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ABSTRACT: Bioreduction of gold ions by the thiol-modified M13 bacteriophage o o

(M13-SH) has been exploited as the potential alternative to conventional methods N/ (7 Tos cm Ry \ SR,
based on toxic chemicals, due to the gold affinity of the thiol groups, inherent gold  H.Nv7J/NI, o saTA® RS/ JLSR,
reduction, and high specific surface area of the filamentous virus. Such efforts have been ][:NJ‘/LVNII: . RS / SR,
hindered by harsh conditions involving strong reducing agents and extreme pH thatare . L RS [ Y
harmful to the virus. Herein, a virus-friendly and greener method of bioreduction of | \
AuCl,” at neutral pH based on M13-SH is demonstrated. M13-SH was prepared by d S e A
coupling the virus with N-succinimidyl S-acetylthioacetate, followed by deacylation in s “,_j_ o NH,OH-HCV/
the presence of hydroxylamine-HCI to expose the thiol groups. The key finding is that 77 gn SH G S EDTA
without time-consuming purification, the mixture after deacylation consisting of M13- /I
SH, residual hydroxylamine, and so forth can directly turn ionic gold species into gold, \ NH,OH-HCV/ “éu
leading to macroscopic precipitated products with interconnected linear structures R EDTA

consisting of fused gold nanoparticles. Besides working as the virus-friendly reducing

agent with a unique autocatalytic style, hydroxylamine diminishes disulfide bonding-

induced intervirus bundling of M13-SH so as to maintain its efficient biosorption of ionic gold precursors. This work demonstrates a
general and green strategy of bioreduction of gold via combination of the gold-affinity proteins or organisms and the unique
autocatalytic reduction of hydroxylamine.

1. INTRODUCTION modifications, M13 and its siblings have been intensively
explored in advanced functional bionanomaterials."*~** Gold
reduction using the M13 virus was first tried by Avery et al,
while no gold was obtained at neutral pH.23 Later on,
Setyawati et al. reported that intact M13 alone can turn gold
ions into gold nanoparticles while efficient gold retrial was only
achieved at pH ~ 3 and after long-term incubation.”* Instead
of acidic pH, Wang’s group performed similar experiments at
pH ~ 12 and obtained discrete gold nanoparticles of a few
nanometers in much shorter time.”>*° These authors assumed
that the ionic gold precursors absorbed onto the virus surface
via nonspecific electrostatic interactions and were reduced into
gold by the endogenous amino groups of the p8 coat
protein.”*** If such a procedure was followed, gold products
should have a linear structure consisting of aggregated gold
particles along the rod-like virus.'”'®*° However, the gold
products in these works were often presented as plate-like or
spherical nanoscale particles.”*** It was proposed that the virus

Cyanide-based gold extraction from ores is a century-old
technique. Due to stringent environmental regulations, it is
compelling to develop alternative methods that can replace this
efficient while extremely toxic method." In addition, efficient
recovery of the gold components from vast amounts of
electronic wastes is another urgent challenge for a sustainable
society.”> One of the critical steps in gold extraction is
reduction of gold ions to turn the soluble ionic gold species
into pure gold, which often involve toxic chemicals and harsh
conditions. Some greener strategies for such a step have been
demonstrated, which still needed specific chemical agents and
even had specific requirements for the salt form of the ionic
gold precursors.”*™ In contrast to these chemically based
methods, bioreduction of gold ions by microorganisms such as
bacteria, funguses, and viruses has been explored as the
attractive alternative methods.”** Especially, viruses such as
the MI13 bacteriophage and its mutants have garnered
increa§in§ attention in eco-friendly bioreduction of gold
ions.>™*

With a diameter of ca. 6.6 nm and a length of ca. 900 nm,
the M13 virus comprises a circular single-stranded DNA
encapsulated in a filamentous proteinous capsid that consists of
ca. 2700 major p8 coat proteins arranged in a helical way. Due
to versatile possibilities of genetic engineering and chemical
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might attach to the surface of the particulate gold particles to
stabilize them, whereas Wang’s group observed that discrete
gold nanoparticles stood side-by-side with intact filamentous
viruses.”> Therefore, efficient biosorption of the ionic gold
precursors implemented by the high specific surface area
inherent to the slender rod-like M13 has not manifested in
these works. In addition, extreme pHs such as either pH ~ 3 or
12 were used to achieve effective gold recovery, which are
harmful to the vulnerable M13 virus, especially during long-
term incubation as often needed by virus-based gold
reduction.”*?’

Instead of the nonspecific electrostatic interactions of the
ionic metal precursors with the virus surface, genetic
manipulations of M13 have been explored to fuse the N-
terminus of the p8 coat protein with the gold-affinity peptide
fragments, which can promote hi§ ly efficient bioadsorption of
gold ions onto the virus surface.">~"* Laborious biopanning to
screen gold-affinity mutants and constrained accessibility of the
genetic techniques and so forth have limited the applications of
such genetically engineered viruses. In contrast, chemical
modification is a much versatile way to functionalize the M13
virus, thanks to the rich surface chemical groups of the solvent-
exposed amino acid residuals of the p8 coat proteins.””**~*'
Therefore, by exploring the well-known affinity of the thiol
group for gold, M13 viruses modified with thiol groups (M13-
SH) have been used as the efficient templates for gold
reduction or assembling of preformed gold nanopar-
ticles.'”*%*%*%*?  Convenience, versatility of chemical mod-
ifications and diverse metal affinity of the thiol groups are the
advantages of M13-SH for gold extraction.'”?%*3%>

In previous works based on either genetically engineered or
thiol-modified viruses, the gold-affinity peptide tags or thiol
groups promoted highly efficient biosorption of ionic gold
precursors onto the virus surface, which were in most cases
reduced into %old by such strong reducing agents as
NaHB,.">~*%**°"** This was confirmed by the linear structure
of the end gold products consisting of discrete gold
nanoparticles assembling along the virus surface.”” However,
the strong reducing capability of NaHB, and dramatic pH
change could be harmful to the structure integrity of the
virus.*® In addition, Montalvan-Sorrosa et al. reported that the
free thiol groups of MI13-SH would form disulfide bonds
during storing or gold reduction, leading to cross-linked
bundles of viruses.” Such a fact is consistent with previous
results that gold particles often sit on the outermost surface of
virus bundles."*~*%***%** Intervirus bundling dramatically
lowers the amount of free thiol groups and the specific virus
surface area available for interacting with the precursors of
metal ions. These challenges must be addressed, before the
thiol-modified M13 viruses (M13-SH) can be explored as the
promising candidate for green bioreduction of gold with the
potential of large-scale applications.

With the abovementioned challenges in mind, herein we
shall report a virus-friendly, greener bioreduction of gold ions
based on the thiol-modified M13 bacteriophage (M13-SH)
(Scheme 1). Normally, the thiol groups are chemically coupled
to the virus surface via reacting the amino groups on the virus
surface with N-succinimidyl esters of the acetyl-protected
sulthydryl group such as N-succinimidyl S-acetylthioacetate
(SATA).”® To release the thiol group, a deacetylation process
must be performed to remove the acetyl group, as often
realized by hydroxylamine-HCL> After time-consuming
purification from the deacetylation mixture to remove residual
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Scheme 1. Schematic Ilustration of Bioreduction of Gold
Ions Based on the Thiol-Modified M13 Bacteriophage; (1)
Chemical Modification of the M13 Virus with SATA; (II)
Deacetylation of the SATA-Modified Viruses by NH,-HCl/
EDTA; and (III) Bioreduction of Gold Ions by the Reaction
Mixture after Deacetylation; R; Refers to the Acetyl Group
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hydroxylamine and other chemicals, M13-SH was used for
subsequent applications in binding with gold nanoparticles or
as anchors for other chemical reactions.'®'”***>%° Besides
acting as the effective deacetylating agent, hydroxylamine has
the unique property to reduce gold ions into gold but only
works in the presence of preformed gold materials.””"*
Furthermore, electroless deposition of gold onto protein
assemblies with preloaded gold particles has confirmed that
hydroxylamine is a biologically friendly reducing agent.""**°
Based on these facts, we reckon that the mixture after
deacetylation of the SATA-modified M13 viruses could be
directly used for the gold extraction and there is no need to
remove the residual hydroxylamine or other agents (Scheme
1). Hydroxylamine remained in the mixture after deacetylation
is expected to prevent the nearly freed thiol groups on the virus
surface from forming disulfide bonds that lead to cross-linked
intervirus bundling so as to maintain the efficient biosorption
of gold ions by M13-SH. Furthermore, hydroxylamine could
play the role of reducing agents to replace NaHB,.>” As
expected, our results demonstrated that the mixture after
deacetylation consisting of M13-SH, hydroxylamine, and other
chemicals could effectively transfer gold ions into gold at
neutral pH. Gold products with interconnected linear
structures consisting of fused gold particles were obtained,
following a unique mechanism of biosorption of ionic gold
species, initial self-reduction, and accelerated deposition by
hydroxylamine reduction.

2. EXPERIMENTAL SECTION

2.1. Chemicals. SATA, hydroxylamine hydrochloride
(NH,OH-HCI), and ethylenediaminotetraacetic acid
(EDTA) were provided by J&K chemical, Absin Bioscience
Inc, and Heowns, respectively. Hydrogen tetrachloroaurate
hydrate (HAuCl,-3H,0), sodium borohydride (NaBH,), and
other solvents were obtained from J&K chemical (Beijing,
China) and used without further purification. The M13 virus
was prepared following standard biochemical protocols. All of
the chemical and agents for the preparation of the M13 virus
were ordered from Dingguo Changsheng Bioscience Inc.
(Beijing, China). Ultrapure water (18.2 mQ-cm™") was always
prepared using a Milli-Q Ultrapure system (Millipore).
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Figure 1. Characterizations of M13-SATA before and after deacetylation. MALDI-TOF MS of M13-SATA obtained at the SATA/p8 coat protein
molar ratio of 5 (A) and 10 (B), respectively, as well as thiol-modified M13 resulted from deacetylation (C). The red dots in the insets represent
the SATA moieties on each p8 coat protein. (D,E) TEM images of M13-SATA and M13-SH, respectively.

2.2. Modification of M13 with SATA. The procedure to
couple SATA onto the M13 virus to prepare M13-SATA was
based on previous work with some modifications.”” The M13
virus was dispersed into phosphate buffer (100 mM, pH 7.4)
to obtain a suspension containing 2 mg mL™' M13. SATA was
dissolved in anhydrous dimethyl sulfoxide (DMSO) to obtain
the SATA solution. The concentration of SATA in DMSO was
controlled to vary the molar ratio of the SATA to the p8 coat
protein. Typically, 10 mL of the MI13 suspension was
incubated in a bath of water and ice at a temperature of ca.
4 °C, to which 250 uL of SATA solution in DMSO was added
dropwise under vigorously stirring. After this step, the mixture
was brought to room temperature and further incubated for 2
h with gentle magnetic stirring. The mixture was then dialyzed
against phosphate buffer (100 mM, pH 7.4) in a dialysis tube
with an MWCO of 12 KDa. The product of M13-SATA was
further purified by ultracentrifugation and redispersion in the
same phosphate buffer.

2.3. Deacetylation of M13-SATA to Prepare Thiol-
Modified M13 Viruses. The acetyl groups of the SATA
moieties coupled to the virus surface can be removed by
hydroxylamine-HCI to expose the thiol group (Scheme S1 in
the Supporting Information). The solutions for deacetylation
consisted of 0.5 M hydroxylamine-HCl and 25 mM EDTA in
phosphate buffer (100 mM, pH 7.4). The solution for
deacetylation was mixed with MI13-SATA in the same
phosphate buffer in a volume ratio of 1: 10. The mixture
was magnetically stirred at room temperature for 2 h. After this
step, experiments of gold retraction can be directly tested with
such a mixture. For other characterizations, the mixture after
deacetylation was dialyzed against phosphate buffer (100 mM,
pH 7.4) containing 10 mM EDTA to prevent oxidation-
induced formation of disulphide bonding.

2.4. Gold Reduction Using the Mixture after
Deacetylation of M13-SATA. All of the experiments were
performed with M13-SATA obtained at the molar ratio of
SATA to the p8 coat protein of 10:1. The mixture after the
deacetylation reaction performed for 2 h as presented in 2.2
was used to test the gold reduction. At this stage, the mixture
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mainly consisted of 0.2 mg mL™' MI3-SH and residual
hydroxylamine, with a pH of ca. 7.4. HAuCl, was added to the
mixture after deacetylation to approach a concentration of 670
#M. The mixture was shaken in the dark in a temperature-
controlled incubator at 37 °C and at a shaking speed of 200
rpm. To quench the reaction, the mixture was dialyzed against
a large amount of phosphate buffer at pH of 7.4 and then
ultrapure water. The dialyzed mixture was centrifuged at
25,000¢ to collect the viruses or potential gold products.
Samples for the TEM characterizations were prepared from the
product from centrifugation.

2.5. Monitoring of the Procedure of Gold Reduction
by the Mixture after Deacetylation of M13-SATA.
Following the procedure presented in 2.3, the mixture for
gold reduction was prepared and shaken at 37 °C with a
shaking speed of 200 rpm. Aliquots of samples were taken at an
interval of each hour and directly used for recording of the
adsorption spectra by UV—vis measurements. Small part was
dialyzed against a large amount of PB buffer and ultrapure
water to quench any reactions and remove any chemicals. The
as-processed mixture was centrifuged at 25,000g to collect the
viruses or potential gold particles and the precipitates were
then redispersed in ultrapure water. Samples for the TEM
characterizations were prepared from the product from
centrifugation.

2.6. Characterizations. MALDI-TOF mass spectrometry
of the wild, SATA-modified M13 viruses before and after
deacetylation was measured on the AutoflexIII LRF200-CID
matrix-assisted laser desorption/ionization-time-of-flight
(MALDI-TOF) mass spectrometry (MS) (Bruker Daltonics,
Germany). The Kratos AXIS-ULTRA DLD high-performance
XPS system (Kratos Analytical Ltd) was used for XPS analysis.
TEM, high-angle annular dark field (HAADF), and energy-
dispersive spectroscopy (EDS) measurements were performed
on an FEI Talos F200X G2 TEM (Thermo Scientific).
Samples for TEM were normally stained with 2% uranyl
acetate unless otherwise noted. Dynamic light scattering was
carried out on a BeNano 90 Zeta (Bettersize Instruments Ltd.,
Dandong, China). All of the absorbance spectra were recorded
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on a Shimadzu UV—vis 2550 spectrometer. Centrifugation and
ultracentrifugation were performed either on an Allegra X-15R
with an FX6100 fixed angle rotor or an Optima L-90K with a
Ti-90 rotor (Beckman Coulter), respectively.

3. RESULTS AND DISCUSSION

The thiol groups were chemically coupled to the virus surface
via reacting SATA with the solvent-accessible amino groups of
the p8 coat protein (Scheme S1 in the Supporting
Information). The SATA-modified virus (M13-SATA) was
first characterized by MALDI-TOF MS (Figure 1A).%° Besides
the m/z peak of the native p8 coat protein at 5238, a new peak
appeared at 5354, corresponding to one p8 coat protein
coupled with one SATA moiety."” The amount of SATA
moieties per virus can be controlled by increasing the molar
ratio of SATA to the p8 coat protein (SATA/p8). For instance,
at the SATA/p8 of 10:1, there appeared new peaks assigned to
one p8 coat protein coupled with one or two SATA moieties,
while the intensity of the peak assigned to the native p8
decreased (Figure 1B). To expose the free thiol groups, M13-
SATA was subjected to deacetylation in neutral phosphate
buffer containing NH,OH-HCl and EDTA.” Successful
deacetylation of the SATA moieties on the virus was also
conveniently confirmed by MALDI-TOF MS, as indicated by
the new m/z peaks at 5312 and 5386, which are assigned to
one p8 coat protein bearing one or two thiol groups (Figure
1C). These results are consistent with previous works.'” TEM
revealed the filamentous morphology of M13-SATA with a
length of 900 nm and a diameter of 6.6 nm, confirming the
structure integrity of the virus after the SATA modification
(Figure 1D). For the M13 virus bearing free thiol groups
(M13-SH) after purifying from the deacetylation mixture and
storing in pure PBS buffer for some times, one interesting
discovery is that M13-SH formed bundles consisting of
multiple viruses (Figures 1E and S1 in the Supporting
Information). Apparent hydrodynamic diameters obtained
from dynamic light scattering also indicated larger aggregates
formed in the suspension of M13-SH (Figure S1C in the
Supporting Information). As reported by others, the thiol
groups on the virus surface can form disulfide bonds via
oxygen-catalyzed oxidation and intervirus disulfide bonding
leads to cross-linked bundles of several viruses.’> Such
bundling will dramatically decrease the amount of free thiol
groups and the specific viral surface available for biosorption of
gold ions, which are the reason of the lower-than-expected gold
bioreduction efficiency. Such a fact is consistent with previous
results that gold particles often sit on the outermost surface of
virus bundles.'*~*%***%*> We believed that one of the effects
of the strong reducing agent NaHB, used in most of the
previous works was to cleave such disulfide bonds into free
thiol groups.”

To demonstrate our idea that the reacting mixture after
deacetylation of MI13-SATA can be directly used for gold
reduction without any further purification, the gold source
tetrachloroauric acid (HAuCl,) was added to the reaction
mixture after deacetylation that contained the MI13 virus
bearing free thiol groups (M13-SH), residual NH;OH, and
some EDTA in PBS buffer of pH ~ 7.4. The M13-SATA used
was the one obtained at the SATA/p8 molar ratio of 10 to 1
(M13-SH10) which have large amounts of free thiol groups on
the virus surface (Figure 1B). During incubation, the color of
the reaction mixture turned from a pale yellowish to purple,
while visible precipitates gradually appeared (Figure 2D). TEM
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Figure 2. Characterizations of the gold products obtained from
reduction of gold ions by the reaction mixture after deacetylation of
M13-SATA. (A) TEM characterizations; (B) elemental mapping of
the gold products by EDS; and (C) high-resolution scanning of Au 4f
in the scanning survey of XPS. (D) Appearance and (E) optical
absorption spectra of the suspension after gold bioreduction and the
thiol-modified M13 (M13-SH).

revealed that the precipitates are interconnected linear
aggregates, consisting of fused gold nanoparticles with an
irregular shape (Figure 2A). Elemental mapping by EDS
confirmed that these aggregates contain gold element (Figures
2B and S2 in the Supporting Information), the oxidation state
of which was further determined by X-ray photoelectron
spectroscopy (XPS) (Figures 2C and S3 in the Supporting
Information). Doublet signal peaks of 4f,,, at 84.07 eV and
4f; ), at 87.77 eV corresponding to Au’ existed in the high-
resolution scanning of Au 4f of the XPS scanning survey
(Figure 2C).* In addition, the final mixtures have a broad
absorption in the range of 500 to 700 nm, with an asymmetric
peak centering at ca. 560 nm and a long wavelength tail
extending beyond 900 nm (Figure 2E). As suggested by
previous works, such optical absorption stemmed from the
surface plasma resonance (SPR) of gold nanoparticles with
anisotropic structures such as gold nanoparticles assembled in
a linear form.'**%*

To corroborate with the abovementioned discovery, control
experiments were performed under similar conditions (as
detailed in the Supporting Information). At first, the M13
bearing free thiol groups (M13-SH) was purified from
hydroxylamine and other chemical agents and then incubated
with HAuCl, at neutral pH in the absence of any reducing
agents. Similarly, M13-SATA without experiencing deacetyla-
tion was subjected to the same conditions of gold extraction. In
addition, the intact M13 virus was dispersed in the
deacetylation mixture and tested for gold extraction either in
the absence or presence of hydroxylamine. For all these cases,
there was no visible precipitate and only some gold
nanoparticles with an irregular shape were observed after
long-term incubation (>72 h) (Figure 3). Finally, gold
reduction was tested with the remaining mixture that only
consisted of residual hydroxylamine, EDTA, and so forth after
deacetylation and removing the thiol-modified M13. No gold
species can be observed after long-term incubation. Results
from these experiments suggest that both the thiol-modified
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Figure 3. Control experiments of gold reduction. (A) M13-SATA dispersed in pure phosphate buffer in the absence of NH,OH-HCI/EDTA. (B)
Thiol-modified M13 (M13-SH) from deacetylation of M13-SATA dispersed in pure phosphate buffer in the absence of NH,OH-HCI/EDTA.
(C,D) Wild-type M13 virus dispersed in pure phosphate buffer and in the absence (C) and presence (D) of NH,OH-HCI/EDTA. (E) Wild-type
MI3 virus dispersed the supernatant from the deacetylation mixture after removing the thiol-modified M13. (F) Supernatant from the

deacetylation mixture after removing the thiol-modified M13.

M13 virus and hydroxylamine play critical roles in effective
bioreduction of gold ions at neutral pH.

To have certain insights into the mechanism of gold
reduction at neutral pH by the reaction mixture after
deacetylation of MI13-SATA, we monitored the reduction
procedure right after adding HAuCl, into the mixture of
deacetylation by both UV—vis spectroscopy and TEM (Figure
4). Some unique characteristics were revealed by the
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Figure 4. UV—vis spectroscopy (A) and TEM characterization during
gold reduction by the reaction mixture of deacetylation of MI3-
SATA. (A) Absorption spectra at several typical times. The spectra
less than 12 h were recorded directly in the reaction mixture while
these after 12 h were recorded from the collected precipitates after
redispersing in buffer. (C) Relative intensity at the absorption peaks
of (A) vs the reduction times. (B,D) TEM images of the viruses
collected at 8 and 12 h, respectively.

absorption behaviors in the range of 500—700 nm recorded
at several typical times (T,) (Figure 4A). Especially, the time-
dependent relative intensity at each absorption peak can be
roughly divided into three stages (Figure 4C). At T, < 12 h, the
broad absorption mainly occurred in the wavelength range of
600 to 700 nm, which should be contributed by thiol-modified
M13 viruses (M13-SH), AuCl,”, NH,OH, and so forth, or
light scattering by the rod-like viruses. Starting from T, ~ ca.
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10 h, the absorption intensity in the long-wavelength range
sharply decreased and visible precipitates appeared. After the
precipitates settled to the bottom of the containers at T, ~ 12
h, no pronounced absorption can be detected from the
supernatant. The precipitates should be the gold products
containing viruses, leading to decreased contents of the virus,
AuCl,~, NH,OH, and so forth in the supernatant and therefore
diminished absorption. Interestingly, after redispersing the
precipitates collected since T, > 12 h in PB buffer, there were
clear absorptions in the lower-wavelength range of 500—600
nm with peaks around 530—560 nm. The relative intensity at
the absorption peaks increased upon increasing times, which
should stem from increasing amounts of gold products (the
third stage in Figure 4C). TEM characterization without heavy
metal staining of the samples taken during the first stage
indicated enhanced contrast of the virus, suggesting effective
adsorption of the gold ions along the virus surface (Figure 4B).
For the one sampled at the second stage, there is a clear layer
of gold that is unevenly distributed along the virus surface
(Figure 4D).

It is well-recognized that NH,OH can thermodynamically
reduce Au** into gold.** However, such a capability only works
efficiently in the presence of preformed gold surfaces that can
accelerate the gold ion reduction by NH,OH.>**” Therefore,
this chemical has been employed as the reducing agent for
deposition of gold onto the preformed Au nanoparticles or
films.>>*” Based on these facts, we tentatively propose the
following mechanism (Scheme 1). The SATA moieties on the
M13-SATA surface were turned into free thiol groups during
deacetylation while the formation of disulfide bonds can be
effectively avoided by residual hydroxylamine remained in the
deacetylation mixture. The free thiol groups and the high
specific surface area of the slender filamentous virus promote
highly efficient biosorption of gold ions onto the surface of the
virus (the first stage of Figure 4C). In the second stage of
Figure 4C, the endogenous amino groups on the virus surface
such as tyrosine, tryptophan, aspartic acid, glutamic acid, and
so forth could reduce the absorbed god ions to form the first
parts of gold.”* However, as suggested by previous works, such
a self-reduction procedure is extremely ineflicient, especially at
neutral pH.24’25 In the current work, as soon as there was some
gold formed along the virus surface, reduction of gold ions
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would be dramatically accelerated by hydroxylamine even at
neutral pH.*® This could explain the prompt change in the
absorbance behaviors occurred in the third stage of Figure 4C.
The rugged and uneven distribution of the gold layer at this
stage is also in line with the fact that gold deposition catalyzed
by hydroxylamine preferably occurred to the regions where
some preformed gold existed (Figure 4D).

In previous works, the thiol-modified M13 virus was first
purified from the deacetylation mixture and then used for
bioreduction of gold ions in the presence of the strong
reducing agents such as NaHB, and the gold products mainly
consist of discrete gold nanoparticles attached to the bundles
of cross-linked viruses.">72%*%3%*2 In contrast, the results of
the current work clearly demonstrated that the reaction
mixture after deacetylation of M13-SATA are efficient in
bioreduction of gold ions at neutral pH and no need of strong
reduction agents such as NaHB, and time-consuming
purification. Especially, the precipitated gold products with
interconnected linear-like structures of fused gold nano-
particles is distinct from that obtained using the thiol-modified
M13 virus together with NaHB,. In addition, such morphology
of gold is also different from the plate-like or spherical gold
nanoparticles obtained with the wild-type M13 virus under
either strong acidic or alkaline conditions.>*** Finally,
influence of NaBH, and hydroxylamine on the structural
stability of the MI13 phage was investigated (see the
Supporting Information). Long-term incubation with NaBH,
resulted in abnormal UV absorption phenomena and
fragmentation of the M13 virus, while the structure of the
virus was not influenced by hydroxylamine (Figure S4 in the
Supporting Information). The strong reducing conditions
using NaBH, often disrupt the structure of the virus by
cleaving nascent disulfide bonds or denaturing the coat
proteins.”> These results indicated that hydroxylamine is a
virus-friendly reducing agent.

4. CONCLUSIONS

In summary, without any time-consuming purification
procedure, the mixture after deacetylation to free the thiol
groups of the SATA-modified M13 virus can be directly used
for reduction of gold ions. By incubating AuCl,” at neutral pH
with the mixture after deacetylation of the SATA-modified
MI13 virus, we obtained macroscopic precipitated gold
products with interconnected linear structures consisting of
fused gold nanoparticles. Investigations of the underlining
mechanism reveals that the main components in the solutions
after deacetylation, that is, the thiol-modified M13 virus and
residual hydroxylamine, work synergistically to effectively turn
gold ions into gold at neutral pH. The abundant thiol groups
implement efficient bioadsorption of the gold ions onto the
filamentous viruses which start the initial gold bioreduction
with its endogenous amino acids. The residual hydroxylamine
plays two critical roles by keeping the thiol groups from
forming disulfide bonds while enhancing reduction of the gold
ions through a unique autocatalytic way. By performing gold
bioreduction under neutral and virus-friendly conditions, the
current work excludes the harsh conditions involving strong
reducing agents such as NaBH,.
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