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  1. Introduction 

 The development of antimicrobial fabrics is an increasingly 
important fi eld of research with applications ranging from 

odor-free textiles to self-cleaning sur-
faces, wound healing dressings and 
maintenance of an infection-free envi-
ronment in healthcare settings. [  1  ]  Var-
ious methods incorporating different 
types of fi bers and antibacterial agents 
have been reported to develop antimi-
crobial fabrics. Antibacterial substances 
may either be introduced during fi ber 
production, [  1  ]  or fabrics may be coated 
with antibacterial materials post-fabri-
cation. [  1–3  ]  In the latter case, antibacte-
rial fabrics can be prepared by either 
simple soaking techniques such as 
layer by layer assembly of the antibac-
terial agent on to the fabric through 
non-specifi c electrostatic interactions [  3  ]  
or via functionalization of the fabric 
surface followed by covalent bonding 
of an antibacterial agent to the fabric. [  2  ]  
A range of materials such as antibacte-
rial peptides, [  4  ]  L-cysteine, [  5  ]  oxidizing 
agents (chlorine, chloramines, iodine), [  6  ]  
phenolic compounds, [  7  ]  chitosan, [  8  ]  
and nanoparticles of Ag, [  9,10  ]  TiO 2 , [  10  ]  
ZnO, [  10  ]  and CuO [  11  ]  have been explored 
as active antibacterial agents within a 
fabric environment. 

 Among different inorganic materials, silver is by far the most 
widely used antimicrobial agent in general textiles as well as in 
wound dressings due to its broad-spectrum antibacterial perfor-
mance and relatively lower toxicity to human cells than that to 
microbial cells. [  12  ]  It is recognized that although Ag +  ions are 
highly effective against infectious agents, the high leachability 
of ionic silver from the fabric not only results in fast depletion of 
antimicrobial activity, it may also cause metal ion toxicity issues 
in the wound fl uid. Ag nanoparticle-functionalized fabrics may 
overcome some of these issues by allowing continuous slow 
release of Ag +  ions through oxidation of Ag nanoparticles in 
the presence of wound fl uids. [  9,13–15  ]  However, one of the major 
limitations associated with Ag nanoparticles is that they are 
mostly active against Gram negative bacteria, with signifi cantly 
lower performance against Gram positive bacteria. Therefore, 
realizing the importance of silver-based nanomaterials towards 
developing antimicrobial fabrics, and the potential of new 
materials to further improve the antimicrobial performance 
of silver-based fabrics, we have for the fi rst time, investigated 
silver 7,7,8,8-tetracyanoquinodimethane (AgTCNQ), a metal-organic 
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solutions of TCNQ in a time-dependent manner (for experi-
mental details, please refer to supplementary information). [  20  ]  
Pristine TCNQ, a yellow/green coloured crystalline solid acid, 
which is an excellent electron acceptor, underwent spontaneous 
one electron reduction at room temperature upon interaction 
with the electron donor Ag 0  to form a blue coloured material 
indicative of AgTCNQ, [  27  ]  as described by the following:

Ag 0 + TC NQ0 → Ag + + TC NQ−
  (1)       

 Ag +  and TCNQ −  ions thereafter undergo a corrosion-crystal-
lization process through a multistep mechanism analogous to 
that proposed previously, [  28  ]  leading to formation of a crystalline 
AgTCNQ complex on the Ag fabric surface:

Ag + + TC NQ− → Ag TC NQ   (2)       

 After reaction with TCNQ, the greyish-silver colour Ag fabric 
changed to a dense blue colour indicating the formation of 
AgTCNQ. Illustrated in  Figure    1   are the representative scan-
ning electron microscopy (SEM) images of AgTCNQ nano-
structures on the Ag fabric surface (hereafter referred to as 
Ag/AgTCNQ fabric) that were spontaneously formed through 
reaction of metallic Ag with a solution of 10 mM TCNQ in 
acetonitrile at different reaction times. It is evident that the 
reaction is extremely fast and within one minute, the textile 
surface is uniformly decorated with AgTCNQ nanowires of 
50–300 nm diameter and hundreds of microns in length. As 
the reaction progresses in time, a dense coverage of the tex-
tile surface with AgTCNQ nanowires that do not change in 
their diameter is observed, however their length extends to 
sub-millimetre dimensions within 10 min of reaction, leading 
to an extremely high aspect ratio of over 3000. No further 

semiconductor charge transfer complex as an alternative candi-
date for the production of antibacterial fabrics. 

 Notably, M-TCNQ complexes (where M is a transition metal) 
have received considerable attention over the past 40 years with 
a particular resurgence in interest in the past few years through 
the work of Dunbar et al., Bond et al., and Miller et al. [  16–18  ]  
This is because of their interesting magnetic, [  19  ]  optical, [  20  ]  
electronic, [  21  ]  and fi eld emission properties, [  22  ]  which make 
them promising candidates for molecular electronics through 
the development of memory and switching devices. How-
ever, the application of these materials had been restricted to 
the fi eld of electronics until very recently when we discovered 
that CuTCNQ can also offer promising photocatalytic proper-
ties. [  23–25  ]  In the current study, we report high antibacterial 
performance of these metal-organic semiconductor complexes, 
by growing AgTCNQ nanowires on a silver fabric in a time-
dependent manner, and systematically studying the perfor-
mance of these hybrid metal/metal-organic semiconductor 
fabrics against both Gram negative ( Escherichia coli ) and Gram 
positive ( Staphylococcus albus ) bacteria.  

  2. Results and Discussion 

 AgTCNQ can be prepared by different routes including organic 
vapor-solid-phase reaction, [  22  ]  electrocrystallization [  26  ]  or by 
simply dipping a silver fi lm into acetonitrile saturated with 
TCNQ. [  20  ]  To create AgTCNQ nanowire-decorated fabrics, we 
employed a facile approach, wherein initially Ag-coated fabric 
was woven in an open weave geometry from silver-coated Nylon 
(Shieldex 117/17 using 2 ply conductive silver yarns), which 
was followed by immersing these Ag fabrics in acetonitrile 

      Figure 1.  SEM images of Ag fabric (a) before and (b-f) after its reaction with TCNQ for (b) 1, (c) 5, (d) 10, (e) 30, and (f) 60 min. Scale bars in a1–f1 
correspond to 500  μ m, and those in a2–f2 correspond to 100  μ m. 
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species, without the formation of any other TCNQ species. [  37–39  ]  
An additional N 1s peak was observed in AgTCNQ fabric at 
400 eV, which was at the same location as that observed in Ag 
fabric before its reaction with TCNQ, and can be assigned to 
the original nylon fabric, which consists of polyamides. 

 XRD analysis was performed to investigate the kinetics 
of AgTCNQ nanowire synthesis and Ag metal consumption 
during the growth process while confi rming the crystal struc-
ture of the resulting material (Figure  2 e and f). Pristine TCNQ 
powder showed characteristic TCNQ signatures with major 
peaks at 18.6 ° , 24.2 ° , 26 ° , 27.5 ° , 28.5 °  and 30.1 °  2 θ . [  20,32  ]  The 
conversion of Ag to AgTCNQ occurs within one min of reaction, 
which is evident from the presence of characteristic AgTCNQ 
XRD signatures [  20  ]  in all the fabrics reacted with TCNQ at dif-
ferent time points (curves 3–7, Figure  2 e). Notably, as the reac-
tion progresses with time, there appears to be a concomitant 
increase in the intensity of the AgTCNQ peak at 28 °  2 θ  with 
a simultaneous reduction in the Ag peak at 38 °  2 θ . When the 
ratios of the intensities of these characteristic AgTCNQ and Ag 
peak are plotted as a function of reaction time, it reveals that 
over 90% of the reaction takes place within the initial 10 min, 
leading to near-linear burst growth of AgTCNQ nanowires on 
the fabric surface, after which the formation of AgTCNQ at the 
cost of Ag remains minimal (Figure  2 f). These results support 
SEM observations, wherein a dense coverage of fabric surface 
with AgTCNQ nanowires was observed within 10 min of reac-
tion, following which no signifi cant change in the nanostruc-
ture morphology and/or dimensions was observed. 

 As previously indicated, the applicability of AgTCNQ and 
other similar metal-TCNQ based organic semiconductors had 
been restricted to the fi eld of electronics until recently when 
our group started showing the potential of such materials for 
photocatalysis applications. [  23,24,32  ]  In the current study, we 
have not only investigated the potential of these materials for 
antimicrobial applications, but also have employed a high sur-
face area textile as the test material, which brings this concept 
closer to practical applicability. As evident from  Figure    3  , all 
the fabrics, whether pristine Ag fabric, or the Ag/AgTCNQ fab-
rics formed after reaction of TCNQ with Ag fabric at different 
reaction times show antimicrobial activity against both Gram 
negative bacteria  E. coli  and Gram positive bacteria  S. albus.  In 
general, the observed antibacterial activity was found stronger 
against the Gram negative bacteria (Figure  3 a) in comparison 
to the Gram positive bacteria (Figure  3 b). This is a feature com-
monly observed in most of the inorganic antimicrobial agents, 
wherein most of the nanomaterials show antimicrobial activity 
against Gram negative bacteria, while only selected few show 
antimicrobial performance against Gram positive bacteria. [  40  ]  It 
is notable that the antimicrobial potential of Ag/AgTCNQ fab-
rics is improved over Ag fabrics both in the case of Gram neg-
ative and Gram positive bacteria, as the reaction between Ag 
fabric and TCNQ continues in time, with the highest antimi-
crobial activity achieved with Ag/AgTCNQ fabrics formed after 
10 min of reaction. After 10 min, the antimicrobial activity of 
Ag/AgTCNQ fabrics does not seem to increase further as the 
reaction progresses in time. Additionally, the exposure time of 
bacteria to the fabrics also plays a role in controlling the antimicro-
bial profi le of these fabrics, with 60 min of exposure showing sig-
nifi cantly higher activity over 10 min exposure. The quantitative 

signifi cant change in either the AgTCNQ nanostructure dimen-
sions or their coverage was observed beyond 10 min of reaction. 
The higher magnifi cation SEM images are shown in Figure S1. 
Notably, although the solution-based synthesis of AgTCNQ 
nanowire particles has been previously achieved, the length of 
the nanowires is typically restricted to 10–20  μ m. [  29  ]  It is also 
noteworthy that during the time-dependant conversion of Ag to 
AgTCNQ, no precipitation in the reaction solution is observed, 
indicating that these extremely high aspect ratio AgTCNQ 
nanowires are rigidly adhered to the surface of Ag fabric.  

 Raman spectroscopy was employed to validate the formation 
of AgTCNQ, as TCNQ 0  and TCNQ −  have distinctive Raman 
signatures. It is evident from  Figure    2  a that the spectral posi-
tions in the background corrected [  30  ]  Raman spectra of Ag/
AgTCNQ fabrics at different reaction times do not change, and 
their spectra are distinct from the pristine TCNQ powder. The 
Raman spectrum of pristine TCNQ powder shows characteristic 
vibrational modes at 1200 cm −1  (C=CH bending), 1450 cm −1  
(C–CN wing stretching) and 1600 cm −1  (C=C ring stretching) 
modes that correlate well with the literature. [  31  ]  In all the Ag/
AgTCNQ fabrics, the C–CN wing stretching vibrational mode 
shifts from 1450 cm −1  to 1380 cm −1 , verifying the formation of 
TCNQ −  (AgTCNQ) nanowires on the fabric surface. [  24,32  ]   

 Formation of AgTCNQ was further validated using FTIR 
spectroscopy (Figure  2 b), which showed characteristic AgTCNQ 
modes at 2197, 2184 and 2160 cm −1  for v(C ≡ N)   stretching, 
1505 cm −1  for B(C = C)  wing stretching, and 823 cm −1  for 
*(C − H)   bending vibrations that corroborate well with the 
literature. [  31,33  ]  Among these vibrational modes, the shift of 
862 cm −1  vibrational mode in TCNQ 0  to 823 cm −1  in AgTCNQ 
is particularly important, as the presence of this peak in the 
latter is consistent with TCNQ − , and not TCNQ 0  or TCNQ 2−  or 
their mixed valence states, because these vibrational modes are 
highly sensitive to the subtle changes in the oxidation states. [  22  ]  

 Since Raman and FTIR spectroscopy do not provide informa-
tion about the fate of fabric-bound metallic silver after its con-
version to AgTCNQ, X-ray photoelectron spectroscopy (XPS) 
spectroscopy was employed as a highly sensitive technique 
capable of probing the oxidation states of different elements 
within a sample. XPS analysis was performed by background 
correcting the raw data using Shirley algorithm, aligning the 
elemental binding energies (BEs) to the adventitious C 1s BE 
of 285 eV, and deconvoluting the spectral components using 
a Gaussian-Lorentzian function involving least square fi tting 
procedure. [  34  ]  Comparison of the Ag 3d core level XPS spectra 
of Ag and Ag/AgTCNQ fabrics revealed the presence of char-
acteristic metallic Ag 0  3d 5/2  binding energy (BE) signature at 
368.2 eV, [  35  ]  which was present both in the Ag and Ag/AgTCNQ 
fabrics (Figure  2 c), thereby indicating the presence of residual 
Ag in Ag/AgTCNQ fabrics. The latter also showed an additional 
signifi cant Ag 3d 5/2  BE component at 369.4 eV that corresponds 
to Ag +  ions complexed with TCNQ − , [  22  ]  further confi rming the 
formation of Ag/AgTCNQ fabrics. Additionally, the change in 
the nature of TCNQ molecules was probed by investigating the 
N 1s core levels (Figure  2 d) that in the case of pristine TCNQ, 
showed a major BE feature at 399.2 eV along with a shake-up 
feature at 2.4 eV higher BE. [  36  ]  After formation of AgTCNQ, the 
major N1s BE component shifted to 398.3 eV along with a sim-
ilar shake-up signature, validating the formation of a TCNQ −  
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fabric formed at 10 min of reaction lead to over 90% cell death 
(Figure  3 a). In comparison, these fabrics cause 30% and 70% 
cell deaths, respectively, in the case of  S. albus  (Figure  3 b). 

comparison of the best antimicrobial performance of the tested 
fabrics show that at 60 min of bacteria-fabric exposure, while 
pristine Ag fabric can cause only 60%  E. coli  death, Ag/AgTCNQ 

      Figure 2.  (a) Raman spectra of 1) Ag fabric, 2) TCNQ powder and 3–7) Ag/AgTCNQ fabric at reaction times of 1, 5, 10, 30, and 60 min; (b) FTIR 
spectra of 1) TCNQ powder and 2) Ag/AgTCNQ fabric formed after 60 min; (c, d) XPS spectra of different materials showing (c) Ag 3d and (d) N 1s 
core levels; (e) XRD patterns corresponding to 1) pristine TCNQ, 2) Ag fabric and 3–7) Ag/AgTCNQ fabrics formed after 1, 5, 10, 30, and 60 min of 
reaction, respectively, wherein the peaks denoted with cubes signify AgTCNQ signatures while those denoted with spheres correspond to metallic Ag; 
(f) relative intensity of AgTCNQ to Ag peaks at chosen 2 θ  values of 27.8 °  and 38.3 ° . The peaks chosen for plotting relative intensity in panel (f) are 
highlighted with dashed lines in panel (e). 
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AgTCNQ nanowires are able to effi ciently suppress the growth 
of both  E. coli  and  S. albus  around the regions where these 
materials were applied.  

 It is an issue of ongoing debate in the current literature 
whether the nanomaterial toxicity observed from Ag-based 
nanomaterials arises from the leaching of Ag +  ions as a result 

Although the higher activity of Ag/AgTCNQ fabric over pristine 
Ag fabric suggests that AgTCNQ has antibacterial properties, 
further control experiments were performed to ascertain the 
antibacterial activity of pristine AgTCNQ nano wires. Figure S2 
shows the outcomes of zone inhibition assays, wherein 
it is cleary observed that the discs prepared from pristine 

      Figure 3.  Antimicrobial profi le of Ag fabrics against (a)  E. coli  and (b)  S. albus  before ( t  = 0) and after its reaction with TCNQ for different reaction 
times ( t  = 1, 5, 10, 30, and 60 min), while exposing these fabrics to bacteria for either 10 min or 60 min. Panels (c) and (d) show antimicrobial profi le 
of different concentrations of Ag +  ions after their exposure to  E. coli  and  S. albus , respectively for 10 and 60 min. Panel (e) shows the amount of Ag +  
ions leached from 10 mg of Ag fabric prepared before and after reaction with TCNQ at different reaction time, while exposing to bacteria-free biological 
media for 10 and 60 min. 
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metal-organic charge transfer complexes has not hitherto been 
investigated for antimicrobial applications, a detailed investiga-
tion of the potential of Ag/AgTCNQ fabrics as an antimicrobial 
fabric was performed, which showed a signifi cantly improved 
performance over Ag fabric. These Ag/AgTCNQ fabrics showed 
high antimicrobial performance against both Gram positive 
and Gram negative bacteria. The outcomes of this study also 
strongly suggest that the antimicrobial performance of Ag-
based nanomaterials may not necessarily be due to the amount 
of Ag +  ions released from these nanomaterials, and in fact the 
nanomaterial may also play direct role in causing antimicrobial 
activity. Moreover, considering that less than 1  μ g (0.8%) of Ag +  
ions are leached out of 10 mg Ag fabric consisting of 0.127 mg 
equivalent of Ag in one hour, the Ag/AgTCNQ fabrics reported 
here are likely to show antibacterial performance at least for 
over fi ve days (127 h). Notably, such a high predicted longevity 
of Ag/AgTCNQ fabrics is based on the assumption that Ag +  
ions will continue to leach out of the fabric, which is not likely 
to be the case, as Ag +  ion leaching may stabilize over extended 
exposure periods due to equilibrium restrictions. It is likely that 
other metal-TCNQ organic semiconductors might also show 
antimicrobial performance, an aspect that we are currently 
investigating in our group. Due to the well-known low solu-
bility of AgTCNQ and other metal-TCNQ in aqueous solutions, 
such TCNQ-decorated fabrics may provide a controlled release 
mechanism and long life reservoir for continuous Ag +  ion 
release over long periods and thus be a potential candidate for 
production of wound band aids and gauzes. Also, considering 
that this is the fi rst report on the growth of a AgTCNQ-based 
metal organic semiconductor on a fl exible textile surface, and 
since metal-TCNQ complexes have demonstrated electronic 
applications, this report is likely to fuel signifi cant interest in 
the development of TCNQ-based fl exible electronic devices.  

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

  Acknowledgements 
 V.B. and A.O.M. acknowledge the Australian Research Council (ARC) for 
the award of APD (DP098809) and Future (FT110100760) Fellowships, 
respectively and research support through the ARC Discovery 
(DP110105125) grant scheme. V.B. also acknowledges the generous 
support of the Ian Potter Foundation for establishing a multimode 
spectroscopy facility at RMIT that was used in this study. The authors 
acknowledge the facilities and technical assistance of RMIT Microscopy 
and Microanalysis Facility and thanks Mr. Doug Dower (CSIRO) for 
fabric weaving.   

Received:  July 15, 2013 
Revised:  August 13, 2013 

Published online: October 1, 2013  

    [1]     R.   Dastjerdi  ,   M.   Montazer  ,  Colloids Surf. B   2010 ,  79 ,  5 .  
   [2]     L.   Cabrales  ,   N.   Abidi  ,   A.   Hammond  ,   A.   Hamood  ,  J. Mater. Environ. 

Sci.   2012 ,  3 ,  561 .  

of Ag nanoparticle (Ag 0 ) oxidation, or the Ag 0  form of the 
nanoparticle is itself inherently toxic to bacteria. [  40,41  ]  Therefore, 
to elucidate the mode of action of these nanomaterials on the 
antimicrobial performance, atomic absorption spectroscopy 
(AAS) was performed on the bacterial media exposed to Ag 
and Ag/AgTCNQ fabrics for 10 and 60 min (Figure  3 e). AAS 
results show that a maximum of 0.2  μ g/mL and 0.9  μ g/mL of 
Ag +  ions are leached out of the Ag and Ag/AgTCNQ fabrics, 
respectively, after their exposure to the bacterial growth media 
for 60 min (Figure  3 e). Antimicrobial tests show that while the 
Ag fabrics cause a maximum of 60% and 32% cell death in 
case of  E. coli  and  S. albus , respectively, the Ag/AgTCNQ fab-
rics lead to 90% and 70% cell death, respectively, on a 60 min 
exposure (Figure  3 a,b). The higher antimicrobial activity of Ag/
AgTCNQ fabrics over Ag fabrics may initially be assigned to the 
higher leachability of Ag +  ions from Ag/AgTCNQ fabrics over 
Ag fabrics. However, it is also noted from a control experiment 
involving Ag +  ions from AgNO 3  that a similar 60 min exposure 
of bacteria to 1  μ g/mL concentration of Ag +  ions cause only 
60%  E. coli  cell death (Figure  3 c) and 40%  S. albus  cell death 
(Figure  3 d). Considering that 1  μ g/mL concentration of Ag +  
ions in the control experiment is 500% and 110% higher than 
Ag +  ion leached from Ag and Ag/AgTCNQ fabrics, respectively 
under same conditions, it may be argued that the observed 
antimicrobial performance of the nanomaterials, at least in 
the current case of Ag and AgTCNQ, is not entirely due to the 
leached Ag +  ions. In fact, the antibacterial activity of all the fab-
rics in regards to the release of Ag +  ions by these fabrics is found 
to be higher than the direct addition of the equivalent amount of 
Ag +  ions to the bacterial cultures. In a recent interesting report, 
after accounting for the equivalent amounts of released Ag +  
ions, the role of higher number of surface defects present on 
Ag nanoplates in comparison to that in Ag spheres and wires 
was assigned for the high “surface reactivity” of Ag nanoplates 
against aquatic organisms. [  41  ]  The relatively few recent reports in 
the literature and our consistent observations with all the fabric-
based systems point to the strong likelihood that the observed 
antimicrobial performance of the Ag-based nanomaterials is not 
entirely due to the leached Ag +  ions and it is highly likely that the 
nanomaterial component of the Ag and AgTCNQ fabrics plays 
a direct role in causing antimicrobial activity, both in the case 
of Gram negative  E. coli  and Gram positive  S. albus . It should 
however be noted that although all the antibacterial experiments 
were performed under constant stirring conditions to allow uni-
form Ag +  ion concentration in the bacterial growth media, the 
concentration of Ag +  ions in the stagnant boundary layer near 
the fabric surface might be higher than the bulk solution. These 
additional Ag +  ions in the stagnant boundary layer are likely to 
play an additional role in compensating for the higher antibacte-
rial activity observed from Ag-based nanomaterials that cannot 
be explained solely on the basis of leached Ag +  ions.  

  3. Conclusion 

 A facile fabrication route towards the synthesis of novel nano-
structured textiles decorated with one-dimensional AgTCNQ 
organic semiconductor nanowires has been demonstrated for 
the fi rst time. Considering that the applicability of TCNQ-based 

Adv. Funct. Mater. 2014, 24, 1047–1053



FU
LL P

A
P
ER

1053

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

   [23]     A.   Pearson  ,   A.   P. O’Mullane  ,   S. K.   Bhargava  ,   V.   Bansal  ,  Langmuir  
 2013 ,  29 ,  8 .  

   [24]     A.   Pearson  ,   A. P.   O’Mullane  ,   V.   Bansal  ,   S. K.   Bhargava  ,  Inorg. Chem.  
 2011 ,  50 ,  1705 .  

   [25]     A.   Pearson  ,   A. P.   O’Mullane  ,   V.   Bansal  ,   S. K.   Bhargava  ,  Chem. 
Commun.   2010 ,  46 ,  731 .  

   [26]     A. R.   Harris  ,   A.   Nafady  ,   A. P.   O’Mullan  ,   A. M.   Bond  ,  Chem. Mater.  
 2007 ,  19 ,  5499 .  

   [27]     D. S.   Acker  ,   W. R.   Hertler  ,  J. Am. Chem. Soc.   1962 ,  84 ,  3370 .  
   [28]     H. L.   Duan  ,   D. O.   Cowan  ,   J.   Kruger  ,  J. Electrochem. Soc.   1993 ,  140 , 

 2807 .  
   [29]     J.   Xiao  ,   Z.   Yin  ,   Y.   Wu  ,   J.   Guo  ,   Y.   Cheng  ,   H.   Li  ,   Y.   Huang  ,   Q.   Zhang  , 

  J.   Ma  ,   F.   Boey  ,   H.   Zhang  ,   Q.   Zhang  .  Small   2011 ,  7 ,  1242 .  
   [30]     A. E.   Kandjani  ,   M. J.   Griffi n  ,   R.   Ramanathan  ,   S. J.   Ippolito  , 

  S. K.   Bhargava  ,   V.   Bansal  ,  J. Raman Spectrosc.   2013 ,  44 ,  608 .  
   [31]     L.   Ren  ,   L.   Fu  ,   Y.   Liu  ,   S.   Chen  ,   Z.   Liu  ,  Adv. Mater.   2009 ,  21 ,  4742 .  
   [32]     A.   Pearson  ,   A. P.   O’Mullane  ,   S. K.   Bhargava  ,   V.   Bansal  ,  Inorg. Chem-

istry   2012 ,  51 ,  8791 .  
   [33]     E. I.   Kamitsos  ,  Mol. Cryst. Liq. Cryst. Inc. Nonlinear Opt.   1988 ,  161 , 

 335 .  
   [34]     V.   Bansal  ,   A.   Syed  ,   S. K.   Bhargava  ,   A.   Ahmad  ,   M.   Sastry  ,  Langmuir  

 2007 ,  23 ,  4993 .  
   [35]     S.   Periasamy  ,   R.   Ramanathan  ,   B. J.   Plowman  ,   Y. M.   Sabri  , 

  H. K.   Daima  ,   A. P.   O’Mullane  ,   V.   Bansal  ,   S. K.   Bhargava  ,  Phys. 
Chem. Chem. Phys.   2013 ,  15 , 1 2920 .  

   [36]     J. M.   Lindquist  ,   J. C.   Hemminger  ,  J. Phys. Chem.   1988 ,  92 ,  1394 .  
   [37]     J. M.   Lindquist  ,   J. C.   Hemminger  ,  Chem. Mater.   1989 ,  1 ,  72 .  
   [38]     T.-C.   Tseng  ,   C.   Urban  ,   Y.   Wang  ,   R.   Otero  ,   S. L.   Tait  ,   M.   Alcamí  , 

  D.   Écija  ,   M.   Trelka  ,   J. M.   Gallego  ,   N.   Lin  ,   M.   Konuma  ,   U.   Starke  , 
  A.   Nefedov  ,   A.   Langner  ,   C.   Wöll  ,   M.   Á. Herranz  ,   F.   Martín  , 
  N.   Martín  ,   K.   Kern  ,   R.   Miranda  ,  Nat. Chem.   2010 ,  2 ,  374 .  

   [39]     M.   Higo  ,   T.   Futagawa  ,   M.   Mitsushio  ,   T.   Yoshidome  ,   Y.   Ozono  ,  J. 
Phys. Chem. B   2003 ,  107 ,  5871 .  

   [40]     J. A.   Lemire  ,   J. J.   Harrison  ,   R. J.   Turner  ,  Nat. Rev. Microbiol.   2013 ,  11 , 
 371 .  

   [41]     S.   George  ,   S. J.   Lin  ,   Z. X.   Jo  ,   C. R.   Thomas  ,   L. J.   Li  ,   M.   Mecklen-
burg  ,   H.   Meng  ,   X.   Wang  ,   H. Y.   Zhang  ,   T.   Xia  ,   J. N.   Hohman  ,   S.   Lin  , 
  J. I.   Zink  ,   P. S.   Weiss  ,   A. E.   Nel  ,  ACS Nano   2012 ,  6 ,  3745 .      

   [3]     A. P.   Gomes  ,   J. F.   Mano  ,   J. A.   Queiroz  ,   I. C.   Gouveia  ,  J. Polym. 
Environ.   2012 ,  20 ,  1084 .  

   [4]     S. A.   Onaizi  ,   S. S. J.   Leong  ,  Biotechnol. Adv.   2011 ,  29 ,  67 .  
   [5]     I. C.   Gouveia  ,   D.   Sá  ,   M.   Henriques  ,  J. Appl. Polym. Sci.   2012 ,  124 , 

 1352 .  
   [6]     M. B.   Dickerson  ,   W.   Lyon  ,   W. E.   Gruner  ,   P. A.   Mirau  ,   J. M.   Slocik  , 

  R. R.   Naik  ,  ACS Appl. Mater. Interfaces   2012 ,  4 ,  1724 .  
   [7]     K. M. G.   Hossain  ,   M. D.   González  ,   G. R.   Lozano  ,   T.   Tzanov  ,  J. Bio-

technol.   2009 ,  141 ,  58 .  
   [8]     E.   Guibal  ,   S.   Cambe  ,   S.   Bayle  ,   J. M.   Taulemesse  ,   T.   Vincent  ,  J. Colloid 

Interface Sci.   2013 ,  393 ,  411 .  
   [9]     I.   Sondi  ,   B.   Salopek-Sondi  ,  J. Colloid Interface Sci.   2004 ,  275 ,  177 .  
   [10]     S.   Selvam  ,   R.   Rajiv Gandhi  ,   J.   Suresh  ,   S.   Gowri  ,   S.   Ravikumar  , 

  M.   Sundrarajan  ,  Int. J. Pharm.   2012 ,  434 ,  366 .  
   [11]     S.   Anita  ,   T.   Ramachandran  ,   R.   Rajendran  ,   C.   Koushik  ,   M.   Mahalak-

shmi  ,  Text. Res. J.   2011 ,  81 ,  1081 .  
   [12]     S.   Franke  , in  Molecular Microbiology of Heavy Metals , Vol.  6  

(Eds:   D.   Nies  ,   S.   Silver  ),  Springer ,  Berlin Heidelberg ,  2007 ,  343 .  
   [13]     L. S.   Nair  ,   C. T.   Laurencin  ,  J. Biomed. Nanotechnol.   2007 ,  3 ,  301 .  
   [14]     S.   Sivolella  ,   E.   Stellini  ,   G.   Brunello  ,   C.   Gardin  ,   L.   Ferroni  ,   E.   Bressan  , 

  B.   Zavan  ,  J. Nanomater.   2012 ,  2012 .  
   [15]     C. N.   Lok  ,   C. M.   Ho  ,   R.   Chen  ,   Q. Y.   He  ,   W. Y.   Yu  ,   H.   Sun  , 

  P. K. H.   Tam  ,   J. F.   Chiu  ,   C. M.   Che  ,  J. Biol. Inorg. Chem.   2007 ,  12 , 
 527 .  

   [16]     H.   Miyasaka  ,   N.   Motokawa  ,   S.   Matsunaga  ,   M.   Yamashita  , 
  K.   Sugimoto  ,   T.   Mori  ,   N.   Toyota  ,   K. R.   Dunbar  ,  J. Am. Chem. Soc.  
 2010 ,  132 ,  1532 .  

   [17]     E. B.   Vickers  ,   I. D.   Giles  ,   J. S.   Miller  ,  Chem. Mater.   2005 ,  17 ,  1667 .  
   [18]     A. K.   Neufeld  ,   A. P.   O’Mullane  ,   A. M.   Bond  ,  J. Am. Chem. Soc.   2005 , 

 127 ,  13846 .  
   [19]     L.   Shields  ,  J. Chem. Soc., Faraday Trans. 2: Mol. Chem. Phys.   1985 , 

 81 ,  1 .  
   [20]     G.   Cao  ,   F.   Fang  ,   C.   Ye  ,   X.   Xing  ,   H.   Xu  ,   D.   Sun  ,   G.   Chen  ,  Micron  

 2005 ,  36 ,  285 .  
   [21]     Z. Y.   Fan  ,   X. L.   Mo  ,   G. R.   Chen  ,   J. G.   Lu  ,  Rev. Adv. Mater. Sci.   2003 ,  5 , 

 72 .  
   [22]     H.   Liu  ,   Q.   Zhao  ,   Y.   Li  ,   Y.   Liu  ,   F.   Lu  ,   J.   Zhuang  ,   S.   Wang  ,   L.   Jiang  , 

  D.   Zhu  ,   D.   Yu  ,   L.   Chi  ,  J. Am. Chem. Soc.   2005 ,  127 ,  1120 .  

Adv. Funct. Mater. 2014, 24, 1047–1053




