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ABSTRACT

Polymer nanoparticles are emerging as a useful tool for a wide variety of biomedical and therapeutic
applications. The present study demonstrates the multifunctional doxorubicin-loaded fucoidan capped
gold nanoparticles (DOX-Fu AuNPs) for drug delivery and photoacoustic imaging (PAI). Biocompatible
AuNPs were synthesized using a naturally occurring fucoidan (Fu) as a capping and reducing agent.
The Fu AuNPs synthesis was determined using UV-visible spectrum, and it was further characterized
using high resolution transmission electron microscopy, energy dispersive X-ray spectroscopy, Fourier
transform infrared spectroscopy, and X-ray diffraction analysis. The release of DOX from DOX-Fu AuNPs
was greater in acidic pH (4.5) than in neutral pH (7.4). The in vitro cytotoxic effect of fucoidan, Fu AuNPs,
DOX, and DOX-Fu AuNPs inhibited the proliferation of human breast cancer cells with an inhibitory
concentration of 35 pg/mL, 30 wg/mL, 15 wg/mL, and 5 pg/mL at 24 h. DOX-Fu AuNPs induced both early
and late apoptosis in a concentration-dependent manner compared with untreated control cells. The
ability of DOX-Fu AuNPs as a contrast agent for in vitro breast cancer imaging with PAl has been evaluated.
These results suggest that the multifunctional DOX-Fu AuNPs for drug delivery and PAI can soon provide

considerable contribution to human health.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Polymer nanoparticles are considered excellent candidates as
nanomedicine, with a high potential for diagnostic and thera-
peutic purposes with the possibility to achieve site-specific drug
delivery because of its high degree of safety and other favorable
properties such as biocompatibility, biodegradability, and nontoxic
nature [1]. Marine polymers are interesting biomaterials, which
can be used for obtaining biomimetic nanoparticles with tunable
surface properties. There is growing interest in them considering
the increasing number of researchers reporting the use of marine
polymers as capping materials to design novel nanoparticles for
imaging, delivery, and targeting in cancer therapy during the last
few years [2]. Fucoidan is a naturally occurring sulfated polysac-
charide extracted from marine brown seaweeds, containing large
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proportions of L-fucose and sulfate including Fucus vesiculosus [3].
Fucoidan was used as an immuno-therapeutic function polymer
and is an excellent drug candidate for pharmaceutical applica-
tions [4]. It has a wide spectrum of activity in biological systems,
including antibacterial, antiviral, antitumor, anti-inflammatory,
anticoagulant, immunomodulatory and antithrombotic effects [5].

Metal nanoparticles are new generation nanomaterials with
biomedical and therapeutic applications. Gold nanoparticles
(AuNPs) owing to their desirable optical, electrical, and chemical
properties have attracted a great deal of attention during recent
decades [6-8]. The synthesis of AuNPs normally involves the reduc-
tion of positively charged gold atom and addition of stabilizing
agents. The chemical used for gold synthesis is normally citrate,
sodium borohydride, and organic compounds [9]. To reduce the
use of chemical and toxic waste to the environment, the synthe-
sis of AuNPs using natural compounds is of interest. Among them,
fucoidan has been employed for the synthesis of AuNPs. To this
end, interest in this field has increased utilizing biocompatible,
biodegradable, and nontoxic naturally occurring marine polymers
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such as chitosan [10] and porphyran [11] for rapid synthesis of
AuNPs and subsequent use for drug delivery applications.

Doxorubicin (DOX) is a widely used chemotherapeutic agent
[12]. Although it kills the cancerous cells by inhibiting the synthesis
of nucleic acids within cells, three main problems are encountered
with DOX, first, high toxicity and large volume of distribution, sec-
ond, short life time in the body and third low solubility which
results in a narrow therapeutic index [13,14]. To overcome the
non-specificity and high toxicity of DOX, many researchers have
proposed conjugation to hydrophilic polymers to reduce the toxic-
ity level while sustaining the therapeutic efficacy [ 14]. Fucoidan is
biopolymer, which is completely water soluble, biocompatibility,
biodegradable and nontoxic in nature.

Breast cancer is the second leading cause of cancer death among
women in developed countries and is also increasingly observed in
developing countries. In the United States alone, it is estimated that
39,620 breast cancer deaths and 232,340 new cases are expected
among women in 2013 [15]. In the new millennium, the expected
number of annual new cases of breast cancer worldwide could
exceed 1.5 million [16]. The existing cytotoxic agents used for
breast cancer treatment are expensive and inefficient because of
severe side effects induced due to their toxicity in noncancerous tis-
sues [17]. Therefore, it is of the utmost importance to develop new
therapeutic agents that are biocompatible and cost-effective. In
recent years, nanotechnology-based products, such as nano-drug,
nano-cars, nano-dresses, skin creams, ball, and tennis rackets have
been increasingly introduced into the global market. To date, as
many as 1628 nano-based products are being extensively used for
various purposes worldwide. Inorganic nanoparticles have already
been utilized in wound healing and antibacterial applications [18].

Photoacoustic tomography (PAT) referred to as optoacoustic
tomography is a hybrid, nonionizing imaging modality that com-
bines the merits of both optical and ultrasonic imaging methods
[19]. It is currently attracting immense interest in the biomedical
optical imaging field. Photoacoustic imaging (PAI) is a new imaging
modality under preclinical development that has been applied to
various biomedical application for obtaining anatomic and func-

were of analytical grade and procured from Sigma-Aldrich (St.
Louis, USA).

2.2. Synthesis of gold nanoparticles

Fucoidan was obtained using previously described methods
[24-26]. Briefly, 0.005 g of fucoidan was added to 10 mL aqueous
solution of 1 x 10~4 M HAuCl4-3H,0, and the solution was kept in
magnetic heater stirrer at 80°C for 30 min, which resulted in a
dark ruby red color indicating the formation of AuNPs. The forma-
tion of AuNPs was monitored with UV-visible spectroscopy using
Beckman Coulter DU530 Life Science UV/vis spectrophotometer
(Beckman Coulter, Fullerton, CA, USA). Synthesized AuNPs were
collected by centrifugation at 12,000g for 30 min and washed many
times with deionized water by centrifugation and re-dispersion in
water to remove excess gold. The AuNPs dispersion was dialyzed
using dialysis tube with a 12,000 Da molecular weight cutoff for
24 h to remove ionic impurities.

2.3. Preparation of doxorubicin-loaded fucoidan capped gold
nanoparticles

A calculated amount of DOX was added to AuNPs dispersion,
obtained as described above, resulting in a final DOX concentration
of 10~4M in solution. The mixture of DOX and AuNPs dispersion
was incubated for 24 h at room temperature and then centrifuged
at 10,000g for 15 min. The obtained pellet after centrifugation was
separated from the supernatant solution and redispersed in deion-
ized water prior to further characterization [11].

Drug loading was calculated using two methods: first method
is based on the indirect method by estimating DOX content of the
supernatant, and second is based on the direct method by estimat-
ing DOX content present in the pellet obtained after centrifugation.
The drug concentration in supernatant and redispersed pellet were
determined by measurements of its UV absorbance at 480 nm using
UV-visible spectroscopy and the percentage loading of DOX on to
AuNPs was estimated by the following formula:

%Drug loading efficiency=

tional information, including breast tumor detection, epidermal
melanin measurements, blood oxygenation monitoring, and quan-
titative blood flow estimation [20-22]. Tissue-mimicking polyvinyl
alcohol (PVA) phantom is an important tool for performance testing
and optimization of medical ultrasound systems and photoacoustic
devices as well as for medical training purposes. Hence, the ideal
phantom material possesses acoustic and optic properties similar
to those of human tissue. AuNPs have been used as contrast agents
for imaging with PAT in vitro [23]. In the present study, a novel
strategy was undertaken to exploit the use of fucoidan as a reduc-
ing agent for the green synthesis of AuNPs and subsequently loaded
with DOX to demonstrate their use for drug delivery and PAIL

2. Materials and methods
2.1. Chemicals

Fucoidan from Fucus vesiculosus and Gold (II) chloride tri-
hydrate (HAuCls-3H,0) was purchased from Sigma-Aldrich (St.
Louis, USA). Doxorubicin hydrochloride (DOX) was obtained
from Sigma-Aldrich (St. Louis, USA). A yellow tetrazole, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was purchased from Sigma-Aldrich (St. Louis, USA). All chemicals

Total amount of DOX added — amount of DOX in supernatant or redispersed pellet
X

Total amount of DOX added 100

2.4. Characterization of fucoidan capped gold nanoparticles and
doxorubicin-loaded fucoidan capped gold nanoparticles

Studies on size, morphology, and composition of fucoidan
capped gold nanoparticles (Fu AuNPs) and DOX-loaded fucoidan
capped gold nanoparticles (DOX-Fu AuNPs) were performed using
field emission scanning electron microscopy (FESEM; JSM-6700,
JEOL, Japan), high resolution transmission electron microscopy
(HRTEM; JEM 1010, JEOL, Japan), and energy dispersive X-ray spec-
troscopy (EDX). Fourier transform infrared spectroscopy (FTIR)
spectra of fucoidan, Fu AuNPs, DOX, and DOX-Fu AuNPs were per-
formed using spectrum GX spectrometry in diffuse reflectance
mode operated at a resolution of 4cm~! of wavelength of
approximately 4000-400cm~!. X-ray diffraction (XRD) analysis
(X’Pert-MPD, Philips, Netherlands) was performed by preparing
a thin film of powdered Fu AuNPs. The particle size analysis was
determined by dynamic light scattering (DLS) method using elec-
trophoretic light scattering spectrophotometer (ELS-8000, OTSUKA
Electronics Co. Ltd., Japan) at a fixed angle of 90° and at room tem-
perature. The zeta potential (ZP) of the AuNPs before and after
loading DOX was measured with an electrophoretic light scattering
spectrophotometer (ELS-8000, OTSUKA Electronics Co. Ltd., Japan)
using ELS FlatBoard cell. The stability of Fu AuNPs was assessed at
ambient temperature. The change in surface plasmon resonance
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Scheme 1. Schematic diagram showing fucoidan capped gold nanoparticles and subsequent loading of doxorubicin on fucoidan capped gold nanoparticles for drug delivery

and photoacoustic imaging.

(SPR) of nanoparticles dispersion was recorded up to 6 months
using by UV-visible spectroscopy.

2.5. In vitro drug release

DOX-Fu AuNPs (1 mL) was dialyzed against 10 mL of phosphate
buffered saline solution (PBS, pH 7.4) using a cellulose acetate
membrane (spectra, MWCO: 1000Da) in a magnetic heater stir-
rer at 37 °C with continuous stirring at 100 rpm. At the designated
time interval, all outer solutions were exchanged from fresh PBS
solution, and the solution containing released DOX was used for
quantitative analysis. The amount of DOX released was analyzed
using a spectrophotometer at 490 nm. A similar release study was
conducted in acetate buffer (pH 4.5). The experiments were per-
formed in triplicates for each sample.

2.6. In vitro cytotoxic activity

2.6.1. Cell viability assay

Human breast cancer cell line (MDA-MB-231) was purchased
from Korean Cell Line Bank Seoul, South Korea and was grown
in Dulbecco’s Modified Eagle Medium (DMEM). Cells were seeded
into 96-well plates at approximately 5 x 104 cells at 37°C in a 5%
CO, atmosphere. Cells were treated with different concentration
of fucoidan, Fu AuNPs, DOX, and DOX-Fu AuNPs (5, 10, 15, 20,
25, 30, 35, 40, 45, and 50 pg/mL) for 24 h incubation [27]. Treated
cells were incubated for 24 h to perform cytotoxic analysis using
MTT assay. MTT was prepared at a concentration of 0.5 mg/mL
and 100 p.L of MTT was added in each well and incubated for 4 h.
Purple formazone crystals were observed, and these crystals were
dissolved with 100 pL of dimethyl sulfoxide (DMSO) and read at
570nm using a multi-well ELISA plate reader [28]. Optical den-
sity value was subjected to the percentage of viability using the

following formula:

Percentage of cellviability (%) =

OD value of experimental samples

OD value of experimental controls x 100

2.6.2. Morphological observation

MDA-MB-231 cells were treated with different concentrations
of DOX-Fu AuNPs and incubated for 24 and 48 h at 37°C in a 5%
CO, atmosphere. After the incubation of cells, gross morphological
changesin the cell were observed under a Leica DMI3000 B inverted
phase contrast microscope (Leica Microsystems GmbH, Wetzlar,
Germany).

2.6.3. Propidium iodide staining

MDA-MB-231 cells were plated at 5 x 10 cells/well into a 6-
well plate. At >90% confluence, cells were treated with DOX-Fu
AuNPs for 24 and 48 h. Cells were washed with PBS and fixed in
methanol: acetic acid (3:1 v/v) for 10 min. After fixation, they were
stained with 50 pg/mL of propidium iodide (PI; Sigma-Aldrich, St.
Louis, USA) for 20 min. Nuclear morphology of apoptotic cells with
condensed/fragmented nuclei was examined under a fluorescence
microscope (Leica Microsystems GmbH, Wetzlar, Germany).

2.6.4. DAPI (4,6-diamidino-2-phenylindole dihydrochloride)
staining

MDA-MB-231 cells were treated with DOX-Fu AuNPs for 24
and 48 h and then fixed with methanol:acetone (3:1, v/v) prior
to washing with PBS. Washed cells were then stained using
1 mg/mL 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI;
Sigma-Aldrich, St. Louis, USA) for 30 min in the dark. Nuclear mor-
phology was examined under a fluorescence microscope (Leica
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Fig. 1. (a) UV-vis spectral analysis of fucoidan capped gold nanoparticles. (b) FTIR spectra of fucoidan and fucoidan capped gold nanoparticles. (c) XRD pattern of fucoidan
capped gold nanoparticles. (d) Energy dispersive X-ray spectrum of fucoidan capped gold nanoparticles.

Microsystems GmbH, Wetzlar, Germany) to identify cells under-
going apoptosis.

2.6.5. Cell cycle analysis by flow cytometry

MDA-MB-231 (5 x 10% cells/well) cells were seeded into 6-well
culture plates and incubated for 24 and 48 h for cell attachment and
recovery. Cells were treated with an inhibitory concentration (ICsg)
of DOX-Fu AuNPs for 24 and 48 h. Untreated cells (control) were also
incorporated. After incubation, cells were harvested and fixed with
ice-cold 70% ethanol (5 mL) at —20°C. They were allowed to stand
overnight, and cell pellets were further processed using the FITC
Annexin V Apoptosis Detection Kit (BD Pharmingen™) according
to the manufacturer’s protocol by fluorescent activated cell sorter
(FACS) analysis (BD FACSVerse, NJ, USA) [29].

2.7. Photoacoustic tomography

The noninvasive PAI system has been previously developed and
described [30]. In the present study, we modified the system to use
only the pumping light (532 nm pump source, 10 Hz repetition rate,
and 3-5 ns pulse width) from the Q-switched pulsed Nd:YAD laser
(Surelite III, Continuum, CA, USA) (Fig. 7a). The free-space output
laser beam was coupled with a 0.22-NA, 600-pwm core diameter,
multi-mode optical fiber (Thorlabs, NJ, USA) with a plano-convex
lens of 50 mm in focal length (Thorlabs). The input end of the opti-
cal fiber was fixed to a fiber coupler at the focus point of the lens.
The output end of the fiber was combined with a 10-MHz single
element, focused transducer (Panametrics, MA, USA) and aligned
such that the center of the irradiated light would locate at the focal

point of the transducer. The output end of the fiber and transducer
were mounted on a three dimensional linear actuator and moved
for raster scanning. Output signals from the US transducer were
amplified using an ultrasound pulser/receiver (5900 PR, Olym-
pus, MA, USA). Then, the signals were digitized and stored using
a data acquisition (DAQ) system which includes a 100-MS/s DAQ
card (PXI-5122, National Instruments, TX, USA) and an embedded
controller (PXI-1042Q, National Instruments). The trigger signals
from the laser system were synchronized with the DAQ system
to capture photoacoustic signals when the pulsed laser irradiated
the sample. The DAQ system was controlled by a custom-made
LabView program. To form photoacoustic image, acquired photoa-
coustic signals were post processed to improve image quality by
applying bandpass filtered (3—-20 MHz) to reduce noise. The Hilbert
transform was used to detect the signal envelope by taking the
absolute values of analytic signals. Finally, envelope signals were
used to construct three dimensional photoacoustic image using a
home-made Matlab program.

2.7.1. Doxorubicin-loaded fucoidan capped gold nanoparticles
labeling of MDA-MB-231 cells

Cells (3 x 10° cells/well) were treated with two different con-
centrations of DOX-Fu AuNPs (5 and 10 pg/mL) and incubated for
24h at 37°C. Untreated cells (3 x 10° cells) were used as a con-
trol. After 24 h, cells were washed with 1 x PBS, and morphological
changes in cells were observed under a Leica DMI3000 B inverted
phase contrast microscope (Leica Microsystems GmbH, Wetzlar,
Germany). Treated and untreated cells were harvested and fixed
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Fig. 2. (a) HRTEM images of fucoidan capped gold nanoparticles. (b) SAED of fucoidan capped gold nanoparticles. (¢) DLS histogram of fucoidan capped gold nanoparticles.

with 4% formalin for 10 min. Cells were washed with 1 x PBS and
centrifuged at 1500 rpm for 3 min and used for the PAL

2.7.2. Tissue-mimicking polyvinyl alcohol phantom

Polyvinyl alcohol (PVA) phantoms for imaging were constructed
using 8% polyvinyl alcohol (Sigma-Aldrich, St. Louis, USA), 0.4%
silica (Min-U-Sil, U.S silica, Pacificc MO, USA) and 100mL of
distilled water. Untreated cells and DOX-Fu AuNPs labeled MDA-
MB-231 cells were included in the tissue-mimicking PVA phantom
[30]. Untreated cells and DOX-Fu AuNPs labeled MDA-MB-231
cells were mixed with 10% gelatin and used for three inclusions
(60 wL each/well) in the tissue-mimicking PVA phantom. Using a
micropipette, untreated cells and two different concentrations of
DOX-Fu AuNPs labeled MDA-MB-231 cells were poured into each
well on PVA phantoms. The gelatin solution was used to cover inclu-
sions after solidification. The PVA phantom was placed in the water
tank of the PAI system to obtain images.

2.8. Statistical analysis

Experiments for each sample were performed three times, and
final values were presented as the mean + standard deviation (SD).
The statistical software, SPSS/14 (one way ANOVA), was used to
estimate statistical parameters. Data obtained were analyzed using
Origin Pro 9.0 SRO software (OriginLab Corporation, USA).

3. Results and discussion

In the present study, fucoidan was used as a reducing as well as
a stabilizing agent for green synthesis of AuNPs. Furthermore, we
have studied that these biosynthesized AuNPs would enable the
attachment of biomolecules for drug delivery and PAI (Scheme 1).

3.1. Synthesis and characterization of fu AuNPs

UV-visible spectroscopy is animportant technique to determine
the formation and stability of AuNPs in aqueous solution. Fucoidan
was mixed with chloroauric acid; the mixture turned into a ruby
red color within 30 min, which indicated the reduction of Au3* into
Au® jons, and thus the formation of AuNPs was preliminarily con-
firmed (Fig. 1a). AuNPs are known to exhibit a ruby red color in
aqueous solutions because of the excitation of the surface plasmon
resonance (SPR). Biosynthesized AuNPs exhibited a strong peak at
566 nm, which strongly suggests that the AuNPs were spherical in
shape.

FTIR spectroscopy is helpful to analyze possible interactions of
fucoidan and Fu AuNPs with different functional groups. FTIR spec-
trum shows the presence of different functional groups at various
positions (Fig. 1b). The strong broadband observed at 3444 cm™!
and 3441 cm~! in the spectra of fucoidan and Fu AuNPs corresponds
to the O—H stretching of alcohols. The band observed at 2933 cm™!
and 2932 cm~! were assigned to the C—H stretching of alkanes. The
band at 1633 cm~! and 1637 cm~! corresponds to the N—H bending
of amines. The medium band at 1256 cm~! and 1260cm~! can be
assigned to the C—H wag of alkyl halides. The band at 1033 cm~! and
1059 cm~! corresponds to the C—N stretching of aliphatic amines.

The XRD technique was used to determine and confirm the crys-
tal structure of nanoparticles. Fig. 1c showed the XRD pattern of
dried Fu AuNPs. The intense diffraction peaks were observed at
26 values of 38.13°, 44.43°, 64.66°, and 77.66°, which correspond
to the (111), (200), (220), and (311) reflection of the crystalline
metallic gold, respectively (JCPDS no. 04-0784). The well-resolved
and intense XRD pattern clearly showed that Fu AuNPs formed
by the reduction of Au3* ions using fucoidan are crystalline in
nature. Manivasagan et al. reported that the XRD pattern of
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Fig. 3. (a) UV-vis spectral analysis of fucoidan capped gold nanoparticles of six months stability. (b) HRTEM image of fucoidan capped gold nanoparticles of six months
stability. (c) UV-vis spectral analysis of native DOX solution, redispersed pellet of DOX-loaded fucoidan capped gold nanoparticles and supernatant of DOX-loaded fucoidan
capped gold nanoparticles. (d) HRTEM images of DOX-loaded fucoidan capped gold nanoparticles.

biosynthesized AuNPs corresponded to (111), (200), (220), and
(311) of cubic crystalline metallic gold [31].

The morphology of Fu AuNPs as observed by FESEM was well
aggregated and spherical in shape. The presence of gold as the major
constituent was confirmed by EDX analysis (Fig. 1d). A strong signal
for gold at the spectrum of 2.2 keV was characteristic of Fu AuNPs.
Interaction with Cu may emerge because of the grid used for analy-
sis, and oxygen peaks may occur because of the biomolecule bound
to the surface of Fu AuNPs [32]. Previously, Balasubramani et al.
obtained the formation of individual spherical shaped AuNPs in the
range 2-2.5keV in Chloroxylon swietenia [33].

HRTEM results gave a clear indication on size and shape of Fu
AuNPs (Fig. 2a). Nanoparticles were monodispersed and spherical
shaped with size ranging from 73 to 96 nm having an average par-
ticle size of ~82 nm. The selected area electron diffraction pattern
(SAED) revealed four rings of Brag’s reflections corresponding to
its face centered cubic nature of Fu AuNPs were find crystalline
[34]. Fig. 2b showed that most nanoparticles are nearly spherical
in shape with size and the crystalline nature of Fu AuNPs based on
SAED pattern. Particle size distribution of Fu AuNPs was analyzed
based on measuring the time dependent fluctuation of scattering
of light by nanoparticles undergoing Brownian movement [35]. The
DLS analysis is used to measure the shell thickness of a capping or
stabilizing agent enveloping the metallic nanoparticles along with
the actual size of the metallic core. Fig. 2c shows the particle size
distribution of Fu AuNPs by means of DLS. The average particle size
of the Fu Au NPs was found to be approximately 82 nm. ZP val-
ues reveal information regarding the surface charge and stability of
biosynthesized Fu AuNPs. ZP measured for Fu AuNPs in the present

study was —10.72 mV. ZP analysis indicated that capping molecules
present on the surface of AuNPs are mainly comprised of negatively
charged groups and also responsible for the moderate stability of
nanoparticles. Thus, fucoidan acts as a reducing as well as a capping
agent.

For varied biomedical and therapeutic applications, we per-
formed the stability study of Fu AuNPs by monitoring the SPR and
HRTEM over 6 months (Fig. 3a and b). The stability of nanoparti-
cles has no shift in SPR and showed no aggregation, indicating that
nanoparticles formed were stable. Thus, the long-term stability of
nanoparticles could be attributed to electrostatic and mechanical
barrier properties of fucoidan. These results laid out the utility of
these nanoparticles for drug delivery and PAL

3.2. Formation of DOX-loaded fucoidan capped gold
nanoparticles

After the successful biosynthesis of stable Fu AuNPs, we have
visualized this system for drug delivery application through the
subsequent loading of a biologically active molecule. Using a deliv-
ery system with the non-covalently loaded drug is considered a
more rational approach that avoids any potential issues associated
with a prodrug strategy. We have selected the anticancer drug DOX
for loading on biosynthesized Fu AuNPs. Percent loading of DOX
onto Fu AuNPs was determined based on DOX content in the super-
natant and obtained pellet, and it was found to be 7.97 +2.3% and
92.03 £ 1.5% of DOX, respectively (Fig. 3c). In the HRTEM image,
spherical DOX-Fu AuNPs were observed (Fig. 3d). The hydrody-
namic particle size of DOX-Fu AuNPs was 83 nm as measured by
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nanoparticles. (b) The drug release profile of DOX from DOX-loaded fucoidan capped
gold nanoparticles in acetate buffer and phosphate buffer.

DLS. ZP of DOX-Fu AuNPs was found to be —10.93 mV. ZP of DOX-
Fu AuNPs was ascribed to the presence of positively charged DOX
on the surface of AuNPs. It was believed that along with the electro-
static interaction other attractive forces, including hydrogen bond
could be playing an importantrole facilitating the drug loading pro-
cess. The hydrogen bonding between protonated amine groups,
evidenced by FTIR (Fig. 4a), where the N—H stretching band at
3322cm™! of native DOX, shifted to 3363 cm~! in case of DOX-
Fu AuNPs. The band observed at 1732 cm™! is assigned to the C=0
stretching of aldehydes group whereas the band at 1717 cm~! cor-
responds to the C=0 stretching of unsaturated esters. The band at
1229cm~! and 1215cm~! corresponds to the C—H wag of alkyl
halides. The medium band observed at 1112cm~! and 1167 cm™!
were assigned to the C—N stretching of aliphatic amines. The band
at 1069 cm~! and 1035 cm~! corresponds to the C—N stretching of
aliphatic amines.

3.3. Drugrelease

The ability of the carrier to efficiently release the cargo at the
desired site is an important feature of any delivery system. Fig. 4b
represents the release of DOX from DOX-Fu AuNPs in acetate buffer
(pH 4.5) and phosphate buffer (pH 7.4). At the end of 72 h, 97% and
10% of DOX was released in acetate and phosphate buffer, respec-
tively. This revealed that the release of DOX was greater in acidic pH
than in neutral pH. This pH-dependent release may help improve

the efficiency of DOX as the uptake of drug-loaded nanoparticle
through endocytosis process leads to exposure to an acidic envi-
ronment [36]. This may initiate rapid release of DOX from DOX-Fu
AuNPs after internalization. Such efficient release would ultimately
result in improved cytotoxic activity against cancer cells. Further-
more, the negligible release of DOX from DOX-Fu AuNPs in neutral
pH will help reduce the toxicity of DOX to the normal tissue as the
physiological pH of the body is maintained at pH 7.4 [37]. Praba-
haran et al. [38] investigated the gold nanoparticles stabilized with
a monolayer of doxorubicin-conjugated amphiphilic block copoly-
mer for tumor-targeted drug delivery. The conjugated DOX was
released from the folate (FA)-conjugated amphiphilic Au NPs with a
poly(L-aspartate-doxorubicin)-b-poly(ethylene glycol) monolayer
(Au-P(LA-DOX)-b-PEG-OH/FA) micelles much more rapidly at pH
5.3 and 6.6 that at pH 7.4, which is a desirable characteristics for
tumor-targeted drug delivery. Banu et al. [39] reported that dox-
orubicin loaded polymeric gold nanoparticles evaluated in an acidic
pH to analyze the in vitro drug release of the drug delivery system.
Wang et al. [40] developed the doxorubicin-tethered responsive
gold nanoparticles (DOX-Hyd@AuNPs) facilitate intracellular drug
delivery for overcoming multidrug resistance in cancer cells. The
release of DOX was higher in acidic pH 5.0 as compared to neu-
tral pH 7.4. You et al. [41] reported the doxorubicin loaded hollow
gold nanospheres for anticancer therapy. The release of DOX was
also pH-dependent, with more DOX released in aqueous solution
at lower pH.

3.4. In vitro cytotoxic activity

AuNPs as novel agents for cancer therapy are gaining greater
demand in medical applications. At the same time, there are only
limited studies on the cytotoxic effect of green synthesized AuNPs
against cancer cell lines [31]. This is the first study to report DOX-
Fu AuNPs against MDA-MB-231 cells. In the present study, the
in vitro cytotoxic effects of fucoidan, Fu AuNPs, DOX, and DOX-
Fu AuNPs were evaluated against MDA-MB-231 cells at different
concentrations (Fig. 5a). They showed a dose-dependent decrease
in cell viability. Fifty percentage of cell death, which determines
the ICsq value of fucoidan, Fu AuNPs, DOX, and DOX-Fu AuNPs
against MDA-MB-231 cells, holds at 35 wg/mL, 30 pg/mL, 15 pg/mL,
and 5 pg/mL in 24 h. The experimental results clearly proved the
excellent anticancer activity of DOX-Fu AuNPs against MDA-MB-
231 cells. Previously, Venkatpurwar et al. reported the porphyran
capped AuNPs as novel carriers for anticancer drug delivery. DOX-
loaded AuNPs demonstrated higher cytotoxicity on LN-229 cell line
than did an equal dose of native DOX solution [11]. Lee et al. [4]
reported the doxorubicin loading fucoidan acetate nanoparticles
(DOX-AcFu) for immune- and chemotherapy in cancer treatment.
ICs5g value of DOX-AcFu was lower than that of free DOX in the
multidrug resistance model cells.

3.5. Induction of apoptosis by DOX-Fu AuNPs

3.5.1. Morphological observation

Morphological changes were observed in DOX-Fu AuNPs-
treated MDA-MB-231 cells when compared with untreated cells.
The most recognizable morphological changes of DOX-Fu AuNPs-
treated cells observed in this study was membrane integrity loss,
cell growth inhibition, cytoplasmic condensation, and cell clump-
ing (Fig. 5b).

3.5.2. Propidium iodide staining

PI reacts with both DNA and RNA and is a commonly used fluo-
rescent reagent for nucleic acid staining. The induction of apoptosis,
after treatment with ICsg concentration of DOX-Fu AuNPs, was
assessed by fluorescence microscopy after staining with PI, and
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Fig. 5. (a) MTT assay results confirming the in vitro cytotoxicity effect of fucoidan, fucoidan capped gold nanoparticles, native DOX, and DOX-loaded fucoidan capped gold
nanoparticles against MDA-MB-231 cells for 24 h. Data is expressed as mean =+ SD of the three experiments. Percentage of cytotoxicity is expressed relative to untreated
controls (*significant p <0.05; **highly significant p <0.01). (b) Morphological alterations in MDA-MB-231 cells incubated with 5 p.g/mL of DOX-loaded fucoidan capped gold
nanoparticles for 24 and 48 h, as assessed by contrast phase microcopy (20 x Magnification). Propidium iodide staining of MDA-MB-231 cells in control and treated with
5 pg/mL of DOX-loaded fucoidan capped gold nanoparticles for 24 and 48 h (40 x Magnification). DAPI nuclear staining of control cells and DOX-loaded fucoidan capped gold
nanoparticles treated cells exhibited condensed form of nuclear materials in apoptotic cells.

it showed apoptotic changes and nuclear condensation. In case of
control cells, a negligible number of PI-positive cells were noticed.
In contrast, progressive increase in the number of PI-positive cells
was noted in DOX-Fu AuNPs-treated cells (Fig. 5b). These data sug-
gest that DOX-Fu AuNPs can induce cell death in MDA-MB-231 cells
through the reactive oxygen species (ROS)-mediated apoptotic pro-
cess. Increased ROS levels and subsequent loss of mitochondria
membrane potential may be the reason for increased apoptotic
morphological changes in DOX-Fu AuNPs-treated cells [42].

3.5.3. 4',6-diamidino-2-phenylindole dihydrochloride staining

DAPI is a fluorescent stain mainly used to detect different char-
acteristic features of apoptotic process. In DAPI staining, after
treatment with ICsy concentration of DOX-Fu AuNPs for 24 and

48 h, MDA-MB-231 cells start to exhibit apoptotic characteristics,
such as cell shrinkage, nuclear condensation, and fragmentation. In
the control group, cells were regular in morphology and showed an
intact nuclear structure (Fig. 5b). Interestingly, some studies have
reported that AuNps can also induce DNA damage and apoptosis in
cancer cells [31].

3.5.4. Flow cytometry analysis

Annexin V/PI double staining was used to detect apoptosis in
MDA-MB-231 cells. Fig. 6a shows the degree of apoptosis caused
by the DOX-Fu AuNPs delivery system as assessed by the FACS anal-
ysis. MDA-MB-231 cells were treated with an IC5¢ concentration of
DOX-Fu AuNPs for 24 and 48 h. DOX-Fu AuNPs induced both early
and late apoptosis in a concentration-dependent manner compared
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Fig. 6. (a) Fluorescence-activated cell sorting (FACS) analysis of apoptosis in MDA-MB-231 cells incubated with 5 pg/mL of DOX-loaded fucoidan capped gold nanoparticles
measured using fluorescein isothiocyanate (FITC)-labeled Annexin V and PI. Representative dot plots showing the distribution of Annexin V and PI staining for control and
DOX-Fu AuNPs-treated cells. (b) Bar graph represents the mean percentages of apoptosis and necrosis (*significant p < 0.05; ** highly significant p<0.01).

with untreated control cells. When cells were treated with ICsq
concentration of DOX-Fu AuNPs for 24 and 48 h, the average pro-
portion of Annexin V-staining positive cells (total apoptotic cells)
significantly increased from 2.05% in control to 66.35% and 69.37%
respectively (Fig. 6b).

3.6. Photoacoustic imaging

Fig. 7b shows the top view of the tissue-mimicking PVA phan-
tom including three inclusions of untreated cells (control) and two
different concentrations of DOX-Fu AuNPs-labeled MDA-MB-231
cells (5 and 10 pg/mL). The maximum intensity projection (MIP)
image along the z-axis to xy plane of the phantom (Fig. 7c) is dis-
played over a 26 mm x 7 mm field of view. It clearly reveals the
distribution of DOX-Fu AuNPs labeled MDA-MB-231 cells inside
the phantom. The high-amplitude photoacoustic signals could not
be detected in untreated cells (control), which were not DOX-Fu
AuNPs. The high-amplitude photoacoustic signals were detected
from inclusions of high concentration of DOX-Fu AuNPs-labeled
MDA-MB-231 cells (10 pg/mL). The incident light homogeneously
distributed over the volume of inclusions containing DOX-Fu

AuNPs-labeled MDA-MB-231 cells because of the optical scattering
inside the cells. Fig. 7d shows the three dimensional photoacous-
tic image of the phantom with the 26 mm x 7 mm x 6 mm field of
view. Biological targeting of DOX-Fu AuNPs to cancer cells may
further increase the magnitude or change the pattern of DOX-Fu
AuNPs accumulation inside cancer cells. This could be well stud-
ied using PAI as demonstrated here. The ability to image DOX-Fu
AuNPs inside cancer cells with PAI also suggests an opportunity for
image-guided cancer therapy, with DOX-Fu AuNPs serving as can-
cer imaging contrast agents and mediators of cancer therapy. The
presently employed laser system (532 nm) for PAT, used in con-
junction with DOX-Fu AuNPs as a contrast agent, has the potential
to allow for non-invasive early diagnosis and image-guided treat-
ment of superficial, often refractory, tumors such as breast cancer,
malignant melanoma, and Merkel cell carcinoma.

4. Conclusion

Nanobiotechnology represents a new era of an innovative
approach to develop and test modern drug formulations based
on biosynthesized nanoparticles for drug delivery and PAL In the
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Fig. 7. (a) Diagram of the photoacoustic imaging system used to image the tissue mimicking PVA phantom. (b) Diagram of tissue mimicking polyvinyl alcohol phantom shows
a top view structure. (c) Photoacoustic image of untreated cells (control) and two different concentrations of DOX-Fu AuNPs labeled MDA-MB-231 cells (5 and 10 pg/mL). (d)
Three dimensional (3D) photoacoustic image of untreated cells (control) and two different concentrations of DOX-Fu AuNPs labeled MDA-MB-231 cells (5 and 10 pg/mL).

present study, we have demonstrated a novel method for the
green synthesis of AuNPs using a biocompatible polymer, fucoidan
with improved surface properties for binding of biomolecules.
Synthesized AuNPs were characterized using spectroscopic and
microscopic techniques. Further, the applicability of these nanopar-
ticles as a carrier for the delivery of cationic anticancer drugs
was demonstrated by successful loading of DOX onto synthesized
AuNPs. This is the first report on the multifunctional DOX-Fu AuNPs
for drug delivery and PAL The in vitro cytotoxicity of DOX-Fu AuNPs
can be attributed to the greater uptake potential of Fu AuNPs,
thus establishing the role of AuNPs as efficient carriers for the
delivery of anticancer drugs. These DOX-Fu AuNPs showed a pH-
dependent release behavior with the negligible release of DOX in
basic pH, which may help to reduce the toxicity of DOX to the nor-
mal tissue. The flow cytometry techniques represent very useful
tools for a variety of biological and clinical studies requiring quan-
titative information regarding cell death; apoptosis analysis was
performed through Annexin V-FITC/PI dual staining and cellular
DNA content analysis. DOX-Fu AuNPs have been used as a contrast
agent for imaging with PAl in vitro and for noninvasive detection in
MDA-MB-231 cells. The ability to image DOX-Fu AuNPs has impor-
tant implications for developing these biocompatible nanoparticles
for cancer diagnostic and therapeutic application. In the light of
these results, DOX-Fu AuNPs could be considered as a promising
candidate for drug delivery and PAI Therefore, we hope that these
multifunctional DOX-Fu AuNPs for drug delivery and PAI can soon
provide great contributions to human health.
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