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1. ABSTRACT 
 

Colloidal gold is very attractive for several 
applications in biotechnology because of its unique 
physical and chemical properties. Many different synthesis 
methods have been developed to generate gold 
nanoparticles (AuNPs). Here, we will introduce these 
methods and discuss the differences between fabrication 
techniques. We will also discuss ecofriendly synthesis 
methods being developed to efficiently generate AuNPs 
without the use of toxic substrates. Finally, we will discuss 
the medical applications for AuNPs by highlighting the 
potential use of intact or functionalized AuNPs in 
combating bacterial infections. 
 
2. INTRODUCTION 
 

It is a well-known fact that all the matter in the 
universe is composed of atoms, regarded as the building 
blocks. Based on the arrangement and size of atoms, small 
localized matter, i.e. particles, are classified as coarse 
particles (10,000-2,500 nm), fine particles (2,500-100 nm) 
and ultrafine particles (1-100 nm) (Figure 1) (1) and the 
smallest of these categories, ultrafine particles, are also

 
 
 
 
 
 
 
 
commonly regarded as nanoparticles (Figure 2) (2). The 
branch of science dealing with nanoparticles, known as 
‘nanotechnology’, has emerged as an area of intense 
scientific research and encompasses applications in the 
fields of medicine, electronics, biomaterials, energy storage 
production (3-6). This is clearly evident from the 
exponential growth (Figure 3) of research articles in the 
area of nanotechnology over last decade (7). The great 
potential of nanoparticles is due to the unique properties of 
elements when their size is reduced to nano-meter level. In 
general, the properties of particles above the nano-meter 
size do not differ significantly to their bulk counterparts. 
However, when particles are reduced to their nano-level, 
their physical and chemical properties (e.g., melting point, 
fluorescence, electrical conductivity, magnetic permeability 
and chemical reactivity) can drastically change. The 
changes in these properties are highly influenced by their 
size, shape and nature of surrounding environment (8). 
Lately, colloidal gold nanoparticles which have been 
known to mankind since the Roman times for their brilliant 
colors have gained much attention due to its potential for 
wide range of biological applications wherein the optical
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Figure 1. Classification of particles on the basis of their 
size distribution in the nanometer scale range. 
 

 
 
Figure 2. A schematic illustration of some of the examples 
of size and their comparison at different size level. (Credit: 
National Nanotechnology Coordination Office). 
 
properties of AuNPs are finely tuned by varying the 
morphological and reaction characteristics to yield AuNPs 
of desired shape and size (9). This review focuses on some 
of the basic aspects of AuNPs emphasizing on its history 
and existence since the ancient period, properties of 
AuNPs, various available synthetic routes and finally an 
overview of various AuNPs used either intact or conjugated 
with different functional moieties as an effective 
antibacterial agent along with their mechanism of action as 
found out from various individual studies all across the 
world. 
 

3. GOLD NANOPARTICLES 
 
3.1. A historical perspective 

Historically, interest in nanotechnology is 
highlighted by the presentation entitled “There’s a Plenty of 
Room at the Bottom” by Richard P. Feynman during 
American physical society meeting at California in 1959 
(10). Dr. Feynman described a process by which individual 
atoms and molecules could be manipulated, serving as 
potential candidates for future innovation and development. 
At present, nanoparticles can be broadly classified into five 
different categories viz. semiconductor quantum dots, 
magnetic nanoparticles, polymeric particles, carbon-based 
nanostructures and metallic nanoparticles (8). These are 
known as engineered nanoparticles as they do not occur 
naturally. Each of these nanostructures have characteristic 
properties and applications. For example, semiconductor 
quantum dots demonstrate fluorescent properties that are 
useful for biological labeling and imaging (11), and the 
magnetic properties of magnetic nanoparticles provide 
powerful tools for cell sorting, magnetic resonance 
induction, drug delivery and magnetic hyperthermia 
therapy (12). In contrast to the other categories, potential 
applications of metallic nanoparticles have proven to be the 
most flexible because of the ease in synthesis and control 
over size, shape, composition, structure and assembly. This 
results in fine tunability of their optical properties which 
forms the basis for various applications (13-15). Among all 
the metals that are commonly used for making 
nanoparticles, gold is the most widely used and studied 
metal for biological applications. 

 
Gold is a soft, malleable, transition metal with the 

electronic configuration represented by (Xe) 4f145d106s1 
and is one of the least chemically active elements (16). 
While commonly used as a precious metal for jewelry, 
colloidal gold, unlike bulk gold, is considered to be highly 
reactive, allowing for new applications. Gold salts have 
potent anti-inflammatory properties and have been 
administered to reduce pain and swelling associated with 
rheumatoid arthritis and tuberculosis (17). The applications 
of gold are further extended by colloidal gold which are 
submicrometer size particles of gold. Over the years, gold 
solutions were found to be used across different parts of the 
world for treating variety of ailments such as syphilis (18), 
alcoholism (19), and easing suffering in cancer patients 
(20). The capability of AuNPs for biomedical applications 
can be attributed to its plasmonic properties which is 
evident from a drastic color change from golden color in its 
bulk form to a variety of colors when reduced to its 
nanolevel (21). Currently, AuNPs are extensively used in 
molecular biology applications such as genomics, 
immunoassays and clinical chemistry, and medical 
applications such as detection and photothermolysis of 
microorganisms and cancer cells and targeted delivery of 
compounds such as peptides or DNA (22). The size of 
AuNPs governs the properties of the nanoparticles and the 
applications for which they are used. Small size AuNPs (2 
nm-15 nm) are used in applications such as 
immunohistochemistry, microscopy (light and high 
magnification TEM) and biomarkers. Medium size AuNPs 
(20 nm-60 nm) are used in environmental detection and
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Table 1. Size dependent change in peak SPR wavelength of 
spherical AuNPs Source: Sigma-Aldrich 

Size of gold nanoparticle Peak SPR wavelength 
5 nm 515-520 nm 
10 nm 515-520 nm 
20 nm 524 nm 
30 nm 526 nm 
40 nm 530 nm 
50 nm 535 nm 
60 nm 540 nm 
80 nm 553 nm 
100 nm 572 nm 

 

 
 

Figure 3. Evidence of exponential growth in 
nanotechnology research over the years. Graph shows 
number of articles published each year since 2001 in the 
ACS Nanoletters Journal (Source: pubs.acs.org). 

 
purification, drug delivery, biomarkers, chemical sensors, 
DNA detection. Large size AuNPs (80 nm-250 nm) are 
used in forensic science, electronic device, manufacture, 
optical mammography etc. (23). AuNPs are generally 
preferred over other inorganic nanoparticles for biomedical 
applications due to its excellent biocompatibility with 
human cells (24-26), facile synthesis (8, 27), easy 
bioconjugation with various molecules such as 
polyethylene glycol (PEG), carboxyl groups, amine, DNA, 
RNA, antibodies, peptides etc. (28-48), chemical stability 
(49), tunable geometry (50, 51) etc. Moreover, gold salts 
are currently a choice of treatment for rheumatoid arthritis, 
psoriatic arthritis and bronchial asthma which proves their 
biosafety levels for clinical applications (52). The toxicity 
caused by AuNPs is a great topic of debate due to the 
ambiguity in the studies undertaken to determine its 
harmful effects. Some studies claim it to be non-toxic 
whereas other studies found AuNPs to be toxic to certain 
human cells (53-56).  
 
3.2. Different nanostructures of gold 

The intrinsic properties of AuNPs are greatly 
influenced by their size and shape (Table 1 and Figure 4) 
and have led to extensive research in finding efficient 

fabrication techniques to obtain AuNPs of specific shapes 
and sizes (57). Surface plasmon resonance is a special 
phenomenon observed in AuNPs when the frequency of 
oscillating electrons present in the conduction band of the 
gold resonates with the frequency of incoming light 
radiation resulting in a plasmon band (58). Theoretical and 
experimental discussion about SPR can be found in earlier 
and recent literature (13, 14 and 59-64). The narrow 
frequency range of light radiation responsible for achieving 
SPR in AuNPs commonly fall in visible and near-infrared 
region (NIR). In general, a single plasmon band is observed 
for spherical AuNPs at ~520 nm. For anisotropic 
nanoparticles like nanorods, two plasmon bands are 
observed due to the electron oscillation along two axis viz. 
longitudinal (long) and transverse (short) respectively. The 
transverse plasmon band occurs at ~ 520 nm whereas the 
longitudinal plasmon band appears at a longer wavelength 
depending upon the aspect ratio of nanorod (ratio of 
length/width) (Figure 5) (8). SPR band intensity and peak 
depends on factors which mainly influences the electron 
charge density on the particle surface such as type of metal, 
particle size, shape, structure, composition and the 
dielectric constant of surrounding medium (22 and 65-67). 
SPR serves as an essential tool for monitoring the 
morphological property of AuNPs synthesized. In addition 
to the common spherical shape, AuNPs have also been 
synthesized into a variety of other shapes. A compilation of 
some of the more common shapes is shown in Figure 6. 
Different shapes can be achieved by using several synthesis 
methods and by varying multiple parameters such as the 
concentration of reactants, reaction conditions and the 
nature of solvent (7, 73-79).  

4. SYNTHESIS OF GOLD NANOPARTICLES 
 
4.1. Synthetic methods for gold nanoparticle 

Techniques for making different AuNPs can be 
categorized into two principles, the “bottom up” method or 
“top down” methods (7). The bottom up method includes 
nanosphere lithography, chemical, photochemical, 
electrochemical, templating, sonochemical and thermal 
reduction techniques (80-85). This method involves 
assembly of atoms (produce by reduction of ions) into 
desired nanostructures. Top down methods such as 
photolithography and electron beam lithography (86, 87), 
requires the removal of matter from the bulk material to get 
the desired nanostructure. While both methods can generate 
AuNPs of desired shape and size, each have their own 
drawbacks, (e.g., poor monodispersity in case of bottom up 
methods, and extensive waste of material in top down 
methods). Some of the more commonly used techniques 
involving “bottom up” method for making AuNPs are 
reviewed below. 
 
4.1.1. Turkevich method  

The Turkevich method was first described in 
1951 (90) and is one of the most commonly used methods 
for synthesis of spherical AuNPs in the size range of 10 
nm-20 nm (Figure 7). The principle of this method involves 
reduction of gold ions (Au3+) to gold atoms (Au0)  in the 
presence of reducing agents like citrate (90-92), amino 
acids, ascorbic acid or UV light (93-96). Size of AuNPs is 
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Figure 4. TEM images of gold spheres and gold nanorods in increasing order of dimensions with a scale bar of 100 nm for all. 
Solution appears in different color based on size or aspect ratio (length/width ratio) which is more significant for nanorods when 
compared to spheres as evident from the intensity of color change. Size for gold spheres (A-E) varies from 4-40 nm whereas for 
gold nanorods (F-K), the aspect ratio varies from 1.5. to 20. Reproduced with permission from reference (22). 
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Figure 5. (A) Shows tunable optical absorbance of gold nanorods; (B) with different aspect ratios from visible to near-infrared 
wavelength regions; (C) Shows a color wheel with different colors concomitant with the gold nanorod labeled a-e. Reproduced 
with permission from reference (22). 
 
further stabilized using various capping/stabilizing agents. 
Initially the Turkevich method was limited by the narrow 
range of AuNPs that could be generated by this method. 
However, several advances in the original method have 
allowed for researchers to expand the size range of particles 
that can be generated via this method. In 1973, Frens found 
that by varying the ratio of reducing to stabilizing agents, 
AuNPs of specific size, ranging from 16 nm-147 nm can be 
achieved (97-99). Later, the roles of pH, temperature and 
sodium citrate concentration were better understood, 
allowing for the generation of a particle growth model 
(100-103).  
 
4.1.2. Brust method  

The Brust method was first described in 1994 
(105). This method is a two phase process to generate 1.5. 
nm-5.2. nm AuNPs using organic solvents (Figure 8) and 
by varying the ratio of thiol to gold. The Brust method was 
inspired from Faraday’s two phase system. The method 
involves transfer of gold salt from aqueous solution to an 
organic solvent (e.g. toluene) using a phase transfer agent 
(e.g., tetraoctylammonium bromide (TOAB). The gold is 
then reduced using sodium borohydride in presence of an 
alkanethiol. The alkanethiols stabilize the AuNPs (107), 
resulting in a color change of the reaction from orange to 
brown (105, 106). Purification of AuNPs stabilized with 
dodecanethiol from TOAB was reported by Schriffin (108). 
Seeding Growth Method 
 
4.1.3. Seeded growth method 

While the Turkevich and Brust methods can 
generate spherical AuNPs, AuNPs can also exist in variety 
of nanostructures (110-114) such as rods (73, 74, 96), cubes 
(75, 109), tubes (115) etc. The most widely preferred 
technique to obtain AuNPs in other shapes is seed mediated 
growth (79) (Figure 9). The basic principle of this 
technique is to first produce seed particles by reducing gold 

salts with a strong reducing agent like sodium borohydride. 
The seed particles are then added to a solution of metal salt 
in presence of a weak reducing agent (ascorbic acid) and 
structure directing agent to prevent further nucleation and 
accelerate the anisotropic growth of AuNPs. Geometry of 
gold nanostructures can be altered by varying the 
concentration of seeds, reducing agents and structure 
directing agents. 
 
4.1.4. Miscellaneous methods 

Digestive ripening (78) has proven to be a 
convenient method to generate monodisperse gold 
nanoparticles from polydisperse nanoparticles by using 
excessive ligands (digestive ripening agents). The process 
involves heating a colloidal suspension at high 
temperatures (~138 0C) for 2 minutes followed by 110 0C 
for 5 hour in presence of alkanethiols. Temperature plays 
an important role in controlling the size distribution of the 
gold colloids produced. Various ligands that are used for 
digestive ripening process include thiols, amines, silanes, 
phosphines etc. (117-120). In addition, other utilized 
methods involving ultrasonic waves (121-123), microwaves 
(124, 125), laser ablation (126, 127), solvothermal method 
(128), electrochemical and photochemical reduction (129, 
130) etc. have also been explored for making AuNPs 
(Figure 10 and 11). 
 
4.2. Biosynthesis of gold nanoparticles 

While the methods described above can 
efficiently generate AuNPs, a major drawback of these 
methods is a requirement for, and generation of, toxic 
byproducts that may prove to have environmental 
consequences during large scale production (53, 131). 
Furthermore, the use of toxic chemicals and solvents in 
these methods may prove to be problematic for downstream 
biological applications of AuNPs. In response to these 
concerns, new strategies to generate AuNPs without toxic 
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Figure 6. Compilation of TEM images of different shapes of gold nanostructures synthesized by different methods. (A-I) 
represents TEM images of gold nanospheres (50), gold nanocages (50), gold nanorods (50), gold nanowires (68), gold nanoplates 
(69), gold nanobelts (70), gold nanocombs (70), gold nanoflowers (71) and gold nanostars (72) respectively. Reproduced with 
permission from respective sources. 

 
chemicals are being actively developed. The development 
of these non-toxic methods  have embraced the principles 
of green chemistry, such as the use of  rapidly 
biodegradable reagents, limiting waste products, synthesis 
at ambient temperature and pressure, and low toxicity of 
chemical products (132). Biological synthesis of AuNPs, 
using components like carbohydrates, lipids, nucleic acids 
or proteins produced in nature (Figure 12), is fast growing 
area of research to synthesize AuNPs in a clean, eco-
friendly, non-toxic method. In addition to decreasing the 
toxicity issues associated with AuNPs synthesis, 

biocomponents have additional advantages such as wide 
availability, low cost of production, ease of synthesis, and 
environmental safe. To date, many studies have been 
published involving AuNPs of different sizes and shapes 
using the above biological sources (Figure 13). 
 
4.2.1. Using plant constituents 

Plants are proven to be excellent candidates for 
the biosynthesis of AuNPs in a clean, reliable and 
biofriendly way. There are many articles which report 
biosynthesis of AuNPs using different plants or plant 
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Figure 7. Upper panel shows a schematic illustration of the mechanism involved in the synthesis of gold nanoparticles using the 
common citrate reduction method. Reprinted with permission from reference (88). Lower panel shows SEM images of gold 
nanoparticles (A-C) synthesized using various chemical reduction methods such as citrate reduction at 100 oC, UV irradiation and 
ascorbic acid reduction respectively. Reproduced with permission from reference (89). 
 
 

 
 
Figure 8. A detailed schematic representation of the steps involved in the synthesis of gold nanoparticles using brust method. In 
this process the metal (Au3+) precursor which is HAuCl4 is transferred to an organic phase (toulene) with the help of TOAB 
followed by its reduction to Au0 in presence of NaBH4 to yield 5±1 nm nanoparticles. Reproduced with permission from 
reference (104). 
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Table 2. A list of some of the different plants which have been used as whole or a part of it for synthesis of AuNPs 
Plant Part of plant used Size of gold nanoparticle (diameter) Reference 
Sapindus mukorossi Fruit pericarp 9 nm -19 nm 133 
Prunus domestica Fruit 14 nm -26 nm 134 
Magnolia kobus Leaf 5 nm- 300 nm 135 
Diopyros kaki Leaf 5 nm – 300 nm 135 
Coleus amboinicus lour Leaf 9.0.5. nm – 31.9.5. nm 136 
Cassia auriculata Leaf 15 nm – 25 nm 137 
Abelmoschus esculentus Seed 45 nm – 75 nm 138 
Zingiber officinale Root 5nm – 15 nm 139 
Rosa hybrid Petal 10 nm 140 
Cicer arietinum Bean extract N/A 141 
Beta vulgaris Sugar beet pulp N/A 142 
Nyctanthes arbortristis Flower extract 19.8. nm 143 
Gnidia glauca Flower extract 50 nm – 150 nm 144 

 
Table 3. A compilation of different microorganisms which have been used for synthesis of AuNPs of different sizes and shapes 

Microorganism Genus Size of gold nanoparticle (diameter) Reference 
Pseudomonas fluorescens Bacterium 50 nm – 70 nm 146 
Shewanella algae Bacterium 10 nm – 20 nm 147 
Geobacillus stearothermophilus Bacterium - 148 
Escherichia coli DH5α Bacterium  149 
Marinobacter Pelagius Bacterium 10 nm 150 
Stenotrophomonas maltophilia Bacterium 40 nm 151 
Rhodopseudomonas capsulate Bacterium 10 nm – 20 nm 152 
Micrococcus luteus Bacterium - 153 
Yarrowia lipolytica Yeast - 154 
Acanthella elongate Sponge 7 nm – 20 nm 155 
Stoechospermum marginatum Algae 18.7. nm – 93.7. nm 156 
Sargassum wightii Greville Algae 8 nm – 12 nm 157 
Streptomyces viridogens Bacterium 18 nm – 20 nm 158 
Candida albicans Fungi 20 nm – 80 nm 159 

 
 

extracts. Some of the green benefits of using plant or plant 
extracts for making AuNPs include use of nontoxic 
biocomponents for reducing and capping AuNPs, limiting 
the waste formation, cutting down the need for extra 
purification steps and ease of availability. Various 
biocomponents present in plants such as flavanoids, 
phytosterols, quinones etc. are involved in synthesis of 
AuNPs as they possess functional groups which catalyze 
the reduction and stabilization of AuNPs. The procedure 
involves mixing the gold salt with extracts of plant for 
definite amount of time under varied reaction conditions 
like pH, incubation time and temperature to obtain specific 
shapes and sizes of AuNPs. (Table 2) shows different part 
of plants which have been exploited by researchers for 
making AuNPs. 
 
4.2.2. Using microorganisms  

Bacteria and yeast are widely known for their 
interaction with inorganic metals and are commonly used in 
bioleaching of minerals such as gold, zinc and silver from 
their ores (145). Lately, variety of microorganisms has been 
used as factories for making AuNPs both intracellular and 
extracellular. Microbial cells upon treatment with gold salts 
synthesize gold nanostructures which are then isolated and 
purified using various techniques to obtain AuNPs. Control 
over the size and shape of AuNPs can be achieved by 
manipulating the important growth parameters. Table 3 
shows a variety of microbes along with their genus which 
were used to make AuNPs of different size range. 

 
4.2.3. Using biomolecules  

Molecules produced by living organisms to 
catalyze biological functions of the body are known as 

biomolecules (160). Biomolecules include amino acids, 
nucleic acids, carbohydrates and lipids. These molecules 
possess hydroxyl and carbonyl functional groups which can 
reduce Au3+ ions to Au0 neutral atoms. Au0 are then capped 
to form stabilized AuNPs. This method can overcome the 
problem of biosafety of the reactants used for the synthesis 
of AuNPs. Table 4 shows different biomolecule mediated 
synthesis of AuNPs. 
 
5. ROLE OF GOLD NANOPARTICLES AS 
ANTIBACTERIAL AGENTS 
 
Antibiotics revolutionized the field of medicine by 
allowing the treatment of most bacterial infections which 
were once considered incurable. Unfortunately, many 
bacteria have evolved to evade killing currently used 
antibiotics. The most common antibiotic resistant bacteria 
are Entercoccus faecium, Staphylococcus aureus, 
Klebisella pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa and Enterobacter species, which 
as a group are referred to as “ESKAPE” organisms (Figure 
14) (176). Bacteria have developed resistance to antibiotics 
by various mechanisms including removing the antibiotics 
from cell through efflux pumps, modifying the target site of 
antibiotic, inactivation of antibiotic through enzymes, 
alteration to metabolic pathway (177-180) (Figure 15). The 
current rate of resistance development and lack of new 
antibiotics in the drug pipeline suggests that bacterial 
infections that were once easy to treat will no longer be 
treated in the clinic (181). It is evident that the time and 
capital required for developing new antibiotics is great 
(182-185). In the absence of new classes of antibiotics, one 
approach to improve treatment options is to modify the 
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Table 4. List of various biomolecules involved in synthesis of AuNPs 
Biomolecule Type Size of gold nanoparticle (diameter) Reference 
Linoleic acid Fatty acid 10 nm 161 
Tannic acid Fatty acid 8 nm – 12 nm 162 
NADPH-dependent enzyme Enzyme 25 nm 163 
Aminodextran Polysaccharide 18 nm – 40 nm 164 
Chitosan Polysaccharide N/A 165 
Glucose Carbohydrate 22 nm – 38 nm 166 
Sucrose Carbohydrate 4 nm – 16 nm 166 
Raffinose Carbohydrate 30 nm – 48 nm 166 
Dextrose Carbohydrate 25 nm, 60 nm, 120 nm 167 
Starch Polysaccharide 11 nm – 15 nm 168 
Bovine serum albumin Protein N/A 169 
Serrapeptase Protein 20 nm -200 nm 170 
Trypsin Enzyme N/A 72 
Glycosaminoglycans Mucopolysaccharides N/A 171 
Serratiopeptidase Enzyme N/A 172 
DNA Nucleotide 45 nm – 80 nm 173 
Aspartate Amino acid 30 nm 174 
Phospholipid Lipids 5 nm 175 

 
 

Figure 9. A step wise diagrammatic representation for the synthesis of gold nanorods and spheroidal nanoparticles using seeding 
growth method and TEM images of resulting particles. Step 1 involves synthesis of gold seeds which are then mixed with growth 
solution synthesized in step 2 to yield spheroidal gold nanoparticles and gold nanorods. TEM images reproduced with permission 
from reference (116). 
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Figure 10. (A) Shows TEM image of gold nanoparticles approximately 20 nm in diameter, synthesized using 135 W ultrasonic 
powers; (B) Shows  various  Steps  involved  in  ultrasonic  mediated  synthesis  of  gold  nanoparticles. Reproduced with 
permission from reference (121).  
 
 

 
 
Figure 11. TEM images of gold nanoparticles (A-D) which are synthesized by employing miscellaneous techniques. (A) 
Represents TEM picture of microwave mediated synthesis of gold nanoparticles (124); (B) Shows gold nanoparticles synthesized 
using laser ablation technique (126); (C) TEM of gold nanoparticles using solvothermal technique (128). (D) Shows gold 
nanoparticles synthesized by electrochemical reduction method (129). Reproduced with permission from respective sources. 
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Figure 12. An illustration showing different biological sources ranging from biomolecules (carbohydrates, lipids, enzymes, 
nucleic acids and proteins), drugs, plants and microorganisms which are used in green synthesis of gold nanoparticles due to the 
combine reducing and capping property of different biocomponents present in them (Image credit: wikipedia.org). 
 
current antibiotics to improve their efficacy against the 
drug resistant bacteria. Strategies which are generally 
employed include changing the molecular structure of 
antibiotic by adding/removing functional moieties, 
improving the drug delivery or combining multiple drugs in 
the treatment plan.  

 
AuNPs conjugated with or without antibiotics 

can be used to improve antibiotic delivery, target 
specificity, dosage and bioavailability etc. (186) In addition 
to improving the efficacy of the conjugated antibiotic, 
AuNPs have been evaluated by many researchers for 
antibacterial activity against various bacterial strains. 
(Reference). There is still an ambiguity regarding the 
antibacterial activity of naked AuNPs which are not capped 
with any antibiotics. A research group lead by William et 

al. showed that AuNPs themselves does not show any 
antibacterial activity (187). There are numerous findings 
about the antibacterial activity of AuNPs which are usually 
synthesized and functionalized by different methods. 
AuNPs are synthesized using different synthetic methods 
which are described earlier in this review followed by their 
evaluation for antibacterial activity either intact or 
conjugated with different molecules such as antibiotics, 
zeolites, lysozymes etc. Table 5 summarizes various 
AuNPs which are synthesized and evaluated for 
antibacterial activity by different research groups. 

 
AuNPs conjugated with functional moieties have been used 
for photothermal killing of bacteria. Similarly,
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Table 5. A summary of various AuNPs synthesized by different methods for their role as antibacterial agents  
Method of  Synthesis Reducing agent Capping agent Size of gold nanoparticle 

diameter 
Bacteria type 
used 

Reference 

Biosynthesis 
Polysaccharide 

Starch Starch 120 nm Gram negative 
Gram positive 

167 

Chemical 
reduction 

Citric acid CTAB 1 nm -22 nm Gram negative 188 

 Citric acid Polyallylamine 
Hydrochloride 
PAH 

~ 22 nm Gram negative 189 

Biosynthesis 
Grape fruit 
extract 

Polyphenols Polyphenols N/A Gram positive 
Gram negative 

190 

Biosynthesis 
Soybean extract 

Polyphenols Polyphenols 7 nm – 12 nm Gram positive 
Gram negative 

191 

Biosynthesis Plant Phytochemicals Phytochemicals 15 nm – 35 nm Gram positive 
Gram negative 

192 

Cefaclor Cefaclor 22 nm – 52 nm 193 
Ampicillin Ampicillin < 20 nm 194 
Gentamicin Gentamicin 16 nm 195 
Streptomycin Streptomycin < 20 nm 194 
Kanamycin Kanamycin < 20 nm 195 
Cephalexin Cephalexin 50 nm – 200 nm 196 
Vancomycin Vancomycin N/A 197 

Biosynthesis 
Antibiotic 

Quinolone Quinolone N/A 

Gram positive 
Gram negative 

198 
Zeolites N/A N/A 5 nm Gram negative 199 
Chemical 
reduction 

Sodium 
Borohydride 

Pyrimidine 3 nm Gram negative 200 

 
 
Figure 13. TEM images of gold nanoparticles synthesized using biological sources. (A-E) Represents TEM images of gold 
nanoparticle synthesized using fungi (206), plants (205), chloroplast (204), DNA (173) and bacteria (207) respectively. 
Reproduced with permission from respective sources. 
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Figure 14. (A-F) are the images which represents “ESKAPE” organisms viz. Enterococcus faecium*, Staphylococcus aureus,   
Klebisella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter cloacae which have developed 
resistance against a number of front line antibiotics ranging from β-lactam, cephalosporins, tetracyclines, aminoglycosides etc. 
(*Image copyright Dennis Kunkel Microscopy, Inc.; Source: wikipedia.org). 
 
W.C Huang and group (201) used polygonal AuNPs 
attached with vancomycin for photothermal killing of 
Gram-positive, Gram-negative and antibiotic-resistant 
bacteria. Results of the study showed successful attachment 
of vancomycin-gold nanoparticles to the D-Ala-D-Ala 
moieties of the peptides on pathogen cell wall and 
destroyed more than 99% of bacteria after illuminating with 
NIR light. In another study, different sizes of AuNPs 
conjugated with anti-protein A antibodies were used for 
selective killing of Staphylococcus aureus by passing 
laser pulses (202). Intact AuNPs have also been used in 
many studies for evaluating antibacterial activity. A 
team of researchers from India synthesized AuNPs in 
the size range of 1 nm-22 nm using citric acid and 
CTAB as reducing agent and tested against E.coli 
bacterium which showed high antibacterial potency with 
the zone of inhibition of ~22 mm (188). Researchers 
from Texas A&M University, USA evaluated and 
determined the potent antibacterial activity and 
mechanism of AuNPs against E.coli. Two different 
AuNPs stabilized using citrate and PAH respectively 
were synthesized of roughly 22 nm in diameter (189). In a 
quest to improve the antibacterial efficiency of AuNPs, 
scientist have tried to conjugate AuNPs with different 
antibiotics and evaluated for antibacterial activity. Various 
methods have been employed for coating antibiotics onto 
AuNPs such as citrate reduction method wherein AuNPs of 
desired size are first produced by reducing gold salts using 
sodium borohydride to yield 14 nm AuNPs followed by 

their functionalization with different antibiotics like 
ampicillin, streptomycin and kanamycin. Efficiency of 
antibiotic conjugated AuNPs was evaluated by 
comparing the zone of inhibition against E. coli, M. 
luteus and S. aureus with free antibiotics. Results 
revealed a higher inhibitory zone for antibiotics 
conjugated AuNPs when compared to free antibiotics 
against all the three strains. (194). In 2003, B. Xu et al 
(197) modified vancomycin antibiotic into 
bis(vancomycin) cystamide followed by its conjugation 
to 4 nm-5 nm AuNPs. The attachment was successful 
due to formation of Au-S bonds which linked AuNP 
with vancomycin cystamide. Enhanced antimicrobial 
activity against vancomycin-resistant enterococci was 
observed for above modified AuNPs. Lately, biological 
synthesis of AuNPs for their use as antibacterial agents 
have gained an immense interest of research. In 2003, 
for the first time P. Poddar and team synthesized gold 
nanostructures using a broad-spectrum antibiotic 
cephalexin (196). Researchers claim this process as eco-
friendly synthesis of AuNPs, excluding the need for 
using toxic chemicals during the synthesis as seen in 
conventional methods This study also highlighted the 
combine reducing and capping ability of antibiotics. 
Similarly, In 2010 scientists from India and UK utilized 
the combined reducing and capping ability of a 
cepholosporin antibiotic cefaclor for the synthesis of 22 
nm- 52 nm spherical AuNPs (193). Antimicrobial assays 
against S. aureus and E. coli showed potent 
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Figure 15. An illustration showing some of the different mechanisms by which a bacteria develops resistance towards the 
antibiotic drug (Credit: Encyclopedia Britannica, Inc., copyright 2012). 
 

 
 
Figure 16. TEM images of gold nanoparticles which have been synthesized using different antibiotics. (A-C) Represents TEM 
image of gold nanoparticles synthesized using cephalexin (196), ampicillin (203) and vancomycin (197) antibiotic respectively. 
Reproduced with permission from respective sources. 
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Figure 17. An illustration showing the antibacterial action 
of gold nanoparticles capped with amino-substituted 
pyrimidine groups via sequestration of magnesium or 
calcium ions disrupting bacterial cell membrane resulting 
in leakage of cytoplasmic contents and also by interaction 
with DNA and inhibition of protein synthesis. Reproduced 
with permission from reference (200). 
 

 
 
Figure 18. (A) Illustration showing interaction of 
vancomycin capped gold nanoparticles with VanA 
genotype VRE strain (hexagons: glycosides; ellipses 
represent the amino acid residues of the glycanpeptidyl 
precursor with different colors: L-Ala (yellow), D-Glu 
(orange), L-Lys (green), D-Ala (blue), and D-Lac(purple)); 
and (B) TEM image of interaction of E.coli with Van- 
capped gold nanoparticle. Reproduced with permission 
from reference (197). 
  
antimicrobial activity of efaclor-AuNPs when compared 
to free cefaclor (219). The MIC for cefaclor-AuNPs against 
S.aureus and E.coli was 10 µg mL-1 and 100 µg mL-1 
respectively. The researchers claimed that the primary 
amine group in cefaclor helped in reducing and capping of 
AuNPs leaving the β-lactam ring unchanged for 
antimicrobial activity. In another independent study, 
ampicillin was used for single step synthesis of AuNPs 
(205). The TEM images of AuNPs synthesized in above 
studies are shown in (Figure 16). It is still unclear about the 

exact mechanism by which the antibiotic forms AuNPs. 
Apart from antibiotics, various other biological molecules 
have also been used to synthesize AuNPs with potent 
antibacterial activity. R. Dakshinamurthy et al (167) 
synthesized different sizes of AuNPs capped with carbohydrate 
by green process wherein the sugar was used as both reducing 
and capping agent. Antimicrobial assay revealed size 
dependent antimicrobial activity of carbohydrate-AuNPs 
against both Gram-positive and Gram-negative bacteria. 
Biocomponents from plants have also being used for making 
AuNPs. In a recent finding, Murdoch University researchers 
have created antibacterial AuNPs from the leaves of 
Eucalyptus macrocarpa (210). Results showed increased zone 
of inhibition against B.subtilis and E.coli. This finding can be 
used as a new tool to combat the antibiotic-resistant strains of 
microorganisms. 

 
Understanding the exact mechanism involved in 

enhanced antibacterial activity of AuNPs capped with 
antibiotics or other functional groups is a challenging task 
for scientists. Various hypotheses have been proposed from 
multiple studies in  this arena but very few of them are in 
common conclusion. More likely, it is believed that the 
antibacterial activity of AuNPs is dependent on the nature 
of the capping agents present on the surface of AuNPs. In 
one study, the researchers compared the antibacterial 
activity and mechanism involved for AuNPs which were 
capped with citrate and PAH respectively (189). It was 
found that both had different mechanism of antibacterial 
activity. Citrate capped AuNPs which is a weak capping 
agent lead to more aggregation of AuNPs thereby reducing 
the surface area resulting in reduce interactions between 
nanoparticles and bacteria whereas PAH which is a strong 
capping agent caused the AuNPs to self-assembled into 4-5 
micron long chains preventing further aggregation (189). 

 
These chains were disturbed after entering the bacterial 
cell, resulting in more scattered AuNPs causing cell lysis. 
The above finding justified the claim that cationic coated 
AuNPs are more toxic than anionic coated AuNPs (203). 
For antibiotics which belong to β-lactam group such as 
penicillin and cephalorosporin which show antibacterial 
activity by inhibiting the cell wall synthesis shows quite 
similar mechanism when they are coated on AuNPs (193). 
The activity of antibiotic is not hindered as the active group 
i.e. the β-lactam is not altered or modified during 
fabrication of antibiotic-AuNPs. Against gram positive 
microorganism, the antibiotic conjugated on the surface of 
AuNPs first reacts with the outer peptidoglycan layer of 
gram positive microbes which results in increase membrane 
porosity. Subsequently AuNPs penetrate the membrane and 
get bound to bacterial DNA, preventing it from unwinding 
thereby stopping transcription (193). AuNPs have positive 
charge on their surface which reacts with negative charge 
on phosphate groups of DNA making a strong interaction. 
In addition, the antibiotic destroys the cell wall which 
results in leakage of cellular contents ultimately leading to 
death of microorganism (193). In comparison against 
Gram-negative organisms, the effect is quite slow due to 
the fact that AuNPs have to first diffuse through the 
membrane and then the antibiotic reacts with peptidoglycan 
layer making perforations in the membrane followed by
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Figure 19. A diagrammatic representation showing some 
of the mechanisms believed to be involved in the 
antibacterial action of gold nanoparticles against E.coli 
such as down- regulation of oxidative phosphorylation 
pathway (F-type synthase and ATP level) and ribosome 
pathways along with up-regulation of chemotaxis of gold 
nanoparticles. No reactive oxygen species were involved in 
the antibacterial action. Reproduced with permission from 
reference (210). 
 

 
 
Figure 20. TEM images showing interaction of E.coli with 
dextrose capped gold nanoparticles (D-GNPs) before and 
after their exposure. (A-B) show TEM of E.coli before 
interaction with D-GNPs; (C-F) shows interaction of E.coli 
with D-GNPs at different time intervals. D-GNPs induced cell 
disruption of bacterial cell which is justified from the outer 
membrane vesicles (OMV) formation after 12 hour treatment. 
Reproduced with permission from reference (167). 
 
AuNPs:DNA interaction (193). Overall, AuNPs have found 
to increase the half-life of antibiotic thereby enhancing the 
longevity of drug by showing synergistic effect which 

might explain the reason for increase in potency of 
antibiotic-AuNPs over free antibiotic (193-198). In one 
study, a research group tried to cap amino-substituted 
pyrimidine groups onto AuNPs and tested them for 
antibacterial activity which resulted in enhanced 
antibacterial effect (200). The mechanism involved behind 
the antibacterial effect was found to be sequestration of 
magnesium or calcium ions leading to disruption of 
bacterial cell membrane which ultimately resulted in 
leakage of cytoplasmic contents. Interaction with DNA and 
inhibition of protein synthesis was also believed to be 
involved in the antibacterial activity (200) (Figure 17). 
Vancomycin when capped onto AuNPs showed enhanced 
activity against vancomycin-resistant enterococci but the 
exact mechanism behind this activity is yet to be 
discovered (197) (Figure 18). Another study showed the 
bactericidal mechanism of AuNPs is mainly by two 
methods which involves 1) collapse of membrane potential, 
inhibiting ATPase activity to decrease the ATP level and 2) 
inhibiting a subunit of ribosome from binding to tRNA 
thereby preventing translation (204). They increase 
chemotaxis in the early phase reaction. Reactive oxygen 
species (ROS) were believed to be not involved in the 
antibacterial effect (204) (Figure 19). In some studies, TEM 
images of interaction of bacterial strain with AuNPs capped 
with different moieties showed the bacterial cell wall 
disruption and formation of outer membrane vesicle 
(OMV) after an incubation time of 10 hours (167) (Figure 
20). There is still a lot to know and understand about the 
various mechanisms involved in antibacterial activity of 
AuNPs capped with antibiotics or other antibacterial 
agents. Better technology and sophisticated instruments in 
future might give us some lead in understanding the 
mechanism at the molecular and cellular level. 

 
6. SUMMARYAND PERSPECTIVE 
 
AuNPs have truly revolutionized the field of 

bionanomedicine which is evident from its numerous 
existing applications and many more important applications 
can be expected in near future. AuNPs existed since a long 
time but lately, since last two decades, the applications of 
AuNPs skyrocketed due to advancement of nanoscale 
analytical tools. This article discusses some of the most 
commonly used chemical synthetic methods for AuNPs of 
different shapes and sizes. Environmental and biological 
toxicity associated with the above methods due to use of 
toxic chemicals and solvents sown seed for developing 
biological methods which can be more ecofriendly and 
biofriendly,  utilizing the combine reduction and capping 
ability of various biological sources such as plants, 
microorganisms and biomolecules for making AuNPs. 
Although, due to poor efficiency and moderate control on 
polydispersity of synthesized AuNPs, further development 
in the field is required. An efficient antibacterial agent can 
be formulated by combining the antibiotic with AuNPs.  

 
Improved antibacterial properties of such AuNPs 

seems to be an optimistic solution to combat several 
dreadful diseases caused by various MDR bacteria which is 
spreading rapidly throughout the world. Many strategies of 
using modified AuNP as an antibiotic, have been developed 
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recently and some of them as mentioned in this review, 
have shown very promising results and given high hopes 
for its commercial availability in market. In addition to its 
nontoxicity, use of AuNP in humans, as an antibacterial 
agent warrants an undisputable knowledge about the 
mechanisms of antibiotic action of AuNP, so as to avoid 
any risk that may cause to normal tissue/organ. Although, 
many efforts have been taken so far to explore the 
mechanism of action, at present the lack of consistent 
conclusions from various studies necessitates further 
development in this area. 

 
7. REFERENCES 
 
1. United States Environmental Protection Agency. (2009, 
May 21). Retrieved September 7, 2012, from 
www.epa.gov: 
http://www.epa.gov/air/airtrends/aqtrnd04/pmreport03/pmu
nderstand_2405.pdf 
 
2. ASTM International. E 2456-06 Terminology for 
nanotechnology. West Conshohocken, PA: ASTM 
International (2006) 
 
3. S. Jinjun, A.R. Vortuba, O.C. Farokhzad and R. Langer: 
Nanotechnology in Drug Delivery and Tissue Engineering: 
From Discovery to Applications. Nano Letters., 10 (9), 3223-
3230 (2010) 
 
4. D. Huang, F. Liao, S. Molesa, D. Redinger and V. 
Subramanian: Plastic-Compatible Low Resistance Printable 
Gold Nanoparticle Conductors for Flexible Electronics. J. 
Electrochem. Soc., 150, G412-417 (2003) 
 
5. H. De Jong and J.A. Borm Paul: Drug delivery and 
Nanoparticles: Applications and Hazards. Int. J. 
Nanomedicine, 3(2), 133-149 (2008) 
6. C. Xiaobo, C. Li, M. Gratzel, R Kostecki, and S. Mao 
Samuel: Nanomaterials for Renewable Energy Production and 
Storage. Chem. Soc. Rev., 41, 7909-7937 (2013) 
 
7. S. Eustis and A. El-Sayed: Why Gold Nanoparticles are 
more precious than pretty gold: Noble metal surface plasmon 
resonance and its enhancement of the radiative and non-
radiative properties of nanocrystals of different shapes. Chem. 
Soc. Rev., 35, 209-217 (2006) 
 
8. X. Huang, K. Jain, I. El-Sayed and M. El-sayed: Gold 
nanoparticles: interesting optical properties and recent 
applications in cancer diagnostics and therapy. Nanomedicine, 
2(5), 681-693 (2007) 
 
9. M. Shah, V.D. Badwaik and D. Rajalingam: Biological 
Applications of Gold Nanoparticles. J. Nanosci. Nanotechnol., 
14, 344-362 (2014).  
 
10. R.P. Feynman (February 1960). There’s Plenty of Room at 
the Bottom. Engineering and Science magazine, XXIII(5) 
 
11. M. Ruchez, M. Moronne, P. Gin, S. Weiss and A.P. 
Alivisatos: Semiconductor nanocrystals as fluorescent 
biological labels. Science, 281(5385), 2013-2016 (1998) 

12. Ch. Stechell:   Magnetic   separations   in   
biotechnology-A   review. J. Chem. Technol. Biotechnol., 
35(B), 175-182 (1985) 
 
13. M.A. El-Sayed: Some interesting properties of metals 
confined in time and nanometer space of different shapes. 
Acc. Chem. Res., 34(4), 257-264 (2001) 
 
14. S. Link and M.A. El-Sayed: Spectral properties and 
relaxation dynamics of surface plasmon electronic 
oscillations in gold and silver nanodots and nanorods. J. 
Phys. Chem. B., 103(40), 8410-8426 (1999) 
 
15. Z.P. Aguilar: Nanoparticles for Medical Applications. 
Elsevier, New York, 460 pp (2012) 
 
16. Gold (2013, August 12). Retrieved July 26, 2013, from 
wikipedia.org: http://en.wikipedia.org/wiki/Gold 
 
17. R Rau: Have traditional DMARDs had their day? 
Effectiveness of parenteral gold compared to biologic 
agents. Clin Rheumatol 24:189-202 (2005) 
 
18. S.P. Fricker: Medical uses of gold compounds: Past, 
Present and Future. Gold Bulletin, 29(2), 53-60 (1996) 
 
19. The Keeley ‘‘Gold Cure’’ for inebriety. Br. Med. J., 
2(1645), 85-86 (1892) 
 
20. E.H. Ochsner: Int. J. Med. Surg., 40, 100–104 
(1927) 
 
21. L. Dykman and N. Khlebtsov: Gold nanoparticles in 
biomedical applications: recent advances and 
perspectives. Chem. Soc. Rev., 41, 2256-2282 (2012) 
 
22. V.M. Vicky, S. Rodney, S. Ajay and R. Hardik: 
Introduction to Metallic nanoparticles.J. Pharm. 
Bioallied Sci., 2(4), 282-289 (2010) 
 
23. Rowles, D. (2013, April 21). ww.bbigold.com.BBI: 
http://www.bbisolutions.com/support 
 
24. Shukla, R. (2013, April 21). Studies on assessment 
of biocompatibility of Gold and Silver nanoparticles in 
cell culture for tissue engineering applications. 
Retrieved from Shodganga: 
http://shodhganga.inflibnet.ac.in/handle/10603/2221?mo
de=full 
 
25. R. Shukla, V. Bansal, M. Chaudary, A. Basu, R. 
Blonde, and M. Sastry: Biocompatibility of gold 
nanoparticles and their endocytotic fate inside the 
cellular component: A microscopic overview. Langmuir, 
21, 10644-10654 (2005) 
 
26. P.K. Jain, K.S. Lee, I.H. El-Sayed and M.A. El-
Sayed: Calculated absorption and scattering properties 
of gold nanoparticles of different size, shape, and 
composition: Applications in biological imaging and 
biomedicine. J. Phys. Chem. B, 110(14), 7238-7248 
(2006) 



Gold nanoparticles for enhanced antibacterial activity  

1337 

27. C. Burda, X. Chen, R. Narayanan and M.A. El-Sayed: 
Chemistry and properties of nanocrystals of different 
shapes. Chem. Rev. 105, 1025–1102 (2005) 
 
28. J. Lipka, M. Semmler-Behnke, R.A. Sperling, A. Wenk, 
S. Takenaka, C. Schleh, T. Kissel,W.J. Parak and W.G. 
Kreyling: Biodistribution of PEG-modified gold 
nanoparticles following intratracheal instillation and 
intravenous injection. Biomaterials, 31, 6574–6581 (2010) 
 
29. W.S. Cho, M. Cho, J. Jeong, M. Choi, B.S. Han, H.S. 
Shin, J. Hong, B.H. Chung, J. Jeong and M.H. Cho: Size-
dependent tissue kinetics of PEG-coated gold 
nanoparticles. Toxicol. Appl. Pharmacol., 245, 116–123 
(2010) 
 
30. S. Takae, Y. Akiyama, H. Otsuka, T. Nakamura, Y. 
Nagasaki and K. Kataoka: Ligand density effect on 
biorecognition by PEGylated gold nanoparticles: Regulated 
Interaction of RCA (120) lectin with lactose installed to the 
distal end of tethered PEG strands on gold surface. 
Biomacromolecules, 6, 818–824 (2005) 
 
31. T. Ishii, H. Otsuka, K. Kataoka and Y. Nagasaki: 
Preparation of functionally PEGylated gold nanoparticles with 
narrow distribution through autoreduction of auric cation by 
alpha- biotinyl-PEG-block-(poly(2-N, N-dimethylamino)ethyl 
methacrylate)). Langmuir, 20, 561–564 (2004) 
 
32. H. Khalil, D. Mahajan, M. Rafailovich, M. Gelfer and K 
Pandya, Synthesis of zerovalent nanophase metal particles 
stabilized with poly(ethylene glycol). Langmuir, 20, 6896–
6903 (2004) 
 
33. S.H. Lee, K.H. Bae, S.H. Kim, K.R. Lee, T.G. Park: 
Amine functionalized gold nanoparticlesas non-cytotoxic and 
efficient intracellular siRNA delivery carriers. Int. J. Pharm., 
364,94–101 (2008) 
 
34. N. Wangoo, K.K. Bhasin, S.K. Mehta and C.R. Suri: 
Synthesis and capping of water- dispersed gold nanoparticles 
by an amino acid: Bioconjugation and binding studies. J. 
Colloid Interface Sci., 323, 247–254 (2008) 
 
35. L. Sun, D. Liu and Z. Wan: Functional gold nanoparticle-
peptide complexes as cell targeting agents. Langmuir, 24, 
10293–10297 (2008) 
 
36. A.G. Tkachenko, H. Xie, Y. Liu, D. Coleman, J. Ryan, 
W.R. Glomm, M.K. Shipton, S. Franzen and D.L. Feldheim: 
Cellular trajectories of peptide-modified gold particle 
complexes: Comparison of nuclear localization signals and 
peptide transduction domains. Bioconjugate Chem.,15, 482–
490 (2004) 
 
37. N.G. Bastis, E. Sanchez-Tillo, S. Pujals, C. Farrera, M.J. 
Kogan, E. Giralt, A. Celada, J. Iloberas and V. Puntes: 
Peptides conjugated to gold nanoparticles induce macrophage 
activation. Mol. Immunol., 46, 743–748 (2009) 
 
38. R.G. Rayavarrapu, W. Peterson, C. Ungureanu, J.N. 
Post, T.G. van Leeuwen and S. Manohar: Synthesis and 

bioconjugation of gold nanoparticles as potential molecular 
probes for light-based imaging techniques. Int. J. Biomed. 
Imaging, 29817:1–29817:10 (2007) 
 
39. P.P. Surujpaul, C. Gutiérrez-Wing, B. Ocampo-García, 
M. Ramírez Fde. C. Arteaga de Murphy, M. Pedraza-
López, M.A. Camacho-López and G. Ferro-Flores: Gold 
nanoparticles conjugated to (Tyr3) Octreotide peptide. 
Biophys. Chem., 138, 83–90 (2008) 
 
40. D.J. Javier, N. Nitin, M. Levy, A. Ellington and R. 
Richards-Kortum: Aptamer-targeted gold nanoparticles as 
molecular specific contrast agents for reflectance imaging. 
Bioconjugate Chem., 19, 1309–1312 (2008) 
 
41. J.S. Lee, J.J. Green, K.T. Love, J. Sunshine, R. Langer 
and D.G. Anderson: Gold, poly(β- aminoester) 
nanoparticles for small interfering RNA delivery. Nano 
Lett., 9, 2402–2406 (2009) 
 
42. J.H. Kim, H.H. Jang, S.M. Ryou, S. Kim, J. Bae, K. 
Lee and M.S. Han: A functionalized gold nanoparticles-
assisted universal carrier for antisense DNA. Chem. 
Common., 46, 4151– 4153 (2010) 
 
43. J.S. Rink, K.M. McMahon, X. Chen, C.A. Marking, 
C.S. Taxon and D.B. Kaufman: Transfection of 
pancreatic islets using polyvalent DNA-functionalized 
gold nanoparticles. Surgery, 148, 335–345 (2010) 
 
44. D.J. Javier, A. Castellanos-Gonzalez, S.E. Weigum, 
A.C. White and R. Richards-Kortum: Oligonucleotide-
gold nanoparticle networks for detection of 
Cryptosporidium parvum heat shock protein 70 mRNA. 
J. Clin. Microbiol., 47, 4060–4066 (2009) 
 
45. D.A. Giljohann, D.S. Seferos, A.E. Prigodich, P.C. 
Patel and C.A. Mirkin: Gene regulation with polyvalent 
siRNA-nanoparticle conjugates. J. Am. Chem. Soc., 131, 
2072–2073 (2009) 
 
46. Y. Liu, Y. Liu, R.L. Mernaugh and X. Zeng: Single 
chain fragment variable recombinant antibody 
functionalized gold nanoparticles for a highly sensitive 
colorimetric immunoassay. Biosens. Bioelectron., 24, 
2853–2857 (2009) 
 
47. Z. Shen, H. Yan, Y. Zhang, R.L. Mernaugh and X. 
Zeng: Engineering peptide linkers for scFv 
immunosensors. Anal. Chem., 80, 1910–1917 (2008) 
 
48. A. Sharma, Z. Matharu, G. Sumana, P.R. Solanki, 
C.G. Kim and B.D. Malhotra: Antibody immobilized 
cysteamine functionalized-gold nanoparticles for 
aflatoxin detection. Thin Solid Films, 519, 1213–1218 
(2010) 
 
49. J.Z. Zheng, R. Tang, Y. Chen, O. Miranda, V.M, 
Rotello and W. Vachet: Determination of the 
intracellular stability of gold nanoparticles monolayers 
using Mass spectrometry. Anal. Chem., 84(10), 4321-
4326 (2012) 



Gold nanoparticles for enhanced antibacterial activity  

1338 

50. E.C. Cho, Q. Zhang and Y. Xia: The effect of 
sedimentation and diffusion on cellular uptake of gold 
nanoparticles. Nat. Nano., 6(6), 385-391 (2011) 
 
51. V.D. Badwaik, J. Bartonojo, J. Evans, S. Sahi, C. Willis 
and D. Rajalingam: Single step biofriendly synthesis of 
surface modifiable near spherical gold nanoparticles for 
applications in biological detection and catalysis. 
Langmuir, 27(9), 5549-5554 (2011) 
 
52. C. Frank: Gold Based Therapeutic agents. Chem. Rev., 
99(9), 2589-2600 (1999) 
 
53. Y.S. Chen, Y.C. Hung, I. Liau and G.S. Huang: 
Assessment of the in vivo toxicity of gold nanoparticles. 
Nanoscale Res. Lett., 4(8), 858-864 (2009) 
 
54. X. Liu, N. Huang, H. Li, Q. Jin and J. Ji: Surface and 
size effects on cell interaction of gold nanoparticles with 
both phagocytic and nonphagocytic cells. Langmuir, 
29(29), 9138-9148 (2013) 
 
55. A. Albanese and W.C.W. Chan: Effect of gold 
nanoparticle aggregation on cell uptake and toxicity. ACS 
Nano, 5(7), 5478-5489 (2011) 
 
56. E.E. Connor, J. Mwamuka, A. Gole, C.J. Murphy and 
M.D. Wyatt: Gold nanoparticles are taken up by human 
cells but do not cause acute cytotoxicity. Small, 1, 325–327 
(2005) 
 
57. T.K. Sau, A. Pal, N.R. Jana, Z.L. Wang and T. Pal: Size 
controlled synthesis of gold nanoparticles using 
photochemically prepared seed particles. J. Nano. Res., 3, 
257-261 (2001) 
 
58. G. Mie: Contribution to the optics of turbid media, 
especially colloidal metal suspensions. Ann. Phys., 25, 377-
445 (1908) 
 
59. K.A. Willets and R.P. Van Duyne: Localized surface 
plasmon resonance spectroscopy and sensing. Ann. Rev. 
Phys. Chem., 58, 267-297 (2007) 
 
60. S. Link and M.A. El-Sayed: Shape and size dependence 
of radiative, non radiative and photothermal properties of 
gold nanocrystals. Int. Rev. Physc. Chem., 19(3), 409-453 
(2000) 
 
61. S. Link and M.A. El Sayed: Optical properties and 
ultrafast dynamics of metallic nanocrystals. Ann. Rev. 
Physc. Chem., 54, 331-366 (2003) 
 
62. G.C. Papavassiliou: Optical properties of small 
inorganic and organic metal particles. Prog.Solid State 
Chem., 12, 185-271 (1979) 
 
63. C.F. Bohren and D.R. Huffman: Absorption and 
scattering of light by small particles. 1983, Wiley NJ, USA. 
 
64. U. Kreibig and M. Vollmer: Optical properties of metal 
clusters, Springer, 1995, Berlin, Germany.  

65. K.L. Kelly, E. Coronado, L.L. Zhao and G.C. Schatz: 
The optical properties of metal nanoparticles: The influence 
of size, shape, and dielectric environment. J. Phys. Chem. 
B, 107(3), 668-677 (2003) 
 
66. S. Link and M.A. El-Sayed: Size and temperature 
dependence of the plasmon absorption of colloidal gold 
nanoparticles. J. Phys. Chem. B, 103(21), 4212-4217 
(1999) 
 
67. S.K. Ghosh and T. Pal: Interparticle coupling effect on 
the surface plasmon resonance of gold nanoparticles: from 
theory to applications. Chem. Rev., 107, 4797-4862 (2007) 
 
68. F. Kim, K. Sohn, J. Wu and J. Huang: Chemical Synthesis 
of gold nanowires in acidic solutions. J. Am. Chem. Soc., 
130(44), 14442-14443 (2008) 
 
69. B. Liu, J. Xie, J.Y. Lee, Y.P. Ting and J. Paul Chen: 
Optimization of high-yield biological synthesis of single-
crystalline gold nanoplates. J. Phys. Chem. B, 109(32), 15256-
15263 (2005) 
 
70. N. Zhao, Y. Wie, N. Sun, Q. Chen, J. Bai, L. Zhou, Y. Qin, 
M. Li and L. Qi: Controlled synthesis of gold nanobelts and 
nanocombs in aqueous mixed surfactant solutions. Langmuir, 
24(3), 991-998 (2008) 
 
71. L. Li and J. Weng: Enzymatic synthesis of gold 
nanoflowers with trypsin. Nanotechnology,21, pp. 10 (2010) 
 
72. H. Yuan, C.G. Khoury, H. Hwang, C.M. Wilson, G.A. 
Grant and T. Vo-Dinh: Gold nanostars: surfactant free 
synthesis, 3D modelling, and two –photon photoluminescence 
imaging. Nanotechnol., 23(7), 075102 (2012) 
 
73. A. Gole and C.J. Murphy: Seed mediated synthesis of gold 
nanorods: Role of the size and nature of seed. Chem, Mater., 
16(19), 3633-3640 (2004) 
 
74. T.K. Sau and C.J. Murphy: Room temperature, High yield 
synthesis of multiple shapes of gold nanoparticles in aqueous 
solution. J. Am. Chem. Soc., 126, 8648-8649 (2004) 
 
75. Y. Chen, X. GU, C.G. Nie, Z.Y. Jiang, Z.X. Xie and Z.J. 
Lin: Shape controlled growth of gold nanoparticles by a 
solution synthesis. Chem. Commun., 4181-4183 (2005) 
 
76. A.V. Whitney, B.D. Myers and R.P. Van Duyne: Sub-100 
nm triangular nanopores fabricated with the reactive ion 
etching variant of nanosphere lithography and angle resolved 
nanosphere lithography. Nano Lett., 4, 1507-1511 (2004) 
 
77. M.C. Daniel and D. Astruc: Gold nanoparticles: assembly, 
supramolecular chemistry, quantum-size related properties and 
applications toward biology, catalysis and nanotechnology. 
Chem. Rev., 104, 293-346 (2004) 
 
78. C.J. Murphy, T.K. Sau, A.M. Gole, C.J. Orendorff, J. 
Gao, L. Gou, S.E. Hunyadi and T. Li: Anisotropic Metal 
Nanoparticles: Synthesis, Assembly, and Optical 
Applications. J. Phys. Chem. B. 109, 13857–13870 (2005) 



Gold nanoparticles for enhanced antibacterial activity  

1339 

79. X. Zhi-Chuan, S. Cheng-Min, X. Cong-Wen, Y. Tian-
Zhong, Z. Huai-Ruo, L. Jian-Qi and G. Hong-Jun: Wet 
chemical synthesis of gold nanoparticles using silver seeds: 
a shape control from nanorods to hollow spherical 
nanoparticles. Nanotechnol., 18, 115608 (2007) 
 
80. Haes, A.J.; Hall, W.P.; Chang, L.; Klein, W.L.; Van 
Duyne, R.P., A localized surface plasmon resonance biosensor: 
First steps toward an assay for alzheimer’s disease, Nano Lett., 
2004, 4, 1029-1034 
 
81. R. Jin. Y.W. Cao, C.A. Mirkin, K.L. Kelly, G.C. Schatz 
and J.G. Cheng: Photoinduced conversion of silver 
nanospheres to nanoprisms. Science, 294, 1901-1903 (2001) 
 
82. M.P. Pileni: Nanosized particles made in colloidal 
assemblies. Langmuir, 13, 3266-3276 (1997) 
 
83. K. Okitsu and M. Ashokkumar, F. Grieser: Sonochemical 
synthesis of gold nanoparticles: Effects of Ultrasound 
frequency. J. Phys. Chem. B, 109, 20673-20675 (2005) 
 
84. S.R. Hall, W. Shenton, H. Engelhardt and S. Mann: Site-
specific organization of gold nanoparticles by biomolecular 
templating. Chem Phys Chem., 2(3), 141-191 (2001) 
 
85. M.H. Magnusson, K. Deppert, J.O. Malm, J.O. Bovin and 
L. Samuelson: Gold nanoparticles: Production, reshaping, and 
thermal charging. J. Nano. Res., 1, 243-251 (1999) 
 
86. S. Sun, P. Mendes, K. Critchley, S. Diegoli, M. Hanwell, 
S.D. Evans, G.J. Leggett, J.A. Preece and T.H. Richardson: 
Fabrication of gold micro and nanostructures by 
photolithography exposure of thiol stabilized gold 
nanoparticles. Nano Lett., 6, 345-350 (2006) 
 
87. P.A. Schaal, A. Besmehn, E. Maynicke, M. Noyong, B. 
Beschoten and U. Simon: Electrically conducting nanopatterns 
formed by chemical e-Beam lithography via gold nanoparticle 
seeds. Langmuir, 28, 2448-2454 (2012) 
 
88. J. Polte, T.T. Ahner, F. Delissen, S. Sokolov, F. 
Emmerling, A.F. Thunemann and R. Kraehnert: Mechanism of 
gold nanoparticle formation in the classical citrate synthesis 
method derived from coupled In situ XANES and SAXS 
evaluation. J. Am. Chem. Soc., 132(4), 1296-1301 (2010) 
 
89. J. Kinling, M. Maier, B. Okenve, V. Kotaidis, H. Ballot 
and A. Plech: Turkevich method for gold nanoparticle 
synthesis revisited. J. Phys. Chem. B, 110(32), 15700-
15707 (2006) 
 
90. J. Turkevich, P.C. Stevenson and J. Hillier: A study of 
the nucleation and growth process in the synthesis of 
colloidal gold. Discuss. Faraday Soc., 11, 55-75 (1951) 
 
91. B.V. Enustun and J. Turkevich: Coagulation of 
colloidal gold. J. Am. Chem. Soc., 85, 3317- 3328 (1963) 
 
92. S.K. Sivaraman, S. Kumar and V. Santhanam: 
Monodisperse sub-10 nm gold nanoparticles by reversing 
the order of addition in turkevich method- The role of 

chloroauric acid. J. Colloid Interface Sci., 361(2), 543-547 
(2011) 
 
93. Y. Niidome, K. Nishioka, H. Kawasaki and S. Yamada: 
Rapid synthesis of gold nanorods by the combination of 
chemical reduction and photoradiation processes; 
morphological changes depending on the growing 
processes. Chem. Commun., 2376-2377 (2003) 
 
94. Y. Shao, Y. Jin and S. Dong: Synthesis of gold 
nanoplates by aspartate reduction of gold chloride. Chem 
Commun., 1104-1105 (2004) 
 
95. D.V. Goia and E. Matijevic: Preparation of 
monodispersed metal nanoparticles. New J. Chem., 22, 
1203-1215 (1998) 
 
96. N.R. Jana, L. Gearheart and C.J. Murph: Seed 
mediated growth approach for shape controlled 
synthesis of spheroidal and rod like gold nanoparticles 
using a surfactant template. Chem. Mater., 12, 1389-
1392 (2001) 
 
97. G. Frens: Controlled nucleation for the regulation of 
particle size in monodisperse gold suspensions. Nature: 
Phys. Sci., 241, 20-22 (1973) 
 
98. T. Yonezawa and T. Kunitake: Practical preparation of 
anionic mercapto ligand stabilized gold nanoparticles and 
their immobilization. Colloids Surf. A: Physicochem. Eng. 
Asp., 149, 193-199 (1999) 
 
99. K.J. Watson, J. Zhu, S.B.T. Nguyen and C.A. Mirkin: 
Hybrid nanoparticles with block copolymer shell structures. 
J. Am. Chem. Soc., 121, 462-463 (1999) 
 
100. M.K. Chow and C.F. Zukoski: Gold sol formation 
mechanisms- role for colloidal stability. J Colloid Interface 
Sci, 165, 97 (1994) 
 
101. X.H. Ji, X.N. Song, J. Li, Y.B. Bai, W.S. Yang and 
X.G. Peng: Size controlled of gold nanocrystals in 
citrate reduction: the third role of citrate. J. Am. Chem. 
Soc., 129, 13939- 13948 (2007) 
 
102. S.C. Yang, Y.P. Wang, Q.F. Wang, R.L. Zhang and B.J. 
Ding: UV irradiation induced formation of Au nanoparticles at 
room temperature: the case of pH values. Colloid Surf A- 
Physicochem Eng. Asp., 301, 174-183 (2007) 
 
103. S. Kumar, K.S. Gandhi and R. Kumar: Modeling of 
formation of gold nanoparticles by citrate method. Ind. Eng. 
Chem. Res., 46, 3128-3136 (2007) 
 
104. P. Calandra, G. Calogero, A. Sinopoli, P.G. Gucciardi: 
Metal nanoparticles and carbon based nanostructures as 
advance materials for cathode applications in dye sensitized 
solar cells. Int. J. Photoenergy, pp. 15 (2010) 
 
105. M. Brust, M. Walker, W. Bethell, D.J. Schriffin, R. 
Whyman: Synthesis of thiol-derivatised gold 



Gold nanoparticles for enhanced antibacterial activity  

1340 

nanoparticles in a two phase liquid system. J. Chem. Soc., 
801-802 (1994) 
 
106. M. Faraday: The Bakerian Lecture: Experimental 
relations of gold to light. Philos. Trans. R. Soc. Lond., 147, 
145-181 (1857) 
 
107. M. Giersig and P. Mulvaney: Preparation of ordered 
monolayers by electrophoretic deposition. Langmuir, 9, 
3408-3413 (1993) 
 
108. C.A. Waters, A.J. Mills, K.A. Johnson and D.J. 
Schriffin: Purification of dodecanethiol derivatized gold 
nanoparticles. Chem. Commun., 540-541 (2003) 
 
109. S.E. Skrabalak, J. Chen, Y. Sun, X. Lu, L. Au, C.M. 
Cobley, Y. Xia: Gold nanocages: synthesis properties and 
applications. Acc. Chem. Res., 41(12), 1587-1595 (2008) 
 
110. S.S. Shankar, S. Bhargava and M. Sastry: Synthesis of 
gold nanospheres and nanotriangles by the turkevich 
approach. J. Nanosci. Nanotechnol., 5(10), 1721-1727 
(2005) 
 
111. L. Shao, A.S. Susha, L.S. Cheung, T.K. Sau, A.L. 
Rogach and J. Wang: Plasmonic properties of single 
multispiked gold nanostars: correlating modeling with 
experiments. Langmuir, 28(24), 8979-8984 (2012) 
 
112. M.P. Pileni: The role of soft colloidal templates in 
controlling the size and shape of inorganic nanocrystals. 
Nat. Mater., 2, 145-150 (2003) 
 
113. A. Faghih and E. Waks: Gold nanowires: Their 
synthesis and surface plasma resonances. Am.J. Undergrad. 
Res., 8, 25-28 (2009) 
 
114. C.J. Murphy and N.K. Jana: Controlling the aspect 
ratio of inorganic nanoroods and nanowires. Adv. Mater., 
14, 80-82 (2002) 
 
115. C.R. Bridges, P.M. Dicarmine, A. Fokina, D. 
Huesmann and D.S. Seferos: Synthesis of gold nanotubes 
with variable wall thickness. J. Mater. Chem. A, 1, 1127-
1133 (2013) 
 
116. N.R. Jana, L. Gearheart and C.J. Murphy: Seed-
Mediated growth approach for shape controlled synthesis 
of spheroidal and rod like gold nanoparticles using a 
surfactant template. Adv. Mater., 13(8)., 1389-1392 (2001) 
 
117. B.L.V. Prasad, S.I. Stoeva, C.M. Sorensen and K.J. 
Klabunde: Digestive ripening of thiolated gold 
nanoparticles: the effect of alkyl chain length. Langmuir, 
18, 7515-7520 (2002) 
 
118. B.L.V. Prasad, S.I. Stoeva, C.M. Sorensen and K.J. 
Klabunde: Digestive ripening agents for gold nanoparticles: 
Alternatives to thiols. Chem. Mater., 15, 935-942 (2003) 
 
119. S. Stoeva, K.J. Klabunde, C.M. Sorensen and I. 
Dragieva: Gram scale synthesis of monodisperse gold 

colloids by the solvated metal atom dispersion method and 
digestive ripening and their organization into two and three 
dimensional structures. J. Am. Chem. Soc., 124(10), 2305-
2311 (2002) 
 
120. X.M. Lin, C.M. Sorensen and K.J. Klabunde: 
Digestive ripening, Nanophase segregation and superlattice 
formation in gold nanocrystal colloids. J. Nano. Res., 2, 
157-164 (2000) 
 
121. J.H. Lee, S.U.S. Choi and S.Y. Lee: Production of 
aqueous spherical gold nanoparticles using conventional 
ultrasonic bath. Nanoscale Res lett., 7(1), 420 (2012) 
 
122. D. Radzuik, D. Grigoriv, W. Zhang and D. Su: 
Mohwald, H.; Shchukin, D., Ultrasound- assisted fusion of 
performed gold nanoparticles. J. Phys. Chem. C, 114(4), 
1835-1843 (2010) 
 
123. Y.C. Liu, L.H. Lin and W.H. Chiu: Size controlled 
synthesis of gold nanoparticles from bulk gold substrates 
by sonochemical methods. J. Phys. Chem. B, 108(50), 
19237-19240 (2004) 
 
124. S. Kundu, L. Peng and H. Liang: A new route to 
obtain high yield multiple shape d gold nanoparticles in 
aqueous solution using microwave irradiation. Inorg. 
Chem., 47(14), 6344- 6352 (2008) 
 
125. C.G. Wing, R. Esparza, C.V. Hernandez, M.E. 
Fernandez Garcia and M.J. Yacaman: Microwave assisted 
synthesis of gold nanoparticles self-assembled into self-
supported superstructures. Nanoscale, 4, 2281-2287 (2012) 
 
126. F. Mafune, J.Y. Kohno, Y. Takeda and T. Kondow: 
Formation of gold nanoparticles by laser ablation in 
aqueous solution of surfactant. J. Phys. Chem. B, 105(22), 
5114-5120 (2001) 
 
127. D. Riabinina, J. Zhang, M. Chaker, J. Margot and D. 
Ma: Size control of gold nanoparticles synthesized by laser 
ablation in liquid media. ISRN Nanotechnology, Article ID 
297863, 5 (2012) 
 
128. T. Ahmad, I.A. Wani, I.H. Lone, A. Ganguly, N. 
Manzoor, A. Ahmad, J. Ahmed and A.S. Al Shihri: 
Antifungal activity of gold nanoparticles prepared by 
solvothermal method. Mater. Res. Bulletin, 48, 12-20 
(2013) 
 
129. Ma. H, B. Yin, S. Wang, Y. Jiao, W. Pan, S. Huang, S. 
Chen and F. Meng: Synthesis of silver and gold 
nanoparticles by a novel electrochemical method. 
Chemphyschem, 5(1), 68- 75 (2004) 
 
130. A. David, W. Fleming and M.E. Williams: Size 
controlled synthesis of gold nanoparticles via high 
temperature reduction. Langmuir, 20(8), 3021-3023 (2004) 
 
131. V.L. Colvin:  The potential environmental impact of 
engineered nanomaterials. Nat.Biotechnol. 21, 1166–1170 
(2003) 



Gold nanoparticles for enhanced antibacterial activity  

1341 

132. P.T. Anastas and J.C. Warner: Green Chemistry: 
Theory and Practice, Oxford University Press: New York, 
Page 30 (1998) 
 
133. V. Reddy, R.S. Torati S. Oh and C.G. Kim: 
Biosynthesis of gold nanoparticles assisted by sapindus 
mukorossi Gaertn. Fruit pericarp and their catalytic 
application for the reduction of p-nitroaniline. Ind. Eng. 
Chem. Res., 52(2), 556-564 (2013) 
 
134. P. Dauthal and M. Mukhopadhyay: Prunus domestica 
fruit extract- mediated synthesis of gold nanoparticles and 
its catalytic activity for 4-nitrophenol reduction. Ind. Eng. 
Chem. Res., 51(40), 13014-13020 (2012) 
 
135. J.Y. Song, H.K. Jang and B.S. Kim: Biological 
synthesis of gold nanoparticles using Magnolia kobus and 
Diopyros kaki leaf extracts. Process Biochem., 44, 1133-
1138 (2009) 
 
136. K. Narayanan and N. Sakthivel: Phytosynthesis of 
gold nanoparticles using leaf extract of coleus 
amboinicus Lour. Materials Characterization, 61(11), 
1232-1238 (2010) 
 
137. V. Ganesh Kumar, S.D. Gokavarapu, A. 
Rajeshwari, T. Stalin Dhas, V. Karthick, Z. Kapadia, S. 
Tripti, I.A. Barathy, A. Roy and S. Sinha: Facile green 
synthesis of gold nanoparticles using leaf extract of 
antidiabetic potent Cassia auriculata. Colloids Surf. B: 
Biointerfaces, 87(1), 159-163 (2011) 
 
138. C. Jayaseelan, R. Ramkumar, A. Rahuman and P. 
Perumal: Green synthesis of gold nanoparticles using 
seed aqueous extract of Abelmoschus esculentus and its 
antifungal activity. Ind. Crops Prod., 45, 423-429 
(2013) 
 
139. K.V. Kumar, W. Paul and C.P. Sharma: Green 
synthesis of gold nanoparticles with Zingiber officinale 
extract: Characterization and blood compatibility. 
Process Biochem., 46(10), 2007- 2013 (2011) 
 
140. M. Noruzi, D. Zare, K. Khoshnevisan and D. 
Davoodi: Rapid green synthesis of gold nanoparticles 
using Rosa hybrida petal extract at room temperature. 
Spectrochim. Actat A: Mol. Biomol. Spectrosc., 79(5), 
1461-1465 (2011) 
 
141. K. Ghule, A.V. Ghule, J.Y. Liu and Y.C. Ling: 
Microscale size triangular gold prisms synthesized using 
Bengal gram beans (Cicer arietinum L.) extract and 
HAuCl4.3.H2O: A green biogenic approach. J. Nanosci. 
Nanotechnol. 6 (12), 3746−3751 (2006) 
 
142. L. Castro, M. L. Blazquez, J. A. Munoz, F. 
Gonzalez, C. Garcia-Balboa and A. Ballester: 
Biosynthesis of gold nanowires using sugar beet pulp. 
Process Biochem., 46 (5), 1076−1082 (2011) 
 
143. R.K. Das, N. Gogoi and U. Bora: Green synthesis 
of gold nanoparticles using Nyctanthes arbortristis 

flower extract. Bioprocess Biosyst. Eng., 34 (5), 
615−619 (2011) 
 
144. S. Ghosh, S. Patil, M. Ahire, R. Kitture, D. Gurav, 
A.M. Jabgunde, S. Kale, K. Pardesi, V. Shinde, V. Bellare, 
D.D. Dhavale and B.A. Chopade: Gnidia glauca flower 
extract mediated synthesis of gold nanoparticles and 
evaluation of its chemocatalytic potential. J. Nanobiotec., 
10: 17 (2012) 
 
145. K. Bosecker: Bioleaching: metal solubilization by 
microorganisms. FEMS Microbiology Reviews, 20, 591-
604 (1997) 
 
146. S.R. Radhika Rajashree, T.Y. Suman: Extracellular 
biosynthesis of gold nanoparticles using a gram negative 
bacterium Pseudomonas fluorescens. As. Pac. J. Trop. 
Disease, 2, 796-799 (2012) 
 
147. Y. Konishi, T. Tsukiyama, T. Tachimi, N. Saitoh, T. 
Nomura and S. Nagamine: Microbial deposition of gold 
nanoparticles by the metal reducing bacterium Shewanella 
algae. Electrochimica Acta, 53(1), 186-192 (2007) 
 
148. M. Girilal, M. Fayaz, P. Mohan balaji and P.T. 
Kalaichelvan: Augmentation of PCR efficiency using 
highly thermostable gold nanoparticles synthesized from 
a thermophilic bacterium, Geobacillus 
stearothermophilus. Colloids Surf B: Biointerfaces,  
106, 165-169 (2013) 
 
149. L. Du, H. Jianf, X. Liu, E. Wang: Biosynthesis of 
gold nanoparticles assisted by Escherichia coli DH5α 
and its application on direct electrochemistry of 
hemoglobin. Electrochemistry Commun., 9(5), 1165-
1170 (2007) 
 
150. N. Sharma, A.L. Pinnaka, M. Raje, F.N.U. Ashish, 
M.S. Bhattacharya, A.R. Choudhury: Exploitation of 
marine bacteria for production of gold nanoparticles. 
Microb Cell Fact., 11, 86 (2012) 
 
151. Y. Nangia, N. Wangoo, N. Goyal, G. Shekawat, 
C.R. Suri: A novel bacterial isolate Strenotrophomonas 
maltophilia as living factory for synthesis of gold 
nanoparticles. Micro Cell Fact., 8, 39 (2009) 
 
152. S. He, Z. Guo, Y. Zhang, S. Zhang, J. Wang and N. 
GU: Biosynthesis of gold nanoparticles using the 
bacteria Rhodopseudomonas capsulata. Mater. Lett., 
61(18), 3984-3987 (2007) 
 
153. P. Arunkumar, M. Thanalakshmi, P. Kumar and K. 
Premkumar: Micrococcus luteus mediated dual mode 
synthesis of gold nanoparticles: Involvement of 
extracellular α-amylase and cell wall teichuronic acid. 
Colloids Surf B: Biointerfaces, 103, 517-522 (2013) 
 
154. M. Agnihotri, S. Joshi, A. Ravikumar, S. Zinjarde 
and S. Kulkarni: Biosynthesis of gold nanoparticles by 
the tropical marine yeast Yarrowia lipolytica NCIM 
3589. Mater. Lett., 63(15), 1231-1234 (2009) 



Gold nanoparticles for enhanced antibacterial activity  

1342 

155. D. Inbakandan, R. Venkatesari and S.A. Khan: 
Biosynthesis of gold nanoparticles utilizing marine sponge 
Acanthella elongate (Dendy, 1905). Colloids Surf B: 
Biointerfaces, 81(2), 634-639 (2010) 
 
156. F. Arockiya Aarthi Rajathi, C. Parthiban, V. 
Ganeshkumar and P. Anantharamn: Biosynthesis of 
antibacterial gold nanoparticles using brown alga, 
Stoechospermum marginatum. Spetrochim. Acta A: Mol. 
Biomole. Spectrosc., 99(15), 166-173 (2012) 
 
157. G. Singaravelu, J.S. Arockiamary, V. Ganeshkumar 
and K. Govindraju: A Novel extracellular synthesis of 
monodisperse gold nanoparticles using marine alga, 
Sargassum wightii greville. Colloids Surf. B: Biointerfaces, 
57(1), 97-101 (2007) 
 
158. R. Balagurunathan, M. Radhakrishnan, R.B. Rajendra 
and D. Velmurugan: Biosynthesis of gold nanoparticles by 
actinomycete Streptomyces viridogens strain HM10. I. J. 
Biochem. Biophys., 48(5), 331-335 (2011 
 
159. A. Chauhan, S. Zubair, S. Tufail, A. Sherwani, M. 
Sajid, S.C. Raman, A. Azam and M. Owais: Fungus 
mediated biological synthesis of gold nanoparticles: 
potential in detection of liver cancer. Int. J. Nanomedicine, 
6, 2305-2319 (2011) 
 
160. Wikipedia. (2014, February 8). Biomolecule. 
Retrieved February 22, 2014, from wikipedia.org: 
http://en.wikipedia.org/wiki/Biomolecule 
 
161. R. Das, S.R. Nath, R. Bhattacharjee: Preparation of 
Linoleic acid capped gold nanoparticles and their spectra. 
Physica E, 43(1), 224-227 (2010) 
 
162. S.A. Aromal and D. Philip: Facile One spot synthesis 
of gold nanoparticles using Tannic acid and its application 
in catalysis. Physica E, 44(7), 1692-1696 (2012) 
 
163. K.B. Narayanan and N. Sakthivel: Facile green 
synthesis of gold nanostructure by NADPH- dependent 
enzyme from the extract of Sclerotium rolfsii. Colloids 
Surf. A: Physicochem. Eng. Asp., 380(1), 156-161 (2011) 
 
164. B.J. Morrow, E. Matijevic and D.V. Goia: Preparation 
and Stabilization of monodisperse colloidal gold by 
reduction with aminodextran. J. Colloid Interface Sci., 
335(1), 62-69 (2009) 
 
165. Y. Du, X.L. Luo, J.J. Xu and H.Y. Chen: A Simple 
method to fabricate a chitosan-gold nanoparticles film and 
its application in glucose biosensor. Bioelectrochemistry, 
70(2), 342- 347 (2007) 
 
166. K.K. Katti, V. Kattumuri, S. Bhaskaran, K.V. Katti 
and R. Kannan: Facile and General method for synthesis of 
sugar coated gold nanoparticles. Int. J. Green Nanotechnol. 
Biomed., 1(1), B53-B59 (2009) 
 
167. V.D. Badwaik, L.M. Vangalam, D.S. Pender, C.D. 
Wills, Z.P. Aguilar, M.S. Gonzalez, R. Paripelly and R. 

Dakshinamurthy: Size-dependent antimicrobial properties 
of sugar encapsulated gold nanoparticles synthesized by 
green method. Nanoscale Res. Lett., 7, 623 (2012) 
 
168. C. Engelbrekt, K.H. Sorensen, J. Zhang, A.C. 
Welinder, P.S. Jensen and J. Ulstrup: Green synthesis of 
gold nanoparticles with starch-glucose and application in 
biochemistry. J. Mater. Chem., 19, 7839-7847 (2009) 
 
169. N. Basu, R. Bhattacharya and P. Mukherjee: Protein-
mediated autoreduction of gold nanoparticles. Biomed. 
Mater., 3(3), 034105 (2008) 
 
170. P. Ravindra: Protein mediated synthesis of gold 
nanoparticles. Mater. Sci. Eng. B, 163(2), 93-98 (2009) 
 
171. M.M. Kemp, A. Kumar, S. Mousa, T.J. Park, P. 
Ajayan, N. Kubotera, S.A. Mousa, R.A. Linhardt: 
Synthesis of gold and silver nanoparticles stabilized with 
glycosaminoglycan’s having distinct biological 
activities. Biomacromolecules, 10(3), 589-595 (2009) 
 
172. V.P. Venkatpurwar and V.B. Pokharkar: 
Biosynthesis of gold nanoparticles using therapeutic 
enzyme in vitro and in-vivo efficacy study. J. Biomed. 
Nanotechnol., 6(6), 667-674 (2010) 
 
173. J.S. Sohn, Y.W. Kwon, J.I. Jin and B.W. Jo: DNA-
Templated preparation of gold nanoparticles. Molecules, 
16, 8143-8151 (2011) 
 
174. Y. Shao, Y. Jin and S. Dong: Synthesis of gold 
nanoplates by aspartate reduction of gold chloride. Chem. 
Commun., 7(8), 1104-1105 (2004) 
 
175. P. He and M.W. Urban: Phospholipid stabilized Au 
nanoparticles. Biomacromolecules, 6(3), 1224-1225 (2004) 
 
176. L.B. Rice: Progress and challenges in implementing 
the research on ESKAPE pathogens. Infect Control Hosp 
Epidemiol. 31, S7-S10 (2010) 
 
177. Antibiotic Resistance. (2013, June 25). 
http://en.wikipedia.org/wiki/Antibiotic_resistance 
 
178. I. Chopra and M. Roberts: Tetracycline antibiotics: 
mode of action, applications, molecular biology, and 
epidemiology of bacterial resistance. Microbiol. Mol. Biol. 
Rev., 65(2):232– 260 (2001) 
 
179. G.D. Wright: Aminoglycoside-modifying enzymes. 
Curr. Opin. Microbiol., 2, 499–503 (1999) 
 
180. B. Llano-Sotelo, E.F. Jr. Azucena, L.P. Kotra, S. 
Mobashery and C.S. Chow: Aminoglycosides modified 
by resistance enzymes display diminished binding to the 
bacterial ribosomal aminoacyl-tRNA site. Chem. Biol., 
9, 455-463 (2002) 
 
181. V. Vipin: Growing antibiotics resistance and the 
need for new antibiotics. Indian Pediatrics, 47, 505-506 
(2010) 



Gold nanoparticles for enhanced antibacterial activity  

1343 

182. B. Meier (2013, June 2). Pressure Grows to Create 
Drugs for Superbugs. The New York Times, p.A1 
 
183. E. Harrell (2009, October 01). The Desperate Need for 
New Antibiotics. Time 
 
 184. Laidman, J. (2013, April 22). Despite Growing 
Crisis, Few Antibiotics are in Pipeline. Medscape Medical 
News 
 
185. R.C. Moellering: NDM-1- A cause for worldwide 
concern. N. Eng. J. Med., 363, 2377-2379 (2010) 
 
186. L. Mocan: Drug Delivery applications of gold 
nanoparticles. Biotechnol, Molecular Biol and Nanomed., 
1(1), 1-6 (2013) 
 
187. D.N. Williams, S.H. Ehrman and T.R. Holoman: 
Evaluation of the microbial growth response to inorganic 
nanoparticles. J. Nanobiotech., 4, 3 (2006) 
 
188. A. Azam, F. Ahmed, N. Arshi, M. Chaman and A.H. 
Naqvi: One step synthesis and characterization of gold 
nanoparticles and their antibacterial activities against E.coli 
(ATC 25922 strain). Int. J. Theo. App. Sci., 1(2), 1-4 (2009) 
 
189. Y. Zhou, Y. Kong, S. Kundu, J.D. Cirillo and H. 
Liang: Antibacterial activities of gold and silver 
nanoparticles against Escherichia coli and bacillus 
calmette-Guerin. J. Nanobiotech., 10, 19 (2012) 
 
190. S. Lokina and V. Narayanan: Antimicrobial and 
Anticancer activity of gold nanoparticles synthesized from 
grapes fruit extract. Chem. Sci. Trans., 2(S1), S105-S110 
(2013) 
 
191. A.I. El-Batal, A.A. M-Hashem and N.M. Abdelbaky: 
Gamma radiation mediated green synthesis of gold 
nanoparticles using fermented soybean-garlic aqueous 
extract and their antimicrobial activity. SpringerPlus, 2, 
129 (2013) 
 
192. B. Mahitha, B. Deva Prasad Raju, T. Madhavi, N. 
Durgamaha lakshmi and N. John Sushma: Evaluation of 
antibacterial efficacy of phyto fabricated gold nanoparticles 
using bacope monniera plant extract. Ind. J. Adv. Chem. 
Sci., 1(2), 94-98 (2013) 
 
193. A. Rai, A. Prabhune and C.C. Perry: Antibiotic-
mediated synthesis of gold nanoparticles with potent 
antimicrobial activity and their application in antimicrobial 
coatings. J. Mater. Chem., 20, 6789-6798 (2010) 
 
194. B. Saha, J. Bhattacharya, A. Mukherjee, A. Ghosh, C. 
Santra, A.K. Dasgupta and P. Karmakar: In vitro structural 
and functional evaluation of gold nanoparticles conjugated 
antibiotics. Nanoscale Res. Lett., 2(12), 614-622 (2007) 
 
195. G.L. Burygin, B.N. Khlebtsov, A.N. Shantrokha, L.A. 
Dykmanm, V.A. Bogatyrev and N.G. Khlebtsov: On the 
Enhanced antibacterial activity of antibiotics mixed with 
gold nanoparticles. Nanoscale Res. Lett., 4, 794-801 (2009) 

196. R. Jagannathan, P. Poddar and A. Prabhune: 
Cephalexin mediated synthesis of Quasi- spherical and 
anisotropic gold nanoparticles and their in situ capping by 
the antibiotic. J. Phys. Chem., 111, 6933-6938 (2007) 
 
197. H. Gu, P.L. Ho, E. Tong, L. Wang and B. Xu: 
Presenting Vancomycin on nanoparticles to enhance 
antimicrobial activities. Nano Letters, 3(9), 1261-1263 
(2003) 
 
198. G.A. Nirmala and K. Pandian: Quinolone antibiotic 
capped gold nanoparticles and their antibacterial efficacy 
against gram positive and gran negative organisms. J. 
Bionanoscience, 1(2), 96-105 (2007) 
 
199. E. Lima, R. Guerra, V. Lara and A. Guzman: Gold 
nanoparticles as efficient antimicrobial agents for Escherichia 
coli and Salmonella typhi. Chem. Cen. J., 7, 11 (2013) 
 
200. Y. Zhao, Y. Tian, Y. Cui, W. Liu, W. Ma and X. Jiang: 
Small molecule capped gold nanoparticles as potent 
antibacterial agents that target gram-negative bacteria. J. Am. 
Chem. Soc., 132(35), 12349-12356 (2010) 
 
201. W.C. Huang, P.J. Tsai and Y.C. Chen: Functional gold 
nanoparticles as photothermal agents for selective-killing of 
pathogenic bacteria. Nanomedicine, 2(6), 777-787 (2007) 
 
202. V.P. Zharov, K.E. Mercer, E.N. Galitovskaya and M.S. 
Smeltzer: Photothermal nanotherapeutics and nanodiagnostics 
for selective killing of bacteria targeted with gold 
nanoparticles. Biophys. J., 90(2), 619-627 (2006) 
 
203. D.S. Pender, L.M. Vangala, V.D. Badwaik, H. 
Thompson, R. Paripelly and R. Dakshinamurthy: A New class 
of gold nanoantibitoics- Direct coating of ampicillin on gold 
nanoparticles. Pharm. Nanotechnol., 1(2), 126-135 (2013) 
 
204. Y.X. Zhang, J. Zheng, G. Gao, Y.F. Kong, X. Zhi, K. 
Wang, X.Q. Zhang and D.X. Cui: Biosynthesis of gold 
nanoparticles using chloroplasts. Int. J. Nanomed., 6, 2899-
2906 (2011) 
 
205. N.C. Sharma, S.V. Sahi, S. Nath, J.G. Parsons, J.L. 
Gardea-Torresde and T. Pal: Synthesis of plant mediated gold 
nanoparticles and catalytic role of biomatrix embedded 
nanomaterials. Environ. Sci. Technol., 41(14), 5137-5142 
(2007) 
 
206. S.K. Das, A.R. Das and A.K. Guha: Gold 
nanoparticles: Microbial synthesis and applications in water 
hygiene management. Langmuir, 25(14), 8192-8199 (2009) 
 
207. G.P. Wynne: (2013, March 13). Microbiology: 
There’s gold in them there bugs. Nature,  495(7440), pp. 
S12-S13 
 
208. G.E. Jai Poinern, P. Chapman, X. Le and D. Fawcett: 
Green biosynthesis of gold nanometer scale plates using the 
leaf extracts from an indigenous Australian plant 
Eucalyptus macrocarpa. Gold Bull., doi: 10.1.0.0.7/s13404-
013-0097-7 (2013) 



Gold nanoparticles for enhanced antibacterial activity  

1344 

209. C. Goodman, C. McCusker, T. Yilmaz and V.M. 
Rotello: Toxicity of gold nanoparticles functionalized with 
cationic and anionic side chains. Bioconjug Chem, 15, 897–
900 (2004) 
 
210. Y. Cui: The molecular mechanism of action of 
bactericidal gold nanoparticles on Escherichia coli. 
Biomaterials, 33, 2327-2333 (2012) 
 
Abbreviations: AuNPs:Gold nanoparticles, ATP:Adenine 
tri-phosphate, CTAB:Cetyl trimethylammonium bromide, 
dGNP:Dextrose encapsulated gold nanoparticles , MIC: 
Minimum inhibitory concentration, MDR:Multi-drug 
resistant, nm:nanometer, NIR: near-infrared region, 
OMV:Outer membrane vesicles, PAH:Polyallylamine 
hydrochloride, PCR:Polymerase chain reaction, 
ROS:Reactive oxygen species , SPR:Surface plasmon 
resonance, SERS: Surface enhanced Raman spectroscopy, 
SEM: Scanning electron microscope, TEM:Transmission 
electron microscope , TOAB:Tetraoctylammonium 
bromide , tRNA:Transfer ribonucleic acid, UV:Ultra-Violet 
 
Key Words: Gold Nanoparticles, Nanotechnology, 
Antibacterial, Green Synthesis, Chemical Reduction 
Methods, Antibiotic Resistance, Antibiotic Gold 
Nanoparticle, Biosynthesis, Review 
 
Send correspondence to: Rajalingam Dakshinamurthy, 
Department of Chemistry, TCCW 115, 1906 College Heights 
Blvd. #11079, Western Kentucky University, Bowling Green, 
KY 42101-1079, Tel: 270-745-2136, Fax: 270-745-5361, E-
mail: rajalingam.dakshinamurthy@wku.edu 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


