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nanomushrooms for antibacterial application
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Abstract. Precise control of the synthesis of bimetallic nanoparticles with specific morphology and structure is of great
significance due to their excellent catalytic, optical and biological property. DNA molecules are considered as a kind of efficient
templates to mediate the precise synthesis of bimetallic nanoparticles with homogeneous morphology due to their specific and
controllable structure. In this study specific hairpin DNA strands were successfully utilized as templates to mediate the synthesis
of special mushroom-like Au-Ag bimetallic nanoparticles with a high yield of > 90%. Several key factors greatly influencing the
precise control of the morphology and UV-Vis characteristics of the proposed Au-Ag nanomushrooms during synthesis were
investigated and optimized in detail, including the structure of template DNA, loading amounts of DNA, types of reductant
agents and surfactants. Then, the formation mechanism of hairpin DNA mediated Au-Ag nanomushrooms was studied. Finally,
the proposed Au-Ag nanomushrooms with good biocompatibility were applied for the antibacterial study by the growth curve of
E. coli. The proposed Au-Ag nanomushrooms showed the effective inhibition capability for the growth of E. coli. The results
suggested that these DNA mediated Au-Ag nanomushrooms possessed great potential applications for biomedical science in
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future.
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1. Introduction

Bimetallic nanoparticles have been widely applied in the
range of catalysis (Ma et al. 2016) (Kim et al. 2017),
chemical sensing (Mandal et al. 2018) (Gilroy et al. 2016)
and bioimaging (Zhang et al. 2017, 2018) due to their
unique physical and chemical properties, and these
properties are closely related to their bimetallic
composition, morphology and structure. Compared with
single metal nanoparticles, bimetallic nanoparticles not only
possess higher physical and chemical stability, but also
showed the emerging priorities due to the synergistic effect
between the two metals (Zaleska et al. 2016). In recent
years, the synthesis and application of bimetallic
nanoparticles with different compositions and morphologies
have been a hot line in nanoscience, including Au-Ag (Yin
et al. 2018), Au-Cu (Niu et al. 2017), Ag-Cu (Li et al.
2018), Au-Pt (Jawad et al. 2019), Pd-Au (Lu et al. 2018),
etc. Among them, Au-Ag bimetallic nanoparticles attracted
the researchers most, since Au and Ag nanoparticles have a
similar catalytic structure with face-centered cubic lattice,
making Au-Ag bimetallic nanoparticles have higher
catalytic activity (Berahim et al. 2018). Besides, the
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localized surface plasmon resonances (LSPR) bands of Au-
Ag bimetallic nanoparticles are generally located in the
visible region due to the conversion of d-d band, which
makes them particularly suitable for biological applications
(Liz et al. 2006).

At present, several synthesis strategies of bimetallic
nanoparticles have been reported, including coreduction
(Chi et al. 2015), seed-mediated growth (Xia et al. 2017),
galvanic replacement reaction (Da Silva et al. 2017) and
template method (Taylor et al. 2017). And many different
morphologies of bimetallic nanoparticles have been
obtained. For example, Au@Ag heterogeneous nanorods
(NRs) were synthesized by the co-reduction of HAuCl, and
AgNOsin  ethylene  glycol solution, and the
bimetallic Au@Ag heterogeneous NRs were applied for
one-pot analysis of glucose at nearly neutral pH (Han et al.
2015). Zhao et al. (2017) synthesized a kind of multi-
branch Au-Ag bimetallic core-shell-satellite nanoparticles,
and the structure was used as SERS substrate for thiram
detection. Although there have been many reports on the
synthesis of bimetallic nanoparticles, many synthetic
parameters are often interdependent and difficult to be
tuned accurately. Thus, it is still a great challenge to
precisely control the morphologies and plasmonic
properties of bimetallic nanoparticles at nanoscale.
Template method usually utilizes the mild reaction
conditions for synthesis of specific nanostrutures, and the
synthesis process is relatively easy to be controlled (Wang
et al. 2017). Besides, this method has the advantages of low
cost, fast reaction rate and easy large-scale synthesis (Fan et
al. 2017). Therefore, template method would be the suitable
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and efficient way for the precise synthesis of bimetallic
nanoparticles.

As a kind of biomacromolecules, DNA has regular and
controllable structures. In addition to single and double
strands, DNA can form other structures including hairpins,
G-quadruplexes and i-motifs (Yatsunyk et al. 2014). These
structures not only increase the diversity of DNA
microstructure, but also improve the thermal and chemical
stability of DNA molecules. Thus, DNA has advantages as a
template for the synthesis of bimetallic nanoparticles with
specific morphology. Several studies on DNA mediated
noble metal nanoparticles have been reported in recent
years (Wang et al. 2010, Song et al. 2015, Fu et al. 2019).
Lu research group wused four different 10-base
homooligomer DNA strands containing A, G, C, and T as
templates to mediate palladium nanocube growth, and four
different morphologies of Pd-Au bimetallic nanoparticles
were obtained (Satyavolu et al. 2016). They found that
template DNA controlled the morphologies by affecting the
binding affinity with Pd nanocubes and the diffusion of
HAuUCI, from the solution to the surface of Pd nanocubes.
Nam and coworkers (Lim et al. 2008) synthesized DNA-
embedded Au-Ag core-shell bimetallic nanoparticles, and
the shell thicknesses and plasmonic properties of Au-Ag
core-shell bimetallic nanoparticles could be tuned by
changing the DNA sequence and the amount of AgNOs;,
They also found that the morphology of DNA mediated Au-
Ag bimetallic nanoparticles was also affected by the
concentration of NaCl (Lee et al. 2012, 2014). Due to its
weak rigidity, single-stranded DNA was easily coated on
the surfaces of nanoseeds, which made it difficult to form
multi-branched structures (Tan et al. 2015). Double-
stranded DNA was more rigid than single-stranded DNA, so
it tended to be more easily erected on the surface of
nanoseeds for precisely regulating the growth of metal
nanoparticles with high surface roughness. Ma et al. (Ma et
al. 2016) synthesized double-stranded DNA mediated gold
nanocrystals with defined topologies such as pushpin-, star-
and biconcave disk-like structures via anchoring double-
stranded DNA onto gold nanoseeds. Zhang et al. (2019)
used three different structures of DNA as templates to
precisely control the growth of gold nanorods and finally
obtained trepang-like gold nanocrystals, which were applied
for imaging analysis.

The morphology and geometric configuration of
bimetallic nanoparticles can be precisely tuned by
controlling the structure and composition of template DNA,
which will affect their plasmonic properties and biomedical
properties (Chen et al. 2018). In this study, we designed a
series of hairpin DNA strands anchored onto gold
nanoseeds to regulate the deposition of sliver nanoparticles.
The homogeneous morphology of Au-Ag bimetallic
nanoparticles was finely tuned to a special nanomushroom
by precisely regulating the template DNA. The relationship
between the morphology of Au-Ag bimetallic nano-
mushrooms and DNA composition was comprehensively
analyzed by TEM and UV-Vis. It was found that the
structure of template DNA, loading amounts of DNA, types
of reductant agents and surfactants had significant effects
on the morphology of Au-Ag bimetallic nanomushrooms.

And the growth mechanism of Au-Ag bimetallic
nanomushrooms was also discussed in the paper. Finally,
Au-Ag bimetallic nanomushrooms with good bio-
compatibility were applied to inhibit the growth of E. coli,
indicating their potential priority in biomedical application.

2. Experimental
2.1 Reagents and instruments

Hydrochloric acid (HCI) (AR, 12.1 mol/L), L-ascorbic
acid (L-AA) (AR, 99.0%) and sodium chloride (NaCl) (AR,
99.5%) were purchased from Guangzhou Chemical Reagent
Factory (Guangzhou, China). Silver nitrate (AgNO3) (AR,
99.8%) and polyvinylpyrrolidone (PVP) (Average
molecular weight 58000, K29-32) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd
(Shanghai, China). Tris (Molecular Biology Grade, 99.9%),
Tween-20 (GR, 1.095 g/mL), Tween-80 (GR, 1.08 g/mL)
and DNA (HPLC Grade) were purchased from Sangon
Biotech (Shanghai) Co., Ltd. Escherichia coli (ATCC 8739)
were purchased from Guangdong Culture Collection Center
(Guangzhou, China). Spherical gold nanoparticles were
purchased from the US Ted Pella company (Redding, USA)
with the concentration of 1.16 nM. The other reagents were
analytical pure. Ultrapure water (>18.25 MQ) was used in
all experiments.

UV-Vis absorption spectra of Au-Ag bimetallic
nanomushrooms aqueous solutions were recorded by a
Shimadzu UV-2600 spectrophotometer with QS-grade
quartz cuvettes at the wavelength range of 300-700 nm.
Transmission electron microscopic (TEM) images were
acquired on TEM operated at an accelerating voltage of 120
kV (FEI Tecnai G2 Spirit). The Zeta potential analyzer
(Brookhaven NanoBrook 90Plus PALS) was used to
estimate the Zeta potentials ({) of hp5 DNA-Au NPs with
different loading amounts.

2.2 Preparation of hairpin DNA modified AUNPs

Firstly, five series of hairpin DNA (hp DNA) sequences
were annealed based on the corresponding SH decorated
single-stranded DNA (shown in Table 1). In detail, 10.0 pL
of 100.0 pM thiol-DNA solution was mixed with 40.0 pL of
10.0 mM Tris-HCI solution (pH = 7.42). Afterwards, the
mixture was heated to 95°C and maintained for 5 min, and
then naturally cooled down to 25°C. Then, 100.0 pL of 20%
Tween-20 solution was mixed with 1.0 mL of 1.16 nM
AuNPs solution, and the mixture was shaken for 5 min.
Then, a certain amount of 20.0 uM hp DNA solution was
added to the solution and kept at room temperature for 30
min. After that, 100.0 uL of 5.0 M NaCl solution was added
to the solution, and the resulting solution was incubated in
dark for 48 h at room temperature. At last, the solution was
centrifuged at 13000 g for 20 min followed by removing the
supernatant and rinsing the precipitate with 1.0 mL of H,0.
The centrifugation and rinsing procedures were repeated for
3 times. Finally, the precipitate was dispersed with 1.5 mL
of H20, and the prepared hp DNA-AUNPs were kept in dark
at 4°C.
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2.3 Synthesis and characterization of
bimetallic nanomushrooms

Au-Ag

Firstly, 20.0 pL of hp DNA modified AuNPs solution
was mixed with 100.0 pL of 1% PVP. After that, 60.0 pL of
50.0 mM L-AA and 30.0 uL of 1 mM AgNOj3 were added,
followed by being vigorous vortexed for 15 s. Then, the
mixture was incubated in dark for 5 min to obtain the Au-
Ag bimetallic nanomushrooms. Au-Ag nanomushrooms
synthesized were characterized by a TEM (Tecnai G2 Spirit
120 kV, FEI, Netherlands) and UV-vis spectrophotometer
(UV-2600, Shimadzu, Japan). The TEM samples were
prepared by dropping the resulted solution onto the copper
grid. After being dried at room temperature overnight, the
images of samples were recorded by TEM. Accordingly,
50.0 pL of the resulted solution were added in a biodrop
cuvette followed by scanning their UV intensities at room
temperature at wavelength from 300 to 700 nm.

2.4 Quantification of hp DNA loading on AuNPs

The number of hp DNA strands conjugated to AuNP
surface was quantified by fluorescence spectroscopy with
Oligreen reagent (Demers et al. 2000). Firstly, 25.0 uL of
as-prepared hp DNA modified AuNPs were mixed with
25.0 uL of 2-mercaptoethanol solution and 200.0 pL of PBS
solution followed by being incubated in dark at room
temperature overnight. Before the test, a series of standard
solutions of different hp DNA strands were prepared in PBS
with the concentrations of 1.0, 5.0, 10.0, 20.0, 40.0, 60.0
and 80.0 nM. Then, 50.0 uL of the overnight solutions of
the hp DNA modified AuNPs or the standard solutions were
mixed with 50.0 pL of prepared Oligreeen stock (25.0 pL of
Oligreeen in 4.975 mL of TE buffer) for the fluorescence
detection. After that, 5.0 uL of 2-mercaptoethanol solution
and 50.0 uL of Oligreeen stock were added into 45.0 uL of
PBS to prepare the blank sample. The Oligreen
fluorescence of all the samples was measured by a
Microplate Reader using excitation wavelength of 480 nm
and emission wavelength of 520 nm. According to the
standard linear calibration curve prepared by different
concentrations of hp DNA standard solution, the
fluorescence of hp DNA released could be converted to
corresponding hp DNA concentration. Finally, the loading
amounts of DNA can be calculated based on the calibration
curve. The purpose of adding 2-mercaptoethanol in the
Oligreen analysis technology was to use the strong bond
cooperation between 2-mercaptoethanol and AuUNPs to
desorb DNA loaded on the surface of gold nanoparticles
through competitive adsorption.

2.5 Cytotoxicity assessment

The viability of HeLa cells was measured by the cell
counting kit 8 (CCK-8) test. Firstly, 100.0 uL of cell
suspension was dripped in a 96-well plate and incubated at
37°C for 24 h. Then, Au-Ag nanomushrooms with different
concentrations of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 nM
were added and incubated for another 6 h. After that, the
medium was replaced with fresh culture media that
contained 10.0 pL of CCK-8 solution followed by being
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Fig. 1 Schematic of the synthesis strategy of Au-Ag
bimetallic nanomushrooms

Nanomushrooms

incubated for 2 h. Finally, the O.D values of cells at 450 nm
were measured by the microplate reader.

2.6 Antibacterial
nanomushrooms

property of Au-Ag bimetallic

E. coli cells were activated in Luria Broth at 37°C for 18
h. To examine the inhibition effect of Au-Ag nano-
mushrooms on bacterial growth Kkinetics, 2.0 mL of
bacterial suspension with proper concentration was added to
the culture tube. Then, E. coli cells were grown in culture
tube at 37°C with continuous agitation until the population
of bacteria reached 108 CFU/mL. Finally, 200.0 pL of as-
prepared Au-Ag nanomushrooms were added to the
solution, and bacterial growth Kkinetics were determined by
measuring the O.D values at 600 nm.

3. Results and discussion

3.1 Synthesis strategy of Au-Ag bimetallic nanomushrooms

Au-Ag bimetallic nanoparticles are of greater interest
than monometallic nanoparticles in terms of their enhanced
catalytic and optical properties, due to the synergistic effect
between the two metals. It is an effective method to
synthesize Au-Ag bimetallic nanoparticles with different
morphologies by DNA template mediated deposition of Ag
nanoparticles onto Au seeds. Compared with single-
stranded DNA, hp DNA has stronger rigidity and larger
structure, thus affecting the nucleation and growth of silver
precursors on gold surfaces. In this study, AuNPs were used
as the core to bond with five different template hp DNAS
using L-ascorbic acid as the reducing agent and PVP as the
surfactant. It was interesting that hp DNA strands with
larger loop or longer stem as template would result in Au-
Ag bimetallic nanomushrooms. The synthesis strategy of
Au-Ag bimetallic nanomushrooms is shown in Fig. 1.

3.2 Optimization of synthesis conditions

Template method is an effective strategy for the
synthesis of bimetallic nanoparticles (Madsen et al. 2019).
The types of reducing agents and surfactants used in the
synthesis process, as well as the structure of the template,
have an important influence on the morphology and
characteristics of the bimetallic nanoparticles obtained.
Different reducing agents have different reducing
capacities, affecting the growth rate of silver nanoparticles
during synthesis and further specific morphologies. If the
reduction rate is too fast, it will be difficult for silver
nanoparticles to deposit in a specific direction, and core-
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Fig. 2 TEM images of hp5 DNA mediated Au-Ag bimetallic nanoparticles using different reducing agents including L-
ascorbic acid (A), sodium borohydride (B) and hydroquinone (C) and without (D) or with the addition of different

surfactant including Tween-20 (E) and polyvinylpyrrolidone (F)

shell structure will be formed. Therefore, as a mild
reductant L-ascorbic acid was selected to control the growth
rate of silver nanoparticles during synthesis in this study. It
could be seen from Fig. 2 that L-ascorbic acid as reductant
would facilitate the growth of Au-Ag bimetallic
nanomushrooms, while sodium borohydride or hydro-
quinone as reductant would result in the growth of core-
shell Au-Ag nanoparticles but not nanomushrooms.

Surfactant has a great influence on the growth process
and final morphology of nanoparticles (Martinsson et al.
2016). Surfactants with different structures and charges
would generate the different affinity force between metal-
surfactant complexes and nanoseeds which would greatly
influence the growth process of nanoseeds and the final
morphology of nanoparticles. In this study, the effects of
Tween-20, PVP and non-surfactant on the synthesis of Au-
Ag bimetallic nanoparticles were investigated. It could be
seen obviously from Fig. 2 that without the addition of
surfactant, the resulted Au-Ag nanoparticles were
aggregated (Fig. 2(D)), and the addition of surfactant of
Tween-20 would facilitate the growth of regular
nanospheres (Fig. 2(E)). When PVP was used as surfactant
during synthesis, the expected Au-Ag nanomushrooms were
formed (Fig. 2(F)). Because the surfactant of PVP in the
synthetic system not only acted as stabilizing agent, but also
could form a large Ag-PVP complex through coordination
bond, resulting in the asymmetric deposition of silver
nanoparticles on the surface of gold nanoseeds and
eventually forming Au-Ag nanomushrooms (Habibi et al.
2010) (Wang et al. 2005). Thus, PVP was chosen as the
optimal surfactant for the synthesis of Au-Ag
nanomushrooms.

The different bases composition and structure of
template DNA may affect the charge distribution and spatial
state on the surface of nanoseeds, thus affecting the

Table 1 DNA sequences used for conjugation with AuNPs

DNA strands DNA sequence (5'—3")
hpl SH-C6-TGG TCC GATC(?:'I"A\C TTT GAC ATC GGA
hp2 SH-C6-TGG TCCGAT GTCTTTTTT TTG ACA
TCGG ACC A
hp3 SH-C6-TGG TCCGAT GTCTTTTTTTTTTTT
TTT GAC ATC GGA CCA
hp4 SH-C6-TGG TCC GAT TTT CGG ACC A
hps SH-C6-TGG TCC GAT GTC GAT CTT TGA TCG

ACATCG GACCA

subsequent reduction and deposition of metal precursors,
and resulting in the formation of metal nanoparticles with
various morphologies (Satyavolu et al. 2019). In this study,
we designed five different hp DNA sequences (Table 1) to
conjugate with Au NPs at the same feeding ratio to
synthesize hp DNA-AUNPs. Then, silver ions were reduced
on the surface of hp DNA-AUNPs to obtain various Au-Ag
bimetallic nanoparticles. It could be seen from Fig. 3 that
the morphology of hp2, hp3 and hp5 DNA mediated Au-Ag
nanoparticles was nanomushroom-like, while the
morphology of hpl and hp4 DNA mediated Au-Ag
nanoparticles was nanosphere-like. The UV-Vis spectra
(Fig. 3(F)) showed that the resonance peaks of Au-Ag
nanoparticles were strongly affected by the structure of
template DNAs. And the resonance peak corresponded to
both the transverse surface plasmon resonance of the
AuNPs and the capacitive plasmon mode due to the
coupling of the charges piled up between the junction of Au
and AgNPs (Lee et al. 2014). It was seen that there were
two resonance peaks at 420 nm and 555 nm in the UV-Vis
spectra of hp2, hp3 and hp5 DNA mediated Au-Ag
nanoparticles that were nanomushroom-like. Since two
parts of Au and Ag were related but separated relatively, the



Synthesis of hairpin DNA mediated Au-Ag bimetallic nanomushrooms for antibacterial application 77

A\":

50 nm

fp38

50 nm 50 nm

Absorption

0.0
300 400 500 600 700
Wavelength/nm

Fig. 3 TEM images of Au-Ag nanoparticles synthesized with different hp DNA, including hpl (A), hp2 (B), hp3 (C), hp4
(D) and hp5 (E); UV-Vis spectra of Au-Ag nanoparticles mediated by these hp DNA (F)

plasma resonance of both Au and Ag were observed.
Among them, 420 nm was attributed to the plasma
resonance of Ag, and 555 nm was related to the plasma
resonance of Au. In contrast, the UV-vis spectra of hpl and
hp4 DNA mediated Au-Ag nanoparticles that were not
nanomushroom-like only had an resonance peak of 420 nm.
Since the Au core was completely wrapped by the Ag shell
in the Au-Ag core-shell structure, it was difficult to observe
the plasma resonance of Au. Therefore, the resonance peak
at ~555 nm was hard to be observed in the UV-Vis spectra
of hpl and hp4 DNA mediated Au-Ag core-shell
nanoparticles. Moreover, by counting about 200
nanoparticles synthesized from three different batches, it
was indicated that the vyield of hp3 mediated Au-Ag
nanomushrooms was more than 90% which was much
higher than those of hp2 (~70%) and hpl (~25%). The main
reason was attributed to the bigger loop of hp3 sequence
with 15 bases than 8-base and 3-base loop of hp2 and hpl
sequence, and to the longer stem of hp5 sequence with 16
bases than 12-base and 8-base stem of hpl and hp4
sequence. The difference of hp DNA structure caused
different steric stabilization and charge distribution on the
surface of AuNPs, resulting in different morphologies of
Au-Ag nanoparticles.

The loading amount of DNA on the AuNP surface is
directly determined by the feed ratio, which is closely
related to the surface charge distribution of AuNPs and
steric hindrance between DNA sequences. Thus, various
molar ratios of hp DNA were employed to synthesize hp
DNA modified AuNPs. Different morphologies of hp DNA
mediated Au-Ag nanoparticles with different molar ratios
including 100:1, 200:1 and 400:1 were recorded by TEM
and shown in Fig. 4. The number of DNA conjugated on
AUNPs was calculated to 34, 47 and 101 respectively by
Oligreen assay. It could be clearly seen that with the
increasing loading amount of hp5 DNA on the surface of
AuUNPs, the number of resulted Au-Ag nanomushrooms

increased significantly. Besides, nanoparticles were also
characterized by UV-Vis Spectrometer and zeta electric
potential analyzer, as shown in Figs. 4 and 5. It could be
seen that with the increasing loading amount of hp5 DNA
on the surface of AuNPs, the Zeta potential of hp5 DNA-
AuNPs decreased from -1.88 mV to -14.34 mV, and the
resulted Au-Ag nanoparticles were nanomushroom-like. In
addition, when the loading amount of hp5 DNA increased
from 34 to 101, the color of as-grown Au-Ag nanoparticles
solution changed from yellow to pale green, as shown in the
Fig. 6. And the UV-Vis spectrum of Au-Ag nanoparticles
not only had the absorption peak of silver nanoparticle near
420 nm, but also had a new absorption peak near 555 nm.
These results suggested that the morphology and plasmonic
property of Au-Ag nanoparticles could be precisely tuned
by changing the loading amount of hp DNA modified on
AuNPs surface.

The stability of the Au-Ag nanomushrooms was
evaluated by measuring their UV-Vis absorption spectrum
during a 14-day testing period. It could be seen from Fig. 7
that their UV-Vis absorption spectrum remained basically
consistent, indicating the excellent stability of the proposed
Au-Ag nanomushrooms. In fact, it was observed that the
Au-Ag nanomushrooms aqueous solution was well
dispersed without aggregation for 1 month at least.

3.3 Formation mechanism of Au-Ag nanomushrooms

Based on these experimental results and previous
research results, we proposed the following growth and
formation mechanism of Au-Ag bimetallic nanomushrooms
as Fig. 8. It is well known that DNA binding affinity and
structural rigidity greatly affects the relative deposition and
diffusion rate of metal atom, which ultimately determines
the morphology of metal nanoparticles (Gilroy et al. 2016)
(Satyavolu et al. 2016). Since hp DNA has better rigidity
than single-stranded DNA and the affinity of base T to
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AuNPs is weak, the template hp DNA would erect on the
surface of AuNPs (Zhang et al. 2019) (Satyavolu et al.
2019). Besides, as shown in Fig. 8(A), the bigger loop of hp
DNA on the surface of gold nanoseeds would lead to larger
space between them, which would facilitate the introduction
of large Ag-PVP complex (Zhang et al. 1996) and the

101 -~

Fig. 6 Photographs of hp5 DNA-AuNPs with different
loading amount

2‘5_ —Dayl ——Day2
—Day3 —Day4
2.0' — Day5 — Day6
H —Day7  —Dayl0
£ 1.54 ——Dayl2 —Dayl4
1
)
Z 1.0
<
0.54
0.0 T T T
300 400 500 600 700
Wavelength/nm

Fig. 7 UV-Vis absorption spectrum of Au-Ag nano-
mushrooms aqueous solution during a 14-day testing period
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deposition of Ag in a specific direction, resulting in the
directional growth of Ag nanoparticles on gold nanoseeds.
On the other hand, long-chain DNA induced the faster
deposition rate of silver nanoparticles on gold nanoseeds
than that of short-chain DNA (Lee et al. 2012). And hp
DNA slowed down the diffusion rate of silver nanoparticles
on the surface of gold nanoseeds, so hp DNA with long
stem eventually generated the anisotropic mushroom-like
structure, as shown in Fig. 8B. In contrast, when the loop of
template hp DNA was small or the stem was short, hp DNA
was evenly distributed on the surface of gold nanoseeds,
forming multiple nucleation sites. Thus, the deposition rate
of silver nanoparticles on the surface of gold nanoseeds was
closed to their diffusion rate, resulting in the final core-shell
structure. In addition, with the increase of DNA loading
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Fig. 10 The growth curve of E. coli by adding the
antibacterial Au-Ag bimetallic nanomushrooms

amount, the DNA layer would block the deposition of silver
nanoparticles on the surface of gold nanoseeds (Shen et al.
2015). When a nucleation site was formed, silver
nanoparticles would deposit and grow at that point and
finally led to the formation of Au-Ag bimetallic
nanomushrooms, because silver was more likely to be
deposited on the existing nucleation site (Gu et al. 2005).

3.4 Antibacterial Application of Au-Ag bimetallic
nanomushrooms

Metal nanoparticles have been widely used as
antibacterial agents (Li et al. 2016) or optical probes (Su et
al. 2017) in biochemistry, due to their large specific surface
area and good biocompatibility. Studies have shown that
metal nanoparticles with different chemical compositions,
morphologies and structures have different optical
characteristics and antibacterial activities, which is due to
the different surface plasmon resonance properties and the
ability to generate reactive oxygen species (Guo et al. 2018)
(Bhamidipati et al. 2017). The application of DNA
mediated metal nanoparticles in biology and medicine has
the advantages of low biotoxicity, easy labeling and
modification.

In this study, the biocompatibility and antibacterial
properties of Au-Ag bimetallic nanomushrooms using
CCK-8 method and E. coli were investigated, respectively.
The cell viability of HelLa cells incubated with various
concentrations of Au-Ag nanomushrooms was shown in
Fig. 9. The results showed that more than 82% cell viability
was observed in the varying concentration ranges, which
suggested that the proposed Au-Ag nanomushrooms
possessed the excellent biocompatibility. The growth curve
of E. coli was shown in Fig. 10. It could be seen that
without the bacterial inhibitor, the rapid growth phase of E.
coli emerged after 5 h of culture, and the stable phase
appeared within 8 h. When the E. coli was cultured with
Au-Ag bimetallic nanomushrooms for 6 h, the rapid growth
phase and stable phase of E. coli appeared within 10 h. The
results suggested that Au-Ag bimetallic nanomushrooms
had good antibacterial properties and possessed the great
potential as an antibacterical reagent in future.
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4. Conclusions

In conclusion, a kind of Au-Ag bimetallic nano-
mushrooms was successfully synthesized by the hairpin
DNA mediated method. Under the optimized synthesis
conditions including the structure of template hairpin DNA,
loading amounts of hairpin DNA, types of reductant agents
and surfactants, Au-Ag bimetallic nanomushrooms
exhibited specific morphology. Then, the formation
mechanism of hairpin  DNA mediated Au-Ag nano-
mushrooms was investigated and discussed. The
biocompatibility of proposed Au-Ag bimetallic nano-
mushrooms was evaluated by a CCK-8 method, and Au-Ag
bimetallic nanomushrooms exhibited low biotoxicity.
Finally, the proposed Au-Ag bimetallic nanomushrooms
with good biocompatibility were applied for the
antibacterial study. These results suggested that the
proposed Au-Ag bimetallic nanomushrooms possessed the
potential to be excellent antibacterial agents for biomedical
science in the future.
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