@Co-NPs on the cation exchange polymeric matrix reduces 
bacterial viability and contamination problems. Ag@Co-NPs 
are synthesized in situ on four cation exchange polymeric 
matrices containing either strong (sulfonic) or weak (carboxylic) 
acid functional groups homogeneously distributed (C-type) or 
concentrated on an external shell (SST-type) by the intermatrix 
synthesis (IMS) method, and evaluated for water purifi cation 
applications. 

   2. Results and Discussion 

  2.1. Metal Content and Ion Exchange Capacity of the NCs 

 Ten NC materials were synthesized by following the protocol 
detailed in the Experimental Section on granulated cation 
exchange polymeric matrices. The polymeric matrix, the ion 
exchange capacity (IEC; see Experimental Section), the concen-
tration of ionic precursor and the metal content (determined 
by induced coupled plasma atomic emission spectrometry, 
ICP-AES; see Experimental Section) is included in  Table    1  . 
The metal content was corrected according to the IEC of each 
raw material, which is indicative of the number of functional 
groups present in the polymeric matrix.  

 The metal content in the samples was analyzed consid-
ering: 1) the concentration of ionic precursor in the solution, 
2) the nature (sulfonated or carboxylated matrices), and 3) the 
distribution (homogeneous, C-type, or concentrated on an 
external shell, SST-type) of the functional groups in the poly-
meric matrix. According to the ICP-AES data, the metal content 
increased when increasing the precursor concentration in the 
solution during the loading step. Particularly, the Ag amount 
in samples loaded with 0.1  M  AgNO 3  (samples A and F) was at 
least 5 times higher than in those of the same nature loaded 
with 0.01  M  AgNO 3  (samples B and G, respectively). Therefore, 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2450–2458
a 10 times increase of the ionic precursor concentration only 
increased 5 times the Ag content. This fact suggested a big 
excess of the precursor concentration and for economical 
reasons, from that point, all NC samples were prepared with 
0.01  M  AgNO 3 . 

 Regarding the nature of the polymeric matrix, sulfonated 
NCs presented metallic silver and cobalt amounts between 
5 and 6 times higher than carboxylated NCs (as shown when 
comparing samples A, B, C, D, and E, with, respectively, F, G, 
H, I and J), probably due to differences in the accessibility to 
the functional groups during the loading step. The number 
of functional groups accessible may be infl uenced by the own 
nature of the functional groups (strong or weak), functional 
groups distribution in the polymer and the matrix porosity. This 
accessibility differences were evaluated by determining the per-
centage of accessible functional groups in the matrix after and 
before NPs synthesis by IEC, as detailed in the Experimental 
Section. The percentage of accessible functional groups varied 
from 88% for sulfonated polymers to 62% for carboxylated 
ones. This coincided with the higher metal content observed in 
sulfonated matrices (see Table  1 ). 

 After each loading-reduction cycle these accessible functional 
groups were completely regenerated and could be loaded with 
another ionic precursor without interference of the previous 
metal particles. This fact was demonstrated by ICP-AES since 
the Ag content in samples B, D, G, and I was, respectively, the 
same as that obtained in samples C, E, H, and J, which already 
presented Co-NPs in their structure. Finally, no differences 
were observed when comparing the metal content between 
C-type polymers (samples B,C and G,H for sulfonated and car-
boxylated, respectively), and SST-type polymers (samples D,E 
and I,J, respectively). 

   2.2. Distribution and Size of the Metal NPs in the NC 

 The distribution of metal NPs (MNPs) in the NC was deter-
mined using scanning electron microscopy (SEM) coupled 
2451wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  1 .     SEM images and EDS spectra for A) sample C (Ag@Co C100E NC) (penetration: 
8.8  μ m); B) sample E (Ag@Co SST80 NC) (penetration: 330  μ m); C) sample H (Ag@Co C104E 
NC) (penetration: 29.4  μ m); and D) sample J (Ag@Co SS104 NC) (penetration 200  μ m). In 
all images, dark grey lines and light grey lines correspond, respectively, to Ag and Co metal 
distributions in the polymer.  
with an energy-dispersive spectrometer (EDS) as detailed in 
the Experimental Section.  Figure    1   shows representative SEM 
images and EDS spectra for cross-sections of polymeric beads 
of the four Ag@Co NCs under study (samples C, E, H, and J).  

 In all cases, MNPs (white area) were mainly found concen-
trated on the NC surface. This distribution did not exactly coin-
cide with that reported by fi brous materials. [  13  ]  
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  2 .     TEM image of Ag@Co-C100E NC cross-section containing Ag@Co-NPs. Inset: an 
image magnifi cation demonstrating the core-shell structure of the NPs. In the picture, 8 rep-
resentative Ag@Co-NPs were suitably labeled and their size is included in the table inset. The 
histograms corresponding to Ag- and Ag@Co-NPs in C100E and Ag@Co-NPs in C104E are 
also added.  
 In that case, although more concentrated 
in the external region, MNPs were found dis-
tributed along the whole cross-section of the 
NC. The limited access of the ionic metal pre-
cursors to the inner functional groups of the 
granulated resin was associated to diffusion 
processes related to the low porosity of the 
material and the Donnan exclusion effect. [  14  ]  
That is, the negative charge of the material 
impeded a deep diffusion of the negatively 
charged ionic reducing agent in the polymer 
matrix. 

 Besides, NPs distribution on granulated 
polymers depended on the functional groups 
distribution in the polymeric matrix. Matrices 
with a homogeneous distribution of the func-
tional groups (C100E and C104E) presented 
NPs in a very thin and superfi cial metal layer 
(10–30  μ m depth maximum). Conversely, 
MNPs were more deeply distributed (200–
300  μ m depth) when the functional groups 
were concentrated in an external shell (SST80 
and SS104). This could be understood by 
considering the functional groups density 
(number of functional groups per area unit) 
of each type of matrix. The functional group 
density of each material was evaluated as the 
number of functional groups of each mate-
rial, determined by acid-base titration (see 
Experimental Section), per area. In this sense, SST-type mate-
rials, with a smaller area since the functional groups were 
concentrated in an external shell, always presented a higher 
number of functional groups in their structure and conse-
quently, a higher density. This fact should benefi t the loading of 
the polymer structure with the ionic metal precursor. 

 The average Ag- and Ag@Co-NPs size was determined by 

transmission electron microscopy (TEM) 
images (as detailed in the Experimental Sec-
tion). More than 100 isolated NPs located far 
from the NC border (to avoid aggregates [  15  ] ) 
were analyzed in each case.  Figure    2   illus-
trates an example of Ag@Co-C100E cross-
section containing representative isolated 
core-shell NPs suitably labelled. The size of 
each particle, oscillating between 25 and 40 
nm, was also included in a table inset. A 
magnifi cation of the image demonstrating 
the core-shell structure of the NPs was also 
included inset.  

 Ag-NPs (13 nm, average) were found to 
be much smaller than Ag@Co-NPs, which 
oscillated from around 21 nm for carboxy-
lated matrices to almost 30 nm for sulfonated 
materials. These core-shell particles were 
also much bigger than those synthetized 
following a similar IMS protocol on fi bers 
(16 nm, average). [  13  ]  These differences may be 
due to diffusional processes, particularly to 
porosity and to the Donnan exclusion effect, 
heim Adv. Funct. Mater. 2013, 23, 2450–2458
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     Figure  3 .     XANES spectra of Ag@Co-NPs in C100E and comparison with A) Co and B) Ag standards. XANES spectra of Ag@Co-NPs in C104E and 
comparison with C) Co and D) Ag standards. The linear combination fi tting among all of the compounds analyzed is also shown inset in a fi tting range 
from –30 to 90 eV (for Co standards) and –20 to 30 eV (for Ag standards).  
that may limit the access of the ionic precursors and reducing 
agents to the functional groups. 

   2.3. NP Composition, Magnetic Properties, 
and Antibacterial Activity 

 The composition and oxidation state of the Ag@Co-NPs 
components was determined by comparison with Co and Ag 
standards using X-ray absorption near edge structure (XANES) 
(Experimental Section). The line spectra corresponding to the 
Ag@Co-NCs and each Co and Ag standard are illustrated in 
 Figure    3  . Standard elements spectra were linearly combined 
and fi tted with the sample in order to determine the oxidative 
state of each element in the sample. The linear combination 
results are also included (normalized) inset.  

 The Co spectra for Ag@Co-NPs depended on the matrix. 
When compared with standards, Ag@Co-NPs in sulfonated 
matrices showed an average Co spectrum similar to that 
recorded by the Co 0  standard (Figure  3 A). In fact, linear com-
bination fi tting results confi rmed that all the Co present in that 
sample was Co 0 . Conversely, the Co-core in carboxylated Ag@
Co-NCs (Figure  3 C) was mainly constituted by a combination 
of Co 2 +   and Co 3 O 4  (65% Co 2 +  , 35% Co 3 O 4 ). Although still not 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2450–2458
completely demonstrated, the oxidation of the Co core may be 
due to the small thickness of the Ag shell layer, which may not 
protect Co from oxidation. In fact, as previously observed, Ag@
Co-NPs on sulfonated matrices were almost 10 nm bigger than 
those synthesized on carboxylated ones. 

 The different oxidative state of the Co-core may also affect 
the magnetic properties of the NPs. Co-, CoO- and Co 3 O 4 -NPs 
have been reported to present magnetic properties (super-
paramagnetic for Co-NPs and antiferromagnetic for CoO- and 
Co 3 O 4 -NPs). [  16  ]  The hysteresis loops of both NCs at 300 K were 
determined, as described in the Experimental Section, using 
a superconducting quantum interference device (SQUID) and 
are plotted in  Figure    4  .  

 Both materials presented a superparamagnetic behavior 
with low or null remanent magnetization ( M r, the magnetiza-
tion of the material in absence of external magnetic fi eld) and 
coercivity ( H c, the intensity of the external magnetic fi eld that 
reduces the magnetization of the material to 0) and with mag-
netic saturation ( M s) above 1500 Oe. As expected, sulfonated 
materials, with a Co 0 -core, showed higher magnetic saturations 
(14.8 emu/g of Co) than carboxylated NCs (5.3  ×  10  − 3  emu/g of 
Co) containing Co 2 +  /Co 3 O 4 -cores. 

 In the case of Ag, in both polymeric matrices Ag@Co-NPs 
were principally composed of Ag 0  (86% Ag 0  and 14% Ag  +   for 
2453wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     SQUID hysteresis curve of ( � ) Ag@Co-C100E NC and ( � ) Ag@
Co-C104 NC. The magnitude of the magnetic saturation ( M s), remanent 
magnetization ( M r), and coercivity ( H c) of each material are included in 
the table inset.  
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sulfonated and 100% Ag 0  for carboxylated materials). This 
slight difference in the composition of the Ag-shell may affect 
the antibacterial activity of the NCs. In this sense, it is impor-
tant to remark that, although the antibacterial mechanism of 
Ag is currently poorly understood, it is thought to be caused by 
the interaction of metallic Ag and Ag ions with different cell tar-
gets. [  17  ]  The electron transport chain proteins, the DNA strains 
or several elements composing the cell wall are some of the 
identifi ed targets. [  17  ,  18  ]  Considering the high stability of the NPs 
in the polymeric matrix, a contact killing mechanism involving 
the interaction of the NPs retained in the NC with proteins of 
the outer structures of the cell seemed to be the most plausible. 
The contact killing mechanism was demonstrated by comparing 
the number of life and dead cells attached on the surface of the 
NCs with and without NPs by fl uorescence microscopy (Experi-
mental Section). Fluorescence microscopy images showed that 
whereas cells attached on the raw material remained alive, 
most of them died when attached on NCs containing NPs 
(Figure S.I.1, Supporting Information). The antibacterial activity 
of each NC was evaluated using the minimum inhibitory con-
centration (MIC) test, as detailed in the Experimental Section. 
MIC results are plotted in  Figure    5  . The MIC 50  values will be 
expressed as number of NC beads (or polymer particles) in 
200  μ L of culture medium (beads/200  μ L).  

 Sulfonated and carboxylated NCs presented different 
behaviours. The raw sulfonated material did not present bacte-
ricidal activity in the concentration range under test. However, 
it became antibacterial when modifi ed with NPs. In the case 
of sulfonated matrices, Ag@Co-NCs, with a MIC 50  around 
4 beads/200  μ L, were found much more bactericidal than 
Ag-NCs (MIC 50  between 13–16 beads/200  μ L) with the same 
Ag content. The reasons for that enhancement of antibacterial 
activity are still controversial, although the oxidative state of 
the Co in the core of the NP (Co 0 ) is thought to play a critical 
role in that. Considering this, the enhancement may be pro-
duced by a redox process where the Ag 0 -shell oxidized to Ag  +   
by contact with bacteria may be quickly reduced to Ag 0  by the 
2454 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
Co 0 -core, maintaining the structural stability (and activity) of 
the NPs. Considering the standard reduction potential of both 
species ( E  0 (Ag  +  /Ag)  =  0.80 V and  E  0 (Co 2 +  /Co)  =  –0.27 V), this 
process should be thermodynamically favourable. However, 
it should be noted that these reduction potentials were only 
estimative since, as already reported, [  19  ]  they usually shifted 
to more negative values for metal NPs. Note that in this case 
there were not signifi cant differences between C-type and SST-
type materials. 

 In the case of carboxylated materials, all NCs (even the raw 
material) showed similar bactericidal activity, probably due 
to pH changes and not to the presence of antibacterial com-
pounds. For this reason, the MIC test data was not considered 
in the evaluation of the bactericidal activity of the carboxylated 
NCs. 

 The bactericidal activity of the NCs was also evaluated under 
fl uidic conditions following the protocol detailed in the Experi-
mental Section. Bacterial suspension containing 10 5  colony 
forming units per mL (CFU/mL) were forced to pass though 
chromatographic columns containing NC material for 1 h under 
recirculation regime. Bacterial suspensions after crossing the 
column were regularly extracted (every 10 min) under sterile 
conditions and the number of viable cells was determined by 
plating as described in the experimental section. The antibacte-
rial activity of each NC was calculated as the difference between 
the number of viable cells after and before crossing the NC, in 
percentage terms. Results corresponding to each NC are plotted 
in  Figure    6  .  

 Huge differences were observed between the raw materials 
and the synthesized NCs when operating under recirculation 
regimes. At this low contact times, raw materials were not 
found antibacterial, showing cell viabilities always higher than 
65%. In fact, the decrease recorded after 30 min of operation 
may be associated to bacterial retention in the raw material 
structure, as already demonstrated by fl uorescence micros-
copy (Figure S.I.1, Supporting Information). In opposition, all 
NCs showed high antibacterial activity, reducing the bacterial 
viability to 0% after short recirculation times. Some small dif-
ferences could also be observed between NCs. That is, C-type 
NCs always showed slower antibacterial kinetics than SST-
type material probably due to a better distribution of NPs in 
the case of SST-type NCs. Additionally, sulfonated materials 
always showed faster kinetics probably for the higher Ag 
amount present on them. Finally, and as already observed in 
the MIC assays, Ag@Co-NCs presented an enhanced anti-
bacterial kinetic when compared with Ag-NCs, which may be 
caused by a synergic effect associated to the presence of the 
Co-core. 

   2.4. Stability and Long-Term Performance of the NCs 

 Stability was initially evaluated in terms of metal release. Ag 
and Co release from Ag@Co-NCs after 60 min of continuous 
operation was determined by ICP-MS. All samples showed 
values below 1.0 ppm for Ag and 0.1 ppm for Co. Additionally, 
differences were obtained when comparing NCs with different 
nature or distribution of the functional groups. In this sense, the 
release from carboxylated matrices was much more abundant 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2450–2458
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     Figure  5 .     MIC test for the NCs under study. In each case, the absorbance magnitude at 550 nm is represented versus the NC amount (number of 
beads) for  � ) the raw material, �) the Ag-NC, and  � ) the Ag@Co-NC ( n   =  3). The MIC 50  of each NC is included in the table inset.  
(close to 10 times) than that obtained from sulfonated materials 
with a higher metallic content (Ag SST80   =  0.087/Co SST80   =  0.000 
and Ag SST140   =  0.934/Co SST140   =  0.004). This may be associated 
to the different oxidative state of the Co-core in the NC. As pre-
viously exposed, sulfonated Co 0 -cores could re-reduce the Ag 
shell preserving the integrity (and activity) of the NPs. It was 
not possible with the Co 2 +  /Co 3 O 4 -core of the carboxylated NCs. 
Considering the functional groups distribution, C-type matrices 
showed a higher release than SST-type with similar metallic 
content (Ag C100E   =  0.563/Co C100E   =  0.002 and Ag SST80   =  0.087/
Co SST80   =  0.000). In this case, both the higher functional groups 
density in the external matrix and the deeper NPs distribu-
tion may benefi t the stability of the NPs on the SST-type NCs, 
reducing the metal release. 

 On the other hand, the antibacterial performance of the NCs 
was evaluated under fl uidic conditions. In this case, the recir-
culation protocol described in Section 2.3 was repeated weekly 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2450–2458
during 5 consecutive weeks in order to evaluate the long term 
performance of the NCs. The antibacterial activity of each NC 
was this time calculated as the difference between the number 
of viable cells crossing the NC with and without NPs, in per-
centage terms. The antibacterial activity of both sulfonated and 
carboxylated NCs was found to decrease from 90% to around 
70% after 5 weeks of continuous operation (Figure S.I.2, Sup-
porting Information). Therefore, these NCs showed good 
performance and stability even under continuous fl ow opera-
tion, which coincided with the low metal release previously 
observed. 

   2.5. NC Cytotoxicity 

 Cytotoxicity assays were performed by using the MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
2455wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  6 .     Representation of the variation of the number of viable cells in 
percentage terms (% cell viability) versus treatment time for A) Ag- and 
B) Ag@Co-NCs. Raw materials are also included as control.  
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assay detailed in the Experimental Section.  Figure    7   illustrates 
the cell viability after 24 h of treatment of vascular smooth 
muscle cells (VSMC) with 1 and 5 beads of raw material, 
Ag-NCs and Ag@Co-NCs.  
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  7 .     MTT cytotoxicity assay for the NCs under study. Cell viability was 
( n   =  3). Viability was expressed as percentage versus non-treated control sa
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 Considering sulfonated samples, only Ag@Co-NCs showed 
cytotoxicity, with a decrease of the cell viability close to 50% 
after 24 h incubation with 5 NC beads. This result was in con-
cordance with the already reported cytotoxic activity of Co. [  20  ]  
Thus, some Co could be released from the NC structure after 
24 h incubation, producing cytotoxicity. 

 In contrast, carboxylated matrices always evidenced cytotoxic 
effects. This was again associated to pH changes. In this case, 
pH changes were evidenced by the presence of a pH indicator 
in the culture medium. The culture medium colour, initially red 
for the presence of the deprotonated form of the pH indicator 
(phenol red), changed to yellow (protonated form) indicating 
an acidifi cation of the medium. This acidifi cation could clearly 
have cytotoxic effects. 

 In summary, matrices containing sulfonated functional 
groups, and particularly those where the functional groups are 
concentrated in an external shell (SST-type), are advantageous 
for water purifi cation applications for presenting elevated metal 
amounts, an enhanced antibacterial activity and high stability 
since they have the lowest metal release. 

    3. Conclusions 

 Superparamagnetic Ag@Co-NCs with a low-cost magnetic 
Co-core and an antibacterial Ag shell have been fabricated by 
IMS under soft reaction conditions on sulfonated and carboxy-
lated granulated cation exchange polymeric matrices for water 
purifi cation applications. The nature of the functional group 
and their distribution on the matrix (homogeneous, C-type, 
or concentrated in an external shell, SST-type) modifi ed the 
NC properties and activity. Sulfonated NCs (independently on 
being C- or SST-type) presented higher metal amounts (around 
5 times higher) and bigger NPs size (close to 10 nm bigger) than 
carboxylated ones. The differences in metal content affected the 
mbH & Co. KGaA, Weinheim
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NPs composition and activity. Thus, the thin Ag layer on car-
boxylated NCs was not enough to preserve the oxidative state 
of the Co-core, which oxidised to a mixture of Co 2 +   and Co 3 O 4  
with antiferromagnetic properties. Conversely, the Co-core in 
sulfonated NCs maintained their Co 0  oxidative state and their 
superparamagnetic properties. The Co-core oxidative state also 
infl uenced the integrity of the NPs and the antibacterial activity 
of the NC. Thus, sulfonated Ag@Co NCs presented lower metal 
release than carboxylated ones and an enhanced antibacterial 
activity when compared with Ag-NCs with a similar Ag content. 
Both aspects were associated to the spontaneous reduction of 
the oxidised Ag (oxidised by contact with bacteria) by Co 0 . Sul-
fonated materials also presented faster antibacterial kinetics 
and especially SST-type NCs. Besides, metal release in SST-
type NCs, with a higher density of functional groups in their 
external structure and a deeper distribution of NPs, was lower 
than in C-type structures. Thus, SST-type sulfonated matrices 
would be the best alternative for the synthesis of Ag@Co-NCs 
on granulated cation exhange polymers with antibacterial and 
superparamagnetic activity. 

   4. Experimental Section 
  Materials : Metal salts Co(NO 3 ) 2  · 6H 2 O and AgNO 3,  NaBH 4  and NaCl 

(all from Aldrich, Germany) and HNO 3  (Panreac S.A, Spain) were used 
as received. Solutions were prepared in MiliQ water. Granulated cation 
exchange materials were kindly supplied by PUROLITE Iberia S.A. Most 
relevant properties of the raw materials (provided by the supplier) are 
summarized in Table S.I.1 (Supporting Information). 

  Synthesis of Metallic Nanoparticles in the Polymeric Matrix : The raw 
material was initially pre-treated with 0.1  M  NaCl (sulfonated materials) 
or 0.1  M  NaOH (carboxylated materials) for 1 h to ensure the complete 
Na  +  -form of the functional groups. After washing with deionized water 
(3 times), the raw material beads were dried (24 h at 80 ºC) and sieved 
to homogenize the bead size between 400 and 500  μ m. The synthesis of 
the MNPs in the polymeric matrix was carried out using a variation of 
the IMS protocol already reported [  12b  ,  21  ]  and briefl y described below. In 
the synthesis of Ag-monometallic NPs, the cation exchange polymeric 
matrix was loaded with Ag  +   cations by incubation with AgNO 3  (0.1 or 
0.01  M ) for 1 h under stirring. After washing with deionised water, the 
Ag  +   cation was subsequently reduced to Ag 0  after reaction with 0.5  M  
NaBH 4  for 1 h. Similarly, in the case of Ag@Co bimetallic NPs, Co-NPs 
were synthesized by loading of the raw material with 0.01 M Co(NO 3 ) 2  
for 1 h and reduction of the Co 2 +   ions to Co 0  after reaction with 0.5  M  
NaBH 4 . Next, the material containing Co-NPs was loaded with 0.01  M  
AgNO 3  solution for 30 min and the Ag  +   was reduced to Ag 0  by addition 
of 0.5  M  NaBH 4 . Core-shell Ag@Co bimetallic NPs were thus obtained in 
the polymeric material structure. 

  ICP-AES and ICP-MS Measurements : The concentration of metal 
retained in the polymeric matrix was determinate by ICP–AES using an Iris 
Intrepid II XSP spectrometer (Thermo Electron Co.). Experimentally, 5.0 
mg of each polymeric structure were introduced in 1 mL of concentrated 
nitric acid and incubated between 5–10 h to ensure the metal oxidation. 
Before the analysis, the solution was diluted 25 times with deionised 
water and fi ltered using 0.22  μ m Millipore fi lters to eliminate non-
dissolved particles. Once measured, metal concentration of each sample 
was obtained by comparison with certifi ed standard solutions of both 
elements (JT Baker). Wavelengths with good sensitivity and without 
interference were chosen. The instrumental average uncertainty of the 
determination was always found lower than 2%. 

 The ICP-MS detector (ICP-MS Agilent 7500) was used for the 
determination of metal leaking from the polymeric matrix. In this case, 
samples were prepared as detailed above but, due to the lower detection 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2450–2458
limit of the technique, after treatment with concentrated nitric acid, 
samples were diluted 50 times with deionised water at the clean room 
facilities. The instrumental average uncertainty was again lower than 2% 
for all the samples. 

  Ion Exchange Kinetics Evaluation : The ion exchange kinetics of 
these materials was evaluated by acid-base tritation. Particularly, it is 
determined by monitoring the amount of Ca 2 +   ions exchanged with the 
cations initially retained in the NC structure. Experimentally, 50 mL 
of a 100 ppm Ca 2 +   solution were forced to pass through a 
chromatographic column (0.5 cm diameter, 0.3 cm length) already 
containing 0.4 g of NC at a contant fl ow rate of 1 mL/min. At regular 
times, 1 mL aliquots were extracted and diluted 10 times with 
deionized water. The Ca 2 +   concentration in the aliquot was determined 
by ICP-AES. 

  Scanning and Transmission Electron Microscope Imaging : SEM coupled 
with EDS (Zeiss EVO MA 10) was used to obtain the metal concentration 
profi les along the cross-section of the NCs described in above. TEM 
imaging (JEOL 2011, Jeol Ltd.) was used to characterize the size, 
morphology and distribution of the MNPs along the polymeric structure. 
Before the microscopic examination, samples were embedded in an 
epoxy resin and cross-sectioned with a Leica EM UC6 Ultramicrotome 
using a 35 °  diamond knife (Diatome). [  22  ]  

  X-Ray Absorption Near Edge Structure Analysis : XANES technique 
supplies information related to atomic organization and chemical 
bonding by comparison (linear combination) with standards. In this 
case, XANES was used to determine the oxidation state of Ag- or Ag@
Co-NPs synthesized on the polymeric matrices detailed in Table  1 . 
Co 0 , CoSO 4  · 7H 2 O, Co 3 O 4,  Ag 0  and Ag(NO 3 ) were used as standards to 
calibrate the energies of the edge positions for Ag and Co at different 
environments. NCs containing Ag or Ag@Co-NPs were mounted in 
aluminum cells and sealed with a polyimide tape (KAPTON-500H, 125 
 μ m thickness). Co K-edge and Ag L-edge X-ray absorption spectra were 
recorded on the BM25A beam line of the ERSF synchrotron source 
(Grenoble, France) in transmission mode, under nitrogen/argon 
atmosphere (85:15) and at room temperature. Absorption spectra were 
analyzed and modeled using the ATHENA and the ARTEMIS software 
developed by Ravel and Newville. [  23  ]  

  Magnetic characterization : SQUID, at the Institut de Ciències dels 
Materials de Barcelona (ICMAB, CSIC) was used to determinate 
the magnetic properties of the NCs. The SQUID is a very sensitive 
magnetometer used to measure extremely weak magnetic fi elds, based 
on superconducting loops containing Josephson junctions. In this case, 
5 mg samples were accurately introduced in suitable test tubs and the 
magnetization was analysed at room temperature. A SQUID MPMS-XL7 
at 300 K and working between 0 and 7 T of magnetic fi eld intensity was 
used. 

  Antimicrobial Tests :  Escherichia coli  ( E. coli , CGSC 5073 K12) and 
 Pseudomona putida  ( P. putida , KT2442) cultures were provided by the 
Department of Genetics and Microbiology of the Universitat Autònoma 
de Barcelona (UAB). Luria-Bertani (LB) and AB minimal medium 
(ABMM, composition in 1 L:2 g [NH 4 ] 2 SO 4 , 7.3 g Na 2 HPO 4 , 7.8 g 
KH 2 PO 4 , 3 g NaCl, 0.011 g Na 2 SO 4 , 0.2 g MgCl 2  · 6H 2 O, 3.6 mg CaCl 2 , 
0.2 mg FeCl 3  · 6H 2 O, supplemented with 0.02  M  glucose as the carbon 
source) were used for the antibacterial activity tests. Two tests were 
performed to evaluate the antibacterial activity of the NC: the MIC test 
and continuous fl ow analysis. Additionally, NC samples were analyzed 
using fl uorescence microscopy as detailed below. 

  MIC Assay : The MIC 50  is defi ned as the concentration of an 
antimicrobial agent that inhibits the proliferation of 50% of the 
microorganisms presents in a sample. In this case, the MIC 50  of each 
material was determined by introducing an increasing amount of NC in 
individual wells of a 96-well ELISA plate already containing 200  μ L of 10 5  
colony forming units per mL (CFU/mL) of  E. coli  in LB medium. After 
overnight incubation (16 h), bacterial proliferation was evaluated by 
measuring the optical density of each well at 550 nm using a SmartSpec 
Plus Spectophotometer (Biorad). The antibacterial activity of the 
monometallic Ag and bimetallic Ag@Co NCs was determined. The raw 
material without NPs was used as control. 
2457wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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  Antibacterial Kinetic Test : The antibacterial activity of the NC was also 
evaluated under fl uidic conditions. Experimentally, 0.4 g of NC were 
introduced in an ion exchange column (0.5 cm diameter, 3 cm length). 
The column was connected to a peristaltic pump that allowed the control 
of the fl ow rate. Bacterial samples containing 10 5  CFU/mL of  P. putida  in 
AB minimal medium (ABMM) were forced to pass through the column 
at a fl ow rate of 1 mL/min. The fl uidic system operated in a recirculation 
regime where the initial bacterial suspension was recirculated through the 
column for the duration of the experiment (see Figure S.I.3, Supporting 
Information). Filtrate aliquots were regularly extracted and cultured on 
agar plates containing LB. Bacteria concentration was determined by 
counting the number of colonies after overnight incubation at 37  ° C. 

  Fluorescence Microscopy : Fragments of Ag@Co-NC material and the 
raw material without NPs, used as control, were incubated overnight with 
a bacterial suspension containing 10 9  CFU/mL of  E. coli . In both cases, 
the material was initially rinsed with phosphate buffered saline (PBS, pH 
7) and stained using the Live/Dead Invitrogen Kit  Bac Light (Invitrogen) 
by following the protocol detailed by the supplier. The material was 
incubated in the staining solution containing the suitable concentration 
of the two nucleic acid stains, propidium iodide (component A) and SYTO 
(component B). SYTO could penetrate both live and dead cells whereas 
propidium iodide could only penetrate damage membranes, reducing 
SYTO fl uorescence and staining dead cells. Both stains were excited at 
470 nm but emitted at different wavelengths. Thus, propidium iodide, 
which emitted at 630 nm, stained dead cells with red fl uorescence and 
SYTO that emitted at 530 nm, stained live cell with green fl uorescence. 
After 20 min of incubation, a drop of the component C (immersion oil) 
was added to the NCs, which were fi xed in a glass slide by covering them 
with a cover slip and sealing. Images were acquired with a Zeiss AXIO 
Imager A1 fl uorescence microscope containing a 470 nm excitation laser 
and suitable fi lter sets. Images were acquired using a 40 ×  magnifi cation 
objective at acquisition times that differed depending on the sample and 
on the staining molecule. 

  Cytotoxicity Assay : Determination of cell viability is a common 
method to estimate biocompatibility of materials. The cytotoxicity of 
the particles was evaluated in vascular smooth muscle cells cultured 
from rat aorta [  24  ]  by using the colorimetric MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assay. This technique is based on 
the ability of viable cells to transform the MTT salt into formazan dyes. 
VSMCs were tripsinised and plated at 7  ×  10 4  cell/well in a 96-well culture 
plate containing Dulbecco’s modifi ed Eagle’s medium (DMEM) (Gibco-
Invitrogen, Spain) and were maintained for 24 h to attach. After a 24 h 
incubation period with the beads (1 and 5 beads), the medium containing 
the samples was aspirated, the wells were washed with PBS and the 
MTT solution (1 mg/mL) was added and incubated for 4 h. The purple 
formazan generated by viable cells was solubilised with 20% sodium 
dodecyl sulphate in 0.02  M  HCl and incubated for 10 h at 37 ° C. The optical 
density of each well was determined at 540 nm in a Thermo Electron 
Multiskan EX plate reader (VWR International, Pennsylvania). Cell viability 
was expressed as percentage in relation to controls (non-treated cells). 

   Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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