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ABSTRACT: Despite the success of galvanic replacement in
preparing hollow nanostructures with diversified morphologies via
the replacement reaction between sacrificial metal nanoparticles
(NPs) seeds and less active metal ions, limited advances are made for
producing branched alloy nanostructures. In this paper, we report an
extended galvanic replacement for preparing branched Au—Ag NPs
with Au-rich core and Ag branches using hydroquinone (HQ) as the
reductant. In the presence of HQ, the preformed Ag seeds are
replaceable by Au and, in turn, supply the growth of Ag branches. By
altering the feed ratio of Ag seeds, HAuCl,, and HQ, the size and
morphology of the NPs are tunable. Accordingly, the surface plasmon
resonance absorption is tuned to near-infrared (NIR) region, making
the branched NPs as potential materials in photothermal therapy. The
branched NPs are further coated with polydopamine (PDA) shell via
dopamine polymerization at room temperature. In comparison with
bare NPs, PDA-coated branched Au—Ag (Au—Ag@PDA) NPs exhibit
improved stability, biocompatibility, and photothermal performance.
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In vitro experiments indicate that the branched Au—Ag@PDA NPs are competitive agents for photothermal ablation of cancer

cells.
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1. INTRODUCTION

The biomedical applications of noble metal nanomaterials have
been extensively investigated over the past two decades owing
to the unique plasmonic effect and the facility in morphology
control, which greatly promote the creation of novel diagno-
stic and therapeutic technologies ranging from early cancer
=7 Among these
emerging nanotechnologies, the photothermal cancer therapy
by virtue of near-infrared (NIR) laser irradiation upon Au
nanomaterials has attracted extraordinary interests because it
permits selective treatment of tumors by minimizing the
damage to normal tissues and organs.s_11 As the kernel issue,
NIR light exhibits lowered photobleaching and photodamage to
organisms, thus allowing for noninvasive and deep tissue
penetration.'>"? Significant efforts are devoted to enhance the
photothermal transduction efficiency in NIR region by
preparing the Au nanomaterials with diversified morphologies,
such as rod, shell, cage, and star.'* '8 In comparison to mostly
studied nanorods, highly branched Au nanoparticles (NPs)
possess larger specific surface area and easier penetration of
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external electromagnetic field, showing the potential as com-
petitive photothermal agents.'**® However, it is less capable to
adjust the plasmon resonance absorption peak of branched Au
NPs to 808 nm, the most commonly employed NIR
wavelength in photothermal therapy, through conventional
size control, thus limiting the applicability in tumor treat-
ment.”' Composition control is another route to tune the
properties of given nanomaterials. For example, the formation
of Au—Ag alloy and core—shell structures greatly enhances the
catalytic and surface-enhanced Raman activities of noble metal
NPs.>>7>* So, it is reasonable to consider that the photothermal
performance of branched Au NPs may be improved by
preparing novel Au—Ag nanostructures.

We have tried to prepare Au—Ag core—shell NPs in aqueous
media via both one-pot and Au seeded routes but failed to
achieve the aimed structures due to the difficulty in avoiding
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secondary nucleation. Consequently, Ag seeded route is
considered for preparing branched Au—Ag NPs on the basis
of galvanic replacement reaction. Galvanic replacement has
been successfully applied for preparing novel nanostructures via
the replacement reaction between sacrificial metal NP seeds
and less active metal ions.>**® With respect to Ag seeds and
Au™ ions, the Au™ is reduced by the Ag seeds and then
deposits on the surface of Ag seeds; meanwhile, the Ag’ is
oxidized to Ag' ion and dissolves in the solution to produce
pure Au or hollow Au—Ag nanostructures.””*® The introduc-
tion of additional reductants allow to precise control of the
morphologies of the as-prepared structures. Yang et al. have
demonstrated a pH-controlled preparation of hollow Ag—Au
nanostructures via seeding approach.”” Their results revealed
that the species of reductants, and in particular the reducibility,
are dominant for galvanic replacement reaction. Hydroxylamine
is conventionally used as the selective reductant. However,
because of the weak reducibility, it usually requires the elevated
temperature and/or pH-control to assist the replacement
reaction.’”*® As a mild reductant, L-ascorbic acid is also
employed to implement galvanic replacement. Due to the low
selectivity, it only leads to the deposition of metal atoms on the
template without forming branched structures.”’ Hydroquinone
(HQ) is also a mild reductant, which exhibits a weak reduction
potential (E, = —0.699 vs standard hydrogen electrode,
SHE).>> HQ has been employed to selectively reduce Ag
because it is unable to initiate Ag nucleation from the Ag' ions
isolated in the solution, but it feeds the growth of existing seeds
through the deposition of reduced Ag, thus avoiding secondary
nucleation.*®** In this respect, HQ is ideal reductant for
selective growth of Ag branches outside Au core.

It has been found that the structural stability of branched
NPs is usually poor. Upon laser irradiation, the generated heat
from the photothermal effect can melt the anisotropic nano-
structures into bulk aggregation, lowering the photothermal
effect in turn.>® Coating the NPs with silica, golymer shells, or
both is efficient to improve the stability.** ™ In the case of
polymer coating, polydopamine (PDA) has received significant
attention, because of the unique adhesive ability, good
biocompatibility, and easy bioconjugation.**™* Dopamine,
the monomer of PDA, which contains both catechol and
amine groups can spontaneously polymerize in a weak alkaline
environment, which allows the polymerization under room
temperature.*>** In particular, during polymerization, PDA can
spontaneously form a coating layer on a variety of surfaces via
the strong binding affinity of catechol functional groups,
exhibiting the potentials as the coating for decorating
nanometer- and micrometer-sized substrates.*>™** Most
recently, PDA was found possessing strong absorption in the
NIR region and exhibiting excellent photothermal trans-
duction.”’ In vivo studies confirmed that PDA has good
biocompatibility and low cytotoxicity.’® These mean that PDA
will be potential coating materials for enhancing the structural
stability of photothermal NPs and, simultaneously, the
photothermal performance.

On the basis of the aforementioned consideration, in this
work, PDA-coated branched Au—Ag (Au—Ag@PDA) NPs are
prepared, which includes the preparation of branched Au—Ag
NPs via Ag seeded galvanic replacement route in the presence
of HQ as the reductant and the coating of PDA on branched
Au—Ag NPs via dopamine room-temperature polymerization.
The as-prepared Au—Ag@PDA NPs exhibit good structural
stability and high photothermal transduction efficiency at

808 nm. Primary cell experiments indicate that the Au—Ag@
PDA NPs possess low cytotoxicity and the capability for
photothermal ablation of cancer cells.

2. EXPERIMENTAL SECTION

2.1. Materials. Analytically pure HAuCl, reagent (99.9%) was
purchased from Alfa Aesar. Dopamine hydrochloride (99.0%), and
tris(hydroxymethyl) aminomethans (Tris) (99.0%) were purchased
from Sigma-Aldrich. Folic acid (97%) was purchased from Aladdin.
Dulbecco’s modified Eagle’s medium with high glucose (H-DMEM),
and fetal bovine serum (FBS) were purchased from Gibco. Propidium
iodide (PI) was purchased from Invitrogen. Hydroquinone (HQ,
98%), sodium citrate (99.0%), AgNO; (99.8%), NaOH, and HCI were
analytical grade and used as received. In all preparation, deionized
water was used.

2.2. Preparation of Ag Seeds. Ag seeds were prepared according
to the citrate reduction approach.*® First, 17 mg of AgNO, was
dissolved in 100 mL of deionized water and brought to boiling. Then,
2 mL of 1 w/v% sodium citrate aqueous solution was added into the
AgNOj solution, and kept on boiling for 1 h. The color of the as-
prepared Ag seed solution was greenish yellow. The concentration is
1 mM, referring to Ag atoms.

2.3. Preparation of Au—Ag NPs with Ag Branches. The
preparation of branched Au—Ag NPs was operated under room
temperature using sacrificial Ag seeds, HAuCl, aqueous solution, and
the reductant of HQ. In a typical synthesis, 100 yL of 100 mM
HAuCl, aqueous solution and 1 mL of 1 mM Ag seeds aqueous
solution were added into 10 mL deionized water, and stirred for 2 min.
The color of the solution turned from light yellow to light purple.
Under vigorous stirring, 1 mL 30 mM HQ aqueous solution was added
into the reaction system and maintained for 30 min to produce the
branched Au—Ag NPs. The color of the solution finally turned into
dark blue.

2.4. Preparation of PDA-Coated Branched Au—Ag NPs. To
synthesize Au—Ag@PDA NPs, we added 12 mL of Tris-buffer into the
as-prepared branched Au—Ag NPs solution and adjusted to pH 8.5,
followed by adding different volume of 30 mM dopamine solution.
The reaction mixture was incubated at room temperature for 3 h with
the solution color gradually turning black, indicating the polymer-
ization of dopamine. The self-polymerized dopamine in the solution
was discarded by centrifugation at 6000 rpm for S min twice, and the
Au—Ag@PDA NPs were obtained.

2.5. Cell Culture. Human cervix epithelial carcinoma cells
(Hela cells) were cultured in DMEM, supplemented with 10% FBS,
100 pg/mL streptomycin, and 100 U/mL penicillin. Cells were
incubated at 37 °C in humidified 5% CO, atmosphere. Cells were split
using trypsin/EDTA medium when almost confluent.

2.6. Cytotoxicity Assay. The in vitro cytotoxicity tests were
evaluated in 96-well culture plates. The Au—Ag@PDA NPs were
foremost diluted to specific concentration using H-DMEM medium
with 10% FBS. Cells were seeded in 96-well plates at an initial density
of 3 X 10% cells/well in 0.2 mL of growth medium and incubated for
24 h prior to the addition of Au—Ag@PDA NPs. After the cellular
supernatant was discarded, the cells were incubated in 200 yL different
concentrations of Au—Ag@PDA NPs at 37 °C for 24 h. Standard
methyl thiazolyl tetrazolium (MTT) assay was used to analyze the cell
viability. The Au—Ag@PDA NPs in each concentration were assayed
in five wells, and the assay was repeated three times.

2.7. Photothermal Ablation. The Hela cells were seeded in
96-well plates at an initial density of 3 X 10° cells/well in 0.2 mL
growth medium and incubated for 24 h prior to the addition of Au—
Ag@PDA NPs. After the cellular supernatant was discarded, the cells
were incubated in 200 uL of Au—Ag@PDA NPs with specific
concentrations at 37 °C for 2 h. The samples were irradiated with an
808 nm NIR laser with different laser power density for 10 min. The
plates were analyzed for cell viability using MTT assay. Each laser
power density was assayed in five wells and repeated three times.

2.8. Apoptosis Staining. The Hela cells were seeded at 1.0 X 10°
cells/well in a 12-well flat-bottomed tissue culture plate and incubated
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for 24 h. After the cellular supernatant was discarded, the cells were
incubated in 1 mL of culture medium with different concentration of
Au—Ag@PDA NPs for 2 h. The samples were irradiated by an 808 nm
NIR laser with different power density for 10 min. The Hela cells were
cultured for 30 min and stained with 0.05 mg/mL PL

2.9. Characterization. UV—visible absorption spectra were
measured using a Shimadzu 3600 UV—vis—NIR spectrophotometer
at room temperature under ambient conditions. Transmission electron
microscopy (TEM) was obtained using a Hitachi H-800 electron
microscope at an acceleration voltage of 200 kV with a CCD camera.
High-resolution TEM (HRTEM) imaging was operated by a JEM-
2100F electron microscope at 300 kV. HAADF-STEM-EDS mapping
was implemented by a FEI Tecnai F20 transmission electron
microscope at 200 kV. X-ray powder diffraction (XRD) investigation
was measured by using Siemens DS500S diffractometer. Fourier-
transform infrared (FTIR) spectra were obtained by Avatar, Nicolet.
Dynamic light scattering (DLS) measurements were measured using a
Zetasizer NanoZ$ (Malvern Instruments). Bright field and fluorescent
images of Hela cells were operated by an Olympus IXS1 inverted
fluorescence microscope.

3. RESULTS AND DISCUSSION

3.1. HQ-Assisted Preparation of Branched Au-Ag
NPs. The preparation of branched Au—Ag NPs involves the
preparation of Ag seeds and subsequent galvanic replacement
reaction between the seeds with HAuCl,. The presence of HQ
as reductant facilitates the formation of branched structures
(Figure 1). In the experiments, the Ag seeds with the diameter
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Figure 1. (a) TEM image of branched Au—Ag NPs. (b) HRTEM
image of one branch of the NPs. HAADF-STEM-EDS mapping
images of (c) Ag and (d) Au elements. (e) XRD pattern.

about 50—60 nm are foremost prepared according to a typical
citrate reduction method in boiling water (Figure SI,
Supporting Information). After mixing with HAuCl,, the
galvanic replacement reaction is generated because the standard
reduction potential of Au"™/Au’ (1.003 V vs SHE) is higher
than that of Ag'/Ag’ (0.799 V vs SHE).””** As a result, Ag
seeds are etched and oxidized into Ag' ions. Meanwhile, Au' is
reduced into Au’ and deposits on the residual Ag seeds (eq 1 and
Figure S2, Supporting Information). In addition, HQ is capable
to reduce excessive Au'"" and the released Ag' ions (egs 2 and 3).
The deposition of them on the seeds supplies the further growth
of branched structures. Note that HQ is a mild reductant. The
weak reduction potential (E)= —0.699 vs SHE) avoids the
secondary nucleation,”* the main challenge in preparation
branched metal nanostructures.

11

3Ag° + Au'' — 3Ag" + Au’ (1)

2Au" +3 HO—@—OH — 2AW0+ 30=<:>=o+ 6H" (2)
2Ag + HOOOH — 2Ag%+ o:<:>=o+ 2H" (3)

Besides the light contrast of the branches under TEM, the
HRTEM image clearly indicates the interplanar distances of Ag
(111) and (200) lattice planes, confirming the branches are
composed of Ag (Figure lab).’' As revealed by HAADF-
STEM-EDS elemental mapping images (Figure 1lcd), Ag
element mainly distributes on NP surface, while a small amount
of Ag also exists in the NPs. This means that the Ag seeds are
not fully etched by Au'™ during galvanic replacement (Figure S2,
Supporting Information). XRD pattern exhibits the cubic
structure of branched Au—Ag NPs, represented by the 260
degrees at 38.1, 44.4, 64.6, and 77.6° of (111), (200), (220),
and (311) planes (Figure 1e).>" It should be mentioned that a
strong (111) diffraction peak is observed, implying that the
formation of branched NPs may occur through the rapid
deposition of Au and/or Ag atoms on (111) planes. HRTEM
observation confirms this speculation, which exhibits the (111)
planes parallel to NP surface (Figure 1b).2**'

The effect of HQ on the formation of branched Au—Ag NPs is
studied by altering the feed amount of HQ, while the amount of
HAuCl, and Ag seeds are fixed at 100 and 1000 uL (Figure 2).
When 100 yL 30 mM HQ is added, no branched structure is
generated, due to the insufficient reducibility of the reaction
system (Figure 2a). Namely, Au", Ag', or both is partially
reduced to Au’, Ag’, or both, which fails to supply the growth of
branches. As the amount of HQ is increased to 200 uL,
incomplete branched NPs are observed, and some hollow
spheres still exist (Figure 2b). These structures indicate the
plasmon resonance (SPR) absorption peak around 600 nm
(Figure 2e). When the amount of HQ reaches 500 uL, perfect
branched NPs are obtained (Figure 2c), because the reducibility
of the reaction system is strong enough to supply the growth of
branches. This leads to the shift of SPR peak near 750 nm
(Figure 2e). With the addition of 1000 L HQ, uniform
branched Au—Ag NPs with the diameter of 135 nm are achieved,
while the SPR peak shifts to 800 nm (Figure 2d and e),
consisting with the wavelen;th of mostly applied 808 nm laser in
photothermal therapy.'>*>*" These results confirm the role of
HQ as reductant, which promotes the stepwise reduction of Au™

and Ag' for supplying the growth of branched NPs.
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Figure 2. TEM images of Au—Ag NPs that are prepared through the
addition of (a) 100, (b) 200, (c) 500, and (d) 1000 L of 30 mM HQ
aqueous solution. (e) UV—vis spectra of the NPs. The amount of
HAuCl, and Ag seeds is fixed at 100 yL and 1 mL, respectively. The
concentration of HAuCl, and Ag seeds solution is 100 mM and 1 mM,
respectively.

The proposed formation process of branched Au—Ag NPs is
turther proved by altering the feed amount of HAuCl,, which is
the source of Au™ (Figure 3). The branched NPs are not well
formed with the addition of 25 and 50 uL HAuCl,. The Ag
branches are not sharp (Figure 3ab). This is attributed to the
poor %alvanic replacement of Ag seeds with insufficient
AU 7?53 Consequently, the oxidized Ag is insufficient for
supplying the growth of sharp branches. Despite the size increase
and spectral redshift, the SPR peak only shifts from 670 to
700 nm under low Au™ amount (Figure 3a, b and e). With the
addition of 100 uL HAuCl,, branched Au—Ag NPs with more
than 10 sharp branches are observed (Figure 3c). The number
of sharp branches further increases as HAuCl, is increased to
125 uL, accompanied by an obvious size increment (Figure 3d).
Meanwhile, SPR peak shifts to 900 nm (Figure 3e). These results
are consistent with our consideration that the formation of
branched Au—Ag NPs involves the galvanic replacement of Ag
seeds with Au'". The oxidized Ag, in turn, supplies the growth of
Ag branches. At a high amount of Aul, a mass of AgI is released
from the Ag seeds and finally reduced to Ag® by HQ. The high
selective reduction of HQ avoids the secondary nucleation,
leading to the rapid deposition of Ag” on the higher energy
(111) facets of seeds.>* Thus, branched NPs are produced.
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Figure 3. TEM images of branched Au—Ag NPs that are prepared
through the addition of (a) 25, (b) 50, (c) 100, and (d) 125 uL of 100
mM HAuCl, aqueous solution. (e) UV—vis spectra of the NPs. Both
the Ag seeds and HQ are fixed at 1000 L. The concentration of HQ
and Ag seeds solution is 30 mM and 1 mM, respectively.

The amount of Ag seeds is important for tuning the size of
branched NPs (Figure 4). As the amount of Ag seeds increases
from 100 to 1000 uL, NP diameter decreased from 290 to
135 nm. Accordingly, the SPR peak shifts from 1000 to 800 nm.
Obviously, the increase of seeds decreases the amount of Au™
for each seed. As a result, the formation of smaller NPs is
favored. Nevertheless, the as-prepared NPs preserve the
morphology with branched structures, which supports the
consideration that the growth of branches are supplied by
the released Ag from the original Ag seeds rather than Au in the
solution. To exclude the effect of citrate remaining in Ag seeds
solution, we further prepared Au—Ag NPs from the Ag seeds
with the removal of residual citrate. As shown in Figure S3a
(Supporting Information), branched NPs still form. Further-
more, the Ag seeds that are prepared using NaBH, reducing
rather than citrate are also employed for preparing Au—Ag NPs.
Despite the absence of citrate, branched NPs are also produced
(Figure S3b, Supporting Information). These results firmly
prove that citrate does not contribute to the formation of
branched nanostructures, whereas HQ is the key.

In all, the branched Au—Ag NPs are synthesized through the
galvanic replacement reaction in the presence of HQ, which
facilitates the formation of branched nanostructures. Because
the standard reduction potential of Au/AuC is higher than that
of Ag'/Ag’, the Ag seeds are oxidized into Ag' ions by HAuCl,,
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Figure 4. TEM images of branched Au—Ag NPs that are prepared
through the addition of (a) 100, (b) 300, (c) 500, and (d) 1000 uL of
Ag seeds aqueous solution. (e) UV—vis spectra of the NPs. The
amount of HAuCl, and HQ is fixed at 100 yL and 1 mL. The
concentration of HQ and HAuCl, solution is 30 and 100 mM,
respectively.

and meanwhile, HAuCl, is reduced into Au’. In addition, HQ is
a mild reductant, which exhibits a weak reduction potential.
Consequently, HQ is unable to reduce isolated Au™ ions and
Ag' ions, but is able to reduce them on the preformed seeds,

thus avoiding the secondary nucleation. Moreover, because the
standard reduction potential of Au''/Au’ is higher than that of
Ag'/Ag’, the excessive Au'™ ions are first reduced into Au’ by
HQ and deposit on the surface of the seeds. Subsequently, the
released Ag' ions are reduced into Ag’. As HQ concentration is
high enough, the deposition rate of Ag’ on higher energy facets
is faster than on lower ones, thus producing Ag branches.
3.2. PDA-Coated Branched Au—Ag NPs. Dopamine is
chosen as the monomer to form polymer shell on branched
Au—Ag NPs because the spontaneous polymerization in
alkaline aqueous solution under room temperature is helpful
to preserve the branched structure. One of the accepted
mechanisms of dopamine polymerization is similar to melanin
biosynthesis pathways.”>~>* In this context, the oxygen
dissolved in the alkaline solution oxidizes dopamine to
dopaminequinone. Then, dopaminequinone is oxidized to
leucodopaminechrome through intramolecular cyclization and
further oxidized to dopaminechrome. The isomerization of
dopaminechrome generates $,6-dihydroxyindole (Scheme SI,
Supporting Information). The further polymerization leads to
covalently bonded oligomers and/or heterogeneous aggregates.
Because of the strong binding affinity of catechol functional
groups, the obtained PDA can adsorb on a variety of surfaces,
including noble metal NPs. In our experiments, the branched
Au—Ag NPs with 135 nm in diameter are used as the core NPs
for coating PDA shell. First, 12 mL of Tris-buffer solution is
added into the branched NPs solution, and the pH is adjusted
to 8.5. Then, a specific amount of 30 mM dopamine aqueous
solution is added to perform polymerization. The color of the
solution gradually turns dark, indicating the polymerization of
dopamine.*” The reaction mixtures are incubated at room
temperature for 3 h and then centrifuged twice to remove the
supernatant. The color of the supernatant is also black,
indicating a portion of dopamine self-polymerization in the
solution without coating on NPs (Figure S4a, Supporting
Information). Figure S shows the TEM images of the as-
prepared Au—Ag@PDA NPs. Under TEM, the polymer shell is
clearly observed, and the branched structures are well
preserved. FTIR spectrum further proves that the shell is
PDA (Figure SS, Supporting Information). Note that PDA
prefers to coat a single NP rather than several NPs at the same
time. One possible reason is the strong electrostatic repulsion
in the reaction system. The PDA coating is operated at pH 8.5.
Under this basic condition, both dopamine monomers and the
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Figure 5. TEM images of branched Au—Ag@PDA NPs that are prepared through the addition of (a and e) 100, (b and f) 200, (c and g) 400, and
(d and h) 600 L of 30 mM dopamine aqueous solution to the as-prepared branched Au—Ag NPs. The pH of solution is fixed at 8.5 with the

addition of Tris-buffer and NaOH adjustment.
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primarily formed PDA-coated NPs are negatively charged.
According to the Debye—Hiickel theory, the coating of a single
NP is favored under this condition.>®

The thickness of PDA shell is controlled by altering the feed
amount of dopamine. As increasing dopamine from 100 to
600 pL, the shell thickness gradually increases from 6 to 34 nm
(Figure Sa—h). Accordingly, the UV—vis absorption spectra
show strong red shift (Figure 6). It is known that PDA has
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Figure 6. UV—vis spectra of branched Au—Ag@PDA NPs that are
prepared through the addition of 100, 200, 400, and 600 L of 30 mM
dopamine aqueous solution to the as-prepared branched Au—Ag NPs.
The pH of the solution is fixed at 8.5 with the addition of Tris-buffer
and NaOH adjustment.

obvious absorbance at NIR region (Figure S4b, Supporting
Information). So, the red shift of Au—Ag@PDA NPs
absorption is mainly attributed to the absorption of PDA
shell. Moreover, optical plasmon resonance is associated with
the collective oscillation of the conduction electron confined in
the NPs.’*” The surface plasmons can be excited by incident
light in a process that depends on the dielectric constant of the
materials at metal surface.”®*” According to the Mie theory, the
electron vibration is confined in a small space as they are coated
with a shell, which shortens the extent of electron vibration
and leads to the red shift of plasmon resonance absorp-
tion.*”*%%°=%2 The red shift of the plasmon relates to the thic-
kness of the coating materials, which can be expressed as eq 4:°

AL = mAn[1 — exp(—2d/1,)] (4)

where m is the refractive-index response of the NPs, An is the
change in refractive-index induced by the adsorbate, d is the
effective adsorbate layer thickness, and Iy is the characteristic
EM-field-decay length (approximated as an exponential decay).
In the current system, m = 703 nm/refractive index units,®* An =
fppa — Myaer = 1.6—1.33, and l; = 200 nm. For the PDA
thickness of 6, 10, and 25 nm (Figure Sa—c), the calculated
wavelength shift is 11, 17, and 42 nm, respectively, matching well
with the shift of absorption spectra (Figure 6). However, when
the PDA thickness reaches 35 nm, the calculated wavelength shift
is 56 nm, much less than the actual shift of 117 nm. It may be
attributed to the strong absorption of PDA in the NIR region.
Namely, the spectral red shift is not only led from the change of
dielectric environment on the NPs surface, but also from the
strong absorption of PDA in the NIR region.

The pH of the solution greatly influences the coating of PDA
on the branched NPs by altering the equilibrium of dopamine
polymerization on NPs and self-polymerization in solution. As
increasing the pH from 7.5 to 9.0, the color of the solution

becomes darker, indicting the formation of more PDA. After
centrifugation, the color of supernatant with the pH of 9.0 is
darkest, indicating the tendency of self-polymerization in the
solution rather than on NPs surface. Under TEM, the thick-
ness of PDA shell decreases from 23, 15, 10, to 8 nm with
pH increment (Figure S6, Supporting Information). A clear
blue shift of the UV—vis absorption spectra is also observed as
the pH increases from 7.5 to 9.0 (Figure Se), which is
consistent with the TEM observation. These results clearly
indicate that competitive polymerization of dopamine on NPs
and in solution are determined by the initial pH of solution. In
this context, despite high pH promoting the initial polymer-
ization of dopamine without selectivity, more PDA particles
form in the solution because the number of branched Au—Ag
NPs is fixed. In turn, these PDA particles act as the seeds for
adsorption and subsequent polymerization of dopamine in the
solution. As a result, more PDA forms in the solution after
polymerization.

3.3. Stability of Branched Au—Ag@PDA NPs. The PDA
coating greatly improves the structural stability of branched
Au—Ag NPs. As shown in Figure S7 (Supporting Information),
the thermal stability of the branched Au—Ag NPs with and
without PDA coating is compared by incubating in 50 °C water.
No obvious spectral shift is found for Au—Ag@PDA NPs after
6 h incubation (Figure S7b, Supporting Information). In
comparison, clear intensity decrease and blue shift of the
absorption spectra are observed for bare NPs (Figure S7a
Supporting Information). The photothermal stability is further
compared by irradiating Au—Ag NPs and Au—Ag@PDA NPs
with 3 W/cm? 808 nm NIR laser (Figure S7c,d, Supporting
Information). Au—Ag@PDA NPs exhibit better stability than
Au—Ag NPs. With respect to the improved stability, the Au—Ag
NPs are not modified with capping ligands. So, the surface
atoms are very active. During room-temperature storage,
heating, or laser irradiation, they have the tendency to lose
branched structures or aggregate driven by the high surface
energy. PDA coating provides a protective layer, thus improving
the structural stability.

For further biomedical applications, the physiological stability
of branched Au—Ag NPs and Au—Ag@PDA NPs is studied by
incubating in physiological saline (0.9% NaCl), phosphate
buffered saline (PBS), and medium with and without 10%
serum. The UV—vis absorption spectra are compared after 1 h
of incubation (Figure 7). Both the Au—Ag NPs and Au—Ag@
PDA NPs are stable in the medium with 10% serum,
represented by a lesser change of absorption spectra. In 0.9%
NaCl, the absorption spectrum of Au—Ag@PDA NPs is still
unchanged, whereas the absorption intensity of Au—Ag NPs
decreases by half, showing the better stability of Au—Ag@PDA
NPs than Au—Ag NPs. In PBS and the medium without serum,
the stability of Au—Ag@PDA NPs is also better than Au—Ag
NPs (Figure 7). In the investigated range of PDA shell from
6 to 34 nm, the colloidal stability and physiological stability of
Au—Ag@PDA NPs is independent of the PDA shell thickness.
A 10 nm PDA shell is enough for further applications.

3.4. Photothermal Performance of Branched Au—Ag@
PDA NPs. Both the branched Au—Ag NPs and Au—Ag@PDA
NPs exhibit good photothermal performance. In particular,
after coating Au—Ag NPs with PDA shell, the SPR peak further
red shifts to NIR region, matching the 808 nm wavelength of
mostly used laser in photothermal therapy. Taking the
branched NPs with the diameter of 135 nm as an example,
we investigated the influence of PDA shell thickness on the
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Figure 7. Comparison of the UV—vis absorption spectra of branched
Au—Ag NPs (a) and Au—Ag@PDA NPs (b) after 1 h of storage at
room temperature in H,O, 0.9% NaCl, PBS, and medium with and

without 10% serum.

photothermal behavior. First, 2 mL of NP aqueous solution
with a fixed Au amount (0.16 mg) is placed in a quartz cell. A
thermoelectric thermometer is inserted into the solution to
monitor the real-time temperature change. An 808 nm laser
with a power density of 3 W/cm? is employed to irradiate the
NPs solution, until steady state temperature is reached.
Subsequently, the laser is shut off, and the temperature decease
is monitored to determine the rate of heat transfer from the
dispersion system to the environment (Figure 8a). Compared
with Au—Ag NPs, the temperature increment in the presence of
Au—Ag@PDA NPs is higher. The more shell thickness, the
higher temperature increases (Figure 8b). This qualitatively
indicates that a PDA shell is helpful to enhance the photo-
thermal performance of branched Au—Ag NPs.

Following the method developed by Roper et al. and Hu
et al,®>% the photothermal transduction efficiency () is

calculated according to eq S.
hS(Tmax - Tsurr) - Qdis
(1 — 107489 ()

where h is heat transfer coefficient, S is the surface area of the
container, and the value of hS can be obtained according to
Figure S8b, Supporting Information. The T,,,, is the maximum
steady-state temperature, and T, is the temperature of the
environment. Qg represents the heat generated by water and
quartz cell under laser irradiation, which is measured
independently using a quartz cell containing 2 mL of pure
water. [ is the incident laser power, and Agyg is the absorbance
of the NPs at 808 nm. For the branched Au—Ag NPs with the
diameter of 135 nm, 7 is calculated to be 55.8%, much higher
than that ever reported for Au nanostars (27%), Au nanorods
(21%), Au nanoshells (13%), and pure PDA NPs (40%).3>*¢7
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Figure 8. (a) The temporal temperature variation of the aqueous
solution of 135 nm branched Au—Ag NPs. The solution is irradiated
by 3 W/cm? 808 nm laser until steady state temperature, and cooled to
room temperature under ambient environment. (b) The temperature
increment of branched Au—Ag@PDA NPs solution with different
PDA shell thickness versus irradiation time upon 3 W/cm? 808 nm.
The core is the branched Au—Ag NPs with 135 nm in diameter.

The amount of Au is fixed at 0.16 mg.

In addition, 7 gradually increases with the increase of the
diameters of branched NPs and the thickness of PDA shell
(Table 1 and S1). For the Au—Ag@PDA NPs with 10 nm PDA

Table 1. Comparison of the Photothermal Transduction
Efficiency () of Branched Au—Ag@PDA NPs with Different
PDA Thickness®

thickness (nm) 0 6 10 25 34

n (%) 55.8 60.9 614 64.4 72.9
“The diameter of branched Au—Ag NPs is 135 nm.

shell, the calculated 7 is 61.4%. The 7 even increases to 72.9%
for the Au—Ag@PDA NPs with 34 nm PDA shell. The result
is consistent with the measured temperature increment
(Figure 8b), confirming that the PDA shell contributes to the
enhanced photothermal performance.

The good photothermal performance also relates to the
extinction capability of NPs because the extinction intensity is
associated with the available electrons in the oscillation system.
Taking 135 nm Au—Ag NPs as an example, the molar
extinction coefficient (€) is 3.23 X 10" M™' cm™ at 808 nm.
After being coated with 10 nm PDA shell, € increases to 3.36 X
10" M™' cm™ (Table S2 and S3, Supporting Information).
The increase of & after PDA coating is consistent with the
aforementioned results that PDA shell facilitates the light
harvest under irradiation, thus enhancing the photothermal perfor-
mance. Note that the £ of Au—Ag NPs and Au—Ag@PDA NPs is
much higher than that of Au nanorods (1.9 X 10° M™! ecm™),
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Au nanostars (3.5 X 10*° M~ cm™), and Au nanoshells (2 x
10" M™' em™).>>% This extinction property allows the
branched Au—Ag NPs as competitive agents in photothermal
applications.

3.5. In Vitro Photothermal Therapy. The photothermal
applications of branched Au—Ag@PDA NPs is tested by
studying the efficiency in photothermal ablation of Hela cells.

100

Cell Viability (%)
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N
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Figure 9. Cytotoxicity of branched Au—Ag@PDA NPs in Hela cells,
which is revealed by the incubation of Hela cells in 100 uL culture
medium with different concentrations of Au—Ag@PDA NPs for 24 h
and followed by MTT assay. The thickness of PDA shell is 10 nm.

The cytotoxicity of branched Au—Ag@PDA NPs is first studied
through standard MTT assay of the cell viability (Figure 9).
As the concentration of Au—Ag@PDA NPs is lower than
80 pg/mL, the cell viability is more than 94.7%. Even with the
concentration increased to 320 yug/mL, the viability is still 74%.
The low toxicity of the Au—Ag@PDA NPs is attributed to the
PDA coating, which prevents the release of toxic metal ions,
organic molecules, or both. Meanwhile, PDA is biocompatible.

In the in vitro photothermal test, Hela cells are foremost
incubated in the culture medium for 2 h with the presence of
Au—Ag@PDA NPs, and followed by 808 nm NIR laser
irradiation. After laser treatment, the cells are stained with PI,
which penetrates dead cells only.>*” In general, the ratio of
dyed cells increases with the increase of laser intensity and the
dosage of Au—Ag@PDA NPs (Figure 10), which reveals the
accelerated cell apoptosis under strong NIR irradiation, high
dosage of NPs, or both. The influence of laser power density on
the photothermal ablation is studied by combining apoptosis
staining and MTT assay (Figure 10a—i). Under the power
density of 0.5 W/cm? the cell viability in the presence of
80 ug/mL Au—Ag@PDA NPs is 57%. When the power density
is increased to 1 W/cm?, the cell viability dramatically decreases
to 14% (Figure 10i). The high cell apoptosis ratio at such
low power density indicates the excellent performance of
Au—Ag@PDA NPs in photothermal ablation of Hela cells. A
similar effect of laser power density is observed the dosage of

(a)

(b)

I without NPs
I with NPs

0.5 1 3

control
Laser power density (W/cmz)

©

P

(d)

[a—

) 120

~~100 -

80

60+ )

40

Cell Viability (%

20 40 60
Concentration (ug/mL)

80

control

Figure 10. (a—d) Fluorescent and (e—h) bright field images of Hela cells after irradiated by an 808 nm laser with the power density of (a and e) 0.5,
(bandf) 1, (cand g) 2, and (d and h) 3 W/cm? for 10 min. The scale bar is 100 ym. (i) Hela cell viabilities after 808 nm laser irradiation with the
power density of 0.5, 1, 2, and 3 W/cm? for 10 min. The Hela cells are foremost incubated with 80 yg/mL branched Au—Ag@PDA NPs for 4 h.
(j) Hela cell viabilities versus the concentration of Au—Ag@PDA NPs, which is studied using 808 nm laser irradiation with a power density of
2 W/cm? for 10 min. The thickness of the PDA shell is 10 nm. Data are shown as means = standard error of the means, * p < 0.05 and ** p < 0.01.
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Au—Ag@PDA NPs is decreased (Figure S9a—d, Supporting
Information). Moreover, upon laser irradiation, the cell viability
ratio decreases significantly with the increase of Au—Ag@PDA
NPs concentration. More than 67% of cells remain alive with a
Au—Ag@PDA NP concentration of 20 yg/mL upon 2 W/ cm?
laser irradiation. The cell viability decreases to 9% as the
concentration of Au—Ag@PDA NPs increases 40 pug/mL
(Figure 10j). Under lowered laser power density, a similar
tendency is also observed (Figure S9e—h, Supporting
Information). Control experiment indicates that the laser
irradiation in the absence of Au—Ag@PDA NPs has no
influence on the viability of Hela cells. In addition, without laser
irradiation, the incubation of Hela cells with Au—Ag@PDA
NPs leads to negligible cell apoptosis, and almost no cells are
stained by PI. These confirm that the cell apoptosis is led from
the photothermal effect of branched Au—Ag@PDA NPs. In all,
the aforementioned results demonstrate the excellent perform-
ance of branched Au—Ag@PDA NPs for inducing Hela cell
apoptosis via photothermal protocol.

Furthermore, the bioconjugation potentials of Au—Ag@PDA
NPs is tested by connecting with folic acid, which is
conventionally employed for targeting cancer cells with folic
acid receptors.”® To conjugate with folic acid, Au—Ag@PDA
NPs are dispersed in folic acid-contained Tris buffer (pH 8.5).*
After 1 h of incubation at room temperature, the NPs are
collected by centrifugation and washed with deionized water
twice to remove unconnected folic acid. By comparing
the FTIR spectra, we proved the connection with folic acid
(Figure S10, Supporting Information).”” The simplicity of
conjugation with targeting molecules will promote the
applications of Au—Ag@PDA NPs in selective treatment of
tumor cells.

To demonstrate the difference of our materials with the
existed photothermal materials, we compared the performance
and toxicity of branched Au—Ag NPs with CTAB-coated Au
nanorods, which are the most commonly used photothermal
materials. To compare photothermal performance, we used the
branched Au—Ag NPs and Au nanorods with plasmon
resonance absorption peak at 800 nm (Figure S11a, Supporting
Information). The mass concentration is fixed at 50 yg/mL. As
irradiating 2 mL solution by 808 nm laser with a power density
of 3 W/cm? the temperature increment of Au nanorods
solution is slightly higher than that of branched Au—Ag NPs,
showing the better photothermal performance (Figure S11b,
Supporting Information). Nevertheless, the temperature incre-
ment of branched Au—Ag NPs is beyond 46 °C, which is high
enough for photothermal therapy. In addition, the toxicity of
branched Au—Ag NPs is much lower than that of CTAB-coated
Au nanorods. As we know, CTAB is very toxic in biological
systems. Additional purification of Au nanorods must be done
before biological applications. The good photothermal perform-
ance and the low toxicity make branched Au—Ag NPs as
competitive candidates for photothermal therapy.

4. CONCLUSIONS

In summary, branched Au—Ag@PDA NPs are prepared
through the preparation of branched Au—Ag NPs via Ag
seeded galvanic replacement route in the presence of HQ as the
reductant, and the subsequent coating of PDA on NPs via
dopamine room-temperature polymerization. The branched
Au—Ag NPs possess strong SPR absorption in NIR region, thus
showing the potential as photothermal agents. PDA coating
further enhances the structural stability and biocompatibility of

11621

branched NPs. In particular, the photothermal transduction
efficiency is further improved to 70% after PDA coating, much
higher than other Au nanostructures and composite materials.
In vitro experiments indicate that the Au—Ag@PDA NPs
possess low cytotoxicity and the capability for photothermal
ablation of cancer cells.
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