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ABSTRACT Galvanic replacement reaction is a useful method to prepare various hollow nanostruc-
tures. We developed fast and facile preparation of biocompatible and structurally robust hollow Au—Ag
nanostructures by using dextran-coated Ag nanoparticles. Oxidation of the surface dextran alcohols was

enabled by catalytic activity of the core Au—Ag nanostructure, introducing carbonyl groups that are useful

for further bioconjugation. Subsequent doxorubicin (Dox) conjugation via Schiff base formation was
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achieved, giving high payload of approximately 35 000 Dox per particle. Near-infrared-mediated photothermal conversion showed high efficacy of the Dox-

loaded Au—Ag nanoshell as a combinational chemo-thermotherapy to treat cancer cells.

KEYWORDS: cancer - dextran - doxorubicin - hollow nanoparticle - photothermal therapy

ollow gold nanostructures have
H been extensively investigated for

applications in biosensing,'? imag-
ing,>* catalysis,>® and hyperthermia’? due
to their unique physicochemical properties
including reduced density with nanoscale
size, interior vacancy, high surface-to-
volume ratio, strong surface plasmon resonance
(SPR),’>" " and photothermal effect.!*1°
Among them, photothermal effect is attrac-
tive for therapeutic applications such as a
cancer treatment modality by inducing hy-
perthermia. A strong plasmon absorption
band in the near-infrared (NIR) wavelength
of hollow gold nanostructures can induce
direct damage to the cells treated with the
nanostructures by hyperthermia.'®"'® NIR
irradiation is ideal for in vivo photothermal
applications due to its low absorption by
tissue chromophores including hemoglo-
bin, thus allowing deep tissue penetration.'® '
One approach for cancer therapy combines
modalities of hyperthermia and chemother-
apy, so-called chemo-thermotherapy, in
which hyperthermia is used at a sublethal
level to potentiate the therapeutic effect of
anticancer agents. Another key feature of
hollow gold nanostructures is catalytic ac-
tivity which accelerates oxidative processes.
First notable demonstration was reported

JANG ET AL.

on oxidation of CO to CO, by gold nanoclus-
ters in 1989.%2 In principle, the high electric
potential (E° = +1.69 V) of gold provides
high material stability against catalytic poi-
soning against oxygen and other functional
groups during the catalytic reaction.?® Also,
the high surface-to-volume ratio of gold
nanomaterial—even higher in hollow
structures—enables effective turnover rate in
catalytic reactions. Selective oxidation prop-
erty of gold nanomaterial in both gas and
liquid phase can endow bulk-scale reaction
with low activation energy, which is espe-
cially useful for industrial application.?* Oxi-
dation of alcohols,*%7 diols,?® polyols,®®
and carbohydrates®® by gold nanoclusters
provides an opportunity for integrating the
relevant chemical modification with the
conjugation of biomolecules for various
biological applications.

Preparation of hollow gold nanostructures
through galvanic replacement reaction was
first reported by Xia and co-workers.?' They
employed galvanic replacement reaction
which proceeds via oxidation of suspending
silver nanostructures by AuCl,™ ions due to
the standard reduction potential difference
(Ag™|Ag pair: 0.7996 V vs SHE, AuCl,” |Au
pair: 0.93 V vs SHE) in an aqueous solution.
Unlike other hollow nanostructure formation
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Figure 1. (a) Synthesis of dextran-coated hollow Au—Ag nanoparticles (dHANs) from dAgNPs by galvanic replacement
reaction. Addition of small amount of AuCl,” generates hollow Ag/Au alloy nanostructure, and addition of a higher
concentration of AuCl, " leads to porous structure. Even more excess AuCl, ions lead to structure deformation, resulting in
irregular spherical structure. (b) Au—Ag core nanoparticle surface-mediated self-catalytic intraparticle alcohol oxidation of
dextran coating, giving aldehyde and ketone moieties. The carbonyl functional groups were used to conjugate amine-
containing molecules, Dox in the present study, through imine bond (Schiff base) formation. The Dox-loaded dHANs were
readily endocytosed and showed high efficacy as a chemo-thermotherapy to treat cancer cells.

methods, such as template-mediated core—shell for-
mation including silica or polymer latexes followed
by etching,**** nanoscale self-assembly of gold,*
and layer-by-layer adsorption of polyelectrolytes and
charged gold colloids,**?® galvanic replacement-
mediated hollow gold shell formation offers many
advantages such as simplicity of one-pot reaction,
formation of homogeneous and highly crystalline
structure, and no necessity for cytotoxic surfactant
such as cetyl trimethylammonium bromide (CTAB) in
synthetic procedures.®”

Here, we prepared dextran-coated silver nanoparticle
(dAgNP) as a precursor and carried out galvanic re-
placement reaction at room temperature with dAgNP
to synthesize dextran-coated hollow Au—Ag bimetallic
nanostructures (dHANs). Dextran is a biocompatible,
highly branched polysaccharide polymer, which served
as a reducing agent and surface coating at the same
time for the AgNP preparation. In subsequent galvanic
replacement reaction, dextran played a role to prevent
structural collapse or agglomeration of the formed
Au—Ag bimetallic hollow shell. Notably, the galvanic
replacement reaction was completed within 10 s at room
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temperature, which is a considerably mild condition and
short time compared to conventional methods which
typically require high temperature of 100 °C with reflux-
ing and/or long incubation time of several hours.®
Additionally, in our dHANs, hydroxyl groups of dextran
near the metal nanoparticle surface are readily oxidized
to carbonyl groups by the catalytic activity of the Au—Ag
nanostructure in a way similar to the previously reported
examples on catalytic oxidation of diols and glucose. The
resulting carbonyl groups serve as molecular handles to
conjugate amine-containing molecules, giving Schiff
base imine linkage. We finally demonstrated high efficacy
of the doxorubicin (Dox)-loaded dHANs as a chemo-
thermotherapeutics to cancer cells (HeLa, cervical cancer
cell line), which showed NIR-triggered controlled release
of Dox in cell cytoplasm.

RESULTS AND DISCUSSION

First, dAgNPs were prepared by a previously re-
ported method that was established for dextran-
coated gold nanoparticles (dAuNPs) by our group with
slight modification.®® Galvanic replacement reaction
was then performed with addition of 20—1000 uL of
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1 mM AuCl, ™ in distilled water to an aqueous solution
of the as-synthesized dAgNPs to obtain Au—Ag bime-
tallic nanostructures (Figure 1). We observed clear
color change from yellow of dAgNPs solution to red,
blue, or purple of dextran-coated hollow Au—Ag na-
noparticles (dHANs) with different colors depending
on the amount of added AuCl,™ within several seconds
at room temperature (dHAN1—7; higher numbers
indicate addition of larger volumes of the AuCl,™
solution). No further color change was observed after
10 s, implying that the reaction completed within only
10 s. We think that the galvanic replacement reaction
was much faster under very mild conditions in our
system compared to conventional methods due to the
presence of the dextran coating on the surface of
AgNPs. For the progression of galvanic replacement
reaction of the sacrificial silver core precursor, the
dissolved AuCl,™ in aqueous solvent must be desol-
vated. At this stage, the layer of dextran on the silver
surface could increase the local concentration of Au
ions at the surface and desolvation could be facilitated
with its abundant hydroxyl groups by directly interact-
ing with Au ions. Therefore, galvanic replacement
reaction could proceed faster while maintaining struc-
tural stability compared to AgNPs omitting dextran
coating.

UV—vis spectra of dAgNPs showed an SPR band at
420 nm, which red-shifted to the NIR region toward
900 nm in wavelength upon addition of AuCl,,
indicating structural changes of nanoparticles due to
galvanic replacement of dAgNPs to dHANSs (Figure 2).
TEM images and elemental mapping by high-angle
annular dark-field scanning transmission electron
microscopy/energy-dispersive spectrometry (HAADF-
STEM/EDS) showed the hollow spherical nanostructure
and the formation of Au—Ag bimetallic core nanostruc-
tures with a surface dextran shell of ~5 nm thickness
in dHAN1—-3 (Figure 2 and Supporting Information
Figure S1). In the TEM images of dHAN4—7, the pre-
sence of the dextran shell is not clearly discernible.
However, dextran should exist either outside or inside
the nanoparticle clusters to hold small nanoparticles
together, to yield separately well-dispersed clusters of
spherical particles with irregular size without dissocia-
tion from each other as seen in the TEM images. Absorp-
tion peak at ~530 nm in UV—vis spectra of dHAN6—7
also supported the formation of individual gold nano-
particles in multibranched nanostructures (Figure 2). In
addition, the existence of surface dextran coating was
indirectly confirmed by excellent colloidal stability of
dHAN1—-7 at high temperature, salt, acidic, and basic
pH values and biological buffer solution (Supporting
Information Figures S2—S6). Without any surface
coating, Au or Ag nanoparticles cannot maintain
good colloidal stability under such harsh conditions.
Taken together, dextran coating in the dAgNP not only
accelerated the galvanic replacement reaction but also
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Figure 2. TEM images (left), photograph images (middle),
and UV—vis absorption spectra (right) of the prepared
dHANS; top to bottom, dAgNPs and dHAN1—7. TEM images
showed changes in shapes of the prepared nanostructures
depending on the concentration of the added AuCl, .
Photograph images represented differences in color
change depending on the concentration of AuCl,  used
for galvanic replacement reaction. UV—vis absorption spec-
tra showed a red shift to the near-IR region as more galvanic
replacement reaction occurred (dHAN1—dHAN4). Charac-
teristic absorption peaks corresponding to AuNPs were
observed at a wavelength of ~530 nm when the shell
structure collapsed and clusters of small AuNPs were gen-
erated (dHANG,7).

served as a structural support during the deforma-
tion process to maintain structural stability of Au—Ag
bimetallic clusters. Additionally, hydrophilic and bio-
compatible dextran coating makes the dHANs more
attractive and suitable for various bioapplications
(Supporting Information Figure S7).

Recent reports on alcohol and glucose oxidation by
AuNPs emphasized the advantages of ambient reac-
tion with dissolved oxygen and acceleration by oxygen
purging. We expected that hydroxyl groups of dextran
coating on dHANs could be readily oxidized if the
Au—Ag nanostructure serves as a catalyst for alcohol
oxidation. First, catalytic reduction of 4-nitrophenol by
NaBH,, a model reaction which is catalyzed by Ag, Au,
and Cu nanoparticles, was carried out by using the
dHANSs as a catalyst to check its catalytic activity. In this
model reaction, metal surface lowers the kinetic barrier
of the electron transfer from BH,~ to 4-nitrophenol.
Absorbance at 400 nm corresponding to 4-nitrophe-
nolate ions formed by the addition of NaBH, rapidly
diminished in the presence of dHAN1—7. Specifically,
dHANS3 induced decrease of the absorption peak of

-
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Figure 3. Characterization of the oxidation of the surface dextran via self-catalytic behavior of the core Au—Ag nanoparticle.
(a) Zeta-potential measurement of dAgNP and dHAN1—7 before and after oxidation by ambient atmospheric exposure for
30 days and oxygen purging for 1 day. Both oxidation methods similarly induced more negative zeta-potential values of the
dHAN1—7 compared to freshly synthesized particles. (b) IR spectra supported the presence of more abundant carbonyl
groups on the dHANS3 after the oxidation reaction. (c) XPS data showed the presence of the oxidized functional groups such as
aldehyde, ketone, and carboxylic acid after the self-catalytic oxidation reaction by showing the measured binding energy of
C—Cbond (284.5 eV, red), —C—OH bond (hydroxyl; 286.5 eV, green), —C=0 bond (aldehyde/ketone; 287.9 eV, yellow), and

O=C—OH bond (290.6 eV, violet).

4-nitrophenolate down to 10% within 3 min. All as-
synthesized dHANs showed much higher catalytic
activity than control groups consisting of citrate-stabilized
AgNPs and AuNPs, dAgNPs and dAuNPs. The result
indicates that dextran coating does not impair catalytic
activity of the core metal surface or the diffusion of
compounds into the metal surface of the particles
(Figure S8). We think that high catalytic activity of
dHANs was due to a large surface area with porous
structure of the hollow Au—Ag particles having cata-
lytically active (111) facets, observed by HR-TEM image
and FFT analysis (Figure S9).

Since the catalytic activity of the dHANs was vali-
dated, we thought that hydroxyl groups of dextran
coating could be oxidized by a catalytically active
Au—Ag core. We refer to this reaction as “intraparticle
self-catalytic oxidation”. To the best of our knowledge,
there is no report on intraparticle self-catalytic reaction
of surface-coated polymers on the gold nanomaterials
to date. We carried out the oxidation reaction through
two different approaches, long atmospheric exposure
under ambient condition for a month and relatively
short exposure with oxygen purging for a day. Under
these oxidation conditions, zeta-potentials of dHANs
decreased to more negative values, indicating for-
mation of more negatively charged moieties on the
surface (Figure 3a). We selected dHAN3 for further
characterization of the self-catalytic oxidation and
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demonstration of chemo-thermotherapy due to the
relatively intact hollow shell structure and the most
significant changes in zeta-potentials before and after
the oxidation reaction. Fourier transform infrared spec-
troscopy (FT-IR) analysis of hydroxyl (—OH; 3300 cm ™,
strong, broad) and carbonyl (—C=0; 1650 and
1710 cm™', aldehyde/ketone and carboxylic acid,
respectively) supported the oxidation of surface dex-
tran. Intensity ratio of carbonyl (1650 cm™") versus
hydroxyl (3300 cm™") peaks dramatically increased
after oxidation—0.060, 0.085, 0.248, and 0.231 for fresh
dAgNPs, fresh dHAN3, dHANS3 after 30 day exposure to
air, and dHANS3 after 1 day of oxygen purging, respec-
tively (Figure 3b). Additionally, X-ray photoelectron
spectroscopy (XPS) analysis of oxidized dHAN3 (C 1s)
showed new peaks corresponding to aldehyde/ketone
and carboxylic acid (290 and 292 eV, respectively),
which were absent in the dHANs before oxidation
(Figure 3c). Taken together, it was confirmed that the
Au—Ag bimetallic nanoparticle core catalyzed oxida-
tion of their surrounding hydroxyl-rich dextran coat-
ing, resulting in the introduction of carbonyl groups by
catalytic transformation of hydroxyl to aldehyde/ke-
tone and carboxylic acids. Importantly, the carbonyl
group can serve as a convenient molecular handle for
bioconjugation by forming a Schiff base with amines.
Facilitated cleavage of Schiff base linkages under acidic
environment has been considered as one useful
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Figure 4. Dox loading and release profile of dHAN3 and hyperthermia effect of the Dox-loaded dHANS3. (a) Absorption spectra
of the Dox-loaded dHAN3 showed absorbance at 488 nm corresponding to Dox. (b) Loading profile of Dox to dHAN3 was
investigated by measuring absorption spectra of the supernatant of the mixed solutions of Dox and dHAN3 over time.
Amount of the loaded Dox was estimated as 35 000 Dox per oxidized dHAN3 particle and 20 000 Dox per nonoxidized dHAN3
particle. (c) Dox release profile of the Dox-dHAN3 was examined under acidic, neutral, and basic pH condition without any
irradiation. No Dox was released in a pH 10 buffer solution, but gradual release of Dox was observed at pH 7.4 and pH 5. Faster
release of Dox at lower pH could be due to more favorable breakage of the imine bond at acidic pH. (d) Release of Dox from dHAN3
induced by 808 nm NIR irradiation was observed in pH 5 buffer solution. Three times of NIR irradiation at 1, 2, and 3 h led to about
four times higher Dox release overall, indicating expedited Dox release due to hyperthermic effect of the dHAN3. (e) Combination
of photothermic effect and Dox of the Dox-loaded dHAN3 induced highly efficient and selective Hela cell death, as shown in
live/dead staining (green, live cells; red, dead cells) after Dox-dHAN3 treatment, followed by NIR irradiation at designated area.

strategy for controlled drug release.*® These properties
suggested the high potential of our dHANs in the
development of controlled drug release system.

We next demonstrate anticancer drug delivery system
using dHANs and Dox as a model drug. Dox was loaded
to dHANS3 by simply mixing the oxidized dHAN3 with
Dox solution at room temperature. UV—vis absorption
spectra revealed that ~35000 Dox molecules were
loaded per particle (Figure 4a). Loading capacity of
nonoxidized dHAN3 was ~20000 Dox per particle,
which was lower than that of the oxidized dHAN3
(Figure 4b). We think that higher Dox loading capacity
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of the dHANs after oxidation originates from the Schiff-
base-mediated Dox conjugation to the oxidized dex-
tran. It is also possible that the Dox conjugation to the
surface of dHANs provided a hydrophobic environ-
ment around the nanoparticle surface, which could be
favorable for recruiting more Dox molecules near the
dHANs and, thus, promoting further loading of Dox
inside the hollow space of the dHANs. Next, release of
the loaded Dox was observed for 24 h at three different
pH values—acidic (pH 5.0), neutral (pH 7.4), and basic
(pH 10.0) conditions by measuring UV—vis absorption
of Dox at 488 nm of the supernatant after precipitating
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Figure 5. Quantitative viability assay of HelLa cells treated with Dox-dHANS3. (a) Dox-loaded dHAN3 induced decrease in cell
viability down to 22.7%, and additional NIR irradiation expedited cell death down to 6.2% of viability. As controls, cells treated
with NIR irradiation only or dHANS3 only did not show notable decrease in viability. Free Dox treatment and dHAN3 treatment
with NIR irradiation decreased Hela cell viability only down to 73.4 and 68.0%, respectively. (b) ICs, value of the Dox-dHAN3
with NIR against HeLa cells was measured as 315.4 nM, which is notably lower than the reported IC5, value of free Dox, ~1 uM.
(c) Fluorescence images of Hela cells showed that NIR irradiation induced Dox release from the internalized Dox-dHAN3 by

showing Dox signals localized inside nuclei.

dHANSs (Figure 4c). At pH 10, the loaded Dox was hardly
released even after 24 h but the loaded Dox was released
up to ~20% for 24 h with linear increase over time at pH
7.4. At pH 5.0, much faster release of Dox was observed
with the cumulative release of about 60% of the loaded
Dox over 24 h because Schiff base linkage is expected to
be cleaved under acidic environment.

We next observed the temperature change of an
aqueous solution of the dHANs upon irradiation using
a 808 nm NIR laser. The dHANs showed light absorp-
tion at broad range of wavelength including 808 nm.
Temperature of the 100 pM dHAN3 increased from 25.2
to 41.2 °C upon NIR irradiation (0.4 W/cm?, 2 min),
whereas temperature of PBS control solution was
increased only 1.6 °C after the same treatment. This
high temperature elevation is known to be sufficient to
induce target cell death or to release loaded drugs
(Figure 510).*" Figure 4d shows the Dox release profile
from the Dox-loaded dHAN3 with or without stimula-
tion by NIR light irradiation. The dHAN3 was repeatedly
irradiated over a period of 6 min, followed by 54 min
of intervals without NIR irradiation during a total of 3 h
10 min. The NIR irradiation induced burst Dox release
from the dHANS3, but the nonirradiated control group
showed spontaneous release with a gradual slope.

JANG ET AL.

Hela cells were next treated with the Dox-dHAN3,
followed by the NIR irradiation (10.2 W/cm?, 8 min) at
designated region. Live/dead cell staining revealed that
nearly 100% cell death was induced after treatment with
the Dox-dHAN3 and subsequent irradiation (Figure 4e).

Before quantitative investigation of the therapeutic
efficacy of the chemo-thermo treatment, the cytotoxi-
city of the dHANS3 itself toward Hela cells was first
evaluated by MTT assay and live/dead staining. MTT
assay showed that more than 60% of cells were viable
even at the highest concentration of dHAN3 (200 pM)
we could practically use due to high viscosity of dHAN3
suspension (Figure S11). In the present study for chemo-
thermotherapy, we typically used 50 pM of the dHAN3,
which ensured more than 90% of cell viability and high
colloidal stability in serum-containing cell culture media.

Next, the efficacy of chemo-thermotherapy was
quantitatively evaluated by using dHAN3 (50 pM)
loaded with Dox (1.75 uM). Significant reduction in cell
viability was observed down to 6.2% after 808 nm NIR
irradiation (7 W/cm?, 5 min) to the Dox-dHAN3 trea-
ted cells, whereas the Dox-dHAN3 treatment with-
out irradiation decreased cell viability only down to
22.7% (Figure 5a). Neither only dHAN3 treatment
nor the NIR irradiation induced notable cytotoxicity.
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The dHAN3-omitting Dox lowered the cell viability to
68.0% upon the NIR irradiation. The cells treated with
only Dox (1.75 uM) showed 73.4% of viability. Next, the
chemo-thermotherapeutic effect of Dox-dHAN3 on
Hela cells was quantitatively measured with various
concentrations of the Dox-dHAN3 ([Dox] = 3.5 nM to
3.5 uM) and subsequent NIR irradiation. ICs, value was
measured as 315.4 nM, which is considerably lower
than the previously reported value of free Dox (~1 uM)
(Figure 5b). We next observed Hela cells by fluores-
cence microscopy after Hoechst 33342 nuclear stain-
ing. Fluorescence intensity corresponding to Dox in the
Hela cells treated with Dox-dHANs and NIR irradiation
was much higher than that in the cells treated with
Dox only or Dox-dHANs without irradiation (Figure 5c).
Collectively, combination of photothermal effect de-
rived by the irradiation of Dox-dHAN3 and subsequent
acceleration of Dox release would explain high efficacy
of the Dox-loaded dHAN3 as cancer therapeutics.

CONCLUSION

In conclusion, dextran-coated hollow Au—Ag bime-
tallic nanostructures were prepared by fast galvanic

METHODS

Materials. Hydrogen tetrachloroaurate(lll) hydrate was purchased
from Kojima Chemicals Co. (Sayama, Saitama, Japan). 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), silver nitrate, and
doxorubicin were purchased from Sigma (St. Louis, MO, USA). Sodium
borohydride was purchased from Aldrich (Milwaukee, WI, USA).
Hydrochloric acid was purchased from Samchun (Seoul, Korea).
Dextran from leuconostoc spp. (M, ~ 15000—25000) was purchased
from Fluka (Milwaukee, WI, USA). Trisodium citrate dehydrate and
sodium hydroxide were purchased from Junsei (Tokyo, Japan).
Phosphate-buffered saline (PBS, 10x), Dulbecco's modified Eagle's
medium (DMEM), and fetal bovine serum (FBS) were purchased from
WelGENE (Seoul, Korea). Live/dead viability/cytotoxicity assay kit and
Hoechst 33342 were purchased from Molecular Probes Invitrogen
(Carlsbad, CA, USA). Amicon ultracentrifuge filter device (cutoff:
100 kDa) was purchased from Millipore (Billerica, MA, USA). Minisart
RC25 syringe filters (0.20 and 0.45 xm pore size) were purchased from
Sartorius stedim biotech (Goettingen, Germany). All chemicals were
used as received.

Synthesis of Citrate-Stabilized AuNPs, dAgNPs, and dHANs. Synthesis
of 50 nm Sized Citrate-Stabilized AuNPs. The 50 mL of 0.25 mM
hydrogen tetrachloroaurate(lll) solution was heated to boil, and
300 uL of 34 mM trisodium citrate dehydrate solution was then
added. The reaction mixtures were boiled for 20 min until the
color changed to red and then cooled to room temperature. The
final product was kept at 4 °C until use.

Synthesis of dAgNPs. Dextran (12.0 g) was dissolved in
distilled water (160 mL, 18.2 MQ) to prepare 7.5 wt % solution.
The prepared dextran solution was heated until boiling, and
864 uL of 250 mM silver nitrate stock solution was added to
make 50 nm sized dAgNPs. The reaction mixture was boiled
for 30 min until the color of the mixture turned deep yellow.
The reaction mixture was then cooled to room temperature. The
product was rinsed with distilled water four times using Amicon
ultra filter (cutoff: 100 kDa). The product was further purified by
passing the mixture through 0.45 and 0.20 um pore sized
syringe filters. Finally, dAgNPs were redispersed in 8 mL of
distilled water and stored at 4 °C.

Preparation of dHANs by Galvanic Replacement Reaction. To
1 mL of the prepared dAgNPs was added 4 mL of distilled water

JANG ET AL.

replacement reaction and employed as a combina-
tional chemo-thermotherapeutic tool. In the present
study, the dextran layer played multiple important
roles: (i) to expedite the galvanic replacement reaction;
(ii) to maintain structural integrity of nanostructures by
preventing structural collapse; (iii) to endow excellent
colloidal stability of the prepared nanostructures under
even harsh conditions and good biocompatibility with
low cytotoxicity; and (iv) to allow facile introduction of
carbonyl groups for further bioconjugation on the
dHANSs via intraparticle catalytic oxidation of hydro-
xyl group. We also demonstrated highly efficient
chemo-thermotherapy by the Dox-loaded dHANS3,
which was achieved by combination of (i) high pay-
load of Dox outside and inside of dHANS, (ii) hyper-
thermia by NIR irradiation, and (iii) the controlled
Dox release via photothermic effect induced by NIR
irradiation. We think that simple preparation of a
biocompatible, robust hollow Au—Ag nanostructure
and its straightforward surface modification, high
drug payload, and hyperthermic effect will endow
highly versatile applicability as a multifunctional
nanostructure platform.

and briefly inverted several times for thorough mixing. Next,
dHANs were prepared by addition of 20 uL (dHAN1)/50 uL
(dHAN2)/100 uL (dHAN3)/150 uL (dHAN4)/250 ulL (dHANS5)/
500 uL (dHANG6)/1000 uL (dHAN7) of 1 mM hydrogen tetra-
chloroaurate(lll) hydrate stock to the dAgNPs. After addition of
Au(lll) solution, the mixed solution was simply shaken for 10 s,
followed by purification using an Amicon ultracentrifuge filter
(cutoff: 100 kDa) with distilled water. The final product was
characterized by UV—vis spectrophotometry and kept at 4 °C.

Characterization of the Prepared dHANs. Energy-filtering trans-
mission electron microscope LIBRA 120 (Carl Zeiss, Germany),
high-resolution TEM, and HAADF-STEM Tecnai F20 (FEI, Netherlands)
were used to obtain images of dHANs. UV—vis spectrophotometer
S-3100 (Scinco, Korea) and SynergyMx (Biotek, UK) were used to
obtain UV—vis absorption spectra. Zeta-potential measurement
was carried out by using a Zetasizer Nano ZS90 (Malvern, UK). X-ray
photoelectron spectroscopy was obtained by AXIS-His (KRATOS,
NY, USA). Energy-dispersive spectroscopy was carried out by using
EDAX (NJ, USA). Then, 808 nm NIR irradiation was performed by
surgical laser accessories OCLA (Soodogroup Co., Korea). Cell
images were taken using a Ti-inverted fluorescence microscope
equipped with a 60x (1.4 numerical aperture) objective (Nikon
Co., Japan) and a CoolSNAP cf charge-coupled device (CCD)
camera (Photometrics, Tucson, AZ, USA) and BX51 M optical
microscope (Olympus Co., Japan) equipped with fluorescence
light source and filters.

Catalytic Reaction. 4-Nitrophenol Reduction. The catalytic ac-
tivity of the cit-Ag, cit-Au, dAgNPs, dAgNPs, and dHANs was
tested by using 4-nitrophenol as a substrate for reduction to
4-aminophenol. One milliliter of 120 M 4-nitrophenol solution
was mixed with 2 mL of 0.1 M freshly prepared NaBH, solution in
a standard cubic quartz cell. In this reaction, 4-nitrophenol
oxidized to 4-nitrophenolate ion by NaBH, and color changed
from pale yellow to deep yellow. After the measurement of
initial absorbance at 290 and 400 nm, 10 uL of 200 pM each
nanoparticle solution was added to the reaction mixture in a
quartz cell. The catalytic activity was determined by observing
the decrease in the absorbance at 400 nm over time.

Characterization of Photothermal Effect. Temperature Elevation
Measurement. To verify the temperature elevation by photothermal
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conversion, 20 uL of dHAN was dropped onto a piranha-cleaned
silicon plate. The 808 nm NIR laser was irradiated to the droplet
on the plate with intensity of 0.4 W/cm? for 2 min, and the
temperature change was measured by a thermogun.

Cell-Based Hyperthermia Measurement. To examine hyper-
thermia by photothermal conversion, dHAN3 in 1x PBS was
treated to Hela cells in a 6-well plate that was seeded with
confluency of 50000 cells/well. After 4 h of incubation in a
humidified 5% CO, incubator at 37 °C, residual dHAN3 was
removed and washed with 1x PBS, followed by replacing with
serum-containing media. Next, the cells were irradiated with an
808 nm NIR laser with an intensity of 10.2 W/cm? for 8 min at
ambient condition and incubated for 2 h. Following incubation,
50 uL (96-well) or 200 uL (6-well) of the combined live/dead cell
staining solution (2 M calcein AM and 4 uM EthiD-1 in D-PBS)
was added to each well and incubated for 30 min for staining.
Fluorescent images of the cells were obtained using an inverted
microscope equipped with fluorescence light source and filters.

Measurement of Doxorubicin Loading Efficiency and Release Profile.
Dox Loading to dHAN3 and Oxidized dHAN3. Free Dox solution
(1 mM) in distilled water was added into the dHAN3 and the
oxidized dHAN3 suspension, and the mixture was gently shaken
at room temperature for 10 h. After incubation, the Dox-loaded
dHANs were precipitated by centrifugation at 13000 rpm for
10 min, and the supernatant was transferred to Eppendorf
tubes. The precipitate was rinsed with pH 10 buffer solution
to prevent imine bond breakage, and all the supernatant was
collected. The amount of Dox dissolved in the gathered super-
natant was estimated by measuring absorbance at 488 nm
(eDox4ss = 11500 L mol™" cm™") based on Beer's law. Dox
loading capacity of the dHAN3 and the oxidized dHAN3 was
then estimated by calculating the difference between the
initially added Dox amount and the unloaded Dox remained
in supernatant.

DoXinitial — DOXynloaded
loaded Dox = ———————
caded Lox dHANSs

[epoxags = 11500 L mol ™' cm ']

Dox Release Profile at Different pH with or without NIR
Irradiation. To monitor the release of the loaded Dox at various
pH values, the Dox-dHAN3 was dispersed in citrate buffer (pH
5.0), phosphate-buffered saline (pH 7.4), and Tris-HCI buffer (pH
10.0) solution at room temperature. At designated time points,
the solution of Dox-dHAN3 was centrifuged at 13 000 rpm for
5 min to pull down the nanoparticles, and the amount of the
released Dox was determined by measuring absorbance of
supernatant at 488 nm. The measurement was repeated every
3 hfor 24 h.NIRirradiation triggered Dox release was carried out
by an 808 nm laser irradiation at 7 W/cm? for 6 min. The Dox-
dHANS3 solution was centrifuged at 13000 rpm for 5 min, and
supernatants were collected. The concentration of the released
Dox in the supernatant was determined by measuring absor-
bance at 488 nm before and after irradiation.

Cellular Uptake. Fluorescence and Dark-Field Image. The Dox-
loaded dHAN3 in 1x PBS was treated to cultured Hela cells with
a density of 50000 cells per well in a 6-well culture plate. After
the treatment, the cells were incubated for 4 h in a humidified
5% CO, incubator at 37 °C. Residual Dox-dHAN3 was removed
and washed with 1x PBS followed by replacing with fresh serum-
containing media. The cells were irradiated with an 808 nm NIR
laser for controlled release of Dox and then incubated for another
1 h. Cell nucleus was stained by Hoechst 33342, and cells were
observed under a fluorescence microscope.

Cell Viability Assay. Cell Culture. Hela cells were maintained in
Dulbecco's modified Eagle's medium (DMEM) containing 4.5 g/L
p-glucose, supplemented with 10% FBS (fetal bovine serum),
100 units/mL penicillin, and 100 xg/mL streptomycin. The cells
were grown in a humidified 5% CO, incubator at 37 °C.

MTT Assay for Cell Viability Measurement. MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) powder
was dissolved in 1x PBS at 5 mg/mL concentrations and filtered
through a 0.2 um pore sized sterilized syringe filter. The stock
solution was stored at 4 °C. Hela cells were seeded with a density
of 10000 cells per well of a 96-well culture plate with 100 uL
of growth media (about 50—70% confluency). After cells were

JANG ET AL.

treated with dHAN3, Dox-dHAN3, and Dox-dHAN3 with or without
NIR irradiation, the cells were incubated for 24 h at 37 °C. Then, the
cells were rinsed with 1x PBS. Twenty microliter MTT stock
solution was added to detect the metabolically active cells, and
the cells were incubated for 2—4 h until a purple color developed.
The media were discarded, and 200 uL of DMSO was added to
each well to solubilize water-insoluble formazan salt. Then, the
optical densities of each well in the plates were measured at
560 nm. Mean and standard deviation of triplicates were calcu-
lated and plotted.

Live/Dead Cell Staining. The cytotoxicity and hyperthermia
effect of dHAN3 were investigated by using the live/dead
viability/cytotoxicity assay kit. HelLa cells were seeded at
10000 cells per well of a 96-well cell culture plate and 50 000
cells per well of a 6-well cell culture plate. The cells were
incubated with dHAN3 at designated concentrations in 1x
PBS for 4 h, then replaced with fresh media and incubated for
20 h. Following incubation, 50 uL (96-well) or 200 uL (6 well) of
the live/dead cell staining solution (2 uM calcein AM and 4 uM
EthiD-1 in D-PBS) was added to each well and incubated for
30 min. Images were obtained using a microscope equipped
with fluorescence light source and filters.
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