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Abstract: Deinococcus radiodurans is an extreme bacterium known for its high resistance to 

stresses including radiation and oxidants. The ability of D. radiodurans to reduce Au(III) and 

biosynthesize gold nanoparticles (AuNPs) was investigated in aqueous solution by ultraviolet 

and visible (UV/Vis) absorption spectroscopy, electron microscopy, X-ray diffraction (XRD), 

dynamic light scattering (DLS), Fourier transform infrared spectroscopy (FTIR) and X-ray 

photoelectron spectroscopy (XPS). D. radiodurans efficiently synthesized AuNPs from 1 mM 

Au(III) solution in 8 h. The AuNPs were of spherical, triangular and irregular shapes with an 

average size of 43.75 nm and a polydispersity index of 0.23 as measured by DLS. AuNPs were 

distributed in the cell envelope, across the cytosol and in the extracellular space. XRD analysis 

confirmed the crystallite nature of the AuNPs from the cell supernatant. Data from the FTIR and 

XPS showed that upon binding to proteins or compounds through interactions with carboxyl, 

amine, phospho and hydroxyl groups, Au(III) may be reduced to Au(I), and further reduced to 

Au(0) with the capping groups to stabilize the AuNPs. Biosynthesis of AuNPs was optimized 

with respect to the initial concentration of gold salt, bacterial growth period, solution pH and 

temperature. The purified AuNPs exhibited significant antibacterial activity against both Gram-

negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria by damaging 

their cytoplasmic membrane. Therefore, the extreme bacterium D. radiodurans can be used as 

a novel bacterial candidate for efficient biosynthesis of AuNPs, which exhibited potential in 

biomedical application as an antibacterial agent.
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Introduction
Gold is one of the rarest metal elements in the earth’s crust and occurs in aqueous 

solution as gold(0), gold(I) and/or gold(III) complexes.1,2 Au ions can be reduced to 

inert gold nanoparticles (AuNPs). Compared with bulk gold materials, AuNPs with 

nanoscale size and morphological properties have unique characteristics including 

physical, chemical, electrical, mechanical, magnetic, optical and biological properties.3,4 

AuNPs have great potential in biomedical applications including drug delivery due to 

their pronounced biocompatibility, chemical inertness and physical properties.5–7

Traditionally, AuNPs are synthesized by physical or chemical processes which read-

ily produce nanoparticles with controllable sizes and required chemical purity, which 

is of extreme importance in most of research or applications. However, consumption 

of high levels of energy during the physical process and use of plenty of chemicals as 

well as generation of potential hazardous waste during the chemical process limit the 

applications of these processes.8,9 The development of a biocompatible and ecofriendly 
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biosynthetic process for AuNPs deserves merit. Biosynthetic 

process for nanoparticles using microorganisms and plants 

is receiving increasing attention due to its milder process 

condition and reduced use of toxic chemicals and has been 

suggested as a valuable alternative to physical and chemical 

methods.10 Growing evidence has highlighted the importance 

of microbial processes in the cycling of Au.11 A number of 

microorganisms including bacteria, actinomycetes, archaea 

and fungi have been investigated for AuNPs synthesis.12 For 

example, Escherichia coli has been shown to precipitate 

Au(III) and subsequently transform it into AuNPs intrac-

ellularly and extracellularly from AuCl
4

- solution.13,14 Au 

ions have toxic effects on organisms due to reactive oxygen 

species (ROS) generation as a result of Au(III) stress.15,16 

Moreover, in situ oxidants or highly active radionuclides may 

have adverse effects on microbial components such as cell 

surface functional groups and intracellular oxidoreductases 

and limit Au biotransformation.17 Hence, there is an increas-

ing demand for the screening of microorganisms with both 

cell resistances to in situ stresses and effective AuNPs pro-

duction ability.

Deinococcus radiodurans, a red-pigmented nonpatho-

genic bacterium isolated from an irradiated meat can,18 is well 

known for its exceptional resistance to radiation (15,000 Gy 

of ionizing radiation without lethality) and oxidants. The 

survival strategies of D. radiodurans are attributed to its 

efficient antioxidant and DNA repair systems. Its antioxidant 

system includes antioxidant enzymes and numerous small-

molecule ROS scavengers such as pyrroloquinoline-quinone, 

carotenoids and Mn2+ metabolite complexes, which might 

provide a reducing microenvironment for transformation or 

detoxification of heavy metals under in situ oxidative stresses. 

Moreover, the cellular envelope of D. radiodurans has a spe-

cial composition and structure with at least six layers which 

include an outmost surface layer (S-layer) consisting of regu-

larly packed hexagonal protein subunits.19,20 D. radiodurans 

was developed for the remediation of radioactive-mixed 

waste to reduce Cr(VI), U(VI) and Tc(VII),21–23 suggesting the 

potential of this bacterium in the biotransformation of heavy 

metals and biosynthesis of metal nanoparticles.24,25 Recently, 

the synthesis of silver nanoparticles and biotemplating of 

the preformed AuNPs into ordered arrays using S-layer 

protein lattices by D. radiodurans were investigated.26,27 

However, there are no reports available on the efficiency 

and reduction mechanism of direct AuNPs biosynthesis by 

D. radiodurans or evaluation of the bioactive functions of 

the AuNPs. Moreover, AuNPs have significant potential in 

biomedical applications due to their biocompatibility and 

chemical inertness to mammalian cells,5–7 compared with 

the relatively toxic silver nanoparticles, which can induce 

argyrism.28 Based on previous studies on the resistance of 

D. radiodurans, we hypothesized that the extreme bacterium 

D. radiodurans may synthesize AuNPs efficiently due to its 

abundant supply of reductants.

In the present study, the ability of D. radiodurans to bio-

synthesize AuNPs in aqueous solution was determined. The 

AuNPs synthesized by D. radiodurans were characterized 

in detail by ultraviolet and visible (UV/Vis) spectroscopy, 

electron microscopy, energy-dispersive X-ray spectroscopy 

(EDX), X-ray diffraction (XRD), dynamic light scattering 

(DLS) and Fourier-transform infrared spectroscopy (FTIR). 

The mechanism of Au speciation and reduction by the bacte-

rium was analyzed by X-ray photoelectron spectroscopy (XPS). 

The antibacterial activity of AuNPs as shown by cytomembrane 

damage in the Gram-positive bacterium (Staphylococcus 

aureus) and Gram-negative bacterium (E. coli) was evaluated 

to determine the biomedical potential of the AuNPs.

Materials and methods
Bacterial cultures and chemicals
D. radiodurans R1 (ATCC13939) was grown aerobically at 

32°C in tryptone glucose yeast (TGY) broth (0.5% tryptone, 

0.1% glucose, 0.3% yeast extract) with agitation at 220 rpm. 

E. coli and S. aureus were grown at 37°C in Luria–Bertani 

(LB) medium (1% NaCl, 0.5% yeast extract and 1% tryp-

tone). Bacterial growth was assessed by measuring optical 

density (OD) at 600  nm for D. radiodurans and E. coli 

and OD at 590  nm for S. aureus. Tetrachloroauric acid 

(HAuCl
4
⋅3H

2
O) was purchased from Sigma Aldrich Co. 

(St Louis, MO, USA). All reagents used were of analytical 

grade. A gold(III) stock solution was obtained by dissolving 

HAuCl
4
 in ultrapure water. The gold(III) solutions used in 

this study were prepared by dilution of a 10 mM HAuCl
4
 

stock solution. The pH of each working solution was adjusted 

by hydrochloric acid or sodium hydroxide. Chloramphenicol 

was used as a control in the antibacterial assays.

Identification and dynamic analysis 
of AuNPs formation
D. radiodurans R1 was incubated in TGY broth at 32°C until 

OD
600 nm

 reached 1.0. Then, 5 mL of the culture was centri-

fuged at 8,000× g for 10 min. The obtained cell pellet was 

resuspended in 5 mL TGY broth added with 1 mM Au(III). 

The formation of AuNPs in the suspension was monitored by 

the color changes of the reaction mixtures, and the absorption 

spectrum of the suspension was measured at regular intervals 
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by UV/Vis absorption spectroscopy (SpectraMax M5; 

Molecular Devices, Sunnyvale, CA, USA). The absorption 

spectra of sample aliquots from 480 to 620 nm were recorded 

as a function of reaction time. Appropriate controls including 

Au(III) solution plus TGY medium and D. radiodurans in 

TGY medium without Au(III) were measured at the same 

time for comparison.

The production of AuNPs was optimized by varying the 

reaction conditions including initial concentrations of Au(III) 

(1, 2.5 and 5 mM), bacterial growth period (OD
600 nm

 =0.2, 0.6, 

0.8, 1.0), pH values (2.5, 4, 7 and 8.5) and reaction tempera-

tures (25°C, 32°C and 37°C). The reaction time was 8 h. The 

experiments were performed independently in triplicate.

Preparation of AuNPs using 
D. radiodurans cells
Cell pellets (250 mg, wet weight) of D. radiodurans obtained 

from cell culture as described were washed three times with 

deionized water, followed by incubation with 1 mM Au(III) 

solution at 32°C and pH 7.0 for 8 h. The resulting purple-

colored solution was centrifuged at 8,000× g for 10 min to 

separate and collect the cell pellet and supernatant, respec-

tively. The cell pellet was washed with deionized water 

until the supernatant was colorless. The supernatants were 

combined, filtered using 0.22 μm syringe filters and then 

dialyzed against ultrapure water for 48  h with agitation. 

The bacterial pellets and dialyzed supernatant were frozen 

at -20°C for 12 h, respectively, and then transferred to -80°C 

for 12 h and freeze-dried. The purified purple powders from 

the supernatant were used to characterize the AuNPs synthe-

sized by D. radiodurans.

Characterization of AuNPs
The morphology, size and distribution of AuNPs within cells 

and the prepared AuNPs were characterized using transmis-

sion electron microscopy (TEM) and scanning electron 

microscopy (SEM). For TEM analysis, cells were suspended 

in 1 mM gold ion solutions for 2 h and then centrifuged to col-

lect the cells. The cells were fixed with 2.5% glutaraldehyde 

in phosphate buffer (pH 7.0) overnight and then embedded 

in 5% agar. The cells were dehydrated in a graded series of 

ethanol (30%, 50%, 70%, 80%, 90%, 95% and 100%) for 

15 min at each step and transferred to absolute acetone for 

20 min. Blocks were placed in a 1:1 (v/v) mixture of absolute 

acetone and the final Spurr resin mixture for 1 h at room tem-

perature, and then transferred to a 1:3 (v/v) mixture of abso-

lute acetone and the final resin mixture for 3 h. The blocks 

were transferred to capsules containing embedding medium 

and heated at 70°C for 9 h. The specimen was sectioned in 

LEICA EM UC7 ultratome, and sections were stained with 

uranyl acetate and lead citrate for 5–10 min, respectively, 

and observed using TEM (Hitachi Model H-7650; Hitachi, 

Tokyo, Japan). For SEM analysis, the samples were fixed 

and dehydrated as described, with the exception of the agar-

embedding step. The dehydrated sample was coated with 

palladium in Hitachi Model E-1010 ion sputter for 4–5 min 

and observed using a scanning electron microscope (Hitachi 

Model SU8010). Elemental composition of Au in the samples 

was analyzed by SEM-energy dispersive X-ray analysis 

(EDXA) (SU8010; Hitachi). EDXA spectrum was recorded 

in the area scan mode by focusing the electron beam onto a 

region of the sample surface.

The XRD pattern of prepared AuNPs from the super-

natant after dialysis and lyophilization was measured using 

the X-ray diffractometer (X’Pert PRO; PANalytical Ltd., 

Almelo, the Netherlands) with Cu Kα1 radiation with 

λ =1.540 Å. Scanning was performed in the region of the 

2θ angle from 20° to 90° with a step of 0.02° and a 2-second 

time constant for each step.29

Size distribution and surface charge of the AuNPs were 

measured by DLS and zeta potential analysis using a laser 

Doppler anemometer (Zetasizer Nano ZS; Malvern Instru-

ments, Malvern, UK) at a wavelength of 632.8 nm using a 

He–Ne laser beam at 25°C. Briefly, 100 μL of nanoparticles 

solution was diluted to 1  mL with deionized water. An 

electric field of 150 mV was applied to observe the electro-

phoretic velocity of the particles.30

For FTIR analysis, the cell pellets with AuNPs were 

dried by lyophilization after dialysis against ultrapure water. 

Dried samples were crushed with KBr in a mortar at a ratio 

of 1:100. The pressed pellet was recovered with a clip and 

immediately analyzed in the region of 4,000–400 cm-1 at a 

resolution of approximately 2 cm-1 over 1,800 scans using 

Nicolet5700 FTIR spectrometer (Thermo Nicolet Co., 

Madison, WI, USA).

The prepared nanoparticles from the supernatant were 

mounted on a stainless steel holder, and the XPS analysis 

was performed using a high-performance X-ray photoelec-

tron spectrometer (Escalab 250Xi; Thermo Scientific Co., 

Waltham, MA, USA) with monochromatic Al Kα radiation 

of energy 1,486.6 eV. The peaks were assigned following 

standard procedures as described previously.10

Antibacterial assays of AuNPs
To assess the antibacterial potential of AuNPs, two patho-

genic bacteria (Gram-positive S. aureus and Gram-negative 
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E. coli) were selected.27 Antibacterial activities of the 

synthesized AuNPs were assessed using the standard dilution 

micromethod and agar diffusion test.25,27,31 For the standard 

dilution micromethod, 1 mL bacterial culture was exposed 

to 100 and 150 μg/mL of AuNPs, respectively. Phosphate-

buffered saline replaced AuNPs in the control. All the mix-

tures were incubated for 2 h at 37°C with continuous shaking 

(220 rpm). Bacterial survival was monitored by plating the 

culture on LB agar plates and counting the colonies.

The antibacterial activity and mobilization of AuNPs 

were also analyzed using the agar diffusion test.30 One 

hundred microliters of the suspended culture was uniformly 

spread on LB agar plates, and then, disks with a diameter of 

6 mm containing 4 μL of AuNPs (20 mg/mL) were gently 

placed in the center of the plates. The disk containing 2 μL 

of 3 mg/mL chloramphenicol was used as a positive control. 

The plates were incubated at 37°C for 24 h. The antibacterial 

activity was evaluated by measuring the diameter of the zone 

of inhibition. All experiments were conducted independently 

in triplicate.

The effects of AuNPs on the morphology and integrity 

of S. aureus and E. coli were observed using SEM. Bacte-

rial cells were incubated with 100 μg/mL nanoparticles for 

30 min, and morphological changes were monitored by SEM 

as described.

Statistical analysis
The data were processed using Origin Pro version 8.0 

(OriginLab Corporation, Northampton, MA, USA) and 

expressed as mean ± standard deviation. Student’s t-test was 

used to assess the significance of differences between results, 

and P,0.05 was considered significant.

Results and discussion
Biosynthesis of AuNPs by D. radiodurans
In general, AuNPs in solution exhibit a purple to dark 

purple color with characteristic absorption in the range of 

520–560 nm, which is dependent on the morphology and size 

of the AuNPs.32,33 The color of the reaction mixture contain-

ing D. radiodurans and 1 mM Au(III) changed gradually 

from light red (0 min) to pale yellow (10 min), brown (2 h), 

light purple (4 h) and dark purple (8 h), visually indicating 

the formation of AuNPs in aqueous solution (Figure 1A). 

These colors were due to the excitation of surface plasmon 

vibrations,34 which is an intrinsic property of AuNPs and is 

used to indicate the formation of AuNPs.35 A characteristic 

peak of AuNPs was observed in D. radiodurans cultured 

with 1 mM Au(III) (Figure 1B). The broadened absorption 

of AuNPs might be due to the fact that the generated 

nanoparticles adsorbed the biomolecules on the surface 

resulting in a wide resonance peak.36 No characteristic 

absorption of AuNPs was observed in the D. radiodurans 

culture alone or the TGY medium plus gold chloride, indi-

cating that the AuNPs were formed by D. radiodurans cells. 

The D. radiodurans cell pellets could direct the formation 

of AuNPs (Figure S1) and were used for the preparation of 

AuNPs in the following experiments.

The time course of AuNPs formation at pH 7 and 32°C 

was recorded by monitoring the characteristic peak of AuNPs 

at around 540 nm (Figure 1C). The absorbance of AuNPs 

increased with reaction time from 2 to 6 h, corresponding to the 

color changes in the reaction mixtures (Figure 1A). The absor-

bance of AuNPs reached a maximum at 8 h and then remained 

unchanged, indicating that the relative production of AuNPs 

was maximum at that time and the reaction equilibrium had 

occurred. In general, the AuNPs biosynthetic process by bac-

teria achieves equilibrium by 16–120 h.37,38 The present study 

and available literature (Table S1) show that D. radiodurans 

reacted with gold ions more rapidly compared with other bac-

teria, suggesting that D. radiodurans has an efficient ability to 

biosynthesize AuNPs. The color and absorption property of the 

AuNPs were maintained even after 3 months at room tempera-

ture (data not shown), indicating that the synthesized AuNPs 

were stable. Cellular antioxidants are involved in the trans-

formation or detoxification of heavy metals.39 D. radiodurans 

cells have an expanded repertoire of antioxidants to protect 

against oxidative damage to nucleic acid and proteins,18,22,24 

which might provide a reducing microenvironment to facilitate 

Au(III) reduction and AuNPs formation.

Characterization of AuNPs from 
D. radiodurans
The morphology, size and distribution of the synthesized 

AuNPs were analyzed by SEM and TEM. SEM images 

showed that AuNPs were accumulated as bright particles 

on the surface of D. radiodurans cells in 1 or 5 mM Au(III) 

(Figure 2A and B); this was confirmed by EDXA of the cell 

surface of D. radiodurans (Figure 2C), which revealed the 

presence of characteristic peaks for Au along with trace 

peaks for C, N, O, P and S. The intensive Au peak at around 

2.20 keV due to the characteristic surface plasmon resonance 

of AuNPs corresponded with the formation of AuNPs.35,38,40 

The peaks for C, N, O, P and S might have arisen due to 

cellular components including proteins and carbohydrates, 
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which might have acted as stabilizing or capping agents in 

the formation of AuNPs. In the SEM images, the AuNPs 

were of spherical, pseudo-spherical, truncated triangular 

and irregular shapes which were observed on the cell surface 

(Figure 2A and B) and were more evident in the image of the 

prepared AuNPs from the cell supernatant (Figure 2D).

The TEM microgram showed that AuNPs were distrib-

uted on the cell envelope, across the cytosol as well as in the 

extracellular space (Figure 2E). The presence of intracellular 

AuNPs suggests that gold ions can be transported into the 

cells and reduced to AuNPs.

To characterize the crystallite nature of AuNPs, XRD 

analysis of lyophilized AuNPs was conducted. The face-cen-

tered cubic structure of atomic gold crystals was represented 

by the intense diffraction peaks from the AuNPs (Figure 3A), 

confirming the crystalline nature of the AuNPs. The peaks 

appeared at 38.27°, 44.37°, 64.54°, 77.80° and 81.74° in the 

2θ range of 20°–90°, corresponding to the characteristic dif-

fractions of the (111), (200), (220), (311) and (222) planes of 

the face-centered cubic Au structure, respectively. The inten-

sity ratios of the (200)/(111) and (220)/(111) peaks of AuNPs 

were approximately 0.55 and 0.37, consistent with the stan-

dard intensity ratios (0.52 and 0.33).41 The (111) lattice plane 

was the main crystal orientation of the AuNPs. Considering 

the (111) peak, the average crystallite size was estimated 

using the Debye–Scherrer equation (D =0.89 λ/β Cos θ), 

where D is the average crystallite domain size perpendicu-

lar to the reflecting planes, λ is the wavelength of the X-ray 

source (0.1541 nm), β is the full width at half-maximum 

(FWHM) of the (111) peak in radians and θ is the diffraction 

angle.27,42 The FWHM value was corrected using that of a 

large-grained Si and β
corrected

 = (FWHM
sample

2 - FWHM
si

2)1/2.42  

The size of the AuNPs was estimated by this equation to be 

approximately 36.28 nm.

Figure 1 Identification and time course analysis of AuNPs biosynthesis by Deinococcus radiodurans.
Notes: (A) Change in the color of the solution containing D. radiodurans cultured in TGY medium and 1 mM Au(III) with respect to incubation time (0 and 10 min, and 2, 4, 8 
and 30 h) compared to that without D. radiodurans (control, CK). (B) The absorbance spectra from 480 to 620 nm of AuNPs synthesized by D. radiodurans. Appropriate controls 
including Au(III) solution plus TGY medium (TGY+AU(III)) and D. radiodurans in TGY medium without Au(III) (TGY+R1) were measured at the same time for comparison. (C) 
The absorbance spectra of AuNPs formation with respect to the incubation time. The characteristic peak of AuNPs was visualized at approximately 540 nm.
Abbreviations: AuNPs, gold nanoparticles; D. radiodurans, Deinococcus radiodurans; h, hours: TGY, tryptone glucose yeast.
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Figure 2 SEM-EDXA and TEM analysis of AuNPs synthesized by Deinococcus radiodurans.
Notes: (A and B) SEM images of AuNPs-loaded D. radiodurans cells with 1 mM Au(III) and 5 mM Au(III), respectively. (C) EDX spectra of AuNPs-loaded D. radiodurans cells. 
(D) SEM image of purified AuNPs synthesized by D. radiodurans with 1 mM Au(III). (E) TEM image of AuNPs-loaded D. radiodurans cells. Arrows in A and B indicate the 
AuNPs on cell surface. Arrows in D indicate different morphologies and sizes of the purified AuNPs. Arrows in E indicate the AuNPs distributed on the cell envelope, across 
the cytosol as well as in the extracellular space. Scale bars in the pictures indicate the corresponding length.
Abbreviations: SEM, scanning electron microscopy; EDXA, energy-dispersive X-ray analysis; TEM, transmission electron microscopy; AuNPs, gold nanoparticles; EDX, 
energy-dispersive spectroscopy; D. radiodurans, Deinococcus radiodurans.

Figure 3 XRD and DLS analyses of AuNPs.
Notes: (A) XRD pattern of the purified AuNPs. The Braggs reflections were identified in the XRD. (B) The distribution of hydrodynamic diameter of AuNPs measured by DLS.
Abbreviations: XRD, X-ray diffraction; DLS, dynamic light scattering; AuNPs, gold nanoparticles.

θ
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The hydrodynamic particle size and zeta potential of 

AuNPs were further measured using the Zetasizer Nano ZS. 

As shown in Figure 3B, the formed AuNPs were highly 

monodispersed, and the average size of the AuNPs was 

43.75 nm while the size of the highest percentage of AuNPs 

(13.55%) was 39.5  nm, which matched with the size of 

nanoparticles observed by SEM and TEM and estimated by 

XRD. The observed difference in AuNPs’ size may be due 

to the effects of biomolecules acting as a capping agent and 

forming a covering on the nanoparticles.43 The zeta poten-

tial value (-20.01±0.17 mV) with the polydispersity index 

(0.23±0.002 at pH 7) of AuNPs indicated that the AuNPs 

were stable.31,44

FTIR analysis was performed to determine the possible 

functional groups of biomolecules involved in the reduction 

of gold ions and stabilization of the synthesized AuNPs from 

D. radiodurans incubated with Au(III). The FTIR signals of 

D. radiodurans cell pellets in the absence of Au treatment 

showed obvious bands at 3,302, 2,930, 2,363, 1,655, 1,541, 

1,452, 1,400, 1,242, 1,073 and 547 cm-1 (Figure 4A). The 

strong band at 3,302 cm-1 may be assigned to the stretching 

vibration of OH or NH groups present in carbohydrates 

or proteins.32 In the AuNPs-loaded D. radiodurans cells 

(Figure 4B), the OH or NH band at 3,302  cm-1 shifted 

to 3,404  cm-1, indicating that the OH- or NH-containing 

carbohydrates or proteins might have been involved in 

the reduction and capping of Au ions to form AuNPs.32 

D. radiodurans cells exhibited intense bands at 1,655 and 

1,543 cm-1, which corresponded to the stretching peaks of 

amide I and II groups of polypeptides/proteins. Following 

the formation of AuNPs, the amide I and II bands shifted 

slightly to 1,650 and 1,539 cm-1, respectively. Moreover, 

the band at 1,452 cm-1 might be ascribed to the methylene 

scissoring vibration in proteins and shifted to 1,447  cm-1 

during the formation of AuNPs. The bands at 1,073 cm-1 

corresponding to P–O–C stretching vibrations shifted to 

1,082 cm-1 in AuNPs-loaded D. radiodurans, indicating the 

interaction between phosphoprotein and the AuNPs surface. 

These results were consistent with the C, N, O and P peaks 

in the area profile of EDX for AuNPs-loaded D. radiodurans 

(Figure 2C). It was reported that AuNPs can interact with 

proteins through free amine groups or cysteine residues via 

Figure 4 FTIR and XPS analyses of AuNPs synthesis.
Notes: FTIR spectra of Deinococcus radiodurans (A) before and (B) after interaction with 1 mM Au(III). (C) XPS spectra of prepared AuNPs and (D) the core level of Au(4f), 
Au(0) and Au(I) peaks.
Abbreviations: FTIR, Fourier transform infrared spectroscopy; XPS, X-ray photoelectron spectroscopy; AuNPs, gold nanoparticles.
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electrostatic attraction of negatively charged carboxyl or 

carbonyl groups, to form a coating on the nanoparticles to 

prevent agglomeration, thus leading to stabilization of the 

AuNPs.45 OH and NH
2
 groups on the cell surface of Pichia 

pastoris and the carbonyl group in protein extract of Rhizopus 

oryzae were shown to be involved in the reduction of gold 

ions and the formation of AuNPs.38,46 Therefore, the shifting 

bands of different functional groups in the AuNPs obtained 

from D. radiodurans demonstrated that hydroxyl, amine and 

phospho groups might play important roles in the reduction 

and stabilization of the synthesized AuNPs. D. radiodurans 

contains numerous antioxidant compounds including carote-

noid, pyrroloquinoline-quinone and phosphoproteins, which 

are rich in hydroxyl, phospho or amine groups. Some unique 

proteins were also identified in D. radiodurans, such as 

PprI,47 which are involved in regulation of cellular antioxi-

dant system and stress response.18,48 These compounds and 

proteins might have been responsible for the reduction and 

stabilization of the synthesized AuNPs in this bacterium.

The speciation of Au in the reduction process was studied 

using the XPS technique. The peaks for C
1s

, N
1s

, O
1s

, P
2p

, 

Cl
2p

 and Au
4f
 were observed in AuNPs from the dialyzed 

and lyophilized supernatant (Figure 4C), consistent with a 

previous report.29 The peak of C
1s

 at 284.8 eV was used as 

the charge reference to determine core-level binding ener-

gies (Figure S2). The core-level spectra of C
1s

, N
1s

, O
1s

 and 

P
2p

 provided more evidence that cell functional groups, for 

example, carboxyl, amine, hydroxyl and phosphate, might 

provide reducing and capping sites for AuNPs formation, 

consistent with the results of the FTIR assay. The Au 4f 

spectrum composed of doublet peaks corresponding to Au 

4f
7/2

 and Au 4f
5/2

 at 83.8 and 87.5 eV, respectively, could be 

assigned to Au(0) (Figure 4D). In addition, the asymmetry 

in peaks might be assigned to Au(I), corresponding to an 

additional chemical state of Au during the reduction of Au 

ions.29,49 Therefore, a small amount of Au(I) remained on 

the coated AuNPs surface, indicating that the AuNPs were 

formed through intermediate Au(I) species. The XPS results 

demonstrated that upon binding to the reducing and capping 

sites, Au(III) might firstly be reduced to Au(I) species, and 

then further reduced to Au(0), and AuNPs formation was 

achieved with the capping factors. The reduction mechanism 

of D. radiodurans on noble metals has not been reported 

in previous studies.25,26 The properties of AuNPs strongly 

depend on interactions between the nanoparticles and the 

adsorbed species on the surface of nanoparticles.35 The reduc-

ing and capping factors for AuNPs present in D. radiodurans 

are still not fully known; however, we propose that the anti-

oxidant compounds and related proteins in this bacterium 

may have provided reducing and stabilizing agents to convert 

Au(III) via Au(I) into AuNPs.

Effects of reaction conditions on AuNPs 
biosynthesis
The effects of initial concentrations of gold salt, growth 

period (cell density) of bacterium, solution pH and reaction 

temperature on AuNPs biosynthesis were investigated by 

measuring the absorption spectra of AuNPs as the intensity of 

absorption is proportional to the production of AuNPs and the 

wavelength of maximum absorption is related to the size of 

AuNPs.35,44,50,51 As shown in Figure 5, different concentrations 

of Au(III) aqueous solution, pH, bacterial growth period and 

reaction temperatures had a marked effect on the formation 

of AuNPs. The relative intensity of absorption increased with 

an increase of initial concentration of gold ions or bacterial 

density (Figure 5A and B), indicating that the production of 

AuNPs was higher in the presence of enhanced supplement 

of metal ion substrate or bacterial cells. Figure 5C shows 

that D. radiodurans showed higher production of AuNPs 

at acidic pH (2.5–4) than that at the other tested pH and the 

maximum production was found at pH 4. pH is an important 

factor which affects the interaction between biosorbents 

and metal ions due to which it can influence the chemical 

environment of biosorbents (eg, protonation) as well as the 

properties of metal ions. At lower pH, the cell ligands were 

protonated to a higher degree, resulting in an overall more 

positive surface charge, which increased the electrostatically 

driven passive sorption of the negatively charged Au(III) 

complex onto the cells.33 However, the biosynthesis capac-

ity at pH 2.5 was lower than that at pH 4, probably due to 

competition of protonation at the functional binding sites 

of bacterial cells on Au(III). It was also observed that the 

characteristic absorption of AuNPs was blue shifted when 

pH was increased (7–8.5), which was attributed to a decrease 

in particle size with the change in pH.50 Figure 5D shows the 

effects of temperature (25°C, 32°C and 37°C) on the forma-

tion of AuNPs by D. radiodurans. Relatively high AuNPs 

production was demonstrated at 32°C, which approached the 

optimum growth temperature for D. radiodurans.

Antibacterial activity of AuNPs
The antibacterial activity of the biosynthesized AuNPs was 

evaluated against E. coli and S. aureus using the standard 

dilution micromethod and disk diffusion assay. Figure 6A 

shows the colony forming units per mililiter of the two 

pathogens in the presence of different concentrations of 

AuNPs. Nanoparticles at 150 μg/mL inhibited 44.76% and 

74.15% of S. aureus and E. coli, respectively, which was 
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Figure 5 Effects of reaction conditions on AuNPs biosynthesis.
Notes: The absorption spectral analysis of AuNPs formation over the wavelength range of 480–620  nm after 8  h of reaction under different conditions: (A) initial 
concentration of Au(III), (B) cell density (OD600 nm) of Deinococcus radiodurans, (C) initial pH and (D) incubation temperature.
Abbreviations: AuNPs, gold nanoparticles; OD, optical density.

°°°

Figure 6 Antibacterial activity of AuNPs.
Notes: (A) The survival (CFU/mL) of Escherichia coli and Staphylococcus aureus in the presence of 100 and 150 μg/mL AuNPs. The asterisks indicate significance (P,0.05) 
using Student’s t-test. (B) Inhibition zones of (1) PBS buffer, (2) 80 μg/disc AuNPs and (3) 6 μg/disc chloramphenicol on E. coli and S. aureus. The experiments were conducted 
independently in triplicate, and a representative result of the reproducible experiments is shown.
Abbreviations: AuNPs, gold nanoparticles; CFU, colony forming units; PBS, phosphate-buffered saline; E. coli, Escherichia coli; S. aureus, Staphylococcus aureus.
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Figure 7 The morphological changes in Escherichia coli and Staphylococcus aureus following AuNPs treatment.
Notes: SEM images of (A and B) E. coli and (C and D) S. aureus (A and C) before and (B and D) after the treatment with 100 μg/mL AuNPs for 30 min. Scale bars are 
shown under the images.
Abbreviations: AuNPs, gold nanoparticles; SEM, scanning electron microscopy; E. coli, Escherichia coli; S. aureus, Staphylococcus aureus.

in agreement with previous findings where AuNPs acted as 

an antimicrobial agent.31 It was found that the inhibition by 

AuNPs was more significant for Gram-negative E. coli than 

Gram-positive S. aureus, which was attributed to the differ-

ences in their cell wall compositions and growth rates.25,52 

The antibacterial property of AuNPs was also evaluated 

using the disk diffusion assay (Figure 6B). The average 

diameter of the inhibition zone of AuNPs at 80  μg/disc 

was 9.21±0.20  mm for Gram-negative E. coli and was 

8.95±0.17 mm for Gram-positive S. aureus. Chloramphenicol 

at 6 μg/disc was used as a positive control.

SEM images demonstrated the morphological changes 

in S. aureus and E. coli before and after incubation with 

100 μg/mL AuNPs for 30 min. Untreated bacteria exhibited 

membrane structure integrity with a smooth surface 

(Figure 7A and C). In contrast, the surface of S. aureus and 

E. coli showed vesicles and damages following incubation 

with AuNPs (Figure 7B and D), indicating that AuNPs might 

attach and penetrate the cell membrane of bacteria resulting in 

disruption of the cytoplasmic membrane. The structural integ-

rity and stability of the membrane as a permeability barrier 

was subsequently lost, leading to bacterial death.27,53 Other 

antibacterial mechanisms of AuNPs have been proposed; for 

example, AuNPs may bind to DNA and inhibit the transcrip-

tion of DNA in bacteria.52,54,55 However, the relatively inert 

AuNPs with appropriate coating are thought to have no side 

effects on human health.56–58 Moreover, the AuNPs used in 

the present study were obtained from the nonpathogenic 

bacterium D. radiodurans, and the antibacterial activities of 

these AuNPs have potential biomedical applications.

Conclusion
We describe a rapid and efficient method for the synthesis of 

AuNPs using D. radiodurans. To the best of our knowledge, 

this is the first study on the biosynthesis and characteriza-

tion of AuNPs from the extreme bacterium D. radiodurans. 

Because D. radiodurans survives well in extreme environ-

ments such as oxidant stresses, compared with other bacteria, 

it is a promising candidate for the biosynthesis of AuNPs 

from radioactive or oxidant mixtures. The AuNPs forma-

tion process, which includes the interactions of Au(III) 

with hydroxyl, amine, phospho and carboxyl groups of 
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proteins or compounds and reduction of Au(III) to Au(0) 

via the intermediate state of Au(I), was demonstrated. The 

production of AuNPs can be optimized by varying the con-

centrations of Au(III), bacterial cell density and reaction pH 

and temperatures. AuNPs obtained from the nonpathogenic 

D. radiodurans exhibited damaging effects on the cytoplas-

mic membrane of both Gram-positive and Gram-negative 

pathogenic bacteria, which highlights its potential in bio-

medical applications.
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Table S1 List of bacteria that synthesize gold nanoparticles

Name of the bacteria Saturation time/conditions Localization/morphology/size References

Deinococcus radiodurans R1 8 h; 32°C, pH 7, 1 mM Au(III) Cell envelope, the cytosol and extracellular;  
spherical and irregular shapes; 43.75±0.56 nm

This study

Escherichia coli DH5α 120 h; 25°C±3°C, 1 mM Au(III) Cell surface; spherical; 20 nm 1
Geobacillus strain ID17 16 h; 65°C, pH 7, 1 mM Au(III) Quasi-hexagonal; 5–50 and 10–20 nm 2
Rhodopseudomonas capsulata 48 h; pH 7, 1 mM Au(III) Spherical; 10–20 nm 3
Escherichia coli K12 24 h; 27°C, pH 2.8, 0.01 M Au(III) Circular; 50 nm 4
Shewanella oneidensis 48 h; 30°C, 1 mM Au(III) Spheres; 2–50 nm 5
Brevibacterium casei 24 h; 37°C, 1 mM Au(III) Spherical shape; 10–50 nm 6
Cupriavidus metallidurans 144 h; 30°C, pH 7, 50 μM Au(III) Cytoplasm, periplasm; 100 nm 7
Pseudomonas aeruginosa 24 h; 37°C, 1 mM Au(III) Extracellular; 15–30 nm 8
Bacillus megaterium 48 h; 37°C, pH 4.5, 1 mM Au(III) Spherical; 4–36 nm 9

Figure S1 Formation of AuNPs by Deinococcus radiodurans cell pellets in the presence of Au(III).
Notes: (A) The absorbance spectra of D. radiodurans cells (DR) in the presence of 1 mM Au(III) and the control (CK, D. radiodurans cells in the absence of Au(III)). (B) The 
color of D. radiodurans pellets with (1) or (2) without 1 mM Au(III). (C) The prepared AuNPs from the supernatant of D. radiodurans cells in the presence of Au(III). Left, 
supernatant; right, purified AuNPs powder obtained by dialysis and lyophilization of the supernatant.
Abbreviation: AuNPs, gold nanoparticles.

Supplementary materials

Figure S2 XPS spectrum of the core level of C1s in the purified AuNPs.
Notes: The C1s spectrum could be resolved into four components that can bind to nanoparticle surface, consistent with previous reports.10,11 The peak at binding energies at 
284.6 eV corresponded to C–C and C–H. Carbon bonded with nitrogen (C–N) and hydroxyl groups (C–OH) had binding energies at 285.6 and 286.7 eV, respectively. The 
peak at 287.8 eV was attributed to carbonyl groups.
Abbreviations: XPS, X-ray photoelectron spectroscopy; AuNPs, gold nanoparticles.
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