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Abstract

Target-specific near-IR induced drug release
and photothermal therapy with accumulated
Au/Ag hollow nanoshells on pulmonary

cancer cell membranes
(Supervisor: Myung-Haing Cho, D.V.M., Ph.D.)

Mi Suk Noh

Program in Nano Science and Technology,
Graduate School of Convergence Science and Technology

Seoul National University

Au/Ag hollow nanoshells (AuHNSs) were developed as multifunctional therapeutic
agents for effective, targeted, photothermally induced drug delivery under near-infrared
(NIR) light. AUHNSs were synthesized by galvanic replacement reaction. We further
conjugated antibodies against the epidermal growth factor receptor (EGFR) to the

PEGylated AuHNS, followed by loading with the antitumor drug doxorubicin (AUHNS-



EGFR-DOX) for lung cancer treatment. AUHNSs showed similar photothermal efficiency
to gold nanorods under optimized NIR laser power. The targeting of AUHNS-EGFR-
DOX was confirmed by light-scattering images of A549 cells, and doxorubicin release
from the AuHNSs was evaluated under low pH and NIR-irradiated conditions.
Multifunctional AUHNS-EGFR-DOX induced photothermal ablation of the targeted lung
cancer cells and rapid doxorubicin release following irradiation with a NIR laser.
Furthermore, we evaluated the effectiveness of AUHNS-EGFR-DOX drug delivery by
comparing two drug delivery methods: receptor-mediated endocytosis and cell-surface
targeting. Accumulation of the NPs on the cell surfaces by targeting EGFR demonstrated
more effective for lung cancer treatments than uptake of AUHNS-EGFR-DOX. Taken
together, our data suggest a new and optimal method of NIR-induced drug release, via the

accumulation of targeted AUHNS-EGFR-DOX on cancer cell membranes.

Keywords: hollow-shells, photothermal therapy, targeted drug delivery, triggered release,

lung cancer, doxorubicin, EGFR
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Introduction

1. Nanosystem for biological application and drug delivery

The integration of multiple characteristics into monodisperse nanosystems has been a
goal of biological research. Nano-sized vehicles with multifunctionality including
diagnostic and therapeutic capabilities could provide synergistic advantages such as
specific targeting, multimodal imaging, controlled release of drugs, and simultaneous
diagnostics and therapy [1].

Drug-delivery systems with NPs show a clear potential for cancer treatments in view of
advantages such as the ability to target specific locations by reducing the concentration of
the drug at non-target sites, and high therapeutic efficiency of drug release [2]. Generally,
conventional cancer treatments such as surgery, radiation, and chemotherapy has shown
the limitations of selective therapy toward tumor cells, often giving rise to severe side

effects in healthy tissues [2].
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Figure 1. Monodisperse nanoparticles with diverse modifications for biological

applications and drug delivery.



2. Nanocarriers for drug delivery by photothermal therapy and

chemo-thermo therapy

Effective drug delivery by nanocarriers has been intensively investigated using
dendrimers [3, 4], polymeric micelles [5], liposomes [6, 7], carbon-based materials [8-10],
magnetic particles [11, 12], and noble metal nanoparticles (NPs) [9, 13]. Nanocarriers
were developed to protect drugs from premature degradation and to enhance drug
absorption into specific tissues. Compared to organic carriers, which only serve as a drug
reservoir, novel metal NPs have many advantages and are multifunctional, due to their
unique optical properties and the various surface functional groups that can be introduced.

Near-infrared (NIR) resonant nanomaterials such as Au nanorods (GNRs) [9, 14, 15],
multi-branched particles [16, 17], nanoshells [18], and hollow-shells (HSs) [13, 19] are
attractive therapeutic agents because they can deliver drugs via non-invasive
hyperthermia. NIR light in the range of 700-900 nm has been widely used to locally raise
cell temperature, thereby optimizing the photothermal effect [20].

Triggered drug release by an external stimulus such as NIR irradiation could
significantly advance cancer treatment by overcoming the indiscriminate drug distribution

observed in conventional drug delivery. The combination of photothermal therapy (PTT)



and chemotherapy, termed chemo-thermotherapy [19], can achieve enhanced anticancer

efficacy via synergistic effects.
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Figure II. Nanocarriers for drug delivery by photothermal therapy and chemo-
thermo therapy. A. photothermal effects for cancer cells by gold nanoparticles (NPs)
[21]. B. Triggered drug release with nanocarriers into the cell cytoplasm by NIR

irradiation [22].



3. Research objective : Development of drug delivery methods with

Au/Ag hollow nanoshell (AuHNS) by targeting cancer cells

Previous reports have shown that nanocarriers are internalized by cells through
endocytosis; however, these nanocarriers were not specifically targeted to cancer cells [19,
23, 24]. Drug carriers that specifically target cancer cells are advantageous, because they
selectively kill cancer cells with minimal side effects, particularly when combined with
controlled drug release. Thus, we sought to develop novel drug-loaded nanocarriers that
could reach the desired cancer cells or tissues via selective tumor cell targeting [25, 26].

We chose Au/Ag hollow nanoshell (AuHNS) to develop a novel, multifunctional
nanocarrier for selective chemo-thermotherapy. The hollow nanoshells (HNSs) are
advantageous for chemo-thermotherapy, because they are simply synthesized by galvanic
replacement reactions from Ag nanoshells (NSs) [19, 27]. Furthermore, the hollow
vacancy allows for high drug loading, due to the large effective surface areas for drug
attachment [28]. In addition, in contrast to GNR, cytotoxic surfactants such as
cetyltrimethylammonium bromide (CTAB) are not used during the preparation of HNS
structures [19, 27, 29].

In this study, we report a novel, multifunctional therapeutic agent- doxorubicin-loaded,

anti-EGFR antibody-conjugated and PEGylated Au/Ag nanoshells (AuUHNS-EGFR-DOX)



which can selectively target cancer cells and kill them via photothermal-induced drug
release. In this system, AUHNS emits a strong surface plasmon resonance (SPR) band in
the NIR region for photothermal drug delivery, EGFR is a marker allowing for specific
targeting of cancer cells [30-32], and doxorubicin is a chemotherapeutic agent [6, 19, 28,
33]. Targeting was confirmed by light-scattering images of lung cancer cells, and drug
release was evaluated under low pH and NIR irradiation conditions.

Additionally, we developed a novel approach to maximize the ability of multifunctional
NPs to kill lung cancer cells by evaluating two drug-delivery mechanisms: receptor-
mediated endocytosis and the accumulation of targeted AUHNS-EGFR-DOX on the cell
membranes. In previous reports, NIR irradiation-induced drug release was shown to be
dependent on endocytosis [19, 23, 24, 34]. Our data suggest a new and optimal method of
NIR-induced drug release, via the accumulation of targeted AUHNS-EGFR-DOX on

cancer cell membranes.



Materials and Methods

1. Materials

Tetraethylorthosilicate (TEOS), 3-mercaptopropyl trimethoxysilane (MPTS), ethylene
glycol (EG), poly(vinyl pyrrolidone) (PVP, Mw ~40,000), silver nitrate (AgNOs3,
99.99+ %), octylamine (OA), tetrachloroaurate trihydrate (HAuUCl,, 99.9+ %),
doxorubicin, N-hydroxysuccinimide (NHS), and N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC) were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used without further purification. PEG coated GNR (GR750-PG-1mL)
were purchased from Nanocos (New York, USA). Absolute ethanol (99.8 %) was
purchased from Carlo Erba (Milano, Italy). Methoxypoly(ethylene glycol)sulfhydryl (m
PEG-SH, Mw 5,000) was purchased from Sunbio (Anyang, Korea). Poly(ethylene
glycol)-2-mercaptoethyl ether acetic acid (HOOC-PEG-SH, Mw 5,000) was purchased
from Creative PEG Works (Winston Salem, NC, USA). Ammonium hydroxide (NH,OH,
27 %), sodium chloride, and ethanol (98 %) were purchased from Daejung (Busan,

Korea). Deionized (DI) water was used for all experiments.



2. Cell culture

A549 (adenocarcinomic human alveolar basal epithelial cells) and H522 cell lines (non-
small lung cancer cells) were obtained from Korean cell line bank (Seoul, Korea). A549
cell line was grown in F-12 medium and H522 cell line was grown in RPMI-1640
medium. The media for A549 and H522 cell lines were supplemented with 10 % fetal
bovine serum and 1 % penicillin/streptomycin (GibcoBRL, Grand Island, NY, USA). The

cells were kept at 37 °C in a humidified atmosphere containing 5 % CO..

3. Preparation of Au/Ag hollow-nanoshells (AuHNSs)

Tetraethylorthosilicate (TEOS, 1.6 mL) was dissolved in 40 mL of absolute ethanol,
followed by addition of a 3 mL portion of aqueous ammonium hydroxide (~27 %). The
resulting mixture was vigorously stirred using a magnetic bar for 20 h at room
temperature. The resulting silica NPs were centrifuged and washed with ethanol several
times to remove the excess reagents. The resulting silica NPs were then functionalized
with the thiol group. Silica NPs (300 mg) were dispersed in 6 mL of ethanol containing
300 puL of MPTS and 60 uL of aqueous ammonium hydroxide (27 %, v/v). The mixture
was stirred for 12 h at room temperature, after which the MPTS-treated silica NPs were
centrifuged and washed with ethanol several times. In order to synthesize Ag nanoshells

(AgNS), 2 mg of MPTS-treated silica NPs were dispersed in 25 mL of ethylene glycol
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containing PVP (5 mg), followed by the addition of a 25 mL of AgNO; solution in
ethylene glycol (final concentration of AQNO; was 3.5 mM). Next, 41.3 uL of octylamine
(5 mM) was rapidly added to the NP solution, which was stirred for 1 h at room
temperature. The resulting AgNSs were centrifuged and washed with ethanol several
times for purification. To form hollow structure via galvanic replacement reaction, 100
pL aliquot of AgNS (10 mg/mL) was dispersed in 5 ml of PVP (8 wt %, MW 40,000)
aqueous solution. Next, 0.1 mM of HAuCI, solution was loaded into a plastic syringe
with PVC tubing, and was placed on a syringe pump, which was used to add HAuClI,
solution (4.5 mL, 0.1 mm) to the AgNS dispersion at a rate of 0.75 mL/min at 110 °C.
After adding the HAuUCI, solution, the reaction was allowed to stabilize the Au/Ag
hollow-nanoshells (AuHNSs) for 10 min, after which the dispersion was cooled to room
temperature with vigorous magnetic stirring. The resulting mixture was washed with a
saturated solution of NaCl to remove residual AgCI, centrifuged and washed with DI
water (x3) and ethanol (x3). In order to confer biocompatibility and functionality, the
AUHNS surface was grafted with two types of PEG derivative depending on the further
modification. For conjugation with EGFR antibody, the AUHNS surface was modified
with HOOC-PEG-SH solution (2 mM in ethanol). The PEG grafted AUHNS (AuHNS-
COOH) dispersions were washed with ethanol several times by centrifugation and then

resuspensed in 0.1 M of phosphate buffered saline (PBS, pH 7.0).

11



4. Preparation of AuHNS-EGFR antibody

After the activation of carboxylic acid group with 2 mM of EDC and 5 mM of NHS in
0.1 M of PBS (pH 6.0), 20 pg portion of the antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) was added to the pre-activated PEGylated AuHNS dispersion. The
mixture was shaken for 2 h at room temperature. The EGFR antibody conjugated

AuHNSs were rinsed with 0.1 M of PBS (pH 7.0) several times.

5. Loading of doxorubicin on AuHNS

Doxorubicin was loaded into AuHNS or AuHNS-EGFR (1 mg/mL) by mixing the NPs
with a doxorubicin solution (1 mg/mL) in PBS (pH 7.0, 0.1 M, 1 mL). The mixture was
gently shaken at room temperature for 24 h in the dark. Free doxorubicin was removed by
washing with PBS (pH 7.0) several times by centrifugation.

To determine the amount of doxorubicin loading, the calibration curve was obtained
based on the absorbance at 480 nm using various concentrations of doxorubicin dissolved
in 0.1 M of PBS (pH 7.0). The amount of doxorubicin loading in NPs was then estimated

by the absorbance of doxorubicin-loaded AuHNS or AuHNS-EGFR.
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6. Characterization of AgNS and AuHNS

Energy-Filtering Transmission Electron Microscope (EF-TEM) images of AgNS and
AUHNS were obtained using a LIBRA 120 (Carl Zeiss, Germany). UV-Vis-NIR spectra
were collected with a UV-Vis-NIR spectrophotometer (Optizen 2120 UV, Mecasys Co.
Ltd., Daejeon, South Korea). Cross-sectional scanning electron microscope (SEM)
images of AgNS and AuHNS were obtained with dual beam focused ion beam (FIB)
microscope (Helios 550 NanoLab DualBeam, FEI Corporate, Oregon, USA). Prior to
obtain the imaging with SEM, a sample stage was tillted and the AgNS and AuHNS

particles were milled with a Ga* ion beam.

7. Verification of photothermal properties of AuHNS

To verify the photothermal activity of NPs, 500 uL of PEGylated AuHNSs (1 mg/mL)
in a glass vial was irradiated by 800 nm NIR laser with an intensity of 800 mW/cm® for
10 min, and the temperature change was measured by a digital thermometer.

To find the optimal laser power, the NIR laser was applied to A549 cells at a diverse
range of power levels. The cells were incubated in a 6-well plate with confluency of
50,000 cells/well. After 1 day incubation, the wells were treated by NIR laser irradiation
(31.3, 62.5, 125, 187.5, and 250 mW/cm2, diameter 2 mm, 10 s). To visualize live and

dead cell with two-color fluorescence, the Live/Dead viability/cytotoxicity kit (Invitrogen,

13



CA, USA) which contains ethyl homodimer-1 (eth-1) and calcein AM (CA) was used
according to the manufacturer’s protocol. Immediately after NIR laser irradiation, cells
were washed once with PBS and incubated with 4 pM eth-1 and 2 uM CA for 30 min at
room temperature. Fluorescence was assessed by confocal laser scanning microscopy
(CLSM, Carl Zeiss, Germany).

To examine hyperthermia by photothermal effects, A549 cells (50,000 cells/well in a 6-
well plate) were treated with PEGylated AuHNSs (3.0 x 10'°, 200 pL in PBS) and
PEGylated GNRs (3.0 x 10'°, 200 pL in PBS) for 8 h in a humidified 5 % CO, incubator
at 37 °C. Residual NPs were washed with PBS several times. The media in the wells were
replaced with serum-containing media. A549 cells that took up AuHNSs were irradiated
with 800 nm NIR laser with an intensity of 125 mW/cm® for 10 s. Immediately after
irradiation, the cells were stained with trypan blue (Gibco, Grand Island, New York, USA)
for 10 s and the images of stained cell were obtained with x 20 lens using an inverted

microscope (eclipse TS100, Nikon, Japan).

8. Cytotoxicity assay

A549 cells were maintained at 37 °C, 5% CO, in F-12 medium containing 10 % fetal
bovine serum (FBS) and 1 % penicillin/streptomycin with density of 5,000 cells/wells.

After incubation for 8 h at 37 °C with diverse concentration (0.8 - 3.0x10'°/mL, 100 pL)

14



of AuHNS and GNR, the cellular toxicity was evaluated using the 3-(4,5-dimethylthiazo-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich). Briefly, 20 upL
MTT solution (5 mg/mL) was added to the well and incubated with the cells for 4 h at
37 °C. The cells were treated with 100 pL of dimethylsulfoxide (DMSO, Sigma-Aldrich)
and the absorbance was quantified at 570 nm using an ELISA reader (BioRad, Hercules,

CA, USA).

9. HRP detection of AuHNS and AuHNS-EGFR

To confirm the conjugation of anti-EGFR on AuHNS-EGFR, nitrocellulose membranes
were exposed to AuHNS and AuHNS-EGFR. Immunoblotting was performed in 5 %
skim milk, and the membranes were exposed to secondary antibodies conjugated to
horseradish peroxide (HRP) for 1 h at room temperature. After washing, the AuHNS and
AuHNS-EGEFR treated zone on nitrocellulose were visualized using an image analyzer

ATTO (ATTO Corp., Tokyo, Japan).

10. Western blotting

After measuring the protein concentration of the lysates from A549 and H522 cell lines
using a Bradford Protein Assay Kit (Bio-Rad), equal amounts (25 pg) of protein were

separated by 10—15 % sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-

15



PAGE) and transferred to nitrocellulose membranes. The membranes were blocked with
TBST containing 5 % skim milk for 1 hour at room temperature and immunoblotting was
performed by overnight incubation at 4 °C with the EGFR primary antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) in 5 % skim milk and the membranes were
exposed to secondary antibodies conjugated to horseradish peroxide (HRP) for 1 h at
room temperature. After washing, the bands-of-interest were visualized using by an

image analyzer ATTO (ATTO Corp).

11. Dark field imaging of EGFR conjugated AuHNS

A549 and H522 cells were incubated in a Lab-tek glass chamber slide (Nalge Nunc,
International, Rochester, NY, USA) with a density of 50,000 cells/well in a CO,
incubator for 1 day. Then, the cells were fixed with paraformaldehyde (4 %) for 15-30
min at 25 °C. The cells were washed with 0.1 M of PBS (pH 7.0) three times to remove
the fixing agent. The fixed cells were treated with AUHNS-EGFR or AUHNS-EGFR-
DOX (3.0x10"/mL, 100 pL) in PBS at 4 °C overnight for targeting. After targeting
AUHNS-EGFR or AuHNS-EGFR-DOX, the residual NPs were removed by careful
washing (1x) with PBS solution for several times. When the slides were dried, the
surfaces of the slides were covered with a cover slip and, the slides were observed with

dark field microscope (Eclipse TE2000-S, Nikon, Tokyo, Japan).

16



12. Doxorubicin release from AuHNS

Doxorubicin release was measured at different pH levels and with or without NIR
irradiation. To monitor the release of doxorubicin, AUHNS-DOX was dispersed in citrate
buffer (pH 5.0) and PBS (pH 7.4) at room temperature. At designated time points, the
solution of the NPs was centrifuged at 13,000 rpm for 5 min to pull down the NPs. To
measure the amount of the released doxorubicin, the absorbance of supernatant was
measured at 480 nm. Also, the effects of doxorubicin release by 800 nm laser irradiation
were carried out for 30 s at 125 mW/cm?®. Then, the AuHNS-DOX solution in PBS was
centrifuged at 3,000 rpm for 5 min, and the concentration of the released doxorubicin in
the supernatant was determined by measuring the absorbance at 480 nm by UV
spectrophotometer (OPTIZEN 2120UV, Mecasys, Daejeon, Korea) before and after laser

irradiation. .

13. Cell viability assay of nanoparticles

A549 cells were exposed to AuHNS, AuHNS-EGFR, AuHNS-DOX, AuHNS-EGFR-
DOX (3.0x10"/mL, 100 pL) for 2 h at room temperature. A549 cells were also treated
with free doxorubicin (0.5 ug/mL) for 2 h to compare drug release effects. After washing
the cells, they were divided into two groups for NIR irradiation and without NIR

irradiation. The intensity of NIR irradiation was 125 mW/cm® (diameter 2mm, 10 s).

17



A549 cells were exposed to radiation in 96-well plates at a density of 1 x 10" cells/well.
After NIR irradiation, the cells were incubated for 24 h at 37 °C and cell viability was

measured using the MTT assay.

14. Comparisons of doxorubicin release

To compare the effectiveness of endocytosis-mediated drug transport with that of cell
membrane particle adsorption A549 cells were exposed to AuHNS, AuHNS-EGFR,
AuHNS-DOX, or AuHNS-EGFR-DOX for 2 h at room temperature. A549 cells were also
treated with free doxorubicin (0.5 ug/mL) for 2 h to compare the drug releasing effects.
To achieve endocytosis mediated drug delivery, cells were seeded into 96-well plates (1 x
10* cells/well) after washing with PBS at least 6 times by centrifugation, and incubated
for 4 h in a humidified 5% CO, incubator at 37 °C. NIR laser irradiation was applied to
each well with 125 mW/cm® (diameter 2 mm, 10 s). Plates were incubated for 12 h and
cell viability was measured using the MTT assay. To measure the efficiency of NPs
accumulated on the cell surface, targeted cells for 2 h were seeded into 96-well plates (1
x 10" cells/well) after washing. Then, NIR laser irradiation was applied to each well.
After 16 h incubation in a humidified 5 % CO, incubator at 37 °C, cell viability was

measured by MTT assay. Two groups of AUHNS-EGFR-DOX (endocytosis inducing and
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accumulation NPs on the cell surface) were compared again at different laser condition

(125 mW/cm?, diameter 7 mm, 25 s).

15. TEM images of AuHNS-EGFR-DOX treated cells

After 2 h targeting of PEGylated AuHNS and AuHNS-EGFR-DOX to lung cancer cells
(3.0x10"/mL, 100 pL) at room temperature, (i) half of A549 cells was washed with PBS
over 6 times with 1,500 rpm for 1.5 min to retain only targeted AuHNS-EGFR-DOX; (ii)
another half was added to a T75 flask and incubated 4 h in a humidified 5 % CO,
incubator at 37 °C to induce receptor mediated endocytosis of NPs. PEGylated AuHNSs
were prepared as a control  of (i) and (ii). After trypsinization of cells, TEM sample was
prepared. In a fixing solution [35], the cells were fixed at 4 °C for overnight. The fixed
cells were dehydrated in serial diluted ethanol (30, 50, 70, 80, 90 and 100 %). After
dehydration, in a 1:1 mixture of propylene oxide and EPON resin, the cells were
infiltrated at 70 °C overnight. For ultrathin sections, samples were cut by about 50 nm
and mounted on copper grids. Sections were stained with lead citrate and uranyl acetate

and observed with a JEM 1010 transmission electron microscope (JEOL, Tokyo, Japan).

19



16. Data analysis

All analysis data are given as means = SEM. The results were analyzed by Student’s #-
test (Graphpad software, San Diego, CA, USA). *P < 0.05 was considered significant.
*p < 0.01, *** P < 0.001 and # P < 0.0001 were highly significant compared to

corresponding control.
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Results and Discussion

1. Synthesis and characteristics of AUHNS

The metal nanoshell structures exhibit strong plasmon absorption band in the NIR
region, indicating that they are promising candidate as therapeutic agents for PTT and
drug delivery. The overall schematic diagram for the synthesis of target specific
therapeutic agents is shown in Scheme 1. First, AgNSs (ca. 250 nm in diameter) were
prepared by seedless and rapid growth of the Ag shell on silica NPs by the reported
method of our group [36, 37]. AgNS acts as a precursor in the synthesis of AUHNS by a
galvanic replacement reaction. During the galvanic replacement reaction, the Ag atoms of
AgNS are galvanically replaced by Au®* ions accompanying the generation of hollow
interior, resulting in an increase of drug loading capacity. As-prepared AUHNSSs were
coated with HS-PEG-OCHs/HS-PEG-COOH (molar ratio 10:1) for providing
biocompatibility and further bio-conjugation sites. After the PEGylation, EGFR antibody
was conjugated to the carboxyl group of PEGylated AuHNS by EDC/NHS coupling
method. Lastly, doxorubicin was introduced into the AUHNS-EGFR carrier. Figure 1A
shows structural and atomic composition changes from AgNS to AuHNS through

galvanic replacement reaction. AUHNS shows the outer nanoshell structure (Figure 1A-a
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and d) with more faint contrast than AgNS in the TEM-images due to the thinner shell of
AUHNS. Moreover, homogeneous distribution of AgNS and AuHNS could be observed
in TEM image (Figure 2). To observe the hollow interior of AUHNS more clearly, cross-
sectional images were obtained by slicing AgNS and AuHNS with a focused ion beam.
The AgNS did not have a hollow interior as shown in scanning electron microscopy
(SEM) image (Figure 1A-b). In contrast, AUHNSs show hollow interior between the
metal shell and the silica core particle (gap distance of approximately 16 nm) (Figure 1A-
e). In addition, the Au element, detected by energy dispersive X-ray spectroscopy (EDX),
appears at AuUHNS after the galvanic replacement reaction (Figure 1A-c, ). Next, the
plasmonic spectra of the AgNS and AuHNS were measured by UV-Vis-NIR
spectrometery as shown in Figure 1B. The plasmonic band of the AuHNS was shifted
toward a wavelength longer than that of the AgNS, which was attributed to the thinner
shell thickness of the AUHNS in comparison with that of the AgNS due to galvanic
replacement. AUHNS showed stronger absorbance in the NIR region than that of AgNS,
which can be related to a higher potential for heat generation upon irradiation with NIR
light [38, 39]. To confirm the photothermal effect, temperature changes of the AUHNS
dispersion in PBS was measured upon irradiation using a femtosecond-pulse laser with a
wavelength of 800 nm. As shown in Figure 1C, the temperature of the AUHNS dispersion

(1 mg/mL) gradually increased from 24°C to 45°C (AT = 21°C) upon NIR irradiation
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(800 mW/cm?, 10 min), whereas temperature of buffer solution was increased only 4°C
after NIR irradiation. This temperature elevation could induce cell death and make cancer
cells sensitive to the effects of radiation and certain anti-cancer drugs [7]. Prior to the
application of AuUHNSs to cancer cells, the cytotoxicities of various concentrations of
AUHNSs were measured to determine the optimal concentration of AUHNSs for PTT by
the MTT assay. PEGylated AuUHNSs show no toxicity in A549 cells at concentrations

lower than 3 x 10'%/mL (Figure 1D).
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Scheme 1. Schematic illustration for the preparation of EGFR-conjugated and
doxorubicin-loaded Au/Ag hollow nanoshell (AuHNS-EGFR-DOX). After the
synthesis of AuUHNS from the Ag nanoshell (AgNS) by galvanic replacement reaction,
AuHNS was modified with poly(ethylene glycol) derivatives to allow conjugation of the
EGFR antibody and increase biocompatibility. Next, EGFR antibody was conjugated

through activation of the carboxyl groups at the surface of PEGylated AuHNS, followed

by doxorubicin loading.
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100 nm

Figure 2. Homogeneous synthesis of AgNSs and AuHNS. TEM images of A. AgNSs

and B. AuHNSs showing homogeneous distribution of NPs.

27



2. Photothermal property of PEGylated AUHNS

To verify the photothermal activity of PEGylated AuUHNS, PEGylated GNR was used as
a control (Figure 3A). GNR has longitudinal plasmon resonances that are highly
polarization-dependent at around 780 nm (Figure 3B), and it induces a PTT in vitro and
in vivo [14, 40]. However, in previous studies, GNR has been known to exhibit toxicity
due to the presence of the cationic surfactant, cetyltrimethylammonium bromide (CTAB),
which is a widely used surfactant for the synthesis of GNR [41, 42]. Thus, there is a need
to replace the surfactant with biocompatible material such as PEG [15]. The cell viability
assay was performed for PEGylated GNR and PEGylated AuHNS under the same
concentrations. PEGylated GNR showed cell viability over 80 % (Figure 3C), and the cell
viability of GNR-treated cells was lower than that of PEGylated AuHNS treated cells
(over 90 %).

Prior to PTT of cancer cells with AUHNS and GNR, the laser power was optimized.
Ab49 cells without NPs treatments were exposed to a femtosecond-pulse laser for 10 s,
and the powers of the laser were varied (31.3, 62.5, 125, 187.5, and 250 mW/cm?). After
laser irradiation, the cells were stained with the live/dead viability/cytotoxicity kit (eth-1,
CA) to visualize live and dead cells. As shown in Figure 4A, 187.5 mW/cm? and 250

mW/cm? were too strong for PTT because they caused A549 cell’s death. In contrast,
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laser powers of below 125 mW/cm? caused no cell death (Figure 4A-d, j, and p). Uptake
of PEGylated AuHNS in A549 cells effectively induced cell deaths at 125 mW/cm?
(Figure 4B-b, white arrows) and the counts of dead cells were significantly increased
(Figure 4B-c). Therefore, the power of 125 mW/cm? was selected for NIR irradiation in
PTT. The cell viability test was performed under NIR laser irradiation, and the
photothermal performance of PEGylated AUHNS was compared with that of PEGylated
GNR (Figure 5). To investigate the effect on cell death, A549 cells were treated with the
PEGylated AuHNS or GNR, and A549 cells were then incubated for 8 h at 37 °C. After
incubation, A549 cells were exposed to a femtosecond-pulse laser with 125 mW/cm?
power for 10 s and cell deaths were observed from trypan blue stained images (Figure
5A). The counts of dead cells after treating with PEGylated AUHNS were significantly
higher than that of control cells. Cell death assays for PEGylated AUHNS and GNR
exhibited similar counts (Figure 5B). These results show that PEGylated AuHNS is an
effective nanomaterial for NIR PTT and can be used in various bio-applications without

toxicity.
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spectrum of GNR (1 mg/mL). C. Cell viability with AuHNS at various concentrations.
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Figure 4. Decision of laser power in A549 cells. A. CLSM imaging of stained A549
cells after diverse applications of laser power to determine live and dead cells. (a-f)
Images of live cells with green fluorescence. (g-1) Images of dead cells with red
fluorescence. (m-r) Merged images. (a, g, m) Control A549 cells without laser irradiation.
(b, h, n) 31.3 mW/em?, (c, i, 0) 62.5 mW/em’?, (d, j, p) 125 mW/em?, (e, k, q) 187.5
mW/cm?®, and (f, 1, r) 250 mW/cm® were administered for 10 s to an area of 2 mm in
diameter. B. (a) Optical image of trypan blue staining after NIR irradiation (125 mW/cm?)
on A549 cells. (b) Optical image of A549 cells after treating with PEGylated AuHNS for
8 h. (¢) Stained cell counts. Each bar represents the mean = SEM (n = 4). **p < 0.01

compared to control cells.
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Figure 5. Comparisons of cell killing effect of PEGylated AuHNS and PEGylated
GNR. A. Optical microscope images. (a) A549 control cells; (b) A549 cells with
PEGylated AuHNS; and (c) A549 cells with PEGylated GNR. (a-c) Cells were treated
with NIR irradiation (125 mW/cm?, 2 mm diameter, 10 s). White arrows indicate trypan
blue stained cells. B. Trypan blue-stained cell counts after laser exposure. Each bar

represents the mean £ SEM (n = 4). **p < 0.01 compared to control cells.
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3. Synthesis of AUHNS-EGFR-DOX

Next, we synthesized the AuHNS-EGFR-DOX for targeting specific cells, NIR
triggered drug release and PTT. EGFR antibody is an ideal for targeting cancer cells
because EGFR is upregulated in various cancer cells, including lung cancers, and the
EGFR overexpression is related to disease progression and survival [32, 43]. Doxorubicin
was chosen as a model drug to test our drug delivery system in lung cancer cells, since
doxorubicin is an effective cytotoxic anticancer drug at very low concentrations [44].
First, the PEGylated AuHNS was conjugated with the EGFR monoclonal antibody using
the EDC/NHS coupling method. Then, AuUHNS-EGFR-DOX was prepared by simple
mixing AUHNS-EGFR with doxorubicin for 24 h at room temperature. Then, it was
washed completely to remove unloaded doxorubicin. After loading of doxorubicin into
AUHNS-EGFR, the color of the AUHNS solution changed from brown to reddish brown.
AUHNS-EGFR-DOX has three functions: targeting specific cancer cells via the EGFR
antibody, PTT by NIR irradiation, and anticancer drug delivery using the hollow interior
(Scheme 2A). Lung cancer cells that have many EGFR receptors on their surfaces were
targeted by AUHNS-EGFR-DOX. After targeting, the cancer cells were exposed to an
NIR femtosecond-pulse laser. The targeted cancer cells were thus affected by

photothermal effects and released drug at the same time (Scheme 2B).
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Scheme 2. Multifunctionality of AuHNS-EGFR-DOX. The doxorubicin-loaded
AuHNS complexes effectively lead to specific cancer cell death through synergetic effect
of A. NIR light triggered doxorubicin release and heat generation, and B. Specific cancer

cell targeting.
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4. Targeting efficiencies of AUHNS-EGFR and AuHNS-EGFR-

DOX

The conjugation of the EGFR antibody to AuHNS was confirmed by the dot blotting
method with secondary antibody-HRP detection on the nitrocellulose membrane. The
AUHNS did not show any chemiluminescent signals after HRP detection, whereas EGFR-
conjugated AUHNS was detected with HRP and showed SNU logo-shaped
chemiluminescent signals (Figure 6A). To determine the optimal cell-line for verifying
the targeting ability of AUHNS-EGFR-DOX, we evaluated the expression of EGFR in
A549 and H522 cells. As shown in Figure 6B, A549 cells overexpressed EGFR, however,
H522 was null for EGFR. This result is consistent with previous reports that investigated
the quantity of EGFR in lung cancer cells [43, 45, 46]. Dark-field microscope images of
A549 and H522 cells after targeting with AUHNS-EGFR, and AuUHNS-EGFR-DOX are
shown in Figure 6C. The targeted A549 cells show shiny orange dots at the cell
membranes where EGFR is expressed, due to light scattered from AuHNS (Figure 6C-c).
In the H522 cells, there were very few shiny dots of AUHNS (Figure 6C-d). These results
indicate that AUHNS-EGFR targets specifically A549 cells without nonspecific binding.
The same result was obtained in the case of AUHNS-EGFR-DOX, suggesting that the

targeting ability of the AUHNS-EGFR-DOX was maintained after doxorubicin loading
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(Figure 6C-e and f). From these results, we confirmed that AUHNS-EGFR-DOX could
specifically target A549 cells in comparison with H522 cells. This targeting ability could

minimize side effects caused by nonspecific binding of NPs.
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Figure 6. Targeting efficiency of EGFR antibody-conjugated AuHNS. A. HRP
detection of AUHNS and AuHNS-EGFR on nitrocellulose membrane. B. Comparisons of
EGFR levels in A549 and H522 cells. Bands are representative of three individuals from
each group. Densitometric analysis of western blots (lower location). Each bar represents

the mean + SEM (n = 3).
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Figure 6. Targeting efficiency of EGFR antibody-conjugated AuHNS. C. Light-
scattering images of Ab49 (a, c, e) and H522 cells (b, d, f). The images show A549 and
H522 cells (a, b), cells exposed to AUHNS-EGFR (c, d), and cells exposed to AUHNS-

EGFR-DOX (e, ). Yellow shiny spots indicate the NPs.
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5. Drug releasing abilities of AUHNS-EGFR-DOX

The doxorubicin loading and release properties of doxorubicin-loaded AUHNS under
various conditions were evaluated. UV-Vis spectra revealed that a peak around 480 nm
corresponding to doxorubicin newly appeared after doxorubicin loading into AUHNS
(Figure 7). The amount of doxorubicin loaded into the AuHNS was estimated by
measuring the absorbance at 480 nm. The doxorubicin loading capacity of AUHNS was
approximately 3 x 10° DOX molecules per single AuHNS particle (Figure 8), which is
greater than the capacity of conventional AuNPs [47]. The hollow structure of AUHNS
could promote doxorubicin loading inside its hollow interior spaces. In addition, the
surface of AUHNS could adsorb hydrophobic doxorubicin by hydrophobic interactions.
Next, release of the loaded doxorubicin was observed at different pH conditions (pH 5.0
and pH 7.4) by measuring UV-Vis absorption of doxorubicin from a supernatant after
precipitating AUHNS. As shown in Figure 7B, AUHNS-DOX was relatively stable at pH
7.4 so that doxorubicin was scarcely released during 24 h. In contrast, at pH 5.0, around
10 % of the doxorubicin was released in 2 h, and up to 12 % over 24 h, which is due to
the increased water solubility of doxorubicin under acidic condition. DOX release
profiles at pH 5.0 and 7.4 were significantly different due to the electronic repulsion

between DOX and the carriers [48]. These results suggest that doxorubicin-loaded
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AUHNS nanocarriers are stable at neutral pH environment [49], and could release
doxorubicin under a cancer cell environment (at pH 5.0). The doxorubicin release from
AuHNS-DOX under NIR irradiation of 125 mW/cm? power was evaluated (Figure 7C).
Doxorubicin release was boosted to 12 % after 4 h NIR irradiation, but the non-irradiated
group showed small amount of doxorubicin release in a non-triggered manner. Therefore,
doxorubicin release from AuHNS can be controlled by NIR laser-triggering and pH
change. Next, to verify the therapeutic effect of doxorubicin loaded AuHNS against
cancer cells, A549 cells were incubated with three kinds of AuHNS based particles
(AUHNS, AUHNS-EGFR, and AuHNS-EGFR-DOX) at 37°C for 48 h (Figure 7D).
AUHNS-EGFR treated A549 cells showed slightly decreased cell viability in comparison
with AuHNS treated cells, but the cell viability was over 80 %. AuHNS-EGFR-DOX
induced a significant decrease in cell viability to less than 40 % after A549 cells were
treated for 48 h. These results suggest that AUHNS-EGFR-DOX can kill the specific

cancer cells by effective drug delivery with specific targeting.
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Figure 7. Drug releasing abilities of AuHNS-EGFR-DOX. C. Induced release of
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6. Mechanism of drug delivery system |I: receptor-mediated

endocytosis

Therapeutic efficacies of the PEGylated AuHNS to lung cancer were compared by two
targeting methods through maximizing the ability of targeting to cancer cells, drug release
and thermotherapy by NIR irradiation (Figure 9). First, we focused on receptor-mediated
endocytosis after targeting AUHNS-EGFR-DOX to A549 cells. Various kinds of NPs
have been reported to be able to enter cells by endocytosis pathways, which may be
mediated by clathrin, caveolae, macropinocytosis, or phagocytosis [24, 50-52]. Based on
this endocytosis property, doxorubicin-loaded NPs have been commonly applied for drug
delivery [19, 24, 28, 35, 53]. Figure 9A shows the scheme for doxorubicin delivery by
receptor-mediated endocytosis in A549 cells. After A549 cells were treated with AUHNS-
EGFR-DOX for 2 h at room temperature, AUHNS-EGFR-DOX bound A549 cells were
incubated for 4 h at 37 "C to induce receptor-mediated endocytosis. To observe the NIR
irradiation effects, one group of A549 cells was exposed to 800 nm irradiation (2 mm
diameter) for 10 s with 125 mW/cm? and incubated for 12 h. Another group was treated
by the same method except NIR laser exposure. The results of the MTT assay are shown
in Figure 9B. The cell viability of the NIR irradiation group (blue bars) was generally

lower than the group without NIR irradiation (gray bars). When AuHNS-DOX and
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AUHNS-EGFR-DOX are compared, AUHNS-EGFR-DOX is more effective to kill cancer
cells. From the results, we conclude that receptor-mediated endocytosis to kill cancer
cells is more effective than non-specific cellular uptake [53]. NIR laser exposure with
AUHNS-EGFR-DOX significantly reduced cell viability to less than 50%. In the case of
free doxorubicin, similar reduction of cancer cells (approximately 55 %) occurred at the

concentration of 0.5 pg/mL.
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Figure 9. Cell survival from different assays using AUHNS complexes: Receptor-
mediated endocytosis. A. The drug delivery scheme for cellular uptake by receptor-
mediated endocytosis. A549 cells were exposed to AUHNS-EGFR-DOX, and incubated
in 5% CO, at 37 °C to induce uptake of AUHNS-EGFR-DOX. At that time, NIR laser
was used to trigger drug release in the intracellular area. B. Cell viability of the assay
from the scheme A. Gray bars indicate that the laser was not used, and blue bars indicate

that the laser was used. Each bar represents the mean + SEM (n =4). *: p < 0.05, **: p

<0.01, ***: p < 0.001, and #: p < 0.0001.
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7. Mechanism of drug delivery system 1l: targeted and

accumulated AUHNS-EGFR-DOX on the cell membrane

We also varied the time at which NIR irradiation was applied. A549 cells were treated
with AUHNS complexes for 2 h at room temperature, and then they were exposed to NIR
irradiation at 800 nm. In these cases, a large amount of AUHNS complexes was located
on the surface of the A549 cells by targeting EGFRs which are located to the cell surfaces
(Figure 10A). In order to compare these results with those obtained using the first method
(3.3.6), the total AUHNS complex treatment time was set equal; thus, A549 cells were
incubated for 16 h at 37 °C after irradiation. In addition, these groups were divided into
two, with NIR irradiation and without NIR irradiation. These results are shown in Figure
10B. Generally the cell viability of a group treated with the NIR laser (blue bars) was
lower than that of the group without NIR irradiation (grey bars). With the AUHNS-EGFR,
targeting to A549 cells showed more significant killing effects on the cancer cells after
NIR irradiation when compared without NIR irradiation. The thermal therapeutic effects
through NIR irradiation were dramatically increased with targeted and accumulated
AUHNS-EGFR at the cell surfaces. In addition, the cell viabilities after AUHNS-DOX and
AUHNS-EGFR-DOX treatment were lower than those of the figure 9 groups (AuHNS-

DOX and AuHNS-EGFR-DOX). Significantly enhanced anticancer effects were observed
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in the AUHNS-EGFR-DOX group, which showed the cell viability of approximately
35 %. AUHNS-EGFR-DOX showed a dramatic ability to Kkill lung cancer cells and was
more effective than AUHNS-DOX and free doxorubicin. The similar cell viabilities were
observed under different irradiation conditions (125 mW/cm?, 25 s, diameter 7 mm), as
shown in the Figure 11. Therefore, by targeting EGFR on the surface of A549 cells,
chemo-thermo therapeutic effects of accumulated NPs with exposure of laser were
optimized for lung cancer treatment with AUHNS-EGFR-DOX complex.

Previous reports on the drug delivery carriers were focused on endocytosis to overcome
hydrophobicity [54] and multi-drug resistance cells (MDR) [24]. Recently, generating a
high drug concentration on the cell membrane was reported [7]. The cytotoxicities of
targeted AUHNS-EGFR-DOX are related to the accumulations of AUHNS-EGFR-DOX
on the cell membranes. In addition, the drug delivery system that enables the drug to
reach tumor cells is very important for effective chemotherapy [55].

The live and dead cell images after NIR irradiations on AUHNS complex targeted A549
cells (2 h) are shown in Figure 12. Although free doxorubicin treatment did not show cell
death after irradiation of NIR laser (Figure 12-f, I, and r), AUHNS-DOX-EGFR (Figure
12-e, k, and q) targeted A549 cells showed cell deaths right after exposure of NIR laser.

Taken together, these results show that the accumulation of doxorubicin on the cancer
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cell membrane is an effective therapeutic strategy for diffusion of the drug within the
cells.

For a better understanding of the laser-induced photothermal effects using the two
different drug delivery systems, CLSM images to observe live and dead cells were
compared before and after NIR irradiations (125 mW/cm? 10 s, 2 mm diameter) in
AUHNS-EGFR-DOX treated cells (Figure 13). In two drug delivery cases, cell death
started by inducing endocytosis for 4 h (total time: 6 h) (Figure 13B-a, ¢, €) or by
targeting for 2 h without laser irradiation (Figure 13C-a, ¢, €). When exposed to laser
irradiation after AUHNS-EGFR-DOX treatment, the cell death was immediately increased

more than before (Figure 13B, C-b, d, f).
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Figure 10. Cell survival from different assays using AuHNS complexes:
Accumulated AuHNSs on cancer cell membranes. A. The drug delivery scheme for
targeting cell membrane. A549 cells were treated with AuHNS-EGFR-DOX for 2 h at
room temperature. An NIR laser was used to trigger drug release from the accumulated
AuHNS complexes on the cell surfaces. B. Cell viability of the assay from the scheme A.
Gray bars indicate that the laser was not used, and blue bars indicate that the laser was
used. Each bar represents the mean £ SEM (n = 4). *: p < 0.05, **: p < 0.01, ***: p <

0.001, and #: p < 0.0001.

51 -



100

[ |lLaser Off
B Laser On

> 80 - *x

=R B

O 60 -

8 o

> qu-? 40

O <

O S’

20-

Endocytosié Targeting
Figure 11. Viability of A549 cells treated with AuHNS-EGFR-DOX with/without
laser irradiation (125 mW/cm?, 25 s, 7 mm diameter). Left group were AuHNS-
EGFR-DOX to induced receptor mediated endocytosis, whereas the right group was
targeted with AuHNS-EGFR-DOX to the cell membrane by binding for 2 h. The grey
bars indicate AuHNS-EGFR-DOX without NIR irradiation, and the blue bars indicate
AuHNS-EGFR-DOX with NIR irradiation. Each bar represents the mean + SEM (n = 4).

**p < 0.01 compared with the control cells.
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Figure 12. CLSM images of stained A549 cells after 125 mW/cm’ irradiation for 10 s (2 mm diameter area) to the targeted
AuHNS complex. (a-f) Images of live cells with green fluorescence. (g-1) Images of dead cells with red fluorescence. (m-r) Merged
images. (a, g, m) Control A549 cells; (b, h, n) AuHNS; (c, i, 0) AuUHNS-EGFR; (d, j, p) AuHNS-DOX; (e, k, q) AuHNS-EGFR-DOX;

and (f, 1, r) doxorubicin only.
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Laser irradiation

Figure 13. CLSM images of live and dead AS549 cells following treatment with
AuHNS-EGFR-DOX in the presence or absence of laser irradiation (125 mW/cm’,
10 s, 2 mm diameter). A. Control cells without AUHNS-EGFR-DOX. The left line of
each group contains cells that did not undergo laser irradiation (a, ¢, €), whereas the right
line of each group was exposed to laser irradiation (b, d, f). Green fluorescence indicates
live cells (a, b; all groups). Red fluorescence indicates dead cells (c, d; all groups).

Merged images (e, f; all groups).
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Laser irradiation

Figure 13. CLSM images of live and dead AS549 cells following treatment with
AuHNS-EGFR-DOX in the presence or absence of laser irradiation (125 mW/cm’,
10 s, 2 mm diameter). B. Cells treated with AUHNS-EGFR-DOX to induce receptor-
mediated endocytosis (2 h targeting; 4 h incubation in 5 % CO, at 37 °C). The left line of
each group contains cells that did not undergo laser irradiation (a, c, €), whereas the right
line of each group was exposed to laser irradiation (b, d, f). Green fluorescence indicates
live cells (a, b; all groups). Red fluorescence indicates dead cells (c, d; all groups).

Merged images (e, f; all groups).
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Figure 13. CLSM images of live and dead AS549 cells following treatment with
AuHNS-EGFR-DOX in the presence or absence of laser irradiation (125 mW/cm’,
10 s, 2 mm diameter). C. Cells undergoing membrane targeting of AuHNS-EGFR-DOX
(2 h). The left line of each group contains cells that did not undergo laser irradiation (a,
¢, e), whereas the right line of each group was exposed to laser irradiation (b, d, f). Green
fluorescence indicates live cells (a, b; all groups). Red fluorescence indicates dead cells (c,

d; all groups). Merged images (e, f; all groups).
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8. Verifications of cellular uptake and targeting of AuHNS-

EGFR-DOX

To confirm the cellular uptake and targeting of the AUHNS complex in A549 cell,
sectional TEM of AUHNS-EGFR-DOX-treated A549 cells was observed, as shown in
Figure 14. Before AuUHNS treatment, A549 cells showed clear cellular organelles, as
shown in Figure 14A-a. To evaluate the effects of EGFR and doxorubicin on the drug
delivery systems, PEGylated AUHNS and AuHNS-EGFR-DOX were administered as a
control. AUHNS NPs were observed inside the cytoplasm from incubated cells for 4 h at
37 °C after targeting for 2 h (Figure 14A-b). Figure 14A-c is the result without 4 h
incubation after targeting; there was rarely uptake of NPs into the cells. Therefore, 4 h
incubation is enough to induce endocytosis into cells and 2 h targeting is appropriate to
avoid non-specific binding. Figure 14B shows a large amount of AUHNS-EGFR-DOX
inside of the A549 cell caused by receptor mediated endocytosis. In addition, destruction
of cellular organelles such as mitochondria was observed in the A549 cell, which was
induced by receptor-mediated endocytosis of AUHNS-EGFR-DOX (blue arrows in Figure
14B-c). TEM images of AUHNS-EGFR-DOX-treated A549 cell for targeting are shown
in Figure 14C. There were several targeted NPs on the cell surfaces, but no AuHNS-

EGFR-DOX uptake (red arrows in Figure 14C-a and b). In this group, destruction of
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mitochondria with swelling and cristae breakage was observed by released DOX into the
cell (Figure 14C-c). These results show that targeted drug carriers on cell membranes

could make damages to cancer cells without internalization of the carriers.
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Figure 14. TEM images of A549 cells treated with AuHNS complexes. A. Control
images of A549 cells and the PEGylated AuHNS treated group. (a) Control image of an
A549 cell only. (b) An A549 cell with PEGylated AuHNSs which were targeted for 2 h

and incubated for 4 h in 5 % CO, at 37 °C. (c) A549 cells treated with PEGylated

AuHNSSs for 2 h.
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Figure 14. TEM images of A549 cells treated with AUHNS complexes. B. Cells treated
AUHNS-EGFR-DOX with same protocol of A(b) to induce receptor mediated
endocytosis. (b) The area of the red square was enlarged to confirm the endocytosis of
AUHNS-EGFR-DOX. (c) An enlarged image of the blue square to observe changes in cell
organelles (Blue arrow, mitochondria morphology with swelling and cristae breakage). C.
Cells treated with AUHNS-EGFR-DOX for 2 h. (b) The red square area was enlarged to
confirm the targeted AUHNS-EGFR-DOX at the cell surfaces. (c) An enlarged image of
the blue square to observe the changes in cell organelles (Red arrows, AUHNS-EGFR-
DOX at the A549 cell membrane, Blue arrows; mitochondria morphology with swelling

and cristae breakage).
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Conclusion

In this study, EGFR antibody-conjugated and doxorubicin-loaded AUHNS (AuHNS-
EGFR-DOX) was prepared for cancer cell-targeting and drug delivery. These
monodisperse nanocarriers showed multifunctional: targeting specific cancer cells and
inducing anticancer effects upon NIR irradiation. Especially, the hollow interior and
strong photothermal activity of these nanocarriers permitted a significant increase in
doxorubicin loading as well as controlled and selective release when stimulated with NIR
light.

In addition, two different drug delivery systems, induced endocytosis and drug
accumulation on the cell surface, were examined to optimize the cytotoxic effects of
AUHNS-EGFR-DOX. Targeted accumulation of AuHNS-EGFR-DOX on the cell
membrane was more effective than receptor-mediated endocytosis and free doxorubicin.
Our data revealed that NIR-induced drug release of targeted nanocarrier AUHNS-EGFR-
DOX on cell surfaces was optimal with synergetic effects for treating lung cancer. Thus,
AUHNS-derived nanocarriers are a promising drug-delivery system for the treatment of

lung cancer and other diseases that require specific drug targeting.
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