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ABSTRACT

Purpose Hyaluronic acid-ceramide (HACE)-based nanoparticles
(NPs) were developed for the targeted delivery of doxorubicin
(DOX), and their antitumor efficacy for melanoma was evaluated.
Methods DOX-loaded HACE-based self-assembled NPs
were prepared and their physicochemical properties were
characterized. The in vitro cytotoxicity of HACE was measured
using an MTS-based assay. The cellular uptake efficiency of
DOX into mouse melanoma BI6FI0 cells was assessed by
confocal laser scanning microscopy and flow cytometry. Tumor
growth and body weight were monitored after the intratumoral
and intravenous injection of DOX-loaded NPs into a BI6FI0
tumor-bearing mouse model.

Results DOX-loaded NPs, with a mean diameter of
~110 nm, a narrow size distribution, and high drug en-
trapment efficiency, were prepared. A sustained DOX re-
lease pattern was shown, and drug release was enhanced
at pH 5.5 compared with pH 7.4. The cytotoxicity of
HACE to BI6FI0 cells was negligible. It was assumed that
DOX was taken up into the BI6FI0 cells through
receptor-mediated endocytosis. A significant inhibitory effect
was observed on tumor growth, without any serious
changes in body weight, after the injection of DOX-
loaded NPs into the BI6FI0 tumor-bearing mouse model.

Conclusions DOX-loaded HACE-based NPs were successfully
developed and their antitumor efficacy against BI6FI0 tumors
was demonstrated.

KEY WORDS antitumor efficacy - doxorubicin - hyaluronic
acid-ceramide - melanoma - nanoparticle

INTRODUCTION

Doxorubicin (DOX) is an anthraquinone anticancer drug
that has been commonly used in the treatment of a wide
range of cancers, including hematological malignancies,
many types of carcinoma, and soft tissue sarcomas (1,2).
DOX can, however, cause severe cardiotoxicity, especially
heart arrhythmias (3). Therefore, tumor-targeted delivery is
required for it to have an efficient anticancer effect.
Nanotechnology 1s frequently used for the develop-
ment of various drug delivery systems (4,5). Among the
various types of nano-sized drug delivery systems, self-
assembled polymeric nanoparticles (NPs) have been in-
vestigated for their potential to deliver poorly water-
soluble drugs, which can be incorporated into the
NP’s hydrophobic core (6,7). It has been reported that
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NPs with an adequate particle size (<200 nm mean
diameter) and surface properties can circulate in the
bloodstream for a long time and passively accumulate
into the tumor region due to the enhanced permeability
and retention (EPR) effect (8,9). Moreover, it is known
that the hydrophilic surface of NPs can reduce the opsoniza-
tion of DOX-loaded NPs (10). It is also thought that the
cellular uptake of NPs could provide an enhanced anticancer
effect (11,12). To overcome the limitations of passive target-
ing, diverse active targeting strategies have been adopted, in
which the targeting moieties are attached to the surface of
drug carriers (5,13).

Hyaluronic acid (HA) is a biodegradable, biocompat-
ible, and viscoelastic linear polysaccharide, and thus has
been widely investigated in terms of its potential use as
a drug carrier. It is composed of alternating disaccha-
ride units of D-glucuronic acid and N-acetyl-D-glucos-
amine with (I—4) interglycosidic linkages (14). HA is
distributed throughout the extracellular matrix, connec-
tive tissues, and organs of all higher animals (15). In-
corporated drugs can be sustainably released from HA-
based carriers through the enzymatic hydrolysis of HA
by hyaluronidase (16). HA is one of the major compo-
nents of the extracellular matrix and the main ligand
for the hyaluronan receptors CD44 and RHAMM,
which are overexpressed in a variety of tumor types
(17). Therefore, the targeting of drugs to tumors can
be accomplished by receptor-mediated uptake of the
drug (18,19). The ceramides (CEs) are a family of lipid
molecules that are composed of sphingosine and a fatty
acid. The most well-known functions of CE as a cellular
signaling molecule include the regulation of the differ-
entiation, proliferation, and apoptosis of cells (20). The
tumor targetability of a hyaluronic acid-ceramide
(HACE)-based NP by HA and CD44 receptor interac-
tion was identified in a previous study by our laboratory
(21).

In our previous studies (21,22), the model cancer cell
lines (CD44 receptor high or low expressed cell lines)
were used mainly for identifying the tumor targetability
by the interaction between HA and CD44 receptors. It
1s necessary, however, to look into the therapeutic effi-
cacy of the HACE-based NPs on the primary and
metastatic melanoma. Thus, we herein report on the
use of HACE as an amphiphilic polymer which will
be used for the preparation of micellar NPs and the
evaluation of the physicochemical properties of DOX-
loaded HACE-based NPs. The release of DOX from
the NPs and the intracellular uptake of DOX into
B16F10 cells were studied. Then, the antitumor effect
of DOX-loaded NPs after their intratumoral and intravenous
injection was investigated in a B16F10 melanoma-bearing
mouse model.
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MATERIALS AND METHODS
Materials

HA oligomer (4.7 kDa) and DS-Y30 (ceramide 3B;
mainly MN-oleoyl-phytosphingosine) were purchased from
Bioland Co., Ltd. (Cheonan, Korea) and Doosan Bio-
tech Co., Ltd. (Yongin, Korea), respectively. Tetra-n-
butylammonium hydroxide (TBA), N-(3-dimethylamino-
propyl)-V-ethylcarbodiimide (EDC), adipic acid dihy-
drazide (ADH), and 1-hydroxybenzotriazole (HOBt)
were obtained from Sigma-Aldrich Co. (St. Louis,
MO, USA). Doxorubicin hydrochloride (DOX HCI)
was purchased from Boryung Pharmaceutical Co.,
Ltd. (Seoul, Korea). Dulbecco’s modified Eagle’s medi-
um (DMEM), penicillin, streptomycin, and fetal bovine
serum (FBS) were obtained from Gibco Life Technolo-
gies Inc. (Grand Island, NY, USA). All other reagents
were of analytical grade and obtained from commercial
sources.

Synthesis of HACE

HACE was synthesized as reported in our previous
study (21). Briefly, HA (12.21 mmol) and TBA
(9.77 mmol) were solubilized in 60 ml of double dis-
tilled water (DDW) and stirred for 30 min. Activated
HA-TBA was acquired by lyophilization. To prepare
the DS-Y30 linker, DS-Y30 ceramide (8.59 mmol) and
tricthylamine (9.45 mmol) in 25 ml of tetrahydrofuran
(THF), and 4-chloromethylbenzoyl chloride (8.59 mmol)
in 10 ml of THF were blended. The DS-Y30-containing
linker was acquired by concentration and recrystalliza-
tion after stirring for 6 h at 60°C. HA-TBA (8.10 mmol)
and the DS-Y30-containing linker (0.41 mmol) were
then dissolved in a mixture of THF and acetonitrile
(4:1, v/v) and stirred for 5 h at 40°C. HACE was
obtained by eliminating the impurities and organic
solvent.

Preparation of DOX-Loaded HACE Nanoparticles

The methods for the preparation of the DOX base and
DOX-loaded NPs were based on our previous report (22).
To prepare the DOX base, 100 mg of DOX HCI was dis-
solved in 10 ml of anhydrous dimethyl sulfoxide (DMSO) and
0.12 ml of tricthylamine was added. After 12 h of stirring at
room temperature, the solution was freeze-dried and desic-
cated. To prepare the DOX-loaded NPs, 1 mg of DOX was
dissolved in 1 ml of a mixture of DMSO and DDW (1:1, v/0).
Subsequently, 6, 9, and 12 mg (for F1, F2, and F3, respec-
tively) of HACE were added to the mixture and it was vor-
texed for 10 min. The solvent was evaporated under a stream
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of nitrogen gas at 70°C for 4 h. To prepare the self-assembled
NPs, 1 ml of DDW was added to polymer- and drug film-
coated tubes and vortexed for 2 min. All samples were filtered
through a syringe filter with a pore size of 0.2 pm (Minisart
RC 15; Satorius Stedim Biotech GmbH, Goéttingen, Ger-
many) to remove the insoluble drug.

Characterization of DOX-Loaded HACE
Nanoparticles

The mean diameter, polydispersity index and zeta po-
tential values of the drug-loaded NPs were measured
using a light-scattering spectrophotometer (ELS-Z;
Otsuka Electronics, Tokyo, Japan) as described previ-
ously (22). To measure the drug encapsulation efficiency
(EE), DOX-loaded NPs were disrupted with 100X the
volume of DMSO, and the drug content was analyzed
by high performance liquid chromatography (HPLC). As
described previously (22), DOX was quantitatively ana-
lyzed with a Waters HPLC system (Waters Co., Mil-
ford, MA, USA) equipped with a reversed-phase C-18
column (Xbridge®, RP-18, 250 4.6 mm, 5 pm; Waters
Co.), a separation module (Waters ¢2695), and a fluo-
rescence detector (Waters 2475). The mobile phase con-
sisted of 0.1 M sodium acetate buffer (pH 4.0 adjusted
with acetic acid) and acetonitrile (71:29, v/v), and the
eluent was monitored at excitation and emission wave-
lengths of 470 and 565 nm, respectively, with a flow
rate of 1.0 ml/min. The injection volume for the drug
analysis was 20 pl. The lower limit of quantification
(LOQ) was 50 ng/ml. Acceptable precision (<4%) and
accuracy (—7.23% to 4.64%) were also acquired in
standard curve range (0.1-25.0 pg/ml).

The drug content and EE were calculated using the
following formulas:

actual amount of DOX in NPs

amount of NPs

Drug content (%) = x 100 (1)

EE (%) = actuafl amount ofDOXinNPs < 100 )
theoretical amount of DOX in NPs

Three separately prepared NPs were used to determine
the drug content (%) and EE (%), which were expressed as
the mean * standard deviation (SD).

The morphological shapes of the DOX-loaded NPs were
observed without staining, using a transmission electron
microscope (TEM, JEM1010; JEOL, Tokyo, Japan) oper-
ated at an acceleration voltage of 100 kV. The sample was
loaded onto a copper grid, incubated for 2 min, washed with
DDW, and then air-dried.

In Vitro Release Study

The wn vitro release test was conducted in phosphate buffered
saline (PBS, pH 5.5 and 7.4 adjusted with phosphoric acid)
for 8 days at 37°C with a rotation speed of 50 rpm. An
aliquot of each sample (150 pl) was loaded into a Mini
GeBA-flex tube (molecular weight cutoff: 12—14 kDa; Gene
Bio-Application Ltd., Kfar Hanagide, Israel) and then it was
transferred into 10 ml of PBS (pH 5.5 and 7.4). The sam-
pling times were 1, 2, 3, 4, 6, 9, and 12 h for DOX HCI
solution group, and 1, 2, 3, 4, 6, 9, 12, 24, 48, 72, 96, 120,
144, 168, and 192 h for DOX-loaded NP group, respec-
tively. An aliquot (0.2 ml) was collected at each sampling
time, which was replaced with an equivalent volume of fresh
medium. The concentration of DOX in the samples was
analyzed using a previously described HPLC method.

In Vitro Cytotoxicity Test

B16F10 cells were purchased from the Korean Cell Line Bank
(KCLB, Seoul, Korea). The cells were cultured with DMEM
supplemented with 10% FBS, 100 U/ml penicillin, and
100 pg/ml streptomycin in a 5% COy atmosphere and 95%
relative humidity at 37°C. The cytotoxicity of HACE toward
the B16F10 cells was evaluated using an MTS-based assay.
After the BI6F10 cells achieved 70-80% confluency, the cells
were trypsinized and seeded onto 96-well plates at a density of
1.0x 10" cells per well. After 24 h of incubation, the cell
culture medium was eliminated. Cytotoxicity was measured
after 24 and 48 h of incubation with various concentrations of
HACE (0-1000 pg/ml), without drug loading, at 37°Ci under
a 5% COqy atmosphere and 95% relative humidity. After the
incubation period, the cells were treated with the M'T'S-based
CellTiter 96® AQ,,.ous One Solution Cell Proliferation Assay
Reagent (Promega Corp., WI, USA) at 37°C for 4 h accord-
ing to the manufacturer’s protocol. The absorbance was read
at a wavelength of 490 nm with an EMax Precision Micro-
plate Reader (Molecular Devices, Sunnyvale, CA, USA).

In Vitro Cellular Uptake Study

The cellular uptake and distribution of DOX from the pre-
pared NPs were observed by confocal laser scanning micros-
copy (CLSM). After the B16F10 cells achieved 70-80%
confluency, the cells were trypsinized and seeded onto culture
slides (BD Falcon, Bedford, MA, USA) at a density of 1.0 X 10°
per well (surface area of 1.7 cm? per well, 4-chamber slides)
and incubated for 24 h at 37°C. The DOX or the DOX-
loaded NP (50 pg/ml of DOX) was added and incubated for
1 h at 37°C. After incubation, all reagents were removed. The
cells were washed with PBS (pH 7.4) at least 3 times and fixed
with 4% formaldehyde for 10 min. The liquid content was
then dried completely. VECTASHIELD mounting medium
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with 4',6-diamidino-2-phenylindole (DAPI) (H-1200; Vector
Laboratories Inc., Burlingame, CA, USA) was added to pre-
vent fading and to stain the nuclei. The cells were then
observed by CLSM (LSM 710; Carl-Zeiss, Thornwood, NY,
USA).

The cellular uptake efficiency was also evaluated by
flow cytometry. After the B16F10 cells obtained 70—
80% confluency, the cells were detached and seceded
onto a 6-well plate with a density of 6x10° cells per
well and incubated overnight. The culture medium was
removed and 50 pg/ml of DOX, alone or incorporated
in the NPs, was added and incubated for 1 h. After
incubation, all reagents were removed and cells were
washed with PBS at least 3 times. After washing with
PBS, cells were trypsinized and the supernatant was
carefully removed. PBS containing 2% (v/v) FBS was
added to the cell pellet and resuspended. The cells were
analyzed using a FACSCalibur fluorescence-activated cell
sorter (FACS™) equipped with CELLQuest software (Becton
Dickinson Biosciences, San Jose, CA, USA).

In Vivo Antitumor Efficacy Test

Female C57BL/6 mice (5 weeks of age; Charles River)
were used to prepare the tumor-bearing mouse model.
Mice were maintained in a light-controlled room kept at
a temperature of 22+2°C and a relative humidity of 55
+5% (Animal Center for Pharmaceutical Research, Col-
lege of Pharmacy, Seoul National University, Korea).
The experimental protocols used in the animal studies
were approved by the Animal Care and Use Committee
of the College of Pharmacy, Seoul National University.
The B16F10 cell suspension (1x10° cells in 0.1 ml) was
subcutaneously injected into the backs of the mice. The
tumor treatment was initiated 7 days after the injection,
when the tumor reached a volume of approximately 50—
100 mm®. The tumor size was measured using vernier cali-
pers, and the tumor volume (mm”®) was calculated as V=0.5X
length X width? (23,24). The experimental groups were as
follows: control, DOX solution, and HACE:DOX
(12:1). DOX (at a dose of 5 mg/kg) was injected intra-
tumorally or intravenously into each mouse on days 4,
7, 9, and 11. The tumor volumes and body weights of
the mice were measured for 14 days. The tumors were
then dissected on day 14 for histological staining.
Tumors were fixed in 4% (v/v) formaldehyde for 1 day
and 6 pum sections were deparaffinized and hydrated
with ethanol. The chromogen diaminobenzene (DAB)
was incubated for color development in the terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay for detecting DNA fragmentation result-
ing from apoptotic signaling cascades.
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Statistical Analysis

Statistical analysis was performed using analysis of variance
(ANOVA). All experiments were performed at least 3 times
and the data were represented as the mean £ SD.

RESULTS AND DISCUSSION

Preparation and Characterization of DOX-Loaded
HACE-Based NPs

HA has been used as a tumor-targeting moiety through its
chemical conjugation to the other polymers or drugs and/or
its use in the preparation of NPs for anticancer drug delivery
(25,26). In this study, HA was used as a drug carrier and
tumor-targeting moiety. An amphiphilic polymer (HACE),
composed of HA (the hydrophilic part) and CE (the hydro-
phobic part), was synthesized (Fig. la). Both HA and CE
have been reported to be intrinsic biological components,
and thus could be regarded here as biocompatible substan-
ces for the development of drug delivery systems (27,28). CE
was conjugated to HA oligomers to make an amphiphilic
HA derivative, as reported previously (21). Activated HA-
TBA was synthesized, and the CE, including the linker, was
then attached. Chloromethylbenzoyl chloride, as a linker
(L1), was conjugated to the CE by esterification, and then
the linker-CE complex was conjugated to HA-TBA by ether
bond formation. Critical aggregation concentrations (CACs)
were determined through fluorescence studies with pyrene
as a fluorescent probe. The fluorescent probe technique
used is a very sensitive method for detecting the formation
of polymeric micelles (29). The CAC for HACE, reported in
our previous study, was 0.042 mg/ml (21). This value is
lower than those of other amphiphilic polymers and indi-
cated that the HACE-based NP could be stable after dilu-
tion in large volumes of body fluid.

A solvent evaporation method was used to encapsulate
DOX into the hydrophobic core of the HACE-based NPs
(Fig. 1b). Schematic diagram for preparing DOX-loaded
HACE-based NPs is shown in Supplementary Fig. S1. This
method is known to have the following advantages over the
dialysis method: 1)itis a simple preparation method, 2) it has a
short preparation period, and 3) it has a high drug loading
efficiency (30). As shown in Table I, DOX-loaded HACE-
based NPs with a narrow size distribution (polydispersity
index <0.2) and a mean diameter of 100-120 nm were
prepared. It is known that drug carriers with a diameter less
than 200 nm can avoid uptake by the reticuloendothelial
system (RES), circulate in the bloodstream for a prolonged
time, and consequently accumulate in the region of the tumor
efficiently (31-33). The surface charge values of the HACE-
based NPs were negative (—24.34 to —27.02 mV) due to the
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Fig. I The chemical structure of a
hyaluronic acid-ceramide (HACE)

(@) and an illustration of the

doxorubicin (DOX)-loaded

HACE-based self-assembled

NPs (b).

/

hydrophilic part (HA)

ionized carboxylic group of HA being located in the shell, and
this implied that aggregation of the particles could be pre-
vented by electrostatic repulsion. Considering their mean
diameter, polydispersity index, and zeta potential values, it
was determined that the prepared NPs could be used as
efficient anticancer drug delivery systems. The morphology
of the NPs was observed by TEM. As shown in Fig. 2, the NPs
were observed to be round in shape and have a narrow size
distribution. The influence of weight ratio between HACE
and DOX on the physicochemical properties of DOX-loaded
NPs was investigated. In particular, the EE of DOX in the
NPs ranged from 51.20% to 73.07% (Table I), the EE of F3
being the highest. Due to its high EE, I'3 was selected for the
further studies.

In Vitro Drug Release Study

The m wvitro release of DOX from DOX solution and the
HACE NPs was investigated under different pH conditions

drug-loaded
self-assembled nanoparticle

(pH 7.4 and 5.5). Acidic pH condition (pH 5.5) was set up
with normal physiological pH condition (pH 7.4) in this
release test. The target site of DOX is cell nucleus, thereby
nanoparticles have to use endocytic pathway. The cellular
localization and their escape from acidic endocytic compart-
ments (t.e. endosomes and lysosomes, pH 5.5) can be
regarded as an important environmental condition for
DOX release. Regarding carriers for DOX delivery, pH
5.5 has been also used as a representative release condition
(34,35). The release of DOX from the NPs was measured
for 8 days, and sustained release profiles were observed
during that period (Fig. 3). Although a large amount
(>70%) of DOX was released from its solution within
12 h, only 4.43+0.08% and 8.08%1.34% of DOX were
released from the developed NPs at pH 7.4 and 5.5, respec-
tively. The rapid release of DOX from the NPs in the initial
period may be attributed to the DOX molecules being
located on the surface of the HA shell. After 8 days, the
amounts of released DOX from NPs were 17.99%+1.71%

Table I The Composition and Characterization of DOX-Loaded HACE-Based NPs

Formulation ~ Composition ~ Mean diameter (nm)  Polydipersity Index  Zeta potential (mV)  Encapsulation efficiency (%)  Drug content (%)
Fl HACE:DOX  104.28+1.97 0.19=0.02 —26.37+4.09 54.84+1.03 7.84=0.38
6:1)
F2 HACE:DOX  114.56 +2.03 0.19=0.01 —27.02%+2.11 51.20+4.54 5.12+0.98
©:1)
F3 HACE:DOX  109.11=0.35 0.19+0.02 —2434%+2.12 73.07 542 5.63+0.05
(12:1)

All values are presented as mean = SD (n=3)
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Fig. 2 Transmission electron microscopy (TEM) images (left panel) and volume distribution diagrams of the mean diameters (right panel) of (a) FI, (b) F2,
and (c) F3. The length of the bar in the TEM image is 500 nm.
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100 —@— DOX-loaded NP (pH 7.4)
—O— DOX-loaded NP (pH 5.5)
80 —— DOX solution (pH 7.4)

Released amounts of DOX (%)

0 50 100 150 200 250
Time (h)

Fig. 3 In vitro drug release profiles of DOX solution at pH 7.4 (black
square), and DOX-loaded NPs (HACE:DOX = 12:1, F3) at pH 5.5 (white
circle) and 7.4 (black circle), respectively. Each point represents the mean
+ SD (n=3).

and 58.53£9.80% at pH 7.4 and 5.5, respectively. Of
particular note, although the release of DOX from the
NPs at pH 7.4 reached a plateau after 4 days, at pH 5.5
the drug release was sustained for 7 days. The sustained
release of the drug from the HACE-based NPs can be
explained by a hydrophobic-hydrophobic interaction be-
tween the drug and the hydrophobic core of the HACE
NPs (36,37). The sustained release of a drug can improve its
in vivo therapeutic efficacy and thus the patient’s comfort.
Moreover, an enhanced DOX release profile was observed
at pH 5.5 compared with at pH 7.4. It might be explained
by the weakening of the binding between the nanoparticu-
late system and drug, and improved solubility of DOX at
the acidic pH (35,38). This pH-dependent drug release
pattern can play a crucial role in tumor-targeted drug
delivery. It is assumed that the amount of DOX released
at the physiological pH condition was relatively low. How-
ever, due to the higher release of DOX from the NP at the
acidic pH (representing the conditions within endosomes/
lysosomes), a higher amount of the drug could be taken up
into the cell through receptor-mediated endocytosis (espe-
cially HA and CD44 receptor interaction) and reach the
nucleus of the cancer cells.

In Vitro Cytotoxicity Test

The cytotoxicity of the synthesized HACE was evaluated in a
mouse melanoma B16F10 cell line. The cytotoxicity was
assessed at various concentrations of HACE (0—1000 pg/ml)
after 24 and 48 h incubation times. CD44, one of the recep-
tors for HA, has been reported to be expressed in B16F10
cells; thus, these cells were selected as the mouse melanoma
cell line in this study (39,40). As shown in Fig. 4, the viability
(%) of the B16F10 cells was >90% within the tested HACE
concentration range. The i vitro biocompatibility of HACE in
the B16F10 cells was identified in this test and it was similar to
that shown for other cell lines (21,22).
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Fig. 4 In vitro cytotoxicity tests in BI16F10 cells. The cytotoxicity of HACE
at various concentrations was measured after 24 and 48 h of incubation.
Cell viability (%) was measured using an MTS-based assay. The data are
expressed as the mean = SD (n=4).

In Vitro Cellular Uptake Study

The cellular uptake of DOX into the B16F10 cells was
evaluated by CLSM and flow cytometry. In our previ-
ous studies (21,22), it was reported that HACE-based
NPs were mainly taken up into the cells, which overexpressed
the CD44 receptor, through HA and CD44 receptor interac-
tion. Therefore, further experiments to investigate HA and
CD44 receptor interaction by inhibiting the CD44 receptor
were not performed in this study. As shown in Fig. 5a, the
cellular uptake and distribution of DOX from the HACE-
based NPs were observed by CLSM. The nuclet of the cells
were stained with DAPI (blue). The fluorescence of DOX
(red) from HACE-based NPs was slightly higher than that in
DOX solution group. This pattern was also consistently ob-
served in the results of the flow cytometry analysis (Fig. 5b).
The values of fluorescence intensity for control, DOX solu-
tion, DOX-loaded NP groups were 3.721+0.53, 35.301+2.19,
59.0412.26, respectively (P<0.05). It has been suggested that
the cellular uptake of DOX is related to the incubation time
(41). Additionally, the different patterns may be explained by
differential uptake mechanisms of DOX for the two different
groups, for example, passive diffusion for the DOX solution
and receptor-mediated endocytosis for the DOX-loaded
HACE NPs. We assumed that the DOX from the HACE
NPs was successfully delivered to the nucleus, the target site of
the drug, based on the overlap of red and blue staining (DAPI
staining). The delivery of DOX to the nucleus can imply its
consequent anticancer effect at the cellular level.

In Vivo Antitumor Efficacy Test
The n vivo antitumor efficacy of the developed DOX-loaded

NPs was evaluated in the BI6F10 tumor-bearing mouse mod-
el. The DOX-loaded NP formulation was injected
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Control DOX solution HACE:DOX =12:1

DAPI
— — 7=
DOX

Merged
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120

DOX solution

Counts

100 o 102 108 10
FL1-H

Fig. 5 In vitro cellular uptake study in BI16F10 cells. DOX solution and DOX-loaded NPs (F3) were incubated for | h. (a) The intracellular distribution of
DOX was observed by confocal laser scanning microscopy. Red and blue indicate DOX and DAPI, respectively. The length of the bar is 10 um. (b) The
amounts of DOX taken up into the cells were analyzed by flow cytometry (n=3). Different colors indicate different experimental groups (black: control [no
treatment], red: DOX solution, green: HACE:DOX = 12:1).

@ Springer



Self-Assembled Nanoparticles for Melanoma Therapy 3451
a 8000 25
—&— Control

A —O— DOX solution 20

£ 6000 { —w— HACE/DOX —~

i -

£ %15

S 4000 T

o 2

z > 10

S 3

£ 2000 o —@— Control

2 5{ —O— DOX solution

—w¥— HACE/DOX
0 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time (day) Time (day)
C
d .
Contral DOX solution HACE:DOX=12:1
TUNEL

Fig. 6 In vivo antitumor efficacy test in the B 16F10 tumor-bearing mouse model after intratumoral injection. (a) The tumor size (mm?) profile. DOX was
intratumorally injected at 4, 7,9, and | | days. *P<0.05 compared with the control group; *P < 0.05 compared with the DOX solution-treated group. (b)
The body weight (g) profile. Each point represents the mean = SD (n24). (c) Images of the dissected tumors of all experimental groups after 14 days. (d)
Microscopic images of the results of the TUNEL assay of dissected tumors after 14 days. The length of the bar is 50 um.

intratumorally and intravenously on days 4, 7,9, and 11. The
volumes of the tumors (mm”) and the body weights of the mice
(g) were monitored for 14 days, and then the tumors were
dissected for TUNEL assay (Figs. 6 and 7). The growth of the
tumor was significantly inhibited in the groups treated with
the DOX solution and HACE/DOX compared with the
control group after both the intratumoral and intravenous
administrations (P<0.05). After the intratumoral injection,
the relative tumor volumes of the DOX solution- and the
DOX-loaded NP-treated groups to control group were
34.18% and 12.40% at 14 days, respectively (Fig. 6a). Follow-
ing the intravenous injection, the relative tumor volumes of
the DOX solution- and DOX-loaded NP-treated groups to
control group were 27.09% and 10.86% at 14 days, respec-
tively (Fig. 7a). Microscopic images of the dissected tumors on
day 14 are presented in Iigs. 6¢ and 7c. In particular, the

HACE/DOX-treated group showed a stronger inhibition of
tumor growth than the DOX solution-treated group irrespec-
tive of the route of injection. There was no significant differ-
ence in the body weight of the mice on day 14 between the
control and HACE/DOX-treated groups, which implied that
there was no serious systemic toxicity of the developed HACE-
based NP formulation (Figs. 6b and 7b).

We previously demonstrated the interaction of HA and
CD44, and its role in active tumor targeting (21). The suppres-
sive effect of the HACE-based formulation on tumor growth
observed in this study could be explained by both passive
targeting (an EPR effect) and active targeting (an HA and
CD44 receptor interaction), especially in the intravenous in-
jection group. Besides the tumor targetability of the HACE-
based NPs, it is assumed that the i viwo clearance of DOX after
its encapsulation in the NPs can be decreased as reported in the
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Fig. 7 In vivo antitumor efficacy test in the BI6F 10 tumor-bearing mouse model after intravenous injection. (a) The tumor size (mm?) profile. DOX was
intravenously injected at 4, 7, 9, and | | days. #P < 0.05 compared with the control group; *P < 0.05 compared with the DOX solution-treated group. (b)
The body weight (g) profile. Each point represents the mean = SD (n=4). (c) Images of dissected tumors of all experimental groups after 14 days. (d)
Microscopic images of the results of the TUNEL assay of dissected tumors after 14 days. The length of the bar is 50 um.

results of a pharmacokinetic study previously (22). It can be
concluded that the tumor targetability and lower clearance of
DOX in the bloodstream could have resulted in the improved
antitumor effect observed after the intravenous injection of
HACE/DOX compared with DOX solution only.

In this investigation, the antitumor efficacy of the devel-
oped HACE-based NPs was also demonstrated after intra-
tumoral injection. After intratumoral injection, it is thought
that the DOX-loaded NP can be taken up into the cells
through receptor-mediated endocytosis (HA-CD44 receptor
interaction) and subsequently DOX exerted its antitumor
efficacy after intercalating into the DNA backbone of the
nucleus. Melanoma is known as a malignant cancer that
occurs 1n easily accessible locations, such as the skin, eye,
and respiratory epithelium, and can quickly spread to other

@ Springer

tissues and organs (42). Intravenous injection as well as intra-
tumoral injection of DOX-loaded NP was performed to iden-
tify its possible therapeutic efficacy for the metastasized
melanoma nearby its primary site.

The results of the TUNEL assays of the dissected
tumors are presented in Figs. 6d and 7d. The TUNEL
assay has been used to detect the DNA fragmentation
produced by apoptotic signaling cascades which is one
of the principal anti-cancer mechanisms. In particular,
the stronger brown staining observed in the HACE/
DOX-treated groups administered through both injec-
tion groups revealed that apoptosis was significantly
increased in the HACE/DOX NP-injected mice com-
pared with that in mice in the other treatment groups.
It appears likely that apoptosis may be one of the major
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contributors toward the inhibition of tumor growth ob-
served in this investigation.

CONCLUSIONS

DOX-loaded HACE-based NPs were prepared and their
antitumor efficacy for melanoma was assessed. DOX-loaded
NPs, characterized as having a mean diameter of approxi-
mately 110 nm, a narrow size distribution, and a high drug
EE, were developed. In vitro DOX release was improved at an
acidic pH compared with at a neutral pH. The cellular uptake
of DOX seemed to be dependent on receptor-mediated en-
docytosis in B16F10 cells. Tumor growth was significantly
inhibited in the B16F10 tumor-bearing mouse model after
intratumoral and intravenous injection of the DOX-loaded
NPs. Thus, it can be concluded that the HACE-based NPs
developed in this study can be used as an effective anticancer
drug delivery system for melanoma therapy.
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