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Abstract Gold nanoshells functionalized with a small
peptide as a targeting agent were designed and synthesized
for photothermal therapy of hepatocarcinoma. The nano-
shells exhibited high absorption in the near-infrared
(NIR) range, 800-1,100 nm, and were functionalized with
12-amino acid sequence peptides for targeting liver cancer
cells. The nanoshells were characterized by Dynamic Light
Scattering (DLS), Transmission Electron Microscope
(TEM) and IR spectra. The functionalized gold nanoshells
showed good targeting ability to liver cancer cells BEL-
7404 and BEL-7402 while not to the normal healthy liver
cell HL-7702, and also had a low cytotoxic activity. The
fluorescence images showed that the gold nanoshells
caused death to the liver cancer cells efficiently after being
treated with a NIR light in vitro. These simple, stable, low
cytotoxic, cancer-cell targeting gold nanoshells present a
great promise as delivery agents for the selective photo-
thermal treatment of liver cancer cells.
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1 Introduction

Hepatocarcinoma is one of the most common malignancies
with a high mortality rate in the world [1]. For years,
patients with the liver cancer have been treated by a
number of therapeutic methods such as chemotherapy,
radiation, Gene therapy, and liver transplantation as well as
surgery. The therapeutic treatments have significant side
effects [2, 3] because of the low selectivity of the thera-
peutic agents and gene therapy vectors to hepatocarcinoma
at the cell level. And the surgical operation is costly, typ-
ically requires a long recovery time, and often has com-
plications. On the other hand, thermal ablation therapies
are minimal invasive alternatives to the mentioned treat-
ments; they are relatively simple to perform and have the
potential of improving recovery time, reducing complica-
tion rates and hospital stays. Recently, a laser-induced
photothermal therapy has attracted much attention [4, 5] as
a promising thermal treatment of cancers based on some
metal nanoparticles, such as gold nanorod and nanoshells.
This treatment utilizes metal nanoparticles as delivery
agents of thermal energy since these nanoparticles have
high optical absorption in the near-infrared (NIR) range
(700-1,100 nm). Bhatia [6] has described an integrated
approach to improve the photothermal therapy of long-
circulating gold nanorod antennas with the guide of theo-
retical computation. Pioneered by Halas [7, 8] and the
others, gold nanoshells have been successfully used as the
delivery agents for photothermal therapy of some cancers.

Gold nanoshells, a new type of nanomaterials, are
composed of a dielectric core (e.g., silica) coated by a
nanometer-thick gold shell. The metallic nanoshells exhibit
strong absorption to light by the excitation of plasmon
resonance in the thin metallic films. Their absorption
characteristics can be tailored by varying the ratio of core
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diameter to metal shell thickness [9]. Their absorption
property in the near infrared (NIR) region between 700 and
1,100 nm is particularly important for application in
photothermal treatment because biological chromophores
or water molecules do not absorb significantly within this
spectral region. Thus, the NIR photons can penetrate deep
into biological samples such as tissue or whole blood [10]
and then to be absorbed in the localized regions where the
metallic nanoshells are present. The absorbed light energy
by the gold nanoshells is released as heat and transferred to
the surrounding biological tissues. Gold nanoshells have
been shown to be non-toxic and highly biocompatible [11]
and the shell surface can readily be modified chemically for
applications in the field of bioconjugation. The nanoshells
have been shown to passively accumulate in tumors after
intravenous injections [12], but this is mostly due to the
leaky vasculature characteristic of tumors vessels [13]. For
the therapy to be effective, the nanoshell surface needs to
be functionalized with a targeting agent specific to the
cancer cells. By functionalizing with target specific anti-
bodies, gold nanoshells were shown to enhance the visu-
alization of the targeted imaging of HER2-positive breast
cancer cells [14] as well as to confirm the capability of
targeted photothermal ablation of tumor cells [15]. The
potential of surface-modified gold nanoshells have been
demonstrated for cancer-targeted imaging [16] and therapy
[17]. But, the photothermal treatment of hepatocarcinoma
using gold nanoshells functionalized with a targeting agent
to liver cancer cells has not been demonstrated.

Many attempts have been tried to develop targeting
drugs or imaging agents for cancers such as hepatocarci-
nomas through the identification of a specific targeting unit,
such as antibodies [14], folic acid [18] and galactose [19].
However, the immunogenicity of these targeting units to
human body and the penetration to tumor tissues are dif-
ficult to determine, thus still wait to be fully solved.
Because of their low immunogenicity and high biocom-
patibility as well as strong penetration into tissues, peptides
with short amino acid sequences based on the phage dis-
play technology [20] have attracted much attention in the
targeting therapeutic field. Recently, through a cell-based
ELISA, immunofluorescence and in vivo binding study,
Qian et al. [21] demonstrated that a short peptide with the
sequence of AGKGTPSLETTP (A54) was most effective
in targeting four kinds of human liver cancer cell lines
(BEL-7404, BEL-7402, SMMC-7721, and HepG2), and
was ineffective to the normal liver cell line HL-7702.
These findings suggest a promising application of the A54
peptide in targeting treatment of liver cancer.

In this paper, we report the synthesis of uniform-sized
gold nanoshells with surface functionalized by the A54
peptide via cysteine linkers. These A54 functionalized nano-
shells (A54-nanoshells) were characterized by UV-vis, IR,
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DLS, and TEM. The effectiveness and selectivity of
the targeting property of these AS54-nanoshells towards
BEL-7404 and BEL-7402 liver cancer cells were deter-
mined from in vitro photothermal treatment. The increased
efficiency obtained in this study clearly demonstrates the
potential of the photothermal therapeutic method that uti-
lizes the AS54-peptide functionalized gold nanoshells for
effective treatment of hepatocarcinoma. To the best of our
knowledge, this is the first report on a targeting gold
nanoshell to liver cancer cells with a small peptide as a
targeting group.

2 Materials and methods
2.1 Materials

Most of the chemical reagents were purchased from Sigma-—
Aldrich and used as received. They are: 3-aminopropyl
triethoxysilane (APTES, 99%), tetracthyl orthosilicate
(TEOS, 99.999%), tetrakis (hydroxymethyl) phosphonium
chloride (THPC, 80%), ammonium hydroxide (NH4OH,
25%), formaldehyde (HCHO, 37%), hydrogen tetrachloro-
aurate (IIT) hydrate (HAuCly, 99.99%), potassium carbonate
(K,CO3, =>99.0%), absolute ethanol (EtOH, 99.5%),
sodium hydroxide (NaOH, AR), thiazolyl blue formazan
(MTT, powder), propidium iodide (PI, >95%), and acridine
orange (AO, dye content 90%).

The human hepatocellular carcinoma cell line BEL-
7404, BEL-7402 and normal liver cell line HL-7702 were
purchased from the cell bank of Shanghai Institute for
Biological Science (Shanghai, China); Calcium chloride
(CaCl,, AR) was obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China); RPMI 1640 culture
medium was purchased from GIBCO (Grandisland, NY,
USA); Ttrypsin (1:250) powder was bought from Invitro-
gen (USA). Streptomycin/ampicillin solution and fetal
bovine serum (FBS) were purchased from Every Green
Organism Engineering Materials Co., Ltd. (USA). CAG-
KGTPSLETTP peptide (C-A54) was synthesized by HD
Biosciences Ltd. (Shanghai, China). Deionized (DI) water
was used at every stage of reaction and washing. The
aqueous solutions of K,CO; and NaOH were filtered
through a filter membrane of 0.2 um pore size (PN4612,
PALL Corporation, USA) before using. All the glass ves-
sels were dipped in aqua regia overnight and washed with
DI water before using.

The zeta-potential and size distributions of all particles
were measured by a dynamic light scattering (DLS)
potentiometer (Zetasizer Nano ZS, Malvern, UK). The
value of the size distribution was given as the Polydistri-
bution Index (PdI) at pH = 6.5. The elemental composition
of the material was analyzed by an energy-dispersive X-ray
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analysis spectrometer (Oxford-IMCA). The FTIR data
were collected on a Nicolet NEXUS 670 spectrometer with
the samples in KBr. The Raman data were investigated by
a Nicolet MAGNA 560 E.S.P. spectrometer equipped with
a Raman module, and samples were dispersed in water and
subjected to 100 scans at a spectral resolution of 4 cm ™.
The plasmon absorption peak was recorded by UV-vis
spectroscopy (YaYan 1900PC). The total amounts of the
gold nanoshells absorbed or uptake by the cells were col-
lected by the Inductive Coupled Plasma (ICP) Emission
Spectrometer (Varian 710ES, USA).

2.2 Preparation of gold nanoshells

Generally, the gold nanoshells were synthesized based on
the modified of Halas [22]. Initially, silica spheres were
made through the base-catalyzed hydrolysis of TEOS by
the Stober’s method [23]. A 3.0 ml volume of ammonium
solution (25%) was used as a catalyst in the formation of
the colloidal silica particles. Then, 0.2 ml of TEOS solu-
tion was added to 50 ml of ethanol solution and stirred
overnight. The mixture was then centrifuged and the sep-
arated solid was redispersed in 10 ml of EtOH.

An excess of APTES (300 pl) was added to the solution
(10 ml) of silica core particles with vigorous stirring for
2 h. To enhance the covalent bonding of the APTES groups
to the silica surface, the solution was diluted to 100 ml and
gently stirred at 70°C for 1 h. After several centrifugations,
the APTES-Si0O, was redispersed in 10 ml of EtOH.

To prepare gold colloids (GC) of 1-3 nm size, 1.5 ml of
0.2 M NaOH and 1.0 ml of 0.96% THPC were mixed with
45 ml of DI water, and 2.0 ml of 25 mM HAuCl, was
added quickly to the mixed solution [24]. The colloid
solution was filtered after 0.5-2 h. The filtered solution was
stored in a refrigerator maintained at 4°C for 5-30 days
and then concentrated using a rotary evaporator.

For the fabrication of the seed particles (gold attached to
the silica core particles), 3.0 ml of APTES-SiO, was added
to the concentrated gold colloids (20 ml) and mixed thor-
oughly. The resulting seed particles were washed by cen-
trifugation and redispersed in an ultrasonic bath in 10 ml of
water for the next step.

The growth of the gold nanoshell layer on the seed
particles was conducted by subsequent deposition and
reduction of Au>" by formaldehyde. To do so, a solution of
25 mg of anhydrous potassium carbonate was added to
100 ml of DI water containing 1.5 ml of 25 mM HAuCl,
solution. This solution is called PCG in short. The PCG
solution was stocked at 4°C in dark for one day. Then
40 ml of PCG were rapidly stirred with 1 ml of the seed
solution followed by the addition of the diluted aqueous
formaldehyde solution (2%, 2 ml) to form the gold nano-
shells. After stirring for 30 min, the mixture was then

centrifuged and the separated solid was redispersed in DI
water. This purifying procedure was repeated for three
times. The final separated solid was redispersed in 1.5 ml
of DI water to obtain a final nanoshell concentration of
3.0 x 10" particles/ml.

2.3 Preparation of the Cys-conjugated A54-
functionalized gold nanoshells (A54-nanoshells)

The Cys-conjugated A54 peptide (5 mg/ml) was added to
the nanosehlls (3.0 x 10° nanoshells/ml, absorption = 1.2
at 800 nm at 1 cm path length) to obtain a final A54
concentration of 500 pg/ml. The suspension was reacted at
4°C overnight and the non-reacted peptide was removed by
centrifugation at 1,500 rpm for several times. Then, the
resulting particles (A54-nanoshells) were redispersed in
1.5 ml of RPMI 1640 medium without fetal bovine serum
(FBS) and antibiotics to obtain a final nanoshell concen-
tration of 3.0 x 10'" particles/ml (absorption = 3.8 at
800 nm at a 1 cm path length).

2.4 Thermogravimetric analysis

The thermal gravimetric analysis was determined on the
TGA/SDTA 851 Mettler-Toledo Instrument under a stream
of nitrogen, at a heating rate of 3°C/min. The number of
A54 on the surface of the gold nanoshell was determined
by thermogravimetric analysis and calculated by:

(PM — PN) X MM

Np =
WXNN

(1)
where Np, NN, Pum, P, My are the molecular number of the
Cys-conjuagted A54 peptide per nanoshell, the number of
the AS54-nanoshells, the weight loss ratio of the A54-
nanoshells, the weight loss ratio of the nanoshells free from
A54 and the mass of the A54-nanoshells, respectively, and
W is the molecular weight of the Cys-conjugated A54
peptide. Both the gold nanoshells and the A54-nanoshells
were investigated by TGA.

2.5 Cell culture

BEL-7404, BEL7402 and the normal liver cell HL-7702
were cultured in RPMI 1640/10% FBS at 37°C in a
humidified atmosphere containing 5% CO,, and plated into
96-well or 12-well plates the day before use.

2.6 MTT assay

For cell viability test, optical density was determined at
570 nm using an automatic BIO-TEK reader (Powerwave
XS, USA). Shortly, the cells were all digested with 0.1%
trypsin, resuspended in serum containing medium RPMI
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1640. Then the cells were plated (1 x 10* cells per well) in
a 96-well microtiter plate (Corning, USA) and grown in
100 pl of RPMI 1640 culture medium with 10% FBS and
1% antibiotics. Following overnight incubation at 37°C in
5% CO, humidified atmosphere, the cells were treated
with gold nanoshells (3.0 x 10'°, 6.0 x 10°, 1.2 x 10°,
2.4 x 10% 4.8 x 107, 9.6 x 10% 1.9 x 10° 3.8 x 10°
particles/ml, respectively) for 48 h. At the end of incuba-
tion, the culture medium was replaced by 100 pl of MTT
solution (0.5 mg/ml). After 4 h incubation at 37°C, 100 ul
of dimethyl sulfoxide (DMSO) was added to each well to
replace the culture medium and dissolve the insoluble
formazan-containing crystals. Optical density was deter-
mined using an automatic reader. Cell viability was cal-
culated in reference to cells incubated with culture medium
alone. The experiment was repeated three times.

2.7 FACS experiment

For analysis of cell proliferation, about 10° Cells were
incubated with the A54-nanoshells (3.0 x 10'° particles/
ml) for 48 h. The cell group without the A54-nanoshells
was also used as a control group. Cells were digested with
0.1% trypsin and washed with PBS (pH = 7.4) twice by
centrifugation for 3 min at 1,000 rpm. The cells were
continuatively fixed by 70% ethanol solution (2 ml) for
12 h at 4°C. After washing with PBS by centrifugation, the
cells were resuspended in 0.5 ml of PBS. Then, 0.5 ml of
RNaseA deactivated in high temperature was added and the
final concentration was 500 pg/ml. Subsequently, the above
cell solution were stained with 1 ml of PI (100 pg/ml) and
stood in dark for 15 min. Samples of coelomocytes were
analyzed with a FACScalibur flow cytometer. 10,000
threshold events per worm sample were collected for cell
composition or cell cycle, respectively. The results of the
analysis were based on their FL2 fluorescence (emission at
585 nm, excitation at 488 nm) using Cellquest 7.0 software.

2.8 Fluorescence images

The free gold nanoshells or the AS54-nanoshells were
diluted with RPMI 1640 medium (free of FBS and anti-
biotics to eliminate the nonspecific interaction with the
nanoshells) to get a final concentration of 3.0 x 10'° par-
ticles/ml. BEL-7404, BEL-7402 and HL-7702 cells were
grown on cover-slips in a 12-well chamber culture plate
with 3.0 x 10°, 4.5 x 10° and 6.0 x 10° cells per well in
3.0 ml of RPMI 1640, respectively, containing 10% of FBS
and 1% of antibiotics. After overnight incubation at 37°C
in 5% CO, humidified atmosphere, the culture medium was
replaced by 3.0 ml of the gold nanoshell or the A54-
nanoshell solution (3.0 x 10'° particles/ml, free of FBS
and antibiotics to eliminate the nonspecific interaction with

@ Springer

the nanoshells) and the cultural process continued for 1 h.
Following removing the medium and washing with PBS to
remove the unbound nanoparticles, the cells were exposed
to an NIR irradiation for 7 min and continued to incubate
with RPMI 1640 medium (containing FBS and antibiotics)
for 12 h. Then the irradiated cells were rinsed with PBS to
remove the dead cells. Finally, the staining procedures
were carried out and the stained cells were imaged under a
darkfield microscope sensitive to scattered light. Images
were taken with a Motic AE31 microscope equipped with a
cooled frame CCD camera with excitation and emission
wavelengths of 490 and 520 nm, respectively. All images
were taken at the same magnification under the same
lighting conditions.

2.9 TEM images
2.9.1 Nanoparticle samples prepared for TEM analysis

A drop of each solution was placed on Formavar +
C-coated Cu TEM grids and air-dried at 25°C. The average
size of the particles was also determined from the TEM
images. When the particles in the TEM photos did not
exhibit a clear boundary, a spherical boundary enclosing
the particle was drawn on screen and used to calculate the
size. The TEM images of the nanoparticles was obtained
with a Philips CM 120 transmission electron microscope,
working at a 60-kV accelerating voltage, and the high-
resolution TEM image was obtained on a JEOL-JEM2100F
transmission electron microscope, working at a 200-kV
accelerating voltage.

2.9.2 Cells samples prepared for TEM analysis

Cells incubated with gold nanoshells were washed with
phosphate buffered saline (PBS) three times, then the cells
were digested by using 0.1% trypsin and fixed with 2%
glutaraldehyde for 3 h. Then the cells were post-fixed in
1% osmium tetraoxide for 2 h, washed and dehydrated in
graded concentrations of ethanol (25, 50, 70, and 100%)
and propylene oxide. Then the cell samples were embedded
in Epon and thin sections. Thin sections of 50 um were
collected on copper grids and stained with a lead citrate.
The grids were observed using a JEM-2100 TEM (Hitachi
Corp., Japan).

3 Results and discussion

3.1 Fabrication of the nanoshells and A54-nanoshells

It has been demonstrated that macromolecules and small
particles in the 60—400 nm size range tend to extravasate



J Mater Sci: Mater Med (2010) 21:665-674

669

and accumulate in tumors via the “enhanced permeability
and retention” (EPR) effect [25-28]. Therefore, we aimed
at designing the diameter of our targeting gold nanoshells
to be between 150 and 200 nm. Based on the Mie theory
[25] on plasmon resonance of metal nanoparticles, and to
ensure that the maximum optical absorption of the nano-
shells was within the near infrared region, we chose silica
particles with a diameter of ~ 140 nm as the dielectric core
to construct gold nanoshells with gold shell thickness of
~20 nm.

Silica cores were grown using the modified Stober [23]
process which was based on the simple reduction of tet-
raethyl orthosilicate in ethanol. The resultant silica parti-
cles were examined under TEM and DLS. The particles
shown in Fig. la had a narrow size distribution with a
polydistribution index (PdI) of 0.01. The silica particles
were reacted with 3-aminopropyltriethoxysilane (APTES)
to introduce amine groups on the surface. Small gold col-
loids (1-3 nm) were then adsorbed to the silica surface.
The adsorbed gold colloids were used as nucleation sites
for the growth of additional gold that was reduced from the
solution. This process continued until a thin layer of gold in
nanometer scale was formed. The final gold nanoshell
concentration was about 3.0 x 10'! particles/ml. The gold
nanoshells were examined by TEM (Fig. 1b) and their
optical absorption profiles were characterized by UV-vis
spectroscopy (Fig. 2). DLS showed the PdI value of these
nanoshells was 0.012, indicating a good monodispersity.

To attach the targeting peptide A54 to the nanoshell
surface, cysteine (Cys), an amino acid with a mercapto
group (SH) was introduced at the T-end of A54 by solid
phase synthesis (C-A54). Subsequently, the Cys-conju-
gated A54 (5 mg/ml) was anchored to the nanoshells
(3.0 x 10° nanoshells/ml, absorption = 1.2 at 800 nm at
1 cm path length) to obtain a final A54 concentration

Fig. 1 TEM images of a silica particles with a diameter of
~ 140 nm; and b gold nanoshells capping the silica particles. The
shell thickness is ~20 nm
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Fig. 2 UV-vis spectra of the free gold nanoshells (3.0 x 10°
particles/ml, black line) and the AS54-nanoshells (3.0 x 10° parti-
cles/ml, red line) in deionized water. (Color figure online)

of 500 pg/ml. The suspension was reacted at 4°C overnight
and the non-reacted peptides were removed by centrifu-
gation. Then, the resulting particles (A54-nanoshells) were
redispersed in 1.5 ml of RPMI 1640 medium without FBS
and antibiotics to obtain a final nanoshell concentration of
3.0 x 10" particles/ml. The A54-nanoshell solution was
much more stable than the free gold nanoshell solution and
could be more easily redispersed in an ultrasonic bath. The
absorption spectrum of the A54-nanoshells was shown in
Fig. 2. The absorption intensity of the A54-nanoshells was
slightly stronger than that of the free gold nanoshells at the
same concentration in pure deionized water. In addition,
the zeta potential of the nanoshells was decreased from
—30to —40 mV (in deionized water, pH = 6.5) after being
coated with the Cys-conjugated A54, which demonstrated
that the A54-nanoshells were more stable than the free gold
nanoshells in water.

Figure 3 shows the FT-IR spectra of the gold nanoshells,
the A54-nanoshells and the Cys-conjugated A54. The weak
peak at 2,600 cm™' (KBr) was attributed to the bending
vibration of the mercapto group in the Cys-conjugated A54
which was much weaker than that was reported in the lit-
erature [22]. This is because that the SH groups are very
unstable and can be easily oxidized to form S-S bonds
between the two molecules containing SH groups [29].
However, both SH groups and S-S groups are readily to
form Au-S bonds with gold [30, 31]. The oxidation of
some SH groups seems to have no notable effect on the
binding of the Cys-conjugared A54 to the surface of the
gold nanoshells in our procedure. After the Cys-conjugated
AS54 was attached to the gold nanoshells, the weak peak of
the mercapto groups disappeared completely. The obser-
vable C-H stretching bands at ca. 2,900 cm™' and N-H
bending bands at ca. 3,400 cm~' indicated that the
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Fig. 3 FT-IR spectra of a the gold nanoshells, b the Cys-conjugated A54 peptide, and ¢ the A54-nanoshells

Cys-conjugated A54 had been bound to the surface of the
gold nanoshells through the formation of Au—-S bonds.

The Raman spectra of the A54-nanoshells also indicated
that the A54 had been successfully bound to the surface of
the gold nanoshells (see the supporting information). The
three bands in the Raman spectrum of the free Cys-
conjugated peptide AS54 were, respectively, attributed
to W(C-S)=760cm™", v (C-C) = 1,120 cm™', and v
(C=0) = 1,700 cm™'. These bands were also observed in
the Raman spectrum of the A54-nanoshells. Similarly, no
typical S—H bands exhibited at ca. 2,600 cm™' in the
Raman spectrum of the Cys-conjugated A54 [22], and this
observation was consistent with the results of the FTIR
spectra as explained above. The binding of A54 to the gold
nanoshells was further confirmed by high-resolution TEM
images (see the supporting information), which the surface
of the functionalized particles became smoother after
binding with the peptide.

Thermogravimetric analysis (TGA) is widely used to
quantify the weight loss of some labile surface groups
[32, 33]. To quantify the number of A54 on the surface of
the gold nanoshells, both the gold nanoshells and the A54-
nanoshells were investigated by TGA. The weight loss of
the AS54-nanoshells was ca. 4.0% and that of the gold
nanoshells was ca. 1.37% within the temperature range

of 150-600°C (data not shown). According to the weight of
the gold nanoshell (which was calculated from the density
of the material and the radius of the nanoparticles), the
number of peptide on the surface of the gold nanoshell is
about 3 x 10° molecules per gold nanoshell by calculation.

3.2 In vitro photothermal study of the A54-nanoshells

The cytotoxicity of the AS54-nanoshells to inhibit cell
growth was firstly determined by evaluating the livability
of tumor cells (BEL-7404 and BEL-7402) using a MTT
test, which is based on colorimetric determination of MTT
being converted to formazan by viable cells. At any given
concentration of the AS54-nanoshells, both BEL-7404 and
BEL-7402 presented a high cell viability (almost 100%,
P < 0.05, n = 6), which suggested that the A54-nanoshells
have a high biocompatibility and a low cytotoxicity.
Another method of determining the cytotoxicity of the
nanoshells is to use flow cytometry (FCM), a routine
technique now [34]. BEL-7402 cells were incubated with
the A54-nanoshells (3.0 x 10'° particles/ml) for 24 h. The
cell group without the A54-nanoshells was also used as a
control group. For analysis of cell proliferation, samples
were stained with propidium iodide (PI) according to [21]
after centrifugation for 3 min at 1,000 rpm at 4°C. Figure 4

Fig. 4 Analyses of flow g_ a 21pb
cytometry based on the FL2 ] 7] E E:E 61
fluorescence (emission at - 'f‘
585 nm, excitation at 488 nm) § ] §T I o i
using Cellquest 7.0 software. ] i A
Cells were stained with o= o 2]
propidium iodide (PI). a BEL- 299 2« !
7402 cells were incubated with % § \
the A54-nanoshells (3.0 x 10" = 8- = 2]
particles/ml) for 24 h; b BEL- )
7402 cells were incubated o ] \
without the A54-nanoshells @
for 24 h

& 1 . . i i TR , ] :
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Channels (FL2-A)
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is the results of the analysis on the basis of their FL2
fluorescence (emission at 585 nm, excitation at 488 nm)
using Cellquest 7.0 software. The diploid of the treated
group in the G1, G2 and S phase of the cell cycle were
48.19, 12.86 and 38.95%, respectively. Similarly, the dip-
loid of the controlled group were 50.66, 15.11 and 34.23%.
The G1/G2 value of the treated group and the controlled
group were 1.92 and 1.91, which indicated that the cells
both in the treated and in the control groups grew normally.
At the same time, no peak of cell apoptosis was observed
before the G1 phase both in the treated and in the con-
trolled groups. These results indicated that the A54-nano-
shells had no effect on the diploid (or DNA) in the cell
growth and had a high biocompatibility with the cells. The
similar analytical results were obtained when treating BEL-
7404 liver cancer cells with the A54-nanoshells (see the
supporting information).

The in vitro photothermal study of the AS54-nanoshells
targeting towards liver cells was conducted by fluorescence
microscopy [35-37]. Figure 5 shows the results of photo-
thermal study of the free nanoshells and the A54-nano-
shells. Their ability to target and cause the death of liver
cancer cells (BEL-7404) under a NIR light irradiation was
expressed in the fluorescence images. Dead cells were
removed through washing after NIR irradiation and further
incubation. Cells survived usually showed bright green
fluorescence. In Fig. 5, the top three samples were not
exposed to NIR light while the bottom samples were under
a NIR light irradiation for 7 min. The samples in the left
column were incubated without any nanoshells, no cell
mortality was found even after being exposed to a NIR
light, and so the fluorescence intensity of these two samples
did not change. The samples in the middle column were
incubated with the gold nanoshells, only a small fraction of
the cells were found dead. However, after the cells were
incubated with the AS54-nanoshells and exposed to a NIR

Fig. 5 Fluorescence images of
BEL-7404 liver cancer cells.
Cells were treated with the gold
nanoshells (middle column,

3.0 x 10" particles/ml), the
AS54-nanoshells (right column,
3.0 x 10' particles/ml) and
without any nanoshells (left
column). The bottom groups
were exposed to a NIR laser
for 7 min and the top groups
(control groups) were not.

Cell viability was assessed via
acridine orange staining

NIR treatment no NIR treatment

Ne nanoshells

light, significant cell death occurred, and almost no fluo-
rescence was observed (bottom row, right column). Also
from these fluorescence images, an increased scatter-based
optical contrast was observed from the cells treated with
both the gold nanoshells (top row, middle column) and the
AS54-nanoshells (top row, right column), as compared to the
control sample (top row, left column). This can be
explained by the non-specific interaction between the
nanoshells with the cells and the specific interaction (tar-
get-based binding) between the cells and the AS54-nano-
shells. This effect was also observed by other researchers
[14]. The death of these cells was a result of increased
temperature caused by the nanoshells that were bound to
the cell surfaces or uptake by the cell after being exposed
to a NIR light. All these results suggested that A54-nano-
shells had a high targeting (binding) ability to the liver
cancer cells because of the attached small peptide A54,
which could significantly increase the efficiency of
photothermal treatment. The similar observations were
obtained when BEL-7402 liver cancer cells were tested
under the same conditions (see the supporting information).

To further illustrate the targeting property of the
AS54-nanoshells to the hepatocarcinoma cells (BEL-7404
and BEL-7402) while not to the normal healthy liver cells
(HL-7702), the three cell lines were, respectively, incu-
bated with the AS54-nanoshells on coverslips and later
exposed to the NIR laser for 7 min under the same con-
ditions. The control groups without the AS54-nanoshells
were also treated with the NIR laser. Figure 6 shows the
fluorescence images of these cells after being exposed to a
NIR irradiation. Compared to the normal liver cells
HL-7702, cancer cells BEL-7404 and BEL-7402 exhibited
a significant cell death after being treated with the NIR
laser (bottom row, left and middle column). However,
HL-7702 did not show any visible cell death from the
fluorescence image even after being incubated with the

Nanoshells AS4-nanoshells
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Fig. 6 Fluorescence images of
the liver cancer cells BEL-7404
(left column), BEL-7402
(middle column) and the normal
healthy liver cells HL-7702
(right column) incubated with
(bottom row) and without (top
row) the A54-nanoshells

(3.0 x 10' particles/ml) after
being treated with a NIR light
for 7 min. Cell viability was
assessed via acridine orange
staining

BEL-7404

A54-nanoshells No Ab54-nanoshells

AS54-nanoshells and subsequently exposed to the NIR laser
(bottom row, right column). For the control groups (top
row), neither the cancer cells nor the normal cells expres-
sed an observable cell death (no obvious fluorescence
intensity change). These observations further confirmed
that the A54-nanoshells possessed a good targeting ability
to both BEL-7404 and -7402 liver cancer cells in our study.
This targeting property can significantly increase the effi-
ciency of the photothermal destruction of the cancer cells.
This result also implied that the A54 peptide remained its
targeting activity after being modified and bound to the
surface of the gold nanoshells.

To further investigate how the cancer cells were
destroyed by photothermal treatment in the presence of the
AS54-nanoshells, the cancer cells were incubated with the
AS54-nanoshells for 1, 6, 12 and 24 h, respectively, and then
observed under a microscope and TEM. The cells that were
incubated for 24 h were also treated with a NIR light for 1,
3 and 5 min, respectively. After one-hour incubation with
the A54-nanoshells, the color of BEL-7402 and BEL-7404
cells were turned to black observable by naked eyes as well
as a microscope. This was due to the accumulation of the
AS54-nonoshells (black color) on the cells. Progressive
TEM images showed that a very small amount of the A54-
nanoshells on the cell (BEL-7402) surface was slowly
internalized with time, and the amount of the uptake
reached the maximum after 24 h within this time frame
(data not shown). At this point, the cytoplasm of BEL-7402
still showed numerous normal organelles including endo-
plasmic reticulum, mitochondria and lysosomes. Abundant
microvilli were seen on the surface and the nucleus was
observable in the lower-middle part (Fig. 7a). But when the
cells were treated with the NIR light for 1 min, most
organelles in the cytoplasm had changed their appearance
or disappeared (Fig. 7b). The cell volume also had shrunk
obviously, which might indicate the injury of the cell. But
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a few microvilli were still seen on the cell surface and the
nucleus contained a nucleolus was also observed. While
after treating the cells for additional 2 min (total of 3 min),
almost all the microvilli disappeared (Fig. 7c). When the
cells were treated with the light for 5 min total, some blebs
appeared in the cytoplasm of the cells, indicating severe
cell injury that was caused by the increased temperature
(Fig. 7d). At the same time the volume of the cell was
further decreased. Here, the TEM results indicated that the
cancer cells could be killed by photothermal treatment
which could lead to dramatic cell shape change and thus
the function. In an in vitro study done by Malini Olivo
et al. [38], cell viability was measured in photothermal
therapy, photodynamic therapy as well as combined
method of the two. They concluded that cell viability was
related to the dose of the light, the irradiation time and the
concentration of the nanoshells. Combining photodynamic
therapy with photothermal therapy led to further destruc-
tion of the cells, thus the increased cancer treatment
efficiency.

Other previous studies demonstrated that cancer cells
could be destroyed through DNA damage, glucose depri-
vation etc. [39, 40] when the temperature was increased to
43°C. In our study, only cell morphology was studied with a
NIR light exposure of up to 5 min. Although the actual
temperature could not be determined experimentally with
our current setup, dramatic change in cell morphology was
obvious and that was the cause from raising the temperature
in the cells with the nanoshells. DNA damage or other facts
contributing to the cell death could happen during this pro-
cess and our flow cytometry experiment (data not shown)
indicated that the cell apoptosis occurred after a NIR light
exposure for 3 min. ICP results further indicated that the
total amount of the A54-nanoshells attached on the surface of
the cells and internalized by the cells at different times were
very similar (between 25 and 28%). Although the amount
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Fig. 7 TEM images of the liver
cancer cells BEL-7404
incubated with the A54-
nanoshells for 24 h and treated
with a NIR light for different
time: a 0 min; b 1 min; ¢ 3 min;
d 5 min. Representative images
from two experiments were
shown

of the A54-nanoshells internalized by the cell increased with
time, it was relatively smaller than that on the cell surface and
hence the nanoshells on the cell surface would contribute
more of the thermal energy to destroy the cells.

4 Conclusions

Small peptides, A54, with liver cancer cell targeting ability
were covalently linked to the gold nanoshells through
amino acids, Cysteines. The A54-nanoshells were charac-
terized by FT-IR, Raman, UV-vis and TEM. DLS results
proved that the A54-nanoshells were more stable in water
or in the culture medium, RMPI 1640. TGA results showed
that about 3.0 x 10° peptides were attached to each gold
nanoshell. The low cytotoxic activity of the A54-nano-
shells was confirmed by MTT and FCM analyses. In vitro
study of the targeting properties of the A54-nanoshells
revealed that nanoshells functionalized with this small
peptide A54 can significantly increase the efficiency of
cancer cell death in the NIR photothermal treatment due to
the specific binding (targeting) between the A54-nanoshells
and the liver cancer cells, BEL-7404 and BEL-7402. In a
TEM study of the death of the cancer cell, after incubation
with the A54-nanoshells and irradiation with a NIR light,
dramatic cell morphology changes as irradiation time
increase was clearly demonstrated. Flow cytometry
revealed the cell apoptosis after the cancer cell was
exposed to a NIR light for a few minutes. Our results show
that the A54-nanoshells can be used as promising agents
for the selective treatment of liver cancers in the photo-
thermal ablation therapy. Current efforts on the study of the

immunogenicity and the use of the A54-nanoshells to treat
the hepatocarcinoma in vivo by photothermal therapy are
undergoing in our laboratories.
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