International Journal of Nanomedicine

Dove

ORIGINAL RESEARCH

Functionalized Gold and Silver Bimetallic
Nanoparticles Using Deinococcus radiodurans Protein
Extract Mediate Degradation of Toxic Dye Malachite

Green

Yulan Weng'

Jiulong Li

Xingcheng Ding”

Bingiang Wang

Shang Dai'

Yulong Zhou?

Renjiang Pang'

Ye Zhao'

Hong Xu'

Bing Tian'"?

Yuejin Hua'

'MOE Key Laboratory of Biosystems
Homeostasis & Protection, Zhejiang
University, Hangzhou, People’s Republic
of China; 2Zhejiang Runtu Chemical
Research Institute, Shaoxing, People’s
Republic of China; 3Key Laboratory for
Green Processing of Chemical Engineering
of Xinjiang Bingtuan, School of Chemistry
and Chemical Engineering, Shihezi

University, Shihezi, Xinjiang, People’s
Republic of China

Correspondence: Bing Tian

Zhejiang UniversityZijingang Campus
West Part, A403 Biophysics Building, 866
Yuhangtang Road, Hangzhou 310058,
People’s Republic of China

Tel/Fax +86-571-86971215

Email tianbing@zju.edu.cn

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Background: Biodegradation of toxic organic dye using nanomaterial-based microbial
biocatalyst is an ecofriendly and promising technique.

Materials and Methods: Here, we have investigated the novel properties of functionalized
Au-Ag bimetallic nanoparticles using extremophilic Deinococcus radiodurans proteins (Drp-
Au-AgNPs) and their degradation efficiency on the toxic triphenylmethane dye malachite
green (MG).

Results and Discussion: The prepared Drp-Au-AgNPs with an average particle size of
149.8 nm were capped by proteins through groups including hydroxyl and amide. Drp-Au-
AgNPs demonstrated greater degradation ability (83.68%) of MG than D. radiodurans cells
and monometallic AuNPs. The major degradation product was identified as 4-(dimethyla-
mino) benzophenone, which is less toxic than MG. The degradation of MG was mainly
attributed to the capping proteins on Drp-Au-AgNPs. The bimetallic NPs could be reused
and maintained MG degradation ability (>64%) after 2 cycles.

Conclusion: These results suggest that the easily prepared Drp-Au-AgNPs have potential
applications as novel nanomedicine for MG detoxification, and nanomaterial for biotreatment
of a toxic polyphenyl dye-containing wastewater.

Keywords: bimetallic nanoparticles, Deinococcus radiodurans, biodegradation, toxic

triphenylmethane dye, malachite green, detoxification

Introduction
Biomaterials, such as nucleotides,' amino acids,” polypeptides and proteins,* cell

19 could be used as raw materials for reducing metal ions and producing

extracts,
metal nanoparticles (NPs). Metal NPs have demonstrated catalytic, mechanical,
magnetic, thermal, optical, photoelectrochemical and biological properties.
Functionalized metal NPs using biomaterials have inestimable merit because of
biocompatible and specific properties of the natural biomaterials.'" Various applica-
tions of metal NPs have been explored including bacteriostatic agents,'*"> drug

21,22 and

carriers'®!” and DNA delivery,18 cancer tre:atment,19’20 biosensing
catalysis.”>** For example, the assay using DNA-gold nanoparticle probes allows
absolute and direct microRNA quantification.”> AgNPs, AuNPs and Ag-AuNPs
synthesized using plant extract from Plumbago zeylanica exhibited inhibiting and

disruptive effects on bacterial biofilms.*
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Polyphenyl dyes are chemical products having
persistent and toxic effects to human beings. Malachite
green (4-[(4-dimethylaminophenyl)-phenyl-methyl]- N,
N-dimethyl aniline; MG) is a triphenylmethane dye that
has been used as leather and silk dye, aquaculture insect
repellent, and cell staining agent. However, residues of
malachite green in nature are hazardous compounds that
can cause mutagenesis, teratogenesis and chromosomal
fractures, leading to serious human health hazards includ-
ing carcinogenesis, multi-organ tissue injury and develop-
mental abnormalities.>” Although its manufacture has been
banned worldwide,?’* MG is still produced and used in
some developing countries because of its low price and
lack of substitutes.”’ Investigation on biotreatment and
detoxification of MG using bio-NPs may provide a new
efficient technique to prevent MG-derived health hazards
and has attracted increasing attention in recent years.>*>*
Generally, bio-NPs mediated decolorization of polyphenyl
dyes with two mechanisms, ie, adsorption and degradation,
and is more efficient and eco-friendly than physical and
chemical methods as well as microbiological degradation
method.** % Biosynthetic bimetallic gold and silver nano-
particles had catalytic ability to reduce a common waste
water pollutant 4-nitrophenol, and demonstrated combina-
torial and enhanced functions in comparison with their
monometallic counterparts.>®

Deinococcus radiodurans is an extreme bacterium
known for its resistance to stresses including ionizing radia-
tion (IR), ultraviolet (UV) radiation and oxidative stress.
D. radiodurans is particularly attractive for toxic compound
remediation, due to its remarkable resistance to oxidative
stress incurred from reactive oxygen species (ROS), which
are generated upon exposure to oxidant and cellular toxic
reagents.’’ *' Cell cultures of D. radiodurans were pre-
viously used to directly decolorize MG.** Intracellular
reductive proteins, including antioxidant enzymes and oxi-
doreductases, may provide a reducing microenvironment
for transformation and for the synthesis of metal nanoma-
terials. They might also be involved in the process of MG
biodegradation. We have previously synthesized AuNPs
and Au-AgNPs using D. radiodurans proteins, which exhi-
bit non-significant cytotoxicity.**** Further characteriza-
tions of these nanoparticles and their potential use for
detoxification of MG are required.

In this study, we characterized the Au-AgNPs produced
by D. radiodurans protein extracts (Drp-Au-AgNPs) using
X-ray diffraction (XRD) and dynamic light scattering
(DLS). The mechanism of formation of Drp-Au-AgNPs

was investigated by Fourier-transform infrared spectro-
scopy (FT-IR) and X-ray photoelectron spectroscopy
(XPS). Degradation ability of Drp-Au-AgNPs on MG was
measured by decolorization tests using ultraviolet and visi-
ble (UV/Vis) spectrum, and by MG product analysis using
gas chromatography/mass spectroscopy (GC-MS). The MG
degradation ability of recycled Drp-Au-AgNPs was also
analyzed. To the best of our knowledge, this is the first
study on detoxification of MG using the functionalized Au-
Ag bimetallic NPs by extremophilic D. radiodurans
proteins.

Materials and Methods

Bacterial Cultures and Chemicals
Deinococcus radiodurans R1 (ATCC13939) was cultured
aerobically in tryptone glucose yeast (TGY) (0.5% Bacto
tryptone, 0.1% glucose and 0.3% Bacto yeast extract)
broth at 30°C with agitation at 220 rpm. Bacterial growth
was measured with optical density (OD) at 600 nm
(ODso0)-

Chloroauric acid (HAuCl,-3H,O) and silver nitrate
(AgNO3) were purchased from Sigma-Aldrich Co. (St
Louis, MO, USA). The Au(Ill) and Ag(I) solutions used
were prepared by dissolving HAuCl,;-3H,O and AgNO; in
ultra-pure water, respectively. Malachite green (MG,
MW=364.92) was purchased from Aladdin Reagent Co.
Ltd., Shanghai, China. AuNPs synthesized using sodium
citrate (SC-AuNPs) with an average size of 50 nm were
So-Fe Co.
(Shanghai, China). All other inorganic and organic chemi-

purchased from Shanghai Biomedical
cals used in this study were of analytical grade. The pH of
each working solution was adjusted using hydrochloric
acid or sodium hydroxide solution.

Preparation of Protein Extracts

A culture of D. radiodurans was grown in TGY medium until
its ODgqo reached ~1.0. Then, cells were pelleted by centri-
fugation and re-suspended in phosphate buffer solution (0.01
M, pH 7.2). Cells were disrupted at 4°C using an ultra-high
pressure continuous flow cell disrupter followed by centrifu-
gation at 15,000 x g for 30 mins at 4°C to remove cell debris.
The supernatant was collected and treated with 80% (w/v)
solid ammonium sulfate for 24 hrs at 4°C. Then, the mixture
was centrifuged to collect the protein precipitate at
10,000 x g for 20 mins at 4°C. The precipitate was dissolved
in ultra-pure water and dialyzed in cellulose acetate mem-
brane (molecular weight [MW] cut-off 14,000 Da) for 12 hrs
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at 4°C. Protein concentration was quantitated using a BCA
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

Biosynthesis of Drp-Au-AgNPs

Metal NPs were prepared according to previously
described methods with some modification.** 2mg/mL
protein extracts were incubated with 1 mM silver nitrate
firstly at room temperature. The mixture turned into
brownish yellow after 18 hrs reaction, indicating the for-
mation of AgNPs, and measured by absorption spectrum
using a UV/Vis absorption spectrometer (SpectraMax MS5;
Molecular Devices LLC, Sunnyvale, CA, USA). The
AgNPs were centrifuged and washed repeatedly to remove
the unreacted substance and then incubated with 1 mM
HAuCl, in an aqueous solution. The formation of Au-
AgNPs was monitored by the color change and UV/Vis
absorbance profile measured with a spectrophotometer.
The bimetallic NPs were centrifuged and washed several
times and then freeze-dried for later use.

Characterization of Drp-Au-AgNPs
The elemental composition of metal NPs was analyzed by
SEM-energy-dispersive X-ray spectroscopy (SEM-EDS;
Hitachi Model SU8010; Hitachi Ltd., Tokyo, Japan). The
solid NPs were fixed on an Al carrier. EDS in area scan
mode focused on a region of the sample surface.

The crystal structure of the prepared Drp-Au-AgNPs
was characterized using an X-ray diffractometer (X’Pert
PRO; PANalytical Ltd., Almelo, the Netherlands) with
a Cu Kal radiation source at 1540 A wavelength. The
diffraction angle 26 was 20° to 90° with a step of 0.02°
and 2 s for each step.

Size distribution of NPs was confirmed using a laser
Doppler anemometer (Zetasizer Nano ZS; Malvern
Instruments, Malvern, UK) with a He-Ne laser beam at
wavelength (A) of 632.8 nm (pH 7.0, 25°C). A 150mV
electric field was added to the nanoparticle solution to
observe the electrophoretic velocity.

For FT-IR analysis, freeze-dried protein extract or pre-
pared NPs were mixed with KBr in a mortar at the ratio of
1:100 (M/M) and the mixtures were pressed into tablets.
The samples were analyzed by the Nicolet 5700 FT-IR
spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) in 4000400 cm ' frequency range at a resolution
of 4 cm !, over 900 scans.

For XPS analysis, the freeze-dried protein extract or
prepared NPs were fixed on a stainless steel holder.
Valence state changes and surface functional groups of

the samples were measured by a high-performance X-ray
photoelectron spectrometer (Escalab 250Xi; Thermo
Fisher Scientific, Waltham, MA, USA) with monochro-
matic Al Ka radiation source at 1486.6 eV. C; peak at
284.6 eV was used as the charge reference. The XPS
spectra were analyzed by XPSPEAK41 software.

Release Kinetics of Drp-Au-AgNPs

NPs solution (15 mL) was placed in a dialysis bag.
Continuous measurement of the metal release of NPs over
48 hrs was performed by an inductively coupled plasma-
optical emission spectroscopy (ICP-OES; ICP6000; Thermo
Fisher Scientific, Waltham, MA, USA). The metal release rate
was calculated using the equation as previously described:'?
% of cumulative metal released=(M,,/M,) % 100, where M, is
the metal content in the water and M, is the total metal content
in the dialysis bag.

Decolorization Assay

To analyze the decolorization capacity of NPs on MG,
a certain amount of samples was mixed with 100 mg/L MG
solution in a constant volume with ultra-pure water. Each
experiment was conducted in parallel in triplicate. The MG
decolorization test in the absence of NPs was used as a control.
After reaction for 30 mins, the samples were taken and cen-
trifuged at 20,000 x g for 15 mins. To quantify the remaining
MG in the mixture, the absorbance of the supernatant was
determined by using a spectrophotometer at a wavelength of
617 nm. The decolorization percentage was calculated using
the equation: % decolorization= (1- 4/4;) % 100, where A,
is the final absorbance and A4; is the initial absorbance.

HPLC Analysis

High-performance liquid chromatography (HPLC; Alliance
2695, Waters, USA) was used for the analysis of MG.
Reverse-phase HPLC analysis was performed with a C18
column (4.66 mm internal diameter/250 mm long/5 pm
particle size) using binary elution conditions (20 mM
sodium acetate and 100% acetonitrile). For gradient elution,
the acetonitrile concentrations were set as follows: 60%
(0-10 mins), 60-95% (10-20 mins) and 95% (20-30

mins). The flow rate was maintained at 0.3 mL min™".

GC-MS Analysis

To determine the products of MG degradation, supernatant
from the MG decolorization tests were collected by centri-
fuge in Amicon-ultracs and extracted twice with ethyl acet-
ate. The extracts were dried and concentrated to about 1 mL
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for GC-MS analysis. The triple quadrupole gas chromato-
graphy-mass spectrometer (GC-MS; 7890B/7000C, Agilent,
USA) was used with a DB-5 fused silica capillary column
30 m x 025 mm x 0.25 pm). The experimental
conditions were as described in previous reports.**’ The
column temperature was increased from 100°C to 290°C at
8°C min ', and held for 15 mins. The flow of gas was
maintained at 1 mL min'. The products were fully scanned
in electron-impact (EI) mode. Agilent mass hunter software
was used to match corresponding products in the built-in
NIST 17 library.

Reusability Assay of NPs

After the incubation of NPs with MG, the mixture of NPs
and MG was centrifuged (20,000 x g for 10 mins at 4°C).
The NPs remained in the sediment were resuspended and
washed with ultra-pure water. Then, the obtained NPs
were repeatedly suspended with water and centrifuged
(20,000 x g for 10 mins at 4°C) to remove dye until the
supernatant was colorless. The pH value of the NPs solu-
tion was adjusted to neutral. The recycled NPs were tested
for their properties including hydrodynamic diameter, cap-
ping protein groups using DLS, FT-IR and XPS analyses
as described above. For investigation on the reusability of
NPs, MG decolorization test using the recycled NPs was
performed for 5 cycles.

Statistical analysis

Data were processed by OriginPro 9.0 (OriginLab Co.,
Northampton, MA, USA) and expressed as mean + stan-
dard deviation. The analysis of variance was followed by
Student’s ¢-test. P-value <0.05 was considered as statisti-
cally significant.

Results and Discussion

Characterization of Drp-Au-AgNPs

Drp-Au-AgNPs was prepared according to the method
described in our previous paper.** D. radiodurans protein
extracts were first incubated with 1 mM Ag(I) to form
AgNPs, which showed a characteristic UV/Vis absorption
peak at 414 nm. Following purification, the AgNPs were then
incubated with 1 mM Au(IIl). The mixture turned into purple
within 1 hrs and its absorption peak changed from 414 nm to
545 nm, indicating that Au-AgNPs were generated (Figure
Sla). SEM-EDS of the obtained Au-AgNPs exhibited both
Au and Ag element peaks (Figure S1b), confirming the
formation of Au-Ag bimetallic NPs (Drp-Au-AgNPs). Au/

Ag molar ratio in the prepared Drp-Au-AgNPs was approxi-
mately 1:1.2 (Table S1). The metal ion ratio has effects on the
size and characteristic absorption wavelength of formed

metal nanoparticles.*® The absorption wavelength maximum
of bimetallic NPs with a ratio of Ag: Au (3:1) was lower than
that of Ag: Au (1:1)."

Crystal structures of lyophilized Drp-Au-AgNPs were
analyzed by XRD. The characteristic peaks in XRD spec-
tra correspond to different planes of metal crystal face-
centered cubic. As shown in Figure 1A, peaks at 32.32°,
38.3°, 46.38°, 66.12°, 77.7°, 85.66° referred to the char-
acteristic diffractions of the [101], [111], [200], [220],
[311] and [222] planes of face-centered cubic Ag, respec-
tively. Among them, the peak at 32.32° is the main reflec-
tion of AgNPs. Meanwhile, peaks at 38.3°, 44.56°, 64.66°,
77.7° and 81.9° were corresponding to [111], [200], [220],
[311] and [222] planes of face-centered cubic Au, respec-
tively. Peaks at 38.3° and 77.7° were corresponding to the
planes of face-centered cubic of both Ag and Au. The
small peaks at 54.9° and 57.74° might arise from impu-
rities produced during the synthesis of AgNPs.

The average hydrate particle size of the prepared Drp-
Au-AgNPs was 149.8 nm with a polydispersity index (PDI)
of 0.397+0.021, indicating that the NPs were evenly dis-
tributed (Figure 1B). The highest percentage of the NPs size
was 106 nm (15.83%). The size of bimetallic nanoparticles

was slightly larger than single metal nanoparticles.***>

Synthetic Mechanisms of Drp-Au-AgNPs

During biosynthesis of metal NPs using proteins, functional
groups of proteins might react with metal ions. FT-IR ana-
lysis was used to identify the functional groups of
D. radiodurans proteins involved in the formation of Au-
AgNPs (Figure 2). The strong band at 3303 cm™ ' of protein
extracts referred to the stretching and out-of-plane bending
vibration of O-H groups, and it shifted to 3295 cm ™' in Drp-
Au-AgNPs. The band at 1400 cm ™' due to the symmetry
extension of COO™ groups was changed to 1407 cm ' dur-
ing the synthesis of NPs. The band at 1240 cm™ ' referred to
amide III of proteins shifted to 1236 cm™' in Drp-Au-
AgNPs. These results suggested that O-H, COO", amide
III groups are involved directly in the redox reaction of
noble metal ions and formation of Au-AgNPs. The bands
at 1110 cm ' and 1070 cm™! referred to P-OH and P-O-C,
respectively. The P-O-C band shifted to 1076 cm ™' and the
P-OH band disappeared. The bands at 1384 cm’,
1315 cm !, and 989 cm ! referred to -CO-CH;, -CH-OH
and -COOH, respectively, changed in the synthesis process.
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Figure | XRD and DLS analyses of Drp-Au-AgNPs.
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Notes: (A) XRD patterns of the purified Drp-Au-AgNPs. XRD patterns demonstrated the crystal structures of Drp-Au-AgNPs. The numbers in brackets represent the planes of
Au (red) and Ag (blue) face-centered cubic crystal structures, respectively. Asterisks indicate the impure signal. (B) The distribution of hydrodynamic diameter of Drp-Au-AgNPs
measured by DLS at 25°C, pH 7.0. The average hydrate particle size of the Drp-Au-AgNPs was 149.8 nm with a polydispersity index (PDI) of 0.397+0.021.

Abbreviations: XRD, X-ray diffraction; DLS, dynamic light scattering; Drp-Au-AgNPs, D. radiodurans protein extract-mediated gold-silver bimetallic nanoparticles;

D. radiodurans, Deinococcus radiodurans.
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Figure 2 FT-IR analyses of the prepared Drp-Au-AgNPs.
Notes: FT-IR spectra of protein extracts from D. radiodurans (black line) and Drp-
Au-AgNPs (red line) were compared. Changes in the corresponding bands’ shape
and shift are indicated by wavenumbers and arrows. The changes indicated the
functional groups of D. radiodurans proteins involved in the formation of Au-AgNPs.
Abbreviations: FT-IR, Fourier-transform infrared spectroscopy; Drp-Au-AgNPs,

D. radiodurans protein extract-mediated gold-silver bimetallic nanoparticles;
D. radiodurans, Deinococcus radiodurans.

These indicated that the groups containing oxygen and
phosphorus participated in the constitution of Drp-Au-
AgNPs.

The reduction process of Au and Ag ions was investi-
gated using XPS analysis of Drp-Au-AgNPs compared with
D. radiodurans protein extract (Figures 3 and S2). During
synthesis of the NPs, the valence state of metal ions chan-
ged (Figure 3). Taking the C;s peak at 284.6 eV as
a reference, Ag 3ds, and Ag 3ds/, peaks at 367.7 eV and
373.7 eV were the spectra of Ag(0) in the NPs (Figure 3B).

Au 415, and Au4dfs,, peaks at 83.9 eV and 87.6 eV were the
dipole peaks of Au(0) in the core-level spectra of Auyg
while the Au(I) characteristic peaks were at 84.8 eV and
88.4 eV, respectively (Figure 3C). This indicated that during
the formation of Au-AgNPs from Drp-AgNPs,** Au(III)
was first reduced into Au(I) by hydrogen donation from
protein functional groups capped on the AgNPs and then
was reduced to Au(0). Compared with the core-level of the
Auyg and Agsy spectrum previously reported,’! the spectra
of Drp-Au-AgNPs had ~0.8 eV and ~0.6 eV deviations that
possibly were due to the protein coating effects.

As shown in the XPS full-scan spectra of Drp-Au-
AgNPs (Figure 3A), peaks of Cyg, Oy, and Ny were similar
to the spectra of the protein extract (Figure S2a). It con-
firmed that the protein functional groups were involved in
the synthesis and coating of Au-AgNPs. Comparing Ci,
core-level spectrum of Drp-Au-AgNPs with that of protein
extract (Figures 4A and S2b), we observed that the hydroxyl
group (C-OH, generally present in Ser, Thr, Tyr) and
C-O-C peaks shifted from 286.2 eV in protein extract to
286.5 eV in Drp-Au-AgNPs. Amide (O=C-N) peak changed
from 288.5 eV to 288.7 eV. These peak shifts were also seen
in the O (Figures S2¢ and 4B) or N, (Figures S2d and 4C)
core-level spectra, indicating that the hydroxyl groups and
amides of proteins took part in the constitution of the NPs.

Based on the Ny core-level spectrum (Figures 4C and
S2d), the peaks of protonated amino (NH;") and ammo-
nium (NH,") disappeared in the N4 core-level spectrum of
NPs. The protonated amine groups have a strong reducing
capacity by hydrogen donation and might contribute to
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Notes: Full-scan spectrum of Drp-Au-AgNPs (A) and core level of Auy (B) and Ags4 (C). Dipole peaks for metal ions of different valence states are indicated by banding
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Au and Ag ions.
Abbreviations: XPS, X-ray photoelectron spectroscopy; Drp-Au-AgNPs, D. radiodurans protein extract-mediated gold-silver bimetallic nanoparticles; D. radiodurans,

Deinococcus radiodurans.
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Deinococcus radiodurans.
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metal reduction. All the functional groups and related
amino acids involved in the reaction were listed in
Table S2. These results are consistent with previous stu-
dies of amino acid and peptide-mediated synthesis of
metal nanoparticles.” ™ Our previous results demonstrated
that Drp-AgNPs formed into spherical Au-Ag bimetallic
nanoparticles via the oxidation of Drp-AgNPs by the addi-
tional Au(IIl) ions, while as-synthesized Drp-AuNPs could
not transform into Drp-Au-AgNPs in the presence of
Ag(D).** The functional groups of D. radiodurans proteins
might participate in reducing Ag(I) to Ag(0). The Drp-
AgNPs may be acting as a nucleation seed for the
synthesis of bimetallic NPs. The coating proteins on Drp-
AgNPs could reduce Au(Ill) into Au(I) and further into Au
(0) to form alloy NPs of Au and Ag.

The metal release of Drp-Au-AgNPs was measured over
a period of 48 hrs. 3.69% of Au was released and 16.17% of
Ag was released was detected at 48 hrs (data not shown),
similar to the results obtained in previous works.***® The Ag
release of Drp-Au-AgNPs was lower than previously
reported AgNPs,*? indicating a stronger binding affinity of
metals to proteins.>® The characterized Drp-Au-AgNPs were

used in the following MG detoxification.
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Figure 5 Decolorization of MG dye by bimetallic NPs.

Decolorization of MG by Drp-Au-AgNPs

Degradation capability of a biocatalyst on dyes is generally
measured by dye decolorization assays and indicated as
decolorization percentage. Decolorization capability of Drp-
Au-AgNPs on MG was examined in aqueous solution and
compared with that of D. radiodurans cell -culture,
D. radiodurans protein extract, Drp-AuNPs and sodium
citrate-AuNPs (SC-AuNPs). The initial concentration of
MG was 100 mg/L. Compared with D. radiodurans cells,
Drp-AuNPs and Drp-Au-AgNPs demonstrated higher MG
degradation capability (Figure 5A). The protein extracts
(4 mg/mL) from D. radiodurans showed a relatively low
decolorization percentage on MG (5.93%), which might be
due to protein precipitation under an acidic condition caused
by the MG dye. According to the results of previous
literature,** D. radiodurans cell culture has a strong ability
to decolorize MG, which might be attributed to the biosorp-
tion by cells and biodegradation by proteins (enzymes) in the
microbial cells during growth. Nanoscale Au-Ag particles
can promote the solubility of ligand proteins and keep them
stable in the acidic condition. Moreover, the protein-capping
Au-AgNPs can be easily recovered by centrifugation and

serve as recyclable biocatalysts as detailed below.
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Notes: (A) Decolorization percentage of MG at treatment of DR, Drp, Drp-AuNPs, Drp-Au-AgNPs and SC-AuNPs, respectively. The mixture was incubated for 30 mins at
room temperature. Initial MG concentration was 100 mg/L. The concentration of samples was 4 mg/mL. ***P<0.001, indicates statistical significance compared with the
treatment by DR cells using Student’s t-test. (B) Decolorization percentage of MG at treatment of the bimetallic NPs at various pH conditions. Values are the mean and
standard deviation of three independent experiments.

Abbreviations: MG, malachite green; NPs, nanoparticles; DR, Deinococcus radiodurans; Drp, D. radiodurans protein extract; Drp-AuNPs, D. radiodurans protein extract-
mediated gold nanoparticles; Drp-Au-AgNPs, D. radiodurans protein extract-mediated gold-silver bimetallic nanoparticles; SC-NPs, sodium citrate-mediated gold nanopar-
ticles; D. radiodurans, Deinococcus radiodurans.
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The activity of the bimetallic NPs (66.05%) was stron-
ger than the single metal NPs (52.34%) (Figure 5A), which
might be due to their enhanced surface areas and decreased
densities.>* Chen and co-workers reported that silver and
gold bimetallic NPs produced using a D. radiodurans cell-
free supernatant could degrade a common waste water

1.*® The improved and combinatorial

pollutant 4-nitropheno
properties of the bimetallic NPs compared to their mono-
metallic counterparts might be attributed to the higher sur-
face areas of alloys NPs for enzyme-substrate interaction
than that of core-shell forms of single metal nanoparticles.
In addition, metal and protein ratio in the nanoparticles
might affect the physical and chemical properties of bime-
tallic NPs.'**8

On the other hand, chemically synthesized AuNPs using
sodium citrate (SC-AuNPs) had no substantial degradation
ability on MG (Figure 5A), suggesting that the degradation
of MG by Drp-Au-AgNPs is attributed to redox reaction
between MG and the coating proteins on Au-AgNPs.
Degradation capability of Drp-Au-AgNPs increased with
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Figure 6 Degradation of MG dye by bimetallic NPs.

the increasing pH of the solution (Figure 5B), demonstrat-
ing the highest activity at alkaline condition (pH 9.6).
Substantial increase in the decolorization percentage of
MG under strong alkaline can be accounted for by an
electrostatic force between the biocatalyst and the posi-
tively charged MG molecules.” Besides, the decolorization
of MG under strong alkaline conditions can be partially
attributed to chemical transformation of MG into its leuco
form.

The decolorization ability of bimetallic NPs substan-
tiated by HPLC results, which exhibited up to 83.68% of
MG degradation upon treatment with NPs (7 mg/mL)
(Figure 6). After the decolorization experiment, the MG
products in the mixture were analyzed by GC-MS. The
composition of MG degradation by Drp-Au-AgNPs was
identified according to the retention times (RT) and m/z of
ionized product components. MG molecule losing a Cl™ due
to the ionization process was detected with an m/z 330.4 at
28.50 mins (Figure 7A). A product fragment with an m/z
225.0 at RT of 21.63 mins, matching 4-(dimethylamino)

100% 1
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40% 1
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20%
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Notes: (A-E) HPLC spectra of MG degradation by (A) ultra-pure water (control); (B) 4 mg/mL Drp-Au-AgNPs; (C) 5 mg/mL Drp-Au-AgNPs; (D) 6 mg/mL Drp-Au-AgNPs; (E) 7 mg/
mL Drp-Au-AgNPs. The main peaks were corresponding to MG. (F) Degradation percentage of |00 mg/mL MG at treatment of different concentrations of Drp-Au-AgNPs. Values are
the mean and standard deviation of three independent experiments. The bimetallic NPs exhibited up to 83.68% of MG degradation at the treatment of NPs (7 mg/mL).

Abbreviations: NPs, nanoparticles; MG, malachite green; Drp-Au-AgNPs, D. radiodurans protein extract-mediated gold-silver bimetallic nanoparticles; D. radiodurans,

Deinococcus radiodurans.

submit your manuscript

1830

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Weng et al

: 28.4978
x102

=

Counts =

OO OO OOO O
LRI D

253.2
330. 4

237.3

-20 0 20 40 60 80 100 120 140

: 21,6251
x102

o]
8ﬁ O O
7 CH:
6 T/

CHs

=~}
Counts =

OO OO OO O O
iN
1

0 T T

N w \ Y AN T
240 260 280 300 320 340 360
(m/z)

160 180 200 220

148.0

225.0

i T 1
-10 0

Figure 7 GC-MS analyses of MG degraded products by bimetallic NPs.

1 T \ — T \

\ —
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250

(m/z)

Notes: GC-MS spectra of (A) MG and (B) its degraded product by bimetallic NPs. The corresponding chemical formula is indicated in each panel. The MG was degraded by
Drp-Au-AgNPs into less toxic product 4-(dimethylamino) benzophenone with an m/z 225.0 at RT of 21.6251 mins.
Abbreviations: GC-MS, gas chromatography-mass spectrometer; MG, malachite green; NPs, nanoparticles; RT, retention time.

benzophenone (4-DMABP), was identified as a degradation
product of MG (Figure 7B). 4-DMABP has lower toxicity
than MG,*? indicating that the toxic MG was degraded into
less toxic product by Drp-Au-AgNPs. Therefore, Drp-Au-
AgNPs can be used as potential MG detoxification nano-
medicine. The detoxification mechanism of MG by Drp-Au
-AgNPs might be attributed to the cleavage between ben-
zene and the central carbon, which is the main position in
MG degradation reaction.>” There were some unidentified
products with characteristic spectra of aromatic aldehydes
that had no matches in the GC-MS library. Further study on
the unidentified products will elucidate the detailed detox-
ification mechanism. Our previous work had demonstrated
that the Drp-Au-AgNPs have non-significant cytotoxicity to
normal human cells,** suggesting their biocompatible prop-
erties and applicability as a safe biomaterial and in biome-
dicine. Negligible toxicity of AgNPs was reported in
a previous study using human cell lines.>®

Regeneration of Drp-Au-AgNPs

Drp-Au-AgNPs were recycled from MG degradation solu-
tion and freeze-dried. SEM-EDS and XRD patterns of the
recycled NPS were similar to the original Drp-Au-AgNPs,

indicating that their composition and crystal structure were
relatively stable. The average hydrate particle size of the
recycled Drp-Au-AgNPs as analyzed by DLS was 249.7
nm with a polydispersity index (PDI) of 0.829+0.148
(Figure 8A). The highest percentage of NPs size was 190
nm (18.47%). The distribution sizes were larger than the
original Drp-Au-AgNPs, perhaps resulting from the
adsorption of MG or its degradation products on the sur-
face of NPs.

Degradation of MG by Drp-Au-AgNPs was a redox
reaction between MG and the functional groups of the sur-
face proteins on Drp-Au-AgNPs. The participating func-
tional groups involved in the degradation process were
confirmed by FTIR analysis of original and recycled Drp-
Au-AgNPs (Figure 8B). The O-H groups with a strong band
shifted from 3299 cm™" to 3189 cm ', and the band of COO™
at 1384 cm ! turned into 1406 cm™ . The amide I, amide I,
amide III bands changed following the MG degradation. In
the meantime, the bands at 1076 em ! and 1044 cm™!
assigning to phosphorus functional groups (P-OH and
P-O-C) shifted to 1115 cm ' and 1057 cm™ ', respectively.
Besides, the bands at 2096 cm ' and 952 cm ' appeared

after the reaction might be ascribed to the protonated amino

International Journal of Nanomedicine 2020:15

submit your manuscript

1831

Dove


http://www.dovepress.com
http://www.dovepress.com

Weng et al

Dove

A 20 9 B o0 Drp-Au-AgNPs|
— 1 recycle
16 — =Yg
] 404
X 12 A 5
€ 8
g 30
8 I 3189
O 84 E 3
2 20
©
=
4 1 10 /
3299
0 °7
O, 7 75 7, 7 o N NN B, Gy T O O, S, By O 77 T T T T
75 % S5 % 0 D I Y o % o O T Lo s U507, 0 gt 3500 2000 1500 1000
2 0 %y
© 80 %0 %o %0 % %o %o S0 o %o "o %0 0 %0 %0 0 % % % .
0 "0 "0 "o Wavenumber (cm™)
Particle diameter (nm)
C 100% 1
909 | 86.98%
o =1 73.90%
o 80% 1
£
% 70% A 64.47%
I =
g 60% 1
S 50% 41.94%
8 40%
i~
S 30% |
8 N 16.17%
8 20%
10% A
0%
1 2 3 4 5

Cycle number

Figure 8 Characterization and reusability analyses of the recycled Drp-Au-AgNPs.

Notes: (A) Distribution of hydrodynamic diameter of recycled NPs measured by DLS at 25°C, pH 7.0. (B) FT-IR spectra of protein from Drp-Au-AgNPs (black line) and recycled
bimetallic NPs (red line). Changes in the corresponding bands’ shape and shift are indicated by wavenumbers and arrows. (C) MG decolorization percentage by the recycled
bimetallic NPs at room temperature. The decolorization ability of Drp-Au-AgNPs remained above 60% during the first three cycles and decreased at the fourth cycle. Initial MG
concentration was |00 mg/L; bimetallic NPs concentration was 7 mg/mL. Values are the mean and standard deviation of three independent experiments.

Abbreviations: Drp-Au-AgNPs, D. radiodurans protein extract-mediated gold-silver bimetallic nanoparticles; D. radiodurans, Deinococcus radiodurans; DLS, dynamic light

scattering; FT-IR, Fourier-transform infrared spectroscopy; NPs, nanoparticles.

and carboxyl in reclaimed NPs. The hydroxyl, amide, phos-
phorus and carboxyl functional groups capping on the NPs
were important participants in the MG degradation. Of par-
ticular, the band for methyl-benzene at 1037 cm™ ' appeared,
suggesting that the NPs had adsorption effects on degrada-
tion products of MG. This result was consistent with the
increasing distribution sizes of recycled NPs (Figure 8A).
The results provide evidence that proteins took part in the
decolorization of MG through degradation and absorption
effects.

The XPS spectra of recycled Drp-Au-AgNPs demon-
strated the stability of the bimetallic NPs (Figure S3). The
full-scan spectrum is shown in Figure S3a. The Au 4f;,
and Audfs,, peaks at 83.7 eV and 87.2 eV in the core-level
spectra of Auye (Figure S3b) were for the dipole peaks of
Au(0), and the Ag 3ds, and Ag 3d;,, peaks at 367.5 eV
and 373.6 eV were spectrum for Ag(0) (Figure S3c). The
peaks of Cy;, O, and Ny detected in recycled Drp-Au-

AgNPs (Figure S3d—f) were similar to those of original
Au-AgNPs (Figure 4), confirming that protein was
retained coating on the surface of the NPs.

Reusability of Drp-Au-AgNPs

Following the regeneration of Drp-Au-AgNPs, MG decolor-
ization of the recycled bimetallic NPs was tested for 5 cycles
to evaluate their reusability (Figure 8C). The decolorization
ability of Drp-Au-AgNPs remained above 60% during the
first three cycles and decreased sharply at the fourth cycle.
The physical and chemical changes in the bimetallic NPs,
including aggregation of NPs and deactivation of capping
proteins following several cycles of degradation process,
may lead to the decrease of degradation ability.

Here, we focus on degradation and detoxification cap-
ability of the biosynthesized bimetallic nanoparticles on
toxic polyphenyl dye. The protein functional groups on the
Au-AgNPs, cooperating with the physical and chemical
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properties of metal nanoparticles™ contribute to their
strong degradation on toxic polyphenyl dye. Comparing
with bacterial cells, freeze-dried metal nanoparticles can
be easily immobilized and stored.”’ Combining with the
above advantages, the bimetallic Au-AgNPs with high
efficiency of MG detoxification, we believe, have consid-
erable application prospect in bioremediation.

Conclusions

We investigated the functionalized bimetallic nanoparticles
using D. radiodurans protein extract and their detoxifica-
tion ability of MG. Although further study on the species
of capping proteins (enzymes) and the kinetics of MG
detoxification by Drp-Au-AgNPs are required, our results
suggest that Drp-Au-AgNPs have the application potential
as MG detoxification nanomedicine. Moreover, Drp-Au-
AgNPs can be developed as novel recyclable nanomaterial
for biotreatment of toxic MG-containing wastewater to
prevent the MG-derived health hazard.
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