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ABSTRACT

The current research demonstrates the feasible biomedical application of AuNPs
coated with doxorubicin (Dox)-loaded fucoidan (Fu) for dual-chemotherapy and
photothermal treatment (PTT) on eye tumors in vitro and in vivo. Marine-derived Fu was
used as a capping agent to achieve high photostability for AuUNPs, and Dox as a FDA-
approved anti-cancer drug was added to induce chemotherapy. The synthesized Dox-
Fu@AuNPs exhibited high cytotoxicity on the tumor cells and strong light absorption
for temperature increase in vitro. After intratumoral injection of Dox-FU@AuNPs in the
rabbit eye tumors, PTT-assisted Dox-Fu@AuNPs entailed the complete removal of the
eye tumors without recurrence for 14 days after the treatment. Photoacoustic image
contrast from the tumor regions was enhanced due to selective light absorption by
the administered Dox-Fu@AuNPs. Therefore, the proposed Dox-FuUu@AuNPs can be a
potential nano-theranostic material for treating and diagnosing the eye tumors.

INTRODUCTION

Choroidal melanoma is the most common primary
intra-ocular malignant tumor, and the incidence rate
is approximately 6 per million in the United States [1].
The melanoma appears as a brown elevated dome-
shaped tumor occurring in the sub-retinal space, and
the malignant choroidal melanoma can metastasize to
other parts of the body such as liver. Although the eye
tumor is typically asymptomatic, the development of
the choroidal melanoma can cause irregular astigmatism
(blurred vision), retinal detachment along with decreased
visual acuity, and even glaucoma with permanent vision
loss. Over the last few decades, a great number of eye
tumor treatments have been introduced, such as surgical

incision, electromagnetic wave radiation, radiotherapy,
hyperthermia, and photothermal treatment (PTT)
[2-7]. However, the current treatments of the eye tumors
still suffer from infection, invasive or ionizing natures,
unpredictable thermal injury, and tumor recurrence [8].
Therefore, the alternative approach is still required to
enhance the efficacy and safety of the eye tumor treatment
even in a minimally invasive manner.
Nanomaterial-based PTT has extensively been
investigated as a non-invasive or minimally invasive and
effective therapeutic technique to treat various types of
tumors in vitro and in vivo [9—13]. The primary purpose
of this method is to employ light-absorbing agents and
to locally generate heat upon light absorption, leading
to irreversible thermal injury selectively to the targeted
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tumors. The nanomaterials have attracted an increasing
interest in the biomedical field due to their facile synthesis
and unique physicochemical properties. In addition,
various nano-agents to enhance PTT efficacy have widely
been investigated such as copper sulfide and golden
carbon-based materials [11, 14, 15]. Among the potential
photothermally active nanomaterials, gold nanoparticles
(AuNPs) have been studied extensively for drug delivery,
cellular/tissue imaging, and thermal therapy on account of
strong optical coupling, extraordinary photon-to-thermal
energy conversion efficiency, and easy functionalization
[16—18]. In addition, Fucoidan (Fu) has been investigated
as a chemo-preventive substance for nanomedicine
due to their antitumor and anti-inflammation effects
that suppress the tumor growth as well as significantly
reduce the inflammation periods [19, 20]. Fu has often
been employed for coating AuNPs to reduce the toxicity
of the metallic nanoparticles [21-23]. However, in
vivo applications of the Fu-coated AuNPs have yet
been explored in terms of surface functionalization
and therapeutic effects particularly on the eye tumors.
Recently, chemotherapy drugs have also been encapsulated
or conjugated with AuNPs to enhance PTT efficacy and
to minimize tumor recurrence [24]. Doxorubicin (Dox)
is a common chemotherapeutic agent that is used to treat
human malignancies by inhibiting nucleic acid synthesis
[22, 24-26]. Several researchers have suggested the
potential use of polymers as drug carriers to maximize
the efficacy of Dox by limiting toxicity [27]. However,
the current Dox chemotherapy still have the primary
limitations including administration of large volume,
resultant high toxicity on normal healthy cells, and a
short lifetime in the body [28]. Therefore, conjugation
with hydrophilic polymers to overcome non-specificity
and toxicity of Dox have been researched [29]. Moreover,
as most nanomaterial-based PTT has been performed
on the small-sized mice, further evaluations with larger
animals are still required for clinical translation of the
proposed technique. In fact, the large animals can be
investigated effectively for the targeted therapy due to
their larger tissue volume [30]. Therefore, to achieve
synergistic cancer treatment with both thermal necrosis
of PTT and chemotherapeutic effect by loaded Dox, gold
nanoparticles were synthesized in the presence of Fu and
were subsequently adsorbed by Dox. Due to anti-tumor
and anti-inflammation effects as well as biocompatibility,
Fu was selected to conjugate Dox with AuNPs by means of
electrostatic physisorption interactions between positively
charged groups (AuNPs and Dox) and negatively charged
sulfate groups (Fu). The aim of the current study was to
investigate the feasible application of Dox-conjugated
Fu-encapsulated gold nanoparticles (Dox-Fu@AuNPs) in
VX2 cells and xenograft tumors in mid-sized rabbits as
an anti-cancer theranostic agent for effective eye tumor
management (Supplementary Figure 1).

RESULTS

Characterization of Dox-Fu@AuNPs

For effective chemo-photothermal therapy of eye
tumor, Dox-Fu@AuNPs were characterized in Figure 1.
High-resolution TEM (HRTEM) images in Figure 1A
demonstrate that Dox-Fu@AuNPs had spherical shape
with a size of 101.5 + 23.2 nm. AuNPs encapsulated by
Fu was successfully coated with Dox, which is indicated
by white dotted arrows (Figure 1B). The average particle
size of Dox-Fu@AuNPs was 116.7 + 40.6 nm (Figure 1C)
whereas the average sizes of both AuNPs and Fu@AuNPs
were 15 nm [31] and 82 + 11.5 nm [20]. Table 1 summarizes
the measure particle sizes. Zeta Potential value of Dox-
Fu@AuNPs in an aqueous solution was measured to be
—46.2 mV, indicating that the surface of AuNPs was mainly
coated with negatively charged groups and also responsible
for the moderate stability of the nanoparticles in the
aqueous solution. XRD patterns of Dox, Fu, and Dox-Fu@
AuNPs confirm the crystal structures of the synthesized
nanoparticles (Figure 1D). The Dox-Fu@AuNPs sample
exhibited the distinctive peaks at 20 values of 38.6°C,
44.5°C, 64.7°C, and 77.6°C, which corresponded to the
(111), (200), (220), and (311) reflection of the crystalline
metallic of AuNPs (JCPDS 04-0784). The FT-IR spectra
exhibit the characteristic peaks of different functional
groups at various positions shown in (Figure 1E). Overall,
the spectra of Dox, Fu and Dox-Fu@AuNPs samples
displayed strong broadband of O-H stretching of alcohols
groups bound to the AuNPs at 3320, 3420, and 3332 cm!,
respectively. The peak around 2900 cm ! is attributed to the
C-H stretching of alkanes. The band at 1726 cm™ exhibits
the stretch of the saturated ester C=0 groups. The two
peaks at 1641 and 1635 cm! correspond to the stretching
vibration from the primary amines. The bands at 1582 ¢cm™!
are assigned to aromatic C-C ring stretching groups. The
characteristic peak at 1405 cm™ can be assigned to the
bending of —-COO- group. The bands at 1227 and 1281 cm™!
correspond to the C-H wag alkyl halides. The peaks around
1017 and 1068 cm™' correspond to the C-N stretching of
aliphatic amines. The TGA curve shows a significant weight
loss of the sample as a function of temperature in Figure 1F.
The weight loss was initiated at the temperature of 100°C,
which corresponded to the removal of residual moisture in
the sample. In addition, the weight showed a slight decrease
(about 1.7 %) but induced a sudden weight loss at the
temperature between 135 to 300°C due to decomposition
of Fu [32]. Then, the gradual weight decrease indicates
that the organic compounds from Dox and Fu surrounding
Dox-Fu@AuNPs were completely degraded at the higher
temperatures. As a result of the temperature increase
to 700°C, the percentage of the total weight loss of the
coating layer for Dox-Fu@AuNPs was measured to be
approximately 35%. Thus, the residual weight of the
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corresponding AuNPs was 65%. The EDS spectra confirm
the presence of Au as the main element signal in Dox-
Fu@AuNPs (Figure 1G and Table 2). The fabricated
nanoparticles were composed of 88.8 % Au, 9.4 % C, 0.4
% N, 0.2 % O, and 0.3 % S by weight. Absorption spectra
of Dox-Fu@AuNPs at various times (0 day, 1 month,
and 6 months) demonstrate strong light absorption at
532 nm and absorbance stability regardless of the time
(Figure 1H), which means heat generation can be occurred
effectively at 532 nm wavelength. Thus, it was confirmed
that the fabricated Dox-Fu@AuNPs can be applicable for
PTT and PAI Characterization of the other control particles
(i.e., Fu@AuNPs) has been reported in our previous
study [20].

Dox-Fu Film

photothermal effects of Dox-Fu@AuNPs

Thermal responses of Dox-Fu@AuNPs during 532-
nm laser irradiation for 5 min were evaluated in terms of
temporal development of temperature (Figure 2A) and peak
temperature (Figure 2B). The temporal elevation of the
temperature during the irradiation [0.11 W/cm?; Figure 2A
demonstrated that regardless of the concentration, the
temperature in the Dox-Fu@AuNPs aqueous solution
began to increase rapidly, but after 1 min, the temperature
became almost saturated. The corresponding steady-state
temperatures were 48.6 + 3.0, 56.8 £ 1.6, and 64.6 + 1.7°C
for 100, 200, and 300 pg/ml, respectively. Thomsen et al.
reported that the temperature of approximately 55~70°C
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Figure 1: Characterization of synthesized Dox-Fu@AuNPs. TEM images of (A) Dox-Fu@AuNPs and (B) Dox-Fu@AuNPs
surrounded with grey shell representing Fu-coated Dox, (C) comparison of AuNPs [31], Fu@AuNPs [20], and Dox-Fu@AuNPs estimated
by DLS, (D) and (E) XRD patterns and FT-IR spectra of Dox, Fu, and Dox-Fu@AuNPs, respectively, (F) TGA curve of Dox-Fu@AuNPs,
(G) EDS analysis of Dox-Fu@AuNPs, and (H) absorption spectra of Dox-Fu@AuNPs as function of wavelength at various times (0 day,

1 day, and 6 months).
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Table 1: Particle diameter

Sample name Modification PD* by TEM HD™ by DLS
Dox -Fucoidan 101.5+23.2 116.7 £ 40.6
Dox-Fu - 5713 -

PD: particle diameter; “"HD: hydrodynamic size of Dox-Fu@AuNPs.

could lead to irreversible damage to tumor cells [33]. The
peak temperature almost linearly increased with laser
intensity and concentration of Dox-Fu@AuNPs. Control
(saline) shows no considerable changes in the temperature
during the irradiation. At the lowest irradiance (0.06 W/cm?),
the temperature increased from 40.7 + 1.5°C with 100 pg/ml
Dox-Fu@AuNPs (thermal gradient = 0.04°C/s) to 48.7 +
2.0°C with 300 pg/ml Dox-Fu@AuNPs (0.07°C/s). At the
highest laser irradiance (0.11 W/cm?), the peak temperature
significantly increased from 48.6 + 3.0°C with 100 pg/ml
Dox-Fu@AuNPs (0.07°C/s) to 64.6 £ 1.7°C with 300 pg/
ml Dox-Fu@AuNPs (0.12°C/s). The maximum temperature
increases were estimated to be 16.0, 24.1, and 29.1°C for
Dox-Fu@AuNPs samples at 100, 200, and 300 pg/ml,
respectively (initial temperature = 28.1°C). Thus, due to the
steady-state temperature higher than 65°C, both 200 pg/ml
of Dox-Fu@AuNPs and 2-min irradiation (at 0.11 W/cm?)
could be appropriate conditions to induce the irreversible
thermal damage to cancer cells.

In vitro cytotoxicity effect of Dos-Fu@AuNPs

VX2 squamous carcinoma cells and Raw 264.7
cells were tested to investigate anti-tumor effect of Dox-
Fu@AuNPs in vitro as a function of concentration at two
different incubation times (Figure 3A and Supplementary
Figure 2). Regardless of incubation time, control (no
particles) demonstrated no changes in the cell viability.

The viability of the VX2 cells rapidly decreased with the
increasing concentrations of Dox-Fu@AuNPs. However,
above the concentration of 200 pg/ml, the cell viability
became saturated (24 h; cell viability of 100 pg/ml:
49.3 £+ 4.6%, 200 pg/ml: 42.1 + 11%, 300 pg/ml: 39.1
+ 19.2%). In spite of the comparable trend (Figure 3A),
the longer incubation time (48 h) further decreased the
cell viability by up to 39% (at 300 pg/ml), in comparison
with 24 h.

In vitro chemo-photothermal therapy with Dox-
Fu@AuNPs

Cell viability was evaluated to assess effect of
various conditions on VX2 tumor cells (Figure 3B):
control, laser only, Fu@AuNPs only, Dox-Fu@AuNPs
only, laser with Fu@AuNPs, and laser with Dox-Fu@
AuNPs (concentratio N = 200 pg/ml, irradiance = 0.11
W/cm?, and irradiation time = 2 min). Both control and
laser only exhibited almost insignificant effects (>90%).
In addition, Fu@AuNPs also had no significant thermal
damage on the VX2 cells. Fu@AuNPs with laser
irradiation hardly promoted cell death possibly due to less
significant temperature increase (up to 41°C) in the cells.
However, the addition of Dox-Fu@AuNPs noticeably
decreased the cell viability. Moreover, Dox-Fu@AuNPs
under laser irradiation resulted in the maximal cellular
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Figure 2: Photothermal effects of Dox-Fu@AuNPs. (A) Temporal development of Dox-Fu@AuNPs in 1 ml of saline was monitored
during laser exposure at 0.11 W/cm? for 5 min. (B) The peak temperatures from saline and Dox-Fu@AuNPs in aqueous solution at various
concentrations (0 from saline, 100, 200, and 300 pg/ ml) after 5-min laser irradiation was compared as a function of laser intensity.
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death of 88%, which is up to 7-fold higher than those of
the other conditions.

Hoechst 33342 and PI double staining

The treated VX2 cells were stained with Hoechst
33342 and PI and observed with a fluorescence
microscope to evaluate the anti-tumor effect of Dox-
Fu@AuNPs-assisted PTT (concentratio N = 200 pg/ml,
irradiance = 0.11 W/cm?, and irradiation time = 2 min)
on tumor cells (Figure 4). Blue emission is from the
Hoechst dye that stains the nuclei of viable VX2 cells,
and red emission from PI staining indicates dead cells.
Both control (Figure 4A) and laser only (Figure 4B)
displayed clear blue emissions from the nuclei along
with minimal red emissions, indicating that cells were
viable due to insignificant cytotoxicity. The treated cells
with Dox-Fu@AuNPs (no irradiation) exhibited a slight
increase in the red fluorescence, thus representing a
slight increase in the dead cells (Figure 4C). In contrast,
the VX2 cells treated with Dox-Fu@AuNPs and laser
irradiation yielded a marked increase in the cellular death.
The fluorescence images of the treated VX2 cells were
also taken at various positions: the following positions:
(a) outside, (b) inside (center), and (c) at the border of
irradiation zone (Supplementary Figure 3). The cells
located outside the laser beam showed good viability
(Supplementary Figure 3A) whereas most of the cells
in the area of laser exposure were dead (Supplementary
Figure 3B). Supplementary Figure 3C clearly exhibits a
mixture of the treated and the non-treated regions at the
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border, implicating selective antitumor effects as a result
of dual-chemo- and photothermal treatments.

In vivo Testing

Dual-treatment efficacy of Dox-Fu@AuNPs was
assessed with VX2 tumor-bearing rabbits (Figure 5). Figure 5A
presents a series of IR thermal images of the tumor region
at various times for two groups: laser only (left column) and
laser with Dox-Fu@AuNPs (right column). During the laser
irradiation, all the groups exhibited a temperature increase
in terms of color variations. The thermal lesion had a round
shape with a diameter of approximately 10 mm, which was
large enough to cover the entire tumor for hyperthermia.
Apparently, the laser with Dox-Fu@AuNPs group yielded
a 32% higher increase than the laser only group did (i.e.,
56.7°C for laser only vs. 75.0°C for laser with Dox-Fu@
AuNPs for 2-min irradiation). Temporal elevation of the
temperature in the tumors was also monitored in Figure 5C.
Overall, both the groups demonstrated that the tumor
temperature increased with the irradiation time but became
almost saturated around 30 s after the onset of the irradiation.
After 2-min irradiation, the laser with Dox-Fu@AuNPs
group entailed the temperature of 75.0 + 2.9°C, which is 30%
higher than that of the laser only (56.7 + 2.3°C; p <0.001).
It was noted that the induced temperature due strong light
absorption was high enough to cause the irreversible thermal
damage to the tumors.

The size of each tumor after various treatments
was monitored for 14 days to evaluate the dual-treatment
efficacy of Dox-Fu@AuNPs: control (saline), laser only,
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Figure 3: Photothermal and cytotoxicity effects against VX2 cells with Dox-Fu@AuNPs. (A) The cell viability of Dox-Fu@
AuNPs in VX2 at various concentrations (0, 20, 40, 60, 80, 100, 200, and 300 pg/ml) with different incubation times (24 and 48 h) was
measured by using MTT assay. (B) VX2 cell viability under various treatment conditions (control, laser, Fu@AuNPs, Dox-Fu@AuNPs,
Fu@AuNPs-assisted laser irradiation, and 200-pg/ml Dox-Fu@AuNPs-assisted laser irradiation for 2 min) was analyzed by using MTT
assay (‘and *: p < 0.05 compared with control and laser group, respectively).

www.impactjournals.com/oncotarget

113723 Oncotarget



Dox-Fu@AuNPs only, and laser with Dox-Fu@AuNPs as
shown in Figure 5B. Yellow arrows indicate the position of
the tumor before and after the treatments. The sizes of the
tumor for control, laser only, and Dox-Fu@AuNPs only
increased slowly for 6 days after the treatment and then
gradually increased. In contrast, the tumor size for laser
with Dox-Fu@AuNPs significantly decreased over time
(Figure 5B), and the tumor began to disappear at day 9.
Tumor volume was also quantified for 14 days to compare
therapeutic effects of various conditions (Figure 5B).
The tumor sizes slightly increased from approximately
100 mm?® to approximately 112 mm?® over 5 days and
then rapidly increased to approximately 1255, 600, and

Hoechst

256 mm®at day 14 for control, laser only, and Dox-Fu@
AuNPs only, respectively. Conversely, the laser with Dox-
Fu@AuNPs group demonstrated a significant decrease in
tumor growth, and the tumor was completely eradicated
within 6 days after the treatment. No tumor recurrence was
also observed at day 14.

The feasible application of Dox-Fu@AuNPs as a
PA contrast agent was examined in in vivo VX2 tumor-
bearing rabbit models before and after a single injection of
100 pl Dox-Fu@AuNPs at 200 pg/ul (Figure 6A). White
dashed rectangles represent the scanned arcas whereas
white dotted arrows indicate the position of the tumor. The
tumor injected with Dox-Fu@AuNPs created higher PA

Merge

Figure 4: Double staining with Hoechst 33342 and PI on VX2 cells: (A) control, (B) cells irradiated with laser only (0.11W/cm?), (C) cells
treated with Dox-Fu@AuNPs at 200 pg/ml, and (D) cells treated with Dox-Fu@AuNPs at 200 pg/ml followed by laser irradiation (0.11 W/cm?
for 2 min). Nuclei were stained with Hoechst 33342 (blue). The dead cells were represented by red staining with PI (20 x ; bar = 50 um).
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signals, compared with the pre-injection that showed an
unclear image due to the lack of intrinsic chromophores at
532 nm. The position of the tumor after the injection was
ostensibly visualized with high contrast due to strong light
absorption from both the blood and the Dox-Fu@AuNPs.
Cross-sectional images demonstrate the corresponding PA
B-scan images acquired from the dotted lines to provide
the axial penetration depth of the injected Dox-Fu@
AuNPs. The post-injection PA image clearly shows the
tumor filled with Dox-Fu@AuNPs whereas the cross-
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sectional image of the tumor before the injection is blurred
and difficult to differentiate. The PA image of the tumor
after the injection provides more than a 2-fold deeper
image depth in the tissue, compared with the pre-injection
(i.e., imaging depth = 2.8 + 0.1 mm for post-injection vs.
1.4 £ 0.1 mm for pre-injection; p < 0.001). A 3D rendering
PA image was reconstructed from a sequence of the B-scan
cross-sectional images. The 3D image reconstruction was
used to visualize the margins of the tumor and to evaluate
the spatial distribution of the nanoparticles in the tumor.
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Figure 5: Chemo-photothermal effects of Dox-Fu@AuNPs in rabbit eye tumor model. (A) /n vivo infrared thermographic
maps of eye tumors before and after injection with Dox-Fu@AuNPs were shown at various times after laser irradiation. (B) Representative
photographs of the rabbit eye tumors under various conditions (saline as control, laser only, Dox-Fu@AuNPs only, and Dox-Fu@AuNPs
with laser irradiation) were shown. (C) The graph indicates temporal development of temperature from the irradiated area in the tumor
during the laser irradiation (laser only vs. Dox-Fu@AuNPs with laser irradiation: N = 20). (D) Tumor volume was estimated three times
per day over a period of 14 days after each treatment. ("p < 0.05 compared with control).
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Obviously, the entire structure of the tumor volume was
clearly visible upon the injection of Dox-Fu@AuNPs.
In addition, the image after injection seemed larger,
implicating the effective diffusion of Dox-Fu@AuNPs
upon the injection. Quantitative measurements of the
PA signals from regions of interest (ROIs) in Figure 6B
were performed to differentiate the tumor areas from the
surrounding vitreous humor (Figure 6B). The PA image
contrast of the post-injected tumor was approximately 2.6
times higher than that of the surrounding vitreous humor
(i.e., PA amplitudes = 0.51 + 0.02 for post-injection vs.
0.14 £+ 0.02 for vitreous humor, p < 0.001). In contrast,
the PA contrast of the pre-injection slightly increased, in
comparison with that from of the surrounding area (i.e., PA
amplitudes = 0.21 + 0.01 for pre-injection vs. 0.12 £ 0.01
for vitreous humor; p < 0.001).

Histological analysis on the treated tumors at day 14
was also performed to investigate antitumor effects of Dox-
Fu@AuNPs (Supplementary Figure 4). Control images
showed no evidence of anatomic disorganization of the
tumor tissues. It was clearly observed that the morphology
of cellular structures was unchanged and most nuclei
were easily found, indicating that cancer cells were
barely affected in the absence of Dox-Fu@AuNPs. In
contrast, the samples treated with Dox-Fu@AuNPs only
presented minute necrotic foci. The tissues treated with
laser only and a combination of Dox-Fu@AuNPs and
laser irradiation demonstrated distinct necrosis (Dox and
thermal effects) in a superficial portion of the tumor and

A Before After
Photograph

of Tumor

PA Image

Cross-sectional
Image

3D
Reconstruction

no or minimal damage to the peripheral tissues. The depth
of the necrosis was estimated to be approximately 0.4 mm
and 1.5 mm for the tissues treated with laser-only and
with laser with Dox-Fu@AuNPs, respectively. Thus, the
tissue necrosis induced by the combined treatment was
approximately 4-fold thicker than that with laser only.

DISCUSSION

AuNPs have been investigated as drug carriers,
photosensitizer agents, and contrast agents for tumor
targeting, imaging, and selective therapy [16]. As strong
absorption of visible light by AuNPs can lead to heat
generation, the unique plasmonic effect can be applied
for PTT and PAI on solid tumors [29, 34]. The current
study developed and synthesized AuNPs coated with
Dox-loaded Fu for enhancing the synergistic effects of
chemotherapy, the augmented heating for PTT, and the
enhanced noninvasive photoacoustic image contrast for
tumor margin identification and dual-treatment in vivo.

Recently, a number of inorganic nanoparticles
have been widely investigated in imaging and treatment
of tumors both ex vivo and in vivo, including gold
nanoparticles (spheres, shells, rods, and cages) [35],
carbon-based materials (SWNT, graphene, and carbon
dot) [36, 37], magnetic nanoparticles [38], quantum dots,
and ceramic nanoparticles [39]. However, the current
nanoparticles are still limited by long-term toxicity, limited
imaging resolution and penetration depth, and fast clearance

B ecos Humer Area_pre | ®
0B f -'-‘l:rm:m Humar Area_Post

Tumnor Area_Pre
Tumor Area Past

0.2 -

PA Amplitude (a.u.)

Region of Interest (RO)

Figure 6: Photoacoustic imaging (PAI) of rabbit eye tumors injected with Dox-Fu@AuNPs. (A) Photographs of rabbit
eye tumor were compared before and after Dox-Fu@AuNPs injection. (B) Photoacoustic signals from different positions in the rabbit eye
tumor were compared before and after injection of Dox-Fu@AuNPs ("p < 0.05 compared with pre-injection).
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Table 2: Atoms analysis of Dox-Fu@AuNPs measured by EDS

EDS
Element - -
Weight (%) Atomic (%)

Au 88.77 33.57

C 9.36 58.06

N 0.42 2.24

o 1.18 5.50

S 0.27 0.63

by phagocytes (SPIO) [40]. Overcoming these challenges
requires the development of an essential agent that reduces
cytotoxicity, produces sufficient photoacoustic signals, and
enhances photothermal efficiency. A great number of studies
have reported the conjugation of AuNPs with different
materials such as Prussian blue [29], polyelectrolyte [41],
or thiolate chitosan as an alternative approach to reduce
cytotoxicity. Other studies have focused on enhancing
the biocompatibility and biodegradability of synthesized
agents by loading them with organic dyes such in the
case of heparin-folic acid-IR-780 nanoparticles [42] or
by loading hollow silica nanoparticles with hydrophobic
phthalocyanine (Pc@HSNSs) [43] or Zn(II)-phthalocyanine
[44] or coating them with polyethylene glycol (PEG),
including PEGylated WS2 nanosheets [45]. Most of the
available photosensitizers are hydrophobic in nature and
casily aggregate in physiological saline. To overcome
these limitations, biocompatible AuNPs were synthesized
by using a natural Fu as a conjugating and stable carrier
for effective PTT therapy and PAI. Fu is a natural
polymer with antitumor activity, no toxicity, and excellent
biocompatibility and stability for cancer treatment [46—48].
Therefore, Fu plays a key role as a surface coating and
reducing agent for the AuNPs core formation and leads
to reduction of the toxicity of AuNPs and to the enhanced
anti-tumor effects. In addition, to achieve effective tumor
removal, the anti-cancer agent, Dox was integrated into
Fu-coated AuNPs with over 90% loading efficacy, which
was validated by a previous study [20]. The current study
demonstrated a comparable cytotoxic effect of Dox over
200 pg/ml (Figure 3A). In fact, the saturation concentration
of Dox for conjugation within nucleus was reported to be
340 uM (i.e., 184.8 pg/ml) [49]. If the loading efficacy
of Dox on Fu@AuNPs is considered over 90% [20], the
cytotoxic effect could become comparable over 200 pg/ml
of Dox-Fu@AuNPs (i.e., 180 pg/ml of Dox).

PTT on Dox-Fu@AuNPs caused cell death by
damaging intracellular biomolecules and disturbing the
membranes of intracellular organelles. The cell death was
characterized as cell shrinkage, nuclear pyknosis (chromatin
condensation), karyorrhexis (nuclear fragmentation), nuclei
cleavage, and autophagic and nonlysosomal disintegration
by microscopic observations (Figure 4). Markovic ef al.
reported that the mechanism of photothermal killing of

cancer cells involved oxidative stress and mitochondrial
membrane depolarization, resulting in apoptotic and
necrotic cell death characterized by caspase activation,
DNA fragmentation, and cell membrane damage [50].
Thus, PTT increased apoptosis and necrosis through
mitochondrial membrane depolarization. The loss of
mitochondrial membrane potential, DNA fragmentation,
and phosphatidylserine exposure were observed in the PTT-
treated cells, which led to morphological and biochemical
changes in the dying cells. However, the proposed particles
were still associated with a relatively wide distribution
in size. Thus, the controlled conjugation of Dox to Fu@
AuNPs is currently under investigation to attain a uniform
size of Dox-Fu@AuNPs. Although various studies have
conducted PI fluorescence staining for detection of cellular
death and cell cycle [20, 51, 52], the fluorescent emissions
between PI and Dox are still undistinguishable. Therefore,
flow cytometry or western blot will further be performed to
define the cellular death and to confirm the current findings.

During 532-nm irradiation, Dox-Fu@AuNPs
yielded no considerable heating effect at 0.06 W/cm?,
irrespective of concentration. However, the photothermal
response was greatly enhanced as both irradiance
and concentration were increased to 0.11 W/cm? and
200 pg/ml, respectively (Figure 2A). Thus, small (~101 nm)
Dox-Fu@AuNPs responded well to laser irradiation,
and the temperature increase varied in an irradiance- and
concentration-dependent manner. This result confirmed
that only the highest concentration of 300 pg/ml reached
tumor denaturation temperature. Yuan ef al. showed
that a laser irradiance of approximately 433 W/cm? was
required to reach the threshold temperature for tumor
tissue denaturation (>55°C) [53]. However, the application
of high intensity laser light for cancer treatment is always
associated with thermal injury to the surrounding healthy
tissues. In contrast, the proposed method used a relatively
lower light intensity to photothermally treat small-sized
eye tumors and to minimize the thermal injury to the
peripheral tissues. To reach the threshold temperature for
the tumor denaturation, the laser only treatment would
require the irradiance of 0.55 W/cm?, based upon the
linear regression line [i.e., y = 24.5 + 60.1 x x, where x =
laser irradiance and y = peak temperature; Figure 2B]. On
the other hand, the application of Dox-Fu@AuNPs was
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able to reduce the irradiance down to 0.11 W/cm? (i.e.,
4.5 times lower) due to efficient optical energy coupling.
Therefore, the proposed nanoparticles could be the
potential photothermal agent to treat the eye tumors with
minimal thermal injury to the adjacent tissue.

In vivo experiments presented that the combination
of the laser irradiation and the nanoparticles induced
temperature elevation up to 42.2°C in less than 1 min,
which is approximately 1.7 times high as that with
laser only. The temperature rise can be attributed to the
concurrent absorption of laser light by hemoglobin in the
tumor and by Dox-Fu@AuNPs, leading to reduction of
the treatment time, whereas no temperature increase was
observed from the cells under laser irradiation without
nanoparticles (laser only) due to weak absorption of the
clear cells [54-56]. Unlike other conditions, the laser with
Dox-Fu@AuNPs removed the tumors within six days
without noticeable toxicity to the animals and recurrence
over 14 days. This finding confirmed that the both chemo-
and photothermal effects successfully inhibited tumor
growth without any adverse effects. It was also observed
that Dox-Fu@AuNPs with or without laser irradiation was
much greater than that of laser only due to anti-tumor effect
of Dox. Importantly, all the treatments that used a single
dose of the nanoparticles demonstrated a nonspecific effect
to the surrounding tissues [42]. It is worth mentioning that
chemotherapy-combined PTT can significantly improve
treatment efficacy on eye tumors [57]. In addition, the
current histological analysis merely presented the resultant
necrosis 14 days after the treatment. Thus, TUNEL assay
will further be conducted to detect apoptosis after the
combined treatment. Furthermore, the acquired PA images
(Figure 6) demonstrated that Dox-Fu@AuNPs obviously
increased the image contrast in the tumor regions by 2.5
fold. The augmented contrast could result from strong
absorption of 532 nm light by both blood and Dox-Fu@
AuNPs in the tumor, which corresponds to the peak
absorption wavelength of hemoglobin and Dox-Fu@
AuNPs, as shown in Figure 1H and also reported by Prahl
et al. [58]. This result implies that Dox-Fu@AuNPs could
serve as effective contrast agents to enhance non-invasive
PA imaging for cancer diagnosis. However, more effort
is still required to systematically examine the potential
long-term toxicity of the synthesized nanoparticles and the
feasibility of the dual-theranostic agent at various doses
in the animal models. In addition, the current histological
analysis merely presented the resultant necrosis 14 days
after the treatment. Thus, TUNEL assay will further
be conducted to detect apoptosis after the combined
treatment. Since solid tumors have wider and looser blood
vessels (i.e., leaky vasculature; 200 nm ~ 1.2 um in size
depending on tumor type) than normal tissue does (<10
nm in size) [59, 60], the current nanoparticles (116.7 £
40.6 nm) may readily be transferred to and accumulated
into the tumor due to enhanced permeability and retention
(EPR) effect [61]. Intraperitoneal or intravenous injection

of Dox-Fu@AuNPs will thereby be performed to identify
the feasible detection of the tumor margin with PAIL
Furthermore, synthesis of antibody with Dox-Fu@AuNPs
will be conducted to enhance selective tumor targeting for
the effective dual-treatment [62].

CONCLUSIONS

The current study investigated the feasible application
of Dox-Fu@AuNPs for dual-treatment (chemo- and
photothermal-) on eye tumor in vitro and in vivo. The
fabricated Dox-Fu@AuNPs presented good stability in
physiological environments and were non-cytotoxic to
normal cells at the tested concentrations. On account of
strong laser light absorption and high thermal conversion
efficiency even at low doses, Dox-Fu@AuNPs generated
both chemo and photothermal effects to completely
remove the tumors. Both high photostability and molecular
extinction coefficient enabled Dox-Fu@AuNPs to augment
photoacoustic image contrast for the feasible identification
of the tumor margins for the treatment. Therefore, Dox-
Fu@AuNPs can be effective and safe nano-theranostic
agents for imaging-guided dual-treatments for eye cancer.

MATERIALS AND METHODS

Chemical materials

Fu extracted from Fucus vesiculosus was obtained
from Sigma (Sigma, St. Louis, Mo, U.S.A.). Chloroauric
acid trihydrate (HAuCl,-3H,0, > 99.9%) and doxorubicin
hydrochloride (Dox-HCl) were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). Dulbecco’s modified
eagle’s medium/F12 (DMEM-F12) was obtained
from Cellgro (Mediatech, Massachusetts, USA).
Dulbecco’s modified eagle’s medium (DMEM), trypsin—
ethylenediaminetetraacetic acid (trypsin-EDTA), antibiotics,
fetal bovine serum (FBS), and phosphate-buffered saline
(PBS) were purchased from Gibco BRL, Life Technologies
(Grand Island, NY, USA). 3-(4,5-Dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT), dimethyl
sulfoxide (DMSO), Hoechst 33342, and propidium iodide
(PI) were obtained from Sigma-Aldrich. Double-distilled
water was used for all aqueous solutions in the experiments.
All chemicals were used directly as received without further
purification.

Synthesis of Dox-Fu@AuNPs

0.005 g of Fu was poured into 10 ml HAuCl,-:3H,0
aqueous solution at a concentration of 1 x 10 M, and
the solution was stirred at 80°C for 30 min on a magnetic
hot plate. The synthesized AuNPs were isolated by
centrifuging the mixed solution at 13,000 rpm for 30 min.
Then, several cycles of washing with deionized water and
centrifuging were performed to remove excess fucoidan
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and unreacted particles for the further experiments.
Filtration was performed for 24 h through a dialysis tube
with a 12,000 Da molecular weight cutoff to remove ionic
impurities. Dox-Fu@AuNPs were prepared by adding
Dox-HCI to the solution containing the fucoidan-coated
AuNPs. The final concentration of Dox was adjusted to
10* M in a solution. The resulting mixture was stirred for
2 min to obtain a homogeneous distribution of AuNPs and
then incubated for 24 h at room temperature. The resulting
solution was centrifuged at 10,000 rpm for 15 min to
remove excess non-reacted compounds. The acquired
pellet after centrifugation was distinguished from the
supernatant solution and re-dispersed in deionized water
prior to the further characterization [22].

Characterization of Dox-Fu@AuNPs

To select the excitation wavelength for PTT, the
absorbance of Dox-Fu@AuNPs was measured from
300 to 1100 nm by using a spectrometer (XS2, BioTek,
Winooski, VT, USA). High-resolution transmission
electron microscopy (HR-TEM) (JEM 2010, JEOL
Ltd, Tokyo, Japan) was used to visualize the fabricated
nanoparticles. The HR-TEM images provided the estimated
size and morphology of the nanoparticles. The median
size of the nanoparticles was then calculated with Image
J (National Institute of the Health, Bethesda, MD, USA).
For comparison, the particle size was analyzed again with
dynamic light scattering (DLS) by using an electrophoretic
light scattering spectrophotometer (ELS-8000, OTSUKA
Electronics Co. Ltd., Japan) at a fixed angle of 90°C and
room temperature. Zeta potential (ZP) values of Dox-Fu@
AuNPs were measured by utilizing an electrophoretic
light scattering spectrophotometer (ELS-8000, OTSUKA
Electronics Co. Ltd., Japan).

The elemental analysis of the synthesized Dox-
Fu@AuNPs was evaluated by using energy dispersive
x-ray spectroscopy (EDS; Hitachi, S-2400, Japan/Kevex
Ltd, Sigma). The surface elemental compositions and
impurities of Dox-Fu@AuNPs were identified by using
EDS analysis in a specific scan area on the SEM sample
at 20 keV. The crystalline structure of the powdered
nanoparticles was analyzed by using an X-ray power
diffraction (XRD) machine (X Pert-MPD System, Philips,
Almelo, Netherlands). The chemical functional groups
of the nanoparticles were determined by using Fourier-
transform infrared spectroscopy (FT-IR) spectrometer (FT/
IR 6100, Jasco, Easton, Pennsylvania, USA) in a diffuse
reflectance mode. The contents of the nanoparticles (i.e.,
organic and inorganic elements) were characterized by
performing thermogravimetric analysis (TGA) (TGA7,
Pyris 1, Perkin Elmer, Waltham, Massachusetts, USA).
The TGA analysis of the nanoparticles was determined
by the nanoparticles placed in an alumina pan under the
nitrogen atmosphere and heated from room temperature
to 700°C at a ramping time of 10°C/min.

Light source

For laser irradiation, a quasi-cw Q-switched 532-
nm laser system (GreenLight PV®, American Medical
Systems, Inc., San Jose, USA) was employed at various
irradiances (i.e., 0.06, 0.08, 0.09, and 0.11 W/cm?) and
times (i.e., 2, 3, and 5 min). A multimode 600-pum optical
fiber (NA = 0.22) was used to deliver the laser light into
each sample. The spot size was estimated to be 10.2 mm?.
To assess photothermal effects of the synthesized Dox-
Fu@AuNPs, four different concentrations of Dox-Fu@
AuNPs in solution [0 (saline), 100, 200, and 300 pg/ml]
were initially tested with the laser irradiation. The samples
were poured in the wells of a sterile 96-well plate (total
volume of 100 pl per each well). An infrared thermal
camera (FLIR A300, FLIR System, Inc., Sweden) was used
to monitor spatio-temporal development of temperature in
the aqueous solution during the laser exposure.

In vitro chemo-photothermal therapy

To measure cell viability of Dox-Fu@AuNPs without
laser irradiation, VX2 cells and Raw 264.7 cells were seeded
into a 96-well culture plate at a density of 2 x 10* cells/
well and 5 x 10* cells/well in a 100 pl of culture medium,
respectively. The seeded cells were then washed with PBS
and incubated with the Dox-Fu@AuNP solution at various
concentrations (0, 20, 40, 60, 80, 100, 200, 300 pg/ml) for
24 or 48 h at 37°C in the humidified atmosphere of 5% CO,.
The cells without Dox-Fu@AuNPs were used as a control.
After various incubation times, MTT tetrazolium bromide
solution (1 mg/ml) was added to each well. The cells were
incubated for 4 h, and DMSO was replaced to dissolve
formazan crystal. The optical density was quantified at 570 nm
by using an ELISA micro plate reader (SpectraMax, 340,
Molecular Device, Sunnyvale, CA, USA). The relative cell
viability was calculated and compared with that of a non-treated
blank group. To evaluate chemo-photothermal therapy on the
cells, VX2 cells were seeded in to 96-well culture plate at a
density of 2 x 10* cells/well. The seeded cells were incubated with
a 200 pg/ ml concentration of Dox-Fu@AuNPs for 4 h at 37°C.
The treated cells were then washed with PBS and fresh media
was replaced. The cultured cells were then placed in a water bath
maintained at 37°C prior to laser treatment. Laser light at an
irradiance of 0.11 W/cm? was used to illuminate the samples for
2 min. To assess cell death, MTT assay was performed after 24 h
incubation.

Hoechst 33342 and PI staining

VX2 cells were cultured in 6-well plates at 2 x 103
cells/well and incubated for 24 h at 37°C in the humidified
atmosphere of 5% CO,. The cells were then treated with
Dox-Fu@AuNP solution at the final concentration of
200 pg/ml and further incubated for 4 h. The cultured
cell plates were washed three times with PBS to remove
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unattached nanoparticles before double-staining with
Hoechst 33342 and PI fluorescent dyes. After washing,
300 ul of 10 pg/ml Hoechst solution was added to the
cells and incubated for another 20 min at 37°C in the dark
environment. The cells were then washed twice with PBS,
and 300 pl PI (10 pg/ml) was added. The sample was
incubated for an additional 10 min at 37°C. Finally, the
stained cells were washed three times and observed with a
Leica fluorescence microscope equipped with a DFC450C
color digital camera (Leica, Wetzlar, Germany).

In vivo testing

24 New Zealand White rabbits (3-4 months old and
2.2-2.6 kg) were used for in vivo PTT testing and purchased
from Taesung Laboratory Animal Science (Busan, Korea).
VX2 tumor cells were used for tumor inoculation into eyes
of each animal. The cultured VX2 cells were collected by
using a centrifuge at 750 rpm for 5 min. A suspension was
prepared of 1.0 x 107 tumor cells in 500 pul HBSS (Hank’s
balanced salt solution, Gibco® Thermo Fisher Scientific).
To create tumors in the eyes of the rabbits, each rabbit
was intramuscularly anesthetized with 10 mg/kg ketamine
and 3 mg/kg xylazine and secured in a supine position,
and their conjunctival areas were exposed under visual
guidance. Using a 27-gauge needle, 0.4 ml of a suspension
of VX2 cells (1 x 107) was injected into the subconjunctival
space directly over the pars plana. When the tumor grew
to a volume of approximately 100 mm?, the tumor-bearing
rabbit eyes were randomly divided into the following four
experimental groups: (1) control group injected with saline
and without laser application (N = 5), (2) treatment with
laser only (2 min; N = 6), (3) intratumoral injection of 100 pul
Dox-Fu@AuNPs dispersed in saline at 200 pg/ml (N = 5)

without laser irradiation, and (4) injection of Dox-Fu@

AuNPs (100 pl, 200 pg/ml) and laser irradiation (2 min;
N = 8). All rabbit studies satisfied the guidelines of the
Korean National Institutes of Health (KNTH) on the care
and use of laboratory animals. The experimental procedures
were approved by the Committee on Animal Research
of the College of Medicine at Kosin University (Permit
number: KMAP-16-24).

For in vivo testing, all the rabbits were anesthetized
with an intramuscular injection of ketamine (35 mg/kg) and
xylazine (5 mg/kg) prior to Dox-Fu@AuNP intratumoral
injection. Twenty minutes after the injection, the rabbit
models with and without the injected nanoparticles were
illuminated with a 532-nm laser system at 0.11 W/cm?
(irradiation time of 2 min and beam size of 10.2 mm?).
An IR thermal camera was employed to real-time monitor
temperature development of the tissue during the laser
irradiation. Only a single treatment was given to all the
animals. The growth of tumors was examined by a caliper
every day for 14 days after the treatments. The tumor volume
was calculated by using the formula of v = (I x w?)/2, where

v, [, and w represent the tumor volume (mm?), tumor length
(mm), and tumor width (mm), respectively [17].

To identify tumor margins before treatment, a
custom-made photoacoustic imaging (PAI) system was used
on the tumor-bearing eyes in vivo. A detailed description of
the system was reported in previous study [63]. To maintain
anesthesia during the in vivo experiments, anesthetic (i.e.,
ketamine = 17.5 mg/kg/h and xylazine = 2.5 mg/kg/h) was
injected at an interval of 30 min to the animals. Prior to the
experiments, the temperature of each rabbit was maintained
by using an electric heating pad. After the anesthesia, the
rabbits were positioned on the sample stage, and the areas
of interest were fixed with transparent tape to stabilize and
to minimize any breathing or other motion artifacts. A water
bath with an open bottom wrapped with plastic film was
placed on the top of the eye tumor. The ultrasound gel was
sandwiched between the water bath and the tumor region.
An ultrasound transducer was mounted in the water bath,
allowing it to move freely in 3D while not applying any
physical pressure on the rabbit. Then, the targeted regions
were photoacoustically imaged. After acquiring the control
PA image, Dox-Fu@AuNPs (0.1 ml and 200 pug/ml) were
intratumorally injected into the tumors with a syringe.
Twenty minutes after the injection, PAI of the injected
tumor was performed. After the in vivo experiments,
each rabbit was immediately returned to its kennel. To
distinguish the position between the normal tissue and the
tumor tissue, image segmentation was performed as post-
image processing using Matlab software (MathWorks,
Massachusetts, USA)

Histological analysis

To evaluate in vivo treatment efficacy of Dox-Fu@
AuNPs, all rabbits with eye tumors were euthanized with
overdose with CO, gas 14 days after the testing. The eye
tumor tissues were removed aseptically for histological
examination. The acquired samples were fixed in 10%
neutral buffered formalin (VWR, Radnor, PA) for two
days. The fixed tissues were cross-sectionally cut in 3 mm
sections and embedded in paraffin. Then, the paraffin-
embedded tissues were sliced to a thickness of 4 pm and
stained with hematoxylin and eosin (H&E). Each slide was
evaluated by using an Olympus BX51 light microscope
(Olympus Corp., Tokyo, Japan).

Statistical analysis

All experiments were executed and repeated three
times, and data were expressed as mean * standard
deviation (SD). For non-parametric statistical analysis,
Mann-Whitney U test in conjunction with SPSS (Ver 22,
IBM Corporation, Armonk, New York) was used, and
p <0.05 was considered statistically significant.
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