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10 The advancement of biocompatible nanoplatforms with dual functionalities of diagnosis and therapeutics
is strongly demanded in biomedicine in recent years. In this work, we report the synthesis and
characterization of polydopamine (pD)-coated gold nanostars (Au NSs) for computed tomography (CT)
imaging and enhanced photothermal therapy (PTT) of tumors. Au NSs were firstly formed via a seed-
mediated growth method and then stabilized with thiolated polyethyleneimine (PEI-SH), followed by
deposition of pD on their surface. The formed pD-coated Au NSs (Au-PEI@pD NSs) were well
characterized. We show that the Au-PEI@pD NSs are able to convert the absorbed near-infrared laser

a

light into heat, and have strong X-ray attenuation property. Due to the co-existence of Au NSs and the pD,
the light to heat conversion efficiency of the NSs can be significantly enhanced. These very interesting
properties allow their uses as a powerful theranostic nanoplatform for efficient CT imaging and enhanced
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phtotothermal therapy of cancer cells in vitro and the xenografted tumor model in vivo. With the easy

functionalization nature enabled by the coated pD shell, the developed pD-coated Au NSs may be

developed as a versatile nanoplatform for targeted CT imaging and PTT of different types of cancer.

nanocalges,32'34 Au nanoshells,> 3¢ anisotropic Au NPs,*” ! and
Au nanostars (NSs)*® are able to display LSPR in the NIR region.
Among them, Au NSs with the highly branched structure show
the higher photothermal transduction efficiency due to the easier
penetration of the electric field.® * #* In addition, Au NPs

Introduction

Recent advances in nanomedicine have prompted the
development of multifunctional theranostic nanoplatforms that
have integrated functionalities of tumor imaging and therapy s
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within a single nanoparticulate system.'™ Taking advantage of the
considerably improved physical, chemical, and biological
characters, the multifunctional nanoplatforms can be rendered
30 with capability of multimodal imaging as well as different forms
of therapeutics.> Various imaging modalities, such as computed
tomography (CT),'"'> magnetic resonance (MR) imaging,'> ™
fluorescence imaging,'™ '® and positron emission tomography
(PET)'™" could provide precise information for diagnosis of
35 tumors. In particular, CT affords deep tissue penetration, better
spatial and density resolution than other imaging modalities, and
cost effectiveness.’” *! In addition, among the different strategies
used for therapeutic treatments, photothermal therapy (PTT)*2¢
that is able to convert the near-infrared (NIR) laser light to heat,
has been considered as one of the most effective approaches to
suppress the tumor growth while minimizing the adverse side
effects. Consequently, it is very important to develop a
multifunctional theranostic nanomedicine platform for both CT
imaging and PTT treatment of tumors.?’

Recently, significant effort has been made to explore the
development of gold nanoparticle (Au NP)-based nanoplatforms
due to their outstanding optical attributes involving vigorous
localized surface plasmon resonance (LSPR) absorption and
scattering ability in the NIR region, and their ability for
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regardless of their shapes also possess better X-ray attenuation
property than conventional iodine-based CT contrast agents (e.g.,
Omnipaque).® '® Therefore, Au NSs may be used as a theranostic
nanoplatform for CT imaging and PTT of tumors thanks to the
NIR absorption property. For instance, Liu et al. demonstrated
that Au NSs-based probe could be used for multi-modality
imaging (including surface-enhanced Raman scattering, CT, and
two-photon luminescence imaging) and PTT of tumors.** Gu and
coworkers” modified uniform Au NSs with targeting ligands
cyclic RGD peptide and anti-cancer drug doxorubicin to obtain a
multifunctional nanoconstruct for targeted tumor imaging and
combined PTT and chemotherapy of tumors. However, little
effort was attempted to improve the PTT performance of the Au
NSs.

Dopamine (DA),*** a neurotransmitter, plays a central role in
the working of the brain's built-in reward circuit, and is also a
small-molecule mimic of the adhesive proteins of mussels. Under
alkaline pH and oxidative conditions, DA can be self-
polymerized to form polydopamine (pD), that can be deposited
onto different surfaces.***® In addition, pD is chemically stable
and biocompatible,’” ** allowing for their uses in various
biomedical applications as a nature-inspired polymer.
Furthermore, the high density of functional groups of pD, such as

catechol and amine, are beneficial for enhanced attachment of
s diverse biomolecules.*® * Importantly, pD has been applied for
[journall], [year], [vol], 00-00 | 1

s additional functionalization.” Typically, Au nanorods,”**' Au
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PTT of tumors in vivo due to its prominent NIR absorption
feature that enables effective photothermal conversion.*’ *5
Although both Au NPs with a specific shape (e.g. Au NSs) and
pD display NIR absorption features, to our knowledge, currently
there is no combination of both Au NSs and pD within one single
nanoplatform for CT imaging and enhanced PTT of tumors.

With the aim to develop a novel nanoplatform for both CT
imaging and enhanced PTT of tumors, in this work we attempted
to prepare Au NSs coated with pD. As shown in Figure 1, Au
10 NSs were prepared by seed-growth method, stabilized by
partially thiolated polyethyleneimine (PEI-SH), followed by pD
shell coating onto their surface via in situ polymerization of DA.
The fabricated Au-PEI@pD NSs were thoroughly characterized
by several analytical techniques. Their stability, cytocompatibility,
X-ray attenuation property, and ability to be used for CT imaging
of cancer cells in vitro and in vivo were then investigated.
Likewise, the enhanced photothermal conversion efficiency of the
Au NSs and the use of the Au NSs for PTT of cancer cells in
vitro and in vivo were also evaluated. To our knowledge, this is
20 the first report related to the development of pD-coated Au NSs

for CT imaging and enhanced PTT of tumors.

o

@

Experimental
Materials

Branched PEI (Mw = 25 000) and dopamine hydrochloride were
s supplied by  Aldrich  (St.  Louis, MO). 1-Ethyl-3-(3-
(dimethylamino)propyl) carbodiimide hydrochloride (EDC), Tris
(hydroxymethyl) aminomethane, N-hydroxysuccinimide (NHS),
mercaptoacetic acid (MA) and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were obtained from TCI
(Tokyo, Japan). HAuCly4H,0, AgNOs, trisodium citrate and
ascorbic acid (AA) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). HeLa cells (a cervical
carcinoma cell line) were acquired from Institute of Biochemistry
and Cell Biology, the Chinese Academy of Sciences (Shanghai,
China). Fetal bovine serum (FBS), Dulbecco’s modified Eagle’s
medium (DMEM), Penicillin and streptomycin were from
HyClone Lab., Inc. (Logan, UT). Water used in all experiment
was filtered via a Milli-Q Plus 185 water purification system
(Millipore, Bedford, MA). Cellulose dialysis membranes
40 (molecular weight cut-off, MWCO = 8000-14000) was procured

from Shanghai Chaoyan Biotechnology Co., Ltd. (Shanghai,

China).
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Synthesis of partially thiolated PEI

MA (13.8 pL, 100 molar equiv. of PEI) dissolved in 20 mL water

45 was firstly activated by EDC (100.0 mg)/NHS (52.2 mg) with 2.5
molar equiv. of MA for 3 h, then the activated MA was dropwise
added to PEI aqueous solution (15 mL, 50.0 mg) under
continuous magnetic stirring. After 24 h, the reaction mixture was
dialyzed against phosphate buffered saline (PBS) and water (each

so for 5 times, 2L) using a dialysis membrane with an MWCO of
8000-14000 for 3 days, followed by lyophilization to acquire the
PEI-SH product.

Synthesis of PEI-coated AuNSs

Au NSs were synthesized via seed-mediated growth method
ss according to a previous report with some slight adjustments.*’
Typically, Au seeds were formed by dropping 1% trisodium
citrate (1.5 mL) into a boiling solution of HAuCl, (10 mL, 1 mM)
under vigorous stirring for 10 min. After cooling down to room
temperature, the solution was filtered with cellulose membrane
¢ with a pore size of 0.22 pm. Then, the Au NSs were synthesized
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by instantaneously mixing percolated Au seeds (100 uL), AgNO;
(100 pL, 3 mM), AA (50 pL, 0.1 M), and HAuCl, (10 mL, 0.25
mM) with vigorous stirring for 1 min. DOI- 1010;5"&2&“?&%’??;

Afterward, Au NSs were modified with PEI by adding PEI-SH
(5.86 mg, 10 molar equiv. of Au NSs) into the above aqueous
solution of Au NSs. The mixture solution was continuously
stirred for 24 h, then the obtained PEI-modified Au NSs (AuNSs-
PEI) collected through 3 cycles of
centrifugation/redispersion in water. The formed AuNSs-PEI
were redispersed in water (10 mL) for further use.

Formation of Au-PEI@pD NSs

were

In order to coat a thin pD shell onto the surface of the AuNSs-PEI,
the AuNSs-PEI suspension was incubated in 50 mL of Tris buffer
solution (10 mM, pH 8.5) containing 6 mg DA. After shaking at
room temperature for 4 h, Au-PEI@pD NSs were formed and
purified by virtue of centrifugation (6 000 rpm, 8 min) and
rinsing with water for 3 times. The final Au-PEI@pD NSs were
resuspended in water before characterization and use.

Characterization techniques

UV-vis spectrometry, fourier transform infrared (FTIR),
transmission electron microscopy (TEM), thermal gravimetric
analysis (TGA), and dynamic light scattering (DLS) were used to
characterize the formed Au-PEI@pD NSs. A detailed
experimental procedure can be found in our previous work.’ CT
imaging of Au-PEI@pD NSs with different Au concentrations
was performed using a GE LightSpeed VCT imaging system with
100 kV, 80 mA, and a slice thickness of 0.625 mm. The Au-
PEI@pD NSs were irradiated with an 808 nm laser (1.3W/cm?,
laser power was 81 mW and beam spot size was 0.0625 cm?) and
the temperature of the solution was tracked by a DT-8891E
thermocouple linked to a digital thermometer (Shenzhen Everbest
Machinery Industry, Shenzhen, China).

Cell viability assay

HeLa cells were regularly cultured in DMEM supplemented with
10% FBS and 1% penicillin (100 units/mL)/streptomycin (100
pug/mL) in a 37 °C incubator with 5% CO,. MTT assay of HeLa
cells was performed to test the cytotoxicity of Au-PEI@pD NSs
according to our reported protocols.'?

CT imaging of cancer cells in vitro

HeLa cells seeded in 25 cm? canted culture flask at a density of 1
x 10° per flask were brought to confluence after 24 h incubation
at 37 °C and 5% CO,. Then the medium was replaced with 5 mL
of fresh medium containing the Au-PEI@pD NSs at different Au
concentrations (0, 3.125, 6.25, 12.5, 25, and 50 uM, respectively)
and the cells were cultured for another 4 h. After that, the cells
were washed, trypsinized, resuspended in 0.1 mL PBS, and
placed in 1.5-mL Eppendorf tubes before CT imaging. CT
scanning was performed via GE LightSpeed VCT imaging
system using parameters similar to those used in the CT phantom
studies.

CT imaging of a xenografted tumor model in vivo

The entire animal experiments were completed under the
guidelines of the institutional committee for animal care and the
instruction of the National Ministry of Health. The xenografted
tumor model were established in the right flank back of male
BALB/c nude mice (15-20 g). When the tumor nodules reached a
suitable size (0.5-1.0 cm’), the tumor-bearing mice were
intratumorally injected with the Au-PEI@pD NSs ([Au] = 100
mM, in 100 uL PBS). CT scans were carried out before and at 10
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min postinjection of the particles using the same instrumental
parameters as described above.

PTT of cancer cells in vitro

HeLa cells were incubated with Au-PEI@pD NSs at different Au
concentrations (0, 0.35, 0.7, 1.4, and 2.1 mM, respectively), then
irradiated by an 808 nm laser with a power density of 1.3 W/cm?.
The PTT effects of cells were confirmed by MTT cell viability
assay and cell morphology observation via a Leica DM IL LED
inverted phase contrast microscope, respectively, according to
our previous work.’

PTT of a xenografted tumor model in vivo

Sixteen HeLa tumor-bearing nude mice were randomly assigned
to four groups. The mice in Control group were intratumorally
injected with PBS (0.1 mL) without laser irradiation; mice in the
Laser group were injected with PBS (0.1 mL) and each tumor site
was subsequently exposed to an 808 nm laser for 10 min (power
density = 1.3 W/cm?); mice in the NSs group were treated with
the Au-PEI@pD NSs ([Au] = 5.6 mM, in 0.1 mL PBS) without
laser irradiation; and mice in the NSs + Laser group were treated
with the Au-PEI@pD NSs ([Au] = 5.6 mM, in 0.1 mL PBS),
followed by irradiation with an 808 nm laser (power density = 1.3
W/em?) for 10 min. The tumor size, body weight, and survival
rate of all mice were measured and photographs of mice were
taken at different time points. The tumor volumes were gauged
and calculated using the following formula: (tumor length x
(tumor width)?)/2, and the survival rate of each group of mice
was computed using the formula of N1/N x 100%, where N1 and
N represent the amount of surviving mice and the sum of all mice
in each group, respectively.

Histological examinations

Hematoxylin and eosin (H&E) and TdT-mediated dUTP Nick-
End Labeling (TUNEL) staining of tumor sections were
performed according to protocols described in the literature.”

Statistical analysis

The significance of the PTT treatment results were
conducted via one-way analysis of variance (ANOVA) statistical
analysis previously depicted in our work.” A p value of 0.05 was
regarded as the significance level, and the data were labeled as (*)
for p < 0.05, (**) for p < 0.01, (***) for p < 0.001, respectively.
Some more experimental details are described in Electronic
Supplementary Information (ESI).

Results and discussion
Synthesis and characterization of Au-PEI@pD NSs

In order to synthesize Au-PEI@pD NSs for theranostic
applications, Au NSs were first synthesized with a seed-mediated
growth approach,® stabilized by PEI via modification of the NSs
with PEI-SH, and finally coated with a pD shell by self-
polymerization of DA in order to have improved photothermal
efficiency (Figure 1).

First, Au seed particles with a mean diameter of 13.6 nm
(Figure Sla-b, ESI) were produced by reducing boiling HAuCl,
with trisodium citrate. The Au seeds with a deep wine red
solution color have an apparent SPR peak at around 520 nm
(Figure 2a). Thereafter, the formed Au seeds were exposed to the
Au growth solution in the presence of AgNOs, leading to the
formation of Au NSs. To render the Au NSs with sufficient
colloidal stability, the Au NSs were further modified with PEI-
SH via an approach reported in our previous work.” The formed
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PEI-modified Au NSs have a mean diameter of 72.3 + 16.4 nm
o with a quite narrow size distribution (Figure S1c-d). Followed by
self-polymerization of DA in the presenc&oqulg%@%%%ti@@é%
Au NSs, pD coating onto the Au NSs was achieved.
FTIR spectroscopy was used to confirm the coating of PEI and
pD onto the surface of Au NSs (Figure S2, ESI). The band
s emerging at 1635 cm ' for Au NSs could be ascribed to the
appearance of OH , H,O and oxidized products of citrate in the
process of citrate reduction of Au salt. By comparison with the
FTIR spectrum of PEI-SH, an enhanced peak emerging at about

1640 cm™ in the spectrum of the AuNSs-PEI can be ascribed to

o the PEI amide linkage (vibration of C=N ), suggesting that PEI-
SH has been successfully modified onto the surface of Au NSs.
The spectrum of dopamine is characterized by skeletal vibration
of aromatic double bonds (1650-1400 cm '), stretching v(C—O)
of the catechol moieties appearing at 1283 cm ', in-plane bending

sof (C-H) at 1170 cem!' and stretching v(C—C-N) of the
aminoethyl chains at 935 cm '.>' After pD deposition onto the
surface of the AuNSs-PEI, another four characteristic dopamine
peaks at 1600 em?, 1580 cm, 1500 cm?, and 1450 cm’
originated from the C=C vibrations of aromatic bonds still existed,

o whereas the prominent peak at 1650 cm™' verified the formation
of quinone groups of pD, thus indicating a confluent adherention
of pD shell onto the AuNSs-PEI, in agreement with the
literature.”'*

After the Au growth, the Au-PEI@pD NSs exhibit a blue

s solution color and noticeable SPR peak at 726 nm (Figure 2b),
which is suitable for PTT of tumors using NIR laser irradiation.
The morphology and size of the Au-PEI@pD NSs were
characterized by TEM (Figure 2c,f). As visualized in Figure 2c,
Au-PEI@pD NSs possess a star shape with a quite uniform size

o distribution, and the average diameter of the NSs (without the pD

shell) was estimated to be 74.2 + 15.0 nm, approximately similar
to that before pD deposition (Figure S1d, ESI). TEM image also
shows that a transparent shell appears on the surface of the Au

NSs with a shell thickness of about 18 nm, further confirming the

success of the pD deposition (Figure 2f). In contrast, the Au NSs
modified with PEI without further pD deposition do not display
such an apparent polymer shell (Figure 2e). It should be noted
that the thickness of the pD shell can be controlled by tuning the
concentration of dopamine and the polymerization time.** *° In

o our case, the pD coating with a thickness of 18 nm is sufficient to

prove the enhanced PTT efficiency of Au NSs (see below).

Zeta potential measurements were further carried out to
validate the successful surface functionalization of the Au NSs.
AuNSs-PEI dispersed in water have a positive potential (+49.8
mV) due to the surface modification of PEI-SH with abundant
amines. After formation of pD shell, the zeta potential of the NSs
changes from positive to negative (-17.3 mV), signifying the
successful deposition of pD.* Likewise, the hydrodynamic size
of the AuNSs-PEI changes from 90.5 nm to 125.8 nm after pD
deposition (Figure S6a, ESI). The enlarged periphery of the Au-
PEI@pD NSs should be attributed to the pD coating.

The Au content in the Au-PEI@pD NSs was measured by ICP-
OES, and the result shows that the percentage of Au within the
composite NSs is 82%. The PEI modification and subsequent pD
deposition onto the surface of Au NSs were also confirmed by
TGA (Figure S3, ESI). In comparison with unmodified Au NSs
having a weight loss of 1.1% at 700 °C, the PEI modification
endows the NSs with a weight loss of 3.5%. Further pD
deposition gives rise to an increased weight loss of 18.1% for the
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120 Au-PEI@pD NSs. Therefore, the percentages of PEI and pD

modifications were estimated to be 2.4% and 15.6%, respectively.
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Overall, the organic content of the final Au-PEI@pD NSs was
18%, corroborating the ICP-OES data. The colloidal stability of
the Au-PEI@pD NSs was evaluated by exposing them to water
and compared with the uncoated Au NSs, AuNSs-PEI, and
AuNSs@pD (Figure S4, ESI). It appears that uncoated Au NSs
and AuNSs@pD without the PEI-SH are not stable and
precipitation occurs during the experimental time period. In
contrast, Au NSs coated with PEI and further deposited with pD
are quite colloidally stable for at least 7 days. In this case, PEI-
SH is essential to pre-stabilize the Au NSs through formation of
Au-S bond before pD coating. Compared with the spectra of
AuNSs-PEI dispersed in water (Figure S5a), the Au-PEI@pD
NSs show an enhanced the SPR absorption, suggesting that the
pD coating likely contributes to the enhanced PTT effect.
Although the aminated PEI shows distinct cytotoxicity to cells,
the further pD coating is able to render the particles with good
cytocompatibility (see below). Furthermore, our data also show
that the Au-PEI@pD NSs do not display apparent spectral
changes after exposed to either saline or PBS buffer for at least 7
days (Figure S5b). The colloidal stability of the Au-PEI@pD NSs
in water and PBS was further monitored by measuring their
hydrodynamic size (Figure S6, Electronic Supplementary
Information). We show that the hydrodynamic size of the Au-
PEI@pD NSs does not have any significant changes within 7
days, further demonstrating their good stability.

Cytotoxicity assay

Before theranostic application of the developed Au-PEI@pD NSs,
the cytotoxicity of AuNSs-PEI and Au-PEI@pD NSs were first
evaluated by standard MTT viability assay of HeLa cells (Figure
S7, ESI). Clearly, when compared to the cells treated with PBS
([Au] = 0 mg/mL), no significant cytotoxicity of the Au-PEI@pD
NSs is discovered even at the Au concentration of the particles as
high as 0.41 mg/mL, while the cells treated with the AuNSs-PEI
at the same concentration display an apparently lower viability
than those treated with the Au-PEI@pD NSs. Accordingly, we
can safely claim that the developed Au-PEI@pD NSs have a
good cytocompatibility in the given Au concentration range,
which is crucial for their further biomedical explorations.

CT imaging of cancer cells in vitro and in vivo

The possibility to adopt Au-PEI@pD NSs as a CT contrast agent
was next validated by X-ray attenuation intensity evaluation
(Figure 3a-b). Due to the fact that the atomic number of Au is
much higher than that of iodine, which is the radiodense element
of conventional CT contrast agents (e.g., Omnipaque), Au NPs
always display a better X-ray attenuation property than
Omnipaque.'® In our study, it can be seen that the brightness of
the CT phantom images of the Au-PEI@pD NSs augments with
the Au concentration (0.01-0.08 M), correlating well with the
quantitative CT value change of the Au-PEI@pD NSs as a
function of Au concentration.

To investigate the effectiveness to utilize the Au-PEI@pD NSs
for CT imaging of cancer cells, CT images of cells incubated with
the NSs at various Au concentrations were recorded (Figure 3c-d).
It can be seen that the brightness of the CT images of HeLa cells
increases with the increase of the Au concentration (Figure 3c).
This is consistent with the change of the quantified CT value of
cells as a function of Au concentration. The capability of the Au
NSs for CT imaging of cancer cells could be due to the fact that
the NSs are able to be uptake by cells through two distinct
mechanisms (phagocytosis and diffusion via cell walls), in
agreement with the literature.'®

Next, we evaluated the potential to use the Au-PEI@pD NSs as
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a contrast agent for CT imaging of a xenografted tumor model in
vivo (Figure 3e). After intratumoral injection of the Au-PEI@pD
NSs, tumor region is enlightened at 10 minD@?_sig_qg%/‘éfgvé@%l
CT image. The CT values of the tumor region before and at 10
min postinjection were quantified to further delineate the CT
contrast enhancement. The CT value in the tumor region before
injection is 37.5 HU, while at 10 min postinjection the tumor CT
value dramatically increases to 424.3 HU. These results suggest
that the acquired Au-PEI@pD NSs have a promising capability
for in vivo tumor CT imaging.

Photothermal property of the Au-PEI@pD NSs

The strong LSPR absorption peak of the Au-PEI@pD NSs in the
NIR region motivated us to study their photothermal property
(Figure 4). Both AuNSs-PEI and Au-PEI@pD NSs with the same
Au concentration (0.35 mM) were exposed to an 808 nm laser for
300 s at a power density of 1.3 W/em?, and the temperature was
monitored (Figure 4a). Under the same Au concentration, Au-
PEI@pD NSs display a more prominent temperature increase
than AuNSs-PEI, confirming the role played by the deposited pD
to enhance the photothermal property of the particles due to its
prominent NIR absorption feature and high photothermal
conversion efficiency (40%).50 The solution temperature of the
Au-PEI@pD NSs increases from 25.1 to 40.2 °C, while that of
the AuNSs-PEI only increases from 24.7 to 35.2 °C in the same
time frame of 300 s (Figure 4a). The solution temperature
increment of the Au-PEI@pD NSs is 1.4 times higher than that of
the AuNSs-PEI within a time period of 300 s. The 808 nm laser
photothermal conversion efficiency (I]) of the Au-PEI@pD NSs
was calculated to be 49.9% according to the literature,”® > which
is higher than that of the AuNSs-PEI (36.1%) without pD coating.
It should be noted that although the Au-PEI@pD NSs display an
SPR peak at 726 nm, we can still use an 808 nm laser for heat
generation due to the broad NIR absorption ranging from 600 nm
to 900 nm. Further optimization of the synthesis parameters to get
Au NSs with an SPR peak at 808 nm is necessary to achieve the
maximum photothermal conversion efficiency.

The Au-PEI@pD NSs also display an Au concentration-
dependent photothermal property (Figure 4b). With the increase
of Au concentration, the solution temperature of the NSs
increases more significantly under the laser irradiation. The
solution temperature of the Au-PEI@pD NSs at an Au
concentration of 2.1 mM increases from 25.6 to 51.1 °C after 300
s laser irradiation, while water experiences a temperature increase
of 2.7 °C under the same condition. With the increase of Au
concentration from 0.35 to 0.7, 1.4, 2.1 mM, the aqueous
suspension of the Au-PEI@pD NSs showed a temperature
increase of 15.1, 19.7, 23.2, and 25.5 °C, respectively (Figure 4c).
Moreover, the Au-PEI@pD NSs also exhibit a robust
photothermal stability even after three cycles of NIR laser
irradiation (808 nm laser at 1.3 W/cm?, 300 s laser irradiation for
each cycle, Figure 4d). Clearly, our results demonstrated that the
developed Au-PEI@pD NSs displayed an excellent photothermal
property, which is essential for their applications in PTT of
tumors.

Photothermal ablation of cancer cells in vitro and a tumor
model in vivo

The effective photothermal conversion efficiency of the Au-
PEI@pD NSs inspired us to inspect their potential for
photothermal ablation of cancer cells in vitro (Figure S8, ESI)
and a xenografted tumor model in vivo. Qualitative cell
morphology observation reveals that HeLa cells treated with laser
alone display similar attachment morphology to the PBS control
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(Figure S8a-b), indicating that the treatment of laser alone does
not exert any damage to the cancer cells. In contrast, most of the
HeLa cells incubated with the Au-PEI@pD NSs and then
irradiated with an 808 nm laser for 5 min are dead, and only a
small fraction of cells adheres to the plate after washing (Figure
S8c-f). With the increase of Au concentration, the fraction of
healthy cells is getting smaller.

Quantitative MTT cell viability assay was also used to confirm
the efficacy of the Au-PEI@pD NSs for ablation of cancer cells
(Figure S8g-h). Clearly, the viability of HeLa cells treated with
the Au-PEI@pD NSs plus laser irradiation is significantly
decreased even at the Au concentration as low as 0.07 mg/mL (p
< 0.05) and the cell viability reaches minimum (48.6%) at an Au
concentration of 0.41 mg/mL. Similar to the cell morphology
observation data, the viability of cells after treatment with laser
alone does not seem to have a change when compared to the PBS
control. Taken together, our results show that the developed Au-
PEI@pD NSs are able to effectively ablate cancer cells with the
assistance of laser irradiation.

We next examined the capability of the Au-PEI@pD NSs for
photothermal imaging and PTT of a xenografted tumor model in
vivo. HeLa tumor-bearing mice were intratumorally injected with
0.1 mL PBS or 0.1 mL PBS containing the Au-PEI@pD NSs
([Au] = 5.6 mM), respectively, followed by laser irradiation for 5
min (Figure 5a-b). Note that we used intratumoral injection to
complete the PTT of tumors, just because the tumor region has
much more particle accumulation using this injection route than
other injection routes (e.g., intravenous injection), in agreement
with the study performed by Langer et al.>® Only a modest
temperature change is shown in the tumor region injected with
PBS (Figure Sa), whereas the tumor region injected with the Au-
PEI@pD NSs display an apparent temperature increase from 29.8
to 58.7 °C within 300 s (Figure S5c). Our data indicate that the
developed Au-PEI@pD NSs are able to be used for in vivo
thermal imaging of the tumor region.

The potency to use the Au-PEI@pD NSs for PTT of tumors
was next investigated by gauging the tumor size after different
treatments (Figure 6a). The tumors treated with laser and NSs
alone display a similar growth rate to the control group injected
with PBS, illustrating that neither laser nor the Au-PEI@pD NSs
alone is able to inhibit the tumor growth. In remarkable contrast,
the tumors treated with NSs plus laser are able to be completely
ablated at 20 days posttreatment. This can also be confirmed by
taking pictures of mice at different days posttreatment (Figure S9,
ESI). Furthermore, mice under varying treatments can well
maintain their body weights during the period of in vivo
experiments (Figure 6b), implying that the treatments of laser
alone, Au-PEI@pD NSs alone, and the Au-PEI@pD NSs plus
laser do not seem to damage the mice or be toxic to the mice. The
PTT efficiency of tumors was further evaluated by recording the
survival rate of the mice after different treatments. We can see
that mice treated with the Au-PEI@pD NSs plus laser present a
100% survival rate within 60 days (Figure 6c), which is
significantly higher than those in the groups of Control (0%), NSs
(0%), and Laser (25%). Our results suggest that the formed Au-
PEI@pD NSs can be used as a powerful platform for PTT of
tumors.

H&E and TUNEL staining

The PTT efficacy of tumors using the developed Au-PEI@pD
NSs was further evaluated by H&E and TUNEL staining of
tumor sections. The micrographs of H&E-stained tumor slices
(Figure 7a) reveal that the tumors treated with laser or Au-
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PEI@pD NSs alone exhibit the regular shape of tumor cells,
similar to those treated with PBS (Control). In contrast, tumors
treated with the NSs plus laser display necg)%i_slﬁqlf}%/ﬁ%@ﬂ%%&gg
section. Likewise, the effect of photothermal ablation of tumors
was also evaluated by TUNEL staining (Figure 7b). It is evident
that only rare positive staining of apoptotic cells emerge in the
groups of Control, Laser, or NSs groups. In contrast, a significant
amount of positively stained apoptotic cells appears in the section
of tumors treated with the Au-PEI@pD NSs plus laser irradiation
(Figure 7b). Finally, the apoptosis rates of the tumors were
quantified by analysis of the TUNEL stained sections (Figure S10,
ESI). The percentage of apoptotic cells follows the order of
Control (6.9%) < NSs (8.2%) < Laser (18.3%) < NSs + Laser
(86%).

Conclusion

In summary, we designed and synthesized Au-PEI@pD NSs as
an innovative theranostic nanoplatform for CT imaging and
enhanced PTT of tumors. The Au NSs firstly produced with a
seed-mediated growth method can be easily modified with PEIL,
followed by deposition of pD to render the NSs with enhanced
photothermal property. The constructed Au-PEI@pD NSs are
water dispersible, colloidally stable, and non-toxic in the studied
concentration range. Importantly, the designed Au-PEI@pD NSs
are able to be applied as a powerful theranostic nanoplatform for
in vivo CT imaging and enhanced PTT of tumors. Due to the easy
functionalization of the deposited pD shell, it is expected that
multifunctional pD-coated Au NSs may be developed as a
versatile platform for targeted CT imaging and PTT of different
types of cancer.
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Figure 1. Schematic illustration of the synthesis and application of Au-PEI@pD NSs for theranostics

of tumors.

s Figure 2. UV-vis spectra of (a) Au seeds and (b) Au-PEI@pD NSs (inset of the respective panel shows
the Au seeds or Au-PEI@pD NSs dispersed in water). (c) Size distribution histogram, (d) TEM image
of Au-PEI@pD NSs, and (e,f) High-resolution TEM image of AuNSs-PEI and Au-PEI@pD NSs,

respectively. The scale bars in each panel of (d), (e) and (f) represent 200, 20 and 50 nm, respectively.

Figure 3. (a) CT images and (b) X-ray attenuation intensity (HU) of the Au-PEI@pD NSs at different
0 Au concentrations. (¢) CT images and (d) CT values of HeLa cells treated with the Au-PEI@pD NSs at
different Au concentrations for 4 h. In (d), the standard deviation is calculated via quantifying the CT
values of cells at three different areas for each sample. CT images of the tumor region before (e) and at
10 min post intratumoral injection (f) of the Au-PEI@pD NSs ([Au] = 100 mM, in 100 uL PBS).
Figure 4. (a) Plot of temperature of water, and water solution containing the AuNSs-PEI or Au-
s PEI@pD NSs ([Au] = 0.35 mM for both particles) as a function of laser irradiation time. (b) Plot of
temperature of water and water solution containing the Au-PEI@pD NSs at different Au

concentrations (0.35, 0.7, 1.4, and 2.1 mM, respectively) as a function of laser irradiation time. (c¢) The

Published on 16 May 2016. Downloaded by University of Lethbridge on 17/05/2016 02:51:07.

temperature change (AT) of an aqueous solution of the Au-PEI@pD NSs as a function of Au
concentration over the laser irradiation period of 300 s. (d) Plot of temperature of the aqueous solution
» containing the Au-PEI@pD NSs ([Au] = 2.1 mM) as a function of time (laser on for 300 s for each

cycle, and laser off) for 3 cycles.

Figure 5. Thermal images of tumors after treatment with (a) PBS (0.1 mL) and (b) Au-PEI@pD NSs
([Au] = 5.6 mM, in 0.1 mL PBS), followed by irradiation with an 808 nm laser at a power density of

1.3W/cm?. (¢) The temperature change of the tumor region treated with PBS (0.1 mL) or Au-PEI@pD
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NSs ([Au] = 5.6 mM, in 0.1 mL PBS) as a function of laser irradiation time.

View Article Online
Figure 6. Relative tumor growth volume (a), body weight (b), and survival rate (c) of Hel’a timor. ™

bearing mice after different treatments, including the Control group (treated with PBS), NSs group
(treated with the Au-PEI@pD NSs without laser), Laser group (treated with laser without the injection
sof the Au-PEI@pD NSs), and NSs + Laser group (treated with the Au-PEI@pD NSs and laser
irradiation). In (a) and (b), the tumor-bearing mice were divided into four groups and each group
contains three mice. The standard deviations of the relative tumor volume and body weight of each

group were calculated on the basis of the data from three mice.

Figure 7. H&E (a) and TUNEL (b) stained micrographs of the xenografted HeLa tumor sections after

o different treatments. The scale bars in each panel of (a) and (b) represent 50 and 200 um, respectively.
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