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Abstract

Antimicrobial action of nanomaterials is typically assigned to the nanomaterial composition, size and/or shape,
whereas influence of complex corona stabilizing the nanoparticle surface is often neglected. We demonstrate
sequential surface functionalization of tyrosine-reduced gold nanoparticles (AuNPsTyr) with polyoxometalates (POMs)
and lysine to explore controlled chemical functionality-driven antimicrobial activity. Our investigations reveal that
highly biocompatible gold nanoparticles can be tuned to be a strong antibacterial agent by fine-tuning their surface
properties in a controllable manner. The observation from the antimicrobial studies on a gram negative bacterium
Escherichia coli were further validated by investigating the anticancer properties of these step-wise surface-controlled
materials against A549 human lung carcinoma cells, which showed a similar toxicity pattern. These studies highlight
that the nanomaterial toxicity and biological applicability are strongly governed by their surface corona.
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Introduction

Most of the pathogenic bacterial strains have developed
resistance toward available pharmaceutical compounds
through genetic mutations and it is an issue of increasing
concern for public health [1,2]. Recently, it has been realized
that inorganic nanomaterials have potential to be used as
antimicrobial agents as they demonstrate composition, size,
shape, chemical functionality and surface charge-dependent
antimicrobial profile towards controlling pathogenic
microorganisms. In this context, predominantly silver
nanoparticles (AgNPs) are found to exhibit significantly higher
level of toxicity [3-6], whereas gold nanoparticles (AuNPs) are
considered highly biocompatible as demonstrated by us and
others previously [3,7,8]. The antibacterial activity of AgNPs is
observed to be size dependent [9,10], wherein metal
nanoparticles of 1-10 nm diameter are considered to exhibit a
direct interaction with biological systems and do not show
much variation in their biological profile within this size range
[11]. Moreover, AgNPs are known to undergo a shape-
dependent interaction with the Gram negative bacterium E.
coli, and therefore AgNPs shape also contributes to their
antimicrobial profile [12].

In contrast to composition, size and shape-dependent
antimicrobial studies, the influence of nanoparticles surface
corona on their antibacterial action has not been well-studied
systematically, and is rather unclear. It is typically believed that
peripheral coatings onto nanoparticles surface may assist in
controlling the surface charge of nanoparticles and therefore
allow appropriate electrostatic interactions between
nanoparticle and the biological surface [13-15]. Importance of
amphiphilic amino acids towards adsorbing proteins on
nanopatterned surfaces was also recently established through
molecular dynamic simulation studies [16]. In an interesting
study, Rotello et al demonstrated that cationic AuNPs may
exhibit moderate toxicity by causing cell lysis, whereas anionic
AuNPs were found to be nontoxic [17]. This undoubtedly
indicates that even the most biocompatible nanomaterials such
as AuNPs can be made toxic by tuning its surface properties
such as surface charge and chemical functionality. The role of
surface charge switching in polymer nanoparticles toward cell
wall-targeted delivery of antibiotics was also discussed [18].

In the current study, we discuss our efforts on step-wise
control of the antimicrobial profile of tyrosine-reduced AuNPsTyr

by employing a sequential surface functionalization strategy
using anionic polyoxometalates (POMs) and cationic lysine
molecules. AuNPs were chosen as a model system of choice
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because of their known biocompatibility and suitability for a
range of biological applications. POMs were chosen for surface
functionalization because POMs are widely recognized in the
field of medicine due to their antibacterial, antiviral and
anticancerous activities [19-21]. Notably, POMs are highly
negatively charged clusters of Keggin ions consisting of early
transition metals and oxygen atoms formed by self-assembly
processes [22,23], however most of the POMs are unstable in
aqueous solutions at physiological pH, which limits their
medicinal and biological applications [19]. The stability of
POMs could be increased by anchoring them on to
biocompatible AuNPsTyr surface, as we recently demonstrated
in the case of silver nanoparticles [15]. More specifically, we
synthesized AuNPsTyr using a novel green approach involving
tyrosine amino acid, followed by their surface functionalization
using two different POMs viz. 12-phosphotungstic acid (PTA)
or 12-phosphomolybdic acid (PMA), which was further followed
by modification of these nanomaterials using cationic amino
acid lysine to step up their toxicity in a controllable manner.
Antibacterial activities of these functionalized nanomaterials
were evaluated against a model bacterium E. coli. By varying
the level of surface functionalization of biocompatible AuNPsTyr

with POMs and lysine, we were able to achieve different levels
of antibacterial activity in a highly controlled fashion. Major
advantage of this approach is that AuNPsTyr act as a carrier and
stabilizer for the antimicrobial component (POMs), whereas the
presence of the cationic amino acid lysine in the outermost
shell assists in directing these nanomaterials toward negatively
charged bacterial cells. The generality of our observations was
further affirmed by investigating the influence of these
sequentially surface-functionalized coatings on mammalian
lung carcinoma cells. The current study therefore strengthens
the importance of nanomaterial surface functionality as the
driving force to fine-tune the antimicrobial and other biological
properties of nanomaterials.

Materials and Methods

Reagents and Materials
Tetrachloroauric acid (HAuCl4), L-tyrosine (Tyr),

phosphotungstic acid (PTA) and potassium hydroxide (KOH)
were purchased from Sigma-Aldrich and phosphomolybdic acid
(PMA) was purchased from Chem-Supply Pty Ltd. Dialysis
tubing cellulose membrane (12 KDa molecular weight cut-off)
was purchased from Sigma-Aldrich and used after processing
(boiling twice for 15 min in deionized MilliQ water). The model
bacterial organism (E. coli DH 5α) used in this study was
bought from Southern Biological and the A549 human lung
carcinoma cells were acquired from ATCC. Molecular Biology
grade nutrient agar (NA) and Luria-Bertani broth (LB) were
purchased from Oxoid and US Biologicals, respectively, and
used to grow and maintain the bacterial culture as per the
standard protocol. All the solutions were prepared using
deionized (MilliQ) water.

Tyrosine-mediated synthesis of AuNPsTyr

In a typical experiment, 300 mL aqueous solution consisting
of 0.1 mM L-tyrosine and 1 mM KOH were allowed to boil.

Under alkaline boiling conditions, HAuCl4 was added to the
above solution, resulting in 0.2 mM equivalent of gold ion
concentration. The above solution was further boiled for 5 min,
which resulted in a ruby-red color solution consisting of
tyrosine-reduced AuNPsTyr. To increase the metal
concentration by a factor of three, this AuNPsTyr solution was
further boiled to reduce the volume to 100 mL. This colloidal
solution was found highly stable even after concentration,
signifying that AuNPsTyr were strongly capped by tyrosine
amino acid. Further, concentrated AuNPsTyr solution was
dialyzed three times against deionized water using cellulose
dialysis membrane to remove the excess KOH, potentially
unreduced metal ions and unbound amino acid, if any.

Sequential surface functionalization of AuNPsTyr with
POMs and L-lysine

Concentrated and dialyzed AuNPsTyr were surface
functionalized with two different POMs viz. PTA and PMA,
followed by L-lysine amino acid. For functionalization of
AuNPsTyr with POMs, concentrated AuNPsTyr were separately
mixed with PTA or PMA aqueous solutions to achieve 0.1 mM
POM concentration and incubated for 24 h. Following
incubation, these solutions were again subjected to dialysis to
remove uncoordinated PTA or PMA molecules, thereby
resulting in POM functionalized AuNPs (AuNPsTyr@PTA and
AuNPsTyr@PMA). Consequently, AuNPsTyr@PTA and AuNPsTyr@PMA

were further modified with a cationic amino acid lysine by
adding L-lysine to these solutions to the final lysine
concentration 0.1 mM, incubating for 24 h, followed by dialysis
to remove uncoordinated lysine molecules, which resulted in
lysine-functionalized nanomaterials viz. AuNPsTyr@PTA-Lys and
AuNPsTyr@PMA-Lys.

Antibacterial assays of POMs and lysine-functionalized
AuNPs

Quantitative assessment of antibacterial potential of
AuNPsTyr, AuNPsTyr@PTA, AuNPsTyr@PMA, AuNPsTyr@PTA-Lys and
AuNPsTyr@PMA-Lys nanomaterials was performed using colony
counting method. In the colony counting method, 1 x 104 cells
of Gram negative bacterium E. coli were incubated with various
concentrations (dosages) of extensively dialyzed NPs in 1 mL
LB medium for 15 min. Dialysis was considered essential to
ensure that the observed antibacterial action is due to
nanomaterials, wherein potentially unreduced metal ions, free
amino acids and POMs do not contribute to the antimicrobial
profile. Following incubation, 100 μL aliquots were plated on to
NA plates and bacterial colonies grown overnight at 37 °C were
counted, which corresponded to the number of live bacteria
(colony forming units – CFUs) in each suspension as a result of
interaction of different NPs with bacteria for 15 min. The
viability of E. coli versus dosage of different AuNPs
(concentrations of tungsten (W) or molybdenum (Mo) present
in functionalized AuNPsTyr@POMs or AuNPsTyr@POMs-Lys) was
plotted to assess the effect of surface functionalization on
antimicrobial profile. It may be noted that in AuNPsTyr sample,
which did not have either W or Mo, the highest equivalent
amount of Au present in POM and lysine-functionalized
samples was used for comparison. All the experiments were
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performed in triplicates and repeated twice to obtain statistically
significant results.

To quantify the amount of W or Mo present in bacterial cells
after their interaction with different nanomaterials, fresh
overnight grown bacterial cells (OD - 0.1 equivalents to 108

CFU/mL) were independently incubated with 10 μM
concentrations of different nanomaterials for 6 and 9 h at 37
°C. After incubation, bacterial cells were centrifuged at 2,000
rpm for 15 min, and the bacterial pellet was digested overnight
in aqua regia and subjected to inductively coupled plasma
mass spectroscopy (ICP-MS) studies for quantification of W or
Mo present in bacteria.

Cytotoxicity evaluation of surface-functionalized
AuNPs in A549 human lung carcinoma cells

For the cytotoxicity assessment of nanoparticles, MTS assay
was performed using a commercial kit as per the supplier’s
protocol (Promega, USA). Briefly, 1 x 104 A549 human lung
carcinoma cells per mL were seeded in a flat bottomed 96-well
tissue culture plate in the exponential growth phase and
incubated for 24 h at 5% CO2 and 37 °C in DMEM medium
supplemented with 10% fetal bovine serum and antibiotics (Life
Technologies Pty Ltd, USA). A series of dilutions of AuNPsTyr,
AuNPsTyr@PTA and AuNPsTyr@PTA-Lys were made and added to the
cells with final W concentrations of 1, 2.5, 5 and 10 µM. After
24 h of incubation, 10 µL MTS solution was added to each well
and the formazan crystals thus formed were dissolved in 100
µL of detergent solution provided with the kit. The plates were
read at 595 nm in a multi-scan microplate reader (Perkin
Elmer, USA). Wells with complete medium, respective
nanoparticles, and MTS, but without cells were used as blanks
for each tested concentration. All experiments were performed
three times in quadruplets, and the average of all the
experiments has been shown as a cell-viability percentage in
comparison with the control experiment, while nanoparticles
untreated controls were considered as 100% viable.

Nanomaterial characterization
AuNPsTyr were thoroughly characterized at different stages of

synthesis and functionalization steps using spectroscopy tools
such as UV-visible, Fourier transform infrared (FTIR), X-ray
photoelectron (XPS), atomic absorption (AAS) and inductively
coupled plasma mass (ICP-MS) spectroscopy. Additionally,
transmission electron microscopy (TEM), dynamic light
scattering (DLS), and zeta potential measurements were
performed on AuNPs, and nano-scanning electron microscopy
(Nano-SEM) was used to observe morphological changes in
bacterial cells before and after treatments. UV-vis spectral
analysis was performed using Varian Cary 50
spectrophotometer operated at a resolution of 2 nm; FTIR
spectra were recorded in diffuse reflectance spectroscopy
(DRS) mode using Perkin-Elmer D100 spectrophotometer with
a resolution of 4 cm-1; and XPS analysis was performed using a
THERMO K-Alpha XPS instrument at a pressure better than 1
x 10-9 Torr (1 Torr = 1.333 × 102 Pa). AAS analysis of
nanoparticles was performed to find Au content using a Varian
AAS spectrophotometer after dissolution of samples in aqua
regia. ICP-MS analysis was carried out using Agilent

Technologies 7700 series ICP-MS machine to analyze Mo or
W concentration in relevant samples. Zeta potential
measurements were performed both in the deionized water (pH
6.4) and the LB medium (pH 7.2) using a Malvern 2000
Zetasizer after filtering solutions through a 0.22 µm filter. TEM
imaging of nanoparticles was carried out after drop casting the
samples on to a carbon coated copper grid, using a JEOL 1010
TEM instrument operated at an accelerating voltage at 100 kV.
Morphological changes in bacterial cells before and after
treatments were visualized by FEI Nova nano-SEM. For nano-
SEM imaging, samples were mounted on glass cover slip on
an Al stub using double-sided carbon tape. Before imaging, all
samples were coated with a 20 Å thick Pt film using precision
etching coating system (Gatan model 682) to minimize sample
charging during imaging. The coatings were done at 20° rock
angle, 40° per sec speed, 25 rpm rotation and 5 keV beam
current. The coated samples were examined using an electron
acceleration voltage of 15 kV.

Results and Discussion

Figure 1 illustrates the different steps involved in the
synthesis of various nanomaterials used in this study. Initially,
AuCl4- ions are reduced using tyrosine amino acid under
alkaline conditions to form tyrosine-capped AuNPsTyr. Under
alkaline conditions, phenolic group of tyrosine acts as a
reducing functional group [24], which assists in reduction of
AuCl4- ions to form AuNPsTyr, and during this reduction process
oxidized tyrosine molecules act as capping agent to stabilize
AuNPsTyr in the aqueous solution. We noticed that the pH of the
extensively dialyzed solution containing AuNPsTyr was 8.4,
which is well above the isoelectric point of tyrosine (pI~5.66).
Therefore, in principle, AuNPsTyr should have a negative
surface charge, which was confirmed by the zeta potential
value of -29 mV (Table 1). In the next step, AuNPsTyr were
separately functionalized with two different POMs viz. PTA and
PMA to obtain AuNPsTyr@PTA and AuNPsTyr@PMA, respectively.
Since POMs are highly acidic in nature, when PTA or PMA
molecules were added to AuNPsTyr, the pH of these solutions
immediately dropped significantly to ca. 1.5-2.0, which
remained 3.7 and 4.2, respectively, for AuNPsTyr@PTA and
AuNPsTyr@PMA even after extensive dialysis. Since these pH
values are well below the pI of tyrosine, it is expected that as
soon as POMs are added to the solutions containing AuNPsTyr,
the surface of AuNPsTyr switches to a highly positively charged
state due to the protonation of tyrosine amine (–NH3

+) and
carboxylic (–COOH) groups. This enables highly negatively
charged POM molecules (POMs are considered as strongest
heteropolyacids) to efficiently bind electrostatically to AuNPsTyr,
resulting in AuNPsTyr@PTA and AuNPsTyr@PMA with zeta potential
values of -35.5 and -46.3, respectively. It should also be noted
that since the pKa of the carboxylic groups of tyrosine
molecules is 2.2, when the AuNPsTyr@PTA and AuNPsTyr@PMA

attain the post-dialysis pH values of 3.7 and 4.2, respectively,
some of the tyrosine molecules are expected to attain
zwitterionic state in these conjugates at these pH values,
wherein all the amine groups will be in protonated stage (–
NH3

+) and carboxylic groups will be present both in –COO- and
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–COOH forms. This might lead to the rearrangement of
tyrosine and POM molecules on the surface of AuNPs during
dialysis, wherein hydrogen bonding between tyrosine and
POMs may also play a contributory role in this molecular
rearrangement on the AuNP surface. In the next step of
sequential surface functionalization, when lysine amino acid
(pI~9.74) was introduced to the solutions containing
AuNPsTyr@PTA and AuNPsTyr@PMA, the pH of the solutions
returned back to 6.1 and 6.4, respectively (post-dialysis).
These pH values are significantly below the pI of lysine;
therefore amine groups of lysine will be protonated at these pH
values that will enable lysine molecules to efficiently
functionalize negatively charged AuNPsTyr@PTA and
AuNPsTyr@PMA to form AuNPsTyr@PTA-Lys and AuNPsTyr@PMA-Lys,
respectively. This is evident from a reduction in negative zeta
potential values from -35.5 mV to -30.9 mV in case of
AuNPsTyr@PTA-Lys and from -46.3 mV to -17.9 mV in case of
AuNPsTyr@PMA-Lys. However, it should again be noted that the
solution pH of lysine-functionalized materials is closer to the pI
of tyrosine, which is likely to result in both the negatively and
positively charged functional groups of tyrosine residues
(zwitterionic state) to be activated at this pH. This may also
potentially result in further rearrangement of the POM and
lysine molecules, wherein due to the highly cationic nature of
lysine, it is likely that some of the lysine molecules get
sequestered between tyrosine and POMs. The possibility of
molecular rearrangement in the surface-functionalized
nanoparticle corona is further supported from the quantification
of tungsten (W from PTA) or molybdenum (Mo from PMA) in
different samples for fixed amount of Au, which indicates that
27% w/w W (PTA molecules) or 56% w/w Mo (PMA molecules)
were lost during lysine functionalization of AuNPsTyr@PTA and
AuNPsTyr@PMA, respectively (Table 1). Therefore, although it
may appear from the zeta potential measurements that these
sequentially functionalized nanomaterials bear an overall
negative charge at the physiological pH (at which antimicrobial
tests were performed), the surfaces of these nanomaterials are
rather complex and it is highly likely that the amine groups of
lysine will be protonated within this complex surface
environment and may rather act as guiding molecules to
facilitate their uptake by negatively charged bacterial cells.
Moreover, since the underlying aim of this study is to
investigate the sequentially-functionalized nanomaterials for
biological applications, zeta potential measurements of
different nanomaterials (AuNPsTyr, AuNPsTyr@PTA, AuNPsTyr@PMA,
AuNPsTyr@PTA-Lys and AuNPsTyr@PMA-Lys) were also performed in
the LB bacterial growth medium (pH 7.2). This resulted in zeta
potential values of -27.6 mV, -36.2 mV, -31.2 mV, -47.1 mV
and -18.5 mV, respectively, which are very close to those
observed in the deionized water (pH 6.4), suggesting that
sequentially-functionalized materials remain stable during
biological assessment. The high stability of AuNPsTyr in
phosphate buffer saline (PBS) in the presence and absence of
serum is also evident from the UV-visible absorbance spectra
shown in the supporting information (Figure S1).

Illustrated in Figure 2A are the UV-visible absorbance
spectra of AuNPs at different stages of surface
functionalization. Pristine AuNPsTyr showed a surface plasmon

resonance (SPR) band with maximum at 525 nm, which shifted
red to 530 nm after functionalization with POMs in AuNPsTyr@PTA

and AuNPsTyr@PMA, indicating binding of electron-rich POM
molecules to AuNPsTyr surface. Further functionalization of
these materials with lysine did not result in any spectral shifts in
AuNPsTyr@PTA-Lys and AuNPsTyr@PMA-Lys and the SPR absorbance
maxima for these materials remained at 530 nm. Moreover,
post-POM functionalization, all the AuNPs showed blue shifts
in POM absorbance maxima, for instance from 255 nm in
pristine PTA to 250 nm in AuNPsTyr@PTA and AuNPsTyr@PTA-Lys,
and from 215 nm in pristine PMA to 205 nm in AuNPsTyr@PMA

and AuNPsTyr@PMA-Lys. The blue shift of POM molecules
concomitant with the red shift of Au SPR further affirms the
strong association of POM molecules with the AuNPs surface.
TEM images corresponding to sequentially-functionalized
AuNPs are depicted as insets in Figure 2A, showing that
AuNPsTyr obtained using tyrosine amino acid as a reducing and
capping agent are spherical in shape and highly
monodispersed (less than 15% polydispersity) with an average
diameter of 6 nm. Notably, AuNPs retain their monodispersity
and size even after sequential surface functionalization with
POMs and lysine. The particle size distribution histograms are
shown in Figure 2B-F and average particle diameters obtained
from TEM, as well as hydrodynamic radii obtained from DLS
measurements are listed in Table 1. Since DLS provides
information about the hydrodynamic radii of particles in
solution, an apparent increase in AuNPs size from DLS over
TEM measurements further indicates successful
functionalization of AuNPs with POMs and lysine. It is also
notable that although the hydrodynamic radii of AuNPsTyr

increased after their functionalisation with POMs, a reduction in
the hydrodynamic radii of nanoparticles was observed after
lysine functionalisation step. This is most likely due to the
strong electrostatic interaction between oppositely-charged
POM and lysine molecules that leads to the formation of a tight
organic corona around metal nanoparticles, as well as
molecular rearrangement between POM and lysine molecules,
thereby reducing the overall hydrodynamic radius post-lysine
functionalization.

Further, FTIR spectroscopy was employed to elucidate the
functionalization of different species onto AuNPs (Figure 3).
FTIR studies show that the carbonyl stretching vibration from
the carboxylate ion in tyrosine shifts from 1608 cm-1 in case of
pristine tyrosine to 1632 cm-1 in AuNPsTyr (Figure 3A). This shift
may be attributed to the formation of a quinone type structure
on the surface of AuNPsTyr due to oxidation of the phenolic
group in tyrosine, while tyrosine molecules act as reducing
agent for AuCl4- ions [25]. Mode of POM binding to the
AuNPsTyr was further studies by comparing the FTIR spectra
arising from pristine POM molecules and AuNPsTyr with that of
AuNPsTyr@PTA (Figure 3B) and AuNPsTyr@PMA (Figure 3C). The
Keggin structures of POMs (PTA - H3PW12O40 and PMA -
H3PMo12O40) consist of a cage of either W or Mo atoms linked
by O atoms with the P atom at the center of the tetrahedra
[26-29]. Oxygen atoms form distinct bonds both in case of PTA
(P–O, W–O–W, and W=O) and PMA (P–O, Mo–O–Mo, and
Mo=O) within their Keggin structure, which have
distinguishable infrared signatures. P–O corresponds to an
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Figure 1.  Schematic representation of tyrosine-mediated synthesis of gold nanoparticles (AuNPsTyr), followed by their
sequential surface functionalization with POMs (PTA or PMA) and lysine (Lys).  
doi: 10.1371/journal.pone.0079676.g001
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asymmetric stretching vibrational mode at the center of the
Keggin structure; W–O–W (or Mo–O–Mo) corresponds to
bending vibrational modes of O atoms that form a bridge
between the two W (or Mo) atoms within the Keggin structure,
and W=O (or Mo=O) corresponds to the asymmetric stretching
of terminal O atoms. The different vibrational modes observed
for pristine PTA, pristine PMA, AuNPsTyr@PTA, AuNPsTyr@PMA,
AuNPsTyr@PTA-Lys and AuNPsTyr@PMA-Lys are shown in the (Table
S1). The binding of PTA and PMA molecules to AuNPsTyr is
clearly evident from the shifts observed in the vibrational
modes of POM molecules in AuNPsTyr@PTA and AuNPsTyr@PMA.
Further functionalization of lysine molecules, leading to

AuNPsTyr@PTA-Lys and AuNPsTyr@PMA-Lys is also clearly evident
from additional shifts observed in the FTIR spectra of these
samples. These vibrational shifts are in agreement to those
previously proposed, indicating the complexation of tyrosine
and lysine amino acids with POM molecules, leading to an
amino acid-POM salt-like structure [30]. Therefore, FTIR
spectroscopy provides strong evidence that the amino acids
and POMs used for sequential functionalization of AuNPs
provide a stable corona around nanoparticles. The presence of
colloidal gold (Au°) in all the samples as well as the presence of
W and Mo in samples containing PTA and PMA, respectively
was further confirmed by XPS analysis (Table S2). The core

Table 1. AAS (for Au), ICP-MS (for W and Mo), zeta potential, particle size and hydrodynamic radii measurements of
AuNPsTyr, AuNPsTyr@PTA, AuNPsTyr@PTA-Lys, AuNPsTyr@PMA and AuNPsTyr@PMA-Lys.

Sample Name Metal concentration (ppm) Zeta potential (mV) Mean particle size (diameter / SD)(nm) Hydro-dynamic radius (nm)
 Au W Mo    
AuNPsTyr 100.0 - - -29.0 6.001 / 0.85 14.6
AuNPsTyr@PTA 100.0 50.2 - -35.5 6.157 / 0.87 24.1
AuNPsTyr@PTA-Lys 100.0 36.6 - -30.9 6.145 / 0.99 18.7
AuNPsTyr@PMA 100.0 - 6.8 -46.3 6.152 / 0.87 23.3
AuNPsTyr@PMA-Lys 100.0 - 3.0 -17.9 6.069 / 0.93 16.7

doi: 10.1371/journal.pone.0079676.t001

Figure 2.  UV-visible absorbance spectra (A) and TEM images of AuNPsTyr (a), AuNPsTyr@PTA (b), AuNPsTyr@PTA-Lys (c),
AuNPsTyr@PMA (d) and AuNPsTyr@PMA-Lys (e) with scale bars of 50 nm.  The UV-vis absorbance spectra of pristine PTA and PMA
molecules are also shown. Particle size distribution histograms (B-F) correspond to TEM images shown in (a-e), respectively.
doi: 10.1371/journal.pone.0079676.g002
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level binding energies (BE) of C1s, N1s, O1s, Au4f, W4f and
Mo4f obtained from XPS in different samples at the
adventitious C1s BE of 285 eV correlate well with the literature
values [24,31-34], confirming that AuNPs were coated with
PTA and PMA molecules in the respective samples.

Once detailed physico-chemical characterization of
sequentially surface functionalized AuNPs established
confidently that our synthesis methodology resulted in well-
controlled systems with different surface functionalities, we
compared the antibacterial properties of these materials
against Gram negative bacteria E. coli. Notably, metallic gold in
its colloidal from is predominantly considered highly
biocompatible [7], whereas PTA and PMA molecules are
considered toxic to the cells due to the presence of toxic heavy
metals in their structure (W and Mo, respectively) [20,35].
Therefore, we investigated the toxicity of sequentially
functionalized material in a concentration-dependent manner,
wherein the amount of W and Mo were kept constant in
different samples. It should be noted that since AuNPsTyr did
not contain any W or Mo, the amount of AuNPsTyr used as
respective controls was equivalent to the highest amount of Au
present (see details in Table S3).

Figure 4A compares the antimicrobial performance of
different AuNPs involving PTA at one of the functionalization
steps while Figure 4B compares those involving PMA
functionalization. AuNPsTyr were found non-toxic to the bacterial
cells, indicating that surface functionalization of AuNPs with
oxidized tyrosine amino acid residues during their synthesis
does not significantly influence their biocompatible nature.
However, surface functionalization of AuNPsTyr with POMs
turned them antibacterial active and further surface
modification with cationic amino acid lysine enhanced their
antibacterial potential significantly. This is evident from
comparing the antibacterial activity of different materials at a
particular POM concentration. For instance, at a fixed W
concentration of 10 µM, AuNPsTyr cause ca. 7% bacterial cell

death, which increases to 43% in the case of AuNPsTyr@PTA with
a further increase to more than 75% cell death by AuNPsTyr@PTA-

Lys. In comparison to PTA, equivalent amount of 10 µM PMA
exhibited higher antibacterial potential, leading to bacterial cell
death of ca. 49% and 96%, respectively when AuNPsTyr@PMA

and AuNPsTyr@PMA-Lys were employed for antibacterial action. It
is noteworthy that at higher tested POM concentration of 10
µM, lysine functionalization resulted in almost doubling the
antibacterial potential of AuNPsTyr@POM. The difference in the
antibacterial profile of AuNPsTyr@PTA and AuNPsTyr@PTA-Lys at
lower concentration of W (e.g. 2 µM) is even more remarkable
suggesting that lysine functionalization may enhance the
antibacterial efficiency by almost seven times.

To investigate whether this increase in toxicity arises due to
the cationic nature of lysine that improves the interaction of
lysine-functionalized nanomaterials with the negatively charged
bacterial cell wall, or whether the lysine molecules may also be
inherently toxic, we performed control experiments wherein
bacteria were incubated directly with lysine molecules. Pristine
lysine molecules did not show significant toxicity, suggesting
that the cationic nature of lysine molecules play an important
role in targeting nanomaterials to the bacteria. This further
supports our hypothesis that the antimicrobial profile of
inherently biocompatible AuNPs can be controllably fine-tuned
by their surface functionalization with appropriate molecules, as
demonstrated using POMs and lysine in this study. This
indicates that lysine functionalization of nanomaterials can
considerably improve their antibacterial activity because due to
their cationic nature, lysine can initially guide nanomaterials
towards negatively charged bacterial cells through electrostatic
forces, which improves the direct contact between bacterial
cells and nanomaterials enabling further interaction, ultimately
leading to cell death.

The direct role of lysine functionalization as a guiding
molecule to achieve higher antimicrobial activity was further
validated by comparing the amount of W/Mo and Au present in

Figure 3.  FTIR spectra in Panel A: tyrosine (1) and AuNPsTyr (2); in Panel B: PTA (1), AuNPsTyr@PTA (2), AuNPsTyr@PTA-Lys (3)
and lysine (4); and in Panel C: PMA (1), AuNPsTyr@PMA (2), AuNPsTyr@PMA-Lys (3) and lysine (4).  
doi: 10.1371/journal.pone.0079676.g003
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E. coli, when these cells are exposed to nanoparticles
containing 10 μM equivalent of W/Mo as in the previous
antimicrobial experiment shown in Figure 4 (Table S4). As
discussed further, while the amount of W/Mo present in the
bacterial cells could only provide the information in regards to
the antimicrobial PTA/PMA present in the cells, the evaluation
of the amount of Au associated with the cells provided
important information in regards to bacterial uptake efficiency
of different type of nanomaterials. It is clear that lysine
functionalization, both in the case of PTA and PMA system,
leads to an increase in the amount of POM present in the cells,
which also increases as a function of exposure time (6 h vs 9 h
exposure). While an increase in the exposure time from 6 to 9
h leads to a 13-21% increase in the bacterial POM
concentration, the AuNPsTyr@POM-Lys samples show 16-33%
enhancement in the bacterial POM concentration. Notably,
Table 1 shows that the AuNPsTyr@PTA-Lys have ~10 times higher
W ppm concentration than that of Mo in AuNPsTyr@PMA-Lys.
Hence, it is expected that in order to get the same 10 µM
concentration for dosing bacterial cells for the uptake studies
(Table S3), there must be a much higher AuNPsTyr@PMA-Lys

density in the culture media than that of AuNPsTyr@PTA-Lys. Figure
4 shows that the PMA system (Figure 4B) causes higher
antimicrobial activity than the PTA system (Figure 4A).
Whether this higher antimicrobial activity of PMA system is due
to higher nanoparticle exposure concentration or due to higher

inherent toxicity of PMA over PTA, or due to higher
nanoparticle uptake of PMA system over PTA can be
understood by comparing the amount of Au present in the
bacteria after nanoparticle exposure. Table S4 depicts that
before lysine-functionalization, both AuNPsTyr@PTA and
AuNPsTyr@PMA show similar uptake by E. coli. This suggests that
although a significantly larger proportion (~4 times – see Table
S3) of AuNPsTyr@PMA are exposed to bacterial cells in
comparison to AuNPsTyr@PTA, their uptake is still relatively
similar. It is also evident from Table S4 that lysine
functionalisation of AuNPsTyr@PTA and AuNPsTyr@PMA results in
different level of increase in Au uptake, wherein the
AuNPsTyr@PMA-Lys is taken up in almost double in quantity over
AuNPsTyr@PTA-Lys. The higher degree of uptake of AuNPsTyr@PMA-

Lys by E. coli and therefore higher cytotoxicity is most likely due
to the high lysine content on these materials. The relatively
high lysine content in AuNPsTyr@PMA-Lys over AuNPsTyr@PTA-Lys is
further evident from zeta-potential measurements (Table 1) that
show only 4.6 mV reduction in the zeta potential value of
AuNPsTyr@PTA-Lys (-30.9 mV) from AuNPsTyr@PTA (-35.5 mV),
whereas showing 28.4 mV reduction in the zeta potential in
AuNPsTyr@PTA-Lys (-17.9 mV) from AuNPsTyr@PTA (-46.3 mV).
These observations clearly confirm the role of lysine as the
guiding component in achieving higher antimicrobial efficiency.

The mode of interaction of different materials with bacterial
cell was further confirmed by monitoring the morphological

Figure 4.  Antibacterial profile of PTA and PMA functionalized materials against E. coli are shown in Panels A and B,
respectively.  Curves 1 and 2 correspond to control bacterial cells (1) and AuNPsTyr (2), respectively. Curves 3 and 4 correspond to
AuNPsTyr@PTA (3A), AuNPsTyr@PTA-Lys (a), AuNPsTyr@PMA (3B) and AuNPsTyr@PMA-Lys (4B). Doses on the x-axis correspond to either W
(Panel A) or Mo (Panel B), except in curves 2, where it corresponds to equivalent amount of Au as that present in respective curves
4.
doi: 10.1371/journal.pone.0079676.g004
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changes and extent of cell wall disruption in E. coli using nano-
SEM, wherein damaged regions in the nanoparticle-treated
bacterial cells have been shown by arrows (Figure 5). The
SEM images of bacteria without treatment (Figure 5A) and
those treated with AuNPsTyr (Figure 5B) are alike showing an
intact cell architecture with an oval morphology, thereby
supporting the antimicrobial tests that AuNPsTyr are nontoxic to
bacteria. However treatment of bacteria with POM- (Figure 5C
and E) and lysine-modified AuNPs (Figure 5D and F) for 20
min reveal morphological changes indicative of damage to the
bacterial cell integrity. The higher level of damage caused to
the bacterial cells by lysine-functionalized materials in
comparison to those functionalized only with POMs is also
evident. For instance, AuNPsTyr@PTA (Figure 5C) or
AuNPsTyr@PMA (Figure 5E) treatment of bacterial cells resulted in
significant roughening of the bacterial cell (shown by arrows),
suggesting the disruption of bacterial cell wall and membrane.
In comparison, AuNPsTyr@PTA-Lys (Figure 5D) and AuNPsTyr@PMA-

Lys (Figure 5F) treatment resulted in further damage to bacteria
as indicated with arrows, wherein sub-cellular components
oozing out of the bacteria due to complete disintegration of the
bacterial cells are seen to such an extent that bacterial cells
become indiscernible. Further, the most prominent effect of
AuNPsTyr@PMA-Lys against E. coli in comparison to other
nanoparticle systems is also evident from the comparison of
these SEM images as it is observed that bacterial cells
completely lose their morphological identity. From antimicrobial
experiments and SEM imaging of bacterial cells, it is clear that
AuNPs sequentially functionalized with POM and lysine cause
irreversible bacterial cell damage and ultimate cell death by
disrupting the integrity of bacterial cell wall and membrane.

Conversely, most of the conventional antibiotics such as
ciprofloxacin, doxycycline and ceftazidime act by initially
penetrating into bacteria, followed by interacting with its genetic
material, blocking cell-division and sometimes triggering
autolysins in targeted pathogens, rather than causing physical
damage to the bacterial cell wall [36]. In this mode of antibiotic
action, the bacterial morphology is preserved and therefore,
bacterial species may develop resistance against the antibiotic
[36]. In contrast to conventional antibiotics, many cationic
antimicrobial peptides do not have a specific target in bacteria
and they usually interact with the bacterial cell wall through an
electrostatic interaction leading to physical damage to the
bacterial cells by forming pores [37]. It has been established
that cationic antimicrobial peptides have the potential to
overcome bacterial resistance by such a physical mode of
action [38]. Since AuNPs-based antibacterial agents reported
in this study appear to employ a similar physical mode of action
against bacteria by causing cellular deformation leading to cell
death, it is likely that such nanomaterials may offer significant
opportunities to control pathogenic microorganisms by
preventing them to develop resistance. It should be noted that
although pristine AuNPsTyr were found to be relatively nontoxic
to E. coli, when we previously tested the AuNPsTyr against
Staphyolococcus albus, a Gram positive bacteria, they showed
very high toxicity, leading to over 90% bacterial cell death,
even without any surface functionalization [39]. Therefore, the
current study involving surface functionalization using POMs

and lysine could not be undertaken against Gram positive
bacteria. We are currently trying to understand why AuNPsTyr

showed selective toxicity against S. albus without showing any
signs of toxicity against E. coli.

Furthermore, in order to validate whether the sequential
surface functionalization strategy is applicable only for
antimicrobial application or it is equally applicable to
mammalian cancer cells due to the presence of POM
molecules in the outer corona, which are known to have
anticancer activities, we also investigated the cytotoxicity of
PTA-functionalized AuNPsTyr against A549 human lung
carcinoma cells (Figure 6). Interestingly, although at lower
concentrations (up to 2.5 µM), all the nanoparticles including
AuNPsTyr, AuNPsTyr@PTA and AuNPsTyr@PTA-Lys did not cause
apparent cytotoxicity to the lung carcinoma cells, at higher
concentrations of 5 and 10 µM, similar cytotoxicity trends as
those observed during antimicrobial studies against E. coli,
were obtained. This suggests that the negatively charged cell
membranes of mammalian cells interact with these sequentially
functionalized materials in a fashion similar to that with E. coli,
wherein AuNPsTyr@PTA-Lys show the highest cytotoxicity by virtue
of the ability of cationic lysine molecules to act as targeting
ligands to target cancer cells, AuNPsTyr@PTA show intermediate
toxicity due to anticancerous properties of POMs, and AuNPsTyr

show no toxicity due to highly biocompatible nature of gold
nanoparticles. However, the higher level of toxicity of these
materials to E. coli (5 µM concentration of AuNPsTyr-PTA-Lys

causes 80% bacterial death – Figure 4A) in comparison to
mammalian cells (5 µM concentration of AuNPsTyr-PTA-Lys causes
20% mammalian cell death – Figure 6) indicates that these
sequentially surface functionalized nanomaterials may offer
potential bacterial targetability characteristics to be applied
under in vivo settings. The applicability of these materials may
include external wounds and infections, wherein a fine control
between the control of bacterial infections and the growth of
new mammalian cells to fill the wound is considered extremely
important. The reason for higher toxicity of nanomaterials
prepared in this study against E. coli bacterial cells in
comparison to that in A549 mammalian cells is not clear at this
stage. However, one of the possible factors for selective
toxicity may be because E. coli and mammalian cells have
different lysine transporter systems, which may be responsible
for uptake of lysine-capped nanoparticles by E. coli and A549
cells with varying efficiencies, and hence difference in the level
of toxicity [40-42]. However, it is not straightforward to predict
whether lysine-capped nanoparticles are taken by the lysine
transport systems in a way similar to that free lysine is taken
up. For instance, it is now well-established that due to bulky
size, nanoparticles typically enter the mammalian cells through
endocytosis process, and whether this endocytosis process
dominates in mammalian systems over lysine transporter-
mediated active uptake, remains to be seen. Conversely,
bacteria do not typically show endocytosis behavior, and
therefore the role of lysine transporter systems might become
more important in E. coli for uptake of these nanoparticles.
These aspects are important to understand the underlying
mode of selective antimicrobial action of the proposed
materials and will be a subject of our future investigations.
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Figure 5.  SEM micrographs of E. coli bacterial cells before (A) and after treatments with AuNPsTyr (B), AuNPsTyr@PTA (C),
AuNPsTyr@PTA-Lys (D), AuNPsTyr@PMA (E) and AuNPsTyr@PMA-Lys (F).  Scale bars correspond to 1 μm and the regions of damage in
treated bacterial cells have been shown by arrows.
doi: 10.1371/journal.pone.0079676.g005

Antimicrobial Gold Nanoparticles

PLOS ONE | www.plosone.org 10 October 2013 | Volume 8 | Issue 10 | e79676



Conclusions

This study establishes the significant importance of the
complex corona surrounding nanoparticles towards controlling
nanomaterial properties for biological applications. In a typical
nanoparticle synthesis route, different capping agents are
employed during synthesis and when these materials are
tested for biological applications, the observed effect is
generally assigned either to nanoparticle composition, size or
shape. In most of the existing studies, the effect of nanoparticle
corona on biological mode of action is often neglected, if not
overlooked, which is now receiving considerable attention [15].

Due to this reason, nanomaterials of similar composition, size
and shapes, however those prepared using different synthesis
routes show different biological profile. This study successfully
employed a sequential surface functionalization approach
using POMs and lysine corona onto biocompatible AuNPs to
demonstrate that even highly biocompatible materials such as
gold can be turned highly antimicrobial and cytotoxic by using
simple ligands such as POMs and lysine through a sequential
functionalization process (Figure 7). This study strongly
indicates that as such, great care must be taken while
assigning biological mode of action to the physico-chemical
properties of different nanoparticle systems.

Figure 6.  Dose-dependent cytotoxicity profile of AuNPsTyr (1), AuNPsTyr@PTA (2) and AuNPsTyr@PTA-Lys (3) against A549
human lung carcinoma cells.  
doi: 10.1371/journal.pone.0079676.g006
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Figure 7.  Schematic representation of the summary outcome of this work showing increase in antimicrobial activity of
AuNPs after their sequential functionalization with POMs and lysine.  
doi: 10.1371/journal.pone.0079676.g007
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Supporting Information

Figure S1.  Stability analysis of AuNPsTyr in phosphate
buffer saline (PBS) in the presence and absence of serum
after 24 h incubation. No sign of aggregation of AuNPsTyr is
evident from no significant shifts in the surface plasmon
resonance maxima of AuNPsTyr.
(PDF)

Table S1.  FTIR vibrational modes arising from PTA, PMA,
AuNPsTyr, AuNPsTyr@PTA, AuNPsTyr @PTA-Lys, AuNPsTyr@PMA and
AuNPsTyr@PMA-Lys.
(PDF)

Table S2.  XPS binding energies of core levels present in
AuNPsTyr, AuNPsTyr@PTA, AuNPsTyr@PTA-Lys, AuNPsTyr@PMA and
AuNPsTyr@PMA-Lys.
(PDF)

Table S3.  Concentrations of Au and W/Mo in AuNPsTyr,
AuNPsTyr@PTA, AuNPsTyr@PTA-Lys, AuNPsTyr@PMA and
AuNPsTyr@PMA-Lys samples used for antimicrobial studies.
(PDF)

Table S4.  Concentrations of Au and W/Mo in 108 bacterial
cells after their exposure to AuNPsTyr@PTA, AuNPsTyr@PTA-Lys,

AuNPsTyr@PMA and AuNPsTyr@PMA-Lys for 6 and 9 h while using
10 μM equivalent of W/Mo as shown in last two columns of
Table S3.
(PDF)

Acknowledgements

Authors acknowledge the support of the Ian Potter Foundation
for establishing a multimode spectroscopy facility at RMIT
University that was used in this study. Authors also
acknowledge the support of RMIT Microscopy and
Microanalysis Facility (RMMF) for providing technical
assistance and access to their characterization facilities. The
technical assistance of Mr. Paul Morrison for acquiring ICP-MS
data and Ms Zahra Homan for acquiring AAS data is also duly
acknowledged.

Author Contributions

Conceived and designed the experiments: VB PRS HKD.
Performed the experiments: HKD RS. Analyzed the data: VB
HKD SKB. Contributed reagents/materials/analysis tools: VB.
Wrote the manuscript: VB HKD PRS RS SKB.

References

1. Leeb M (2004) Antibiotics: A shot in the arm. Nature 431: 892-893. doi:
10.1038/431892a. PubMed: 15496888.

2. Norrby SR, Nord CE, Finch R (2005) Lack of development of new
antimicrobial drugs: a potential serious threat to public health. Lancet
Infect Dis 5: 115-119. doi:10.1016/S1473-3099(05)70086-4. PubMed:
15680781.

3. Amin RM, Mohamed MB, Ramadan MA, Verwanger T, Krammer B
(2009) Rapid and sensitive microplate assay for screening the effect of
silver and gold nanoparticles on bacteria. Nanomedicine 4: 637-643.
doi:10.2217/nnm.09.50. PubMed: 19663592.

4. Lok CN, Ho CM, Chen R, He QY, Yu WY et al. (2007) Silver
nanoparticles: Partial oxidation and antibacterial activities. J Biol Inorg
Chem JBIC Publ Society Of Biological Inorganic Chemistry 12:
527-534. doi:10.1007/s00775-007-0208-z. PubMed: 17353996.

5. Li WR, Xie XB, Shi QS, Zeng HY, Ou-Yang YS et al. (2010)
Antibacterial activity and mechanism of silver nanoparticles on
Escherichia coli. Appl Microbiol Biotechnol 85: 1115-1122. doi:10.1007/
s00253-009-2159-5. PubMed: 19669753.

6. Lemire JA, Harrison JJ, Turner RJ (2013) Antimicrobial activity of
metals: mechanisms, molecular targets and applications. Nat Rev
Microbiol 11: 371-384. doi:10.1038/nrmicro3028. PubMed: 23669886.

7. Shukla R, Bansal V, Chaudhary M, Basu A, Bhonde RR et al. (2005)
Biocompatibility of gold nanoparticles and their endocytotic fate inside
the cellular compartment: A microscopic overview. Langmuir 21:
10644-10654. doi:10.1021/la0513712. PubMed: 16262332.

8. Connor EE, Mwamuka J, Gole A, Murphy CJ, Wyatt MD (2005) Gold
Nanoparticles Are Taken Up by Human Cells but Do Not Cause Acute
Cytotoxicity. Small 1: 325-327. doi:10.1002/smll.200400093. PubMed:
17193451.

9. Panacek A, Kvítek L, Prucek R, Kolar M, Vecerova R et al. (2006)
Silver colloid nanoparticles: Synthesis, characterization, and their
antibacterial activity. J Phys Chem B 110: 16248-16253. doi:10.1021/
jp063826h. PubMed: 16913750.

10. Martinez-Castanon GA, Nino-Martinez N, Martinez-Gutierrez F,
Martinez-Mendoza JR, Ruiz F (2008) Synthesis and antibacterial
activity of silver nanoparticles with different sizes. J Nanopart Res 10:
1343-1348. doi:10.1007/s11051-008-9428-6.

11. Morones JR, Elechiguerra JL, Camacho A, Holt K, Kouri JB et al.
(2005) The bactericidal effect of silver nanoparticles. Nanotechnology
16: 2346-2353. doi:10.1088/0957-4484/16/10/059. PubMed: 20818017.

12. Pal S, Tak YK, Song JM (2007) Does the antibacterial activity of silver
nanoparticles depend on the shape of the nanoparticle? A study of the
gram-negative bacterium Escherichia coli. Appl Environ Microbiol 73:
1712-1720. doi:10.1128/AEM.02218-06. PubMed: 17261510.

13. Wiesner MR, Lowry GV, Alvarez P, Dionysiou D, Biswas P (2006)
Assessing the risks of manufactured nanomaterials. Environ Sci
Technol 40: 4336-4345. doi:10.1021/es062726m. PubMed: 16903268.

14. Sapsford KE, Algar WR, Berti L, Gemmill KB, Casey BJ et al. (2013)
Functionalizing Nanoparticles with Biological Molecules: Developing
Chemistries that Facilitate Nanotechnology. Chem Rev 113:
1904-2074. doi:10.1021/cr300143v. PubMed: 23432378.

15. Daima HK, Periasamy S, Kandjani AE, Shukla R, Bhargava SK et al.
(2013) Synergistic influence of polyoxometalate surface corona towards
enhancing the antibacterial performance of tyrosine-capped Ag
nanoparticles. Nanoscale. doi:10.1039/C3NR03806H.

16. Hung A, Mager M, Hembury M, Stellacci F, Stevens MM et al. (2013)
Amphiphilic amino acids: a key to adsorbing proteins to nanopatterned
surfaces? Chemical. Science 4: 928-937.

17. Goodman CM, McCusker CD, Yilmaz T, Rotello VM (2004) Toxicity of
gold nanoparticles functionalized with cationic and anionic side chains.
Bioconjug Chem 15: 897 - 900. doi:10.1021/bc049951i. PubMed:
15264879.

18. Radovic-Moreno AF, Lu TK, Puscasu VA, Yoon CJ, Langer R et al.
(2012) Surface charge-switching polymeric nanoparticles for bacterial
cell wall-targeted delivery of antibiotics. ACS Nano 6: 4279-4287. doi:
10.1021/nn3008383. PubMed: 22471841.

19. Rhule JT, Hill CL, Judd DA, Schinazi RF (1998) Polyoxometalates in
medicine. Chem Rev 98: 327-357. doi:10.1021/cr960396q. PubMed:
11851509.

20. Yamase T (2005) Anti-tumor, -viral, and -bacterial activities of
polyoxometalates for realizing an inorganic drug. J Mater Chem 15:
4773-4782. doi:10.1039/b504585a.

21. Hasenknopf B (2005) Polyoxometalates: Introduction to a class of
inorganic compounds and their biomedical applications. Front Biosci
10: 275-287. doi:10.2741/1527. PubMed: 15574368.

Antimicrobial Gold Nanoparticles

PLOS ONE | www.plosone.org 13 October 2013 | Volume 8 | Issue 10 | e79676

http://dx.doi.org/10.1038/431892a
http://www.ncbi.nlm.nih.gov/pubmed/15496888
http://dx.doi.org/10.1016/S1473-3099(05)70086-4
http://www.ncbi.nlm.nih.gov/pubmed/15680781
http://dx.doi.org/10.2217/nnm.09.50
http://www.ncbi.nlm.nih.gov/pubmed/19663592
http://dx.doi.org/10.1007/s00775-007-0208-z
http://www.ncbi.nlm.nih.gov/pubmed/17353996
http://dx.doi.org/10.1007/s00253-009-2159-5
http://dx.doi.org/10.1007/s00253-009-2159-5
http://www.ncbi.nlm.nih.gov/pubmed/19669753
http://dx.doi.org/10.1038/nrmicro3028
http://www.ncbi.nlm.nih.gov/pubmed/23669886
http://dx.doi.org/10.1021/la0513712
http://www.ncbi.nlm.nih.gov/pubmed/16262332
http://dx.doi.org/10.1002/smll.200400093
http://www.ncbi.nlm.nih.gov/pubmed/17193451
http://dx.doi.org/10.1021/jp063826h
http://dx.doi.org/10.1021/jp063826h
http://www.ncbi.nlm.nih.gov/pubmed/16913750
http://dx.doi.org/10.1007/s11051-008-9428-6
http://dx.doi.org/10.1088/0957-4484/16/10/059
http://www.ncbi.nlm.nih.gov/pubmed/20818017
http://dx.doi.org/10.1128/AEM.02218-06
http://www.ncbi.nlm.nih.gov/pubmed/17261510
http://dx.doi.org/10.1021/es062726m
http://www.ncbi.nlm.nih.gov/pubmed/16903268
http://dx.doi.org/10.1021/cr300143v
http://www.ncbi.nlm.nih.gov/pubmed/23432378
http://dx.doi.org/10.1039/C3NR03806H
http://dx.doi.org/10.1021/bc049951i
http://www.ncbi.nlm.nih.gov/pubmed/15264879
http://dx.doi.org/10.1021/nn3008383
http://www.ncbi.nlm.nih.gov/pubmed/22471841
http://dx.doi.org/10.1021/cr960396q
http://www.ncbi.nlm.nih.gov/pubmed/11851509
http://dx.doi.org/10.1039/b504585a
http://dx.doi.org/10.2741/1527
http://www.ncbi.nlm.nih.gov/pubmed/15574368


22. Pope MT, Muller A (1991) Polyoxometalate chemistry: An old field with
new dimensions in several disciplines. Angewandte Chemie
(International Edition in English) 30: 34-48.

23. Hill CL, Prosser-McCartha CM (1995) Homogeneous catalysis by
transition metal oxygen anion clusters. Coord Chem Rev 143: 407-455.
doi:10.1016/0010-8545(95)01141-B.

24. Selvakannan PR, Swami A, Srisathiyanarayanan D, Shirude PS,
Pasricha R et al. (2004) Synthesis of aqueous Au core-Ag shell
nanoparticles using tyrosine as a pH-dependent reducing agent and
assembling phase-transferred silver nanoparticles at the air-water
interface. Langmuir 20: 7825-7836. doi:10.1021/la049258j. PubMed:
15323537.

25. Silverstein RB, Webster F, Kiemle D (1967) Spectrometric identification
of organic compounds. New York: John Wiley & Sons. 88 pp.

26. Iliev V, Tomova D, Bilyarska L, Tyuliev G (2007) Influence of the size of
gold nanoparticles deposited on TiO2 upon the photocatalytic
destruction of oxalic acid. J Mol Cat A Chem 263: 32-38. doi:10.1016/
j.molcata.2006.08.019.

27. Linsebigler AL, Lu G, Yates JT Jr (1995) Photocatalysis on TiO2
surfaces: Principles, mechanisms, and selected results. Chem Rev 95:
735-758. doi:10.1021/cr00035a013.

28. Pearson A, Bhargava SK, Bansal V (2011) UV-Switchable
Polyoxometalate Sandwiched between TiO2 and Metal Nanoparticles
for Enhanced Visible and Solar Light Photococatalysis. Langmuir 27:
9245-9252. doi:10.1021/la201655n. PubMed: 21711019.

29. Pearson A, Jani H, Kalantar-zadeh K, Bhargava SK, Bansal V (2011)
Gold Nanoparticle-Decorated Keggin Ions/TiO2 Photococatalyst for
Improved Solar Light Photocatalysis. Langmuir 27: 6661-6667. doi:
10.1021/la2007765. PubMed: 21534553.

30. Sanyal A, Mandal S, Sastry M (2005) Synthesis and Assembly of Gold
Nanoparticles in Quasi-Linear Lysine–Keggin-Ion Colloidal Particles.
Adv Funct Mater 15: 273-280. doi:10.1002/adfm.200400107.

31. Mandal S, Selvakannan PR, Pasricha R, Sastry M (2003) Keggin ions
as UV-switchable reducing agents in the synthesis of Au core-Ag shell
nanoparticles. J Am Chem Soc 125: 8440-8441. doi:10.1021/
ja034972t. PubMed: 12848542.

32. Bansal V, Rautaray D, Bharde A, Ahire K, Sanyal A et al. (2005)
Fungus-mediated biosynthesis of silica and titania particles. J Mater
Chem 15: 2583-2589. doi:10.1039/b503008k.

33. Joshi H, Shirude PS, Bansal V, Ganesh KN, Sastry M (2004)
Isothermal titration calorimetry studies on the binding of amino acids to
gold nanoparticles. J Phys Chem B 108: 11535-11540. doi:10.1021/
jp048766z.

34. Ramanathan R, Campbell JL, Soni SK, Bhargava SK, Bansal V (2011)
Cationic amino acids specific biomimetic silicification in ionic liquid: A
quest to understand the formation of 3-D structures in diatoms. PLOS
ONE 6: e17707. PubMed: 21408611.

35. Kong Y, Pan L, Peng J, Xue B, Lu J et al. (2007) Preparation and
antibacterial activity of nanorod-amino acid polyoxometalates. Mater
Lett 61: 2393-2397. doi:10.1016/j.matlet.2006.09.023.

36. Nederberg F, Zhang Y, Tan JPK, Xu K, Wang H et al. (2011)
Biodegradable nanostructures with selective lysis of microbial
membranes. Nat Chem 3: 409-414. doi:10.1038/nchem.1012. PubMed:
21505501.

37. Hancock REW, Lehrer R (1998) Cationic peptides: A new source of
antibiotics. Trends Biotechnol 16: 82-88. doi:10.1016/
S0167-7799(97)01156-6. PubMed: 9487736.

38. Hancock REW (1997) Peptide antibiotics. Lancet 349: 418-422. doi:
10.1016/S0140-6736(97)80051-7. PubMed: 9033483.

39. Daima HK, Selvakannan P, Homan Z, Bhargava SK, Bansal V (2011)
Tyrosine mediated gold, silver and their alloy nanoparticles synthesis:
Antibacterial activity toward gram positive and gram negative bacterial
strains; 2011 International Conference on Nanoscience, Technology
and Societal Implications, NSTSI11. pp. 1-6.

40. Rosen BP (1971) Basic amino acid transport in Escherichia coli. J Biol
Chem 246: 3653-3662. PubMed: 4931309.

41. Flynn KJ, Syrett PJ (1986) Utilisation of L-lysine and L-arginine by the
diatom Phaeodactylum tricornutum. Mar Biol 90: 159-163. doi:10.1007/
BF00569122.

42. Devés R, Boyd CAR (1998) Transporters for cationic amino acids in
animal cells: Discovery, structure, and function. Physiol Rev 78:
487-545.

Antimicrobial Gold Nanoparticles

PLOS ONE | www.plosone.org 14 October 2013 | Volume 8 | Issue 10 | e79676

http://dx.doi.org/10.1016/0010-8545(95)01141-B
http://dx.doi.org/10.1021/la049258j
http://www.ncbi.nlm.nih.gov/pubmed/15323537
http://dx.doi.org/10.1016/j.molcata.2006.08.019
http://dx.doi.org/10.1016/j.molcata.2006.08.019
http://dx.doi.org/10.1021/cr00035a013
http://dx.doi.org/10.1021/la201655n
http://www.ncbi.nlm.nih.gov/pubmed/21711019
http://dx.doi.org/10.1021/la2007765
http://www.ncbi.nlm.nih.gov/pubmed/21534553
http://dx.doi.org/10.1002/adfm.200400107
http://dx.doi.org/10.1021/ja034972t
http://dx.doi.org/10.1021/ja034972t
http://www.ncbi.nlm.nih.gov/pubmed/12848542
http://dx.doi.org/10.1039/b503008k
http://dx.doi.org/10.1021/jp048766z
http://dx.doi.org/10.1021/jp048766z
http://www.ncbi.nlm.nih.gov/pubmed/21408611
http://dx.doi.org/10.1016/j.matlet.2006.09.023
http://dx.doi.org/10.1038/nchem.1012
http://www.ncbi.nlm.nih.gov/pubmed/21505501
http://dx.doi.org/10.1016/S0167-7799(97)01156-6
http://dx.doi.org/10.1016/S0167-7799(97)01156-6
http://www.ncbi.nlm.nih.gov/pubmed/9487736
http://dx.doi.org/10.1016/S0140-6736(97)80051-7
http://www.ncbi.nlm.nih.gov/pubmed/9033483
http://www.ncbi.nlm.nih.gov/pubmed/4931309
http://dx.doi.org/10.1007/BF00569122
http://dx.doi.org/10.1007/BF00569122

	Fine-Tuning the Antimicrobial Profile of Biocompatible Gold Nanoparticles by Sequential Surface Functionalization Using Polyoxometalates and Lysine
	Introduction
	Materials and Methods
	Reagents and Materials
	Tyrosine-mediated synthesis of AuNPsTyr
	Sequential surface functionalization of AuNPsTyr with POMs and L-lysine
	Antibacterial assays of POMs and lysine-functionalized AuNPs
	Cytotoxicity evaluation of surface-functionalized AuNPs in A549 human lung carcinoma cells
	Nanomaterial characterization

	Results and Discussion
	Conclusions
	Supporting Information
	Acknowledgements
	Author Contributions
	References


