
ORIGINAL ARTICLE

A Bacteriophage Mediated Gold Nanoparticles Synthesis
and Their Anti-biofilm Activity

S. S. Ahiwale1,2 • A. V. Bankar1,3 • S. Tagunde1,4 • B. P. Kapadnis1

Received: 1 August 2016 / Accepted: 23 January 2017 / Published online: 4 February 2017

� Association of Microbiologists of India 2017

Abstract In the present study, gold nanoparticles (AuNPs)

synthesis was carried out by using a rare bacteriophage

which is morphologically similar to 7–11 phages of the C3

morphotype of tailed phage belonging to Podoviridae

family as green route. Effect of various physiological

parameters like pH, temperature and concentration of gold

chloride salt on AuNPs synthesis was studied. The reaction

mixtures have shown vivid colours at various physiological

parameters. Phage inspired AuNPs were further charac-

terized by using different techniques such as UV–Vis

spectrophotometry, scanning electron microscopy (SEM),

energy dispersive spectroscopy (EDS), X-ray diffraction

(XRD) and dynamic light scattering (DLS). DLS study

revealed synthesis of various sizes of AuNPs in the range

of 20–100 nm. SEM studies revealed synthesis of varied

shaped AuNPs, viz., spheres, hexagons, triangles, rhom-

boids and rectangular etc. The presence of Au in the

nanostructures was confirmed by EDS. The XRD pattern

reflects the crystalline nature and nano size of AuNPs.

These phage inspired AuNPs showed anti-bacterial activity

against different bacterial pathogens. Anti-biofilm activity

of AuNPs was evaluated on a glass slide. It was noticed

that at 0.2 mM concentration of these AuNPs about 80% of

biofilm formation by Pseudomonas aeruginosa, a human

pathogen was inhibited. Thus, the phage inspired AuNPs

synthesis could be potential therapeutic agents against

human pathogens.

Keywords Bacteriophages � Biofilms �
Biopharmaceuticals � Biotechnology � Viruses

Introduction

Bacteriophages are a class of viruses with ability to mul-

tiply and survive in bacterial host cells [1]. Phages are

found to be abundant with ability to persist in nature

without their host. They have potential of a high resistance

to various environmental conditions as compared to the

host cells [2]. They have high specificity for their host and

are explored extensively with respect to their applications

in different fields. Lytic phages are considered as thera-

peutic agents for the treatment of human, animal and plant

diseases. Phages have been used in food industries as

biocontrol agents to control human and plant pathogens [3].

Recently, viruses are considered as valuable biological

resources in the field of nanotechnology. Virus mediated

nanoparticles synthesis is an attractive and could be a

promising ‘green technology’. M13 viruses are used in

preparation of cobalt oxide nanowires and Co–Pt crystals

[4]. Hybrid gold–cobalt oxide nano-wires are also synthe-

sized by using gold binding peptides and incorporated into

the filament coat of virus. Such nano-wires are being used

in battery industries to improve the power of battery [4, 5].

Phagemid vectors are also used for expression of metal

binding peptides on the major coat proteins and synthesis

of semiconductor metallic nanowires [6, 7]. FCC iron
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nanoparticles are synthesized by using M13 virus for ura-

nium reduction and uranium dioxide nanocrystals synthesis

[8]. Some specific binding peptide motifs with high affinity

for various semiconductor materials like ZnS, CdS and PbS

etc. are identified. Thus, they have a key role in mineral-

ization of the inorganic crystals [9]. Modified pII minor

coat protein of phages was used as a biological agent for

ZnS and CdS nanoparticles synthesis [10]. ZnS nanopar-

ticles were self-assembled into ordered film structures.

Similarly, anti-streptavidin viruses were used to align dif-

ferent nanoparticles such as gold, organic dyes and bio-

logical molecules [11].

Biological molecular assemblies are known as an

excellent source for the development of nano-engineered

systems with several biomedical applications. Therefore,

biologically active molecular networks in which bacterio-

phages were directly assembled with AuNPs [12]. Genet-

ically and chemically manipulated bacteriophages were

used in anti-cancer therapy [13]. A covalent coupling of

AuNPs to retargeted adenoviral vectors were used as

selective agents for delivery of the nanoparticles to tumor

cells [14]. In this study, a rare 7–11 phage belonging to

Podoviridae family is used as a novel green route for

AuNPs synthesis. This is the first report on green synthesis

of AuNPs by using a virus as reducing agent. Such bio-

inspired AuNPs were also tested for their potential anti-

bacterial and anti-biofilm activity against, P. aeruginosa

(PAO1).

Materials and Methods

Preparation of Gold Solution

The stock of gold chloride solution was prepared (1 mM)

by adding gold chloride salt (HAuCl4) in distilled water

and used further for all experiments as per the requirement.

Phage Isolation, Purification and Enrichment

Lytic phages specific to Salmonella serovar Paratyphi B

were isolated from the surface water of the Pavana river,

Pune, India [15]. Water sample was collected in a sterile

screw capped bottles of 250 ml capacity. Water was used

as a source of phages. The phages were isolated from the

filtrate on nutrient agar medium by the double agar layer

plaque assay (DAL) method [16] in which the mid-log

phase culture (O.D650 0.80) of Salmonella serovar

Paratyphi B (0.5 ml) and the filtrate (0.2 ml) were mixed

together in 3 ml sterile soft agar (0.6% w/v) and then

poured onto sterile nutrient agar medium. Plates were

incubated at 37 �C for 24 h and checked for the formation

of plaques after every 3 h. After incubation, plate showed

varied sized clear and turbid plaques. Clear plaque for-

mation is a characteristic of the lytic phages whereas the

turbid plaques are formed by the lysogenic phages. A

single clear plaque (6 mm diameter) was picked up from

the plate using sterile cork borer and suspended in 500 ml

flask containing 200 ml phage broth in 500 ml conical

flask (gram/litre, peptone; 10, meat extract; 3, sodium

chloride; 5, glucose; 1, CaCl2�H2O; 0.2, MgSO4�7H2O;0.5

and pH 7.4). Thereafter, 0.5 ml of Salmonella serovar

Paratyphi B culture was inoculated into the same flask and

incubated at 37 �C for 24 h. After incubation, broth was

centrifuged at 10,000 rpm for 20 min at 4 �C. Supernatant

was filtered through membrane filter (0.2 lm) and the fil-

trate was used as phage source. Plaque characters of the

purified phages were determined in triplicate by double

agar layer plaque assay technique. After incubation at

37 �C, plaques were observed and then a single plaque was

picked up from the plate, enriched in the phage broth using

host, Salmonella serovar Paratyphi B.

Determination of Phage Titre

Bacteriophage titre of the lysate was determined by using

double agar layer plaque assay technique as described

earlier [15, 16]. Briefly, 100 ll of diluted phage lysate,

500 ll of S. Serovar paratyphi B suspension and 4 ml of

molten agar were mixed properly and poured on sterile

nutrient agar plates. All plates were incubated at 37 �C and

plaque forming units (PFU) were counted after 12–18 h.

Thus, phage titre was determined.

Transmission Electron Microscopy (TEM) of Phages

Phage morphology was studied by using TEM. Bacteriophage

samples were prepared by centrifugation of purified phages at

25,000 rpm for 1 h at 4 �C by using a Beckman J2-21 cen-

trifuge (Beckman Instruments, Palo Alto, CA). Further, pha-

ges were washed twice with 0.1 M ammonium acetate buffer

(pH 7.0) and stained with 2% phosphotungstate (pH 7.2)

solution and deposited on carbon-coated Farmvar films and

examined under Philip EM 300 electron microscope.

Preparation of Phage Lysate in SM Buffer

for Synthesis of AuNPs

Nutrient agar plates with plaques were flooded with SM

buffer (g/l, Nacl; 5.8, MgSO4�7H2O; 2, 1 M Tris; 50 ml,

pH 7.5) and kept at 4 �C for 12–18 h. Further, SM buffer

with phages was centrifuged at 10,000 rpm at 4 �C for

10 min for sedimentation of bacteria. Supernatant was fil-

tered through membrane filter (0.20 lm). Phage titre of the
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filtrate was determined as described earlier and these

phages were used for AuNPs synthesis.

Synthesis of AuNPs by Using Phage Lysate

The reaction mixture contained 0.5 ml of phage lysate

(6 9 1011 PFU/ml) and 2 ml of gold chloride solution. The

reaction mixture was incubated at room temperature for

74 h. After completion of reaction, a change in colour was

observed. The AuNPs were synthesized by using phages at

various environmental conditions, viz., pH, temperature

and gold chloride salt concentration.

Characterization of AuNPs

Characterization of AuNPs was carried out by using UV–

Vis spectroscopy, SEM–EDX and XRD. UV–Vis spectrum

measurements were performed by using a Jasco V-530

UV–Vis spectrophotometer. The SEM attached with EDS

of AuNPs was recorded. The XRD pattern of AuNPs was

measured by using thin films of AuNPs in the transmission

mode on a D 8 Advanced Brucker instrument with Cu Ka
radiation using k = 1.54 Å. The particle size was analyzed

by using DLS equipment (25 �C at a fixed angle of 90�)
with Brookhaven 90 plus particle sizing software.

Anti-bacterial Activity of AuNPs

Antibacterial activity of phage inspired AuNPs synthesis was

tested by well agar diffusion technique [17]. Different aliquots

of AuNPs (50 and 100 ll) were added into wells prepared on

sterile nutrient agar plates seeded with bacterial culture. Plates

were kept for 10–15 min at refrigeration temperature to allow

diffusion of AuNPs into the medium. All Plates were incu-

bated at 37 �C for 24 h. Then plates were observed for zone of

growth inhibition by phage inspired AuNPs.

Anti-biofilm Activity of AuNPs on the Glass Surface

Anti-biofilm activity of phage inspired AuNPs was studied

against the bacterial biofilm of P. aeruginosa (PAO1) on a

glass slide surface. The test culture was grown in nutrient

broth for 24 h and inoculated into sterile petriplates containing

20 ml of sterile nutrient broth medium. The phage inspired

AuNPs of different concentrations (0.05, 0.1 and 0.2 mM)

were transferred into each individual plate. The plates without

AuNPs were considered as control. The glass slides were

dipped into sterile nutrient broth medium containing bacteria

and incubated at 37 �C for 24 h. All experiments were per-

formed in triplicates. Biofilm formation on glass slides in

presence and absence of phage inspired AuNPs was observed

and evaluated by fluorescence microscopy. For fluorescence

microscopy, biofilms were stained with 0.01% acridine

orange stain. Biofilm formation by bacterial pathogen was

quantified by crystal violet assay. A wild-type strain of P.

aeruginosa, was inoculated into sterile nutrient broth and

incubated at 37 �C for 24 h on rotary shaker (120 rpm). The

absorbance (A 600 nm) of the freshly grown culture was

adjusted to 0.8. Further, 1 ml of each culture was added into

15 ml of nutrient broth and adjusted with different concen-

trations of AuNPs (0.05, 0.1 and 0.2 mM), separately and

mixed thoroughly. About, 200 ll of mixture was added into

wells of flat bottomed polysterene microtiter plates. The plates

were incubated at 30 �C for 10, 15, 20 and 25 h. The wells

without AuNPs were considered as control [18].

Statistical Analysis

All the experiments were performed in triplicate. The

arithmetic mean was used for data analysis. The unpaired

‘t’ test was used for comparison between control (without

AuNPs) and test biofilm formation (with AuNPs). A

probability level of p (0.05) was used throughout the study.

All statistical analysis of data was carried out by using the

GraphPad InStat [DATASET1.ISD] software.

Results and Discussion

Effect of pH on Phage Inspired AuNPs Synthesis

Electron micrographic study revealed that the phage

belonged to Podoviridae family which is morphologically

Fig. 1 Visual observations and UV–visible absorption of phage

inspired AuNPs synthesized at pH a 2 b 3 c 4 d 5
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similar to the 7–11 phages of the C3 morphotype of tailed

phages, characterized by a very long, cigar-shaped head

(162 9 58 nm) and short tail (12 9 7 nm). These phages

are very rare in their occurrence [15]. The phage inspired

AuNPs were synthesized at different pH values (2, 3, 4 and

5) of the reaction mixtures. Figure 1 showed that the yel-

low color of gold chloride solution did not distinctly turn

into any other color after reaction carried out at pH 2. The

UV–Visible spectrum of the reaction mixture did not show

a characteristic peak of AuNPs. Absence of Au character-

istics peak suggested that AuNPs were not synthesized at

pH 2. Yellow color of gold chloride solution was turned

into light pink color with a broad peak in the range of

500–650 nm at pH 3. When the reaction took place at pH 4,

ruby red color was formed with a sharp narrow peak in the

range of 530–570 nm. Dark reddish color appeared at pH 5

with a strong peak in the range of 520–580 nm. The pale

yellow color of the reaction mixture turned into different

colors with characteristic peaks at pH 3, 4 and 5. Thus,

visual observations and UV–Vis spectra studies indicate

that the phage inspired AuNPs was synthesized. Intensity

of a peak was varying at different pH values of reaction

mixtures. Similar, results were obtained with biological

reducing agents such as bacteria and banana peel extract

when used for bio-inspired AuNPs synthesis. Thus, results

are in corroboration with our previous studies [17, 19].

Effect of Temperature on Phage Inspired AuNPs

Synthesis

As indicated in Fig. 2, AuNPs were synthesized at dif-

ferent temperatures (20, 25, 30 and 40 �C). At 20 �C, light

pinkish color was formed with a small broad peak in the

range of 500–600 nm. Dark pink color appeared when

reaction was performed at 25 �C. A broad peak was

observed in the range of 500–600 nm with increasing

absorbance. Red color was developed at 35 �C and a

broad peak was seen in the range of 500–600 nm. Inten-

sity of red color was increased at 40 �C with sharp peaks

in between 540 and 560 nm. Intensity of color was

increased with increasing temperatures suggested that

AuNPs formation was superior at higher temperature.

Results obtained substantiate our previous reports

[17, 19].

Effect of Metal Salt Concentrations on Phage

Inspired AuNPs Synthesis

Figure 3 shows that phage inspired AuNPs synthesis was

studied at different concentrations of gold chloride (0.5, 1,

1.5 and 2 mM). Pink color was observed when reaction

was performed with 0.5 mM of gold chloride solution. A

sharp narrow peak was seen in the range of 530–570 nm.

Reactions with 1 and 1.5 mM of gold chloride solutions

showed dark pink color with characteristic sharp peaks in

the range of 510–580 nm. Ruby reddish color was

observed with 2 mM of gold chloride solution with typical

sharp peak in the range of 510–590 nm. The colour change

of reaction mixture was due to the collective coherent

Fig. 2 Visual observations and UV–visible absorption of phage

inspired AuNPs synthesized at temperature (�C) a 20 b 25 c 30 d 40

Fig. 3 Visual observations and UV–visible absorption of phage

inspired AuNPs synthesized at different concentration of gold

chloride (mM) a 0.5 b 1.0 c 1.5 d 2.0
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oscillation of conduction electrons at the surface of AuNPs.

Thus, colour change in reaction mixture under different

experimental conditions is an indication of AuNPs syn-

thesis [19–21].

SEM Attached with EDS and XRD Studies of Phage

Inspired AuNPs

Figure 4a–d shows the SEM micrographs of AuNPs in the

form of different shapes such as spheres, hexagons, trian-

gles, rhomboids and rectangular. Nanoparticles with varied

morphologies have been reported in previous study [22].

The spot EDS of AuNPs showed peaks of gold in the

selected area (figure not shown). SEM demonstrated a

polymorphic distribution in size and shapes of AuNPs.

Maximum nanoparticles were in the range of 20–50 nm.

Few nanoparticles were in the range of 50–150 and

150–500 nm. Size of phage inspired AuNPs was further

determined by using DLS (figure not shown). The size of

AuNPs was determined by DLS and is in conformity with

size obtained by SEM images. Figure 4e is a representative

XRD profile of the AuNPs that gives the structural infor-

mation and its crystalline nature. A thin film of gold

chloride before reaction did not show the characteristic

peaks. The reaction of Au with phages showed the

diffraction peaks at 2h = 38.1�, 44.5�, 64.21� and 77.78�.
The XRD analysis revealed that AuNPs has predominant

(111) and (200) peaks, that are expected for nanoplates and

microstructures with (111) dominant facets. The XRD

pattern of AuNPs has similarity with the pattern reported

earlier [17, 19].

Anti-bacterial and Anti-biofilm Activity of Phage

Inspired AuNPs

Anti-bacterial activity of phage inspired AuNPs was tested

against several bacterial cultures, viz., Klebsiella pneumo-

niae, P. aeruginosa (MTCC 728), Escherichia coli (MTCC

728),Proteus vulgaris (MTCC 426) and S. serovar Paratyphi

B. Figure 5a–c shows the representative zone of growth

inhibition of P. aeroginosa (MTCC 728) and Salmonella

serovar Paratyphi B by AuNPs. AuNPs exhibited highest

antibacterial activity against Klebsiella pneumoniae, P.

aeruginosa (MTCC 728) and Salmonella serovar Paratyphi

B etc. Antibacterial activity of bacterial cell mediated

AuNPs has been reported againstP. aeruginosa. A inhibition

zone diameter was 1.4 ± 0.2 cm at 2 mM of AuNPs

[17, 23]. In this study, zone diameter by phage inspired

AuNPs synthesis was 2.1 ± 0.3 cm reported. Thus, phage

inspired AuNPs exhibited higher antimicrobial activity

against P. aeruginosa as compared to bacterial cell mediated

AuNPs. The inhibitory mechanism of AuNPs is not yet fully

understood. AuNPs are reported to interfere with DNA, RNA

and protein synthesis [23]. Anti-biofilm activity of phage

inspired AuNPs was observed againstP. aeruginosa (MTCC

728). Biofilm formation by P. aeruginosa on the glass sur-

faces was inhibited by AuNPs. Biofilm inhibition (%) was

increased in presence of different AuNPs concentration

when compared with control (p\ 0.05) as shown in Fig. 5d–

g. About 70–80% of biofilm was inhibited by phage inspired

AuNPs in case of pathogenic strain of P. aeruginosa (MTCC

728). Similarly, anti-biofilm activity of AuNPs was observed

by bio-inspired nanoparticles as reported earlier [19, 23].

Fig. 4 Scanning electron micrographs of phage inspired AuNPs a–c are magnified 920,000. Inset bar represent 2 lm and d is magnified

960,000. Inset bar represent 0.1 lm. e Representative XRD profile of thin film phage inspired AuNPs
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Biofilm inhibition by AuNPs was investigated by using

96 well plate assay performed in microtiter plates. AuNPs

showed a remarkable reduction in the biofilm formation

by P. aeruginosa with increasing AuNPs concentrations.

This might be due to the toxicity of AuNPs towards the

bacterial cells [19]. Thus, bacterial biofilm formation (%)

was inhibited significantly (p\ 0.05) as compared to

biofilm formation (%) in control (without AuNPs). It was

seen that about 70% biofilm formation was inhibited in

presence of 0.1 mM AuNPs and 80% at 0.2 mM AuNPs

as shown in Fig. 6. In previous study, it has been observed

that bacterial mediated AuNPs have inhibited about

64.29, 71.43 and 76.79% of biofilm formation by P.

aeruginosa at different concentrations of 0.5, 1.0 and

2.0 mM, respectively (17). Thus, phage inspired AuNPs at

low concentrations (0.2 mM) showed higher anti-biofilm

activity against P. aeruginosa as compared to bacterial

mediated AuNPs. The anti-biofilm activity of AuNPs

Fig. 5 a Control without phage

inspired AuNPs: no zone of

growth inhibition. The phage

inspired AuNPs shows zone of

growth inhibition against

b Salmonella paratyphi and

c Pseudomonas aeruginosa

(MTCC 728). Fluorescence

microscopy images of biofilm

formation by P. aeruginosa on

the glass surface d without

phage inspired AuNPs and with

different concentrations of

phage inspired AuNPs

e 0.05 mM f 0.1 mM g 0.2 mM.

Magnification at 91000. Inset

bar represents 10 lm

Fig. 6 Representative images of biofilm formation in wells of

microtiter by P. aeruginosa with different concentrations of phage

inspired AuNPs
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observed may be related due to the destabilisation of

bacterial biofilms [24]. Thus, phage inspired AuNPs may

serve as potential therapeutic agents against the biofilm

forming bacterial pathogens.
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