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A method for the production of highly stable gold nanoparticles (Au NP) was optimized using sodium boro-
hydride as reducing agent and bovine serum albumin as capping agent. The synthesized nanoparticles were
characterized using UV-visible spectroscopy, transmission electron microscopy, X-ray diffraction (XRD) and
dynamic light scattering techniques. The formation of gold nanoparticles was confirmed from the appearance
of pink colour and an absorption maximum at 532 nm. These protein capped nanoparticles exhibited excel-
lent stability towards pH modification and electrolyte addition. The produced nanoparticles were found to be

ii{}ﬁg?:;ial spherical in shape, nearly monodispersed and with an average particle size of 7.8 + 1.7 nm. Crystalline nature
Antibiotics of the nanoparticles in face centered cubic structure is confirmed from the selected-area electron diffraction
Bovine serum albumin and XRD patterns. The nanoparticles were functionalized with various amino-glycosidic antibiotics for utilizing
Drug delivery them as drug delivery vehicles. Using Fourier transform infrared spectroscopy, the possible functional groups of

Gold nanoparticles
In vitro stability

antibiotics bound to the nanoparticle surface have been examined. These drug loaded nanoparticle solutions
were tested for their antibacterial activity against Gram-negative and Gram-positive bacterial strains, by well
diffusion assay. The antibiotic conjugated Au NP exhibited enhanced antibacterial activity, compared to pure
antibiotic at the same concentration. Being protein capped and highly stable, these gold nanoparticles can act
as effective carriers for drugs and might have considerable applications in the field of infection prevention and

therapeutics.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Gold nanoparticles are well-suited for a wide range of biological
applications because of their unique physical and chemical proper-
ties [1]. The important advantages of gold nanoparticles are due to its
(i) non-toxic and biologically inert nature [1-4]; (ii) convenient synthe-
sis in a variety of sizes with great control [2]; (iii) effectual attachment
of pharmaceutical compounds through electrostatic, covalent or non-
covalent interactions [1,2]; and (iii) stabilizing agent tailorability for
specific cell targeting, controlled release of the drug etc. [2]. Thus, gold
nanoparticles were used as drug delivery vehicles for various antibiotics
such as ciprofloxacin [5], streptomycin, gentamicin, neomycin, kana-
mycin, ampicillin, [6-8], vancomycin [9,10] and antileukemic drugs in-
cluding doxorubicin hydrochloride [2] and 5- fluorouracil [11].

It is pertinent to note that in previous studies on Au NP conjugated
with amino-glycosidic antibiotics, the conjugated products were a blue
mixture of aggregates. For these aggregated conjugates, an increase
in the antibacterial activity is reported based on well diffusion assay
[7.8]. But, the diffusion of particle aggregates was questioned by other
researchers and even with stable conjugates of Au NP-gentamicin no
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enhancement in antibacterial activity was observed [6]. The stability
of nanoparticles over time (storage) and under different pH and elec-
trolytic environments are the prerequisites for using nanoparticles for
drug delivery applications [2]. Hence, in this study we have synthesized
BSA capped gold nanoparticles and prepared stable conjugates of
amino-glycosidic antibiotics including; streptomycin, neomycin, genta-
micin and kanamycin, Then, these Au NP-antibiotic conjugates were
tested against both the Gram classes of bacteria.

We have examined the use of bovine serum albumin (BSA) capped
gold nanoparticles as carriers for the amino-glycosidic antibiotics. The
interesting features of BSA motivated us to use this biopolymer as a
model capping agent for gold nanoparticles. It is an abundant plasma
carrier protein with well characterized structure [12,13]; and impor-
tant physiological roles [12-14]. Moreover, protein capping makes
the nanoparticles water dispersible and biocompatible at high elec-
trolyte concentrations [15]. In addition, BSA as a stabilizing agent pro-
vides the necessary functional group for efficient loading of the drug
on the nanoparticle surface [2]. Thus, the utilization of this protein
capped gold nanoparticles with superior stability for drug delivery
applications will be an added advantage.

The present study focuses on the synthesis, in vitro stability, char-
acterization, functionalization of Au NP with amino-glycosidic class of
antibiotics; and evaluation of their antibacterial activity on Gram-
positive and Gram-negative bacteria.
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2. Materials and methods
2.1. Materials

Chloroauric acid trihydrate (Sigma-Aldrich, Bengaluru, India),
bovine serum albumin (BSA) fraction V (Sigma, Bengaluru, India)
and sodium borohydride (NaBH4) (E. Merck, Mumbai, India) were
used for the synthesis. Amino-glycosidic antibiotics; streptomycin
sulphate (Sigma, Bengaluru, India), neomycin sulphate, gentamicin
sulphate and kanamycin sulphate (Himedia, Mumbai, India) were
used to conjugate the generated gold nanoparticles. Millipore water
was used as a solvent for all the experiments.

2.2. Synthesis of gold nanoparticles

To an aqueous solution of chloroauric acid containing 100 pg of Au®™,
a 100 ul of 10% BSA solution was added and stirred for 10 min. A 500 ul
of anice cold, freshly prepared solution of 0.1 M NaBH, was added slow-
ly to the above reaction mixture, under continuous stirring. The synthe-
sized nanoparticles have final gold and BSA concentrations of 0.125 mM
and 0.05%, respectively in a volume of 20 ml, at pH 2.3. Control experi-
ments indicated that the optimum particle size distribution and stability
were achieved at the conditions mentioned above, The synthesized Au
NP were washed by centrifuging (15,000 rpm, 30 min) and redispersing
in MilliQ water in order to remove unreacted components, The washed
preparation was then stored in an amber coloured bottle at room tem-
perature. An aliquot of this preparation was used in all experiments.
The effect of different variables such as concentrations of BSA and sodi-
um borohydride; and stirring time etc. on nanoparticle synthesis has
been studied (Supplementary Fig. 1).

2.3. Preparation of Au NP-antibiotic conjugates

A stock solution (10 mg/ml) of streptomycin sulphate, neomycin
sulphate, gentamicin sulphate and kanamycin sulphate were pre-
pared and stored at — 20 °C, For the conjugation of gold nanoparticles
with antibiotics, a 0.5 ml of the antibiotic stock was added drop wise
to 5 ml of washed Au NP solution under stirring for 18 h condition.
These Au NP-antibiotic conjugates were then stored at 4 °C and
used for all further experiments.

2.4. Characterization of synthesized gold nanoparticles

The UV-visible absorption spectra of the prepared colloidal solu-
tions were recorded using an Elico SL 196 spectrophotometer
(Hyderabad, India), from 250 to 800 nm. The electrolyte stability of
the synthesized nanoparticles was checked by adding 50 pl of differ-
ent concentrations (0.025-0.1 M) of sodium chloride solutions to
1 ml of nanoparticles. The stability of the nanoparticle solutions was
also studied in the pH window of 2.7-11. The size and shape of the
nanoparticles were obtained with Philips CM200 (New York, USA)
transmission electron microscope (TEM), operating at 200 kV. The
samples were prepared by depositing a drop of colloidal solution on
a carbon coated copper grid and drying at room temperature. The
X-ray diffraction analysis was conducted with a Rigaku, Ultima IV
diffractometer (Tokyo, Japan) using monochromatic Cu Ko radiation
(A=1.5406 A) running at 40 kV and 30 mA. The intensity data for
the nanoparticle solution deposited on a glass slide was collected
over a 20 range of 35-70° with a scan rate of 1°/min. The IR spectra
of the samples were recorded using a JASCO Inc., FT/IR-4200 spec-
trometer (Tokyo, Japan); over a spectral range of 1000-4000 cm™*.
The hydrodynamic diameter and zeta potential values of the func-
tionalized nanoparticles were assessed with a Malvern Zetasizer
Nanosystem (Worcestershire, UK).
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Fig. 1. The UV-visible absorption spectra of BSA capped gold nanoparticles loaded with
amino-glycosidic antibiotics. The inset picture shows the colour of the solutions. (a) Au
NP, (b) Au NP-streptomycin, (c) Au NP-neomycin, (d) Au NP-gentamicin and (e) Au NP-
kanamycin.

2.5. Antibacterial assay

These drug loaded nanoparticle solutions were tested for their
antibacterial activity against Gram-negative (Escherichia coli ATCC
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Fig. 2. The UV-vis absorption spectra showing the in vitro stability of protein stabilized
gold nanoparticles, at (a) pH window of 2.7-11 and (b) sodium chloride concentra-
tions of 0.025-0.1 M.
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25922, Pseudomonas aeruginosa ATCC 27853) and Gram-positive
(Staphylococcus aureus ATCC 25923) bacterial strains, using well dif-
fusion assay. All the glassware, plasticware and media used were ster-
ilized in an autoclave at 121 °C for 20 min. The bacterial suspension
was prepared by growing a single colony overnight in nutrient
broth and then adjusting the turbidity to 0.5 McFarland standard.
Mueller Hinton agar plates were inoculated with this bacterial sus-
pension and 10 ul of solution containing 0.25 ug of nanoparticles con-
jugated with 10 ug of antibiotics was added to the center well with
a diameter of 6 mm. Negative and positive control wells were
maintained with 0.25 ug of nanoparticles and 10 g of antibiotics, re-
spectively. These plates were incubated at 37 °C for 24 h in a bacteri-
ological incubator and the zone of inhibition (ZOIl) was measured by
subtracting the well diameter from the total inhibition zone diameter.
Three independent experiments were carried out with each bacterial
strain.

3. Results and discussion
3.1. UV-visible spectroscopy (UV-vis)

The synthesis of nanoparticles was recorded by measuring the
absorption spectra of synthesized gold nanoparticles. The formation
of gold nanoparticles was confirmed from the appearance of pink col-
our in the reaction mixture and an absorption maximum at 532 nm
(Fig. 1). The UV-vis spectra of the nanoparticles conjugated with
various antibiotics were also measured. It has been observed that
the peak position and solution color does not change even after con-
jugating with antibiotics, indicating the non-aggregated nature of the
functionalized nanoparticles (Fig. 1).

3.2. Stability of synthesized gold nanoparticles

The solutions of gold nanoparticles capped with BSA are clear pink,
without any colour change and visual aggregation, even after one
year of storage at room temperature, This observation is also validated
from the absorbance spectra of nanoparticles, which showed hardly
any change in the A, and intensity values with storage time (Supple-
mentary Fig. 2). In addition, the stability of the nanoparticles is unaf-
fected by the pH changes and high salt concentration (Fig. 2). These
solutions are stable in both acidic and alkaline media, from a pH range
of 2.7-11, with no obvious change in absorbance intensity and peak
position at 532 nm. And, even the addition of sodium chloride up to
0.1 M did not cause any particle aggregation, indicating superior elec-
trolyte stability. Thus, the gold nanoparticles formed by this method
are highly stable and well dispersed in nature. A similar feature of in
vitro stability was reported for gold nanoparticles stabilized with gellan
gum [2], tea phytochemicals [4] and guavanoic acid [16].

3.3. Transmission electron microscopy

Fig. 3 shows the TEM images of the gold nanoparticles capped with
0.05% BSA. The synthesized nanoparticles are spherical in shape, nearly
monodispersed and with an average particle size of 7.8+ 1.7 nm. The
electron micrographs of the Au NP-streptomycin are depicted in Fig, 4.
These nanoparticles retained the spherical morphology and the average
particle size obtained from the corresponding diameter distribution
was about 8.642.8 nm (Fig. 4d). This data supports the absence of
nanoparticle aggregation after conjugation, which is substantiated
from the absorption spectra and solution colour (Fig. 1). The selected-
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Fig. 3. TEM images of produced gold nanoparticles, at (a) 50 nm and (b) 20 nm scale. (c) corresponding SAED pattern and (d) histogram showing the particle size distribution.
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Fig. 4. TEM images of Au NP-streptomycin, at (a) 50 nm and (b) 20 nm scale. (c) corresponding SAED pattern and (d) histogram showing the particle size distribution.

area electron diffraction (SAED) patterns depicted in Figs. 3 and 4
exhibit concentric rings, indicate that these nanoparticles are highly
crystalline, These rings can be attributed to the diffraction from the
(111), (200), (220) and (311) planes of face centered cubic (fcc) gold.
The effect of antibiotic loading on the hydrodynamic diameter of nano-
particles was also investigated (Table 1). The data establishes that the
functionalization of nanoparticles with antibiotics may not cause
much change in the hydrodynamic radius, thereby revealing the non-
aggregated nature of drug loaded nanoparticles.

3.4. X-ray diffraction (XRD)

The XRD technique was used to determine and confirm the crystal
structure of prepared gold nanoparticles. There were three well-
defined characteristic diffraction peaks at 38.0°, 44.9° and 64.5°,
respectively, corresponding to (111), (200) and (220) planes of face
centered cubic (fcc) crystal structure of metallic gold (Fig. 5). The
interplanar spacing values (dy, . ;) values (2.366, 2.017 and 1.443 A)
calculated from the XRD spectrum of gold nanoparticles are in agree-
ment with the standard gold values. Thus, the XRD pattern further
corroborates the highly crystalline nature of nanoparticles observed
from SAED patterns (Figs. 3 and 4). The lattice constant calculated

Table 1
The hydrodynamic diameter and zeta potential values of the functionalized gold
nanoparticles.

Nanoparticles Size (nm) Zeta potential (mV)
Au NP 55.44 +11.3
Au NP-streptomycin 42.45 +16.3
Au NP-kanamycin 52.58 +12.6
Au NP-gentamicin 63.96 +12.3
Au NP-neomycin 72.76 +11.7

from this pattern was 4.071 A, a value which is in agreement with
the value reported in literature for gold (JCPDS PDF card 04-0784).
Also, the broadening of the diffraction peaks was observed owing to
the effect of nano-sized particles.

3.5. Fourier transform infrared spectroscopy (FIIR)

The nature of binding of antibiotics to the nanoparticles has been
investigated by FTIR technique (Fig. 6). All the amino-glycosidic
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Fig. 5. The X-ray diffraction pattern of synthesized gold nanoparticles, indicating face
centered cubic (fcc) crystal structure.
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Fig. 6. FTIR spectra of (a) Au NP, streptomycin and Au NP-streptomycin, (b) Au NP, kanamycin and Au NP-kanamycin, (c) Au NP, neomycin and Au NP-neomycin and (d) Au NP,

gentamicin and Au NP-gentamicin.

antibiotics revealed characteristic absorption bands corresponding to
N-H bending frequency at 1600-1652 cm™'. The distinctive NH,
stretching frequencies of the amine groups were noticed at 3435,
3491, 3456 and 3482 cm ™~ for the antibiotics streptomycin, kanamy-
cin, neomycin and gentamicin, respectively. In the case of antibiotic
conjugated gold nanoparticles, the corresponding NH, peaks were
broadened and shifted to higher wavelengths. Based on the data,
it can be concluded that amino groups of the antibiotics are bound
to gold nanoparticle surface. In a study carried out with amino-
glycosidic antibiotics protected gold nanoparticles, similar observa-
tions were noted [7]. It is reported that the nitrogen atom of the NH
moiety of piperazine group binds on the gold surface, in the case of
ciprofloxacin protected gold nanoparticles [5]. From the data, it is
demonstrated that the capped gold nanoparticles act as effective
anchor for transporting large amount of antibiotics on their surface
via electrostatic interaction between the amine group of drugs and
gold nanoparticles [7,9,13]. The absorption peak at 1399 cm ™! was
observed only for gold nanoparticles, attributed to symmetrical
stretching vibration of carboxylate group. The exhibited peak at
1600-1652 cm ™! for gold nanoparticles can also be identified as
amide I, which arises due to the carbonyl stretching vibrations in the
amide linkages of the proteins. Further, these IR data also confirms
the coating of the nanoparticles by the protein BSA.

3.6. Antibacterial activity

The highly stable nanoparticles were used to load the amino-
glycosidic antibiotics (streptomycin, neomycin, gentamicin and kana-
mycin). After 24 h of incubation at 37 °C, the negative control plates
loaded with 0.25 ug of BSA capped nanoparticles did not produce
any ZOI. These nanoparticles did not produce any ZOI even at 5 ug
loading (Supplementary Fig. 3). While, growth suppression was ob-
served in plates loaded with antibiotics and Au NP-antibiotics. The

antibiotic functionalized nanoparticles showed superior antibacterial
activity, compared to pure antibiotic at the same concentration of 10 g,
The % enhancement in antibacterial activity for Gram-negative E. coli
and P. aeruginosa strains was in the order of Au NP-streptomycin> Au
NP-neomycin > Au NP-gentamicin> Au NP-kanamycin (Figs. 7 and 8).
In the case of Gram-positive S. aureus strain, the order was found to
be Au NP-streptomycin>Au NP-kanamycin>Au NP-neomycin > Au
NP-gentamicin (Fig. 9). Among these amino-glycosidic antibiotics,
streptomycin loaded nanoparticles has shown highest activity against
both the Gram classes of bacteria. This probably depends upon the
zeta potential values of the nanoparticle solutions (Table 1). The zeta

28 ..........
L Artitiotic

27 AuNP-antibiotic
{353.5%)

(23.8%)

{18.8%)

24 -
{4.7%:}

20

Zone of inhibition (rmm)

16

Straptomycin Neormyin Geantamicin K;anai‘nycm

Au NP {0.25pg}) + Antibiotic (10p0)

Fig. 7. Inhibition zones observed for the strain E. coli ATCC 25922 with antibiotic and
antibiotic functionalized gold nanoparticles. Error bars represent standard deviation
of the mean. Values given in () indicate the % enhancement in antibacterial activity.
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Fig. 8. Inhibition zones observed for the strain P. aeruginosa ATCC 27853 with antibiotic
and antibiotic functionalized gold nanoparticles. Error bars represent standard devia-
tion of the mean. Values given in () indicate the % enhancement in antibacterial
activity.

potential value of Au NP-streptomycin is + 16.3, which is highest com-
pared to other preparations. Such a positive correlation between
antibacterial activity and zeta potential of the nanoparticles was previ-
ously reported for chitosan tripolyphosphate nanoparticles loaded with
metal ions [17]. Under acidic environment, protonation of amino groups
of antibiotics results in positive charge on the surface of nanoparticles.
Thus, the positively charged functionalized nanoparticles bind to the
negatively charged bacterial cell surface and disrupt the cellular func-
tioning [17-19]. Also, the zeta potential imparts stability to the aqueous
nanoparticle solutions, which is necessary for exhibiting any biological
activity. When compared with Gram-negative bacteria, Gram-positive
strain S. aureus is more susceptible to functionalized nanoparticles
except Au NP-gentamicin, which possibly depends upon cell wall
structure [19].

Such an enhancement in antimicrobial activity was observed for
drugs conjugated to gold nanoparticles including; streptomycin, gen-
tamicin, neomycin, ampicillin, kanamycin, vancomycin [7-10] and 5-
fluorouracil [11]. To further assess our results, we have compared our
values with the available report using corresponding bacterial strains,
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Fig. 9. Inhibition zones observed for the strain S. aureus ATCC 25923 with antibiotic and
antibiotic functionalized gold nanoparticles. Error bars represent standard deviation of
the mean. Values given in () indicate the % enhancement in antibacterial activity.

at equivalent concentrations. For E. coli the % enhancement in activity
was found to be higher by 2.7 and 3.6 times, for Au NP-streptomycin
and Au NP-neomycin, respectively. In the case of P. aeruginosa, it was
more by a factor of 2.1 and 1.4 for the respective Au NP-streptomycin
and Au NP-gentamicin. While for S. aureus, the activity was superior
by 2.1 and 1.7 times for the corresponding Au NP-streptomycin and
Au NP-gentamicin [7]. Thus, the antibacterial activity of drug loaded
gold nanoparticles observed by us is greater than the reported values.
Similarly increased cytotoxic effects on human glioma cell lines
were demonstrated with gold nanoparticles loaded with doxorubicin
hydrochloride, an anticancer antibiotic [2]. It was also established
that the gold nanoparticles conjugated with antibiotics (ampicillin,
streptomycin and kanamycin) exhibit greater thermal stability as
compared to corresponding free antibiotics [8]. When gold nano-
particles were used as carriers, the release of drug for an extended
period of time was observed for ciprofloxacin [5]. In addition, the
capped proteins retain their secondary structure on nanoparticle sur-
face and protein capping makes the nanoparticles biocompatible [15].
It is reported that the functional unit used as a capping/stabilizing
agent plays an important role and determines the tissue distribution
profile of gold nanoparticles. In experiments carried out with swine,
the majority of the dosed gold was located in the liver for the gum
arabic-stabilized Au NP, while it was present in the lungs for the
maltose stabilized Au NP [3]. Earlier studies carried out with BSA
capped gold nanoparticles have shown the dependence of cellular up-
take both on the size and surface coating of the nanoparticles [20].
Thus, our results suggest that these stable gold nanoparticles can act
as efficient drug delivery vehicles and might have considerable bio-
medical applications like detection and therapy of various diseases
after conjugation with suitable therapeutic molecules. The possible
reasons for enhancement of antibacterial activity of antibiotic loaded
gold nanoparticles are the superior stability with no shift in the UV-
vis spectrum and solution colour; and transport of a large number
of antibiotic molecules into a highly localized volume at the site of
(in the proximity of) bacterium-particle contact [1,6].

4. Conclusions

In this study, a method for the production of highly stable, protein
capped gold nanoparticles is reported. The generated nanoparticles
showed excellent in vitro stability towards pH changes and high salt
concentration, which are necessary for biomedical applications. The
nanoparticles were functionalized with various amino-glycosidic anti-
biotics and evaluated against Gram-negative and Gram-positive bacte-
ria. The conjugated nanoparticles exhibited enhanced antibacterial
activity, compared to pure antibiotic. The results suggest that these
metal nanoparticles can be used as effective carriers for antibiotic
molecules and have potential biosensing [15] and cell targeting [3,20]
applications.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.msec.2012.04.044.
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