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Facile size-controlled synthesis of fucoidan-coated
gold nanoparticles and cooperative anticancer
effect with doxorubicin†

Hongje Jang, ab Kyungtae Kangc and Mostafa A. El-Sayed*a

To conquer cancer, one of the most dangerous and common diseases faced by humanity, many

therapeutic approaches have been researched and developed. Discovery of highly effective therapeutic

molecules without side effects and novel strategies for their effective delivery are areas receiving recent

global interest. Here, we describe a facile one-pot synthetic method for making gold nanoparticles

coated with fucoidan, a natural product extracted from brown seaweed and a promising anticancer

biopolymer. This nanoparticle formulation with well-controlled size distribution shows promise in

enhancing the therapeutic and delivery efficacy. Moreover, stable surface modification of fucoidan

coating followed by conjugation of doxorubicin through cleavable linkage significantly improved the

anticancer effect. Fucoidan-coated gold nanoparticles containing doxorubicin exhibited more greatly

enhanced anticancer effect than any other related platform following fucoidan-based cancer treatment

adopting the nanoparticle integrated system.

1 Introduction

Fucoidan is a sulfated, fucose-rich polysaccharide, which is
extracted from various brown algae and brown seaweed.1 This
sulfated polysaccharide is useful for many biological applications
due to its properties including antiviral,2–4 anticancer,5 anti-
proliferative,6 anti-inflammatory,7 immunomodulation,8 anti-
metastatic9,10 and anticoagulant11 effects and far more therapeutic
advantages. Based on its diverse applicability and non-cytotoxicity,
fucoidan has received a great deal of attention as a functional
dietary supplement.

Cancer, the uncontrollable overgrowth and intemperate
proliferation of genetically abnormal cells, is a dangerous and
incurable disease.12,13 Despite the remarkable research progress
in cancer ecology and treatments, cancer is still one of the
highest causes of mortality worldwide.14 According to a report
from the United States National Cancer Institute, approximately
1.6 million new cancer cases would be reported and 0.6 million
people would be facing death from cancer in 2016 in the United
States. To conquer cancer, countless therapeutic strategies have
been reported and developed.15–18 Of these, natural bioactive

polysaccharides which have therapeutic effect have been shown
to have good potential. In this regard, fucoidan has attracted
clinical attention recently. This is based on its well-documented
bioactive properties, including the p-glycoprotein-mediated
drug efflux inhibition capability to resist multidrug resistance
(MDR)19 and activate autophagy,20 and its autophagic cancer cell
apoptosis ability, which suggest it to be a promising biopolymer for
cancer therapy.21–23 Moreover, cell cycle arrest at G1/S or G2/M
phase by fucoidan is expected to give further help and aftercare
in cancer treatment through its antiproliferative effect.24,25

Conventionally, to conduct cancer chemotherapy using fucoidan,
researchers use direct spreading of fucoidan onto various cancer
targets such as breast cancer cells (MCF7 and MDA-MB-231),26,27

cervical carcinoma (HeLa),28 hepatocarcinoma (Huh7 and
HepG2),29 leukemia (HL60 and THP-1)30 and lung cancer cells
(A549),31 and then confirm the excellent therapeutic effect from
in vitro and in vivo tests. According to these reports, fucoidan
successfully inhibits cancer cell growth, but further improvement
is still required for selective and efficient cancer treatment
applications.

Here, we synthesized fucoidan-coated gold nanoparticles
(Fu-AuNPs) through a solvothermal one-pot approach. The size
control of Fu-AuNPs was conveniently achieved by varying the
concentration of fucoidan during the synthetic steps, and we
successfully prepared fucoidan-coated gold nanospheres of
between 15 and 80 nm in size. After the required characterizations
of Fu-AuNPs to confirm the physicochemical properties of synthe-
sized Fu-AuNPs, we accomplished chemical modification of the
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surface fucoidan coating of Fu-AuNPs to introduce bioconjugation-
feasible aldehyde functional group-containing residues through
the slight modification of a previous report. The prepared
Fu-AuNPs were extremely stable at acidic/basic pH, at high salt
concentration and in physiologically buffered solutions, to
ensure further bio-applications. In the present study, in order
to demonstrate the newly designed enhanced cancer therapeutic
functions, we adopted cleavable Schiff base imine linkage-
mediated doxorubicin bioconjugation onto acetylated Fu-AuNPs
to maximize the synergistic effect between fucoidan (Fu: anti-
cancer and multidrug resistance-inhibiting biopolymer) and
doxorubicin (Dox: anticancer drug, topoisomerase II inhibitor)
with a nanoparticle core. The advantages and novelty of this
platform can be summarized as follows: (i) one-step facile
synthesis of size-controlled Fu-AuNPs while maintaining colloidal
stability, (ii) verification of enhanced cancer therapeutic efficiency
of Dox-loaded Fu-AuNPs notwithstanding surface modification,
(iii) selective anticancer effect of the Dox-Fu-AuNPs nanocomplex
against cancer cells. There are several previous reports on fucoidan
and gold nanoparticles for cancer treatment.32,33 Compared with
the previous reports, the current study provides advances as a
cooperative model cancer therapy platform as follows: a series of
studies on the synthesis of therapeutic polymer fucoidan-mediated
gold nanoparticles with diameter control, surface modification
and releasable drug conjugation for cancer therapy demonstrated
by autophagosome immunostaining. In addition, the present
approach can be a good use for another application of a
therapeutic biopolymer to achieve the desired objective, a
better treatment.

2 Experimental
2.1 Materials

Hydrogen tetrachloroaurate(III) hydrate, trisodium citrate dihydrate,
sodium chloride, sodium hydroxide, pyridine, formamide, hydrogen
chloride, acetic anhydride, doxorubicin hydrochloride, Hoechst
33342 and 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide (XTT) were purchased from Sigma-Aldrich
(Milwaukee, WI, USA). Mozuku fucoidan extract powder was
purchased from Okinawa Agent (Itoman, Japan). 10� phosphate-
buffered saline (PBS), Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 4.5 g L�1 glucose and sodium
pyruvate, fetal bovine serum (FBS) and antimycotic solution were
purchased from VWR (Radnor, PA, USA). Promo autophagy
sensor LC3B-RFP BacMam 2.0 was purchased from Life Technology
(Grand Island, NY, USA). All chemicals were used as received.

2.2 Synthesis of Fu-AuNPs

Fucoidan was dissolved in de-ionized (DI) water to prepare a
10 wt% stock solution. The solution was diluted to 0.5, 1.0, 1.5,
2.0 and 2.5 wt% in DI water with a total volume of 20 mL in
glass vials, then heated up to 80 1C on a heat plate. To the
sufficiently heated fucoidan solution, 20 mL of hydrogen
tetrachloroaurate(III) hydrate stock solution (0.1 g mL�1) was
added and heated for an additional 2 h. The color of the

reaction mixture turned from violet to red with increasing
fucoidan content. The reaction mixtures were then cooled to
room temperature under ambient conditions, then purified by
centrifugation for 20 min at 8000 rpm. The product was rinsed
four times with DI water to remove the remaining chemicals.
Finally, synthesized Fu-AuNPs were re-dispersed in DI water
and characterized by UV-vis spectrophotometry, then stored at
room temperature. The Fu-AuNPs should be consumed within
one month to prevent aggregation due to colloidal stability
decrement.

2.3 Synthesis of citrate-stabilized AuNPs

Fifty milliliters of 0.25 mM hydrogen tetrachloroaurate(III)
solution was heated to boiling and an appropriate volume of
34 nM trisodium citrate dehydrate solution was then added.
The reaction mixtures were boiled for an additional 20 min
until the color changed to red-violet depending on particle size,
similar to Fu-AuNPs, and then cooled to room temperature.
Synthesized AuNPs were re-dispersed in DI water and characterized
by UV-vis spectrophotometry, then stored at room temperature.

2.4 Characterization of synthesized nanoparticles

A JEOL TEM 100CX (JEOL, USA) was used to obtain images of
AuNPs. Particle size distribution and zeta potential were deter-
mined by Zetasizer NS90 (Malvern, UK). Fluorescence images of
cells were collected by a Zeiss LSM 700-405 confocal microscope
(Carl Zeiss Inc., Oberkochen, Germany). Absorbance measurement
during XTT assay was performed using a Synergy Mx (BioTek, UK).

2.5 Surface modification of Fu and Fu-AuNPs

To conduct surface modification to introduce aldehyde functional
groups (Ac) for further bioconjugation processes, Fu-AuNPs dis-
persed in DI water were mixed with formamide with a ratio of 3 : 1
DI water : formamide. To the mixture, 50 mL of pyridine and 150 mL
of acetic anhydride were added sequentially. After vigorously
vortexing for 1 min, the mixed solution was incubated for 12 h
at room temperature with periodic vortexing every 2 h. The
product was collected by centrifugation at 5000 rpm for 10 min,
then washed with DI water more than 4 times. The product was
characterized by UV-vis spectrophotometry to check stability
maintenance without aggregation formation. In the case of free
fucoidan, the reaction product was purified using a centrifuge
filter tube to remove remaining chemicals conveniently. The final
products were stored at room temperature for the subsequent drug
conjugation process.

2.6 Doxorubicin conjugation onto Ac-Fu and Ac-Fu-AuNPs

To accomplish drug loading onto the chemically modified
surface of Ac-Fu and Ac-Fu-AuNPs, doxorubicin hydrochloride
was directly added to Ac-Fu and Ac-Fu-AuNPs. To the mixture, a
small portion of sodium hydroxide solution was added to
adjust the pH to near 10 (basic) for Schiff base imine linkage
formation. The mixture was incubated for at least 12 h at room
temperature, then purified by centrifugation to remove unbound
Dox from the solution. The drug-conjugated compound should be
consumed directly after preparation, and when storage is needed

Paper Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 1
2 

Ju
ly

 2
01

7.
 D

ow
nl

oa
de

d 
by

 K
yu

ng
he

e 
U

ni
ve

rs
ity

 o
n 

07
/1

1/
20

17
 0

6:
50

:4
6.

 
View Article Online

http://dx.doi.org/10.1039/C7TB01123G


This journal is©The Royal Society of Chemistry 2017 J. Mater. Chem. B, 2017, 5, 6147--6153 | 6149

the product should be stored in a slightly basic environment to
maintain the imine linkage-mediated conjugation.

2.7 Doxorubicin loading and release profiling

After collection of the drug conjugation compound by centri-
fugation, the precipitate was rinsed with pH 10 buffered solution
to prevent imine bond breakage and all the supernatant was
collected. The amount of dissolved Dox in the supernatant was
measured by absorption at 488 nm (eDox,488 = 11 500 L mol�1 cm�1)
and calculated by means of the Beer–Lambert law. To monitor the
release of the loaded Dox in neutral and acidic pH conditions, the
Dox-Ac-Fu-AuNPs were dispersed in citrate buffer (pH 5.0) and
phosphate-buffered saline (pH 7.4) at room temperature. At
designated time points, the solutions were centrifuged at
10 000 rpm for 5 min to precipitate the nanoparticles, and the
Dox concentration in the supernatant due to drug release was
determined by absorbance measurement at 488 nm using the
same procedure as above. These measurements were repeatedly
performed to get the release profile data set.

2.8 Cell culture

Human oral squamous cell carcinoma (HSC3) cells and human
keratinocyte (HaCaT) cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 4.5 g L�1 glucose and
sodium pyruvate, 10% v/v fetal bovine serum and 1% antimycotic
solution. Cell cultures were maintained at 37 1C in a 5% CO2

humidified incubator.

2.9 XTT assay for cell viability measurement

HSC3 and HaCaT cells were seeded with a density of 5000 cells per
well in a 96-well culture plate with 100 mL of growth medium
(about 50% confluence). After the successful cell attachment after
1 day of incubation, nanoparticles or drug–nanoparticles were
added to conduct cell viability assays. The cells were incubated for
an additional 24 or 48 h under the incubation conditions (37 1C,
5% CO2 humidity), and then rinsed with 1� PBS. Fifty microliters
of activated XTT solution (XTT solution + activation reagent) was
added to each well and the plate was incubated in an incubator for
an additional 4 h. The plate was shaken gently to evenly
distribute the dye in the wells, then the absorbance of the
samples was measured with a spectrophotometer at a wave-
length of 450–500 nm with reference absorbance at 630–690 nm.
Mean and standard deviation of triplicates were calculated and
plotted.

2.10 Confocal laser scanning microscopy measurement

HSC3 and HaCaT cells were seeded at a density of 10 000 cells
per coverslip onto round glass coverslips located in a 12-well
culture plate with 1 mL of growth medium. After 1 day of
incubation to ensure cell attachment, the cells were treated
with nanoparticles or drug–nanoparticles and then incubated
for an additional 24 h at 37 1C, 5% CO2 humidity. The culture
medium was discarded, then Hoechst 33342 nuclei staining
was performed. After 2 h, the cells were rinsed with 1� PBS and
observed by confocal laser scanning microscopy using a Zeiss
LSM 700-405 confocal microscope.

3 Results and discussion
3.1 Synthesis and characterization of Fu-AuNPs

First, the fucoidan-coated AuNPs (Fu-AuNPs) were synthesized
by a solvothermal method similar to a previously reported
AuNPs synthetic approach using polysaccharide (Fig. 1a).34,35

Briefly, the mixing of AuCl4
� and fucoidan extract solution was

followed by heating for 2 h at 80 1C, which induced the
reduction of Au(III) ions into gold nanoparticles (AuNPs)
through the binding to and subsequent reduction by hydroxyl
functional groups of fucoidan chains. The completion of Fu-AuNPs
formation was clearly identified by the change of distinctive
surface plasmon resonance (SPR) band and solution color
(Fig. 1b and c). In order to establish the dependence of
diameter, morphology and distribution of formed nanoparticles
on reaction conditions, we conducted the Fu-AuNPs synthesis
using 0.5, 1.0, 1.5, 2.0 and 2.5 wt% fucoidan concentrations.

Because, in the present platform, fucoidan plays key roles as
a reducing agent for gold ions and a surface coating material,
we set only the concentration of fucoidan as a variable parameter.
As a result, UV-vis spectrophotometry of synthesized Fu-AuNPs
clearly showed an SPR red shift from 527.5 to 556.5 nm, which
was closely related to diameter increase, with reduction of
fucoidan concentration from 2.5 wt% to 0.5 wt%. Additionally,
we performed transmission electron microscopy (TEM) and
dynamic light scattering (DLS) characterization to verify the
diameter and morphological characteristics of the formed
Fu-AuNPs with surface fucoidan coating. According to the TEM
observations, as the concentration of fucoidan extract was
increased (0.5, 1.0, 1.5, 2.0 and 2.5 wt%), average diameters of
nanoparticles declined (83 � 11.6, 52 � 8.2, 35 � 1.9, 22 � 2.4,
and 15� 1.5 nm, respectively) with a wide diameter distribution
range and accretion of anisotropic nanostructures such as

Fig. 1 Synthesis of Fu-AuNPs by solvothermal method. (a) Schematic
illustration of Fu-AuNPs synthesis and surface modification. (b) Photographs
of prepared Fu-AuNPs with different diameters. Each Fu-AuNPs sample
exhibited a distinctive color derived from the particle diameter. (c) UV-vis
spectra of prepared Fu-AuNPs. Along with the diameter increase, SPR red
shifts were clearly observed from 527.5 up to 556.5 nm.
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nanoplates (Fig. 2). DLS analysis presented significantly higher
hydrodynamic radii of 120� 28.5, 75� 16.6, 50� 10.3, 45� 7.2,
and 38� 5.4 nm in comparison with the diameters derived from
TEM images (Fig. S1a, ESI†). The big difference in measured
diameter between TEM and DLS strongly supports the presence
of a surface-adsorbed fucoidan layer. Additionally, the lower
zeta potential of smaller Fu-AuNPs implied a relatively higher
amount of fucoidan deposition than for larger Fu-AuNPs,
inferred to be due to the negative charge of fucoidan due to sulfated
residues (Fig. S1, ESI†). Higher than 2.5 wt% of fucoidan did not
result in diameter change, and lower than 0.5 wt% of fucoidan only
formed unstable Fu-AuNPs that aggregated during reaction.

3.2 Colloidal stability confirmation

Next, we performed colloidal stability assessment to verify the
bio-application feasibility of Fu-AuNPs. Here, various sized
Fu-AuNPs were mixed with diverse test solutions to measure
colloidal stability against acidic/basic pH, high salt con-
centrations and physiological buffer solution 1� phosphate-
buffered saline (1� PBS, composition 137 mM NaCl, 2.7 mM
KCl, 4.3 mM Na2HPO4 and 1.47 mM KH2PO4, pH 7.4). The
stability decrements over time were observed by UV-vis spectro-
photometry and digital photograph images. The smaller
Fu-AuNPs exhibited well-preserved colloidal stability and
robustness against all test conditions up to 24 h of incubation
at room temperature, unlike the larger Fu-AuNPs (1.0 and
0.5 wt% Fu-AuNPs) which formed aggregates in 1000 mM NaCl
solution. Taking together the colloidal stability of Fu-AuNPs
and aggregation at 0.5 wt% fucoidan concentration during
synthesis, we concluded fucoidan serves not only as reducing
agent but also indeed as surface stabilizer. As a result, 2.5,
2.0 and 1.5 wt% Fu-AuNPs could be the optimized nano-
materials for various bio-applications, which require pH and
salt durability (Fig. S2 and S3, ESI†).

3.3 Acetylation of Fu-AuNPs

Surface fucoidan residues of prepared Fu-AuNPs were chemically
acetylated to introduce aldehyde functional groups by a pre-
viously reported approach with slight modification in reaction
conditions.36,37 Briefly, Fu-AuNPs dispersed in deionized (DI)
water after sufficient purification were mixed with formamide,
then pyridine and acetic anhydride were added followed by
vigorous mixing for 1 min. The mixed solution was incubated
for 12 h at room temperature with periodic vortexing every 2 h.
The product was collected by centrifugation at 5000 rpm for
10 min then washed with DI water more than 4 times. The
product was characterized by UV-vis spectrophotometry to check
the stability following surface modification reaction. Fu-AuNPs
did not exhibit any aggregation or distinctive SPR shift through
the modification. The acetylation of Fu-AuNPs was also con-
firmed by Fourier transform infrared (FT-IR) spectroscopy. By
comparing the FT-IR spectra of Fu-AuNPs and Ac-Fu-AuNPs, we
observed an increase of the carboxyl –CQO peak at 1639 cm�1

and decrease of the hydroxyl –OH band around 3327 cm�1

resulting from acetylation (Fig. S4, ESI†).

3.4 Doxorubicin loading onto and release from Ac-Fu-AuNPs

To assess the acetylation of surface fucoidan of Fu-AuNPs, we
next performed Dox loading onto acetylated Fu-AuNPs and
calculated the loading capacity. The loading of Dox was achieved
by Schiff base linkage formation between amine functional group
of Dox and aldehyde functional group of the acetylated fucoidan
coating on the Fu-AuNPs (Ac-Fu-AuNPs), and it could be con-
sidered indirect evidence of surface fucoidan modification.
After the mixing of 10 mM Dox with each size of Fu-AuNPs and
Ac-Fu-AuNPs containing 1 mg mL�1 fucoidan (proportionally
1000 equivalents on a molar basis), a sufficient incubation time
was allowed for imine linkage-based Dox loading. The product
was purified by centrifugation and the supernatant was collected
for detection of unbound Dox by UV-vis spectrophotometry.
During 24 h of incubation at room temperature, we periodically
separated out the existing Dox-Ac-Fu-AuNPs by centrifugation
and measured the absorption spectrum of unbound Dox at
480 nm in the supernatant to track the loading profile against
time. The calculation of the amount of Dox was accomplished
using the Beer–Lambert law and the reported extinction coeffi-
cient of Dox. According to the comparison with the initial amount
of Dox, all Dox was successfully loaded onto Ac-Fu-AuNPs within
24 h and loading was completed faster with the smaller Fu-AuNPs
which contain a higher fraction of fucoidan (Fig. 3a). The
amounts of Dox loaded onto Fu-AuNPs and Ac-Fu-AuNPs after
24 h of incubation were calculated as 6.5% and 99%, respectively,
from UV-vis absorption spectra (Fig. 3b). The Dox loading
capacity considered together with reliability data demonstrated
the successful acetylation of surface fucoidan of Fu-AuNPs with
effective numbers of aldehyde functional groups for imine-
based drug-loading activation.

The acid-triggered imine bond breakage and following
release of loaded cargo form a well-established strategy to conduct
drug delivery. Therefore, we designed a release efficiency test in

Fig. 2 Transmission electron microscope images of prepared Fu-AuNPs
with different diameter distribution. As the concentration of fucoidan
increased, the diameter of synthesized Fu-AuNPs showed a decreasing
tendency with higher monodispersity. Selected-area electron diffraction
(SAED) as shown in the bottom right panel also supported the formation of
well-crystallized AuNPs from fucoidan-mediated synthesis. All scale bars
are 100 nm.
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cytosol (pH 7.4) and endosomal/lysosomal (pH 5) mimetic
pH-buffered solutions by using UV-vis spectrophotometry of
the supernatant after sedimenting the remaining Dox-Ac-Fu-
AuNPs complex by centrifugation. According to the release profile
of Dox, almost all the Dox loaded by imine bonding was totally
released within 24 h at the acidic pH, unlike in the case of neutral
pH, which exhibited just 20% of maximum release at the same
measurement time (Fig. 3c and Fig. S5, ESI†).

3.5 Cytotoxicity assay of Fu-AuNPs

Prior to the therapeutic efficacy assay, we performed cytotoxicity
measurement of Fu-Ac-AuNPs to demonstrate the anticancer
effect of fucoidan against human oral squamous carcinoma
cells (HSC3) and human keratinocyte cells (HaCaT) by 2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
(XTT) assay. XTT assays of cells treated with therapeutically
efficient molecules including only free fucoidan (free Fu), free
Dox and Dox-Ac-Fu complex without nanoparticles presented
significant difference in the case of fucoidan-involved experi-
mental sets. Dox-Ac-Fu complex was prepared by the same
protocol with surface modification and Dox conjugation as
Dox-Ac-Fu-AuNPs. Relative cell viabilities of free Fu and Dox-Ac-
Fu treatments were calculated as 1.225 (HaCaT)/0.725 (HSC3)
and 0.831 (HaCaT)/0.408 (HSC3), respectively, in contrast with
free Dox treatment which exhibited similar cell viabilities of
0.962 (HaCaT)/0.823 (HSC3). Thus, fucoidan served not only
as an anticancer drug but also as a synergistic therapeutic
biopolymer with Dox (Fig. 4a). To confirm the selective anti-
cancer effect of Ac-Fu-AuNPs, various sized Ac-Fu-AuNPs were
added to HaCaT and HSC3 cells followed by XTT assay. As a
result, all the Fu-AuNPs (0.5, 1.0, 1.5, 2.0 and 2.5 wt%) induced
noticeable difference in cell viability against HaCaT and HSC3
cells. Ac-Fu-AuNPs treatment showed a cell viability of less than
50% in HSC3 cells, whereas HaCaT cells exhibited cell proliferation
rather than apoptosis. The selective anticancer effects of fucoidan
that we observed were consistent with previous reports on fucoidan
derivative research.38,39 Moreover, the greater anticancer efficiency

of smaller Fu-AuNPs derived from higher fucoidan concen-
tration supported the major role of fucoidan as an anticancer
agent (Fig. 4b).

3.6 Cooperative cancer treatment efficacy of Dox-Ac-Fu-AuNPs

Further, we investigated the individual anticancer effects of free
Fu, free Dox and Dox-Ac-Fu as a control experiment for clarifying
the cooperative anticancer effect of Ac-Fu-AuNPs and Dox-Ac-Fu-
AuNPs through the calculation of EC50 (concentration of
drug that gives half-maximal response). According to the XTT
assay against HSC3 cells, EC50 was calculated as 134.4 mg mL�1,
2744.5 nM and 76.5 mg Fu mL�1, respectively, for free Fu, free
Dox and Dox-Ac-Fu complex by using four-parameter logistic
nonlinear regression to data points. From these calculations,
Dox-Ac-Fu exhibited 175.7% lower EC50 value than free Fu, and
presented 57% decreased cell viability relative to free Dox at the
same concentration (Fig. S6, ESI†). These EC50 values implied
the existence of a cooperative anticancer effect between fucoidan
and Dox. For direct comparison of therapeutic efficacy of Ac-Fu-
AuNPs and Dox-Ac-Fu-AuNPs, we treated HSC3 cells with Dox-Ac-Fu-
AuNPs (prepared using 1000 eq. nDox/nFu-AuNPs) and the same

Fig. 3 Characterization of loading of Dox onto acetylated Fu-AuNPs and
acidic environment-triggered release profile of conjugated Dox. (a) Loading
profile of Dox on various sized Ac-Fu-AuNPs by Schiff base imine linkage. The
Dox loading was calculated by measurement of absorbance at 480 nm of the
supernatant after centrifugation to sediment the formed Dox-Ac-Fu-AuNPs
complex. (b) UV-vis absorption spectra of Ac-Fu-AuNPs and Fu-AuNPs
supernatant after centrifugation with the same concentration of free Dox.
Significant loading capacity is presented. (c) Release profile of 1.5 wt% Dox-Ac-
Fu-AuNPs in acidic (pH 5.0) and neutral (pH 7.4) solutions. The acidic
environment exhibited 5 times higher releasing efficiency than the neutral
condition at 24 h of incubation.

Fig. 4 Verification of anticancer effect of Fu-AuNPs. (a) To confirm the
anticancer effect of fucoidan and its synergistic effect with Dox loading,
free Fu, free Dox and Dox-Fu drug–polymer complex without nanoparticle
core were added to normal cells (HaCaT) and cancer cells (HSC3). It was
clearly shown that Fu has a much more selective anticancer effect than
Dox. The amounts of drugs used for treatment were 100 mg mL�1 Fu
and/or 100 mM Dox, respectively. (b) Anticancer effect of Fu-AuNPs was
measured against HaCaT and HSC3 cells. All of the Fu-AuNPs showed an
anticancer effect, and smaller particles which had more Fu exhibited higher
anticancer effect in equal concentration treatments. The relative cell
viability was calculated by comparison with untreated control set (denoted
Cont).
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concentration of Ac-Fu-AuNPs, then incubated for 24 h followed
by XTT assay with sevenfold replication. According to the
relative cell viability data especially focused on each sized set
of Dox-Ac-Fu-AuNPs, all of the Dox-Ac-Fu-AuNPs produced lower
cell viability than Ac-Fu-AuNPs: 50.4%/59.4% (0.5 wt%), 42.2%/
55.8% (1.0 wt%), 25.5%/38.2% (1.5 wt%), 14.4%/21.7%
(2.0 wt%) and 9.0%/18.3% (2.5 wt%). Normalized to the molarity
of Ac-Fu-AuNPs, the EC50 values of Dox-Ac-Fu-AuNPs and Ac-Fu-
AuNPs were 99.2/230.5 (0.5 wt%), 115.4/161.3 (1.0 wt%), 45.6/
69.3 (1.5 wt%), 25.8/40.5 (2.0 wt%) and 22.6/37.7 pM (2.5 wt%)
(Fig. S7, ESI†). The lower viability measured from Dox-Ac-Fu-
AuNPs than Ac-Fu-AuNPs and increasing anticancer effect
proportional to the fucoidan content clearly meant existence
of a cooperative anticancer effect. Moreover, comparing Dox-Ac-
Fu and Dox-Ac-Fu-AuNPs, which represented the presence and
absence of the gold nanoparticle core, Ac-Fu-AuNPs and Dox-Ac-
Fu-AuNPs presented better therapeutic effect than free Fu (62.0%)
and Dox-Ac-Fu (41.9%) treatment (Fig. 5a). This difference in
anticancer effect originates from the ease of internalization,

accumulation in the endosome and faster encounter with late
endosome or lysosome to initiate acid-triggered drug release for
nuclear delivery from inside the cell. To visualize fucoidan
working against the cancer cells through autophagic cell death,
we stained the cells with Hoechst 33342 (nuclear, blue signal in
Fig. 5b) and RFP-anti-LC3-antibody (autophagosome, red signal
in Fig. 5b) followed by observation with fluorescence micro-
scope. It was clear that the presence of both fucoidan and
active RFP-anti-LC3-antibody was necessary to induce strong
red fluorescence emission from the autophagosome–autolyso-
some, located in the perinuclear region (Fig. 5b).

4 Conclusions

In conclusion, we synthesized various sized Fu-AuNPs using the
anticancer biopolymer fucoidan through a solvothermal reduction
method and successfully performed surface modification of the
nanoparticles to introduce aldehyde groups for further biocon-
jugation. The Fu-AuNPs were extremely stable against acidic/
basic pH, high salt concentration and physiological buffered
solutions. To utilize the synergistic effect of autophagic cancer
cell apoptosis and multidrug resistance of fucoidan, we loaded
Dox onto the surface acetylated fucoidan coating of Fu-AuNPs
by imine linkage, which can be broken by acid-catalyzed reaction.
As we expected, Dox-Ac-Fu-AuNPs exhibited excellent therapeutic
effect against a cancer cell line (HSC3) selectively. We forecast
that the present one-pot synthetic method of making biopolymer-
coated gold nanoparticles with size control will become one of
the most convenient and robust methods to design functional
nanomaterials, combined with surface modification and bio-
conjugation. It is one of the most promising options for
synergistic cancer therapy application in the near future.
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