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ABSTRACT: Hollow Au−Ag bimetallic nanoshell possessing hydrophobic interior space
and hydrophilic exterior surface was prepared and its application as a chemo-thermo-gene
therapeutic agent based on its high payload of multiple drugs having different water
solubility was demonstrated. The multifunctional drug delivery system is based on the
hydrophobic interior created by the self-assembled monolayer (SAM) of hexanethiol onto
the inner surface of the hollow metallic nanoshells whereas the outer surface was mostly
coated by hydrophilic biocompatible polymer. The nanoshells having surface environment
modified by hexanethiol SAMs provided high capacity both for hydrophilic DNAzyme
(Dz) to induce gene silencing and for hydrophobic SN38 (7-ethyl-10-hydroxycampto-
thecin), anticancer drug. The release of the loaded Dz and SN38 was independently
triggered by an acidic environment and by photothermal temperature elevation upon
irradiation, respectively. The chemo-thermo-gene multitherapy based on the present
nanoshells having modified surface environment showed high efficacy in quantitative cell-
based assays using Huh7 human liver cell containing hepatitis C viral NS3 gene replicon
RNA.
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■ INTRODUCTION

Hollow gold nanoshells have been studied for decades due to
the unique physicochemical properties including controllable
diameter and shell thickness,1−3 hollow structure useful for
cargo loading,4,5 high surface-to-volume ratio and distinctive
surface plasmon resonance (SPR).6,7 Among them, photo-
thermal conversion effect, in which absorption around near-
infrared (NIR) wavelength region induces the conversion of
absorbed light into heat, was observed in the plasmonic Au
nanostructures, and has been employed for cancer treat-
ment,8−12 stimuli-induced drug release,13,14 and photothermal
interference contrast imaging.15 Moreover, the wavelength
superposition between SPR and optical window16,17 in body
fluids and tissue chromophores including hemoglobin makes
gold nanoshells absorbing NIR light compatible with in vivo
photothermal applications.18 The remarkable set of optical and
physical properties has made hollow gold nanoshells one of the
most promising nanostructures for diverse biomedical
applications.
Self-assembled monolayers (SAM) are molecular assemblies

of organic molecules on surfaces formed by spontaneous
adsorption of molecules. SAM provides a convenient and

effective way of modulating the surface environment as desired,
such as introducing specific functional groups on a target
surface with control over density and fine-tuning hydrophilicity
or hydrophobicity of a solid substrate surface. These advantages
of SAM in controlling surface chemistry of substrate with
simple, highly versatile, and inexpensive manner encouraged
the development of diverse analytical and biomedical
applications of gold nanostructures including catalysis,19−21

patterning,22−24 drug screening,25,26 biosensors,27−29 and drug
delivery platforms.30−32

Here, we synthesized poly(vinylpyrrolidone) (PVP)-coated
hollow Au−Ag alloy nanoshells (PVP-HANs) through galvanic
replacement reaction of sacrificial PVP-coated Ag nanoparticles
(PVP-AgNPs). Galvanic replacement is spontaneous replace-
ment reaction driven by standard reduction potential difference
between two elements. Because of the advantages of simplicity
and ease of preparation of homogeneous and highly crystalline
structure without cytotoxic surfactants, galvanic replacement is
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widely used in preparation of various nanostructures not only
hollow but also clustered particles.33 The prepared PVP-HANs
exhibited excellent colloidal stability in aqueous solvent due to
the exterior PVP surface coating which is hydrophilic and
biocompatible FDA-approved polymer. Next, we generated
hydrophobic interior surface onto the hollow Au−Ag nano-
shells by hydrophobic alkanethiol SAM formation dominantly
onto the inner surface of the cavity because the PVP coating is
present mostly on the outer surface of nanoshells. The prepared
amphiphilic Au−Ag nanoshell having hydrophobic interior and
hydrophilic exterior was employed to load small molecule drugs
insoluble in aqueous solvent via hydrophobic interactions with
interior surface inside the cavity of the nanoshells, and to load
hydrophilic oligonucleotides to induce knockdown of target
gene responsible for disease with sequence specificity onto the
exterior surface of nanoshells via Schiff base formation. The
present multidrug nanocomplex provided a unique feature of
independently controllable drug release capability in which the
release of hydrophobic drugs were controlled by photothermal
conversion upon NIR irradiation whereas the release of
oligonucleotide was triggered by pH change from 7.4 to 5.0.
If applicable, hyperthermia itself can be utilized as another
modality as therapeutics to eradicate target cells in addition to
small-molecule drug and oligonucleotide. We demonstrated
that highly efficient cellular delivery of the multidrug nano-
complex entailing NIR irradiation induced almost complete cell
death by synergistic chemo-thermo multitherapy. To the best of
our knowledge, it is the first to prepare the nanoshells
possessing a highly hydrophobic interior generated by SAM
formation as well as a hydrophilic biocompatible exterior
surface and to employ for loading two different types of drugs
with very high payload, providing independently controllable
drug release capability.
Hepatitis C is a serious disease caused by hepatitis C virus

(HCV) infection, which is one major cause of chronic liver
damage such as liver cirrhosis and hepatocellular carcinoma.
Current standard treatment for hepatitis C is combination
therapy involving interferon-α and ribavirin, which shows
numerous side effects including birth defects and depression.34

Although drug candidates to block HCV replication were
recently developed, new efficient therapeutic options are still

urgently needed. In the present study, to demonstrate our new
strategy using amphiphilic nanoshells as multidrug carriers to
treat hepatitis C, we adopted extremely hydrophobic 7-ethyl-
10-hydroxycamptothecin (SN38),35 which is insoluble small-
molecule drug (metabolite of irinotecan, topoisomerase I
inhibitor) in aqueous solvent and hydrophilic 10-23 DNAzyme
(deoxyribozyme, Dz, catalytic DNA molecule)36 to silence NS3
gene region of HCV as drugs to load inside and outside of the
amphiphilic Au−Ag nanoshells, respectively. Dz is a single-
stranded DNA composed of catalytic core region and sequence-
recognizing arm region, exhibiting catalytic activity to cleave
target RNA strand and, as a result, to silence target gene by
inhibiting translation of mRNA to corresponding protein. The
Dz sequence used in the present study is designed to
knockdown NS3 gene of HCV which encodes helicase, one
of the critical enzymes required for HCV replication. In cell-
based assays for the present study, we used Huh7 cells carrying
HCV replicon (Luc-Neo NS3 replicon Huh7)37 where
silencing of NS3 gene reduced cell viability in cell media
containing an antibiotic, G418 (also called as Geneticin). The
delivery strategy of Dz was previously reported many times by
using various nanomaterials including gold nanoparticle, iron
oxide nanoparticle, graphene oxide, polymers, and lypo-
some.38−40 In the case of the delivery of highly hydrophobic
SN38, there are fewer reports utilizing graphene oxide,
polymer, and mesoporous silica nanoparticle. Since the
mechanism of therapeutic effect induced by Dz (oligonucleo-
tide for gene therapy) and SN38 (small-molecule inhibitor of
topoisomerase I) is very different from each other, we could
expect synergistic therapeutic effect by codelivery of these two
different types of drugs. In addition, the present approach could
be a good model system to demonstrate codelivery of
hydrophilic and hydrophobic drugs by using one nano-
carrier.41−43

■ RESULTS AND DISCUSSION

First, sacrificial PVP-AgNPs were prepared by a previously
reported polyol method with slight modification.44 Galvanic
replacement reaction was then performed with addition of 100
μL of 1 mM AuCl4

− solution in distilled water to 1 mL of 250
pM as-synthesized PVP-AgNPs to prepare PVP-HANs. The

Figure 1. Scheme of SN38/Dz-loaded PVP-HAN preparation. (a) PVP-HANs were prepared by galvanic replacement reaction of as-synthesized
PVP-AgNPs under ambient condition. (b) Aldehyde functional group was introduced on the outer surface of the prepared PVP-HAN, followed by
generation of hydrophobic interior via formation of SAM. Dye-labeled Dz was conjugated by imine linkage formation and SN38 was loaded through
hydrophobic interaction.
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replacement reaction was completed within 10 min at room
temperature with stirring, which was confirmed by the change
of color and SPR band (Figure 1a). UV−vis spectrophotometry
of PVP-AgNPs and the replaced PVP-HANs clearly supported
the evidence of hollow nanoshell structure formation by
distinctive SPR red shift from 450 to 719 nm (Figure 2a).
Transmission electron microscopy (TEM) and high-angle
annular dark-field scanning transmission electron microscopy/
energy-dispersive spectrometry (HAADF-STEM/EDS) showed
structures and Ag−Au elemental deposition aspect of PVP-
AgNPs and PVP-HANs (Figure 2b and Figure S1 of the
Supporting Information). According to the EDS line profiling,
PVP-AgNPs exhibited maximum Ag counts at the profiling path
center with quasi-parabolic distribution without any Au
intensity and PVP-HANs represented maximum Au counts
from both profiling path ends with reduced Ag distribution.
These observations fit perfectly with their nanostructure
transformation from spherical into hollow nanoshells accom-
panied by the elemental replacement of Ag into Au.
Next, for the preparation of amphiphilic hollow Au−Ag

nanoshells, hydrophobic alkanethiol SAM was formed on the
surface of the prepared PVP-HANs by addition of alkanethiols
with different carbon chain lengths (n = 6, 8, 12, and 16) to
final concentration of 0.1 mM in 10% ethanol solution,
followed by incubation for 2 h at room temperature. Among
four different alkanethiols, we found that hexanethiol-treated
PVP-HANs (Hex-PVP-HANs) were well-dispersed in distilled
water, whereas octane-, dodecane-, and hexadecanethiol-treated
nanoshells showed aggregations in distilled water. Therefore,
we assume that alkanethiol SAM could be formed onto some
portion of the exterior surface in addition to the interior
surface, but to a much lesser degree than the interior surface.
We think that part of the exterior PVP coating of sacrificial
AgNPs could become loose during galvanic replacement
reaction, resulting in exposed metal surface available for SAM
formation. On the other hand, galvanic replacement reaction
makes fully exposed interior surface available for the adsorption
of alkanethiols. The formation of hexanethiol SAM was first
characterized by SPR shift from 719 to 758 nm in UV−vis
spectra (Figure S2a). We observed no structural difference of
the nanoshells before and after hexanethiol SAM formation in
TEM images (Figure S2b). In the case of hexanethiol ligands,
even if the hydrophobic alkanethiol ligands could be adsorbed
on the exterior surface, relatively short carbon chain length did
not significantly affect the overall hydroaffinity of the external
environment because of the thick hydrophilic PVP shells, unlike
longer chains (n = 8, 12, and 16) (Figure S3). Therefore, for

the sake of convenience, we describe that the environment of
the interior surface is hydrophobic and the exterior surface is
hydrophilic after SAM formation of hexanethiol since the
exterior surface is still considered as much more hydrophilic
compared to the interior surface of the nanoshells.
To assess the formation of the hydrophobic environment on

the interior surface, we next performed the loading of SN38,
hydrophobic drug, and before and after SAM formation.
Because of the poor solubility of SN38 in aqueous solvent,
PVP-HANs and Hex-PVP-HANs were first dispersed in
dimethyl sulfoxide (DMSO) and mixed with 10 μM of SN38
in DMSO. After the 3 h of incubation at room temperature,
unloaded SN38 was removed by centrifugation with sequential
solvent exchange to distilled water. We estimated the amount of
the loaded SN38 to PVP-HANs and Hex-PVP-HANs from the
extinction coefficient of SN38 (εSN38,380 nm = 25 500 mol−1

cm−1) and UV−vis absorbance measurement of the SN38-
loaded nanoshells.45 In the case of Hex-PVP-HANs carrying
hydrophobic SAM, loading capacity for SN38 (7950 SN38/
Hex-PVP-HAN) was about 30 times higher than nanoshells
omitting SAM (260 SN38/PVP-HAN) (Figure 3a,b).

Next, we utilized Schiff base linkage formation to load
fluorescein (FAM)-labeled Dz amine (FDz) to the PVP-HANs.
To demonstrate the strategy, aldehyde functional group was
first introduced by previously reported reaction of surface PVP
with glutaraldehyde in pH 9 sodium bicarbonate solution, prior
to the hexanethiol SAM formation.46 FDz was then conjugated

Figure 2. Characterization of the synthesized PVP-AgNPs and PVP-HANs. (a) Red shift of the SPR band in UV−vis absorption spectrum and (b)
TEM image showing the formation of hollow structure with 100 nm diameter. Scale bars are 100 nm in all images.

Figure 3. Enhancement of SN38 loading capacity by hydrophobic
hexanethiol SAM formation inside the nanoshell was characterized by
UV−vis absorption and fluorescence emission spectroscopy. (a)
Formation of hydrophobic hexanethiol SAM greatly enhanced the
loading capacity of SN38 compared to (b) nanoshells omitting SAMs.
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onto the exterior CHO-PVP hydrophilic coating (CHO
denoted rational formula of introduced aldehyde functional
groups onto PVP) of hollow gold nanoshells (CHO-Hex-PVP-
HANs) through Schiff base imine linkage and SN38 was next
loaded into interior hydrophobic hexanethiol SAM surface
through diffusion (Figure 1b). The amounts of the loaded
SN38 and FDz were calculated as 520 FDz and 4030 SN38 per
CHO-Hex-PVP-HAN from UV−vis absorption spectra of the
SN38/FDz-loaded nanoshells by using each extinction
coefficient of SN38 and FDz (Figure 4a). The SN38 loading
capacity of CHO-Hex-PVP-HANs was 50% lower than that of
Hex-PVP-HANs, suggesting that probably the increased
hydrophilicity and steric hindrance generated by conjugation
of FDz on the exterior surface could decrease the loading
capacity of SN38. Nonetheless, the payload of SN38 was still 15
times higher in FDz-CHO-Hex-PVP-HANs than in PVP-HANs
omitting hydrophobic SAM.
To demonstrate SN38/FDz/NIR chemo-thermo gene multi-

therapy, we first investigated photothermal effect of PVP-HAN
derivatives along with the irradiation of 808 nm NIR laser. In
comparison with the temperature elevation of distilled water
(ΔT = 1.8 °C) and PVP-AgNPs (ΔT = 4.2 °C), PVP-HANs
derivatives showed much higher temperature elevation (ΔT =
47.2 and 49.4 °C from PVP-HANs and CHO-Hex-PVP-HANs,
respectively, with irradiation at 0.4 W/cm2 for 2 min). This
level of temperature elevation is known to be sufficient to
induce cell hyperthermia or to release loaded drugs (Figure
S4a).47 Luc-Neo NS3 replicon Huh7 cell line, human liver cell
line carrying HCV replicon, was next treated with the CHO-
Hex-PVP-HANs, followed by 808 nm NIR laser irradiation (8
W/cm2, 5 min) at designated area. Live/dead staining showed
that selective cell death only in designated region (Figure S4b).
Next, to ensure the release of loaded SN38/FDz under specific
stimuli, we performed cargo releasing test with or without NIR
irradiation in pH 5 and pH 7.4 buffer solution, respectively. The
acidic condition of pH 5 was used for mimicking the late
endosomal/lysosomal condition after endocytosis. The 0.4 W/
cm2 NIR irradiation was repeated over a period of 3 min,
followed by 57 min of intervals for a total of 3 h. We observed

the notably enhanced release of FDz in acidic solution by the
breakage of Schiff base imine linkage. The NIR irradiation also
induced burst release of SN38 and FDz compared to control
group without irradiation which showed steady release (Figure
4b).
Prior to chemo-thermo gene multitherapeutic efficacy assay,

we measured the cytotoxicity of CHO-PVP-HANs and CHO-
Hex-PVP-HANs toward NS3 replicon Huh7 cells by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
cell viability assay and live/dead staining. MTT assay showed
that both nanoshells exhibited no notable cytotoxicity up to 50
pM, and showed over 60% of cell viability even at 200 pM. The
low cytotoxicity might be originated from several features. First,
during the galvanic replacement reaction, easily dissolvable or
releasable Ag might already be replaced with Au and remaining
Ag compositions are relatively stable. Second, the surface PVP
polymer coating is expected to play a protective role to inhibit
the dissolution of Ag. Relatively low cytotoxicity of polymer-
coated Au−Ag alloy nanoshells was previously reported in
which dextran was used as a surface-coating polymer.33 In the
present study, the highest concentration of the CHO-Hex-PVP-
HANs used was 50 pM at which over 90% of cell viability was
ensured (Figure S5).
We next investigated therapeutic efficacy of the drug/gene

nanoshell complex by using 50 pM CHO-Hex-PVP-HANs
loaded with 25.8 nM FDz and 201 nM SN38. According to
viability assay using NS3 replicon Huh7 cells, dramatic cell
viability decreasing down to 1.2% was observed in the
experimental set of SN38/FDz-CHO-Hex-PVP-HANs with
808 nm NIR irradiation (1 W/cm2, 5 min), whereas 11.3% of
cell viability was observed with treatment of the same nanoshell
complex without irradiation. The used NIR laser power and
irradiation time were considered appropriate to observe the
clear relationship between chemo and thermo multitherapy. In
this experimental condition, isolated NIR irradiation induced
little viability decrease to 93.4%. In addition, nanoshells
carrying only SN38 (40.3% of viability) or only FDz (30.2%)
showed higher therapeutic efficacy than free SN38 (65.2%) and
free FDz (95.4%) (Figure 5a). Collectively, the amphiphilic

Figure 4. Characterization of loading of SN38/FDz to CHO-Hex-PVP-HANs and release profile of loaded cargos. (a) UV−vis absorption spectra of
the nanoshells loaded with SN38/FDz onto interior/exterior surface were obtained and the amount of loaded SN38 and FDz were calculated based
on UV−vis absorption. According to estimation using extinction coefficients, 520 FDz molecules and 4030 SN38 molecules were loaded onto CHO-
Hex-PVP-HANs. Insets are enlarged plot for loading profiling of FDz (left, from 250 to 290 nm) and SN38 (right, from 360 to 400 nm). (b, c) In
the drug release profile, the release of FDz conjugated via imine linkage was expedited in acidic solution (59.6% at pH 5.0 in (b)) than in neutral
solution (11.8% at pH 7.4 in (c)) without NIR irradiation after 3 h of incubation. With NIR irradiation, 85.7% and 17.7% of FDz release was
observed at pH 5.0 and pH 7.4, respectively. However, the release of SN38 was hardly affected only by pH change. The release of SN38 was mainly
affected by repeated NIR irradiation and was slightly favored at acidic pH (8.6% and 8.2% release at pH 5.0 and pH 7.4, respectively, without NIR
and 53.8% and 41.2% release at pH 5.0 and pH 7.4, respectively, with NIR.
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PVP-HANs modified with hydrophobic SAM was successfully
employed as a convenient nanocarrier to deliver both
hydrophilic and hydrophobic cargos separately or simulta-
neously. From the perspective of the SN38 delivery, hydro-
phobic interior surface-mediated loading of SN38 with high
payload is attractive because of its convenience for the
nanocomplex preparation and its two choices of release
modecontinuous release by slow diffusion and controlled
burst release by NIR irradiation. The fluorescence microscopy
images also supported the functional cellular uptake of SN38-
and/or FDz-loaded CHO-Hex-PVP-HANs into the NS3
replicon Huh7 cells, and NIR irradiation triggered burst release
of loaded SN38/FDz. Compared to control, multitherapeutic
treatment exhibited a significant decrease in cell viability and
induced efficient cell death (Figure 5b).

■ CONCLUSION
In conclusion, PVP-coated hollow Au−Ag bimetallic nanoshells
were prepared by galvanic replacement reaction and employed
as a drug/gene codelivery vehicle through interior and exterior
surface modifications. Apart from the exterior surface, the
interior Au surface modifed with hydrophobic SAMs provided
excellent local microenvironment to load hydrophobic drug

cargos with high payload while guaranteeing high dispersibility
of the whole nanocomplex in aqueous solvent. In addition,
SN38/FDz codelivery by using the PVP-HANs with NIR-
mediated chemo-thermo gene multitherapeutic approach
demonstrated advantages of not only the enhanced cargo
payload of both hydrophobic and hydrophilic drugs but also
high therapeutic potential in the treatment of hepatitis C in a
cell-based model system. We expect that the present
amphiphilic hollow nanoshells possessing hydrophobic interior
and hydrophilic exterior structure will become one of the most
promising options to choose for combinational treatment
requiring gene therapy and chemotherapy due to high payload
for both distinctive drugs and photothermal conversion-
mediated controlled release of the loaded drugs in the near
future.

■ METHODS
Materials. Hydrogen tetrachloroaurate(III) hydrate was purchased

from Kojima Chemicals Co. (Sayama, Saitama, Japan). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
anhydrous dimethyl sulfoxide, silver nitrate, ethylene glycol,
hexanethiol, octanethiol, dodecanethiol, hexadecanethiol, glutaralde-
hyde, and poly(vinylpyrrolidone) (Mw 40 000) were purchased from

Figure 5. Quantitative viability assay of NS3 replicon Huh7 cells treated with SN38 and/or FDz-loaded CHO-Hex-PVP-HANs. (a) Nanoshells
loaded with SN38/FDz reduced cell viability down to 11.3%, and additional NIR irradiation improved therapeutic effect showing cell viability
decrease down to 1.2%. Treatment of nanoshells loaded with SN38 alone (viability = 40.3%) or FDz alone (30.2%) exhibited enhanced therapeutic
efficacy compared to free SN38 (65.2%) or free FDz (95.4%) treatment. As controls, cells treated with only NIR irradiation or empty nanoshells
exhibited negligible decrease of cell viability. (b) Fluorescence images of NS3 replicon Huh7 cells after treatment showed the successful delivery of
loaded cargos and NIR-mediated enhanced release of SN38. The scale bar is 50 μm.
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Sigma (St. Louis). Sodium hydroxide and sodium bicarbonate were
purchased from Junsei (Tokyo, Japan). 10× phosphate-buffered saline
(PBS), Dulbecco’s modified eagle’s medium (DMEM), and fetal
bovine serum (FBS) were purchased from WelGENE (Seoul, Korea).
LIVE/DEAD Viability/Cytotoxicity Assay Kit was purchased from
Molecular Probes Invitrogen (Carlsbad, CA). G418 was purchased
from A.G. Scientific, Inc. (San Diego, CA). SN38 (7-ethyl-10-
hydroxycamptothecin) was purchased from TCI (Tokyo, Japan). All
chemicals were used as received.
FAM-labeled DNAzyme amine (FAM-Dz-NH2, FDz), which was

designed against HCV NS3, was prepared as 5′-FAM-AAT GGG GAG
GCT AGC TAC AAC GAG GCT TTG C-NH2-3′ and purchased
from Genotech (Seoul, Korea) (underlined letters: catalytic motif of
DNAzyme).
Synthesis of PVP-AgNPs, PVP-HANs, CHO-PVP-HANs, and

CHO-Hex-PVP-HANs. Synthesis of 100 nm Sized PVP-AgNPs. PVP
(500 mg) was dissolved in 30 mL of ethylene glycol by ultrasonication
and vigorous vortexing. The prepared PVP in ethylene glycol solution
was heated to 170 °C followed by addition of 480 mg of silver nitrate
which dissolved in 30 mL of ethylene glycol. The reaction mixture was
boiled for 2 h with vigorous stirring and then cooled to room
temperature by removing the oil bath. The obtained turbid yellow
solution was rinsed with distilled water four times through
centrifugation at 8000 rpm for 20 min each by Centrifuge 5810R
(Eppendorf, Germany). Finally, PVP-AgNPs were redispersed in 200
mL of distilled water and stored in the dark.
Preparation of PVP-HANs by Galvanic Replacement Reaction. To

1 mL of the prepared 250 pM PVP-AgNPs, 100 μL of 1 mM hydrogen
tetrachloroaurate(III) hydrate stock was added. After addition of
Au(III) solution, the mixed solution was vigorously inverted several
times and incubated for 10 min with shaking at room temperature.
When the color change finished, the mixture was rinsed with distilled
water four times using centrifugation at 8000 rpm for 20 min each.
The final product was characterized by UV−vis spectrophotometry
and stored at room temperature.
Preparation of CHO-PVP-HANs by Claisen-Schmidt Reaction. To

1 mL of the prepared 250 pM PVP-HANs, 100 μL of 1 mM
glutaraldehyde stock solution in distilled water was added. Sodium
bicarbonate was added to final concentration of 1 mM to adjust pH to
9. The mixed solution was incubated for 1 h with shaking at room
temperature. After the reaction, the mixture was rinsed with distilled
water four times using centrifugation at 8000 rpm for 20 min each.
The final product was characterized by UV−vis spectrophotometry
and stored at room temperature.
Preparation of CHO-Hex-PVP-HANs by Self-assembled Mono-

layer Formation. To 1 mL of the prepared 250 pM CHO-PVP-HANs,
hexanethiol in ethanol was added to make the final concentration of
0.1 mM with a 1:9 ethanol/distilled water cosolvent system. The
mixed solution was incubated for 2 h with shaking at room
temperature. The mixture was rinsed with distilled water four times
using centrifugation at 8000 rpm for 20 min each. The final product
was characterized by UV−vis spectrophotometry and stored at room
temperature.
Characterization of the Prepared PVP-AgNPs, PVP-HANs,

CHO-PVP-HANs, and CHO-Hex-PVP-HANs. Energy-filtering trans-
mission electron microscope LIBRA 120 (Carl Zeiss, Oberkochen,
Germany) and high-resolution TEM and HAADF-STEM Tecnai F20
(FEI, Eindhoven, The Netherlands) were used to obtain images of
nanoshells. UV−vis spectrophotometer S-3100 (Scinco, Seoul, Korea),
Nanodrop2000 (Thermo Scientific, Waltham, MA), and SynergyMx
(Biotek, Bedfordshire, U.K.) were used to obtain UV−vis absorption
spectra. Fluorescence was measured by a spectrofluorometer FP-8300
(Jasco Inc., Easton, MD). Energy-dispersive spectroscopy was carried
out by using EDAX (Ametek, NJ). NIR irradiation (808 nm) was
performed by surgical lasers accessories OCLA (Soodogroup Co.,
Busan, Korea). Cell images were taken using an In-cell analyzer 2000
(GE Healthcare, Pittsburgh, PA, USA) and Ti inverted fluorescence
microscope equipped with a 60× (1.4 numerical aperture) objective
(Nikon Co., Chiyoda, Japan) with a CoolSNAP cf charge-coupled
device (CCD) camera (Photometrics, Tucson, AZ) and BX51 M

optical microscope (Olympus Co., Tokyo, Japan) equipped with
fluorescence light source and filters.

Characterization of Photothermal Effect. Temperature Ele-
vation Measurement. To verify the temperature elevation by
photothermal conversion, 1 mL of 200 pM PVP-AgNPs and PVP-
HANs, CHO-Hex-PVP-HANs, and control distilled water were placed
in quartz cuvette. The 808 nm NIR laser was irradiated to the sample
solutions with intensity of 0.4 W/cm2 for 2 min, and the temperature
change was measured by a digital thermometer every 15 s.

Cell-Based Hyperthermia Measurement. To examine hyper-
thermia by photothermal conversion, PVP-HANs in 1× PBS was
treated with NS3 replicon Huh7 cells in a six-well plate that were
seeded with confluency of 50 000 cells per well with 1 day of
pregrowth time. After 3 h of incubation in a humidified 5% CO2

incubator at 37 °C, residual PVP-HANs were removed and washed
with 1× PBS two times to get rid of remaining PVP-HANs, followed
by replacement with serum-containing media. Next, the cells were
irradiated with 808 nm NIR laser with intensity of 8 W/cm2 for 5 min
at ambient conditions, and incubated for an additional 2 h. Then
media was removed and 200 μL of the combined live−dead cell-
staining solution (2 μM calcein AM and 4 μM EthiD-1 in D-PBS) was
added to each well and incubated for 15 min for staining. Fluorescent
images of the cells were obtained using an inverted microscope
equipped with fluorescence light source and filters.

Quantitative Measurement of Loading and Release of SN38
and FDz. FDz Loading on CHO-Hex-PVP-HANs by Schiff Base Imine
Linkage Formation. Briefly, 10 μL of 1 mM FDz in distilled water
stock solution was added to the prepared 1 mL of CHO-Hex-PVP-
HANs (200 pM) and vigorously inverted for 20 s. To form the Schiff
base primary imine bond, the pH of the mixture was set to 10 by
addition of a small volume of sodium hydroxide solution. The reaction
mixture was incubated for 3 h on a horizontally shaking plate at room
temperature in the dark. The unbound substrate was removed by
centrifugation at 8000 rpm for 20 min each and washed by using 25%,
50%, 75%, and 100% DMSO in distilled water sequentially. Finally, the
obtained FDz-CHO-Hex-PVP-HANs were redispersed in 1 mL of
DMSO and stored in the dark. The FDz conjugated PVP-HANs
should be used as soon as possible to avoid dissociation of the loaded
FDz. Calculation of the loaded SN38 was performed by using a UV−
vis spectrophotometer with reported extinction coefficient (εSN38,380nm
= 25 500 L mol−1 cm−1) based on Lambert−Beer’s law.

SN38 Loading on FDz-CHO-Hex-PVP-HANs. To the prepared 1
mL of FDz-CHO-Hex-PVP-HANs (200 pM) in DMSO stock
solution, 10 μL of 1 mM SN38 in DMSO was added and mixed
well. To achieve the loading of SN38 to interior vacancy of nanoshells,
the reaction mixture was incubated for 3 h on a horizontally shaking
plate at room temperature in the dark. The unbound substrate was
removed by centrifugation at 8000 rpm for 20 min each and washed by
using 100%, 50%, 25%, and 10% DMSO in distilled water sequentially.
Finally, FDz-CHO-Hex-PVP-HANs were redispersed in 1 mL of 1×
PBS. Calculation of the loaded FDz was performed by using a UV−vis
spectrophotometer and extinction coefficient of FDz (εFDz,260nm = 8.86
× 105 L mol−1 cm−1). Because of low UV−vis absorption of FAM,
loading capacity of FDz was estimated by using UV−vis absorption of
nucleobases of FDz (Figure S7).

SN38 and FDz Release Profile at Acidic (pH 5) and Neutral (pH
7.4) Conditions versus On/Off NIR Irradiation. To monitor the
release of the loaded SN38 and FDz at pH 5 and pH 7.4 conditions,
the concentrated SN38/FDz-CHO-Hex-PVP-HANs were dispersed in
citrate buffer (pH 5.0) and phosphate-buffered saline (pH 7.4)
solution at room temperature. At a designated time point, the solution
of SN38/FDz-CHO-Hex-PVP-HANs was centrifuged at 14 000 rpm
for 5 min by using Centrifuge 5418 (Eppendorf, Germany) to pull
down the nanocomplex and the amount of the released SN38 and FDz
was determined by measuring absorbance of supernatant at 380 and
260 nm, respectively. For NIR irradiation, 0.4 W/cm2 NIR was
repeatedly irradiated for 3 min, followed by 57 min intervals a total of
3 h. The measurement was carried out at the time points of 57, 60,
117, 120, 177, and 180 min.
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Cellular Uptake. Fluorescence Image of SN38- and/or FDz-
Loaded CHO-Hex-PVP-HANs. The SN38-CHO-Hex-PVP-HANs,
FDz-CHO-Hex-PVP-HANs, and SN38/FDz-CHO-Hex-PVP-HANs
in 1× PBS were used to treat the cultured NS3 replicon Huh7 cells
with a density of 10 000 cells per well in a 96-well culture plate with 1
day of pregrowth time. After the treatment, the cells were incubated
for 3 h in a humidified 5% CO2 incubator at 37 °C. Residual
nanoshells were then removed and washed with 1× PBS followed by
replacement with fresh serum-containing media. The cells were
irradiated with 808 nm NIR laser for controlled release of the loaded
SN38/Dz and then incubated for another 1 h. Finally, the cells were
observed by using an in-cell analyzer. Fluorescence of FDz was
observed with a fluorescein isothiocyanate (FITC) (ex 495 nm)/FITC
(em 521 nm) filter and SN38 was observed with a 4′,6-diamidino-2-
phenylindole (ex 358 nm)/Cy3 (em 561 nm) filter.
Cell Viability Assay. Cell Culture. The NS3 hepatitis C virus RNA

containing human hepatoma cell line Huh7 was grown in DMEM
containing 4.5 g/L D-glucose, supplemented with 10% FBS (fetal
bovine serum), 100 units/mL penicillin, 100 mg/mL streptomycin,
and 500 μg/mL G418. The cells were grown in a humidified 5% CO2
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 1× PBS at 5 mg/mL concentrations and filtered through a
0.2 μm pore sized, sterilized syringe filter. The stock solution was
stored at 4 °C. NS3 replicon Huh7 cells were seeded with a density of
10 000 cells per well of a 96-well culture plate with 100 μL of growth
media (about 50−70% confluency). After cells were treated with free
SN38, free FDz, SN38-CHO-Hex-PVP-HANs, FDz-CHO-Hex-PVP-
HANs, and SN38/FDz-CHO-Hex-PVP-HANs with or without NIR
irradiation, the cells were incubated for 24 h at 37 °C. Then the cells
were rinsed with 1× PBS. Twenty microliter MTT stock solution was
added to detect the metabolically active cells and the cells were
incubated for 2−4 h until purple color developed. The media were
discarded and 200 μL of DMSO was added to each well to make
water-insoluble formazan salt solubilized. Then the optical densities of
each well in the plates were measured at 560 nm. Mean and standard
deviation of triplicates were calculated and plotted.
LIVE/DEAD Cell Staining. Cytotoxicity and hyperthermia effect of

PVP-HANs and CHO-Hex-PVP-HANs were investigated by using the
LIVE/DEAD Viability/Cytotoxicity Assay Kit. NS3 replicon Huh7
cells were seeded at 10 000 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 1× PBS for 4
h, then replaced with fresh media, and incubated for 20 h. Following
incubation, 50 μL (96 well) or 200 μL (6 well) of the live−dead cell
staining solution (2 μM calcein AM and 4 μM EthiD-1 in D-PBS) was
added to each well and incubated for 30 min. Images were obtained
using a microscope equipped with a fluorescence light source and
filters.
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