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Background: Biosynthesis of noble metallic nanoparticles (NPs) has attracted significant 

interest due to their environmental friendly and biocompatible properties.

Methods: In this study, we investigated syntheses of Au, Ag and Au–Ag bimetallic NPs using 

protein extracts of Deinococcus radiodurans, which demonstrated powerful metal-reducing abil-

ity. The obtained NPs were characterized and analyzed by various spectroscopy techniques.

Results: The D. radiodurans protein extract-mediated silver nanoparticles (Drp-AgNPs) were pref-

erably monodispersed and stably distributed compared to D. radiodurans protein extract-mediated 

gold nanoparticles (Drp-AuNPs). Drp-AgNPs and Drp-AuNPs exhibited spherical morphology with 

average sizes of 37.13±5.97 nm and 51.72±7.38 nm and zeta potential values of -18.31±1.39 mV 

and -15.17±1.24 mV at pH 7, respectively. The release efficiencies of Drp-AuNPs and Drp-AgNPs 

measured at 24 h were 3.99% and 18.20%, respectively. During the synthesis process, Au(III) was 

reduced to Au(I) and further to Au(0) and Ag(I) was reduced to Ag(0) by interactions with the 

hydroxyl, amine, carboxyl, phospho or sulfhydryl groups of proteins and subsequently stabilized 

by these groups. Some characteristics of Drp-AuNPs were different from those of Drp-AgNPs, 

which could be attributed to the interaction of the NPs with different binding groups of proteins. The 

Drp-AgNPs could be further formed into Au–Ag bimetallic NPs via galvanic replacement reaction. 

Drp-AuNPs and Au–Ag bimetallic NPs showed low cytotoxicity against MCF-10A cells due to the 

lower level of intracellular reactive oxygen species (ROS) generation than that of Drp-AgNPs.

Conclusions: These results are crucial to understand the biosynthetic mechanism and properties 

of noble metallic NPs using the protein extracts of bacteria. The biocompatible Au or Au–Ag 

bimetallic NPs are applicable in biosensing, bioimaging and biomedicine.

Keywords: extreme bacterium, green synthesis, noble metallic nanoparticles, reactive oxygen 

species

Introduction
The materials composed of nanoparticles (NPs) produce fascinating and diverse 

properties including size-related electronic, optical, thermal and catalytic properties 

as a result of their exceptional size and surface area to volume ratio compared with 

their bulk counterparts.1–3 With the advancements in the field of nanotechnology, noble 

metallic NPs including gold nanoparticles (AuNPs), silver nanoparticles (AgNPs) or 

Au–Ag bimetallic NPs have demonstrated wide application potentials in antimicrobial 

agents,4,5 diagnosis,6 therapy,6,7 biosensing,8 drug delivery,9,10 and industrial catalysis.11 

It is vital to prepare nontoxic and safe NPs to use in these applications.12

Green synthesis of metal NPs deserves emerging and inestimable merit due to its 

ecofriendly, energy-efficient, sustainable and biocompatible potentials. Biosynthesis 
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of NPs using biomolecules from microorganisms has been 

proposed because the microorganisms are easily available and 

cultured and as well there is effective production of them on a 

large scale without seasonal and geographic effects, compared 

to other organisms including plants.13–15 The biomolecules such 

as proteins and DNA can be used as reactants, templates and 

capping agents in the synthesis of nanomaterials.2,16,17 The syn-

thesized NPs are bioconjugated to peptides, proteins or DNA, 

which endows the NPs with additional bioactive properties.2 

For example, the bacterial extract of Marinobacter lipolyticus 

that produced lipase could be used to synthesize the silver 

nanomaterials for anti-candidal activities.18 In particular, the 

use of proteins or peptides as the reactants of noble metals 

has received extraordinary attention as they have distinct 

recognition, reduction and adsorption abilities of the metal 

precursors or NPs and provide a reservoir for the exploration 

of NP fabrication.2,19–22 Protein extracts of fungus have been 

recently applied to synthesize AuNPs or AgNPs.23,24 How-

ever, the biosynthetic mechanism of metal NPs using proteins 

from bacteria has been rarely investigated.25,26

Deinococcus radiodurans, which is a nonpathogenic 

bacterium known for its extreme resistance to radiation and 

oxidants and which has numerous reducing metabolites, was 

used for transformation or detoxification of heavy metals 

under in situ oxidative stresses.27–29 Recently, the synthesis 

of AgNPs and AuNPs via the cultures of D. radiodurans 

with silver and gold ions was investigated.30,31 Moreover, 

surface layer protein lattices of D. radiodurans exhibited 

a biotemplating effect on the preformed AuNPs, into ordered 

arrays.32 The intracellular proteins containing metal capturing 

and reducing groups might provide a reducing microenviron-

ment for the formation of metal NPs. In the previous work,31 

we proposed the involvement of proteins in the biosynthesis 

of AuNPs by the cultures of D. radiodurans incubated with 

HAuCl
4
 solution. To date, the biosynthetic mechanism and 

evaluation of cytotoxicity of Au, Ag or Au–Ag bimetallic 

NPs synthesized using protein extracts of D. radiodurans 

remains unexplored.

Herein, we report a facile method for biosynthesis of Au, 

Ag and Au–Ag bimetallic NPs using the protein extracts of 

D. radiodurans as a reductant and capping agent in aqueous 

solution without any external energy. The characteristics 

and comparison of D. radiodurans protein extract-mediated 

gold nanoparticles (Drp-AuNPs) and D. radiodurans protein 

extract-mediated silver nanoparticles (Drp-AgNPs) were 

demonstrated using ultraviolet and visible (UV/Vis) absorp-

tion spectroscopy, electron microscopy, X-ray diffraction 

(XRD) and dynamic light scattering (DLS). The underlying 

mechanisms and differences in the formation of Drp-AuNPs 

and Drp-AgNPs were investigated using Fourier-transform 

infrared spectroscopy (FTIR) and high-performance X-ray 

photoelectron spectroscopy (XPS). The biosynthetic Au–Ag 

bimetallic NPs formed on the as-synthesized Drp-AgNPs 

with addition of Au(III) were characterized. The cytotoxicity 

of these metallic NPs was determined using the 3-(4,5- 

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2- 

(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) assay and 

reactive oxygen species (ROS) assay.

Materials and methods
Bacterial cultures and chemicals
D. radiodurans (ATCC13939) was cultured aerobically in an 

orbital shaker at 220 rpm and 30°C in the tryptone glucose 

yeast (TGY) medium (0.5% tryptone, 0.1% glucose, 0.3% 

yeast extract, w/v). Chloroauric acid (HAuCl
4
⋅3H

2
O) and 

silver nitrate (AgNO
3
) were purchased from Sigma-Aldrich 

Co. (St Louis, MO, USA). Ultrapure water with Milli-Q 

grade (18.25 MΩ) was used for solution preparations and 

washing procedures. All the reagents used in this study were 

of analytical grade. The Au(III) and Ag(I) solutions used 

were prepared by dissolving HAuCl
4
⋅3H

2
O and AgNO

3
 in 

ultrapure water, respectively. The pH of the working solution 

was tuned by nitric acid and/or sodium hydroxide.

Preparation of protein extracts
D. radiodurans cells (OD

600 nm
=1.0) were harvested by 

centrifugation at 8,000× g for 10 min and then thoroughly 

washed with phosphate buffer solution (0.01 M, pH 7.2). 

Protein extracts were prepared by sonication and centrifuga-

tion at 15,000× g for 30 min at 4°C to remove cell debris. 

The supernatant was collected and further treated with a 

final concentration of 80% (w/v) solid ammonium sulfate by 

gently stirring for 24 h at 4°C.33 The obtained protein precipi-

tate was collected by centrifugation at 10,000× g for 20 min 

at 4°C and then dissolved in water and dialyzed by using a 

cellulose acetate membrane (molecular weight [MW] cutoff 

14,000 Da) with stirring overnight at 4°C. Following dialysis, 

the protein extracts including proteins from the cell enve-

lope and cytoplasm were collected for the synthesis of NPs. 

Protein concentration was quantitated using the BCA Assay 

Kit (Thermo Fisher Scientific, Waltham, MA, USA).

Synthesis of Drp-AuNPs and Drp-AgNPs
For the synthesis of NPs, 2 mg/mL protein extracts were reacted 

with a final concentration of 1 mM gold or silver ion solu-

tion at ambient conditions (pH 7, 25°C).34 The formation 

of AuNPs or AgNPs in the suspension was monitored by 

the color changes of the reaction mixtures and measured by 
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absorption spectrum using a UV/Vis absorption spectrometer 

(SpectraMax M5; Molecular Devices LLC, Sunnyvale, CA, 

USA).35 Appropriate controls such as protein extracts, 1 mM 

Au(III) or Ag(I), were measured for comparison purposes. 

To remove the unreacted molecules or ions, the NPs were 

centrifuged, washed and dialyzed repeatedly as described 

earlier. Then, the protein-synthesized NPs were filtered using 

0.22 μm syringe filters and lyophilized.

Characterization of Drp-AuNPs and 
Drp-AgNPs
The scanning electron microscope (SEM; Hitachi Model 

SU8010; Hitachi Ltd., Tokyo, Japan) and transmission elec-

tron microscope (TEM, Hitachi Model H-7650) were used 

to identify the morphology, size and distribution of the syn-

thesized NPs as described previously.31,33 The particle size of 

NPs was measured using ImageJ software (National Institutes 

of Health, Bethesda, MD, USA). The energy-dispersive X-ray 

spectroscopy (EDS) was recorded by focusing the electron 

beam onto a region of the sample surface to perform elemental 

analysis of the test samples in an area scan mode. To measure 

the XRD pattern of prepared NPs, a X-ray diffractometer 

(X’Pert PRO; PANalytical, Almelo, the Netherlands) was 

used with Cu Kα1 radiation of wavelength λ=1.540 Å. The 

scanning was performed in the region of the 2θ angle from 

20° to 90° with a step of 0.02° and a 2-s time constant for 

each step. The particle size and zeta potential of NPs were 

measured using a laser Doppler anemometry (Zetasizer Nano 

ZS; Malvern Instruments, Malvern, UK) with a wavelength of 

632.8 nm and an He–Ne laser beam at 25°C. An electric field 

of 150 mV was applied to monitor the electrophoretic velocity 

of the particles.31 Three independent samples were run at the 

same time, and the representative data were presented.

For FTIR analysis, the purified NPs were crushed with 

KBr in a mortar at the ratio of 1:100. The pressed pellet 

was covered with a clip and immediately analyzed by using 

Nicolet 5700 FTIR spectrometer (Thermo Fisher Scientific) 

over the 4,000–400 cm-1 regions at a resolution of 2 cm-1 

over 1,800 scans.

The prepared NPs were mounted on a stainless steel 

holder, and an XPS analysis was performed by the high-

performance X-ray photoelectron spectrometer (Escalab 

250Xi; Thermo Fisher Scientific) using monochromatic 

Al⋅Kα radiation of energy 1,486.6 eV. In order to determine 

core-level binding energies, the C
1s

 peak at 284.8 eV was used 

as the charge reference, and XPS spectra were analyzed by 

XPSPEAK41 software.

To investigate the production of noble metal NPs using 

pure intracellular protein, we selected the CrtI (DR0861) 

and the Dps2 (DRB0092) to incubate with Au(III) or Ag(I). 

These proteins were expressed and purified in  vitro as 

described previously.36,37 A total of 100 μL of 1 mg/mL of 

the respective proteins were incubated with 1 mM Au(III) 

or Ag(I) solution at ambient conditions. The production of 

NPs was monitored for the color and the absorption spec-

trum changes of the suspension. The capping agents on the 

washed NPs were separated by boiling with 1% sodium 

dodecyl sulfate (SDS) solution for 10 min, followed by cen-

trifugation at 8,000× g for 10 min, and then, the supernatants 

were collected. The samples were further analyzed by 12% 

sodium dodecyl sulfate polyacrylamide gel electrophoresis  

(SDS-PAGE).23,24

Synthesis and confirmation of Au–Ag 
bimetallic NPs
A total of 1 mM Au(III) ion solution was added into the 

prepared aqueous solution of Drp-AgNPs at pH 7 and 25°C. 

Then, the suspensions at incubation times of 0, 1 and 60 min 

were monitored for their color changes and measured by 

UV/Vis absorption spectroscopy. Subsequently, the synthe-

sized NPs were analyzed using the SEM–EDS.

Release kinetics of NPs
The metal release from NPs was determined as previously 

described.4 Briefly, the NPs were placed in a dialysis bag that 

was suspended in an ultrapure water solution (40 mL). Then, 

a continuous release of the NPs was measured over a period 

of 48 h using inductively coupled plasma-optical emission 

spectroscopy (ICP-OES; Optima 8000DV; PerkinElmer Inc., 

Waltham, MA, USA). The release rate was calculated using 

the equation: % of cumulative metal released = (M
w
/M

d
) ×100, 

where M
w
 is the metal content in the water and M

d
 is the total 

metal content in the dialysis bag.

Cytotoxicity assays
The human breast epithelial cell line MCF-10A purchased 

commercially from CTCC Bioscience Inc. (Wuxi, China) was 

utilized in the MTS assay to examine the in vitro cytotoxic 

effect of prepared NPs. MCF-10A cells were cultured in 

the growth medium consisting of high-glucose Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 

10% fetal bovine serum (FBS), 100 U/mL of penicillin, and 

100  mg/mL of streptomycin under a humidified environ-

ment (37°C, 5% CO
2
 and 95% O

2
). The cultured cells at a 

density of 5×103 cells/well were seeded into a 96-well plate 

and exposed to 0, 2.5, 5, 12.5 and 25 μg/mL NPs. All the 

mixtures were incubated under identical conditions for 24 h. 

Then, the collected cells were incubated with the addition 
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of 20% of MTS for another 2 h. The absorbance of the cell 

suspensions was measured at 490 nm using the microplate 

spectrophotometer (SpectraMax M5). The untreated cells 

were considered as 100% viable.

Intracellular ROS measurement
The dye CM-H

2
DCFDA was used as ROS probe to evaluate 

the intracellular ROS generation.38 MCF-10A cells were 

treated with or without 25 μg/mL NPs for 24 h. The samples 

were then washed twice with PBS and incubated with CM-

H
2
DCFDA at 37°C for 30 min in the dark. Then, the cells 

were washed twice with PBS. The fluorescence intensity was 

monitored as the rate of oxidation of the dye in the cells, and 

untreated cells were used as a standard to calculate the level 

of ROS generation.

Statistical analysis
The data were processed by OriginPro 8.0 (OriginLab Co., 

Northampton, MA, USA) and expressed as mean ± stan-

dard deviation. The analysis of variance was followed by 

Student’s t-test. P-value ,0.05 was considered as statisti-

cally significant.

Results and discussion
Biosynthesis of Drp–AuNPs and 
Drp–AgNPs
The protein extracts from the whole cell of D. radiodurans 

were used to investigate the biosynthesis of noble metal 

NPs. The color changes in reaction mixtures and forma-

tions of the characteristic absorption peaks were used to 

indicate the synthesis of Drp-AuNPs or Drp-AgNPs through 

the reduction of Au(III) or Ag(I) by protein extracts of 

D. radiodurans. As the biosynthesis proceeded, the color 

of suspensions containing protein extracts and Au(III) 

changed to purple at 6 h (Figure 1A). The absorption spec-

tra of the suspensions exhibited a characteristic absorption 

peak at 545 nm (Figure 1B), owing to the surface plasmon 

resonance (SPR) of AuNPs.31 As for the formation of the 

Drp-AgNPs from the reaction of Ag(I) and protein extracts, 

a stable brown color together with the significant character-

istic SPR absorption at 414 nm was observed within ~24 h 

(Figure 1C and D). The controls (metal ion solution or pro-

tein extracts alone) had neither corresponding color changes 

nor characteristic absorptions, indicating that the protein 

extracts were involved in the formations of NPs. UV/Vis 

kinetics for the formation of NPs exhibited that the char-

acteristic absorbance at 545 nm for Drp-AuNPs increased 

with reaction time and remained unchanged from 6 to 24 h 

(Figure S1A) and the characteristic absorbance at 414 nm 

for Drp-AgNPs remained unchanged from 24 to 48  h 

(Figure S1B), indicating that Drp-AuNP and Drp-AgNP 

biosynthetic processes reached equilibrium by 6 h and 24 h, 

respectively. Moreover, the synthesized Drp-AuNPs and 

Drp-AgNPs exhibited no significant changes in color or 

characteristic absorption peak at room temperature within 

3 months, indicating the relative stability of these NPs. The 

proteins could be used as a stabilizing agent during the 

biosynthetic process.

Characterization of Drp-AuNPs and 
Drp-AgNPs
As shown in the TEM image (Figure 2A), the Drp-AuNPs 

were nearly monodispersed with spherical morphology, while 

some of them were in agglomeration which might be ascribed 

to the self-assembly of protein-adsorbed Drp-AuNPs.15,39,40 

In the SEM image, the accumulated Drp-AuNPs were also 

observed (Figure 2B). The average size of Drp-AuNPs was 

51.72±7.38 nm. The as-prepared Drp-AuNPs were confirmed 

by a model of area profile analysis of EDS (Figure 2C–E), 

which revealed the presence of characteristic peaks for Au 

together with trace peaks for C, N, O, P and S. The strong 

peak at ~2.1 keV due to the characteristic SPR of AuNPs cor-

responded with the formation of Drp-AuNPs.41 The signals 

of C, O, S and P in Figure 2C could have arisen from the 

protein extracts. Figure 2D–E demonstrates the overlapped 

distribution of N with that of Au in the Drp-AuNPs, indi-

cating that some proteins bound on the surface of NPs as a 

capping and stabilizing agent.

For the Drp-AgNPs, the NPs with spherical morphol-

ogy were nearly monodispersed without agglomeration 

(Figure 3A and B). The average size of Drp-AgNPs was 

37.13±5.97  nm. The analysis of as-prepared Drp-AgNPs 

using EDS revealed the presence of a characteristic peak for 

Ag and trace peaks for C, N, O, P and S (Figure 3C). The 

intensive peak near 3.0 keV corresponded with the forma-

tion of Drp-AgNPs according to the characteristic SPR of 

AgNPs.42 Figure 3D–E shows the distribution of N with 

that of Ag in the Drp-AgNPs, suggesting that some proteins 

could bind to the surface of NPs as a capping and stabilizing 

agent. The elemental distribution of Ag (Figure 3D) was 

more uniform compared to Au (Figure 2D).

The XRD analysis provided information about crystalline 

structures of the Drp-AuNPs and Drp-AgNPs. In Figure 4A, 

the XRD spectra show distinct diffraction peaks at 2θ of 

38.12°, 44.32°, 64.54°, 77.54° and 81.64°, indexing the 

[1 1 1], [2 0 0], [2 2 0], [3 1 1] and [2 2 2] planes, respectively, 
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of the face-centered cubic Au structure. The strong diffraction 

peak at 38.12° was attributed to the main reflection of X-rays 

from the [1 1 1] crystal plane of Drp-AuNPs. Considering the 

[1 1 1] peak, the average crystallite size was estimated to be 

56.84 nm using the Debye–Scherrer equation as reported.31 

In the XRD spectra of Drp-AgNPs (Figure 4B), the char-

acteristic diffraction peaks at 2θ values of 32.20°, 37.93°, 

46.24°, 66.51° and 76.72°, respectively, corresponded to 

the [1 0 1], [1 1 1], [2 0 0], [2 2 0] and [3 1 1] planes of the 

face-centered cubic crystal structure, demonstrating that the 

synthesized Drp-AgNPs were crystalline in nature (JCPDS 

file nos 84-0713 and 04-0783).43,44 The unidentified peaks at 

27.78°, 54.86° and 57.42° could be ascribed to the protein 

residues used for Drp-AgNPs formation, which played a role 

in stabilizing the NPs.43

The average hydrodynamic diameter of the Drp-AuNPs 

at the incubation time of 6 h was found to be 94.63±1.97 nm 

with a polydispersity index (PDI) of 0.19±0.04, while the 

value of Drp-AgNPs at the incubation time of 24  h was 

78.00±1.65  nm with a near-monodispersed particle size 

distribution (PSD) of 0.11±0.03, as measured using DLS 

(Figure 4C and D). The differences in size between TEM 

and DLS could be due to proteins that acted as a capping 

agent and formed a covering on the surface of NPs. The zeta 

potential value of Drp-AuNPs was -15.17±1.24 mV at pH=7, 

suggesting that electrostatic repulsion occurred between the 

Drp-AuNPs and facilitated the relative stability of these bio-

synthesized NPs.27 The zeta potential value of Drp-AgNPs 

was -18.31±1.39 mV, indicating that the Drp-AgNPs were 

more stable compared to that of Drp-AuNPs.

Figure 1 Drp-AuNP or Drp-AgNP formations.
Notes: (A) Change in the color of the solution containing: 1, Au(III) alone; 2, protein extracts alone (proteins) and 3, Drp-AuNPs. (B) Absorbance spectra from 480 to 
620 nm of Au(III), proteins and Drp-AuNPs. (C) Change in the color of the solution containing: 1, Ag(I) alone; 2, protein extracts alone (proteins) and 3, Drp-AgNPs. 
(D) Absorbance spectra from 350 to 500 nm of Ag(I), proteins and Drp-AgNPs. Protein extracts (2 mg/mL) were incubated with 1 mM Au(III) or Ag(I) at 25°C, pH 7.0.
Abbreviations: Drp-AuNP, D. radiodurans protein extract-mediated gold nanoparticle; Drp-AgNP, D. radiodurans protein extract-mediated silver nanoparticle; D. radiodurans, 
Deinococcus radiodurans.
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Synthetic mechanisms of Drp–AuNPs 
and Drp–AgNPs
The functional groups of protein(s) involved in the reduc-

tion of metal ions and formation of NPs were investigated 

by FTIR spectroscopy (Figure 5). The intense and distinct 

absorption bands of protein extracts at 3,381 and 860 cm-1 

could be referred to the stretching and out-of-plane bending 

vibration of O-H and/or N-H groups, respectively. On the 

formation of Drp-AuNPs and Drp-AgNPs, the peaks shifted to 

3,419 and 880 cm-1, respectively, and the band at 1,992 cm-1 

(NH
3

+ stretching vibration) disappeared. The N-H and O-H 

groups were involved in the formation of NPs. The bands 

at 1,656 and 1,544 cm-1 corresponded to the amide I and II 

bands of the proteins.45 The amide I band shifted to 1,645 cm-1, 

while the amide II band was not obviously changed. Intrigu-

ingly, a shifted band for the amide III at 1,236 cm-1 appeared 

when the NPs were synthesized. These results indicated that 

amino groups of protein extracts contributed to synthesizing 

and capping NPs. The band at 1,387 cm-1 was assigned to 

the COO- symmetric stretch of proteins, which was with 

carboxyl side groups in the amino acid residues. It shifted to 

1,404 cm-1 on completion of the reduction of Au(III), but did 

not change in the reduction of Ag(I), indicating the special 

interaction of carboxylate groups with gold ions. The band 

and out-of-plane deformation vibration of COOH group at 

947 cm-1 disappeared on the formation of NPs, which was 

Figure 2 TEM and SEM–EDS analyses of synthesized Drp-AuNPs.
Notes: (A) TEM and (B) SEM images of the as-synthesized Drp-AuNPs. (C) EDS of the Drp-AuNPs. Elemental mappings of (D) Au and (E) N in the SEM image. Arrows in 
(A) indicate the morphology and size of the Drp-AuNPs. Arrows in (B) indicate the dispersed AuNPs. Scale bars in the pictures indicate the corresponding length.
Abbreviations: TEM, transmission electron microscope; SEM, scanning electron microscope; EDS, energy-dispersive X-ray spectroscopy; Drp-AuNP, D. radiodurans protein 
extract-mediated gold nanoparticle; AuNP, gold nanoparticle; D. radiodurans, Deinococcus radiodurans.
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attributed to the anisotropic growth of NPs with the help of 

carboxyl groups.46 The bands at 1,153 and 1,072 cm-1 cor-

responded to P-OH and P-O-C stretching, respectively, 

suggesting the presence of phosphate group in the proteins.23 

The band at 1,153 cm-1 changed to 1,149 and 1,120 cm-1 in 

the syntheses of Drp-AuNPs and Drp-AgNPs, respectively. 

Shifting of the P-O-C band to 1,085, 1,047 and 1,045 cm-1 

suggested the interaction of phosphoprotein with the Drp-

AuNPs and Drp-AgNPs, respectively. These results clearly 

indicated that hydroxyl, amine, carboxyl and phospho groups 

of proteins could participate in the reduction of metal ions 

and subsequent stabilization of Drp-AuNPs and Drp-AgNPs, 

and the carboxyl groups from proteins might be responsible 

for the growth of Drp-AgNPs.46

The speciation of Au or Ag in the reducing process was 

studied using the XPS technique. As shown in Figure 6A 

and B, the presence of C
1s

, O
1s

, N
1s

, P
2p

, S
2p

 and Au
4f
 core 

levels was detected in the wide scan spectrum of Drp-AuNPs, 

and peaks of C
1s

, O
1s

, N
1s

, P
2p

, S
2p

 and Ag
3d

 were found in the 

spectrum of Drp-AgNPs. The core-level spectra of C
1s

, O
1s

, 

N
1s

, P
2p

 and S
2p

 were also present in the monomer protein 

extracts (Figure S2A). These results indicated that the protein 

functional groups, for example, carboxyl, amine, hydroxyl 

and phospho groups, could provide reducing and capping 

sites for formation of NPs, which is consistent with the 

results of the FTIR assay. The presence of S
2p

 was ascribed 

to the cysteines or reduced glutathione of proteins binding to 

the surface of NPs.47,48 The Au
4f
 spectrum in Figure 6C with 

Figure 3 TEM and SEM–EDS analyses of synthesized Drp-AgNPs.
Notes: (A) TEM and (B) SEM images of the as-synthesized Drp-AgNPs. (C) EDS of the Drp-AgNPs. Elemental mapping of (D) Ag and (E) N in the SEM image. Arrows in 
(A) indicate the morphology and size of the Drp-AgNPs. Arrows in (B) indicate the dispersed AgNPs. Scale bars in the pictures indicate the corresponding length.
Abbreviations: TEM, transmission electron microscope; SEM, scanning electron microscope; EDS, energy-dispersive X-ray spectroscopy; Drp-AgNP, D. radiodurans protein 
extract-mediated silver nanoparticle; AgNP, silver nanoparticle; D. radiodurans, Deinococcus radiodurans.
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doublet peaks corresponding to Au
4f7/2

 and Au
4f5/2

, at 83.7 

and 87.4 eV could be ascribed to Au(0). The shift of ~0.8 eV 

in the binding energy of the Au
4f
 core level compared with 

the reported binding energy of the Au
4f
 core level spectrum 

could be due to protein-capping effects on AuNPs, which is 

consistent with the previous report.49 The distinct asymmetry 

in the peaks at binding energies of 84.6 and 88.2 eV could be 

attributed to Au(I), indicating that the AuNPs were formed 

through intermediate Au(I) species. Au(I) was usually present 

on the surface of AuNPs coated with protein.50 Figure 6D 

shows the Ag
3d

 spectrum of Drp-AgNPs, which could be 

attributed to Ag
3d5/2

 and Ag
3d3/2

, binding energies at ∼367.6 

and ∼373.6 eV, respectively.51 The peaks exhibited an appar-

ent shift of ~0.7 eV in the binding energy in comparison to 

the reported core level of Ag
3d

 spectrum, which was probably 

due to the interactions between AgNPs and proteins.44

Figure 7A shows that the carboxylate (O=C-OH) and 

amide carbon (O=C-N) peaks of the Drp-AuNPs appeared 

Figure 4 XRD and DLS analyses of NPs.
Notes: XRD patterns of the purified Drp-AuNPs (A) and Drp-AgNPs (B). The distribution of hydrodynamic diameter of Drp-AuNPs (C) and Drp-AgNPs (D) measured by 
DLS at 25°C, pH 7.0. *The unidentified peaks at 27.78°, 54.86° and 57.42°.
Abbreviations: XRD, X-ray diffraction; DLS, dynamic light scattering; NP, nanoparticle; Drp-AuNP, D. radiodurans protein extract-mediated gold nanoparticle; Drp-AgNP, 
D. radiodurans protein extract-mediated silver nanoparticle; au, atomic unit; D. radiodurans, Deinococcus radiodurans.

θ ( ) θ ( )

Figure 5 FTIR analyses of the prepared Drp-AuNPs and Drp-AgNPs.
Notes: FTIR spectra of proteins from D. radiodurans (black line) and Drp-AuNPs 
(red line) or Drp-AgNPs (blue line). The changes in the corresponding bands’ shape 
or shift are indicated by the dotted lines of wavenumbers and arrows.
Abbreviations: FTIR, Fourier-transform infrared spectroscopy; Drp-AuNP, 
D. radiodurans protein extract-mediated gold nanoparticle; Drp-AgNP, D. radiodurans 
protein extract-mediated silver nanoparticle; D. radiodurans, Deinococcus radiodurans.
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at 289.2 eV, corresponding to that peak of protein extracts at 

288.7 eV (Figure S2B). The N
1s

 core level centered at 399.6 

and 401.3 eV corresponded to amine and amide groups of the 

Drp-AuNPs, respectively (Figure 7B), but the peak at 402.5 eV 

for the protonation of the amino group of the protein extracts 

as shown in Figure S2C was not detected. The binding energy 

peaks for the carboxylate group of proteins at 289.2 eV and the 

amine group of proteins at 401.3 eV were not detected follow-

ing reaction with Ag(I) ions (Figure 7D and E), suggesting that 

the synthesis of Drp-AgNPs was different from that of Drp-

AuNPs. The O
1s

 core levels of Drp-AgNPs and Drp-AuNPs 

that centered at 532.1 eV had a 0.3 eV higher energy compared 

to that of proteins (Figures 7C and F and S2D). The shifted or 

changed peaks of C
1s

, N
1s

 and O
1s

 suggested that conjugation 

of proteins with NPs occurred in the reducing process.

The FTIR and XPS results demonstrated that gold and 

silver ions could initially bind to proteins, and then, the 

Au(III) was reduced to Au(I) and further to Au(0); the 

Ag(I) was reduced to Ag(0) through the hydroxyl, amine, 

carboxyl, phospho and sulfhydryl groups of the proteins 

from D. radiodurans, subsequently forming the Drp-AuNPs 

and Drp-AgNPs. Binding of Drp-AuNPs and Drp-AgNPs 

with the proteins led to the formation of relatively stable 

conjugates.48 The conjugation process could be used to 

facilitate the post-synthetic surface modification with func-

tional ligands.52 The different characteristics of Drp-AuNPs 

and Drp-AgNPs could be attributed to the interaction of the 

NPs with different binding groups, including amide and 

carboxylate groups from proteins.

Synthesis of AuNPs and AgNPs by 
selective proteins
Our previous results demonstrated the probable presence of 

proteins of D. radiodurans on the surface of AuNPs.31 We 

separated the proteins bound to AuNPs by SDS-PAGE. Two 

protein bands (~55 and ~35 kDa) were observed (Figure S3), 

confirming the presence of proteins on the surface of AuNPs 

synthesized by D. radiodurans. The intensive gel slice 

Figure 6 XPS analysis of the prepared Drp-AuNPs (A) and Drp-AgNPs (B) and core level of Au4f (C) and Ag3d (D).
Abbreviations: XPS, X-ray photoelectron spectroscopy; Drp-AuNP, D. radiodurans protein extract-mediated gold nanoparticle; Drp-AgNP, D. radiodurans protein extract-
mediated silver nanoparticle; D. radiodurans, Deinococcus radiodurans.
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Figure 7 XPS analyses of the core level of C1s (A and D), N1s (B and E) and O1s (C and F) of Drp-AuNPs (A–C) and Drp-AgNPs (D–F).
Abbreviations: XPS, X-ray photoelectron spectroscopy; Drp-AuNP, D. radiodurans protein extract-mediated gold nanoparticle; Drp-AgNP, D. radiodurans protein extract-
mediated silver nanoparticle; D. radiodurans, Deinococcus radiodurans.

of ~35 kDa was collected and identified by mass spectrometry 

(Table S1). A total of 26 abundant proteins including S-layer 

proteins were identified on the AuNPs’ surface.

Here, we wonder if any intracellular protein has the 

biosynthetic ability of AuNPs and AgNPs. We selected the 

CrtI and the Dps2 to investigate the different roles of 

proteins in synthesizing AuNPs and AgNPs. The puri-

fied CrtI was able to synthesize both AuNPs and AgNPs 

(Figure 8A and B). The CrtI (~60 kDa) was eluted from the 

AuNPs and AgNPs and identified by SDS-PAGE analysis 

(Figure S4A), suggesting that the CrtI could be used as 

the reductant and capping agents for these NPs. However, 

the Dps2 could biosynthesize AgNPs rather than AuNPs 

(Figures 8C and D and S4B). The different roles of the 

Dps2 in reducing Au(III) and Ag(I) might be due to the 

following: first, the Dps2, which functions as a sequester 

of intracellular Fe2+ ion and stores iron ions in the form of 

Fe3+,53 could not adsorb or interact with the trivalent Au ions; 

however, it did reduce the monovalent Ag ions; second, 

Dps2 only contains three tryptophan and six tyrosine mole-

cules that have the ability of donating electrons from their NH 

or OH groups (Table S2)54,55 and thus could not have enough 

potential to synthesize the AuNPs, considering the relative 

higher reduction potential of gold (Eθ
Au(III)/Au(0)

=1.50 V) than 

that of silver (Eθ
Ag(I)/Ag(0)

=0.799 V).56,57 Thus, the metal NP’s 

biosynthetic ability with different proteins might be deter-

mined by their composition or reducing capability.

Biogenerated noble metal NPs of different organisms 

might have different properties due to the distinct composi-

tion of biomolecules between species. NPs based on some 

green agents like polysaccharides could be a safe and efficient 

nonviral gene vector to human cells.58,59 The use of proteins 

from microorganisms as the reactants and capping agents of 

noble metals could have some advantages or benefits over 

other green agents like polysaccharides. First, the noble metal 

strongly binds to specific amino acids, amine and other metal 

groups and these complexes are often stronger than with 

polysaccharide groups. This characteristic could contribute 

to the small release of the metal from the Drp-NPs.60 Second, 

the controlled synthetic process of NPs could be rationally 

realized because the adsorption ability of proteins composed 

of a wide selection of amino acids is adjustable. The synthesis 

of NPs by proteins can be performed at room temperature in 

aqueous solution; however, the polysaccharide-based synthe-

sis of NPs needs a high temperature to increase the solubility 

of polysaccharides, which could lead to the reduction of metal 

precursors prior to complexation between polysaccharides 

and precursors.2

Synthesis and confirmation of Au–Ag 
bimetallic NPs
Following the incubation of Drp-AgNPs with 1 mM Au(III), 

the color of the Drp-AgNPs’ aqueous solution changed from 

yellow to purple within 1  h, together with a shift in 
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Figure 8 Comparison of the AuNPs and AgNPs’ synthetic ability of selected proteins.
Notes: (A) Change in the color of the solution containing: 1, purified CrtI alone; 2, AuNPs and 3, AgNPs. (B) Absorbance spectra from 350 to 650 nm of purified CrtI, 
AuNPs and AgNPs, respectively. (C) Change in the color of the solution containing: 1, purified Dps2 alone; 2, Au(III) + Dps2 and 3, AgNPs. (D) Absorbance spectra from 
350 to 650 nm of purified Dps2, Au(III) + Dps2 and AgNPs. Proteins (1.0 mg/mL) were incubated with 1 mM Au(III) or Ag(I) at 25°C, pH 7.0.
Abbreviations: AuNP, gold nanoparticle; AgNP, silver nanoparticle.
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the characteristic absorption peak from 414 to 550  nm 

(Figure 9A and B), indicating that the Au–Ag bimetallic 

NPs were formed. The formation of Au–Ag bimetallic 

NPs with a spherical morphology was also confirmed 

by the SEM–EDS, which revealed the presence of peaks 

for Au and Ag as well as the trace peaks for C, N, O, P 

and S of proteins bound to the NPs (Figure 9C and D). The 

synthesis could be attributed to the galvanic replacement 

reaction via the oxidation of Drp-AgNPs by Au(III) ions.26 

The rapid reaction time compared to that of Drp-AuNPs 

(6 h) could be ascribed to the presence of proteins coating 

on the surface of Drp-AgNPs. The formation of Au–Ag 

bimetallic NPs using protein extracts of D. radiodurans 

provided a new way to achieve large-scale biosynthesis of 

noble bimetallic NPs.

Cytotoxicity analyses of synthesized NPs
Metal release of synthesized NPs was measured over the 

period of the study (48 h). In all, 18.20% and 3.99% release 

of Drp-AgNPs and Drp-AuNPs was detected at 24 h incu-

bation, respectively (Figure S5). For the Au–Ag bimetallic 

NPs, 3.51% Au release and 12.99% Ag release were deter-

mined at 24 h, respectively. The release of Drp-AgNPs was 

lower than the previously reported AgNPs (~25%).61 The 

low release of Drp-AgNPs could be attributed to the strong 

binding affinity of AgNPs to proteins and this resulted in 

the formation of large NPs.60

MTS assay using the human breast epithelial cell line 

MCF-10A was utilized to examine the cytotoxic effect 

of prepared NPs. Figure 10A shows that cell viability 

of MCF-10A decreased with the increase in the concentra-

tion of Drp-AuNPs, Drp-AgNPs and Au–Ag bimetallic 

NPs. At the concentration of 25 μg/mL, the cell viabilities 

following the treatment of Drp-AuNPs, Drp-AgNPs and 

Au–Ag bimetallic NPs were 91.02%, 79.39% and 88.81%, 

respectively. In comparison, the Drp-AuNPs and Au–Ag 

bimetallic NPs had a lower inhibitory effect on the cells than 

the Drp-AgNPs at a higher concentration of NPs. This result 

was supported by the analysis of intracellular ROS genera-

tion upon exposure of the NPs to the cells (Figure 10B). 

The slight cytotoxicity of Drp-AgNPs could be attributed 

to the release of Ag and more ROS generation.38,62 The 

NPs synthesized by proteins were generally assured to be 

biocompatible due to the presence of the stabilizing agent.12 

Therefore, the Drp-AuNPs and Au–Ag bimetallic NPs with 

cell viability much beyond 80% in normal human cells could 
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Figure 9 Synthesis of Au–Ag bimetallic NPs based on Drp-AgNPs.
Notes: (A) Change in the color of the incubation solution containing: 1, Drp-AgNPs; 2, Drp-AgNPs with 1 mM Au(III) at 1 min and 3, the formed Au–Ag bimetallic NPs at 1 h. 
(B) Absorbance spectra from 350 to 650 nm of Drp-AgNPs, incubation of Drp-AgNPs with 1 mM Au(III) at 1 min and the formed Au–Ag bimetallic NPs. (C) SEM image of 
the as-synthesized Au–Ag bimetallic NPs. (D) SEM–EDS image of the Au–Ag bimetallic NPs. Scale bars in the pictures indicate the corresponding length.
Abbreviations: NP, nanoparticle; Drp-AgNP, D. radiodurans protein extract-mediated silver nanoparticle; SEM, scanning electron microscope; EDS, energy-dispersive X-ray 
spectroscopy; D. radiodurans, Deinococcus radiodurans.
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Figure 10 Cytotoxicity analyses of the prepared Drp-AuNPs, Drp-AgNPs and Au–Ag bimetallic NPs.
Notes: (A) Cell viability of MCF-10A following the treatment by various concentrations of Drp-AuNPs, Drp-AgNPs and Au–Ag NPs. (B) Intracellular ROS levels 
of MCF-10A treated by 25 μg/mL Drp-AuNPs, Drp-AgNPs and Au–Ag bimetallic NPs. The intracellular ROS level is indicated by the relative fluorescence intensity 
of the ROS probe CM-H2DCFDA compared to the untreated cells. Values are the mean and standard deviation of five independent experiments. *P,0.05 using 
Student’s t-test.
Abbreviations: Drp-AuNP, D. radiodurans protein extract-mediated gold nanoparticle; Drp-AgNP, D. radiodurans protein extract-mediated silver nanoparticle; NP, nanoparticle; 
MCF-10A, human breast epithelial cell line MCF-10A; ROS, reactive oxygen species.

have advantageous applications in biosensors, bioimaging, 

drug delivery and nanomedicine. Further production and 

application of the Drp-NPs will be performed in our future 

research.

Conclusion
We demonstrated the facile biosynthesis of AuNPs, AgNPs 

and Au–Ag bimetallic NPs using protein extracts of 

D. radiodurans in an aqueous solution at ambient conditions. 
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The hydroxyl, amine, carboxyl, phospho or sulfhydryl groups 

from proteins played a vital role in the reduction of Au(III) to 

Au(I) and further to Au(0), and Ag(I) to Ag(0), as well as the 

stabilization of the formed NPs. The synthetic Drp-AuNPs 

and Drp-AgNPs exhibited different characteristics, which 

could be ascribed to the interaction of the NPs with different 

binding groups of proteins. The Au–Ag bimetallic NPs could 

be biosynthesized based on the as-synthesized Drp-AgNPs 

with the addition of Au(III). The Drp-AuNPs and Au–Ag 

bimetallic NPs demonstrated relatively low cytotoxicity 

against MCF-10A compared to the Drp-AgNPs. Understand-

ing the characteristics and biosynthetic mechanisms of noble 

metallic NPs mediated by D. radiodurans proteins highlights 

the wide and advantageous applicability of the NPs to future 

“nanofactories” and biomedicine.
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