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ABSTRACT: The gold mining industry has taken its toll on
the environment, triggering the development of more
environmentally benign processes to alleviate the waste load
release. Here, we demonstrate the use of bacteriophages
(phages) for biosorption and bioreduction of gold ions from
aqueous solution, which potentially can be applied to
remediate gold ions from gold mining waste effluent. Phage
has shown a remarkably efficient sorption of gold ions with a
maximum gold adsorption capacity of 571 mg gold/g dry
weight phage. The product of this phage mediated process is
gold nanocrystals with the size of 30−630 nm. Biosorption and
bioreduction processes are mediated by the ionic and covalent
interaction between gold ions and the reducing groups on the
phage protein coat. The strategy offers a simple, ecofriendly and feasible option to recover of gold ions to form readily
recoverable products of gold nanoparticles within 24 h.
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■ INTRODUCTION

The use of gold has been woven into the fabric of human
history. In modern times, gold has gone beyond its monetary
functions into the realms of catalyst, nanosensors, micro-
electronics and nanomedicine.1−4 Because the price of gold has
exploded over recent years, the economic impetus to extract
gold from ore and scrap electronics has increased. Industrial
scale gold extraction involves highly toxic inorganic cyanides to
bring embedded Au0 into solution by forming a coordination
complex, Au(CN)2

−. The soluble form of gold is adsorbed on
activated carbon and then washed, following that high
temperatures and a highly alkaline medium is required for the
recovery.5 Eventually, AuI is electrochemically reduced to Au0.5

The overall process is highly energy intensive, and the use of
toxic chemicals at almost every step of the extraction and
recovery process poses multiple threats to the environment.
Approaches to reduce the direct and indirect environmental

impact of gold mining activities are underway, as evidenced by
more reports highlighting benign gold mining processes. Park
and Fray introduced the use of aqua-regia,6 whereas Aydin et al.
touted the use of thiourea,7 as leaching agent substitutes,
though these chemicals are still highly toxic in nature.
Cyanogenic microorganisms were proposed as a safer way to
extract gold from its ore.8 In addition, various biosorption
agents have been explored for more eco-friendly strategies
toward supplementing part of the gold mining process.9,10

Nevertheless, these processes still need to contend with
chemical desorption in addition to electrochemical reduction.11

Here, we instead report a more eco-friendly methodology
that may circumvent some of the gold recovery steps by
utilizing bacteriophages (phages). We chose bacteriophages for
several reasons. First, phages, which specifically infect bacteria,
are ubiquitous and are already one of the most abundant
biological entities on earth.12 Production of the phage can be
quickly and safely upscaled in mild incubation temperatures (37
°C) with basic nutrients and subsequently used directly with
minimum processing, leaving an extremely low carbon
footprint. Phages are chemically resistant against acidic, basic
and many other organic solvents,13−15 allowing them to
withstand the harsh conditions needed to recover gold ions
from the cyanide containing leachate. Filamentous bacterio-
phage M13 used in this study was composed of single stranded
DNA packed within a proteinous cylinder coat, which
contributes to 87% of the phage entity.13,15 Thus, offering an
abundance of side chain groups to facilitate the dual action of
sorption and reduction of gold ions to valuable product, gold
nanocrystals.16,17 Due to their nanoscale dimensions (6.5 nm in
diameter and 930 nm in length),13 phages possess one of the
highest reducing entities to mass ratio when compared to other
organisms (Supporting Information Table S1).
In this study, we showed that phages were able to complex

Au ions, reduce and precipitate out Au0 in a simple one pot
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process in mild conditions (37 °C). Our characterization results
show that gold ions were precipitated out as nanoparticles.
In addition, we showed that reduction of AuIII by phages

resulted in biocompatible gold nanoparticles (GNPs), which
can be collected easily. Collectively, our single step and one pot
phage reduction-precipitation based strategy negated the
commonly used process of gold ion adsorption, desorption
and electrochemical reduction. This method reduces the overall
chemical waste disposal burden and environmental footprint.

■ EXPERIMENTAL DETAILS
Materials. All chemicals were used as received without any further

purification. Ultrapure water (18.2 MΩ) was used as universal solvent
unless otherwise indicated. M13 bacteriophages (phages; PhD 7) were
purchased from New England Biolabs. Normal human colon mucosa
epithelial cells, NCM460, were provided by INCELL. Yeast extract and
tryptone were acquired from Becto Dickinson. Chloroauric acid,
sodium chloride (NaCl), poly ethylene glycol (PEG, MW:8000), tris
base (trisaminomethane), gold single element standard for ICP and
propidium iodide (PI) were purchased from Sigma Aldrich. Hydro-
chloric acid was obtained from Merck. Phosphate buffered saline
(PBS), Dulbecco’s Modified Eagle Medium (DMEM) and a
penicillin/streptomycin solution were purchased from PAA. Fetal
bovine serum (FBS) was supplied by ThermoScientific.
Methods. Gold Nanoparticle (GNP) Formation. GNPs were

produced in a one pot manner whereby chloroauric acid was added to
phages at final concentration 670 μM and 109 PFU/mL, respectively.
The mixture then was shaken in either ultrapure water or PBS at 37
°C, 200 rpm for 24 h in dark conditions. The produced GNPs were
collected by centrifugation (21,000 × g, 30 min), washed thrice with
ultrapure water and stored at 4 °C in ultrapure water until further use.
GNP Characterization. GNPs were resuspended in methanol (to

give a final concentration of 20 μg/mL) and were sonicated for 1 min
to facilitate nanoparticle dispersion. Following that, the samples were
dropped on carbon coated copper grids, dried at room temperature
and were visualized with transmission electron microscopy (TEM;
JEM-2100F, JEOL). Nanoparticle particle sizes were determined by
measuring 100 randomly selected nanoparticles from TEM micro-
graphs with ImageJ (http://rsbweb.nih.gov/ij/). Nanosphere sizes
were determined from their diameters, while nanoplate sizes were
represented by the length of their longest edge. Data reported are
mean ± standard deviation (SD).
The hydrodynamic size and zeta potential of the produced GNPs

(as synthesized) were measured with dynamic light scattering (DLS;
Malvern). Measurement was done in triplicates, and the mean ±
standard deviation (SD) is reported.
For the detection of gold, the produced GNPs were freeze-dried

and then were mounted on the holder. Thereafter, the samples were
sputtered with platinum and scanned with analytical scanning emission
microscopy (SEM; JSM 5600LV, JEOL) coupled with energy
dispersive X-ray spectroscopy (EDX; Inca x-act, Oxford Instruments).
To decipher the elemental composition of the sample, produced

GNPs were dropped onto glass slides and left to dry overnight at 60
°C. The samples then were subjected to X-ray photoelectron
spectroscopy (XPS; AXIS HIS, Kratos Analytical). Spectra were
calibrated by assuming a C 1s peak at 284.5 eV as the internal
standard. Deconvolution of XPS spectra was done by utilizing
XPSPEAK4.1 (http://www.uksaf.org/software.html).
The absorption spectrum of GNPs was assessed with light

absorbance scanning with a microplate reader (Epoch, Biotek) within
a wavelength range of 400−900 nm.
Gold Recovery Determination. GNPs were produced, collected

and washed thrice with ultrapure water. Thereafter, the GNPs were
dissolved and the gold recovery was calculated with the help of
inductive coupled plasma mass spectrometry (ICP-MS; Agilent 7500,
Agilent Technologies). The amount of produced GNPs was
determined using gold standard solution (TraceCERT, Sigma-

Aldrich). Sorption capacity of bacteriophages was determined using
the following equation:

=sorption capacity
GNP amount (mg)

phage dry weight (g)

with 1 PFU yields 2.19 × 10−13 mg of dry weight phage pellet.18

Gold recovery % was calculated based on the following equation:

= ×recovery (%)
GNP amount (mg)

initial Au amount (mg)
100%III

The gold recovery % and sorption capacity determination were done
in triplicate, and the mean ± standard deviation (SD) data are
reported.

Cell Viability Measurement. NCM460 cells were plated at 3 × 105

cells/cm2 cell density and allowed to attach overnight. Thereafter, the
cells were exposed to GNP samples (50, 250, 500 and 1000 μM) in
addition to an equivalent concentration of chloroauric acid for 24 h.
Complete cell culture medium was used as vehicle control. Following
the exposure, all cell populations were collected and was washed twice
with PBS. The cells then were stained with PI for 5 min in the dark
and introduced to Tali image based cytometer (Life Technologies) for
cell viability analysis. The cytotoxicity study was done in triplicate, and
each viability analysis was done with a minimum of 1000 events. Data
are mean ± standard deviation (SD). A statistical comparison was
done with paired sample Student’s t-test and the significance level was
ascertained when p < 0.05.

■ RESULTS AND DISCUSSION
Proof of Concept of Using Phages to Reduce Gold(III)

Ions. We hypothesized that the humble bacteriophage, which
consists mainly of protein, could reduce gold ions. To test that
hypothesis, we exposed phages to chloroauric acid solution
(670 μM) prepared in two different solvents, ultrapure H2O
and phosphate buffered saline (PBS) as pH influences binding
site dissociation states in addition to the hydrolysis and
complexation of gold ions.19 Phages added to gold ions resulted
in a color change from yellow to deep purple (H2O, final pH =
3.7) or to pink (PBS, final pH = 6.8). Control experiments
comprising solely of phages stayed colorless, whereas the
control group containing only chloroauric acid retained their
yellow color. Phages exposed to chloroaurate ions (Figure 1b)
showed a maximum absorbance at approximately 530 and 550
nm for reduction in PBS and H2O, respectively. This
absorption peak is attributed to GNPs’ surface plasmon
resonance (SPR) and was not observed in the control
experiments. The maximum UV−vis absorption observed is
close to that for GNPs prepared by other chemical and
biological reduction techniques.20−23

Most importantly, we demonstrated this one pot manner of
biosorption and bioreduction by phages could be done even
with very dilute gold ion concentration, as evidenced by the
GNP UV−vis absorption spectra (Figure 1c). Our result
showed that phages could be used to reduce chloroaurate ions
with concentration as low as 84 μM (∼16 mg/L) in an
ultrapure water reaction mixture. This result is encouraging as it
enables us to overcome the traditional gold recovery limitation,
which only allows recovery of gold ions higher than 100 mg/
L24 and removes trace amounts of gold in the waste effluent.
Additionally, we found that pH plays an important role to

control gold ions sorption and the general gold recovery
strategy. We found that by employing phages at low pH
reduction condition (H2O, pH = 3.7), we could recover back
approximately 571 ± 18.6 mg gold/g of phage dry weight with
an efficiency as high as 95.7 ± 3.1% . However, when neutral
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pH (PBS, pH = 6.8) was employed, the phage sorption capacity
and gold recovery decreased nearly 2-fold to 306 ± 9.9 mg
gold/g of phage dry weight and 51.3 ± 1.7%, respectively. It has
been previously suggested that protein with its amino,
sulfhydryl and carboxylic group could mediate the sorption
and reduction of metal ions.25 As pH strongly influences not
only binding site dissociation but also the gold chemistry state,
e.g., hydrolysis and redox state,26 this fall in sorption capacity
and gold recovery was caused by reduced binding between the
phage surface and gold ions.27 At a lower pH (pH 3.7), the
pVIII protein subunit that makes up the body of the phage may
become highly protonated (phage isoelectric point = 4.4).28 On
the other hand, AuIII exists as neutral complexes [HAuCl4] or
slightly deprotonated [AuCl4]

−. In neutral pH (pH 6.8), the
phage carries a net negative charge while [AuCl4]

− and
[AuCl3(OH)]

− complexes become the dominant form of AuIII

species. Hence, chloroaurate ions biosorption to the positively
charged and very high surface area presented on the phage
body via electrostatic attraction and ion pairing is greatly
promoted at lower pH and decrease as the pH increases. The
governance of ionic interaction is observed for the case of
gold(III) ions adsorption by Pseudomonas maltophilia cells,
where optimum adsorption was achieved at pH 2−3 and only
marginal AuIII adsorption at pH above 6.27 Similarly, Ishikawa

et al. reported maximum adsorption of AuIII on an eggshell
membrane at pH 3 and no observable adsorption of AuIII at pH
7.29

Nevertheless, we reckon that ionic interaction is not the only
mechanism that governs the gold ion adsorption onto the
protein coat of the phage. If we take the ionic interaction as the
only mode of interaction between phage protein and gold ions,
then as the microenvironment of the reaction system becomes
unfavorable for ionic interaction, we would expect that no gold
ions get adsorbed on the phage protein coat and, in turn, no
GNPs could be formed, as what has been previously described
by Tsurata and Ishikawa et al.27,29 However, there is still an
appreciable amount of gold ions adsorbed onto the phage in a
neutral pH system (51% recovery of gold ions), suggesting the
interaction between gold(III) with phage protein coat may be
covalent in nature.30,31

Arguably, most bioremediation strategies allow recovery of
dilute gold ions with a high degree of success. Fujiwara et al.
showed that 10−400 mg/L of AuIII could be recovered using
lysine modified cross-linked chitosan resin with 100%
efficiency,32 whereas Ji et al. demonstrated a 95% recovery of
10−630 mg/L of AuIII with Bacillus subtilis.26 Nevertheless, the
use of nanodimensional phages in this study allows us to
introduce the larger surface area for gold ion biosorption,
resulting high biosorption and reducing capacity (Supporting
Information Table S1).
Bacteriophage shows one of the highest sorption capacities

almost comparable to eggshell membrane and significantly
higher than synthetic materials, including the traditional
adsorbents for gold remediation, i.e. activated carbon (Table 1).

Characterizations of the Bioreduced GNPs. Under-
standing physical, chemical and biological aspects of the
product from this phage mediated bioremediation is highly
important, as it allows us to reassess the feasibility and to look
for any limitation to the suggested strategy. Hence, we
followed-up the phage bioreduction process with character-
ization of bioreduced GNPs. We found that UV−vis absorption
maxima generated by the reduction process in H2O and in PBS
were not identical. A distinct blue shift in addition to the
narrowing of the peak could be observed when PBS was used to
maintain the reduction process’ environment pH (Figure 1b).
We reckoned the difference in UV−vis spectra profiles between
the two tested reducing conditions was caused by the different
GNP morphologies being formed in the reaction mixture. To
validate our initial deduction, we viewed the reduction product

Figure 1. Bacteriophage treatment reduces gold ions into colloidal
gold. (a) Mixing bacteriophage (Ph) and chloroauric acid (Au)
resulted in colloidal gold (GNPs) observable via distinctive color
change. (b) UV−vis absorption spectra shows characteristic peaks of
colloidal gold in ultrapure water ((GNPs)H2O) and in PBS
((GNPs)PBS). (c) Absorbance spectra showcased the capability of
phage (109 PFU/mL) to reduce different starting concentrations of
gold ions following 24 h exposure at 37 °C.

Table 1. Maximum Sorption Capacity of Various Adsorbents
for AuIII Remediation

adsorbents
sorption capacity

(mg/g)
recovery
(%) ref.

organisms
bacteriophage (M13) 571 95.7 this

study
Bacillus subtilis 355 95 26
Cladosporium cladosporioides 100 80 33
biomaterials
hen eggshell membrane 618 98 29
lysine modified cross-linked
chitosan resin

70.34 100 32

synthetic materials
activated carbon (Norit GF-40) 196 100 34
Amberlite XAD-7HP 58.8 92.3 35
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with transmission electron microscopy (TEM) and further
analyzed with energy dispersive X-ray (EDX). Representative
TEM micrographs and EDX data (Figure 2a) revealed that a
diversity of shapes and sizes of GNPs were formed under the
two reducing conditions. Reduction reaction in H2O yielded in
a mixture of triangle nanoplates and spherical nanoparticles.
Statistical analysis indicates that nearly 40% of the total
population consists of triangular nanoplates with a length range
of 30−630 nm (average length = 188.75 ± 107.3 nm). The rest
of the population consists of nanospheres with an average size
of 37.9 ± 12.7 nm, whereas the reduction process in PBS
yielded more discrete spherical nanoparticles with an average
size of 15.1 ± 4.4 nm. These results indicate that pH plays an
important role on the reduction process and morphology
control of the produced GNPs. As described previously, the
amine groups in protein coat are protonated at lower pH,
whereas chloroaurate ions are present in the form of negatively
charged [AuCl4]

−. Though this condition will promote the
chloroaurate ions attraction to the binding site of phage body
protein pVIII,36 the same condition does not favor the
reduction process, which was substantiated by the low reaction
rate and reduction power.20 As a result, the slower reduction
process could not keep pace with the faster adsorption of gold
ions onto phage proteins, resulting in the formation of
anisotropic nanoplates.37 With the increase of pH, the
adsorption rate becomes more dampened to a level that
matches the reducing reaction rate, resulting in gold ions being
reduced as soon as they are adsorbed on the phage and, in
contrast, promoted the formation of isotropic spherical
nanoparticles.
Further analysis with dynamic light scattering (DLS) showed

the hydrodynamic size of GNPs to be bigger than the sizes
acquired from the TEM (Figure 2b). This could be attributed
to not only solvation between GNPs and the solvent but also to
the presence of phage protein on the surface of the bioreduced
GNPs, forming a shell of protective coat. In addition, this
hydrodynamic data suggested that the produced GNPs might
be forming aggregates, which actually favors easy recovery.

Phage initial ζ-potentials were registered at −19.4 ± 0.9 and
−23.4 ± 0.5 in aqueous and PBS medium, respectively. Upon
AuIII adsorption and reduction processes, the produced GNPs’
net ζ-potentials were registered at −12.6 and −16.8 mV for
reduction at low pH (H2O) and neutral pH (PBS), respectively.
The negative charge registered for our GNPs indicates the
presence of biomolecules on the surface of the nanoparticles
and imparting its negative charge. Our reading is close to what
has been reported in the bovine serum albumin (BSA) capped
GNPs, which was found to be negatively charged (−20 mV at
pH = 5).38 Slight differences might be caused by the fact that
phage protein compromised of different amino acids
compositions from those in BSA.
To attempt to further elucidate how the phage protein could

be used to reduce the gold ions, we conducted X-ray
photoelectron spectroscopy (XPS) analysis. Our wide scanning
XPS spectra (Figure 3a) identified spectra specific to Au core in
addition to those specific to organic compounds, e.g. C 1s, N 1s
and O 1s. High resolution scanning of Au 4f (Figure 3b)
revealed doublet signal peaks of 4f7/2 and 4f5/2, which
correspond to the presence of Au0.25,39,40 These gold specific
spectra could only be detected on the bioreduced GNPs and
not on the control experiment comprised of phages. Au 4f core
scanning revealed that the doublet peaks from both reduction
systems did not coincide perfectly, suggesting that more than
one species of gold is present on the samples. Deconvolution of
the Au 4f7/2 peak (Supporting Information Figure S1) showed
the presence of two other species of gold on the GNPs, Au0 and
AuI. Bioreduction conducted in aqueous medium resulted in
peaks at binding energies of 84.1 and 84.9 eV specific to Au0

and AuI, respectively.25,39,40 Similarly, phage mediated reduc-
tion in PBS resulted in the peaks to appear at binding energies
of 83.8 and 84.3 eV assigned to Au0 and AuI, respectively.39,40

We could not detect the presence of the AuIII species, which
indicates that all of AuIII was reduced to Au1 and Au0.
According to Isab and Sadler, AuIII is initially reduced to AuI

and followed by a much slower reduction to Au0.41 The
presence of the AuI species signifies that a longer phage

Figure 2. Characterizations of GNPs. (a) TEM images showed the shape and size distributions of GNPs in ultrapure H2O and PBS. Scale bar = 50
nm. EDX detected the presence of gold element on the produced nanoparticles. (b) Hydrodynamic size and zeta potential of GNPs determined
from Dynamic Light Scattering (DLS). Data are mean ± SD, n = 3.
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mediated bioreduction process is necessary to fully reduce AuIII

to Au0, as demonstrated by Das et al., whereby the
concentration of the AuI species decreases while the
concentration of the Au0 species increases following an increase
in bioreduction time with Rhyzopus oryzae.31 In addition, XPS
analysis allowed us to roughly estimate the conversion of AuIII

to Au0. We found that phage mediated reaction done in PBS
yielded close to a 2-fold increase in the conversion percentage
when compared to the reduction process conducted in H2O. A
higher conversion percentage in the PBS system is in
agreement with our initial thought whereby neutral pH could
offer a faster reduction rate and a higher reduction power of
AuIII to Au0. Beside the slower reduction rate in the H2O
system, the AuI species, which was present on the surface of the
GNPs, could potentially block the Au0 signal and further reduce
the amount of Au0 species getting detected. As a result, the AuIII

to Au0 conversion in H2O gets diminished further from its true
value.
The presence of peaks specific for an organic material such as

O 1s, C 1s, and N 1s on GNP samples can be associated to
biomolecules on the surface of the produced GNPs.
Deconvolution of C 1s spectra (Supporting Information Figure
S1, Table S2) yielded five species that can be attributed to
phage proteins on the GNP surface. The peak at 284.5 eV
could be assigned to CC and CH, while carbon bound to
nitrogen and hydroxyl group (COH) could be detected at
285.0 and 285.6 eV, respectively. The peak at 286.4 eV
represents the presence of carbonyl groups, whereas the peak at
288.0 eV corresponds to a carboxylate functional group and
carbon in the amide group from the protein molecules.
Correspondingly, O 1s spectra, when resolved (Supporting

Information Figure S1, Table S2), resulted in three distinct
peaks. Carboxylic groups could be detected via CO and C
OH signal which were located at binding energy of 532.2 and
533.0 eV, respectively. Signal at 531.3 eV could be attributed to
the carbonyl group bounded to the nitrogen atom of asparagine
and glutamine amino acid in the phage protein.
In addition, through N 1s scanning, we could detect the

phage N 1s core level at 399.7 and 401.0 eV (Supporting
Information Figure S1, Table S2), assigned to the unprotonated
amine/amide species and protonated amine species, respec-
tively,42 which are present in phage protein. Following the
bioreduction process, we could detect only unprotonated
species of amine/amide groups for the reduction carried out in
both water and PBS medium, which appeared at slightly higher
binding energies of 399.9 and 400.1 eV, respectively. Shifting of
binding energies, which correspond to carboxylate and amine
groups following metal ion exposure, have been identified as an
indicator of interaction between these functional groups with
the metal nanoparticles.22,31 Moreover, the relative content
change in N 1s core suggested that the phage’s reducing
capability is determined by the amino group in the protein coat.
It has been suggested that the amine group of the amino acid is
responsible for facilitating reduction of the gold ion. The amine
group donates its electron to the gold ion, which subsequently
results in the formation of GNPs.43

Our findings thus far suggest that phage could facilitate gold
ion recovery through the following two steps: (i) binding of
gold ions to proteins on phage wall through ionic and covalent
interactions followed by (ii) reduction, which was facilitated by
functional groups of the protein molecules (Scheme 1).
Arguably, our result does not encompass the complete library
of functional groups, which could mediate the gold recovery

Figure 3. Elemental analysis of bioreduced GNPs. (a) X-ray
photoelectron spectroscopy (XPS) wide scan survey shows the gold
characteristic peaks in addition to peaks specific to organic
compounds. (b) XPS Au 4f high scan spectra of phage in addition
to gold NPs produced in ultrapure water ((GNPs)H2O) and PBS
((GNPs) PBS).

Scheme 1. Illustration of Phage Mediated Gold Ion
Biosorption and Bioreduction Processa

aGold biosorption to phage wall is mediated by the ionic interaction
between negatively charged chloroaurate ions and positively charged
moieties of the phage protein coat. Following that, the gold ions were
complexed and bioreduced to produce GNPs. Depending on the pH
of the reduction reaction, nanospheres, GNPs or a mixture of triangle
nanoplates and nanospheres could be produced.
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process. Nevertheless, we have identified several functional
groups including phenolic, carboxylic, carbonyl and amine
groups to be involved in the process. Our findings are
consistent with previous reports, which describe the role of
amino acids or complex proteins to form GNPs.22,25,31,43

Gold Reduction Phage Strategy for a More Sustain-
able Gold Production Process. Though understanding the
physical and chemical aspects of the process and the produced
GNPs is important, the picture is not yet complete without any
biological characterization of the produced GNPs. Gold
remediation is necessary not only for the purpose of recovering
the precious gold (from even dilute solutions) for commercial
gain but also necessitated by the potential harm of gold ions
when released irresponsibly to the environment. One of our
aims was to use this phage mediated reduction of gold ions for
remediation of gold ions from the waste effluent. Hence, this
biological characterization is needed to verify the suitability of
this strategy in alleviating the toxic waste load released to the
environment. Using normal human colon cell lines as a cell
model, we found that these cells were sensitive to gold ions. We
observed the cells lost cellular contact with their neighboring
cells upon exposure to 1000 μM of gold ions (24 h). In
addition, the cells shrunk and finally detached from the plate,
signifying cell death, as can be observed in Figure 4a. We
further confirmed gold ion toxicity by measuring cell viability.
Our cell viability data also corroborated with our microscopic
observations; whereby cells exposed to gold ions showed a dose
dependent cell death. We observed a nearly 70% reduction in
cell viability when compared to an untreated control with 24 h
exposure to gold ions (Figure 4b). Initially, we suspected that
the acidity in the chloroauric acid solution was the reason for
significant cell death. However, we measured the pH of the cell
culture media with 1000 μM chloroauric acid solution, and pH
remained at the original cell culture medium of 7.4, indicating
that acidity in the final preparation was not the reason for the
observed toxicity. This also suggested that the toxicity that we
observed was caused by gold ions. Similarly, studies have
reported that metallic ions, including gold ions, are highly
reactive and posed some toxicity to organisms.44−47 AuIII ions

inhibited microbial metabolism48 and induced photomutage-
nicity.49 AuIII also induced toxic histamine release from human
basophils cells.50

The next issue to be addressed is whether cellular toxicity of
gold ions can be diminished when gold is bioreduced by
phages. In stark contrast to the gold ion treated group, after
exposing both types of GNPs produced by phages, we observed
no obvious cellular morphological changes and the cells looked
identical to the nontreated control. Our viability data further
confirmed the biocompatibility of the bioremediated GNPs.
Overall, we detected no significant changes on cell viability
upon exposure of GNPs for 24 h. This finding is also in line
with the reports demonstrating general GNP biocompatibil-
ity.51,52

Collectively, phages have been demonstrated to be able to
mediate biosorption of reactive gold ions and to facilitate their
reduction to harmless GNPs. We have shown through a simple
one pot manner at room temperature using cheap and highly
renewable and harmless phages that gold ions could be reduced
and recovered. Moreover, due to their small dimensions, phages
offer a much higher adsorption capacity when compared to
most adsorbents, allowing a smaller number of phages to be
actually introduced to recover gold from the effluent. The ease
of propagating the phages allows the bioreduction process to
occur incessantly and to avoid the unnecessary effect of
seasonal variations and husbandry product availability. There is
no need to process the phages as it can be used as it is versus
other biomaterials mediated methods where the active
ingredients need to be processed before use. Additionally, our
strategy allows the gold reduction to take place in situ and in
the bulk environment, independent of cell uptake and/or cell
metabolism to express necessary enzymes for the reduction.
The subsequent downstream collection process is simplified
tremendously as compared to the industrial method involving
gold desorption from the inorganic adsorbents and high carbon
footprint electrochemical reduction could be avoided. The
phages could bioreduce a very dilute concentration of gold ions
suggestive that this strategy can be used as an environmental
remediation tool for very dilute gold contaminants (but still

Figure 4. Gold remediation by phages reduce harmful chloroauric acid to harmless GNPs. (a) phase contrast images show that the gold ions exerted
a cytotoxic effect on NCM460 cells, as evidenced by the cells’ morphological changes following exposure of 1000 μM chloroauric acid for 24 h. (b)
Cytotoxicity of chloroauric acid was ascertained by cell viability results, as evidenced by dose dependent toxicity of NCM460 cells following 24 h
exposure of chloroauric acid in various concentrations. Data are mean ± SD, n = 3, Student’s t-test, p < 0.05, an asterisk indicates significance against
the untreated control.
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poses significant harm) in water bodies. This eco-friendly
strategy might be able to remediate other type of heavy metal
contaminants, e.g. mercury, platinum, palladium and silver.
Lastly, phages already exist in nature and are harmless to
humans as they only infect bacteria. Admittedly, there are few
aspects that need to be addressed before this strategy could be
realized in the industrial setting. Improving biosorption capacity
as well increasing the reducing potential of the phage for an
optimal recovery process is one of them. This could be
approached by tailoring the genomic information of the phage,
thus allowing the phage protein coat to display functional
groups with a higher reducing capability. At the same time,
genomic tailoring allows the phage to be more discriminative
toward gold ions, resulting in highly selective retrieval. Another
problem that needs to be tackled is the scalability of this
strategy. As the present investigation was done on a lab scale,
the ability of this strategy to perform on a much larger scale still
needs to be further studied.

■ CONCLUSION

Herein, we demonstrated one pot biosorption and bioreduction
of gold ions using phage. We showed that we able to recover a
large percentage of gold ions introduced with an impressively
high gold sorption capacity of 571 mg/g dry weight phage,
allowing fewer phages to be used for the sorption process when
compared to other adsorbents. The strategy is important as it
provides a simple, eco-friendly feasible option to recover gold
ions, allowing the omission of downstream steps and lessening
the total chemical waste load. This phage mediated
bioreduction is expected to be applicable for other type of
heavy metal contaminants remediation.
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