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In order  to develop  immuno-  and  chemotherapy  agents,  self-organized  acetylated  fucoidan  (AcFu)
nanoparticles  were  designed.  Doxorubicin  (DOX),  used  as  a  model  drug,  was  loaded  into  the  AcFu
nanoparticles  by dialysis.  The  DOX  loading  efficacy  and  content  were  71.1%  and  3.6%,  respectively.
Approximately  140  nm  of  spherical  nanoparticles  were  obtained.  DOX-loaded  AcFu  nanoparticles
(DOX–AcFu)  exhibited  first-order  drug  release  behavior  for 5 days.  Interestingly,  AcFu  treated  Raw264.7
macrophages  overexpressed  various  anti-tumor  cytokines,  such  as tumor  necrosis  factor-alpha  (TNF-�)
mmuno-chemotherapy
cetylated fucoidan
nti-tumor cytokines
ultidrug resistance

and  granulocyte-macrophage  colony-stimulating  factor  (GM-CSF).  The  ability  of  DOX–AcFu  to suppress
drug efflux  was  revealed  by confocal  microscope  images  and  FACS  analysis  in  multidrug  resistance  (MDR)
cells.  IC50 (50%  inhibitory  concentration)  value  of  DOX–AcFu  was  lower  than  that  of  free  DOX  in the  MDR
model  cells.  Based  on  these  results,  we  strongly  suggest  that  AcFu  nanoparticles  have  a promising  poten-
tial  for  development  as  a one-step  therapy  containing  agents  for both  immuno-  and  chemotherapy.
. Introduction

Previously, two different therapeutic methods have been devel-
ped for cancer patients. The first is chemotherapy: treatment with
hemotherapeutic agents (Wagner et al., 2006). The other method,
mmunotherapy, involves enhancing an immune response against
ancer (Rosenberg, Yang, & Restifo, 2004). Despite considerable
esearch for several decades regarding these separate therapeu-
ic systems, some impassable hurdles still exist. Chemotherapy
as several disadvantages, including the numerous side effects and

ow cellular uptake efficiency of chemotherapeutic agents caused
y the multidrug resistance (MDR) property of cancer cells. Fur-
hermore, the curative efficiency of immunotherapy for cancer
s limited by the complexities of cancer cells and a short period
f activity due to the host’s immune tolerance (Perales et al.,
002).

Here, we suggest a new concept for immuno-chemotherapy.
ccording to the notable report of a clinical trial conducted by
osenberg and colleagues, the combination of chemotherapy and
mmunotherapy produced strong clinical responses in 18 out of
5 patients (van der Most, Robinson, & Lake, 2009). However, the
elative timing of the chemotherapy and immunotherapy is crucial.
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Specifically, if the immunotherapy is delayed following chemother-
apy, all benefits disappear (Lake & Robinson, 2005). Therefore, we
assumed that a combination of immunotherapy and chemotherapy
in a single system may  provide a more efficient treatment method.

In this study, fucoidan was used as an immuno-therapeutic
functional polymer. Xun Qu et al. have studied the immunomod-
ulatory functions of fucoidan, which induces the maturation of
human monocyte-derived dendritic cells (Yang et al., 2008). Addi-
tionally, J.K. Hang’s group reported that fucoidan stimulates the
activation of lymphocytes and macrophages (Choi, Kim, Kim, &
Hwang, 2005). In another study, Masahiro Kizaki concluded that the
fucoidan-induced enhancement of immune responses is involved
in the anti-cancer effects of fucoidan (Aisa et al., 2005). Further-
more, fucoidan has ability to inhibit the p-glycoprotein mediated
drug efflux system (Bernkop-Schnurch & Grabovac, 2006).

Therefore, we  designed fucoidan-based nanoparticles for deliv-
ery of combined immuno-chemotherapy (Fig. 1A). To prepare
the chemotherapeutic agent-loaded nanoparticles, hydrophobi-
cally modified fucoidan was synthesized by acetylation of fucoidan
(Fig. 1B).

Doxorubicin (DOX) was  used as a model chemotherapeu-
tic agent, and the drug was  loaded in the acetylated fucoidan
(AcFu) nanoparticles. The nanoparticles were simply character-

ized by their morphology and drug release properties. In addition,
the improved cellular internalization efficiency and immuno-
chemotherapeutic effects of the nanoparticles were investigated
using in vitro studies.

dx.doi.org/10.1016/j.carbpol.2013.02.018
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.02.018&domain=pdf
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Fig. 1. (A) Schematic illustration of anticancer mechanism of drug-load

. Materials and methods

.1. Materials

Fucoidan from Fucus vesiculosus was purchased from Sigma
ldrich. DOX·HCl was purchased from ILDONG Pharm. Co., HCT-

 and HCT-116 were obtained from the Korea Cell Bank (Seoul,
orea). Pyridine, acetic anhydride and other reagents were pur-
hased from Junsei Chemical (Tokyo, Japan) and were used without
urther purification.

.2. Synthesis of acetylated fucoidan
Acetylated fucoidan (AcFu) was obtained using our previously
escribed methods (Li, Bae, & Na, 2010; Park, Park, & Na, 2010).
riefly, 1 g of fucoidan was dissolved in 10 mL  of formamide,
u nanoparticles. (B) Synthesis method and chemical structure of AcFu.

followed by addition of 1 mL  of pyridine and 3 mL  of acetic
anhydride to the fucoidan solution. After 24 h, the reactant was
purified by dialysis for 3 days, and then freeze dried. The structure
and acetylation degree of AcFu was  determined by 1H NMR  and
FT-IR. In addition, the hydrophobicity of AcFu was  examined by
measuring the critical aggregation concentration (CAC), which was
described in our previous report (Park, Kim, Bae, Kim, & Na, 2010)
and supporting data.

2.3. Preparation of doxorubicin loaded AcFu nanoparticles
DOX·HCl (5 mg)  was  dissolved in 10 mL of anhydrous DMSO con-
taining 6.2 �L of triethylamine (TEA) for 12 h at room temperature.
After adding 100 mg  of AcFu into the DOX solution, the mixture
was stirred overnight and then dialyzed against deionized water for
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2 h. The dialysates were kept at −20 ◦C until required for further
xperiments.

To determine the drug loading efficiency and drug contents,
amples were freeze-dried and then dissolved in DMSO. The
mount of DOX was quantified by UV spectrophotometry at
90 nm.  Finally, these two parameters were calculated by following
quations:

rug loading efficiency = amount of drug in nanoparticles
amount of drug initially added

× 100

(A.1)

rug contents = amount of drug
amount of drug and polymer

× 100 (A.2)

.4. Morphological characterization of DOX loaded AcFu
anoparticles

The hydrodynamic size of the DOX loaded nanoparticles was
easured using a dynamic light scattering (DLS) system (Nanosizer,
alvern). The autocorrelation intensity was measured at a scatter-

ng angle (�) of 90◦ at 25 ◦C. All samples were measured in triplicate,
nd the results were averaged. In addition, a field emission scanning
lectron microscopy (FE-SEM, S4800, Hitachi) was used to confirm
he morphology of the DOX-loaded AcFu nanoparticles. To prepare
he SEM samples, a 10 �L aliquot of the nanoparticle solution was
ropped on a cover glass and dried for 12 h. Then, it was coated
ith platinum (15 mA,  45 s).

.5. In vitro drug release

1 mL  of the DOX-loaded AcFu nanoparticle solution was dialyzed
gainst 10 mL  of phosphate buffered saline solution (PBS, pH 7.4)
sing a cellulose acetate membrane (Spectra, MWCO: 1000 Da) in a
haking water bath (50 rpm, 37 ◦C). At the designated time interval,
ll of the outer solution was exchanged for fresh PBS solution, and
he solution containing the released DOX was used for quantita-
ive analysis. The absorbance of the released DOX was  measured at
90 nm by UV/vis spectrophotometry.

.6. Cell culture

HCT-116 and HCT-8 cells were cultured in RPMI-1640 medium
GIBCO, Grand Island, NY) equilibrated with a 5% CO2 atmosphere at
7 ◦C. The medium was supplemented with 10% fetal bovine serum
FBS) and 0.1% antibiotics.

.7. Immunomodulatory activities of AcFu nanoparticles

The expression of TNF-� and GM-CSF was  evaluated to
etermine the immunomodulatory activities of AcFu. Raw264.7
acrophage cells were plated at 1 × 105 cells/well in a 6-well plate
ith Dulbecco’s modified Eagle’s medium (DMEM, GIBCO, Grand

sland, NY) containing 10% FBS and 0.1% antibiotics. After 1 day, the
edium was changed to serum-free medium, and the cells were

hen incubated with 10 �g of fucoidan or acetylated fucoidan for
4 h. Finally, each of released cytokines in the medium was mea-
ured using ELISA kits (eBioscience, San Diego, CA). The results were
tatistically analyzed using Student’s t-test, n = 3.

.8. Cellular uptake of DOX
The cellular uptake of DOX provided in nanoparticles compared
ith that of free DOX was detected by fluorescence-activated cell

orting (FACS) analysis using the intrinsic fluorescence of doxorubi-
in (FL3). HCT-116 and HCT-8 cells were plated at 1 × 105 cells/well
ymers 94 (2013) 850– 856

in a 6-well plate and then incubated with each type of sample (con-
taining 1 �g/mL of DOX) under the standard condition (5% CO2,
37 ◦C). After the designated incubation times (0, 0.5, 1, 2, 4 h), the
cells were washed twice with PBS solution (pH 7.4) and then eval-
uated using a FACSCalibur flow cytometer (Becton Dickinson, San
Jose, CA, USA).

The cellular uptake of DOX was also visualized by confocal
microscopy. HCT-8 cells were grown on sterilized cover glasses at
a density of 2 × 105. The cells were pre-incubated for 6 h under
the standard condition in the serum-free RPMI 1640 medium.
DOX-loaded AcFu nanoparticles or free DOX solutions were added
to the wells. After 4 h, the medium was removed, and the cells
were washed three times with DPBS. Then, they were fixed with
4% paraformaldehyde for 10 min. The nuclei were stained with
1 �L of 4,6-diamidino-2-phenylindole (DAPI). After washing, the
cover glasses were mounted in medium for fluorescence evalua-
tion (Dako, Glostrup, Denmark). DOX fluorescence was monitored
in RITC channel, and randomly selected images were obtained
using a confocal laser scanning microscope (Zeiss, LSM 510 Meta,
Germany). For the HCT-116 cells, a non-MDR colon cancer cell line,
the uptake was  simply observed by fluorescence microscopy.

2.9. Cytotoxicity against MDR cancer cells

The cytotoxicity of the AcFu nanoparticles was determined
using the MTT  (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide) assay. Briefly, 1 × 104 of HCT-116 and HCT-8
cells were grown in 96-well plates in RPMI 1640 medium sup-
plemented with 10% FBS and 0.1% antibiotics. On  the days of the
experiments, the cells were incubated for a total of 48 h with
various concentrations of DOX-loaded AcFu nanoparticles or free
DOX. The cell viability was  assessed colorimetrically with the MTT
reagent at 570 nm.  The control cells were incubated without either
form of DOX.

3. Results

3.1. Synthesis of AcFu

AcFu was synthesized by pyridine-mediated addition-
elimination mechanism. In the 1H NMR  data (Fig. 2A), the peaks
between 1.86 and 2.49 ppm indicate the three hydrogens of the
methyl of the O-acetyl group. On each fucose molecule, 0.87 of the
hydroxyl groups were substituted with acetyl groups. The details
of the 1H NMR  peaks are described as follows: 0.99–1.66 ppm: CH3
(C6 in fucose), 1.86–2.49 ppm: CH (acetyl group), 3.8–3.95 ppm:
OH (C3 in fucose), 4.11–5.77 ppm: CH of fucose, 4.82 ppm: D2O.

In the FT-IR data (Fig. 2B), peaks at 1730 cm−1 for C O,
1370 cm−1 for CH3 of acetyl group, and 1230 cm−1: C O for ester
bond were observed in AcFu but not in natural fucoidan. The peaks
of the hydroxyl groups (3600–3200 cm−1) were also reduced from
those of the natural fucoidan.

Finally, the CAC of AcFu was estimated to be
0.039 ± 0.002 mg/mL, whereas that of the natural fucoidan
was 0.426 ± 0.003 mg/mL.

3.2. Formation of DOX-loaded AcFu nanoparticles

DOX was loaded into AcFu nanoparticles via dialysis. The drug
contents and loading efficiency were 3.6% and 71.1%, respectively.
The hydrodynamic diameter of the DOX loaded nanoparticles was

137.5 ± 2.475 nm as measured by DLS (Fig. 3A). The Pdi value of the
diameter was 0.231 ± 0.013, and the correlation peak was mono-
disperse (Table 1). In the SEM images, spherical DOX-loaded AcFu
nanoparticles were observed (Fig. 3B).
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Table  1
Characterization of AcFu nanoparticle.

Sample Degree of acetylationa CACb (mg/mL) Drug loading
efficiency (%)

Drug contents (%) Hydrodynamic
diameter (nm)

Pdi valuec

DOX loaded AcFu nanoparticle 0.870 ± 0.005 0.039 ± 0.002 71.1 ± 1.3 3.6 ± 0.3 137.5 ± 2.475 0.231 ± 0.013

a Substitution ratio of acetyl group against total hydroxyl residue.
b Critical aggregation concentration of AcFu (Fig. S1).
c Polydispersity index of hydrodynamic diameter.

Fig. 2. Structural characterization of AcFu. (A) 1H NMR  and (B) FT-IR are shown
f
i
t

3
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or  natural fucoidan (red line, upper line) and AcFu (black line, lower line). (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of the article.)

.3. Drug release

DOX was released from AcFu by first-order kinetics (Fig. 4A and
). The half-life time for DOX release was 19.2 h. Therefore, the total
elease time was approximately 120 h. The release of DOX from

 mL  of the DOX-loaded AcFu nanoparticle solution during the first
alf-life was 17.7 �g of DOX. The following equation describes the
rug release:
ccumulated drug release rate (%) = 58.199 × log T − 24.709

(B.1)

here T is the time (h) since the beginning of the drug release.
Fig. 3. Morphological characteristic of DOX loaded AcFu nanoparticle. (A) Size dis-
tribution graph of DOX-loaded AcFu nanoparticles, determined by dynamic light
scattering. (B) Scanning electron microscopic images of AcFu nanoparticles.

3.4. Immunomodulatory activity

The expression levels of two immune-related cytokines, TNF-�
and GM-CSF, were measured to determine the immunomodulatory
activity of AcFu nanoparticles. When Raw264.7 macrophage cells
were treated with 10 �g of AcFu, the TNF-� levels were increased
by a factor of 1.13 (Fig. 5A), while GM-CSF was increased 1.86-fold
(Fig. 5B) relative to the non-treated cells (negative control). These
immunomodulatory effects of AcFu were similar to those of the
natural fucoidan (positive control).

3.5. Cellular internalization efficiency
In the HCT-8 cells (MDR model cells), time-dependent cellular
internalization of drug was observed in the case of DOX-loaded
AcFu nanoparticles. After 2 h, over the 99% of the total DOX
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Fig. 4. Drug release behavior of AcFu nanoparticle. The model drug (DOX) was
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Fig. 5. Immunomodulatory activity of AcFu nanoparticle. The cancer
immunotherapy-related cytokines (A) TNF-� and (B) GM-CSF were stimu-
lated by AcFu in Raw264.7 macrophages. The immunomodulatory activity of AcFu
eleased from AcFu nanoparticle. (A) Time-dependent drug release was shown for
cFu nanoparticles with (B) first-order drug release behavior.

as internalized into HCT-8 cells whereas 1.99% and 1.79% for
ucoidan–DOX mixture and free DOX, respectively, were internal-
zed (Fig. 6A–D). The internalized DOX was not released to the
xtracellular space even at 4 h. Only the DOX-loaded AcFu nanopar-
icles were clearly identified in the confocal images (Fig. 6E).

In the HCT-116 cells (non-MDR cells), cellular uptake of free
OX was similar to that of the AcFu nanoparticle-encapsulated DOX

Fig. 6F).

.6. Cytotoxicity against cancer cell

In the cancer cells without increased drug efflux characteris-
ics (HCT-116), the cytotoxicity of the DOX in AcFu nanoparticle
as similar to that of the free drug: the IC50 (50% inhibitory con-

entration) values were ∼1 �g/mL (Fig. 7A). However, in the case

f the MDR  cells (HCT-8), the free drug was 23.9-fold times less
ytotoxic than in the HCT-116 cells, whereas the toxicity of AcFu-
ncapsulated DOX was similar for the two cell types (Fig. 7B).
was  similar to that of natural fucoidan. The data were statistically analyzed by
student’s t-test (*p < 0.05, n = 3).

4. Discussion

To develop a one-step immuno-chemotherapeutic system,
hydrophobically modified fucoidan was  synthesized. On the basis
of the C4-sulfated fucose structure, 87% of hydroxyl residues
were modified with the hydrophobic acetyl group (Fig. 2). Conse-
quently, the AcFu had approximately ten times lower CAC values
(0.035 mg/mL) than the natural fucoidan (0.316 mg/mL) (Table 1).
Thus, we used these particles to produce the hydrophobic drug-
loaded nanoparticles. In our results, 137.52 nm diameter spherical
nanoparticles (Fig. 3) were formed with 71.1% of drug loading effi-
ciency and 3.6% drug contents (Table 1).

Interestingly, the DOX-loaded AcFu nanoparticles showed first-

order drug release kinetic (Fig. 4). According to the general
one-compartment drug elimination model (Chen, Lee, Li, & Yang,
1997; Grochow et al., 1989), the AcFu nanoparticles may  be used
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Fig. 6. Cellular uptake of DOX in the HCT-8 multidrug resistant (MDR) cell line. The time-dependent cellular uptake efficiency of DOX was estimated by FACS analysis. (A)
DOX-loaded AcFu nanoparticles, (B) natural fucoidan–DOX mixtures, (C) free DOX. The colors in these graphs indicate the time after sample treatment: red – control; blue
–  30 min; pink – 1 h; green – 2 h; sky blue – 4 h after sample treatment. The uptake efficiencies at each time points are indicated as a bar graph in (D). (Black: DOX loaded
AcFu  nanoparticle; gray: natural fucoidan–DOX mixture; dark gray: free DOX.) In addition, confocal images of DOX uptake after 4 h of treatment were shown (E). After 4 h
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ample  treatment, cellular uptake of DOX in HCT-116 cells (F). (For interpretation o
he  article.)

o maintain a uniform plasma drug concentration, similar to a
ontinuous infusion. Nevertheless, some factors such as the sol-
bility of the drug, volume of distribution and drug elimination
onstant, must still be considered in the context of direct clinical
pplication. We  expect that these factors may  be controlled via
he degree of acetylation of AcFu. With respect to these issues,
ther studies of controlled-release drug delivery carriers reveal
hat the in vitro hydrophobic drug loading and release behaviors of
mphiphilic polymer-based micellar systems are strongly affected
y hydrophobic properties of the polymer (Jeong, Seo, & Na, 2012;
im, Shin, Lee, Cho, & Sung, 1998).

The AcFu has another important function, the induction of
mmune reactions against cancer. In the previous studies, natural
ucoidan has demonstrated immunotherapeutic effects for cancer
ecause it induces production of some anticancer cytokines by
acrophages (Choi et al., 2005; Maruyama, Tamauchi, Hashimoto,

 Nakano, 2003). Two of these cytokines, TNF-� and GM-CSF, have
rucial roles in cancer immunotherapy. TNF-� is required for nat-
ral killer (NK) cells, lymphokine-activated killer (LAK) cells, and
endritic cells to induce tumor killing and rejection (Baxevanis

t al., 2000; Manna & Mohanakumar, 2002). Furthermore, a number
f studies have examined the synergistic effects of TNF in com-
ination with chemotherapy agents (Waterston & Bower, 2004).
imilarly, GM-CSF generates mature CD8+, CD11b+ dendritic cells
eferences to color in this figure legend, the reader is referred to the web version of

that effectively capture dying cancer cells and stimulate a coor-
dinated humoral and cellular immune response. Our results show
that AcFu has immunomodulatory activities similar to those of nat-
ural fucoidan, including induction of TNF-� (Fig. 5A) and GM-CSF
(Fig. 5B). Based on these data, we  suggest that AcFu has potential
for use as an immunotherapeutic agent.

Finally, the DOX-loaded AcFu nanoparticles showed another
interesting characteristic: they inhibited the drug efflux pump on
the MDR  cancer cell membranes. It is well known that MDR  is still a
significant hurdle in development of drug delivery systems (Parhi,
Mohanty, & Sahoo, 2012). Surprisingly, in our FACS data (Fig. 6A–D)
and confocal microscope images (Fig. 6E) of the MDR  model cells
(HCT-8), uptake of DOX was  clearly shown in the case of DOX-
loaded AcFu nanoparticles but not in the cases of the fucoidan–DOX
mixture or free DOX. The mechanism for these differences is still
unknown. However, according to B. Schnürch et al. (Bernkop-
Schnurch and Grabovac, 2006) and our data, fucoidan may  inhibit
the drug efflux pump slightly. Thus, inhibition of the efflux pump
by the DOX-loaded AcFu nanoparticles may  be caused by interac-
tions between AcFu and efflux protein. On the basis of structural

difference between natural fucoidan and AcFu, the hydrophobicity
of AcFu may  increase the binding affinity to cell membrane-inserted
drug efflux protein. Similar cellular uptake efficiencies for DOX
were shown for all three cases for the non-MDR cancer cell line



856 K.W. Lee et al. / Carbohydrate Pol

F
n
w

(
D
f
t
d

n
s
m
t
a
c
f

5

A
f

ig. 7. Cytotoxicity of DOX-loaded nanoparticles. Similar cytotoxicity of AcFu
anoparticles (©) was  shown in (A) HCT-116 and (B) HCT-8 cells whereas differences
ere observed for free DOX (�).

HCT-116). Therefore, in the HCT-8 cells, the cytotoxicity of the
OX loaded AcFu nanoparticles was 23.9 times lower than that of

ree DOX (Fig. 7B), whereas similar IC50 values were observed for
he two DOX preparations in the HCT-116 cells (Fig. 7A) due to the
ifferent cellular uptake efficiencies in the MDR  cells.

Immuno- and chemotherapeutic efficiencies of the AcFu
anoparticles were confirmed separately, but these particles have
ignificant advantages such as first-order drug release, immuno-
odulation and drug efflux pump inhibition. We  therefore suggest

hat AcFu nanoparticles have a promising potential to be developed
s a single-step immuno-chemotherapy system, and the immuno-
hemotherapeutic efficiency of AcFu nanoparticles should be
urther examined in vivo.

. Conclusion
To develop an immuno-chemotherapeutic system, DOX-loaded
cFu nanoparticles were investigated. The nanoparticles were

ormed via a dialysis method. The loaded drug was released via
ymers 94 (2013) 850– 856

first order kinetic. AcFu has important functions, such as immuno-
modulation and drug efflux pump inhibition. Therefore, we  suggest
that AcFu nanoparticles have a promising potential for develop-
ment as a one-step immuno-chemotherapeutic system.
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